
Lecture Notes in Civil Engineering

Lelitha Devi
Gowri Asaithambi
Shriniwas Arkatkar
Ashish Verma   Editors

Proceedings 
of the Sixth 
International 
Conference 
of Transportation 
Research Group 
of India
CTRG 2021 Volume 2



Lecture Notes in Civil Engineering 

Volume 272 

Series Editors 

Marco di Prisco, Politecnico di Milano, Milano, Italy 

Sheng-Hong Chen, School of Water Resources and Hydropower Engineering, 
Wuhan University, Wuhan, China 

Ioannis Vayas, Institute of Steel Structures, National Technical University of 
Athens, Athens, Greece 

Sanjay Kumar Shukla, School of Engineering, Edith Cowan University, Joondalup, 
WA, Australia 

Anuj Sharma, Iowa State University, Ames, IA, USA 

Nagesh Kumar, Department of Civil Engineering, Indian Institute of Science 
Bangalore, Bengaluru, Karnataka, India 

Chien Ming Wang, School of Civil Engineering, The University of Queensland, 
Brisbane, QLD, Australia



Lecture Notes in Civil Engineering (LNCE) publishes the latest developments in 
Civil Engineering—quickly, informally and in top quality. Though original research 
reported in proceedings and post-proceedings represents the core of LNCE, edited 
volumes of exceptionally high quality and interest may also be considered for publi-
cation. Volumes published in LNCE embrace all aspects and subfields of, as well as 
new challenges in, Civil Engineering. Topics in the series include:

• Construction and Structural Mechanics
• Building Materials
• Concrete, Steel and Timber Structures
• Geotechnical Engineering
• Earthquake Engineering
• Coastal Engineering
• Ocean and Offshore Engineering; Ships and Floating Structures
• Hydraulics, Hydrology and Water Resources Engineering
• Environmental Engineering and Sustainability
• Structural Health and Monitoring
• Surveying and Geographical Information Systems
• Indoor Environments
• Transportation and Traffic
• Risk Analysis
• Safety and Security 

To submit a proposal or request further information, please contact the appropriate 
Springer Editor: 
– Pierpaolo Riva at pierpaolo.riva@springer.com (Europe and Americas); 
– Swati Meherishi at swati.meherishi@springer.com (Asia - except China, and 

Australia, New Zealand); 
– Wayne Hu at wayne.hu@springer.com (China). 

All books in the series now indexed by Scopus and EI Compendex database!

mailto:pierpaolo.riva@springer.com
mailto:swati.meherishi@springer.com
mailto:wayne.hu@springer.com


Lelitha Devi · Gowri Asaithambi · 
Shriniwas Arkatkar · Ashish Verma 
Editors 

Proceedings of the Sixth 
International Conference 
of Transportation Research 
Group of India 
CTRG 2021 Volume 2



Editors 
Lelitha Devi 
Department of Civil Engineering 
Indian Institute of Technology Madras 
Chennai, India 

Shriniwas Arkatkar 
Department of Civil Engineering 
Sardar Vallabhbhai National Institute 
of Technology 
Surat, India 

Gowri Asaithambi 
Department of Civil and Environmental 
Engineering 
Indian Institute of Technology Tirupati 
Tirupati, India 

Ashish Verma 
Department of Civil Engineering 
Indian Institute of Science 
Bangalore, Karnataka, India 

ISSN 2366-2557 ISSN 2366-2565 (electronic) 
Lecture Notes in Civil Engineering 
ISBN 978-981-19-3493-3 ISBN 978-981-19-3494-0 (eBook) 
https://doi.org/10.1007/978-981-19-3494-0 

© Transportation Research Group of India 2023 
This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether 
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse 
of illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and 
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar 
or dissimilar methodology now known or hereafter developed. 
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use. 
The publisher, the authors, and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or 
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any 
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations. 

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd. 
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721, 
Singapore

https://doi.org/10.1007/978-981-19-3494-0


Preface 

We are pleased to present Volume 2 of the Proceedings of the 6th Conference of 
Transportation Research Group of India (CTRG), which was held at Trichy, India, 
during December 14 to December 17, 2021. The conference was organized by the 
Transportation Research Group of India (TRG) and NIT, Trichy, and was supported 
by IISc, Bangalore; IIT Madras; IIT Palakkad; and NATPAC. The ATPIO, WCTRS 
(SIG C3, D3, and H2), and IATBR were also co-sponsors (non-financial) of the 6th 
CTRG. 

TRG (https://www.trgindia.org/) is a not-for-profit registered society under 
Karnataka Societies Registration Act, 1960. It is a national society with board 
members from various top institutions like IISc, IITs, IIMs, NITs, and CRRI. 
The society got registered on May 28, 2011, in Bangalore, India, and has already 
completed 10 years of successful existence. CTRG is the flagship conference of TRG 
and is held once in two years in different parts of India (1st CTRG at Bangalore in 
December 2011, 2nd CTRG at Agra in December 2013, 3rd CTRG at Kolkata in 
December 2015, 4th CTRG at Mumbai in December 2017, 5th CTRG at Bhopal 
in December 2019, and 6th CTRG at Trichy in December 2021). CTRG follows a 
strict and journal-style two-stage double-blind peer-review policy for reviewing and 
selecting the papers. It has been formally supported in the past by various national and 
leading international institutions/bodies of transportation research like IISc, Banga-
lore; IIT Kanpur; IIT Kharagpur; IIT Guwahati; IIT Madras; IIT Palakkad; IIT 
Bombay; SVNIT Surat; MANIT Bhopal; NIT, Trichy; CSIR-CRRI, TRB, T&DI-
ASCE, EASTS, ATPIO, WCTRS, and IATBR. The conference typically has about 
200 finally accepted paper presentations from 12 to 15 countries and is attended by 
about 350–400 delegates. 

This Volume 2 contains 20 peer-reviewed papers in three sections covering broad 
topics: traffic flow theory, operations, and facilities; travel behavior and transport 
demand; and other transportation modes (including NMT) and pedestrian. Through 
a rigorous peer-review process, editors have ensured high quality for all papers that 
are included in this volume. We strongly believe that this proceeding volume will

v

https://www.trgindia.org/


vi Preface

serve as a very useful reference for the transportation community in India as well as 
elsewhere in the world. 

Bangalore, India 
Tirupati, India 
Chennai, India 
Surat, India 

Ashish Verma 
Gowri Asaithambi 

Lelitha Devi 
Shriniwas Arkatkar



About TRG and CTRG 

Transportation Research Group of India (TRG) is a not-for-profit registered society 
with the mission to aid India’s overall growth through focused transportation research, 
education, and policies in the country. It was formally registered on May 28, 2011, 
and has completed 10 years of its journey this year. The following are the Vision and 
Objectives of TRG 

Vision

• To provide a unique forum within India for the interchange of ideas among trans-
portation researchers, educators, managers, and policymakers from India and all 
over the world, with the intention of covering all modes and sectors of trans-
port (road, rail, air, and water; public and private; motorized and non-motorized) 
as well as all levels (urban, regional, inter-city, and rural transport), and for both 
passenger and freight movement, in India, and at the same time, to also address the
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viii About TRG and CTRG

transportation-related issues of safety, efficiency, economic, and social develop-
ment, local and global environmental impact, energy, land use, equity and access 
for the widest range of travelers with special needs, etc.

• To serve as a platform to guide and focus transportation research, education, and 
policies in India toward satisfying the country’s needs and to assist in its overall 
growth. 

Objectives

• To conduct a regular peer-reviewed conference in India so as to provide a dedi-
cated platform for the exchange of ideas and knowledge among transportation 
researchers, educators, managers, and policymakers from India and all over the 
world, from a perspective which is multimodal, multi-disciplinary, multi-level, 
and multi-sectoral, but with an India-centric focus. Initially, this conference will 
be held every two years; however, the frequency may change as per the decision 
of the society from time to time.

• To publish a peer-reviewed journal of good international standard that considers 
and recognizes quality research work done for Indian conditions, but which also 
encourages quality research focused on other developing and developed countries 
that can potentially provide useful learning lessons to address Indian issues.

• To conduct other activities such as seminars, training and research programs, 
meetings, and discussions, as decided by the society from time to time, toward 
fulfilling the mission and vision of the society.

• To identify pertinent issues of national importance, related to transportation 
research, education, and policy through various activities of the society, and 
promote transportation researchers, educators, managers, and policymakers in 
an appropriate manner to address the same.

• To collaborate with other international societies and organizations like WCTRS, 
ASCE, TRB, etc., in a manner that works toward fulfilling the mission and vision 
of the society. 

The Conference of Transportation Research Group of India (CTRG) is the premier 
event of TRG. It is held every two years and traditionally moves around India. In the 
past, CTRG has been organized in Bangalore (December 2011), Agra (December 
2013), Kolkata (December 2015), Mumbai (December 2017), Bhopal (December 
2019), Trichy (December 2021), and Surat (upcoming in December 2023 jointly 
with SVNIT Surat). CTRG has been getting a wide scale recognition from reputed 
Indian and international institutions/organizations like IIT Kanpur, IIT Kharagpur, 
IIT Guwahati, IIT Bombay (Mumbai), SVNIT Surat, MANIT Bhopal, NIT Trichy, 
TRB, WCTRS, CSIR-CRRI, ATPIO, T&DI-ASCE, EASTS, to name a few. CTRG is 
a large conference typically attended by around 400–500 participants, usually from 
12–15 countries, with about 200 double-blind peer-reviewed technical papers being
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presented. The conference provides a wide range of executive courses, tutorials, 
workshops, technical tours, keynote sessions, and special sessions. 

Transportation in Developing Economies (TiDE) is the official journal of TRG 
and is published by Springer. TiDE was formally launched in 2014 and has so far 
published eight volumes. 

Prof. Akhilesh Kumar Maurya 
Indian Institute of Technology Guwahati 

Current President, TRG 
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Machine Learning-Based Gap 
Acceptance Model for Uncontrolled 
Intersections Under Mixed Traffic 
Conditions 

A. R. Arathi, M. Harikrishna, and Mithun Mohan 

Abstract Uncontrolled intersections are the most common type of intersections in a 
transportation network. The study modeled minor road driver’s decision of accepting 
or rejecting a gap at four-legged uncontrolled intersections having similar geometric 
characteristics using Artificial Neural Network (ANN) model, Logistic Regression 
(LR) model, and Support Vector Machine (SVM) model. The results reveal that the 
performance of LR and SVM models are somewhat similar, while the performance 
of ANN model exceeds the performance of both LR and SVM models with a correct 
prediction of about 96.2%. Also, the higher values of the goodness of fit measures 
like F1 score and R2 value together with a lower value of MSE show that ANN 
model is better in distinguishing between the classes. The variable gap duration has 
a major influence on model prediction comparing to other variables. The effect of 
the critical gap, occupancy time, conflicting volume, and vehicle type are also found 
remarkable. 
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1 Introduction 

Uncontrolled intersections are complex at-grade intersections formed either when 
one major and one minor road intersects or when two major roads/minor roads inter-
sect each other. Analysis of at-grade intersections is important since such intersec-
tions involve crossing and turning movements, which will create conflicts between 
the vehicles as well as between vehicles and pedestrians. Gap acceptance is the 
widely adopted theoretical basis for the analysis of uncontrolled intersection. 

HCM [1] defined gap acceptance as “the process by which a minor street vehicle 
accepts an available gap to maneuver.” Based upon the relative priority of the move-
ments, the driver of a minor road vehicle on approaching the intersection needs to 
determine whether the gap offered on the major road is sufficient enough to permit 
entry and when to enter. A gap (measured in seconds) is the time interval between 
two successive vehicles concerning the reference line. The critical gap is an impor-
tant parameter that describes gap acceptance, and it is difficult to estimate since it 
varies among drivers as well as among intersections. A critical gap is defined as “the 
minimum time in seconds, between successive major-stream vehicles, in which a 
minor street vehicle can make a maneuver” [1]. It cannot be measured directly from 
the field. 

The popular critical gap estimation methods are Siegloch, Greenshields, Accep-
tance Curve, Lag, Harders, Ashworth, Raff, Logit, Probit, Hewitt, MLM, PEM, 
Clearing time, and Occupancy time methods [2–5]. It was found that most of the 
methods were inefficient to provide actual critical gap value under heterogeneous 
traffic conditions [4]. VISSIM simulation quantified the accuracy of these methods 
and found that MLM, PEM, Raff, and Acceptance curve methods provide consistent 
results [5]. The occupancy time method (OTM) for critical gap estimation considers 
the actual driver behavior at unsignalized intersections in developing countries and 
provides reasonably good results when applied to the data collected at one intersec-
tion in the  US  also  [6]. It was found that the critical gap estimation becomes realistic 
by the consideration of clearing time and aggressive behavior of the drivers [7]. The 
critical gap obtained for right-turning movements was found to be smaller than that 
obtained for through movements since more than 60% of right-turning from minor 
stream vehicles forced opposing vehicles to slow down [4]. The critical gap was 
found to be highest for right-turn (RT) movement from the minor street [8]. Critical 
gaps of cars for various movements in India are found to be lower than that in the 
USA, as well as HCM values [9]. Critical gap values have implications on safety 
at intersections, and two-wheelers having lesser critical gap than that of cars were 
found to be involved more in road crashes [9]. With an increase in the proportion of 
large-size vehicles in the conflicting stream, critical gaps of two-wheelers and cars 
increased linearly [8]. The forceful entries result in higher critical gap values [10]. 
Among various methods applied for estimating critical gaps, the one suggested by 
the Indo-HCM was found to give precise values of the critical gap under mixed traffic 
conditions [11]. In most countries, the gap acceptance modeling is being a common 
area of interest to research.



Machine Learning-Based Gap Acceptance Model for Uncontrolled … 5

Various researchers used different techniques/approaches to model the gap accep-
tance behavior, such as traffic signal analogy-based gap acceptance model [12, 13], 
microscopic decision model using risk-reward loop process [14], behavioral model 
using ANFIS (Adaptive Neuro-Fuzzy Interface System) [15], Binary Logit Model 
(BLM) [7, 16–26], binary probit model [27], alternative unbiased model [28], random 
utility model [29], fuzzy logic model [29], Support Vector Machines (SVM) [19, 
21, 25, 30], Random Forests (RF) [30], Decision Trees (DT) [30], and generalized 
gap acceptance model [31]. Among these methods, the deterministic method of gap 
acceptance modeling was easy to apply [16]. The exponential model of rejected 
proportion was established as more practical than the linear model [32]. Both the 
logit and fuzzy models were good for representing gap acceptance behavior [29]. 
It was observed that SVM outperforms BLM, and thus, SVM can be used to clas-
sify and predict accepted gaps and rejected gaps [21]. The performance of SVM 
and DT models were found similar while the performance of the RF model exceeds 
the SVM and DT [30]. BLM and SVM were relatively close in their estimation of 
the spatial critical gap values [25]. The gap acceptance values for truck traffic were 
found higher than that for passenger traffic [33]. The increase in service delay was 
found to provoke the drivers to accept smaller gaps [34]. Drivers accept shorter gaps 
when turning across traffic than merging with traffic [35]. It was observed that the 
conflicting vehicle type affects the gap acceptance behavior [36]. As the number of 
rejected gaps and the mean time interval of the rejected gaps increase, the proba-
bility of accepting a given gap also increases [23]. The size and type of vehicle were 
found to affect the decision of the drivers to accept a presented gap [24]. It was also 
observed that the age of the driver was an effective parameter in gap acceptance 
decision than of the conflicting vehicle type [15]. Middle-aged and old-aged drivers 
accepted comparatively larger gaps than younger ones [17, 37]. When the driver 
was young, and the conflicting vehicle was a two-wheeler (or both), the probability 
of accepting a gap was higher [38]. Older female drivers were found to be a more 
vulnerable group due to their poor driving ability [37]. Researchers had established 
drivers to be less sensitive to the approach speed of the vehicle and more sensitive 
to the distance or position of oncoming vehicles [37]. The accepted temporal gaps 
were independent of approach speed, while accepted spatial gaps were dependent on 
approach speed [19]. In developing countries like India, the drivers were aggressive 
and accepted smaller gaps [20, 39]. The two-wheelers were more aggressive than 
three-wheelers for most of the observed major-stream vehicular combinations [10]. 

It can be summarized that different researchers developed different approaches 
for gap acceptance modeling and critical gap estimation. In the case of gap accep-
tance modeling, different approaches such as deterministic approach (Raff, Siegloch, 
Greenshields methods), probabilistic approach (Logit model, Probit model, Neural 
Networks), stochastic approach (Bayesian, Bootstrap approaches), and fuzzy logic 
approaches were developed by the researchers. Some of these approaches were 
simple to use, whereas some involve complex computation tasks. From the review of 
literature, the variables that may influence driver’s gap acceptance decision in devel-
oping countries can be summarized as gap duration, critical gap, temporal/spatial 
gaps, number of rejections, occupancy, traffic volume, intersection type, time of day,
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size and type of minor road vehicle, type of movement, waiting time, aggressive 
behavior/forced entry, distractions on driving, driver’s socio-economic characteris-
tics like age and gender, size and type of major road/conflicting vehicle, conflicting 
volume, major road vehicle combination, major road traffic speed, and distance or 
position of the oncoming vehicle. The gap acceptance studies at the uncontrolled 
intersection are necessary for developing countries like India. In comparison with 
developed countries, the lane discipline, movement priorities, right of way alloca-
tion, fixation of stop, or yield signs are not strictly obeyed in developing countries 
like India. 

Uninterrupted flow condition on the major street is violated in India because the 
vehicles on the major street are slowing down or forced to slow down by vehicles 
on the minor street [8]. Lack of proper control at uncontrolled intersections makes 
traffic behavior complex and difficult to predict. This is especially so in heteroge-
neous traffic conditions, as prevalent in developing countries like India. The drivers 
with varied characteristics and aggressive behavior, along with violation of priority 
rules, compound the issues at uncontrolled intersections. The risk-taking maneuver 
and aggressive behavior of Indian drivers were found as the major causes of road 
crashes at uncontrolled intersections [9]. Hence, the traffic situation at uncontrolled 
intersections is often chaotic and unpredictable making maneuvering unsafe. Drivers 
approaching the intersection need to evaluate whether the gaps available are sufficient 
to execute maneuvers safely and when to enter the intersection. The inappropriate 
traffic control and misjudgments of the drivers may lead to the poor operational 
performance of the intersection and may lead to road crashes at such intersections. 
The operational analysis of uncontrolled intersections, therefore, becomes necessary, 
for which gap acceptance-based analysis is mainly adopted. There are several kinds 
of research dealing with gap acceptance characteristics at uncontrolled intersections 
since it affects performance measures like capacity, delay, and safety. Even though 
there were different approaches to model gap acceptance behavior, the simplest 
method with the least error and no compromise on accuracy is still a research ques-
tion in front of each researcher. Artificial Neural Network (ANN) is an alternative 
to conventional methods like regression analysis. Unlike the traditional statistical 
methods of analysis, the machine learning-based method like ANN does not impose 
any restrictions on the input variables and residual distributions. In the area of gap 
acceptance studies, the ANN-based modeling approach is rare. The main objective 
of this study is to develop a machine learning-based gap acceptance model for four-
legged uncontrolled intersections having ideal geometric conditions under mixed 
traffic conditions in India and to evaluate how well the ANN model makes predic-
tions compared to other popular models such as Logistic Regression (LR) model and 
Support Vector Machine (SVM) model.
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Fig. 1 Manassery 
intersection (site-1) 

2 Study Site Selection and Data Collection 

The study sites were selected considering the roadway geometry, traffic movements, 
and availability of a suitable location for mounting the video camera. The important 
considerations for the selection of study sites were (i) approach legs of the intersec-
tion meet at right angles, (ii) intersection is at level grade, (iii) similar geometry, and 
(iv) free from pedestrians, presence of bus-stops and presence of speed breakers. Two 
intersections, in the state of Kerala, India, fulfilling the above criteria having similar 
geometric characteristics, were selected for the study purpose. Site-1 was Manassery 
Junction, situated in the district of Kozhikode and site-2 was Kacheripady Junction in 
the district of Malappuram. Both intersections were four-legged uncontrolled inter-
sections having two-lane undivided major and minor roads. The approach width of 
major and minor roads at site-1 were 14.9 m and 10 m, and at site-2 were 14.3 m 
and 12.9 m. Both intersections were having comparatively similar geometric char-
acteristics. The traffic data was collected by conducting a videographic survey at the 
selected intersections. The traffic flow was recorded for 1 hour during the morning 
peak. The traffic composition on the roads was highly heterogeneous comprising 
vehicles of widely varying static and dynamic characteristics. The snapshot of the 
traffic flow at these intersections is shown in Figs. 1 and 2. 

3 Data Extraction 

The traffic data collected using the videographic method were transferred to a 
computer, and the required data were extracted manually from the video. The format 
of the data extraction sheet is shown in Fig. 3. The time at which the vehicles occupy 
the required positions on the intersection was noted in the Excel sheet simultane-
ously by playing the video repeatedly on the computer. The following data were 
noted down from the recorded video:
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Fig. 2 Kacheripady 
intersection (site-2) 

Fig. 3 Format of data extraction sheet

• Time when the minor road vehicle stops at the entry line (t1)
• Time when the minor road vehicle starts to move from the entry line (t2)
• Time when the minor road vehicle crosses the exit line (t3)
• Time when the rear wheel of the leading vehicle on the major road comes at 

reference line (t4)
• Time when the front wheel of the following vehicle on a major road comes at 

reference line (t5) 

The gaps presented to the driver while entering the intersection and the driver’s 
decision about accepting or rejecting that particular gap (A or R) were also noted. 
Occupancy time (tot) and gap duration (tg) were calculated from the extracted data. 
The time difference between t3 and t2 was calculated as the occupancy time (tot = 
t3-t2) of each vehicle, and the time difference between two vehicles on the major 
road (tg = t5-t4) was calculated as the gap duration.
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3.1 Traffic Volume Count and Vehicle Proportion 

Classified movement-wise traffic volume counts of vehicles passing through the 
selected intersections were retrieved from the recorded video. As per vehicle classi-
fication given in Indo-HCM [40], the vehicles were categorized into Two-Wheelers 
(TW), Auto-rickshaws (Auto), Standard/Small Cars (SC), Big Cars (BC), Light 
Commercial Vehicles (LCV), Two/Three-Axle Trucks (TAT), Multi-axle Trucks 
(MAT), and Buses (B). Total traffic volumes of 2900 veh/h and 3581 veh/h were 
observed during morning peak hour at site-1 and site-2. The extracted vehicle counts 
in each vehicle category were converted into passenger car units (PCU) as per the 
PCU values provided in Indo-HCM [40]. The vehicle proportions at both sites are 
represented in Figs. 4 and 5. 

Comparing to other modes of vehicles, the proportion of TW is higher (56–57%) 
than SC (15–18%), Auto (15–17%), and LCV (3–5%). The buses constitute only 
3% out of total vehicles. It indicates higher private mode usages compared to public 
transit. Proportion of heavy vehicle such as TAT is only about 2%, which is found 
very less compared to other modes. 

Fig. 4 Vehicle composition 
at site-1 

Fig. 5 Vehicle composition 
at site-2
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Fig. 6 Vehicular movements at a typical four-legged uncontrolled intersection 

3.2 Conflicting Traffic Volume 

The conflicting traffic volume was calculated based on the extracted traffic volumes 
as per the equation provided in Indo-HCM [40]. Vehicular movements at a typical 
four-legged uncontrolled intersection are shown in Fig. 6. The conflicting traffic 
volume corresponding to each movement (Mx) from minor roads was calculated at 
both intersections. The right-turn movements from minor roads (M7 and M10) were 
subjected to a conflicting volume of 1203 PCU/h and 1203 PCU/h at site-1 and 1625 
PCU/h and 1625 PCU/h at site-2. The through movements from minor roads (M8 
and M11) were subjected to a conflicting volume of 1634 PCU/h and 1385 PCU/h 
at site-1 and 1921 PCU/h and 1747 PCU/h at site-2. 

3.3 Average Approach Speed 

The approach speed was extracted by noting the time taken by a major road vehicle to 
pass each of the entry line and exit line marked on the site with a known distance. The 
ratio of distance and time to cross the distance gives the speed of the corresponding 
vehicle. Then, the average approach speeds were calculated for each vehicle category 
at both sites.
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3.4 Critical Gap 

In the case of gap data set, the number of rejected gaps (1183) was found to be higher 
than the number of accepted gaps (779). The critical gap (tcg) is determined based on 
the occupancy time method. The graph corresponds to the occupancy time method 
shows time (in seconds) on the X-axis and cumulative frequency distribution of 
occupancy time (Fot) and 1 minus cumulative frequency distribution of accepted gap 
(1-Fa) on the Y-axis. The intersection point of the cumulative frequency distribution of 
the (1-Fa) curve and occupancy time (Fot) curve was determined, and that intersection 
point was then extended to X-axis, which gives the critical gap (tcg) value. Likewise, 
the critical gap values corresponding to each vehicle type executing a particular 
movement were determined for both sites and they are summarized in Table 1. 

From the tabled values, a general trend as obtained in previous researches [5, 6, 8, 
9] can be observed such as the value of the critical gap is increasing with the size of 
the vehicle except for two movements (exception cases may be due to lesser volume 
of vehicle executing that particular movement or due to aggressive behavior of the 
drivers). The critical gap obtained for right-turning movements (M7, M10) is found 
to be smaller than that obtained for through movements (M8, M11), similar to the 
results obtained in the previous researches [4, 10]. 

4 Gap Acceptance Modeling 

The problem of predicting the driver’s decision to accept or reject an available gap is 
a type of classification problem. This study developed a machine learning-based gap 
acceptance model using ANN with the help of the python programming language. 
Factors influencing the drivers’ decision were taken as independent variables, and 
the driver’s decision, such as accepting the gap, was considered as the dependent 
variable. The categorical variables (nominal variables) were converted into ordinal 
variables with the help of a hot encoding process. The total data set was divided into 
two parts such that 80% of data is for training and 20% is for testing purposes. A 
four-fold cross-validation process was carried out in training data. That is, out of

Table 1 Critical gap values at both sites 

Vehicle type Critical gap values 

Movements at site-1 Movements at site-2 

M7 M8 M10 M11 M7 M8 M10 M11 

TW 4.8 7.0 5.0 7.5 3.8 6.5 4.0 7.9 

Auto 7.5 8.0 6.5 9.0 5.5 7.0 5.8 8.0 

SC 7.5 9.0 9.1 6.5 6.0 8.0 6.5 9.5 

LCV _ _ _ _ _ 7.0 7.0 10.5
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80% training data set, a split was made as fourfolds. In onefold, 20% data was used 
for cross-validation and the remaining threefolds for training 60% of data. Then, 
this cross-validation was performed repeatedly in these fourfolds with replacement. 
Three models were developed, such as Artificial Neural Network (ANN) model, 
Logistic Regression model (LR model), and Support Vector Machine model (SVM 
model). Different trial runs were conducted until the model performs well and gives 
better goodness of fit measures. Finally, the performance of the developed ANN 
model was evaluated by comparing its accuracy and other goodness of fit measures 
with corresponding LR and SVM models.

4.1 Theoretical Considerations 

Logistic regression (LR) is a widely adopted supervised learning classification algo-
rithm which provides probabilistic interpretation of outcome variable. The advan-
tages of LR algorithm are as follows: easy to implement, highly interpretable, very 
efficient to train, provides feature importance along with its direction of association, 
less training time, training requires less computational power, performs well when 
data has linearly separable features, easy to regularize, produce discrete outcome, 
unlikely to overfit, easy to extend into multiple classes, and used as a benchmark 
model. The disadvantages are as follows: assumption of linearly in logit can rarely 
hold, cannot solve non-linear problems, tough to obtain complex relationships, cannot 
be used if the number of observations are lesser than the number of features, requires 
less or no multi-collinearity, can only predict categorical variable since outcome 
variable bound to discrete number set, creates linear boundaries, model may overfit 
on high dimensional data set, sensitive to outliers, require large data set, and not 
immune to missing data. 

Support Vector Machine (SVM) is one of the most popular supervised learning 
algorithms which can be used to solve both classification and regression problems. 
For classification, SVM finds suitable hyperplane that has maximum margin in N-
dimensional space and that hyperplane act as decision boundaries to classify the 
data points below and above it. The advantages of SVM are as follows: can handle 
non-linear data efficiently, can solve complex relationship, can be used when there is 
no idea on data or when data have unknown distribution, less risk of overfitting, able 
to handle high dimensional data, has convex optimization nature, better computa-
tional complexity, outliers have less influence, applicable to semi-supervised learning 
models, and can be used when total number of samples lesser than the number of 
dimensions. The disadvantages are as follows: difficult to understand and interpret 
the final model, lack of transparency for results, not suitable for large data set, works 
poorly for overlapping classes (when data set has more noise), may underperform if 
the number of features exceed the number of training samples, long training time, no 
probabilistic explanation for classification since it directly gives the resultant classes, 
difficult to choose a good kernel function, requires feature scaling, and requires high 
memory.
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Artificial Neural Network (ANN) is another popular supervised learning algorithm 
which is the computing systems inspired by the structure and function of human brain. 
The advantages of ANN are as follows: There is no need to decide what kind of model 
will fit, can easily handle nominal and ordinal scale variables either as dependent or 
independent variables, can handle non-linearities easily without beforehand knowing 
exactly which type of non-linearity exists, can model both non-linear and complex 
relationships, can infer unseen relationships on unseen data, predicts the results from 
a learned experience, can found hidden intrinsic relations, can handle multi-class 
problems, less chances for overfitting, can produce a number of outputs, can train 
the model in one go, and have fixed model size. The disadvantage of ANN is that 
the hidden layer is somewhat called a black box, where no one knows what is going 
inside that one. Other disadvantages are as follows: ANN covers only local minima, 
may overfit if training goes for too long time, and might start to consider the noise 
as part of pattern. 

4.2 Data Pre-Processing 

The data set consists of the parameters like minor road vehicle type, movement (M), 
inter-arrival time (IAT), occupancy time (OT), gap offering major road following 
vehicle type, gap duration (GD), accepted/rejected gap (A/R), critical gap (CG), 
conflicting volume (CV), and average approach speed of major road vehicles (AAS). 
The driver’s decision of accepting the gap was considered as the dependent variable. 
The correlation coefficient was determined between these parameters. Independent 
variables were finalized based on the correlation coefficient and its significance. Data 
pre-processing processes such as removing outliers and removing multi-collinearity 
were carried out in the gap data set. 

4.3 Gap Acceptance Model 

The gap data set consists of eight independent variables like minor road vehicle 
type (considered as four different variables: TW, Auto, SC, LCV), occupancy time, 
gap duration, critical gap, conflicting volume, and one dependent variable such as 
accepted gap. The minor road vehicle type was the only categorical variable (with 
four categories) in the selected data set. The results obtained from the ANN, LR, and 
SVM models are describing as follows. 

ANN—Gap Acceptance Model. A gap acceptance model was developed using the 
MLP classifier modeling method with ‘Logistic’ as activation function and ‘Adam’ 
as the solver. Three hidden layers were used. The different trial runs were carried 
out by changing the number of hidden layers and the number of neurons repeatedly 
to achieve good results. The neural network architecture which provides reasonably
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good result is given in Fig. 7. Figures 8, 9, and 10 represent the confusion matrix, 
receiver operating characteristic (ROC) curve, and model loss curve obtained for the 
ANN model based on selected neural architecture.

Fig. 7 Neural network 
architecture 

Fig. 8 Confusion matrix 

Fig. 9 ROC curve
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Fig. 10 Loss curve 

The ANN model gives 92% accuracy with a standard deviation of 0.01 during 
validation and gives 96.2% accuracy during testing. The obtained values for Mean 
Absolute Error (MAE), Mean Squared Error (MSE), ROC-Area Under the Curve 
(AUC), F1 score, and R2 value are 2.617, 0.038, 0.96, 0.955, and 0.843. The least 
loss value interpreted from the loss curve (Fig. 10) is 0.156.

LR—Gap Acceptance Model. A gap acceptance model was developed using the 
logistic regression (LR) modeling technique. The LR model gives 95% accuracy with 
a standard deviation of 0.01 during the validation stage and results in 95.1% accuracy 
during the testing stage. The obtained values for MAE, MSE, ROC-AUC, F1 score, 
and R2 value are 4.553, 0.041, 0.96, 0.951, and 0.833. The model coefficients of 
the LR model are given in Table 2, where β1, β2, β3, β4, β5, β6, β7, and β8 are the 
coefficients corresponding to occupancy time (OT), gap duration (GD), critical gap 
(CG), conflicting volume (CV), Minor road vehicle type-Auto, Minor road vehicle 
type-LCV, Minor road vehicle type-SC, Minor road vehicle type-TW, and C is the 
constant. 

The negative valued coefficients indicate that the occupancy time, critical gap, 
and conflicting volume are inversely proportional to the gap acceptance decision, 
while the gap duration is directly proportional to the gap acceptance decision. As

Table 2 Logistic regression 
model coefficients 

Model coefficients Coefficient values 

β1 (OT) −0.588 

β2 (GD) 6.585 

β3 (CG) −0.658 

β4 (CV) −0.301 

β5 (minor road vehicle type—Auto) 0.264 

β6 (minor road vehicle type—LCV) −0.176 

β7 (minor road vehicle type—SC) −0.102 

β8 (minor road vehicle type—TW) −0.120 

Constant 0.375
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Table 3 Summary of gap acceptance model results 

Results ANN model LR model SVM model 

Accuracy (validation) 0.92 0.95 0.95 

With  a SD of 0.01 With  a SD of 0.01 With a SD of 0.01 

Accuracy (testing) 0.962 0.951 0.959 

ROC—AUC 0.96 0.96 0.96 

MAE 2.617 4.553 4.553 

MSE 0.038 0.041 0.041 

F1 score 0.955 0.951 0.951 

R2 value 0.843 0.833 0.833 

Model loss 0.156 _ _ 

gap duration increases, the driver tends to accept the gaps, whereas the increase in 
occupancy time/critical gap/conflicting volume provokes the driver to reject those 
gaps. Hence, the proposed LR model provides a logical relationship between the 
dependent and independent variables. The variable gap duration is found to have a 
major influence on the model prediction comparing to other variables. Other than 
gap duration, the effect of the critical gap, occupancy time, conflicting volume, and 
vehicle type are also found remarkable.

SVM—Gap Acceptance Model. A support vector machine (SVM)-based gap accep-
tance model was also developed in this research. The SVM model gives 95% accuracy 
with a standard deviation of 0.01 during the validation stage and results in 95.9% 
accuracy during the testing stage. The obtained values for MAE, MSE, ROC-AUC, 
F1 score, and R2 value are 4.553, 0.041, 0.96, 0.951, and 0.833. 

Findings and Inferences. The results obtained from the three gap acceptance models, 
such as the ANN model, LR model, and SVM model, are summarized in Table 3. 

From the table, it can be observed that the three models are performing well. 
Comparing the results obtained from these three classification models, the ANN 
model can be selected as a reasonably good predicting model which predicts the 
results with higher values for the accuracy (in the validation and testing), ROC-
AUC, F1 score, and R2 value. Therefore, the ANN model outperforms the LR model 
and the SVM model. LR and SVM models give approximately the same results. ANN 
model produced 96.2% correct predictions with an MSE of 0.038. F1 and R2 values 
that correspond to the ANN model are 0.955 and 0.843, which is near 1 indicates a 
good model. Overall, the developed machine learning-based ANN model is better in 
distinguishing between the classes (accept or reject).
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5 Conclusions 

This study provides a machine learning-based gap acceptance model to predict the 
decision of drivers of minor road vehicles to accept/reject the particular gap presented 
to them at four-legged uncontrolled intersections under mixed traffic conditions in 
Indian context. The three different models, such as ANN, LR, and SVM models, were 
developed with the aid of the python programming language. Then, the correctness 
and goodness of fit measures of the developed ANN-gap acceptance model were 
compared with the results of both LR and SVM models. It revealed that the perfor-
mance of LR and SVM models were somewhat similar, while the performance of 
the ANN model exceeds the performance of both LR and SVM models. Comparing 
to LR and SVM models, the ANN model performs better and gives reasonably good 
results. ANN model is better in distinguishing between the classes (accept or reject). 
It gives 96.2% correct predictions for gap data. As stated in previous research [7, 9, 
24], the proposed LR model also implies that the variable gap duration has a major 
influence on the model prediction compared to other variables. Other variables like 
the critical gap, occupancy time, and conflicting volume also significantly affect gap 
acceptance decisions. Also, similar to the result from the previous study [24], it was 
found that the vehicle type also produces some effects on the decision of the driver 
to accept the gap. 

The proposed machine learning-based gap acceptance model can be used for 
predicting the driver’s decision to accept or reject the available gap presented to them 
at four-legged uncontrolled intersections in Indian context in an effective manner, 
since ANN-based gap acceptance modeling is rare in previous researches. In the real 
scenario, the gap and lag are different and need to be studied separately. So, a similar 
procedure can be adopted to develop a lag acceptance model in further studies. 
In this modeling, the forced entry/aggressive behavior and other driver behavior-
related variables, presence of pedestrians, geometric factors, and time of day were 
not considered. These variables can be included in future studies. Also, this study 
can be extended to three-legged intersections with the same procedure. Here, the 
gap data parameters extracted from two intersections were only used for modeling 
purposes. Hence, the data set is somewhat small. ANN can provide good and much 
better results for a comparatively large data set. So, with an increase in data points, 
the efficiency of the model can be improved. 
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Modelling Decision to Overtake 
on Two-Lane Two-Way Highway 

Jose Jais and M. Harikrishna 

Abstract One of the most complex and unavoidable manoeuvres on undivided 
two-lane two-way roads is overtaking, where the vehicles use the opposing lane to 
overtake the slow-moving vehicles, in the presence of vehicles coming from oppo-
site direction. Overtaking manoeuvre is complicated in mixed traffic conditions, 
where the vehicles have different static and dynamic characteristics. In this study, 
a binary logistic regression model was developed to study the decision to overtake 
on the roads. Different variables that affect the overtaking behaviour of vehicles 
were considered in this study. The results show that speed of overtaking, overtaken 
and opposing vehicle, space headway before overtaking and lateral adjustment by 
overtaken vehicle during overtaking manoeuvre are significant at 95% confidence 
level. The results that obtained from this paper are useful to predict the overtaking 
behaviour of vehicles in mixed traffic conditions, and it can also be used as an input 
in a traffic simulation model. 

Keywords Overtaking · Two-lane two-way highways · Logistic regression model 

1 Introduction 

India, a country having mixed traffic conditions on its roads, is estimated to have 
132,500 km of National Highways in a road network of 5.4 million km and a major 
part of it are two-lane two-way type [1]. In a mixed traffic stream, vehicles do 
not follow lane discipline, and overtaking manoeuvers are completed by using the 
lane occupied by the opposing stream of vehicles. A considerable percentage of the 
fatal road traffic crashes on two-lane two-way highways could be directly linked to 
overtaking manoeuvers [2]. Hence, overtaking manoeuvers have a significant impact
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on the traffic flow performance and safety of two-lane two-way highways. In order 
to develop mitigation strategies to augment the road safety scenario on Indian roads, 
a comprehensive understanding about the overtaking manoeuvers is necessary. This 
study aims to bridge the gap in the understanding on the overtaking behaviour of 
different categories of vehicles on two-lane two-way highways. 

There were different studies carried out on overtaking manoeuvers on two-lane 
roads to improve and to understand the driver’s behaviour before, during and after 
an overtaking manoeuver [3–6]. Rahul et al. [7] studied the overtaking behaviour of 
vehicles on Indian highways under vehicle heterogeneity. Data collection was done 
using LiDAR and video cameras from an instrumented vehicle. LiDAR was used to 
measure the distance between the vehicles. In this study, a new variable called ‘excess 
distance’ was introduced to understand overtaking behaviour. The results showed 
that on divided four lane roads, the side of overtaking, and on undivided two-lane 
roads, the type of overtaken vehicle plays an important role. And also, if overtaking 
vehicle undergoes overtaking at higher speed, then it was seen that overtaking vehicle 
maintained greater excess distances with the overtaken vehicle. This study also shows 
that overtaking decision of vehicles on undivided roads is affected by the presence 
of vehicles coming from opposite direction and the type of overtaken vehicles. It 
was observed that the decision to overtake was made before an appropriate gap in 
the opposing traffic stream is available [6]. Farah et al. [3] developed a passing 
decision acceptance model using the data collected on two-lane highways, using an 
interactive driving simulator. This model mainly took into account the impact of the 
road geometry and driver’s characteristics. It mainly focussed on the subject vehicle’s 
decision as to pass the leading vehicle or not. The results indicated that the variables 
like size of the available passing gap, the speed of the subject vehicle, the vehicle 
in front and the opposing vehicle, gap between the front vehicle, the subject vehicle 
and the type of the front vehicle were statistically significant at 95% confidence level 
[3]. Mocsari [6] carried out a study on overtaking behaviour of vehicles on two-
lane rural roads in Hungary. The data required for the study was collected with the 
help of an instrumented vehicle. The results indicated that the space headway before 
overtaking was not influenced by the speed of the vehicle to be overtaken. Asaithambi 
and Shrarani [8] carried out a similar study on a two-lane two-way National Highway 
in India. The results of this study showed that the number of overtaking manoeuvres 
decreases with increase in flow in opposite direction. However, the influence of 
space headway between vehicles was not accounted for. Mizanur and Nakamura 
[9] developed a model in terms of total traffic volume for studying the overtaking 
manoeuvres of vehicles. They studied the effects of non-motorized rickshaws on 
passing manoeuvres. 

Compared to the studies done on homogeneous traffic conditions, there are only 
limited studies which focus on the overtaking behaviour of vehicles on mixed 
traffic condition. Most of the researchers were focussed on studying the overtaking 
behaviour of vehicle by considering either overtaking or overtaken vehicles. In this 
study, the decision to overtake is modelled considering various aspects pertaining 
to overtaking, overtaken and opposing vehicles. The work aims to bridge the gap in 
the knowledge base relating to overtaking manoeuvres in mixed traffic conditions.
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The subsequent sections deal with detailed methodology and data collection effort 
for the study, preliminary analysis of data, model development and the conclusions 
derived from the study. 

2 Methodology and Data Collection 

2.1 Methodology 

From the studies reviewed, it is identified that the factors which affect the over-
taking behaviour of vehicles are speed of overtaking vehicle, speed of overtaken 
and the speed of opposing vehicles, time taken for overtaking, length of overtaking, 
space headway before overtaking, space headway after overtaking, type of vehicles 
involved in overtaking manoeuvre, width of carriage way and shoulder, and lateral 
adjustment by overtaken vehicle during overtaking. The data required for this study 
is mainly classified into two: traffic data and geometric data. Geometric data was 
collected using rodometer and traffic data using video cameras. 

In order to collect the traffic data relevant for the study, a straight section of 300 m 
length in the NH 66 Bypass, a two-lane two-way highway, at Pantheerankavu, Calicut, 
Kerala, was identified. As a microscopic analysis of traffic operations on considerable 
length of road is required, a uniform straight road section of considerable length on 
which traffic operations is visible without any interferences was selected. Figure 1 
shows the video snapshot of selected stretch of study area and Fig. 2 shows the map 
view of the same. 

The relevant data was manually extracted from the collected videos. Preliminary 
analysis of extracted data was then carried out. The detailed analysis of extracted 
data was done using R software. The data was used for developing logistic regression 
model using R software. Logistic regression model (LRM) was developed using two-
third of the collected data in order to identify the pertinent variables influencing the 
decision to overtake on two-lane two-way highways. The developed model was also 
validated using one-third of the data. 

Fig. 1 Video snapshots of selected stretch of study area
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Fig. 2 Map view of selected stretch of study area 

2.2 Data Collection 

Traffic data was collected in the selected study stretch for 6 h from10:00 am to 
4:00 pm using videographic method. Two cameras used for data collection were 
fixed on the top of building near to highway in such a way that each camera captures 
a maximum coverage of 150 m. Care was taken to ensure that no tilting of cameras 
occurred. Flow data was collected using TIRTL, which is a portable infrared traffic 
logger. TIRTL is a multi-purpose traffic sensor, in which infrared light cones are 
sent from transmitter and is received by a receiver which is situated on the opposite 
side of the road, perpendicular to the flow of traffic. It was fixed on the selected 
stretch of study area with transmitter on one side of carriageway and receiver on 
the other side to collect the flow data. Geometric characteristics of the selected road 
stretch were obtained using rodometer which measures distances on the road. The 
carriageway width and shoulder width on both the sides of road were found for every 
10 m interval, using the rodometer. 

The average, maximum and minimum values of shoulder width and carriageway 
width towards Pantheerankavu and towards Calicut are given in Table 1. According 
to IRC, for two-lane two-way highway, the minimum width of carriageway is 7 m. 
Therefore, the selected study stretch conforms to the standards. 

Data extraction from the collected videos was done manually. If a vehicle over-
takes another vehicle at high speed from a long distance, it is referred to as flying type 
overtaking. If a vehicle overtakes a vehicle in such a way that, the overtaking vehicle 
follows the overtaken vehicle at a speed similar to overtaken vehicle for some time 
and on observing a suitable gap if the overtaking manoeuver is completed, it is called

Table 1 Geometric details of study section 

Average width (m) Maximum width (m) Minimum width (m) 

Carriageway width 7.35 7.7 7 

Shoulder width towards 
Pantheerankavu 

1.13 1.6 0.8 

Shoulder width towards 
Calicut 

1.23 1.6 0.9
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as accelerative overtaking. Flying and accelerative type overtaking are considered 
in this study because, these are the major type of overtaking manoeuvers observed 
in the selected study stretch. The details extracted from the videos are (1) type of 
overtaking, overtaken and opposing vehicle; (2) speed of overtaking, overtaken and 
opposing vehicle; (3) total time required for overtaking; (4) length of overtaking; (5) 
space and time headway between overtaking and overtaken vehicle before and after 
overtaking; (6) gap between overtaken vehicle and opposing vehicle when overtaking 
vehicle starts overtaking; (7) type of overtaking (accelerative or flying overtaking); 
(8) direction in which overtaking happened; (9) lateral adjustment by overtaken 
vehicle during overtaking. The speed of vehicle is obtained by dividing the distance 
covered by vehicle to the time taken for travelling that distance. Length of overtaking 
is obtained by measuring the distance from the recorded video and then converting 
it to actual scale. Types of vehicle were noted by visual examination. The collected 
data is first used for preliminary data analysis, which is given in the next section.

3 Preliminary Data Analysis 

Preliminary data analysis of data helps the analyst to get an overall idea about the 
various overtaking characteristics of vehicles involved in overtaking manoeuvers. 
The subsequent sections detail the preliminary data analysis carried out with the 
collected data. 

3.1 Successful and Aborted Overtaking 

A total of 1615 overtaking manoeuvers were observed in the study stretch. If the 
overtaking process is completed, then the overtaking is called as successful over-
taking. Aborted overtaking occurs when an overtaking vehicle is forced to terminate 
the overtaking operation due to some unexpected reasons. These reasons may be 
due to insufficient speed of overtaking vehicle, insufficient gap in front of over-
taking vehicle or the overtaken vehicle does not undergo lateral adjustment during 
overtaking, etc. 1329 (82.29%) were successful overtaking and 286 (17.71%) were 
aborted overtaking. 

3.2 Types of Overtaking 

Different types of overtaking were observed in the study area in which most of 
them are accelerative and flying overtaking. Out of 1329 total successful overtaking 
observed, 888 (67%) was accelerative type overtaking and 441 (33%) was flying 
type overtaking. Under low traffic volume condition, it was seen that the number of
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flying type overtaking is more. On the other hand, when the traffic flow increases, 
the number of accelerative types overtaking increases. 

3.3 Type of Vehicles Involved 

Different types of vehicles were found to involve in the overtaking manoeuver. The 
types of vehicles identified are two-wheelers (2 W), cars, heavy commercial vehicles 
(HCV), light commercial vehicles (LCV), buses, three-wheeled passenger auto (3P), 
three-wheeled commercial auto (3A) and four-wheeled passengers auto (4P). Table 
2 shows the relative proportion of different types of vehicles as overtaking, overtaken 
and opposing vehicle. Overtaking vehicles may have a different response towards 
different types of overtaken vehicles. For example, the way in which a car overtakes 
a heavy vehicle may be differ from the way a car overtakes a two-wheeler. Therefore, 
the type of vehicles is an important variable that should consider in the modelling of 
overtaking decision of vehicles. 

According to motor vehicles statistical year book, India [10], cars and two-
wheelers population are more compared to other category of vehicles. In the selected 
stretch also, the cars and two-wheelers proportion are higher in all category as over-
taking, overtaken and opposing vehicles. In recent years, the crashes by two-wheelers 
and cars are observed to be more, in which the majority are caused during overtaking 
road accidents in India, MoRTH [11]. Since a greater number of cars and two-
wheelers were observed in study stretch, a study on overtaking behaviour is relevant. 
A car overtaking a slow-moving car with another car as opposing vehicle was mostly 
observed in the field, followed by a car overtaking a three-wheeled passenger auto 
with another car as opposing vehicle. 

Table 2 Types of vehicles involved 

Overtaking vehicle Overtaken vehicle Opposing vehicle 

CAR 1006 (62%) 420 (26%) 738 (46%) 

HCV 66 (4%) 174 (11%) 143 (9%) 

LCV 118 (7%) 94 (6%) 117 (7%) 

2 W 322 (20%) 600 (37%) 430 (27%) 

3A 9 (1%) 89 (5%) 48 (3%) 

3P 37 (2%) 171 (11%) 99 (6%) 

BUS 33 (2%) 36 (2%) 19 (1%) 

4P 24 (2%) 31 (2%) 21 (1%)
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Fig. 3 Number of overtaking versus type of overtaking for different categories of vehicles 

3.4 Number of Overtaking Versus Type of Overtaking 

Figure 3 shows the relation between the number of overtaking manoeuvers and the 
type of overtaking vehicle. It was seen that 87.8% of HCV and 58% of cars are 
involved in flying overtaking, compared to other categories of vehicles. This may be 
due to higher operating speeds of cars and aggressive behaviour of heavy vehicles. 
88% of buses, 86.49% of 3P, 87.3% of LCV were found to be involved in more accel-
erative overtaking manoeuvers, compared to other categories of vehicles. This may 
be attributed to their lower operating characteristics and larger size of vehicles. More-
over, two-wheelers were found to be involved in both types of overtaking manoeuvers 
in equal numbers, possible due to their higher manoeuvrability and smaller size. 

4 Logistic Regression Modelling 

The relation between the decision to overtake and identified influencing variables was 
explored using binary logistic regression. The decision to overtake was considered as 
the dependent variable and traffic-related variables were considered as independent 
variables. Spearman’s correlation test was used to identify salient influencing vari-
ables. Out of different variables listed earlier, 10 variables were found to be highly 
correlated (correlation greater than 0.6) with dependent variable. Multi-collinearity 
was also accounted for while selecting the independent variables. The binary depen-
dent variable ‘Y’ was coded as ‘1’ for successful overtaking and ‘0’ for aborted 
overtaking. Equation 1 is used for estimating the parameters of logistic regression 
model. 

Log
(
p
/
1 − p) = βo + βi Xi and, 

p(successful overtaking) = exp(βo + βi Xi ) (1)
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where ‘p’ is the probability of successful overtaking, β0 is the intercept and β i is the 
vector of coefficients of Xi which is the vector of explanatory variables (input vari-
ables). One of the important statistical measures associated with logistic regression 
is the odds ratio. If Y is an event with 1 indicating that the event has occurred and 0 
indicating that it has not, then, 

odds(Y = 1) = Pr(Y = 1) 
Pr(Y = 0) = eβ (2) 

where β is the coefficient corresponding to variable Y. This implies that the expec-
tation of the probability of the event to occur is eβ times that of the probability 
of the event not occurring. In the developed model, the base category is taken as 
two-wheelers. The model variables and coefficients are shown in Table 3. 

Higher absolute value of coefficient ‘B’ indicates that higher increase per unit 
change of the corresponding predictor variable. Negative value of coefficients 
indicates decrease of the odds upon increase of corresponding predictor variable. 

The effect of type of overtaking vehicle shows that, compared to two-wheelers, 
if overtaking vehicle is a car, then chances of successful overtaking is more and 
least, as size of overtaking vehicles increases. This is because the cars possess higher 
manoeuvrability, as compared to heavy vehicles. It was seen that when the overtaken

Table 3 Results of logistic regression model 

Variables B S.E Z value Pr(>|z|) eβ 

Overtaking vehicle category Car 1.789 0.284 6.264 0.035 5.924 

LCV −2.772 0.886 −3.241 0.098 0.056 

HCV −2.887 0.557 −5.363 0.687 0.051 

Overtaken vehicle category Car −1.570 0.337 −4.955 0.002 0.188 

LCV 0.854 0.178 4.854 0.458 2.373 

HCV 0.943 0.237 3.557 0.002 2.323 

Opposing vehicle category Car −0.967 0.487 −1.986 0.476 0.380 

LCV −0.654 0.241 −2.714 0.086 0.519 

HCV −1.271 0.807 -1.575 0.004 0.281 

Speed of overtaking vehicle 0.445 0.113 3.938 0.000 1.561 

Speed of overtaken vehicle −0.542 0.499 1.086 0.000 0.582 

Speed of opposing vehicle −0.285 0.484 0.589 0.000 0.752 

Space headway before overtaking −0.191 0.548 −0.348 0.000 0.826 

Gap between overtaking and opposing 
vehicle during overtaking 

0.081 0.112 0.723 0.018 1.084 

Time headway before overtaking −0.489 0.305 −1.275 0.001 0.678 

Lateral adjustment by overtaken vehicle 1.899 0.575 3.476 0.000 7.382 

Constant 3.690 0.937 4.045 0.008 44.256
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vehicle is a car, then the chance of successful overtaking is less. If the overtaken 
vehicle is HCV or LCV, then the chance of successful overtaking is more. This 
is because the overtaking vehicles has less tendency to follow an HCV or LCV 
due to their large size and visibility reasons so overtaking vehicle always try to 
overtake them. From the model, it is observed that the effect of type of opposing 
vehicle on making successful overtaking is negatively related, as compared to two-
wheelers. Moreover, the chances to make a successful overtaking decrease when 
heavy vehicles are encountered from the opposite direction. Speed of overtaken 
and opposing vehicles, space and time headway before overtaking are negatively 
related to dependent variable, which implies that the chance of successful overtaking 
decreases with an increase in their values. The speed of overtaking vehicle is found 
to have a positive coefficient value. The reason could be attributed to the fact that, 
when the speed of overtaken vehicle is less compared to overtaking vehicle, the 
driver of overtaking vehicle will try to complete the overtaking manoeuvre as soon 
as possible. Space headway and time headway before overtaking are negatively 
related to the dependent variable. This is because of the fact that if the headway 
distance is less, then the distance between overtaking and overtaken vehicle is less 
and overtaking vehicle can easily undergo overtaking manoeuvre. If the gap between 
overtaking and opposing vehicle is more, then the overtaking vehicle can easily 
perform the overtaking manoeuvre. Hence, the variable has a positive coefficient. 
During overtaking manoeuvre, if the overtaken vehicle undergoes lateral adjustment, 
then the chances of successful overtaking is more. Hence, the particular variable has 
a positive coefficient value.

In logistic regression modelling, eβ (odd ratio) is the factor by which the odds 
change when ‘X’ increases by one unit. The coefficient 0.445 implies that a one unit 
change in speed of overtaking vehicle results in a 1.561 unit change in making a 
successful overtaking. In other words, the probability of making a successful over-
taking is 1.561 times the probability of event not occurring. If space and time headway 
before overtaking change by one unit, the resultant change in making successful over-
taking is 0.826 and 0.678, respectively. Similarly, if the gap between overtaking and 
opposing vehicle during overtaking increases by one unit, the resultant increase in 
making successful overtaking is 1.084 times. 

The developed logistic regression model is validated with one-third of the data 
(538 observations). Caret package is used using R-programming language to check 
the accuracy of the model. A confusion matrix, shown in Table 4, is made to visualize 
the performance of the model. The accuracy score of developed logistic regression 
model is obtained as 84.39%.

Table 4 Confusion matrix Predicted value 

1 0 

Actual values 1 342 59 

o 25 112
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The Cox and snell, Nagelkerke and McFadden pseudo R square values are 0.686, 
0.737 and 0.589, respectively. This suggests that the model explains around 73.7 to 
58.9% of the variation in the outcome.

5 Conclusions 

This paper presents the methodology to model the decision to overtake by vehicles 
on two-lane two-way highways based on type and speed of overtaking, overtaken and 
opposing vehicle, gap between overtaking and opposing vehicle during overtaking, 
space and time headway between overtaking and overtaken vehicle before overtaking 
and lateral adjustment by overtaken vehicle. Logistic regression method of modelling 
is used to predict whether the overtaking is successful or aborted. R-programming 
language was used for developing the model. Developed logistic regression model is 
validated with one-third of the data. The model results indicate that these variables 
play a significant role in the decision to overtake by the drivers. The chances of 
successful overtaking are found to increase with increase in speed of overtaking 
vehicle and decreases with increase in speed of overtaken and opposing vehicles. The 
model results show that space and time headways between overtaking and overtaken 
vehicles affect the decision to overtake. The accuracy score of developed logistic 
regression model is obtained as 84.39%. In this study, unlike from other works [3, 
6, 8], lateral adjustment by overtaken vehicle during overtaking was taken as one 
variable and the result shows that the variable is significant. 

In future, simulation model of traffic pattern including overtaking behaviour of 
vehicles can also be developed. This study can be extended to divided highways. 
While developing the model, the presence of median can be chosen as a variable and 
also driver’s characteristics can be included. 

References 

1. Ministry of Road Transport & Highways, Government of India, New Delhi (2019–2020), 
Annual report: 2019–2020 

2. Gebru MK (2017) Road traffic accident: Human security perspective. Road Traffic Accid Hum 
Secur Perspect 8(2):15–24 

3. Farah H, Bekhor S, Polus A, Toledo T (2009) A passing gap acceptance model for two-lane 
rural highways. Transportmetrica 5(3):159–172 

4. Figueira AC, Larocca APC (2020) Analysis of the factors influencing overtaking in two-lane 
highways: A driving simulator study. Transp Res Part F 69:38–48 

5. Hegeman G, Hoogendoorn S, Brookhuis A (2005) Observations overtaking manoeuvres on 
bi-directional road. Advanced OR and AIin Transportation, Publishing House of Poznam 
University of Technology, Poznan, p 505 

6. Mocsari T (2009) Analysis of the overtaking behaviour of motor vehicle drivers. Acta Tech J 
2(1) 

7. Rahul S, Vasudevan V, Dutta B (2020) Analysis of overtaking patterns of Indian drivers with 
data collected using a LiDAR. Transp Res part F: Traffic Psychol Behav 74:139–150 (2020)



Modelling Decision to Overtake on Two-Lane … 31

8. Asaithambi G, Shrarani G (2017) Overtaking behaviour of vehicles on undivided roads in 
non-lane based mixed traffic conditions. J Traffic Transp Eng 4(3):252–261 

9. Mizanur RM, Nakamura F (2005) A study on passing-overtakingd level of service of 
heterogeneous traffic flow. J Eastern Asia Soc Transp 6:1471–1483 

10. Ministry of Statistics and Programme Implementation (2018) Motor vehicles-statistical year 
book, India 

11. Road Accidents in India (2019) Government of India, Ministry of road transport and highways, 
Transport Research Wing, New Delhi



Influence of Skew Angle on the Gap 
Parameters at Uncontrolled Intersections 

Unnikrishnan Sreevishnu, A. R. Arathi, and M. Harikrishna 

Abstract Occupancy time and critical gap are the key parameters used in the deter-
mination of the capacity of uncontrolled intersections. Indo-HCM (CSIR-Central 
Road Research Institute (2017) Unsignalised intersections, Indo-HCM, Chapter 8) 
suggests the method of occupancy time to determine the capacity of uncontrolled 
intersections but is limited to right-angled intersections. Geometric factors influence 
the occupancy time of movements that occur at the intersections. This study considers 
skew angle as the influencing factor. Three sites are considered in this study with 
varying skew angles. The occupancy times and critical gaps for various movements 
for different vehicle classes have been recorded. Linear regression models are devel-
oped for the three types of non-priority movements at the intersection. It is found 
that with increased distance to be traversed for a particular movement, the occupancy 
time and critical gap also increases. The occupancy time values also vary according 
to vehicle classes with the larger vehicles tending to have larger values. 

Keywords Occupancy time · Skew angle · Critical gap 

1 Introduction 

Uncontrolled intersections are intersections where no form of space or time control 
exists. Such intersections in countries like India are seen to have complicated vehicle 
interactions due to the mixed traffic condition and aggressive driver behavior. Hence, 
vehicles entering the intersections are given no indication of whether the movement 
they intend to make is possible at that point of time. It is up to the driver of the vehicle 
to determine whether the gaps available in the conflicting streams are suitable to be
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acceptable or not. Considering the complexity of the situation, accurate estimation 
of the capacity of such intersections is also a challenge. 

One of the parameters required for estimating the capacity of uncontrolled inter-
sections is the occupancy time, which is used for the estimation of the critical gap 
[1]. Critical gap refers to the minimum gap in the priority stream, which is acceptable 
to a driver executing a non-priority movement [1]. Occupancy time refers to the time 
that a vehicle incurs in completely clearing the conflict area of the intersection. It 
is measured as the time elapsed between the arrival of subject vehicle at the edge 
of the conflict area and its complete exit from the intersection conflict area gap [1]. 
Occupancy time varies for each different vehicle class and for each type of move-
ment occurring at the intersection. Hence, it is indicative of the clearing behavior of 
various vehicles at the intersection. 

One of the earlier research works related to the method of occupancy time was 
by Chandra and Mohan [2]. They recommended the use of occupancy time for both 
heterogeneous conditions as in India, as well as, for homogenous traffic conditions. 
They observed that the critical gaps obtained by this method depict driver behavior 
better than previously existing methods. Moreover, they discerned that the critical 
gap was found to be lower in value for Indian drivers, which indicate their aggres-
sive nature. They also found that motorized two-wheelers have a lower critical gap 
value due to their small size and easy handling [3]. Further, they observed that the 
capacity computed was found to vary from field capacity, and this difference was 
used to develop an exponential correlation factor [4]. Ashalatha and Chandra [5] 
proposed the method of clearing time to determine the critical gap for vehicle cate-
gories executing the various movements at the intersection. It considers both the 
accepted gap and clearing time distribution to calculate critical gap. Asaithampi 
and Anuroop [6] performed an analysis of occupancy time of vehicles at urban 
unsignalized intersections in non-lane-based mixed traffic conditions. The influence 
of conflicting traffic on occupation time at an uncontrolled and a semi-controlled 
intersection was studied by them, and occupancy time was taken as the sum of 
service delay and clearing time. Mathematical models were formulated to relate the 
occupancy time to volume of conflicting traffic. In their study, occupancy time was 
found to increase when the volume of conflicting traffic was higher. The most recent 
work on the determination of capacity of unsignalized intersections was enunciated 
in the Indo-HCM 2017. However, the methodology suggested can be used only for 
intersections that fulfill certain criteria such as:

• The number of intersecting approaches should be either 3 or 4
• The angle of intersection should be 90° on a three or four-legged intersection with 

a deviation of ±10°
• The intersecting arms should have either a 2 or 4 lane-divided major road
• Negligible presence of non-motorized traffic, on-street parking, hawkers, or any 

other land use activities within 75 m from the center of the intersection
• There should be no gradient present on the intersecting approaches
• Safe stopping sight distance is available
• No speed breakers on any approach within 75 m from the center of intersection.
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As intersection legs meet at angles other than right angle, on account of the site 
restriction, it is necessary to study the influence of intersection geometry in the gap 
parameters at uncontrolled intersections. Previous research works are silent on the 
influence of geometric factors on the gap parameters at uncontrolled intersections. 
This study aims to bridge the gap in the knowledge base by considering the influence 
of skew angle on the gap parameters at uncontrolled intersections. For this study, 
data pertaining to occupancy times and accepted gaps was collected from three 
study sites. All three study sites selected had varying skew angles. Once data were 
collected, the occupancy time for each non-priority movement for various vehicle 
classes was computed in the data analysis stage. Critical gap values for all non-priority 
movements for vehicle classes were also computed using the method of occupancy 
time. Using the datasets from the three sites, linear regression models for occupancy 
time and critical gap were formed for each type of non-priority movement. 

In the subsequent sections, the methodology adopted for the study, study site 
selection, and data collection details are given. The details of the data extracted 
from the videos and their relevance are explained. The details of the analysis with 
the extracted data and model development are explained. Finally, the conclusions 
derived from the study and scope for future work are also given. 

2 Methodology and Data Collection 

In this section, the details of the methodology adopted for the study and that of data 
collection and data extraction are included. 

2.1 Methodology Adopted for the Study 

As it is required to analyze the influence of skew angle on the critical gap of 
non-priority movements at uncontrolled intersections, a videographic survey was 
conducted at three identified uncontrolled intersections. The data were collected 
for one hour each in the FN and AN session of a typical working day. Due care 
was taken to select a day in which the traffic movements are not influenced by any 
extraordinary events such as festivals. From the videos, using the KINOVEA soft-
ware, details such as major stream traffic volume, time at which minor road vehicle 
stops at the entry line, time at which minor road vehicle starts to move, and time 
at which minor road vehicle crosses the exit line are extracted. The entry time and 
exit time of major road vehicles in the intersection area are also noted. From the 
collected details, variables such as accepted gap, rejected gap, occupancy time, and 
delay were derived. The occupancy time for each non-priority movement for various 
vehicle classes was computed in the data analysis stage. Critical gap values for all 
non-priority movements for vehicle classes were also computed using the method of 
occupancy time. Using the datasets from the three sites, linear regression models for
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occupancy time were formed for each type of non-priority movement. The relation-
ship between occupancy time and critical gap with the skew angle was explored, and 
models were developed to predict the occupancy time of non-priority movements 
based on the skew angle and vehicle type. 

2.2 Study Intersection Details 

The first site considered for the study is Kodakara Junction, in the district of Thrissur, 
Kerala. It is a four-legged skewed intersection with the minor roads skewed at an angle 
of 30° toward the right. Both the major and minor roads are 2-lane 2-way undivided 
roads with road widths of 6.5 m and 5.5 m, respectively. The traffic composition 
consists of 63% two-wheelers, 14% auto-rickshaws, 19% small cars, and 4% light 
commercial vehicles with the rest being vehicle classes not considered for this study. 

Site 2 identified for the study is Polytechnic Junction, Thriprayar, in the district 
of Thrissur, Kerala. It is a four-legged skewed intersection with the minor roads 
skewed at an angle of 14° toward the left. Both the major and minor roads are 2-lane 
2-way undivided roads with road widths of 7.5 m and 5.5 m, respectively. The traffic 
composition consists of 57% two-wheelers, 13% auto-rickshaws, 19% small cars, 
and 4% light commercial vehicles with the rest being vehicle classes not considered 
for this study. 

Site 3 considered for the study is Market Junction, Irinjalakuda, in the district 
of Thrissur, Kerala. It is a four-legged skewed intersection with the minor roads 
skewed at an angle of 18° toward the left. Both the major and minor roads are 2-lane 
2-way undivided roads with road widths of 7.5 m and 5.5 m, respectively. The traffic 
composition consists of 50% two-wheelers, 14% auto-rickshaws, 20% small cars, 
and 5% light commercial vehicles with the rest being vehicle classes not considered 
for this study. 

2.3 Data Collection 

Videographic survey was used to collect the traffic data at the selected intersections. 
The data were collected at the sites for morning and evening peak periods from 
9.30 AM to 10.30 AM and from 4 to 5 PM. The peak periods were identified after 
a reconnaissance visit to the study sites. The geometric details such as carriageway 
width were collected using measuring tape. 

Data extraction was done using KINOVEA software. This software helps to play 
the collected video at slower speeds so that accurate data can be extracted. The 
various movements that occur at an uncontrolled intersection are depicted in Fig. 1. 
Based on the level of priority, the movements are classified into four classes. 

Priority rankings for movements are assigned as suggested in Indo-HCM [1]. 
Movements 2, 3, 5, and 6 are given the highest priority with rank 1. They are followed
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Fig. 1 Various movements 
occurring at a four-legged 
intersection. (Source 
Indo-HCM [1]) 

by movements 1 and 4 with a priority rank of 2 and further by movements 7 and 10 
with a priority rank of 3. Movements 8 and 11 are given the least priority. Movements 
9 and 12 are left turning movements from minor road which are omitted in the 
rankings as they are said to provide no interference to any traffic movements. The 
data extracted from the videos include major stream traffic volume, time at which 
minor road vehicle stops at the entry line, time at which minor road vehicle starts 
to move, and time at which minor road vehicle crosses the exit line. It also includes 
entry time and exit time of major road vehicles. Using the extracted data, values of 
accepted gap, rejected gap, occupancy time and delay were estimated. The classes 
of vehicles that were used in the study were auto-rickshaws (3 or 4 wheeled) which 
were denoted as AUTO, small cars denoted as SC, two-wheelers denoted as TW, and 
light commercial vehicles denoted as LCV. 

