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Preface

The Transportation Research Group of India (TRG) has brought out this edited book
titled “5th Conference of Transportation Research Group of India” in three volumes.
Volume I of the book includes the papers submitted on themes, TCT-A01: Pavements
and materials, TCT-D01: Travel behaviour and transport demand, and TCT-H01:
Emerging travel technology, while Volume II covers papers on the theme TCT-B01:
Traffic flow theory, operations and facilities; TCT-C01: Transport planning, policy,
economics and project finance, and TCT-I01: Other transportation modes (including
NMT) and pedestrian. Volume III presents a compilation of papers on the themeTCT-
E01: Environment (including energy) and sustainability in transportation, TCT-F01:
Transportation safety and security, and TCT-G01: Transport and mobility networks
(including public transportation, freight and logistics). We acknowledge the support
rendered in handling the review process by the co-chairs of the respective TCTs,
namely Prof. Gowri Asaithambi, Prof. Debasis Basu, and Prof. Shriniwas Arkatkar.

Incidentally, this year also commemorates the successful completion of 10 years
of TRG. TRG was an initiative to bring all transportation academicians and profes-
sionals to one platform to work on transportation-related problems in India and
collectively propose remedial measures for better traffic and transportation in the
country. We have been associated with the setting up of TRG from its inception, and
as founding members, it gives us immense pleasure to see that this professional body
has come up to an age where it can claim at the global level to be a representative
body of transportation professionals in India. It is also a golden moment to share
some of the good research works done by Indian transportation professionals in the
areas of traffic flow, facilities, transport planning, economics, and other transport
modes through this volume.

Volume II of the 5th Conference of Transportation Research Group of India
consists of 35 papers. Out of these, 21 papers are related to traffic flow, opera-
tions, and facilities; nine papers present works done in the area of transport planning,
policy, economics, and project finance; and five papers focus on other transporta-
tion modes which includes non-motorized transport and pedestrians. Research areas
covered under theme TCT-B01 include saturation flow, queue discharge, and control
delay estimation at signalized/unsignalized intersections, flows in merging sections,
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vi Preface

driver behaviour studies, simulation of traffic control management, and capacity of
urban divided roads. Research papers on the theme TCT-C01 cover topics related to
financing approaches and performance evaluation of transit projects or services, elec-
tric buses, LOS of urban parking systems, economic evaluation of highway projects,
and effect of NPV, rental and land value on transit development. Research works
on other varied topics related to electric two-wheelers, walk-access infrastructure,
crowd density prediction, access environment of transit services, LOS approaches
for sidewalks, and effect of street design, and operational factors on the use of green
transport have been submitted under the theme TCT-I01. This book on conference
proceedings is a compilation of good works that are screened through a double-blind
review system and provides the readers with research thoughts that will take the
future of transportation in the country forward.

It is our firm belief that this compilation of selected presentations made in the 5th
Conference of Transportation Research Group of India held at Bhopal, India, will
provoke research thoughts in the readers. This volume covers a wide spectrum of
aspects related to traffic flows, operations, economics and finance of transit projects,
simulation of flows at varied facilities, LOS, electric vehicles, pedestrian facilities,
and access environment. We sincerely hope that readers will be further enlightened
and enriched with the works included in the other two volumes.

Guwahati, India
Kharagpur, India
Roorkee, India
Kanpur, India

Akhilesh Kumar Maurya
Bhargab Maitra
Rajat Rastogi
Animesh Das



About TRG and CTRG

Transportation Research Group of India (TRG) is a not-for-profit registered society
with themission to aid India’s overall growth through focused transportation research,
education, and policies in the country. It was formally registered on 28th May 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, policymakers from India and all over
the world, with the intention of covering all modes and sectors of transport (road,
rail, air, andwater; public and private; motorized and non-motorized) as well as all
levels (urban, regional, inter-city, and rural transport) and for both passenger and
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freightmovement, in India, and at the same time to also address the transportation-
related issues of safety, efficiency, economic and social development, local and
global environmental impact, energy, land use, equity and access for the widest
range of travellers with special needs, etc.

• To serve as a platform to guide and focus transportation research, education, and
policies in India towards 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 multi-modal, 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 programmes,
meetings, discussions, etc., as decided by the society from time to time, towards
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 towards 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), and Trichy (upcoming in December 2021 jointly with NIT Trichy, in asso-
ciation with IISc Bangalore, IIT Madras, IIT Palakkad and NATPAC). CTRG has
been getting wide scale recognition from reputed Indian and international institu-
tions/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 to 15 countries, with about
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200 double-blind peer-reviewed technical papers being 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 seven volumes.

Prof. Ashish Verma
Indian Institute of Science Bangalore

Founding and Immediate Past President, TRG

Prof. Akhilesh Kumar Maurya
Indian Institute of Technology Guwahati

Current President, TRG
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Estimation and Comparison
of Saturation Flow at Signalized
Intersection in Mixed Traffic Condition

Mangal Jyoti Mahapatra, Mukti Advani, and A. U. Ravi Shankar

1 Introduction

An intersection is the crucial point of conflicts and congestion in the road network.An
intersection is also a place for the arrival and departure of trafficflowswhere the traffic
flows from different directions mutually intersect and various vehicles run in mixing
manner. To avoid vehicular conflict of space and time at intersection, traffic signals
are mostly used worldwide. Signalized intersection refers to the area of intersection
of two or more roads with controlled operation of the traffic movements. With the
increase in traffic at intersections, it is required to install traffic control devices to
regulate themovements through the intersection. To prevent accidents, conflicts, etc.,
traffic streams are separated in time by providing signalized intersection. Automatic
traffic signals are the most commonly used traffic control devices installed at the
road intersection. These devices allocate right of way to different approaches of the
intersection as per the phase allocation in order tominimize the delay and also to avoid
conflicts due to crossing traffic. The operation of signalized intersections is affected
by the traffic flow, the composition of the traffic flow, the geometrical structure of
the intersection, i.e., number of lanes, width of the approach, width of shoulder, and
free movement (if any). While approaching an intersection, vehicles undergo the
process of deceleration, braking, stop and then start, acceleration, which results in
the waiting and start-up loss of vehicles. Signal timing is the technique to decide
the signal cycle and effective green time for a particular intersection, phase, traffic
flows, etc. Saturation flow is an important parameter in a signalized intersection.
The saturation flow rate is defined as the maximum number of vehicles that can pass
a stop line per hour during the green phase. The maximum flow rate occurs after
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the start of the green phase and continues until that queue has moved completely.
At the beginning of green signal phase on an approach to an intersection, vehicles
react slowly before reaching a normal running speed; and the queue discharges at
a constant rate after few seconds that is termed as saturation flow. Traffic demands
vary by time of day, but this is controlled by applying the analysis method for the
peak hour volume and utilizing the peak hour factor (PHF).

2 Objectives and Scope of Study

The objective of this study is to estimate saturation flow from the field observations.
The objectives of this research work have been listed below, and the combination of
all will help to achieve the ultimate goal for this research work:

i. To estimate saturation flow for approach roads of signalized intersections.
ii. To compare the saturation flow values with developed by different authors.

This study is based on data collected at two signalized intersections covering ten
approaches in the city of Delhi. Width of these approaches ranges from 7.6 to 10.3 m
(~2 lane to 3 lane roads).

3 Literature Review

Traffic stream is converted into passenger car unit (PCU) to simplify the mixed
traffic condition into a single homogenous type. Many researchers have proposed
various methods to estimate PCU values. INDO-HCM [4] deals with the method-
ology devised for determination of saturation flow in a signalized intersections. The
equation developed for saturation flow is only valid for a specific range as given in
Eq. (1).

USF0 =
⎧
⎨

⎩

630; for w < 7.0 m
1140 − 60w; for 7.0 ≤ w ≤ 10.5 m
500; for w ≥ 10.5 m

⎫
⎬

⎭
(1)

where

USF0 Unit-based saturation flow rate (in PCU/h/m);
w effective width of approach (m).

The saturation flow of the intersection approach for the movement group is as
follows:

S = w ∗ USF0 ∗ fbb ∗ fbr ∗ fis (2)
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where SF is the prevailing saturation flow rate (PCU/h); w is the effective width of
the approach in ‘m’; fbb is the adjustment factor for bus blockage due to curbside
bus stop; fbr is the adjustment factor for blockage of through vehicles by standing
right turning vehicles waiting for their turn, and fis is the adjustment factor for initial
surge of vehicles due to approach flare and anticipation effect.

Webster and Cobbe [13] proposed that saturation flow of an intersection can be
estimated directly using its approach width. In this study, saturation flow (S) was
estimated in terms of PCU/h of green by considering the approach width (w) of the
intersections in feet, and the authors did not pay any attention to the other affecting
factors of saturation flow. Indian Road Congress (IRC) [5] used the model proposed
by Webster and Cobbe [13]. Suitable adjustment factors are provided to account for
the effect of left turns and right turns as shown in Eq. (3):

S = 525 ∗ w (3)

Sarna andMalhotra [10] conducted a study for the mixed traffic condition in India
by collecting data from some of the signalized intersections in Delhi. The model is
only applicable for the intersections having approach width between 16 and 8 feet
which is a very narrow range and where right turning traffic is restricted to 10% only.
Bhattarcharya and Bhattarcharya [3] proposed to estimate the saturation flow of an
approach separately for through and right turning traffic in mixed traffic condition.
This is valid only for the road width of 3.5–10.5 m. Susilo and Solihin [12] used
regression model for the estimation of saturation flow according to the approach
width. They have proposed two different equations for approach width of 3–8.9 m
(Eq. 4) and 9–12 m (Eq. 5), respectively, as given below:

S = 600We (4)

S = 500We + 400 (5)

The main drawbacks for this model were lesser sample size and flows observed
only during peak hour. In this analysis, width of left-turning lane was not considered
and static PCU is taken.

Radhakrishnan and Mathew [7] proposed a saturation flow model based on the
composition of traffic stream for Indian condition. They developed a saturation flow
model based on dynamic PCUs by optimization usingmultiple linear regression. The
proposed saturation flow model is:

S =
N∑

i=1

ai Pi (6)

S = 25.59Pcr + 60.11Prw + 18.25Pauto + 14.82Pcar (7)



4 M. J. Mahapatra et al.

where ai is the proportion of vehicle of ‘i’ type and Pi is the PCU of the vehicle
type ‘i’. Sample size is not statistically verified. Base saturation flow is considered as
1900 pcu/h/green which might not be true always. The proposed model resulted in
lower error as compared to the conventional flow estimation techniques. Saha et al.
[9] conducted a study on seventeen different intersections from various parts of India.
In this, the saturation flow is dependent on approach width, and vehicle composition,
expressed in vehicles per hour of green.Among these, regressionmodelwas proposed
taking seven intersections together, and the data of last ten intersections were used
to validate the applicability of the model in different cities. The model shows how
saturation flow varies linearly with approach width as shown in Eq. (8).

S = 246.3w + 2020 (8)

where S is the saturation flow rate in vehicles/h and w is the width in meters. This
equation is valid only for the similar range of traffic compositions as observed in the
field.

Rahman et al. [8] described the comparative analysis of saturation flow in Yoko-
hama and Dhaka city by using conventional headway method. They have taken
that the saturation flow starts after fourth vehicle in the queue by using ANOVA
test for saturation flow region. Zhang and Chen [14] used the HCM model but did
some modification to get the saturation flow. In their formulation, only heavy vehicle
adjustment factor was introduced. Shao et al. [11] used method of least square. They
have considered three category of vehicles and nine type of headways with all the
possible combination with static analysis of time headway. Saturation flow rate was
found out to be:

Si = 3600

hc
(9)

hc =
∑k

j=1

∑m
i=1 hi j

mk
(10)

PCE = hci
hb

(11)

where hc is the saturation headway and hi j is the headway of vehicle type i standing
at jth queue.

Alam et al. [1] used the HCMmethod to obtain the saturation flow rate in Mecca,
Kingdom of Saudi Arabia, and introduced some adjustment factors to get accuracy
in the result. They concluded that the capacity of a signalized intersection was much
higher than the value prescribed in HCM. Anusha et al. [2] discussed on the adjust-
ment factor for saturation flow measurement. They introduced a new adjustment
factor for two-wheelers by incorporating the effect of two-wheelers on saturation
flow rate. They concluded that the saturation flow measured using the modified
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HCM equation is closer to the observed saturation flow values. The empirical equa-
tion proposed by them for the calculation of adjustment factor is given below in
Eq. (12):

ftw = 0.378 − 0.8 ∗ ptw + 0.004 ∗ vol

w
(12)

where Ptw is the percentage of two-wheeler, vol is the volume of traffic, and w is
the width of road. In their study, saturation flow rate has been considered in veh/h,
which is not true in case of Indian traffic.

4 Study Area, Data Collection, and Extraction

Two intersections have been selected in the city of Delhi among which one is a four-
legged intersection and other is a T-intersection. These seven approaches have been
studied in this paper. These intersections are present in a corridor of 1.1 km stretch.
Data were collected in the month of October 2018. Four hours of data from 8 a.m.
to 12 noon have been collected. The intersections are shown in Fig. 1 where one is
a four-legged channelized intersection and other is a T-intersection.

The following data have been collected from the field to carry out the analysis
with respect to estimation of saturation flow and PCU at signalized intersection:

• Classified traffic volume count per 5 s of green time.
• Geometry data, i.e., width of the approach, width of shoulder, number of lanes,

median width, etc.
• Type of intersection, i.e., four-legged or T-intersection, channelized or non-

channelized, etc.
• Signal phasing and timings.

Video camera has been installed at all the sites such that all approaches have clear
visible of the approaching traffic. The camera has been installed at some elevation

Fig. 1 Study area
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early in the morning before traffic rushes into the location in such a way that it does
not affect the driving behavior of drivers. Video data have been collected at all these
approaches. The video camera covered the total approach of the study intersection
by installing at some elevated place like the traffic signal pole or any nearby located
tree. The required discharge data have been extracted from the video at the stop
line. Classified discharge has been measured at the stop line by dividing the entire
green interval into 5-s sampling interval for 30 cycles. The proportion of different
category of vehicles for each cycle in all the approaches is calculated. The discharge
profile has been analyzed by plotting graphs of discharge rate of vehicle versus the
time taken by vehicle. The saturation flow is not directly related to the saturation
headway, as practically the headway cannot be measured for Indian traffic condition.
Hence, it is better to extract the volume count for whole width of the approach while
discharging from the stop line, so that the field discharge rate can be plotted in a graph.
Determination of saturation flow region and saturation flow is very difficult for mixed
traffic condition, as vehicles do not follow lane discipline. So, it is recommended to
find the saturation region by free hand drawing over the scattered plots in each graph
to get a flat portion.

Procedure for data extraction has been stated below:

1. Note down the time and number of vehicles started moving before signal turns
green.

2. Count the number of vehicles discharged in each 5-s interval when the green
starts.

3. No. of intervals will be decided by dividing the total green time by 5-s interval.
4. Make a classified count of each category of vehicle crossing the stop line.
5. The total discharge in 5 s is determined per cycle of green.
6. The graphs are plotted having points with green interval in x-axis and discharge

in y-axis.
7. The hard copy of the graphs is taken and then drawn freely by hand to get a

flat portion of the curve for each cycle.
8. Then, the total no. of vehicles discharged in the flat portion is divided by the

saturated green time in one hour which will give the saturation flow in vehicles
per hour green at that intersection.

9. PCU value has been taken from the INDO-HCM.
10. The total discharge in each interval is multiplied by PCU for each category of

vehicle, and the saturation flow is calculated in PCU/h of green.

5 Estimation of Saturation Flow

The collected data have been extracted using time-slice analysis which is the anal-
ysis by dividing the green interval into a number of intervals. An approach has been
explained in details in this study. In every 5 s, discharge has been measured for
different category of vehicles throughout the green time to see the discharge pattern.
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Five categories of vehicles, viz. motorized two-wheelers (2W), three-wheelers (auto-
rickshaws), cars, light commercial vehicles (LCV), heavy commercial vehicles
(HCV), have been considered. Data of one cycle of this approach are given in Table
1. Similarly, thirty cycles of data have been extracted. The study of the behavior of
vehicles has been considered only for that time of green where the vehicles move
touching bumper to bumper without any disturbance in the uniformity of flow which
can be considered as the ideal flow. Flow of different vehicle types has been extracted
with 5-s interval for 30 cycles, and a graph has been drawn showing the discharge
profile of all the vehicle type.

The behavior of each vehicle type of an approach is shown in Fig. 2. It has been
observed from the graph that the proportion of cars is very high as compared to that
of other vehicle types with LCV having the minimum proportion. The proportion of
two-wheelers is highest at the start of green time as more number of vehicles sneak
ahead at the start of green time or sometimes before green through the traffic because
of their smaller size.

In case of homogeneous lane disciplined traffic, there occurs a situation where
discharge of all the vehicle types reaches a constant peak flowduring the green period,
which is referred to as the saturation region, and the corresponding peak discharge

Table 1 Extracted classified 5-s data

Time 2W 3W CAR LCV HCV S.F/Veh

5 4 2 1 0 0 7

10 1 0 2 0 1 4

15 0 0 6 0 0 6

20 0 0 5 0 0 5

25 0.5 0 4.5 0 0 5

30 2.5 0 4.5 0 0 7

35 1 0 5 0 0 6

40 0 1 4.75 0 0 5.75

45 0 0.5 6.25 0 0 6.75

50 0 0.5 6 0 0 6.5

55 0 0 6 0 0 6

60 0 0 5 0 1 6

65 1 0 6 0 0 7

70 1 0 4 1 0 6

75 2 0 5 0 0 7

80 1 0 4 1 0 6

85 0 0 7 0 0 7

90 0 0 6 0 0 6

95 1 0 4 0 0 5



8 M. J. Mahapatra et al.

Fig. 2 Discharge pattern of different vehicle types

is the saturation flow. This is the condition of ideal saturation flow curve as shown
in Fig. 3.

For themeasurement of saturation flow at signalized intersection in case of hetero-
geneous traffic condition, there is a need of passenger car unit (PCU) to convert
vehicles/h to PCU/h. As the discharge is extracted in vehicles per hour, so there is a
necessity to convert the discharge to PCU/h to simplify the variations in static and
dynamic characteristics of different vehicles into a single category (car). In this study,
PCU of all the vehicle types has been taken from INDO-HCM [4].

The saturation flow of an approach depends mainly on the saturation region which
shows that the vehicles are moving with their capacity in the green time. This satu-
ration region is very difficult to get in case of low volume traffic and also in homo-
geneous traffic condition. The graphs are plotted with green interval in x-axis and

Fig. 3 Ideal saturation flow
curve. Source Majhi [6]
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Table 2 Field saturation flows in PCU/5-s

PCU (INDO-HCM) 0.4 0.5 1 1.2 1.6 S.F/Veh S.F/PCU

Time 2W 3W CAR LCV HCV

5 4 2 1 0 0 7 3.60

10 1 0 2 0 1 4 4.00

15 0 0 6 0 0 6 6.00

20 0 0 5 0 0 5 5.00

25 0.5 0 4.5 0 0 5 4.70

30 2.5 0 4.5 0 0 7 5.50

35 1 0 5 0 0 6 5.40

40 0 1 4.75 0 0 5.75 5.25

45 0 0.5 6.25 0 0 6.75 6.50

50 0 0.5 6 0 0 6.5 6.25

55 0 0 6 0 0 6 6.00

60 0 0 5 0 1 6 6.60

65 1 0 6 0 0 7 6.40

70 1 0 4 1 0 6 5.60

75 2 0 5 0 0 7 5.80

80 1 0 4 1 0 6 5.60

85 0 0 7 0 0 7 7.00

90 0 0 6 0 0 6 6.00

95 1 0 4 0 0 5 4.20

discharge (PCU/5-s) in y-axis. The plots are joined by drawing a curve manually in
such a way that the discharge profile looks like an ideal saturation curve. A graph
for Table 2 is shown in Fig. 4.

From the above figure, it can be observed that the saturation flow is approximately
equal to 6.3 PCU/5-s. Similar graph has been drawn for all the thirty cycles of each
approach.

Saturation flow for each approach has been decided in this methodology based
on the optimization technique. The standard deviation of the saturation flows is
optimized to obtain the PCU values for each category of vehicles mentioned in
this study. Saturation flow of an approach is taken as the average of the saturation
flow from thirty cycles. Similarly, saturation flow for seven approaches has been
calculated. The saturation flow in PCU/5-s is converted into PCU/h.

PCU value of each category of vehicle obtained after optimization in this study
is as follows:

Two-wheeler (2W) 0.34

Three-wheeler (3W) 0.63

(continued)
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(continued)

Car 1

LCV 1.23

HCV 1.82

The saturation flow value obtained for different approach widths is given in Table
3.

The saturation flowof approaches has been plottedwith thewidth of the respective
approach as shown in Fig. 5.

It can be observed that the saturation flow rate increases as the width of the
approach increases. The saturation flow model has been developed using these data,
and an equation is proposed for saturation flow with width of approach as variable.
The equation developed is as given below:

S.F = 983.14 ∗ W − 3863.9
(
R2 = 0.9

)
(13)

where W is the width of the approach in meter and S.F is the saturation flow rate in
PCU/h.

This equation is valid only for a small range of approach widths ranging from 7.6
to 10.3 m. This has been developed using the data collected from seven approaches.
This equation gives the R2 value of 0.9, which is significant.

6 Discussions and Conclusions

6.1 Comparison of the Estimated Saturation Flow
with the Saturation Flow Proposed by Different Authors

The observed values of saturation flow vary with width of the approach. This means
that the saturation flow depends on the width of the approach roads, and hence,
various methods proposed by different authors that estimates the saturation flow
based on width of the roads have been discussed in this section. Different methods
proposed by different authors have been compared in Table 4 whose methods were
discussed earlier.

In observed mixed traffic scenario coupled with non-lane disciplined behavior,
with increased width, maneuverability of vehicles increases, which results in higher
saturation flow.
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Fig. 4 Manually drawn saturation flow curve

Table 3 Estimated saturation flow

Intersection name Approach Width (m) Saturation flow (PCU/h)

Per width Per lane

SPM-PSL Approach 1 7.6 3677.79 1693.72

Approach 2 8.7 4702.99 1892.01

Approach 3 8.6 4563.12 1857.08

Approach 4 8.4 4309.82 1795.76

Ridge road Approach 5 7.8 3747.63 1681.63

Approach 6 10.2 6093.17 2090.79

Approach 7 9.3 5453.26 2052.30
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Table 4 Comparison of saturation flow

Width (m) Susilo and
Solihin
(PCU/h)

Saha
(vehicles/h)

Webster’s
method
(PCU/h)

INDO-HCM
(PCU/h)

Proposed
method
(PCU/h)

7.6 4560 3892 3990 5199 3668

7.8 4680 3941 4095 5242 3748

8.4 5040 4089 4410 5342 4310

8.6 5160 4138 4515 5366 4563

8.7 5220 4163 4568 5377 4703

9.3 5050 4311 4883 5413 5453

10.2 5500 4532 5355 5386 6093

6.2 Conclusion

It can be observed from Table 4 that in case of mixed traffic condition for same width
of approach, different methods yield different results. No adjustment factors have
been taken in this comparison study. The saturation flow values by Susilo and Solihin
[12] have been estimated by using the static PCUwhich is very difficult to get in case
of mixed traffic condition and was also estimated with a small sample size. Hence,
it can be observed from the table that as the width increases from 8.7 to 9.3 m, the
saturation flow decreases which is not practically true. It can be observed from the
above table that the saturation flow values estimated by INDO-HCM method also
decrease as the width increases from 9.3 to 10.2 m. The saturation flows estimated
by Saha method give the values in vehicles per hour which is easy to analyze and
compute in case of mixed traffic condition, but the estimation is only possible by
this method if the traffic has similar composition as that of the studied composition.
Webster’s and the estimated value in this study gives approximately the same value
of saturation flow up to 8.6 m width road. After 8.3 m, the estimated value increases
with high rate as compared to that of the Webster’s method. Webster’s method has
not considered any other factors except width. As the saturation flow values are
estimated directly from the field, hence, it can be taken as the accurate estimation of
saturation flow.

The discharge in PCUs is found to be more significant in case of mixed traffic
condition as there consists a wide variety of vehicle types than the discharge in terms
of vehicle per hour.

It has been noticed that inmost of the cycles, vehicles use to stop ahead of stop line
or start moving before the start of green which is not permitted, but as this behavior is
common, analysis has been done accordingly by starting the count only at the start of
green time for vehicles standing at the stop line. In the present study, an attempt has
been made to estimate for such type of traffic behavior, so that accurate estimation
of saturation flow can be measured.
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7 Future Scope

A small range of width has been taken for analysis in this study. Hence, the analysis
could be extended to a wide range of width to obtain more accurate saturation flow
model. These sites were so located that there was no effect from bus blockage,
parking, etc., so it could be tried with sites having these disturbances, so that some
adjustment factors could be suggested. Theproportion of vehicles is considered in this
study, so it could be considered for saturation flow model using regression model. A
saturation flow model could be developed using the width of approach. Simulation
modeling using VISSIM is to be done further, and the delay to be estimated to
differentiate it is more from other models. Signal design and coordination could be
done for intersections in corridor.
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Value Capture Finance: An Innovative
Tool for Financing Urban Rail Transit
Projects

Neeraj Sharma

1 Introduction

Most emerging cities of the twenty-first century in developing countries are poised
for accelerated growth and have the kind of densities that are ideal for transit systems.
Many are thus contemplating rail transit-driven sustainable urban mobility solutions
to address a range of urbanization challenges. There is a growing recognition among
cities across developed and developing nations that urban rail transit system is a key
driver to maintain any city’s economic competitiveness and helps catalyze livable
and sustainable communities around station areas [1].

Indian cities, following the global trend, are now rapidly embracing urban metro
rail transit systems in a big way. As these urban rail projects are highly capital
intensive projects, most city governments face difficulty in funding for such transit
systems and largely depend on grants from state or central governments. Innovative
financing methods for implementation of such projects are being explored around
the world. Value Capture Finance (VCF) has been emerged as an innovative and vital
tool to finance the urban transit projects and raise the revenues to the implementing
agencies.

Value capture as practiced widely in the world is based on the principle that
private land and buildings benefit frompublic investments in infrastructure and policy
decisions of governments (e.g., change of land use or FSI). Appropriate VCF tools
can be deployed to capture a part of the increment in value of land and buildings. In
turn, these can be used to fund projects being set up for the public by the Central/State
Governments and ULBs.

In light of this, Ministry of Housing and Urban Affairs (MoHUA) has prepared a
ValueCapture Financing (VCF) policy framework for use by theCentral Government
Ministries and Departments/PSUs as well as the State Governments. MoHUA has
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issued instructions to include the VCF as an integral part of detailed project report
(DPR) of all projects of the Central Government [2].

The present study is based on the case study of detailed project report for Nagpur
Metro Phase II. The proposed metro corridors were passing through urban fringes
with no major development activities resulting in low ridership along the corridors.
The impact of this was the low fare box revenue which was not only sufficient for
funding the project and improve the FIRR. There was an urgent need to identify
sources to generate non-fare box revenue. In this regard, various VCF options were
explored as a source to generate the non-fare box revenue for funding the project [3].

To start with, VCF sources which are in practice and used worldwide were studied
and literature study of various international and national case studies on VCF imple-
mentation were reviewed. Based on these studies, the suitable sources of VCF that
can be implemented in Nagpur were identified. The methodological framework was
prepared for assessing the revenue from identified VCF sources, and the estimations
were made based on the analysis from secondary data and primary surveys. The
revenue figures were included in financial analysis to see the impact in improvement
of FIRR of the project.

2 VCF Methods in Practice

Through capturing the increased value in urban land due to improved accessibility
from building transport infrastructure, cities are now discovering a new way to
improve their capacity to find the finance for building the infrastructure. A large
number of diverse VCF tools are being used worldwide. The main types of VCF
methods are given below [2].

2.1 Land Value Tax

Land value tax is a method of raising public revenue by means of an annual charge
on the rental value of land. It is a more predictable way to tax based solely on the
value of a parcel of land and not any associated buildings.

2.2 Fees for Change in Land Use

Land revenue codes provide for procedures to obtain permission for conversion of
land use from agricultural to non-agricultural use.
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2.3 Betterment Levy

This is a one-time upfront charge on the land value gain caused by public infras-
tructure investment. This occurs in two forms—revenue source for improvement
schemes and for specific projects.

2.4 Development Charge (Impact Fee)

This is an area based and link the development charge to the market value of land
by carrying out periodic revisions. By levying impact fee, upfront is collected while
granting development permissions.

2.5 Transfer of Development Rights (TDR)

This is used for trading development rights and a way to compensate the property
owners for loss in revenue on their properties.

2.6 Premium on Additional FSI/FAR

This is used to allow for additional development rights beyond the permissible limits
in the State Town Planning Laws and Regulations.

2.7 Vacant Land Tax (VLT)

Under VLT, a tax is imposed on the registration value of the land if not used
exclusively for agriculture purpose or is vacant without a building.

2.8 Tax Increment Financing (TIF)

In TIF, the incremental revenues from future increases in property tax or a surcharge
on the existing property tax rate are ring-fenced for a defined period to finance some
new investment in the designated area.
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2.9 Land Pooling System

This is a form of land procurement where all land parcels in an area are pooled,
converted into a layout, infrastructure developed, and a share of the land, in proportion
to original ownership, returned as reconstituted parcels.

3 Literature Study for VCF Implementation

3.1 International Case Studies

CEPACS: Certificates of Additional Construction in Sao Paulo, Brazil
The project was aimed to employ innovative financing tools to raise funds for infras-
tructure projects and to make use of the sale of additional building rights to guide
dense urban growth along transit corridors. A limited quantity of building rights was
sold for large enough area—one CEPAC for each square meter of additional building
right—through an electronic auction. The city holds periodic auctions for each area,
gradually releasing additional FAR to maximize value capture. Those proposing to
build over the basic FAR have to purchase CEPACs from the secondary market based
on additional sq. m that the developer requires [2].

Tax Increment Financing in United States
Tax increment financing (TIF) has been acknowledged as a self-financing economic
development tool and has been used for infrastructure and redevelopment projects.
In general, TIF allows a government jurisdiction to take tax revenues derived from
increase in property values within a prescribed development area and use those
incremental tax revenues to fund the infrastructure and renewal projects [2].

Funding Opportunities for Urban Transport in Warsaw, Poland
Three value capture mechanisms have been explored to recover the capital costs
incurred in the development of Warsaw metro system line extension and these were
land tax, betterment levy, and public private partnership (PPP).

The implementation of land tax would capture the increase in property value but
would require an advanced land registry system and new land evaluation system.
Betterment levy to commercial properties has been used to raise the revenues. This
has been a favored mechanism for many urban transport projects in the world [2].
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3.2 Indian Case Studies

Introduction of Impact Fee as a Resource in Hyderabad
In Hyderabad, a 1 km stretch along both sides of 162 km eight lane expressway
Outer Ring Road has been designated as a Growth Corridor (ORRGC). Hyder-
abad Municipal Corporation levies an impact fee in order to mitigate the impact
of increased commercial construction activity along ORRGC and is collected at the
time of granting building permissions. This impact fee is a one-time charge collected
as a measure to pay for public infrastructure requirement [2].

Sale of Additional FSI and Transfer of Development Rights in Hyderabad
Government of Andhra Pradesh has permitted Municipal Corporation of Hyderabad
(MCH) to grant additional FSI in lieu of land. Under this scheme, in case any land
or building is affected in road widening activity, such an area is to be surrendered
free of cost to sanctioning authority by land owner. Upon surrendering the affected
area, the owner of the site is entitled to TDR or for purchasing additional FAR or is
allowed to avail concessions in setbacks [2].

Value Capture Finance by Bangalore Metro
Government of Karnataka made amendments to Karnataka Town and Country Plan-
ning (KTCP) Act to enable capturing the land value through various methods like
auctioning of sites, additional FAR, levy cess and surcharge, TDR, and additional
property tax in the catchment area of their metro.

Under the KTCP act, levy of cess and surcharge at 5% of market value of land or
building is charged to create a dedicated metro infrastructure fund. These revenues
are shared among the metro transit agency BMRCL, BWSSB, and BDA. The floor
area ratio (FAR) values were raised to 4 from 2.5 within 500 m distance along the
metro rail corridor, and a cess of 10% of market value for residential and 20%market
value for commercial on the additional FAR granted was levied. BMRCL also issues
Transfer of Development Rights (TDR) to secure land for the metro rail alignment
in lieu of compensation for the acquisition of land and private infrastructure bonds
[2].

Value Capture Finance Practices in Gujarat
There are two successful examples of VCF practices in Gujarat. One example is land
pooling through town planning scheme that enables the best redevelopment potential
around stations. In such schemes, the government purchases agricultural plots on the
city’s periphery, constructs infrastructure, and then sells the now richer land back to
the former owner. The farmer gives a portion of the new value, as a betterment fee,
then keeps or sells the remainder.

The other example is the use of premium floor space index (FSI) tool in Ahmed-
abad. The Ahmedabad Urban Development Authority has proposed the premium
FSI concept along the BRTS corridor also. Maximum FSI of 4 has been permitted
till 200 m along BRTS corridors and proposed metro corridors [2].
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4 Case Study of Nagpur Metro Phase II

Nagpur is an important urban center of Maharashtra, with the city being the adminis-
trative capital of the district. NagpurMunicipal Corporation (NMC) is spread over an
area of 225.08 km2 with a population of 24.48 lakh. The notifiedNagpurMetropolitan
Area (NMA) is house to 1.03 million population (excluding NMC area) with total
area of 3567 km2 and comprises of areas outside the Nagpur city [3].

Nagpur Metro Phase I consist of two corridors, i.e., North-South corridor from
Automotive Square to Metro City and East-West corridor from Prajapati Nagar to
Lokmanya Nagar with total length of about 42 km. At present, the North-South
corridor is partially operational between Sitabuldi and Khapri. The ridership esti-
mated for phase I corridors in the DPR prepared by DMRC in 2013 were 3.83 lakh,
4.59 lakh, and 5.63 lakh for 2021, 2031, and 2041, respectively.

The phase II of Nagpur Metro has been planned as extensions of the phase I
corridors into the peri-urban areas and census towns situated along the periphery of
the Nagpur city. Nagpur Metro Phase II consists of five corridors with total length
of 48 km and 35 stations. The Ph II metro corridors are at the periphery of the city
outside the municipal limits. The details of the corridors are given in Table 1, and
map of the corridors is shown in Fig. 1.

4.1 Ridership and Fare Box Revenue

Various assumptions have been made for forecasting transport demand on proposed
metro corridors for the years 2024, 2031, and 2041. The growth rate assumed for
intercity passenger traffic was 3% per annum, while for inter and intra city goods
traffic, 5% growth rate was taken. The special generator passenger traffic of bus
terminals and railway stations was assumed to grow at 6%. It was estimated that the
Phase II MRTS Corridors will cater to 2.89 lakh passenger trips per day by the year
2024 when the system gets operational. The ridership figures for key horizon years
are given in Table 2.

Table 1 Details of Nagpur Metro Phase II corridors

S. No. Corridor Length (km) Jurisdiction area

1 Automotive Square to Kanhan River 13 Kamptee Tehsil

2 Lokmanya Nagar to Hingna 6.7 Hingna Tehsil

3 Vasudev Nagar to Dattawadi 4.49 Nagpur Rural Tehsil

4 Prajapati Nagar to Transport Nagar 5.6 Kamptee Tehsil

5 Mihan to MIDC ESR 18.45 Nagpur Rural Tehsil

Total 48.24
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Fig. 1 Map showing Nagpur Metro Phase I and Phase II corridors

Table 2 Expected metro
ridership in horizon years

Year Passenger trips per day (lakh)

2024 2.89

2031 3.39

2041 4.08
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The estimated ridership was considerably low considering the longmetro network
length of 48 km. The low ridership was observed due to the fact that the proposed Ph
II corridors were passing through urban fringes with no major development activi-
ties along them. With these ridership figures, the estimated fare box revenue in the
operational year, i.e., 2024 came out to be Rs. 474 crore.