3 Data Analysis 

The occupancy time for the various study sites was classified on the basis of vehicle 
class and turning movement. The median values of the occupancy times were 
considered in this study. 

Skew angle is the angle by which the angle of the intersection deviates from 90°. 
For this study, skew angle is taken with respect to a rectangular coordinate system. 
Any skew angles measured toward the right are taken as positive and those to the left 
are taken as negative as depicted in Fig. 2.
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Fig. 2 Sign convention followed for measuring skew angle 

3.1 Variation of Occupancy Time and Critical Gap with Skew 
Angle 

In this section, the variation of occupancy time with skew angle is explored. Figure 3 
shows the variation of occupancy time for right-turn movements from major road with 
the skew angle of the intersection. Figures 3 and 4 show the variation of occupancy 
time for right turns from major roads and minor roads, respectively. Occupancy time 
for right turns from major road decreases as the skew angle increases because the 
distance to be covered across the intersection decreases. The opposite is true for right 
turns from minor roads as occupancy time increases with increasing skew angle due 
to the increasing distance to be traversed across the intersection. 

Figure 5 depicts the variation of occupancy time for through movement on minor 
roads. In this case, sign conventions are ignored because the distance to be traversed

Fig. 3 Variation of 
occupancy time for right-turn 
movements from major road 
with respect to skew angle
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Fig. 4 Variation of 
occupancy time for right turn 
from minor movements with 
respect to skew angle 

Fig. 5 Variation of 
occupancy time for through 
on minor road movements 
with respect to deviation 
angle 

across the intersection increases with an increase in skew angle irrespective of direc-
tion. Hence, it can be inferred that occupancy times also increase when the skew 
angle increases. It can also be inferred from Figs. 3, 4, and 5 that two-wheelers have 
a significantly lower occupancy time compared to other modes due to the ease of 
maneuverability of the vehicle.

Figures 6 and 7 show the variation of critical gaps for right turns from major 
roads and minor roads, respectively. Critical gaps for right turns from major road

Fig. 6 Variation of critical 
gap for right turn from major 
road movements with respect 
to skew angle
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Fig. 7 Variation of critical 
gap for right turn from minor 
road movements with respect 
to skew angle 

Fig. 8 Variation of critical 
gap for through on minor 
movements with respect to 
skew angle 

and minor road show the same trend as observed with occupancy times. Critical gaps 
are lower for smaller vehicles such as two-wheelers as they are willing to accept 
smaller gaps in the traffic stream. Figure 8 shows the variation of critical gap for 
through movements on minor roads. It can be inferred from Figs. 6, 7, and 8 that 
vehicles accept larger gaps in the conflicting stream when the distance to be covered 
across the intersection is larger. This may be because larger distances force drivers 
to be more careful about the gap they are accepting in the conflicting streams.

4 Modeling of Occupancy Time 

Linear regression models are developed to predict the occupancy times of different 
vehicle movements at the study intersections, considering the vehicle composition 
and skew angle as independent variables. The following sections detail out the models 
developed.
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4.1 Right-Turn Movements from Major Road 

The linear regression model for predicting the occupancy time of vehicles taking a 
right turn from the major road is given in Eq. (1). 

OT = 2.536 − 0.0143 × (Skew angle) + 0.89 
× XAuto + 1.27 × XLCV + 1.06 × XSC (1) 

where 
OT is occupancy time in seconds 
Skew angle is the angle of the intersection in degrees 
XAuto = 1, XLCV = 0, XSC = 0 if the vehicle considered is an auto-rickshaw 
XAuto = 1, XLCV = 0, XSC = 0 if the vehicle considered is an auto-rickshaw 
XXAuto = 0, XLCV = 1, sc = 0 if the vehicle considered is a light commercial 

vehicle 
XAuto = 0, XLCV = 0, Xsc = 1 if the vehicle considered is a small car 
XAuto = 0, XLCV = 0, Xsc = 0 if the vehicle considered is a two-wheeler. 

The model has an adjusted R-squared value of 0.88. The p-values of all the coef-
ficients are less than 0.05, implying that coefficients in the model are statistically 
different from zero, at 95% confidence level. It is inferred from the model that occu-
pancy time decreases when the skew angle is toward the right (positive) and increases 
when it is toward the left (negative). This is in line with the previous observation 
that occupancy time for this movement decreases due to the decreased distance to 
be traversed across the intersection. Occupancy times increase with the size of the 
vehicle which is depicted by the coefficients of XAuto, XLCV, and XSC. 

4.2 Right-Turn Movements from Minor Road 

The linear regression model for predicting the occupancy time of vehicles that take 
a right turn from the minor road is given below. 

OT = 3.522 + 0.0178 × (Skew angle) + 0.243 
× XAuto + 0.283 × XLCV + 0.707 × XSC (2) 

where 
OT is occupancy time in seconds 
Skew angle is the angle of the intersection in degrees 
XAuto = 1, XLCV = 0, XTW = 0 if the vehicle considered is an auto-rickshaw 
XAuto = 0, XLCV = 1, XTW = 0 if the vehicle considered is a light commercial 

vehicle
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XAuto = 0, XLCV = 0, XTW = 1 if the vehicle considered is a two-wheeler 
XAuto = 0, XLCV = 0, XTW = 0 if the vehicle considered is a small car. 

The model has an adjusted R-squared value of 0.78. The P-values of the coeffi-
cients, except that for XLCV and XAuto, are less than 0.05, implying that coefficients 
in the model are statistically different from zero, at 95% confidence level. It is found 
that the p-value of XLCV and XAuto is not below 0.05, due to the smaller number of 
observations in the dataset. From the model, it can be inferred that occupancy time 
increases when the skew angle is toward the right (positive) and decreases when it 
is toward the left (negative). This is the trend observed earlier that occupancy times 
increase with increase in skew angle as the distance to be traversed increases. Occu-
pancy times decrease when the size of the vehicle under consideration is smaller. 
Two-wheelers show the greater decrease in occupancy time for the same skew angle 
as depicted by the coefficient of XTW. 

4.3 Through Movements from Minor Roads 

The linear regression model for predicting the occupancy time of through movements 
from the minor road is given in Eq. (3). In this model, the sign of skew angle is ignored 
as mentioned earlier. 

OT = 2.53 + 0.040 × (Skew Angle) + 0.66 
× XAuto + 1.03 × XLCV + 0.86 × XSC (3) 

where 
OT is occupancy time in seconds 
Skew angle is the angle of the intersection in degrees (ignoring sign conventions) 
XAuto = 1, XLCV = 0, XSC = 0 if the vehicle considered is an auto-rickshaw 
XAuto = 0, LCV = 1, Xsc = 0 if the vehicle considered is a light commercial vehicle 
XAuto = 0, XLCV = 0, Xsc = 1 if the vehicle considered is a small car 
XAuto = 0, XLCV = 0, Xsc = 0 if the vehicle considered is a two-wheeler. 

The model has an adjusted R-squared value of 0.63. The p-values of the coefficients 
are less than 0.05, except that for XAuto. This implies that all the coefficients, except 
that for XAUTO, are statistically significant at 95% confidence level. From the model, 
it can be inferred that occupancy time increases with an increase in skew angle 
irrespective of direction. Hence, in this case, the lowest occupancy times will be 
recorded when the skew angle is 0. Any deviation from this values implies that the 
distance to be traversed across the intersection increases, and hence, vehicles will 
take a longer time to clear the intersection. Occupancy times increase when the size of 
the vehicle under consideration increases. Two-wheelers show the greater decrease 
in occupancy time for the same skew angle as depicted by the coefficient of XTW.
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5 Modeling of Critical Gap 

5.1 Right-Turn Movements from Major Roads 

The linear regression model for occupancy time of right turn from the major road is 
as follows. 

CG = 3.0622 − 0.0068 × (Skew Angle) + 0.233 
× XAuto + 0.633 × XLCV + 0.55 × XSC (4) 

where 
CG is critical gap in seconds 
Skew angle is the angle of the intersection in degrees 
XAuto = 1, XLCV = 0, XSC = 0 if the vehicle considered is an auto-rickshaw 
XAuto = 0, XLCV = 1, Xsc = 0 if the vehicle considered is a light commercial 

vehicle 
XAuto = 0, XLCV = 0, Xsc = 1 if the vehicle considered is a small car 
XAuto = 0, XLCV = 0, Xsc = 0 if the vehicle considered is a two-wheeler. 

The model has an adjusted R-squared value of 0.74. The P-values of all the vari-
ables are given in the table below. All the variables except that of XAuto are found to 
be lower than 0.05. The higher P-value for auto-rickshaws may be due to the smaller 
sample size that was obtained for auto-rickshaws in this study. From the model, it 
can be inferred that critical gap decreases when the skew angle is toward the right 
(positive) and increases when it is toward the left (negative). Since the distance to be 
traversed across the intersection decreases with increasing skew angle, drivers will 
be able to accept smaller gaps to move across the intersection, and hence, the trend of 
decreasing critical gaps with increasing skew angles is observed. Occupancy times 
increase with the size of the vehicle which is depicted by the coefficients of XAuto, 
XLCV, and XSC. 

5.2 Right Turn from Minor Roads 

The linear regression model for occupancy time of right turns from the minor road 
is as follows. 

CG = 3.04 + 0.01573 × (Skew Angle) + 0.95 
× XAuto + 0.9 × XLCV + 0.8 × XSC (5)
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where 
CG is critical gap in seconds 
Skew angle is the angle of the intersection in degrees 
XAuto = 1, XLCV = 0, XTW = 0 if the vehicle considered is an auto-rickshaw 
XAuto = 0, XLCV = 1, XTW = 0 if the vehicle considered is a light commercial 

vehicle 
XAuto = 0, XLCV = 0, XTW = 1 if the vehicle considered is a two-wheeler 
XAuto = 0, XLCV = 0, XTW = 0 if the vehicle considered is a small car. 

The model has an adjusted R-squared value of 0.96. The P-values of all the vari-
ables are given in the table below. Since the p-values of all variables are below 0.05, 
all the variables are treated as significant. From the model, it can be inferred that 
critical gap increases when the skew angle is toward the right (positive) and decreases 
when it is toward the left (negative). Critical gap timings increase with increase in 
skew angle because the distance to be traversed across the intersection increases in 
this case. Hence, the gaps that vehicles are ready to accept would be larger. Critical 
gap timings decrease when the size of the vehicle under consideration is smaller. 
Two-wheelers show the greater decrease in occupancy time for the same skew angle 
as depicted by the coefficient of XTW. 

5.3 Through Movements on Minor Roads 

The linear regression model for occupancy time of through movement from the minor 
road is as follows. In this model, the sign convention relating to skew angle is ignored 
as mentioned in previous sections. 

CG = 2.3112 + 0.0591 × (Skew angle) + 0.7 
× XAuto + 0.6 × XLCV + 1.117 × XSC (6) 

where 
CG is critical gap in seconds 
Skew angle is the angle of the intersection in degrees (ignoring sign convention) 
XAuto = 1, XLCV = 0, XSC = 0 if the vehicle considered is an auto-rickshaw 
XAuto = 0, XLCV = 1, Xsc = 0 if the vehicle considered is a light commercial 

vehicle 
XAuto = 0, XLCV = 0, Xsc = 1 if the vehicle considered is a small car 
XAuto = 0, XLCV = 0, Xsc = 0 if the vehicle considered is a two-wheeler. 

The model has an adjusted R-squared value of 0.72. The P-values of all the 
variables are given in the table below. The P-value of all the variables is below 0.05 
except for XLCV, which implies that they are statistically different from zero at 95% 
level of significance level. The distance to be traversed increases with increased skew 
angle. Hence, this leads to vehicles accepting larger gaps because the distance to be
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covered is larger. Similar to the previous cases, critical gap is dependent on the size 
of the vehicle with LCVs having the largest coefficient values and hence generating 
the larger values of critical gaps. 

6 Conclusions 

For this study, three intersections with varying skew angle were selected, and data 
relating to gap parameters for various vehicles were collected. The collected data 
were analyzed, and models that predict the critical gap and occupancy time of the 
different vehicle classes for intersections with varying skew angles were formulated. 
The following conclusions were drawn from the study: 

1. Distance to be traversed across the intersection decreases with increase in skew 
angle in the case of right turn from major road movements and decreases with 
increase in skew angle in the case of right turn from minor road movements. 

2. For through movements on minor roads, the distance to be traversed across the 
intersection increase with respect to skew irrespective of direction of skew. 

3. Occupancy time increases when the distance to be traversed across the inter-
section increases, as expected. This is explained simply by understanding that 
vehicles will take longer times to cover larger distances. 

4. Critical gap increases when the distance to be traversed across the intersection 
increases. When the distance to be crossed is larger, drivers tend to show a more 
careful behavior and only accept larger gaps that they feel would be sufficient 
to cover the increased distance. 

5. Critical gap for right turn movements from major road decreases with increase in 
skew angle. Critical gap for right-turn movements from minor road and through 
movements on minor road increases with increase in skew angle. 

6. Both critical gap and occupancy times are dependent on the size of the vehicle. 
Smaller vehicles are able to cross the intersection more quickly and will be able 
to accept smaller gaps in the conflicting stream. 

To further explore this area or to obtain more clarity in this area, other skewed 
intersections can be considered in future works to obtain a more refined model. 
Intersections with varying road widths and other geometric factors can be considered.
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Multi-Branch Traffic Flow Prediction 
Based on Temporal Speed 

Nisha and Kranti Kumar 

Abstract Efficient traffic management is a major issue for developing countries. 
Traffic flow prediction is an important problem in intelligent transportation system 
(ITS). Various studies have been reported in the literature for traffic flow prediction 
in which combined models have been proposed only using traffic flow data. It is 
evident from the traffic flow theory that speed and flow are inter-related. Therefore, 
considering speed to predict flow in a model can help in improving the performance 
of a prediction method. Keeping this in mind, we propose a traffic flow prediction 
method consisting of two branches. First branch predicts traffic flow using past 
flow data through long short-term memory (LSTM) neural network. Second branch 
predicts volume using Gaussian process regression (GPR) based on temporal speed. 
Finally, prediction from both the branches was combined through weighted average. 
The mean squared error (MSE), root mean squared error (RMSE), and Pearson’s 
correlation coefficient (r) were used to evaluate the effectiveness of the proposed 
model. Based on these measures, it was found that results of our proposed model are 
promising. 

Keywords Multi-branch · GPR · Traffic flow · LSTM 

1 Introduction 

Transportation systems are among the resources that are vital to the economic and 
social welfare as well as the safety of a nation. The versatility and effectiveness of 
the transportation system contribute significantly to the vitality and competitiveness 
of the economy of a nation. In recent years, there has been a continuous rise in traffic 
demand on the roads resulting in congestion which causes the idling of engines, 
leads to more energy consumption, and causes pollution [1]. Air pollution adversely 
affecting human health has become a prominent problem nowadays due to the high 
density of various type of vehicles on road [2]. It has been noticed that vehicle
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emissions led to high pollution levels especially during peak time [3]. As far as India 
is concerned, being the second most populated country is facing extreme traffic 
conditions such as congestion, noise and air pollution, and traffic fatalities on roads. 
Indian government has spent a huge amount in the urban infrastructure section such as 
developing public transport systems like bus rapid transit and making metro services 
available for more new places. But still, the use of personal vehicles has increased 
in past years [4]. 

Infrastructure development, implementation of traffic control guidance, conges-
tion pricing, and utilization of advanced technologies coming under ITS are some 
important steps to alleviate traffic problems. Amid various options, sustainable solu-
tions like ITS are mainly chosen than capital-intensive development plans. Intelli-
gent transport system makes use of modern information and advanced technologies 
to solve various transportation problems arising in transportation system like level of 
congestion, traffic fatalities, air and noise pollution, etc. ITS has emerged as an effec-
tive way to improve strategies for traffic congestion and to manage traffic demand on 
roads. Traffic state prediction which uses information collected from various devices 
is a significant issue in the framework of ITS. It helps in traffic congestion preven-
tion in time and accomplishes intelligent traffic reminder and evacuation manage-
ment. Short-term traffic forecasting directly predicts traffic conditions expected at a 
future time and provides continuous short-term traffic information feedback. Several 
modeling attempts have been made to deal with the problem of short-term fore-
casting in last decade. Traffic flow is highly non-linear and stochastic in nature which 
makes its prediction difficult. Due to this, machine learning-based methods have been 
applied extensively to predict traffic flow because of their capability to approximate 
any function regardless of its degree of non-linearity. Recently, the literature has 
shown that combined methods are most effective than a single prediction method 
for short-term forecasting especially combining traditional methods with machine 
learning methods as they combine the capability of different methods [5, 6]. 

Although several studies have been reported in the literature to deal with traffic 
flow prediction problems, still some gaps exist. 

(1) Research on combining different methods that helps in studying different 
aspects of traffic flow prediction is relatively limited. 

(2) Most existing combined methods make use of only historical flow to predict 
traffic flow, and it is evident from traffic flow theory that speed and flow are 
inter-related and hence considering historical temporal speed in these methods 
can have an influence on traffic flow prediction in different ways. 

(3) Traffic flow is highly non-linear and stochastic in nature and hence leads to 
uncertainties in prediction. Therefore, providing an interval of prediction rather 
than a single value is more realistic and beneficial. 

The main objectives of this paper are to alleviate abovementioned research gaps. 
In this paper, we propose (1) a multi-branch method which uses historical temporal 
speed and flow information for traffic flow forecasting. As historical speed and flow 
influence flow prediction, the method proposed in this paper uses separate branches 
to predict flow, one using historical flow and other using temporal speed with the
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help of GPR. (2) The choice of a regression tool such as GPR enables to directly 
capture the complex relationships between variables and uncertainty of the model. 
It gives an interval of prediction rather than a single value which is more realistic 
in this scenario. (3) This paper also presents a novel way of merging the prediction 
from two branches using their correlation coefficient as weights. 

The rest of this paper is organized as follows: In section two, the studies found in 
literature dealing with traffic flow and speed prediction are reviewed. Section three 
describes the methodology of the multi-branch method in detail. Data description 
and experiment results are presented in section four. Finally, a conclusion is drawn 
based on the results in section five. 

2 Related Work 

In this section, a literature review of methods applied to predict traffic flow is 
presented. Mainly, these methods are classified into following categories: statistical, 
machine learning (ML) based, and hybrid methods. 

Statistical methods are widely applied to traffic prediction due to their good 
theoretical interpretation ability and visible computational structure. Some of the 
common statistical methods include linear regression [7], autoregressive integrated 
moving average (ARIMA) [8–10], Kalman filter [11], and generalized autoregres-
sive conditional heteroscedasticity (GARCH) [12]. ARIMA is one of the most widely 
utilized statistical methods for predicting traffic flow. Many experiments proved that 
ARIMA and its variants have been very useful in stochastic traffic prediction. These 
methods are helpful when traffic varies temporarily or regularly but fails to capture 
high complex traffic variations. 

ML-based methods have received great attention in traffic flow forecasting due 
to their strong ability to capture the non-linear and stochastic relationships of traffic 
flow as well as adaptability. To overcome the problem associated with statistical 
methods, numerous studies have used ML-based methods such as k-nearest neigh-
borhoods (KNN), kernel based, and artificial neural network (ANN). Among them, 
ANN are most widely used. Chang et al. [13] applied KNN to develop a dynamic 
multi-variate traffic flow prediction model whereas Tan et al. [14] showed that KNN 
is superior to traditional statistical methods. Kernel-based methods such as support 
vector machines (SVM) and the Gaussian processes (GP) model have gained special 
attention in short-term traffic flow forecasting and other problem of time series anal-
ysis because of their outstanding capability to generalize and perform non-linear 
approximation. GP has been shown to be a powerful tool in exploring implicit rela-
tionships and addressing difficult non-linear regression problems in the field of traffic 
volume prediction [15–17]. Comparative studies have demonstrated GP superiority 
over other methods on short-term traffic prediction [18]. Theja and Vanajakskshi 
[19] used SVM to predict traffic volume under heterogeneous traffic conditions and 
compared the result with multi-layer feed forward neural network. Wang and shi [20]
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highlighted that selection of appropriate kernel in SVM is an important and chal-
lenging task. Smith and Demetsky (1994), Ledoux (1997), and Dougherty and cobbett 
(1997) provided some early applications of ANN in traffic flow forecasting [21–23]. 
Afterward, several researchers employed ANN in their studies such as RBFNN [24], 
GRNN [25], FNN [26], and WNN [27]. Recently, with advancement of technology 
and availability of large amount of data, deep learning methods include LSTM, gated 
recurrent unit (GRU), and convolutional neural network (CNN) and among them, 
LSTM is mostly employed to study temporal characteristics of the time series due to 
its excellent predictive power and ability to capture long-term dependency. Tian et al. 
[28] provided early application of LSTM to predict traffic flow. Fu et al. [29] intro-
duced GRU and compared it with LSTM and showed LSTM-outperformed GRU. 
However, these models are not much effective in studying spatial dependencies. To 
overcome this weakness, researchers implemented CNN-based models [30]. 

Hybrid methods combine different methods and hence the capabilities of these 
methods to improve prediction accuracy. A combined model is shown to be more 
accurate than a single predicting short-term traffic forecasting [5]. Mainly statis-
tical methods are combined with machine learning-based methods for better results. 
Zheng et al. [31] combined the probability theory with ANN, and Yangchong et al. 
[32] combined statistical methods with SVM to improve the results. A hybrid LSTM 
model was developed to study traffic conditions’ impact on the predictions and 
showed that the prediction error for road section and intersection were much closer 
proving the efficiency of model under different traffic conditions [33]. LSTM is 
well known for its ability to capture the temporal characteristic of the variables but 
cannot capture spatial features of the variables, and hence to learn spatial–temporal of 
the variables, different hybrid methods were suggested such as incorporating sparse 
encoder, auto-encoder, and RBFNN to capture spatial features with LSTM to predict 
traffic flow [34–36]. Liu et al. [6] integrated ARIMA and LSTM into a combined 
method to capture linear and non-linear features in time series to predict traffic flow. 
The predicted results from both methods were merged through dynamical weightage 
to obtain final traffic flow in the short term. As studies involving combined methods 
are interesting as well as developing, this paper presents a combined method called 
multi-branch method to help in enhancing traffic flow forecasting strategies. 

3 Methodology 

In this section, first concepts of methods used to develop the proposed method-
ology are discussed in detail. Finally, the proposed structure of combined method is 
introduced.
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3.1 Long Short-Term Memory Neural Network 

Long short-term memory (LSTM) neural network proposed by Hochreiter and 
Schmidhuber in 1997 is a special form of recurrent neural networks (RNN) which is 
capable of capturing non-linear behaviors of time series problems. It was developed 
to solve the problem of vanishing gradient in RNN during training as it incorporates 
gating functions into their state dynamics. 

LSTM model consists of three layers: input layer, recurrent layer, and output 
layer. The recurrent layer’s basic unit is called memory block which consists of four 
main cells: forget gate ( ft ), input gate (it ), output gate (ot ), and memory cell to read, 
update, and delete the operations of a cell. The features of the input are reflected by 
state of memory cell as shown in Fig. 1. 

Let x, h and c represent the input vectors, hypothesis, and cell state, respectively. 

it = σ
(
Wi .

[
ht−1, xt

]) + bx (1) 

ft = σ
(
W f .

[
ht−1, xt

]) + b f (2) 

ot = σ
(
Wo.

[
ht−1, xt

]) + bo (3) 

ct = ft∗ct−1 + it∗ tan h
(
Wc.

[
ht−1, xt

]) + bc (4) 

ht = ot*tanh(ct ) (5) 

where ∗ refers to Hadamard products; W is weight matrix; and σ is the sigmoid 
function. In this paper, branch 1 used LSTM neural network to predict traffic flow 
which is then merged with traffic flow from branch 2. 

Fig. 1 LSTM neural network structure
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3.2 Gaussian Process Regression 

Gaussian process regression (GPR) is a kernel-based approach, getting high atten-
tion in the area of ML. Gaussian process (GP) models are useful in exploring the 
implicit relations between set of variables based on training dataset and are based 
on Bayesian framework which allow them to address difficult non-linear regression 
and probabilities interpretation of model outputs. 

GPs unlike other Bayesian models elicit posterior predictive distribution for new 
test inputs. A GP is a collection of random variables f (X ) that are indexed by a 
finite X = [x1, x2, . . . . . . ,  xn]T which have joint Gaussian distribution with mean 
function u(X) and covariance function K

(
X, X ′) such that 

⎛ 

⎜ 
⎝ 

f (x1) 
... 

f (xn) 

⎞ 

⎟ 
⎠ ∼ N 

⎛ 

⎜ 
⎝ 

⎡ 

⎢ 
⎣ 
u(x1) 

... 
u(xn) 

⎤ 

⎥ 
⎦, 

⎡ 

⎢ 
⎣ 
K (x1, x1) · · ·  K (x1, xn) 

... 
. . . 

... 
K (xn, x1) · · ·  K (xn, xn) 

⎤ 

⎥ 
⎦ 

⎞ 

⎟ 
⎠ (6) 

This can also be written as: 

f (.) = GP(u(.), K (., .)) (7) 

where the prior GP is fully specified by a mean function u and covariance function 
K . 

Consider the training data {(xi , yi )} for i = 1, 2, ..., n from dataset D. GPR  
assume that response variable yi satisfies 

yi = f (xi ) + ei , ei 
i id  ∼ N

(
0, σ  2

)
(8) 

Let
{({xi }∗, {yi }∗

)}
for i = 1, 2, ..., m be the test data drawn from D. 

The objective is to determine predictive distribution of Y * which will be multi-
variate normal, i.e 

Y ∗|X∗, X ∼ N
(
u∗,

∑∗)
(9) 

with, u∗ = K (X∗, X)
(
K (X, X ) + σ 2 I

)−1 
Y

∑∗ = K
(
X∗, X∗) + σ 2 I − K

(
X∗, X

)(
K(X, X) + σ 2 I

)−1 
K

(
X, X∗)

where K (X, X ) is the n × n matrix with Ki  j  = K
(
xi , x j

)
, K (X∗, X∗) is the m × m 

matrix with K j j  = K
(
x j , x j

)
, Y ∗ = [

y∗
1 , ...., y∗

m

]
and X∗ = [

x∗
1 , ...., x∗

m

]
.
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As traffic flow and speed is expected to have some complex relationship, it would 
be hard to model this relation using simple parametric models such as linear or 
polynomial functions. Thus, in this paper, GPR is used to study relation between 
them as GPR has the ability to fit arbitrary-shaped curves due to its nonparametric 
nature. GPR enables to directly capture the complex relationships between variables, 
uncertainty of the model, and an interval of prediction rather than a single value which 
is more realistic in this scenario. 

3.3 Multi-Branch Method 

Considering the fact that speed and flow are inter-related and have influence on flow 
prediction in a different way, the proposed method consists of two branches. First 
branch predicts traffic flow using past traffic flow data through LSTM neural network. 
Second branch predicts flow using GPR based on temporal speed. Finally, prediction 
from both the branches are merged through weighted average (WA). Structure of 
multi-branch method is illustrated in the Fig. 2. 

Fig. 2 Structure of the 
proposed multibranch 
method
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3.4 Weighted Average 

The predicted net flow ( f) from both the branches is merged using below mentioned 
weighting: 

f = w1 × f1 + w2 × f2 (10) 

where f1 and f2 are predicted flow from branch 1 and branch 2, respectively, w is 
the weight corresponding to each branch such that 

w1 = r1 
r1 + r2 

(11) 

w2 = r2 
r1 + r2 

(12) 

where w1 and w2 are weights associated with results from branch 1 and branch 2, 
and r1 and r2 are correlation coefficient corresponding to predicted flow of branch 1 
and branch 2, respectively. 

4 Experiments and Results 

4.1 Data Description 

In this paper, an arterial route called Inner Ring Road, in South Extension II (28z34′
7.41′′, 77z13′ 3.38′′) in Delhi city, India, was considered as the study stretch (see 
Fig. 3). It is a three-lane route and traffic run in both the direction from ISBT 
Azadpur to Naraina and vice versa. South Extension is known to be one of Delhi’s 
most high-end and premier markets. It attracts significant crowd from across various 
parts of Delhi NCR and hence frequent traffic throughout the day. Traffic data were 
collected from a foot-over bridge using Handy-cam from 8 to 11 am and 4 pm to 
7 pm consecutively for five days in the month of February 2020. 

The traffic data were aggregated every 5 min, and 675 datasets were obtained 
in total for a period of five days. Seven vehicle classes were considered, namely 
Car/Jeep/Van, 3-Wheeler, 2-Wheeler, Light commercial vehicle, Truck, Bus, and 
Bicycle/Rickshaw to account for vehicle heterogeneity. Traffic volume for each class 
of vehicles was manually extracted at 5-min intervals using the collected video data 
whereas class-wise speed was calculated in both directions by operating on time 
difference values (T1-T2) and trap length (15 m), i.e., two points were marked at a 
distance of 15 m and the average time taken by vehicle of each class to travel between 
these points was measured by time displayed on the video screen with an accuracy of 
0.01 s. The observed class-wise traffic volume was converted to equivalent passenger
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Fig. 3 Location of study stretch on Google Maps 

Fig. 4 Variation in traffic flow over time from Naraina to Azadpur 

car units (PCU) using Indian Highway Capacity Manual (Indo-HCM) [37]. Both side 
traffic was considered in this study. The variation in collected traffic flow data over 
time for one side is shown in Fig. 4. 

4.2 Evaluation Metrics 

The proposed method was evaluated on the basis of three measures of effectiveness: 
MSE, RMSE, and Pearson’s correlation coefficient (r) described as:
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MSE = 
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n∑
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yi − ŷi

)2 
(13) 
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(14) 
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)2][
n

∑n 
i=1 yi

∧2 − (∑n 
i=1 yi

∧)2] (15) 

where yi is the predicted flow and ŷi is the actual flow. 

4.3 Experiment Design and Results 

The first four days of collected data from both sides were taken for training, last day’s 
each hour’s first 30 min data were taken for validation, and last 30 min data were 
taken for testing purpose. Since the current flow depends on the flow at previous 
time steps, for branch 1, historical flow with different window sizes (previous time 
steps) was taken as input. For branch 1, different architectures with one, two, and 
three LSTM layers and hidden neurons (HN) were compared to determine the one 
with highest prediction accuracy as shown in the Table 1. 

From Table 1, architectures with two LSTM layers were found more efficient 
and thus analyzed further to find the best architecture based on prediction accuracy 
named as Train 1, Train 2, and Train 3 as shown in the Table 2. 

A LSTM neural network consisting of 128 neurons in first layer and 64 neurons 
in second layer with 250 epochs was selected (see Tables 2 and 3). Dropout layer 
with dropout probability 0.2 was used while training. The whole network was trained

Table 1 Details of prediction results on different number of LSTM layers 

Number of LSTM layers [Hidden neurons] MSE RMSE r 

1 [64] 1.031 1.015 0.474 

1 [128] 1.449 1.203 0.407 

1 [256] 1.425 1.193 0.377 

2 [64, 32] 1.095 1.046 0.592 

2 [128, 64] 0.827 0.909 0.657 

2 [256, 128] 1.046 1.022 0.530 

3 [128, 64, 32] 1.147 1.070 0.480 

3 [256, 128, 64] 1.397 1.819 0.364 

Bold represents the best LSTM architecture with two layers based on results
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Table 2 Branch 1 network 
with two LSTM layers and 
different hidden neurons (HN) 

Trial No HN in LSTM layer 1 HN in LSTM layer 2 

Train 1 64 32 

Train2 128 64 

Train 3 256 128 

Table 3 Details of experiment results with different architectures and epochs 

Epoch Training Testing 

MSE RMSE r MSE RMSE r 

200 Train 1 0.094 0.307 0.946 1.031 1.015 0.601 

Train 2 0.228 0.477 0.854 1.310 1.145 0.476 

Train 3 0.105 0.324 0.936 1.047 1.023 0.542 

250 Train 1 0.058 0.241 0.965 1.095 1.046 0.592 

Train 2 0.013 0.112 0.992 0.827 0.910 0.657 

Train 3 0.009 0.096 0.995 1.046 1.337 0.530 

300 Train 1 0.031 0.175 0.983 1.020 1.010 0.595 

Train 2 0.010 0.099 0.995 0.911 0.954 0.619 

Train 3 0.006 0.078 0.996 0.959 0.979 0.587 

Bold represents the best results with Train 2 and 250 epochs 

with learning rate of 0.001. Adam optimizer was used to fine tune the network. Effect 
of different activation functions (tanh, ReLU, sigmoid) was also studied on selected 
LSTM architecture, and sigmoid function was used as activation function in dense 
layer based on prediction accuracy (see Table 4).

We used traffic flow at previous t (window) time steps as an input for the LSTM 
neural network to predict (t + 1)th time step flow. Window size was used as a hyper-
parameter and window 10 was selected as input window for branch 1 as prediction 
accuracy tended to be flat after 10 window size as shown in the Table 5. 

For branch 2, historical temporal speed with different window size was used as 
input feature to predict traffic flow; however, window 5 was chosen based on valida-
tion metric. GPR with different kernels was experimented with different parameters 
to obtain traffic flow. Product kernel which is a multiplication of Constant kernel 
with Dot-Product kernel was chosen and tuned during model selection based on vali-
dation accuracy. Constant kernel was used as a part of product kernel to scale down

Table 4 Effect of activation 
function on prediction results 

Activation function MSE RMSE r 

tanh 1.034 1.016 0.519 

ReLU 1.378 1.173 0.361 

Sigmoid 0.827 0.910 0.657 

Bold represents the best activation function based on results
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Table 5 Branch 1 prediction 
result comparison for 
different input time windows 

Window MSE RMSE r 

11 0.993 0.996 0.562 

10 0.872 0.933 0.657 

9 0.927 0.962 0.654 

8 0.954 0.974 0.583 

7 1.295 1.137 0.429 

Bold represents the best input window based on results 

the magnitude of the other kernel and is given by:

K
(
X, X ′) = constant value (16) 

Dot-product kernel is parameterized by a parameter σ0 which controls the 
inhomogeneity of the kernel and is defined as: 

K
(
X, X ′) = σ 2 0 + X.X ′ (17) 

After specifying the kernel functions and their hyperparameters, other parame-
ters of the GP model were specified such as alpha that is the variance of the i.i.d. 
(Independent and identically distributed) noise on the labels and normalize_y refers 
to the constant mean function which is 0 if sets to False and the mean of training 
data if sets to True. All these parameters were tuned on training data, and the best 
GP model was chosen based on validation accuracy. GP model returned not only the 
predicted flow but also the standard deviation for each prediction. This provided an 
interval for prediction rather than a single value. The 95% confidence interval can 
also be calculated which is 1.96 time the standard deviation for the predicted flow. 
All these experiments were carried out with the help of scikit-learn library in Python. 

Next, the branch 1, branch 2, multi-branch equal weightage (EW) method 
that combine both the branches in equal ratio (average of both the branches), 
and multi-branch weighted average (WA) method results are compared as shown 
in Table 6. 

Table 6 clearly shows that the multi-branch (WA) method is effective and better 
than individual branches. Multi-branch (EW) method has also shown its effectiveness 
proving that combined methods are more effective that individual methods. This also

Table 6 Details of 
comparison of proposed 
model with different methods 

Methods MSE RMSE r 

Branch 1 (LSTM) 0.827 0.909 0.657 

Branch 2 (GPR) 1.015 1.00 0.579 

Multi-branch (EW) 0.803 0.896 0.702 

Multi-branch (WA) 0.797 0.892 0.703 

Bold represents the results of multi branch method
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Fig. 5 Predicted results of the multi-branch method (WA) 

proved that use of temporal speed in flow prediction can improve the performance 
of a method. Though branch 2 produced greater error than branch 1 but combining 
their results using EW and WA improved the results significantly. Figure 5 shows 
the comparison between the observed traffic flow and the predicted one using multi-
branch method (WA).

5 Conclusion 

This paper presents a combined method called multi-branch method consisting of 
two branches, where one branch used LSTM neural network and other applied GPR 
to predict traffic flow. Two branches complement each other, and model traffic flow 
in a different manner which provides promising results even on lesser amount of 
data. GPR was applied to obtain flow from speed which is a powerful tool to explore 
implicit relationship between variables. Traffic speed in a separate branch was used 
to obtain traffic flow keeping in mind that they both are interdependent and hence 
have influence on traffic flow prediction. The proposed method used a weighted 
average using correlation coefficient of prediction of the two branches which proved 
to be better than a simple equal weightage. Prediction results proved that the multi-
branch (WA) method performed better than the LSTM NN, GPR, and multi-branch 
(EW) method. Study results also show that the proposed method performed satis-
factory even with less amount of data under heterogeneous traffic conditions. Future 
study will concentrate on the collection of more datasets for longer time period 
and extended number of days. With the availability of more data, robustness of the 
proposed method can be tested and method can be generalized for diverse traffic 
conditions. 
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Following Behavior of Motorized 
Two-Wheelers in Mixed Traffic 
Conditions 

Jaikishan Damani and Perumal Vedagiri 

Abstract The traffic scenario found in most developing countries including India 
is mixed traffic, wherein a significant proportion is composed of motorized two-
wheelers (MTWs). The irregular driving patterns of MTWs increase the complexity 
of driver behavior modeling as compared to homogeneous car-based traffic. In this 
direction, this study aims at investigating the single leader following behavior of 
MTWs in mixed traffic conditions based on field data. Multiple linear regression 
(MLR) models were developed for quantifying the following behavior, and support 
vector machines (SVMs) were used to investigate the discrepancies and highlight 
variations with longitudinal and lateral parameters. The findings highlight clear 
differences in the following behavior between cases with different leader vehicle 
classes and an aggressive driving behavior by MTW drivers. Results from this study 
can be useful for developing accurate microsimulation models, vehicle-to-vehicle 
(V2V) communication systems, etc. 

Keywords Mixed traffic ·Motorized two-wheelers · Vehicle following · Driving 
behavior 

1 Introduction 

Mixed traffic is widely prevalent in developing countries. The main features in mixed 
traffic include heterogeneity in vehicle types and lane indiscipline. Heterogeneity is 
the presence of a variety of modes of transport which exhibit varying static and 
dynamic characteristics. The modes of transport referred here may be motorized 
(passenger cars, auto-rickshaws, etc.) or non-motorized (cycles, bullock carts, etc.). 
This heterogeneity forms one of the major reasons of lane indiscipline. This may
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be explained by the fact that every class of transport has its own dimensions, oper-
ating speeds, and maneuverability, which highly affect their specific driving behav-
iors, which is in contrast to the broadly passenger car-based homogeneous traffic 
conditions as experienced in some of the developed parts of the world. 

Motorized two-wheelers (MTWs) account for almost 73.5% of the total registered 
vehicles in India [1]. For some regions such as Indonesia and Taiwan, the percentage 
share of MTWs in total registered vehicles is up to 95% [2]. This is not surprising since 
MTWs are cheaper to buy, operate and maintain, and are easier to maneuver through 
traffic and park while not in use [3, 4]. However, earlier literature has highlighted the 
various problems that are encountered by transportation engineers due to this unique 
attribute. A significant proportion of MTWs introduces a complexity in understanding 
the microscopic parameters that determine the driving behavior. A higher proportion 
of MTWs is also associated with higher fatality rates [5]. It is therefore imperative 
to investigate such kind of vehicle interactions in order to establish more suitable 
traffic flow theories and enhance safety [6]. 

In this regard, several studies have tried to model the car-following behavior in 
the past several decades [7–9]. Car following essentially describes how the follower 
vehicle reacts to the leader vehicle. One of the methods of describing a car-following 
framework is the safe distance model, which assumes that the follower will maintain 
a perceived safe distance with the leader vehicle in order to avoid a rear-end collision 
[9]. Ye and Zhang carried out a vehicle-type specific analysis of time headways 
for a freeway and highlighted the importance of the type of vehicle involved in the 
scenario [10]. However, it considered only cars and trucks. Gunay et al. attempted to 
modify car following for weak lane-disciplined scenario [11]; however, MTWs were 
again not considered for this study. On the other hand, another study conducted in 
Taiwan developed a safe distance longitudinal model for motorcycles [12]. However, 
all vehicle types found in mixed traffic conditions were not considered as leader 
vehicles. Another study tried to model the car-following behavior for heterogeneous 
traffic conditions based on the data collected on an inter-urban express highway in 
Mumbai, India [13]. However, these studies considered only cars and trucks for their 
analysis. Although MTWs were considered for analysis in a study by Durrani et al. 
[14], a following model could not be developed due to a very small proportion in the 
study area. Another study presented a data-driven framework for development of a 
car-following model, but MTWs were not considered a part of analysis. Recently, 
Das et al. [15] attempted to investigate the time headway with a special focus on the 
staggered car-following conditions. But, it considered MTW followers with respect to 
only passenger car leaders. Additionally, Das and Maurya modeled the time headway 
for heterogeneous conditions in their recent study, which did not consider the various 
types of leader vehicles such as auto-rickshaw and heavy vehicles [16]. 

It is therefore established that although several studies have attempted to model 
car-following conditions in the past, the studies focusing on the specific behavior 
found in the mixed traffic conditions (characterized by heterogeneity and lane indis-
cipline) are sparse. Moreover, MTWs are also characterized by staggered following 
in mixed traffic conditions due to higher maneuverability. These patterns have been 
mentioned to have a significant influence on the following behavior, and therefore,
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these should be given special importance while modeling driving behavior of MTWs. 
However, no such comprehensive study exists for such mixed traffic conditions which 
considers the driving behavior of an MTW follower with respect to various condi-
tions generally found in mixed traffic conditions, such as different classes of leader 
vehicles and staggered driving behavior. 

This study therefore attempts to model the single leader following behavior of 
MTWs in mixed traffic conditions with respect to various categories of leader vehicles 
commonly found in such conditions. Specifically, the objective of this study is to 
model the single leader following behavior of MTWs in mixed traffic conditions. 
The pairs of vehicles where the follower was an MTW, and the leader was either 
of the considered classes of vehicles were considered for the analysis. Multiple 
linear regression (MLR) models were developed to quantitatively investigate the 
differences, which were followed by development of support vector machine (SVM) 
models, which emphasized on the differences between various classes of leader 
vehicles. Observations and related conclusions have been listed toward the end of 
the paper. 

2 Methodology 

2.1 Study Framework 

To fulfill the aim of the present study, real-world data were used from Mumbai (India). 
Site investigation visits were conducted and suitable locations were shortlisted for 
data collection. Video data were collected from two locations with the help of high-
definition video recorder cameras. Frames were extracted from the video data, which 
resulted in two images per second of video data. The on-screen coordinates were 
extracted manually from the images and transformed into real-world coordinates 
using a methodology developed by Fung et al. [17]. Stitching of the coordinates gave a 
high-definition trajectory of vehicles across the desired length. Moreover, parameters 
such as speed, acceleration, distance headway (DH), and centerline separation (CS) 
were determined from the available parameters. To smoothen the noise for every 
frame, a two-point moving average was used. The framework adopted for the current 
study is shown in Fig. 1. 

2.2 Data Collection and Extraction 

Data Collection 

Since the purpose of the current study was modeling of the following behavior of 
MTWs, video data collection was found to be suitable form of data collection to
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Fig. 1 Methodology 
framework for the current 
study 

Site selection 

Recording video data 

Frames extracted for every 0.5 sec 

Obtaining on-screen coordinates 
from frames 

Transformation of on-screen 
coordinates to real world coordinates 

Stitching of coordinates from adjacent 
images to obtain vehicle trajectories 

Extraction of parameters of interest 

Modelling of following behaviour 
using MLR and SVM models 

investigate real-world driving behavior. For this purpose, two locations were chosen 
in Mumbai (India), which are described below. 

(1) Location 1 is the Western Express Highway near NESCO in Mumbai. This 
location is an inter-urban expressway which has almost five lanes in the direc-
tion of study apart from service lanes. The data were recorded at this location by 
installing video camcorders above a foot-over bridge (FOB) during afternoon. 
Top view of the location is shown in Fig. 2a. 

(2) Location 2 is the Mrinal Tai Gore Flyover in Goregaon (Mumbai). This is a 
two-lane unidirectional flyover. At the study section, the flyover has negligible 
gradient that can be considered as insignificant in affecting driving behavior. 
Video data were recorded by installing a video camera above a high-rise resi-
dential complex adjacent to the facility. Top view of the location is shown in 
Fig. 2b. 

Video data of around 3 h were recorded at both the locations during afternoon 
period to ensure good visibility. Both the locations had a very good road surface to 
ensure no hindrance to the driving behavior. Four points, that represented vertices of 
a rectangle, were marked on the road for calibration purposes.



Following Behavior of Motorized Two-Wheelers … 67

(a) (b) 

Fig. 2 Top view of the locations of data collection 

Data Extraction 

After completion of data collection process, the video data were converted into 
images for further extraction and analysis. Two frames were extracted for every 
second of video data. This is based on the generally adopted value of 0.5 s, as the 
reaction time of MTW drivers in earlier literature [18, 19]. Sample screenshots for 
Location 1 (Western Express Highway) and Location 2 (Mrinal Tai Gore flyover) are 
shown in Fig.  3a and b, respectively. The positions of vehicles were clicked on the 
screen which gave the on-screen coordinates of the vehicles. Once the on-screen coor-
dinates were extracted, they were transformed into real-world coordinates using the 
framework developed by Fung et al. [17]. This manual process was adopted because, 
although very time-consuming, manual methods are generally more accurate and 
have almost no false identification of vehicle classes, which otherwise reduces the 
efficiency for automatic data extraction software. 

(a) (b) 

Fig. 3 Sample screenshots of the collected video data
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2.3 Variables Extracted from Video Data 

Video data can be used to extract various parameters of interest. Since the purpose 
of the current study was modeling of the following behavior of MTWs, the video 
cameras were placed at high vantage points which could give a good view of sufficient 
length of the road section. The focus was on spatial parameters which mainly deal 
with the position of a vehicle on road at a specific instant. The difference in the 
longitudinal and lateral coordinates of the vehicles gave their relative positions. The 
parameters that indicate the relative longitudinal and lateral distances between a pair 
of vehicles adopted in this study are shown in Fig. 4. 

Distance headway (DH) is defined as the longitudinal distance between front of 
leader vehicle to front of follower vehicle. Centerline separation (CS) is the lateral 
center-to-center distance between the leader and follower vehicle. Moreover, time 
headway (TH) is a temporal parameter that measures the time taken for the leader 
vehicle to reach the position of the follower vehicle. TH is therefore calculated by 
dividing the DH by the speed of the follower MTW. Speed and acceleration of vehicles 
were calculated on the basis of differences in their positions in adjacent frames. For 
these calculations, two-point moving average was employed to avoid noise in data. A 
typical trajectory (not to scale) obtained by the exercise has been visually presented 
in Fig. 5. The values corresponding to the closest interaction between the pair of 
vehicles were considered for further analysis. 

Other parameters extracted from the video data include type of leader and follower 
vehicle, helmet use, and apparent age and gender. It is important to mention that four 
classes of vehicles were considered for the analysis, which generally represent the 
largest proportion of traffic found in Indian conditions. The four classes of vehicles 
considered for this study are as follows: motorized two-wheelers (MTWs), passenger 
cars, heavy vehicles (including trucks, buses, etc.), and auto-rickshaws (motorized 
three-wheelers). 

Centerline 
Separation (CS)  

Distance 
Headway (DH) 

Direction of motion 

Fig. 4 Theoretical representation of parameters considered for a single leader staggered following
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Fig. 5 Obtained trajectory 
from a single leader 
following case 
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3 Preliminary Analysis 

3.1 Data Filtering 

The data extraction process generated almost 3502 data points corresponding to 
about 415 pairs of vehicles. However, it is important to make sure that there is a 
certain interaction between the leader and follower vehicle. For the current study, 
the objective of interest is vehicle following, and therefore, spatial proximity was 
therefore important, in absence of which, the pair of vehicles might be considered as 
independent. To achieve this, the following filters were applied to the dataset, which 
are generally in line with previous research [20, 21]. 

(1) The cases with distance headway (less than 30) were considered for further 
analysis. This is important since 30 m has been found out as the maximum 
range of effect of leader vehicle on the follower vehicle. 

(2) Pairs of vehicles with centerline separation (CS) of only less than 3 m were 
considered for further analysis. Although there is a general tendency to drive 
with certain off-centeredness in such conditions, 3 m has been considered as 
the maximum zone of lateral influence. A value greater than 3 m might indicate 
no effective interaction between the pair of vehicles. 

After the application of the said filters, a dataset of only about 397 pairs of vehicles 
was used for further analysis.
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3.2 Descriptive Statistics 

It was evident from the data that a vast majority of MTW riders were males, wore 
helmets, and are riding solo. The apparent age of most of the riders is below 40, and 
most of them are riding a motorcycle. A summary of such data has been presented 
in Table 1. 

Around 75% of the total vehicles was either MTWs or passenger cars, as shown 
in Fig. 6. These two vehicle classes were also found to be the fastest among all, while 
expectedly, the heavy vehicles were the slowest. Box plots representing speed profile 
of all considered classes of vehicles are shown in Fig. 7. 

Scatter plots representing distance headway (DH) and centerline separation (CS) 
between various classes of leader vehicles and follower MTWs were drawn as shown 
in Fig. 8, and a clear visual difference was found between most of the leader vehicle 
classes. The dots show the relative positions between the leader vehicle and follower

Table 1 Descriptive statistics of observed data 

Sr. No Variable of interest Proportion of observed data (%) 

1 Apparent gender Male (96.8) Female (3.2) 

2 Apparent age Younger (below 35, 67) Elder (above 35, 33) 

3 Helmet usage Wearing helmet (92.67) Not wearing helmet (7.33) 

4 Type of follower MTW Motorcycle (64.73) Scooter (35.27) 

5 Presence of pillion No pillion (79.8) One pillion (20.2) 

Fig. 6 Observed proportion 
of classes of vehicles MTW 

35% 

Passenger car 
41% 

Heavy 
vehicle 

7% 

Auto 
rickshaw 

17% 

Fig. 7 Speed profiles of the 
observed vehicle classes
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Fig. 8 Scatter plots between 
distance headway (DH) and 
centerline separation (CS) 
for leader vehicle as a MTW, 
b passenger car, c heavy 
vehicle, d auto-rickshaw
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MTW at the closest interaction, and it can be clearly seen that the dots are much more 
concentrated near the origin for MTW leaders, as opposed to much scattered dots 
for heavy-vehicle leaders. Visual inspection also suggests that MTW followers are 
more willing to accept shorter distance headways (DH) with an increase in centerline 
separations (CSs). This is indicative of the off-centered style of following adopted 
by a majority of MTW riders in mixed traffic conditions.
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3.3 Preliminary Verification of Differences Between Groups 

The data consisted of all combined cases of following, which included all categories 
of leader-vehicle classes being followed by MTWs. Moreover, the MTWs usually 
have a tendency to follow the leader vehicle with a certain off-centeredness. That is, 
rather than following the leader vehicle with a centerline separation (CS) of close to 
zero, they usually tend to follow either from left or right, with a certain non-negligible 
value of CS. 

To accurately model the following behavior, it therefore becomes important to 
determine if there is a significant difference between the following behavior with 
respect to class of leader vehicle and also the direction of following (left or right). 
Statistical tests were conducted for the same. To verify if there was a statistically 
significant difference in the following behavior according to various leader vehicle 
classes, Kruskal Wallis test is conducted. Kruskal Wallis is a more general form of 
ANOVA, and therefore, it does not require all the assumptions of ANOVA to hold 
true. The test is performed separately on both the considered dependent variables, 
LG and TH, separately for both the locations. The asymptotic significances therefore 
derived are as shown in Table 2. Since the all the values are less than 0.05, it means 
that there is indeed a statistically significant difference between following behavior 
based on the class of leader vehicle. This is consistent with other studies that have 
highlighted the importance of considering the class of lead vehicle due to different 
driving behaviors by the followers [15, 22]. 

Similar tests were conducted to confirm if there was a statistically significant 
difference in following behavior between MTW followers following the leader 
vehicle from left or right direction. Since there were only two available options 
(left or right), Mann Whitney U test and Kolmogorov–Smirnov test were conducted. 
The asymptotic significance values thus obtained are shown in Table 3. Since the 
values are greater than 0.05, it can be concluded that there does not appear to be a

Table 2 Results from statistical tests on the response variables based on class of leader vehicle 

Sr. No Test Asymptotic significance values 

Distance headway (DH) Time headway (TH) 

1 Kruskal Wallis test 0.000 0.000 

2 Median test 0.000 0.000 

3 Jonckheere–Terpstra test 0.000 0.000 

Table 3 Results from statistical tests on the response variables based on direction of following 

Sr. No Test Asymptotic significance values 

Distance headway (DH) Time headway (TH) 

1 Mann Whitney U test 0.081 0.089 

2 Kolmogorov–Smirnov test 0.085 0.053
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statistically significant difference between following behavior based on the direction 
of following (left or right).

The MTW followers tend to treat various classes of leader vehicles differently 
with respect to following behavior. This necessitates the inclusion of a variable which 
represents the type of leader vehicle. However, they do not tend to drive differently 
in conditions where they follow a vehicle from left or right. Therefore, the absolute 
values of centerline separation (CS) can be considered for further analysis. 

3.4 Distribution of Distance Headway and Time Headway 
for Different Classes of Leader Vehicles 

Percentile plots were developed for distance headway (DH) as well as time headway 
(TH) as shown in Fig. 9a and b. It is evident that the minimum as well as the median 
values of both the parameters are the least for MTW leaders, followed by auto-
rickshaw leaders, passenger car leaders, and finally heavy-vehicle leaders. The plots 
also indicate that the median values for distance headway (DH) are about 8.21 m, 
10.82 m, 18.13 m, and 9.32 m, respectively, for MTW, passenger car, heavy vehicle, 
and auto-rickshaw as the leader vehicle, respectively. Corresponding values for time 
headway (TH) are about 0.61 s, 0.79 s, 1.36 s, and 0.77 s, respectively.

Fig. 9 Percentile graphs for 
a Distance headway (DH) 
and b Time headway (TH) 
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It is evident that these values are much lesser than the results from other studies 
[15, 23, 24], which can be largely attributed to an increased driving confidence 
by MTWs (due to the tendency to drive staggered to the leader vehicle) combined 
with the risky driving attitudes of MTWs. This is further corroborated by the fact 
that almost 85% of the TH values with MTW leaders are found to be lesser than 
1 s, while the percentage being almost 72 and 75% for passenger car leaders and 
auto-rickshaw leaders, respectively.

4 Model Development for Following Behavior 

4.1 Choice of Variables for Modeling 

To model the following behavior of MTWs, multiple linear regression (MLR) tech-
nique was adopted. Two sets of equations were developed, with either of distance 
headway (DH) and time headway (TH) as a dependent variable in each set. In all 
cases, the dependent variable was a continuous variable. The independent variables 
used for the analysis are listed in Table 4. 

The parameter estimates for the MLR model with distance headway (DH) as a 
dependent variable are shown in Table 5, where the statistically significant parameters 
have been presented in bold. The discrete variable representing the type of leader

Table 4 Details of explanatory variables included in the analysis 

Sr. No Variable Type of variable Description 

1 CS (Centerline 
separation) 

Continuous Lateral distance between the middle axes of both the 
vehicles (m) 

2 Type of leader 
vehicle 

Discrete This shows the class of influential vehicle, i.e., whether it 
is MTW (0), Passenger car (1), heavy vehicle (2), or 
auto-rickshaw (3) 

3 Apparent 
gender 

Binary Apparent gender; male (0) or female (1) 

4 Apparent age Binary Apparent age based on video data, drivers were classified 
as below 35 (younger, 0) or above 40 (older, 1) 

5 Helmet usage Binary Whether the MTW rider has a helmet (0) or not (1) 

6 Type of 
follower 
MTW 

Binary Whether the follower MTW is a motorcycle (0) or a 
scooter (1) 

7 Presence of 
pillion 

Binary Whether there is a pillion (1) or not (0) 

8 Speed of 
follower 
MTW 

Continuous Speed of following MTW (km/h)
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Table 5 Parameter estimates with distance headway (DH) as a response variable 

Sr. No Variable Coefficient Std. error t-stat Significance 

1 (Constant) 1.952 1.849 1.056 0.293 

2 Car leader 1.192 0.658 1.810 0.072 

3 Heavy leader 8.374 0.948 8.833 0.000 

4 Auto-leader 2.016 0.669 3.014 0.003 

5 Gender −1.111 1.477 −0.752 0.453 

6 Age 0.652 0.516 1.264 0.208 

7 Helmet 0.858 1.185 0.725 0.470 

8 MTW type 0.246 0.533 0.462 0.645 

9 Pillions −0.226 0.610 −0.371 0.711 

10 Centerline separation (m) −1.875 0.387 −4.842 0.000 

11 Average speed (m/s) 0.256 0.140 1.832 0.069 

12 Average acceleration (m/s2) 0.069 0.709 0.097 0.923 

13 Average relative speed (m/s) −0.315 0.239 −1.319 0.189 

Bold indicates the statistically significant parameters 

Table 6 Model summary 
with distance headway (DH) 
as a response variable 

Parameter Value 

Adjusted R square 0.350 

Std.  error of estimate 3.371 

F-stat 9.043 

Significance < 0.001 

vehicle was replaced by three dummy variables namely “car leader,” “heavy leader,” 
and “auto-leader” which represented a passenger car, a heavy vehicle, and an auto-
rickshaw, respectively, as a leader. The model summary has been presented in Table 6. 
It is evident from the analysis that apart from category of leader vehicle, average speed 
and centerline separation are statistically significant variables affecting the following 
behavior of MTWs. The values indicate that in comparison to MTW leaders, the 
follower MTWs tend to maintain about 1.2 m, 2.0 m, and 8.4 m higher gaps with 
passenger cars, auto-rickshaws, and heavy-vehicle leaders, respectively. Centerline 
separation (CS) is a very sensitive parameter since every 1 m increase in CS tends 
to decrease the distance headway (DH) by about 1.88 m. Moreover, a speed increase 
by 1 m/s increases the DH by about 0.25 m.

Similar models were developed for time headway (TH) as a dependent variable, 
as shown in Tables 7 and 8. Similar to the previous case, the same set of variables 
has been found to be statistically significant although with a better fit. The values 
indicate that the difference in time headway (TH) of cases with MTW leaders and 
heavy-vehicle leaders is very prominent, at about 1.1 s. Corresponding values for car 
leaders and auto-rickshaw leaders are 0.25 s and 0.23 s, respectively. Similar to the
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Table 7 Parameter estimates with time headway (TH) as a response variable 

Sr. No Variable Coefficient Std. error t-stat Significance 

1 (Constant) 1.007 0.151 6.677 0.000 

2 Car leader 0.253 0.054 4.718 0.000 

3 Heavy leader 1.088 0.077 14.076 0.000 

4 Auto-leader 0.234 0.055 4.284 0.000 

5 Apparent gender −0.064 0.120 −0.527 0.599 

6 Apparent age 0.028 0.042 0.671 0.503 

7 Helmet 0.064 0.097 0.665 0.507 

8 MTW type 0.020 0.044 0.457 0.648 

9 Pillions -0.027 0.050 -0.537 0.592 

10 Centerline separation (m) −0.150 0.032 −4.740 0.000 

11 Average speed (m/s) −0.033 0.011 −2.922 0.004 

12 Average acceleration (m/s2) −0.002 0.058 −0.027 0.978 

13 Average relative speed (m/s) −0.025 0.019 −1.275 0.204 

Bold indicates the statistically significant parameters 

Table 8 Model summary 
with time headway (TH) as a 
response variable 

Parameter Value 

Adjusted R square 0.539 

Std.  error of estimate 0.275 

F-stat 18.443 

Significance <0.001 

previous case, an increase in centerline separation (CS) reduced the time headway 
(TH), by about 0.15 s. However, an increase in average speed by 1 m/s also reduced 
TH by about 0.03 s. 

It can therefore be established that the MTW followers tend to maintain highest 
spatial (DH), as well as temporal headway (TH) when the leader vehicle is a heavy 
vehicle. On the other hand, the headways tend to be the minimum when the leader is 
an MTW itself. Centerline separation (CS) was found to be statistically significant 
for both the models, which suggests that driving with an off-centeredness affects the 
following behavior of MTW riders, both spatially as well as temporally. This has 
necessary implications in countries like India where such staggered following is a 
common practice. Other parameters which were not found to be significant included 
apparent age, apparent gender, helmet usage, type of follower MTW, presence of a 
pillion, average acceleration, and average relative speed. However, previous literature 
has established the role of demographics in affecting the riding behavior in general 
[25, 26]. This might be attributed to the divergence between the actual and apparent 
observation for both age and gender.
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4.2 Developing Support Vector Machines (SVMs) 

Advanced data visualization techniques can be used to complement statistically 
developed models. While the models (such as MLR in this paper) can be used to 
quantify certain parameters, use of sophisticated techniques such as support vector 
machines (SVMs) can help in visualizing the existing data. SVMs are machine 
learning-based classification tools, which have been widely used in qualitative anal-
ysis and representation of categorized datasets. The provision of a “soft margin” 
enables the SVM to analyze linearly inseparable data. For this study, an error-tolerant 
soft margin was developed as shown in Fig. 10a and b for distance headway (DH) 
and time headway (TH), respectively. The soft boundary could not be sufficiently 
developed for cases where leader vehicle is MTW itself, which may be because of 
insufficient representation or dispersity in data points. The general trend observed 
in both the figures is similar with respect to leader-vehicle class. Heavy vehicles as 
leaders usually demand the highest gaps, temporally as well as spatially. 

On the basis of the developed SVM models, the minimum observed distance 
headway (DH) between MTW followers and heavy-vehicle leaders is about 15 m. 
On the other hand, MTWs usually tend to maintain not more than 25 m with the 
leader vehicle when it is any other class of vehicle. Moreover, it is evident that the 
MTWs tend to maintain a time headway (TH) of not more than 1.5 s with any other 
class of vehicles except for heavy-vehicle leaders. 

5 Discussion 

5.1 Conclusion 

The study aimed at developing following models for MTWs in mixed traffic condi-
tions. This was done with the help of field data obtained from videos recorded in 
Mumbai, India. Special focus was given on the class of leader vehicle, which proved 
to have significant impact on following behavior of MTWs. SVM models were devel-
oped which helped visualize the data better and classify the following behavior on 
the basis of class of leader vehicle. Some observations and conclusions that can be 
drawn on the basis of current study are discussed in this section. 

Statistical tests which were conducted to verify the effect of class of leader vehicle 
on the following behavior of MTWs showed that the class of leader vehicle had a 
statistically significant impact on the following behavior of MTWs in such conditions. 
This may be due to the fact that MTWs try to perceive the damage caused by rear-
end crashes with different classes of vehicles differently. However, the direction of 
following did not have a statistically significant effect on the following behavior. This 
may be explained by the highly unordered traffic regime of mixed traffic in general 
and MTWs in particular. The observed distance headways (DHs) and time headways 
(THs) are in general lesser than other similar studies [15, 23], which highlights the
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Fig. 10 Support vector machine models developed for a Distance headway (DH) and b Time 
headway (TH)

higher spatial and temporal proximity maintained by MTWs with leader vehicles 
during following. Earlier studies have not fully captured the various combinations of 
following which might be possible in a typical mixed traffic condition. However, it is 
to be noted that there was found to be a clear difference among the different classes 
of leader vehicles. For example, median values of distance headway (DH) between
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a leader MTW and follower MTW are just about 8.21 m. However, corresponding 
values for leader as passenger car, heavy vehicle, and auto-rickshaw are 10.82 m, 
18.13 m, and 9.32 m, respectively. This emphasizes the fact that MTW followers tend 
to maintain minimum spatial and temporal headways with MTW leaders, and highest 
headways with heavy-vehicle leaders. This may be due to higher level of perceived 
damage in a rear-end crash with a heavy-vehicle leader. The distribution of the DH 
and TH can be implemented in the development of microsimulation software which 
can closely replicate the following behavior of MTWs. Moreover, threshold values 
can be fixed to implement in the in-vehicle warning systems and development of 
similar driving assistance systems. Another factor that might have cause the excessive 
difference in headway values with heavy leader vehicles in comparison with other 
classes of leader vehicles is the higher width of heavy vehicles, which might make 
the swerving maneuver in case of an emergency more difficult, which therefore 
necessitates maintaining higher headways with heavy-vehicle leaders.

An important observation is that almost 85% of the follower MTWs maintained a 
time headway (TH) of less than 1 s when the leader was an MTW. The corresponding 
values for passenger car leaders and auto-rickshaw leaders were 72% and 75%, 
respectively. This indicates the excessively small TH values adopted by MTW in 
mixed traffic conditions, which are much lesser than earlier literature [27, 28]. Earlier 
studies have either not considered the staggered driving behavior or various classes of 
leader vehicles. The staggered driving pattern is generally adopted by MTWs in such 
conditions, wherein instead of exactly following the leader vehicle with a centerline 
separation (CS) of almost zero, they maintain some off-centeredness, increases their 
field of view, and perceived safety. This behavior encourages the follower MTWs to 
adopt very small headways with the leader vehicles. 

MLR technique was used to model the following behavior. The fit of the model 
with time headway (TH) as a response variable was found to be better than that of the 
model with distance headway (DH) as a response variable. In both the models, the 
type of leader vehicle, centerline separation (CS), and average speeds were found to 
be the significant parameters that influenced the following behavior. The parameter 
estimates corroborate the intuitively highest headways with heavy-vehicle leaders 
and lowest headways with MTW leaders. Both the distance headway (DH) as well as 
time headway (TH) decrease with an increase in centerline separation (CS). However, 
although an increase in average speed increases the distance headway (DH), it results 
in reduction in time headway (TH). This indicates that the increase in DH is offset 
by the increase in speeds which causes TH to reduce. Apparent gender and apparent 
age were not found to be significant in affecting the following behavior. However, 
earlier literature points to risky driving behavior of males and younger drivers [29, 
30]. This discrepancy may be attributed to the inability to determine age and gender 
accurately from the video data. Other factors such as helmet usage, type of follower 
MTW (motorcycle or scooter), presence of pillion, average acceleration, and average 
relative speed were found to be insignificant in affecting the following behavior. 

The SVM models also indicate the highest spatial (DH) as well as temporal (TH) 
gaps maintained by MTW followers when the leader is a heavy vehicle. The minimum 
general DH and TH values were found to be 15 m and 1.5 s, respectively. Most of
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the DH and TH values for leader vehicles other than heavy vehicles are less than 
25 m and 1.5 s, respectively. Although a soft boundary could not be developed for 
cases where the leader is an MTW itself, which may be due to dispersity in data, 
the general trends observed in the SVM models further corroborate the observations 
from the MLR models. These outcomes can be applied in collision detection systems 
as well as microsimulation models focusing on replicating mixed traffic conditions. 

Specialized microscopic models are important for correct replication of the real-
world traffic found in specific conditions such as mixed traffic found in India. One 
of the essential components of such simulation models is the car-following models 
which can account for staggered following, tailgating, etc. Moreover, such investi-
gations are important to accurately model traffic flow theories, intelligent transporta-
tion systems (ITSs) applications (such as in-vehicle warning systems), and safety 
studies. It is therefore important to establish following behavior adopted by MTWs 
in such specific conditions. The major application of the study is the development 
of the following behavior model that can help the traffic engineers to understand the 
following behavior more accurately. The quantitative results can be directly applied 
into models such as simulation tools and traffic flow models, which are planned to 
be developed for similar traffic conditions. 

5.2 Limitations and Future Scope 

The study attempted to formulate the following behavior of MTWs in mixed traffic 
conditions with the help of MLR models. The study has some limitations which are 
discussed below. These may form the basis for further research in this subject. 

(1) Only, four vehicle classes were considered. Although these classes account for 
an overwhelming majority of the traffic composition in general in such condi-
tions, further studies may be required for more comprehensive models that have 
varying proportions of traffic. Sensitivity analysis may be carried out on such 
data to develop even more accurate systems based on the analysis. Moreover, 
only, a single leader was considered for all cases, which might not always be 
the case as an MTW might follow multiple leader vehicle simultaneously. 

(2) Apparent age and apparent gender were not found to significantly affect the 
following behavior. This may be due to the difference between apparent and 
actual demographics, which may be attributed to difficulty in correct iden-
tification by the authors since the video was taken from a high vantage 
point. 

(3) Certain variables such as helmet usage and presence of a pillion were found 
to be insignificant in affecting the following behavior. However, most of the 
data points corresponded to solo riders with helmets. Therefore, there were few 
samples which had a pillion or who were not wearing helmets, which might 
cause insufficiency in sample size. Therefore, it is recommended that more
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data, preferably from different regions, can be collected to establish the effect 
of helmet usage, presence of pillion, etc., on the following behavior. 

(4) Although the manual method of data extraction is a very tedious process, 
it has been adopted owing to higher accuracy. However, better data-driven 
extraction techniques based on machine learning (ML) frameworks may be 
incorporated in the future, which may result in better accuracy than the currently 
available image processing-based techniques. These sophisticated tools may 
help in extracting larger datasets, which can be used to develop site-specific 
models. 
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Spatio-Temporal Traffic Characteristics 
Analysis on Multi-lane Highways Under 
Varying Traffic Flow and Density Levels 

Sandeep Singh, Vidya Rajesh, and S. Moses Santhakumar 

Abstract The study of traffic flow characteristics is essential for designing highway 
systems for which different traffic influencing variables are of primary importance. 
The study aims to assess the impact of a range of traffic flow and density levels 
on the spatio-temporal (lateral placement and time headway) traffic characteristics 
of highways. A substantial amount of traffic data like speed, time headway (TH), 
and lateral placement (LP) of vehicles was collected continuously for 12 h on six 
Indian highway sections. The DPCU for different vehicles with different flow and 
density rates were calculated. The speed and TH descriptive statistics and probability 
distribution functions at varying flow and density levels were also analyzed. To 
determine the most appropriate probability distribution function, the goodness of fit 
test was used. Furthermore, the impact of traffic speed, flow, and density on the LP of 
vehicles under different traffic conditions was assessed using descriptive statistics. 
It was observed that the traffic flow and density levels had an unusual effect on the 
DPCUs of vehicles. The mean traffic speed under high flow and density decreased 
by 33.3 and 18.3%, while the mean TH under high flow and density decreased by 
28.4 and 29.9%. Also, the results indicated that traffic speed and TH data exhibit 
a different distribution of probability functions depending on the traffic flow and 
density. The descriptive statistics on the LP of vehicles show the existence of a 
significant difference of the same concerning the different ranges of traffic speed, 
flow, and density. 
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1 Introduction 

Traffic data is essential for solving complex traffic engineering problems, especially 
under mixed traffic conditions [1]. Under ubiquitous heterogeneous traffic situations, 
different vehicles have varying maneuverability characteristics. These characteristics 
allow them to operate at different speed levels by maintaining different time headways 
and occupying any lateral space available in the roadway for a given traffic condition. 
These parameters are used to evaluate the changes in driver behavior on highways. 
Because speed, flow, and density are the necessary measures essential to understand 
the interaction among them collectively rather than independently, specifically on 
multi-lane rural highways. 

Time headway (TH) is the elapsed time between the fronts of the previous vehicle 
to the front of the present vehicle crossing the IR sensor beams. The lateral place-
ment (LP) is the distance between the center of the vehicle and the edge of the 
roadway on the curbside when the vehicle is moving. The poor lane discipline and 
heterogeneous traffic nature in Indian traffic conditions make it necessary to analyze 
the TH (temporal parameter) and LP (spatial parameter) of vehicles under mixed 
traffic conditions to understand traffic behavior better. Further, accurate acquisition 
of vehicular traffic information in real-time is necessary [2]. 

The majority of research conducted in developing nations with mixed traffic is 
confined to examining the traffic efficiency using the temporal and longitudinal 
parameters like speed and TH. Very few studies have been made to explore the 
spatial and lateral characteristics like LP of vehicles in the past. Speed and TH are 
critical performance measures to be examined under different traffic conditions such 
as flow and density. Furthermore, there is no doubt that it is worth researching the 
sensitivity of flow and density on dynamic passenger car units (DPCU) to assess 
traffic characteristics. Also, the LP of vehicles is one of the most vital operational 
characteristics of the highways, which needs to be extensively analyzed at a different 
speed, flow, and density levels. 

For a clear understanding of vehicle dynamics and the development of traffic 
flow models, more observational studies using huge traffic data are needed. Besides, 
precise modeling with comprehensive research analysis representing the real-field 
conditions is essential to regulate, manage, and control traffic. Hence this research 
is undertaken to assess the impact of traffic flow and density on vehicle speed and 
TH. Also, the DPCU factors for different vehicle types with varying traffic flow and 
density were evaluated. The analyses of the probability distributions on the speed 
and TH at different flow rates and density levels were conducted to determine the 
best-fitted distribution. Besides, this study aims to examine the LP characteristics 
of vehicles at the varying speed, flow, and density of the traffic stream using the 
(Infra-red) IR sensor-based traffic data obtained from Indian highways.



Spatio-Temporal Traffic Characteristics Analysis … 85

2 Literature Review 

Zhang et al. [3] obtained headway data from urban areas and analyzed the probability 
distributions. Similarly, Jang et al. [4] collected headway data on Korean multi-lane 
highways carrying homogenous traffic using loop detectors and researched theoret-
ical progress models by categorizing the traffic flow into five different rates. The 
study found that Gamma distribution fits well at light to medium flows, and the 
Pearson VI distribution fits well at all flow rates. 

Gunay and Erdemir [5] conducted a lateral analysis of longitudinal TH between 
the interacting vehicles. The authors observed that most of the vehicles chose either to 
pass by or lag instead of making a side-by-side movement. Araghi et al. [6] presented 
how to use GPS loggers to capture the travel time data. Bhaskar and Chung [7] 
provided a basic understanding of the use of Bluetooth scanner data. Brennan et al. 
[8] studied the efficiency of data collected from Bluetooth using the lateral distance 
of vehicles. Li et al. [9] used Bluetooth sensors to calculate the travel time of vehicles. 

Goodall [10] analyzed the nature of Wi-Fi re-identification technology and 
suggested using Wi-Fi sensors for low-speed and low-volume traffic. Gore et al. 
[2] investigated the performance of Wi-Fi sensors in vertical and horizontal posi-
tions for evaluating the efficiency of traffic data under Indian traffic conditions. The 
study revealed that the sensor location significantly influences the stream speed, 
time headway, and time-to-detection. Jang [11] used laser-sensor data to investigate 
the time headway characteristics on an interrupted traffic stream at various levels 
of traffic flow to model many stochastic distributions. Mahapatra and Maurya [12] 
used V-Box equipment and analyzed the lateral and longitudinal vehicle behavior of 
the mixed traffic on the highways in India. The study explored the effect of vehicle 
speed in the longitudinal direction on the yaw rate of the vehicles and studied the 
relationships with the longitudinal speed of different vehicle types. All these studies 
have attempted to analyze traffic characteristics using different technologies. 

Another piece of a study by Isaac [13] reported that speed has a linear rela-
tion with lateral clearance at different speed levels. However, a later study by Pal 
and Chunchu [14] concluded that lateral clearance/gaps are a direct consequence 
of several other aspects other than the speed of the passing/overtaking vehicle, and 
it depends upon the vehicle type. Furthermore, increasing the degree of the model 
improves the fitting of the regression curve showing higher sensitivity to speed. 
Budhkar and Maurya [15] determined the lateral clearance for vehicles during over-
taking in mixed traffic using an instrumented vehicle with ultrasonic sensors and 
GPS devices with cameras. The analysis findings indicated that the lateral clearance 
preserved by similar vehicle pairs is less than dissimilar vehicle pairs. Mallikarjuna 
et al. [16] elaborated image processing-based vehicle detection techniques using 
computer software for computing the lateral interaction between vehicles. However, 
this technique lack accuracy in detection due to heterogeneous traffic condition on 
Indian roads. 

In India, due to the presence of abreast driving behavior and mixed traffic driving 
conditions, vehicles interact longitudinally and laterally with other vehicles [17].
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Modeling traffic characteristics under non-lane-based and mixed traffic is a daunting 
task. Considerable research efforts have been directed toward analyzing traffic char-
acteristics on different types of roadway facilities using various technologies. A 
little amount of research has been concentrated on analyzing traffic parameters 
such as speed, flow, density, TH, and LP of vehicles on multi-lane rural highways 
using IR sensor-based technologies. Also, it is understandable from past research 
works that the use of advanced data collection techniques for acquiring mixed traffic 
characteristics is limited, mainly in developing countries like India. 

3 Study Framework 

The field data on traffic characteristics was collected using the IR sensor-based device. 
Initially, the data were classified at flow increments of 500 Veh/h, ranging from 0– 
500 up to 1500–2000 Veh/h and at a density rate of 25 Veh/km increments, ranging 
from 25–50 up to 100–125 Veh/km. The DPCU was estimated using the speed-area 
ratio method for each vehicle category at varying traffic flow and density levels. The 
descriptive statistics were carried out, and several speed and TH distribution functions 
concerning the traffic flow and density rates were determined. The goodness of fit of 
the probability distributions was measured using the Kolmogorov–Smirnov (K–S) 
statistical test at a 5% level of significance for finding the best-fit distribution. 

Besides, the association of LP of vehicles with respect to the speed, flow, and 
density was analyzed to evaluate their influence. The traffic speeds are classified 
into four groups with the size of the bin as 20 km/h, ranging from 20–40 up to 
80–100 km/h. Similarly, the flow and density were also classified into four groups 
with the size of the bin as 500 Veh/h and 25 Veh/km, respectively. The range of flow 
adopted was from 0–500 up to 1500–2000 Veh/h, and the range of density adopted 
was from 25–50 to 100–125 Veh/km. The impact of increasing magnitude of speed, 
flow, and density on the vehicular LP was analyzed. 

4 Data Collection 

4.1 Study Section Details 

The national highways (NH) in the southern part of India were chosen as the study 
sections based on the criteria that the test sections did not have any pedestrian cross-
walks, median openings for making U-turning movement and were free from any 
other such side frictions. The data was collected for 12 h by setting up the IR sensors 
device on the four-lane divided highway sections. Extraction of the speed and volume 
data at every 15-min interval was carried because “the aggregation of vehicle count 
provides the realistic estimation of hourly traffic volume in heterogeneous traffic



Spatio-Temporal Traffic Characteristics Analysis … 87

Fig. 1 Geometric features a NH-32. b NH-38 

Fig. 2 Geometric features 
(NH-83) 

flow conditions” [18]. Figures 1a, b and 2 depict the geometric features of NH-32, 
and NH-38, and NH-83, respectively. 

4.2 Traffic Data Acquisition Using IR Sensor Device and Its 
Working Principle 

The conventional traffic data collection methods, such as the video-graphic, pneu-
matic tubes, inductive loop detectors, etc., possess many limitations in their use 
by demanding various prerequisites. Also, these techniques are invasive and do not 
adapt to the mixed traffic scenarios peculiar to India. This difficulty can be over-
come by using Intelligent Transportation Systems (ITS)-based new technological 
devices, such as the IR sensor devices. The IR sensor device, Transportable Infra-
Red Traffic Logger (TIRTL), works on IR sensor-based technology to record traffic-
related parameters such as speed, TH, LP, spacing, clearance, gap, CVC, volume, 
vehicle dimensions. 

Both transmitter (TX) and receiver (RX), as shown in Fig. 3, are aligned so that 
they are less than 150 mm above the road surface, ensuring that the IR beams do
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Fig. 3 IR lights transmission for traffic detection 

not clip the vehicle bodies. The 12.0 V batteries are the power source for TX and 
RX. The TX is the IR beam source for traffic detection. On the other hand, the RX 
detects the disturbance caused by the passing vehicle wheels. The RX is connected 
to a laptop device through an RS232 serial port to access the system interface and 
store the data file in .csv format. 

For any detection, the four beam events generate eight timestamps, and the vehicle 
travel direction is determined by the order of occurrence of beam events. The use of 
the “free-flowing” condition option optimizes vehicle detection for different traffic 
conditions. The make and break beam events are measured as time intervals to deter-
mine vehicle positions. Hence the LP of the vehicles is recorded. The field snapshot 
of the IR sensor device setup is shown in Fig. 4. 

Accuracy of the IR sensor device. The traffic during the data collection was videotaped 
using a video camera for 1 h. It covered a 50 m trap length to capture the actual traffic 
movement. The speed, vehicle classification, TH, and LP of vehicles were extracted 
manually from the recorded videos and compared with the IR sensor device recorded 
data. An accuracy match of 96% for vehicle speed and 94% for CVC was obtained. 
The TH of vehicles was manually extracted at microscopic levels from the recorded

Fig. 4 Field snapshot of IR sensor device set up across the highway segment
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Table 1 Average dimensions of the vehicle 

Class of vehicle Length (m) Width (m) Area (m2) 

2-wheeler (2W) 1.65 0.76 1.25 

3-wheeler (3W) 2.74 1.25 3.43 

Small car (SC) 3.84 1.45 5.57 

Big car (BC) 4.60 1.80 8.28 

Light commercial vehicle (LCV) 5.62 1.52 8.54 

Medium commercial vehicle (MCV) 8.28 2.20 18.22 

Heavy commercial vehicle (HCV) 9.10 2.30 20.93 

Multi-axle vehicle (MAV) 12.62 2.42 30.54 

videos, and the match percentage with the IR sensor device recorded TH was found 
to be 96%. As far as the LP of the vehicles is concerned, the collected IR sensor 
device data revealed a 95% accuracy match with the videotaped data. Other studies 
achieved up to an accuracy of 99% for the vehicle’s speed [19] and 94–97% for 
classified vehicle count [20].

4.3 Vehicular Dimensions 

The vehicles detected by the IR sensor are compared with the pre-loaded vehicle type 
scheme (up to 21 standard classes specific to Indian road conditions) for describing 
the vehicle class. The recorded classification is displayed in the user interface once 
all the axles of the vehicles cross the IR detection zone. Table 1 shows the average 
physical dimensions of the vehicle classes. 

4.4 Traffic Composition at the Study Sections 

The mainstream traffic is composed of eight different vehicle categories. The large-
sized new generation cars of more than 5.57 m2 area were categorized as BC, and 
the others were categorized as SC. LCV included light and small commercial vehi-
cles. MCV included the two-axle buses/trucks, while the HCV included three-axle 
buses/trucks. The vehicles with four-axles, five-axles, and six-axles are categorized 
as one vehicle type as MAV. Figure 5 illustrates the vehicle composition of different 
vehicle classes.
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Fig. 5 Traffic composition for the subject study sections 

4.5 Traffic Flow Variation at the Study Sections 

The traffic flow variation on an hourly basis at the highway sections was examined 
to measure the peak and off-peak hours of vehicle traffic. It can be observed from 
Fig. 6 that the recorded volume of traffic is nearly the same at all sites except in the 
NH-32-NB section, which has the highest volume of traffic almost every hour. The 
hourly variation of traffic at all the subject study sections is depicted in Fig. 6. 

Fig. 6 Traffic variation at the subject study sections
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5 Dynamic Passenger Car Unit (DPCU) Determination 

The PCU values are typically assigned to homogenize the traffic [21]. The conven-
tional PCE values suggested by HCMs cannot be used at different traffic flow condi-
tions [22]. Additionally, the Indian Roads Congress-IRC:64 [23], the standard code 
provides single and static PCU values for the different ranges of traffic flow and 
density. Hence, the DPCU factors have been evaluated by the speed-area ratio model 
suggested Indo-HCM: 2017 [24], which is shown in Eq. (1). 

DPCUi = (Vc/ Vi )/(Ac/Ai ) (1) 

The DPCU values estimated for different traffic flow and density levels, as 
presented in Tables 2 and 3, respectively. 

Tables 2 and 3 indicate that the DPCU of 2Ws, 3Ws, and BI decrease with the 
traffic flow and density increase. Conversely, the DPCU increases for BC, LCV, 
MCV, HCV, and MAV when the traffic flow and density increase. This was due to

Table 2 DPCU at different traffic flow levels 

Traffic flow level (Veh/h) 

Class of vehicle 0–500 500–1200 1000–1500 1500–2000 Average DPCU 

2W 0.35 0.33 0.28 0.25 0.30 

3W 1.18 1.12 1.05 1.00 1.09 

SC 1.00 1.00 1.00 1.00 1.00 

BC 1.48 1.55 1.59 1.63 1.56 

LCV 2.75 3.08 3.36 3.50 3.17 

MCV 3.51 3.82 4.01 4.46 3.95 

HCV 3.65 3.91 4.22 4.76 4.14 

MAV 6.11 6.30 6.65 6.91 6.49 

Table 3 DPCU at different traffic density levels 

Traffic density level (Veh/km) 

Class of vehicle 25–50 50–75 75–100 100–125 Average DPCU 

2W 0.38 0.35 0.29 0.25 0.32 

3W 1.15 1.13 1.12 1.05 1.11 

SC 1.00 1.00 1.00 1.00 1.00 

BC 1.44 1.52 1.54 1.59 1.52 

LCV 2.47 2.82 3.57 3.49 3.09 

MCV 3.28 3.77 4.18 4.44 3.92 

HCV 3.78 3.99 4.47 4.61 4.21 

MAV 6.2 6.38 6.59 6.75 6.48
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Table 4 DPCU values for 
the different types of vehicles 
as per Indo-HCM [24] 

Class of vehicle Indo-HCM [24] DPCU value  

Range Median 

2W 0.3–0.5 0.4 

3W 1.1–1.3 1.2 

SC 1.00 1.00 

BC 1.4–1.5 1.45 

LCV 2.7–3.3 3.1 

MCV 3.5–4.6 4.4 

HCV 3.5–4.6 4.4 

MAV 6.3–7.0 6.6 

the inferior operation of these vehicles compared to an SC, 3W, and 2W, which have 
higher speeds. In both cases, the average DPCU for each type of vehicle was found to 
be logical and reasonably acceptable compared to the Indo-HCM [24] DPCU values, 
as presented in Table 4.

6 Analysis of Speed Data 

The use of speed data without considering traffic composition, traffic flow, and density 
may yield skewed and inconsistent outcomes [25]. Further vehicle speed is affected 
by overall density, which includes individual vehicle densities [26] that are required 
for the development of macroscopic traffic models, microscopic traffic characteristics 
evaluation, capacity determination, and level of service analysis. Concerning this 
aspect, the study considers conducting the descriptive statistical analysis and finding 
the best-fitted distribution function for the traffic speed at varying flow and density 
levels. 

6.1 Descriptive Statistics of Speed 

The descriptive statistic of speed provides an understanding of the vehicle’s quality 
of service. Table 5 summarizes the descriptive statistics on the speed at different 
traffic flow and density levels. 

From Table 5, it can be observed that the vehicles have different minimum speed, 
maximum speed, mean speed, range value, mode value, standard deviation (SD), 
coefficient of variation (CV), standard error (SE), skewness, kurtosis, and percentile 
speeds over the varying range of traffic flow and density. The mean value of traffic 
speed under high traffic flow decreased from 57 to 38 km/h, which represents a reduc-
tion of 33.3%. The mean value of traffic speed under high traffic density decreased
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Table 5 Descriptive statistics for speed data 

Traffic 
characteristics 

Flow range (Veh/h) Density range (Veh/km) 

Statistical 
parameters 

0–500 500–1000 1000–1500 1500–2000 25–50 50–75 75–100 100–125 

Minimum 35 30 25 23 35 30 29 28 

Maximum 81 78 72 73 82 76 72 70 

Range 46 48 47 50 47 46 43 42 

Mean 57 44 40 38 60 56 52 49 

Mode 50 49 45 32 55 52 50 48 

SD 12.4 12.6 13.1 14.4 13.6 14.5 15.4 16.1 

CV 0.28 0.30 0.38 0.46 0.23 0.39 0.48 0.56 

SE 0.20 0.16 0.14 0.21 0.27 0.24 0.21 0.14 

Skewness 4.28 5.19 6.02 6.91 3.57 3.86 4.25 4.53 

Kurtosis 3.14 3.25 4.65 4.97 4.58 4.95 5.89 6.41 

15th 
percentile 

40 36 28 26 38 32 30 27 

50th 
percentile 

56 42 38 36 58 54 51 47 

85th 
percentile 

75 73 68 67 78 74 70 67 

from 60 to 49 km/h, which represents a reduction of 18.3%. It is observed that the 
speed gets affected because of the interaction of different classes of vehicles using 
the same road space. The higher the traffic flow and density, the lower is the speed 
value. 

6.2 Probability Distributions for Speed Data 

Conventionally, normal distribution defines the vehicle speed under homogeneous 
traffic conditions, but the distributions differ considerably under heterogeneous traffic 
conditions [22]. To assess the best-fitted distribution, the Kolmogorov–Smirnov (K– 
S) test was used with a 5% significance level. The distribution functions for speed 
are represented in Table 6. 

The speed at a low traffic flow of 0–500 Veh/h exhibits Log-normal distribution, 
whereas, at high traffic flow of 1500–2000 Veh/h, the speed follows the Erlang 
distribution. Further, Table 6 shows that at a low traffic density of 25–50 Veh/km, 
the vehicle speed follows the Log-logistic distribution, whereas at a high traffic 
density of 100–125 Veh/km, the speed follows the Inverse-Gaussian distribution. 
The distribution functions varied for the vehicle speeds at several traffic flow rates 
and density levels because of variation in vehicles’ static and dynamic characteristics
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and abreast driving behavior under prevailing traffic conditions. This has confirmed 
that speeds do not follow a particular distribution under different traffic conditions.

7 Analysis of Time Headway Data 

7.1 Descriptive Statistics for TH Data 

The TH data is the basis for building and analyzing the microscopic traffic simulation 
models. Table 7 summarizes the descriptive statistics on TH at different traffic flows 
and densities. 

From Table 7, it can be observed that the TH varies with changes in traffic flow 
and density. Hence proving that TH is not a constant value. In general, the TH of 
vehicles typically decreased as the traffic flow and density values increased. From 
Table 7, it can be observed that because of the difference in the dynamic features of 
the vehicles, the TH has a different minimum speed, maximum speed, mean speed, 
range value, mode value, SD, CV, SE, skewness, kurtosis, and 15th, 50th, and 85th 
percentile speeds over the varying traffic flows and densities. The mean value of TH 
under high traffic flow decreased from 8.1 to 5.8 s, which represents a reduction of

Table 7 Descriptive statistics for TH data 

Traffic 
characteristics 

Flow range (Veh/h) Density range (Veh/km) 

Statistical 
parameters 

0–500 500–1000 1000–1500 1500–2000 25–50 50–75 75–100 100–125 

Minimum 5.7 4.0 3.5 2.9 5.8 5.5 4.6 3.9 

Maximum 16.4 14.5 13.2 12.8 12.6 10.2 8.6 7.1 

Range 10.7 10.5 9.7 9.9 6.8 4.7 4.0 3.2 

Mean 8.1 7.5 6.6 5.8 6.7 6.1 5.6 4.7 

Mode 7.5 6.9 6.2 5.6 6.2 5.8 5.4 4.2 

SD 7.21 8.48 9.02 9.77 5.68 6.52 7.41 8.47 

CV 1.12 2.04 2.96 3.84 1.25 2.11 2.45 2.97 

SE 0.11 0.11 0.10 0.15 0.11 0.11 0.10 0.13 

Skewness 4.35 5.19 5.62 5.94 3.47 3.89 4.12 4.55 

Kurtosis 2.20 3.14 3.78 4.12 2.78 2.99 3.47 3.79 

15th 
percentile 

6.2 4.8 3.9 3.6 6.0 5.8 4.9 4.1 

50th 
percentile 

7.8 7.2 6.3 5.7 6.5 6.2 5.7 4.8 

85th 
percentile 

12.2 10.5 9.8 8.6 9.4 8.5 7.7 5.9
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28.4%. Meanwhile, the mean value of TH under high traffic density decreased from 
6.7 to 4.7 s, which represents a reduction of 29.9%. It can be inferred that the TH is 
significantly influenced by the variation in the flow and density from a low level to 
a high level.

7.2 Probability Distributions for TH Data 

The TH probability distributions were identified from the vehicle arrival pattern 
recorded in the field data. The K–S test results showed various probability distribution 
functions as the best-fitted distribution for TH at different traffic flow and density 
levels, which is represented in Table 8. It shows that the TH of vehicles follows the 
Exponential distribution when the traffic flow is as low as 0–500 Veh/h, whereas the 
TH of vehicles follows the Gumbel-max distribution when the traffic flow is as high 
as 1500–2000 Veh/h. 

During high traffic flows, the repeated platoon formations on the highway by slow-
moving vehicles increase the composition of following vehicles, thereby forming 
shorter headways [27]. This eventually identifies the form of distribution for this 
degree of traffic flow. Further, it can be observed that the TH of vehicles follows 
the Weibull distribution when the density is as low as 25–50 Veh/km, whereas the 
TH of vehicles follows the Log-logistic distribution when the density is as high as 
100–125 Veh/km. Finally, it can be seen from the non-parametric test results of the 
distribution that the TH varies for every density level based on the traffic conditions. 

8 Analysis of Lateral Placement of Vehicles 

Lateral movements of vehicles in the traffic streams have a major effect on the traffic 
flow [28]. The vehicle’s lateral interaction is influenced by the vehicle type, the speed 
of the vehicle, the behavior of the driver [29], and area-occupancy [30]. In this study, 
the LP of a vehicle is the distance between the center of the vehicle and the edge of 
the roadway on the curbside. The edge of the curbside of the roadway was chosen 
as a common reference point for the measurement of the LP of vehicles. 

8.1 Frequency Distribution Analysis 

The lane position of the vehicles on the carriageway is influenced by traffic char-
acteristics [31]. The analysis of the frequency of LP of vehicles shows that many 
vehicles travel on the center of the road (between 2 and 7 m of the carriageway) as 
the vehicles try to maintain a safer longitudinal and lateral distance with the other
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interacting vehicles [32]. The frequency distribution of the LP of vehicles is shown 
in Fig. 7.

The analysis of the frequency of speed of vehicles shows that most of the vehicles 
travel, maintaining a moderate speed (30–40 km/h) to high speeds (60–80 km/h) and 
very high speeds (90–110 km/h) because of their maneuverability at nearly free-flow 
conditions. The frequency distribution for the speed of vehicles is shown in Fig. 8. 

The speed and the LP of the vehicles have been found to follow the increasing 
nature of the relationship. Figure 9 indicates that the speed of vehicles increases as 
the vehicles shift toward the center of the highway sections. This may be reasoned 
to be because of the high speed vehicles wanted to have ease of maneuverability and 
lesser interaction with other vehicles. 

As seen in Fig. 9, it can also be said in another way that the LP of vehicles increases 
as the speed of vehicles increases. Additionally, it can be noted that the observed LP 
maintained by the vehicles depends on the speed of the vehicles. Therefore, variation 
in traffic speed causes variation in the LP of vehicles and vice-versa. 

Fig. 7 Frequency distribution of the LP of vehicles 

Fig. 8 Frequency distribution of the speed of vehicles
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Fig. 9 Variation of speed with respect to the LP of vehicles 

8.2 Descriptive Statistical Analysis of LP of Vehicles 

The observed vehicle speeds were classified at an increment of 20 km/h to determine 
the frequency distribution of the LP of vehicles. Speeds were assumed as 20–40, 40– 
60, 60–80, and 80–100 km/h. Similarly, the observed traffic flows were classified at 
500 Veh/h increments as 0–500, 500–1000, 1200–1500, and 1500–2000 Veh/h. Also, 
the traffic density levels were classified at an increment of 25 Veh/km, ranging from 
25–50 to 100–125 Veh/km. To comprehend the effect of speed, flow, and density on 
the LP of vehicles, descriptive statistics have been carried out, which are provided 
in Table 9. 

From Table 9, it was interpreted that the mean vehicle LP at the lowest speed level 
is 2.2 m, and at the highest speed level is 4.6 m. Similarly, the mean vehicle LP at 
the lowest flow level is 1.2 m, and at the highest flow level is 4.2 m, while the mean 
LP of vehicles at the lowest density level is 1.4 m and at the highest density level is 
4.6 m. The LP of vehicles was skewed toward the curbside of the road at low traffic 
speed, flow, and density range. As the speed, flow, and density of traffic increase, the 
LP of vehicles shifts from the curbside of the road to the median side. Because under 
free-flowing traffic conditions, the speed, flow, and density increase, and the lane 
occupancy of the vehicles in the median lane increases. The slow-moving vehicles 
alone are forced to occupy the curbside of the roadway. It can, therefore, be said that 
as the mean speed, flow, and density increase, the LP of vehicles increases. 

From Table 9, it was interpreted that at the lowest speed range of 20–40 km/h, the 
minimum and maximum vehicle LP lies between 1.5 m and 2.7 m, respectively. While 
at the highest speed range of 80–100 km/h, the minimum and maximum vehicle LP 
lies between 2.7 m and 5.4 m, respectively. Similarly, at the lowest and highest flow 
ranges, the minimum and maximum LP of vehicles are 0.5 m and 4.8 m, respectively, 
while at the lowest and highest density ranges, the minimum and maximum LP of 
vehicles are 0.8 m and 5.1 m, respectively. Table 9 shows that as the speed, flow, 
and density range increases, the mean LP of the vehicles also increases. As the
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highway’s speed, flow, and density increase, the vehicles keep a more considerable 
distance from the edge of the road to avoid road crashes.

The SD and CV of the LP of vehicles were less for reduced speed, flow, and 
density ranges, while the SD and CV of the LP of vehicles were high for increased 
speed, flow, and density ranges. The SE, skewness, and kurtosis are seen to increase 
as traffic speed, flow, and density increase. Therefore, it can be said that stream speed, 
flow, and density influence the LP of vehicles. Moreover, the observed variation in 
the 15th, 50th, and 85th percentile for the LP of vehicles shows an increment with 
the increase in speed, flow, and density. Hence for safety reasons, vehicles maintain 
a more considerable distance from the interacting vehicles. This can be attributed 
to the drivers’ propensity to travel at the optimal road speed for safety purposes, 
retaining relatively high speed limits. 

9 Results and Discussion 

The analyzed statistical data indicates that the distribution of the likelihood, followed 
by vehicle speed and TH, varies with changes in traffic flow and density rates. The 
study indicated distinct and significant variations, even with respect to the LP of 
vehicles. These results support the argument that the speed and TH analysis should 
consider traffic characteristics separately at the different flow and density levels. 
Therefore, it is important to explicitly consider the variations in the speed and TH 
distribution functions across the different flow and density levels when the micro-
scopic simulation models are developed for analysis. More specifically, in calibration 
and validation of the generation of vehicle car-following models and lane changing 
algorithms. The LP of the vehicles increased with the increase in stream speed, 
flow, and density. It was found that at different traffic rates, the LP of the vehicles 
changes according to the traffic condition. Finally, the movement of the vehicle by 
maintaining a steady speed and desired TH, and optimal LP, is observed to be solely 
reliant on the traffic conditions. 

The present study contributes to the existing literature by analyzing the traffic 
parameters under different mixed traffic conditions. The authors foresee that the 
researched traffic data from the study will aid in developing microscopic simulation 
models for various traffic conditions and can be used to calibrate and validate the 
build models. The results from this research provide significant insights into the 
extensive analysis of traffic variables for developing realistic simulation tools and 
human-like self-driving vehicles under varying traffic conditions on non-lane-based 
and heterogeneous highways. 

Further, the study has explored and provided the working and technological useful-
ness of IR sensor devices for collecting traffic data under the different traffic condi-
tions prevailing in India. Previous research used different methods for gathering 
traffic data; however, as per the authors’ knowledge, no study has reported using IR 
sensor devices to capture the spatio-temporal characteristics of the traffic effectively 
and efficiently under mixed traffic environments. Additionally, the present findings
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can assist in managing and controlling traffic to improve the efficiency of the highway 
traffic system, particularly in developing countries such as India, where ITS-based 
solutions are currently being looked upon. 

10 Conclusion 

This study uses a huge amount of traffic data collected to estimate the DPCU values 
for vehicle types at different traffic flow and density levels. This research has studied 
the variations in the speed and TH distribution functions at various traffic flow and 
density rates and has analyzed them. The study also seeks to identify and evaluate the 
impact of traffic parameters, such as speed, flow, and density, on the LP of vehicles. 
The distribution of speed and TH computed for different traffic flow and density 
levels shows a difference in the probability distribution patterns. Some noteworthy 
variations with regard to the speed and TH distributions were also observed. Further-
more, the LP of vehicles was also found to be significantly affected by variations 
in speed, flow, and density. This study could benefit traffic engineers and highway 
researchers to operate, control, and manage the NH in the future paradigm. The 
different traffic characteristics regarding similar and dissimilar specific-vehicle-type 
leader–follower pairs were not considered in this study, which could be examined 
extensively in future research. 
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Development of Car-Following Models 
with Multiple Leader Vehicles for Mixed 
Traffic Conditions in Urban Areas 

Madhu Errampalli, Himanshu Verma, and Nisha Radhakrishnan 

Abstract For quick and efficient implementation of transport policies, the assess-
ment of traffic conditions with high precision techniques namely, microscopic simu-
lation models is important. However, the models that are developed for homogeneous 
traffic conditions would not yield realistic estimations for Indian conditions which are 
highly heterogeneous and lane indiscipline. Further car-following model being core 
part of simulation considers single leader vehicle which is not the case especially in 
mixed traffic condition. In the present study, an attempt has been done to consider all 
the surrounding vehicles as influencing variables in developing car-following model 
apart from driver’s behaviour. For this, vehicle trajectory data consist of time wise 
positions, speed and acceleration has been extracted from the video graphic data 
collected. Multiple linear regression models are developed for three vehicles types, 
i.e. cars, two-wheelers and three-wheelers and subsequently compared with General 
Motor car-following using RSME and MAPE values. It was found that developed 
model is able to reduce these values by 44% and 26%, respectively, for cars similar 
observation are observed for two-wheeler and three-wheeler which demonstrate the 
suitability for the mixed traffic condition. Further the developed model is imple-
mented in a microscopic traffic simulation to study Impact of traffic composition of 
heavy vehicles on road capacity and free speed. 
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1 Introduction 

Due to rapid development in there is an increase in urban population, but most of the 
urban areas are not well equipped infrastructure wise to manage this increase this has 
led to problem of traffic congestion, the solution of this problem is tricky because 
increasing the traffic infrastructure rapidly may increase the number of new vehicles 
on road which will increase the congestion and travel time. Introduction of public 
transport is another solution but it has its own challenges of last mile connectivity 
which make it less attractive for commuters. So, to tackle this problem there is a need 
to formulate new traffic management policies. But, implementing these policies is 
more difficult, as it needs assessment of these policies before implementing them. 

In general, the impacts of transportation policies are assessed by estimating vehic-
ular behaviour under given conditions. The standard assessment approaches may 
wrongly estimate vehicular behaviour due to the limitations in traffic models. To 
solve these challenges, effective technique that estimate the true behaviour of the 
driver are necessary. The traffic simulation methodology is commonly used to study 
vehicular movements on a road network. Microscopic traffic simulation is recog-
nised as effective tools for assisting with transportation feasibility studies [1]. The 
microscopic simulation models give realistic result because they take into account of 
individual vehicle behaviour, which. Car-following model is critical and has a signif-
icant impact on the accuracy of simulation model predictions. Though microscopic 
simulation seems to be the most appropriate for evaluating the policies, its accuracy 
and validity are mostly determined by the accuracy of the underlying microscopic 
models in the simulation model. 

In India people driving behaviour is bit aggressive most of people does not follow 
lane discipline, and travel very closely to the leader vehicle which is unsafe and may 
lead to rare end collision [1]. The mixed traffic condition on Indian roads has made it 
difficult for microscopic simulation to predict the results accurately because most of 
the models are developed for homogenous traffic condition with lane discipline. In 
light of the foregoing, a car-following model is proposed in this study that takes into 
account mixed traffic situations, variable driver behaviour and lack of lane discipline. 

1.1 Car-Following Model 

Car-following model is mainly used to describe the movement of following vehicle 
(FV) based on leader vehicle (LV) characteristics and behaviour. This model repre-
sents interaction between two consecutive vehicles in a reasonably congested traffic 
stream. The car-following model formulated by General Motors (GM) laboratories 
is considered to be the standard car-following model [1], in which, acceleration is 
considered as a function of relative speed of FV with LV and sensitivity. The equation 
is given below:
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an+1(t + �t) =
{

α(l, m) ∗ (Vn+1(t))m 

(Xn(t) − Xn+1(t))
l

}[
Vn(t) − Vn+1(t)

]
(1) 

where: an+1(t + �t) = acceleration of follower vehicle (n + 1) at a time interval (t 
+ �t) 

Xn(t) = position of leader vehicle (n) at previous time interval (t) 
Xn+1(t) = position of follower vehicle (n + 1) at previous time interval (t) 
Vn(t) = speed of leader vehicle (n) at previous time interval (t) 
Vn+1(t) = speed of follower vehicle (n) at previous time interval (t) 
α = sensitivity coefficient 
m = speed exponent 
l = distance headway exponent. 

GM model is widely used and considered to be base model. Subsequently 
researchers namely, Gipps, Hidas, etc. found some limitations and accordingly modi-
fied the formulations. Chakraborty and Kikuchi further evaluated GM model with 
respect to some important car-following behaviour highlighting human behaviour in 
modelling approach [2]. For this purpose, fuzzy logic reasoning has been consid-
ered in modelling car-following behaviour incorporating human behaviour along 
with safety. Errampalli examined the variables influencing car-following behavouir 
especially considering road side friction, deviation from desire speed etc. with fuzzy 
inference rules [3]. Arasan and Koshy [4] and Metkari, et. al. [5] emphasized the lane 
discipline behavior under mixed traffic conditions in car-following model. Different 
researchers focused on the evaluation of different car following models and found 
their suitability for mixed traffic conditions [6]. Some researchers studied different 
combination of leader-follower vehicle types in mixed traffic conditions and also 
highlighted staggered following [7]. Kashyap, et. al. [8] identified two new vari-
ables, oblique spacing (R) and the angle between the leader and the follower (θ), 
influence car-following behaviour [8]. To address weak lane discipline in mixed 
traffic, an integrated methodology was proposed for different behaviours such as 
car-following, lane-changing or free flow [9]. 

Further, all these prevailing models have primary assumption of having one leader 
vehicle at front only influencing car-following behaviour which may not be the 
case especially in heterogeneous and no-lane discipline condition. In this paper an 
attempt is being made to develop a car-following model for such heterogeneous 
traffic conditions. 

1.2 Objective 

Considering the need to explain the car-following under mixed traffic condition as 
discussed in previous section the objective of the study has been formulated as given 
below:
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• To identify the influencing parameters for car-following 
• To develop car-following model with multiple leader vehicles. 

In addition to above, the developed car-following model is used to study the effect 
of composition of commercial vehicles on road capacity, free speed and density. 

2 Methodology 

The methodology to achieve the objectives as mentioned in previous section is 
discussed in the form of flow chart as shown in Fig. 1. 

Firstly, an urban road section is considered for this study and videography data of 
4 hours is collected from the study area. Since, the offline image processing-based 
data collection system is more suitable for mixed traffic conditions [10] and calibra-
tion and validation of car following models require detailed vehicle trajectory data 
[11], videography data was collected. From the video, leader and subject vehicle 
trajectories for every 0.5 s are extracted with the help of IITB traffic data extractor

TDE Software 

Selection of study section 

Collection of videography 
traffic data 

Identifying influencing parameter 
for car-following and calculating them 

using trajectory data 

Extraction of vehicle 
trajectory 

Development of multiple linear 
regression models for car- following 

Study effect of traffic composition 
on road capacity, speed and jam density 

Using FLoMiTSiM 

Urban road section 

Using SPSS 

Fig. 1 Methodology adopted
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software [12], using the trajectory data different parameters such as speed, accelera-
tion, longitudinal gap, lateral gap, lateral position of vehicles, associated to leader and 
subject vehicles are calculated and relations are being established between parame-
ters of leader and subject vehicle in order to study the car-following behaviour of the 
subject vehicle. Multiple linear regression models for car-following are developed 
using the selected influencing parameters in the software, SPSS. The developed 
car-following models are implemented in a fuzzy logic based microscopic traffic 
simulation model (FLoMiTSiM) which was developed by Errampalli [3] to study 
effect of traffic composition on road capacity, free speed and density.

3 Data Collection 

3.1 Site Selection 

A study section of NH-2 of Delhi-Mathura highway near CRRI in New Delhi which is 
six lane divided carriageway was selected for the purpose of data collection to develop 
car-following model. The videography data was collected by placing a camera over 
nearby flyover. The dimensions of the study section considered with length as 60 m 
and width as 10.5 m, as shown in Fig. 2. 

Fig. 2 Study section of 60 m length and 10.5 m width near CRRI, New Delhi
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3.2 Data Collection and Extraction 

Videography data collection was done for 4 h from the selected site, i.e. from 7:30 
to 11:30 a.m. in order to get both the morning peak and off-peak traffic condition 
with good mixed traffic condition. The trajectory data was extracted from the video 
with the help of IITB traffic data extractor [12] software by manually tracking the 
subject and all influencing surrounding vehicles considered as multiple leader. The 
other parameters such as speed, acceleration, longitudinal gap, lateral gap, lateral 
position and deviation angle of vehicles are also extracted with the help of trajectory 
data using python programing. For, identifying multiple leader vehicles around the 
subject vehicles the area around the subject vehicles was divided into four zones as 
shown in Fig. 3 for each zone one most influencing vehicle is selected as a leader 
vehicle except in back zone. In the present study, it is assumed that the vehicles in the 
back zone will not influence subject vehicle in terms of its car-following behaviour. 

The influencing vehicles as leader vehicle in each zone is selected on the basis 
of gap from subject vehicle and also Passenger Car Unit (PCU) value of influencing 
vehicle. Smaller gap or nearest vehicle is generally considered as leader vehicle and 
in case two vehicles are at the same distance (a sensitivity of 0.5 m is considered) 
higher PCU value vehicle is considered as leader vehicle. Considering these points, 
the subject vehicle data along with influencing vehicles as leader vehicle have been 
created from extracted to develop multiple linear regression models to estimate speed 
of subject vehicle (following vehicle) as depended variable and data of leader vehicles 
as independent variables. The extracted data mainly include: positions of subject 
vehicle as following vehicle and all influencing vehicles as leader vehicles in each 
time frame. From this, speed of all the vehicles, gap or distance from subject vehicles, 
angle from subject vehicle are calculated. 

4 Car-Following Behaviour Analysis 

The data from the video is extracted to analysis the car-following behaviour of subject 
vehicles by creating scatter plots to find relation between parameters of subject 
vehicles and leaders vehicles as shown in Fig. 4. By studying these, five parameters

Fig. 3 Four zones 
considered surrounding to 
subject vehicle
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Fig. 4 Variation in a speed of leader vehicle, b longitudinal gap, c distance from median, d lateral 
gap and e deviation angle with respect to speed of follower vehicle
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of leader vehicle in each zone are taken as influencing parameters: speed, gap from 
subject vehicle, lateral position from median, vehicle type (PCU value) and deviation 
angle with respect to subject vehicle. Apart from that lateral position of subject 
vehicle is also considered as another independent variable which became a total of 
16 variables that are being used for model development.

The selected influencing parameters in each zone are: speed of leader, longitudinal 
gap, lateral position from median, vehicle type (PCU values), Deviation angle of 
leader and lateral position of subject vehicles, hence total 16 variables are being 
used for modelling. 

5 Development of Car-Following Model 

For modelling the car-following behaviour, multiple linear regression method is used 
to develop models for three types of subject vehicles (car, two-wheeler and three-
wheeler). A dataset of 200 observations is considered for developing each model. 
For, developing these models SPSS is being used. The developed models are shown 
in Table 1 with 16 independent variables. From Table 1, it can be seen that R2 values

Table 1 Developed car-following models for car, two-wheeler and three-wheeler 

Variables in regression equation Car Two-wheeler Three-wheeler 

Constant −1.38 – – 

Lateral position of following vehicle −0.82 0.382 1.64 

Gap of front zone leader vehicle 0.22 0.039 0.23 

Deviation angle of front zone leader vehicle −0.003 0.014 −0.01 

Lateral position of front zone leader vehicle 0.59 0.447 −1.15 

Speed of front zone leader vehicle 0.89 0.573 0.41 

Gap of left zone leader vehicle −0.45 −2.395 −0.46 

Deviation angle of left zone leader vehicle 0.008 – −0.01 

Lateral position of left zone leader vehicle 0.012 7.73 −1.55 

Speed of left zone leader vehicle −0.32 0.483 0.66 

Gap of right zone leader vehicle 0.55 −2.323 0.88 

Deviation angle of right leader vehicle 0.02 0.01 0.01 

Lateral position of front zone leader vehicle – 1.73 

Speed of right zone leader vehicle 0.13 −1.06 0.69 

Type of front zone leader vehicle (PCU value) 1.82 10.67 2.33 

Type of left zone leader vehicle (PCU value) 7.21 −15.781 9.05 

Type of right zone leader vehicle (PCU value) 1.18 4.883 −8.40 

R2 0.92 0.98 0.96
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Table 2 RMS and MAP 
error from developed and GM 
models 

Models RMS errora MAP errora 

Developed model (car) 2.04 1.04 

GM model (car) 3.70 1.41 

Developed model (two-wheeler) 1.80 0.11 

GM model (two-wheeler) 5.13 0.25 

Developed model (three-wheeler) 2.43 0.18 

GM model (three-wheeler) 2.70 0.22 

aRMS Root Mean Square; MAP Mean Absolute Percentage 

of all the models are higher which shows that the developed models are statically 
significant.

5.1 Validation of Models 

In order to validate the developed models, comparison of error from developed mode 
and GM model is made and presented in Table 2. There is a reduction of about 45% 
in RMS error and about 26% in MAP error by developed model for car compared 
to GM model. In case of two-wheeler model, there is a reduction of about 65% and 
54% in RMS and MAP error values, respectively. For three-wheeler model, reduction 
of about 10% and 18% found in RMS and MAP error, respectively. The developed 
models are more suitable to explain vehicle behaviour in mixed traffic conditions as 
error values are less. 

6 Evaluating Car-Following Behaviour 

For evaluating car-following behaviour by the developed models, a simulation of 
follower and leader vehicle for 10 min duration has been carried out. A leader vehicle 
(car) has been placed in the front zone of the subject vehicle and speed and positions of 
the leader is updated manually and the speed of following vehicle has been calculated 
with the developed model as shown in Figs. 5, 6 and 7 for car, two-wheeler and 
three-wheeler, respectively.
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(a) Position of leader and follower vehicle 

(b) Variation of gap 

(c) Relative speed and gap 

Fig. 5 Car-following behaviour estimated for car 

7 Impact of Heavy Vehicle Traffic on Traffic Flow 
Parameter 

Using the developed model, it is proposed to assess the impact of heavy vehicle traffic 
composition on traffic flow parameters. For this purpose, a single four lane divided 
carriageway has been considered with 600 m length and different traffic composition
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(a) Position of leader and follower vehicle 

(b) Variation of gap 

(c) Relative speed and gap 

Fig. 6 Car-following behaviour estimated for two-wheeler 

of heavy vehicles is considered [3]. Traffic composition is changed from 0 to 16% 
and effect on parameter such as speed, road capacity and jam density are studied 
using FLoMiTSiM which is developed by Errampalli [3]. It can simulate vehicles 
and passengers on urban road network involving a set of nodes and links is used. 
The simulation is done for four lane divided carriage way for three composition of 
traffic as shown in Table 3 for a traffic flow of 3600 veh/h. 

After running the simulation programme for the above traffic compositions, the 
results have been estimated. From the simulation results, speed-flow-density relation 
are made and using the green-shield model the speed of vehicle stream, capacity and 
jam density are calculated the result from the analysis are shown in Fig. 8. From  
Fig. 8, it can be observed that road capacity is going to impact with the increase in 
heavy vehicle composition and free speeds of cars are going to reduce. Further, it 
can be seen that density at capacity and jam density is also going to impact with 
the increase in heavy vehicle composition. This could be mainly due to higher PCU 
values for heavy vehicles [3].
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(a) Position of leader and follower vehicle 

(b) Variation of gap 

(c) Relative speed and gap 

Fig. 7 Car-following behaviour estimated for three-wheeler 

8 Conclusion 

A car-following model has been developed considering all the surrounding vehicles 
as influencing variables in developing apart from driver behaviour for mixed traffic 
conditions. In this study, there are some specific and some general conclusion that 
can be made which are as following: 

• It is observed from the comparison of GM and developed models that for mixed 
traffic flow that the performance of GM model is not good because in GM model 
the speed of subject vehicles only depend on the position and speed of leader 
present in the front zone, where as in mixed traffic follow condition the subject 
vehicle can have multiple leader which effect the car-following behaviour of the 
subject vehicle. In mixed traffic flow the vehicles running of either side and at 
back of the subject vehicle are also responsible for changing driving behaviour of 
the driver.
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Table 3 Different commercial vehicle composition considered for simulation 

Vehicle type No heavy vehicle (%) Normal composition 
(%) 

Higher proportion (%) 

Small car/standard 
car (CS) 

37 35 33 

Big car/SUV (CB) 17 15 13 

Bus 0 2 4 

Two-axle heavy 
commercial 
vehicle/truck (HCV) 

0 2 4 

Light commercial 
vehicle (LCV) 

0 2 4 

Auto rickshaw (auto) 12 10 8 

Two-wheeler (TW) 34 32 30 

Tractor/trailer (TT) 0 0 0 

Multi-axle heavy 
commercial vehicle 
(MCV) 

0 2 4 

(a) Road capacity (b) Free speed for cars 

(c) Density at capacity (d) Jam density 

Fig. 8 Impact of traffic composition on road capacity, free speed of cars, density at capacity and 
jam density
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• As the speed of leader vehicle decreases the gap between leader and follower also 
decreases to the minimum following gap and the subject vehicle starts to follow 
the leader vehicle at that minimum longitudinal gap at 2.8 m for cars with leader 
speed of 18 km/h. 

• The position-time plot of leader and follower vehicle runs parallel to each other 
which depicts following behaviour of cars and as the time passes the subject 
vehicles covers the longitudinal gap and starts to follow the leader at minimum 
possible gap at that speed. 

• As the speed of leader vehicle becomes constant the gap between leader and 
follower vehicle is also becoming constant with minimum value of gap for that 
speed. 

• As the composition of heavy vehicle increases from zero to 16% there is an 
increase in capacity of road, density at capacity and Jam density but there was 
decline in free speed of the vehicles this is due to high PCU values of the heavy 
vehicle and their slow speeds. 

• It is observed that for 1% rise in heavy vehicle there is an increase of 151 PCU/h. 
in road capacity, there was reduction of 0.25 km/h. in speed of cars and an increase 
of 8 PCU/km in jam density.

In this study, models are developed for cars, two-wheeler and three-wheeler so, 
there is a scope to develop models for other vehicle types such as bus, HCV and 
MCV. The limitation of the study is that the models developed under this study are 
developed on the data based on only one city and only for mid-section of the road this 
makes these models difficult to other cities which have different traffic composition 
as many cities may have domination of other type of vehicles on road traffic. The 
models need modification when applied for intersection. Models also not take into 
account of the vehicle present in the back zone of the subject vehicle which can 
influence the car-following behaviour of the vehicle, the development model uses 
the IITB traffic data extractor software in which it is very difficult to extract the 
trajectory due to manual tracking, this may introduce some error in data. 
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Travel Behavior of Access-Egress Mode 
Users at Rapid Transit Stations-Case 
Study Kolkata, India 

Payel Roy and Sudip Kumar Roy 

Abstract In a multimodal public transportation system, feeder service is often more 
disappointing to commuters than rapid transit service. This paper aims to investi-
gate commuters’ needs from access-egress modes by analyzing their travel behavior 
using a stated preference survey. A travel chart is used to assess modal preferences 
of access-egress modes where names of travel modes are obscured. The character-
istics of different alternative modes during peak hours are represented by relevant 
images to avoid bias on any particular mode and to get authentic as well as consis-
tent responses. Regular rapid transit users at three metro stations in Kolkata, India 
stated their preferences for access-egress trips using this travel chart. According to 
this study, majority of commuters are willing to pay more to reduce their in-vehicle 
travel time by accepting longer waiting time. They are also willing to pay more 
for comfortable daily trips when travel time is fixed. Better convenience and lesser 
number of transfers get more priority than lower travel cost and shorter travel time. 
However, travel cost remains as a secondary parameter upto a certain cost incre-
ment. This limit varies depending on the user’s perceptions and socio-economic 
characteristics. 

Keywords Access-egress mode · Travel behavior · Stated preference survey ·
Rapid transit 

1 Introduction 

Presently, majority of commuters in metropolitan cities have to avail a multimodal 
public transportation system. In such cases, sometimes the service of feeder system
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may not be as much satisfactory as of rapid transit due to improper planning of 
feeder service. These usual problems are forcing citizens to use private transport 
instead of public transport. The consequence of that is making the situation even 
worse by inventing issues like severe traffic congestion, uncountable traffic accidents, 
intolerable air, and noise pollution. Commuters’ satisfaction is definitely a measure 
of effectiveness of public transport services. The aim of this paper is to search the 
needs of users from public transportation in terms of travel mode attributes. 

The specific objectives of this paper include:

• To investigate users’ preference on access or egress modes at rapid transit stations 
by stated preference survey

• To identify users’ willingness to pay and ability to pay. 

To search for the most accountable factor for increasing ridership a nationwide 
survey of transit agencies in the USA between 1995 and 1999 was conducted by 
Hess et al. [8]. Their report revealed that the most frequently cited factors were 
service improvement, i.e., more reliable, safer, cleaner service with attractive stops, 
and also an acceptable fare structure which attracted new riders and stretched the 
ridership growth. For a sustainable public transportation system, a balance between 
its customer responsiveness and cost-effectiveness is to be ensured. A case study of 
sub-regional governance of bus services in Los Angeles Country was conducted by 
Chen [4]. Users have some expectations or needs from public transportation system 
in terms of its service aspects; that can be identified by evaluating how much money 
they are willing to pay to improve the service quality. Those qualities for which 
commuters are ready to pay are also to be identified. In 2008, Eboli and Mazzulla 
[6] examined commuter’s willingness to pay to improve the service quality of bus 
service in Cosenza, Italy by considering qualitative service aspects, namely relia-
bility, frequency, proximity to bus stop, bus stop facilities, bus overcrowding, ticket 
fare, cleanliness, helpfulness of personnel, and information at bus stops. In 2017, 
Bachok and Ponrahono [2] stated that most of the commuters, who were willing to 
pay increased fare for an improved bus service in Malaysia, choose mostly cleanli-
ness and comfort following by safety or security, punctuality, waiting facilities, and 
infrastructure as bus improvement priority areas. In 2017, Li et al. [13] considered 
five attributes, namely speed, connecting distance, transfer time, degree of crowding, 
and reliability for analyzing willingness to pay of commuters to get more improved 
service quality in Beijing, China. In 2017, Ingvardson and Nielsen [9] revealed that 
travel time reduction in bus rapid transit can increase attractiveness to commuters 
significantly. In 2005, Advani and Tiwari [1] presented an evaluation of Delhi metro, 
India concerning its travel time, capacity and accessibility from commuters’ perspec-
tive. In 2015, Goel and Tiwari [7] conducted a detailed study on access-egress service 
of Delhi metro, India. In 2016, Chandra et al. [3] evaluated the modal share for work 
trips only using multinomial logit model along a busy street corridor in Kolkata, 
India. Three types of surface transportation mode including transit, paratransit, and 
personal vehicles were considered in this study. The model was developed based on 
both the quantitative criteria such as travel time, travel cost, waiting time, and the 
qualitative criteria such as comfort, reliability, dust, and noise. Above literature states
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that users’ satisfaction has a great influence on ridership and users can pay more for 
better service. Moreover, there would be a trade-off between service quality and user 
cost. The present study wants to capture this trade-off, i.e., users are choosing which 
parameter over which. 

2 Methodology 

2.1 Adopted Methodology 

To reach rapid transit station, commuters often avail a mode. This mode is known 
as access mode. After getting off from rapid transit, commuters get dispersed to 
avail their suitable travel mode to reach their destination; that is egress mode. The 
characteristics of interface between rapid transit and surface transportation are to be 
studied through reconnaissance survey. 

Based on those characteristics, a travel chart is to be prepared. The names of travel 
modes are to be suppressed there, and the characteristics of different types of existing 
modes are to be represented by relevant images. Using this chart, regular rapid transit 
users have to state their preferences of modes as access or egress according to their 
suitability for daily trips for a certain distance (e.g. upto 10 km travel). From these 
data, preferences perceived by individual of access/egress mode of rapid transit along 
with travel attributes of public transport modes would be evaluated. In travel chart, 
relevant images are to be used to avoid biasness to any particular mode, to get more 
authentic and consistent results and also to reduce the monotony of questionnaire. 

Then, to clarify the reason for choosing any mode, some stated preference ques-
tions are to be added in questionnaire. Every question would represent a pair of 
situations with the help of suitable images, and commuters have to choose one from 
them as per their suitability. In most of these cases, travel cost would be the objective 
function. These data would represent commuters’ willingness to pay. These ques-
tions also check the reliability (if same answer is obtained in the same context) and 
validity (if the intention of asking question and users’ response match accurately). 

Commuters’ socio-economic and trip characteristics are also to be noted by 
revealed preference survey to identify the reason of variation in responses and to 
reveal whether the respondents are true representatives of this study or not. The 
following flowchart states the adopted methodology of this paper briefly (Fig. 1). 

2.2 Case Study Region: Kolkata 

Kolkata is the capital of Indian state West Bengal. Versatility can be observed in 
surface public transport modes in this city such as fixed route transit like suburban 
rail and ancient tram, air conditioned and non-air conditioned buses, paratransit like



126 P. Roy and S. K. Roy

Fig. 1 Adopted methodology 

auto-rickshaw and Carpool, demands responsive transit like Meter taxi and App-cab. 
687,918 motorized vehicles are registered (including two and three wheelers) on 
roads in Kolkata [5]. In this city, approximately 54% of all trips are made through 
public transportation and that is the highest in India [10]. 

The rapid transit system, Kolkata Metro, has made the public transportation system 
in Kolkata strong. Line 1 (North–South Metro) Metro Network runs between Noapara 
and Kabi Subhas over 24 stations and Line 2 (East–West Metro) is partially opera-
tional between Saltlake Sector V and Saltlake Stadium, serving six stations, and two 
more networks are under construction and two are in proposal to connect surrounding 
suburban areas with this city [11, 12, 14]. 

Study Area. Three existing stations of Line 1 in Kolkata Metro Network, namely 
Dumdum, Mahanayak Uttam Kumar and Rabindra Sadan have been selected as 
survey area; one was toward north, one was toward south, and rest one was exactly 
middle of the corridor. All of them are one of the busiest stations and have enough 
versatility in present interface between rapid transit and surface transportation 
(Fig. 2). 

3 Data Collection and Analysis 

3.1 Design of Questionnaire 

The questionnaire has been designed to achieve the aim of this paper. There were 
two parts in that designed questionnaire. In the first part, commuters’ trip charac-
teristics such as frequency of trip, purpose of journey, starting time of journey, trip
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Fig. 2 Study area. Source 
https://www.google.co.in/ 
maps 

length, and socio-economic characteristics such as age group, gender, highest educa-
tion, occupation, no. of cars and motorbikes in household, and monthly income and 
monthly expenditure on public transportation were added. In some previous study, 
it was observed that respondents showed reluctance in revealing their exact age and 
income; hence, these questions are modified by making classification groups for age 
and monthly income. 

In the second part, a travel chart (Table 1) was attached including all the existing 
surface transport modes but the names of modes were suppressed. The subjective 
characteristics for each mode such as length of waiting queue and crowding level 
were perceived by author during reconnaissance survey. Based on that, the charac-
teristics of different existing modes are represented by relevant images (Sect. 2.1). 
Respondents were asked their preferences among those modes as access or egress 
mode for upto 10 km according to suitability for their daily trips. To get more clarity 
and validity in the reason for choosing any mode, some stated preference questions 
were kept in this questionnaire with relevant images (Sect. 4.2). 

In Table 1, App-cab is denoted by Mode A, Meter taxi by Mode B, Suburban rail 
by Mode C, Non-AC bus by Mode D, Carpool by Mode E, Auto-rickshaw by Mode 
F, and AC bus by Mode G.

https://www.google.co.in/maps
https://www.google.co.in/maps
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Table 1 Travel chart in designed questionnaire 

Mode 
Waiting time 
during peak 
hours 

Scheduled 
time-table 

Seat availability 
during peak hours Comfort 

Travel-time delay 
and average speed 
during peak hours 

Fare 
Rs./10 km 

A 

Too short 

NO 

Seat is assured 
and very 

comfortable 

AC 

Delay ~ Low 
Speed ~ 35 km/h 

₹180 

B 

Short 

NO 

Seat is assured 
and comfortable 

Non-AC 

Delay ~ Low 
Speed ~ 30 km/h 

₹150 

C 

Long 

YES 

Overcrowded 

Non-AC 

Delay ~ Very low 
Speed ~ 45 km/h 

₹5 

D 

Medium 

YES 

Crowded 

Non-AC 

Delay ~ High 
Speed ~ 10 km/h 

₹11 

E 

Medium 

NO 

Seat is assured 
and more or less 

comfortable 

Non-AC 

Delay ~ Moderate 
Speed ~ 25 km/h 

₹30 

F 

Too long 

Mostly YES 

Seat is assured 
but may be 

uncomfortable 

Non-AC 

Delay ~ Moderate 
Speed ~ 25 km/h 

₹22 

G 

Too long 

YES 

Can stand 
comfortably 

AC 

Delay ~ High 
Speed ~ 15 km/h 

₹35 

Source Field survey
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The following modes were observed at three metro stations during reconnaissance 
survey. The respondents were asked to rate all the modes irrespective of availability; 
so that their perception on any new mode can be captured.

(a) At Dumdum metro station, AC bus, Non-AC bus, Suburban rail, Auto-
rickshaw, and App-cab are found to provide the access or egress service. 

(b) At Rabindra Sadan metro station, AC bus, Non-AC bus, Meter taxi, Carpool, 
and App-cab play the role of access or egress mode of metro rail. 

(c) At Mahanayak Uttam Kumar metro station, AC bus, Non-AC bus, Auto-
rickshaw, Meter taxi and App-cab act as interface between metro rail and 
surface transportation. 

3.2 Data Collection and Distribution 

With the help of designed questionnaire, data collection was implemented through a 
survey of face-to-face interview by author from September 2019 to November 2019. 
A convenient sample of 100 regular metro users at each of three metro stations 
in Kolkata was interviewed directly on working days, i.e., Monday to Saturday 
(9 a.m.–1:30 p.m., 2 p.m.–7 p.m.). Random sampling method was adopted for 
sampling technique. 

The observations from collected data are stated below which indicate that the 
respondents are true representatives for this study.

• At all of these three stations, five trips per week are made by majority of the 
respondents for either work or education, and their starting time of journey is 
within 8–10 a.m. As most of the respondents have neither a personal car nor 
a motorbike in their household, they are true representatives of the regular trip 
makers during peak hours of the day.

• Majority of the respondents are young or mid-aged people (18–35 years old) 
and male. Most of them completed graduation. In an average scenario, 54% trips 
are made by servicemen, 38% by students, 7.5% by businessman, and rest is by 
homemakers.

• Average access/egress trip length of respondents at Dumdum, Rabindra Sadan, 
and Mahanayak Uttam Kumar station is 6.4 km, 6 km, and 9 km, respectively. 

The characteristics of monthly income and monthly expenditure on public 
transportation of respondents are stated in Table 2.
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Table 2 Monthly income and monthly expenditure on public transportation of respondents 

Distribution of monthly income (in terms of % of respondents) 

Station 
Monthly income 
₹0– 
₹10,000 

₹11,000– 
₹20,000 

₹21,000– 
₹30,000 

₹31,000– 
₹40,000 

₹41,000– 
₹50,000 >₹50,000 

Dumdum 41% 15% 19% 17% 4% 4% 
Rabindra Sadan 31% 18% 16% 12% 10% 13% 
MH Uttam Kumar 27% 18% 19% 11% 8% 7% 

Distribution of monthly expenditure on public transportation (in terms of % of respondents) 

Station 
Monthly expenditure 

≤₹500 
₹600– 
₹1000 

₹1100– 
₹1500 

₹1600– 
₹2000 

₹2100– 
₹2500 

₹2600– 
₹3500 

₹3600– 
₹4500 

₹4600– 
₹6000 

>₹6000 

Dumdum 4% 16% 19% 20% 9% 15% 10% 4% 3% 
Rabindra Sadan 2% 9% 16% 13% 15% 22% 6% 6% 11% 
MH Uttam 
Kumar 

1% 9% 18% 13% 11% 25% 8% 13% 2% 

Mean of monthly income and monthly expenditure on public transportation 

Station Dumdum Rabindra 
Sadan MH Uttam Kumar 

Mean of monthly income of respondents ₹24,000 ₹29,100 ₹28,200 
Mean of monthly expenditure on public 
transportation for all purpose ₹2362 ₹2950 ₹2958 

% of monthly expenditure on public 
transportation for all purpose 9.84% 10.14% 10.49% 

Mean of monthly expenditure on public 
transportation for work trip ₹1250 ₹1685 ₹1480 

% of monthly expenditure on public 
transportation for work or educational trip 5.21% 5.79% 5.25% 

Access + egress travel cost (Rs./10 km) in this 
particular trip ₹15 ₹25 ₹25 

Source Field survey 

4 Results and Discussion 

4.1 Preferences of Modes from Travel Chart 

Figures 3, 4, and 5 show number of commuters those have chosen a particular mode 
as their 1st preference, 2nd preference, and so on to access or egress the Kolkata 
metro. 

Analysis and Inference

• At all the three stations, on an average 48% respondents have chosen Carpool 
as their 1st preference. Most of them (about 70%) earn |0–30,000/month, i.e., 
belong to low and middle income group [15]. As all the respondents are either 
work or educational trip makers, they prefer a mode by which their overall journey
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Fig. 3 Modal preferences in terms of no. of respondents at Dumdum. Source Field survey 
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Fig. 4 Modal preferences in terms of no. of respondents at Rabindra Sadan. Source Field survey

can be completed in comparatively lesser time. Though Carpool has no schedule 
time, commuters have chosen it for its comparatively lesser travel time delay and 
an assured seat with an affordable travel cost.

• About 30% respondents at these three stations have chosen Auto-rickshaw as 
their 2nd preference. Most of them have chosen Carpool as their 1st preference. 
From this observation, it can be inferred that they can pay a little bit more cost 
to reduce waiting time and a comfortable seat. AC bus and Auto-rickshaw have 
same waiting time but Auto-rickshaw provides less travel time delay while AC 
bus provides more comfort. In this case, travel cost has no such significant role. 
So, it can be inferred that they prefer less travel time over air conditioned mode.

• More than 30% respondents have chosen Meter taxi as their last or 2nd last prefer-
ence at these three stations, while another 30% respondents have chosen App-cab. 
Meter taxi and App-cab charge travel cost much higher than other five modes.
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Fig. 5 Modal preferences in terms of no. of respondents at Mahanayak Uttam Kumar. Source Field 
survey

Thus, commuters do not prefer them for their daily trips. But it is notable that 
some commuters prefer App-cab over Meter taxi; that means to get a comfortable 
trip they are ready to spend some more charges when the increment in charge is 
not much significant.

Finally, it can be stated that majority of these three stations’ commuters prefer 
the characteristics of Carpool the most. Then they go for Auto-rickshaw; they are 
ready to wait in a long queue to get an assured seat and less travel time. Meter taxi 
and App-cab are the least preferred at all of these three stations. Though the middle 
ranker modes are different at these stations, the first and last two choices are same 
in everywhere. 

4.2 Clarification of Reasons for Modal Preference 

To clarify the reason of commuters’ modal preference, six more stated preference 
questions were added in questionnaire. Every question represented a pair of situations 
with the help of suitable images. The pairs were decided on an assumption: Choice is 
a compensatory process. Commuter will compensate some lower parameter if there 
is sufficiently higher parameter. For example, high travel time + low cost and low 
travel time + high cost can be equivalent. The study find out that the majority of 
respondents want to compensate which parameter over which. 

In Table 3, the 1st mode is charging more fare than the 2nd one with longer waiting 
time and lower travel time delay. The increment in fare for 1st mode is not much 
notable while waiting time for 1st mode is significantly longer and travel time delay 
is lower than the 2nd one. Here, about 60% respondents preferred the 1st situation 
over the 2nd one; that indicates majority of respondents are willing to pay more and
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Table 3 1st pair of situation in SP survey 

hours) journey) Travel cost respondentsa

Too long

Source: https://es.123rf.com

Very low

Source: https://www.crazyvector.com 

Very high 

D→ 60

R → 62

M→ 58
Very short

Source: https://www.alamy.com Source: https://frinkiac.com

D→ 40

R → 38

M→ 42
D → Dumdum , R → Rabindra Sadan, M → Mahanayak Uttam Kumar metro station

Waiting time (during peak Travel-time delay (during the % of 

Source Field survey 
**Respondents those preferred respective situation 

ready to wait in a long queue to reduce their travel time delay. This observation can 
be a reason why commuters prefer Carpool and Auto-rickshaw over Non-AC bus. 