For the purpose of financial analysis of the project, fare box revenuewas estimated
for the overall period of 25 years as Rs. 41,925 crore, i.e., from 2024–25 to 2048–49.
With these fare box revenue figures, the financial internal rate of return (FIRR) came
out to be lower, i.e., 3.7%. The project was not financially viable with this low FIRR
because 8% FIRR was desirable for the financial viability of the project.

Thus, it became necessary to explore the other sources of non-fare box revenue,
so that the project revenues may be increased to improve the FIRR.With this context,
it was decided that the various sources of Value Capture Finance (VCF) and other
sources will be explored to generate the substantial non-fare box revenue of the
project for improving the FIRR.

5 VCF Implementation in Nagpur

For identification of sources of VCF that may be implemented in Nagpur, the current
practices of value capture financing in Maharashtra state were studied and extracted
from Value Capture Finance Policy Framework issued by Ministry of Housing and
UrbanAffairs, Government of India. As per the policy framework, theGovernment of
Maharashtrawas following theVCFpractices such as urban land tax, betterment levy,
development charge, TDR, premium on additional FSI, and surcharge on property
transactions [2].

Considering the applicability of VCF in Nagpur and the sources of VCF used in
Nagpur Metro Ph I, suitable sources were identified for generation of non-fare box
revenue for Ph II. Premium on sale of additional floor space index (FSI), additional
surcharge on property transactions, increase in development charge, and property
development were the different options considered as a part of VCF.

5.1 Study Methodology

The broad methodology followed for the assessment of VCF has been discussed in
the subsequent paragraphs.

An assessment of the existing and proposed land use distribution as per develop-
ment plan remarks and development control and promotion regulations (DCPR) was
conducted as per Development Plan 2012–32 incorporated for Nagpur Metropolitan
Region in January 2018. The said analysis was conducted for only the land parcels
falling within the jurisdiction of transit-oriented development (TOD) influence zone
(500 m on both sides of metro). The extents of the TOD influence area and special
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DCPR provisions for promoting densification of urban development along the corri-
dors were referred from the said DCPR, and the stipulations pertaining to FSI cap
based on plot size and road frontagewere considered to arrive at the total development
potential from land component of the TOD Influence area [3].

For consideration of understanding the supply–demand dynamics pertaining to
the TOD influence area, two scenarios were developed—one for estimating the total
development potential from the supply side, i.e., assessment of net built-up potential
as per the maximum FSI cap, applicable as per the sanctioned TOD Policy. The
second approach was a demand-side assessment which was based on projecting
achievable utilization of land for real estate development along the Metro Phase II
Corridors. The same was enumerated on the basis of Y-o-Y population projection
method, which was extrapolated to derive the net housing and relative commercial
demand. This two-way analysis approach provided a range of comparative analysis
between a net development potential within the metro corridors viz-a-viz a realistic
absorption scenario on the basis of Y-o-Y absorption projection.

In addition, a detailed corridor-wise market assessment was conducted to encap-
sulate prevalent real estate dynamics along the proposed phase II metro corridors.
A wide range of relevant asset classes were studied, such as residential, commer-
cial (including retail, commercial office, hospitality) which are potential avenues of
development that is touted to consume additional FSI. The market assessment exer-
cise ascertained a quantum (in terms of pricing and absorption trends) to the potential
demand that shall catalyze development/redevelopment along the corridors, and the
inputs received from the samewere incorporated to calculate the revenue contribution
from the stipulated TOD influence zone.

The assessment of development potential was undertaken across the following modules.

Real Estate Market Assessment Exercise
A detailed real estate market study has been undertaken for the relevant micro-
markets, to identify key growth vectors and prevalent market trends with respect
to residential and commercial (IT/ITeS, non-IT office, retail, hospitality, logistics)
segments. This market study formulates a basis for further analysis.

Assessment of Supply Potential and Estimation of Demand

Review of the TOD Policy and Subsequent DCPR to be Followed for the TOD
Influence Area of Nagpur Metro Phase II

A detailed review of current Nagpur Land Use and Development Control Regu-
lations for the proposed metro corridor was undertaken considering the following
parameters:

• On ground survey along the phase II corridors
• Desktop review of the latest sanctionedDP 2012–32 ofNagpurMetropolitanArea
• Review and incorporation of modifications in DP pertaining to change in land use
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• Review of the latest sanctioned DCPR for assessment of guidelines pertaining to
delineationofTODbuffer zone forNagpurMetroPhase IICorridors and eligibility
criteria of plots (complete or part thereof) which fall within the stipulated TOD
influence area for additional FSI

• Understanding the proposed land use across the phase II TOD influence and
scrutiny of other relevant development bye laws.

Estimation of Consumed FSI by Existing Buildings and Built Versus Vacant/Under-
Developed Analysis

A rough estimate of built versus vacant land parcels along the phase II of Nagpur
Metro was conducted to summarize the existing land utilization and to ascertain the
proportion of developed vis-à-vis vacant or under-developed properties.

• As a start point, a broad mapping exercise incorporating visual inspection of
existing buildings and structures falling within the TOD Corridor was conducted
for a broad estimation of typical number of floors, land area covered, and typical
height of buildings. This provides a rough estimation of existing FSI utilization
along the stipulated TOD corridors.

• The same was represented with an AutoCAD reconstruction of cadastre maps
of plots falling within the TOD influence area. Additionally, with an overlay of
satellite imagery on the reconstructed vectors, a rough estimation of vacant land
parcels was also accumulated. As an outcome, area statements for all the five
studied corridors were prepared enumerating the total land area under various
designated land uses and total area of vacant land parcels.

• Further, eligibility of the respective plots for applicability of maximum permis-
sible FSI (as per the TOD Policy) was derived through a sample-size analysis
considering blocks of 40–80 plots at a distance of every 100–200 m along each
corridor. The same also involved due consideration given to plotswhichwere land-
locked at the moment and therefore shall be subjected to a cutting of 30–35% land
area toward development of roads.

Projecting Potential for FSI Utilization
In continuation to above sections, a review of all the previous version and the latest

sanctioned TOD Notification for Nagpur Metro (Phase II) corridors was conducted.
Following were the key highlights:

• Reviewof the TODNotification enlists the FSI incentives that are extended toward
potential developments in the earmarkedTOD Influence area. The stipulated eligi-
bility criterions for applicability of the incentives, such as size of a plot, width
of the main access road, and tenement and population density, were also referred
from the latest notified document.

• The evaluation of existing FSI utilization was based upon the on-ground survey,
encompassing trends pertaining to existing demand and supply dynamics of
Nagpur city’s peri-urban fringes.

• Further, the said estimation of demand–supply gap, combinedwith summarization
of upcoming developments across various asset classes, verifies the projected FSI
utilization.
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Assessment of Revenue Contribution from TOD
Based on findings of the market assessment exercise, thorough review of the existing
and proposed land use plan and scrutiny of the Nagpur Metro TOD Notification,
an estimation of maximum realizable revenue was made considering the following
non-fare box avenues:

• Supply-Side Assessment: Total development potential on land parcels falling
within TOD Influence area, considering various revenue yielding asset classes
such as residential and commercial.

• Demand-Side Assessment: Projection of probable year-on-year demand trends
(across asset classes) considering a regression analysis of organic population
increment to be projected till 2048–49.

6 Nagpur TOD Policy

Nagpur TOD Policy was reviewed in the study for the assessment of VCF. The TOD
Policy was notified inMarch 2018 by Urban Development Department, Government
of Maharashtra. As per the notification, the definition of NMRC is stated as “It is the
area falling within 500 m distance on either side of the Nagpur Metro Rail measured
from its center line and also includes the area falling within 500 m distance from the
longitudinal end of the last Metro Railway Station as shown on development plan
[4].”

The salient features of TOD Policy has been discussed in subsequent paragraphs.

6.1 Maximum Permissible FSI

Themaximumpermissible total FSI inNMRC shall be 4.0 including the base permis-
sible FSI, subject to condition that the additional FSI over and above the base
permissible FSI shall be allowed within the overall limit of maximum permissible
FSI.

The maximum permissible FSI shall be determined by satisfaction of both the
criteria, viz minimum road width and plot area, simultaneously. The maximum
permissible FSI shall be calculated on the gross plot area.

6.2 Payable Premium

The premium toward availing additional FSI, in case of development/redevelopment
proposed in the NMRC, shall be decided on the basis of tenement density per hectare
of the gross plot area, which may be calculated as
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Minimum number of tenements = (Gross plot area)

× (maximum proposed FSI for residential use)

× (200 tenements per hectare)

The sale of additional FSI (within the NMRC Area) shall be permitted at a
premium chargeable as 30% of annual statement of rates (ASR) values for develop-
ments which meets the above stipulated tenement density. The same is chargeable
at 40% of ASR values for development which do not meet the stipulated tenement
density.

6.3 Permissibility of Mixed Use in NMRC

Mixed use in the form of residential and commercial may be permissible on the
residential plot in NMRC fronting on the road width of 12 m and above, and mixed
use on plot (s) in commercial zone in NMC area shall be permissible as per principal
DCR and the maximum permissible FSI under these regulations shall be allowed in
payment of premium.

7 Real Estate Market Study

A detailed real estate market study was undertaken for the relevant micro-markets,
to identify key growth vectors and prevalent market trends with respect to residential
and commercial (IT/ITeS, non-IT office, retail, hospitality, logistics) segments. This
market study formulated a basis for further analysis. Table 3 summarizes the real
estate scenario pertaining to all the corridors [3].

8 Revenue Assessment from VCF Sources

8.1 Premium on Sale of Additional FSI

Regulations and guidelines pertinent to the latest sanctioned TOD Policy and other
general by-laws, enumerated in the sanctioned DCPR (January 2018) of the Nagpur
Metropolitan Area were referred to for computation of premium FSI area, pertinent
to the NMRC/TOD Influence area of Metro Phase II corridors [5].

As per TOD Policy, the premium to be paid toward additional FSI was computed
on the basis of satisfaction of a minimum tenement density per hectare of gross plot
area.
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Table 3 Real estate scenario along Nagpur Metro Phase II corridors

Corridor Use Typical unit
sizes (in sq.
ft)

Total supply
(in sq. ft)/no.
of units

Avg. capital
price (in
INR/sq. ft)

Avg.
rental
price (in
INR/sq.
ft/month)

Automotive
Square–Kanhan
River

Residential 2 BHK:
883–1130

120 (approx.) 3200–4395
(resale)

–

3 BHK:
1062–1460

Commercial Carpet area
of 8000

28,000 sq. ft 5400–6050
(resale value)

58–72

Residential 2 BHK:
800–1000

98 3250–3400 –

Commercial 650–2250 20 5000 30

Residential 2 BHK:
850–900

300 2200–2285 –

3 BHK:
1350–1610
(duplex)

4 BHK: 2200
(duplex)

Lokmanya
Nagar–Hingna

Residential 2 BHK:
760–1092

600 (approx.) 3050–3650 –

3 BHK:
1143–1200

4 BHK:
1375–1500

Residential 2 BHK:
850–1200

550 3400–4200
(resale value)

–

3 BHK:
980–1290

Vasudev
Nagar–Dattawadi

Industrial 4000 Approximate
supply of
1.2 Mn sq. ft
of
warehousing
space

800–1050 12–14

8000

12,000

Residential 2 BHK:
850–1175

800 5400–6800 –

3 BHK:
1150–1375

Prajapati
Nagar–Transport
Nagar

Industrial 8000 140,000 sq. ft 1250–1500 8–12

12,000

20,000

Industrial 8000 0.8 Mn sq. ft 900–1250 9–10

(continued)
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Table 3 (continued)

Corridor Use Typical unit
sizes (in sq.
ft)

Total supply
(in sq. ft)/no.
of units

Avg. capital
price (in
INR/sq. ft)

Avg.
rental
price (in
INR/sq.
ft/month)

12,000

20,000

MIHAN to
MIDC ESR

Residential 1 BHK:
650–725
2 BHK:
950–1150
3 BHK:
1360–1700

Approx.
3000

3800–4180 –

Residential 1 BHK:
650–700
2 BHK:
850–1150
3 BHK:
1260–1650

Approx.
5000

2400–2800

Non-agricultural – – ~18.5–25 Mn
per acre

–

commercial 1250–4800 200 NA 45–60

Land 1–10 acres NA 950–1250 10

Industrial land 2000–40,000 NA 850–975 8

Industrial land 1–10 acres NA ~6.5–14.5 Mn
per acre

NA

Developments/Redevelopment projects that fulfill the above parameter are liable
to pay the premium at 30% of ASR value of the land. For projects which do not meet
the minimum density criterion, the premium is charged at 40% of ASR value of land.
For ease of computation, an average of the two figures, i.e., 35%, was assumed for
consideration in the study.

As per Government of Maharashtra G.R. dated January 30, 2014, only 50% of
the total revenue was accounted as revenue toward Phase II Metro Project.

8.2 Additional Surcharge on Property Transactions

The levy on property transactions is a standard share of the transaction/guideline
value, whichever is more. The same apply to the transactions arising out of
sale/purchase of transfer of land/property. The surcharge upon transactions of devel-
oped properties are charged at varying rates for different jurisdiction areas. In NMC
jurisdiction, a 7.5% surcharge is levied which includes a 1% additional surcharge
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Table 4 Collection of surcharge on property transactions in NMA

S. No. Year Surcharge received by NIT @0.50% of transaction value in NMA region (Rs.
in crore)

1 2012–13 5.42

2 2013–14 5.97

3 2014–15 7.24

4 2015–16 6.66

5 2016–17 6.88

directed toward Nagpur Metro. This 1% additional surcharge has been notified to be
levied in NMC area for phase I metro.

Nagpur Metro Phase II was touted for peripheral locations falling under the juris-
diction of NagpurMetropolitan Region Development Authority (NMRDA) and parts
of NMC/NIT. There was no notification for levying of additional 1% surcharge on
the properties beyond NMC area. In similar lines with phase I, an additional 1%
surcharge was proposed to be levied for Nagpur Metro Phase II also.

For the purpose of revenue assessment, the data of surcharge on property transac-
tions was collected from Nagpur Improvement Trust (NIT) for the past 5 years, i.e.,
2012–13 to 2016–17 (Table 4). To minimize the collection hurdles, it was proposed
that the surcharge should be applied on whole of Nagpur Metropolitan Area (NMA)
as done in Nagpur Municipal Area for Metro Phase I. It was also suggested that the
present rate of 0.5% surcharge on property transactions in NMA as detailed under
section 77 of NITAct, 1936, may be increased to 1% as adopted in the case of Nagpur
Metro Ph I [3].

It was observed that surcharge collection has grown at an average growth rate of
7% in past five years. To project the revenue collection, the growth rate has been
moderated to 5%. The estimated revenue from surcharge on property transactions
@1% is given in Table 5.

8.3 Increase in Development Charge

As per section 124B ofMaharashtra Regional and Town Planning Act, 1966, projects
involving development of land for residential or institutional use and also involving
building or construction operations shall imply development charge fee as follows
[6]:

• For land component—0.5% of rates of developed land as mentioned in the Stamp
Duty Reckoner.

• For the built-up component—2.0% of the rates of developed land mentioned in
the Stamp Duty Reckoner.



30 N. Sharma

Table 5 Revenue from
surcharge on property
transactions in NMA area

Year Revenue from 1% surcharge on property
transactions in NMA area (Rs. in crore)

2024–25 20.33

2025–26 21.35

2026–27 22.41

2027–28 23.53

2028–29 24.71

2029–30 25.95

2030–31 27.24

2031–32 28.61

2032–33 30.04

2033–34 31.54

2034–35 33.11

2035–36 34.77

2036–37 36.51

2037–38 38.33

2038–39 40.25

2039–40 42.26

2040–41 44.38

2041–42 46.60

2042–43 48.93

2043–44 51.37

2044–45 53.94

2045–46 56.64

2046–47 59.47

2047–48 62.44

2048–49 65.57

Total 970.28

For Nagpur Metro Phase I, it was notified that 100% increase in development
charge shall be levied and collected toward Nagpur Metro. In similar lines, it was
proposed to levy 100% increase in development charge for Nagpur Metro Phase II,
and the revenue so collected was accrued toward phase II metro.

9 VCF from Supply Side

The study of the supply-side dynamics included a comprehensive area assessment of
the total land area encompassed within the earmarked 500 m buffer of the phase II
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metro corridors. To initiate the study, desktop analysis of the proposed land use plan
of Nagpur Metropolitan Area and reconstruction of the proposed metro corridor on
AutoCAD was conducted. This enabled an estimation of the approximate land area
under the various land uses, which was further used to estimate the total built-up
potential of the corridor as per the maximum FSI cap established as per the TOD
Policy. A desktop analysis, combined with findings of the primary survey, was also
incorporated to determine a built vs. vacant areamatrix along the corridors to envisage
a green-field development potential on vacant plots in the stipulated area [3].

9.1 Built-Up Area Estimation and Land Supply

For the estimation of built-up area, base FSI as per DCR 2018 was taken as 1.1 for
residential and 1.25 for commercial. The estimation of built-up area along all the
corridors for the period up to 2048–49 is given in Table 6.

9.2 Revenue Assessment

To calculate revenues from additional surcharge on property transactions, the Annual
Statement of Rates (ASR) 2018–19 were referred pertaining to different locations
(Talukas, Villages) falling within the five respective TOD influence corridors to
assimilate a weighted average Ready Reckoner (RR) value. The weights were
assigned as per the percentage of each land use zoning within the corridor. For
example, if in a stretch of 1 ha, 50% area is residential, 35% is industrial and 15%
commercial, the respective weights for the RR values for residential properties were
adjusted within a sum of 50%. Similarly, for all the RR values for land with industrial
property, the respective weights were adjusted within a sum of 35%.

However, for consideration of ASR or RR values for computation of premium
toward additional purchasable FSI, only the ASR land values (for residential,
commercial, and industrial properties) were considered. Hence, for each stretch,
two sets of ASR weighted average values were deduced, one for computation of
additional surcharge on property transactions (land+ property) and other for compu-
tation of premium on additional FSI (land only—converted to non-agricultural use
(residential/commercial)).

Annual escalation of 2% on Ready Reckoner (ASR) values was assumed. The
Ready Reckoner values for each corridor are given in Table 7.

For estimation of revenue from sale of additional FSI, total built-up area potential
of residential and commercial for each corridor as estimated in Table 7 has been
taken. Then saleable built-up area has been assessed after deducting the base FSI
from total built-up area potential. The estimated saleable area has been distributed
in 25 year period. For calculating the premium, 35% of Ready Reckoner values was
taken as described in section 8.1 above. The year-wise revenue has been estimated by
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Table 7 Ready Reckoner values for each corridor

S. No. Corridor name RR value for additional
surcharge on property
transactions (INR/sq. m)
(2018)

RR value for premium on
additional FSI (INR/sq. m)
(2018)

1 Automotive
Square–Kanhan River

19,678 5010

2 Lokmanya
Nagar–Hingna

16,072 8016

3 Vasudev
Nagar–Dattawadi

11,261 7368

4 Prajapati
Nagar–Transport Nagar

12,354 7830

5 MIHAN–MIDC ESR 18,275 7025

multiplying the saleable area with premium. This calculation has been done for each
corridor separately to estimate the revenue from sale of additional FSI. The sample
calculation for one of the corridors is explained in Table 8. Similar calculations have
been done for other corridors and also for estimation of revenue from development
charge. The estimated revenue from additional surcharge on property transactions is
already presented in Table 5.

The total estimated revenues from sale of additional FSI, additional surcharge
on property transactions, and development charges for supply side during 25 year
period from 2024–25 to 2048–49 are given in Table 9.

10 VCF from Demand Side

10.1 Methodology for Estimation of Residential Demand

The estimation of real estate demand was established upon the population growth
trends of the city. TheY-o-Y incremental trend in populationfigureswas considered to
calculate the housing demand for the increased population. To calculate the number
of dwelling units required to accommodate the increased population, the Nagpur
district census data was referred to observe the number of households in 2011 viz-
a-viz the population of district at the time. An average household size of 4.47 has
been assumed to calculate the number of household units required to accommodate
the Y-O-Y increment in the population [3].

It was assumed that only a portion of the projected population in the analysis zones
shall be residing in the areas falling within 500 m buffer of the metro alignment.
Hence, a coefficient was assigned to total population along each corridor to calculate
a tentative requirement of housing within the 500 m buffer zone.
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Table 8 Revenue estimation from sale of additional FSI (Automotive Square–Kanhan River
Corridor)

Year Saleable area (sq. m) RR value
with 2%
escalation
(INR)

Premium
@35%
of RR

Revenue (area × premium) in Cr

Residential Commercial Residential Commercial Total

2024–25 39,437 24,977 5642 1975 7.79 4.93 12.72

2025–26 39,437 24,977 5755 2014 7.94 5.03 12.97

2026–27 39,437 24,977 5870 2055 8.10 5.13 13.23

2027–28 39,437 24,977 5987 2096 8.26 5.23 13.50

2028–29 39,437 24,977 6107 2138 8.43 5.34 13.77

2029–30 28,169 17,841 6229 2180 6.14 3.89 10.03

2030–31 28,169 17,841 6354 2224 6.26 3.97 10.23

2031–32 28,169 17,841 6481 2268 6.39 4.05 10.44

2032–33 28,169 17,841 6611 2314 6.52 4.13 10.65

2033–34 28,169 17,841 6743 2360 6.65 4.21 10.86

2034–35 16,901 10,704 6878 2407 4.07 2.58 6.65

2035–36 16,901 10,704 7015 2455 4.15 2.63 6.78

2036–37 16,901 10,704 7156 2504 4.23 2.68 6.91

2037–38 16,901 10,704 7299 2555 4.32 2.73 7.05

2038–39 16,901 10,704 7445 2606 4.40 2.79 7.19

2039–40 14,085 8920 7593 2658 3.74 2.37 6.11

2040–41 14,085 8920 7745 2711 3.82 2.42 6.24

2041–42 14,085 8920 7900 2765 3.89 2.47 6.36

2042–43 14,085 8920 8058 2820 3.97 2.52 6.49

2043–44 14,085 8920 8219 2877 4.05 2.57 6.62

2044–45 14,085 8920 8384 2934 4.13 2.62 6.75

2045–46 14,085 8920 8552 2993 4.22 2.67 6.89

2046–47 14,085 8920 8723 3053 4.30 2.72 7.02

2047–48 14,085 8920 8897 3114 4.39 2.78 7.16

2048–49 14,085 8920 9075 3176 4.47 2.83 7.31

Total 563,383 356,812 134.50 85.08 219.58

As per DPR of NagpurMetro Ph II, the population was projected in the study area
for 2021, 2031 and 2041 with growth rates of 1.4%, 1.2%, and 1.1%, respectively.
The study area was divided in traffic analysis zones, and population projection had
been done for each zone. Using the same growth rate for all influence areas in
different horizon years, population has been projected for TOD influence areas of all
five corridors in 2021, 2031, and 2041. From the decadal growth rates, compounded
annual growth rate (CAGR) has been derived to project the Y-o-Y population from
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Table 9 Supply-side revenue estimation (2024–2048) (INR in crore)

S. No. Corridor Sale of additional
FSI

1% surcharge on
property
transactions in
NMA

Increase in
development charge

1 Automotive
Square– Kanhan
River

219.58 970.28 21.95

2 Lokmanya
Nagar–Hingna

197.0 21.00

3 Vasudev
Nagar–Dattawadi

14.40 1.35

4 Prajapati
Nagar–Transport
Nagar

246.38 26.03

5 MIHAN–MIDC
ESR

474.05 60.72

Total revenue 1151.41 970.28 131.05

Revenue share to
Maha Metro

575.70a 970.28 131.05

a50% of revenue from sale of additional FSI and 100% of revenue from 1% surcharge on property
transactions and development charges will accrue to Maha Metro

base year of 2018 to horizon year of 2048–49. Based on CAGR, the net population
for influence area of five corridors are projected in Table 10.

The dwelling units’ requirement was estimated by dividing the population with
the assumed average household size. To assume an average size of dwelling unit,
a weighted average of typical DU size (based upon primary market research) is
established at 84.10 m2.

Table 10 Influence area-wise population projection

Corridor 2021 2031 2041

Automotive Square–Kanhan River 45,581 56,546 69,552

Lokmanya Nagar–Hingna 11,331 14,385 18,045

Vasudev Nagar–Dattawadi 9954 12,639 15,526

Prajapati Nagar–Transport Nagar 16,629 20,868 24,568

MIHAN–MIDC ESR 8234 12,598 16,836
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10.2 Methodology for Estimation of Commercial Demand

For calculation of commercial demand, a model based on per capita commercial
absorption coefficient of six major tier I cities of India, namely Mumbai, Delhi,
Kolkata, Chennai, Bengaluru, and Hyderabad, was developed. A coefficient of 0.7
was achieved by assigning due weights to the coefficient of these cities depending
upon their respective size and scale in comparison with Nagpur. Assuming that
Nagpur is a tier II city, only 20% of the achieved per capita commercial demand
coefficient was considered, i.e., 0.14 m2 per person.

10.3 Corridor-Wise Estimation of Residential
and Commercial Demand

Based on the typical dwelling size assumed, the residential built-up area requirement
was calculated by direct multiplication with the annual additional housing require-
ment (no. of dwelling units). Similarly, commercial built-up area requirement was
also calculated. The net weighted average eligible FSI for the corridor as assumed
while assessing the supply-side dynamics was retained for the demand estimation.

The total land area demand and net built-up area requirement till 2048–49 for
residential and commercial development on all corridors are presented in Tables 11
and 12, respectively.

Table 11 Land and built-up area requirement for residential development

S. No. Corridor Average weighted
premium FSI

Land area demand
in 2048–49 (sq. m)

Built-up area
required in 2048–49
(sq. m)

1 Automotive
Square–Kanhan
River

3.04 209,185 636,876

2 Lokmanya
Nagar–Hingna

2.69 66,188 177,911

3 Vasudev
Nagar–Dattawadi

3.2 44,916 143,758

4 Prajapati
Nagar–Transport
Nagar

3.05 63,692 194,261

5 MIHAN–MIDC
ESR

3.20 69,068 220,676
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Table 12 Land and built-up area requirement for commercial development

S. No. Corridor Average weighted
premium FSI

Land area demand
in 2048–49 (sq. m)

Built-up area
required in 2048–49
(sq. m)

1 Automotive
Square–Kanhan
River

3.04 72,108 219,537

2 Lokmanya
Nagar–Hingna

2.69 20,526 55,174

3 Vasudev
Nagar–Dattawadi

3.2 14,944 47,829

4 Prajapati
Nagar–Transport
Nagar

3.05 16,153 49,266

5 MIHAN–MIDC
ESR

3.20 68,711 219,537

10.4 Revenue Assessment

For computation of revenue from demand side, the assumptions relating to the
weighted average value of Annual Statement of Rates/Ready Reckoner were same
as those adopted while computing the revenues from supply side. The total estimated
revenues from sale of additional FSI, additional surcharge on property transactions,
and development charges for demand side during 25 year period from 2024–25 to
2048–49 are given in Table 13.

It was observed that demand for absorbing the market is only 35% of the supply.
Since demand-side estimation was a more realistic approach as compared to supply
side, the revenues estimated from demand side were considered in the study. The
total estimated revenue from all the three identified VCF sources worked out to be
Rs. 1215 crore. The breakup of year-wise revenue is given in Table 14.

11 Estimation of Revenue from Property Development

Property development was also added as a part of VCF to further enhance the share
of non-fare box revenue. Total 17 land parcels were identified by Maha Metro along
Phase I corridors for property development. The expected revenue from the property
development of Phase I will accrue to Maha Metro by the time Phase II becomes
operational. Accordingly, expected revenue from property development of Phase I
was taken as a part of non-fare box revenue of Phase II. Overall revenue potential
from property development was estimated with a cumulative area of 428,201 m2 [3].

The overall development suitability of each site was examined with respect to its
location setting, land use pattern, and catchment potential. The revenue estimation
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Table 13 Demand-side revenue estimation (2024–2048) (INR in crore)

S. No. Corridor Sale of additional
FSI

1% surcharge on
property
transactions in
NMA

Increase in
development charge

1 Automotive
Square–Kanhan
River

140.51 970.28 13.88

2 Lokmanya
Nagar–Hingna

56.77 6.14

3 Vasudev
Nagar–Dattawadi

47.60 4.55

4 Prajapati
Nagar–Transport
Nagar

62.16 6.11

5 MIHAN–MIDC
ESR

101.35 9.88

Total revenue 408.39 970.28 40.53

Revenue share to
Maha Metro

204.26a 970.28 40.53

a50% of revenue from sale of additional FSI and 100% of revenue from 1% surcharge on property
transactions and development charges will accrue to Maha Metro

was based on the prevailing annual statement of rates applicable to NIT to arrive at
a base revenue expectation.

The available and potential built-up area (BUA) was computed at each site on
the basis of applicable DCR norms. An indicative site development suitability was
worked out, in order to comprehend the (1) development timeframe; (2) develop-
ment phasing; and (3) phasing pattern, in terms of number of phases. The areas and
development phasing of all identified land parcels are presented in Table 15. The
likely revenue estimation from the identified land parcels over a horizon period of
next 25–30 years is presented in Table 16.

12 Financial Analysis

The estimated revenue from VCF sources including premium on additional FSI,
surcharge on property transactions, and development charge for 25 year period came
out to be Rs. 1215 crore as given in Table 14, and revenue from property development
worked out to be Rs. 5880 crore as per Table 16. The total revenue fromVCF sources
including property development for the period of 25 years worked out to be Rs.
7096 crore. In addition, revenue from advertisement had also been estimated in the
DPR study [3].
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Table 14 Year-wise breakup of revenue from VCF sources

Year Revenue (Rs. in crores)

Premium on additional
FSI

1% surcharge on
property transactions in
NMA

Increase in
development charge

Total

2024–25 4.20 20.33 0.83 25.36

2025–26 5.48 21.35 1.08 27.91

2026–27 5.76 22.41 1.14 29.31

2027–28 6.05 23.53 1.20 30.78

2028–29 6.36 24.71 1.26 32.32

2029–30 6.69 25.95 1.32 33.95

2030–31 7.03 27.24 1.39 35.66

2031–32 7.40 28.61 1.46 37.46

2032–33 6.34 30.04 1.26 37.64

2033–34 6.61 31.54 1.31 39.46

2034–35 6.90 33.11 1.37 41.39

2035–36 7.20 34.77 1.43 43.4

2036–37 7.51 36.51 1.49 45.51

2037–38 7.84 38.33 1.56 47.73

2038–39 8.18 40.25 1.62 50.05

2039–40 8.53 42.26 1.70 52.49

2040–41 8.90 44.38 1.77 55.05

2041–42 9.29 46.60 1.85 57.73

2042–43 9.75 48.93 1.94 60.61

2043–44 10.18 51.37 2.02 63.58

2044–45 10.63 53.94 2.11 66.68

2045–46 11.10 56.64 2.21 69.94

2046–47 11.59 59.47 2.30 73.36

2047–48 12.10 62.44 2.40 76.95

2048–49 12.64 65.57 2.51 80.71

Total 204.26 970.28 40.53 1215.03

Financial analysis was done to see the improvement in FIRR due to revenue from
VCF. For the purpose of financial analysis, apart from VCF project completion cost
estimated in the DPR study was taken. Also operation and maintenance cost and fare
box revenue estimated for 25 year period were used. The FIRR calculated without
using revenue from VCF was 3.78% but after adding VCF sources, FIRR came out
to be 8.23%. The calculation of FIRR for both the scenarios is presented in Tables 17
and 18.
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Table 16 Estimated revenue
from property development

Year Potential revenue (INR crore)

2020 372.88

2021 0

2022 0

2023 129.12

2024 0

2025 0

2026 601.03

2027 156.95

2028 0

2029 265.05

2030 232.94

2031 342.36

2032 75.76

2033 86.93

2034 396.32

2035 559.23

2036 100.63

2037 458.79

2038 0

2039 116.49

2040 0

2041 567.82

2042 0

2043 0

2044 657.32

2045 0

2046 0

2047 760.93

Total 5880.55

13 Conclusion

The present study showcased that how the non-fare box revenue generated from
VCF sources could help in the improvement of FIRR. The significant improvement
in FIRR (from 3.78 to 8.23%) has been observed after using the VCF revenue in
financial analysis. The project proved to be financially viable with this improved
FIRR. It can be concluded from the present study that Value Capture Financing
may be used to a great extent for generating the non-fare revenue which can be
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utilized for financing the project and becoming the project financially viable. VCF
proved to be an innovative financing tool for urban rail transit projects. There is a
huge potential that exists for a VCF based funding opportunity in India and other
emerging nations and cities. If it can be tapped with a strategic approach from the
planning to implementation, the cities involved will have significant development
benefits. It is also equally important to select the appropriate VCF sources that can
be implemented easily to raise the finances of the project.
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Analysis of the Key Determinants
of Electric Two-Wheeler Use
in the Indian Context

Mallikarjun Patil and Bandhan Bandhu Mujumdar

1 Introduction

India has observed rapid urbanization in recent decades, and the urban population in
India has increased from 28% in 2001 to 31.7% in 2011. The number of urban areas
in India increased by 44.5% between 2001 (6498) and 2011 (9391) and expected to
reach 60% by 2050 [1]. Having more than 50 cities with a population greater than 10
lakhs and 40 crores urban residents, these numbers are anticipated to double by the
year 2050 [2]. A surge in urban population is due to the intense economic activities
in and around the urban centers, and subsequently, these activities are associated
with the considerable travel demand. As a result of the increased travel demand, the
ownership of motorized vehicles in India has increased from 0.3 million in 1951
to 142 million in 2011 [3]; most of these vehicles are observed to be operating on
the urban streets. The continuous operation of this significant number of vehicles
is responsible for the increase in harmful Green House Gas (GHG) emissions. The
increase in GHG emission levels leads to the deterioration of air quality, and the
ill effects of the deteriorated air quality are mainly experienced among the urban
residents in the form of various health disorders. Added to the poor air quality, these
huge numbers of vehicles operating on a limited road space available affect the
quality of travel with frequent congestion, leading to lower commuter productivity
and the increase in the accident rates.

The restrictions to the use of motorized vehicles would be a possible solution to
the problem of negative externalities of motorised vehicle use on the environment.
However, the sudden prohibition of motorised vehicles, on the other hand, may have
the adverse impact on the economy. Therefore, a well phased policy directives are

M. Patil · B. B. Mujumdar (B)
Department of Civil Engineering, BITS Pilani, Hyderabad, India
e-mail: majumdar@hyderabad.bits-pilani.ac.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
A. K. Maurya et al. (eds.), Proceedings of the Fifth International Conference of
Transportation Research Group of India, Lecture Notes in Civil Engineering 219,
https://doi.org/10.1007/978-981-16-8259-9_3

47

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-8259-9_3&domain=pdf
mailto:majumdar@hyderabad.bits-pilani.ac.in
https://doi.org/10.1007/978-981-16-8259-9_3


48 M. Patil and B. B. Mujumdar

essential to gradually phase out the replacement of motorized vehicles with the envi-
ronment friendly and sustainable vehicles. The replacement has to be planned in a
phasedmanner. Initially, the vehicleswith higher emission rates should be replacedon
priority, as different vehicles emit a different amount of harmful compounds respon-
sible for the degradation of air quality. For example, trucks and lorries contribute
about 28.8% CO2, 39% NOx, 27.3% SO2, and 25% PM, which constitute 25% of
the total vehicular emission of India. Similarly, two-wheelers constitute a significant
source of CO (23.7%), CH4 (46.4%), and HC (64.2%), and buses are emitting NOx

(30.7%) and PM (20.5%) [4]. Added to the pollution effect, the usage and avail-
ability of crude oils are critical issues that need immediate attention from the global
community, as per the statistics available on crude oil, under the current consumption
rate the crude oil is available for the next 53.3 years only [5].

Considering the above-discussed negative externalities, shifting the transportation
sector gradually from crude oil to alternate energy sources is essential. Among the
various alternative energy sources, electrical energy seems promising due to its easier
availability than remaining alternative energy sources. Hence, shifting to electric
mode from motorized mode can be considered one of the critical solutions for the
energy crisis in the coming decades.