In Table 4, the 1st mode is providing a significantly better service in frequency, 
travel time, and comfort but it is charging more fare than the 2nd one and this incre-
ment in fare is really notable. More than 65% respondents preferred 2nd situation 
over 1st one; that indicates those respondents do not want to invest that much incre-
ment in travel cost to get a better service of transportation in their daily trips. This

Table 4 2nd pair of situation in SP survey 
Waiting time (during 
peak hours)

Travel-time delay 
(during the journey)

Seat availability 
(during peak hours) Travel cost % of 

respondentsa

Very short

Source:
https://www.shutterstock.com

Very low

Source: https://www.crazyvector.co 

Very high 

m

Can stand 
comfortably

Source:
https://www.shutterstock.com

D → 34

R → 32

M → 29

Too long

Source:https://www.vectorstock.com
Source: https://frinkiac.com

Crowded

Source: https:
//www.shutterstock.com

D → 66

R → 68

M → 71
D → Dumdum , R → Rabindra Sadan, M → Mahanayak Uttam Kumar metro station

Source Field survey 
**Respondents those preferred respective situation
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Table 5 3rd pair of situation in SP survey 

Waiting time (during 
peak hours)

Travel-time delay 
(during the journey)

Seat availability
(during peak hours) Comfort % of 

respondentsa

Too long

Source: https://es.123rf.com

Very high

Source: https://www.gettyimages.in

Seat is assured and 
very comfortable

Source: 
ttps://www.canstockph 

Overcrowd 
h oto.com

AC

D → 36

R → 43

M → 56

Very short

Source: https://www.alamy.com

Very low

Source: https://www.crazyvector. com

ed

Source:
https://www.deccanherald.com

Non-AC

D → 64

R → 67

M → 44

D → Dumdum , R → Rabindra Sadan, M → Mahanayak Uttam Kumar metro station

Source Field survey 
**Respondents those preferred respective situation 

observation can be a reason why commuters’ preference for App-cab and Meter taxi 
falls down.

In Table 5, the 1st mode is providing a far better service in comfort but it is 
performance in frequency and travel time is very much poor than the 2nd one. At 
Dumdum and Rabindra Sadan metro station, more than 60% respondents preferred 
2nd situation over 1st one which indicates those respondents give more importance 
in reduction in waiting time and travel time delay than a confirmed and comfortable 
seat for their daily trips. 

But at Mahanayak Uttam Kumar station, majority of respondents go for the 1st 
mode. Those respondents cannot accept such overcrowded transport mode daily for 
the sack of reduction in total travel time. Though travel cost is a vital factor, this 
observation can also be a reason why commuters prefer Non-AC bus over AC bus 
and vice-versa. 

Table 6 gives that in 1st situation, the mode is charging more fare than the 2nd 
one with an assured and comfortable seat but the increment in fare is not much 
notable. More than 65% respondents preferred the 1st situation over the 2nd one; 
that indicates majority of respondents are interested to pay more to get a comfortable 
journey daily. This observation can be a reason why commuters prefer Carpool and 
Auto-rickshaw over Non-AC bus. 

In Table 7, the 2nd mode is providing far better service in travel time, seat avail-
ability, comfort, and convenience but it is charging more fare than the 1st one and 
this increment in fare is really notable. More than 60% respondents preferred 2nd 
situation over 1st one; that indicates most of the respondents do not want to invest 
that much increment in travel cost to get a better service in their daily transportation.



Travel Behavior of Access-Egress Mode Users at Rapid Transit … 135

Table 6 4th pair of situation in SP survey 

Comfort Seat availability (during peak hours) Travel cost % of 
respondentsa

AC

Seat is assured and very comfortable

Source: https://www.canstockphoto.com 

Overcrowded 

D → 65

R → 65

M → 67

Non-AC

Source: https://www.deccanherald.com

D → 35
R → 35

M → 33

D → Dumdum , R → Rabindra Sadan, M → Mahanayak Uttam Kumar metro station

Source Field survey 
**Respondents those preferred respective situation 

Table 7 5th pair of situation in SP survey 

Travel cost
Walking time to 
reach next 
mode’s stop
(min)

Seat availability 
(during peak 
hours)

Comfort
Travel-time 
delay (during the 
journey)

% of 
respondentsa

8

Crowded

Source: 
tps://www.shutterstock 

Seat is assure 
and very 

ht .com

Non-AC

Very high

Source:
https://www.gettyimages.i

n

D → 61

R → 62

M → 69

2

d 

comfortable

Source:
https://www.canstockphoto.c

om

AC

Very low

Source: 
https://www.crazyvector.co

m

D → 39

R → 38

M → 31

D → Dumdum , R → Rabindra Sadan, M → Mahanayak Uttam Kumar metro station

Source Field survey 
**Respondents those preferred respective situation

The 2nd pair of situations is made by clubbing waiting time, travel time, seat 
availability, and travel cost; for this 5th pair of situations instead of waiting time, 
convenience is added. In 2nd pair of situations, on an average 31% respondents want 
to invest more travel cost to get a good service in their daily transportation and in 
this 5th pair average the number of interested respondents is 36%. So, it is evident 
that these extra 5% commuters are interested about mode’s convenience. 
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Table 8 6th pair of situation in SP survey 
Number of
mode 
transfer

Waiting time (during 
peak hours)

Travel-time delay
(during the journey)

Seat availability
(during peak hours)

% of 
respondentsa

4

Medium

Source: https://www.freepik.com

Low

Source: 
ttps://www.vectorstock.co 

Moderate 
h m

Crowded

Source:
https://www.shutterstock.com

D → 57
R → 54

M → 42

2

Too long

Source:https://www.vectorstock.co
m

Source:
https://images.slideplayer.com

Can stand comfortably

Source:
https://www.shutterstock.com

D → 43

R → 46

M → 58

D → Dumdum , R → Rabindra Sadan, M → Mahanayak Uttam Kumar metro station

Source Field survey 
**Respondents those preferred respective situation 

Table 8 gives that in 1st situation, the mode is providing lower total travel time 
than the 2nd one with more number of mode transfers and poor service in comfort. 
At Dumdum and Rabindra Sadan station, more than 50% respondents preferred 2nd 
situation over the 1st one; that indicates those respondents prefer long waiting time, 
moderate long travel time delay, and a little bit more comfort over more number of 
transfers of modes for their daily trips. At Mahanayak Uttam Kumar station, majority 
of respondents have chosen 2nd situation. Thus, commuters of this station mostly 
want a comfortable journey than lesser travel time. 

The 3rd pair of situations is made by clubbing waiting time, travel time, seat 
availability, and comfort. For this 6th pair of situations instead of comfort, the number 
of mode transfer is added. In 3rd pair of situations, around 65% respondents preferred 
less travel time over assured and comfortable seat and in this 6th pair the number 
of % of respondents choosing less travel time falls down. It happens because there 
is not much significant difference between travel time delay of these two situations, 
one is low and another is moderate. In the 1st pair of situation, it is evident that 
commuters can stand in long queue to get their suitable mode. So, the reason behind 
reduced number of respondents (choosing less travel time) is more number of mode 
transfers. As 2nd situation provides less transfers of modes, commuters prefer this 
one. This observation state that not only reduction in travel time but also number of 
mode transfers can be considered in efficient transportation planning. 

5 Conclusions 

In this study, the pictorial stated preference questions explained reasons behind 
choosing access-egress modes from the travel chart well. The response obtained
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from travel chart and paired SP questions matched reasonably well. Thus, this type 
of survey can test the reliability and validity of the users’ response. 

This study concludes that the most of the commuters needs from access-egress 
modes are lesser travel time delay, an assured comfortable seat, and an affordable 
travel cost. Air conditioned mode is not their concern at all. The paired SP questions 
revealed that

• The commuters are willing to pay more and can accept longer waiting time 
to reduce in-vehicle travel time. They are also interested to pay more to get 
comfortable daily trips when travel time is constant.

• In both the cases, increment in travel cost was comparatively less. When this incre-
ment becomes notably high, respondents go for the mode incurring lower travel 
cost. Thus, it is evident when commuters choose any mode for their daily trips, 
travel cost remains a secondary parameter upto a certain limit of increment. This 
limit varies person to person depending on their perception, work characteristics, 
and definitely on socio-economic factors. As majority of respondents belong to 
low or middle income group in study area, they want to find a suitable mode along 
with an affordable travel cost for their daily trips.

• Travel modes’ better convenience and lesser number of mode transfers get more 
priority than lower travel cost and reduction in travel time, respectively. 

The RP survey of this study reveals that in the Indian metropolitan city Kolkata, 
commuters spend on an average 10% of their personal monthly income as monthly 
expenditure on public transportation for all purpose and around 5% only for their 
daily work or educational trips. 

These observations can be taken account for planning of an efficient access and 
egress service for any new rapid transit. For example, in Kolkata a number of metro 
lines are in proposal and under construction. Kolkata East–West metro service would 
be operational in very recent times. In such cases, the outcomes of this study can 
be applied for access-egress service implementation. But, the land use and traffic 
characteristics of those new stations should be checked before the application if they 
are similar to the study area of this study. 
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Estimating Regional Travel Demand 
from Intraregional Urban Demand 
Models 

Raghav Tiwari, B. Anish Kini, and B. K. Bhavathrathan 

Abstract Studies related to travel demand help determine future demands and travel 
patterns. The efforts needed for regional demand estimation are complex since the 
same techniques used in the urban context seldom hold. As an alternative, the regional 
demand could be estimated from the existing urban travel demand which could be 
used as building blocks. Doing so would affect the accuracy of the estimate which 
could be constrained to permissible levels so as to ensure the reliability of the regional 
travel demand estimator. This paper presents four cases and employs optimisation 
techniques to estimate the production/attraction growth factors utilising the traffic 
counts on freeways. Numerical example explains the methodology, which holds 
promise in constructing regional travel pattern from available urban OD matrices 
thus saving precious time and resources in the planning process. Regional travel 
demand estimation assists in highway connectivity planning and prioritisation, future 
demand prediction, etc. 

Keywords Regional travel demand · Urban travel demand · Growth factor 

1 Introduction 

Urban Transport Demand modelling using the four stage modelling started in the 
1960s [1] which involved Trip Generation, Trip Distribution, Modal Split and Trip 
Assignment. Trip Distribution is a procedure by which the trips get distributed 
between the Traffic Analysis Zones (TAZ) in the study area which is represented
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as an Origin Destination (OD) matrix with each cell (i, j) representing the number of 
trips originating from TAZ i destined to TAZ j in its simplest form. These aggregate 
OD matrices could be sub-divided based on the purpose, travel mode, time of day, 
etc. to obtain a far more detailed trip pattern of the study area. 

However, the travel demand model was urban area centric and car-based. The 
same method could seldom be applied on a regional level in order to plan for the 
region as a whole. Using the four stage method, employed for estimating urban level 
travel demand, for estimating a regional model would be prohibitively expensive. 
Using this as motivation, this paper delves into alternatives—OD matrices of urban 
areas—that could be used for estimating the regional travel demand. Therefore the 
intraregional OD matrices were used as building blocks to estimate the regional travel 
demand. 

The paper has been organised into the following sections: (i) Literature review 
covers the relevant studies that have been carried out in the area of OD estimation and 
the methodologies followed. It also mentions the research gap identified. (ii) Scope 
and Objectives specifies the major objectives of the study and the regional setting. 
(iii) Methodology describes the four cases and the optimisation formulations used 
for solving each of these cases. (iv) Numerical example hypothesises a region, its 
transport network connecting the cities based on which the methodology has been 
further discussed for better understanding. (v) Conclusion summarises the study, 
points out the limitations and scope for future research. 

2 Literature Review 

Origin Destination matrix estimation has been an active research topic since decades. 
Gravity model has been widely used for trip distribution which was postulated, 
analogous to Newtonian gravity model, such that the trips between an OD pair would 
be proportional to the productions from the origin and attractions to the destination 
whilst they would be inversely proportional to the distance between the OD pair. The 
initial model gave way to various modified versions, the simplest being represented 
in the form of a generalised cost function of distance or travel time between the OD 
pair [1]. Wilson [2] introduced the Entropy Maximisation approach based on which 
various models, Gravity model being one amongst them, could be generated. 

Researchers have used different building units—Traffic counts, Automatic 
Number Plate Recognition (ANPR) data, Global Positioning System (GPS) tracks, 
Call Detail Records (CDR), Electronic Ticketing Machine/Automatic Fare Collec-
tion system records, proxy of these data or different combinations of the datasets—for 
the estimation of OD matrices. References [3–16] have presented various techniques 
to estimate OD matrices from traffic counts. 

Chang and Wu [6] presented approaches to determine the dynamic OD from 
time varying traffic counts on a congested freeway and OD distributions; Yang et al. 
[7] presented heuristic algorithms for bi-level OD estimation problem satisfying the
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network equilibrium conditions; Parry and Hazelton [10] recommended a likelihood-
based inference for estimating the OD matrices from link counts and route informa-
tion of a few vehicles; Lorenzo and Matteo [12] used the approximation property of 
neural network model for estimating the OD matrices from link counts which could 
be used for dynamic traffic management given the low computing time; Cascetta et al. 
[13] developed a quasi-dynamic approach for estimating the OD matrices assuming 
that the OD shares would remain unaltered for a reference period and only the flow 
from each origin would change thereby reducing the number of unknowns; Ma and 
Qian [14] proposed a t-distributed Stochastic Neighbour Embedding (t-SNE) and 
k-means methods that statistically cluster the traffic data for estimating the daily 
dynamic OD matrices using 24 × 7 traffic counts and speed data; Krishnakumari 
et al. [15] proposed a data driven approach for estimating OD matrices from produc-
tion/attraction time series, shortest paths between OD zones, proportionality of path 
flows between origins and destinations; Ashok and Ben-Akiva [17] illustrated the 
use of deviations in departure rates and the proportion moving to each destination 
for the estimation of time dependent OD matrices; Cipriani et al. [18] used a gradient 
approximation method, based on a modified Simultaneous Perturbation Stochastic 
Approximation (SPSA) optimisation, for solving the time varying OD matrices from 
traffic counts and speed; Caggiani et al. [19] used a Fuzzy-Generalised Least Square 
estimator for estimating OD matrices from traffic data and uncertain OD demand 
data; Foulds et al. [20] proposed a Fuzzy set-based approach for OD estimation 
whilst utilising incomplete or imprecise data; Tympakianaki et al. [21] proposed the 
cluster-based SPSA (c-SPSA) technique for estimating dynamic OD matrices with 
lesser bias than the conventional SPSA method; Shen et al. [22] proposed a two stage 
OD demand estimation by time of day over the year using traffic data; Chu et al. 
[23] developed a deep learning approach—Multi scale convolutional long short-
term memory network—using the OD tensor for OD flow representation without 
geographic data loss for predicting future OD flows and Yao et al. [24] proposed 
a spatial interaction graph convolution network model for improving the OD flow 
estimation accuracy. 

For large networks, Ma et al. [16] proposed a multi class dynamic OD estimation 
using forward–backward algorithm on computational graphs which can be used even 
in real world large scale networks; Perrakis et al. [25] employed a statistical Bayesian 
approach for estimating OD matrices from census data using Metropolis–Hastings 
algorithm and Frederix et al. [26] presented a hierarchical decomposition approach 
for offline OD estimation employing more accurate dynamic OD estimation in sub-
regions which experience congestion effects. 

The review of literature shows that majority of the studies concentrate on esti-
mating the dynamic OD matrices from traffic counts, its proxies or a combination 
of datasets including route information, speed, OD shares, previous OD, geographic 
location data, etc. which were confined to small scale transport network applications. 
The methods used include bi-level optimisation, SPSA technique, Fuzzy set-based, 
neural networks, computational graphs, deep learning approaches, etc. The review 
points at limited studies on the development of regional demand estimation tech-
niques that could be used on a large scale network. Therefore the focus of this
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study is aimed at the development of regional OD matrices from intraregional urban 
demand models. 

3 Scope and Objectives 

The urban OD matrix can be estimated by conducting roadside interview surveys 
at the outer cordon points supplemented by household surveys. However collecting 
the same data at regional level requires tremendous and concerted efforts which 
makes it inconvenient and expensive. As an alternative there may be various urban 
level travel demand studies conducted by an agency(s) which would most probably 
belong to different time frames. There are possibilities that as the prime focus of 
such studies would be the urban area, the external origins/destinations may not be 
correctly identified or would be marked with the direction of the route taken, i.e. 
with non-specific origins/destinations. 

The aim of this study is to reduce the cost and effort involved in establishing 
the regional travel demand by deriving it from the already available urban travel 
demand. Therefore the objective is the estimation of regional OD matrices using the 
intraregional OD matrices of urban areas, as building blocks, belonging to different 
time periods and having specific/non-specific origins/destinations. 

In order to understand the techniques used, a regional setting is assumed as shown 
in Fig. 1. It contains four major urban areas within a region, 20 minor urban areas 
(two minor urban areas on each link joining major urban areas and 2 minor urban 
areas beyond each major urban area), and 3 urban areas external to the area of interest. 

Fig. 1 Regional setting 
depiction
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4 Methodology 

The urban OD matrices belong to various major urban areas which are assumed to 
be captured at various time periods. This problem then presents four cases as follows 
which are detailed in subsequent sub-sections—(1) Available urban OD matrices 
with specific trip origins and destinations and belonging to the same time period, (2) 
Available urban OD matrices with specific origins and destinations but belonging to 
different time periods, (3) Available urban OD matrices with non-specific origins and 
destinations and belonging to the same time period, (4) Available urban OD matrices 
with non-specific origins and destinations but belonging to different time periods. In 
this paper, all the available urban OD matrices have been randomly generated which 
could be collected on site using various OD surveys. 

4.1 Case 1 

In this case the urban OD matrices belong to the same time period and hence it is 
a straight-forward compilation of all the urban OD matrices. This type of data is 
however hard to come by due to cost and time constraints. This can be considered as 
the Base case to which all the other cases have to be reduced to. 

The data in the base case can be simply compiled considering that the produc-
tion/attraction from different parts of an urban region contribute to the total produc-
tion/attraction of that particular urban region. If there are two values for the 
same OD pair then an average value could be utilised in the regional OD matrix. 
Mathematically, it can be expressed as given in Eq. 1. 

TAB = 
na∑

i=1 

nb∑

j=1 

Ti j  , (1) 

where TAB = Number of trips from urban area A to urban area B, Ti j  = Number of 
trips from an internal zone ‘i’ of urban area A to an internal zone ‘j’ of urban area B, 
na = number of internal zones in urban area A and nb = number of internal zones 
in urban area B. 

4.2 Case 2 

In Case 2 the urban OD matrices are from different time periods. All the urban OD 
matrices have to be brought to the same forecast year and then compiled as in Case 
1. As the other urban areas fall under external zones whilst considering a particular 
urban area, proxies for growth factors like number of vehicle registration, population, 
etc. could not be used. Therefore the growth factors as variables need to be multiplied
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to the total production and attraction of each urban area to get forecasted productions 
and attractions from various zones. Forecasted total productions and attractions are 
then used to apply the Gravity model for the generation of forecasted travel demand 
data for a particular urban region. Mathematically, the gravity model can be expressed 
as given in Eq. 2. 

Ti j  = Pi
[

A j Fi j  Ki j∑
j A j Fi j  K j

]
, (2) 

where Ti j  = Number of trips produced from zone i and attracted to zone j, Pi = 
Total number of forecasted trips produced in zone i, obtained as given in Eq. 3, A j 
= Total number of forecasted trips attracted to zone j, obtained as given in Eq. 3, Fi j  
= A value which is the inverse function of travel time, Ki j  = Calibration factor for 
interchange ij, which is obtained by calibration of the OD matrix for the base year 
to get the Ki j  such that the total productions and attractions remain the same for any 
zone. 

Pi = xpi , A j = ya j , (3) 

where x = Production growth factor for the corresponding urban area, y = Attraction 
growth factor for corresponding urban area, pi = Total number of trips produced 
from zone i in the base year, a j = Total number of trips attracted to zone j in the 
base year. 

On applying the gravity model, the forecasted OD matrix is obtained in terms of 
variable growth factors. All the urban area matrices are then compiled as in Case 1 
to get a regional OD matrix, which is then compared to the traffic flow data obtained 
from freeways to minimise the difference to obtain growth factors and eventually the 
final regional OD matrix using the method of optimisation as given in Eq. 4. 

Minimize z =
∑(

Ti j  − fi j
)2 
, (4) 

where Ti j  = Number of trips from urban area i to urban area j as obtained by 
compiling forecasted OD matrices, fi j  = Number of trips from urban area i to urban 
area j obtained from the freeway. 

4.3 Case 3 

In Case 3, the urban OD matrices belong to the same time period but the destinations 
or origins are not well defined but are mentioned as the routes. To convert these 
matrices similar to the ones in Case 1, definite origins and destinations need to be 
identified for each trip.
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In order to get the definite origin and destination points for each trip, methods of 
optimisation have been used to equate the trips going towards particular destinations 
with the total attractions of all the regions on the same route, using the attributes such 
as population, vehicle per capita and area of land for the production whereas employ-
ability of the area, commercial area and distance for the attraction. Mathematically 
this can be expressed as given in Eqs. 5 and 6. 

TAb = m
∑

i 

Ei + n
∑

i 

Ci + o
∑

i 

1 

Di 
, (5) 

where TAb = Number of trips predicted from urban area A towards urban area B, Ei 

= Employability of each urban area in the link AB before urban area B and beyond 
urban area B, Ci = Commercial area of each urban area in the link AB before urban 
area B and beyond urban area B, Di = Distance of each urban area from urban area 
A lying in the link AB before urban area B and beyond urban area B, m, n, o = 
Corresponding weight factors, to be obtained using the method of optimisation. 

TaB  = q
∑

i 

Pi + r
∑

i 

Vi + s
∑

i 

1 

Di 
+ u

∑

i 

Ai , (6) 

where TaB  = Number of trips predicted from the direction of urban area A and 
attracted to urban area B, Pi = Population of each urban area in the link AB before 
urban area A and beyond urban area A, Vi = Vehicle per capita of each urban area in 
the link AB before urban area A and beyond urban area A, Ai = Area of the land of 
each urban area in the link AB before urban area A and beyond urban area A. 

These predicted trips are then compared to the values obtained from surveys to 
get the weight factors using methods of optimisation as expressed in Eq. 7. 

Minimise z =
∑

(TaB  − taB  )2 or
∑

(TAb − tAb)2 , (7) 

where taB  = Number of trips coming from the direction of urban area A and attracted 
to urban area B as obtained from the surveys, tAb = number of trips originating from 
urban area A and going towards urban area B as obtained from the surveys. 

On obtaining the weight factors, the number of trips from A to B can be predicted 
using the proxies for production and attraction and the obtained urban area matrices 
can be compiled as in Case 1 to get the regional OD matrix. 

4.4 Case 4 

In Case 4, the urban OD matrices belong to different time periods and also have 
non-specific origins or destinations. This case could be treated as a combination of 
other cases explained above. Firstly the origins and destinations could be found for
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the base year for each urban areas which have non-specific origins/destinations as 
per methodology explained for Case 3 and then the data could be forecasted for the 
same horizon year using growth factors as per methodology explained for Case 2 to 
get matrices similar to Case 1 which could then be compiled. 

5 Numerical Example 

For better understanding of the methodology formulated, a numerical example has 
been hypothesised in this section. Figure 2 shows the virtual region consisting of four 
cities and the transport network. For the said region, the random matrices for major 
cities were developed and processed considering 5, 7, 9 and 6 numbers of internal 
zones for major cities 1, 2, 3 and 4, respectively, along with three external zones 
(marked e1–e3). Case 3 being complex, this has been dealt with further. The randomly 
generated OD matrices for the cities are shown in Tables 1, 2, 3 and 4. Furthermore, 
the demographic data and distances were also assumed for all major (marked c1–c4) 
and minor cities (marked a–t) as presented in Tables 5 and 6, respectively. 

Applying Eqs. 3 and 4 and by solving the optimisation problem, the city matrices 
are obtained with definite origin and destination points (with trips rounded off to 
nearest integer value) as shown in Tables 7, 8, 9 and 10. The modified OD matrices 
would then be compiled as per Eq. 1 to obtain the regional OD matrix. 

As detailed through the presentation of a numerical example, the methodology 
formulated for constructing the regional OD matrix from the intraurban OD matrices 
could be achieved utilising the optimisation techniques. This methodology could be 
adopted to estimate the regional travel demand which would help in understanding the 
trip patterns on the regional level and hence would be useful in highway connectivity 
planning and prioritisation in addition to forecasting future regional trips. 

Fig. 2 Virtual region
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Table 1 Generated OD matrix for city 1 

1 2 3 4 5 c2 c3 c4 e1 e2 e3 

1 82 98 85 4 18 50 55 25 38 34 45 

2 91 96 94 9 49 96 14 62 57 16 8 

3 12 49 68 83 45 34 15 47 7 80 23 

4 92 80 76 70 65 59 26 35 5 31 92 

5 63 14 75 32 71 22 84 83 53 53 15 

c2 9 42 39 95 76 75 25 59 78 16 83 

c3 28 92 66 3 27 25 82 55 94 60 54 

c4 55 80 17 44 68 51 24 92 13 26 100 

e1 96 96 71 38 66 70 93 28 57 66 7 

e2 97 66 3 77 16 89 35 76 47 69 44 

e3 15 3 27 80 12 96 19 76 1 75 10 

Table 2 Generated OD matrix for city 2 

1 2 3 4 5 6 7 c1 c3 c4 e1 e2 e3 

1 80 63 13 75 49 82 17 99 55 17 19 99 16 

2 2 68 72 50 16 72 39 16 95 3 43 73 18 

3 93 39 10 48 98 15 83 10 42 56 48 34 42 

4 73 37 66 91 71 66 81 37 99 89 12 58 9 

5 49 99 49 61 50 52 6 20 30 67 59 10 60 

6 58 3 78 62 47 98 40 49 70 19 22 91 47 

7 23 89 72 86 6 65 53 34 67 37 38 88 70 

c1 46 92 91 81 68 80 42 96 54 46 58 82 70 

c3 97 80 89 58 4 45 66 92 70 99 25 26 64 

c4 55 9 33 18 7 43 63 5 67 15 29 60 3 

e1 52 26 70 24 52 83 29 74 17 86 62 2 6 

e2 23 33 19 89 9 8 43 27 12 65 26 42 32 

e3 49 68 3 2 82 13 1 42 100 38 83 31 53 

Table 3 Generated OD matrix for city 3 

1 2 3 4 5 6 7 8 9 c1 c2 c4 e1 e2 e3 

1 66 44 22 32 77 23 54 22 9 24 43 77 9 88 59 

2 41 53 67 79 19 12 87 10 53 44 89 16 11 99 24 

3 82 46 85 47 29 61 26 11 53 69 39 87 13 0 67 

4 72 88 34 3 9 45 32 6 86 36 77 99 68 87 8 

5 97 52 78 17 58 46 12 40 48 74 40 51 50 61 63 

6 53 95 68 72 69 66 94 45 39 39 81 89 19 99 66 

7 32 64 0 47 55 77 65 36 67 69 76 59 49 53 73

(continued)
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Table 3 (continued)

1 2 3 4 5 6 7 8 9 c1 c2 c4 e1 e2 e3

8 10 96 60 15 42 35 48 77 74 71 38 15 14 48 89 

9 61 24 39 34 65 66 64 63 52 44 21 20 5 80 99 

c1 78 68 92 61 65 42 55 77 35 1 79 41 85 23 77 

c2 42 29 0 19 68 85 65 94 15 33 95 75 56 50 58 

c4 9 67 46 74 64 84 54 98 59 42 33 83 93 90 93 

e1 26 70 42 24 95 25 72 19 26 27 67 79 70 58 58 

e2 15 6 46 92 21 61 52 14 4 19 44 32 58 85 1 

e3 28 25 77 27 71 58 100 70 76 82 84 53 82 74 12 

Table 4 Generated OD matrix for city 4 

1 2 3 4 5 6 c1 c2 c3 e1 e2 e3 

1 87 12 12 10 99 47 90 17 75 44 30 34 

2 48 20 49 14 86 65 11 36 74 1 4 29 

3 85 14 86 16 79 2 99 5 56 90 51 75 

4 21 19 88 62 51 85 54 52 18 19 76 1 

5 55 4 27 57 17 56 71 33 60 9 63 4 

6 63 64 21 5 40 86 100 17 30 31 9 67 

c1 3 28 57 94 13 35 29 21 13 46 8 60 

c2 62 54 64 73 3 45 41 91 21 10 78 53 

c3 36 70 42 74 94 5 46 68 90 100 91 73 

e1 5 50 20 6 30 17 77 47 7 33 53 71 

e2 49 54 95 86 29 66 82 92 24 30 11 78 

e3 19 44 8 94 33 33 10 10 5 6 83 29 

Table 5 Demographic data 

Population Vehicle per capita Area of land 
(km2) 

Employability Commercial area 
(km2) 

City 1 5000 1.5 60 400 2 

City 2 3000 2 40 500 1 

City 3 5500 2 54 300 1 

City 4 3300 1 35 500 3 

a 700 1 8 1000 3 

b 1300 1 10 700 2 

c 1200 1 9.4 200 4 

d 1470 1 11 180 4 

e 1690 2 12 307 5 

f 2570 2 17 367 8

(continued)
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Table 5 (continued)

Population Vehicle per capita Area of land
(km2)

Employability Commercial area
(km2)

g 2600 2 19 147 3 

h 1460 1 11 425 5 

i 1800 1 15 853 4 

j 1700 1 14 743 2 

k 2003 2 17 489 5 

l 2469 2 20 654 7 

m 2435 1 21 598 3 

n 2130 2 19 456 8 

o 2378 1 23 873 3 

p 1320 3 10 158 5 

q 1200 2 9.5 345 2 

r 1400 1 11 123 6 

s 1700 1 14 674 4 

t 1520 1 13 356 3 

Table 6 Distance matrix 

City 1 City 2 City 3 City 4 

City 1 0 90 120 63 

City 2 90 0 60 132 

City 3 120 60 0 99 

City 4 63 132 99 0 

a 30 60 – – 

b 60 30 – – 

c – 20 40 – 

d – 40 20 – 

e – – 33 66 

f – – 66 33 

g 42 – – 21 

h 21 – – 42 

i 40 – 80 – 

j 80 – 40 – 

k – 88 – 44 

l – 44 – 88 

m 20 110 140 83 

n 40 130 160 103

(continued)
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Table 6 (continued)

City 1 City 2 City 3 City 4

o 110 20 80 152 

P 130 40 100 172 

q 140 80 20 119 

r 160 100 40 139 

s 83 152 119 20 

t 103 172 139 40 

Table 7 Modified OD matrix for city 1 

1 2 3 4 5 c2 c3 c4 e1 e2 e3 

1 82 98 85 4 18 6 4 9 38 34 45 

2 91 96 94 9 49 6 4 9 57 16 8 

3 12 49 68 83 45 6 4 9 7 80 23 

4 92 80 76 70 65 6 4 9 5 31 92 

5 63 14 75 32 71 6 4 9 53 53 15 

c2 19 19 19 18 18 4 5 10 78 16 83 

c3 24 24 24 24 24 5 4 11 94 60 54 

c4 17 17 17 16 11 5 5 9 13 26 100 

e1 96 96 71 38 66 70 93 28 57 66 7 

e2 97 66 3 77 16 89 35 76 47 69 44 

e3 15 3 27 80 12 96 19 76 1 75 10 

Table 8 Modified OD matrix for city 2 

1 2 3 4 5 6 7 c1 c3 c4 e1 e2 e3 

1 80 63 13 75 49 82 17 7 5 5 19 99 16 

2 2 68 72 50 16 72 39 7 5 5 43 73 18 

3 93 39 10 48 98 15 83 6 5 5 48 34 42 

4 73 37 66 91 71 66 81 6 5 5 12 58 9 

5 49 99 49 61 50 52 6 6 4 5 59 10 60 

6 58 3 78 62 47 98 40 6 5 5 22 91 47 

7 23 89 72 86 6 65 53 6 4 5 38 88 70 

c1 16 16 16 16 16 16 16 14 15 16 58 82 70 

c3 14 14 13 14 13 14 13 15 12 15 25 26 64 

c4 10 9 9 10 10 10 10 11 11 9 29 60 3 

e1 52 26 70 24 52 83 29 74 17 86 62 2 6 

e2 23 33 19 89 9 8 43 27 12 65 26 42 32 

e3 49 68 3 2 82 13 1 42 100 38 83 31 53
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Table 9 Modified matrix for city 3 

1 2 3 4 5 6 7 8 9 c1 c2 c4 e1 e2 e3 

1 66 44 22 32 77 23 54 22 9 6 4 9 9 88 59 

2 41 53 67 79 19 12 87 10 53 6 4 9 11 99 24 

3 82 46 85 47 29 61 26 11 53 6 4 8 13 0 67 

4 72 88 34 3 9 45 32 6 86 6 4 9 68 87 8 

5 97 52 78 17 58 46 12 40 48 6 4 9 50 61 63 

6 53 95 68 72 69 66 94 45 39 6 3 9 19 99 66 

7 32 64 0 47 55 77 65 36 67 6 3 8 49 53 73 

8 10 96 60 15 42 35 48 77 74 5 3 8 14 48 89 

9 61 24 39 34 65 66 64 63 52 6 4 9 5 80 99 

c1 30 30 30 30 30 30 30 30 30 11 11 11 85 23 77 

c2 21 21 21 21 21 21 21 21 21 15 15 15 56 50 58 

c4 18 17 18 18 18 18 18 18 17 8 8 7 93 90 93 

e1 26 70 42 24 95 25 72 19 26 27 67 79 70 58 58 

e2 15 6 46 92 21 61 52 14 4 19 44 32 58 85 1 

e3 28 25 77 27 71 58 100 70 76 82 84 53 82 74 12 

Table 10 Modified OD matrix for city 4 

1 2 3 4 5 6 c1 c2 c3 e1 e2 e3 

1 87 12 12 10 99 47 4 2 2 44 30 34 

2 48 20 49 14 86 65 4 2 2 1 4 29 

3 85 14 86 16 79 2 4 2 2 90 51 75 

4 21 19 88 62 51 85 4 2 2 19 76 1 

5 55 4 27 57 17 56 4 2 2 9 63 4 

6 63 64 21 5 40 86 4 2 2 31 9 67 

c1 22 21 21 21 21 21 8 9 8 46 8 60 

c2 15 15 15 16 15 15 10 11 10 10 78 53 

c3 20 20 20 19 20 20 10 11 10 100 91 73 

e1 5 50 20 6 30 17 77 47 7 33 53 71 

e2 49 54 95 86 29 66 82 92 24 30 11 78 

e3 19 44 8 94 33 33 10 10 5 6 83 29
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6 Conclusion 

Urban travel demand has been the focus of major research initiatives primarily aimed 
at estimating the urban OD matrices from various building units—traffic count and its 
proxies the most. However regional OD matrices are required for planning purposes 
by the policy makers to undertake decisions considering the regional setting. Utilising 
the same process for building the regional OD matrix is prohibitively expensive and 
time consuming. This paper presents novel ways of establishing the regional travel 
demand based on the already available urban travel demand matrices that could 
belong to different time periods and have non-specific origins/destinations. This 
paper presents four cases/possibilities which have been addressed effectively through 
the formulated methodology and has been further discussed using a numerical 
example. 

However, it needs to be seen as to how this methodology works in the real world 
which can be tested only with a case study of a region with the availability of 
several urban OD matrices. This is one of the limitations of the study which would 
be addressed in the future work. Nevertheless, it is evident that the methodology 
presented holds promise in the direction of estimating regional travel demand from 
intraregional travel demand models. This could be an efficient tool in the hands of 
policy makers dealing with regional planning and forecasting efforts. 
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Underlying Factors and Dependencies 
Towards a Dynamic Vehicle Ownership 
Model in India: A Content Analysis 
Approach 

Somnath Bhui and Debapratim Pandit 

Abstract Most of the vehicle ownership studies have been conducted in devel-
oped countries using static models. Undermining the temporal dynamics of this 
phenomenon may lead to uncaptured underlying mechanisms. The rapid economic 
growth in India, coupled with its diversity presents a rather different context to focus 
upon. Considering this, a dynamic vehicle ownership model is required where various 
biological domains and their interactions influencing vehicle choice decisions can be 
investigated. In this paper, we investigate the underlying processes and various factors 
behind vehicle ownership of a household, employing a content analysis approach on 
transcribed retrospective interviews. The outcome is a pathway that depicts various 
trajectories of vehicle ownership one can find in India. It is a first attempt, to capture 
the ownership trajectories of Indian households considering both two-wheelers and 
cars. Apart from the known factors, the role of employer, retirement, interpersonal 
interaction was found impacting vehicle ownership. The findings of this study can 
be used in further development of dynamic models of vehicle transactions. 

Keywords Vehicle ownership ·Mobility biography · Content analysis 

1 Introduction 

Vehicle ownership has been extensively studied from economics, marketing, and 
transportation perspective primarily for two reasons; determination of consumer 
demand of various types of vehicles, and its role in the activity-travel behaviour 
of individuals and households [1]. The former is beneficial for the manufacturers 
whilst the latter is relevant for policy makers, local government, urban planners 
who intend to understand the underlying reasons of vehicle ownership decisions
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towards devising efficient policies for travel demand management of a particular 
urban area. Needless to reiterate the significance of emission modelling in today’s 
context, vehicle ownership is a crucial input. With the adoption of electric vehicles, 
and tele-commuting by office goers, these studies have become even more relevant. 

Most of the studies in vehicle ownership have been conducted in the context of 
developed countries. Due to increase in fuel cost; automobile saturation; wealth 
effects; ageing populations; increased urbanization; improved alternative travel 
options and incentives; changing consumer preferences; and increased concerns for 
health and environment, peak car use has resulted in stagnation or even decline in car 
use in developed countries [2]. On the other hand, with rise in income in developing 
countries including India, it is hypothesized that automobile ownership will also 
increase. India also being different in terms of demography and cultural diversity 
may have different implications on vehicle ownership. Additionally, in the wake of 
policies like allowing non-transport (personal use) cars to serve as pool cars; volun-
tary scrappage of personal vehicles etc. in India, it is of paramount importance to 
investigate their impacts on vehicle ownership decisions. 

There have been numerous studies on estimating vehicle ownership, and identi-
fying influencing factors for the same using cross-sectional data [1, 3–9]. Due to lack 
of time dependency in such models, many underlying mechanisms remain uncap-
tured. Hence a dynamic vehicle ownership modelling approach is the need for the day 
where various biological domains and their interactions influencing vehicle choice 
decisions over time can be investigated [8, 10–22]. Identifying them can equip us 
with the knowledge of factors and conditions that lead to the changes in vehicle 
ownership state. Hence, we propose to develop a dynamic vehicle ownership model, 
with a narrative accounting for the factors and dependencies of vehicle ownership in 
India. 

In this paper we attempt to find the underlying processes behind vehicle owner-
ship of a household. The motivation behind this study is our endeavour to develop 
a framework to predict the vehicle ownership of a household, during a certain time 
period, based on demographic and landuse characteristics. We employed a retrospec-
tive mobility biography approach to find the processes in which we interviewed 40 
households from multiple Indian cities. From the transcribed interviews, the factors 
have been identified using a content analysis approach. 

2 Literature Review 

The most common socio-economic characteristics used in transportation studies are; 
gender, age group, household size, household income, education level, employment 
status, marital status, etc. Increase in age reduces personal trips [23]. Individuals 
lesser than 30 years age are less likely to have cars, whereas, individuals beyond 
65 years age are more likely to replace old vehicles [12]. Evidence of gender-based 
differences in choice making behaviour between men and women has also been 
found [24]. Cars have been found to be a more prized possession to men than women
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[25]. In almost all the studies, household income has been consistently found to 
be correlated with increase in vehicle ownership [2, 12, 23, 26, 27]. Employment 
type, location, duration impacts vehicle allocation in a household [28, 29] and hence 
its role in vehicle ownership cannot be neglected. Education has not been found 
to have any role on vehicle ownership, but recent studies dealing with the choice 
of electric vehicles and autonomous vehicles, have found to have some impact on 
the vehicle type choice. Theory of planned behaviour highlights the importance of 
attitudes, subjective norms, and perceived behavioural controls behind the intention 
to take a decision, as the best predictor of a person engaging in a certain behaviour 
[30]. Psychosocial and symbolic-affective benefits also play a major role behind car 
ownership, and even has higher impact than instrumental benefits [6, 31–33]. 

With regards to the tools used to analyse data in such studies, there are instances of 
Multiple linear regression, Non-linear regression, Ordered probit, Ordered logistic 
models, Multinomial logit models, Nested logit models, and Mixed logit models, 
being used in identifying the static and dynamic factors behind various aspects of 
vehicle ownership [4–6, 23, 34–39]. Endogenous implications of vehicle ownership 
has been studied using techniques like Bayesian belief network, Bayesian multi-
variate ordered probit and tobit models, Mixed multidimensional choice modelling, 
Copula-based models, and Discrete-continuous models [1, 19, 40–44]. Populariza-
tion of hazard-based duration models brought another approach to account for the 
dynamic factors like the lead and lag effects of certain events on vehicle ownership 
[15, 21, 45, 46]. These studies are increasingly gaining importance with the adop-
tion of microsimulation-based activity-travel demand models for urban areas where, 
both long and short term transportation decisions, life-course events, and their inter-
relationships are considered [11, 12, 42]. Panel data required for such longitudinal 
studies is non-existent in most of the urban areas in the world, which can be resolved 
using retrospective mobility biography approach [47]. Mobility biography research 
(MBR) investigates the life-course trajectories that link directly to an individual’s 
travel behaviour such as availability of a private car, public transport season ticket, 
driving licence or actual travel patterns. The novelty of this approach is in its frame-
work that allows analysis of travel behaviour of individuals with respect to choices 
made in other domains of life. Key events and critical incidents which are the unit 
of a life-course trajectory can play a role in formation of attitudes [48]. Events like 
car acquisition, driving licence acquisition and marriage can impact vehicle owner-
ship and have indirect impact on travel behaviour; on the other hand, key events like 
childbirth, relocation, employment/education, incidents can have direct impact on 
travel behaviour and no or indirect impact on mobility resource [32]. Urban form, 
quality of transport (and built environment), preferences, activity patterns, financial 
and time resource are also found to be important in explaining any travel behaviour 
and vehicle ownership. Based on social norms and structural condition, patterns can 
also be identified in MBR to inductively reconstruct biography of others for gener-
alization [33]. Prediction models of vehicle ownership using life-course events have 
also been undertaken to measure the impact of desire to replace existing vehicle;
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anticipated change in mobility needs; characteristics of alternatives; and other socio-
demographic characteristics on the acceptance of EV, electric bikes, and car sharing 
[49]. 

Although life-course-based studies mentioned above delve into dynamism, there 
is a lack of studies accounting for interdependencies amongst various spheres of 
life-course events. The need to study the interdependencies between other spheres of 
long term mobility decision like residential location choice and employment location 
choice, and impacts of social interaction has been identified in literature [50–52]. 
Transcending individual characteristics, very few studies have been undertaken to 
explain the implications of interpersonal interactions, essentially of two types; house-
hold and social [53], on vehicle ownership, which have been already validated for 
travel behaviour [11, 18, 50, 54, 55]. 

3 Methodology 

With the intention to unravel the patterns in Indian households in vehicle ownership 
decisions, 40 in-depth interviews were conducted from multiple cities in India, using 
convenience sampling. A summary of the household composition, age of household 
head, and monthly income is shown in Table 1. Qualitative studies ought to have a 
sample size between 25 and 30 [56]. There are also a couple of qualitative studies in 
transportation domain, having sample size between 10 and 32 [32, 33, 57–61]. A meta 
study of 560 Ph.D. thesis found 62 and 70 being the maximum sample size considered 
for life-history-based and content analysis-based studies, respectively [62]. Whilst 
quantitative surveys rely on the concept of confidence interval; qualitative studies, by 
virtue of its intense labour, and the motive to understanding the process, relies more 
on the concept of saturation. Saturation is the condition when addition of new data 
does not shed any further light on the issue under investigation. Based on a method

Table 1 Descriptive statistics of the sample 

Household 
composition 

No. of 
families 

Age of HH 
head 

No. of 
families 

Monthly income No. of 
families 

A or H-W 2 30–40 3 10,000–40,000 3 

H-W, 1C 7 40–50 11 40,000–50,000 3 

W, 2C 1 50–60 20 50,000–60,000 3 

H-W, 2C 19 60–70 3 70,000–80,000 5 

H-W, 2C, 1P 1 70+ 3 80,000–100,000 12 

H-W, 2C, 1D, 
1G 

1 100,000+ 14 

H-W, 3C 9 

A Alone; H Husband; W Wife; C Children; D Daughter-in-law; P Parent
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to assess saturation, this study attained saturation (0% threshold), with a base size of 
6, and run length of 3, at the 27th observation [63].

The interviews were open ended and lasted for 40 min on an average, and even 
stretched over multiple days sometimes. We intentionally targeted respondents who 
are either working or pension holders, in the age group of 32–78 years, as below 
that age a person seldom has any vehicle ownership biography in the Indian context. 
Respondents were asked about their trajectory of residential mobility, household 
structure, employment, income, and vehicle ownership. Their aspiration to undergo 
any vehicle transaction in near future; and impact of interpersonal interactions on 
vehicle ownership was also explored. Respondent’s perception about car sharing, 
electric vehicles, and autonomous vehicles; and impacts of COVID-19 pandemic on 
vehicle ownership was also recorded. Following the data collection, the interviews 
were transcribed and simultaneously themes were identified using content analysis 
approach, employing inductive and deductive thinking [64], based on their dialogues 
recorded during the interview. 

4 Results and Discussion 

4.1 Physical Factors 

Evidences from the survey validating various physical aspects of vehicle ownership 
has been shown in Table 2. Household income arguably is the most common factor 
playing a role in vehicle ownership. High neighbourhood accessibility to services 
and infrastructure; Landuse characteristics; parking availability; policies and regula-
tions regarding vehicle ownership also plays a significant role. Owning a motorized 
vehicle being a liability to the household, only gets opted if feasibility is achieved in 
competition to public transport (PT) and non-motorized (NMT) modes, for a given 
time-money budget. Provision of housing and transport service for commuting, by 
the employer, defers vehicle ownership of single driver households, unless addition 
of a new driver is anticipated in a few years. This deferral may reduce, in case the 
number of non-regular trips increases for an individual. Employers often provide 
incentive on vehicle purchase and/or fuel; or incentivize tele-commuting. Whilst the 
former may increase vehicle ownership, the later may lead to reduction in vehicle 
ownership. The lack of parking has created opportunities for spaces of occasional 
use to be used as paid parking space. The urban form and characteristics of an area, 
emerging from the coming together of organically developed settlements often results 
in bottlenecks for vehicle accessibility, constraining vehicle ownership. Dense and 
compact settlements have been found to lead to low car ownership but high two-
wheeler ownership. Although less in numbers, mobility impairment due to accident 
or geriatric and general health condition can also lead to acquisition and disposal 
of certain types of vehicles. This generally leads to reduced activities with intensive 
driving.
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Table 2 Physical factors impacting vehicle ownership 

Theme Statements Instances 

Income and employer “Purchasing power is the main factor behind 
vehicle ownership …” 

2 

“I used to commute in office bus” 2 

“We get incentives for fuel and vehicle 
purchase from our employer” 

3 

PT, NMT, policy and regulation “We never owned a motorized vehicle as 
everything was at walking distance, and public 
transport was very good … In Singapore, due 
to high revenues, private cars are owned only 
by millionaires” 

1 

“Lack of administrative control over laying 
local roads results in bottlenecks for access to 
big vehicles …” 

1 

“Lack of security in the area triggered to 
acquire a scooty/car, even though children 
could ride bicycle/scooty” 

1 

Urban form “Schools, hospitals, market, etc., are located 
in and around the older part of the city … City 
has expanded way beyond that area, making it 
necessary to own a vehicle” 

1 

“Due to inequitable distribution of services, 
multiple motorized vehicles are required per 
household” 

1 

“Unconducive conditions for NMT makes 
motorized vehicle ownership an automatic 
decision …” 

2 

“Due to congested roads, narrow streets, and 
lack of parking, we had to buy a two-wheeler 
for short and frequent trips …” 

4 

Parking “I wish to own a car, but unable due to lack of 
parking space” 

2 

“We had to sell off our car twice due to 
disputes related to parking space …” 

1 

Mobility impairment “After my accident I had to sell my bike and 
buy a scooty” 

1 

“Sold bike after getting diagnosed with knee 
problems which prevented me from 
kick-starting my bike and lifting my leg around 
the seat …” 

2 

“Father’s diagnosis of backbone issues, 
stopped his bike riding” 

1
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4.2 Subjective Factors 

Evidences from the survey validating various subjective aspects of vehicle owner-
ship has been shown in Table 3. Instrumental benefits being important, subjective-
affective benefits of vehicle cannot be overlooked. Similar to studies in literature, we 
found psychological factors like, attitude and self-image impact vehicle ownership 
[2, 6]. A pro-technology attitude tends to increase the number of vehicle transac-
tions. Perception of various latent aspects like safety, comfort, etc. also plays a role 
in vehicle ownership. Despite the direct proportionality between income and vehicle

Table 3 Subjective factors impacting vehicle ownership 

Theme Statements Instances 

Pro-technology “I have changed many vehicles because I had the desire to 
experience the latest vehicle in the market and aspired to own 
them” 

1 

“I always want to possess the latest model of a certain bike, so 
change my bike every 3–5 years …” 

1 

Self-image “There are people who buy vehicles for show-off … The ethical 
and cultural values in a household plays a role in the consumption 
pattern of the household …” 

1 

“Manufacturers exploit the behaviour of people to maintain a 
self-image by charging a lot for image boosting features like alloy 
wheels, exquisite interiors, etc.” 

1 

“Getting bored with a colour of vehicle resulted in changing it 
every 3–6 years …” 

1 

“Need to maintain a certain social status due to employment type, 
resulted in car acquisition …” 

2 

“Two-wheeler vehicles are judged based on their functional 
aspect, but a car also has social value … a social status … 
attached to it …” 

3 

Comfort, safety “Given a financial state, safety, comfort, and lifestyle are the 
factors that people want to pay extra for, whilst buying car …” 

1 

Dream “I always wanted to buy a car …” 2 

Independence “We travel to our hometown frequently which is not well 
connected with transit … We acquired car to be reduce 
dependence on transit …” 

1 

“Car could give us freedom to choose our travel time for long 
trips …” 

2 

Habit “After my bike was stolen, I bought another bike within a year 
because I had by then developed the habit of using it” 

1 

“After disposal of scooty, had to buy another one as it became an 
integral part of our activity scheduling” 

1 

“After disposing car, bought a scooty for wife as she was 
habituated with the independence in mobility …” 

1
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ownership, ‘habit’ has been known to induce inelasticity in the relationship, and in 
the survey also it has been found to trigger vehicle ownership. This happens due to 
the exposure of household to the acquired benefits of vehicle ownership leading to 
escalation of the value of the vehicle for the household, and impelling to maintain 
a certain level of ownership, by replacing or acquiring (for e.g.: in case of theft) 
the vehicle as and when required. The need to maintain a certain social image (e.g. 
businessmen, entrepreneurs), and independence are other subjective factors found to 
be impacting vehicle ownership.

4.3 Life-Course 

The surveys show that vehicle ownership and use trajectory of an individual starts 
with bicycle, as it is considered a life skill. With the growing up of the individual, a 
larger bicycle is acquired. Later on as the value of time of the individual increases, a 
motorized two-wheeler is added to the fleet. Since that point of time, the bicycle gets 
reserved for neighbourhood trips, and a tool for learning the skill for others, till it 
becomes unserviceable. Prior to first-time acquisition of a certain motorized vehicle 
type, in order to get acquainted with the changes in driving experience, people tend 
to buy a used vehicle whose retention period ranges from 2 to 10 years, depending 
upon the mileage, reliability, comfort, safety, speed, etc. offered, and the need of the 
household. Long travel times, and unavailability of reliable public transport, triggers 
the need to have a faster and/or bigger vehicle. With the increase in household size, 
travel needs become overwhelming for a person to satisfy. Hence cases of scooter 
being acquired for serving as a vehicle for both the spouses are plenty, allowing the 
female counterpart to contribute in the overall travel needs of the household. 

Presence of children is a trigger in bicycle acquisition. The bicycle meant for 
children, if bought during the early years, is small and is meant only for training 
purposes. It remains in the fleet for 3–6 years and eventually, based on attitudes, 
and perceptions of safety and security, gets replaced by a larger bicycle for making 
neighbourhood trips. The older bicycle is either used by some other user, or it is 
disposed of. 

People who are or were employed, were found to be abstaining from four-
wheeler ownership, till a few years from retirement. But ownership of motorized 
two-wheeler was found to be a contemporaneous or lagging event to a few years of 
employment. Low average income in India; time taken in becoming resource surplus; 
aversion to being exposed to weather elements in the later years of life; perceiving 
car as an emergency vehicle, may cause such behaviour. Motorized two-wheelers, 
acquired at old age are essentially physically less demanding. Depletion of skill and 
appetite of driving may also result in transactions aiming to reduce physical and 
psychological stress. 

Having no dependencies (marriage), and relocating to an undesirable place; occur-
ring simultaneously, may restrain any big investment, till a point where owned vehicle
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can make access to desired location feasible. Evidences of all the above life-course 
event impacts are shown in Table 4. 

4.4 Interpersonal Interactions 

All the vehicle ownership decisions post marriage has exhibited some sort of 
intra-household interaction. The evidences of interpersonal interactions influencing 
vehicle ownership has been shown in Table 5. Mobility of the spouse; the needs of the 
children; differences amongst the household members, are some of the factors found. 
Financial independence coupled with low household size has been found to reduce 
the significance of intra-household interactions with respect to mobility decisions. 

The functional attribute level decisions are made by the head of the household 
with the help of a decision support system. This system may include experienced 
colleagues, professional drivers, and family members as well. Although the impact of 
intra-household interaction has been found to dominate the decision making process, 
Social interaction has also been found to impact the final choice, apart from the self-
bias of the individual. The exhibition of snob effect is evident from the fact that people 
pay extra for features that can set them apart from the mass [65]. This behaviour 
is capitalized by the manufacturers by packaging other features that maybe rather 
irrelevant for the consumer. Few cases of snob effect in consequent two-wheeler 
transactions have been found. Habit can also be induced by the social utility of a 
vehicle through appreciation from the society, reinforcing the position of the vehicle 
in the fleet. Although desire is something related to the personal traits of a person, 
people acknowledge of it being induced by social pressure as well. 

4.5 Disposal 

A vehicle gets disposed (scrapped/transferred/sold) when the cost of maintaining 
it exceeds the benefit obtained from it. Such condition may arise when a vehicle 
becomes irrelevant, obsolete with respect to market trends, and/or qualify as ELV 
(End of Life Vehicles). Irrelevance is the case when the vehicle ceases to serve the 
prime objective behind its acquisition. Ageing/demise of the user has been found to 
be a reason for a vehicle becoming irrelevant. ELVs are defined as vehicles having 
surpassed the prescribed age, defined by a competent authority. Often such vehicles 
can incur high cost of repair, increasing the opportunity cost of keeping the vehicle(s). 
Under such circumstances, breakdown may become a trigger for disposal of the 
vehicle. Obsolescence of a vehicle is realized when parts for the vehicle cease to be 
available in the market, or the model itself loses its relevance in the market. 

First hand vehicles end up being second hand, and second hand vehicles become 
ELV, and end up being scrapped. Selling and transfer of ownership becomes a means 
of disposal when the vehicle is in operable condition. Emotional attachment to vehicle
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Table 4 Life-course event impacts on vehicle ownership 

Theme Statements Instances 

Ageing “Father has retired, and parents are growing 
old, so thinking to get a car” 

1 

“Propensity to travel in bus is getting reduced 
with age” 

1 

“Deferring car buying would reduce my 
chances to own one, as I will not get licence 
after 60; with age I may become driving 
averse” 

1 

“Parents getting old, So I may buy a car for 
their mobility during any medical emergency 
or family trips” 

2 

“… My wife sold her heavy scooty and 
bought a lighter one as it would be easy to 
use for her” 

1 

Childbirth; household size “Upgraded to scooter as the former was for 
practise only. Later upgrade to a bike as 
family size increased and more power was 
required. Again upgraded to car as kids grew 
up and we relocated to a place far from 
church …” 

1 

“We have a car now, but an anticipated 
family expansion triggers us to add a 7 seater  
car to the fleet” 

2 

“After childbirth, medical trips became 
necessity, so bought a bike” 

1 

“Small car was not adequate for the family 
with children growing” 

3 

Growth; increased travel demand “I rode a used scooter for 10 years, and 
bought a new motorized-bike after that, which 
I had to replace with another having a larger 
engine, in 3 years due to increased travel for 
business growth …” 

1 

“I bought a scooty so that my wife can escort 
my daughter to tuitions, and serve as a 
secondary vehicle for my commuting as well 
…” 

2 

“With children growing, upgraded to bike as 
the distances of tuition increased and so did 
the value of time” 

1 

“School van takes a lot of time; my 
child/children would starve. Added a scooty 
for my wife to be able to escort kid(s) to 
school, and for my own use as well …” 

2

(continued)
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Table 4 (continued)

Theme Statements Instances

“I need to make frequent trips to my 
hometown, so bought a car” 

2 

“We got our son first bicycle at the age of 6 
for learning, second and third at the age of 11 
and 16 for educational trips and occasional 
use by me also. He still uses his bicycle for 
short trips …” 

1 

Relocation “Was posted far from home … got my first 
vehicle after I relocated to a city near my 
native village/town … before getting married” 

2 

Retirement “Before retirement, we replaced the old car 
with a new car, better in terms of mileage, 
comfort, and speed …” 

1 

“… I bought the car in the year I retired, to 
escort my son to and fro airport. We also 
thought it to be helpful in emergency 
situations” 

1 

may play a role in deterring disposal, and can even dictate if the vehicle is sold to 
a known person or an unknown person. Although unreported, it is a pretty common 
to find ELV vehicles being operated in rural areas, due to lack of enforcement of 
regulations. The various patterns in disposal are shown in Table 6.

4.6 Emerging Technology 

Shared mobility and electric two-wheelers are the only two emerging transportation 
modes that people in the study area have been exposed to. Shared mobility was 
reported desirable as it can liberate households from various costs associated with 
ownership, and can be economical too. So far electric mobility/Electric vehicle (EV) 
is concerned, the willingness of people to accept it was overwhelming due to its; 
cost effectiveness from fuel, low maintenance, low overhead costs; safety, due to 
speed limit (in certain vehicles); and reduced vehicular emission. Despite these, 
people are sceptic due to the high initial cost; non-existent charging infrastructure; 
and unreliability of battery. People anticipate policy intervention by government 
with ardour, to ease out the adoption of electric mobility in both two-wheeler and 
cars. Although unknown, people, on explaining the features of autonomous vehicles 
(AV), pointed out heterogeneous traffic and lack of road discipline as the major 
challenge to it, and affirmed the deployment of AV in controlled environments like 
university campuses, army cantonments, etc. Also, people with driving aversion 
found it fascinating. The various perception towards the emerging technologies in 
transportation sector are shown in Table 7.
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Table 5 Interpersonal interaction impacts on vehicle ownership 

Factor Statements Instances 

Intra-household differences “Discussion is done at household level on whether to 
buy a particular type of vehicle or not. The model, 
capacity, etc. is decided by me” 

1 

“I could not buy car as my family was not cooperative. 
By the time I could persuade them, I was about to 
retire” 

1 

Spouse’s mobility “We were determined that the acquired vehicle will be 
driven by both of us (spouses), so scooty was the only 
option. The brand and all were decided by me” 

1 

“We got a scooty to empower my wife to contribute to 
household travel needs, and to get a secondary vehicle 
for myself” 

3 

Financial independence “After starting to earn, children did not discuss their 
mobility decisions with the rest of the household, and 
acquired vehicle on their own, as per their need, but 
we share the parking space” 

2 

Decision support “Definitely relied on my colleagues for new 
information on any vehicle, as many of them have 
decent experience about vehicles. One should also talk 
to professional drivers as they might have handled 
vehicles of many manufacturers, and can point the 
pros and cons of each of them” 

1 

“For new vehicle, social network definitely helps as a 
decision support system by sharing their personal 
experience, giving test drives, etc. …” 

1 

“Even though the primary decision on any aspect of 
vehicle (especially aesthetic) totally depends on family 
members, I would take cues from my social network 
for the need to buy, vehicle type, and model …” 

8 

Social pressure “Given the choice between two vehicles, I would 
choose the one that is bought more by people … This 
will assure me about its post-sales service reliability 
… People in KRVS (a social group) encouraged me to 
buy a motorized vehicle which reinforced my decision 
to buy a scooty” 

1 

“The more a vehicle is present in the market, the more 
reliable it is … in terms of servicing and availability of 
parts” 

2 

Social utility “My in-laws did not have any vehicle. So I had to take 
them to (long distance) places, whenever required” 

1 

“I am attached to an NGO in which my car finds great 
utility for travelling for social welfare works” 

1
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Table 6 Factors supporting/preventing vehicle disposal 

Factor Statements Instances 

End of life “I disposed my bike as it became increasingly 
unreliable day by day” 

1 

“Extensive use of the bike resulted in a bad 
condition” 

12 

Poor performance/major repair “Wife met with an accident whilst riding 
scooty … had to sell it afterwards …” 

1 

“Vehicle was offering a very low mileage” 2 

Obsolescence “Disposed my scooter as the parts were not 
available. But as I was emotionally attached to 
it (first vehicle), I gave it to someone I know 
would maintain it properly” 

1 

“The vehicle model had become too old …” 5 

Irrelevance “I sold the car as I was getting old and was 
nervous to drive it in busy roads these days, 
and my stopped visiting us” 

1 

“Scooter/bike became too small for the whole 
family travelling together” 

5 

“After Husband’s death, his vehicle was of no 
use … and was old anyways …” 

1 

“Car became too small for the whole family” 1 

“Requirement to uphold social status resulted 
in disposal of two-wheeler …” 

6 

Emotional attachment “I sold my second hand scooter after using for 
3 years. I transferred my (first hand) bike to my 
uncle after using for 12 years” 

1 

“I still possess the bike my father gave me. I 
maintain it to the best of my capacity and use 
it” 

1 

“Even after buying new large car, we will not 
replace or dispose the existing one. We will use 
it for trips with a smaller party size” 

1 

4.7 Impact of Pandemic 

The prevailing COVID-19 pandemic has a huge impact on economy worldwide. In 
order to investigate its impacts on the vehicle ownership behaviour, we asked people 
about their experiences and perceptions. Given the travel curbs in public transit modes 
like capacity restriction, dynamic fare, suspension of suburban trains, etc., and the 
highly contagious nature of the virus, people have adopted one or combination of 
these actions; curtailing trips, tele-commuting, job change, travelling by personal 
vehicles. This has led to changes in the regional economy and travel behaviour. The 
reported implications of the pandemic on vehicle ownership is shown in Table 8.
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Table 7 Perception of emerging technology 

Factor Statements Instances 

Shared mobility “Shared mobility is a very sustainable and 
economical mode … it has potential to curtail the 
need to own a personal vehicle” 

1 

Operating cost “EV is light on maintenance, overhead cost 
(licence, insurance, PUC) and hence it is pretty 
desirable … Will opt if I require to dispose existing 
one” 

1 

“Low fuel cost is the main reason we would opt EV 
…” 

10 

Sustainability “EVs are good for reducing air pollution, and 
overall climate change” 

5 

Safety “… Electric 2-wheelers have speed limit, 
preventing from indulging into over speeding” 

1 

“Would get son/daughter EV for safety (low speed) 
… Not appropriate for my use …” 

1 

“AVs will be much safer than CVs as it will follow 
rules” 

1 

Slow traffic “Slow EVs, slows down the traffic … People riding 
them often encounter undesirable incidents on road 
… They should have a separate bay …” 

1 

Reliability “I am sceptic about the reliability of the batteries 
used now; their capability of keeping up the 
performance for long distances, and longer 
durations … lack of charging infrastructure is also 
a major constraint behind people not opting for 
EVs, for longer drives” 

15 

Literacy and ethics “The literacy level of India is a huge challenge to 
adoption and success of AVs … Most people do not 
follow road rules” 

5 

Controlled deployment “In campuses where the traffic is controlled and 
have ample surveillance (e.g.: army cantonments, 
University campuses, etc.), AVs can be adopted 
relatively faster” 

1 

Accessibility to driving averse “I do not enjoy the act of driving, I will surely add 
AV to the fleet, subject to affordability. Level of 
education, and political temperament in the region 
are also factors behind faster adoption” 

1 

4.8 Pathway Pattern 

It is evident that the dimensions identified from the study influence the decision 
making of a household, and even plays in tandem with each other, resulting in various 
patterns, leading to heterogeneities in outcome. Given particular circumstances, a
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Table 8 Impact of pandemic on vehicle ownership 

Factor Statements Instances 

Toned down transit “Flouting of COVID protocols discourage people from taking 
PT. The reduced frequency and dynamic pricing has further led 
to people opting for personal vehicles” 

1 

“Lack of government initiative to revamp PT, resulted in overall 
increase in vehicle ownership” 

4 

Regional economy “People whose business depended on travelling, have started 
selling locally. This can have an impact in the regional 
economy of the area” 

1 

Two-wheeler “Sale of two-wheelers (motorized, NMT) has increased. On the 
other hand, new car sales have been low” 

1 

“Two-wheeler ownership increased …” 1 

Car ownership “This pandemic has created the need to have a car especially 
for households residing far from market, and with old people in 
the household” 

1 

“Used car ownership might have increased as it has less 
capital investment …” 

2 

“4-Wheeler ownership decreased …” 1 

No. of trips “Vehicle ownership has not changed, only the number of trips 
has decreased …” 

2 

“Trips have reduced but vehicle ownership has increased 
(safety, convenience), which may be detrimental to environment 
in long term …” 

8 

household may end up with completely different decisions related to vehicle owner-
ship, as compared to other households. This very fact makes it imperative to study 
the dynamics within the household and the environment it is subjected to, as a requi-
site for true unravelling of vehicle ownership behaviour. We have tried to present a 
generalized trajectory based on the collected interviews, in Fig. 1. 

A person may have a bicycle at an adolescent age for educational and neighbour-
hood trips, which may be (1) replaced if required. A (2) new bicycle maybe added, or 
the person may (3) upgrade to a used motorized two-wheeler, keeping the bicycle as 
backup. Eventually, getting acquainted with new mode may have a (4) lagged effect 
on the disposal of bicycle, or it may get disposed due to due to lack of use. (5) Acqui-
sition of a new two-wheeler, has a contemporaneous effect on disposal of the used 
one. All characteristics being the same, in future there may be (6) replacement of the 
same vehicle type, due to increased travel, unserviceability or theft. Further demand 
triggers may lead to acquisition of (7a) new motorized two-wheeler; (7b) used car; 
and (7c) bicycle. Although (7b) can potentially lead to disposal of motorized two-
wheeler, but it seldom happens as it tends to hamper the mobility of household. (7c) 
can potentially be seen as a starting point of a new trajectory. Gaining competency 
in driving, (8) new car can be acquired, having a contemporaneous effect on disposal 
of the used car. In future, the (9) new car may be replaced with a similar one, owing
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Fig. 1 Path of vehicle ownership for households 

to reason similar to (6). Also, it can be disposed due to old age (of owner) and lack 
of utility, and (10) acquisition of motorized two-wheeler may be seen. (11) Given 
the demand, another car can also be added to the fleet. (12) The car may be replaced 
in future due to reason(s) similar to (9). 