If we consider the mode-specific distribution of the vehicle users among all types
of vehicles, two-wheelers are very popular among low- and middle-income Indian
user groups. The popularity is due to the lower purchase cost compared to the other
personal modes. The two-wheelers are broadly classified into two types—namely,
motorcycle and bicycle. The motorcycle is the motorized mode, which uses petrol
as a fuel. In contrast, the bicycle is a non-motorized mode, assisted by the pedaling
mechanism. As per the general observations, it is observed that the proportions of
bicycle users are lower than compared tomotorcycle users, indicating the user’s lower
willingness for pedaling. Hence, it can be anticipated that if the cycling mechanism
is made easier by providing additional assistance, then the share of bicycle users
might increase. Because, as discussed earlier, the replacement of motorized modes
with non-motorized modes can be considered a sustainable solution. Conversely, the
reduction in bicycle usage is mainly associated with the increase in the usage of
motorcycles. Statistics indicate that the total number of registered vehicles in India
increased at a compound annual growth rate (CAGR) of 9.9% between 2001 and
2011. In particular, the number of motorcycles has increased at a rate of 12% per
year during the last two decades [6]. Hence, the concern on the degradation of the air
quality can be minimized to some extent, at least if the motorcycles are replaced with
electric motorcycles. Apart from the electric motorcycles, the promotion of electric
bicycles is also necessary to improve the share of bicycle mode by capturing the
potential users who are willing to bicycle with reduced efforts. Thus increasing the
overall share of non-motorized two-wheelers. Hence, both the objectives of reducing
the pollution from motorcycles and reducing the effort for bicycling can be achieved
by shifting to electric motorcycles and electric bicycles.

Suitable investigations on intentions to use electric two-wheelers could improve
the overall quality of urban life. In this regard, theGovernment of India is aggressively
pursuing the strategy to introduce electric vehicles, including electric two-wheelers.
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Faster Adoption and Manufacture of Hybrid and Electric vehicles (FAME) is intro-
duced to promote the manufacture and use of electric vehicles. In FAME policy,
incentives are provided for both manufacturer and user. For manufacturers, it is
intended to manufacture electric vehicles with desired performance characteristics,
and for the users, the incentives are provided to encourage shifting from motorized
to electric mode. According to the phase-II of FAME policy, which is effective from
1st April 2019 to a period of next three years, it is intended to provide an incentive
of 20,000 INR for 10 lakh registered electric two-wheelers, with a battery capacity
of 2KWH which accounts for nearly 2000 crores INR for a span of 3 years [7].

Apart from the policies and decisions of the government, planning for the promo-
tion of electric vehicles as competitive modes of motorized vehicles may have a
larger social and environmental impact, especially in urban centers. Hence, there is
a necessity to concentrate on the studies related to assessing the consensus on how
and under what conditions one may shift from motorized mode to electric mode.
Several studies have investigated the modal shift characteristics of motorized car
users, but studies specific to electric two-wheelers are limited. Hence, this research
was aimed to identify the important attributes that would influence two-wheeler users
to shift from motorized to electric mode. In this study, electric two-wheelers were
classified into Electric Bicycles (EB) and Electric Motorcycles (EM). The classifi-
cation considers the differences in operational characteristics of EB and EM. In this
study, the following broad research objectives were set. Firstly, identify key attributes
influencing electric two-wheelers in the Indian context based on a sound literature
review. Secondly, prioritize the identified determinants using AHP methodology,
an advanced Multi-Criteria Decision-Making (MCDM) approach. In order to iden-
tify the various attributes associated with the electric two-wheelers use, a detailed
literature review is taken up and is discussed in the following section.

2 Literature Review

The existing literature was revived to find the attributes related to with the use of
electric two-wheelers. The list of the attributes identified from the literature has
been presented in Table 1. The attributes were further examined, and only those
determined to be appropriate for this study were selected for further analysis. In
addition to the attributes, a set of significant motivators and deterrents for the use of
electric two-wheelers were identified and are presented in Table 2.

From the literature review, it was observed that there are various aspects of studies
available on electric two-wheelers. However, there are no studies available that have
specifically concentrated on identifying the key attributes of electric two-wheeler
use. The key attributes will be helpful for identification of important attributes that
have maximum influence on the electric two-wheeler use. As there are no studies
available to identify the key attributes, this study has been conducted to identify the
key attributes of electric two-wheeler users, specifically in the Indian context.
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Table 1 Attributes identified from the literature review

Authors The attributes considered in the study

Simsekoglu and Klöckner [8] Perceived benefits: Mobility benefits, symbolic benefits, health,
and other benefits

Zhu et al. [9] Socioeconomic information: Age, gender, living time in
Macau, monthly income, educational level, number of family
persons, motorcycle number
Environmental issues: Air pollution, noise issue, potential
pollution from motorcycle
Knowledge of EM: Environment benefits, low charges cost,
high price, poor battery lifetime, immature technology, high
safety, low maintenance cost
Buying EM: Sale price, charging fee, repair fee, battery lifetime
and cost, battery endurance, tax incentives

Elliot et al. [10] E two-wheeler use: Age, gender, income, bike use, car use,
fitness

Lin et al. [11] Trip purpose: Commute, pick up children, leisure, visit friends,
go to school, go to metro, go shopping, business
Previous modes: Bicycle, bus, walking, motorcycle, metro,
private car, taxi, coach, tricycle
Reason for E-bike use: Effort saving, timesaving, low-cost
operation, high accessibility, timesaving, environment-friendly,
low purchase cost, health
Attitudes for E-bike adoption: Sense of freedom, practical
usage, relaxing, greener, fashion, part of your community

Fyhri et al. [12] Psychological: Intentions, attitudes, personal and social norms,
and habit
Barriers: Not good enough cycling infrastructure; it feels
unsafe; (the possibility of) bad weather; too physically
demanding; steep hills; need to bring children or goods; need to
use the car for work; does not want to sweat/there is no shower
at work; no safe parking options; poor health
Behavioral: Timesaving, comfort, low risk of accidents, gives
the right image, gives the freedom, mentally relaxing, monetary
savings, and improves fitness

Kroesen [13] Sociodemographic and household characteristics: Gender,
age, level of education, primary occupation, household income,
license ownership, residential density, number of household
members
Vehicle ownership: E-bike ownership, bicycle ownership, car
ownership. Travel behavior: E-bike use, bicycle use, car use
(driver), car use (passenger), public transport use
Exogenous: Gender, age, level of education, primary education,
net household income, license ownership, residential density,
number of household members
Endogenous: Distance traveled by, vehicle ownership
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Table 2 Motivators and
deterrents of electric
two-wheeler use

E-Bicycle E-Motorcycle

Motivators Deterrents Motivators Deterrents

Health
benefits

Higher
purchase cost

Health
benefits

Higher
purchase cost

Ease of
operation

Attitude toward
bicycle users

Ease of
operation

Attitude toward
bicycle users

Higher speed Charging
infrastructure

Higher speed Charging
infrastructure

Long range Safety of
bicycles

Long range Safety of
bicycles

The attributes related to electric two-wheelers identified from the literature review
were finalized in relevance to the Indian context and were divided into different cate-
gories. Because of the difference in operational and functional characteristics, there
is a slight difference among the classification of attributes considered under electric
motorcycles and electric bicycles. Therefore, the attributes related to electric bicy-
cles have been classified under six categories. At the same time, attributes related
to electric motorcycles have been classified under seven different categories. The
only difference between classifications of attributes is the inclusion of the environ-
ment category under electric motorcycle. Because it is a well-known thing that as
the bicycle is a nonpolluting vehicle and doesn’t have the least effect on the envi-
ronment. Hence, the attributes under the environment category are considered only
for electric motorcycles. The attributes and classification under electric bicycle and
electric motorcycle are presented in Tables 3 and 4.

Table 3 List of attributes

Category Attributes

Economic related (i) Purchase cost (ii) Operation cost (iii) Maintenance cost (iv)
Resale value (v) Monetary savings

Vehicular related (i) Top speed (ii) Range (iii) Acceleration (iv) Weight (v)
Passenger and the cargo carrying (vi) Ease of pedaling

Environmental related (i) Tailpipe emission (ii) Total production emission (iii) Noise
pollution

Battery related (i) Battery life (ii) Battery endurance rating (iii) Battery
recycling (iv) Charging duration

User related (i) Safety (ii) Health benefits (iii) Ride quality (iv) Mentally
relaxing (v) Operating environment

Transport infrastructure related (i) Width of the carriageway (ii) Gradient of the carriageway
(iii) Carriageway condition (iv) Intersection type (v) Charging
infrastructure

Commute quality related (i) Flexibility (ii) Travel time reliability (iii) Social aspects (iv)
Cost compared to other alternatives (v) Style



52 M. Patil and B. B. Mujumdar

Table 4 Description of the scale

Scale 1 3 5 7 9

Description Equally
important

Moderately
important

Strongly
important

Very strongly
important

Extremely
important

3 Prioritization of Attributes

The attributes identified from the literature review were evaluated for their relevance
to study. In this regard, a total of 32 attributes identified from the literature reviewwere
divided into different categories, and the Multi Criteria Decision Making (MCDM)
techniques was applied to prioritize the attributes within each category. It was consid-
ered that these attributeswould influence the perception of users toward using electric
two-wheelers. The next step in the study was to prioritize the attributes among their
respective categories to identify the most influential attribute that would motivate the
users to shift toward electric mode. The methodology adopted in the prioritization
of attributes was classified into three stages. Namely, attributes identification, data
collection, and analysis using appropriateMulti-Criteria Decision-Making (MCDM)
technique for prioritizing the attributes. Analytical Hierarchy Process (AHP), an
extensively used MCDM technique, was adopted for prioritizing the attributes. AHP
is a pairwise comparison method, which can be employed for deriving the relative
weights of a set of attributes. The following section briefly presents the data collection
process followed by AHP and interpretation of results.

3.1 Data Collection

In this study, experts’ perception surveywas conductedwith a questionnaire designed
on a pairwise comparison framework. The perceptions were then evaluated with
the Analytical Hierarchy Process (AHP). For effective policymaking, the inputs
from the experts could be instrumental, as they would be better equipped to under-
stand the needs of electric mobility, which is still a relatively new mode in India.
Experts were identified from different fields of transportation; experts were identi-
fied as academicians, researchers, and Industry personals. An AHP questionnaire
comprising different sets of pairwise comparisons of attributes presented to the
experts, Saaty’s scale, was used to design the questionnaires. A standard Saaty’s
scale of {1, 3, 5, 7, and 9} was used for the study. Table 4 describes the values
adopted from Saaty’s scale.

The questionnaire was sent through E-mail to 20 identified experts from the trans-
portation field; the sample size limited numbers for avoiding the complexity in the
analysis. As per Cheng and Li [14], the AHP method might be impractical for a
survey with a large sample. AHP analysis with a large sample size may lead to high
degrees of inconsistency [15]. Hence, in this regard, the sample size in this study was
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Fig. 1 Control hierarchy: pairwise comparison framework

limited to 20 numbers. Among those 20 experts, only 15 experts responded, some of
the responses were received back through E-mails, and the remaining responses were
collected through personal discussions. The responses from those 15 experts were
used for AHP analysis. A detailed explanation regarding AHP analytical steps is
discussed in the subsequent section. As per the standard procedure of the AHP anal-
ysis, the collected responses were checked for consistency. It was found that among
those 15 responses, only 11 responses were found to be consistent. The consistent
responses were identified from the CR value. As per AHP analysis, if the CR ≤ 0.1,
then the responses are considered consistent. As a further step, only those consis-
tent responses were used to calculate the final relative weights of the attributes. The
total responses were reduced to 3 from Academicians, 4 from researchers, and 4
from Industry personals. Figure 1 represents the distribution of the final accepted
responses from different experts.

3.2 Analytical Hierarchy Process (AHP) Analysis

The data are analyzed based on the opinions collected in a pairwise comparison
framework, using Analytical Hierarchy Process (AHP), a widely used MCMD tech-
nique. AHP can accommodate both qualitative and quantitativemeasures on the same
platform. The other main advantage of AHP is that it can check the consistency of the
responder. AHP is used in most studies, which involves decision-making to decide
the best among the various alternatives available. AHP is one of the widely MCDM
techniques in a wide range of the fields. For example, Patil et al. [16] applied AHP to
analyze the experts’ perceptions. Similarly, AHP was applied to find the best alter-
nate route in terms of the least-cost path in Thailand [17]. Similarly, AHP was used
in finding the best alternative fuel available for land transport vehicles in Singapore
[18]. Hence, by referring to those previous studies and assessing the suitability for
this study, the AHPmethodwas finalized. For details on AHP analysis, onemay refer
to Saaty [19]. The stepwise analysis adopted for calculating the relative weights of
attributes is discussed in the subsequent section. The consolidated response matrix



54 M. Patil and B. B. Mujumdar

was created by calculating the geometric mean of all individual responses. As per,
the geometric mean of individual opinions is calculated and entered in the final judg-
mental matrix to determine the relative weights of the attributes. A brief description
of the analytical steps followed to calculate the relative weights of the attributes is
as follow:

The normalized matrix for the consolidated matrix was created to calculate the
Eigenvectors; it is shown as a control hierarchy in Fig. 1, representing the pairwise
comparison of attributes.

1. The pairwise comparison framework is presented in the form of a matrix. The
matrix was normalized by dividing the cell value by the column total.

2. The normalizedmatrix wasmultiplied with it to get an almost equal Eigenvector
in two consecutive iterations.

3. Principal Eigenvalue (λmax), Consistent ratio (CR), and Consistency index (CI)
were calculated.

4. CR measures the consistency of the response. As per Saaty [19], the CR value
should always be less than 0.1 (0 ≤ CR ≤ 0.1). Otherwise, the analysis should
be repeated by excluding the inconsistent individual responses.

5. The final Eigenvectors of each criterion are multiplied with the respective
Eigenvectors to get the final weights.

6. After getting the final weights, the analysis is continued for the remaining
clusters.

7. The final priority order of attributes in each cluster is obtained by arranging the
attributes in a descending order based on the relative weights.

3.3 Results

Prioritization is a method of identifying the most important attribute; in this study,
the attributes related to Electric two-wheeler use are prioritized based on the relative
weights obtained from the AHP analysis. Thus, the most important attribute is the
one with the highest relative weight under their respective categories. However, as
AHP is a survey-based technique, the consistency of the ranks provided by respon-
dents needs to be thoroughly examined, as the responses might vary over time.
Hence, in the following section, a consistency check of the ranks is presented. The
priority order of attributes, along with the relative weights obtained, are presented in
Table 5.

4 Consistency Test

In order to validate the results, a consistency testwas carried out. Checking the consis-
tency of the weights of attributes obtained from 11 experts is important to verify if the
attributes were ranked consistently. The nonparametric repeated measures ANOVA
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Table 5 Relative weights of attributes

Category E-Bicycle E-Motorcycle

Attribute Weights Order Attribute Weights Order

Economy Purchase cost 32 1

Purchase cost 53 1 Monetary
savings

22 2

Maintenance
cost

23 2 Operation cost 18 3

Resale value 24 3 Maintenance
cost

15 4

Resale value 13 5

Vehicle Top speed 20 1 Range 28 1

Range 23 2 Cargo carrying 25 2

Weight 13 3 Weight 18 3

Cargo carrying 9 4 Top speed 16 4

Ease of
pedaling

35 5 Acceleration 13 5

Environment Tailpipe
emission

60 1

Production
emission

25 2

Noise
pollution

15 3

Battery Battery life 36 1 Battery life 36 1

Endurance
rating

20 2 Charging
duration

23 2

Battery
recycling

20 3 Endurance
rating

20 3

Charging
duration

23 4 Battery
recycling

20 4

User Safety 27 1 Safety 27 1

Health benefits 26 2 Health benefits 26 2

Ride quality 20 3 Ride quality 20 3

Mentally
relaxing

15 4 Mentally
relaxing

15 4

Operating
environment

12 5 Operating
environment

12 5

Infrastructure Width of
carriageway

18 1 Charging
infrastructure

31 1

Gradient of
carriageway

17 2 Intersection
type

21 2

(continued)
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Table 5 (continued)

Category E-Bicycle E-Motorcycle

Attribute Weights Order Attribute Weights Order

Carriageway
condition

17 3 Width of
carriageway

18 3

Intersection
type

20 4 Carriageway
condition

17 4

Charging
infrastructure

29 5 Gradient of
carriageway

13 5

Commute quality Flexibility 16 1 Travel time
reliability

33 1

Travel time
reliability

30 2 Social aspects 19 2

Social aspects 22 3 Flexibility 17 3

Cost compared
to other

14 4 Style 17 4

Style 16 5 Cost compared
to other

14 5

test called the Friedman test was used to verify the consistency. Friedman test is based
on the method of rank-transformation, in which the inputs are substituted in terms
of ranks instead of the absolute values. These Friedman tests do not require that the
distributions are normal, but these tests assume that the data points are not dependent
on each other and that each group has approximately the same variance. Therefore,
instead of assessing the difference of means across groups, this test will calculate
the differences in median values across the groups. They have been provided with
tables for finding out the distribution [20]. Based on the above-explained points, the
Friedman test was carried out to check the consistency of theweights of the attributes.
The results obtained from the Friedman test are discussed in the subsequent section.

4.1 Friedman Test

In this stage of the study, the ranks as provided by the experts are compared for
assessment of consistency across ranks. If the ranks across experts are consistent,
that would indicate that these derived ranks can be generalized and can be used for
further policymaking. As both AHP is a survey-based technique, the consistency of
the expert responses needs to be assessed as the responses might vary temporally.
Hence, a comparison of rankings across experts is conducted through a consistency
check among the responses. Friedman test was used to compare the derived ranks
across the expert responses performed on rank-transformed data. The null hypothesis
in this test states that “There are no statistically significant differences between
the ranks for different attributes as perceived by the experts” was tested at a 5%
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Table 6 Friedman test results

Category χ2 value Q-value P-value Remarks

Economy 3.9 2.6 0.01 The null hypothesis cannot be rejected

Vehicle 3.9 1.4 0.01 The null hypothesis cannot be rejected

Environment 3.9 0.8 0.01 The null hypothesis cannot be rejected

Battery 3.9 1.7 0.01 The null hypothesis cannot be rejected

User 3.9 3.5 0.05 The null hypothesis cannot be rejected

Infrastructure 3.9 1.8 0.01 The null hypothesis cannot be rejected

Commute quality 3.9 1.5 0.01 The null hypothesis cannot be rejected

χ2: Chi-square value for (n − k) degrees of freedom (n: number of attributes, k number of
respondents); Q-value: Friedman test statistic; P-value: level of significance

significance level. If the groups have a difference of opinions, then it is understood
that the obtained results would not reflect the true priority order of the attributes
derived from the AHP and ANP techniques. Table 6 presents the Friedman test
result.

Results in Table 6 indicate that all estimated Friedman test statistic for every
attribute cluster is associated with a p-value less than 0.05. This result indicates that
there is no statistically significant difference among ranks as perceived by experts,
or the ranking is consistent among transportation experts. This result strengthens the
future application of the derived rankings for policy development and future analysis
purpose.

5 Discussions

The aim of the study was to identify the most important attributes related to the user
perception of electric two-wheeler use; the importance of attributes was decided
based on the relative weights obtained from the AHP analysis. Based on the results
obtained, the following conclusions can be drawn.

The results from this study suggest that purchase cost is found to be an important
economic-related attribute, indicating the importance of minimizing the purchase
cost associated with the purchase cost of electric two-wheelers, from the market
analysis, it is found that the cost of electric two-wheelers is higher than compared
to that of the conventional two-wheelers. Therefore, this factor might be one of
the important issues that the manufacturers must address immediately to reduce the
purchase cost of electric two-wheelers to make it a viable alternative for the users.

The findings of this study suggest that the Ease of pedaling for electric bicycles
and cargo carrying capacity for electric motorcycles is found to be the important
vehicular-related attributes. However, the importance of cargo carrying capacity of
an electric motorcycle seems to be surprising, as it was not expected among the
vehicular-related category, it is likely that the reason might be the lack of confidence
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among the user toward the performance of electric motorcycles, the users might
get clarity only when they start to use the electric motorcycle. If the cargo carrying
capacity is acceptable for the user, it might increase electric motorcycle ownership
among the users.

As anticipated, the absence of Tailpipe emission for electric motorcycles is a posi-
tive influencing factor for the users to shift toward the electric motorcycle to mitigate
the environmental concerns regarding the deteriorating air quality in major cities and
towns with high-motorized traffic. Among battery related, it is not surprising that
battery life is found to be the most important attribute, in a positive note, even the
manufacturers of electric vehicles are seriously working toward the enhancement
of the performance of the battery in terms of increasing the life of a battery that
could encourage the users to believe in the electric two-wheelers. As the battery is
an important component of an electric two-wheeler, an increase in battery life would
minimize the variable cost associated with electric wheelers and positively influence
the increase in electric two-wheelers. Similarly, the findings from this study high-
light the importance of the Safety factor, the concerns regarding the safety of the
user during the operation of the electric two-wheeler. Hence, the traffic controlling
authorities must primarily concentrate on framing effective regulations regarding the
safety of the slow-moving electric two-wheeler users.

The government and the local administration authorities must concentrate on
improving the charging infrastructures that could facilitate the users to charge the
battery of the vehicles at public places such as shopping areas and busy commercial
localities. Even we firmly believe that the success of the policies framed to focus
on increasing the electric two-wheeler ownership will depend upon the availability
of charging infrastructures at the required locations. Proper investigations will be
helpful to locate the critical locations required for the improvement in charging
infrastructures. Finally, Travel time reliability is found to be the most important
attribute among the commute quality-related attributes.

6 Conclusions

This study has contributed significantly toward the identification of key attributes
related to the use and purchase intention of the users related to the electric two-
wheelers, it can be suggested that to frame the policies effectively, the policymakers
must consider the issues related to the above-identified key attributes. If the poli-
cies are framed effectively, then it can be anticipated that at least some portion of
the conventional two-wheeler users might be shifted to electric two-wheelers. As
mentioned earlier, this study was limited to the identification and prioritization of
the attributes. Based on these prioritized attributes, further studies related to themode
choice analysis of conventional users will be carried out by collecting the perceptions
of the actual two-wheeler users. A full-scale user-related study will be carried out
across different cities in India to study the extent of influence of key attributes toward
the users to shift their mode of travel to the electric two-wheeler. Based on the user
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perception, relevant choice models will be developed, which would help to estimate
the possible mode shift of the conventional two-wheeler users.
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Speed and Headway Behaviour
of Motorcycles on an Exclusive
Motorcycle Lane

Nischal Gupta, Ch. Ravi Sekhar, and A. U. Ravi Shankar

1 Introduction

Two-wheelers generally offer flexible personal mobility with greater accessibility on
the roads. In most of the South-Asian countries including India, the proportion of
Motorized Two-Wheeler (MTW) is very high. The two-wheeler population in India
is more than 70% as of 2017 [11]. Several second order cities in India suffer from
a high degree of congestion problems at intersections due to the high composition
of motorcycles. One can argue that the MTWs are an important transport mode for
a large proportion of people in Indian cities who lack access to good quality public
transport options, but the serious challenges of safety concerns and dependence on
personalmotorised vehicles that they give rise to, cannot be ignored. India records the
maximum number of deaths from two-wheeler accidents in the world [6]. In 2016,
34% of total road accidents in India involved two-wheelers which are the highest for
any vehicle category [11].

Since, the nature of traffic in India is highly heterogeneous without any lane
discipline, different categories of vehicles share the same road space and thus conflicts
are bound to increase. MTWs with their freedom to manoeuver in between gaps of
other vehicles pose a threat not only to other vehicles but also to the two-wheeler
riders thusmaking themmore vulnerable to accidents. One possible solution to better
manage the motorcycle traffic is to provide a separate lane and segregate them from
the rest of the traffic stream. Segregation of these vulnerable road users can help
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reduce conflicts. Few South-Asian countries like Malaysia, Taiwan and Thailand
have implemented separate lanes for motorcycles. These are referred to as Exclusive
Motorcycle Lane (MC lane). India is yet to explore the benefits of such facilities.

One can find immense literature that discusses the fundamental speed-flow-
density relationships, capacity and level of service for traffic and pedestrian flows
[7–9, 12]. Very few studies are available in the literature that discusses the speed-
flow-density relations, headway, capacity and level of service of MC lanes. In order
to better understand the motorcycle traffic operations, Minh et al. [10] collected and
analysed the motorcycle speed, headway and traffic flow data along with the road
geometrics data at four different sites in the city of Hanoi, Vietnam. Out of these
four sites, two sites were having exclusive motorcycle flow while the other two sites
were having mixed traffic with non-motorised and four-wheel vehicles. The average
speed of motorcycle on a 3.7 m wide of homogeneous motorcycle traffic lane was
found to be 32.5 km/h, with a standard deviation (SD) of 5.5 km/h. On an undivided
and mixed traffic roadway of 5.54 m width, the average speed of the motorcycle
is 21.3 km/h with a SD of 5.1 km/h. On a 3.27 m wide undivided roadway with
mixed traffic, the average motorcycle speed was found to be 22.8 km/h with a SD of
4.6 km/h. In the same study, the average headway for all locations was found to be
1.16 s. The headway ranged from 0.34 and 4.31 s with a standard deviation of 0.65 s.
Das and Maurya [4] studied about staggering behaviour of two-wheelers in mixed
traffic condition on six lane divided urban roads in India.

In the present study, an attempt is made to study the traffic characteristics on an
exclusive MC lane. The major objective of the present study is to investigate the
speed and headway behaviour of MTWs on an exclusive MC lane. The speed and
headway behaviour of MTWs are studied before and after segregation of MTWs.

2 Study Area and Data Collection

For the purpose of the present study, an urban arterial corridor on VIP road, Vadodara
with high MTW proportion is selected. A study section between Manisha Circle and
Akshar Chowk in Vadodara, Gujarat is identified for data collection. This study
section is a 6-lane divided road with paved shoulders. The identified 100 m section
is free from any interference or influence from intersections, pedestrian crossings,
turns, street roads, gap in the median, etc. The data are collected and extracted for
three different scenarios. The scenario where there is no separate motorcycle lane
present (no segregation of traffic) is referred to as BAU scenario. On the same road,
once the segregation of MTWs is done there will be two different types of lanes. One
will be a separate lane for the exclusive use of MTWs and it is referred to as the MC
lane scenario. The remaining carriageway will be used by other vehicle categories
and this is referred to as the Mixed Vehicle lane or MV lane.

For the BAU scenario, the data is collected for a total of five hours (three hours in
themorning and two hours in the evening). The carriagewaywidth in this case (BAU)
is 10.5 m with 3.5 m paved shoulder. Thereafter, a 3.5 m wide lane is physically
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a) Before Segregation (BAU Scenario) b) After Segregation (MC lane and MV lane)

Fig. 1 Traffic data collection for different scenarios on VIP Road, Vadodara

separated from the rest of the carriageway using traffic barriers. The total length
of the segregated carriageway is 100 m. Thus, the carriageway width for MV lane
is now reduced to 10.5 m with obstruction on both the sides (median on one side
and barricades on the other). The MTW users were requested to make use of the
motorcycle (MC) lane instead of the MV lane. Traffic operations have been carried
out with the help of traffic police personnel. The Motorcyclists were requested to
segregate about 100 m before the start of segregation so that they have ample time
to separate from the stream without any effect on their behaviour. After segregation
of the MTWs, the video graphic data is collected for 2 h only. Figure 1 shows the
site under the BAU scenario and MC lane scenario.

Vehicle categories with similar characteristics are clubbed together and a total
of 8 different categories of vehicles are identified. These include small car (stan-
dard car), big car (SUV, MUV, etc.), Heavy Commercial Vehicle (HCV), Light
Commercial Vehicle (LCV), Bus,MTWs (Scooter, Motorcycle, Moped, Scooty such
as Activa), Three wheelers and Non-Motorized Traffic (NMT). The category wise
vehicle composition is given in Fig. 2. It is observed from the figure that the composi-
tion of 2 W is 60% which is more predominant than the other categories of vehicles.
The composition of car traffic is 27% which includes big and small car.

3 Speed Behaviour of Motorised Two-Wheelers

The video data collected for the BAU scenario and MC lane is utilised to extract the
speed distributions of MTWs before and after their segregation. For this, the trap
length method is used where a 30 m longitudinal trap is physically marked on the
study road section with a cloth tape. The speed is determined by dividing the trap
length by the time taken by the vehicle to traverse the trap. To get the timestamp of
entry and exit of each vehicle more accurately, a software developed [3] during the
Indo-Highway Capacity Manual study (Indo-HCM 2017) is used which gives the
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(a) BAU Scenario (b) MV Lane
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Fig. 2 Average traffic composition on VIP Road, Vadodara

time of entry and exit in seconds up to 5 decimal places. The summary of the speed
data for the various scenarios is given in Table 1.

The speed distribution ofMTWs under the three different scenarios is represented
in Fig. 3. The median speed (50th percentile) ofMTWs before any segregation (BAU
scenario) is about 41 km/h which reduces to 36.4 km/h in MV lane after segregation.
This is essentially due to the reduced width of the carriageway. The median speed in
MC lane (3.5 mwide) is 30 km/h. Similarly, the operating speed (85th percentile) for
BAU scenario, MV lane and MC lane is 51 km/h, 43 km/h and 36 km/h respectively.

Suitable probability distributions are fitted to the speed data obtained from the
field. Six distributions namelyNormal, Log-Normal, Logistic, Log-Logistic, Gamma
and Log-Gamma distributions are considered. The goodness of fit of each proba-
bility distribution is assessed based on the Chi-Square statistic method. The results
are summarised in Table 2 and it can be noted that the speeds of MTWs follow
Log-Gamma distribution (α = 352.7 and β = 0.01) under the BAU scenario. After
segregation, the speed of MTWs on the MC lane follows normal distribution (μ =
5.81 and σ = 30.83) and Log-Gamma distribution (α = 365.15 and β = 0.01) on
MV lane. The best-fitted distribution for each scenario is presented in Fig. 4. The
basic functions of Log-Gamma and Normal distributions are represented in Eqs. (1)
and (2) respectively.

Table 1 Summary of MTW speed data

Scenario Average MC volume
(mc/h)

Observed speed (km/h)

Minimum Maximum Mean Standard deviation

BAU 1774 25.4 100 42.22 8.79

MV Lane 1202 21.2 60 37.13 7.3

MC Lane 807 15 77 30.83 5.81
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Fig. 3 Speed distribution of MTW under different scenarios

Table 2 Results of probability distributions fitted to MTW speed data

S. No. Name of distribution χ2 Statistic

BAU MV Lane MC Lane

1 Gamma 22.2 9.8 142.5

2 Log-Gamma 7.9 3.0 183.9

3 Logistic 38.4 8.6 102.9

4 Log-Logistic 14.1 3.8 114.1

5 Normal 47.3 9.9 87.2

6 Log-Normal 8.6 5.7 162.9

Probability Density function of Log-Gamma Distribution

f (x) = (ln(x))α−1

xβα�(α)
exp

(
− ln(x)

β

)
(1)

where x is the random variable has the Log-Gamma distribution (�) with positive
scale parameter α and positive shape parameter β.

Probability Density function of Normal Distribution

f (x) =
exp

(
− 1

2

( x−μ

σ

)2)
σ
√
2π

(2)

where x is the randomvariable has the normal distributionwithmean (μ) and variance
σ 2.
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a) BAU Scenario (Log-Gamma) 

b) MV Lane (Log-Gamma) 

c) MC Lane (Normal) 
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Fig. 4 Best fit distributions to MTW speed for various scenarios
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It was observed from the fitted probability distributions characteristics that during
BAU scenario the variability in speeds of motorised two-wheelers is more. The
probability distribution profile is skewed towards larger speeds. Whereas, MTW
speed distribution on MC lane follows the symmetric distribution and most of the
MTWs follow less than 30 km/h speed on the MC lane. The reduction in speed of
the MTW in MC lane leads to a reduction in risk of accidents on this corridor.

4 Headway Behaviour of MTW

To understand the two-wheeler driver behaviour during mixed traffic conditions and
homogeneous condition (MC lane), this study considers the headway distribution of
two-wheelers. This parameter is useful in comparing the driver behaviour on theBAU
scenario as well as for MC lane scenario. Further, this will be useful in formulating
a suitable policy for MC lane in the future. The time headway data of MTWs before
and after segregation is extracted from the field data. For this, the time of arrival
of MTW on a predetermined point in the video is noted down for every successive
MTW. The time headway is then determined by subtracting the consecutive arrival
times. The summary of the headway data is presented in Table 3. Figure 5 shows the
headway frequency distribution of MTWs for the three scenarios.

Seven different probability distributions namely Gamma, log-gamma, logistic,
log-logistic, normal, log-normal and exponential distributions are considered to fit
the field headway data and the best-fitted distribution for each scenario is presented
in Fig. 6. The best fit distributions are recommended based on the chi-square method.
Table 4 gives a summary of the Chi-square test statistic used to estimate the good-
ness of fit for each distribution. It is concluded that the time headway data follow
Log-logistic distribution (with parameters α = 1.54 and β = 1.1) before segregation
of motorcycles but follows log-normal distribution (μ = 0.83 and σ = 1.16) after
segregation onMV lane. OnMC lane also, the headway follows log-normal distribu-
tion (μ = 0.68 and σ = 1.05). The basic functions of Log-Logistic and Log-normal
distributions are represented in Eqs. (3) and (4) respectively.

Table 3 Summary of headway data under various scenarios

S. No. Property Scenario

BAU MV Lane MC Lane

1 Sample size 856 188 341

2 Mean (s) 1.99 4.39 3.44

3 Median (s) 1.21 2.05 1.7

4 Mode (s) 0 1.57 0.53

5 Range (s) 22.51 29.75 24.75

6 Standard deviation (s) 2.397 5.55 4.38
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Probability Density function of Log-Logistic Distribution

f (x) = α

β

(
x

β

)α−1(
1 +

(
x

β

)α)−2

(3)

Probability Density function of Log-Normal Distribution

f (x) =
exp

(
− 1

2

( ln x−μ

σ

)2)
xσ

√
2π

(4)

4.1 Statistical Validation

In order to test whether there is any significant difference in the time headway of
MTWs before and after segregation, statistical validation has been done using the
t-test. The time headway of MTWs on BAU is compared statistically with that on
MV lane and MC lane. Before carrying out the t-test, F-test is done to determine
whether there is any significant difference in the variance of the data set. Both the
statistical tests have been carried out at 5% level of significance. The summary of
the results of the F-test and t-test has been presented in Table 5.

From the results ofF-test, it can be concluded that there is no significant difference
between the variance of the time headway of MTWs before and after segregation.
Thus, t-test assuming equal variances has been carried out to test whether there is any
significant difference in mean of time headway of MTWs. Since the t-critical value
in both the cases is less than the absolute value of t-stat, it can be concluded that there
is a significant difference in the meantime headway values ofMTWs before and after
segregation (on BAU andMV lane). Once segregated, the MTWs on a homogeneous
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a) BAU Scenario (Log-Logistic)

b) MV Lane (Log-Normal)

c) MC Lane (Log- Normal)
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Table 4 Results of probability distributions fitted to MTW time headway data

S. No. Name of distribution Chi-square statistic

BAU Scenario MV Lane MC Lane

1 Gamma 48.1 42.9 86.24

2 Logistic 177.5 45.4 109.9

3 Log-Logistic 27.5 7.14 15.3

4 Normal 218.3 39.4 131.6

5 Lognormal 82.1 2.9 11.5

6 Exponential 31.2 23.5 48.5

Table 5 Summary of statistical tests

Comparison F-stat F-critical t-stat t-critical

BAU versus MV lane 0.187 0.834 −9.32 1.96

BAU versus MC lane 0.299 0.864 −7.35 1.96

lane (MC lane) also exhibit significantly different time headway than in the mixed
lane (BAU scenario).

The capacity is estimated for both the study sections under various scenarios using
Greenshields model [5]. The capacity is estimated in the units of PCU/h where PCU
stands for Passenger Car Units. The PCU for each category of vehicle is estimated
using Eq. (5) [2].

PCU = Vc/Vi

Ac/Ai
(5)

where Vc and Vi are the mean speeds for cars and ith type vehicle, respectively, in the
traffic stream; and Ac and Ai are their respective projected rectangular areas (length
× width) on the road. The projected rectangular areas are taken from the Indian
Highway Capacity Manual [1]. Since, the traffic is heterogeneous in India; weighted
space mean speed as given by Eq. (6) is used to determine the stream speed.

Vm =
∑k

i=1 nivi∑k
i=1 ni

(6)

where k= total number of vehicle categories present in the stream, Vm =mean stream
speed (km/h), vi = speed of ith vehicle of category (km/h), and ni = total number
of vehicles of category i. The results of the capacity estimation are summarised in
Table 1.
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5 Conclusions

The objective of this paperwas to study the speed and headway behaviour ofmotorcy-
cles on an exclusive motorcycle lane. For this, the urban arterial corridor in Vadodara
city was considered and video graphic data was collected and the traffic volume data,
speed and headway of two-wheeler traffic were extracted. The behaviour of speed
and headway of motorcycles on Business-as-Usual (BAU) scenario and exclusive
motorcycle lane has been studied. Further, the mathematical distribution of speed
and headwaywas fitted and the best fit distributionwas recommended. The following
conclusions are drawn from the study.

• The average speed of the motorised two-wheeler (MTW) during BAU scenario
is about 42 km/h whereas MTW speed is reduced to 31 km/h on MC lane after
separation of two-wheelers. This speed reduction can be due to reduction in width
of lane and did not get chance to overtake in 100 m segregated length.

• The speed of motorised two-wheeler on the MC lane follows normal distribution
whereas BAU scenario the motorcycle speed distribution follows Log-Gamma
distribution. This emphasises that the motorised two-wheeler speeds are highly
skewed towards larger speeds when there is no exclusive lane this may lead
to higher accident rates when MTW composition is predominant on the traffic
stream.

• The headway data follows Log-Logistic distribution before segregation but
follows Log-normal distribution on exclusive motorcycle lane.

• The mean headway of MTWs in MC lane is about 3.4 s which is higher than in
BAU scenario. This is because the MTWs in MC lane feel restricted to overtake
and hence prevented diamond skewing.

• There is a significant difference in the time headway ofMTWs before segregation
and after segregation. Also, the time headway of MTWs on a homogeneous lane
varies significantly than on a mixed lane.

Acknowledgements Authors are very grateful to the Prof. Satish Chandra, Director CSIR-Central
Road Research Institute for allowing us to publish this paper.
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Performance Evaluation
and Enhancement of Unsignalized
Intersection Using Microsimulation
in VISSIM

Suman Ganguly, Mokaddes Ali Ahmed, and Manish Dutta

1 Introduction

In developing countries like India, Bangladesh, and Sri Lanka, traffic flow is consid-
ered as mixed. This traffic consists of motorized as well as non-motorized vehicles
with different static and dynamic characteristics [1]. Another characteristic of this
traffic is poor lane discipline which results in evasive movements of vehicles, espe-
cially near intersections.Moreover, the number of vehicles are also increasing day by
day with the rapid urbanization, which altogether creates severe congestion on roads
and highways. This congestion would deteriorate the level of service of the traffic
facilities and increase vehicular emissions. The road transportation sector became a
major contributor to CO, NOx, and VOC emissions [2]. Thus, to serve the increasing
demand for traffic, either new facilities should be provided, or existing facilities
should be improved. A proper understanding of traffic behavior is necessary before
implementing any decision in the field, as it is an expensive process.Microsimulation
is a cost-effective tool that provides the user with an understanding of traffic flow
and behavior and is suitable to model heterogeneous traffic [3].

Performance evaluation of intersections is necessary to find out the loopholes in
any road network system. Intersections are very much affected due to the hetero-
geneity of traffic observed in developing countries. This heterogeneity can nega-
tively impact the LOS and automobile emissions. Thus, performance evaluation of
an unsignalized intersection is necessary for a better understanding of the situation.
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In the last decade, microsimulation package VISSIM has gained popularity due to
its multimodal characteristics and widespread applications. VISSIM is a microsim-
ulation software based on Wiedemann (1974 and 1999) car-following model devel-
oped in Germany. It has default driving behavior parameter values based on studies
conducted in Europe and several other developed countries. These parameter values
need to be adjusted for heterogeneous traffic which exists in developing countries;
i.e., calibration is needed before using the model for performance evaluation.

The primary object of this study is to develop a simulation model in VISSIM for
unsignalized T-intersections using a suitable methodology relevant for heterogenous
mixed traffic. The other objectives include performance evaluation and enhancement
of the intersection by the use of the developed simulationmodel. This study considers
LOS and vehicular emission as performance measure criterion.

2 Literature Survey

Various studies have been done to model the heterogeneous traffic at signalized
intersections. Mathew and Radhakrishnan [3] first attempted to calibrate the model
in Indian heterogeneous non-lane-based traffic conditions. This study choses stopped
delay as a measure of effectiveness. Before calibration of the model, the parameters
affecting the output in a significant way have to be found out. Sensitivity analysis was
performed to find out those parameters. Mathew and Radhakrishnan used ANOVA
as a tool to perform sensitivity analysis. Parameter calibration was done by optimiza-
tion technique with the automation method. In a study conducted by Siddharth and
Ramadurai [4], flowwas taken as themeasure of effectiveness. A corridorwas chosen
to perform the study. A two-level sensitivity analysis was conducted. Latin hyper-
cube sampling technique was used for performing sensitivity analysis. One hundred
fifty sample sets of 11 parameters were generated, and ANOVAwas done to perform
first-level sensitivity analysis. Second-level sensitivity analysis was done using a
quasi-optimized trajectory in the EE method with the samples that were previously
not sensitive. Parameter optimization was done with the use of GA. Manjunatha
et al. [5] performed a multilevel sensitivity analysis where the relationship between
sensitive parameters was also found out. Control delay was the measure of effective-
ness. Local and global calibration methodologies were attempted. In Boltze et al. [6],
VISSIM was calibrated using the driving behavior of different vehicle classes sepa-
rately. Calibration was performed for the mid-block section and signalized intersec-
tion by taking travel time as the measure of effectiveness. Separate regression equa-
tions were developed for both cases. Single as well as multiple criteria optimizations
was performed using GA.

Yun and Ji [7] analyzed stop sign and yield sign intersections in VISSIM. An
unsignalized intersection was considered as the study area. It compared the effects
of the two-way stop-controlled intersection, all-way stop-controlled intersection, and
yield-controlled intersection. This study showed that priority rules are very impor-
tant to model yield controlled intersection. Finally, warrants had been imposed on the
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intersection. Paul and Pitale [8] compared the capacity of an unsignalized intersection
to a signalized intersection. Unsignalized T-intersection was taken as the study area.
HCS 2000 software was used for capacity analysis. A signal system was planned
for the intersection using Webster method, and capacity was found to be greater
in a signalized intersection. Vajeeran and De-Silva [9] analyzed delay at signalized
intersections using VISSIM in Sri Lanka. The main objective of their study was to
find out the causes of delay and subsequently find ways for improvement. Model
calibration was done using the trial-and-error process. This study recommended new
signal timing and phasing plans for the intersection to decrease the delay. It was found
from the study that combining measures like new signal phase and timing plan, lane
width increment decreases the delay and increases the capacity of the intersection
by a reasonable amount. Dutta and Ahmed [10] calibrated the VISSIM model for
unsignalized intersections in Indian conditions. This study took three three-legged
junctions as the study area. The measure of effectiveness of this study was flow and
occupancy time. One of the main aspects of this study was to set up the priority
rules for unsignalized intersections in mixed traffic. A trial-and-error approach was
used for calibration purposes. Local and global calibration was performed, and it
was satisfactory in both cases for the three intersections. Paul et al. proposed (2017)
[11] a calibration methodology to model unsignalized intersections under hetero-
geneous traffic conditions in VISSIM. 85th percentile accepted gap time was taken
as a performance measure criterion. Morris sensitivity analysis was used to find the
calibration parameters, and optimization was done by using genetic algorithm.

It can be concluded from the past studies that most of the works concentrated
on developing simulated models for signalized intersections and arterial roads in
heterogeneous traffic. Also, there is less work that directly addressed the perfor-
mance assessment and improvement of unsignalized intersections. Thus, this study
focuses on developing a suitable calibration methodology focusing on unsignalized
intersection using VISSIM and measure the performance of the intersection.

3 Methodology

The methodology adopted in this study includes certain distinct features like
conducting traffic survey, vehicular, and geometric representation of intersection
into the simulation model, setting up priority rules, identifying calibration param-
eters using sensitivity analysis followed by optimizing the calibrated parameters.
Validation is the last step of modeling. To verify the need for calibration, the first
step is to determine the average delay faced by the vehicles to cross the intersection in
the field and compare itwith the average delay obtained from simulation. If the error is
significant, which usually is the case, there is a need for calibration. After calibration,
the next step is to apply the model to evaluate the performance of the intersection.
Lastly, the application of traffic management measures to enhance performance (if
needed) has to be done. The methodology is explained in the following steps:
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3.1 Data Requirements

The data required for developing simulation model consist of traffic flow, intersec-
tion geometry, lane widths, desired speed data, traffic composition, and field delay at
intersections. Field delay refers to the delay faced by the vehicles to clear the inter-
section area. It is calculated by the difference in travel time for a vehicle crossing the
intersection in peak hour and non-peak hours.

3.2 Vehicle and Intersection Geometry Representation

Simulation models have some standard types of vehicles by default which does not
realistically represent the vehicles of mixed traffic. In the first step, it is required to
represent the motorized and non-motorized vehicles according to its length, width,
and desired speed distribution. The second aspect is to represent the geometry of the
network defined by the number of lanes, width of lanes, flared section area of the
intersection. The third aspect is the priority rules setup. This representation includes
headway and minimum gap time selection, which depends on the specific case study
intersection.

3.3 Traffic Representation

Traffic behavior observed in real time cannot be represented in simulation accurately
with default settings. This phase includes the identification of certain local traffic
characteristics based on case study and tuning of some parameters so that simulated
traffic behaves like real-world traffic. Though it is not possible to exactly match the
simulation traffic behavior to real-world traffic behavior, one can try to bring them
as close as possible.

3.4 Simulation with Default Parameters

VISSIM runs with default parameters, and average stream delay is obtained. If
the error between field and simulated value is significant, then there is a need for
calibration; otherwise, the model can be used in its default state.
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3.5 Sensitivity Analysis

The identification of sensitive parameters is the next step after assessing the need for
calibration. It is done by conducting an analysis of variance with average delay as
the measure of sensitivity. Parameters chosen for sensitivity analysis are identified
by the previous studies [3, 4]. Chosen parameter values are increased one by one to
10% or 20% with all other parameter values fixed to its default value, and its effect
in output is observed by performing analysis of variance (ANOVA).

3.6 Latin Hypercube Sampling and Multiple Linear
Regression

Sensitive parameters identified in the last step need to be calibrated, so that simulated
delay matches with field delay. To serve this purpose, Latin hypercube sampling is
used. This Latin hypercube sampling technique reduces the combination of param-
eters to a reasonable limit. Possible combinations of parameters are given input to
the model one by one, and the output value is recorded. Then, at last, regression
equations may be developed by taking sensitive driving behavior parameters as the
independent variable and desired output as the dependent variable. A total of 100
parameter value sets are generated, and multiple runs are being conducted for every
set to reduce the error.

3.7 Model Optimization by Genetic Algorithm

Optimization using genetic algorithm is the last step of the calibration of the model.
Regression equations that are developed will be given input to the genetic algorithm
solver with appropriate parameter bounds. GA is based on Darwin’s theory of evolu-
tion. It works on the principle of survival of the fittest. Basic operators of GA are
natural selection, cross-over, and mutation. The objective function of optimization is
represented in a way that the absolute difference between field and simulated delay
becomes minimum with mean absolute percentage error (MAPE) less than 15%, as
mentioned by Dowling et al. [12]. The formulation of the objective function is given
as

Minimize εabs =
n∑

i=1

∣∣di
s − di

f

∣∣

Subjected to, α
j
Min ≤ α ≤ α

j
Max ∀ j (1)
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where

di
s Average stream delay obtained from the simulated model for ith

intersection
di
f Average stream delay obtained in the field for ith intersection

α
j
min, α

j
max are the lower and upper bounds of the jth parameter αj.

n number of intersection consideration for study.

3.8 Validation

A new traffic dataset should be used to check the flexibility and robustness of the
model. If using different data, absolute error between field and simulated delay
remains within limits, then the model can be used conveniently.

3.9 Performance Evaluation

After successful calibration and validation, the model can be considered to suffi-
ciently replicate the field conditions. Performance is measured in terms of level of
service of the intersection and quantity of vehicular emission near intersection. Level
of service and quantity of vehicular emission near intersection can be found out from
node evaluation result in VISSIM.

4 Study Area, Data Collection, and Analysis

Unsignalized T-intersection is selected for this study in urban area from the city of
Silchar, Assam in India. Silchar city is considered to be an important city in north-
eastern India after Guwahati. Urban areas in Silchar city have dense traffic compo-
sition, and due to this, frequent traffic jams occur, which create significant problems
for road users. Thus, this study focused on an urban intersection in Silchar. Intersec-
tion location is shown in Fig. 1 on Google map. A video-graphic survey has been
conducted for peak as well as non-peak hours. Traffic inflow, mode-distribution of
vehicles have been obtained from video-graphic surveys. Desired speed distribution
has also been calculated with the use of a radar gun.

4.1 Data Extraction

Extracted data consist of traffic volume, proportion of turning traffic, desired speed
distribution of vehicles, length and width of vehicles, etc., which are given in Table 1.
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Fig. 1 Study area

Table 1 Vehicle composition, geometry, desired speed distribution

Vehicle type Length (m) Width (m) Desired speed
(km/h)
85th percentile
(major and minor
road)

Vehicle composition (%)

Major Minor

Heavy vehicle 8.65 2.34 40 – 0.62

Car 3.98 1.97 42 25 13.43

Auto-rickshaw 2.94 1.32 43 27 16.37

Motorcycle 1.90 0.85 43 27 47.20

Rickshaw 2.52 1.22 – – 13.09

Bicycle 1.93 0.63 – – 9.48

Flow (veh/h) 4326
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Table 2 15 min flow count in peak-hour period in vehicles per hour

Movements 0–15 min 15–30 min 30–45 min 45–60 min

A–B 1776 2120 1660 2208

B–A 1372 1676 2408 1720

A–C 68 96 104 92

B–C 96 148 256 160

C–A 120 148 144 180

C–B 180 184 216 172

Traffic volumes of all vehicle classes, proportion of turning traffic have been counted
manually from the videography and are given in Table 2. Average delay faced by the
vehicles to clear the intersection has been taken as the measure of effectiveness. This
average delay is the difference in travel time to clear the intersection area in peak and
non-peak hours. Asmanually counting, the travel time of individual vehicles for each
stream for an hour is time-consuming; only, critical movements are considered here,
like right turning movement from major to minor road and two movements from
minor to major road. These three movements are non-priority movements in the
traffic stream and are supposed to face maximum delay. Travel time of each critical
movement in a traffic stream has been calculated manually by placing markers on
the video screen of the intersection area and running the video frame by frame with
the use of media player classic software. The time gap between the front bumpers
of any vehicle enters the intersection area and the rear bumper of that vehicle leaves
the intersection area is considered as the travel time of that vehicle in a particular
direction. Intersection entry and exit areas are marked on the video screen. Average
travel times have been calculated for each 15 min count in an hour for peak as
well as non-peak period for those three critical movements (non-priority), as shown
in Table 3. This average travel time of individual stream movements (non-priority
movements) is calculated by taking a sample size of 20 vehicles, and the mode split
is taken as obtained from the field data. Deduction of average travel times (15 min
count) of peak and non-peak hours for a particular non-priority movement gives the
average field delay for that movement. Finally, average stream delay considering all
non-priority movements (15 min count) has been obtained by taking the weighted
average of field delay of those three non-priority movements. This process has been
followed for each 15 min interval within an hour, and values are shown in Table 4.

4.2 Development of VISSIM Model

The factors to be considered for developing an intersection model in VISSIM
are vehicle representation, geometric representation, priority rule setup, and traffic
representation.
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Table 4 Average field delay
(s) of the non-priority turning
streams at 15 min interval

0–15 min 15–30 min 30–45 min 45–60 min

10.12 17.56 10.43 21.13

Vehicle and geometry representation. Table 1 shows the static and dynamic varia-
tion of the vehicles present in this study. Non-motorized vehicles like cycle-rickshaw,
bicycles are not available in VISSIM by default. Thus, those have been modeled
according to their static and dynamic characteristics. VISSIM also requires desired
speed distribution of different vehicle categories. Desired speed distribution values
have been inserted in VISSIM in the form of the speed-cumulative frequency of each
vehicle class. VISSIM has the google earth view by default which makes it possible
to find out the location of the intersections. A preliminary network has been set up
using links and connectors according to the number of lanes and width of each lane.
The study intersection has a four-lane divided major road with each lane having
3.5 m width, and minor road is two-lane having both-way traffic, each lane having
2.5 m width. Right turning radius from major to minor road is measured as 20.5 m,
right turning radius fromminor to major road is measured as 19.5 m, and left turning
radius from minor to major road is measured as 13 m. Virtual lanes are created using
links as described in the study by Mathew and Radhakrishnan [3].

Priority rule configuration. Due to the absence of stop signs or yield signs in
heterogeneous traffic, vehicles do not stop before entering an intersection, or vehi-
cles wait after entering the intersection area, which cannot be modeled by using
conflict area alone. Conflict area can represent the traffic which is properly regu-
lated and disciplined. Priority rules consist of two markers, green and red [13]. Red
markers have been placed in the lanes, which have to wait before passing. Green
markers are conflicting markers. Priority rules have been set depending upon the
relative importance of the movements. Through movement has given priority over-
turningmovement and right turningmovement from themajor road has given priority
over minor road right turn movement. Priority rules have been set in terms of two
parameters: (1) minimum gap time (2) minimum headway.

Traffic representation. Heterogeneous traffic has been represented in VISSIM by
applying certain changes to the model [5]. Allowing smooth close-up behavior, free
lane selection in case of lane change, allowing advanced merging, allowing diamond
queuing, the desired position of vehicle in any position are some changes that have
been done so that traffic representation looks similar to a real-world scenario.

4.3 Simulation with Default Parameters

Travel time detectors have been placed in the models as it was placed in the field.
VISSIM runs for five different seeds after the setting up of the network, and average
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Table 5 Parameter list, ANOVA results, calibrated values

Parameters ANOVA Default value Calibrated value

1st trial 2nd trial 3rd trial

ax 0.09 0.04 0.11 2 2.98

bxadd 13E-06 0.07 0.19 2 0.081

bxmult 0.11 0.27 0.13 3 0.052

min hd 0.14 0.39 0.13 0.50 0.772

tdis 0.09 0.11 0.12 60 31.37

lv 0.19 0.22 0.21 – –

lat min (0) 0.13 0.06 0.04 0.20 0.60

lat min (50) 0.33 0.61 0.12 – –

lat min bus (0) 0.27 0.23 0.54 – –

lat min bus (50) 0.24 0.33 0.71 – –

dc 0.19 0.21 0.24 – –

ctg 0.22 0.41 0.21 – –

delay value has been obtained and compared with the field value. It has been found
that the error was significant; thus, calibration was necessary.

4.4 Analysis of Variance

ANOVAhas been performed to find out the sensitive parameters that affect themodel
output. Wiedemann 74 model parameters were used for this study as explained in the
VISSIMmanual for urban traffic. Increasing one parameter at a time and keeping all
other parameters to their default value, ANOVA has been carried out. Parameters had
ANOVA values less than 0.20 taken as sensitive parameters. The results are shown
in Table 5.

4.5 LHS and Multiple Linear Regression

By taking the range of the sensitive parameters from the previous research studies [3,
4], 100 datasets have been generated using LHS inMATLAB. These 100 sample sets
have been given input to VISSIM model, and model output, i.e., average delay has
been obtained. Regression equation has been developed by taking sensitive param-
eters as independent variable and absolute difference in average delay as dependent
variable. Equation 1 is the regression equation that has been developed. Descriptive
statistics of the regression parameters are given in Table 6.
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Table 6 Descriptive statistics of all parameters of regression

Parameter Coefficient Standard error t-statistics p-value

Intercept 9.29 2.44 3.80 0.01

ax −2.65 0.36 −7.41 5.74E−11

bxadd 2.03 0.36 5.68 1.51E−07

bxmult 0.48 0.29 1.68 0.095

min hd −0.51 0.59 −0.87 0.39

lat min (0) −1.22 1.20 −1.02 0.31

tdis 0.012 0.01 1.32 0.19

Absolute error = − 2.65(ax) + 2.03(bxadd) + 0.49(bxmult)

− 0.52(min hd) − 1.23(lat min(0)) + 0.012(tdis) + 9.30 (2)

4.6 Model Optimization Using GA

Equation 2 has been given input to GA toolbox in MATLAB, and parameter limits
have been specified. Here, the objective is tominimize the absolute error as described
in Eq. 1. Optimized parameter values have been found out and given in Table 1. After
achieving the optimized parameter values, VISSIM runs have been conducted for
five different seeds, and finally, MAPE has been found out. MAPE is found to be
11.99%; MAPE less than 15% is accepted as per Dowling et al. [12].

4.7 Validation

Another one-hour data for the same intersection have been used for validation
purposes. Again, the field data for flow, average delay have been extracted, and
the validation result shows MAPE of 14.93%, which is accepted.

4.8 Performance Evaluation

Successful calibration and validation of the model ensure that the model can be
used for performance evaluation of those intersections. Performance measures that
have been considered in this study are LOS and automobile emissions. A node has
been created in VISSIMmodel such that the node covers the whole intersection area.
Approximately, the polygon size that has been used is 35m in length in each direction.
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Then, VISSIM runs have been conducted, and node evaluation results in VISSIM
gave the LOS values for the intersection. Here, LOS is the average LOS of different
movements within the node. Average LOS has been found D for the intersection.
Node evaluation results also give the estimates of the automobile emissions of carbon
monoxide (CO), oxides of nitrogen (NOx), volatile organic carbon (VOC) that have
been emitted by the vehicles close to the intersection. CO, NOx, and VOC emission
values have been found to be 1185.41 g, 218.64 g, and 260.95 g, respectively. To
improve the performance of the intersection, this has been converted to a signal-
controlled intersection and accordingly signal phasing and signal plans have been
designed.

4.9 Traffic Management Using Signal-Controlled
Intersection

Signal-controlled intersection has been modeled using Webster method of signal
system design [14]. A suitable phasing scheme has been chosen, as shown in Fig. 2.
Green time, amber time has been given in Table 7. A fixed time signal program has
been created in VISSIM using the data from Table 7. Then, signal heads have been
placed near the junctions in model. After setting up the signal system, VISSSIM runs
have been conducted, and different performance measures have been found out using
the same node that was created previously. Average LOS found to be B and carbon
monoxide, nitrogen dioxide, and volatile oxidized carbon emissions have been found
out. A comparison of emission values between signal-controlled and unsignalized
intersection is shown in Fig. 3. There has been observed a mild decrease in emission
values of carbon monoxide and oxides of nitrogen, whereas a sharp reduction in
volatile oxidized carbon values has been observed in signal-controlled intersection.

Fig. 2 Proposed signal phasing scheme

Table 7 Signal timings for three-phase signal system

Intersection Green time (s) Amber time (s)

G1 G2 G3 A1 A2 A3

Silchar 32 22 5 2 2 2
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CO NOX VOC
Unsignalized 1185.41 218.64 260.95
Signalized 1161.7 203.35 209.54
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Fig. 3 Automobile emission comparison before and after improvement

5 Conclusion

This study proposed a suitable methodology for modeling unsignalized intersections
in VISSIM. The most important aspect for modeling unsignalized intersections is to
setting up priority rules for different movements. Calibration of simulation model
involves generating latin hypercube samples to reduce the search space. It is followed
by finding out the sensitive parameters using analysis of variance (ANOVA). Finally,
calibration process was achieved by optimizing the parameters using genetic algo-
rithm. Node evaluation results gave the LOS value and automobile emission values
near intersection. On signalizing the intersection, the performance was improved in
terms of LOS and vehicle emission. Further studies can focus on using more than
one measure of effectiveness while calibrating the simulation models and analyzing
other cost-effective techniques for enhancing the performance of intersections such
as road bumps, raised tables, and rotary intersection.
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Modeling Phase Changing Behavior
of Traffic Constables at Manually
Controlled Intersection—A Case Study
in India

Manish Dutta, Mokaddes Ali Ahmed, and Sanjit Srivastava

1 Introduction

Intersections are traffic facilities on road network at which multiple paths cross
one another. In developing countries, traffic at intersections is difficult to regulate,
mainly because of mixed nature of traffic and lack of willingness of drivers to follow
traffic rules. So, intersections with heavy traffic volume are often regulated by traffic
constables and are generally termed as manually controlled intersections.

The functioning of a manually controlled intersection is primarily based on
intermittent stopping and allowance of vehicles to flow on traffic streams by the
constable on duty. A typical layout of a three-legged manually controlled intersec-
tion is presented in Fig. 1. The constable generally controls the traffic flow at streams
B–A, A–C and C–B which passes through the major conflict points. Traffic streams
(A–B, B–C and C–A), passing through the minor conflict points (1, 2 and 3), are
generally uncontrolled. When stream B–A has the right-of-way, flows at streams A–
C and C–B are stopped. Similarly, vehicles on streams A–C and C–B are given the
right-of-way one after another by obstructing the movements on the other two manu-
ally controlled streams. The traffic constable decides to allocate the right-of-way to
streams B–A, A–C and C–B according to his/her judgment. So, it is very important
to find out what prompts the traffic constables to change phase. In this study, a binary
logistic regression has been used to model this phase changing behavior of traffic
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Fig. 1 Conflict area at a manually controlled intersection

constables. This is followed by estimation of critical phase times which is an esti-
mation of the optimum duration for which a certain phase is given the right-of-way
by traffic constables.

2 Literature Review

Studies on pretimed and manual traffic control show that manual traffic control
performs better than automated control under oversaturated conditions if the inter-
section is isolated [1–3]. But pretimed signal control performs better than manual
traffic control if the intersection in under-saturated [4, 5]. Some researchers were
conducted assuming that constables regulate traffic using constant cycle lengths and
phase splits [1, 4, 5]. Studies conducted by Marsh revealed that the manual traffic
control is efficient due to variable cycle length and phase splits [6]. Hakkert and
Gitelman studied the process of traffic regulation at manually controlled intersec-
tions and recommended a set of guidelines for systematic monitoring of the perfor-
mance of traffic constables [7]. Simulation of manual traffic control considering
fixed cycle length will oversimplify the field scenario which can deliver unrealistic
results [8]. Parr and Wohlson modeled the phase change behavior of manual traffic-
signal control during emergencies and special events using logistic regression [8].
So et al. has done a comparative analysis of the performance of manual traffic-signal
control and optimized signal control at oversaturated intersections [9]. The results
showed that there is a statistically significant reduction in delay if the intersections
are controlled manually. Studies conducted by Ding et al. [10] and Parr andWolshon
[8] also lead to the same conclusion that manual traffic-signal significantly improves
the performance of intersection.
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The review of existing studies reveals that studies on phase change modeling
at manually controlled intersections is very scarce. The authors could not find any
studies on phase change modeling that was conducted at manually controlled inter-
sections under mixed traffic conditions. Hence, establishing a suitable methodology
for phase changemodeling at such intersections is considered essential to understand
the phase changing behavior of traffic constables in India.

3 Methodology

3.1 Phase Change Model

The phase changing decisions made by constables while directing traffic has been
modeled using binary logistic regression. A timeline of events, which took place
while regulating traffic, is prepared on a second-to-second basis. The time interval
considered is one second. The traffic constable allocates the right-of-way to the
streams passing through the major conflict points in three phases. The three phases
are named as primary, secondary and tertiary based on the priority set by the traffic
constable. The traffic constable on duty has a utility for providing the right-of-way to
a phase. If the constable switches from primary phase (say) to the secondary phase,
vehicle starts queuing up at the stream having the primary phase, but vehicles on
secondary phase stream will be released. If the constable chooses to continue the
primary phase, flow of vehicles on the corresponding stream will continue. But,
vehicles on the other secondary and tertiary phase streams will have to wait further
and more vehicles will join the queues. A simple utility function to represent this
situation is as shown in Eq. (1).

Ui = Vi + εi (1)

where Ui = total utility, Vi = observed utility, and εi = unobserved portion of the
utility (error). The observed or deterministic component of utility, Vi, is a function of
the factor(s) that affect the phase changing decisions made by traffic constables. The
two factors considered in this study are time and gap. ‘Time’ refers to the duration
for which a phase receives the right-of-way. ‘Gap’ is a binary variable which takes
the value of 0 if platoon starts breaking up, and 1 if it is not. The utility equation for
the phase change model is taken as shown in Eq. (2).

ln
P(t)

1− P(t)
= Vi = α + β.t + γ.g (2)

where

P(t) probability that the constable will change the current phase
Vi observed or deterministic component of utility
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α, β, γ unknown coefficients to be calibrated
t phase time (s)
g gap (0 or 1).

The phase changemodels are calibrated separately for the three phases to estimate
the critical phase times.Critical phase time is explained inSect. 3.3. The phase change
models for the three phases are given by Eqs. 3–5. The models are calibrated using
75% of the randomly selected data and the rest are used for validating the models.

ln
P(t)

1− P(t)
= Vp = αp + βp.p + γp.gp (3)

ln
P(t)

1− P(t)
= Vs = αs + βs.s + γs.gs (4)

ln
P(t)

1− P(t)
= Vt = αt + βt.t + γt.gt (5)

where

P(t) probability that the constable will change the
current phase

V p, V s, V t observed or deterministic component of utility of
primary, secondary and tertiary phase

αp, αs, αt, βp, βs, β t, γ p, γ s, γ t unknown coefficients to be calibrated
p primary time (s)
s secondary time (s)
t tertiary phase time (s)
gp gap variable for primary phase (0 or 1)
gs gap variable for secondary phase (0 or 1)
gt gap variable for tertiary phase (0 or 1).

3.2 Phase Change Model Validation

The calibrated phase change models are used to estimate the probability of changing
a phase. The probability of phase change is rounded off to zero if it is less than 0.5,
and if the probability value is found to be more than or equal to 0.5, it is rounded off
to 1. This is done to compare the phase change decisions predicted by the models and
the actual decisions made by traffic constables. The models are validated using Type
I error, Type II error, sensitivity and specificity. Type I error is said to have occurred
when the null hypothesis is rejected, but it is, in fact, true. Type II error occurs when a
null hypothesis is accepted, but it is, in fact, false. Sensitivity (oneminus type II error)
represents the ability of a model to identify correctly whether the traffic constable
has changed the current phase at a particular time, whereas specificity (one minus
type I error) shows the ability of a model to identify correctly whether the traffic
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constable has not changed the current phase; i.e., he/she continues with the current
phase.

3.3 Determination of Critical Phase Times

A phase change model provides relationship between phase time and probability of
changing the phase. The duration of a certain phase is considered to have reached
a critical value when there is an equally likely chance (probability = 0.5) that the
constable will change or not change the phase. This duration of the phase is known
as critical phase time. Since, there are three phases in this study, the critical phase
times are named as critical primary time (pcr), critical secondary time (scr) and critical
tertiary time (tcr). The critical phase times are determined by putting the value of
probability as 0.5 in the phase change models (Eqs. 3–5).

4 Case Study

A manually controlled intersection in Barasat, West Bengal has been chosen as the
case study intersection (Fig. 2). The data were collected using videographic survey
for three working days during morning peak hours (10:00 a.m.–12 noon). All the
approaches at the intersection are two-lane undivided. The camera was placed at a
vantage point on an adjacent building so that all the approaches can be viewed. A

Fig. 2 Study intersection with legs named as A, B and C and position of traffic police marked in
red
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Table 1 Traffic composition of intersection A

Streams Vehicle types

TW AR SPC LCV HV BC CR

AB 18.49 18.49 23.97 2.74 8.22 17.12 10.97

BA 9.9 24.75 16.83 5.94 14.85 15.84 11.89

AC 16.76 3.91 7.26 1.68 3.91 35.75 30.73

CB 17.54 7.02 14.04 1.75 31.58 10.53 17.54

CA 17.09 6.84 5.98 0.85 2.56 38.46 28.22

BC 24.14 17.24 13.79 3.45 6.9 24.14 10.34

total of 38 cycles were used for extracting the phase change data required for this
study. The vehicles flowing through the intersections are classified into six categories
based on their dimensions and operational characteristics. The stream-wise vehicular
compositions are presented in Table 1.

4.1 Calibration of Phase Change Model

Field observation shows that stream B–A receives the right-of-way for maximum
time, followed by streams A–C and C–B. So, the phases of streams B–A, A–C and
C–B are named as primary, secondary and tertiary, respectively. The binary variable,
gap (g), was not found to be significant becausemost of the time the constables switch
to the next phase before the platoon starts breaking up. The traffic constables do so
because the intersection has very high traffic volume. So, giving the right-of-way to
a certain stream for a long time becomes impractical to avoid excessively long queue
formation on the other manually controlled streams. Thus, constables are prompted
to change phase before the flow starts breaking up on the stream that is having the
right-of-way.

Logistic regression was performed to model the phase change behavior of traffic
constables. The statistical results of the phase change models for streams B–A, A–C
and C–B are reported in Tables 2, 3 and 4. The results indicate that with increase in
phase time, the probability that the constable will change phase in the next second

Table 2 Descriptive statistics for the phase change model, primary phase

Coefficient Coefficient Standard error Wald statistic p-value

Intercept −7.46 1.51 46.52 0.00

p 0.07 0.09 15.41 0.00

McFadden R2 = 0.71 Log-likelihood function = −42.65 % of right predictions = 97%
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Table 3 Descriptive statistics for the phase change model, secondary phase

Coefficient Coefficient Standard error Wald statistic p-value

Intercept −5.48 0.85 39.64 0.00

s 0.16 0.07 12.42 0.00

McFadden R2 = 0.68 Log-likelihood function = −45.63 % of right predictions = 95%

Table 4 Descriptive statistics for the phase change model, tertiary phase

Coefficient Coefficient Standard error Wald statistic p-value

Intercept −6.48 1.15 25.61 0.00

t 0.29 0.05 15.48 0.00

McFadden R2 = 0.75 Log-likelihood function = −25.47 % of right predictions = 93%

keeps increasing. This happens because when a certain phase has got the right-of-
way for a long time, queues build up at the other steams. As a result, the probability
for the constable to change the current phase increases.

4.2 Validation of Phase Change Model

The phase changemodels are validatedwith 25%of the data collected. The prediction
success tables for the phase change models are presented in Tables 5, 6 and 7. Type

Table 5 Prediction success table of the phase change model (primary phase)

Success observation Fail observation Total

Success prediction 14 15 29

Fail prediction 2 881 883

Total 16 896 912

Sensitivity = 0.88 Specificity = 0.98

Type II error = 0.12 Type I error = 0.02

Table 6 Prediction success table of the phase change model (secondary phase)

Success observation Fail observation Total

Success prediction 14 11 25

Fail prediction 2 403 405

Total 16 414 430

Sensitivity = 0.88 Specificity = 0.97

Type II error = 0.12 Type I error = 0.03
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Table 7 Prediction success table of the phase change model (tertiary phase)

Success observation Fail observation Total

Success prediction 14 14 28

Fail prediction 1 396 397

Total 15 410 425

Sensitivity = 0.93 Specificity = 0.96

Type II error = 0.07 Type I error = 0.04

Table 8 Critical phase times
(s) obtained from phase
change models

Phase change models Critical phase times (s)

loge [p/(1 − p)] = −7.46 + 0.07p 107

loge [p/(1 − p)] = −5.48 + 0.16s 34

loge [p/(1 − p)] = −6.48 + 0.29s 22

I and Type II errors are found to be less than 0.25, whereas the values of sensitivity
and specificity are above 0.85 for all the models. This shows that the model performs
reasonably well in predicting the phase change behavior of traffic constables.