5 Conclusion 

This study brings novelty in its endeavour to study the dimensions in vehicle owner-
ship decision making by Indian households. Decisions on multiple vehicle types, 
connecting them with the life-course, and other mobility spheres of the households 
has been demonstrated in this study. The various dimensions identified, owing to 
their dynamic nature and interplay, results in patterns resulting in specific deci-
sion outcomes. This study presents one such generalized case; and with many other 
patterns yet to be elucidated, we argue the need for studies with regards to the 
mentioned nature of the various dimensions of vehicle ownership decision making.
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Similar to the studies in literature, life-course events; increase in household size, 
presence of multiple workers, and relocation was found to be triggering vehicle 
ownership. Subjective factors that were found to be impacting are; desire, atti-
tudes, cultural values, habit, perception of comfort, safety, and lifestyle. Physical 
factors like neighbourhood characteristics, urban form, parking space availability, 
number of employees, and household income constrain vehicle ownership. A pecu-
liar behaviour of acquiring a two-wheeler was found when a household shifted to 
a denser city, in spite of having a car. Apart from that increase in propensity of 
car acquisition by employees approaching their retirement age, is a new finding. 
Also, for households with motorcycle, incident induced physical ability impairment 
results in replacement of motorcycle with a scooter, which demands lesser physical 
prowess. Intra-household interaction was found to have primary impact on all the 
aspects of vehicle ownership, whereas, social interaction impacted on the functional 
attributes of the vehicle. The employer, through provision of tele-commuting option, 
transport service and housing to employees, was revealed as a factor behind defer-
ring vehicle ownership. On the other hand, incentivizing vehicle acquisition may 
lead to increase in vehicle ownership. Obsolescence and unserviceability were the 
two broad reasons behind disposal of any vehicle. Given the consistent rise on cost 
of fossil fuel; safety; and environmental sustainability, people are pretty optimistic 
about owning an electric two-wheeler in near future, although the same is not true for 
electric four-wheelers. Reason being, the high cost of reliable batteries, and almost 
non-existent charging infrastructure in India. With respect to the travel restrictions 
introduced due to COVID-19 pandemic, people think that the sale of two-wheelers 
has increased but at the same time, sale of cars has reduced. The probable reason 
may be the relatively higher initial cost of car, and the financial uncertainty due to 
pandemic. 

Having recognized the underlying factors of vehicle ownership, the framework 
is an attempt to generalize the multiple pathways of vehicle career for a household. 
Eventually other nodes, and underlying reasons can be appended or inserted to get 
a more generalized template of the vehicle transaction behaviour of households. 
This understanding, coupled with appropriate survey for any study area, can be used 
to simulate the various life-course processes of the households in the study area, 
which would go on to give a more accurate estimate of vehicle acquisitions, vehicle 
replacements, and vehicle disposals, as compared to the current models. Taking 
inputs from the Residential location choice component, this model would serve as a 
plugin to activity scheduling component, and emission modelling component of the 
Landuse Transport Integration (LUTI) framework. 

Although the underlying factors and phenomena have been identified from this 
pilot study, the magnitude of impact of each of them in vehicle ownership decisions, 
needs to be estimated. Also, there might be heterogeneities in the vehicle ownership 
behaviour of people from the same group, which have not been investigated, but 
can be taken up in future studies. The time lag or lead between various events, and 
their statistical significance, for different groups classified based on socio-economic 
parameters, also needs to be determined. Stated choice survey also can be coupled
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with this type of a study in order to understand the impact of past on future decisions. 
Further studies must ensure a representative sample in order to find reliable estimates. 
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Mode Shift Behaviour of Commuters 
Due to the Introduction of a New 
Waterway Route 

Keerthy Sabu, N. M. Sabitha, and Geeva George 

Abstract Sustainability is a major goal of the policy makers, with the aim of limiting 
the effects of global warming and climate change. When it comes to finding ways 
to make the transportation sector more environmentally friendly and carbon neutral, 
always land transport is the main focus. But, shifting to more environmentally friendly 
modes of transportation, such as inland waterway transportation (IWT), offers the 
potential to reduce the side effects caused by road transport, including costs from 
emissions, noise and congestion. For passenger and freight transportation, IWT has 
lower operating costs and emissions than road, rail or air. This paper focusses on 
the mode shift behaviour of the commuters to the newly introduced water way from 
Kakanad to Infopark in Ernakulam district, Kerala. The identification of variables 
influencing mode choice behaviour, the analysis of survey respondents, and intention 
to use boat service were determined. The identification and ranking of the factors 
influencing the choice of waterway using the relative importance index were also 
done. 

Keywords Relative importance index · Mode choice · Inland water transport 

1 Introduction 

Travel behaviour research is one of the most difficult to conduct because it governs 
multi-parameter evaluation at the same time and involves the collection of large 
amounts of data on human behaviour in a variety of situations. In order to analyse
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travel behaviour and estimate future demand for travel, significant investments have 
been made in transportation planning and policymaking. This forecasting needs to be 
incorporated into the design of transportation systems, utilising global infrastructure 
and knowing the travel behaviour of the studied area’s population, in order to create 
a system that can support future travel demands. 

Many countries have recently focussed on environmentally friendly transporta-
tion systems as it is an important element in the development towards a sustainable 
city. Transit systems such as buses and subways, are attractive means of transporta-
tion in urban areas because, when utilised effectively, they not only produce fewer 
emissions but also provide a high level of efficient mobility. To provide consumers 
with efficient and sustainable transportation networks, major cities throughout the 
world have actively implemented transit-oriented policies. 

When considering methods to make the transportation sector greener and carbon 
neutral, land transport is always at the forefront. Inland water transport, on the other 
hand, is more energy efficient and has a greater potential for lowering greenhouse gas 
emissions when compared to other modes of transportation. When compared to road 
transportation, inland shipping consumes around 75% less energy. Moreover, IWT 
has hardly any noise emissions and will give a calm environment and a comfortable 
ride. It barely accounts for around half of the energy usage per km/tonne of carried 
commodities as compared to rail transport. When compared to road transport, it only 
uses around 17% of the energy [1]. 

From a study of comparison of the external cost categories (i.e., accident costs, 
noise costs, congestion costs, costs of habitat damage, air pollution costs, climate 
change costs and costs of well-to-tank emissions) of different inland transportation 
modes (road, rail and IWT), it was concluded that the external cost of IWT is 40% 
lower than the external cost of road/rail [2]. 

2 Literature Review on Variables Affecting the Mode 
Choice 

From the literatures, it is clear that a wide variety of factors need to be considered 
to adequately capture the full spectrum of mode choice. The variables affecting the 
mode choice behaviour have been identified from the literatures and summarized in 
Table 1. 

From the literature review, the variables affecting mode choice behaviour can be 
categorized into three sections: Socio-demographic characteristics, activity charac-
teristics and trip characteristics. Socio-demographic characteristics includes details 
about gender, age, marital status, education, employment, monthly income, vehicle 
ownership, driving licence, whether head of the house, number of people in the 
household, number of working people in the household and location of residence. 
Activity characteristics include details regarding location of work, work duration and 
work start time. Trip characteristics include details about origin and destination, trip
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Table 1 Different variables affecting the mode choice behaviour 

Author(s) Factors 

Desai and Joshi [3] Travel time, travel cost, convenience, comfort, safety and security and 
number of transfers, sending kids to school, irregular working hours, stress, 
personal status and privacy (while comfort, convenience, safety and 
security are latent variables) 

Kim et al. [4] Individual and household characteristics (age, gender, working, student, 
etc.), mode variables (In-vehicle time, out-vehicle time, transit fare, etc.), 
latent variables (water transit preference, environmental preferences, 
comfort oriented, etc.), Interaction effect variables (In-vehicle time * latent 
variables, out-vehicle time * latent variables, etc.) 

Sohoni et al. [5] Socio-economic background, travel mode, waiting and travel times, travel 
cost and discomfort level (old and new mode) 

Chuen et al. [6] Characteristics of the travellers such as traveller’s background, household 
structure and income, vehicle ownership, and availability of vehicle choice; 
characteristics of the trips such as the purpose of the trip, time of the trip, 
and trip distance; characteristics of the transport facility such as travel 
duration, costs, quality of service and parking space availability 

Rogerson et al. [7] Analyses strategies to overcome barriers to a modal shift to inland 
waterway transport (IWT). Barriers identified are categorized as regulatory, 
financial, service quality and market characteristics 

purpose, regular mode for work trip, travel duration, daily travel expense for work 
trip and distance in km. 

3 Objectives 

One of the most significant traditional models in transportation planning is mode 
choice of transportation. A mode choice study helps a planner or transportation 
engineer in calculating daily ridership and making recommendations for improve-
ments to existing transportation planning design criteria. Understanding the most 
important factors influencing mode choice can help designers in attracting more 
riders by incorporating them during design and planning stages. The objectives of 
this study are to identify the variables affecting mode choice behaviour from various 
literatures, to identify the intension to use new boat service using cross contingency 
tables, and then ranking the most important mode shift attributes that affects mode 
shift towards waterways using relative important index.
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4 Methodology 

The methodology includes literature review, study area selection, questionnaire 
preparation, data collection and data analysis. Section 4.1 describes the study area and 
its features. From extensive literature review, the objectives for the study were iden-
tified and discussed in Sect. 3. Analysing the literatures, the factors influencing mode 
choice were identified. The variables include 12 socio-demographic, three activity 
and six trip related variables. The ten factors that influences mode shift towards 
waterways includes comfort and convenience, safety, travel time, travel cost, parking 
facilities at boat jetties, facilities at boat jetties, accessibility, environmental prefer-
ence, quality of water and reliability are also considered in the study to determine the 
relative importance index (RII). A self-descriptive questionnaire was prepared and 
data was collected from site interview and household interview either through direct 
interaction or internet based survey (Google form). After conducting pilot survey, 
questionnaire was redefined, and the final data collection was conducted. After the 
data collection, the preliminary analysis was carried out. And then intension to use 
new boat service analysis was carried using cross contingency tables. Using relative 
important index, the most important factor that affects mode shift towards waterways 
were ranked. 

Relative importance index (RII) is used to find the relative importance of the 
factors included, i.e. which is the most important factor that affects mode shift towards 
waterways. From the calculated RII values, the factors are ranked and most important 
to least important factors are determined. More details about RII are provided in 
Sect. 5.4. 

Description on the study area, design of questionnaire, data collection, data 
analysis and finally the conclusions are presented in the sections following. 

4.1 Study Area 

The waterway stretch extending from Vytilla Mobility Hub to Infopark in Kochi, 
Kerala, is selected as the study area. Kochi city has inherent problems of traffic 
congestion, heavily populated central core, intense development of land uses and 
inadequate mass transport system. The growing demand for transportation in the 
city cannot be met with the existing infrastructure facilities alone. There has to be 
greater emphasis on developing additional transport facilities with matching infras-
tructure development to meet the future travel needs of the people. It is required to 
build waterways for navigation with the appropriate infrastructure, such as fairway, 
terminals, navigational aids and a fleet, so that the IWT mode becomes competitive 
and attracts market-driven traffic. At this context, it is important to extend the existing 
water transport facility available from Vyttila mobility hub to Kakkanad and further 
to Infopark to serve people from major institutions coming on the way.
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Fig. 1 Vytilla–Infopark study area 

A mobility hub is a strategically located urban structure that integrates several 
forms of transportation. Vyttila mobility hub envisage the convergence of road 
transport, water transport and metro rail in the peaceful stretch of land beside the 
Kaniayampuzha River. By extending this waterway from Kakkanad to Infopark via 
the Kadambrayar River, existing passenger transportation will be boosted, and an 
easy and comfortable traffic facility will be provided, saving time, money, and fuel. 
Infopark campus includes around 48,000 IT professionals working with various 
companies and also includes many schools and colleges within the campus. 

The selected study stretch is given in the Fig. 1. 
Figure 1 shows the Google map image of the study area. The area specified with 

blue band represents the existing waterways from Vytilla hub to Kakkanad ferry 
(5 km), and the yellow band represents the waterways to be extended from Kakkanad 
ferry to Infopark area (3.8 km). 

4.2 Design of Questionnaire 

The design of questionnaire plays an important role in the quality and reliability of 
data collection. The variables identified from the literatures are included in the ques-
tionnaire. All together 31 variables were identified in which 12 socio-demographic 
variables, three activity characteristics, six trip characteristics and ten mode shift 
attributes are also included in the questionnaire. The details regarding the variables 
are given in Table 2.
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Table 2 Variables selected for questionnaire survey 

Factors 

Socio-demographic Variables Gender, age, marital status, education, employment, monthly 
income, vehicle ownership, driving licence, whether head of the 
house, number of people in the household, number of working 
people in the household and location of residence 

Activity characteristics Location of work, work start time and work end time 

Trip characteristics Origin and destination, trip purpose, regular mode for work trip, 
travel duration, daily travel expense for work trip and distance in 
km 

Mode shift attributes Comfort and convenience, safety, travel time, travel cost, parking 
facilities at boat jetties, facilities at boat jetties, accessibility, 
environmental preference, quality of water and reliability 

An importance analysis is included in the questionnaire to rank the important 
factor that influence mode shift towards waterways. This analysis is done to determine 
the relative importance index of mode shift attributes involved and to identify and 
prioritize those factors. The importance of each factors is done by rating in a 5 point 
Likert scale, five representing extremely important to one representing extremely 
unimportant [8]. 

4.3 Data Collection 

A self-descriptive questionnaire was prepared which includes questions regarding 
behavioural factors followed by socio-demographic, activity characteristics and trip 
characteristics. Paper and pencil Interview (PAPI) along with telephonic or internet 
survey (mixed mode survey) helps to collect data during this pandemic situation. Data 
collection is done from site interview through direct interaction and internet-based 
survey (Google form). During the first phase of the work, a pilot study was conducted 
in order to improve the clarity and content of the questionnaire. A pilot or feasibility 
study is a small experiment used to test logistics and gather information prior to a 
larger research in order to enhance the questionnaire’s quality and efficiency. A pilot 
study can reveal deficiencies in the design of a proposed experiment or procedure and 
these can be addressed before time and resources are used on large scale studies. After 
conducting pilot survey questionnaire was redefined, and the final data collection was 
conducted. 

Since we have assumed that the population is normally distributed, empirical 
formulas (1–3) are used to determine the sample size [9], 

N0 = 
Z2 pq 

e2 
(1)
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q = 1 − p (2) 

n = N0[
1 + N0−1 

N

] (3) 

where 

N0 is the sample size from infinite population, 
e Desired error (here we have adopted as 5%), 
Z Statistical parameter corresponding to confidence level (Z is 1.96 for 95% 

confidence interval), 
N Total population size of study area. 
p Hypothesized true proportion of population (adopted as 0.5 to account for the 

worst-case scenario). 
n Sample size. 

From the above equation, it can be seen that 385 number of survey samples 
must be obtained to get good proportion of population covered. The time taken for 
interviewing single respond was about 10–12 min. 

5 Data Analysis and Results 

After the data collection, the samples were entered into Microsoft Excel and prelimi-
nary analysis was carried out. The statistical distribution of the responses is presented 
in the sbelow section. 

5.1 Socio-Demographic Characteristics 

Gender distribution of survey sample is shown in Fig. 2. It shows that majority of 
respondents are male (57%). Figure 3 shows age distribution of respondents. Majority 
of respondents taking part in survey falls in the age group of 26–35 (42%). 40% of

Fig. 2 Gender distribution 
43% 

57% 

Female Male
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Fig. 3 Age distribution 

40% 

42% 

13% 4% 1% 
18-25 
26-35 
36-45 
46-55 
Above 55 

the total respondents fall in the age group of 18–25, 13% belongs 36–45 category 
and 4% fall in 46–55 age group.

Marital statuses of the respondents are shown in Fig. 4. Unmarried respondents 
are the majority (58%) took part in the survey. Figure 5 shows the education status of 
observations. It is found that majority of respondents are graduates (59%) and 22% 
are postgraduates. 

Employment status is depicted in Fig. 6. Majority of the respondents are employed 
in private sectors (89%). The income distribution amongst the responders is shown in 
Fig. 7. 34% of observations had monthly income in the range of Rs. 20,001–30,000. 
High income respondents having income greater than Rs.75,000/- is very less about

Fig. 4 Marital status 
distribution 42% 

58% 

Married Unmarried 

Fig. 5 Education status 10% 

59% 

4% 

22% 

5% 

Diploma 
Graduate 
Higher 
secondary 
Post graduate 
and above 
Up to 10th 

Fig. 6 Employment status
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Fig. 7. Monthly income 
distribution 

8% 

28% 

34% 

22% 

3% 4% 1% 
Up to 10,000 

10,001 – 20,000 

20,001 – 30,000 

30,001 – 50,000 

50,001 – 75,000 

75,001 and above 

None 

Fig. 8 Vehicle ownership 
distribution 22% 

10% 

30% 

38% 
Both 
Car 
None 
Two 
wheeler 

Fig. 9 Driving licence 
distribution 

65% 

3% 

19% 

13% 

Both 
Car 
None 
Two 
wheeler 

4%. Figure 8 shows the vehicle ownership distribution of the surveyed sample. About 
38% of respondents have two-wheeler and 10% owns car. Respondents who have 
both car and two-wheeler are 22%. About 30% of respondents do not have any 
vehicles. Licence possession statistics is shown in Fig. 9. It shows that majority 
of the respondents possess driving licence. About 65% have licence for both two-
wheeler wheeler and car. About 19% of respondents do not have any driving licence. 
About 13% of respondents have two-wheeler and 3% have car driving licence.

5.2 Mode Share of Commuter Trips 

The mode share of trips of the respondents is shown in Fig. 10. Amongst the 
responses, 99% of trips are work trips and only 1% is for educational. Modes found 
to be used for work trips from the survey sample are as follows: walk, bus, car, two-
wheeler, auto rickshaw, taxi and institutional vehicles. The mode selected as walk 
and auto was 4.4% and 4.7%, respectively, and taxi and institutional vehicles were 
only 1.8% and 0.5% in the survey sample. Therefore, the mode choice set considered 
is bus, car and two wheeler. Responses show that amongst 88.6% of work trips are
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Fig. 10 Mode share of 
commuter trips 
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4.70.5 
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Mode Distribution 
WALK 

TWO WHEELER 

AUTO

 TAXI

 CAR 

BUS 

INSTITUTIONAL VEHICLE 

shared by two wheeler, bus and car. 37.2% of share is by two wheelers. The next 
higher portion of trips are shared by bus (30%) and car (21.4%). 

5.3 Intension to Use Newly Introduced Boat Service 

The respondents were requested to share their knowledge about the existence of 
Vyttila–Kakkanad waterway. Figure 11 shows the awareness of Vytilla–Kakkanad 
waterway. From the respondents, it is understood that 55% of people are aware of 
the waterway. The study shows that about 27% of people are willing to shift to IWT 
on daily basis. In the survey, 99% are work trips, which mean mostly daily trips only. 
The mode share of passenger using walking mode is found to be very low, i.e. 4.4% 
and remaining 95.6% of people are using motorized vehicle. Hence, 27% of daily 
shift will contribute a reduction in traffic of the selected study area. But, the exact 
prediction of motorized personal vehicle trips shifting towards the newly introduced 
waterway can only be ascertained by developing a mode shift model. The 30% of 
commuters are willing to use the boat service once in a while, and 18% are not willing 
to shift to boat service. Intention to use boat service is given in Fig. 12. 

The relationships between the socio-demographic factors and commuter’s inten-
tion to use boat service are examined using cross contingency tables. This can be 
done by performing crosstabs in SPSS. It is a method for displaying the relationship 
between two variables in tabular form by cross tabulating them. Crosstabs produce 
information on bivariate relationships, as compared to frequencies, which summaries 
information about a single variable. 

The results of the cross analysis are summarized as below: 

Fig. 11 Awareness of 
Vytilla–Kakkanad waterway 45% 

55% NO 

YES
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Fig. 12 Intention to use boat 
service 27% 

11% 
14% 

30% 

18% 

On daily basis Once in a week 
Twice or thrice a week Once in a while 
Never 

• Gender: Female (31.3%) passengers are more willing to use the newly introduced 
water comparing to males. Figure 13 shows gender versus intention to use boat 
service. 

• Age: When comparing with people in age group 26–35, people in age group 18– 
25 are more willing to use boat service on daily basis or twice or thrice a week. 
Figure 14 shows age group versus intention to use boat service. 

• Marital status: Married people are more likely to use boat service on daily basis 
and unmarried people are more likely to use boat service in once, twice or thrice 
a week. Figure 15 shows marital status versus intention to use boat service. 

• Education: Respondents whose education level is below the graduate level 
(diploma, higher secondary and high school) have the high percentage inten-
tion to use boat service. Figure 16 shows education versus Intention to use boat 
service. 

• Monthly income: Respondents whose monthly income is below 30,000 are more 
likely to use boat service on daily basis. Figure 17 shows monthly income versus 
intention to use boat service. 

• Vehicle ownership: Respondents who does not have vehicle are more likely to use 
boat service on daily basis. Figure 18 shows vehicle ownership versus intention 
to use boat service. 

31.3 

12.0 
14.5 

27.1 

15.1 

23.9 

9.5 
13.6 

32.6 

20.4 

0.0 
5.0 

10.0 
15.0 
20.0 
25.0 
30.0 
35.0 

On daily 
basis 

Once in a 
week 

Twice or 
thrice a 

week 

Once in a 
while 

NeverPe
rc

en
ta

ge
 o

f c
om

m
ut

er
s 

Intention to use new boat service 

Female Male 

Fig. 13 Gender versus intention to use boat service
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Fig. 14 Age group versus intention to use boat service 
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Fig. 15 Marital status versus intention to use boat service 
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Fig. 16 Education versus intention to use boat service
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Fig. 17 Monthly income versus intention to use boat service 
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Fig. 18 Vehicle ownership versus intention to use boat service 

Understanding the willingness for daily shift amongst the respondents can be 
utilized during infrastructure design of the terminal and boat service facilities. 

5.4 Relative Importance Index (RII) 

The relative importance of various factors towards the water transportation mode was 
examined, and the ranking of the factors in terms of their perceived criticality was 
done using the relative importance index (RII). The respondents were asked to rate the 
importance of ten identified factors using a 5 point Likert scale questionnaire where 
five representing extremely important to one representing extremely unimportant.
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The relative importance index (RII) is calculated using the equation given below 
[8, 10], 

Relative Importance Index =
∑

W 

A ∗ N 
= 

5n5 + 4n4 + 3n3 + 2n2 + 1n1 
A ∗ N 

(4) 

where 

• W = weighting as assigned on Likert’s scale by each respondent in a range from 
1 to 5  

• n5 = Number of respondents for extremely important, 
• n4 = Number of respondents for important, 
• n3 = Number of respondents for neutral, 
• n2 = Number of respondents for unimportant, 
• n1 = Number of respondents for extremely unimportant, 
• A = Highest weight (here it is 5) 
• N = Total number in the sample. 

The points of Likert scale used are equal to the value of W, weighting given to 
each factor by the respondent. The higher value of RII represents the most important 
factor and is ranked as one. The RII of all the factors were computed and ranked. 
The factors, their indexes and ranks are presented in Table 3. 

Safety of operation is ranked 1st with the highest relative importance index value 
of 0.933 followed by travel time (RII value 0.929) and reliability (RII value 0.92). 
Quality of water (RII value 0.809) has the least importance index as per this survey 
and hence ranked as 10th. Hence, prior importance should be provided for safety of 
operation, travel time and reliability as it is the most important factors that influence 
the commuter’s mode shift. 

On board safety measures that can be provided for mechanized boats are: 

Table 3 Factors influencing 
the selection of water 
transport 

Factors RII Rank 

Safety of operation 0.933 1 

Travel time 0.929 2 

Reliability 0.92 3 

Travel cost 0.918 4 

Comort and convenience 0.916 5 

Accessibility 0.912 6 

Facilities at boat jetties 0.857 7 

Environmental preference 0.853 8 

Parking facilities 0.828 9 

Quality of water 0.809 10
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• Storage safety precautions for fuel storage tanks should be implemented with 
extreme caution and safety, such as the storage container being made of metal and 
fitted in such a way that leaks and spills are avoided. 

• For battery-powered boats, charging facilities for batteries should be provided on 
board so that the boat’s machinery may be started and operated without difficulty. 

• Proper lighting arrangements should be provided, such as providing an alternative 
source of lighting for emergency use when the vessel’s lighting is provided by a 
centralized electrical system. 

• Lifesaving equipment like life buoys, life jackets and life rafts should be provided 
with sufficient number. 

• Since mechanized boats are mainly operated by electrical and mechanical compo-
nents, they have a higher risk of catching fire. As a result, a well-structured fire-
fighting system, such as a fire pump and fire extinguishers, must be maintained 
in mechanized boats. 

According to the cross tabulation between gender versus intention to use boat 
service, 31.3% of females are willing to use the boat service on a daily basis. Women’s 
safety should be considered at night and during off-peak hours. As a result, the 
jetty should have adequate lighting and sanitation. Because of the jetty’s remote 
location and lack of security, it is recommended that CCTV surveillance cameras 
can be installed on the access road network to cover the jetty’s influence area. To 
improve safe access to the jetties, installing solar-powered lights around the jetties 
to enable safe and active spaces even during off-peak hours and late hours of the day 
is suggested. 

To improve connectivity and access to the boat jetties, small occupancy vehicles 
can be introduced. 

The travel time of the boat will be constant in most of the case and the reliability can 
be increased by efficient time scheduling and maintenance. Also, the attractiveness 
amongst the riders can be enhanced if adequate feeder services are introduced. 

6 Conclusions 

This study identified variables influencing mode choice behaviour and analysed the 
survey responses to calculate the mode shift percentage towards a proposed waterway. 
The most important factors that affect mode shift towards the waterway are also 
identified. The study area is defined as the area between Vytilla Mobility Hub and 
Infopark in Ernakulam district, and the conclusions from the study are given below: 

• The factors affecting mode choice behaviour are: All together, 31 variables were 
identified, and amongst them, 12 were socio-demographic variables, three activity 
characteristics, six trip characteristics and ten mode shift attributes were selected. 

• Responses from mode shift of commuters show that 88.6% of work trips were 
made by two-wheeler, bus and car. Willingness survey results showed that 27%
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of the respondents are willing to shift to the new boat service on daily basis which 
indicates that emissions can be reduced upon the introduction of this proposal. 

• Cross contingency tables are used to analyse the correlations between the socio-
demographic variables and commuter’s intention to use boat service. The results 
are presented as bar diagrams in the study. 

• Most important factor contributing to the mode shift towards waterway is ranked 
by formulating relative important index. The weightage of these factors was also 
computed. Amongst the 10 factors studied, it is found that the most contributing 
factor in making a decision of mode shift towards waterway is safety of operation 
followed by travel time and reliability. Incorporating these factors during the 
planning and design stages of boat terminal infrastructure and boat services can 
attract more riders. 

• The weightages obtained from RII formulation can be used to calculate the perfor-
mance index of various boat terminals or service facilities. This can be used as a 
tool to rank and compare different boat terminals or facilities and also to identify 
the deficiencies in the design. 
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Other Transportation Modes (Including 
NMT) and Pedestrian



Effect of Cycle Tracks and Footpaths 
on Improving the PT Modal Share 
for the City of Nagpur 

Sanket Gupta, Vishrut Landge, and Udit Jain 

Abstract Nagpur is in the process of developing a significant public transport mode, 
the Nagpur Metro. Along with the metro, various other facilities to integrate the metro 
system with different modes of transport to create a seamless public transport system 
are being planned. Under this, bicycle and walk are the major modes of transport. All 
along the metro corridor and along the city’s major roads, cycle tracks and footpaths 
have been proposed. This paper attempts to find the impact of facilities planned in 
the city on the ridership of the metro services. It also attempts to understand where 
the authority should develop these facilities first to increase the ridership at a faster 
pace. The results found that commercial places need footpaths and cycle tracks at 
the earliest, closely followed by the residential places. On the other hand, commuters 
from industrial areas do not seem keen on the services. The paper also stated that 
females were more willing to use such services than males. 

Keywords Cycle tracks · Footpaths ·Metro 

1 Introduction 

The transport sector has the second highest energy demands after industry [1]. The 
major part of this energy consumption is due to the private modes of transport. 
Therefore, the most popular method to reduce the energy needs of the transport 
sector is to indulge in more active modes of transport and promote public transport. 

Cycling is one of the most economical, sustainable, convenient, and equitable 
mode of transport due to the low cost involved and flexibility [2, 3]. In tight spaces, 
bicycles have the highest efficiency to provide a safe and fast mode of transport. 
Environmentally, the use of bicycles instead of cars or any other mode of transport 
can significantly reduce energy demands even if bicycles are used for short trips to 
access public transport.
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In order to increase the modal share of cycling and encourage the commuters to 
cycle, various policies have been promoted and designed, such as the bicycle-sharing 
programs [4], provision of cycle lanes [2], creating a cycle-friendly environment [5]. 
Also, many policies have been made to discourage the use of personal vehicles and 
increase the public transport modal share, such as congestion costing, peak hour 
pricing, etc. [6]. 

Even though these policies have been suggested and implemented at various 
locations, the policies have not received the desired response as expected from the 
commuters due to various factors such as lack of safety, lack of bicycle shelter/parking 
facilities, cultural bias, weather, length of trip, etc. [7] Another major reason that has 
led to commuters not preferring bicycle as a mode of transport is the lack of integra-
tion within the transit system. However, integration within the system can be a good 
alternative to private vehicles due to the seamless connectivity that can be provided 
by it [8, 9]. 

The integration of different modes of transport has seen a rise in recent years. 
For example, in 1995, the city of Los Angeles, USA, had constructed a metro line 
(The Green Line) along a national highway which received heavy criticism from 
all alike. Nevertheless, even after much criticism, the line performed better than the 
anticipated figures by different analysts due to better integration with the bus transit 
system and the line acting as a better feeder service to the blue line of the Los Angeles 
Metro service [10]. Though no attempts were made to integrate by the planners, a 
much poorly planned bus system has allowed the metro line to work satisfactorily. 
Another research found that metro-based commuters are the most likely to shift to 
cycling as a feeder once it is integrated. Commuters with travel distances higher than 
15 km by private modes will benefit the most by integration of cycle [11]. 

Metro services are being built rapidly in the city of Nagpur. Nagpur is a tier-
II city in central India. It is the second capital of Maharashtra, also known as the 
winter capital. The district has a population of 30.7 lakhs. 76% (24.1 lakhs) of this 
population resides in the urban areas, while the remaining 24% (6.6 lakhs) resides 
in rural areas [12]. Nagpur is spread over an area of 227 km2. It has a radial road 
network, with the inner and the outer ring road as the two concentric roads circling 
the city. The city is located at the junction of two major national highways, namely 
NH 53 and NH 44. 

In the year 2012, Nagpur was ranked as the cleanest and the second greenest city 
in the country with Bangalore being the greenest city. This has changed over the past 
few years due to the construction activities in the country and the increased pollution 
due to the increasing number of vehicles plying on the city roads. The city has slowly 
seen a rise in the number of private vehicles registered, and this has been steady over 
the past few years [12]. 

This paper studies the proposals that have been made by various planning author-
ities in the city to improve upon the cycling network and the modal share of cycling 
in the city. The paper also tries to understand the commuter’s reaction to using cycle 
as a mode of transport to access the public transport facilities provided by the city’s 
various authorities provided by the city’s various authorities.
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Section 2 of the paper consists of the literature that has been studied across the 
globe regarding the use of bicycles as a mode of transport to access public transport. 
The following section provides a brief about the transportation profile of the city 
and gives a very brief idea about the topology of the city. Finally, Sect. 2 states the 
attempts that have been taken by the planning authorities to integrate the different 
modes of transport with public transport and their current status as obtained by the 
planning authorities. 

2 Literature Review 

Researchers have said that not making any measures for integrating cycling with 
public transport will not encourage commuters to use it. 

Dios Ortuzar [13] said that, for Santiago, Chile, if the current status changes to a 
denser cycle track network and a more extensive rail network, the number of cycle 
trips could jump three times in the future. Also, they stated that short trips are very 
important, and bike trips and the bike–metro integration will serve as a good option 
to the medium and long trips, which may help reduce the economical bias among 
consumers. 

Wu [14] tried to determine the best feeder system, depending on the transit system 
and city size. They found that a shared bike feeder system can reduce generalized 
costs by almost 7% over the system accessed on foot when retrofitted to an existing 
transit system. They stated that for a small-sized city or a city with low demand, 
shared bikes with the combination of bus rapid transit or ordinary bus system was the 
best. While for cities with high demand, feeder buses were the best for operational 
purposes, economically, the shared bike system was considered appropriate for a 
metro rail transit system. 

Bachand-Marleau [15] has found that in the city of Montreal, the commuters who 
used the train-based service for their major trips are most likely to use cycle for the 
first and last mile connectivity. It also suggested that this will be the most suitable, 
due to the economic condition of commuters living away from the city. 

Zhao and Li [16] found that the transit distance was the most essential factor 
for cyclists in Beijing. Also, cycle-friendly environment and streets were found to 
be essential and relevant. They also stated that the metro passengers in suburban 
areas prefer to take a bus over cycling while the commuters in the city center 
preferred cycling. They also found that the younger commuters were more likely 
to use bicycles, and also, the poorer commuters would not prefer to cycle. 

Souza [17], using the binary logit models, attempted to find the significant factors 
influencing the commuters to use bicycles as a feeder mode for two localities having 
low income in Rio de Janeiro. They found that in a developing country such as Brazil, 
where the bicycling network has not been established yet, bicycle infrastructure, 
parking facilities, and cycle ownership are the primary motivators for cycling. At the 
same time, safety is an essential barrier in such locations.
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Cheng and Liu [18] tried to find the problems that may arrive due to the integration 
of cycling with transit systems using the Rasch model from the users’ perspective 
in Taiwan. They found that the factors such as weather conditions, cycling infras-
tructure, safety are the major factors that affect the inconvenience of the commuters. 
Along with these, factors such as parking facilities, use of washrooms during transit, 
and the bike and ride methods create inconvenience among the commuters. As 
mentioned, all of the above factors created different inconvenience to the commuters 
based on their age, gender, trip purpose, and bicycle riding frequency. 

Martens [9] analyzed the bike and ride system for Netherlands, Germany, and the 
UK. He found that the effect of travel purposes, access and egress distances, start 
and end location of the trips was similar in these countries despite having cultural 
differences. Furthermore, they found that the faster and good quality transport system 
has a higher share of bike and ride users than the ones that are not comfortable. The 
paper states that for slower modes of public transport, the commuters do not prefer 
to cycle for more than 2 or 3 kms while for faster modes, they can cycle 4 or 5 km. 
The author also stated that the share of bicycle as a feeder system to trains is almost 
equal to the total share of bicycle trips. 

Liu [19] attempted to determine the impact of a micro-scale built environment on 
pedestrians’ or cyclists’ preferences in Tianjin, China using a stated choice experi-
ment. They found that for their pathways, cyclists and pedestrians preferred buildings 
less than six floors. They also found that a green area or development of greenery 
along the pathway increases the commuter’s willingness to walk or cycle. The 
commuters stated that the lack of streetlights on cycle tracks and footpaths was 
causing a safety issue to the commuters. They also found that shopping frontages 
can have a huge impact on the users’ preference to cycling or walking as a mode of 
transport. 

Zuo [20], in their study, tries to assess the advantages and potential of integrating 
bicycle and public transport services and the inequity among the distribution for the 
city of Hamilton County, Ohio. They found that using bicycle transit integration can 
lead to increased employment opportunities, and bicycle transit integration can also 
help increase transit opportunities irrespective of the race and income of groups. 

Not a lot of research on the integration of different modes of transport was done 
in the Indian context. Research done by Singh [21] stressed the importance and the 
benefits of integration of different modes of transport to develop a system which 
shall be helpful in creating a good public transport system and increase the ridership 
of the public transport. 

This paper attempts to determine the effects of the different built environment 
factors concerning the Indian context. It was seen that other countries have been 
studying the integration, but Indian context lags on this aspect. It was also seen that 
the research for tier 2 and tier 3 cities was lagging worldwide; hence, the authors 
tried to study this aspect.
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3 Methodology 

The city of Nagpur is a growing city in the region and is the only major city in the 
region of Vidarbha. Metro system is being constructed in the city, with multimodal 
integration being planned while the construction activity is going on. The integration 
of cycle and pedestrian modes of transport requires huge infrastructural cost and 
requires space to be made on roads that is not available at all locations. 

The paper tries to study the effect of the cycling and pedestrian infrastructure being 
developed in the city on the metro ridership using the stated preference technique. 
First, the stated preference survey was conducted, and the data from the commuters 
were extracted such as their age, gender, income, total trip distance, trip character-
istics, and the commuters were asked about their preference to use metro services. 
It was then asked whether they would access the metro services by cycling or by 
walking. The users were then asked about their needs for cycle tracks or footpaths. 

The paper tries to determine the impact of the cycle tracks and footpaths in the 
locality. The analysis is done to determine the effect on metro ridership from the 
construction of cycle tracks and footpaths. The study tries to determine the needs 
of footpaths according to the age groups of the commuters, the socio-economic 
constraints of the commuters, the land use of the locality, gender of the region, and 
the metro arm of the study area. 

The data were collected in May 2018 in person. Since the metro services were 
not operational at the time of data collection, the data was collected at the locations 
of the proposed metro stations. The bus stations nearest to the metro station along 
the haul line of the metro services were chosen as one location for conducting the 
survey. The survey was also done at the workplaces near the metro stations and at 
some homes, where the participants cooperated. A user-opinion survey was done at 
these locations. It was attempted to obtain 20 samples at each of the metro stations. 

Total of 769 samples were collected from these locations, with an average of 
20 samples per location. It was found that a lot of the surveys conducted were not 
proper and also had some factual errors which could not be considered for our study. 
Therefore, the filtered sample size reduces to 504 samples. The data collected was 
then further processed to find the acceptance to cycling and walking in the city. 

4 Transport Characteristics of Nagpur 

The City Mobility Plan (CMP) [12, 22–24] reports state that the modal share for 
two-wheelers dropped to 42% in 2018 as compared to 49% in 2013, share of trips 
by car also reduced to 5.2% from 9%, while the share of IPTs and bus transport 
increased from 10 and 8% to 19.8% and 15.6%, respectively, while the walk share 
reduced from 20% in 2013 to 10% in 2018. The reports also stated that the per capita 
motorized trip rate increased from 0.96 in 2013 to 1.3 in 2018. The average travel 
speed during the peak hours had reduced to 23.4 kmph from 27 kmph. The average
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trip length by cars and two-wheelers increased from 6.87 km and 5.5 km to 10.8 km 
and 8.6 km, respectively. The trip length by NMT modes remained more or less 
constant at 2 km for walk and 3 km for cycling, respectively. In 2013, 82% of the 
total registered vehicles in the city were two-wheelers, as shown in Table 1 [12, 22] 
(Fig. 1). 

Nagpur has a city bus transport system which is maintained by the Nagpur Munic-
ipal Corporation (NMC). The current fleet size is 375, of which 375 are operational 
on 36 routes. The city also has a metro transport system under construction. Nagpur 
has a vast metro system being developed by the Maha-Metro Rail Corporation, for a 
total length of 38.215 km consisting of 38 metro stations across two metro corridors, 
namely the North–South corridor and East–West corridor. The metro services have 
started along both the corridors but in a phased manner. Out of the total length, the 
South and West corridors have started operations, and out of the 21 stations proposed 
on these corridors, 12 have already started operations. 

The metro system has been divided into four reaches. Reach 1 connects Sitabuldi 
(Central Business District) to the airport and the MIHAN SEZ, which the government 
is proactively promoting for the industries to setup. The area is buzzing, and the city 
is expected to develop prosperously along this stretch. The new airport for MIHAN

Table 1 Number of registered vehicles in the city [12, 22] 

Sr. No. Vehicle category 2014–15 2017–18 CAGR (%) 

1 Two wheelers 42,958 61,412 9 

2 Cars 6524 11,157 14 

3 Jeeps 1789 734 −20 

4 Station wagons 0 4 – 

5 Taxis 416 866 20 

6 Auto rickshaws 2746 1920 −9 

7 Stage carriage 0 53 – 

8 Contact carriage 35 45 6 

9 Minibuses 0 0 – 

10 School buses 254 137 −14 

11 Pvt. Buses 4 0 – 100 

12 Ambulance 27 30 3 

13 Multi and articulated vehicles 22 151 62 

14 Trucks 144 200 9 

15 Tanker 11 0 – 100 

16 Del vans 1952 1579 −5 

17 Tractors 30 88 31 

18 Trailers 8 3 −22 

19 Other tippers 0 34 – 

Total 56,920 78,413 8
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Fig. 1 Figure showing the metro corridor in the city of Nagpur 

is also proposed near the metro line. Reach 2 connects Sitabuldi and automotive 
junction. The automotive junction is an upcoming industrial zone that houses the 
workers of the city. Reach 3 connects Hingna to Sitabuldi. Hingna is primarily an 
industrial zone of the region and houses significant industries from the city. Finally, 
Prajapati Nagar is connected to Sitabuldi by Reach 4. The major commercial zones 
of the city are in the vicinity of Reach 4.

As a feeder to the Metro, 38 minibus/minivan feeder routes have been proposed 
having an average length of 4–6 km perpendicular to the metro routes have been 
proposed, covering a total length of 210 km approximately. The feeder routes will 
be catered by different fleets consisting of 151 minivans and 42 minibuses. 

Along with the modes as mentioned above of transport, the city also has a public 
bike-sharing scheme, developed as a feeder to the metro system. The system includes 
bicycle, E-bikes, E-scooters, E-rickshaw, and E-car sharing systems to be operated 
across the city for providing seamless public transport to the commuters. 

5 Attempts to Integrate Different Modes of Transport 

To integrate different modes of transport in the new metro system being developed in 
Nagpur, the Maha-metro has taken various steps to develop new modes and to inte-
grate existing modes into the metro system with the primary objective of providing 
connectivity to the metro stations by all the existing modes of transportation available. 

The significant elements proposed for the integration of metro services with the 
other modes of public transport available to the commuters are:
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• Development of Feeder buses: 38 feeder bus service routes have been proposed 
based on the existing public transport system with an average length of 4–6 km 
per feeder service route. The service is to be delivered using 151 minivans and 
42 minibuses that the respective agencies are procuring. The feeder service is 
expected to cover a corridor having a total length of 210 km. The feeder service 
network is planned considering the number of trips and the employment potential 
of a particular location.

• Route Rationalization of the City bus Services: City bus service has a fleet size 
of 375 buses operational on 36 routes across the Nagpur region and not limited to 
the city. The city bus service has been proposed to integrate with the new metro 
system to create seamless connectivity with the city bus service. Therefore, the 
bus service routes have been planned per the existing routes, metro routes, and 
feeder bus routes.

• Development of NMT Network: NMT masterplan has been prepared for the city, 
which states the need to construct NMT facilities like footpaths and cycle tracks, 
etc., in various parts of the city. The masterplan suggests dividing the roads as 
primary, having dedicated footpaths and cycle tracks at least 1.8 m each on both 
sides. Then, secondary roads, having dedicated footpaths of clear width 1.8 m 
while the cycle track can be within the shared traffic space, and tertiary with the 
footpath and the cycle track within the shared traffic space.

• Development of Public Bike Sharing Scheme: The city has developed a PBS 
scheme with identified parking stations. The system is a dock-less kind of system 
with no docking stations but with parking spaces for the bikes. The entire network 
is proposed to be 209 km long of which 122 km of PBS network is proposed to be 
developed in phase 1 and the remaining in phase 2 depending upon current and 
future needs of the city. 

6 Integration of Cycling with Metro Services 

The CMP [12, 22] and City Development Plan (CDP) [24] have proposed various 
measures that should be implemented throughout the city in order to give the NMT 
users a safe movement and also to try and increase its capacity. These proposals 
ranged from construction of FOB’s at the CBDs and at major locations along with 
the development of cycle track for the cyclists. Also, in order to expand the cycling 
culture among the commuters in the city, it was proposed that a PBS scheme be 
developed in the city [12, 22–24]. 

The CMP’s and the CDP’s along with the data collected from the various junctions 
across the city along the metro corridor clearly show that the total modal share is 
around 6% for cyclists. The stated preference survey also shows that every one in 
three households owns a bicycle. The average trip that is made on bicycles ranges 
from 3–4 km across the city. Also, it can be seen that more than 80% of these trips are 
made for work or for educational purposes. This shows that Nagpur has commuters 
who prefer cycling and has huge potential to grow if nurtured scientifically.
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In order to develop the cycling infrastructure in the city, various NMT corridors 
have been proposed and have to be developed by the respective authorities. These are 
divided into three categories, namely primary, secondary, and tertiary. The primary 
NMT corridor consists of continuously dedicated 1.8 m footpaths and cycle tracks on 
both sides of the roads. These are differentiated from the carriageway by height or by 
placing a barrier depending upon the site situation. The secondary NMT corridor are 
the roads that do not have enough ROW to plan these separately. These are proposed 
to have dedicated continuous footpaths of minimum clear width of 1.8 m, and the 
cycle track is in the shared carriageway space which paint markings may separate. 
The tertiary corridors are the internal lanes that do not have adequate widths for 
constructing a dedicated footpaths and cycle tracks and have very less traffic. It is 
proposed that these have paint markings that differentiate the footpaths but have 
cycle lanes shared with the multi-vehicle lanes. It is proposed that by 2027, all the 
primary (95 km) and secondary (134.60 km) corridors have these provisions, while 
the tertiary may be developed by 2041. 

Also, the planning authorities have started a PBS scheme which is a pick-and-drop 
scheme. The bikes can be picked from the picking stations spread throughout the 
city, and it may be dropped at any location, which will then be picked by another 
commuter or picked up by the operator. A total network of 209 km is proposed out of 
which, 122 has been started as phase I and the phase II of 88 km is yet to be started. 

In order to reduce the ridership of private vehicles and promote public transport 
by using bicycles as a feeder mode, the Maha-metro has proposed a green journey 
mobile application. The application will include all the essential features such as 
schedule, timings, and bookings for metro service. Along with this, the application 
is proposed to have features to guide the commuter about the travel time and cost for 
travel for different modes of travel, i.e., the public and the private modes. It also gives 
the travel time and cost differential for travel using public transport but by different 
feeder systems such as bus, cycles, walking, etc. The app also proposes displaying 
the carbon emission by using a particular mode of transport to encourage commuters 
to use green modes of travel. 

As per the National Urban Transport Policy (NUTP) (2014), it is proposed that 
the priority is to be given to the commuters using public transport, second to the 
users of cycles and pedestrians, third to IPT users, and finally to the private vehicles. 
This has been seen in the case of the planning of metro stations. It is seen that as per 
the construction of the station region that is done, cyclists have priority over IPT’s 
and two-wheelers. The cycle parking stand is located at the closest location to the 
entrance of the station. The IPT drop-off bay is located at some distance, while the 
car and two-wheeler drop-off bays and parking are located at the farthest distance. 
This can be seen clearly in the planning of Airport South Metro station (Fig. 2).
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Fig. 2 Schematic representation of arrangements for different modes near the South Metro station 
area 

7 Acceptance Among Commuters 

The study majorly focuses on the commuter’s perception to use the services if they 
would be using the metro services. For this reason, the survey was done at the work 
places near the metro stations. The commuters were asked about their preference to 
use bicycles or walk if they would use the metro as a primary mode for their commute. 
It was found that 22.06% of the commuters were willing to use the bicycle or walk 
as a feeder service if dedicated footpaths and cycle tracks are developed. However, 
the same survey found that 21.50% of the commuters were willing to use the modes 
if only a continuous dedicated footpath is built in the city. The city already has a 
footpath along 80% of the roads, but due to inappropriate heights of the footpath 
and its lack of continuous access, the acceptance is low. Also, at major locations, it 
was found that the commuters could not use the footpath due to it being encroached, 
and hence it was not easy to use. Hence, it was asked of the commuters about their 
preference. 

The survey found that among the survey participants, 22.44% of the males said 
that they would be willing to use a bicycle or walk to the metro stations, while 30.5% 
of the females said that they might use it. Meanwhile, 23.72% of the women said 
that they may walk or cycle to the metro station if only footpaths were provided, 
while 20.84% of men said that they would do so if only footpaths were provided. 
The sample size difference in the males and females was found to be very high. This 
may be because not many females were interested in the survey. On the other hand, 
the high acceptance among the females may also be due to the good law and order 
situation in Nagpur during the survey period. 

The research divided the participants into five age groups, less than 18 years, 
18–25 years old, 25–45 years old, 45–60 years old, and more than 60 years old. 
It found that since the sample size for commuters less than 18 and that of more
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than 60 years was very less, it was removed from the study. It was found that for 
commuters with age group 18–25 years old, 29.29% of the commuters, in the age 
group of 18–25 years, would walk or cycle given the infrastructure of cycle track 
and footpaths is constructed, while 22.76% would use it if the only footpath was 
developed. Most of the commuters in this age group are students and face a lack 
of funds to access the metro services but require a relatively high-speed mode to 
access the metro station. For the age group of 25–45 years, the research found that 
21.84% of the commuters might use cycle or walk if cycle tracks and footpaths are 
constructed, while 20.80% might use cycle or walk if the only footpath is developed. 
For the age group of 45–60, it was found that 30.64% of the commuters might use 
cycle tracks and footpaths, while only 20.96% of the commuters would prefer to use 
it if the only footpath was constructed. It might be due to the increased emphasis on 
health in the aged generations. 

The researchers also asked about the profession of commuters. It divided the 
commuters into seven professions: business, farmers, retired professionals, govern-
ment employees, private employees, students, unemployed, and laborers. The sample 
size for farmers, retired professionals, government employees, and unemployed 
commuters was very low and hence cannot be included in the study. It was found that 
21.70% of the business owners preferred to use cycle or walk if footpaths and cycle 
tracks were constructed. While, if only footpath was constructed, only 18.49% of 
the commuters would use it to access the metro services. For the private employees, 
28.54% would use these modes to access the metro system if cycle tracks and foot-
paths were developed. At the same time, 25.10% of the private employees would use 
it if only footpaths were constructed. Among students, 25.97% said they would walk 
or cycle to access the metro system if cycle tracks and footpaths were constructed, 
while 22.07% of the students would use it if the only footpath was constructed. It was 
found that for workers and laborers, if cycle tracks and footpaths were constructed, 
20.37% of workers and laborers would cycle or walk to access the metro, while 
17.28% of the workers and laborers would use it if only footpath was constructed. 

The data was also analyzed as per the land use. The land use was divided into three 
major classes, namely residential, commercial, and industrial. Since the data was 
collected near the metro stations, the metro stations were divided as per the land use 
and the data collected at each was hence analyzed. It was found that if both cycle tracks 
and footpaths were constructed, 24.42%, 27.28%, and 13.01% of the commuters 
would use cycle or walk to access the metro stations in residential, commercial, 
and industrial zones, respectively. While, 21.26, 25.91 and 8.89% of the commuters 
would do so in residential, commercial, and industrial zones if only footpaths were 
constructed. This may be because the commuters traveling for industrial commute 
majorly live nearby and hence travel using own vehicles. 

Along Reach 1, it was found that if the cycle tracks and footpaths were constructed, 
almost 25.23% would be preferring to use cycling or walking as a feeder mode of 
transport, while this number dropped to 21.16% if the provision of dedicated footpath 
was made only. This can be attributed to the stretch of Reach 1 passing through a 
major residential and commercial zone at Somalwada and Ajni, respectively, which 
may prompt the user to use its own cycle to reach the metro station.
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Reach 2 is a mixed zone with government offices, automobile markets, and repair 
shops all along the coverage. The area is also a major market for blacksmiths and 
welders working and living nearby. The survey in the region found that if the cycle 
tracks and footpaths were constructed, almost 26.07% would prefer to use cycling 
or walking to reach the metro station, while this number dropped to 17.86 if the 
provision of dedicated footpath was made only. This is the case in the region due to 
the socio-economic characteristics of the region. 

Reach 3, along Hingna Road, a major industrial hub in the city, it was found that 
21.51% of the commuters might use cycle or walk as their mode of transport if cycle 
tracks and footpaths are constructed, while only 15.09% might use metro as their 
mode of transport if footpaths were constructed. This was reported to be lower than 
the city average due to the distance of industries from the metro stations. Also, few 
industries in the region have their own transport service for their workforce so it may 
be a reason for the commuters not to prefer walking or cycling to the metro station. 

Reach 4 is a major commercial marketplace in the city. The location has various 
grain markets, cloth markets, and travels through the old city. It was found that 
almost 29.44% of the commuters would prefer to cycle/walk to the metro station if 
the provision of cycle tracks and footpaths were made, while only 19.40% of the 
commuters would walk/cycle if only footpaths were constructed. A major reason for 
the above the city average numbers is that the area is a marketplace. It is difficult to 
find parking spots in the vicinity. Also, since the route passes through the old city, 
crowded paths and narrow lanes make up for most of the roads. It might be a reason 
for the commuters to prefer walking or cycling to access the metro stations. 

8 Conclusion 

Nagpur metro has taken various steps to increase the ridership among the commuters. 
This ranges from developing an app that can be used for all kinds of trips within the 
city to developing a single payment gateway for the commuters. Different steps 
have been taken to integrate the existing modes of transport available with the metro 
services as proposed. 

The metro also tries to establish and develop the existing bus system as a feeder 
service to the metro as can be seen in the case of Los Angeles. The development of 
metro services and the development of footpaths and cycle tracks has been proposed 
by the authority, which can be a game changer for the ridership to the metro. The 
study finds, that development of good infrastructure across the city, can increase the 
ridership of the metro services by 22.06% if dedicated, continuous and user-friendly 
cycle tracks and footpaths are developed. The study also finds that even though almost 
80% of the roads in Nagpur have footpaths, but developing a user-friendly footpath 
will increase the ridership by 21.50%. 

The study found that the construction of footpaths and cycle tracks will have the 
highest effect on the ridership in the Reach 4 of the metro stretch, while if only the 
footpath is constructed, Reach 1 will have the most benefit. It also stated that if the
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construction of footpath and cycle tracks would have the least effect on ridership in 
the Reach 3 of the services. 

The service would be most beneficial in areas with a commercial space rather 
than those with an industrial background. The data also suggested, that workers 
and laborers, a major commuter base in the industrial region, do not prefer it the 
most, while the private sector employees and students, a major commuter base in the 
commercial and residential zones, would prefer to use it the most. 

The study suggests the phasing in which the construction of the services can be 
done at various reaches of the metro services and their plausible effect on the metro 
ridership. 
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Investigating the Factors Affecting 
the Walking Dynamics of Pedestrians 
in Mass Gatherings 

Karthika P. Sobhana and Ashish Verma 

Abstract The interest in crowd modeling stems from the need to predict pedes-
trian flow based on current conditions and pedestrians’ interaction within the crowd. 
Therefore, understanding the walking dynamics of pedestrians in a crowd is essential 
to modeling and simulating the pedestrian flow. Here, we study the effect of the geom-
etry of location, different flow conditions, and sociodemographic characteristics on 
the pedestrians’ walking speed in a crowd. Further, appropriate statistical tests are 
used to check for differences in the mean speed of pedestrians across different groups 
obtained by social categorization. Surprisingly, the mean speeds are not considerably 
different in road sections with pervious boundaries. A comparison of the mean speed 
of pedestrians in the field vs experimental setups indicates that there is a significant 
difference in the mean speed of pedestrians in the two environments. These insights 
can be used to model the pedestrian flow in mass gatherings more realistically. 

Keywords Walking speed · Pedestrians · Mass gatherings · Crowd 

1 Introduction 

There has been considerable interest in measuring pedestrian speeds, especially while 
crossing, and investigating the different factors affecting the speed. However, pedes-
trian walking dynamics in mass gatherings is considerably different from the former 
instance. Alternatively, many studies have focused on the relation between macro-
scopic flow variables such as speed, flow, and density. However, it has been noted 
that density is not the only characteristic that affects pedestrian’s walking speed. 
The other factors that are likely to influence walking speed include gender, age, 
presence of luggage, the geometry of the study section, boundaries, space headway,
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time headway, local density, etc. Commonly used methods to manage crowds in 
mass gatherings are barricading some areas of the roadway or regulating the passage 
in narrow channels through frequent stoppages. Such strategies aim to modulate a 
person’s natural gait by repeatedly reducing their walking speed and altering the 
walking direction. This study’s objective is to assess if these measures influence all 
the pedestrians in the same way. We explore the impact of gender and height of the 
pedestrians on walking speed for different locations, different flow conditions, and 
end activity. 

Generally, pedestrian data are collected from controlled experimental settings 
and through field investigations. These include direct interviews, recording pedes-
trian flows in artificial environments, recording responses through virtual reality, and 
recording pedestrian behavior by directly observing them in natural environments. 
Here, the effect of the environment on the pedestrian walking speed is explored 
by comparing the pedestrian walking speeds in the natural environment and experi-
mental settings. Video graphic data of pedestrian flow at six locations in Kumbh Mela, 
Ujjain–2016 is used to understand the walking dynamics in the natural environment. 
The data include uninterrupted unidirectional flow (Panchkroshi yatra—a religious 
yatra/travel pilgrimage), interrupted flow conditions in barricaded roadways, unidi-
rectional flow through narrow corridors, bottleneck sections, and approach road to the 
intersection. Data from pedestrians’ single-file movement in controlled experimental 
conditions are used to compare walking dynamics across natural and experimental 
settings. 

In this paper, we attempt to identify the different factors influencing the walking 
dynamics of pedestrians in mass religious gatherings. Contrary to many studies, 
females’ mean speed is found to be higher or comparable to the mean speed of males 
in Kumbh Mela. 

The upcoming section reviews the various studies on the walking dynamics of 
pedestrians. Data description is given in Sect. 3. The following section focuses on 
the analysis of pedestrian walking speed at different locations in the study area. The 
last section discusses the insights derived from the study. 

2 Literature Review and Background 

Understanding the walking dynamics of pedestrians is an extensively researched topic 
as it encompasses studies on walking speeds of pedestrians, modeling the walking 
dynamics of pedestrians in a crowd, and modeling the macroscopic relations between 
fundamental flow parameters. Table 1 gives the mean speed of pedestrians from 
various literature. It also highlights the differences in the speeds based on the data 
collection technique employed. An exhaustive review of literature on the walking 
dynamics of pedestrians is beyond the scope of this paper. Instead, this section 
consolidates the works carried out under the themes mentioned above. Focus is 
given to the studies conducted in India.
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Table 1 Mean walking speeds of pedestrians from literature 

Reference Country Description Data collection Mean speed (m/s) 

Virkler and 
Elayadath [26] 

USA Walkway Natural 
environment 

1.23 

Daamen and 
Hoogendoorn [7] 

Netherlands Unidirectional 
flows 

Laboratory 
experiment 

1.46 

Opposite flows Laboratory 
experiment 

1.33 

Crossing flows Laboratory 
experiment 

1.38 

Wide bottleneck Laboratory 
experiment 

1.2 

Narrow 
bottleneck 

Laboratory 
experiment 

0.96 

Daamen [6] Netherlands Bottleneck Laboratory 
experiment 

1.58 

Chandra and Bharti 
[3] 

India Sidewalk Natural 
environment 

1.25 

Wide sidewalk Natural 
environment 

1.36 

Precincts Natural 
environment 

0.97 

Carriageway Natural 
environment 

1.23 

Gupta et al. [13] India Carriageway Natural 
environment 

1.02 (Male) 
0.91 (Female) 

Chattaraj et al. [5] India Corridor Controlled 
experiment 

1.27 

Germany Corridor Controlled 
experiment 

1.24 

2.1 Walking Speed of Pedestrians 

Chandra and Bharati [3] have investigated walking speeds and crossing speeds at 
three different cities. It is found that the pedestrian walking speeds follow normal 
distribution at all locations. The crossing speeds of males (1.52 m/s) are higher than 
females (1.45 m/s). Yugendar and Ravishankar [28] modeled walking speed as a 
function of gender, age, persons with luggage, persons with children, and density. 
Several studies also focus on the comparison of normal walking speed and crossing 
speed at signalized or unsignalized intersections or midblock [3, 11, 15, 16, 21]. 
Common factors which have been found to influence the walking speed of pedes-
trians include age, gender, location of facility, season or weather conditions, group 
size, signal type, crosswalk markings, time of day, and roadway width [4, 18, 20]. 
Gupta et al. [13] explored the effect of gradient on pedestrian flow characteristics.
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The effect of gender, age, and baggage on the walking speed of uphill and downhill 
pedestrians indicates that male pedestrians (1.02 m/s) walk faster than female pedes-
trians (0.91 m/s). Also, the study suggests that human intentions affect the walking 
speed of pedestrians besides the topography of the sidewalk. 

2.2 Fundamental Flow Diagrams 

The relation between the fundamental flow parameters speed, flow, and density in 
a pedestrian flow has been studied extensively. This could be attributed to the fact 
that these relations prove vital in the design and operation of pedestrian facilities 
such as walkways and crosswalks. Virkler and Elayadath [26] test the speed–density 
hypothesis of several established models, including single-regime, two-regime, and 
three-regime models. The Edie model was found to be the best fit model for the 
dataset. Over the years, several studies have been conducted to understand the funda-
mental diagram of pedestrian flow using data from controlled experimental setups 
[7, 14, 24, 30]. Relatively fewer studies have explored the relationship between 
fundamental flow parameters using data from field observations. Speed-flow-density 
relations were plotted for two locations in a mass gathering by Yugendar and Ravis-
hankar [28]. Here, speed–density shows an inverse relationship with a maximum 
density of nearly 2.2 ped/m2. 

2.3 Walking Dynamics of Pedestrians in Crowd 

Duives et al. [9] model the operational walking dynamics of pedestrians as influenced 
by the combined effect of interactions between neighboring pedestrians. The change 
in walking speed and direction is specified as a function of several explanatory 
variables current walking speed, relative positioning of nearby pedestrians, space 
headway, sight angle, etc. It was noted that obvious variables such as distance 
headway and time headway turned out to be insignificant in some models. Other 
studies, such as [2], explore the sensitivity of walking speed to the lateral motion of 
the walking platform. Moussaid et al. [19] model the walking behavior of pedestrian 
social groups and concludes that the speeds decrease linearly with density and group 
size. They model pedestrian interactions by extending the social force model using a 
new interaction term considering the gazing direction of a pedestrian. Antonini et al. 
[1] proposed a discrete choice modeling approach to model the pedestrian walking 
behavior. Here, the choice set for each pedestrian is a combination of speed regimes 
and direction. 

The presence of groups can significantly influence the walking behavior of indi-
viduals, considering the interaction between group members. Many studies report 
that as the group size increase or as the proportion of groups in a crowd increase, the 
walking speed of pedestrians’ decrease [8, 16, 27, 27]. A large proportion of these
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studies use data from controlled experiments to understand the walking behavior— 
walking speed and stepping behavior of pedestrians [23, 27, 29]. The participants of 
these experiments are asked to walk in marked sections and at times asked to adjust 
their speed as slow walkers, normal walkers, and fast walkers to explore the effect 
of different speed compositions on the collective behavior of individuals [10]. 

Though numerous studies have explored the walking dynamics of pedestrians, 
comparatively fewer studies focus on pedestrian flow in natural environments, espe-
cially in mass gatherings. Also, the effect of boundary conditions of the study 
stretches; as the boundaries could be rigid without allowing entry/exit of pedes-
trians throughout the section, it could be soft boundaries such as movable barricades 
and ropes or without any physical boundary such as an open roadway can consider-
ably influence the walking dynamics. We would like to explore the above-mentioned 
effects on pedestrian walking speed. Additionally, the influence of gender and height 
on the walking speed at different flow conditions is investigated. The following 
section describes, in brief, the data used for the analysis. 

3 Data Description 

Simhasth Kumbh, as Ujjain Kumbh Mela is popularly known, is one of the largest 
spiritual gatherings in India. Video graphic data of pedestrian flow at five loca-
tions in Ujjain—is used to understand the walking dynamics of pedestrians in the 
natural environment. The data collection was carried out for 30 days starting from 
22nd April 2016 to 21st May 2016 during Kumbh Mela and for a week during the 
Mahashivrathri festival in 2017. During the data collection, a minimum temperature 
of 22 °C and a maximum temperature of 44 °C was recorded on 6th May and 19th 
May 2016, respectively. The videos have been captured using mobile phones, Go 
Pro cameras, and taken from CCTV footages. We consider different walking condi-
tions including an uninterrupted unidirectional flow (Panchkroshi yatra—a religious 
yatra/travel pilgrimage), interrupted flow conditions in barricaded roadways, unidi-
rectional flow through narrow corridors, bottleneck sections, and an approach road 
to the intersection (refer Fig. 1). A brief description of the locations considered, and 
the flow conditions are presented in Table 2. 

Panchkroshi yatra is a travel pilgrimage by walk undertaken by the pilgrims. The 
pilgrims come to the city to visit many temples to offer their prayers and walk a total 
distance of about 118 km by foot. Many of these pilgrims travel with head luggage. 
Mahakal temple, being one of the prime attractions, is visited by a large number 
of pilgrims. Inside the temple, the pilgrims are required to pass through narrow 
channels with strong iron railings on either side. The bottleneck section considered 
for the study is a barricaded temple queue where the width of the channel reduces 
from 1.6 m in the upstream section of the U-turn to 0.75 m in the downstream section. 
Data of pedestrians in the queues in straight sections and bottleneck sections are also 
extracted.
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Fig. 1 Locations considered for the study 

Table 2 Specifics of the study locations 

Flow conditions Locations Sample size Length of the study 
section (m) 

Uninterrupted 
unidirectional flow 

Ambodhya stretch in 
Panchkroshi yatra 

788 5.8 

Gaughat 117 3.8 

From Harsiddhi Marg to 
Temple 

2729 1.8 

Interrupted 
unidirectional flow 

Mahakal Temple 
queue—Upstream section of 
bottleneck 

1548 2.3 

Bi-directional flow Approach road to Harsiddhi 
Chauraha 

120 3.4 

The pedestrian data from videos are processed manually by drawing the trap 
lengths on the screen using the Swordsoft Screenink annotation tool. To estimate the 
walking speed of pedestrians, the entry time (ti) and exit time (tj) of the pedestrian 
into the study section are noted. Wherever feasible, sociodemographic characteristics 
of the pedestrian such as age, gender, and height were noted. Since these observations 
were made manually, we have not considered age for the analysis due to the subjective 
nature of the variable. Walking speed is then estimated as 

Vn = l/(t j n − t i n); (1)
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Fig. 2 Experimental setup 
adopted in Gulhare et al. 12 

Vn: walking speed of pedestrian n, (m/s) 
t i n: entry time of pedestrian n into the study section, (s) 
t j n : exit time of pedestrian n from the study section, (s) 
l: measured length of the study section, (m) 

Data from pedestrians’ single-file movement in controlled experimental condi-
tions are used to compare walking dynamics across natural and experimental settings. 
The data of pedestrian walking from a controlled experimental setup is taken from the 
study performed by Gulhare et al. [12]. The experiment was conducted at the Indian 
Institute of Science, Bangalore. The participants were asked to move in a closed loop. 
About 40 participants in the age group of 25–50 took part in the experiment. The 
total length of the closed loop was 17.3 m, where the pedestrian data are recorded 
for the measured section shown in Fig. 2. Further details on the experimental setup 
can be obtained from Gulhare et al. [12]. 

4 Analysis of Pedestrian Walking Speed 

In general, unidirectional flow refers to pedestrian flow in one direction alone. Many 
times, the boundary conditions of the study stretch can be different for the same flow 
conditions. Single-lane roadways with the restricted flow in one direction, pedestrian 
flow in temple queues with strong iron railings for support, separated and designated 
paths on roads by portable barricades/ropes fall under unidirectional flow. In addition, 
some of these flow conditions are regulated by event managers who stop and release 
the pedestrian flow at regular intervals. However, the boundary conditions, the type
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of activity, and regulations imposed on flow have a significant impact on the walking 
speed of pedestrians. 

Hypothesis testing on the difference in the mean speeds of pedestrians of different 
socioeconomic characteristics such as gender and height was done for different study 
locations. The hypothesis that the mean speed of male pedestrians and that of female 
pedestrians is the same (Null hypothesis H0: vm − vf = 0 and alternate hypothesis 
H1:vm − vf �= 0) is tested. Similarly, the hypothesis that the mean speed of pedestrians 
with medium height and the mean speed of short pedestrians is the same (Null 
hypothesis H0: vmd − vsh = 0 and alternate hypothesis H1: vmd − vsh �= 0) is tested. 
The appropriate t-test is carried out for the various study locations. 

4.1 Effect of Geometry and Boundary Conditions 
of the Section on Walking Speed 

It is noted that the average walking speed of pedestrians in a unidirectional flow 
depends on the geometry of the study section (see Fig. 3). The highest mean walking 
speeds of 1.11–1.20 m/s are noted on open roadways without barricading, even 
when the densities are as high as 1.2 ped/m2. The lowest mean walking speeds 
of 0.4–0.88 m/s are observed in narrow corridors with strong boundaries such as 
iron railings. Larger variations in pedestrian speed are also noted in temple queues 
compared to pedestrian flow in Panchkroshi yatra. From Table 3, it can be concluded 
that walking speeds are higher when the pedestrian flow happens through locations 
with soft boundaries. Restricting the movement by forcing the pedestrians to walk 
through a maze of narrow corridors enclosed by strong boundaries lowers the walking 
speed of pedestrians. 