4.3 Calculation of Critical Phase Times

The critical phase times are calculated by setting the probability to 0.5 in the phase
change models. The phase change models obtained from Tables 2, 3 and 4 and the
estimated values the critical phase times are shown in Table 8. Critical primary time
is found to be the highest followed by critical secondary time and critical tertiary
time. This is obvious because of the fact that primary phase gets the right-of-way for
maximum duration followed by secondary and tertiary phase.

5 Summary and Conclusion

A methodology for modeling the phase changing behavior of traffic constables
at manually controlled intersections has been presented in this study. Manually
controlled intersections under Indian road conditions are characterized by variable
phase times which depend on the decisions made by traffic constables on the field.
Phase change models are developed to quantify this behavior using binary logistic
regression and critical phase times are estimated. The critical primary time, critical
secondary time and critical tertiary time are found to be 107 s, 34 s and 22 s, respec-
tively. Key insights from this study are: (1) the phase changing decision of traffic
constables depends only on the duration of the current phase, (2) the values of critical



Modeling Phase Changing Behavior of Traffic Constables … 97

phase times show that the three manually controlled streams do not have the same
duration of right-of-way in a cycle, and (3) the critical phase times give an estimate
about the optimum duration for which traffic constables assign the right-of-way to
each phase. These values will in turn aid in estimating the capacity and delay at
manually controlled intersections.
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Cost-Effective Analysis for Electric
Vehicle (EV) Bus Procurement

Ashish Verma, T. V. Ramanayya, Hitendra Trivedi, and Mahim Khan

1 Introduction

A well-developed transportation system is an indicator of economic growth of any
nation. The system has evolved through centuries and the continuous technological
advancements are driving it toward its advanced configuration. In recent develop-
ments, the introduction of electric vehicles (EV) can potentially redefine the system
due to its cost-effectiveness and sustainability. Many governments across the world
are considering the EV buses as an alternative over conventional buses to reduce
emissions.

It is interesting to know that the development of electric vehicles has been going on
since the nineteenth century, in fact, the first rudimentarymodel of the electric vehicle
was introduced by Ányos Jedlik in the year 1828. The first petrol powered Internal
Combustion Engine Vehicle (ICEV) were introduced in 1885 which is typically over
5 decades later to the electric vehicles. Later till 1930, the ICEV became much
more popular and dominated the automobile industry as compared to the electric
vehicles. The high operating cost played an important role in the decline of the electric
vehicles and by the year 1935, the electric vehicles almost disappeared from the
market [1]. However, the rising price of fuel, environmental issues, and technological
developments has given a chance of revival to the electric vehicles.

India being the third largest vehicle market in the world and with the current
economic growth, the annual vehicle sale for the year 2020 is estimated as 10 million
for passenger vehicles and 2.7 million for commercial vehicles [2]. The growth
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of vehicle sales will result in an increase in fuel demand of the country, which is
majorly fulfilled through the imports. Consequently, governments across the world
are striving to promote electric mobility to decrease their expenditure for fossil fuel
consumption and reduce greenhouse gas emissions.

2 Background of the Study

The Government of India has also launched “National Electric Mobility Mission
Plan (NEMMP) 2020” to achieve national fuel security by promoting hybrid and
electric vehicles in the country. This mission aims to pave the way for widespread
deployment of electric and hybrid vehicles in India through the state government
organizations. As a part of the mission, Department of Heavy Industries and Public
Enterprises (DHI) has formulated a scheme namely FAME-India (Faster Adoption
and Manufacturing of Hybrid and Electric vehicles in India) to provide the finan-
cial assistance for procurement of EVs. Under this scheme, the procurement of EV
bus is subsidized through financial incentives up to 60% (Max 10 Million INR)
of the vehicle benchmark price. Various “State Transport Undertakings (STUs)”
have initiated the procurement process for EV Buses and to avail the incentives, the
procurements can be done through Gross Cost Contract (GCC) Model or Outright
PurchaseModel. Therefore, it is imperative to analyze the cost-effectiveness for both
the models to opt for one of them. The present study is conducted with a case of
BangaloreMetropolitanTransport Corporation (BMTC),which is a state government
agency in Karnataka, India responsible for public transport bus service in the city
Bengaluru, Karnataka, India. Table 1 concisely exhibits the performance of BMTC
in terms of operations and financial indicators for the past years.

The scale of operations of BMTC are comprehended in Table 1, and it can be
easily observed that the switching of conventional buses to the electric buses will
have a significant impact on the operational and financial performance of the orga-
nization. Analogous challenges will be faced by other similar organizations which
have proposed to undergo such changes in future (Fig. 1).

The cost of operations and maintenance of EV buses have varied significantly in
the past and is expected to change further with the technological development and
economy of scale. Similarly, the continuous increase in the cost per kilometer is a
common challenge for the state transport undertakings and economics of the same
is expected to be redefined with the replacement of the conventional buses with the
electric buses. Therefore, it is important to take efficient decisions pertaining to long
term financial viability for the sustainability of STUs.



Cost-Effective Analysis for Electric … 101

Table 1 Key financial and operational indicators of BMTC

S. No. Parameter Financial years

2013–14 2014–15 2015–16 2016–17 2017–18

1 Schedules operated 6473 6244 6216 6219 6143

2 Vehicles held 6775 6522 6401 6161 6677

3 Effective km/day (in
INR lakhs)

13.14 12.9 12.21 11.52 11.42

4 Rate of accidents (per
lakh km)

0.07 0.08 0.07 0.07 0.07

5 Staff position 36,079 36,474 35,554 34,306 34,114

6 Effective km (in INR
lakhs)

4795.9 4708.56 4469.82 4205.2 4164.53

7 Gross revenue (in INR
lakhs)

201,394.2 225,684.4 220,748.4 210,610.4 222,699.5

8 Cost of operation (in
INR lakhs)

216,153.1 232,174.8 219,375.7 236,701.4 244,461

9 Margin on gross revenue
(in INR lakhs)

−14,758.2 −6490.38 1372.66 −26,091 −21,761.5

10 EPKM on gross rev. (in
INR paise)

4199.3 4793.1 4938.6 5008.3 5347.5

11 CPKM (in INR paise) 4507 4930.9 4907.9 5628.8 5870.1

12 Margin on gross rev. (in
INR paise)

−307.7 −137.8 30.7 −620.4 −522.5

Source BMTC; retrieved from http://mybmtc.karnataka.gov.in/info-4/Perfomance-Indicator/en

0

50000

100000

150000

200000

250000

300000

2 0 1 3 - 1 4 2 0 1 4 - 1 5 2 0 1 5 - 1 6 2 0 1 6 - 1 7 2 0 1 7 - 1 8

Gross Revenue (Rs. In lakhs) Cost of Operation (Rs. In lakhs)

Fig. 1 Gross revenue versus cost of operations for BMTC

http://mybmtc.karnataka.gov.in/info-4/Perfomance-Indicator/en


102 A. Verma et al.

3 Methodology

The objective of the paper is to propose and develop a framework which can be
used to calculate and compare the cost-effectiveness of EV bus procurement models,
which can assist decision makers to identify and choose the cost-efficient option
among them. The following steps briefly explain the methodology adopted for the
present study:

• Identification of cost components for Gross Cost Contract and Outright Purchase
model.

• Modeling the cost components for overall cost calculation.
• Formulation of different scenarios based on diverse parameters.
• Cost calculation for each of the scenario for both the procurement model.
• Analysis of the pattern of the overall cost for different scenarios.
• Finding benchmark running KMs to propose model selection criteria.

The cost component of overall cost can be classified as fixed and variable cost
components which are related to procurement, operations, and maintenance. It is
important to understand that the proposed framework is not aimed to calculate the
cost of operations for both the models but to compare the differences in overall
cost to determine the efficient model. Therefore, the cost components were broadly
identified as factors contributing differences in overall cost and the factors which
were similar in both the models. Cost factors having similar values for both the
models such as infrastructure cost, depreciation on other assets were ignored for
modeling as their net effect on cost comparison would be null.

The cost of procurement and operations in the Gross Cost Contract (GCC) Model
is typically comprised of only variable cost whereas the Outright Purchase Model
has various cost of fixed and variable nature. For the purpose of the study, the fixed
and variable cost for outright purchase model was derived through the data of the
BangaloreMetropolitan Transport Corporation (BMTC) for the year 2017–18. Some
of the data as vehicle life and the interest rate on financing are assumed as per
inputs from industry experts and BMTC officials. The data presented in the paper is
indicative in nature and can differ for other STUs.

To determine the overall cost of procurement and operations, 9 scenarios are
assumed with different quoted cost per kilometer (CKPM) and average daily running
kilometers to exhibit the trend with different scenarios. All the cost components were
translated into per kilometer cost and added to derive the overall cost per kilometer
for both the models. The cost output for both the models is examined to ascertain the
benchmark kilometers to depict the trend in different scenarios. The changing pattern
of benchmark kilometers is assessed to derive benchmark kilometers for different
scenarios.
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4 Major Components of Procurement and Operational
Cost

4.1 Procurement and Operational Cost in Outright Purchase
Model

The overall cost is comprised of procurement cost (purchase cost, cost of financing,
etc.) and the cost of operations (staff, maintenance, etc.), which are completely borne
by the STUs under the outright purchase model.

4.1.1 Initial Purchase Cost

The initial purchase cost for EV bus typically varies from 70 Lakhs to 1.5 Crore
depending on the specifications of the bus. The initial purchase cost of the bus for
any department will depend on the model of the bus proposed for the procurement
and the supplier. As a standard procedure the procurement, the organizations issue
a call for a bid for the supply of bus as per their specific requirements. However, as
a public sector undertaking the STUs can apply and avail financial assistance from
various schemes of state and central government. For the purpose of the study, the
cost of one bus is assumed as 1 crore and assumed that STUs will avail 60% subsidy
as per the existing FEMA India scheme.

4.1.2 Loan Repayment

For the cost calculation for outright purchase model, it is assumed that the net cost of
bus purchase will be financed through a loan. The net purchase cost can be derived
by subtracting government financial incentive/subsidy from the initial purchase cost.
The loan duration was assumed 10 years (equal to vehicle life) at 11% annual interest
rate. Equalmonthly installmentswere calculated and translated into the per kilometer
cost by dividing it through monthly running kilometers as per the assumed scenarios.

4.1.3 Cost of Infrastructure

Infrastructure development such as the development of additional depots, in case
of EV bus-developing a charging infrastructure, etc. will surely incur a cost to the
operating organization. Since the cost of infrastructure in both the procurementmodel
is usually borne by the operating organization, it would not affect the objective of
the study to compare the cost-effectiveness for the procurement models. Therefore,
the cost of infrastructure and other common cost are not included in the calculations
for the present study.



104 A. Verma et al.

4.1.4 Taxes

Various taxes are imposed on the expenditures related to purchase and operations of
the buses. These taxes are imposed at different rates and may vary according to state
and central government policies. In context of the present study, data for taxes was
taken from BMTC data for the year 2017–18.

4.1.5 Battery Replacement Cost

The battery replacement cost is an important component of electric bus operations.
Since the conventional buses utilize diesel or petrol as fuel but the electric buses
rely on the batteries and the life span of battery depends on the number of cycles a
battery is being charged. The charging time and vehicle running capacity depends
on the battery specifications. Lifespan of a battery can be assumed approximately
2000 battery cycles, if charged once a day, one battery can efficiently perform for
approximately 5.5 years [3]. Therefore, the battery replacement is expected to be
five years after the year of procurement. Continuous fall in the battery price can be
witnessed from the past trends and is expected to decline further in future (Fig. 2). For
the study we assumed the procurement year as 2020, which means that the battery
replacement is expected in the year 2025 or 2026. According to Bloomberg NEF
Report, the price of the battery is projected to reach below 100$/KWh by 2025 [4].

Considering the present USD value as 71 INR, the battery cost/kWh is assumed
as 7100 INR. Therefore, the cost of a battery with 180 kWh capacity would cost
Rs. 1,278,000 in the year 2025. Since the battery replacement is proposed after
approximately 5 years, the per kilometer battery replacement cost is derived based
on average daily running kilometers as per different scenarios.

Fig. 2 Projected price drop of batteries of EVs [4]
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4.1.6 Staff

The cost of all types of staff is completely borne by the organization in outright
purchase model whereas in GCC model the cost of staff is borne partially. Typically,
the cost of drivers, maintenance staff is included in the GCC per kilometer cost
which can vary as per the conditions of vendor and client organization. Therefore,
the incurred cost of staff would be different in case of GCC and outright purchase
model.

4.1.7 Vehicle Depreciation

In case of outright purchase, the vehicle will be owned and operated by the STU
itself, therefore, as per usage, the vehicle will depreciate over time. Typically, it is
assumed that a conventional bus has a life of 10 lakh kilometers with a maximum
span of 10 years. The same is assumed for the electric bus as well and thus the life
of a bus will depend as per the daily usage of the vehicle and similarly per kilometer
cost of vehicle depreciation is calculated.

4.1.8 Other Operational and Maintenance

Other costs such as maintenance cost, cost of spares, reconditioning cost, cost of
tires, lubricants and other consumables, insurance or accidental compensation, etc.
are derived from the historical data of BMTC and added together to cover these cost
of operations which does not incur under the GCC model.

4.2 Procurement and Operational Cost in GCC Model

4.2.1 Quoted Cost Per Kilometer

The cost of procurement and operations through GCC model is simple and contain
lesser components. Under the GCC model, the vendor provides a quote for overall
operations of the bus on per kilometer basis which usually covers the cost of procure-
ment, operations, and maintenance. The per kilometer cost can vary based on various
factors such as contract conditions, bus specifications, minimum assured kilometers,
number of buses deployed, etc. For the present study, various scenarios are assumed
to depict the impact on overall cost borne by the STUs in different conditions.
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4.2.2 Tax on the Quoted Per Kilometer Cost

The quoted per kilometer cost may or may not be inclusive of the applicable taxes.
The payment of the taxes can vary with the conditions of the agreement. In general,
the quoted per kilometer price is exclusive of the tax and it attracts 18% GST at the
time of payment which is a significant percent of the payment to the vendor.

4.2.3 Staff

Since the maintenance and operational staff are provided by the vendor, only the
ticket conductor (for revenue collection) is employed by the STUs. Therefore, the
cost of staff is lesser in the case of GCC model as compared to outright purchase
model.

4.3 Cost Calculations for GCC and Outright Purchase Model

Considering the above-mentioned cost components, the overall cost of procurement
and operations for GCC model and outright purchase model can be expressed in the
following equations:

CPKM(GCC) = QCPKM + TAX(GCC) + Staff(GCC) (1)

CPKM(OP) = BR + VD + LR + OOM + TAX(OP) + Staff(OP) (2)

BR = EBC

(BL ∗ ARKM)
(3)

VD = TVC − GFI

(VL ∗ ARKM)
(4)

LR = ARA

(VL ∗ ARKM)
(5)

The nomenclatures used in the equations are explained as follows:

CPKM(GCC) Cost per kilometer for GCC model
QCPKM Quoted cost per kilometer by the vendor for GCC model
Tax(GCC) Tax applicable on QCPKM for GCC Model
Staff(GCC) Staff Cost applicable for GCC Model
CPKM(OP) Cost per kilometer for Outright Purchase model
BR Battery Replacement Cost
EBC Expected Battery Cost
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BL Battery Life (in years)
ARKM Annual Running Kilometers
VD Vehicle Depreciation
TVC Total Vehicle Cost
GFI Financial Incentive by Govt.
VL Vehicle Life (in years)
LR Loan Repayment
ARA Annual Repayment Amount
OOM Other Operational and Maintenance Cost
Tax(OP) Tax applicable for Outright Purchase Model
Staff(OP) Staff Cost applicable for Outright Purchase Model

To depict the variation on the overall cost, various scenarios were assumed consid-
ering different average daily running KMs and quoted CPKM for GCC model and
the cost calculations are done for both the procurement models (Table 7). To mani-
fest, the cost calculations Tables 2 and 3 elaborate the cost components for both the
models and show how the calculations are done for scenario 1 which is assumed
by considering average daily running kilometer as 150 KMs and Quoted CPKM for
GCC model as 30 Rs./KM.

The overall cost of procurement and operations under GCC model was found to
be Rs. 46.07 per kilometer whereas, for outright purchase model, it was found as
58.80. However, it should be noted that the objective of these cost calculations is to
exhibit how the model can be used to calculate the cost for both the models. The cost
components and their values can vary for different STUs and other organizations.

Table 2 Per km cost in GCC model (for scenario 1)

S. No. Cost component Rs./KM Remarks

1 CPKM quoted 30 As per scenario assumption

2 Tax(GCC) 5.4 Assumed 18% GST on CPKM

3 Staff(GCC) 10.67 From BMTC data

Total 46.07

Table 3 Per km cost in outright purchase model (for scenario 1)

S. No. Cost component Rs./KM Remarks

1 Battery replacement 4.67 Refer Table 4

2 Vehicle depreciation 7.30 Refer Table 5

3 Loan repayment 12.08 Refer Table 6

4 Other operations and maintenance 4.68 From BMTC data

5 Tax(Outright Purchase) 2.33 From BMTC data

6 Staff cost 27.74 From BMTC data

Total 58.80
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Table 4 Battery replacement cost calculations

S. No. Component Remarks

1 Battery life (in years) 5 Assuming 2000 charging cycles

2 Daily running KMs 150 As per scenario assumption

3 Battery cost (INR) 1,278,000 Refer to Fig. 2

4 Total KMs in 5 years 273,750 Battery life * annual running KMs

5 Per km cost of replacement 4.67 Battery cost/total KMs in 5 years

Table 5 Vehicle depreciation cost calculation

S. No. Component Remarks

1 Total vehicle cost 10,000,000 Assumption made for calculations

2 Financial incentive by Govt 6,000,000 As per FEMA scheme (60%)

3 Net vehicle cost 4,000,000 Total vehicle cost—financial incentive
by Govt

4 Vehicle life (in years) 10 Assumption made for calculations

5 Daily running kms 150 As per scenario assumption

6 Total KMs in 10 years 547,500 Vehicle life * daily running KMs * 365

7 Per km depreciation 7.3 Net vehicle cost/total KMs in 10 years

Table 6 Loan repayment calculations

S. No. Component Remarks

1 Net vehicle cost 4,000,000 Refer Table 5

2 Interest on loan (%) 11 Assumption made for calculations

3 Loan term (in years) 10 Assumed vehicle life for 10 years

4 Annual repayment amount 661,200 Calculated as per interest rate

5 Daily running KMs 150 As per scenario assumption

6 Annual KMs 54,750 Daily running KMs * 365

7 Per KM cost of loan repayment 12.08 Annual repayment amount/annual
KMs

The framework can bemodified as per their specific contract conditions requirements
and the cost can be derived for further comparison. The subsequent Tables 4, 5, and
6 explain the individual cost component calculated for outright purchase model.

As shown inTable 7, the overall cost per kilometer is calculated for both themodels
considering 9 different scenarios. These scenarios were formulated by varying two
parameters of average daily running kilometers and quoted cost per kilometer for
GCC model. As it can be observed easily that the average daily running kilometer
plays a significant role in overall per kilometer cost for outright purchase model
whereas the quoted cost per kilometer affects the overall per kilometer cost for
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Table 7 Scenario-wise summary of cost for both models

Scenario No. Average daily
running KM

Quoted
CPKM for
GCC model

Overall Per
KM cost for
GCC model

Overall Per
KM cost for
outright
purchase
model

Benchmark
KM

1 150 30 40.07 58.8 319

2 200 52.79

3 250 49.18

4 150 35 51.97 58.8 210

5 200 52.79

6 250 49.18

7 150 40 57.87 58.8 156

8 200 52.79

9 250 49.18

GCC model. To decide the cost-effectiveness of a procurement model, the STUs
need to identify the benchmark average daily running kilometer where the cost for
both these models is same. As it is clearly visible from the decreasing trend of
overall per kilometer cost for outright purchase model with increase in the daily
average running kilometers that, if the average daily running kilometers are above
the benchmark kilometer for the specific quoted CPKM, the outright purchase model
will be cost-efficient whereas with less average daily kilometers the GCCmodel will
be cost-efficient.

5 Conclusion

The present study has attempted to develop a model considering major cost compo-
nents as input to exhibit the trend of cost and expenditure in the long run for the
STUs. The output derived from the proposed framework for assessment of the overall
cost of procurement and operations can help the decision makers to understand and
assess the overall cost for both the models. The model is developed in a way that the
output can provide a benchmarking number of kilometers which can act as a decision
criterion for selection of a cost-effective model for vehicle procurement. The cost
output for additional scenarios can demonstrate the sensitivity of various other cost
parameters/components with the overall cost.

Concisely, the trend for benchmark KMs is shown in Fig. 3 which exhibits the
inverse relationship with the quoted CPKM. With the help of the derived trend,
different benchmark KMs can be derived for different quoted cost per kilometer.
Ceteris paribus, it can be inferred from Fig. 3 that if the quoted cost per kilometer
for GCC model is Rs. 30/KM then the GCC model would be cost-efficient if the
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average daily running KMs are below 319 km and vice versa. Similarly, if the quoted
cost per kilometer is Rs. 40/KM, then the GCC model would be cost-efficient if the
average daily running kilometers are less than 156 KMs, and if the average daily
running kilometers are above 150 KMs, then the outright purchase model would be
cost-efficient. The values for benchmark KMs can be derived for different quoted
CPKM and vice versa. It is clearly visible that the quoted CPKM and benchmark
KMs possess an inverse relationship depicted by the decreases in benchmark KMs
with the increase in the quoted cost per kilometer. Further, the benchmark kilometer
will change with the change in values of other cost input parameters.

The current government policies advocate an urgent need for all bus undertakings
to shift to electric vehicles in next 10 years. In light of this, weightage is to be
provided for additional factors rather than pure cost considerations or the benchmark
kilometers. The additional factorswhich are required to be consideredwhile choosing
the mode of procurement of EV bused are briefly mentioned below:

• The STUs may not be able to utilize the complete life of the vehicle i.e., 10 lakh
KMs during the contract duration. The remaining vehicle life and the scrap value
of the vehicle remains to the STUs in outright purchase model.

• It is common knowledge that the fares will not remain constant for a long run.
Therefore, the long-term contacts will have influence on quoted CPKM and
revenue of STUs over time.

• Alternative payment methods as revenue linked payment in GCCmodel and flex-
ible contract duration for better utilization of vehicle life can influence thefinancial
viability of procurement model in long term.

• Usually, the STUs keep a fixed percent or fixed number of buses in reserve to
take care contingencies like breakdown or accidents. This factor should also be
considered in the decision making.

• Further, the possibilities of complex operational situations such as insurance or
accidental compensation like in case of accident if the driver (provided from
vendor in GCC) or conductor (provided form STUs) or both are responsible,
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which organization will bear the cost on different conditions. Such factors also
need careful consideration while taking a decision on procurement model.

6 Policy Implications and Recommendations

The study reveals two very important points from the perspective of the policy and
decision makers:

• Same quoted CPKM can be cost-effective or expensive depending upon the daily
average running kilometers.

• Aminor per kilometer cost difference can become immense in long term and can
substantially affect the economic health of the STUs e.g., cost difference of 1
Rs./KM will annually become Rs. 7.3 million for 100 buses running 200 KMs
daily.

Further, thefinancial viability for bus operations is also dependent on theminimum
daily assured kilometer criteria, which should be compared with the benchmark kilo-
meters. It could be possible that the cost of procurement and operations is less in
the GCC model, but due to minimum daily assured kilometer criteria, the payment
expenditure could exceed the overall cost. Therefore, it is recommended that the
decision should consider the benchmark kilometers derived as per the cost compo-
nents, contract conditions, past operational trends for the respective STUs, and other
factor influencing the organization in long term.

7 Limitations and Future Scope

The objective of the present study was to showcase a framework which can be used
to calculate the overall cost of procurement and operations of EV buses for state
transport undertakings. The values of various cost components undertaken for overall
calculations were taken from the BMTC data for the year 2017–18. To improvise the
accuracy of these parameter values, the values can be derived by observing the past
trend and latest data for future calculations. Further, the values may differ for AC and
Non-AC buses; and therefore, the calculations can be done considering a specific bus
segment to improvise the model efficiency. The different state government policies
and different working style of the STUs can also influence the values of these input
cost parameters. Therefore, the benchmarking KMs can vary for different STUs
considering the similar scenarios. Thus, the data of other STUs can be compared to
compare and generalize the findings of the study. Further, additional scenarios can
also be framed to incorporate the changes in other input parameters such as cost of
the bus, percentage of subsidy, different tax structures, etc., to explore their influence
on the overall cost of procurement and operations for both the models. Considering
these possibilities, the model efficiency can be enhanced for better decision support.
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Effect of Traffic Flow Characteristics
on Saturation Flow at Signalized
Intersections of Ahmedabad City

Bhavik Shah, Pinakin Patel, L. B. Zala, and Dhaval Parmar

1 Introduction

Intersection is an area where traffic from different road streams meet, which after
going through conflicting movements like merging, diverging and crossing choose
the appropriate route and leave the conflict zone. Due to their influence on each
other, disturbance of pedestrians and bicycle to vehicles, and the loss of green time
for beginning and clearance and so on, the capacity of intersections is very less than
that of their approach channels. Thus, the intersections typically are the bottleneck
of the network, the prominent and instantaneous source of the traffic accidents and
traffic jam.

In recent years, the population in cities, vehicle ownership and traffic volume in
links have increased dramatically because of the continuous high-speed growth of
the economy, which causes traffic congestion of various levels in most of the cities.
Due to heavy congestion, the velocity of the automobile/vehicle decreases easily.

The urban traffic of India is heterogeneous in nature. It consists of fast moving
vehicles as well as slow moving vehicles. Because of the later type of vehicles, the
capacity of the road is affected. The conflict, confusion, and irritation caused by this
heterogeneous traffic result in a large number of accidents.
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The objective of the study is.

• To study the traffic flow characteristics at the signalized junction.
• To derive base Saturation Flow values for mixed traffic conditions.
• To analyze the effect of mixed traffic flow on Saturation Flow.

Ahmedabad is one of the developing cities of India. The traffic here is highly
heterogeneous and requires congestion solving. 5 important junctions ofAhmedabad;
which are Incometax Cross Road, Vijay Cross Road, Iim Cross Road, Panjrapole
Cross Road and Pakwan Cross Road (2 Approaches); have been selected for the
research. The above junctions are selected considering the variation in width, traffic
composition and geometry. Therefore Ahmedabad is selected as the study area of
this research.

The flow ismeasured in terms of Saturation Flow. Saturation Flow is defined as the
rate at which vehicles that have been waiting in a queue during the red interval cross
the stop line of a signalized intersection approach lane during the green interval. Satu-
ration Flow is usually expressed in passenger car units per hour of green (PCU/h). In
developed countries, PCU is constant but in developing countries like India where the
traffic is highly heterogeneous, PCU value doesn’t remain static. The dynamic PCU
values are used to develop Saturation Flow models but they have certain limitations.
The present study deals with developing a base saturation model and comparing it
with INDO HCM and US HCM 2010.

2 Literature Review

Saturation Flow is defined as the rate at which vehicles that have been waiting in a
queue during the red interval cross the stop line of a signalized intersection approach
lane during the green interval. Saturation Flow is usually expressed in passenger car
units per hour of green (PCU/h). A vehicle is considered “discharged” when its front
axle passes the stop line. Saturation Flow can be measured directly in the field.

Nguyen [1] has conductedhis research in amotorcycle dependent city; i.e.HOCHI
MINHwhere there is a unique traffic situation due toMDCs. The study conducted by
him introduced the particular traffic pattern in two-wheeler dependent cities where
the motorcycle rate is excessively high. The field observation depicted that whenever
the Saturation Flow rate decreases there is capacity reduction; after a period with
green time. Chand et al. [2] have made the efforts to analyze the Saturation Flow
at intersections by generating the dynamic PCU for the selected signalized inter-
sections having heterogeneous traffic condition in the Indian cities (Noida, Delhi).
They proposed a methodology to calculate the value of PCU and Saturation Flow
conforming for the enumerated traffic conditions. Agarwala and Lammel [3] studied
the commonly existing seepage behaviour of smaller vehicles, in order to develop
and create a model to simulate the mixed traffic condition close to reality. As motor-
bikes/bikes have easier manoeuverability, they can pass through the gaps between
the stagnant or non-stagnant vehicles. Ghasemlou et al. [4] researched the method
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of deriving heavy vehicle adjustment factor for the through vehicles at a signalized
intersection. Heavy vehicles, having large size along with their slow acceleration,
are responsible for a various negative effect on other category of vehicles.

Saha et al. [5] collected data from fifteen isolated signalized intersections situated
in five cities of India, namely, Delhi, Chandigarh, Patiala, Panch Kula and Mumbai.
This study proposed an improved method for computing delay at signalized inter-
sections. Queue length was directly measured from the field, and based on the length
of the queue of the cycle, the delay was calculated using Simpson’s one-third rule.
The conventional methods (HCM and Webster’s) either overestimated or underesti-
mated the delay. This is attributed primarily to mixed traffic, poor lane discipline and
different driving pattern and behaviour in India, than observed in developed nations.

From the Literature review, it is quite evident that the traffic composition of
various areas effect the general Saturation Flow model given by INDO HCM 2017.
The base Saturation Flow value won’t remain the same for different areas in India
due to highly heterogeneous traffic conditions. Therefore, a new and a more accurate
model is required to predict the exact value of the base Saturation Flow.

3 Methodology

The methodology for developing a model of Saturation Flow is expressed here. The
first step is observing the traffic flow parameters, observation of traffic flow param-
eters, intersections geometric details, derivation of PCUs, development of discharge
rate models, validation of the model and derivation of Saturation Flow values. The
steps are as follows.

3.1 Pilot Survey

Pilot Survey was carried out in Ahmedabad City in order to find out the junctions
which will suit for the study. The criterion that has been considered for the selection
of the intersection from the literature review are as follows.

4-Legged Signalized Intersection, Free Left Turning lane, Appropriate Approach
Width, Vehicle Composition Variation, Flat Gradient, Nearby Buildings for Videog-
raphy and Right Turning Movement.

The various intersections of Ahmedabad city which were studied in the pilot
survey are as follows: Vijay Cross Roads, Swastik Cross Road, Gurukul Cross Road,
Mansi Cross Road, IIM Cross Road, Income Tax Cross Road, Panjrapole Cross
Road, Judges Cross Road, PakwanCross Road, 132-RingRoad, AshramCross Road,
Shyamal Cross Road, Shastri Nagar Cross Road, Pragati Nagar Cross Road and
Zydus Cross Road. Out of the above, the following intersections are selected for
videography based on the criteria’s;
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• Pakwan Cross Road–2 legs (14 m wide)
• Vijay Cross Road (9.5 m wide)
• IIM Cross Road (12 m wide)
• Income Tax Cross Road (10.5 m wide)
• Panjrapole Cross Road (10.5 m wide)

3.2 Data Collection

The data of the selected junctions has been collected using videography. The selected
junctions are Incometax Cross Road, Vijay Cross Road, IIM Cross Road, Panjrapole
CrossRoad andPakwanCrossRoad (2Approaches). Camerawith standwas installed
at the tall buildings nearby and the data was recorded.

The images of the Videography at various four-legged signalized intersections
conducted in Ahmedabad is in Figs. 1, 2, 3, 4, and 5.

Fig. 1 Vijay cross road

Fig. 2 IIM cross road
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Fig. 3 Income tax cross
road

Fig. 4 Pakwan cross road

Fig. 5 Panjrapole cross road

3.3 Data Extraction

TheData is extractedmanually using Avidemux (version 2.6) Software. Avidemux is
a freeware software that plays the video in microseconds. This slow motion helps us
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in extracting a number of different types of vehicles easily and without any software
error.

The screen is marked using Screen Marker (version 1.0.0.1) software. The Data
entry was directly inputted in MS Excel. The Classified Volume Count of each
Intersection was carried out in the software. The different types of vehicle were
counted for 15 Green Time Cycles at an interval of 5 s for each intersection. The
vehicles were also classified on the basis of their manoeuvering; i.e. straight going
or right turning. The Data Extracted from the Videography was directly entered
in Microsoft MS Excel. The Dynamic PCU values are calculated by using time
occupancy method given by Satish Chandra and Kumar [7]. The obtained dynamic
values for 2W, 3W, CS, CB, LCV, BUS and HCV are 0.2, 0.71, 1, 1.48, 1.81, 5.6 and
4.8 respectively.

4 Data Analysis

4.1 Traffic Composition

The analysis of data has been carried out in MS Excel. The first and foremost step
is to identify the composition of traffic. The composition was identified and the best
way to display it was using Pie Charts. The various graphs of the composition of
traffic at various junctions are shown in Figs. 6, 7, 8, 9, 10, and 11.

The above graphs show that the highest composition is of two-wheelers compared
to other category of vehicles in all the junctions followed by big car, small car and
three-wheelers. The composition of HCV and Bus is less compared to other types of
vehicles. This variation shows that traffic is highly heterogeneous.

Fig. 6 Average traffic
composition at income tax
cross road
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Fig. 7 Average traffic
composition at Vijay cross
road

Fig. 8 Average traffic
composition at IIM cross
road

Fig. 9 Average traffic
composition at Panjrapole
cross road
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Fig. 10 Average traffic
composition at
Pakwan-Sarkhej cross road

Fig. 11 Average traffic
composition at
Pakwan-Gandhinagar cross
road

4.2 Determination of Saturated Green Time

The number of vehicles moving during the Saturated Green time shows the effective-
ness of any junction. It helps in determining the capacity of the junction and states
whether the junction is operating efficiently or not. IRC states that the initial 10 s and
the last 5 s are generally neglected and the remaining time is taken as saturated green
time. But it is not valid in most of the cases due to the heterogeneous nature of our
Indian traffic. Therefore, in order to find the saturated the green time and justify the
same Analysis of Variance (ANOVA) is used. The results of the ANOVA are shown
in Table 1.

The saturated green time is accepted because of the F value obtained from the
ANOVA test. If the F value is less than Fcritical than the value is accepted. Thus
the Saturated Green time obtained in the table is valid and can be used for further
analysis.
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Table 1 Summary of saturated green time of all approaches

Sr.
No.

Intersection Study
approach

Total
Green
Time in
seconds

Saturated
Green
Time in
seconds

P value F FCritical F < Fcritical

1 Income tax cross
road

A-01 0–65 5–45 0.849 0.477 2.092 Yes

2 Vijay cross road A-02 0–45 10–30 0.129 1.965 2.769 Yes

3 IIM cross road A-03 0–65 5–50 0.105 1.697 2.012 Yes

4 Panjrapore cross road A-04 0–40 5–30 0.081 2.660 3.219 Yes

5 Pakwan-Sarkhej A-05 0–65 10–60 0.134 1.555 1.947 Yes

6 Pakwan-Gandhinagar A-06 0–55 10–55 0.097 1.730 2.012 Yes

4.3 Variation of Composition with Respect to PCU

To understand the characteristics and trend of the Saturation Flow at the intersections,
different charts showing the variation of percentage composition with respect to
Saturation Flow (PCU per 5 s) are plotted. The data of the saturated green time is
taken for analysis. The variation with respect to PCU per 5 s is depicted in Figs. 12,
13, 14, 15, 16, 17, and 18.

The Two-Wheeler graph shows that the slope is negative which means that there
is a negative correlation of two-wheelers with the Saturation Flow. As the number of
two-wheeler increases, the Saturation Flow in terms of PCU decreases. The reason
is that; as the two-wheelers are small in size and higher in number in the traffic
stream, they can penetrate in the space between other vehicles due to their high
manoeuverability. This reduces their PCU Value in dynamic analysis of PCU Values

Fig. 12 Variation of Saturation Flow with 2W
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Fig. 13 Variation of Saturation Flow with 3W

Fig. 14 Variation of Saturation Flow with CS

(PCU value in static analysis is 0.2 which is also very less). Thus as the PCU value
will be less, the flow will also be less.

The Three-Wheeler graph shows that the slope is negative which means that there
is a negative correlation of three-wheelers with Saturation Flow. As the number of
three-wheeler will increase, there will be a slight decrease in the Saturation Flow in
terms of PCU. The reason is that; PCU value of three-wheeler doesn’t vary much
from the standard value which means it can increase or decrease depending upon the
junction. Thus, it can follow both the trends and is generally flat. Here the trend is
negative.

The Small Car graph shows that the slope is positive which means that there is a
positive correlation of small cars with Saturation Flow. As the number of the small
cars will increase, there will be a slight increase in the Saturation Flow in terms of
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Fig. 15 Variation of Saturation Flow with CB

Fig. 16 Variation of Saturation Flow with LCV

PCU.The reason is that; PCUvalue of the small car is the standard valuewhichmeans
it shows the transition of PCU values. It can also follow both the trends depending
upon the junction and is generally flat. Here the trend is positive.

The Big Car graph shows that the slope is positive which means that there is a
positive correlation of big cars with Saturation Flow. As the number of big cars will
increase, there will be an increase in the Saturation Flow in terms of PCU. The reason
is that; PCU value of the big car is higher than that of the standard value, thus the
increase in the number of big car will increase the Saturation Flow. Also with the
increase in the number of big cars, its PCU value also increases (Dynamic PCU).

The Light Commercial Vehicle graph shows that the slope is positive whichmeans
that there is a positive correlation of LCV with Saturation Flow. As the number of
LCV will increase, there will be an increase in the Saturation Flow in terms of PCU.
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Fig. 17 Variation of Saturation Flow with BUS

Fig. 18 Variation of Saturation Flow with HCV

The reason is that; PCU value of LCV is higher than that of the standard value, thus
the increase in the number of LCV will increase the Saturation Flow.

TheBUSgraph shows that the slope is positivewhichmeans that there is a positive
correlation of BUS with Saturation Flow. As the number of BUS will increase, there
will be an increase in the Saturation Flow in terms of PCU. The reason is that; PCU
value of BUS is higher than that of the standard value, thus the increase in the number
of BUS will increase the Saturation Flow.

The Heavy Commercial Vehicle graph shows that the slope is positive which
means that there is a positive correlation of HCV with Saturation Flow. As the
number of HCV will increase, there will be an increase in the Saturation Flow in
terms of PCU. The reason is that; PCU value of HCV is higher than that of the
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standard value, thus the increase in the number of HCV will increase the Saturation
Flow.

From all the graphs, it can be concluded that the trend of two-wheelers is always
positive in terms of VPH while it is always negative for the Saturation Flow in PCU.
Three-wheeler and small car follow mix trend in both VPH and PCU. Their trend
is positive and negative depending upon the junction due to less variation from the
standard value. Moving on to the case of Big Car, LCV, Bus and HCV; their trend
is always negative in terms of VPH while it is always positive in terms of PCU. It
states that the increase in their proportion will increase the value of Saturation Flow
in terms of PCU.

5 Saturation Flow Model Development

The regression analysis has been used to determine the equation for base Saturation
Flow. Saturation Flow models are a systematic representation of the complex real-
world traffic problems. Models are powerful tools for assessing the impact of traffic
on real-world problems. They depict the on-field scenario as good as possible and
forecast the future value accurately. Four Models are developed using regression
analysis to find the equation for Saturation Flow.

Developed Model

This model is developed by considering Saturation Flow (PCU/h/m) as dependent
variable. The dependent variable is the proportions of 2W, 3W, CS, CB, LCV, Bus,
HCV and width of the approach. The model is as follows:

Saturation Flow, S(PCU/h/m) = 3.898P2w + 3.663P3w + 3.79Pcs + 5.143Pcb
+ 12.281Plcv + 16.513Pbus + 22.108Phcv

− 1.507Prt + 19.639W
(
R2 = 0.95

)
(1)

where

P2w Proportion of Two Wheelers,
P3w Proportion of Three-Wheelers,
Pcs Proportion of Small Cars,
Pcb Proportion of Big Cars,
Plcv Proportion of Light Commercial Vehicles,
Pbus Proportion of Bus,
Phcv Proportion of Heavy Commercial Vehicles,
Prt Proportion of right turning vehicles,
W Width (m).
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Table 2 Regression statistics
of developed model

Coefficients t Stat P-value

%TW 3.897 8.050 3.73E−15

%3W 3.662 5.453 6.93E−08

%Small car 3.789 5.029 6.32E−07

%Big car 5.142 6.847 1.69E−11

%LCV 12.281 7.260 1.07E−12

%Bus 16.513 14.356 5.7E−41

%HCV 22.108 6.657 5.79E−11

The t-value of the model should be more than ±1.96 and p-values should be as
small as possible. The values in the table follow the above and make the model a
good model. The statistics of the developed model is as follows (Table 2).

6 Sensitivity Analysis

Sensitivity analysis is the method used to examine how the independent variable
values will impact a particular dependent variable under the fixed/given circum-
stances. It is also known as what-if analysis. It helps to determine how sensitive the
output will be when the input is varied. Sensitivity Analysis is carried out for the
developed model. The dependent variable is Saturation Flow in terms of PCU/h/m
while the independent variables are the proportions of TW, 3W, CS, CB, LCV, BUS,
HCV, WIDTH (in m) and RIGHT TURN. Dual Axis Graphs have been developed
for Sensitivity Analysis. The Graphs of Sensitivity Analysis are shown below.

Figure 19 shows that there is a linear relationship between the Saturation Flow
(PCU/h/m) and the proportion of 2W and 3W. Both of them have a positive slope

Fig. 19 Impact of %2W and %3W
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Fig. 20 Impact of %CS and %CB

which shows that they have a positive effect on the Saturation Flow. Figure 20 shows
that there is a linear relationship between the Saturation Flow (PCU/h/m) and the
proportion of CS and CB. Both of them have a positive slope which shows that they
have a positive effect on the Saturation Flow.

Figure 21 shows that there is a linear relationship between the Saturation Flow
(PCU/h/m) and the proportion of TW and LCV. Both of them have a positive slope
which shows that they have a positive effect on the Saturation Flow. Figure 22 shows
that there is a linear relationship between the Saturation Flow (PCU/h/m) and the
proportion of Bus and HCV. Both of them have a positive slope which shows that
they have a positive effect on the Saturation Flow. Figure 23 shows that there is a
linear relationship between the Saturation Flow (PCU/h/m) and the proportion of RT

Fig. 21 Impact of %TW and %LCV
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Fig. 22 Impact of %HCV and %BUS

Fig. 23 Impact of %RT and width (m)

and width (m). Here the slope of Width is positive which shows that it has a positive
effect on the Saturation Flow. While the slope of RT is negative which shows that it
has a negative effect on the Saturation Flow.

From all the above graphs, it can be observed that the slope of CS, CB and RT
have higher slope compared to other variables. It shows that they affect the model
significantly.Minor changes in those variableswill causemajor changes to Saturation
Flow.
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Fig. 24 Results of validation of Saturation Flow model

7 Model Validation

The Saturation Flow Model is validated using the flow measured from the 2 inter-
sections of Surat City (RTO Cross Road and Athwa Cross Road). The data of the
vehicles crossing the green line during the saturated green timewas collected. Satura-
tion Flow collected was calculated and compared with the Saturation Flow predicted
from the model. The results are shown in Fig. 24. The plot of Observed Saturation
Flow versus Calculated Saturation Flow indicates much closeness to the diagonal
line. This indicates that the values estimated by the model are fairly accurate and
hence can be used for the prediction of Saturation Flow.

8 Modification of INDO HCM

INDO HCM has given the following equation for the estimation of Base Saturation
Flow.

USF0 =
⎧
⎨

⎩

630; for w < 7.0m
1140 − 60w; for 7.0 ≤ w ≤ 10.5m
500; for w > 10.5m

(2)

SF = W × USF0 × fbb × fbr × fis (3)

The above equation states the unit base Saturation Flow value should be taken as
500 for width greater than 10.5 m but that value doesn’t hold true for heterogeneous
traffic condition prevailing in India. The graphs shown below show the variation in
field Saturation Flow and the Saturation Flow given by INDO HCM (Figs. 25, 26,
and 27).
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Fig. 25 Difference in Saturation Flow at Pakwan Gandhinagar approach

Fig. 26 Difference in Saturation Flow at Pakwan Sarkhej approach

Fig. 27 Difference in Saturation Flow at IIM cross road
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From the graphs, it is observed that the field Saturation Flow varies more than
43% from the base value given by INDO HCM for the width greater than 10.5 m.
Therefore a modification is required in the current model so that it can predict the
Saturation Flow value more accurately based on the conditions. The data of junctions
having a width greater than 10.5 m is used for the development of the model. The
developed model is shown below.

Saturation Flow, S(PCU/h/m) = 500 + 4.790P2w + 5.325P3w + 4.185Pcs

+ 7.071Pcb + 12.740Plcv + 25.426Pbus + 26.630Phcv

− 2.452Prt − 24.020W
(
R2 = 0.85

)
(4)

8.1 Validation

The Saturation Flow Model and the modification of INDO HCM model are vali-
dated using the flow measured from other intersections (RTO, Surat). The data of
the vehicles crossing the green line during the saturated green time was collected.
Saturation Flow collected was calculated and compared with the Saturation Flow
predicted from the model. The results are shown in Fig. 28. The plot of Observed
Saturation Flow versus Calculated Saturation Flow indicates much closeness to the
diagonal line. This indicates that the values estimated by the model are fairly accu-
rate and hence can be used for the prediction of Saturation Flow. The Mean absolute
percentage error (MAPE) of the developed model is 6%. Thus, above model fairly
predicts the Saturation Flow value for junctions having width greater 10.5 m for the
heterogeneous conditions prevailing in India. It gives an upgrade to INDO HCM
2017.

Fig. 28 Results of validation of modification of INDO HCM model
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The t-statistics was carried at alpha equal to 0.05. The t-value for themodel at 95%
Confidence level is 0.16 with 47 degree of freedom and the value of t-critical (2-tail)
is 2.011 for modification of INDO HCM 2017 Model. Here, the t-value obtained is
less than t-critical. Hence the model predicts the value near to the field value.

9 Conclusion

Signalization is a traffic control strategy to ease the competition byproviding a right of
way in a cyclic manner to conflicting traffic at intersections. Saturation Flow is useful
to determine the capacity of the intersection, signal design, etc. Many researchers
have made an attempt to produce a model for mixed traffic conditions. For doing
so, traffic flow data of selected signalized intersections of Ahmedabad and Delhi is
collected using Videography during the peak hours. The data was collected from the
nearby high-rise buildings. Based on the collected video, the data was extracted using
AvidemuxSoftware and the extracted datawas directly inputted intoMicrosoft Excel.
The overall traffic composition of TW, 3W, CS, CB, LCV, BUS and HCV is 51%,
12%, 15.41%, 16%, 2%, 1.5% and 0.5% respectively. It indicates that the proportion
of two-wheelers is maximum and leads to high heterogeneous traffic conditions.

IRC suggests that there should be an initial loss of 10 s to calculate the saturated
green time. But, it holds only for homogenous conditions, not for highly heteroge-
neous conditions. Therefore, Analysis of Variance is used to determine the saturated
green time of all the selected junctions. The analysis of various composition with
Saturation Flow shows the trend of various compositions. From all the graphs, it
can be concluded that the trend of two-wheelers is always positive in terms of VPH
while it is always negative for the Saturation Flow in PCU. Three-wheeler and small
car follow mix trend in both VPH and PCU. Their trend is positive and negative
depending upon the junction due to less variation from the standard value. Moving
on to the case of Big Car, LCV, Bus and HCV; their trend is always negative in terms
of VPH while it is always positive in terms of PCU. It states that the increase in their
proportion will increase the value of Saturation Flow in terms of PCU.

Saturation Flow is an important factor in the signal design and is dependent
on roadway and traffic conditions, which can vary substantially from one place to
another. Saturation Flowmodels are developed using regression analysis considering
various variables. Four models were developed and on the basis of t-statistics model
2 of PCU/h/m is selected. Sensitivity Analysis shows that the percentage of small
car, the percentage of big car and percentage right turn have a major impact on the
Saturation Flow model. The predicted values are very near to the observed values
which showed that the model has fair accuracy and can be used to predict Saturation
Flow. It also states that the right turning movement has a negative impact on the
Saturation Flow.

A modification factor for the INDO HCM has been developed for width greater
than 10.5 m. The model fairly predicts the Saturation Flow for width higher than
10.5 m. The validation of the model was carried out by comparing the field values
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and predicted values. The predicted values are very near to the observed values which
showed that the model has fair accuracy and can be used to predict Saturation Flow.
The t-statistics also supported the same. It also states that the right turning movement
has a negative impact on the Saturation Flow.

The study carried out is for Ahmedabad city and the models are validated on
intersections of Surat city only. The developed model can be used for predicting
Saturation Flow for different intersections with similar characteristics in India.
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Simulation-Based Optimization
for Heterogeneous Traffic Control

Himabindu Maripini, Lelitha Devi Vanajakshi,
and Bhargava Rama Chilukuri

1 Introduction

Deteriorating Level of Service (LoS) at Indian urban roads as a consequence of
increasing delays at intersections is a challenge to traffic engineers. This could be
because of sub-optimal signal settings at signalized intersections, which are insen-
sitive to the high traffic fluctuations. Traditional traffic signal design methodologies
such asWebster’s method or HCMmethod are originally developed for homogenous
and lane disciplined traffic conditions. On the contrary, Indian traffic is highly hetero-
geneous in composition with more than ten categories of vehicle classes, ranging
from two-wheelers to tandem tridem vehicles. All these vehicle classes differ in
their physical and operational characteristics. Such a diversity in vehicular features
leads to varied behavioral maneuvers of road users, thereby contradicting the basic
assumptions of most of the exiting microscopic and macroscopic traffic flowmodels,
some of which are listed below.

(i) Since two-wheelers are relatively smaller in size with high operational capa-
bility, they intrude longitudinally and laterally into the space available within
the traffic stream and occupy them. This disregards the lane disciplined
behavior of traffic stream based on which all the microscopic models (such as
car following and gap acceptance models) are designed.

(ii) Small-sized vehicles such as two-wheelers and auto-rickshaws reach the stop
line taking advantage of their size, irrespective of their time of arrival. This
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explicitly violates the basic First In First Out (FIFO) assumption of queue
discharge process.

(iii) The queuing pattern formed by occupying all the available space near the stop
line for an early discharge results in a diamond-shaped pattern. This implies
that vehicles near the stop line do not necessarily experience the same amount
of delay. Delay experienced would rather be computed from the vehicle’s
arrival and departure times than based on cumulative arrival and departure
curves.

(iv) Moreover, the type of vehicle class being followed greatly affects the travel
time consumed by the follower vehicle, especially when the leader is a heavy
tandem truck and follower being a two-wheeler or auto-rickshaw.

(v) Saturation flow of intersection approaches is considered to be a critical param-
eter in signal design. However, it is observed that, in heterogeneous conditions
saturation flow is dynamic and changes with respect to traffic composition.

Traditional signal design methods also are violated due to some of the above char-
acteristics.Moreover, the traffic flowvariables considered in these design procedures,
such as arrival rate, saturation flow, and critical lane volume, do not represent the
diverse nature of Indian traffic andmay not be suitable for signal timing design. Thus,
these typical Indian traffic characteristics signify the need for a novel traffic control
and management strategy that can effectively handle the diverse Indian traffic in real
time. Therefore, an optimal control design as a function of different set of realistic
and scalable variables of the present traffic is necessitated.

An optimal signal control strategy involves objective of either minimizing perfor-
mance measures such as queue length, travel time, delay, number of stops or maxi-
mizing throughput, average speed, throughput, or a weighted combination of any of
them, with the decision variables being green splits, cycle lengths, and offsets. The
choice of the objective function is dependent on the extent to which it represents the
traffic and the ease of data collection process involved. Out of the available traffic
flow variables, spatial performance measures are relatively easy to obtain and require
a sample data. Among the spatial measures, travel time and delay are perceived by the
users and operators alike and are obtained from probe data. With the advancement in
technology and use of smart phones, Wi-Fi and BT data from representative sample
of vehicles sufficiently represent the performance of the traffic stream. Hence, the
present study considers minimization of total travel time experienced by all the vehi-
cles in the network over a given period of time as its objective and obtains the signal
control plan (with green splits and cycle length as decision variables) that yields the
least possible value of this objective.

To formulate the general optimization problem, the objective function has to be
expressed in terms of signal timing parameters. In general, travel time can be deter-
mined from cumulative arrival and departure curves with respect to signal state of
the subject intersection. However, Indian traffic violates FIFO assumption, and an
accurate estimate of travel time cannot be obtained. Since objective function lacks
a functional form in terms of decision variables, black-box optimization can be
relied on to perform optimization. In order to incorporate the traffic dynamics into
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the design, microscopic traffic simulation software is used. Such an optimization is
termed as “simulation-based optimization.” Various data sets of decision variables
are fed as input to the simulator to run iteratively and compare the objective function
values obtained as output from simulator. Therefore, this paper attempts an optimal
signal control strategy with travel time minimization as objective and performs
simulation-based optimization with VISSIM as microscopic traffic simulator. The
performance yielded based on the obtained optimal signal settings is compared with
that of conventional signal control methodologies.

The reminder of this paper is structured as follows. Section 2 presents a review
of the literature regarding the optimal signal control strategies, simulation-based
optimization (SO) methods in general, and an overview of the implementation of SO
methods in the design of traffic signal control. Section 3 discusses the details of study
area and the simulation. Section 4 presents the proposed formulation and optimal
signal plan using various algorithmic approaches. The paper concludes by presenting
results in comparison of the proposed optimal solutionwith that ofWebster andHCM
design methodologies in Sect. 5.

2 Review of Literature

A comprehensive overview of optimal signal control strategies adopted so far,
SO methods in general, and the use of SO in managing urban traffic control at
intersections is reviewed here.

2.1 Optimal Signal Control Design

Various optimal control strategies have been adopted in real time in managing traffic
at signalized intersections. A few of them that are relevant to the present study and
that would help in the choice of appropriate performance measure as objective are
discussed in this section. A decentralized modeling approach of signal control is
developed with an objective of maximizing throughput while penalizing for queue
length [1]. Queue lengthminimization, which is a commonly used objective, involves
placement of sensors at various locations and also fails to capture the diamond-
shaped queuing pattern and hence not suitable for the heterogeneous and laneless
traffic. Minimization of a weighted combination of the rate of delay and the number
of stops is considered as the objective to arrive at an optimal start and duration of
green at intersections [2, 3]. Number of stops might not be an appropriate measure
of the inefficiency of signal control since vehicle might stop for various reasons
such as side street traffic, roadside activities, vehicle failure or for any other personal
reason [4, 5]. Attempted to minimize average vehicle delay with respect to HCM
delay equation and a time-dependent delay formula, respectively, to achieve better
performance. But, any of these delay equations do not hold good for our conditions.
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Minimization of product of passenger occupancy and person delay of auto and transit
vehicles, respectively, for a given cycle to determinewhether a transit vehicle is ahead
or behind schedule and design accordingly is proposed [6]. But, acquiring such data
for individual vehicles of all the vehicle classes is impractical though it may be
applicable only to a network size of two or three critical intersections during peak
period. A weighted combination of travel delay and cycle length is considered as
an objective [7] to ensure reduced delays and emissions along with safety. Such an
objective might be reasonable in reciprocating the dynamics of the traffic and the
required data may be acquired by a sample data as ameasure of average travel time of
the stream. Hence, this study considered the sum of travel times spent in traversing
mid-block to mid-block locations of all the approaches of all intersections in the
network as objective function of the proposed problem. A detailed discussion on the
way in which optimization process was carried out is discussed in the subsequent
subsection.

2.2 Simulation-Based Optimization in Optimal Traffic Signal
Control Design

General framework of a simulation-based optimization process is slightly modified
from [8] and depicted in Fig. 1. Both optimization and simulation run in parallel
iteratively till termination criteria are met. Decision variable values as input variables
are fed into the simulation software, and the simulation is run to yield the objective
function value as an output from the program. The obtained functional values are
verified with reference to a set of termination criteria to reach the best optimal signal

Fig. 1 General framework of a simulation-based optimization process
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timings. The efficiency and accuracy of the optimization process are based on the
choice of an appropriate algorithm.

SO problems are generally addressed by implementing any of the two basic algo-
rithmic approaches based on the availability of derivative information of the objective
function. First class of methods is being derivative-free optimization (DFO), where
the optimization depends solely on the objective function evaluations based on input
data. Such methods perform a grid or pattern search around the best initial approxi-
mate. Performance of derivative-free optimization solvers in handling various non-
smooth functional forms, number of functional evaluations required till convergence
was presented in [9]. The other is gradient-based optimization, which is further clas-
sified into direct gradient andmetamodel methods [10]. The present study focuses on
the category of DFO methods as a simple initial step toward optimal signal control.
Therefore, further literature study focuses on the feasibility and applicability of these
methods. DFO methods are classified into model-based DFO methods and direct
search methods. However, for model-based DFOs, the number of functional evalu-
ations required and their impact on achieving global convergence have always been
a concern [11].

Direct search methods include algorithms such as exhaustive search, Hooke–
Jeeves algorithms, coordinate search algorithm, mesh adaptive search algorithm,
simplex algorithms including generalized pattern search (GPS) methods, Nelder–
Mead simplex algorithm [8]. Metaheuristic methods such as evolutionary optimiza-
tion, swarm intelligence, trajectory search (hill climbing, simulated annealing, etc.)
that ensure global optima, though computationally intensive have been relied on
often [8]. Out of these, optimization methods that are used for optimal traffic signal
control are discussed in the subsequent paragraph.

Various combinations of simulation software and optimization algorithms have
been used to attain better performance of signals at a network level [10, 12, 13]. Most
of them led to signal plans with reduced variance in the average travel times, thereby
improving travel time reliability. Though these methods are successful in achieving
better network performance, a SO approach that optimizes any representative perfor-
mance measure for heterogeneous traffic conditions has not been reported. Use of
DFO methods that yield optimal or near-optimal signal plans at a faster rate of
convergence is examined in this study and is presented in the subsequent sections.

3 Study Area and Input Data

Anetwork with two four-legged two-way intersections was considered, and the same
was modeled in VISSIM using Open Street Map as shown in Fig. 2. VISSIM cali-
brated for Indian traffic conditions [14, 15] was used in this study. Traffic volumes
up to 4000 veh/h for major roads and up to 2000 veh/h for minor roads were gener-
ated based on field observations. The volume details are given in Table 1 and Fig. 3.
Vehicles of four categories (two-wheelers, three-wheelers, four-wheelers, and bus)
were considered, and the corresponding vehicle composition was fed as input as
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Fig. 2 Road network in VISSIM

Table 1 Traffic volumes and link lengths of all approaches

Approach/link
node

Length
(km)

Volume (veh/h)

0–300
(s)

300–600
(s)

600–900
(s)

900–1200
(s)

1200–1500
(s)

1500–1800
(s)

WB1 (1) 1.2 650 1300 1950 2400 3000 3804

EB2 (2) 1.2 650 1300 1950 2400 3000 3804

NB1 (3) 1.4 300 650 1000 1350 1780 2013

SB1 (4) 1.4 300 650 1000 1350 1780 2013

NB2 (5) 1.4 300 650 1000 1350 1780 2013

SB2 (6) 1.4 300 650 1000 1350 1780 2013
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Fig. 3 Traffic flow variation of the given network during simulation period

shown in Table 2. Vehicular characteristics, including speed, acceleration, decelera-
tion, braking, etc., were given as per the field scenario. The presence of pedestrians
was ignored in the study.
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Table 2 Details of vehicle composition and characteristics

S. No. Vehicle class Desirable speed distribution (km/h) Relative flow

1 2W 60 0.476

2 3W 25 0.054

3 4W 50 0.447

4 Bus 20 0.023

The spacing between the intersectionswas 1.01 km forwhich an ideal offset of 17 s
was used. The turning proportion fromminor road to major road was taken as 40% of
the total approach volume and toward the minor road approach as 25%. Since there
were no dedicated turning lanes of the network, split phasing was assumed resulting
in four phases at each intersection.

Various travel time measurement detectors from mid-block to mid-block sections
along with queue counters at upstream and downstream locations were placed at all
the approaches. The collected data included details of average flow, average speed,
percentage occupancy, and delay.

4 Methodology

The initial part of this section includes the model formulation of the optimization
problem discussed along with the initialization and termination criteria to define the
problem in terms of optimization parameters. The later part deals with the implemen-
tation of SOalgorithmbased on the choice ofDFOalgorithms to execute optimization
and attain least possible value of the objective function.

4.1 Problem Formulation

As discussed earlier, the objective function was to minimize the sum of travel times
incurred in traversing all possible movements from all the approaches of all the
intersections of the network with green splits and cycle length being the decision
variables, which can be represented as

Min.
∑

i∈I

∑

j∈J

t ti j
(
gi j ,Ci

)
. (1)

Subject to the following constraints.
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• All variables expressing signal timings and flow rate are non-negative

gi j ≥ 0, Ci ≥ 0. (2)

• Constraint on minimum and maximum green times

gmin ≤ gi j ≤ gmax. (3)

• Constraint on minimum and maximum cycle lengths

Cmin ≤ Ci ≤ Cmax. (4)

• Relation between cycle length and green times

n∑

j=1

g j = (C − L) ∀i ∈ I. (5)

where

I Set of all intersections in the network
J Set of all possible phases of an intersection
ttij Travel time experienced in traversing jth phase of ith intersection of network
gij Green duration of jth movement of ith intersection in the network
Ci Cycle length of of ith intersection in the network
L Total lost time per cycle

Initialization. The following values were assumed to initiate the SO process.

• Green bounds
The minimum green time for vehicles on a major approach was taken as the
minimum pedestrian green required to cross the minor street approach, which
came to be 13 s for a carriageway width of 7.0 m.

gmin = 13 s

gmax = 120 s

• Cycle length was assumed to be constant over all the intersections of the
network.

• Cycle length bounds
The minimum cycle time was computed as sum of minimum green time with
initial amber and clearance amber of 2 s each over all phases [16]. Maximum
cycle length is assumed based on the field traffic volumes on Indian roads
during peak periods.
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Cmin = 70 s

Cmax = 250 s

TerminationCriteria. Tolerance values for values of objective function and decision
variable vector to stop the SO process were assumed as follows.

• Difference in the value of objective function

| fk − fk−1| ≤ ftol. (6)

• Difference in the value of design variables

|xk − xk−1| ≤ xtol. (7)

where

ftol Tolerance level of functional value: 0.001
xtol Tolerance level of decision variable: 0.001

4.2 Implementation of SO Algorithm

The choice of SO algorithm depends on the nature of the optimization problem being
dealt such as linear or nonlinear programming problem, constrained, and uncon-
strained. Since the objective function of the proposed formulation does not have a
functional form, the nature of the optimization problem cannot be determined. There-
fore, certain DFOmethods from the literature that can be applied to any type of signal
control optimization problem without the need of gradient information were chosen
and implemented using scientific package of python called SciPy [17] to compute
the optimal values of decision variables. The description of various algorithms is
listed below.

(i) Nelder–Mead simplex method: It is a heuristic search method, applied to
nonlinear optimization problems for which derivatives may not be known.
It evaluates the objective function values at vertices of a simplex, and each
iteration typically requires a few objective function evaluations, rendering it
computationally less expensive than many other methods [18].

(ii) COBYLA method: It is a constrained optimization BY linear approximation
algorithm that handles both linear and nonlinear constraints of any kind of
optimization problem. It is considered to be one of the advanced nonlinear
optimization methods that iteratively approximates the actual non-linear opti-
mization problemwith linear programmingproblems and is used for distributed
nonlinear urban traffic control problem [19].
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The model-based algorithms chosen perform efficient local search around the
initial input values to yield a local optimum of the optimization problem. Hence, the
best approximation of initial value reveals the efficiency of the algorithm and the
reliability of the obtained solution. The detailed flowchart on the operation of a SO
is shown in Fig. 4.

As depicted in the flowchart Fig. 4, initial values are fed to the simulator for
the first run to complete over the whole simulation period (an integral multiple of
cycle length). The total travel time experienced in the first iteration as a result of the
initial signal plan of the network is obtained as output from the simulator. The next
best approximate of the input signal timing values is determined by the respective
algorithm yielding a travel time experienced during the current iteration. Both the
objective functional values of previous and current iterations are compared with
respect to termination criteria, and the similar procedure is continued till the criteria
are met. The obtained optimal results are presented in the subsequent section.

N
o

N

Y

Initialize the parameters – Green 
bounds, Cycle length bounds,ftol  ,Xtol and iteration counter k =1

Initial point to start the search at t = t0
X(0) = EB1(0),gWB1(0),gNB1(0),gEB2(0),gWB2(0),gNB2(0),C(0)]

Input to VISSIM and run the 
simulation till tup = n*C (0)

Get the output values of travel time at the 
end of simulation run from VISSIM 

Compute the value of objective 
function f(X)

Optimization method 
X (k+1) = X 

(min) and STOP

Termination 
criteria for k ≥ 1

Obtain X (k+1)
Termination 

criteria for k ≥ 1
Y

Fig. 4 Flowchart of optimization algorithm
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5 Results and Discussion

The initial part of this section accomplishes signal design usingWebster’s and HCM
methodologies. The latter part presents minimal objective functional values obtained
by implementing various derivative-free algorithms.

5.1 Signal Design Using Conventional Webster and HCM
Methods

This subsection describes the design of traffic signal based on both Webster’s and
HCM methods for the given peak hour volume from Table 3.

Webster method. Signal control parameter values used are shown in Table 3.
Required cycle length was then calculated using Eq. (8) and was demonstrated in
Table 4 for first intersection. The signal design of second intersection also resulted
in similar values.

C = (1.5 ∗ L + 5)(
1 − ∑ qc

s

) (8)

Table 3 Initial design
parameters of Webster’s
design

Signal design parameters

Lost time/phase (L) 2.5

No. of phases (n) 4

All red time (R) 2

Total lost time (nL + R) 12

Saturation flow(s) in veh/h/lane 4000

No. of lanes of each approach 2

Saturation flow total(s) in veh h 8000

Table 4 Signal timing for
first intersection based on
Webster’s design

Approach Flow rate (q) in
veh/h

Y = q/s Cycle length (s)

WB1 2013 0.252 −55.05

NB1 2013 0.252

SB1 3512 0.439

EB1 3804 0.476

�Y = 1.42
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Table 5 Initial design
parameters and cycle length
for first intersection based on
HCM design

Signal design parameters Cycle length (s)

Vc (tvu/h/ln) 2589 −42.17

Field PHF 0.83

Sat. Flow (tvu/h/ln) 4000

v/c (assumed) 0.9

Lost time per phase (s) 4

No. of phases 4

Total lost time (s) 16

Saturation flow total (veh/h) 8000

Cycle length (s) 120

The obtained cycle length based on Webster’s design was found be negative,
indicating that the current geometric and control conditions cannot handle the peak
hour volumes.

HCM method of signal design. Similar procedure was adopted based on HCM
design methodology [20], and the details are given in Table 5. The obtained cycle
length of the intersection was obtained using Eq. (9) to start the simulation run.

C = L[
1 − Vc

Sat flow∗PHF∗ v
c

] (9)

Similar to Webster’s, HCM method also yielded a negative cycle length value
because of high critical lane volume of the intersection. Therefore, it can be inferred
that HCM signal designmethodmay not be able to handle the current traffic scenario,
which is frequent on a day-to-day basis, especially during morning and evening peak
periods on Indian urban roads.

Therefore, in order to handle such a traffic situation subject to high volumes
and fluctuations, an optimal signal design control that can handle the dynamics and
magnitude of traffic volumes is necessitated. The subsequent section presents the
signal timing resulted in implementing the proposed SO method.

5.2 Signal Design Based on the Proposed SO Method

As discussed in Sect. 4.2, two types of DFO algorithms were implemented to solve
the proposed network travel time minimization problem by integrating VISSIM and
Python. Initial signal timeswere assumed proportional to the peak approach volumes.
The results obtained in terms of optimal green splits and cycle length along with the
associated objective functional values are presented in Table 6 with Figs. 5 and 6
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Table 6 Optimal signal design parameters of various optimization algorithms

Method g_WB1 g_EB1 g_NB1 g_SB1 g_WB2 g_EB2 g_NB2 g_SB2 C f (s)

Initial 99 99 43 43 99 99 43 43 300 3902.76

Nelder-Mead 102 97 42 43 96 102 42 44 309 3846.48

COBYLA 99 100 42 43 99 100 43 42 300 3898.07
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Fig. 5 Convergence of objective function value using Nelder–Mead
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Fig. 6 Convergence of objective function value using COBYLA

presenting the convergence of Nelder–Mead and COBYLA optimization methods to
the minimum possible value with respect to iterations.

From Table 6, it can be observed that the total travel time based on optimal signal
timings obtained from Nelder–Mead was relatively better than that of COBYLA
with almost same computational time. Also, from Figs. 5 and 6, it was also found
that Nelder–Mead method explored for optimal value on either side of initial value
as search domain while COBYLA performed only on one side of the initial value.
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Hence, it can be concluded that Nelder–Mead outperforms COBYLA and explores
over larger domain space making it more reliable for this application. Moreover, the
existing signal design methodologies failed under the geometric and traffic condi-
tions indicating the need for such real-time optimization solutions. However, the
convergence toward global optima is uncertain in direct search DFO methods owing
to lack of information on gradient of the objective function value.

6 Summary

The study is aimed at achieving optimal signal settings in real time that facilitates
proportionate utilization of green durations to the traffic flow, thereby reducing the
average vehicle delay at intersections. This would improve travel time reliability
and lane carrying capacity of the congested urban roads with an improved Level
of Service on urban networks. It was found that the traditional Webster and HCM
signal design methodologies yielded negative cycle length values for a given peak
input flow rate of congested traffic flow conditions. Therefore, this paper presented a
simulation-based optimization approach toward optimal traffic signal design through
VISSIM microsimulation software to cater to the fluctuations in high arrival flow
rates during peak periods. Various DFO algorithms were used, and a comparative
analysis among them was carried out to achieve minimum total travel time incurred
in traversing through intersections of an urban network. It is found that an optimal
cycle length of 309 s yielded the best possible minimum total travel time value of
3847 s over the entire network for the whole simulation period. It was observed that
Nelder–Mead simplex algorithm performed better in attaining minimal value, and
it may be opted as a reliable replacement to the conventional design methodologies
such as Webster and HCM methods under heavy traffic conditions. It so happened
in the proposed method that the best approximate of the initial solution nearer to the
optimal value led to faster convergence.

This paper presented a simple methodology over a small possible network
subjected to traffic volume variation for every five minutes in undersaturated condi-
tions. Assumptions of the absence of side road activities, pedestrian volume, inter-
actions between vehicles and pedestrians, safety measures, and other factors can be
relaxed, and additional constraints to deal with such situations can be considered as
future extensions of this work. Comprehensive approaches inclusive of all the above
factors, using more robust SO algorithms such as approximate gradient-based SPSA
algorithms or other metamodels, can be explored.
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Intersection Identification Using
Large-Scale Vehicle Trajectory Data

Tingting Huang and Anuj Sharma

1 Introduction

Road intersection is an important facility in the traffic system. It generates many
points of conflict in traffic flows, thus, both mobility and safety are vital issues in
intersection management. Before any intelligent transportation application deployed
on intersections, the first task should be correctly identifying the location of intersec-
tions in a large network. Right now, the geographic information of road intersection
highly relies on the open source geographic database, which may not always up
to date or have missing points. To generate a more complete geographic database
for intersections from large-scale network, other automatic methods should also be
explored.