It is observed that when the boundaries of the study section are impervious such 
as iron railings, it does not allow the pedestrians to filter out or in through the bound-
aries except in some exceptional cases. The exceptions could be in terms of people

Fig. 3 Pedestrian walking 
speed distribution at different 
locations
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Table 3 Average walking speed at different locations 

Location Average speed (m/s) Walking direction 

Panchkroshi yatra 1.11 Unidirectional (Continuous 
movement) 

Bottleneck-u/s 0.5 Unidirectional (Barricaded 
with strong railings) 

Harsiddhi Marg to Mahakal temple 0.60 Unidirectional (Continuous 
movement) 

Gaughat 1.14 Unidirectional (Separated and 
demarcated roadways) 

Experimental SFM 0.42 Unidirectional (Continuous 
movement in a loop without 
barricading) 

Harsiddhi Chauraha 0.45 Bi-directional movement on 
approach roads 

who attempt to jump over the rails to gain quick access. However, previous bound-
aries allow for faster pedestrians to overtake slower pedestrians for short sections 
through the sides. An example of this is pedestrian flow through a roadway with foot-
paths/sidewalks on either side. Faster pedestrians use these sidewalks to cut across 
the slow pedestrians just ahead of them and later merge into the mainstream.

Pedestrian speeds reduce drastically at bottleneck sections in narrow corridors. 
The walking speed of pedestrians in the upstream section of the bottleneck is 0.5 m/s. 
Here, the two lanes of pedestrian’s merge and form a single lane, thereby lowering 
the pedestrian speeds considerably. Bi-directional flows also limit the walking speed 
due to the need to look out for pedestrians in opposite directions and resulting side 
friction. 

In the experimental setup, pedestrians were asked to move in a loop without 
overtaking and without leaving the boundaries of the marked section. This setup 
allows the pedestrians to walk only in a queue, limiting their walking speeds as the 
speeds become a direct function of mostly spacing between the pedestrians. However, 
the average speed in an experimental setup is still lower than the average speed in 
the upstream section of the bottleneck in field conditions. This raises the question of 
relying solely on insights from pedestrian flow in controlled experimental setups to 
understand the walking dynamics of pedestrians. 

4.2 Comparison of Walking Speeds Across Different 
Sociodemographic Groups of Pedestrians 

To investigate the effect of gender on walking speeds, unidirectional pedestrian flow 
data of three locations is used: Roadway from Harsiddhi Marg to Mahakal temple, 
Panchkroshi yatra, and upstream section of the bottleneck (Fig. 4 shows the variations
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Fig. 4 Variation in walking speed distribution across gender (Mahakal, Panchkroshi, and 
Bottleneck-u/s section clockwise) 

in the walking speeds across gender in the three locations considered). The details 
are presented in Table 4. The walking speeds of females are higher than the walking 
speeds of males in two of the study locations, which is counterintuitive as most 
studies report that females walk slower than males. In the upstream section of the 
bottleneck, the mean speed of males is higher than females. 

Table 5 gives the results of the statistical analysis. The analysis reveals a signif-
icant difference in male and female pedestrians’ mean speeds in temple queue at a 
95% confidence level. Investigating the effect of gender on pedestrian speed in the 
bottleneck section reveals that the mean speeds of male and female pedestrians in 
the bottleneck’s upstream section are significantly different at 95% confidence level. 
However, this difference is not evident in male and female pedestrians’ mean speed 
in Panchkroshi yatra. It is seen that the pedestrians with shorter heights have lesser 
walking speed compared to pedestrians with medium height. This can be attributed 
to the advantage in terms of visibility, which allows them to practice better walking 
strategies. Shorter pedestrians are blocked by people taller than them and cannot
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Table 4 Descriptive statistics of walking speed for different categories of pedestrians 

Location Description Percent of total Mean walking 
speed (m/s) 

Standard 
deviation (m/s) 

Toward Mahakal 
Temple 

Gender: male 64.2 0.59 0.61 

Gender: female 35.8 0.63 0.38 

Height: medium 82.3 0.65 0.17 

Height: short 17.7 0.61 0.14 

Total 100 0.60 0.54 

Panchkroshi yatra Gender: male 37.2 1.16 0.26 

Gender: female 62.8 1.19 0.28 

Total 100 1.11 0.27 

Bottleneck-upstream 
section 

gender: male 64.3 0.33 0.16 

Gender: female 35.7 0.31 0.15 

Height: medium 91.8 0.33 0.03 

Height: short 8.2 0.29 0.02 

Total 100 0.32 0.16 

Table 5 Analysis results 

Location Null hypothesis t-statistic Conclude 

Toward Mahakal Temple Mean speeds of male pedestrians 
are equal to the mean speeds of 
female pedestrians 

−1.97 Reject H0 

Toward Mahakal Temple Mean speeds of pedestrians with 
medium height are equal to the 
mean speeds of short pedestrians 

−2.07 Reject H0 

Panchkroshi yatra Mean speeds of male pedestrians 
are equal to the mean speeds of 
female pedestrians 

−1.47 Do not reject H0 

Bottleneck-u/s Mean speeds of male pedestrians 
are equal to the mean speeds of 
female pedestrians 

2.76 Reject H0 

Bottleneck-u/s Mean speeds of pedestrians with 
medium height are equal to the 
mean speeds of short pedestrians 

2.26 Reject H0 

Experimental setup
-SFM 

Mean speeds of pedestrians in 
experimental setup are equal to the 
mean speeds of pedestrians in field 

−11.07 Reject H0

plan their strategy as well as them. To further validate, if the walking environment 
influences the walking speeds other than the sociodemographic features, we next 
compare the walking speed of pedestrians between experimental conditions and 
field conditions. 
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In addition, comparing pedestrians’ mean speeds in controlled experimental setup 
and field setup can help to corroborate the applicability of using experimental data 
to calibrate pedestrian flow models. It is found that there is a significant difference 
in the mean speed of pedestrians in the experimental setup and the mean speed of 
pedestrians in the field setup. These differences indicate that the walking dynamics 
of pedestrians in the natural environment are different from the walking dynamics of 
pedestrians in controlled experimental conditions. It is also difficult to motivate the 
participants in controlled experimental setups to represent the state of pedestrians in 
mass gatherings. 

5 Discussion 

Efficient management of crowd by the event managers relies on a realistic pedestrian 
flow model. Pedestrian walking speed is an essential parameter in modeling pedes-
trian flow. It varies depending on the facility type and other infrastructural elements. 
A multitude of factors can influence the walking speed of pedestrians, such as age, 
gender, being a part of the group, presence of vulnerable segments of people in the 
group such as children, older adults, presence of luggage, and health issues. Here, 
we investigate the factors influencing the walking speed of pedestrians in mass gath-
erings. Statistical tests are used to check if the mean speeds of pedestrians with 
different sociodemographic characteristics are different. It is seen that the boundary 
conditions of the pedestrian flow influence the walking speeds of pedestrians. The 
study also shows that the speeds of females are on par or higher than the speeds of 
males in two of the study locations. This could be the effect of the nature of the gath-
ering and the motivation levels as females are found to be more spiritually oriented 
than their male counterparts [17, 25]. 

To overcome the practical difficulties associated with field data collection of 
pedestrian movement in crowds, many studies use controlled experiments. These 
experiments offer much more flexibility for the researcher to ensure proper volun-
teer coordination, ideal camera positioning, and also allows for a more focused 
data collection in terms of the objectives of the study. Data of single-file movement, 
bottleneck situations, and evacuation scenarios have been collected using such exper-
iments. However, these studies involve participants belonging to a homogeneous 
segment such as students. The situation is very different in field where the crowd is 
much more heterogeneous and are more enthusiastic/motivated to perform activities 
unlike the paid volunteers. Therefore, this study also compares the experimental data 
with field data to bring out the differences in walking speed of pedestrians, which 
further stresses on the need to calibrate the crowd models based on real empirical 
data. 

This study based on empirical data indicates that pedestrians’ walking speeds 
in mass gatherings are considerably slower than the generally adopted speed of 
1.2 m/s. These insights can be used to model pedestrian flow in mass gatherings
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more realistically. Specifically, variations in walking speed and the factors affecting 
pedestrians’ speed can help better understand the following behavior of pedestrians. 
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Effect of Free Left-Turning Vehicles 
on Pedestrian Safety at Signalized 
Intersection 

Piyush Lalwani, Mukti Advani, and Sanjay Dave 

Abstract This study aims to quantify the risk associated with these conflicts using 
one of many surrogate safety measures, i.e., post-encroachment time (PET). Study 
analysis is based on the data collected at two 4-arms signalized intersection one 
located in two Indian cities, one located in Vadodara, and other in Delhi. At both the 
locations, vehicular and pedestrians’ movement has been captured through videog-
raphy, and the same has been used for data extraction. Data extraction included 
pedestrian volume, classified vehicle volume, speed of vehicles, speed of pedes-
trians, waiting time of pedestrian, lag/gap time and post-encroachment time, vehicle 
type, pedestrian gender, and age group. A linear regression model was prepared to 
estimate the total number of conflicts, and as expected, pedestrian volume was found 
to be positively correlated with number of conflicts. Further, conflict severity was 
calculated based on PET values which is a conflict proximity parameter and indicates 
how close vehicle and pedestrians were while interaction (conflict). Based on PET 
values, all conflicts have been categorized into three categories, i.e., severe, moderate, 
and for both the locations, it was observed that nearly 25–45% of the conflicts falls 
in severe category. This highlights the need of intersection/signal improvement at 
both locations to reduce conflict severity. 
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1 Introduction 

Traffic safety is a major concern due to increased number of crashes in India. India 
has a road crash death rate of 22.6 per 1 lac of population WHO, 2019 [1]. Figure 1 
presents the crash (accident) data for India for the period of five years, i.e., year 
2014–2018. 

From, Fig. 1, it can be observed that there was decrease in number of accidents 
from 2014 to 2017, but however, the number of fatalities was still increasing. Apart 
from the count of accidents, Road Accidents in India report MoRTH, 2018 also 
provides the classifications of these accidents and deaths based on road user category, 
location type [2]. 

• As extracted from report, pedestrian accounts for 15% of its which is the third 
highest after motorcycle and four-wheeler 

• There has been increase of 10.75% in pedestrian death from 2017 to 2018. More-
over, 33% of the road accidents takes place at junctions (Intersections) of which 
12.1% is at T-junction and 7.4% is at four-armed junction. The road accidents 
occurring at signalized junctions are 2.9% (13,726) of total crashes at junctions. 
These 13,726 accidents result in deaths of 3325 people which is 21% of the 
total people involved, which shows that the accidents occurring at the signalized 
intersection have significant severity. 

The signalized intersections are provided to reduce the number of conflicts by 
reducing the number of movements taking place at an intersection at a given time 
and to enhance the capacity of the intersection. This is possible only if the signal 
phases are designed efficiently, and the rules are followed by the road user. Any 
error in phase designing or indiscipline behavior by road users will cause delays and 
increase in conflicts. Garder [3] studied crash data of 120 intersections in Sweden 
and found that majority of cases of accidents were due to a turning vehicle hitting 
a green walking pedestrian and a red walking pedestrian hit by a vehicle. Another 
study by Xu et al. [4] found that major factors contributing to the increased crashes 
at signalized intersection are as follows: pedestrian above 65 years of age, heedless 
crossing, also, he found that places with low pedestrian volume have higher number
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of pedestrian crashes. Abdel [5] concluded that pedestrian and driver demographic 
factors, road geometry, traffic conditions, environment, are the factors affecting the 
road severity and frequency of road crashes. With increase in the traffic volume, there 
was increase in the number of accidents. In research conducted by Rankavat et al. [6] 
on pedestrian accident analysis using GIS, they found that the factors affecting the 
number of pedestrian road fatalities are population density of the area, the category 
of the road, and the type of the vehicle. The crashes with cars and buses were found 
to be more fatal than other categories of vehicles. Anjana et al. [7] carried out study 
under mixed traffic conditions and identified the factors that affect the safety at 
signalized intersections. Study identified median width, green time, proportion of two 
wheelers, and volume of the traffic stream as the significant parameters. Same study 
also found that the provision of the channelized left-turn lanes can help to reduce the 
number of crashes. More than of intersections with channelized left turning, most 
commonly observed are signalized intersections with free left turning. However, 
limited research on the effect of the free left turns on the pedestrian safety under 
heterogeneous conditions is available in literature. Though the subjective discussion 
is included in few studies regarding increase in number of free lefts-turning vehicles 
and its effect on pedestrians’ safety, quantification of the same is missing gap in 
literature. This study aims to study the pedestrian behavior while crossing against 
the free left-turning vehicles under the heterogeneous traffic conditions and their risk 
of getting into a conflict using time gap and post-encroachment time (PET) as key 
performance indicators. To strengthen the method of analysis, existing studies with 
respect to pedestrians’ crossing behavior and pedestrian-vehicle interaction have 
been studied and discussed in the next section of literature review.

2 Literature Review 

Most commonly, pedestrian-vehicle interaction is termed as conflict. As per Swedish 
conflict technique Hyden et al. [8], “Conflict is a situation in which two road users 
approach each other in time and space in such way that a crash is highly probable 
if their paths remain unchanged.” The surrogate safety measures such as gap time 
(GT), encroachment time (ET), time to collision (TTC), post-encroachment time 
(PET), time to accident (TA), and deceleration rate (DR) are most widely used in 
the studies for determining the risk of getting involved in crashes. Encroachment 
time and post-encroachment time indicate the actual conditions on the field, and 
their measurement is possible only after the conflict has occurred, but both differ 
from one another because ET considers the boundary of right of way of the road 
user for defining the conflicts, whereas post-encroachment time considers a collision 
point, which is the actual point of intersection of two conflicting road users. Time 
to accident and time to collision are based on predicted trajectories and hence can 
be calculated before the conflict actually happens. Time to accident is different from 
time to collision since it considers the beginning of the measurement after the evasive 
action is taken, and time to collision can be measured from the beginning the two
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road users can be seen to be on a collision path till the conflict has taken place (not 
evasive action); multiple TTC are possible, and the minimum TTC is the one that is 
to be taken into consideration. 

This section deals with the studies that have used traffic conflict technique for 
determining the pedestrian safety at intersections and crosswalks and determine 
the factors responsible for decreased safety of pedestrians. Chandrappa et al. [9] 
conducted the stated preference survey and revealed behavior survey; the revealed 
behavior and the stated behavior had huge variation. Also, the 85th TTC observed was 
1.92 s for intersections and 2.25 s for midblock, showing that there is a higher risk of 
collision at intersections than midblock. Perumal et al. [10] found that approaching 
vehicle direction, position, type along with pedestrian age and speed are the parame-
ters that have a significant impact on the PET category of the pedestrian. The authors 
found 15th percentile to be 2 s and 50th percentile PET to be 5.5 s. Also, turning 
movements were less dangerous than the through movement, which was because 
the turning drivers were reducing the speed of the vehicle. Kumar et al. [11] took 
into consideration the pedestrian dominance and vehicle dominance at 12 sites in 
India and found that the near-side pedestrians show higher coercive dominance as 
compared to that of both far-side pedestrian, and that the yielding preference of the 
driver depends on the type of maneuvering they take. The left-turning driver yield 
more often than through and right-turning drivers. Chaudhari et al. [12] from the PET 
analysis found 15th percentile PET to be 1.5 s and considered interactions with PET < 
1.5 s as dangerous conflicts, 50th percentile PET as 5 s, and any conflict between 1.5 
and 5 s was considered as a normal conflict. Nearly, 8–32% was dangerous conflicts, 
and 2–35% was normal conflicts. Lord [13] observed that X-intersection is 2–4 times 
safe than the T-intersection in terms of pedestrian safety. He also added that in case 
of T-intersection, there is higher risk of conflict if pedestrian starts crossing in earlier 
stage of green phase, while for X-intersection, it was opposite; later, the pedestrian 
starts crossing the road higher is the chance of conflict. Zhao et al. [14] prepared 
models for four different turning radii, viz., 2, 10, 22, and 30 m. The models had 
R square value above 0.7 which shows a good correlation between traffic conflicts 
and pedestrian and vehicular flow. In addition, the numbers of severe conflicts were 
more at large turning radius, and there were no severe conflicts found for 2 m turning 
radius. Ling et al. [15] from their study on pedestrian and right-turning vehicle 
conflicts found that individual pedestrians, pedestrian crossing from near side, high 
right-turning vehicle volumes, higher distance of pedestrian from conflict point, and 
smaller time difference between the vehicle and pedestrian arriving lead to increased 
probability of the pedestrian yielding. Sha et al. [16] in their conflict analysis at a 
signalized T-intersection found that there were 31, 41, and 28% conflicts between 
0–1, 1–2, 2–3 s, respectively. The authors observed that nearly 65% of the conflicts 
was due to right-turn movements, and rest 35% was because of other movements. The 
author concluded that the right turn on red maneuvers poses a threat to the pedes-
trian, and moreover, pedestrians’ spatial and temporal violation lead to increased 
conflicts. Cheng et al. [17] observed that 57% of PET < 3 s occurred inside the cross 
walk, and 43% outside the cross walk. It was also observed that drivers tend to adopt 
smaller turning radius, and their trajectory was within half the crosswalk length from
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the curb side. Jiang et al. [18] from a comparative test on three different sites, viz., 
non-channelized right-turn lane, non-channelized right turn through lane, and chan-
nelized right-turn lane, authors found that the channelized intersection posed had 
higher risk index, higher mean risk index for crossing decisions, reduced PET value, 
higher mean crossing speed, high-rate failures in interactions (evasive behaviors). 

3 Objective and Study Methodology 

The objective of this study are as follows: 

• To study the safety of pedestrians against free left-turning vehicles using surrogate 
safety parameters. 

• To find out relationship of pedestrian characteristics (gender, age, walking speed, 
waiting time, gap acceptance) and vehicular characteristics (vehicle type, turning 
speed) with PET. 

• To find out the factors affecting the number of conflicts and develop a suitable 
mathematical model. 

Figure 2 presents the methodology adopted for this study. Based on comprehensive 
review of the available literature, the research gap was identified, which was followed 
by setting of objectives as mentioned above. Once the objectives were set, the study 
site selection was carried out by going through the available video data and finding 
the site that fits the objective, and two signalized intersections were selected, one 
located in Vadodara and other in Delhi. For these two sites, video data were collected; 
this video data were later used for extracting various parameters such as vehicle 
characteristics and pedestrian characteristics. This extracted data were then analyzed 
using the SPSS statistical software for different categories. Final analysis focuses on 
preparation of linear regression model for prediction of total conflicts in an hour and 
conflict severity measurement. 

4 Study Area Characteristics 

This study considers two four-legged signalized intersections; one is located in 
Khodiyar Nagar of Vadodara city (location-1), and another location is in Shakti Nagar, 
Delhi (location-2). Both the locations have channelization for left turns at each leg. 
This study is based on data collection at one of the four arms at both the locations. 
Figure 3 shows the intersection layout of the selected signalized intersection. 

Table 1 provides geometric details of site in Vadodara and Delhi. The measure-
ments “A” and “I” are of importance to us since those are the approaches whose left 
turn has been taken into consideration, and ‘I’ denotes the crosswalk length. The 
approach width “A” of Khodiyar Nagar intersection excludes the additional width 
provided for channelized left turn; the additional lane for left turn is 4.5 m and is
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Fig. 2 Study methodology

made available for a length of 50 m (paved), and the remaining part is provided as a 
shoulder, whereas approach width A for Shakti Nagar intersection of Delhi includes 
the width of channelized left turn in it. It can be observed that the approach taken 
into consideration for Vadodara is two-lane road and that of Delhi is a three-lane 
road. The crosswalk length of both the left turns is of same length, i.e., 5 m. 
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Fig. 3 Intersection layout 

Table 1 Showing the geometric details of the site 

Notation Vadodara Delhi Notation Vadodara Delhi 

A 8 + (4.5 m) 12.2 H 10 + (6 m) 10.2 

B 8 + (6 m) 9.4 I 5 m 5 

C 11 + (6 m) 9 J Khodiyar Nagar Jhangirpuri 

D 10 + (6 m) 10.5 K Sardar Estate Bhagat Singh Chowk 

E 8 9.5 L Santaram Park TIS Hazari Court 

F 8 + (6.4 m) 9.2 M Manek Park Nangia Park 

G 10 + (5 m) 9.2 (‘X’ m) indicates shoulder width 

5 Data Collection and Data Extraction Methodology 

5.1 Data Collection 

Data collection for location-1 and location-2 was done in September 2020 and 
November 2018, respectively. Data collection includes 16 and 3.5 h of video data for 
locations 1 and 2, respectively. Camera view captures the left-turning vehicles and 
crossing pedestrians. Data extraction included following: 

• Classified vehicle volume (left turning vehicles) 
• Pedestrian crossing volume 
• Turning and exit speed of vehicles turning left 
• Pedestrian crossing speed 
• Pedestrian waiting time 
• Lag/gap time 
• Post-encroachment time.
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Along with these parameters, various characteristics of pedestrians such as age, 
gender, group size, direction of crossing, crossing area used, and vehicle type have 
also been extracted. Data extraction from collected videos is carried out with the help 
of open-source software, i.e., Avidemux 2.76. Process considered for data extraction 
is semiautomatic. Avidemux is a video playing software which allows to play the 
videos at varying speed as well as play it frame by frame. Prior to data extraction, 
a grid was laid over the captured video. The grid was prepared using the AutoCAD 
2016 software and was rendered in video using the Movavi Video Editor Plus 2021. 
Four control points for grid calibrations were obtained by comparing the video data 
with the satellite image from Google Earth Pro software, and once the points from 
the video data and Google Earth Pro were matched, grid was laid using these points 
as control points. Figure 4 shows the grid overlaid on the video, and Fig. 5 shows 
the details of crosswalk area. 

Table 2 shows the scale variables and the categories associated with it. These 
categories have been used in analysis in this study, to study factors affecting the 
scale variable. Column-1 of the table shows category name, column-2 describes 
what that category represents. For example, the row-1 in Table 2 signifies that the

Fig. 4 Snapshot from video captured for location-1 with overlaid grid 

Crosswalk C 

Vehicle Exit 

Crosswalk B 

Vehicle Entry 
Crosswalk A 

Fig. 5 Details of crosswalk area and stretch considered for vehicle speed at location-2
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Table 2 Various categories used in analysis of post-encroachment time 

Category Definition 

Motorized two-wheeler (2 W) Vehicle class compromising of motorcycles and scooters 

Motorized three-wheeler (3 W) Vehicle class compromising of auto-rickshaw, cars or 
three-wheeler, and four-wheeler goods vehicle 

Cycle/cycle rickshaw Vehicle class compromising of cycles and cycle rickshaw 

Bus/truck Vehicle class compromising of the buses, trucks, light 
commercial vehicle (LCV) 

Male Pedestrian identified as male from video data 

Female Pedestrian identified as female from video data 

< 30 years Pedestrian with age less than 30 years 

> 30 years Pedestrian with age greater than equal to 30 years 

Single Pedestrian crossing alone 

Group Pedestrian crossing in a group 

C2M Pedestrian crossing from curb to median 

M2C Pedestrians crossing from median to curb 

Crossing Area-A Pedestrian crossing against the left turning vehicles entering 
the left turn 

Crossing Area-B Pedestrian crossing against the left turning vehicles exiting 
the left turn 

Crossing Area-C Pedestrians crossing from the area in the middle of the 
channelized left turn, generally where crosswalk is provided 

< 15 Kmph Vehicle speed group consisting of vehicles whose speed is 
less than 15 kmph 

> 15 kmph Vehicle speed group consisting of the vehicles whose speed is 
greater than equal to 15 kmph 

Didn’t wait Pedestrians who didn’t wait before crossing the road/crossed 
as soon as they reached the crosswalk 

Waited Pedestrians who waited before crossing the road 

“Vehicle type” has a category by the name of “Motorized Two-Wheeler (2 W)” which 
provides the details about the vehicle type included in this category, and this category 
is used in both the study locations.

5.2 Post-Encroachment Time (PET) 

Post-encroachment time is a measure of the proximity of a road user of getting into 
a crash. It indicates the time gap, by which pedestrian was saved from getting into a 
crash. PET value are obtained by drawing the actual trajectory of the conflicting 
road users in this case the pedestrian and the conflicting vehicle and determine their 
conflict point that is where their trajectories intersect. Once the conflict point (CP)
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is known, the time when the first road user left the CP (tc1) is noted down and the 
time when the second road user arrives at the CP (tc2) is noted down, and thus, the 
PET can be obtained as, 

PET(s) = tc2 − tc1; seconds (1) 

There are two scenarios in PET; one is called pedestrian pass first (PPF) in which 
the pedestrian first crosses against the vehicle, leaves the conflict point, and then, 
the conflicting vehicle enters the conflict point, and the other is vehicle pass first 
(VPF) scenario, in which the pedestrian hasn’t yet crossed the road but has started to 
cross, and the driver increases the speed of the vehicle and passes first in front of the 
pedestrian; thus, it is a scenario in which the vehicle first leaves the conflict point, 
and then, the pedestrian reaches the conflict point. 

6 Analysis and Results 

As discussed in the previous section, various parameters were extracted from the 
video data. The descriptive statistics were performed on these parameters (Vehicle 
speed, pedestrian speed, waiting time, lag/gap time, and PET), and mean, median, 
standard deviation, maximum, minimum values were obtained. After the descriptive 
statistics, t-test was carried out to determine whether there is some significance differ-
ence between categories of the same group, for example, whether there is significant 
difference between the PET value of male and female of gender group. To deter-
mine the correlation between the various continuous variables such as vehicle speed, 
pedestrian speed, waiting time, lag/gap time and PET, Pearson’s correlation analysis 
was carried out, and to determine the correlation between the categorical variables 
and PET, point-biserial analysis was carried out. 

6.1 Pedestrian/Vehicle Volume Versus Conflicts 

As presented in Fig. 6, left-turning vehicular flow was highest during 10–11 am. 
Observed traffic composition has 80% motorized two-wheelers, and remaining 20% 
vehicles constituted of cars, auto-rickshaw, and 3 W/4 W goods vehicles. 

Also, pedestrian volume was highest during the same period, and it was 144 
pedestrian/hour. A total of 1022 pedestrians crossed during 10 h duration. From 
the total pedestrian, there were 538 pedestrians who walked from the crossing area 
(non-violators), and there were 484 pedestrians who crossed away from the crossing 
area (violators). A total of 588 conflicts were observed of which 406 conflicts were 
between vehicle non-violators, and 182 were between vehicle and violators. Scope 
of this study is limited to pedestrians that are non-violators.



Effect of Free Left-Turning Vehicles on Pedestrian Safety … 233

Fig. 6 Hourly variation in pedestrian volume, vehicular volume, and pedestrian-vehicle conflicts 
for location-1 

Figure 7 shows vehicular and pedestrian flow variation for every 15 min at Shakti 
Nagar intersection of Delhi. 

Left-turning vehicular flow at Shakti Nagar was lower than that of the pedestrian 
flow as seen from Fig. 7. Cars and auto-rickshaw constituted 51% share of the total 
traffic; two wheelers share was found to be 39%; trucks/buses share was 3%, and the 
slow-moving vehicles that are cycle and cycle rickshaw had a share of 7% in the total 
traffic. A total of 1050 pedestrians crossed in 3.5 h against the left turning vehicles. 
A total of 418 conflicts were observed in 3.5 h. of video data. 

Fig. 7 15-min variation in pedestrian volume, vehicular volume, and pedestrian-vehicle conflicts 
for Shakti Nagar, location-2
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6.2 Correlation Analysis and Linear Regression Model 

Correlation analysis is used to understand the strength of interrelationship among 
variables. From correlation analysis, total number of conflicts (conflicts/hour) was 
found to be strongly correlated with the pedestrian flow, with “r” value of 0.89; 
vehicular flow had a correlation coefficient of 0.60, whereas number of 2 W and 
3 W/4 W (per hour) had weak correlation. For location-2, it was observed that the 
total number of conflicts is strongly related to pedestrian volume. Other variables such 
as 2 W, 3 W/4 W, bus/truck are not strongly correlated. Using total conflicts/hour 
as dependent variable and pedestrian volume and vehicle volume as independent 
variable, a linear regression model (without constant, since number of conflicts can 
be zero, when pedestrian flow and vehicle flow is zero) was developed using SPSS 
stepwise method for both the locations. The regression analysis for both locations 
gave multiple models each having different variables, coefficient, and r square values. 
For a selecting the final model, following points were taken into consideration: 

• The variables included in the model should be significant 
• The variables should not exhibit multi-collinearity since multi-collinearity may 

improve the R square, but it will give over-estimated predictions 
• The standard error of the variables and standard error of estimate of the model 

should be minimum. 

Using the above criteria, the below models shown were finalized for the respective 
locations: 

Equation 2 represents the linear regression model for location-1 

Cn = 0.7639 ∗ p f (Adj. R2 = 0.9806), (RMSE = 5.68) (2) 

Equation 3 represents the linear regression model for location-2 

Cn = 0.4167 ∗ Pf ; (Adj.R2 = 0.9032), (RMSE = 11.82) (3) 

where 

CnPf Number of conflicts 
VTFW Number of vehicles of type two/three-wheelers 
VBT Number of vehicles of type bus/truck. 

From Eqs. 2 and 3, it can be interpreted that at location-1 the total conflicts in an 
hour are strongly related to the pedestrian volume, and with increase in pedestrian 
volume, the total conflicts increase. For location-2, also, it was observed that number 
of conflicts are dependent on the pedestrian flow.
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6.3 Vehicle Speed 

The turning speed of vehicles was extracted from the video data, and descriptive 
statistics regarding it were obtained for both the locations and for vehicle groups. 
Observed average speed of 2 W at location-1 is 18.26 kmph and that of 3 W/4 W 
group 13.24 kmph, and the difference is found to be statistically significant (p = 
0.00). For location-2, the 2 W group had a speed of 18.22 kmph; 3 W/4 W group had 
a speed of 15.85 kmph; bus/truck group had a speed of 17.03 kmph, and cycle/cycle 
rickshaw had a speed of 7.95 kmph, and the difference between the speed of different 
vehicle categories was statistically significant (p = 0.00). The two-wheelers were 
traveling at higher speed as compared to 3 W/4 W because 2 W can maneuver easily 
without slowing down to a great extent because of smaller physical dimensions. 

6.4 Pedestrian Crossing Speed 

Average speed of pedestrians at location-1 was 1.03 m/s, whereas avg. speed of 
pedestrians at location-2 was 1.08 m/s. At location-1, the males had a speed of 
1.05 m/s, and females have a speed of 1.0 m/s, and at location-2, the males were 
found to be at a significantly (p = 0.00) faster speed than females, with average 
speed of 1.11 m/s as compared to 1.02 m/s of females. The average crossing speed 
for pedestrian below age of 30 and above the age of 30 years was found to be 
significantly different (p = 0.00) for both the locations. The people below age of 
30 years had a speed of 1.11 m/s at location-1 and 1.17 m/s at location-2, and the 
people above the age of 30 years had a speed of 0.96 m/s and 1.01 m/s at locations-1 
and 2, respectively. It was also observed that at location-2 the pedestrian walking 
alone was walking at a significantly (p = 0.00) higher speed of 1.09 m/s as compared 
to those pedestrians who were walking in group at an average speed of 1.02 m/s; for 
location-1, this difference was insignificant. 

6.5 Pedestrian Waiting Time 

From the data extracted, it was found that majority of the pedestrians preferred 
crossing against the left turning vehicles without waiting. At location-1 out of 538 
pedestrians, just 81.58% didn’t wait at all before crossings; 13.16% waited for ≤ 5 s,  
and 5.26% waited for more than 5 s, and at location-2, 90.31% of the pedestrians 
was those who didn’t wait at all; 7.59% waited for ≤ 5 s, and 2.09% waited for more 
than 5 s. The average waiting time was less than 1 s for both the locations-1 and 
2. There wasn’t any significant difference between the waiting times of male and 
female, pedestrian below 30 years and greater than 30 years, or pedestrian crossing 
alone or in a group, and the average waiting time was ≤ 1 s.
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6.6 Pedestrian Lag/gap Rejection and Acceptance 

From the descriptive statistics of the rejected lag/gap, it was observed that the total 
number of the average rejected gap by the pedestrians at location-1 was 1.15 s, and 
for location-22, it was 1.15 s. For male and female, the average rejected gap was 1.14 
and 1.14 s, respectively. For location-2 too, there wasn’t any significant difference 
between the gap rejection of male and female. At location-1, the pedestrian who 
was <30 years old had an average gap rejection of 1.10 s, and those above the 
age of 30 years rejected an average gap of 1.18 s; the difference was statistically 
insignificant. The average value of accepted gap for pedestrians at location-1 was 
found to be 4.72 s, and for location-2, it was 4.61 s. The gap acceptance behavior 
of the pedestrian at locations-1 and 2 was similar since for locations-1 and 2; male 
accepted an average gap of 4.77 and 4.61 s; females accepted an average gap of 4.72 
and 4.72 s, respectively; pedestrian below 30 years accepted an average gap of 4.52 
and 4.53, respectively, and people above 30 years accepted an average gap of 4.98 
and 4.75 s, respectively. There wasn’t any significant difference in the gap acceptance 
of two locations as well as in gap acceptance of pedestrians within the gender group 
and age group. 

6.7 Post-Encroachment Time and Conflict Severity 

Along with the number of conflicts, severity of the conflict is of prime importance. 
PET is a measure that can be extracted easily and is accepted widely in the research 
community as a measure of conflict severity. The severity of conflict can be affected 
by many factors such as vehicle speed, vehicle type, pedestrian speed, pedestrian gap 
acceptance, pedestrian age, gender, and group size. In order to determine the corre-
lation between PET and various factors as mentioned above, Pearson’s correlation 
test was carried out using SPSS software, and to determine whether there is differ-
ence in the severity of conflict among categories of various groups, nonparametric 
t-test was carried out. The PET values less than or equal to 8 s were just compared 
for determining the descriptive statistics since all the conflicts greater than 8 s were 
defined as outliers by SPSS, and using these values, descriptive statistics for different 
categories were obtained as shown in Table 3 (Table 4). 

From descriptive statistics, the 15th percentile, 50th percentile, and the 85th 
percentile PET for location-1 were obtained as 1.066, 2.486, and 5.005 s, respec-
tively. For location-2 statistics, the 15th percentile, 50th percentile, and the 85th 
percentile PET were obtained as 0.834, 1.668, and 3.603 s, respectively. Further, 
from the Table 3 of descriptive statistics, it can be observed that the average conflict 
at location-1 is significantly lower than that of location-2. After reviewing the liter-
ature, it was observed that the PET less than 1.5 s denotes dangerous conflicts for 
pedestrians; a PET between 1.5 and 5 s denotes moderate conflict, and PET greater
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Table 3 Descriptive statistics of post-encroachment time for different categories 

Category Sample Mean Median Std. Dev 

Location-1 353 2.73 2.47 1.65 

Location-2 365 2.09 1.67 1.38 

2 W-Location-1 288 2.69 2.39 1.65 

3 W/4 W-Location-1 65 2.92 2.50 1.67 

2 W-Location-2 161 2.05 1.54 1.36 

3 W/4 W-Location-2 172 2.20 1.68 1.44 

Bus/truck-Location-2 21 1.66 1.44 0.94 

Cycle/CR-Location-2 11 1.80 1.30 1.26 

< 15 kmph-Location-1 104 2.72 2.22 1.76 

≥15 kmph-Location-1 249 2.74 2.50 1.61 

< 15 kmph-Location-2 133 2.04 1.67 1.40 

≥15 kmph-Location-2 232 2.12 1.68 1.37 

Male-Location-1 221 2.65 2.17 1.71 

Female-Location-1 74 2.86 2.65 1.49 

Male-Location-2 275 2.11 1.67 1.42 

Female-Location-2 54 1.93 1.67 1.14 

< 30 yrs-Location-1 146 2.48 1.87 1.59 

≥30 yrs-Location-1 149 2.93 2.50 1.70 

< 30 yrs-Location-2 176 2.13 1.67 1.49 

≥30 yrs-Location-2 153 2.02 1.67 1.24 

Single-Location-1 295 2.71 2.34 1.66 

Group-Location-1 58 2.88 2.52 1.61 

Single-Location-2 330 2.08 1.67 1.39 

Group-Location-2 35 2.17 1.86 1.36 

Didn’t wait-Location-1 282 2.66 2.31 1.62 

Waited-Location-1 71 3.02 2.50 1.77 

Didn’t wait-Location-2 323 2.14 1.67 1.41 

Waited-Location-2 42 1.70 1.40 1.04 

C2M-Location-1 156 2.75 2.50 1.65 

M2C-Location-1 197 2.72 2.24 1.66 

C2M-Location-2 165 2.03 1.67 1.38 

M2C-Location-2 200 2.15 1.67 1.38 

A-Location-1 253 2.76 2.50 1.66 

B-Location-1 100 2.66 2.31 1.64 

A-Location-2 88 1.86 1.67 1.15 

B-Location-2 231 2.22 1.67 1.48

(continued)
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Table 3 (continued)

Category Sample Mean Median Std. Dev

C-Location-2 46 1.91 1.57 1.18 

PPF-Location-1 279 2.94 2.50 1.72 

VPF-Location-1 74 1.97 1.72 1.07 

PPF-Location-2 250 2.18 1.67 1.48 

VPF-Location-2 115 1.84 1.67 1.02 

than 5 s indicates a safe crossing. Therefore, using these values, three categories of 
conflict severity were created which are as follows:

• PET < 1.5 s—dangerous conflicts 
• PET ≥ 1.5 and ≤ 5 s—moderate conflicts 
• PET > 5—safe crossing. 

Using these severity categories’, the percentage conflicts for each severity for 
different categories were obtained using the crosstabs function of SPSS. Crosstabs 
were used to prepare the stacked column charts. Figures 8, 9, and 10 show the stacked 
column chart that provide the split of the conflict in different severity categories 
for various groups. In those figures, Vad indicates location-1, and Del indicates 
location-2. 

Conflict Severity Based on Vehicle Type and Vehicle Speed 

At location-1, since the share of 2 W was higher, 82% of the conflicts is between 2 W 
pedestrians, and remaining are between pedestrian and 3 W/4 W; from t-test, it was 
found that there wasn’t significant difference in PET distribution of these categories. 
For location-2, the conflicts due to 2 W and 3 W/4 W were nearly equal, and although 
the mean PET value for 2 W is less, but it wasn’t significantly different as per t-test. 
From Fig. 8, it can be concluded that the pedestrians crossing at location-2 had higher 
chances of getting into a dangerous conflict since higher number of pedestrians were 
under the category of severe conflicts as compared to that of location-1. PET reduces 
with increase in speed of the vehicle generally, but here, due to lower number of 
samples, this thing can’t be verified. The PET value for vehicles traveling at less 
than 15 kmph was little lower than that for vehicles traveling at a speed greater 
than 15 kmph, but the t-test gave a significance value of >0.05, and hence, it can 
be concluded that there is no significant difference between two categories of speed 
group. 

Conflict Severity Based on Pedestrian Gender 

Although the males at location-1 were subjected to smaller PETs, but there wasn’t 
any significant difference between male and female. For locaton-2, females had lower 
mean PET value than males, but again, t-test provides a significance value >0.05. 
At location-2, higher percentage of male and females was under scenario of severe 
conflicts as compared to the males and females of location-1.
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Table 4 T-test statistics for 
comparison of PET across 
different categories 

Category-1 Category-2 p-value 

Site-1 Site-2 0 

2 W-Site-1 3 W/4  W-Site-1 0.566 

2 W-Site-2 3 W/4  W-Site-2 0.345 

Bus/truck-Site-2 Cycle/CR-Site-2 1 

2 W-Site-2 Bus/truck-Site-2 1 

2 W-Site-2 Cycle/CR-Site-2 1 

3 W/4 W-Site-2 Bus/truck-Site-2 1 

3 W/4 W-Site-2 Cycle/CR-Site-2 1 

2 W-Site-1 2 W-Site-2 0.003 

3 W/4 W-Site-1 3 W/4  W-Site-2 0.031 

< 15 kmph-Site-1 ≥15 kmph-Site-1 0.434 

< 15 kmph-Site-2 ≥15 kmph-Site-2 0.114 

< 15 kmph-Site-1 < 15 kmph-Site-2 0.026 

≥15 kmph-Site-1 ≥15 kmph-Site-2 0.001 

Male-Site-1 Female-Site-1 0.041 

Male-Site-2 Female-Site-2 0.539 

< 30 yrs-Site-1 ≥30 yrs-Site-1 0.145 

< 30 yrs-Site-2 ≥30 yrs-Site-2 0.926 

Single-Site-1 Group-Site-1 0.303 

Single-Site-2 Group-Site-2 0.431 

Didn’t wait-Site-1 Waited-Site-1 0.176 

Didn’t wait-Site-2 Waited-Site-2 0.064 

Male-Site-1 Male-Site-2 0.015 

Female-Site-1 Female-Site-2 0.007 

< 30 yrs-Site-1 < 30 yrs-Site-2 0.226 

≥30 yrs-Site-1 ≥30 yrs-Site-2 0 

Single-Site-1 Single-Site-2 0.001 

Group-Site-1 Group-Site-2 0.154 

Didn’t wait-Site-1 Didn’t wait-Site-2 0.01 

Waited-Site-1 Waited-Site-2 0 

C2M-Site-1 M2C-Site-1 0.312 

C2M-Site-2 M2C-Site-2 0.898 

A-Site-1 B-Site-1 0.748 

A-Site-2 B-Site-2 0.805 

A-Site-2 C-Site-2 0.932 

B-Site-2 C-Site-2 0.808 

PPF-Site-1 VPF-Site-1 0

(continued)
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Table 4 (continued) Category-1 Category-2 p-value

PPF-Site-2 VPF-Site-2 0.412 

C2M-Site-1 C2M-Site-2 0.001 

M2C-Site-1 M2C-Site-2 0.04 

A-Site-1 A-Site-2 0 

B-Site-1 B-Site-2 0.032 

PPF-Site-1 PPF-Site-2 0 

VPF-Site-1 VPF-Site-2 0.33 
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Fig. 8 Stacked column chart showing conflict severity distribution in various categories related to 
vehicle 
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Fig. 9 Stacked column chart showing conflict severity distribution in various categories related to 
pedestrians
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Fig. 10 Stacked column chart showing share of conflict severity categories across categories related 
to direction of crossing, area of crossing 

Conflict Severity Based on Pedestrian Age 

At locations-1 and 2, there wasn’t found to be any significant difference between the 
pedestrian of the age below 30 years and above 30 years. From clustered bar chart, it 
can be observed that higher percentage of pedestrians below the age of >30 years is 
under severe risk as compared to pedestrians of age ≥30 years in case of location-1, 
whereas for location-2, there isn’t much difference between the two categories. 

7 Conclusion and Recommendations 

This study focused on the effect of free left turning of vehicles on safety of pedestrians 
at signalized intersections. This study is based on two four-armed signalized intersec-
tions located in Vadodara (Location-1) and Delhi (Location-2). Number of conflicts 
between vehicles and pedestrians have been observed from the captured video and 
counted to be as 0.58 and 0.42 conflicts per pedestrians at location-1 and location-2, 
respectively. With respect to wait time of pedestrians, further, it is observed that 80– 
90% of the pedestrians didn’t wait before crossing the road at these locations. This 
shows that the free left turn allows for less waiting time before crossing, but also, it 
subjects the pedestrian to high risk. For all the observed conflicts, PET values have 
been calculated. Considering PET values less than 1.5 s to be threshold for safety, 
observed conflicts have been categorized as severe. Percentage pedestrians that were 
categorized to be severe were 26.15 and 45.26% at locations-1 and 2, respectively. 
This indicates that the probability of a pedestrian getting into a severe conflict is high 
at location-2. Based on PET value, it is concluded that 20–50% of the pedestrians 
has the probability of getting to a severe conflict. Since this risk level is very high at



242 P. Lalwani et al.

studied locations, free left-turning movement needs to be controlled through traffic 
signal. Even though the free left turns are known to improve the capacity of the inter-
sections, they were seen to be affecting the safety of pedestrians by subjecting them 
to severe risk interactions. Though this study is based on two locations only, some key 
learning is free left turning for vehicles at signalized intersections with high number 
of pedestrians needs to be checked carefully for both the options (i.e., free/controlled 
free left turning) before considering “free” as a default strategy. Depending on the 
pedestrian and vehicular flow, level of control on left turning movement can be 
managed by alternate traffic management/calming strategies, i.e., (i) proper signage 
(warning sign for drivers such as “turning traffic must yield to pedestrian,” (ii) provi-
sion of speed hump/elevated crosswalks so as to slow down the vehicles and allow the 
pedestrians a larger time gap for crossing, and (iii) provision of separate pedestrian 
signal, allowing the pedestrians to safely cross against the left-turning vehicles. 
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Pedestrian Level of Service 
of Un-signalised Intersections Using 
an Integrated Approach 
of Pedestrian-Risk-Perception Survey 
and Structural Equation Modelling 

Ankit Bansal, Tripta Goyal, and Umesh Sharma 

Abstract Pedestrian’s wide choice of freedom in crossing manoeuvres and traffic 
complexity at un-signalised intersection crosswalks deems it very difficult to develop 
the standards for the evaluation of Pedestrian Level of Service (PLOS). To achieve 
the desired objective, 15 un-signalised crosswalks of Chandigarh city, India, has been 
studied using a questionnaire survey (pedestrian-risk-perception survey based on 5-
point Likert Scale). Initially, EFA extracts four constructs from the statements namely 
ACCESSIBILITY, COMFORT, SAFETY and LOS which together contributes to 
77.24% of total variance as confirmed by CFA model. Moreover, gender (p = 0.049) 
and age (p = 0.018) significantly associate with the mean perceived LOS score. 
Further, SEM assesses and predicts the impact of constructs (Accessibility, Comfort, 
and Safety) on the perceived PLOS with 93.3% accuracy. The authors thereby recom-
mend taking up proactive measures such as making crosswalk accessible for all users 
and promote awareness about safety regarding traffic rules and regulations at the 
un-signalised crosswalks. 

Keywords Accessibility · Comfort · Safety · Pedestrian level of service ·
Pedestrian-risk-perception · Un-signalised intersection crosswalks 

1 Introduction 

In the start of twentieth century, the advent of new techniques and facilities shifted the 
focus of planning of transportation facilities from user’s view to planner’s view with 
the greater dependency on the travel time and capacity. This increase in automobile 
usage resulted in urban sprawl with people moving farther away from the cities and 
deterioration of the local environment due to vehicular pollution, etc. Therefore, 
the start of twenty-first century earmarked the massive strides forward made by 
developed nations to make their cities pedestrian and bicyclist friendly and encourage 
their citizens to travel non-motorised short trips. However, most people in developing
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countries like India, Iran, Qatar, etc., still prefer driving and riding than walking 
because of weather conditions (heat, dust and air pollution), deteriorated conditions of 
pedestrian facilities (may be uninterrupted or interrupted like sidewalks, crosswalks, 
etc.), distance of a trip and many other factors unfavourably affecting the decision 
of road user to walk [1–3]. 

Thus, it can be inferred that the availability of well-connected pedestrian facilities 
is vital for ensuring the adequate pedestrian safety. 

In developing countries, the policies (e.g. roadway design and traffic management) 
and fund investment aspects favour the motorised vehicle over non-motorised modes 
of transport (pedestrians and bicycles). Due to heterogeneity of traffic conditions and 
operational characteristics, it is a very complex task for traffic engineers and planners 
to design diverse pedestrian user facilities. Moreover, the available guidelines in 
pedestrian safety context do not cater to the present needs of road users [4]. Among 
all road users, pedestrians are most susceptible to road accidents at un-signalised 
crosswalks. Therefore, there is a need to study the pedestrian’s perceived sense of 
safety and security at the crosswalks. In order to achieve this, evaluation of LOS of 
the existing pedestrian facilities with reliable methods and reasonably measurable 
parameters such as Measure of Effectiveness (MOE) is necessary. 

2 Literature Review 

Evaluation of the prevailing service quality of pedestrian facilities is an effective 
way of improving the standards of the facility as well as laid the basis for designing 
new facilities. Literature has depicted the service quality of existing facilities, i.e. the 
service offered to the user in terms of the Level of Service (LOS). The measurement 
of PLOS is a tool which ensures that existing land-use, motorised and non-motorised 
facilities are catering to the needs of pedestrian and warrants their safety. The LOS 
for pedestrian facilities is a function of numerous factors and difference in pedestrian 
perceptions [5]. 

At un-signalised crosswalks, pedestrian flow largely gets affected by motor vehi-
cles; due to which, these are considered to be more critical locations [6]. Studies 
found pedestrian LOS of un-signalised crosswalks on the basis of pedestrian waiting 
time, holding area and pedestrian flow characteristics adopting gap acceptance as 
the key index measure by most of the researchers. Due to continuous movement of 
vehicular flow at these crosswalks, pedestrians either wait for a long time to get the 
required gap or cross the road unsafely with the gaps available in traffic [7–10]. 

The factors influencing LOS vary with respect to the type of facility available 
and their location. Highway Capacity Manual (HCM 2010) and Indo-HCM (2017) 
analysed LOS of un-signalised intersections and defined six service categories (A–F) 
based upon pedestrian gap size [11, 12]. Several qualitative and quantitative measures 
were used to identify the other possible environmental factors affecting the PLOS of 
un-signalised intersection crosswalks [13, 14]. Studies have also been carried out for
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pedestrian LOS at un-signalised intersections in view of the pedestrian’s perception 
of comfort and safety and psychological limitation [15–17]. 

Also, in case of roundabouts, factors significantly affecting PLOS were vehicle 
volume, vehicle speed, carriageway width, pedestrian refuge, crosswalk marking 
condition, crosswalk surface condition and lighting at crossing area [18]. In a recent 
study, Sahani and Bhuyan proposed Pedestrian Level of Service (PLOS) model using 
ridge regression technique on pedestrian real-time perceived satisfaction ratings 
obtained using pedestrian delay as well as pedestrian gap acceptance. Results indi-
cated that delay value of less than 15 s provided PLOS score ≤ 1.5 that represents 
PLOS ‘A’ category and delay more than 60 s with PLOS score value of > 5.5 represents 
PLOS ‘F’ category [17]. 

Although un-signalised intersections are very common in developing countries, 
there are not plentiful of studies for setting out the standards of pedestrian LOS of 
the unsignalized intersection crosswalks with heterogeneous traffic flow conditions. 
In this context, due to complicated pedestrian movements, it is necessary to evaluate 
pedestrian sense of satisfaction and develop a proper methodology to estimate the 
service quality of un-signalised intersection crosswalks. 

3 Methodology 

3.1 Study Area 

The present study aims at determining the pedestrian LOS of signalized crosswalk 
facilities (interrupted pedestrian facilities) in Chandigarh city. Pedestrians constitute 
the largest single group of people dying in road accidents in Chandigarh. During the 
past five years (2014–2018), out of total 615 lives claimed during road accidents, 
196 were pedestrians accounting for 31.87% of the total deaths [19]. This indicates 
that most of the fatal accidents took place at crosswalks which makes it imperative to 
analyse the pedestrian LOS of un-signalised facilities so as to ascertain the safety of 
pedestrians. Total 15 un-signalised crosswalks situated along the prominent arterial 
road of Chandigarh, i.e. Madhya Marg (also known as V-2 roads), were studied, and 
data of 300 pedestrians (bi-directional flow) with different behavioural characteristics 
were collected and analysed using statistical software SPSS and AMOS (built-in 
software of SPSS). The unsignalized crosswalks were designated from U1 to U15. 

The present study is Exploratory and Descriptive in nature which includes the 
exploration of factors/latent variables affecting the LOS of crosswalks, determining 
the Perceived LOS of the crosswalks on the basis of questionnaire survey.
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3.2 Data Collection Through Questionnaire Survey 
(Pedestrian Opinion Survey) 

For formulating the Perceived PLOS model of the crosswalks, Pedestrian Opinion 
survey was carried out with the help of questionnaire using roadside interview 
method. Total 300 responses were collected in the months of December 2020 and 
January 2021 on weekdays. In the absence of the availability of a well-structured 
and established scale, the questionnaire was self-framed keeping in mind the need 
and objectives of the study. 

The questionnaire includes two parts (refer Appendix 1): Part I comprises profile 
of respondents based on the socio-demographic variables like gender, age, educa-
tion, city, use of crosswalks and purpose of trip and part II includes total 16 state-
ments/items/variables that give insight about the pedestrian’s perception about the 
location and condition of the crosswalks, comfort and convenience to the pedestrians 
while using the crosswalk, safety aspect of the pedestrians and crosswalks service 
quality. 

The questionnaire was developed based on previous studies like Lee et al., Shi 
et al., Bian et al. and Papadimitriou et al. [16, 20–22]. The statements/questions were 
based on the Likert scale (Point Value System) (Strongly Disagree-1, Disagree-2, 
Neutral-3, Agree-4 and Strongly Agree-5). Questionnaire data was further analysed 
using descriptive and inferential statistics to determine the pedestrian perceived LOS 
of crosswalks. Based on the collected data, PLOS threshold range was defined and 
the perceived LOS model of the crosswalk was formulated. 

Threshold Values and Limits of Perceived LOS. The 5-point Likert scale ques-
tionnaire (where ‘5’ represents the ‘strongly agree’ and ‘1’ represents the ‘strongly 
disagree’ category) was converted into six categories of perceived LOS from A to F 
using equal interval [(5–1)/6 = 0.67]. ‘A’ corresponds to strongly agree and repre-
sents the excellent LOS, whereas ‘F’ represents the very poor LOS, i.e. strongly 
disagree category. The ranges so obtained are presented in Table 1. These six LOS 
ranges were further validated through single LOS grade representation (Table 2) [23]. 

The frequently single-value measures used to represent a distribution are either 
the mean or the mode. The mode is appealing as it embodies the common LOS 
response, but at the same time could give irregular results in case of different frequent

Table 1 Ranges for 
perceived LOS 

Range LOS Characteristic 

1.00 ≤ X ≤ 1.67 F Very poor 

1.67 < X ≤ 2.33 E Poor 

2.33 < X ≤ 3.00 D Fair 

3.00 < X ≤ 3.67 C Good 

3.67 < X ≤ 4.33 B Very good 

4.33 < X ≤ 5.00 A Excellent
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Table 2 Representation of results by single LOS grade: distributions and mean of LOS 

Results by distribution 

LOS 1.00 1.67 2.33 3.00 3.67 4.33 

F 59% 13% NA NA NA NA 

E 31% 57% 15% NA NA NA 

D 10% 30% 54% 21% NA NA 

C NA NA 31% 53% 32% 10% 

B NA NA NA 26% 51% 31% 

A NA NA NA NA 17% 59% 

1 F E D C C B 

2 F F D C B B 

3 F E D C B A 

Note NA = Not available, Mean for distributions (1–4.33), respectively: 1.34, 1.78, 2.44, 3.03, 3.57, 
3.99 

responses; due to which. single LOS result cannot be reported. There is no such issue 
with the mean distribution. Although in few cases, the extreme end results only can 
be obtained in case of total consensus in responses. It can be observed in Table 2 
that for Distribution 1, 59% of people choose LOS A (8th Row, 7th Column) and the 
mean is 3.99 (0.59 * 4.33 + 0.31 * 3.67 + 0.1 * 3.00), but as per ranges defined in 
Table 1, LOS comes out to be B in spite of LOS A; therefore, ranges are re-defined 
accordingly based on the mean of distribution and converting the mean values into 
letter grades.

• The row representing LOS 1 has been converted into letter grades using the similar 
mean of distribution as of values of LOS A through LOS F (Tables 2 and 3). 
However, it has been observed that for distributions 4.33 and 3.67, the desired 
results could not be obtained, i.e. LOS A and LOS B, respectively. 

• To overcome the above-stated discrepancy, shifted set of thresholds (higher ranges 
for LOS A and F, shown in Table 3) have been used to convert the mean values 
to a letter grade as represented into LOS 2. Therefore, LOS A ranges from a

Table 3 Representation of results by single LOS grade: LOS mean value threshold schemes 

Numeric value LOS LOS 1, straight 
thresholds 

LOS 2, thresholds 
shifted to mid-points 

LOS 3, compressed 
ranges 

1.00 F 1.00 ≤ X ≤ 1.67 1.00 ≤ X ≤ 2.00 1.00 ≤ X ≤ 1.75 
1.67 E 1.67 < X ≤ 2.33 2.00 < X ≤ 2.50 1.75 < X ≤ 2.25 
2.33 D 2.33 < X ≤ 3.00 2.50 < X ≤ 3.00 2.25 < X ≤ 2.75 
3.00 C 3.00 < X ≤ 3.67 3.00 < X ≤ 3.50 2.75 < X ≤ 3.25 
3.67 B 3.67 < X ≤ 4.33 3.50 < X ≤ 4.00 3.25 < X ≤ 3.75 
4.33 A 4.33 < X ≤ 5.00 4.00 < X ≤ 5.00 3.75 < X ≤ 5.00
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Table 4 Final LOS mean 
value threshold range 

Range LOS 

1.00 ≤ X ≤ 1.75 F 

1.75 < X ≤ 2.25 E 

2.25 < X ≤ 2.75 D 

2.75 < X ≤ 3.25 C 

3.25 < X ≤ 3.75 B 

3.75 < X ≤ 5.00 A 

mean of 4.0–5.0 and LOS F ranges from a mean of 1.0–2.0. Regrettably, this 
tactic also results in inconsistencies in getting the desired LOS for different mean 
distributions (LOS F for distribution 1.67, in spite of the anticipated LOS E and 
LOS B instead of LOS A for distribution 4.33).

• The row labelling LOS 3 establishes the results with a broader threshold range 
for distribution 4.33 (for the conversion into letter grades) to accommodate the 
large number of responses at the extreme. This results in squeezing the thresholds 
for LOS B to LOS F (1.00–3.75) and having the much wider range for LOS A 
(3.75–5.0).

The LOS 3 threshold schemes depicted in Table 3 were further confirmed using 
the pedestrian field data. Results obtained for the mean LOS values for field data 
represent the desired distributions and produced a reasonable range of LOS A through 
LOS F. Therefore, the final LOS mean value threshold range along with the Perceived 
LOS (U) categories (letter grades) adopted for modelling the LOS of the crosswalks 
is depicted in Table 4. 

Sampling of Questionnaire Data at Crosswalks. For un-signalised crosswalks, 
total 300 (15 * 20) pedestrian responses were collected for total population (P) of 
1166 pedestrians. The value of statistical sample size (tested at 95% confidence 
interval with a margin error (e) of 5% and a response rate of 50%) using the formula 
given by Nargundkar [24] (Eqs.  1 and 2) came out to be 289 pedestrians which is 
less than real-time respondents’ size (300 pedestrians). Hence, the collected sample 
for developing PLOS models at un-signalised crosswalks is significant. 

n = p(1 − p) 
z2 

e2 
(1) 

where n = Sample Size, p = Percentage picking a choice, expressed as decimal, Z 
= Z value from the standard normal distribution for 95% confidence level, e = Error 
Term.
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For finite population, correction is to be applied to calculated sample size (n). The 
corrected sample size (N) is given as per ‘Eq. 2’. 

N = n 

1 + n−1 
P 

(2) 

where N = Corrected Sample Size, P = Population Size. 

4 Results and Discussion 

For formulating the Perceived Pedestrian LOS model of the un-signalised crosswalks, 
the questionnaire survey was distributed among 300 (15 * 20) pedestrians. Validation 
of questionnaire was done with the help of CFA, and SEM was applied to predict the 
perceived pedestrian level of service of the crosswalk. 

4.1 Profile of the Respondents of Questionnaire Survey 

This section provides a general background (city, gender, age, education, purpose of 
trip and crosswalk usage-wise distribution) of the 300 respondents surveyed on the 
basis of the socio-demographic variables. The analysis of the data was carried out 
using Descriptive analysis (frequencies and percentages) as shown in Fig. 1. 

It was found that 63.3% of the respondents belonged to Chandigarh city while 
36.7% belonged to cities other than Chandigarh. Among all respondents, 54.7% were 
males, while 45.3% were females. Age-wise distribution indicates that 40.3% of the 
respondents were in the age group of 18–30 years and 9.7% above 60 years. The 
education-wise analysis shows that the 38.0 and 34.3% of the respondents possessed 
the education up to Senior Secondary and Graduate level, respectively, followed 
by 14.0% Post Graduate, 10.7% Matric and only 3.0% belonged to others category 
(which may include illiteracy, etc.). The purpose of trip-wise distribution shows that 
39.7% of the respondents were using the crosswalk for the work purpose, followed 
by 27.3% for health, 19.7% for education, 11.0% for recreation and remaining 2.3% 
for shopping. Crosswalk-Usage distribution indicates that 49.7% respondents were 
observed to frequently use the crosswalks whereas 25.3% pedestrians generally use 
the crosswalks. 21.0% pedestrians had rarely used the crosswalks, and rest 4.0% had 
never used the crosswalks before.
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Fig. 1 Profile of respondents based on socio-demographic variables at un-signalised crosswalks 

4.2 Descriptive Analysis of Statements/Items 
of Questionnaire 

The responses of 300 pedestrians using the un-signalised crosswalks were compiled 
and Descriptive analysis (mean, median, mode, std. deviation, variance, skewness 
and kurtosis) was carried out (refer Appendix 2). The mean of the responses varied 
between 2 and 4, with the maximum mean of 3.48 for the statement q6 (Adequate Use 
of Pedestrian Refuge Islands/Central Islands/Medians) and minimum mean of 2.34 
for the statement q10 {Suitable for disabled pedestrians (persons using wheelchair)}. 

The Cronbach’s Alpha coefficient value for the scale with 16 statements was 
found to be 0.832. This indicates the high level of internal consistency in the state-
ments and reliability of scale for further analysis. The skewness values indicate that
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all the responses were close to be symmetrically distributed. Kurtosis for all state-
ments/variables was below 1 and Skewness for all the variables was less than 0.5, 
far smaller than the lower bound of four or five. Thus, both Kurtosis and Skewness 
provide indication that the data is normally distributed. 

4.3 Exploratory Factor Analysis for Un-signalised 
Crosswalks Questionnaire 

After checking the normality, Exploratory Factor Analysis (EFA) was employed to 
reduce data to a smaller set of summary variables and to explore the underlying 
theoretical structure of the phenomena (Table 5). 

The Bartlett ‘s Test of Sphericity value was 1470.587 with significance level 
<0.000, which indicate that correlation matrix has significant correlation among other 
variables. Also, the Kaiser–Meyer–Olkin (KMO) was found to be 0.807 (nearer to 1), 
which justifies the appropriateness of factor analysis. Principal Component Analysis 
was applied that extracted four factors whose Eigen values are greater than 1 and 
together contribute to 77.24% of total variance. Further, rotation by Varimax with 
Kaiser Normalization was carried out to distribute the variance evenly among the 
components. 

For better data reduction, those variables that have the factor loadings more 
than 0.50 were considered under each factor. Two variables q10 {Suitable for 
disabled pedestrians (persons using wheelchair)} and q14 {No Illicit Crossing 
(disregarding traffic rules/regulations) at the time of hurry} were dropped out 
because of less than 0.4 factor loading. These variables are statistically indepen-
dent and cannot be combined with other variables or factors. Therefore, the four 
constructs/factors extracted are named as ACCESSIBILITY, COMFORT, SAFETY 
and LOS. These are termed as the measures of effectiveness with high reliabilities 
(Cronbach’s α > 0.70) which was further validated by CFA. 

4.4 Confirmatory Factor Analysis for Un-signalised 
Crosswalks Questionnaire 

The results obtained by EFA were then imported in AMOS (built-in software of 
SPSS) to further check the reliability and validity of the factor structure of the 
perceived LOS. The relationship between observed variables (items/statements) and 
latent constructs (also known as CFA model) is represented diagrammatically as 
shown in Fig. 2. It represents the correlation between constructs and factors (also 
known as CFA loadings) as well as covariance’s for all the constructs. The chi-square 
value was observed to be {χ2(72) = 83.657} with probability level, P = 0.164. It was 
observed that critical ratio obtained for all the items in a construct was greater than
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Table 5 Exploratory factor analysis for variables of un-signalised crosswalks 

Factors Statements Component 

1 2 3 4 

Accessibility Acc_1 Appropriate location of 
crosswalk (i.e. near to bus 
stop or any transit facility) 
q1 

0.840 

Acc_2 Appropriate waiting 
area/space with proper 
access to the crosswalk q2 

0.836 

Acc_3 Proper sidewalks at entry 
and exit of crosswalks for 
easy accessibility to and 
from crosswalk q3 

0.814 

Comfort Comfort_1 Good surface condition of 
the crosswalk q4 

0.815 

Comfort_2 No inconvenience while 
crossing the road due to 
presence of obstruction or 
any obstacle q5 

0.822 

Comfort_3 Adequate use of pedestrian 
refuge islands/central 
islands/medians q6 

0.827 

Comfort_4 Proper provision of signs 
and markings for the 
comfort of pedestrians 
while crossing q7 

0.759 

Comfort_5 Adequate visibility (street 
lighting) for the 
convenience of pedestrians 
to cross during night q8 

0.745 

Comfort_6 Proper provision of curb 
ramps and guard rails at 
entry/exit/medians q9 

0.728 

Safety Safety_1 Smooth and orderly 
movement of traffic q11 

0.783 

Safety_2 Availability of suitable and 
appropriate gaps in 
vehicular stream q12 

0.894 

Safety_3 Least 
interaction/interference 
with other non-motorised 
traffic (cyclists, etc.) q13 

0.895 

LOS LOS_1 Satisfactory usability of 
the crosswalk q15 

0.776

(continued)
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Table 5 (continued)

Factors Statements Component

1 2 3 4

LOS_2 Overall ease in crossing 
the crosswalk q16 

0.782 

Extraction Method: 
Principal Component 
Analysis 
Rotation Method: Varimax 
with Kaiser Normalization 

% Variance explained 33.619 22.789 13.516 7.317 

Eigen value 5.018 3.316 1.907 1.104 

Cronbach’s alpha 0.772 0.874 0.827 0.854 

Kaiser–Meyer–Olkin measure of sampling adequacy (KMO) = 
0.807, Bartlett’s Test of Sphericity Chi-square = 1470.587, p < 
0.000 

Note Statements q10 {Suitable for disabled pedestrians (persons using wheelchair)} and q14 
{No Illicit Crossing (disregarding traffic rules/regulations) at the time of hurry} are removed 
because of less than 0.4 factor loading 

2 and all item results were significant as p-value < 0.05. The validity and reliability 
of CFA results are shown in Table 6.

Composite Reliability (CR), i.e. internal consistency between the constructs, was 
higher than 0.7 for all the constructs [25]. All constructs were observed to have AVE 
> 0.5. CR values were also greater than AVE for all constructs. Thus, the convergent 
validity rules are fulfilled [25]. It was also observed that AVE was greater than ASV 
and MSV, therefore fulfilling the discriminant validity standards. Hence, all four 
latent constructs had no reliability and validity issues. 

Moreover, the correlation between the constructs was also found to be significant. 
Further, the model fit indices were indicated in Table 7. The summary of all model 
fit measures revealed the goodness of fit in the CFA model [26, 27]. Therefore, after 
CFA, it was evident that Accessibility, Comfort, Safety and LOS are the measures 
of effectiveness of perceived LOS. Before constructing the conceptual model for 
perceived LOS, mean of the extracted factors and its association with the socio-
demographics were checked out. 

4.5 Mean Score of the Extracted Factors of Perceived LOS 
of Un-signalised Crosswalks 

The mean score was derived by taking the grand mean value of variables clubbed in 
each factor. It was found that for Factor 2, the mean score was highest, i.e. 3.41. This 
indicates that the factor named ‘Comfort’ is the influencing factor with maximum 
weightage. This factor was followed by the mean score 3.30 of Factor 3, i.e. ‘Safety’, 
which shows that while crossing, pedestrians prefer safety. The third factor influ-
encing LOS was Factor 1: ‘Accessibility’ with a mean score of 3.11. Factor 4, i.e. 
LOS with a mean score of 3.27 was further modelled using the three factors as the
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statements directly give indication towards perceived LOS [LOS(Per)]. In the end, 
overall mean of accessibility, comfort and safety was calculated which comes out to 
be 3.27, similar to that of Factor 4 mean. 