Recently, lots of vehicles and navigation device have equipped with global posi-
tioning system (GPS) receivers or loggers. These devices could generate frequent
and high resolution location information, which can be a new source of spatial data
for traffic management. This kind of data could represent traffic patterns both in
spatial and temporal because the full trajectory of a vehicle could be extracted from
a series of GPS locations. Millions of GPS records could happen on a large-scale
network, and the trajectories they formed can interact with each other, thus, the road
intersection could be identified by mining the GPS data.

The advantages of using GPS data include its low cost (no additional devices
needed) and non-aggregated information. There are many studies have been
conducted using GPS trace to find geographic information of the road network. Yang
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et al. [1] used a multi-hierarchy feature extraction strategy to generate lane-based
intersection maps from crowdsourced big trace data. They used turning change point
pair as the fundamental elements to define intersections. They extracted those pairs
fromGPS trace and spatially clustered them based on distance and angle constraints.
By trying different parameter combinations, they generated all the locations of inter-
sections and compared them with satellite images, the accuracy of road intersection
recognition was about 95% and the recall rate was about 92%.

Other methods on extracting information from GPS data have also been explored
by researchers.Wang et al. [2] used entropy analysis and clusteringmethod to identify
intersections from GPS locations. They focused on the diversity of headings exists
in intersection area, used Shannon entropy to analyze the headings in each cell of
gridded network. As high entropy should indicate intersection area, further they
clustered those close cells to form an intersection. There are also several studies
working on traffic lane information extraction or map-matching using GPS trajectory
data [3, 4]. Other methods like k-means clustering [5–7], localized shape descriptor
[8] and spatial analysis in circular boundaries [9] were also developed by researchers.
In this paper, we will focus on intersection identification with massive, noisy GPS
trajectories.

This paper proposes a new method on intersection identification. First, we extract
all the turning points of all trajectories. Second, we use a clustering method to find
the groups of those turning points. Last, we use direction discrepancy index (DDI)
and turning discrepancy index (TDI) to analyze each cluster, to remove those false
detections. By using this method, a city-scale intersection map can be generated.
Compare to the open source geographic database, Open Street Map (OSM), we
can detect intersections not included in OSM, which makes this method a good
supplement to open source database. Additionally, this method is scalable and easy
to implement with few interventions.

2 Methodology

2.1 Turning Point Extraction

Generally, turning point is referring to the point that a vehicle changes the heading
obviously. However, since the heading information is not available in our dataset,
here we use the bearing (b) change as a substitute. Besides the bearing change,
another factor that should also be considered is the duration of motion (t). Because
the GPS data many have missing points in a trajectory, thus, only points recorded in
a short period will be considered. Figure 1 shows the definition of a turning point.

In Fig. 1, p1, p2 and p3 represent the 3 consecutive GPS points of one vehicle; t1
and t2 are the time duration (in seconds) between p1 and p2, p2 and p3, respectively;
b1 and b2 are the bearing (in degree) from p1 to p2, p2 to p3, respectively.

The turning point needs to satisfy the following conditions.
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Fig. 1 An illustration of
turning point definition

t1+ t2<=30 (1a)

60 < |b1− b2| < 300 (1b)

2.2 Density-Based Clustering

To find the intersection area out of massive vehicle turning points, a density-based
clustering method is used. We adopt density-based spatial clustering of applications
with noise (DBSCAN) [10] as the clustering method, with the advantage that no
need to know the number of clusters beforehand. For the parameter used in clustering
algorithm, we tried different combination on our case and set epsilon as 0.0002 and
minimum samples as 15 for our one-week data.

2.3 Cluster Analysis

As not all the turning movement happened at intersection, some cluster from turning
points should be examined carefully. For example, lots of turning motion can happen
on a ramp to highway, where all the vehicles are turning right. And some road may
have curvatures, which can also lead to a group of turning points when they are
driving on the curved road. Thus, we develop two types of index to analyze those
behaviors in cluster.

The Direction Discrepancy Index (DDI) is defined as follows.

DDI =
∑∣

∣ Ni
N − 0.25

∣
∣

N
(2)

where Ni is the number of points with driving direction (i.e., eastbound, westbound,
etc.) i. If there are less than 4 directions, DDI is set to 1.

The Turning Discrepancy Index (TDI) is defined as follows.
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Table 1 Sample raw data

Trip ID Waypoint sequence Capture date Latitude Longitude

1bae53423cdafa9fd11691c 13 1/30/17 17:23:52 41.6497 −93.6046

1bae53423cdafa9fd11691c 14 1/30/17 17:24:52 41.6495 −93.6257

1bae53423cdafa9fd11691c 15 1/30/17 17:25:52 41.6499 −93.6466

1bae53423cdafa9fd11691c 16 1/30/17 17:26:45 41.6508 −93.6675

TDI =
∑∣

∣
∣
N j
N − 0.5

∣
∣
∣

N
(3)

where N j is the number of points with turning direction (i.e., left, right, through
movement) j.

The threshold to filter out non-intersection turning point clusters from these two
indices are tuned in our case study. A visualization tool is developed and the final
tuned threshold for DDI is 0.35, and for TDI is 0.3.

3 Experiment

3.1 Data Used

The GPS location data in this case study is provided by INRIX [11] with an accuracy
around 5 m. There are about 2 million of records in one week from 29, January to
04, February 2017 in the study area (the state of Iowa, USA), thus, we focus on the
major city in Iowa–DesMoines metropolitan area. A sample of information included
in the dataset is shown in Table 1 and Fig. 2. The individual GPS device information
is anonymized.

3.2 Turning Point Extraction and Clustering

By applying the proposed method, we can extract all the turning points from all the
trajectories. Figure 3 illustrates a subset of turning points on map. The blue dots are
extracted points, and apparently, they are mostly located around intersection area.

After turning point extraction, we apply DBSCANmethod to find clusters among
those points. Asmentioned inmethodology, we tried different combination of param-
eter settings, and thefinal one is selectedbasedonour visual examinations.The results
of turning point clustering are shown in Fig. 4.
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Fig. 2 An illustration of sample trajectory

Fig. 3 Turning point extraction results (partial)

3.3 DDI and TDI Filtering

After clustering the turning points, the in-cluster analysis is done by computing the
DDI and TDI for each cluster. By using the tuned thresholds for each index, the
non-intersection clusters are filtered out. Figure 5 illustrates how the two indices are
detecting those invalid clusters.
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Fig. 4 Turning point clustering results (partial). Note that the color is just to distinguish different
clusters, no actual meanings involved

Figure 5a is showing the original turning points, while Fig. 5b is showing the DDI
and TDI results on top of Fig. 5a. In Fig. 5b, the blue dots are regular intersection-like
clusters (only show the center); the orange dots are clusters with TDI over 0.3; the
red dots are clusters with both TDI over 0.3 and DDI over 0.35. It can be seen that
those red and orange dots are located on the ramps with uniform turning direction
and driving direction.

4 Results

After the experiment with one-week GPS trajectory data, we identified 483 intersec-
tions in DesMoines metropolitan area. Additionally, we also download the data from
OSM to compare with our results. Figure 6 shows our results of intersection locations
extracted from GPS data (blue dots), overlapping with OSM locations (orange dots).

In Fig. 6, most intersections can be captured by our method using GPS data,
however, due to the data coverage, some place may not be identified. In the red box,
there are a whole corridor of intersections is missed by OSM data but captured by
our method with GPS data. Table 2 summarizes the number of intersections obtained
from OSM and our method.

Since GPS data are generated by probe vehicles which can reflect the volume,
thus, those intersections missed by OSM but with good GPS data coverage (potential
high traffic volume) can be identified by our method. Then, our method can be a good
supplement to the open source geography database.
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a

b

Fig. 5 a Extracted turning points, b turning point clusters with DDI and TDI filters applied

5 Conclusion

This paper proposes a new method on intersection identification from massive GPS
trajectory data on a large-scale network. To find the intersections, we focus on the
turning movement and extract all the turning points from all the trajectories. By clus-
tering the turning points, the intersection area can be identified. Further, we examine
those clusters by using direction discrepancy index (DDI) and turning discrepancy
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Fig. 6 Intersection location extracted fromGPS (blue) andOSM(orange). The intersectionsmissed
by OSM are captured by our method (highlighted in red box)

Table 2 Comparison of our
results with OSM database

Type Number of intersections*

Our detection (total) 483

Our detection (not in OSM) 225

OSM database (total) 954

OSM database (not detected) 485

*Number of intersections inOSM is large becauseOSM is showing
the location of every individual signal device, which generate
multiple points for one intersection location

index (TDI). Those indices indicate the turning behaviors in the cluster and can be
used as a filter to eliminate wrong detections.

A case study is conducted on one-weekGPSdata from the state of Iowa,USA.Two
millions of records are processed and 483 intersections are identified in Des Moines
metropolitan area. Compared to open street map (OSM) database, we identify 225
intersections that are missed by OSM.

This method can be a supplement to open sourced geographic information
database. By using GPS data, large-scale network can be identified. After obtaining
the intersection map, one can evaluate the mobility and safety performance of a
network with focus on these conflict points, such as identify the bottleneck of the
network with the knowledge of intersection locations. In future, the trajectory data
can also be used for computing delay, travel time reliability and other performance
measures.



Intersection Identification Using … 159

References

1. Yang X, Tang L, Niu L, Zhang X, Li Q (2018) Generating lane-based intersection maps from
crowdsourcing big trace data. Transp Res Part C Emerg Technol 89:168–187

2. Wang C (2017) Intersection and stop bar position extraction from crowdsourced GPS
trajectories. In: Transportation research board 96th annual meeting, Washington D.C.

3. Tang L, Yang X, Kan Z, Li Q (2015) Lane-level road information mining from vehicle GPS
trajectories based on Naïve Bayesian classification. ISPRS Int J Geo Inf 4(4):2660–2680

4. Lou Y, Zhang C, Zheng Y, Xie X, WangW, Huang Y (2009) Map-matching for low-sampling-
rate GPS trajectories. In: Proceedings of the 17th ACM SIGSPATIAL international conference
on advances in geographic information systems—GIS’09, p 352

5. Schroedl S, Wagstaff K, Rogers S, Langley P, Wilson C (2004) Mining GPS traces for map
refinement. Data Min Knowl Discov 9:59–87

6. EdelkampS, Schrodl S (2003)Route planning andmap inferencewith global positioning traces.
In: Klein R, Six H-W,Wegner L (eds) Computer science in perspective, vol 2598. Lecture notes
in computer science. Springer, Berlin/Heidelberg, pp 128–151

7. Worrall S, Nebot E (2007) Automated process for generating digitised maps through GPS data
compression. In: Australasian conference on robotics and automation

8. Fathi A, Krumm J (2010) Detecting road intersections from GPS traces. In: Proceedings of
the 6th international conference on geographic information science, Zurich, Switzerland, pp
59–69

9. Wang J, Rui X, Song X, Tan X, Wang C, Raghavan V (2015) A novel approach for generating
routable road maps from vehicle GPS traces. Int J Geog Inf Sci 29(1):69–91

10. Ester M, Kriegel HP, Sander J, Xu X (1996) A density-based algorithm for discovering clusters
in large spatial databases with noise. KDD 96(34):226–231

11. INRIX Homepage. http://inrix.com/. Last accessed 5 Jun 2019

http://inrix.com/


Crowd Density Prediction Using Kalman
Filtering Technique

H. Gayathri, P. S. Karthika, and Ashish Verma

1 Introduction

Monitoring the crowd movement using surveillance systems has become an integral
part of mass gatherings of religious and non-religious nature. The motivation for
actively making use of automatic surveillance systems such as CCTVs is rooted in
the wake of several crowd disasters in past, for instance, the Love parade stampede
in Germany. Religious gatherings and pilgrimages have been venues for 79% of
stampedes in India [2]. Regular monitoring of crowd in such situations can help in
identifying possible crowd risk situations including crowd crush and stampedes. The
event management authorities can utilize quantifiable aggregate measures of crowd
flow to make strategic dynamic decisions to ease the risk situations. Crowd density
is an important parameter of crowd flow that can be used to make such strategic
decisions formanaging large number of people. The number of pedestrians per square
meter gives the crowd density, which is an indication of the intensity of crowd. As
crowd density increase, there are chances of pressure building up within the crowd,
and in the absence of proper measures to dissipate this pressure, crowd crush can
happen. Therefore, modeling the spatiotemporal variation of density patterns can be
used as an input to give an early warning in case of high densities. The objectives of
this study are to estimate concentration of density across different prime locations
in the study area and to predict the density patterns using Kalman Filter Technique
(KFT) and comparing the concentration of densities. Kumbh Mela (Ujjain-2016), a
massHindu pilgrimage,where people across theworld gather to take part in religious,
is considered as our study area.
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The remainder of the paper is organized as follows: In the next section, we present
a short description of related studies. Details of the study area, data collection and
data extraction are presented in Sect. 3. Section 4 includes the particulars of analysis
conducted including the methodology adopted for predicting crowd density. Finally,
we conclude with the discussions of the study, and possible future work.

2 Literature Review

Pedestrian behavior in crowd can be modeled macroscopically and microscopically.
In macroscopic, the focus is on relationships between density, distributions, speed
and flow such as hydrodynamic model and first-order flow models [3, 4], whereas in
microscopic,models are developed such as social forcemodel [5], cellular automaton
model [6, 7], and other agent-based simulations. From a macroscopic standpoint,
studying aggregate figures such as density is imperative to identify risk levels at
various locations. Many researchers have reported maximum density values where
the critical boundary begins such as 7 persons/m2 [8], 6 persons/m2 [9]. However,
a study conducted in Hajj reported that average speeds does not even go to zero at
densities as high as 10 persons/m2 [10]. Estimating densities even when there are
only a few pedestrians is challenging, as the number of samples will be low [11].

Several studies have used Kalman filter to predict different traffic variables
including traffic flow, travel time etc. Kumar [12] predicted traffic flow using historic
traffic flow data for two days, and real-time data for the considered day using Kalman
filtering technique. Another study makes use of Kalman filter technique to predict
travel time for buses in Bangalore [13]. Also, there are few studies on tracking
pedestrians using Kalman filters where algorithms using extended and simplified
complimentary Kalman filters to improve the accuracy with respect to positioning
of raw data [14] and recognizing pedestrians and localizing them with Kalman filter
estimators [15]. Mahakian [16] has combined Kalman filter and Kuhn–Munkres
algorithm to predict pedestrian locations and get their walking trajectories.

3 Study Location, Data Collection and Extraction

KumbhMela is one of the world’s largest mass religious gathering in which millions
of people gather for worship and take a dip in a river that is considered sacred. Data
for this work is collected during Kumbh Mela 2016, Ujjain. Three locations are
considered for the study: Chardham (place of worship), Mahakal (place of worship)
and Bombay Dharamshala (major resting place). The locations are chosen in such a
way that those be either of prime importance where people perform certain activities
or cross the sections to reach prime activity locations. For example, people cross
Bombay Dharamshala to reach Ram ghat where they take a dip. The widths of these
sections are different fromone another.Major bathing dates are predetermined before
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Fig. 1 Locations considered for the study

the Kumbh Mela starts. These days, the crowd is expected to be heavy compared
to other days. CCTV footage for the selected three locations are collected during
May 9, 2016, which is one of the major bathing dates. Data is manually extracted
from the footages for two hours (7–9 a.m.). A trap length is marked on the video
and the number of persons in the trap length is counted to get the densities for every
one-minute. The same procedure is used for all the locations to get their densities.
However, this method carries a major drawback, i.e., as the density is measured in
one-minute interval, density depends discontinuously on time [17]. Figure 1 shows
the three locations considered for the study. Figure 2 shows the snapshots of three
locations with trap lengths marked.

4 Analysis

4.1 Comparison of Densities

Figure 3 shows the time series plot for all three locations. Density in pedestrians per
meter square is plotted versus time in the one-minute interval. The maximum density
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(a) Chardham               (b) Mahakal

(c) Bombay Dharamshala

Fig. 2 Snapshots of three locations with trap lengths marked

observed at Chardham was around 1.5 ped/m2. Chardham serves as an entrance
to the Mela area as the different activity locations can be accessed through this
node. Another point of attraction in the study area is Mahakal temple, where the
pilgrims visit in large numbers. Maximum density of 1.2 ped/m2 was observed at
this node. The third location considered was the major resting place for pilgrims,
Bombay Dharamshala, which in turn provides access to pilgrims wanting to take
dip. Maximum density observed here is 1.8 ped/m2. Being an important date for the
event, various religious processions were happening throughout the study area. Due
to this, the movement of pilgrims was restricted at various stretches, resulting in
lower pedestrian densities even at the prime activity locations during the considered
time period.
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Fig. 3 Time series plot for all three locations

4.2 Predicting Densities Using KFT

Kalman Filter Technique. Video data extraction is a highly uncertain process. It
includes errors from randomness in movement, measurement error, time-lapse error,
etc. Kalman filter is an iterative process developed by Kalman [18] that uses a set
of equations and data inputs to estimate the true value and eliminates error in the
data. It estimates the future values by taking into account the error in the process and
measurement. One advantage of Kalman filter is that it minimizes the mean square
error of the estimated parameters that are difficult to measure in real grounds [19].

The Kalman filter tries to estimate the state x ∈ R
n of discrete-time controlled

process headed by the linear stochastic differential equation

xk = Axk−1 + Buk−1 + wk−1, (1)

with a measurement z ∈ R
m , where

zk = Hxk + vk, (2)

where
vk is process noise with normal distribution N (0, Q)

wk is measurement noise with normal distribution N (0, R)

Q and R are their covariance matrices
A, an n × n matrix, is the system state from previous to current time step, i.e.,

k − 1th to kth time step
B, an n × l matrix, is the optional control input in the state x
H , an m × n matrix, is the state of measurement in zk .
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With the input of variables before step k, Kalman filter estimates the parameters
at step k, known as a priori state estimate x̂−

k which is corrected using measurement
zk in the next step, known as a posteriori state estimate x̂k . The errors in these two
estimates is calculated using the following equations

ê−
k ≡ xk − x̂−

k , (3)

and

êk ≡ xk − x̂k . (4)

The a priori and a posteriori estimate error covariances are then, respectively,

P−
k = E

[
e−
k e

−T
k

]
, (5)

and

Pk = E
[
eke

T
k

]
. (6)

The aim of Kalman filter is to minimize this Pk . The following are the set of
iterative equations to estimate x̂k [13]

1. Initialization
Set time step k = 0, E[x0] = x̂0 and E

∣∣[x0 − x̂0
]∧2

∣∣ = P0.
Where x̂0 is the predicted density at time 0.

2. Extrapolation of a priori state estimate

x̂−
k = Ak−1 x̂k−1. (7)

A priori error covariance

P−
k = Ak−1Pk−1Ak−1 + Qk−1. (8)

3. Calculation of Kalman gain

Kk = P−
k

[
P−
k + RK

]−1
. (9)

4. Update
A posteriori state estimate

x̂k = x̂−
k + Kk

[
zk − x̂−

k

]
. (10)

A posteriori error covariance

Pk = [1 − Kk]P
−
k . (11)
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5. Iteration
Set k = k + 1 and the process is repeated from step 2 until the last time step

ends.

Model Development. As discussed in the previous section, Kalman filter technique
is used to predict the density for three different locations in the study area. Density
data perminute extracted from the video is used in theKalman filtering. State variable
is the density at every time step, represented as ρt . Density at previous time step is
used to predict the density in the current time step.

ρt = Aρt−1 + wt−1. (12)

Here, we have assumed A to be a constant [19]. Additionally, the pedestrian flow
data was collected to be used as a measurement variable. However, due to difficulties
in manual extraction of flow data, measurement variable was not used in this study.

Predicting Densities for Study Locations. Based on the Kalman filter process
explained in the previous section, the density for all three locations is predicted.
Figure 4 illustrates the graph between observed and predicted densities versus the
consecutive sample points at five-minute time interval for all three locations. One-
minute densities are averaged to five minutes so as reduce noise in the data. It is seen
that the variations are quite high in all the locations.

4.3 Corroboration of Results

Mean absolute percentage error (MAPE) is used to check for accuracy in the
estimation. This is calculated using the formula

MAPE = 1

n

n∑

i=1

∣
∣∣∣
Predicted density − Observed density

Observed density

∣
∣∣∣ × 100. (13)

Error less than 10% is considered highly accurate, between 11 and 20% is good,
21 and 50% is acceptable and more than 50% is inaccurate [12]. Table 1 shows the
MAPE observed for the study locations.

From Table 1, it is seen that the estimation accuracy is good for all the locations.
However, the error percentage is quite high for Bombay Dharamshala due to the
following reasons:

• Data was not available for the entire 7–9 a.m. as the flow was stopped due to a
procession. Data for 7–7.40 a.m. was generated using random number generator.
This could have led to poor estimation accuracy.

• Movement of vehicles was noticed in the video, which could have affected the
density values.
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(b) Mahakal

(c) Bombay Dharamshala

(a) Chardham 

Fig. 4 Graphical representation of observed and predicted densities
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Table 1 MAPE observed for
the study locations

Location MAPE in %

Chardham 13.1

Mahakal 10.26

Bombay Dharamshala 17.3

5 Conclusion

Predicting densities is imperative to identify possible crowd risk situations such as
crowd crush and stampedes. Crowd density is an important parameter that can be used
to make strategic decisions to manage large crowds. In this study, future densities are
predicted from current densities using Kalman filtering technique for three locations
within the study area and a MAPE of less than 20% is observed for all the locations,
which is considered a good accuracy estimation. However, using other variables such
as pedestrian flow, and average velocity to augment density prediction can capture
the variations in density better. This will be explored further in our work.
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Calibration and Validation of VISSIM
Parameters in Mixed Traffic

Anuj Kishor Budhkar and Avijit Maji

1 Introduction

Minor roads such as sub-arterials joining major urban corridors (hereafter referred as
mainline) in the same direction constitute the simplest uncontrolled intersections. At
a minor–major road grade separated intersection, the minor road traffic merges with
major road through a ramp. There is a sudden increase in flow levels, and vehicles
entering the mainline from the ramp need to find space (or gaps) in between vehicles
on the mainline. This causes turbulence to the traffic stream. It is virtually impossible
to avoid merging behavior of ramp traffic on major arterial roads in urban areas.
Although roads can be substantially made signal-free, the merging behavior from
other roads cause congestion leading to delays, and sometimes also require innovative
techniques such as ramp metering for controlling traffic flow during merge. Series of
merging sections may have large economic and environmental considerations on a
city-wide or region-wide scale. Thus, their efficient control andmanagement strategy
for any city is important to reduce overall travel times.

Mixed traffic streams are different than conventional traffic, due to two peculiar
phenomena (i) Weak lane discipline (random placement over entire width of the
road) and (ii) Presence of heterogeneous traffic; or large number of vehicle types.
The concepts of lane changing are not applicable in these streams, since the vehicles
do not move in well-demarcated paths (i.e., lanes), and they veer frequently based
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on adjacent vehicles’ positions along with simultaneous acceleration or decelera-
tion. Macroscopic traffic models have been devised for mid-block sections in these
streams; however, less study has been conducted for vehicle merging behavior.

Merging behavior in mixed traffic conditions is unique, primarily because of the
derived turbulence and resulting weak lane-disciplined traffic. Since drivers tend to
minimize time and utilize any available effective space, it is observed that vehicles
seldom yield to obstructing traffic, but rather slow down quickly at the conflict loca-
tion. This results in larger queues and capacity drops. The drivers undergo a complex
decision-making process consisting of optimum choice of speed, location of merge,
acceleration/deceleration, and safe gaps between neighboring vehicles. Simulation
of these merging sections is essential on a network-level basis to investigate overall
delay and safety aspects of traffic. Calibration of parameters in a simulation model
to represent field traffic is a primary step for this simulation.

A study is not conducted to estimate capacity of merging sections in mixed traffic
and check its variation with traffic and roadway parameters. Such a study can notify
immediate macroscopic effects of merging section on the highway and consequently
at the network level. Simulation models such as VISSIM can effectively represent
macroscopic traffic conditions for mixed traffic, thereby reducing time and error
of data extraction in such traffic. This paper focuses on calibration and validation
of VISSIM parameters to effectively represent merging traffic on an arterial road.
Further, it also focuses on estimation of capacity, and change in speed and capacity
in the uncongested regime, with introduction of ramp traffic.

2 Literature Review

This section describes previous work pertaining to merging process, merging models
and usage of VISSIM in mixed streams. Most of the research work for merging
behavior is conducted in the developed world, where traffic is more homogeneous
in nature and vehicles travel in demarcated lanes.

The pioneering research in merging traffic was conducted by Drew et al. [1]. The
report contributes largely to the study of merging process and includes the following
studies: (i) Effect of traffic characteristics on merging process, (ii) Description of
various merging processes possible, (iii) Effect of geometric parameters such as
width of ramp, mainline and merging lane, type of merging on the merging behavior,
(iv) Consideration of system such as interchange, land use, operational characteris-
tics of ramp and freeway, etc., and (v) Various traffic control measures to enhance
merging process. It holds the pioneering effort to model merging behavior by means
of acceptance of minimum time-gap between vehicles in major road by the driver in
minor road (termed as critical gap). Delay to the driver on minor road and decision to
accept a critical gap are expressed as a function of freeway flow, critical gap, merging
speed, relative speed and other factors.
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2.1 The Merging Process

The merging process of a vehicle from ramp to the mainline is illustrated in NCHRP
report 600 [2] and is adopted from Michael and Fazio [3]. Besides one vehicle
from ramp accepting a gap in between two vehicles on the mainline (termed as
conventional merging), other possible types of merging were studied by Drew et al.
[1]. In the research, various freewaymerges have been studied, such as optional, ideal
or forced merging by the vehicle on minor roads. The merging process is challenging
since it requires several tasks such as speed adjustment, steering and gap acceptance
simultaneously. This process can be divided into a set of subtasks though themerging
process is dynamic than mechanistic. It consists of initial steering and acceleration
components on the ramp as the drivers transition from the ramp to acceleration lanes,
gap acceptance or rejection and steering to join the mainline traffic stream. Drivers
accelerate to have an unobstructed view of traffic on the mainline. Usually, drivers
begin adequate gap search between vehicles on mainline after they reach the nose of
entrance ramp. Drivers accept or reject gaps between vehicles and are in a dilemma
zone whether to pass a particular vehicle on mainline or to follow it. At low traffic
volume and sections with poor geometry, vehicles merge close to the nosing area.
Whereas, if the traffic volume increases, vehicles follow zip-merging pattern, i.e.,
ramp and mainline vehicle merge one by one. If vehicles do not observe gaps, they
may also choose to abort merging and stop at the end of merging zone. Cheng et al.
[4] analyzed drivers’ visual characteristics and found that drivers pay more attention
and gaze more if traffic density on mainline increases. The turbulence is studied in
detail in Beinum et al. [5].

However, in mixed traffic conditions where lane discipline is not followed,
merging processes are unique. An explicit study of merging processes for ramps
joining mainlines in mixed traffic is not conducted by researchers till date. However,
merging process on T-junctions is studied in Kanagaraj et al. [6]. The authors have
exploredmergingmaneuvers on congested conditions onT-junctions inmixed traffic.
Unique merging processes such as group and cover merging are illustrated, and the
similarmerging processes are also observed for rampsmergingmainlines.Apart from
normal and forcedmerging common in developed world, the researchers also studied
group and vehicle cover merging phenomena. The merging depends on attainment
of waiting time or queue length or both. Further, on-ramps joining mainlines, lateral
vehicular interactions play an important role, since speeds are higher than those
observed at intersections. Safe lateral gaps at various speeds may play a crucial role
in evaluation of merging maneuvers. The lateral gap maintaining model developed
in Budhkar and Maurya [7] with appropriate modifications maybe useful to simulate
merging processes. Apart from modeling the driving behavior, the delay caused due
to merging vehicles can be estimated based on stream speed reduction on merging
sections. Macroscopic estimations such as these may be useful to determine merging
capacities at a preliminary level.
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2.2 Modeling the Merging Capacity

The vast study ofmerging behavior andmaneuvering is aimed to improve themerging
capacity apart from the safety. Merging capacity of streams are mathematically
computed by Brewer et al. [8] using upstream service volumes and speeds on-ramps,
as well as gap acceptance criteria.

Various researchers have evaluated merging capacities by different methodolo-
gies such as headway, gap acceptance, delay and speed reduction. Effect of merging
distance on microscopic and macroscopic traffic parameters is also essential, as
shown in Weng and Meng [9]. Some works are also carried to relate driver reaction
(acceleration or deceleration) with the merging process, notably by Sarvi and Kuwa-
hara [10]. The authors have calculated driver reactions at various zones, upstream,
at merging and downstream of merging. Based on this, merging capacity is modeled
and validated at several sections using an instrumented vehicle. A research work of
this scale in mixed traffic conditions may be useful to model these phenomena for
such traffic. Ramp metering as a means to increase capacity on mainline is estimated
by Rudjanakanoknad [11]. Ramp metering is effective to improve flow and speed
levels on both the roads, as well as reduce overall delay by avoiding gridlock-causing
queues. Realistic theories regarding controlling ramp flow are developed.

WuandLemke [12] have developed a newmodel based on probability and queuing
theory for determining levels of service of freeway merging and diverging sections.
The authors have developed equations which determine service volumes for merging
depending on capacity of ramps and upstream major road and volume to capacity
ratio for given levels of service. Naturally, the volume to capacity ratio of a merge
section is superposition of respective ratios of upstream mainline and ramp traffic
volumes. The research work is also included in German highway capacity manual,
2011 [13].

The US Highway Capacity Manual (HCM) mentions that the base capacity of
merging segments is the same as corresponding capacity of a basic segment, that is,
a function of free-flow speed. The base capacities represent ideal assumed conditions,
such as no presence of heavy vehicles, no heavy traffic onmainline or ramp.However,
there is a high turbulence observed in case of mixed traffic, due to slow-moving
vehicles such as three wheelers and trucks. Section capacity is related to maximum
pre-breakdown flow, which varies from 1928 to 2330 vphpl for a merging section,
as mentioned in HCM and Kondyli and Elefteriadou [14]. The HCM recommends
reduced capacity values implemented by a capacity adjustment factor (CAF), which
depends on turbulence due to vehicle mix and needs to be calibrated locally. The
capacity estimates methodology assumes that vehicles on the ramp enter mainline
only at two lanes immediately near to ramp. Accordingly, flow rates are lane-based,
and highly depend on vehicle distribution factor across lanes. However, in mixed
traffic, since space utilization is the priority, it is observed that ramp vehicles occupy
empty spaces throughout the width of road, irrespective of proximity to the ramp.
The capacity reduction in mixed traffic is evitable. This paper will also study the
capacity reduction.
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2.3 Usage of VISSIM to Simulate Mixed Traffic

The microsimulation model VISSIM is used by researchers widely to model mixed
traffic too. Mathew and Radhakrishnan [15] have simulated traffic intersections in
mixed traffic by considering delay as a validating variable.Manjunatha et al. [16] have
further simulated intersections and validated them using this approach. Durrani et al.
[17] have calibrated Wiedemann’s car following model used as basis in VISSIM, for
mixed traffic conditions. Studies related to capacity in mixed traffic were conducted
byMeher et al. [18]. Capacity of expressways inmixed environment was also studied
by Bains et al. [19]. Arkatkar [20] has studied road geometry effect on capacity of
highways using VISSIM. A similar calibration procedure was used by Siddharth and
Ramadurai [21]. Li et al. [22] have calibrated VISSIM for roundabouts by comparing
deceleration rate and speed distribution parameters. Therefore, it is observed that
most of research is based on either intersections or mid-block sections, but a study
is not conducted to simulate merging sections.

2.4 Gaps in Literature Review Pertaining to Mixed Traffic

The review of literature yields that the merging behavior of drivers (their decision
and reactions) especially at on-ramps have not been studied in detail in mixed traffic
conditions. Optimummerging speed models based on geometry of section and given
traffic composition are not developed for mixed traffic. Measures of effectiveness of
a merging section may include time loss, delay to vehicles on major road and speed
reduction.

Merging traffic sections can be evaluated by designers or planners to estimate
traffic conditions at the conflict areas, expected delay to the traffic and thereby its
capacity. For this condition, it needs to be simulated for experimental traffic and
geometric variations. The next section presents calibration and validation of VISSIM
parameters from extracted field data, whereas capacity estimation and comparison
with existing literature is presented in Sect. 4.

3 Data Collection and Network Development in VISSIM

3.1 Field Data Collection

The field data were collected from an arterial road—Thane–Belapur road, located in
Navi Mumbai city, Maharashtra, India. Two separate merging locations on this road,
located about 5 km from each other were considered for calibration and validation.
Indian code IRC 1061990 is used to convert mixed traffic into passenger car units
(PCU). Per-minute traffic flow is recorded from these locations, in terms of passenger
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Table 1 Extracted traffic parameters from field

Parameter Cars Two wheelers Three
wheelers

Trucks Buses LCV

Vehicle
composition
(%)

Location
1-mainline

38.6 21.6 6.1 19.1 3.1 11.5

Location
1-ramp

53.1 16.8 3.9 14.7 2.7 8.8

Location
2-mainline

44.1 30.9 11.6 5.5 2.5 5.4

Location
2-ramp

44.7 37.8 7.8 3.3 0.7 5.7

Desired speed
(km/h)

Mainline 54.96 46.47 38.03 38.54 44.37 42.5

8.74 8.43 6.98 5.27 7.44 9.58

Ramp 64.27 57.01 43.54 34.76 39.85 36.9

9.89 7.75 4.66 6.47 3.35 7.18

car equivalents (PCEs) considering six vehicle classes mentioned in Table 1. Speeds
of 25–30% of total vehicles are randomly considered for average speed calculation
per minute for every section. The average speed is measured at three sections by
noting in-time and out-time of vehicles over a 30-m trap length.

The first location (used for calibration) is located at Turbhe, consists of merging
of traffic coming from Mumbai and Vashi with that of Thane–Belapur Road (south-
bound). Widths of mainline and ramp are 8.0 and 7.5 m, respectively, and merging
length is 84m. Peak flow rates of 5110 PCU/h and 4880 PCU/h are observed onmain-
line and ramp, respectively, over a five-hour duration. The second location (used for
validation) is in Koparkhairane, which consists of merging of traffic coming from
Sector 19 with that of Thane–Belapur Road (northbound). Widths of mainline and
ramp are 7.6 and 7.0-m, respectively, and merging length is 68 m. Maximum flow
rates of 3920 PCU/h and 2340 PCU/h are observed on mainline and ramp, respec-
tively, over a three-hour duration. Although the sections are similar in geometry, but
flow levels in Section 2 are much lower. The mainline and ramp at both sections
are designed for two lanes of traffic, but movement of traffic indicates no following
of lane discipline, and sometimes three virtual lanes were also observed. Table 1
mentions vehicle composition at both these locations and observed desired speeds
for six vehicle classes. It is observed that desired speeds of ramp and mainline at
both locations are similar.

On both traffic locations, the speed data were obtained by means of a traffic
video recorded from a montage point away from merging area, during lean-peak
hours on May 31 and June 1, 2018. The locations had ideal pavement characteristic,
no horizontal or vertical curves and absence of gradient. Macroscopic traffic data
(speed and flow) were extracted from each of the two locations, at three sections (i)
Section 1—onmainline, 30-m before merging, (ii) Section 2—on ramp, 30-m before
merging, and (iii) Section 3—on the mainline, immediately after merging section.
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Fig. 1 Merging sections chosen for calibration and validation. Image copyright: wikimapia.org

Therefore, the ramp vehicles coming from Section 2 to merge the vehicles on the
mainline at Section 3, whereas the vehicles on the mainline travel from Section 1 to
Section 3, as explained in Fig. 1.

3.2 VISSIM Network Development

The first field location is replicated as aVISSIMnetwork by using satellite imagery of
the location. Three links—mainline, ramp and exit road (sections 1, 2 and 3, respec-
tively) were constructed and joined by connectors. Since there is no lane discipline,
each link is created using a single lane equal to width of actual road, and vehicles are
allowed to overtake from both sides within the lane. Vehicle parameters calibrated
from the field includes the following
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1. Variation of acceleration and deceleration with speed for various vehicle types,
adopted from Bokare [23]. Cars are assumed to consist of equal proportion of
petrol and diesel models.