Fig. 2 Confirmatory factor analysis for crosswalks questionnaire
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Table 6 Validity and reliability results of CFA 

CR AVE MSV ASV Accessibility Comfort Safety LOS 

Accessibility 0.818 0.601 0.421 0.302 0.775 

Comfort 0.893 0.583 0.438 0.360 0.484*** 0.764 

Safety 0.811 0.590 0.421 0.397 0.649*** 0.639*** 0.768 

LOS 0.804 0.672 0.438 0.350 0.500*** 0.662*** 0.602*** 0.820 

Note CR Composite reliability, AVE Average variance explained, MSV Maximum shared variance, 
ASV Average shared variance. significance of co-relations † p < 0.100, * p < 0.050, ** p < 0.010, 
*** p < 0.001[26] 

Table 7 Model fit indices of CFA model for un-signalised crosswalks 

Measure Current model Recommended values Threshold limit Interpretation 

Chi-square/df 
(CMIN/DF) 

1.162 >1 1–3 Excellent 

P-value for the 
model 

0.164 >0.05 >0.05 Excellent 

CFI 0.994 >0.90 >0.80 Excellent 

GFI 0.963 >0.95 >0.95 Excellent 

AGFI 0.945 >0.80 >0.80 Excellent 

SRMR 0.020 <0.08 <0.08 Excellent 

RMSEA 0.023 <0.05 <0.05 Excellent 

PCLOSE 0.993 >0.05 >0.05 Excellent 

4.6 Association Between Socio-demographics and Mean 
Perceived LOS Score of Un-signalised Crosswalks 

The association between mean score of perceived LOS and various socio-
demographics of 300 respondents such as City, Gender, Age, Education, Purpose 
of Trip and Crosswalk Usage. Results of T-test reveal that city has no significant 
association with the mean perceived LOS score (p = 0.576, p > 0.05), whereas 
gender is significantly associated with the mean perceived LOS score (p = 0.049, 
p < 0.05). The ANOVA statistics indicate that age (F-value = 3.017, p = 0.018, < 
0.05) is significantly associated with the mean perceived LOS score. However, no 
significant difference exists in the mean perceived LOS value for education (p = 
0.709, > 0.05), purpose of trip (p = 0.178, > 0.05) and use of crosswalks (p = 0.255, 
> 0.05).
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4.7 Structural Equation Modelling for Perceived LOS 
at Un-signalised Crosswalks 

After CFA, a conceptual model assessing the impact of constructs of Accessibility, 
Comfort and Safety on the perceived LOS and predicting the perceived LOS scores 
of respondents was formulated using SEM in AMOS. The estimates of the model are 
further depicted in Table 8, and the model is represented diagrammatically in Fig. 3, 
which represents both CFA and path analysis results. The impact of constructs on the 
perceived LOS was given by standardised regression weights that were represented 
on the arrows emerging from Accessibility, Comfort and Safety towards perceived 
LOS. The regression equation for predicting the pedestrian perceived LOS is given 
in ‘Eq. 3’. 

LOS(Per) = 0.208 ∗ Accessibility + 0.443 ∗ Comfort + 0.354 ∗ Safety (3) 

Further, the assumptions were checked using the residual statistics (Table 9) and 
regression plots for accurately predicting the perceived PLOS. The partial regression 
plots and a plot of studentized residuals against the predicted values (Fig. 4) assessed 
the linearity between the pedestrian perceived LOS and independent variables namely 
accessibility, comfort and safety. This indicates that all constructs have linear rela-
tionship with the perceived LOS. Durbin-Watson statistics value of 2.104 indicates 
that there is independence of residuals. The visual inspection of a plot of studentized 
residuals against the unstandardized predicted values indicates the homoscedasticity 
in the data. VIF values for all the independent variables were found to be less than 
2; hence, no multicollinearity was observed. Moreover, LOS predicted using SEM 
Model has a mean value of 3.27 which is equal to the overall mean of 3.27, with no 
studentized deleted residuals exceeding ± 3 standard deviations, no leverage values 
greater than 0.2, and less than 1 value for Cook’s distance [28]. 

A Normal P-P plot of standardised residual and Normal Q-Q plot of studentized 
residuals are shown in Figs. 5 and 6, which indicates that the assumption of normality 
is met. The multiple regression model significantly predicts the pedestrian’s perceived 
LOS, F (3296) = 392.588, p = 0.000, adj. R2 = 0.917, an extremely large effect. 
All three variables add statistically significantly to the prediction, p < 0.05. 

All three factors are linearly related with the lateral construct Perceived LOS 
which reflects satisfactory usability of the crosswalk with ease in crossing manoeu-
vres. The factor named ‘Comfort’ is the most influencing factor for determining the 
LOS of crosswalks, as its coefficient is highest. This shows that while using the 
crosswalk, pedestrians feel comfortable and, therefore, give maximum weightage to 
the factors that ensure their comfortability. The crosswalks have good surface condi-
tion, adequate refuge islands and proper signs and markings to facilitate pedestrians 
while crossing. For factor safety, the results indicate that pedestrians feel safe while 
crossing. 

Although the crosswalks are unsignalized, pedestrians still able to find suitable gap 
in between vehicular stream with least interference and interaction from motorised
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Table 8 Estimates of SEM model for un-signalised crosswalks 

Items ← 
constructs 

Unstandardized 
estimates 

Standardized 
regression 
weights* 

S.E** CR*** p**** 

LOS ← 
Accessibility 

0.208 0.136 0.091 2.286 0.035 

LOS ← Comfort 0.443 0.453 0.058 7.638 0.000 

LOS ← Safety 0.354 0.224 0.074 4.784 0.000 

Acc_1 ← 
Accessibility 

1.000 0.731 

Acc_2 ← 
Accessibility 

1.185 0.810 0.097 12.171 0.000 

Acc_3 ← 
Accessibility 

1.247 0.782 0.104 11.940 0.000 

Comfort_1 ← 
Comfort 

1.000 0.784 

Comfort_2 ← 
Comfort 

1.118 0.801 0.080 14.041 0.000 

Comfort_3 ← 
Comfort 

1.077 0.787 0.078 13.778 0.000 

Comfort_4 ← 
Comfort 

0.982 0.757 0.075 13.186 0.000 

Comfort_5 ← 
Comfort 

0.963 0.727 0.076 12.607 0.000 

Comfort_6 ← 
Comfort 

0.918 0.752 0.070 13.102 0.000 

Safety_1 ← 
Safety 

1.209 0.812 0.101 11.997 0.000 

Safety_2 ← 
Safety 

1.289 0.784 0.110 11.739 0.000 

Safety_3 ← 
Safety 

1.000 0.704 

LOS_1 ← LOS 1.000 0.821 

LOS_2 ← LOS 1.000 0.818 

Note * Standardised loading estimates calculated from CFA using AMOS software. ** Standard 
Error *** Critical Ratio should be greater than 2. *** *p-value should be <0.05

and non-motorised users. The third factor influencing LOS was ‘Accessibility’. The 
results indicate that the pedestrian face difficulty in accessing the crosswalks. This 
is due to improper access from sidewalks to crosswalks with inadequate space area 
at crosswalk ends. Also, the bus stops or transit stops are at greater distance from the 
designated crosswalks, thus limiting the use of crosswalk space by pedestrians. 
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Fig. 3 SEM model for perceived LOS at un-signalised crosswalks 

Table 9 Residual statistics of SEM model for un-signalised crosswalks 

Statistics Minimum Maximum Mean Std. Deviation N 

Predicted value 2.086 4.537 3.271 0.579 300 

Std. predicted value −2.218 2.015 0.000 1.000 300 

Std. error of predicted value 0.017 0.064 0.032 0.010 300 

Residual −0.676 0.805 0.000 0.290 300 

Std. residual −2.318 2.760 0.000 0.995 300 

Studentized residual −2.336 2.775 0.000 1.001 300 

Cook’s distance 0.000 0.056 0.003 0.006 300 

Centred leverage value 0.000 0.044 0.010 0.009 300
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Fig. 4 Plot between studentized residuals and unstandardized predicted values 

Fig. 5 Normal P-P plot of 
regression standardised 
residual
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Fig. 6 Normal Q-Q plot of 
studentized residuals 

4.8 Results of Un-signalised Questionnaire Analysis 

After analysing the questionnaire data, three different sets of perceived LOS scores 
(respondent-wise) were obtained. First set represents the score obtained from the 
mean of the statements categorised under factor LOS. Second denotes the overall 
mean of statements of accessibility, comfort and safety. Third signifies the predicted 
scores obtained using SEM. Further, these scores were averaged crosswalk-wise (20 
respondents per crosswalk) to obtain the crosswalk-wise LOS scores (refer Table 10). 
The crosswalk-wise LOS scores were further categorised into six different categories 
from ‘LOS A to LOS F’ on the basis of defined prescribed limits and threshold ranges 
obtained (Table 4). SEM results stipulated that accessibility, comfort and safety of 
pedestrians were the effective measures of Pedestrian Perceived LOS and predicted 
perceived LOS with 93.3% accuracy (14 cases were correctly predicted out of 15, 
i.e. 14/15 * 100). Further, the mean perceived LOS scores for each crosswalk were 
further converted into letter grades representing perceived LOS (U). 

5 Conclusion and Recommendations 

At 15 un-signalised crosswalks, total 300 pedestrian’s data (bi-directional flow) were 
observed and analysed for determining the perceived pedestrian LOS of crosswalks. 
The descriptive analysis of the responses of the statements of questionnaire indicates 
that crosswalks are not suitable for disabled pedestrians because of inadequate space
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Table 10 Comparison among different perceived LOS scores of un-signalised crosswalks 

Intersection Name Designation LOS 1 (from 
statements 
mean) 

LOS 2 
(Overall 
Mean) 

Predicted 
LOS 3 (from 
SEM results) 

Perceived 
LOS 

9-10-16-17 MU12 U1 3.63 3.61 3.64 B 

MU13 U2 3.50 3.45 3.48 B 

MU14 U3 3.36 3.37 3.35 B 

MU15 U4 3.48 3.47 3.49 B 

10-11-15-16 MU8 U5 3.43 3.40 3.43 B 

MU9 U6 3.38 3.38 3.40 B 

MU10 U7 3.30 3.31 3.29 B 

MU11 U8 3.28 3.29 3.32 B 

11-12-14-15 MU4 U9 2.76 2.76 2.69 C 

MU5 U10 3.03 3.01 3.04 C 

MU6 U11 3.46 3.44 3.47 B 

MU7 U12 3.48 3.47 3.49 B 

12-14-Khuda 
Jassu 

MU1 U13 2.94 2.96 2.92 C 

MU2 U14 3.13 3.03 3.08 C 

MU3 U15 2.95 3.05 2.94 C 

for a wheelchair to cross and absence of curb ramps for accessing the crosswalk. Also, 
pedestrians engage in illicit crossing behaviour in order to reach their respective desti-
nations as soon as possible. Also, no significant association was observed between 
respondent’s socio-demographics (city, education, purpose of trip, use of crosswalks) 
and mean perceived LOS score. However, gender (p = 0.049, <0 .05) and age (p = 
0.018, < 0.05) were significantly associated with the mean perceived LOS [2, 29, 30]. 
Exploratory Factor Analysis (EFA) and Confirmatory Factor Analysis (CFA) of the 
questionnaire extracted four factors from the statements namely ACCESSIBILITY, 
COMFORT, SAFETY and LOS which together contributed 77.24% of total variance. 
Modelling of Perceived Pedestrian LOS using Structural Equation Modeling (SEM) 
predicts three constructs such as Accessibility, Comfort and Safety as the measures 
of effectiveness with 93.3% accuracy. 

The findings of the study inculcated the need to make the crosswalks suitable for 
all kind of pedestrian users (especially disabled pedestrians using wheelchair). For 
preventing the pedestrians to engage in illicit crossing behaviour, a traffic calming 
campaign should be promoted to advise drivers to slow down or yield to pedes-
trians (the vulnerable road users) and 4 E’s (Education, enforcement and training, 
engineering, and enthusiasm) should be put into practice. Also, educate the pedes-
trians about the ill effects of erratic crossing and rolling behaviour while crossing. A 
pedestrian signal along with the countdown timers should be installed at un-signalised 
crosswalks to ensure the safety of pedestrians by minimising the pedestrian–vehicle 
interaction.
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Appendix 1: Un-signalised Crosswalk Questionnaire 

Section A: Respondent’s Profile 

1. Name (optional):  ______________________________________________ 

2. City:            Chandigarh                                                    Other                            

3. Age:            18 Years and Below                                      18-30 Years                                     

                        30-45 Years                                                   45-60 Years                              

                        Above 60 Years 

4. Gender:       Male     Female 

5. Education:  Matric                                                 Senior Secondary                                         

                        Graduate                                                          Post-Graduate          

                        Others (Specify) ___________________                                   

6. Purpose of Trip:  Education                                               Work                                            

                                 Health                                                    Shopping 

                                 Recreation                                             Any Other                      

7.  Use of Crosswalks/Zebra Crossing:    Usually/Generally              Often/Frequently                    

                                                                  Seldom/Rarely                    Never 

Questionnaire No. Location: 



Pedestrian Level of Service of Un-signalised Intersections … 265

Section B: Analysis of Crosswalk (Zebra Crossing) 

Listed below are the parameters used to assess the quality of service offered to the 
pedestrians by crosswalk/zebra crossing of the street. Please rate your 
agreement/disagreement on a scale of 1-5. 

S. 
No 

Particulars 1 2 3 4 5 
Strongly 
Disagree 

Disagree Neutral Agree Strongly 
Agree 

1. Appropriate Location of 
Crosswalk (i.e., Near to Bus 
Stop or Any Transit Facility) 

2. Appropriate Waiting 
Area/Space with Proper 
Access to the Crosswalk 

3. Proper sidewalks at Entry 
and Exit of Crosswalks for 

                ………………………………….…ThankYou……………………………….

Easy Accessibility to and 
from Crosswalk 

4. Good Surface Condition of 
the Crosswalk  

5. No Inconvenience while 
Crossing the Road due to 
Presence of Obstruction or 
Any Obstacle 

6. Adequate Use of Pedestrian 
Refuge Islands/Central 
Islands/Medians 

7. Proper Provision of Signs 
and Markings for the 
Comfort of Pedestrians while 
Crossing 

8. Adequate Visibility (Street 
Lighting) for the 
Convenience of Pedestrians 
to Cross during Night 

9. Proper Provision of Curb 
Ramps and Guard Rails at 
Entry/Exit/Medians 

10. Suitable for disabled 
pedestrians (persons using 
wheelchair etc.) 

11. Smooth and Orderly 
Movement of Traffic 

12. Availability of Suitable and 
Appropriate Gaps in 
Vehicular Stream 

13. Least 
Interaction/Interference with 
Other Non-Motorized Traffic 
(Cyclists etc.) 

14. No Illicit Crossing 
(disregarding traffic 
rules/regulations) at the time 
of hurry 

15. Satisfactory Usability of the 
Crosswalk 

16. Overall Ease in Crossing 
using the Crosswalk 

Any Suggestions: 
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Appendix 2: Descriptive Analysis of Statements of Perceived 
LOS at Un-signalised Crosswalks 

Statements N* Mean Std. Dev Variance Skewness Kurtosis 

Appropriate location of crosswalk (i.e. 
near to bus stop or any transit facility) 
q1 

300 3.16 0.789 0.623 0.427 −0.339 

Appropriate waiting area/space with 
proper access to the crosswalk q2 

300 3.12 0.836 0.699 0.193 −0.596 

Proper sidewalks at entry and exit of 
crosswalks for easy accessibility to and 
from crosswalk q3 

300 3.05 1.008 1.015 0.243 −0.549 

Good surface condition of the 
crosswalk q4 

300 3.41 0.952 0.906 −0.030 −0.915 

No inconvenience while crossing the 
road due to presence of obstruction or 
any obstacle q5 

300 3.44 0.951 0.905 −0.209 −0.585 

Adequate use of pedestrian refuge 
islands/central islands/medians q6 

300 3.48 1.003 1.006 −0.015 −1.067 

Proper provision of signs and markings 
for the comfort of pedestrians while 
crossing q7 

300 3.39 0.956 0.913 0.025 −0.928 

Adequate visibility (street lighting) for 
the convenience of pedestrians to cross 
during night q8 

300 3.38 0.938 0.879 0.072 −0.243 

Proper provision of curb ramps and 
guard rails at entry/exit/medians q9 

300 3.36 0.915 0.837 0.047 −0.243 

Suitable for disabled pedestrians 
(persons using wheelchair) q10 

300 2.34 0.955 0.912 0.324 −0.094 

Smooth and orderly movement of 
traffic q11 

300 3.30 0.893 0.797 −0.157 −0.397 

Availability of suitable and appropriate 
gaps in vehicular stream q12 

300 3.31 1.026 1.053 −0.204 −0.675 

Least interaction/interference with 
other non-motorised traffic (cyclists, 
etc.) q13 

300 3.29 1.090 1.187 −0.073 −0.961 

No illicit crossing behaviour 
(disregarding traffic regulations) at the 
time of hurry q14 

300 2.36 0.77 0.6 0.12 0.05 

Satisfactory usability of the crosswalk 
q15 

300 3.27 0.448 0.195 −0.275 −0.201 

Overall ease in crossing using the 
crosswalk q16 

300 3.26 0.442 0.201 −0.292 −0.220 

Note Cronbach Alpha = 0.832 
* N  represents total respondents
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Socio-Demographic Variations in Mode 
Choice Preferences of Peri-Urban 
and Urban Areas—A Case Study 
of Bangalore 

T. M. Rahul and Ashish Verma 

Abstract Peri-urban regions are located in the fringes of an existing city and are 
important in the urban transportation planning process of the city. The present 
research analyzes the differential impact of socio-demographic factors on the travel 
behavior of urban and a peri-urban areas. Specifically, the current study, at first, 
performs a descriptive multivariate mode share comparison between motorized 
two-wheelers and Non-Motorized Transport (NMT). Further, it estimates a mode 
choice model and a trip distance model to determine the marginal effects of socio-
demographic and transportation system characteristics. Interaction terms are intro-
duced in the utility function of the mode choice model using a peri-urban indicator 
to delineate the differential impact of socio-demographic factors in urban and peri-
urban areas. The estimated mode choice model gave a comparatively good fit with 
the data (47 and 27.5%). The significance of the interaction terms indicated a differ-
ence in the influence of travel characteristics between urban and peri-urban areas. 
Gender has a significant influence on the mode choice with females in both urban 
and peri-urban region having a positive disposition toward NMT. In both regions, an 
increase in the travel distance reduced the use of non-motorized modes and increased 
the use of private vehicles. From a social equity perspective, there was a huge scope 
for promotion of public transport and non-motorized transport in the peri-urban 
areas. Further, paratransit could be contemplated as a solution to overcome the poor 
connectivity in the radial routes of peri-urban areas. 
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1 Introduction 

Indian cities are facing an unprecedented increase in the private vehicle ownership 
and usage in recent times. This increase in private vehicle usage combined with urban 
sprawl has resulted in a deterioration of the urban environment resulting in issues like 
pollution and congestion. Transportation planners and policy makers in developing 
countries are often faced with the stiff challenge of instantly addressing these issues. 
This many times has led them to adopt solutions from developed countries. However, 
solutions proposed for a developed country may not be ideal for a developing country 
because of their different transportation requirements [1]. For example, many Indian 
cities have a higher usage of powered motorized two-wheelers and non-motorized 
modes compared with western counterparts. Hence, there is a need for understanding 
the complex travel behavior of people before arriving at any solution. 

Peri-urban areas are located in the periphery of cities [2–4]. Despite being an 
important trip generator, the existing urban transportation planning focuses only 
on the core urban area. The transportation requirement of peri-urban areas may vary 
from that of a core city because of their geographical and demographical differences. 
A comparative insight into the travel behavior of urban and peri-urban areas would 
give an indication of these differences. 

Many factors in the existing urban regions including a wide transportation 
network, poor enforcement of planning policies, desire of people to live in low 
dense areas, absence of affordable housing near city centers, etc., encourage peri-
urbanization [5]. Further, various policy considerations with respect to large-scale 
industrial investments, urban growth distribution, cheap labor availability, residential 
development, and slum resettlement also steer peri-urbanization [6, 7]. 

Non-motorized modes and motorized two-wheelers are two important elements in 
the transportation system of Indian cities [8]. Both of them cater the middle-income 
and lower-income sections of the society and are thus significant from an equity 
perspective. Motorized two-wheelers are cheaper and have better mileage compared 
with private cars. They also have a good running speed and are easy to maneuver. 
The sale of two-wheelers in India showed an increasing trend from 13.4 million in 
2011–12 to 17.5 million in 2016–17 [9]. 

Non-motorized Transport (NMT) including walking and cycling do not have the 
pollution and congestion issues related with motorized modes [10–12]. Further, NMT 
also provide various health and environmental benefits [13–16]. However, the non-
motorized usage in India has been showing a decreasing trend over the years in 
spite of these advantages [17]. There is an immediate need to revamp the scenario 
by making NMT more attractive and accessible among the people [18]. The above 
context eliciting a difference in urban and peri-urban transportation preference, and 
the importance of two-wheelers and NMT from a sustainability perspective motivates 
us to set the objectives of the current study as follows. 

• To estimate two separate models for motorized two-wheelers and NMT that deter-
mines the difference in mode choice preference across urban and peri-urban areas 
using interaction variables.
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• To model the trip distances of individuals in peri-urban areas from a policy 
perspective especially for promotion of NMT. 

The current objective is achieved using a household data collected for the city 
of Bangalore. The mode preference is modeled using a binary logit model, and the 
differential variable impact is incorporated using an interaction term in the utility 
function of the mode choice model. The current study aims to contribute to the liter-
ature elucidating the travel patterns in peri-urban areas by eliciting their differential 
variable impact compared with urban areas. 

2 Literature Review 

The regional mode choice variation of NMT and motorized two-wheelers depends 
on the transportation system characteristics and socio-demographics. The current 
section focuses on studies that elicit the impact of various variables, depicting socio-
demographics and the transportation system, on the preference of these modes in an 
urban and peri-urban context. 

2.1 Socio Demographics 

Income and car ownership are two socio-demographic factors that has been used in 
many studies to elicit the differences in mode choice across regions [19–21]. High 
income individuals were observed having an affinity toward private modes and rail 
mode compared with NMT [22, 23]. Further, vehicle ownership was found to increase 
the private vehicle usage even though for travelers who have newly arrived in a city 
it was the environment that affected the mode choice [24, 25]. However, Kunert and 
Lipps [26] questioned the role of these variables in eliciting the differences across 
developed countries because of their already high car ownership rate. They empha-
sized on a greater relevancy for demographic variables including age and gender in 
determination of mode choice preferences. However, income and car ownership were 
important factors in the region-specific mode choice models developed for bicycle 
mode choice. Ortuzar et al. [27] and Parkin et al. [28] observed a negative effect for 
vehicle ownership on bicycle usage in urban areas. 

The results found with respect to the impact of age on bicycle mode choice differed 
depending on the spatial context of the study [27, 29]. A rise in age reduced the 
propensity of choosing bicycles in Britain [30, 31] while increased the propensity of 
choosing bicycles in United States [15]. 

In an Indian context, most of the studies done on an urban scale determined a 
significant impact for the socio-demographic factors. A higher usage of NMT among 
females and a decrease in the usage of NMT with increase in age were determined
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for the city of Bangalore [32, 33]. Similarly, Arora [34] found males in the age group 
of 20–40 to be the main users of bicycles in the peri-urban Delhi. 

One of the major factors that differentiated the motorized two-wheeler choice 
between a developed country and a developing country was the purpose. In devel-
oping countries, powered two-wheelers are mainly used for commuting while in 
developed countries they are used for recreation [35]. Globally, there were very few 
studies that explored the mode choice preference of two-wheelers. One such study 
was done in the city of Tiruchirapalli, India, and the study determined a significant 
influence for the age and gender factor on the two-wheeler usage. Two-wheeler usage 
increased with age and was higher among males. 

2.2 Transportation System Characteristics 

Webster [36] emphasizes the need for comprehensively understanding the changes 
in the peripheries of cities. An unplanned development in peripheries may result in 
an increased private vehicle usage, which subsequently may negatively influence the 
urban traffic. Many studies done in an Indian context have attributed the rise in the 
motorized two-wheeler usage to an increase in the travel distance [37] and a low 
public transport accessibility [38]. Expanding urban public transportation network 
to the peri-urban areas improved the quality of life among low-income residents [39]. 

An increase in travel distance reduced the bicycle usage in urban areas and peri-
urban areas. The peri-urban areas in the cities of Accra [40] and Dar es Salaam [41] 
had a smaller NMT preference for their daily commute because of the large trip 
distance to the central city. A similar observation was made in an Indian context for 
the city of Bangalore [32] and for the city of Agartala [42]. 

3 Data Collection 

The travel survey data used in the current study was obtained for the year 2009 from 
Bangalore Metropolitan Regional Development Authority (BMRDA). Bangalore has 
a population of 8 million, and an area of 2191 km2 under the urban land category and 
5809 km2 under the rural land category. The household travel data was collected for 
the entire Bangalore metropolitan region that comprised Bangalore urban, Banga-
lore Rural and Ramanagaram areas. The latter two regions, which constituted the 
peri-urban category in the current study, were further divided into Kanakapura, 
Ramanagaram, Channapattna, Magadi, Nelamangala, Doddaballapura, Devanahalli, 
Hoskote, and Anekal (Fig. 1). These towns had a huge development potential, and 
many key investments are proposed along their corridors [43]. Currently, there are 
many trips that traverse between the urban and peri-urban area with buses provided by 
Bangalore Metropolitan Transport Corporation being the major mode of connectivity.
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Fig. 1 Bangalore Metropolitan Region. (Source Comprehensive Traffic and Transportation Study, 
2009) 

The current study adopted a random sampling procedure with household as a 
sampling unit. The detailed survey procedure is reported in the Field Survey Report 
of BMRDA [43]. A face-to-face interview was done with respondents, and details 
regarding their trip, mode, and trip context were gathered. Variables including age, 
gender, occupation, education level, marital status, income, number of earners, 
type of residence, in vehicle travel time, mode used, purpose, and travel distance 
were collected. There were 172 zones from the urban area of Bangalore for which 
household data was collected. 

The study adopted several screening procedures to ensure the completeness of 
the survey including the removal of the unanswered questions and the check on the 
reported NMT trip distance. The data was finally obtained for 4490 households in the 
peri-urban area and 8147 households in the urban area. Compared with the peri-urban 
Bangalore, urban Bangalore had a higher number of households where more than 
1 person worked. This might be a result of the higher job accessibility in the urban 
area compared with the peri-urban area. Currently, most of the income generating
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opportunities including the industries, offices, commercial and retail establishments, 
etc., are located in the urban Bangalore. The variation in the percentage of workers 
across age categories showed a similar trend for both urban and peri-urban areas. 

It showed an increasing trend till the age group ‘26–35’ after which it showed a 
decreasing trend. 

4 Methodology 

The study adopted a three-tier methodology in which the first step consisted of deter-
mination of a significant difference between the urban and peri-urban characteristics 
of Bangalore. This was done using a 2-sample Z-test that checked the existence of a 
significant difference between population proportions. The 2-sample test checked a 
null hypothesis that the proportions in the populations were the same. A Z-value of 
1.64 at 5% significance level (two-tailed test) was set as the cut-off value for rejecting 
the null hypothesis. 

The second step adopts a logistic regression approach for determination of impact 
of different variables on mode choice. The logistic regression estimates the impact 
of independent variable on a dependent variable that is discrete in nature. As a 
generalized regression variant, this approach uses a canonical parameter as defined 
below. 

ln

(
pn 

1 − pn

)
= β0 + 

k∑
k=1 

βk Xnk (1) 

K: number of unknown parameters. 
X: variables influencing the probability. 
Pn: probability of success for individual ‘n’. 
β: Parameters which can be estimated using maximum log likelihood. 

The estimated maximum log likelihood estimator would give the impact of each 
variable used in the specification of the canonical parameter. A positive sign for the 
parameter would indicate a positive impact for the variable on the probability, and 
a negative sign for the parameter would indicate a negative impact for the variable 
on the probability. The canonical parameter also corresponds to the utility concept 
in accordance with the utility theory developed for discrete mode choice scenarios 
[44]. 

The model uses the peri-urban interaction variables to elicit the differential impact 
of independent variables in the urban and peri-urban areas. The interaction variables 
consisted of an additional variable for each individual attributes that were specified 
in terms of a peri-urban indicator. 

The third step consisted of estimation of a linear regression model for the peri-
urban area. The linear regression model is a class of generalized linear models. 
In linear regression, the dependent variable is a continuous variable that will have
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a normal distribution with mean ‘Y.’ The canonical parameter is linear regression 
model is defined as below [45]. 

Yn = β0 + 
k∑

k=1 

βk Xnk (2) 

Yn: dependent variable for observation ‘n’ 
K: total number of unknown parameters. 
X: variables influencing the dependent variable. 
β: Parameters which can be estimated using the maximum log likelihood. 

5 Urban and Peri-Urban Data Comparison 

Table 1 shows a comparison of different socio-demographic characteristics between 
urban and peri-urban areas. Most of the variables indicated a significant difference 
in the percentages between urban Bangalore and outer Bangalore. Urban Bangalore 
had a higher percentage of households owning two vehicles or more. Aptly, urban 
Bangalore also had a higher percentage of households having more than 1 worker. 
This higher private vehicle ownership might be linked to their larger household 
income (Table 1) and subsequent affordability. The percentage of owned houses was 
great in the peri-urban area. This might be attributed to the availability of cheap land 
at peri-urban regions. 

Most of the respondents in the peri-urban Bangalore came under the employee 
category. In comparison with individuals involved in agriculture, who came under the 
self-employed or daily wage category, the large proportion of employees suggested 
an ongoing urbanization in these areas with less dependence on agriculture [46]. 

Economically Weak Section and Low-Income group were defined by The Ministry 
of Housing and Urban Poverty Alleviation, India (2012), using an income ceiling of 
0–10,000 Indian Rupees. Urban area of Bangalore had a great number of households 
earning more than 10,000 Indian Rupees per month, and peri-urban areas had a higher 
percentage of people earning less than 10,000 Indian Rupees per month. Latter might 
be an indicator of residential preference among low-income groups. In a developing 
country context, outer regions are often preferred by low-income group because of 
availability of land at cheap prices and houses at low rent [40]. 

Peri-urban Bangalore had a lower number of short distance trips less than 1.4 km— 
the trip distance preferred by pedestrians and a higher number of long distance trips 
greater than 5 km. The latter aspect may be attributed to the comparative lower 
densities existing at peri-urban areas of Bangalore [8] and to the dependence of 
peri-urban residents on the urban area for jobs.
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Table 1 Data description 

Bangalore peri-urban Bangalore urban P-value 

Number of workers 

% of households with 1 worker 95 0.77 0.00 

% of households with 2 workers 4 0.17 0.00 

% of households with 3 or more workers 1 0.06 0.00 

Age 

% of individual working in 18–25 group 17 18 0.29 

% of individual working in 26–35 group 53 42 0.00 

% of individual working in 36–45 group 19 25 0.00 

% of individual working in 46–60 group 8 14 0.00 

% of individual working in >60 group 3 1 0.00 

Vehicle ownership 

% of households with 0 vehicle 54 43 0.00 

% of households with 1 vehicle 44 43 0.31 

% of households with 2 or more vehicle 2 14 0.00 

Type of house ownership 

% of owned households 34 28 0.00 

% of rented households 66 72 0.00 

Mode share 

Car 0.5 4 0.00 

Motorized Two-wheeler 29 26 0.00 

Walking and Bicycling 58 50 0.00 

Gender 

Percentage of workers among males 0.84 85 0.25 

Percentage of workers among females 0.16 15 0.28 

Occupational status 

Employed under others 46 54 0.00 

Self-employed 18 11 0.00 

Daily wage 24 8 0.00 

Student 11 27 0.00 

Monthly household income (Indian Rupees) 

<10,000 92 82 0.00 

>10,000 8 18 0.00 

Trip distance in km 

<1.4 32 38 0.00 

1.4–5 37 32 0.00 

>5 31 29 0.08
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5.1 Motorized Two-Wheeler and NMT Variation Across 
Categories 

Table 2 shows the percentage-wise distribution of their total numbers across different 
categories of income and travel attributes. Motorized two-wheelers are used for long 
trip distances, and NMT are preferred for short trip distances. In the higher income 
group, the variation in the share of motorized two-wheelers and NMT followed a 
similar trend in both urban and peri-urban areas. The NMT usage decreased with an 
increase in the distance, and the two-wheeler usage increased and then declined with 
an escalation in the distance. The higher percentage of NMT users in the lowest trip 
distance band implied a NMT preference for short trip distances. Aptly, a smaller 
trip distance induced by a good street connectivity was highlighted as an important 
component for promotion of walking in the study of Galpern et al. [47]. 

The percentage of motorized two-wheelers in the distance bands ‘5–10’ kilome-
ters and ‘>10 km was greater for peri-urban areas compared with urban areas. The 
percentage of two-wheelers in the time bands ‘20–40 min’ and ‘>40 min’ was also 
greater in the peri-urban areas. These two observations suggested a greater two-
wheeler usage for longer trips in peri-urban areas. This higher usage might be a

Table 2 Motorized two-wheeler and NMT distribution 

Urban Peri-urban 

NMT Motorized 
two-wheeler 

NMT Motorized 
two-wheeler 

Income 
<10,000 
(Indian Rupees) 

Trip distance 

2 km 0.87 0.17 0.83 0.02 

2–5 km 0.10 0.29 0.15 0.31 

5–10 0.02 0.33 0.01 0.51 

>10 0.01 0.21 0.01 0.17 

Travel time 

0–20 min 0.77 0.50 0.76 0.27 

20–40 min 0.19 0.30 0.23 0.50 

>40 min 0.04 0.19 0.01 0.23 

Income 
>10,000 
(Indian Rupees) 

Trip distance 

2 km 0.83 0.12 0.84 0.05 

2–5 km 0.13 0.27 0.14 0.15 

5–10 0.02 0.36 0.01 0.46 

>10 0.02 0.25 0.01 0.34 

Travel time 

0–20 min 0.76 0.34 0.84 0.84 

20–40 min 0.18 0.36 0.16 0.15 

>40 min 0.06 0.30 0.01 0.01
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manifestation of the poor public transport connectivity and the subsequent captive 
private vehicle ridership in the peri-urban areas. Currently, in the peri-urban Banga-
lore, public transport is provided only along the arterial roads, thus resulting in an 
inadequate connectivity of the area [43]. Even among the higher income group, a 
similar observation is made with respect to the trip distance.

6 Results and Discussion 

6.1 Mode Choice Model 

Table 3 shows the variables used in the estimation of mode choice model. The variable 
was selected for the study based on a review of literature, intuitive judgment, and 
deliberation with experts. The limited data availability because of the secondary 
data usage also played a role in the variable selection. Variables were categorized

Table 3 Variables used in the mode choice models 

Variable name Description Representation in model 

1 Peri-urban indicator (dummy 
variable) 

Whether the respondent 
belonged to the peri-urban 
area 

1-0—Do not belong to a 
peri-urban area 
1—Belongs to the peri-urban 
area 

2 Type of residence Whether the respondent is 
residing in an apartment or 
individual home 

0—Residing in an apartment 
1—Residing in an individual 
household 

3 Employed people in 
household 

Number of employed 
people in the household 

– 

4 Private vehicles in household Number of private vehicles 
in the household 

– 

5 Age Age of respondent – 

6 Gender Gender of the respondent 0—Female 
1—Male 

7 Marital status Marital status of the 
respondent 

0—Unmarried 
1—Married 

8 Educational level Whether the respondent is 
literate or illiterate 

0—Literate 
1—Illiterate 

9 Occupational status Whether respondent has a 
full-time or part-time job 

0—Part time job 1—Full time 
job 

10 Household income Income of individuals – 

11 Trip distance Trip distance of individuals – 

12 Children below 18 years P Whether there are children 
below 18 years of age 

0—Absent 
1—Present
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in to two sets: one denoting the socio-demographics and the other representing the 
transportation system characteristics. The latter set consisted of the variables trip 
distance and residence type. A city planning authority could control these factors for 
influencing the mode choice decision among people.

The socio-demographics was represented using the following factors: the number 
of employed people, the number of private vehicles owned, age, gender, marital 
status, education level, occupational status, household income, and children below 
18 years of age. The variables, type of residence, gender, marital status, education 
level, occupational status, and existence of children below 18 years of age, were 
taken as dummy variables in the model estimation. The other variables including 
travel distance, age, and income were taken as continuous variables. The dependent 
variable for the model estimation was kept a binary variable—whether the respondent 
chose a two-wheeler/NMT or not. The canonical parameter corresponding to the 
scenario where a two-wheeler/NMT is not chosen is considered as zero. Hence, the 
impact of variables can be interpreted corresponding to a scenario where the mode 
would be chosen. 

Two binary regression models are estimated to separately understand the mode 
choice scenarios of motorized two-wheelers and NMT. This distinction reduced the 
number of estimated parameters, especially corresponding to the interaction vari-
ables, thus reducing the extent of correlation. In the estimated model, the indicators 
capturing the model accuracy gave satisfactory results. The likelihood ratio statistics 
that represented the statistical significance of entire variable array elicited reason-
able P-values well below 1%. The Rho-square values, which gave an indication of 
the goodness of fit of the estimated model, were 0.471 and 0.275, respectively, for 
two-wheelers and NMT. The validation procedure that was done on a set of sample 
not used in the model estimation also educed satisfactory results. The model results 
are interpreted in terms of the sign of the variable parameters, their magnitude, and 
their significance. The sign of the parameters indicated the nature of influence of the 
corresponding variables on the choice of a mode, the magnitude of the parameters 
represented the extent of influence, and the significance of the parameters defines 
the contribution of specific variables to the predictive capability of the model. 

Motorized two-wheeler mode choice 

Table 4 presents the results of mode choice model. The negative parameter value 
for the peri-urban indicator displayed a reduction in the probability for two-wheeler 
mode choice in the peri-urban region. If all other variables were kept the same, 
the propensity that a person in the peri-urban area would select a two-wheeler was 
smaller compared with the urban area. 

Living in a single home in the urban area increased the probability that a respon-
dent would choose a motorized two-wheeler. If the type of residence is taken as an 
indicator of density—with a single home representing areas of low-density and the 
apartments representing areas of high-density—it may be inferred that a reduction in 
density would increase the two-wheeler usage. A greater influence for this variable 
in the peri-urban area could be attributed to the poor connectivity of the existing 
public transportation system.
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Table 4 Estimated 
parameters of mode choice 
model 

Variable Mode of transport 

Motorized 
two-wheeler 

Non-motorized 
transport 

Constant −3.43 (0.00) 4.060 (0.00) 

Peri-urban indicator −2.38 (0.03) 1.660 (0.11) 

Type of residence 0.06 (0.59) 0.237 (0.06) 

Type of residence P 0.790 (0.25) 0.116 (0.85) 

Employed people in 
household 

−0.420 (0.00) 0.224 (0.00) 

Employed people in 
household P 

−0.144 (0.63) 0.048 (0.84) 

Private vehicles in 
household 

0.864 (0.00) −0.507 (0.00) 

Private vehicles in 
household P 

1.90 (0.00) −0.362 (0.02) 

Age 0.0007 (0.84) −0.009 (0.02) 

Age P −0.035 (0.00) 0.014 (0.20) 

Gender 0.743 (0.00) −0.44 (0.00) 

Gender P 0.597 (0.31) −0.348 (0.56) 

Marital status 0.282 (0.00) −0.122 (0.26) 

Marital status P 0.403 (0.18) −0.340 (0.31) 

Educational level 0.618 (0.00) −0.539 (0.00) 

Educational level P 0.589 (0.00) −0.151 (0.47) 

Occupational status 0.716 (0.00) −1.08 (0.00) 

Occupational status P −0.443 (0.02) 1.02 (0.00) 

Household income 0.0002 (0.96) −0.04 (0.00) 

Household income P 0.097 (0.00) −0.142 (0.00) 

Trip distance 0.114 (0.00) −0.597 (0.00) 

Trip distance P −0.008 (0.53) −0.193 (0.00) 

Children below 
18 years 

−0.06 (0.08) −0.02 (0.65) 

Children below 
18 years P 

−0.329 (0.01) 0.231 (0.10) 

Null log likelihood −5857.787 −5857.787 

Final log likelihood −3074.747 −4220.642 

Adj. Rho-square 0.471 0.275 

Likelihood ratio 
estimator 

5566 (P � 0.01) 3274 (P � 0.01)
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An increase in the number of people working from a household reduced the 
propensity of choosing motorized two-wheelers. Males had a greater preference for 
two-wheelers compared with females. The odds corresponding to the gender variable 
was 1.82 times greater in the peri-urban areas compared with the urban areas. In urban 
areas, the odds of a male choosing a two-wheeler was 2.1 times (e0.743) greater than 
females. 

Getting married, getting educated, and having a full-time job increased the prob-
ability that an individual would choose a motorized two-wheeler. This effect on 
probability was higher for the first two variables and smaller for the last variable in 
the peri-urban areas. 

Respondents in both urban and peri-urban area preferred motorized two-wheelers 
for long distance trips. However, the sensitivity of the trip distance parameter was 
greater for the urban residents with the odds of choosing a two-wheeler being 1.8 
times higher. Both household income and age had an insignificant effect on the two-
wheeler mode choice probability. The existence of two-wheelers across the entire 
income levels and the subsequent lack of variation during model estimation may be 
a reason for this income effect. 

NMT mode choice 

The positive value of the peri-urban indicator in the estimated model indicated a 
positive disposition among the peri-urban residents toward the NMT. All other factors 
being same, the odds that a peri-urban resident may choose a NMT was 57.9 time 
greater (e4.060) than an urban resident. 

Being from a single home increased the affinity of respondents toward a non-
motorized mode. This effect was greater in urban areas compared with peri-urban 
parts. A similar observation was made for the peri-urban Chennai in the study of 
Srinivasan et al. [1] and suburban Helsinki in the study of Salonen et al. 37. Srinivasan 
et al. [1] attributed the increased NMT usage among peri-urban residents to intra-zone 
commute trips. 

In contrast to the results obtained for motorized two-wheelers, an increase in the 
number of employed persons increased the chances of using NMT in peri-urban 
areas. Similar results were obtained for urban areas also. This may be a result of 
the reduction in the private vehicle accessibility with increase in the number of 
employees. 

An increase in the level of education and the number of private vehicles owned 
reduced the usage of non-motorized modes. This reduction was more prominent in 
the peri-urban areas. Further, being a female increased the odds of using a NMT in 
both urban and peri-urban areas. This might be an indication of the natural inclination 
of females toward sustainable modes like walking and bicycling [48]. 

Respondents having a full-time job had a lower preference for NMT compared 
with respondents having a part-time job. This effect might be a consequence of the 
attitude among respondents having a full-time job that associates NMT usage with 
lower social status [49]. However, this reduction in preference among individuals 
with a full-time job was smaller in peri-urban areas compared with urban areas.
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An increase in the trip distance reduced the probability of NMT mode choice. 
This result was consistent with common perception that higher trip distances often 
reduced the NMT usage [50]. However, this decrease was 1.21 times more in the 
peri-urban areas. This indicated the higher sensitivity of the peri-urban population 
to the changes in trip distances. 

6.2 Trip Distance Model 

The trip distance model was estimated to determine the partial effect of the inde-
pendent variables including occupational status, age, gender, income, etc., on the 
dependent variable trip distance (Table 5). 

The extent of linear relation between the dependent variable and the independent 
variables was indicated by the R2 value. Even though the R2 value was 0.11, the 
statistical significance of the independent variables prompted authors to proceed on 
with the estimated model for the analysis of the results. The determined F-value of 
54.00 justified the fit of the estimated regression model. 

Individuals employed under others had the highest positive impact on the trip 
distance followed by self-employed and daily wage laborers. The magnitude of 
influence of occupational status on the trip distance was ten times higher for the 
individuals employed under others compared with individuals working for daily 
wages. This lower trip distance combined with the higher usage of non-motorized 
modes among daily wage laborers may indicate the intra-zone trips undertaken [1]. 
The ‘employed under others’ category may be depending on urban areas where in 
more number of office and service-oriented jobs are available. 

Table 5 Trip distance model for peri-urban area 

Variable Parameter t-value P-value 

Intercept 1.19 2.02 0.044 

Occupational status 

Student 0.00 – – 

Daily wage 0.41 0.70 0.48 

Self-employed 2.10 3.46 0.00 

Employed under others 4.38 7.77 0.00 

Income 0.245 8.17 0.00 

Age −0.02 −0.16 0.87 

Gender 0.07 0.13 0.89 

Type of house ownership (Apartment-1, Independent-0) −0.26 −0.46 0.64 

Type of residence (owned-1, Rented-0) −0.77 −3.53 0.00 

Adjusted R2 0.11 

F-value (entire model) 54.00(9° of freedom)
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An increase in income significantly increased the commute trip distance of peri-
urban travelers. One of the reasons for this effect may be the increased emphasis on 
better housing compared with travel expenditure with increase in income. Further, 
being in an apartment reduced the trip distance compared with an independent home. 
An increase in age and being a female decreased the trip distance. 

7 Conclusions 

Peri-urban areas may be considered as future urban regions that are located in the 
fringes of an existing city. These areas generate a considerable amount of trips to 
the urban areas and are significant from a transportation planning perspective. The 
present study performs an initial descriptive analysis and further estimates a compara-
tive mode choice model for the urban and peri-urban areas. It uses an interaction term 
to elicit the differences in the extent of impact for urban and peri-urban areas. The 
choice model is estimated for motorized two-wheelers and NMT, and it employs an 
array of independent variables depicting the socio-demographics and transportation 
system characteristics. 

Motorized two-wheelers are an important mode of transportation for long distance 
trips in both urban and peri-urban areas. However, as observed in Table 2, there was 
a greater percentage of motorized two-wheelers undertaking long distance trips in 
peri-urban areas compared with urban regions. This might be an outcome of the poor 
public transport connectivity in the peri-urban areas. In future, as the city expands, one 
may expect a considerable increase in the peri-urban population, and a major contrib-
utor to this population would be the low- and middle-income residential seekers who 
would travel to urban centers for their daily livelihood. An absence of a good public 
transportation network may make this population captive to motorized two-wheelers 
because of its low cost compared with private cars. In such a scenario, a public mass 
transportation system connecting these peri-urban areas to urban areas would be an 
absolute necessity to reduce the motorized two-wheeler usage. The need for a coor-
dinated transport system was highlighted in the study of Maneepong and Webster 
[51]. Aptly, it has been proposed to expand the existing Bangalore Metro rail connec-
tivity to these areas [43]. One of the issues that have to be overcome while providing 
metro connectivity may be the poor connectivity to the radial routes [40]. This issue 
may be tackled to an extent by promotion of paratransit. Kumar et al. [52] had high-
lighted the role played by paratransit modes including auto-rickshaw and mini-buses 
in providing mobility to the population when public transport infrastructure provide 
by the government is inadequate. 

The positive value of the peri-urban indicator variable in the mode choice model 
revealed an existing higher affinity for peri-urban residents toward NMT. Trans-
portation planning of peri-urban areas should be done to perpetuate this positivity by 
focusing on these modes or else there would be a reduction in their users in future. A 
three-pronged approach consisting of infrastructural provision, institutional integra-
tion, and activity influence may be adopted for this. However, currently, many cities
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in India, including Bangalore, face a shortage of segregated bicycle paths and foot-
paths [17, 53]. Further, the unscientific construction practices have made the already 
existing bicycle paths and footpaths non-usable [54]. 

A reduction in the overall trip distances in urban and peri-urban areas can have a 
positive impact on the promotion of sustainable modes including NMT and public 
transport. The positive effect of the trip distance parameter on the motorized two-
wheeler usage points in this direction. Various policies including mixed land-use 
and high-density settlements that improves the accessibility of individuals to their 
employment and other non-work opportunities could be adopted for this trip distance 
reduction. An up gradation of the existing urban planning process may be done at 
the state level for an integrated land-use and transport planning [55]. However, in an 
Indian scenario, these strategies should be adopted with care because of the pertinent 
economic stratification of the society. Embracing these strategies without considering 
the requirements of the lower economic strata may create a bias from a social equity 
perspective. An exploration of this equity impact can form the scope for future 
research. Further, additional variables specifically pertaining to the infrastructure and 
built environment could be included to enrich the model developed in the present 
study. The current study included only two modes—two-wheelers and NMT—in the 
mode choice estimation because of the significance of these modes in a developing 
country context. Further, the data limitation in the current study prevented authors 
from using an accessibility variable for public transport in the mode choice models. 
Future works may further extend the present study to include more modes and the 
accessibility component. 
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User Perception Study of Pedestrian 
Comfort Including Thermal Effects 
in an Educational Campus 

S. Amalan Sigmund Kaushik, P. Gopalakrishnan, and G. Subbaiyan 

Abstract Walking is invariably one of the most sustainable modes of transportation. 
Pedestrian comfort has been assessed quantitatively and qualitatively in a number 
of ways. The shortcoming of the existing assessing methods is the lack of focus on 
users’ thermal comfort. Based on the literature review, the parameters that affect the 
perception of pedestrian comfort have been identified and a questionnaire survey 
was conducted. Parameters were tested for significance using Spearman correlation, 
and the parameters thermal comfort, shading, safety, and facility were found to be 
significant. The thermal comfort perception of the user kept changing through the day 
even when other physical characteristics and pedestrian facilities remained constant. 
The perception of pedestrian comfort model was developed using ordinal logistic 
regression method with significant independent variables thermal comfort, shading, 
and facilities. Policy guidelines for the campus were proposed based on respondents’ 
preference for walking. 

Keywords Pedestrian comfort · Thermal comfort · Pedestrian · Ordinal regression 

1 Introduction 

Walking is one of the most sustainable modes of transportation and one of the most 
important ways to minimize greenhouse gas emissions in the environment. In addition 
to improved living environment, the users also benefit from a healthier lifestyle. After 
the onset of industrial revolution, most of the cities and campuses were designed 
with vehicular mode of transport as the primary means of travel. In the last decade,
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a conscious effort is taken to pedestrianize campuses and cities especially due to the 
health issues faced by people due to their sedentary lifestyle. It is observed that in 
small Cities walkability needs like mobility, accessibility, and user satisfaction can be 
compared to large university campuses that engage variety of users like academicians, 
students, and technical staff. 

When walking on their allotted right-of-way, pedestrians, unlike cars, are not 
always in motion. They come to a halt, sit down, converse with others, window 
shop, and browse. None of these tasks can be quantitatively set to create a perfect 
walkway. Culture, current climate conditions, land use influences, trip type, and all 
other factors influence pedestrian behavior. 

The interaction between climate and the built environment is a two-way relation-
ship. Climate impacts urban development which in turn creates a microclimate or a 
small area that has different climatic conditions than its surroundings. Urban form 
heavily influences microclimates based on the following factors: an area’s basic 
climate conditions, street orientation and width, distribution of mass or building 
density within a city, Shading, Solar heat, Anthropogenic heat and Vegetation. 

Thermal comfort as defined by ASHRAE 55 is the condition of mind that expresses 
satisfaction with the thermal environment and is assessed by subjective evaluation 
The thermal comfort of pedestrians in a given space varies throughout the day and is 
heavily impacted by the weather. Few major parameters that aid in thermal comfort 
include shading provided by trees and shrubs, and shading from adjacent buildings. 

The National Institute of Technology, Tiruchirappalli (NIT Trichy) campus, which 
spans 800 acres, is one of India’s largest academic campuses. The main entrance, 
which faces National Highway 67, is at the southern end of the campus. The academic 
facilities of the institute are located in the southern half of the site, while the staff 
residential complex is in the southern-eastern half. NIT Trichy has also implemented 
a non-motorized vehicle policy for the undergraduate and postgraduate students of 
the institute as a sustainable initiative. 

Accordingly, the study was undertaken as per usage of areas and density. Keeping 
the above context in mind, various areas were analyzed and the pedestrian’s opinions 
and ideas were collected. An understanding of various factors creating disturbances 
and hindrances to the walkability of the campus was also collected and compiled, 
along with suitable measures to improve the existing state. Facility considered here 
is walkways. “Walkway” means a hard or soft surfaced area intended and suitable 
for use by pedestrians, including sidewalks, plazas, and surfaced portions of Access 
ways. 

2 Need for Study 

Pedestrian comfort has been studied quantitatively and qualitatively in a number 
of ways. Initially, pedestrian comfort was measured using a quantitative walkway 
measurement. Flow density, road environment quality, traffic flow operations, road 
physical characteristics, adjacent land use type, and pedestrian facilities (including
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availability of benches, guard rail, trees and dustbins) have all been identified as 
impacting criteria other than walkway width in later studies. The qualitative study to 
assess pedestrian comfort includes user satisfaction and user perception studies. The 
shortcoming of the existing assessing methods is the lack of focus on users’ thermal 
comfort. 

Several studies of the literature have gone into great depth about walkability, but 
climatic conditions have received little or no attention. Saelens, Sallis, and Frank [1] 
synthesized planning, transportation, and public health literature covering the topic 
of active transportation, which includes walking and cycling. With the exception of a 
brief discussion on the seasonal variation in rates of cycling to work or school, climate 
is rarely discussed in the review. The authors also acknowledge that a more thorough 
research of non-built environmental impacts is certainly needed. Kashef [2] compiled 
research on community design and walkability from the domains of planning, design, 
transportation, and public health. His comprehensive review, covering 92 sources, 
made no mention of climatic conditions. Ewing et al. [3] examined classic urban 
design literature to develop a list of factors thought to influence the walkability of a 
community. The resulting list of perceptual qualities did not address issues of climate 
or weather. This study focuses on user perception of pedestrian comfort including 
thermal effects in a pedestrianized campus. 

3 Literature Review 

The focus of the literature review is on the elements that influence user perceptions 
of walkability in terms of pedestrian comfort, as well as the existing approaches for 
assessing the same. Here are some of the conclusions drawn from some of the most 
popular existing studies. 

South worth and Ben-Joseph [4] and Mehta [5] claim that the safer the neighbor-
hood, the more people will walk. Li et al. [6] discovered that designing built form 
to provide protection from traffic and criminality contributed to increased walking 
rates when examining the effects of built environment on walking. One of the most 
important requirements is safety. While safety encompasses both traffic safety [7] 
and crime safety [8], this article focuses on the latter. 

Buys and Miller [9] conducted 24 qualitative interviews with residents of high-
density housing in Brisbane, Australia’s sub-tropical heartland. The interviews 
revealed a widespread belief that Brisbane’s climatic conditions made walking more 
challenging, particularly when long walks were required in hot weather. Combining 
walking with public transportation was also seen unsettling. On a humid and hot sub-
tropical summer day, a “sweaty walk” to the public transportation stop was painful 
and “too energetic.” Thermal environment can be assessed by quantitative and qual-
itative methods. ASHRAE 55 describes the process to subjectively evaluate thermal 
comfort. 

Evaluation criteria used in Outdoor thermal comfort including measurement, inter-
view, attendance counting, frequency distribution, and questionnaires [10–13] have
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assessed thermal comfort by using simulations. Outdoor Thermal Comfort was used 
to assess human thermal comfort on the micro-scale, to find mitigating strategies 
that can create a more thermally comfortable pedestrian environment [14]. Outdoor 
thermal comfort largely depends on parameters such as the open space, ground cover, 
street geometry, and built form. Taleghani et al. [15] studied five different urban forms 
in the Netherlands and found that the thermal comfort was dependent on urban form. 

Increasing the effect of shading in outdoor places is an essential method for 
improving pedestrian comfort. Buildings, trees, and other landscape elements can 
diminish solar radiation incidence, lower ground surface temperature, and minimize 
long and short-wave radiation impacts by shading [11, 16–18]. This helps to alle-
viate heat-related discomfort for pedestrians. The height-to-width ratio and street 
orientation [16, 19] are commonly used to assess the shading impact. Furthermore, 
the street orientation has an impact on solar radiation and wind flow, according to 
the study. In Colombo, for example, the street running north–south is shielded from 
solar radiation in the morning and afternoon, unlike the one running east–west. 

Pedestrian Facilities are also found to have a direct effect on users’ perception 
on walking [20, 21]. Seating, trash cans, street lights, and drainage are all examples 
of pedestrian facilities. Physical Characteristics of pedestrian facility are footpath 
surface, footpath width, obstructions, potential for vehicular conflict, and continuity. 
The Quality of Service (QOS) indicator highlights the environmental attributes of 
pedestrian space and is used to define pedestrian facility requirements. Pedestrian 
areas should be designed with human comfort in mind and tailored to the needs of 
pedestrians [22]. 

Regression analysis can be used to determine the relationship between the above 
factors, and it has been performed in several research. Polus, Schofer, and Ushpiz [23] 
explored the correlation between pedestrian speed, flow, and density on sidewalks. 
The statistical analysis of pedestrian walking speed is dependent on pedestrian gender 
and direction. A review of existing walkability indices reveals that current models 
may be unable to effectively predict pedestrian comfort in terms of thermal comfort. 
Simultaneously, existing research lack pedestrian comfort models for walkability. 

4 Methodology 

For conducting the user perception survey, initial set of parameters were identified 
from the review of existing literature and standards. This was followed by open-ended 
questionnaire survey which was conducted to understand the users’ perception and 
their preference of parameters for comfortable walking and issues faced by them. 
This was validated by author’s observation of the sites. The final set of parameters 
were identified based on the review of literature, open-ended questionnaire survey, 
and observation. Table 1 lists the identified parameters and characteristics. Shading 
from landscape and shading from building have been identified through observation, 
and corresponding characteristics have been mentioned in Table 2.
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Table 1 Parameters and 
characteristics identified from 
literature 

Parameters Characteristics 

Thermal comfort Thermal sensation 

Thermal comfort rating 

Shading Shade from building 

Shade from landscape 

Sense of safety Safety in daylight 

Safety during night 

Safety with presence of pedestrians 

Safety with vehicular movement 

Safety preference 

Facilities Available facilities 

Facility preference 

Walkability Pedestrian comfort 

Orientation Orientation of the walkway 

Table 2 Site characteristics 

Site Orientation Surrounding land use 
characteristics 

Surrounding landscape 
characteristics 

Site 1 East–West North-Mechanical department, 
75 m away. South-Sports center, 
30 m away 

North- and South-Dense Evergreen 
trees—closely placed (Minimum 
8 m apart); Average diameter 10 to 
15 m 

Site 2 North–South West-Lecture Hall complex, 15 m 
away. East-Computer 
center-22 m away 
Southeast-Cafeteria 

East- and West-Dense Evergreen 
trees—closely placed (Minimum 
8 m apart); Average diameter 10 to 
15 m 

Site 3 East–West North-Hostels, 45 m away. 
North-Food kiosk, 2 m away 
South-LHC—20 m away 

North-Dense Evergreen 
trees—closely placed (Minimum 
6 m apart); Average diameter 
10–15 m. South-Dense Evergreen 
trees-loosely placed (Minimum 
20 m apart); Average diameter 
7–12 m

Based on the identified parameters, questionnaire was designed. The first 
section contained basic demographic details like age, sex, year of study, etc. 
Sections 2–5 consist of question regarding the four parameters as identified in this 
research. Section 6 consists of questions on walkability. The questionnaire survey was 
conducted across 3 sites within the campus. The user responses were first analyzed 
in a descriptive way followed by correlation analysis through SPSS IBM software 
and later an ordinal logistic regression was developed. Based on the analysis and
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Fig. 1 Methodology 

user preferences, policy guidelines are proposed for improving the walkability in the 
campus (Fig. 1).

5 Data Collection 

5.1 Study Locations 

NIT Trichy offers ten undergraduate programs and 26 postgraduate programs 
across 17 departments. Apart from individual departments, the campus consists of 
sports center, lecture hall complexes, hostels, auditoriums, cafeterias, and shopping 
complexes. 

Three sites were identified within the campus based on landuse, orientation of 
the walkway, pedestrian density, pedestrian facilities, and constant characteristics 
(width of walkway, surface characteristics) of the walkway throughout the length of 
the stretch. Site 1 was surrounded by Mechanical department and sports center, site 
2 was surrounded by Lecture Hall complex, cafeteria and computer center, and site 
3 was surrounded by boys’ hostels and food kiosk. The length of the stretch is taken 
as 50 m. Detailed characteristics of site is listed in Table 2. 

5.2 Climate 

With an annual mean temperature of 28.8 °C and a relative humidity (RH) of 67.5%, 
Tiruchirappalli is classified as a warm and humid climatic zone [24]. The maximum 
average monthly temperature is 31.6 °C and RH of 63.5% in the month of April 
followed by 31.3 °C and RH of 64% in the month of May (Table 3). In Tropics 
such as Tiruchirappalli, heating due to sun primarily influences the thermal comfort
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Table 3 Monthly mean temperature and relative humidity for Tiruchirappalli 

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

DBT (°C) 25.1 27.1 29.5 31.6 31.3 31.0 30.4 31.0 29.4 27.7 26.6 25.4 

RH (%) 72.4 67.6 60.8 63.6 64.0 58.0 59.3 58.9 65.7 80.1 79.7 80.9 

DBT Monthly mean dry bulb temperature, RH Relative humidity 

of user. The survey was conducted in the month of April to understand the users’ 
perception during summer. 

5.3 Data Collection 

The respondents were randomly selected and agreed to participate in the survey. A 
number of 117 students have completed the survey. Site 1 had 52 responses, site 2 
had 31 responses, and site 3 had 34 responses. The response was collected in 5-point 
Likert scale for each of the parameter related questions. 

6 Analysis and Discussions 

6.1 Respondents’ Characteristics 

The 117 respondents comprised 55 (47%) males and 62 (53%) females. The respon-
dents belonged to undergraduate (93.2%) and postgraduate (6.8%). The age group 
ranged from 25.6% for 15–20 age, 70.08% for 21–25 age, and 4.3% for 26–30 age. 

6.2 Thermal Comfort 

In site 1, at T1 25% of users felt uncomfortable and slightly uncomfortable followed 
by 84.6% in T2, 36.5% in T3, and 3.8% in T4. (Table 4). The uncomfortableness 
increased from T1 to T2 as the ambient air temperature increases. Also, at T2 0% of 
users felt comfortable. At T1 and T3, more than one third of the users felt thermally 
neutral. The percentage of change in uncomfortableness between T1 and T2 is 53.8% 
(Table 5). Thus, change in users’ thermal comfort is significant as time changes 
(Figs. 2, 3 and Table 4). 

In site 2 at T1, 9.7% of users felt uncomfortable and slightly uncomfortable 
followed by 51.6% in T2, 16.1% in T3, and 6.5% in T4. Also, at T2 only 3.2% 
felt comfortable. At T1, 58.1% and, at T3, 61.3% felt comfortable and slightly 
comfortable. This behavior is attributed to the north–south orientation of this site.
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Table 4 Percentage of thermal comfort 

Time Uncomfortable Slightly 
uncomfortable 

Neutral Slightly 
comfortable 

Comfortable 

Site 1 T1 5.8 19.2 34.6 26.9 13.5 

T2 59.6 25.0 15.4 0.0 0.0 

T3 9.6 26.9 36.5 25.0 1.9 

T4 3.8 0.0 11.5 32.7 51.9 

Site 2 T1 0.0 9.7 32.3 25.8 32.3 

T2 16.1 35.5 29.0 16.1 3.2 

T3 0.0 16.1 22.6 41.9 19.4 

T4 0.0 6.5 6.5 32.3 54.8 

Site 3 T1 5.9 32.4 23.5 38.2 0.0 

T2 70.6 20.6 2.9 5.9 0.0 

T3 14.7 32.4 35.3 14.7 2.9 

T4 5.9 2.9 23.5 41.2 26.5 

T1: 8–10 am, T2: 12–2 pm, T3: 4–6 pm, T4: 7–9 pm 

Table 5 Percentage change in comfort across sites 

% of change in uncomfortableness between 
T1 and T2 

% of change in comfortableness between 
T1 and T2 

Site 1 53.8 −13.5 

Site 2 16.1 −29.1 

Site 3 64.7 0 

Fig. 2 Sun path diagram for Tiruchirappalli on April 3rd for all the 3 sites with its orientation
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Fig. 3 Percentage of perception of thermal comfort at T1, T2, T3, and T4 for 3 sites 

The percentage of change in uncomfortableness between T1 and T2 is 16.1%. At T1 
and T3, 0% respondents felt uncomfortable (Tables 4 and 5).

In site 3, at T1, 38.3% of users felt uncomfortable and slightly uncomfortable 
followed by 91.2% in T2, 47.1% in T3, and 8.8% in T4. Also, at T1 and T2 0% of 
users felt comfortable. At T3, more than one third of the users felt thermally neutral. 
The percentage of change in uncomfortableness between T1 and T2 is 64.7%. This 
behavior of very high change of uncomfortableness is attributed to the east–west 
orientation of the stretch and also less shading of walkway by tress along the south 
side of the stretch. 

In all the 3 sites, at T4 more than 60% felt comfortable and slightly comfortable. 
Thus, when there is no sun, orientation of the site does not have much effect on 
the thermal comfort. Among the respondents who have rated T2 as uncomfortable,
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81.6% of the respondents have expressed thermal sensation as “Hot” and 18.4% as 
“Warm.” This also validates the pedestrian discomfort experienced. 

From Table 5, it is found that % of change in uncomfortableness between T1 
and T2 is more in site 1 and 3 than site 2, and this is attributed to the north–south 
orientation of site 2. Both sites 1 and 3 are east–west oriented but there is a notice-
able change in % of uncomfortableness, and this is attributed to the less amount of 
vegetation to the south of site 3. 

From the above analyses, it is inferred that the thermal comfort of the respon-
dents for all sites changes with time, especially uncomfortableness increases during 
afternoon. Also, it is inferred that east–west oriented sites are prone to more uncom-
fortableness than north–south. Also, within the same orientation shading (Fig. 2) 
also affects the thermal comfort (Sites 1 and 3). 

An important aspect to note in this regard is that even though the parameters such 
as pedestrian facilities, physical characteristics, and quality of the walkway remained 
the same, and the thermal comfort perception of the user kept changing through the 
day. 

6.3 Shading 

Shading from surrounding building is rated as 26.9% for site 1, 61.2% for site 2, 
and 8.8% for site 3. From Table 2 site characteristics, it is found that for site 2 the 
adjacent building on both sides is 15 and 22 m away from walkway, whereas in sites 
1 and 3 the buildings are far apart; thus, the characteristics of surrounding buildings 
have an effect on the shading rating. Shading from surrounding landscape is rated 
as 82.69% for site 1, 96.7% for site 2, and 35.2% for site 3. Even though site 1 and 
site 2 is surrounded by dense vegetation (Table 2), the landscape shading rating is 
higher for site 2 because of the relationship between north–south orientation and sun 
path of Tiruchirappalli (Fig. 2) on the day of survey. 79.4% have rated site 3 as not 
shaded. 

6.4 Sense of Safety 

Mann–Whitney test was applied to check whether there is gender-based variation 
between the users toward the different characteristics of sense of safety. It was found 
that male students had positive rating of comfort for safety during night and female 
students have positive rating toward safety during day, safety with pedestrians, and 
safety with vehicular traffic. This could be attributed to the gender perception on 
safety (Table 6).
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Table 6 Sum of ranks value of Mann–Whitney test for different safety characteristics 

Safety during night Safety during day Safety with 
pedestrians 

Safety with vehicular 
traffic 

Male 3760 3211 3199 3114 

Female 3143 3692 3704 3789 

6.5 Statistical Analysis 

Kruskal–Wallis H test was done to check whether there was statistical significance 
between age and pedestrian comfort. It was found that the distribution of pedestrian 
comfort is the same across categories of age implying that age has no significance 
on the pedestrian comfort. The descriptive analysis of the 4 parameters along with 
pedestrian comfort is listed in Table 7. The median, minimum, and maximum of the 
ordinal data are tabulated. 

To identify the significance of the 4 parameters (Thermal comfort, Shading, Sense 
of safety, and facilities) on the pedestrian comfort, Pearson correlation analysis was 
done using SPSS. The results are tabulated in Table 8. All the 4 parameters are found 
to be significantly correlated to pedestrian comfort. 

Table 7 Descriptive statistics of the 4 parameters with pedestrian comfort 

Pedestrian 
comfort 

Thermal comfort Shading Sense of safety Facilities 

Min 1 Min 1 Min 1 Min 1 Min 1 

1st Qu 3 1st Qu 2 1st Qu 2 1st Qu 3 1st Qu 3 

Median 3 Median 3 Median 3 Median 4 Median 4 

Mean 3.32 Mean 3.02 Mean 3.04 Mean 3.61 Mean 3.47 

3rd Qu 4 3rd Qu 4 3rd Qu 4 3rd Qu 4 3rd Qu 4 

Max 5 Max 5 Max 5 Max 5 Max 5 

Table 8 Correlation of 4 parameters with pedestrian comfort 

Pearson correlation Kendall correlation Spearman correlation 

Independent 
Variables 

Coefficient Significance 
(p) 

Coefficient Significance 
(p) 

Coefficient Significance 
(p) 

Thermal 
comfort 

0.568a 0.000 0.456a 0.000 0.508a 0.000 

Shading 0.598a 0.000 0.496a 0.000 0.546a 0.000 

Sense of 
safety 

0.373a 0.000 0.346a 0.000 0.378a 0.000 

Facilities 0.679a 0.000 0.582a 0.000 0.620a 0.000 

a Correlation is significant at the 0.01 level
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Table 9 The coefficients and intercepts from ordinal logistic regression 

Value Std. error t value p value 

Thermal comfort (TC) 0.73 0.30 2.425 0.015 

Shading (SH) 0.56 0.28 1.992 0.046 

Safety 0.21 0.28 0.765 0.444 

Facilities (FA) 1.71 0.35 4.905 0.000 

Intercepts 1|2 4.18 1.22 3.440 0.001 

Intercepts 2|3 7.43 1.32 5.611 0.000 

Intercepts 3|4 11.03 1.57 7.014 0.000 

Intercepts 4|5 16.44 2.02 8.147 0.000 

6.6 Regression Modeling 

All 4 parameters and the pedestrian comfort are recorded by questions in Likert scale 
of 1–5. Ordinal logistic regression modeling is used since the dependent variable is 
ordinal in nature. R software is used to run the ordinal logistic regression modeling. 
The coefficients and intercepts are tabulated in Table 9. 

From the ordinal logistic regression, it is found that except safety, coefficients 
of all other parameters (thermal comfort, shading, and facilities) and intercepts 
are statistically significant at 0.05 level. Accordingly, the following models were 
developed: 

Logit(P(Y ≤ 1)) = 4.18 + 0.73(TC) + 0.56(SH) + 1.71(FA) 
Logit(P(Y ≤ 2)) = 7.43 + 0.73(TC) + 0.56(SH) + 1.71(FA) 
Logit (P(Y ≤ 3)) = 11.03 + 0.73(TC) + 0.56(SH) + 1.71(FA) 
Logit(P(Y ≤ 4)) = 16.44 + 0.73(TC) + 0.56(SH) + 1.71(FA) 

where TC = Thermal Comfort, SH = Shading, FA = Facilities. 
This equation models the perception of pedestrian comfort with significant 

independent variables thermal comfort, shading, and facilities. 
The above table (Table 9) can be interpreted as follows for Thermal comfort, it 

would be said that for a one unit increase in Thermal comfort (i.e., going from 0 to 
1), we expect a 0.73 increase in the ordered log odds of being in a higher level of 
Perception of pedestrian comfort, given all of the other variables in the model are 
held constant. 

For Shading, it would be said that for a one unit increase in shading, we expect 
a 0.56 increase in the ordered log odds of being in a higher level of Perception of 
pedestrian comfort, given all of the other variables in the model are held constant. 

For Facilities, it would be said that for a one unit increase in facilities, we expect 
a 1.71 increase in the ordered log odds of being in a higher level of Perception of 
pedestrian comfort, given all of the other variables in the model are held constant.
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7 Policy Guidelines 

The respondents were asked to select the factors that would aid their preference for 
walking. The results are as follows: 70% Protection from sun, 60.6% safe environ-
ment, 58.1% Proper pedestrian facilities, 47.8% Active area along the pathway, and 
29.9% pathway without obstacles. 

Protection from sun is the top factor that is perceived to aid their preference of 
walking. This could be addressed by efficient design of landscape along the walk-
ways, mutual shading of built environment or by providing covered walkways. The 
design process should take into consideration the orientation of the walkway as 
orientation and sun path relationship will affect the shading design. 

Public lighting at the pedestrian scale and active frontages are key to attributes 
of safe environment. Active frontage is meant for active visual engagement between 
those in the street and those on the ground and upper floors of buildings. This quality 
is assisted where the front facade of buildings, including the main entrance, faces, 
and opens toward the street. Active frontages can provide informal surveillance 
opportunities and often improve the vitality and safety of an area. In this campus, 
the buildings are in general far away from the walkways, and thus alienating the 
walkways from active pedestrian movement, this could be mitigated by placing food 
kiosks, interactive arts, and student-oriented facilities. 

Proper pedestrian facilities include seating, lighting, dustbins, drainage, signages, 
barrier friendly walkways, refreshments, etc. Integrated design of pedestrian facilities 
is more suitable in campuses. Seating designs which are integrated as a part of the 
pathway and do not exist as another element but more so as a coherent design. The 
design becomes more collective if facilities like waste bins and cycle parking are also 
included. Efficient signages help in better way finding within the campus. The ease 
to locate and understand signages during night decreases the sense of fear among 
users and increases their safety. Incorporating LED lights over the existing signages 
enables better identification. 

Disabled-friendly infrastructure needs to be designed better for universal accessi-
bility. Elements need to be strategically placed such as Curb ramps, Tactile surfaces, 
and Low-angle running slope. Walkway surface material needs to be consistent, 
stable, slip-resistant, and designed to facilitate drainage. 

8 Conclusion 

Based on the literature review and open-ended questionnaire survey, the parameters 
and its characteristics that will affect the perception of pedestrian comfort have been 
identified. The parameters thermal comfort, shading, safety, and facility are found to 
be significantly correlated to the pedestrian comfort using Spearman correlation test 
using SPSS. Also, the effect of orientation on the perception of thermal comfort of 
the users was analyzed using descriptive analyses. The thermal comfort perception
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of the user kept changing through the day even when other physical characteristics 
and pedestrian facilities remained constant. Also, gender-based variation between 
the users toward the different characteristics of sense of safety was tested using 
Mann–Whitney test and found that male students had positive rating of comfort 
for safety during night. Further ,an ordinal logistic regression model was done and 
equations that model the perception of pedestrian comfort with significant indepen-
dent variables thermal comfort, shading, and facilities were derived. This model is 
used to evaluate pedestrian comfort of existing walkways and will help designers 
in redesigning the walkways. These findings can assist planners and architects in 
making evidence-based decisions when creating pedestrian walkways and would 
also help in retrofitting existing walkways, allowing for higher pedestrian flow and 
improved pedestrian comfort. Policy guidelines for the campus were proposed based 
on respondents’ preference for walking. 
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Pedestrian Movement at an Urban 
Uncontrolled Intersection: A Case Study 
of Bhopal 

Chetan Mahajan, Prikana Das, and Dungar Singh 

Abstract Walking is the basic mode of transportation in India. It is considered 
as one of the feasible and eco-friendly mode of transportation. Pedestrian crossing 
at an urban uncontrolled intersection is unsafe for pedestrians because of dynamic 
movement of pedestrians. The objective of the study is to analyse the pedestrian 
behaviour at an urban uncontrolled intersection considering quantitative and quali-
tative parameters by estimating critical gap and also considering the accepted and 
rejected gaps by the pedestrians. The impact of traffic characteristics as well as 
demographic characteristics of pedestrians for instance gap size, type of vehicle, 
age, group size, gender, etc., is studied to analyse the crossing behaviour of pedes-
trians at an uncontrolled intersection. The estimation of critical gap has been done 
using Raff’s method, which is a deterministic approach. Furthermore, the machine 
learning approach (ANN) is used to model the pedestrian decision making behaviour 
at an uncontrolled intersection. 

Keywords Pedestrian characteristics · Uncontrolled intersection · Critical gap ·
Artificial neural network · Crossing behaviour 

1 Introduction 

Walking is treated as one of the feasible and eco-friendly mode of transportation 
which helps in reducing the traffic congestion and also improving the health of a 
person on the urban roads. Due to improper management and less knowledge of traffic 
rules and regulation the number of accidents increases rapidly day by day. According 
to MORTH-2019 report, the number of pedestrians killed in road accidents in 2018 
is 22,656 while in 2019, this reaches to 25,858 which is an increase of about 14.13%. 
In 2019, 17.1% of pedestrians were killed in road accidents. Statistics show about 
37% of road accident victims in the city are pedestrians. The causes of pedestrian
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injuries are vehicular speed, the behaviour of driver and pedestrian, the inadequacy of 
infrastructure and low visibility. The absence of infrastructure or poor maintenance 
leads to more serious problems to the pedestrians. So, it necessary in country likes 
India to provide safe and sustainable walking environment to the pedestrians. 

Since last ten years, the modernisation and development of infrastructure increase 
rapidly which result in the increase of vehicular traffic as well, every road in the 
urban area deals with the tremendous traffic problems which lead to accident risk 
for pedestrians as well as vehicular traffic. India is a developing country which 
has exception amount of heterogeneous traffic in nature. The pedestrian vehicle 
interaction is more while crossing an uncontrolled intersection; this leads to safety 
issues and higher risk of accidents. At unsignalised intersections, pedestrians are 
one of the most vulnerable road users because the road environment is primarily 
designed for motor vehicles with little regard for people travelling on foot. Therefore, 
pedestrian road crossing is a serious threat to pedestrians at unsignalised crossing 
locations under mixed traffic flow conditions in country like India. 

At the intersection, vehicles moving in different direction want to occupy same 
space at the same time make the traffic intersection most troublesome locations on 
any type of road. And the pedestrians also seek same space for crossing the roads. 
Considering speed, intersection geometry, direction and route of the different vehi-
cles, etc., driver needs to make blink of an eye decision at uncontrolled intersections. 
A small error in judgement leads to severe accidents. This results in delay and depend 
on type, geometry and type of control. The study of intersection is very much neces-
sary from both the accident and the capacity aspect because the traffic flow on any 
type of road network depends on the performance of the intersection and also affects 
the capacity of the road. 

This study focuses on the analysis of pedestrian crossing behaviour at an uncon-
trolled intersection considering quantitative and qualitative parameters by estimating 
critical gap and also considering the accepted and rejected gaps by the pedestrians. 
Also, analyse the impact of traffic characteristics as well as demographic character-
istics of pedestrians for instance gap size, type of vehicle, waiting time, age, group 
size, gender, etc., on the crossing behaviour of pedestrians at an uncontrolled inter-
section. ANN technique is used to model the pedestrian decision-making behaviour, 
i.e. acceptance or rejection of vehicular gaps at an uncontrolled intersection. 

2 Literature Review 

Pedestrian movement analysis in any type of road network is very much important 
in development of pedestrian facilities as well as the safe and secure operation of 
traffic function on the road network. Many researchers have studied about the pedes-
trian movement in the past. Laxman et al. [1] concluded in their study that there is 
significant variations in the pedestrians mean speed for age, gender of the pedestrian 
and for the flow conditions like group movement or moving with baggage. Rastogi 
et al. [2] found that the crossing speeds of pedestrians were affected by the traffic
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volume, size of the study area, number of traffic lanes, land uses of the surrounding 
area and width of the road and demographic characteristics such as gender and age 
and their movement in a group. Marisamynathan and Perumal [3] determined that 
male pedestrians crossing speed is faster than female. Impact of departure signal 
phase and pedestrian’s age on the variation of crossing speed is more significant. 
Pedestrian compliance behaviour is significantly affected by factors like group size 
and gender of pedestrians. The parameters which influence the vehicle–pedestrian 
interactions are type of approaching vehicle and vehicle pedestrian gap. According 
to Banerjee et al. [4], there is variation in speeds of the pedestrians based on the age 
group. The walking speed of children is greater as compared to adults and elderly, it is 
concluded that female pedestrians walk slowly as compared to male pedestrians, and 
the walking speed of pedestrians carrying luggage is less as compared to pedestrians 
without luggage. Das and Katiyar [5], in this study, back-propagation algorithm with 
the activation of hidden neurons is used for fast learning procedure. Performance of 
model shows its accuracy, and statistical comparison of both approaches shows the 
validation of models. Best performance considering statistical measures are given by 
ANN as compared to conventional approach. The performance of ANN models is 
entirely based upon the data set for development of good ANN model. Zheng et al. [6] 
concluded that the main performance measures are walking speed and space avail-
able to the pedestrians for pedestrian movement operation evaluation along urban 
segments. Dinakar and Kumar [7] found that the vehicular speed is affected by the 
pedestrian crossing and found that the yielding to pedestrians in terms of speed is 
more for car and auto rickshaw drivers as compared to the two wheeler drivers. This 
results decrease in vehicular speed, increase in travel time and also fuel consumption 
of vehicles increases. Reddy and Teja Tallam [8] used Greenshield’s macroscopic 
stream model and statistical model and soft computing ANN and found out that 
most efficient and flexible method for analysis of data is Greenshield’s model. For 
statistical regression analysis, Chi square value generated is more compared to that 
of ANN method. This shows that ANN method is more suitable for the considered 
locations and collection of pedestrian data. The highway capacity manual proposed 
that the speed of a pedestrian is 1.2 m/s if the elderly population have less than or 
equal to 20% ratio, or otherwise 1.0 m/s transportation research board (TRB) [9]. 
And it affected by different parameters which are discussed in many previous studies. 

Crossing behaviour of the pedestrians is mainly depending on the gap acceptance. 
Pedestrians and drivers perform the task of gap acceptance so frequently that it occurs 
nearly at subconscious level. But it is essential that the task for driving safely and 
crossing should be successfully completed. Same gap acceptance behaviour is not 
shown by all pedestrians and drivers, and even for the distinct condition and different 
locations, same pedestrian and driver could react non-identical. Researchers have 
always sought to better understand this behaviour. Amin et al. [10] found that the 
age of the pedestrian is most effective on decision process and least effect on deci-
sion process is by type of conflicting vehicle as compared to other variables. Kadali 
et al. [11], in their study, used ANN technique for modelling the gap acceptance 
behaviour of pedestrian under mixed traffic condition, various feed-forward back-
propagation models of ANN were used to predict the gap acceptance behaviour,
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using vehicle characteristics, traffic characteristic and pedestrian behavioural char-
acteristics as input variables. The correct prediction of pedestrian gap acceptance 
behaviour is shown by the performance of developed ANN model. Li et al. [12], this 
study shows that the pedestrian arrival rates were nonuniform for entire cycles; during 
green phase, pedestrians might get delay in arriving; delay were greatly affected by 
the pedestrians signal non-compliance, and non-complying pedestrian might still 
receive delays; the average delay and arrival subphase relationships were different 
for different direction walking pedestrians but the overall average delays were almost 
the same. Chao et al. [13], in this study, for simulating vehicle–pedestrian mixed 
flow, a new method has been introduced, which consist of feedback-intrigued action 
process and decision-making process for vehicle–pedestrian interaction. Based on 
the condition of incoming vehicles, a gap acceptance is judged by the pedestrian 
and will not start walking until the sufficient safe gap available. Maurya et al. [14] 
found that there are many parameters which influence gap acceptance behaviour of 
drivers like driver’s age, gender, occupancy, speed of approaching vehicle, type of 
oncoming vehicle, waiting time and number of rejections at stop line. Varying gap 
acceptance behaviour is shown by various driver crowds, especially different gender 
and age groups. Approaching vehicle speed and passenger attendance also looked to 
affect driver’s gap acceptance decisions. Kadali and Perumal [15] used MLE tech-
nique, Logit method, HCM method and Raff’s method for estimating critical gap and 
concluded that the logit model shows best performance from all other methods and 
also shows that there is influence of age and gender of the pedestrians on the critical 
gap. Thakur and Biswas [16] concluded that the effect of influence varies based on 
the country and the priority regulations in place. When making a crossing choice, 
the incoming vehicle’s distance from the crossing place takes precedence over the 
approaching vehicle’s speed. In addition, as traffic volumes increase, pedestrians 
waiting to cross the road experience longer delays. Mukesh and Yashwan Katpatal 
[17], this study concludes that the traffic violation by pedestrians is more in numbers, 
and this shows the unawareness of pedestrians towards the road safety. Along the 
most important transport corridor within Nagpur urban area, pedestrian safety is very 
low. Due to both the infrastructure characteristics and pedestrian behaviour, the PSI 
is low. Vinayaraj et al. [18] from this review, it is concluded that in gap acceptance 
is the most important parameter during the analysis of pedestrian safety. This study 
discussed various methods used for the analysis of pedestrian critical gap which are: 
RMS, MLM, Raff method, Logit method and PEM. There is slight difference in the 
critical gap values estimated using Raff’s method and RMS, and this slight difference 
is evident only at a particular location. The concept of critical gap has developed over 
time. According to highway capacity manual [9], the critical gap is “the minimum 
time interval in the major-street traffic stream that allows intersection entry for one 
minor-street vehicle”. There are more than 20 models used for estimating critical 
gaps worldwide, but Raff model and Troutbeck models are the most common model 
among them. 

From above review, it is concluded that many research has been done on sidewalks, 
wide-sidewalks and precinct and signalised intersection but very few research on 
the unsignalised intersection. Likewise many studies have been reported on gap
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acceptance behaviour of driver, but there are very limited studies on the pedestrian 
behaviour. From the available literature, many literatures are of tier 1 cities and very 
few literatures are of tier 2 cities. The present study attempts to analyse the pedestrian 
behaviour considering quantitative and qualitative parameters by estimating critical 
gap and also considering the accepted and rejected gaps by the pedestrians. And 
machine learning technique artificial neural network (ANN) is used to understand 
the decision-making process of pedestrians for tier 2 city Bhopal. 

3 Methodology 

3.1 Data Collection 

Data for the study work is collected on three uncontrolled intersections of Bhopal 
city. Namely Bagsewniya, Piplani and Ratnagiri are the three uncontrolled intersec-
tions that are selected for the videographic survey. All of the intersections under the 
study area are 3-legged intersections. All the intersections were found to be suitable 
as the intersection comprises market areas as well as a residential area. The intersec-
tions have varying demographic, traffic and pedestrian characteristics. Videographic 
survey is done at all three locations for the duration of 8 h from 10 am to 6 pm 
with the help of video cameras. From videographic survey data, morning peak of 
1 h (10–11 am) and evening peak of 1 h (4–5 pm) have been identified to analyse 
crossing behaviour of pedestrians. Figure 1a, b and c show the photographs of all the 
three locations Bagsewniya, Piplani and Ratnagiri, respectively. The video data was 
collected in weekdays from all three locations in the month of January 2021. Table 
1 gives the details of the three uncontrolled intersection that are considered in the 
study. The videograhic survey is done to find out various parameters like age, gender 
and group size of pedestrians, speed of pedestrians, movement of pedestrians, i.e. 
towards curb/median, speed change condition of pedestrians while road crossing, 
change in crossing path of pedestrians, accepted or rejected gaps, gap size, rolling 
gap, type of conflicting vehicle and type of gap, i.e. near gap or far gap. Table 2 gives 
all the details of the parameters that are considered in the research work. 

3.2 Data Extraction 

The video data is used for extracting the parameters mentioned in the Table 2. For  
determining the above parameters, the video is included with perspective grid lines 
with help of Kinovea software as shown in Fig. 1. The grids are placed in such 
a way that one row of the grid is aligned with zebra crossing, i.e. road width and 
zebra crossing width. This provides help in calculation of speed (distance and time). 
And also helps in determining the parameters effortlessly and rapidly. Numerical
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a Bagsewniya b Piplani 

c Ratnagiri 

Fig. 1 Images of location with perspective grid lines 

Table 1 Details of study locations 

S. No. Location of study area Road classification Road width (m) Crosswalk width (m) 

1 Bagsewniya Six-lane divided 9.1 3 

2 Piplani Six-lane divided 9.6 4 

3 Ratnagiri Six-lane divided 9.6 3

notations are used as given in Table 2 for rapidly extraction of data from the video. 
And excel sheet is prepared for the extracted data. Statistical Package for the Social 
Sciences (SPSS) software is used for preliminary analysis of the data. The data 
extraction is resulted in 312 pedestrian samples having 636 sample of total gaps 
(Both accepted and rejected). Figure 2 shows the demographic characteristics of 
pedestrians with number and percentage share at the intersections. This shows that
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Table 2 Details of parameters considered 

S. No. Parameter Detail 

1 Gap size The time difference between first and second 
vehicle measured in seconds 

2 Age Age of the pedestrians (Older (>50) = 0; 
Middle (31–50) = 1; Young (15–30) = 2; 
Children (<15) = 3) 

3 Gender Gender of the pedestrian (Male = 1, Female 
= 2) 

4 Group size Number of pedestrian in a group (Single = 1, 
Two = 2 and Three or more = 3) 

5 Movement of pedestrians Whether pedestrian move towards curb or 
median (Towards Curb = 1 and  Towards  
Median = 2) 

6 Rolling gap Whether pedestrian rolls over the small gaps 
(Yes = 1 and  No  = 2) 

7 Speed change condition Whether pedestrian changes speed while 
crossing the road (Yes = 1 and  No  = 2) 

8 Crossing path change condition Whether a pedestrian changes crossing path 
while crossing  the road (Yes  = 1 and  No  = 2) 

9 Type of vehicle Type of vehicle (Two wheeler = 1, Three 
wheeler = 2, Car = 3 and  Heavy vehicle  = 4) 

10 Type of gap Type of gap (Near = 1, Far = 2) 
11 Speed of pedestrians Distance travelled by pedestrian per unit time 

measured in m/s 

12 Accepted or rejected gaps Gap accepted or rejected by pedestrian 
(Accepted = 1 and Rejected = 2) 

male is having higher percentage (68.59%) than female (31.41%), young pedestrian 
is having maximum share (56.41%) among the all other age group and pedestrian 
mainly used to travel as single (77.88%) at all the study locations.

3.3 Sample Size 

A sample size refers to a portion of the population selected for a survey or investi-
gation. In statistics, a sample is a percentage of the overall population. A sample’s 
data can be used to draw inferences about the population as a whole. 

Cochran’s Sample Size Formula Cochran [19] formula helps in calculating the 
ideal sample size for the given or desired level of precision, confidence level and 
the estimated proportion of the feature present in the population. In case of large 
populations, Cochran’s formula is considered especially appropriate for calculation 
of ideal sample size. A sample of any given size provides more information about
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Fig. 2 Pie charts showing number and percentage of demographic characteristics 

a smaller population than a larger one, so there is a “correction” through which 
the number given by Cochran’s formula can be reduced if the whole population is 
relatively small. The Cochran formula is: 

n0 = 
z2 pq 

e2 
(1) 

where: 

• n0 is the ideal sample size, 
• e is the desired level of precision (i.e. the margin of error), 
• p is the (estimated) proportion of the population which has the attribute in question, 
• q is 1−p, 
• The z-value is found in a Z table. 

Let us consider: 

• e = ±  5% is the desired level of precision 
• p = 0.5, i.e. half of the population has the attribute 
• q = 1−0.5 = 0.5 
• Confidence level = 95%, for 95% confidence level, the z-value is 1.96
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n0 = 
1.96 ∗ 0.5 ∗ 0.5 

0.052
= 385 

So a random sample of 385 pedestrians in our target population should be enough 
to give us the confidence levels we need. 

4 Analysis and Results 

4.1 Pedestrian Movement Analysis 

Pedestrian’s vulnerability leads the pedestrian movement analysis in every study. 
The extracted data from the videographic survey is used for analysis. In this study, 
pedestrian movement analysis is done on basis of demographic characteristics, i.e. 
age, gender and group size and location is also considered for the analysis. The statis-
tical parameters like mean, standard deviation, variance and range are given in the 
Table 3. Based on different demographic characteristics, variations can be seen in the 
mean speed of pedestrian which show the different approach of pedestrians towards 
the crossing of the road. The analysis shows that the data is normally distributed. 
Normal curve signifies that the maximum frequencies of values lie near the mean 
value and frequency of occurrence of far value is less. The normal curve is of bell 
shape. From our analysis, we can say that where the sample size is greater (n > 30)

Table 3 Details of statistical parameters of pedestrian movement analysis 

S. 
No. 

Category Number of 
samples 
(Pedestrians) 

Mean 
speed 
(m/s) 

Standard 
deviation 

Variance Range 

1 Total 312 0.9375 0.2246 0.05 1.7867 

2 Age Older 20 0.8415 0.1816 0.033 0.6114 

Middle 107 0.8965 0.1860 0.035 0.7623 

Young 176 0.9724 0.2466 0.061 1.7867 

Children 9 0.9560 0.1452 0.021 0.3425 

3 Gender Male 214 0.9532 0.2119 0.045 1.7333 

Female 98 0.9031 0.2476 0.061 1.5572 

4 Group Size Single 243 0.9592 0.2385 0.057 1.7867 

Two 52 0.8548 0.1443 0.021 0.6847 

Three or 
more 

17 0.8800 0.1436 0.021 0.4808 

5 Locations Bagsewniya 92 0.9369 0.2224 0.049 1.6877 

Piplani 114 0.8803 0.1671 0.028 0.9835 

Ratnagiri 106 0.9995 0.2628 0.069 1.6451
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Table 4 Results of Pearson correlation and ANOVA test on the factors influencing the pedestrian 
movement 

S. No. Factors Pearson correlations ANOVA Remark 

Coefficient P value F value F crit Sig 

1 Age 0.182 0.001 3.950 2.63 0.009 Significant diff 

2 Gender −0.104 0.068 3.364 3.87 0.068 Not Significant 
difference 

3 Group size −0.161 0.004 5.367 3.03 0.005 Significant diff 

data is following the normal curve/normal distribution. But in case of less sample 
size (n < 30), it does not follow the normal curve, i.e. for older, children, and three or 
more pedestrians category the distribution does not follow normal curve or normal 
distribution.

Referring to Table 3, it is determined that the mean crossing speed of pedestrians 
varies based on the demographic characteristics. The mean crossing speed of male 
is greater as compared to the female pedestrians. Young pedestrian moves faster 
as compared to children, middle and old age pedestrians. And the mean speed of 
single travelling pedestrian is greater as compared to groups of two, three or more 
pedestrians. 

To determine the main factor influencing the pedestrian’s movement at an urban 
uncontrolled intersection statistical hypothesis testing is done. Pearson correlation 
coefficient and ANOVA test are performed between age, gender and group size to 
find the factors which affects the crossing speed of the pedestrians. From ANOVA 
hypothesis testing, it is stated that the F value is greater than F critical for group size 
and age and less in case of gender referring from Table 4. It signifies that there is 
significant difference in the age and group size data; whereas, there is no significant 
different in the gender-based speed data. From Pearson correlation coefficient, test 
is determined that the P value for age and group size is less than 0.05 and greater for 
the gender. It indicates that there is significant difference in the age and group size 
data; whereas, there is no significant difference in the gender data at 5% significance 
level or 95% confidence interval. 

4.2 Critical Gap Analysis 

Critical gap is the time in seconds below which the pedestrians will not try to cross 
any intersection or road. In gap acceptance process, critical gap is the most important 
parameter. The average minimum time gap between the approaching vehicles that 
permits pedestrians to safely cross the road is known as critical gap. The calculation 
of critical gap is not possible in fields. It is measured in the form of rejected or 
accepted gap. There are several methods for the estimation of critical gaps like Raff, 
lag, maximum likelihood method (MLM), Harder, Wu, Greenshield, Logit model,
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Table 5 Statistical details of gaps size (both accepted and rejected gaps) 

S. No Category Number of 
samples (gaps) 

Mean gap size 
(sec) (both 
accepted and 
rejected) 

Standard 
deviation 

Variance 

1 Total 636 3.8011 3.1312 9.804 

2 Age Older 41 4.1829 4.0999 16.809 

Middle 213 3.6056 2.6192 6.860 

Young 357 3.9412 3.3156 10.994 

Children 25 2.8400 2.4226 5.869 

3 Gender Male 440 3.6318 2.9847 8.909 

Female 196 4.1811 3.4147 11.661 

4 Group size Single 467 3.8951 3.1489 9.916 

Two 139 3.3058 3.0123 9.074 

Three or more 30 4.6333 3.1811 10.120 

5 Location Bagsewniya 149 3.9866 3.1338 9.821 

Piplani 214 4.6659 3.6417 13.262 

Ratnagiri 273 3.0220 2.4377 5.943 

acceptance curve, Ashworth method, clearing behaviour approach, root mean square 
method (RMS) and probability equilibrium method (PEM). For this study, Raff’s 
method is used for estimation of critical gaps due to its simplicity. Descriptions of 
statistical details of gaps for both accepted and rejected for different categories for 
an urban uncontrolled intersection are given in Table 5. And from this, it is analysed 
that in this study, minimum gap is of 0.3 s and maximum gap of 16.8 s. There 
are very much variation in the gaps because of traffic characteristics, pedestrians 
characteristics, land-use, surroundings and locations. 

Estimation of Critical gap by Raff’s Method According to Raff, critical gap is the 
size of gap for which number of rejected gaps greater than it is equal to the number 
of accepted gap smaller than it. For determining the critical gap from Raff’s method, 
an empirical formula is used, which is the relationship between accepted gaps and 
rejected gaps. And the relationship is shown by Eq. 2. It can be simply estimated as 
the intersecting point of Fa(t) and 1−Fr(t) where Fa(t) and Fr(t) are the cumulative 
percentage of accepted gap and rejected gap, respectively [20]. 

Fa(t) = 1 − Fr(t) (2) 

The intersecting point between Fa(t) and 1−Fr(t) is shown in Fig. 3 where blue 
line shows the cumulative percentage of accepted gaps while the red one is cumulative 
percentage of rejected gaps. And this intersecting point is the estimated critical gap 
for that category. Figure 3 shows the critical gap for total samples collected from 
all the three uncontrolled intersection selected for the study work and the estimated
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Fig. 3 Critical gap for total samples 

critical value for this is 2.5 s. Table 6 gives the estimated critical gap for different 
categories of pedestrians considered in the study. And it is observed that the critical 
gap varies with the different demographic characteristics of the pedestrians. 

From the Table 6, it is observed that the estimated critical gap for older age 
pedestrians is higher as compared to children, middle and young age pedestrians. 
Children has minimum value of critical gap 2.2 s among the age group category 
which shows that children gap acceptance behaviour is highly risky as compared to 
older, middle and young age pedestrians. Male has the critical gap of 2.4 s which 
is less than female pedestrians 3 s; this shows the aggressive behaviour of male as

Table 6 Estimated critical 
gap for different categories of 
pedestrians by Raff’s method 

S. No. Category Critical gap 
(s) 

1 Average 2.5 

2 Age Older 2.7 

Middle 2.5 

Young 2.4 

Children 2.2 

3 Gender Male 2.4 

Female 3 

4 Group size Single 2.4 

Two 2.3 

Three or more 3.3 

5 Location Bagsewniya 2 

Piplani 3 

Ratnagiri 2.5
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compared to female while crossing the uncontrolled intersection. When pedestrian 
travel in groups, their behaviour towards the traffic is different from the pedestrian 
travelling alone. It is observed that the critical gap for single travelling pedestrian is 
2.4 s while the critical gap for pedestrians travelling in group of two and group of 
three or more is 2.3 s and 3.3 s, respectively, referring Table 6. This implies that the 
pedestrian travelling in the group of two has the most aggressive nature towards the 
crossing behaviour as compared to single and group of three or more pedestrians.

Based on locations considered in our study, there is variation in the critical gap for 
the location of Bagwesniya, Piplani and Ratnagiri, the critical gap is 2 s, 3 s and 2.5 s, 
respectively. This shows that the critical gap varies from place to place and person 
to person based on traffic characteristics, pedestrian’s characteristics, surroundings 
and land use. 

4.3 Pedestrians Decision-Making Behaviour Using Artificial 
Neural Network (ANN) 

The crossing behaviour of pedestrians varies based on the situations, i.e. traffic char-
acteristics, pedestrians characteristics and the surroundings of the area. For accessing 
the decision-making behaviour of the pedestrians, in this study, we are using ten 
parameters, the input variables are gap size, age, gender, group size, movement 
of pedestrians, rolling gap, speed change condition, crossing path change condition, 
type of vehicle and type of gap. And accepted or rejected gaps are the output variable. 
For accessing the pedestrians, decision-making behaviour artificial neural network 
(ANN) is used. 

The data used for accessing the pedestrian decision-making behaviour is collected 
from three different locations in Bhopal city. So, to determine the significance of the 
data Pearson correlation coefficient and ANOVA, test is performed between the 
accepted and rejected gap data from all the three locations, and the results of the 
test is tabulated in the Table 7. The results show that the gap acceptance data from 
all three locations have no significant difference. So the combined data of all the 
locations can be used to model the pedestrian decision-making behaviour with the 
help of binary logistic regression model and artificial neural network (ANN). 

Artificial Neural Network (ANN) Artificial neural network is a machine learning 
techniques widely used in many engineering fields due to its anticipating capability 
and ability to learn system behaviour. It mainly consists of three layers input, hidden 
and output layers which are interlinked with each other as shown in Fig. 4. For this 
study, 636 gaps are used, which consists of 348 accepted and 288 rejected gaps. For 
network training and testing, 70% and 30% data is used. The input layer consists of 
10 units which represent the 10 input variables considered in the study. The hidden 
layer consists of 7 units and uses hyperbolic tangent as an activation function and 
output layer consist of 2 units and uses identity as an activation function. Table 8 gives 
the input variable with their importance and normalised importance. The normalised
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Table 7 Pearson correlation and ANOVA test results for the accepted and rejected gaps 

Gap accepted or rejected at 

Bagsewniya Piplani Ratnagiri 

Gap accepted or rejected at 
Bagsewniya 

Pearson correlation 1 0.108 −0.008 

Significance – 0.188 0.926 

F value – 1.751 0.009 

Gap accepted or rejected at 
Piplani 

Pearson correlation 0.108 1 −0.33 

Significance 0.188 – 0.636 

F value 1.751 – 0.225 

Gap accepted or rejected at 
Ratnagiri 

Pearson correlation −0.008 -0.33 1 

Significance 0.926 0.636 – 

F value 0.009 0.225 – 

importance is calculated by dividing the considered importance with the maximum 
value of importance for the data. 

This study uses connection weights approach to determine the relative importance 
of input variables. In Fig. 4, blue lines show the synaptic weight less than 0 while the 
white lines show the synaptic weight greater than 0, and the thickness of line shows 
the strength of connections between the two neurons, i.e. input-hidden and hidden-
output layers. From the analysis of 636 gaps with the help of SPSS tool, it is observed 
that 87.9% of training data is correct and 91.4% testing data is correct. Figure 5 shows 
the graph for normalised importance of the input parameter considered in the study. 

Model 1, Model 2 and Model 3 are for location Bagsrewniya, Piplani and Ratnagiri 
and Model 4 is for the overall data. From the analysis of all the models, the percentage 
of correct prediction and area under the ROC curves are determined and this is 
tabulated in the Table 9. 

The ROC curves plot the proportion of false positive (FP) and true positives 
(TP). TP represents sensitivity, and FP (1—specificity) represents true negatives. 
By examining the area under the ROC curve, which ranges from zero to unity, we 
collect further evidence as to which model was optimal and should be chosen over 
other models. It is interpreted that if the area under the ROC curve lies between 
0.9−1, 0.8−0.9, 0.7−0.8, 0.6−0.7 and 0.5−0.6 it is excellent, good, fair, poor and 
fail, respectively. Figure 6 represents the ROC curve for the Model 4, and the value 
of area under the ROC curve for both accepted and rejected gap for all the models 
are in the range of 0.9−1 which is excellent according to the study of Department 
of Math of the University of Utah, and this shows that the model considered in the 
study is optimal and best suited over the other model based on the area under the 
ROC curve.
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Input Layer 

Hidden Layer 

Output Layer 

Fig. 4 Layers of ANN architecture with synaptic weight 

5 Conclusion 

This study concluded that the percentage share of male pedestrians is higher than 
that of female pedestrians, and young pedestrians acquire maximum percentage share 
among the age group category and pedestrian mainly used to travel as single at all 
the study locations. The speed of pedestrian varies based on the demographic char-
acteristic, i.e. male used to travel at a speed of 0.95 m/s which is greater than female
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Table 8 Details of input variable with normalised importance 

Independent 
variables 

Importance Normalised importance 

Model 1 Model 2 Model 3 Model 4 Model 1 
(%) 

Model 2 
(%) 

Model 3 
(%) 

Model 4 
(%) 

Gap size in 
seconds 

0.282 0.387 0.483 0.474 100 100 100 100 

Type of gap 0.173 0.166 0.116 0.183 61.3 42.9 24.0 38.6 

Type of 
vehicles 

0.090 0.095 0.077 0.065 31.8 24.6 16.0 13.7 

Age group 0.122 0.072 0.073 0.054 43.4 18.7 15.0 11.4 

Speed 
change 
condition of 
pedestrian 

0.053 0.068 0.068 0.066 18.6 17.5 14.0 13.9 

Group size 0.062 0.080 0.059 0.057 22.0 20.7 12.3 12.1 

Gender 0.050 0.031 0.047 0.019 17.8 7.9 9.6 4.1 

Movement 
of 
Pedestrians 

0.068 0.029 0.035 0.019 24.2 7.5 7.2 4.0 

Crossing 
path change 
condition 

0.056 0.049 0.025 0.031 19.8 12.6 5.2 6.6 

Rolling gap 0.045 0.022 0.019 0.031 16.1 5.8 3.9 6.5 

Table 9 Percentage of correct prediction and area under ROC curve 

Model 1 Model 2 Model 3 Model 4 

Overall Percentage of correct prediction Training (%) 98.1 91.8 92.9 87.9 

Testing (%) 83.7 82.1 91.1 91.4 

Area under the ROC curve Accepted 0.984 0.960 0.961 0.955 

Rejected 0.984 0.960 0.961 0.955

speed 0.90 m/s. Young pedestrians travelling speed is 0.97 m/s, and this is higher 
than that of children speed 0.95 m/s, middle-aged pedestrians speed 0.89 m/s and 
old age pedestrians speed 0.84 m/s. Single travelling pedestrians moves at the speed 
of 0.96 m/s which is faster as compared to groups of two having speed of 0.85 m/s 
and three or more pedestrians having 0.88 m/s. Pearson correlation and ANOVA 
test show that the main factor influencing the pedestrian movement among the three 
demographic characteristic is age and group size having the value of significance 
level of 0.009 and 0.005, respectively, where as there is no significance difference 
between the speed data for the gender category having value of significance level of 
0.068. 
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Fig. 5 Graph showing normalised importance of the input parameters 

Fig. 6 ROC curve of the 
neural network

The critical gap for children is 2.2 s which shows that the children are the most 
risk taking pedestrian among the age group category which leads to severe accidents 
or fatality. And the critical gap for male is 2.4 s; this is less than female pedestrian’s 
critical gap of 3 s which shows the aggressive behaviour of male towards the traffic 
while crossing the road at an urban uncontrolled intersection. Pedestrian travelling 
alone has the critical gap of 2.4 s while the critical gap for pedestrians travelling in 
group of two has critical gap of 2.3 s and group of three or more pedestrians has



320 C. Mahajan et al.

the critical gap of 3.3 s. This shows that when pedestrian travels in the group of 
two they show more aggressive behaviour towards traffic as compared to single and 
group of three or more pedestrians. According to the current analysis in Bhopal, the 
critical gap is assessed to be 2.5 s when all three junctions are considered, which is 
lower than the 3.6 s calculated using Raff’s method in Pawar and Patil’s [21] study. 
The ANN-based pedestrian decision-making behaviour model shows that the gap 
size is the most important parameter having importance value of 0.474 (normalised 
importance 100%) and movement of pedestrians, i.e. towards curb or median is least 
important parameter having the importance value of 0.019 (normalised importance 
4.0%) among the considered 10 parameter. And it shows that age and group size has 
given more importance 11.4% and 12.1%, respectively than gender having impor-
tance of 4.1% only. It shows that age and group size of pedestrians matters while 
making the decision of road crossing regardless of gender of the pedestrians.
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Development of Pedestrian Level 
of Service (PLOS) for Foot Over Bridges 
and Skywalks 

Arunabha Banerjee and Akhilesh Kumar Maurya 

Abstract The performance evaluation and expansion/redesigning of a pedestrian 
facility depend on the Pedestrian Level of Service (PLOS). Indo-HCM (2017) has 
recently developed LOS for foot over bridges (FOBs) considering five locations 
across different Indian cities. However, no study has been conducted over elevated 
walkways such as skywalks. Hence, the current study tries to develop PLOS stan-
dards for overpass facilities (FOBs and skywalks). To achieve the above objective, 
videography data was collected over seventeen FOB and seven skywalk locations 
across six different Indian cities. Subsequently, the collected data was processed 
in the lab to extract the most significant parameters (flow rate, speed, density, and 
area module) along with microscopic factors (age, gender, luggage condition, use 
of hand-held devices, and group size). The t-test confirmed that the data for both 
the facilities should be kept segregated. Microscopic analysis revealed that majority 
of the users were male and young adults (21–40 years). The walking speed over 
skywalks was 6.5 m/min greater than that over FOBs. To develop the LOS ranges, 
equal data binning technique was applied. Thereafter, actual ground conditions were 
considered to define the LOS ranges. Finally, two separate LOS standards were devel-
oped which could replicate the actual condition of the existing overpass facilities. 
The outcome of the study would be beneficial to planners and government authorities 
in developing standards for grade-separated facilities such as FOBs and skywalks. 
This would help in developing improved and comfortable facilities for pedestrians. 

Keywords Pedestrian level of service · Foot over bridge · Skywalk · Videographic 
survey
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1 Introduction 

Pedestrians being the most vulnerable road users’ have to face plenty of challenges 
while using different at-grade facilities such as sidewalks, walkways, and crosswalks. 
Majority of the facilities, are either curbed or unavailable, have poor connectivity 
or occupied by vendors/parked vehicles. This leads to the pedestrians using either 
the carriageway (instead of the sidewalks) or crossing at-grade illegally at mid-block 
opening instead of using proper crosswalk facilities. Thus, in order to protect the 
pedestrians, it is extremely important to construct proper grade-separated facilities 
in the form of foot over bridges (FOBs) and skywalks. The FOBs allow pedestrians to 
cross from one side of the road to the other without any interaction with the vehicular 
traffic. On the other hand, the skywalk facilities which are elevated walkways which 
allow pedestrians to travel over long distances (from a few hundred meters to a few 
kilometers) both across and along the length of the road. The skywalks can be the 
best substitute to the at-grade sidewalks and crosswalks with no interaction between 
the pedestrians and the motorized traffic. 

Level of service (LOS) is a term closely related to the capacity of a facility; where 
LOS defines the qualitative measures and capacity defines the quantitative measures. 
The qualitative measures are regarded as the measures of effectiveness (MOE). The 
MOEs (speed, density, flow rate, space, delay, etc.) are the key measurable parameters 
which indicate the level of service of a particular facility. The LOS in general is 
defined by six ranges: A to F. LOS A defines the best operating condition while LOS F 
defines the worst operating condition. The best LOS operating condition indicates the 
free flow condition (at lower density) and worst LOS indicates congested condition 
(at jam density). Moreover, HCM defines LOS as “quantitative stratification of a 
performance measure or measures that represent the quality of service, measured 
on an A–F scale, with LOS A representing the best operating conditions from the 
traveler’s perspective and LOS F the worst”. The performance of a facility and the 
need to redesign it is defined by the LOS of a particular facility. Figure 1 shows the 
different LOS levels for sidewalk and crosswalk as per IRC-103 [1]. 

The earliest study related to quantitative LOS was conducted by Fruin [2] in the  
USA over stairway facilities where he tried to measure the space and flow rate. 
Studies over sidewalk facilities were conducted by Polus et al. [3] in Israel and Mori 
in Tsukaguchi [4] in Japan using videography technique. Thereafter, further studies 
[5–11] developed LOS standards for sidewalk facilities using density, space, flow 
rate, and pedestrian speed as the primary factors defined by four to six LOS ranges. 
Gerilla et al. [12] and Sahani and Bhuyani [13, 14] studied pedestrian flow rate and 
space over walkway facilities and defined six LOS ranges. The LOS levels were 
also defined by IRC-103 [1], US-HCM [15], and Indo-HCM [16] for sidewalk and 
stairway facilities. However, Indo-HCM [16] defined quantitative LOS for 5 FOB 
facilities across India based on flow rate and speed. 

The lack of studies conducted for overpass facilities (FOBs and skywalks) encour-
ages thorough data collection, analysis, and development of LOS norms, especially 
under Indian scenario. Thus, in the present study, an attempt is made to develop
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Fig. 1 Pedestrian LOS (Table 1 Source IRC: 103–2012) 

the LOS standards for seventeen FOB facilities and seven skywalk facilities across 
six different Indian cities using quantitative (videographic) data collection technique. 
The outcome of the study would be beneficial in updating the existing LOS standards 
defined by Indo-HCM [16]. 

2 Data Collection and Analysis 

In the present study, twenty-eight FOB sites and twelve skywalk sites were initially 
visited across six different cities (Delhi, Bangalore, Mumbai, Kolkata, Guwahati, and 
Gangtok). After thorough investigation, only those locations were finalized which 
were presently being used and had different flow levels throughout the day. 

2.1 Data Collection Locations 

Post thorough investigation, videographic data collection technique was used to 
collect data over the FOB and skywalk locations from the selected cities. All the 
skywalk locations were selected from Mumbai city; while the FOB locations were 
selected across all the six cities. The data were collected across different land uses 
types: commercial, public transport terminal, residential, educational, and shop-
ping locations. During videographic data collection, the camera was installed at
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Table 1 Geometric details of FOB and skywalk sections 

Type of facility Effective width (m) Length (m) No. of 
locationsMin Max Mean Min Max Mean 

FOB 1.2 4.7 1.95 18.5 88.1 41.7 17 

Skywalk 2 3.4 2.71 315 1287 600 7 

Fig. 2 a Skywalk facility and b FOB facility 

a high vantage point of approximately 10–12 feet above ground level to capture 
the maximum distance covered by the pedestrians. The data were collected either 
during morning (8–11 am) or evening (3.30–6.30 pm) peak hours to capture the 
variability among the pedestrians. The FOB locations were selected such that no at-
grade crossing was available within 50 m of the facility. Table 1 gives the aggregated 
details of the FOB and skywalk locations. 

Figure 2 shows the two locations of skywalk and FOB facilities. 

2.2 Data Extraction and Analysis of Extracted Data 

Manual data extraction technique was used to extract the collected field data. Manual 
method, even though time-consuming, helps in extracting the macroscopic factors 
(speed, flow rate, density, and space), and the microscopic factors (such as age, 
gender, luggage carrying condition, use of mobile, and size of group). The total 
extracted videographic data was approximately 51 h for FOBs and 21 h for skywalks. 
The aggregation level for data extraction was 1 min.
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In order to check whether to combine the data for both the facilities and segregate 
them, initially a t-test was conducted on the free flow speed data and it was observed 
that t-critical value was more than the t-statistical value. Hence, for LOS model 
development, the data for both the facilities were kept segregated. Table 2 gives the 
demographic characteristics of the pedestrians using the two different facilities. 

From Table 2, it is observed that majority of the overpass users’ were male pedes-
trians in the age group of 21–40 years across both the facilities. The percentage 
of pedestrian with luggage was higher over skywalks (66.4%) in comparison with 
FOB facilities (51.8%). Moreover, there were more pedestrians using hand-held 
devices (mobile phones) while using skywalk facilities. Also, the group size shows 
that majority of the pedestrians (74–79%) were walking alone or in a group of two 
pedestrians (15–17%). 

The variation in flow rate and speed across both the facilities is given in Table 
3. The table also gives the variation of minimum, maximum, mean, and standards 
deviation values for skywalk and FOB facilities. 

From Table 3, it is observed that flow rate varies between 2.96–118.51 ped/min/m 
and 0.48–80.83 ped/min/m over skywalk and FOB facilities, respectively. The 
average per minute flow rate is observed to be significantly higher in case of skywalks 
than in case of FOBs. The speed ranges between 50–98 m/min across both the facil-
ities, with pedestrians using skywalks having higher walking speed (by 6.5 m/min) 
than the ones using FOBs. 

2.3 Development of Pedestrian Level of Service (PLOS) 
for FOB and Skywalk 

In the present study, speed and flow rate were used as measures of effectiveness 
(MOE) to define the LOS ranges for the overpass facilities. The different tech-
niques which can be used for data categorization are clustering techniques (such 
as Hierarchical clustering and K-means clustering) and equal data binning tech-
nique. However, if data is unavailable in the moderate to higher density ranges, the 
classification into different clusters becomes difficult. Moreover, previous literature 
shows that majority of the past studies preferred using equal data binning technique 
to cluster the data into different ranges and thereafter adjusted the ranges of the 
bins as per the field conditions [17]. In the present study, unsupervised equal data 
binning/equal width discretization technique was applied to define the LOS ranges. 
Apart from equal data binning technique, actual ground conditions (i.e., visualization 
as an expert) were also used to come up with the best ranges. In certain locations, 
it was observed that the ground condition and the classified levels did not match. In 
such cases, the width of the bins were adjusted to replicate the actual ground condi-
tions. For example, after applying equal width discretization method, skywalk 1 was 
observed to have a service level of C; however, visual observation/ ground condition 
indicated a worse service level (say D) for the same location. In such cases, the bins
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Table 3 Variation in flow rate and speed across skywalk and FOB facilities 

Measure Type of 
facility 

Minimum Maximum Mean Standard 
deviation 

Flow rate 
(ped/min/m) 

Skywalk 2.96 118.51 25.31 22.28 

FOB 0.48 80.83 12.22 9.83 

Speed 
(m/min) 

Skywalk 54.15 94.12 78.65 5.85 

FOB 50.14 97.52 72.04 6.84 

were adjusted such that the visual observation was taken into consideration as well 
while fixing the ranges of the service levels. Tables 4 and 5 give the range of the 
quantitative LOS for different FOBs and skywalks combined together.

Tables 4 and 5 give the variation of LOS for FOB and skywalk facilities over six 
different LOS ranges. For skywalk, the facility is expected to perform at a LOS A at 
a flow  rate  of  ≤ 23 ped/min/m and speed ≥ 73.4 m/min. On the other hand, when the 
flow rate is above 118 ped/min/m and the speed is lower than 47.3 m/min, the facility 
is expected to perform at the worst level of service (LOS F). In case of FOBs, the 
facility is expected to perform best at LOS A (when flow rate is below 16 ped/min/m 
and average walking speed is greater than 64.1 m/min) and perform worst at LOS 
F (when flow rate is above 78 ped/min/m and average walking speed is lower than 
41.6 m/min). 

Table 4 Skywalk LOS LOS Speed (m/min) Flow rate (ped/min/m) 

A ≥ 73.4 ≤ 23 
B > 65.6– < 73.4 > 23– ≤ 43 
C > 59.5– ≤ 65.6 > 43– ≤ 68 
D > 53.5– ≤ 59.5 > 68– ≤ 92 
E > 47.4– ≤ 53.5 > 92– ≤ 118 
F ≤ 47.4 Variable 

Table 5 FOB LOS LOS Speed (m/min) Flow rate (ped/min/m) 

A ≥ 64.1 ≤ 16 
B > 58.5– < 64.1 > 16– ≤ 29 
C > 52.8– ≤ 58.5 > 29– ≤ 47 
D > 49.9– ≤ 52.8 > 47– ≤ 63 
E > 41.6– ≤ 49.9 > 63  

F ≤ 41.6 Variable
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3 Discussion and Application 

In India, the pedestrian facilities are highly overlooked and mismanaged. Thus, devel-
opment of proper overpass facilities (FOBs and skywalks) can encourage pedestrians 
to avoid risky at-grade facilities (sidewalks and crosswalks). The performance evalu-
ation and its need for expansion of a facility depends on the level of service (LOS) of 
the facility. In the present study, an attempt was made to develop LOS standards for 
two different overpass facilities (FOB and skywalk). Videography data was collected 
over seventeen FOB and seven skywalk locations across six different Indian cities. 
In order to capture the variability among the pedestrians using the facilities as well 
different geometric dimensions, a wide variety of overpass locations were surveyed 
and only those which had significant pedestrian flow were selected for the study. 

Subsequently, the data were extracted using manual data extraction technique for 
macroscopic factors (speed, flow rate, density, and space) and microscopic factors 
(age, gender, luggage carrying condition, mobile use, and group size). Thereafter, 
a t-test was conducted to check whether to combine the data for both the facilities 
or keep them segregated. The result of the t-test showed that significant different 
exists between the pedestrian behavior while using skywalk and stairway facilities. 
Thus for analysis, the two facilities were studied separately. It was observed that 
pedestrians using skywalks had higher walking speed (by 6.5 m/min) and the average 
speed ranged between 50 and 98 m/min across both the facilities. The microscopic 
analysis of the data revealed were male between 21 and 40 years was the dominant 
group. The proportion of pedestrians carrying luggage was lower in case of FOBs 
(51.8%), in comparison with the skywalk facilities (66.4%). The use of hand-held 
devices was more visible over skywalk facilities (14.7%). The analysis also revealed 
that higher proportion of pedestrians using both the facilities walked alone (74–79%), 
while 15–17% pedestrians walked in group size of two. Further analysis presented 
that the average per minute flow (or flow rate) was higher in case of skywalks (3– 
119 ped/min/m) in comparison with FOB facilities (0.5–81 ped/min/m). 

In order to develop the LOS standards for both the overpass facilities, unsuper-
vised equal data binning/equal width discretization technique was applied. Apart 
from equal data binning technique, actual ground conditions (i.e., visualization as 
an expert) was used to come up with the best ranges. In certain locations, it was 
observed that the ground condition and the classified levels did not match. In such 
cases, the width of the bins were adjusted to replicate the actual ground condi-
tions. For example, equal data binning indicated a LOS of B for location 1 while 
visual observation indicated a LOS C for the same location. Hence, the ranges of 
the service levels were adjusted such that both the data binning technique as well 
as visual observation were taken into consideration. After the development of the 
quantitative LOS tables for skywalks and FOBs, each location was compared with 
the developed ranges. It was observed that majority of the skywalk were performing 
at LOS C–D; while in the case of FOBs, the variation of LOS ranged between A and 
D with majority of the locations performing at LOS B–C. In general, the facilities are 
designed based on LOS C. Hence, it is essential to redesign/expand the facilities in
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near future which are plying at LOS C or D. This would encourage more pedestrians 
to use such overpass locations. 

Further, Table 6 gives the comparison between the existing LOS standard devel-
oped in the present study with Indo-HCM [16] for FOB facilities. From the table, 
it can be observed that variability exists in speed ranges defined for different LOS 
levels in both studies. As the present study considered more number of locations (in 
comparison of Indo-HCM), the developed ranges are expected to give a better under-
standing of the current scenario of the overpass facilities. The outcome of the study 
would be beneficial to planners and government authorities in developing standards 
for grade-separated facilities such as FOBs and skywalks. This would indirectly help 
in developing better facilities with more comfort and convenience to pedestrians. 

Moreover, in order to calculate the quantitative LOS for FOB or skywalk facilities, 
the following steps can be used (refer to Fig. 3). 

The procedure used and the LOS ranges defined in the present study can be useful 
in estimating the LOS for the elevated facilities (skywalks and FOBs). This can be 
used as guidelines for study over the respective facilities.
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Fig. 3 Steps in determining LOS for overpass facilities 
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Modelling the Effect of Variables 
Influencing the Usage of Zebra Marking 
by Pedestrians at Urban Midblock 

Sathya Prakash and Krishnamurthy Karuppanagounder 

Abstract A pedestrian using a facility like a zebra crossing to cross reduces the 
potential risk of accidents because using zebra marking to cross is the legal way for 
pedestrians over drivers. The study aims to compare the behaviour of pedestrians 
for locations with and without a facility. Further, the paper identifies the variables 
influencing the usage of zebra marking using a binary logit model. The analysis shows 
a significant influence of gender, age, platoon and crossing behaviour of pedestrians in 
choosing zebra marking area for road crossing. The model explained 17.8% variance 
in choosing zebra and no zebra marking area and was able to identify 72.5% of cases 
accurately. The results show that for every unit increase in platoon size, the odds 
of being using zebra marking area are 1.128 times, respectively. A unit decrease in 
stage number of crossing increases the chance of using zebra marking by 1.32 times. 
Compared to pedestrian making path changing behaviour, the pedestrian making 
straight crossing behaviour is 5.65 times likely to use zebra marking area for road 
crossing. The result identifies variables like the female, straight crossing behaviour 
and increase in platoon size positively influence using zebra marking. However, the 
other variables like male, adult and stage of crossing negatively influence using zebra 
marking. Also, by comparing driver non-yielding behaviour, the driver non-existence 
is higher at the zebra marking area. This study helps in understanding the behaviour 
of pedestrians that will help in improving the crossing facility effectively. 

Keywords Pedestrian safety ·Midblock crosswalk · Safety · Pedestrian facility 

1 Introduction 

Pedestrians are one of the elements in the traffic system; predicting the behaviour 
of pedestrians is challenging compared to other traffic elements. During their travel 
activity, the exposure to the road is high when they try to cross one side of the road at 
the other end. Further, the risk is very high at unsignalised locations. There are several
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factors that influence on pedestrians to decide on crosswalks. Also, the behaviour 
varies based on demographic and psychological characteristics. A vulnerable wrong 
decision by pedestrians will expose road users at risk. An earlier study shows on 
average a pedestrian is killed every 88 min in a traffic crash in the USA in 2017 [1]. 
In India, 15% of pedestrians were killed in a road accident in 2018 [2]. Also, the 
study shows that pedestrians and cyclists are more vulnerable road users [2]. Among 
the road user type, pedestrian has the highest share of road death in India, 30–60% 
[3]. The most pedestrian collision occurs at a road crossing [4]. As a result of the 
high risk faced by the pedestrian, the study on effective usage of facility is required. 

2 Literature Review 

This section reports an earlier study on pedestrian behaviour towards the crossing 
facility. In a developing country like India with mixed traffic, pedestrians are the key 
elements in using the local transport system. Walking constitutes 35% of average 
commute trips in India [5]. From the previous literature study, the at-grade crossing 
is preferred by pedestrians over the grade-separated crossing [6–10]. The designed 
crossing facility for a pedestrian will be effective only when there are at the right 
place; inappropriate location of facility may not help in increasing the road user safety 
[11]. The pedestrian accident risk at a particular section depends on previous accident 
decisions [12]. Study on pedestrians at crosswalks helps understand the behaviour 
and further helps in developing the facility at right place. A study in Malaysia by 
[13] shows that an increase in vehicle speed increases the chance of pedestrians using 
zebra marking to cross. Also, the increase in age has a positive influence on using 
zebra marking. The study by [13] uses variables like speed, gender, age and baggage 
have influencing factors in deciding to use the zebra crossing. Another study by [14] 
shows there is a reduction in pedestrian crossing speed with an increase in a vehicular 
gap at unprotected midblock. 

Further on studying pedestrians using zebra marking, the driver’s willingness to 
give way for a pedestrian at zebra marking location is low [15]. A study by [16] at the  
Ghanaian metropolitan area shows pedestrians observed using zebra marking were 
alone and they are using mobile phones while crossing the road. This shows group 
behaviour is less at zebra marking locations. The pedestrian crossing prediction 
model was developed by [17] using context model tree for early crossing predic-
tion. However, stage crossing, platoon size (pedestrian group size), driver yielding 
behaviour and crossing pattern of pedestrian (straight or path changing) can have 
some influence on using a crossing facility. Also, a study by [18] using simulation 
shows male proportion using single stage is higher compared to female. For the 
present study, the other variables mentioned above can be included to understand 
the usage of crossing facilities better. The next section describes the data collection 
techniques, extraction, basic statistical analysis and model development.
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Table 1 Roadway and traffic characteristics of selected sites 

Characteristics Name of selected sites 

Mavoor road Kallai road I.G. road 

Land-use type Bus terminal Hospital Hospital 

Sidewalk Yes Yes Yes 

Zebra marking—1 Zebra marking—1 Zebra marking—1 

Type of facility No zebra marking—1 No zebra marking—1 No zebra marking—1 

Road width in 
‘m’ 

14 11 14 

3 Data Collection and Extraction 

For the present study, the data collection is done at Kozhikode, Kerala, India, from the 
selected three mid-block sites, videographic survey was conducted simultaneously at 
zebra and no zebra marking area. Among the selected sites, two are near to hospitals 
and one at a bus terminal, total sites including zebra and no zebra marking area are 
six, detail characteristics of sites given in Table 1. The image of selected site locations 
is shown in Fig.1. The survey was conduction 6 h (peak hour) in a day with 3 h in the 
morning and 3 h in the  evening,  for three  days on all six sites. The data extraction was 
done from the recorded video using custom made video player and extracted in excel 
sheets. The variables included in the study given in Table 2, where the pedestrian 
using zebra marking is dependent variable and independent variables are crossing 
behaviour, gender, age, platoon size, stage of crossing and driver yielding behaviour. 

4 Descriptive Statistical Analysis 

From the sample size of 12,990, basic statistical analysis was conducted and the 
proportion of pedestrians using zebra and no zebra marking is 72.3% and 27.7%, 
respectively. Among the gender, male using zebra marking and no zebra marking is 
67.7 and 32.3%. Similarly, the proportion of females using zebra marking is 82.2%, 
and no zebra marking is 17.8%. Further, the combination of males and females 
moving in a group is 79% for zebra marking and 21% for no zebra marking. The 
age group proportion of pedestrians using zebra and no zebra were marking given 
in Table 3, and other traffic elements and the proportion of platoon size using zebra 
and no zebra marking is shown in Fig. 2.
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Fig. 1 a Mavoor road with zebra marking, b Mavoor road with no zebra marking, c Kallai road 
with zebra marking, d Kallai road with no zebra marking, e I.G. road with zebra marking and f I.G. 
road with no zebra marking 

5 Pedestrian Choice of Selecting Zebra Crossing Using 
Binary Logit Model 

From the data set of 12,990 pedestrians, a binary logit model analysis has been done 
using SPSS to predict the pedestrian zebra marking usage. Table 4 gives the results 
of logistic regression, based on the analysis, and the data does not have any outliers. 

The logistic regression analysis shows there is a significant influence of gender, 
age, platoon behaviour and crossing behaviour of pedestrians in choosing zebra
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Table 2 Variables considered in the pedestrian study 

Variables Type of 
variable 

Code or units Description 

Facility type (dependent 
variable) 

Discrete No zebra marking—0 
zebra marking—1 

A pedestrian using zebra 
and no zebra marking area 

Crossing behaviour Discrete Path changing—0 
straight—1 

Pedestrian making an 
irregular pattern to cross 
the road is path changing 
Pedestrian uses a straight 
path to cross the road is 
straight crossing behaviour 

Gender Discrete Male—1 
Female—2 
Male + female—3 

Male + female represents 
the group behaviour when 
both male and female 
moves in a group 

Age group Discrete Old—0 
Adult—1 
Young—3 
Child—4 
Mixed—5 

Mixed—represents more 
than one age group is 
involved in road crossing, 
and they move in a group 

Platoon size Continuous No unit More than one pedestrian 
crossing the road (group 
behaviour) 

Stage crossing Continuous No unit Pedestrian stops at different 
levels during road crossing, 
each stop is considered to 
be a stage  

Driver yielding Discrete Driver yielding—yes 
Driver yielding—no 
observed driver 
behaviour—null 

D.Y yes represents driver 
yield to pedestrian during 
road crossing 
D.Y no represents driver 
non-yielding behaviour to 
pedestrian during road 
crossing 
Null—no observed driver 
behaviour 

Table 3 Proportion of pedestrian different age group using zebra and no zebra marking 

Facility Age Group % 

Old Adult Young Child Mixed 

Zebra marking 15.7 34.9 31.2 0.9 17.3 

No zebra marking 18.4 37.1 32.9 0.8 10.8
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Fig. 2 Pedestrian group size 
in proportion with zebra and 
no zebra marking location 
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Table 4 Results of logistic regression analysis 

B [95% C.I.B] S.E.(B) Wald Odd 
ratio 

Crossing behaviour (straight) 1.732[5.06, 6.31] Ϯ 0.056 943.051*** 5.653 

Gender 153.749*** 

Gender (male) −0.197[0.69, 0.97] 0.088 4.965* 0.821 

Gender (female) 0.515[1.39,2] 0.093 30.303*** 1.673 

Age group 29.200*** 

Age group (old) 0.016[0.84–1.23] 0.097 0.026 1.016 

Age group (adult) −0.256[0.65–0.92] 0.086 8.784** 0.774 

Age group (young) −0.041[0.8–1.1] 0.091 0.201 0.960 

Age group (child) −0.129[0.54–1.4] 0.243 0.280 0.879 

Platoon size 0.121[1–1.2] 0.037 10.612** 1.128 

Stage −0.280[0.67–0.84] 0.056 25.278*** 0.756 

Driver yielding 161.594*** 

Driver yielding (null) −1.441[0.16–0.34] 0.193 55.645*** 0.237 

Driver yielding (Yes) −0.336[0.46–1] 0.216 2.428 0.715 

Constant 1.868 0.241 60.280*** 6.478 

Omnibus χ2 (11) = 1708.22, p < 0.001, R2 = 0.123 (Cox and Snell), 0.178 (Negelkerke) 
*p < 0.05, ** p < 0.01, ***p < 0.001, Ϯ —95% C.I. for EXP(B) 
Reference category 
Crossing behaviour—path changing behaviour gender—(male + female) moving in a group age 
group—(mixed) moving in a group 
Driver yielding—no
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marking area for road crossing (χ2 (11) = 1708.22, p<001). The model explained 
17.8% variance in choosing zebra and no zebra marking area (Negelkerke R2) and was 
able to identify 72.5% of cases accurately. The sensitivity of the model was 99.4%, 
and the specificity of the model was 2.2%. The results show that for every unit 
increase in platoon size, the odds of being using zebra marking area are 1.128 times, 
respectively. A unit decrease in stage number of crossing increases the chance of 
using zebra marking by 1.32 times. As compared to pedestrian making path changing 
behaviour, the pedestrian making straight crossing behaviour is 5.65 times likely to 
use zebra marking area for road crossing.

Further, compared to gender (male + female) moving in a group, the odds of 
choosing a zebra crossing to cross by the female pedestrian are 1.673 times higher. 
However, as compared to gender (male + female) moving in a group, for a unit 
decrease in male pedestrians, the chance of using zebra marking is increased by 1.22 
times. Also comparing the mixed age group (moving in a group), a unit decrease 
in adult pedestrians will increase the chance of using zebra marking by 1.29 times. 
As compared to the non-yielding behaviour of the driver, a unit decrease in the non-
existence of driver on the road increases the chance of using zebra marking by 4.22 
times. 

6 Discussion 

A pedestrian using zebra marking to cross the road is a legal and safer way against the 
accident risk. Using a location other than zebra marking to cross is unsafe and increase 
the potential risk of a crash with vehicles. For a better understanding of behaviour, the 
zebra and no zebra marking compared with basic statistical analysis. The proportion 
of pedestrians using zebra marking is 72.3% over no zebra marking, earlier stated 
preference survey in Tanzania [9] reports more than half of the pedestrians prefer 
to the cross-level road over the grade-separated crossing. The prediction accuracy 
of the binary logit model is 72.5%, and also the study demonstrates better relation 
among the variables. 

6.1 Effect of Pedestrian Platoon Size on Using Zebra 
Marking 

The pedestrian platoon size shows the group behaviour of pedestrians. The result of 
the model shows a positive influence on platoon size in using zebra marking, which 
demonstrates pedestrian using no zebra marking is mostly of lesser group size or a 
single pedestrian. Also, the proportion of pedestrians using no zebra marking area is 
lesser compared to the zebra marking location.
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6.2 Effect of Stage of Crossing on Using Zebra Marking 

The stage of crossing is about how many times the pedestrian stops on the road in 
the course of making road crossing. From the present study, the stage of crossing 
has a negative influence on using zebra marking locations, which indicates that the 
increase in stages number is higher when they use no zebra marking. Because they 
have to wait for a suitable gap in every section of the road, but when they use zebra 
marking, the stages are lesser because it is the legal place for a pedestrian to cross 
and the drivers yield better for them. 

6.3 Effect of Driver Yielding on Using Zebra Marking 

When pedestrians using zebra marking area, the chance for the presence of driver 
presence (vehicle conflict) is very less. Based on the study, the driver behaviour 
impact on conflicting with a pedestrian is very less. Hence when using no zebra 
marking, the chance of driver non-yielding is higher for pedestrians. The model 
confirms the driver non-yielding behaviour is higher at no zebra marking. 

6.4 Effect of Age and Gender on Using Zebra Marking 

The female pedestrian has a positive influence on using zebra marking indicates a 
higher proportion of them are using zebra marking when compared to male. A similar 
study reported at Malaysia shows that female is more likely to use zebra marking 
over male pedestrians [13]. However, when considering males, they have a negative 
influence on using zebra marking. From the earlier study, males are likely to have 
more risk-taking behaviour while crossing the road [19]. Also, the adult age group 
has a negative influence to use zebra marking for road crossing. 

6.5 Effect of Crossing Behaviour on Using Zebra Marking 

Pedestrians making straight crossings have a positive influence on using zebra 
marking for road crossing. The study identifies pedestrians using zebra marking 
always make a straight pattern of the road crossing. However, pedestrians using no 
zebra marking location mostly make path changing patterns of the road crossing.
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7 Conclusion 

The analysis shows that the proportion of females using zebra marking is higher 
than males. Further, when the group size is increasing, usage of no zebra marking 
is increasing positively. The binary logit model describes the pedestrian behaviour 
predicting the utilisation of zebra marking. Also identifies the variable influencing 
the effective usage of the pedestrian facility, and the prediction accuracy of the model 
is 72.5%. Negelkerke R2 in the model explains a 17.8% variance in using and not 
using zebra marking. Among the different variables, the straight crossing behaviour, 
platoon size and female variables have a positive influence on using zebra marking. 
However, the stage of crossing, male and adult variables have a negative influence on 
using the facility. Also, the chance of driver existence is lesser at no zebra marking, 
which makes pedestrians comfortable to use the facility effectively. 
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