2. Desired speed distribution: Thirty free-flowing vehicles of each type were eval-
uated from each section for their desired speeds based on assumption that the
vehicle is at its desired speed if there is no visible vehicle in its front and is not
observed to accelerate. All vehicle types have normally distributed desired speed
distribution profiles and the values are input in the VISSIM graphs accordingly.

3. Link behavior: The roads under consideration are urban arterial roads with
limited access control. Therefore, urban (motorized) link behaviorwas allocated
to all the links.

4. Driving behavior:Wiedemann-74 car-following parameters are used inVISSIM
to represent traffic on urban arterial roads. Driving behavior adjustments
include car following, lane changing and lateral distance keeping. For lateral
distance keeping, vehicles are allowed to overtake from both sides in the same
lane. Lateral distance-keeping parameters at standstill and 50 km/h speed are
adopted using clearance-speed relationships evaluated in Budhkar and Maurya
[7]. Look-ahead distance (minimum and maximum) and Wiedemann-74 car-
following parameters (average standstill distance, additive and multiplicative
part of safety distance) are unknown and need to be calibrated for this section.
Minimum and maximum values are adopted from VISSIM’s user manual.

The following network objects are used for traffic simulation.

1. Vehicle inputswere provided from sections 1 and 2with similar flowand compo-
sition as observed in the field. Additional vehicle types (such as, motorized three
wheelers and light commercial vehicles specific to the field) are imported as
separate 3d vehicle models.

2. A conflict area is created at the merging zone. It is observed that there is no
priority followed by traffic streams as they enter merging section. However,
vehicles do interact with each other; therefore, the priority rule is left as ‘unde-
termined.’ VISSIM has options to modify driver behavior at merging sections
using several conflict-zone attributes. Sensitivity analysis of all these conflict
area parameters is conducted in the next section.

3. Vehicle travel time objects are placed before and after merging (total three),
with a section length of 30-m each. They note the vehicle count, type, time of
entry and speed of vehicles. Further, another vehicle travel time object is placed
over a 500-m stretch on the mainline, such that the merging section lies midway.
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4 Calibration and Validation

4.1 Identification of Sensitive Parameters

It is important to identify the sensitivity of parameters which are difficult to be
obtained directly from the field and out of scope of this paper. For this purpose,
the three attributes of Wiedemann-74 model, look-ahead and look-back minimum
and maximum distances, and five of seven parameters of determination of driver
behavior at conflict area were evaluated. They are mentioned in Table 2. Variation
of the parameter ObjAdjLns or ‘observe adjacent lanes while lane-changing’ is not
applicable formixed conditions, since there is no lane concept, thereby lane-changing
does not apply within the same stream. A parameter ‘AddStopDist’ or additional
stop distance before the stop line at the merging as well as ramp is considered in
VISSIM for appropriate yielding movement. It is observed that vehicles from either
streams do not yield but rather scramble for space in the merging sections, thereby
the parameter ‘AddStopDist’ is not considered and its value is given as 0. Each of
considered parameters is varied by 20% of its default value (on positive as well as

Table 2 p-value of sensitivity analysis after 20% variation of VISSIM parameters

Parameter group Name Section A Section B Section C

Conflict area Front-gap
(FrontGapDef)

0.43 0.04 0.28

Rear-gap (RearGapDef) 0.67 0.03 0.08

Safe distance factor
(SafDistFactDef)

0.24 0.01 0.12

Anticipate routes
(AnticipRout)

0.57 0.33 0.27

Avoid blocking
(AvoidBlock)

0.47 0.4 0.35

Car-following Look ahead dist
(maximum)

0.02 0.05 0.08

Look ahead dist
(minimum)

0.00 0.01 0.00

Look back dist
(maximum)

0.13 0.07 0.22

Look back dist
(minimum)

0.22 0.09 0.68

Car-following
(Wiedenmann-74)

Average standstill
distance

0.02 0.00 0.07

Safety distance
(additive)

0.11 0.06 0.01

Safety distance
(multiplicative)

0.03 0.23 0.01
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negative side), and the resultant stream speed at each of the sections is observed.
If there is a significant difference in stream speeds in any of the streams in either
case (positive or negative), the parameter needs to be considered for calibration. The
two samples include average stream speed every minute (Sample size 60 each), with
default and changed parameter. T-test is applied for checking significant difference
between the two samples, for each section. If a significant difference (p < 0.05 for t
test) is observed between two samples of any section, the variable is considered for
calibration. This process follows Manjunatha et al. [16]. Table 2 provides the t-test
result of variation of each of these parameters for worse performer among positive
or negative variation.

FromTable 2, it is observed that sensitive parameters include all threeWiedemann-
74 model attributes, look-ahead distance (max), look-ahead distance (min), Front-
GapDef, RearGapDef and SafDistFactDef of conflict area parameters. Therefore,
these 8 parameters are considered for calibration.

4.2 Calibration of VISSIM Parameters

The calibration of VISSIM parameters is performed using genetic algorithms (GA)
run in aMATLAB code. A communication port (COM port) provides external modi-
fication of VISSIM attributes and allows stream to run for one-hour duration. Values
of eight sensitive parameters (mentioned in previous section) are varied initially
between upper and lower limits mentioned in Table 3, and input in VISSIM network
designed in Sect. 4.3. The output file of VISSIM consisting of vehicle speeds, vehicle
count and time of entry of each vehicle type is accessed by MATLAB to compare
stream behaviors of field and VISSIM. Speed distribution for cars, trucks and two-
wheelers at each section, and the speed-flow distribution at each section are used
as the measures of effectiveness of VISSIM model. Only these three vehicle types
were considered since other vehicle types constituted only a minor percentage of

Table 3 Variable limits and optimized values used for calibration

Variable name Minimum value Maximum value Optimized value

Front-gap (m) 0 2 1.541

Rear-gap (m) 0 1 0.218

Safe distance factor 0.4 1.5 0.611

Look ahead distance (max) (m) 50 200 129.961

Look ahead distance (min) (m) 10 50 23.232

Average standstill distance (m) 1 4 2.352

Safety distance (additive) (m) 0.1 1.5 1.537

Safety distance (multiplicative) (m) 1 5 3.209
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vehicular traffic and enough samples were not available for these types to generate
a speed distribution.

The objective function of MATLAB is average of normalized root mean square
error (NRMSE) between respective attributes of field and model. The RMSE is
normalized by dividing by sum of square of residuals of expected value and
subtracting from unity. Objective function is the average of (i) average NRMSE
between speed distribution (histogram) of cars, trucks and two-wheelers at every
section, thereby average of nine values; and (ii) average of NRMSE between speed-
flow data-points of the field for each section, as per best fit curve and corresponding
data points of the model (average of three values).

Each iteration in GA has population size 20, Elite count 4, crossover fraction
0.8 and uses the Gaussian mutation function. The parents are selected using tour-
nament selection method (size 4), and the children are created using a scattered
crossover function. The next generation is constrained to produce flow levels within
the field’s range. At the end of 23rd iteration, no further optimization is possible, and
previous five iterations produced consistently the same value of optimization func-
tion. Therefore, the optimization process is terminated. Minimum and maximum
values of eight parameters and the optimized values at the end of 23rd iteration are
provided in Table 3. Figure 2 provides the variation of optimization function with
each optimization plot. Similar result was obtained with changing the seed value in
VISSIM simulation.

In this way, the traffic stream in VISSIM is calibrated to replicate the effect of
car following and merging behaviors of the field section. Final optimized value of
function is 0.61. Speed distribution of cars, two wheelers and trucks for the field and
model, for each of the sections is presented in Appendix Figs. 4 and 5 for calibration
and validation sections, respectively. Speed-flow models are presented in Appendix
Figs. 6 and 7. The optimized parameters are used for further analysis in VISSIM.
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4.3 Validation of VISSIM Model

The second field section (30 min traffic data) is considered for validation. It is
replicated in VISSIM similar to calibration procedure. All eight calibrated (opti-
mized) parameters are input in this section and vehicles are input as per flow levels
and composition in the field (Table 1). They are assigned the desired speed from
Table 1 (normally distributed curve) and acceleration curves from literature [23].
The validation is conducted by two measures—(i) For macroscopic measure, speed-
flow diagrams at each section are compared; (ii) For microscopic measures, speed-
distribution at each section are compared for individual vehicle types, i.e., cars,
two wheelers and three wheelers. Time headway distribution is a better micro-
scopic measure; however, in mixed traffic conditions, since vehicles do not follow
demarcated lanes, it is difficult to verify time headway between staggered leader and
follower pairs. Further, an observer cannot ascertain if the two vehicles are interacting
or not. Therefore, the authors have instead compared speed-distribution diagrams.
Although obtained vehicle speed distributions fail to be similar for several vehicle
types, using common distribution comparing tests (such as, K-S test, or chi square
test), obtained normalized root mean square error (NRMSE) is closer to unity, indi-
cating a good fitness level. T-test is applied between speed-flow diagrams of field
and model, for every 1000 vph flow levels to determine similarity between field and
VISSIMmodel at different flow levels. The results of both these tests are formulated
in Table 4. FromTable 4, it is observed that themodel can represent speed distribution
and speed-flow diagrams for most sections.

5 Effect of Ramp Traffic

This section attempts to predict capacity of the section (with help of speed-flow
diagrams) with and without the effect of ramp traffic. For this purpose, the authors
have generated two cases (i) generation of traffic streams at various flow levels on the
mainline and ramp. This procedure is conducted for different widths of mainline (7,
10.5 and 14 m), and (ii) generation of traffic stream only on the mainline. Mainline
speeds are measured over Section 3. For various combinations of flow levels and
road widths, hourly flow levels and corresponding average speeds are plotted. A
comparison is conducted over the uncongested regimes of speed-flow section (speeds
above 25 km/h), to observe if there is any significant effect of ramp traffic on the
speed-flow diagrams. If there is an effect, it would imply that the streams behave
differently during merging. At various flow levels, t-test is applied to verify if the
speed-flow diagrams generated are similar. For this purpose, datasets in each flow
level are checked and is not grossly non-normal, for the applicability of t-test. Figure 3
shows the variation of speed-flow for uncongested regimes, for 2, 3 and 4 lane-width
equivalents of mainline section. Table 5 provides the results of t-test conducted at
various flow levels.
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From the t-tests, a significant difference is not observed at lower flow levels,
wherein vehicles travel close to their desired speeds.However, as flow levels increase,
a drop in speed is observed statistically, for similar flow levels. There is a significant
difference observed, at all widths of mainline. Maximum pre-breakdown flow (i.e.,
maximum flow observed on the uncongested regime) is considered as capacity of the
section. There is a slight drop in capacity levels for all mainline widths, as observed
from speed-flow diagrams in Fig. 3, and values in Table 5.

6 Conclusion

This paper presents a thorough calibration and validation procedure of simulating a
merging section in mixed traffic conditions using VISSIM. Further, it has attempted
to estimate capacity of merging section and compare it with capacity of mid-block
section.

Two field locations on the same highway are chosen for calibration and validation
each, and section details, traffic details, macroscopic and microscopic traffic param-
eters are extracted from upstream and downstream sections on mainline and ramp.
Total eight parameters are found to be sensitive, which include car-following and
conflict area parameters. These parameters are calibrated within their range so that
macroscopic properties (speed-flow diagrams) and microscopic properties (speed
distribution of various vehicle types) of traffic at each section are significantly similar.
A GA-based optimization technique inputs improved solution at every iteration to
the replicated VISSIM network using a COM interface. Obtained calibrated param-
eters are used in another network representing the second field section and validated
macroscopically and microscopically.

The calibrated VISSIM network is used to obtain merging section capacity. It is
observed that the capacity of merging section for mainline width of 7, 10.5 and 14 m
are 4660, 7440 and 10,210 vph, respectively. Although there is a slight reduction in
capacity (7–20%), there is a significant reduction in speed. Since merging sections
are bottlenecks on access-controlled roads, this paper presents corridor speeds and
capacity necessary to be considered while network designing. Effect of variation of
geometry, traffic composition, etc., needs to be studied in detail as a future scope.

Appendix

The appendix consists of figures for calibration and validation of macroscopic and
microscopic parameters mentioned in the paper.
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Lateral Gap Maintaining Behaviour
of Vehicles from Road Median

Geetimukta Mahapatra and Akhilesh Kumar Maurya

1 Introduction

In homogeneous traffic conditions, wherein, the lane discipline is strictly followed,
the linear clearance maintained by the vehicles with respect to the vehicles in front
may be sufficient to describe the vehicle manoeuvering process. In mixed traffic,
the lane discipline is absent, and the vehicles travel abreast due to the variations in
their size and non-standard widths; so it becomes essential to consider the clearances
in the lateral direction in addition to that in linear direction for defining the flow
logic. Road features/elements (like road edges conditions, divider conditions, etc.)
have also an impact on the lateral and longitudinal placement of vehicles, based
on whether drivers perceive a roadside element as an obstacle or not. Vehicles will
move away (or maintains certain clearance or shy distance) from an object/road
element which they perceive as an obstacle. A proper understanding of such clear-
ance maintaining behaviour is necessary to define the vehicular interaction with the
road features. Development of micro-simulation model requires a comprehensive
understanding of microscopic and macroscopic parameters. Models of linear and
lateral clearances are useful for finding influence areas, determining PCUs, safety
analysis and development of geometrical design standards, etc.

In this present study, the impact of median type (width and height) on the lateral
gap (shy distance) maintaining behaviour of vehicles is studied using a sensor based
assembly. For lateral clearance measurement, only the vehicles travelling in median
lanes (i.e. adjacent to the road median) is taken into account. The data is collected
from the straight mid-block sections of different roads (four-lane divided highways)
with different median facilities at free flow speed condition.
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2 Background

In a country like India, the way a vehicle moves is pretty challenging to apprehend.
The positioning of the vehicle has been studied for over the past few decades by
various researchers globally, and some parameters have been found to be directly
affecting it. Amongst them, some have been described in the following sections.

1. Impact of median or shoulder divider of the road on the lateral placement of
vehicles.

2. Impact of traffic and stream parameters on the lateral placement of vehicles.

2.1 Impact of Median Divider/Shoulder on Lateral
Placement of Vehicles

Function of the median is to separate opposing lanes to avoid head-on-collision.
Similarly, the shoulder is required to prevent the road departure crashes for the out of
control vehicles. Indian road design practises do not differentiate between the types of
medians. Amongst highway engineers, there is quite a variance of opinion regarding
the effectiveness of the different types of dividers. Similarly, edge line and centre line
(in the form of a thick line or two lines) play a crucial role in the vehicle’s position.
Sagberg [27] observed a shift in the lateral position of about 30–38 cm for the road
with new painting and 12–20 cm for the road with rumble strips. Zhou et al. [40]
observed that average lateral placement tends to decrease with the increase in width
of the inside shoulder. Similarly, the edge line, the outermost line in the roadway
tends to affect the vision of the driver who is propelling along the highway. Woods
[36] observed that vehicles tend to move away from the centre line and towards the
edge when there is more lateral clearance between edge or traffic lane and the bridge
curb. Middleton [22] stated that drivers had a tendency to drive closer to the centre
of the road in the absence of edge line, irrespective of speed, vehicle type and at all
levels of traffic volume. Armour [2] observed that the edge line had no effect on the
lateral placement of the vehicles, however, shoulder type and its width have an effect
on the lateral position of vehicles. Several studies have found that wider shoulders
give the drivers a sense of security and space for correcting errors [10, 11, 13, 26, 30,
39]. However, narrow shoulder led drivers to steer away from the shoulder and drive
closer to the centre of the road, thus increasing the likelihood of a head-on-collision
in undivided roads [3, 6].

Shorpe [28] studied on six different types of median dividers in relation to their
effect on the positioning of free moving passenger cars. In the past, various studies
also indicated that the types of median barriers and median width have shown coun-
terbalancing potential to improve safety of the multilane roadways [1, 14, 15, 38].
Elvik [8] suggests that the presence of median guardrail has the potential to increase
crashes.Hong andLee [16] found that the existence ofmedians does not only function
as safety measures as prescribed in road designing but also susceptible to generate
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adverse effects. Another study by FHWA [9] also indicated that there is a relative
effect of different median widths on accident types and accident severity. Siregar [29]
stated that drivers behave differently for different types of medians. He found that
drivers acknowledge the physical medians as hazards but do not consider the poten-
tial hazard of opposing traffic despite the least protective function of non-physical
medians like line medians. The vertical dimension of medians determines the choice
of safe distance, passenger cars and motorcycles tend to provide a bigger gap that
trucks and buses [24, 35].

2.2 Impact of Operating Speed on Lateral Placement
of Vehicles

The vehicle dynamic parameter, like operating speed, has a major impact on the
lateral placement of vehicles. Van Driel et al. [34] concluded that traffic volume like
opposing vehicles or vehicles in the same directions and the circumstances like day or
night have no effect on speed and lateral position of vehicles. However, Dey et al. [7]
observed that slow-moving vehicles move at the edge, whilst fast ones move towards
the centre of the road. Bunker and Parajuli [5] observed that the size of the vehiclewas
inversely proportional to the spread of vehicles’ lateral positioning. Further, Rasanen
[25] revealed that due oncoming vehicles there was an overall shift of 15–20 cm
towards the edge of the road, i.e. vehicles tend to move away from the centre line in
the presence of opposing traffic. Hallmark [12] used an odds ratio of an adjacent lane
to describe the relation between speed and lateral placement of vehicles. Balaji et al.
[4] deduced that there is linear relation of speed and lateral placement for 3-wheelers,
heavy and slow-moving vehicles, whereas quadratic relationship existed in case of
2-wheelers and cars. Stodart and Donnell [31] stated that there was no appreciable
endogenic relationship observed between speed and lateral position differentials.
Curve direction affects the lateral position of the vehicle, whereas adjacent curve
radii affect vehicular speed. Authors likeMiddleton [22] andMahapatra andMaurya
[20] revealed that higher the speed of the vehicle, closer it drove to the centre of
the road. He also found a linear relationship between lateral position and speed of
vehicles. The relations clearly state that vehicles with higher speed will have greater
or positive lateral placement values suggesting that a vehicle with higher speed tends
to travel along the centre of the road, irrespective of the edge line condition.

3 Motivation and Objective

The reviewof literature on the vehicles’ lateral characteristics reveals thatmedian and
shoulder condition and their typehave a significant impact on the lateral positioningof
vehicles. Including the traffic parameters, the roadside features like road boundaries
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also affect the lateral behaviour of the traffic.Also, the relationship between speed and
lateral position is important in understanding the Indian traffic behaviour. Numerous
studies had been conducted using different methods and technologies to find the
lateral position of the vehicle on the road.Most of the studies were limited to analysis
of the lateral movement of the vehicle on curves. Very few studies have been carried
out to see the impact of different type of medians on lateral positioning of vehicles.
Studies related to the vehicle’s lateral characteristics on a straight roadwithmixed and
no-lane disciplined traffic were found important to understand the vehicle’s lateral
movement behaviour in a traffic stream for the realistic traffic simulation model.
Amongst the few studies carried out in India were based on limited data and manual
data analysis. Therefore, the accuracy of such results can always be challenged.
Hence in our present study, the impact of road median type (width and height) on the
lateral gap maintaining the behaviour of different vehicles travelling on the adjacent
lane are studied.

4 Study Methodology and Data Collection

The researchers faced the problem of measuring the position of a vehicle on the
road, whilst driving. Although there are numerous ways to measure the longitudinal
distance the driven vehicle, the lateral position of the vehicle has been proven to be
more difficult to measure [12, 32, 33, 37]. In India, there are very few studies that
have been conducted on the lateral behaviour of the traffic. Dey et al. [7] studied on
the lateral placement of vehicles under mixed traffic conditions. Again Balaji et al.
[4], conducted a study on lateral placement and speed of vehicles on two-lane roads
following a similar method as Dey et al. [7]. Data were collected by dividing the
lane width into sections of 25 cm each with self-adhesive cloth tape, and these were
numbered seriatim from pavement edge to the centre of the road. The placement of
left rear wheel of a vehicle crossing the section was recorded by video recording and
analyzed manually to get the vehicles’ lateral position. Accuracy of such approach
of vehicle’s lateral position measurement is always poor and questionable. In our
present study, a sensor based assembly has been developed to directly measure the
lateral gap of each vehicle passing near the road edge. This developed assembly helps
inmeasuring the, (i) lateral clearancemaintained by vehicles from road elements, and
(ii) speed of the vehicles. The operation is semi-automotive with very little human
intervention [21].

Two ultrasonic sensors are placed along the side of the road at a known distance.
As a vehicle passes in front of sensor 1, the sensor 1 gets activated and start receiving
the reflected waves from the vehicle. Based on the travel time of emitted wave and
reflectedwave, lateral clearance of the vehicle from the sensor is calculated. A similar
process is repeated in sensor-2. As sensors are places apart with a known distance,
the travel time of the vehicle for the distance is determined from the time difference
of actuation of both the sensors. Based on the measured travel time speed of the
vehicle is calculated. Figure 1 depict the details of the sensor assembly and one of
the data collection site after installing the instrument.
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(a) 

(b)

Fig. 1 Details of the sensor assembly and the data collection site a complete layout of sensor
assembly with two cameras. b A selected site for data collection with sensors placed at the median
of the road
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The sensorswork on sonar principle. They send out a burst of ultrasonicwaves and
wait for echoes to return to them. If an echo is received, the time lag (inmicroseconds)
between the transmitted signal and received echo signal is obtained. This time lag
value can be used to calculate the distance of the reflecting surface from the sensor
using the following expression;

Distance (in cm) = Microseconds/58

where Speed of sound in air = 340 m/s.
Thus, 1 cm corresponds to approximately 29µs. Since the ultrasonic signal travels

back and forth, it must be halved to receive actual distance. Thus microseconds
divided by 58 (=29× 2) gives the distance of the object from the sensor in centimetre.

The Arduino Uno is a microcontroller board based on the ATmega328. It has 14
digital input/output pins (of which 6 can be used as PWMoutputs), 6 analogue inputs,
a 16 MHz ceramic resonator, a USB connection, a power jack, an ICSP header, and
a reset button. A micro-SD card is used with the Arduino UNO board to record the
data. Two web cameras have been connected to the laptop for taking the snapshots.
Whenever a vehicle passes in front of the sensor 1, the first sensor gets activated
and starts recording the distance data with respect to the time stamp. Then as soon
as the sensor activates, the camera got activated and it starts taking the snapshot of
the section. Whenever any non-zero values are coming in sensor, the camera gets
activated. This instruction is given through a code written in MATLAB programme.
The snapshots of each camera are being stored on the laptop with their time stamp.
A similar procedure is followed for sensor-2 also. The complete working procedure
of this setup is shown in the flow chart in Fig. 2.

This sensor assembly solves the problem of manual data collection from videos,
which is a time-consuming process. The vehicle type identification is easier with
this model. The camera is properly synchronized with the sensor. Hence, the error
due to manual data synchronization can be reduced through this model. To counter
the problem of limited battery backup, extra battery packs can be kept for the laptop
model being used for data acquisition. Another solution is maybe keeping a 12-V
lead-acid battery along with portable 200 W inverter. These items can be carried in
a small vehicle to the data collection site.

To avoid unwanted data, a limit has been fixed through the programme for the
number of data. The sensor will take only 5 data for each vehicle passing in front of
it. Hence the corresponding camera will also take five number of snapshots corre-
sponding to each sensor reading. Then by comparing the sensor reading and snapshot,
it will be easy to identify the vehicle type.

The sensor assembly has been so designed that it measures the lateral clearances
with an accuracy of ±5 cm. Thus, the developed assembly aids in measuring the
following;

1. The lateral clearance maintained by vehicles from road elements.
2. Speed of different vehicles in the traffic mix.
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Sensors Arduino Computer

Fig. 2 Presents the complete working procedure of the sensor assembly

Since the sensor time stamp is used for speed calculation, there might be an
error due to the time lag between consecutive vehicle detections. The data collection
frequency of the sensors is 30–35Hz. Therefore, the time gap between readings varies
between 0.0286 and 0.033 s. The maximum error will correspond to the maximum
time lag, i.e. 0.033 s. For reliability condition, let maximum time lag of 0.035 s. If the
distance between the two sensors be D0 (m) and the speed of the vehicle be v0 (m/s),
the vehicle should take time t0 to cross this distance at the original speed. Hence, the
time to cross the sensor, t0 = D0/v0. Considering the error (δt) as 0.035 s, recorded
speed will be v′ = D0/(t0 − δt).

Hence, the percentage of error (%) = (v′ − v0) * 100/v0.
Thus, the error in measured speed will depend upon;

• Sensor distance (D0)
• True speed (V 0) of the passing vehicle.

From Fig. 3, it can be observed that as the distance between sensors increases the
error in the speed of vehicles decreases. For a distance of 20 m between the sensors,
then 5% error is detected for a vehicle travelling at 100 km/h. Hence, in the present
study, the 20 m distance has been used between the sensors, whilst collecting the
data using the sensor assembly.

The sensor assembly is placed along the edge of the road with all the proper setup
as mentioned above. The sensors are fixed at such a height where it can detect all
type of vehicles (motorized two-wheelers, three-wheelers, car, bus and truck, etc.) in
the mixed traffic stream. The height of placement of the sensor is based on the height
of different vehicles, i.e. the seat height of two-wheelers and the chassis height of
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Fig. 3 Maximum percentage error which may occur in speed measurement using the proposed
sensor assembly

different type of cars, buses and trucks. A height of 0.8 m from the carriage way is
fixed for the sensor placement at the road boundary.

This assembly helps in large-scale data collection of the lateral clearances main-
tained by the vehicles from the road elements. Data was collected on straight mid-
block sections of roads with different median facilities. The impact of the different
lane positions (such as the Median Lane, ML and Shoulder Lane, SL) has been anal-
ysed for all sections on average travel speed. The lateral clearance of each vehicle
type from the road edge of SL/ML is calculated.

Data have been collected from different cities on dry and sunnyweather condition,
during morning hours (9 a.m.–12 p.m., i.e. 4 h). The road surfaces were in good
condition with proper lane markings. The data is collected from different median
types of four-lane divided roads are divided into different groups with respect to their
width and height of medians. The sites for data collection are selected according to
their flow level (Similar range of flow per lane) (refer Table 1).

Speed, flow and vehicle composition of ML and SL of all highways are calcu-
lated from the field data to know the traffic condition of all three types of roads.
Lane specific average speed for each vehicle type on different roads are computed.
Statistical analysis is done to see the difference in the lane specific traffic charac-
teristics (i.e. speed, time headway) of different roads. A MATLAB programme is
used to analyze the data. The speed and lateral clearance of each passing by vehicle
are calculated with respect to the time and vehicle type. Hence, the speed and lateral
clearance of each vehiclewith respect to its vehicle type are analyzed forML (Median
Lane) and SL (Shoulder Lane) of all the sections (Fig. 4).

It is observed that in the case of four-lane divided roads,median sided lane contains
most of the cars and trucks. Hence, themodels are developed only for cars and trucks.
To see the minimum gap maintained by different vehicles from different medians,
the lower 5% lateral gap data for different speed groups are extracted and modelled
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Table 1 Site details for the lateral gap analysis

4 lane divided highway Height

Width (m) ≤0.3 m >0.3, ≤0.5 m

≤0.8 No data available NH-217
Flow = 310 PCU/h/Lane

0.8–2.0 NH-37
Flow = 434 PCU/h/Lane

(Inner Ring Road) Delhi
Flow = 1215 PCU/h/Lane

2.0–3.2 NH-5 (BAM)
Flow = 312 PCU/h/Lane

Bhubaneswar
Flow = 473 PCU/h/Lane

3.2–4.4 NH-203
Flow = 312 PCU/h/Lane

No data available

≥4.4 NH-43
Flow = 324 PCU/h/Lane

Bhubaneswar
Flow = 468 PCU/h/Lane

for cars and trucks. This indicates that 95% of vehicles maintain a larger gap than
this.

5 Model Development and Validation

The regression models are fitted for a lateral gap of cars and trucks using each
vehicle’s operating speed and size of median as variables. The regression models for
the lateral gap are fitted by taking two dummy variables (i.e. width and height of
median) and operating speed of the vehicle as an independent variable. The simplest
case of dummy coding is when the categorical variables have ‘n’ levels and are
converted to ‘n − 1’ dichotomous variable. The size of the median are divided into
different groups according to the design guidelines of India [17–19]. Thewidth of the
medians is divided into four groups. The dummy coding of the categorical variables,
width and height of medians are presented in Table 2.

Following Eqs. 1 and 2 are the fitted models for minimum lateral gap maintaining
the behaviour of cars and trucks, respectively.

Gapcars (m) = 0.811 + (0.030 ∗ V ) − (0.204 ∗ W1) − (0.326 ∗ W2)

− (0.164 ∗ W3) + (0.132 ∗ H) (1)

GapTrucks (m) = 0.925 + (0.013 ∗ V ) + (0.269 ∗ W1)

− (0.426 ∗ W2) − (0.032 ∗ H) (2)

whereGap=Lateral gapmaintained from the edge of themedian (m),V =Operating
speed of the vehicle, W1, W2 and W3 are width groups of median according to
design guidelines and H = Height group of median according to design guidelines.
The residual plot and normal probability plots indicate a better fit of the predicted
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model. Figure 5 presents the observed and predicted data of cars and trucks with
their residual plot and the normal probability plots.

The models are validated with a new set of data collected from a different site.
TheMAPE values are obtained (23.9 for Cars and 22.32 for trucks) for the validation
site also. From the MAPE values, it can be concluded a better fit of the model to the
data as per the Lewis Scale of Measurement [23]. Figure 6 presents the details of the
observed and predicted minimum lateral gap maintained by cars and trucks from the
median.
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Table 2 Dummy coding for different groups of height and width of medians

Width of median Categories W1 W2 W3

i.W < 1.2 m 1 1 0 0

ii.W ≥ 1.2 m and <2.5 m 2 0 1 0

iii.W ≥ 2.5 m and ≤4.5 m 3 0 0 1

iv. W > 4.5 m 4 0 0 0

Height: (barrier kerb) Categories H

i. H ≥ 200 mm and ≤350 mm 1 0

ii. H > 350 mm and ≤800 mm 2 1

Residual Plots Normal Probability Plots 
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The minimum lateral gap maintained by cars and trucks from medians with
different width and height is obtained and presented in Fig. 7. The impact of different
width is presented by considering a fixed median height of 0.3 m (refer to Fig. 7a, c).
Similarly, the impact of height is obtained and presented by keeping a fixed median
width of 2.5 m (Fig. 7b, d).

FromFig. 7a, b, it can be observed that the lateral gapmaintained by cars increases
formedianswithwidth, i.e. 2.5 and 4.5m and a height of 0.3m. There is no significant
difference observed between the 2.5 and 4.5 m width medians with a standard height
of 0.3 m. It is observed that for a median width of 1.2 m, cars feel safe to move
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closer to the median, which indicates that with the increase in width of medians for
a standard height of 0.3 m, vehicles move closer to the median. However, in the
case of 2.5 and 4.5 m width of medians vehicles shifts away from the median. From
the video analysis it is observed that in the case of medians with larger widths, the
plantations are observed. In such cases, though the height of median kerb is lesser,
i.e. 0.3 m, riders perceive the height of median including the height of the plantation.
So, they move away from the medians due to the safety concern. It is also observed
that for a median height of 0.3 m, trucks maintain the higher gap for 0.45 m width of
the median and it moves closer to the median for higher widths of 2.5 and 4.5 m. As
seen in the case of cars, trucks also maintain a very closer gap for a median width of
1.2 m with a standard height of 0.3 m.

Similarly, the impact of median height is also studied for a standard median width
of 2.5 m. It is observed that as the height of the median decreases cars move away
from the median. In the case of trucks, it can be seen that the height of medians has
a similar impact on trucks as in the case of cars. For a median height of 0.45 m,
trucks maintain a slightly closer gap than 0.3 and 0.2 m median kerb height. It can
also be observed that trucks move closer to the media than cars in all cases. This
may be due to the tyre size of cars and trucks. The tyre size of trucks (≈ 315 mm)
is larger than the size of cars tyres (≈ 205–235 mm). Due to the larger height of the
wheel, the median height (i.e. up to 450 mm), does not have any significant impact
on trucks, however, in case of cars due to the smaller wheel cars perceive the median
as obstacles and moves away from the median. In the case of the median height of
0.45 m (450 mm), cars move closer to the median as the driver perceives the lesser
risk of collision from the opposite traffic flow.

6 Concluding Remarks

In this part, the minimum lateral gap maintained by vehicles from the median are
studied based on the type of median. It is found that the cars maintain a higher gap
than trucks. The median height and width have a significant impact on the vehicles
travelling near to the road edge. The minimum lateral gap maintained by vehicles
also increases with the increase in operating speed of vehicles travelling along the
median lane (ML). This may be due to the driver’s safety perception. The drivers
feel unsafe, whilst driving at the edge at higher speeds. Hence, they maintain a larger
gap from the road edge. For the narrower width medians, i.e. width less than 0.5 m,
both cars and trucks move away from the median. However, they feel safe to move
closer to the median with a median width of 1.2 m width in all cases. Also, for larger
width medians, i.e. 2.5 and 4.5 m, cars as well as trucks maintain a higher gap than
the 1.2 m width medians.

Finding of this study can be used, whilst developing and to validate the simulation
models developed for such traffic streams and the safety aspects of the road like the
clearance from the edge of medians and shoulders.
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This study was limited to the four-lane divided roads only. Also, the minimum
lateral gap maintained by vehicles from the shoulder is not included in this study.
Hence, in the future, the minimum lateral gap maintained by another different type
of vehicles from both the road edges (median and shoulder) can also be studied for
a different type of roads (roads with different widths).
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Assessment of Impact of Roadside
Bus-Stops on Capacity of Urban Divided
Roads Using Microscopic Simulation
Model

Pooja Raj, Gowri Asaithambi, and A. U. Ravi Shankar

1 Introduction

In developing countries like India, most of the roads in urban areas are found to
be congested due to the presence of several types of vehicles with widely varying
dynamic and static characteristics with the absence of lane discipline. Congestion
leads to various problems like delay of travel, reduction in speeds of vehicles and
capacity of roads. Themajor reason for congested roads in India is not only themixed
traffic and weak lane discipline, but also due to many activities that prevail on the
sides of the road (e.g., bus-stops, parking, and street vendors) affecting the traffic
movements and thereby affecting the performance of roads. Among these roadside
activities, the presence of bus-stops has a significant influence on capacity of roads
as the demand of public transport buses in urban areas of developing countries is
relatively high. Moreover, most of the bus-stops in India are curb-side bus-stops due
to the lack of sufficient space for construction of exclusive bus lanes or bus bays.
Curb-side bus-stops are one of the major reasons for reduction in speed and capacity
of urban roads. They obstruct the traffic flow as the buses stop in the same lane of
travel creating a bottleneck condition. This results in reduction of road width at the
location of bus-stops causing congestion and decline in capacity. Hence, this study
is aimed to assess the impact of bus-stops on capacity of urban divided mid-block
sections. Moreover, it is aimed to analyze the change in stream speed of vehicles and
capacity of roads with and without bus-stop by varying proportion of buses.
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The presence of several types of vehicles with varying static and dynamic charac-
teristics, their complexities in vehicular interaction and non-lane discipline in mixed
traffic conditions make it difficult to study the impedance of bus-stops on capacity of
roads in urban areas using macroscopic speed-flow relationships. Most of the studies
used empirical methods to investigate the effect of bus-stops and other side frictions
on traffic flow characteristics in both homogeneous and mixed traffic conditions [1–
6]. However, limited attempts have been made to study the influence of bus-stops
on capacity of urban roads [7]. Out of these, very few researchers used microscopic
simulation models to study the influence of bus-stops on capacity in mixed traffic
conditions [8] where they examined the effect of dwell times on speed and traffic
flow. Based on the review of literature, it is observed that various traffic simulation
models and commercial software (e.g., VISSIM) have been developed for modeling
homogeneous conditions [9, 10]. But, the scope of applicability of these models and
software to mixed traffic was not clearly verified due to the presence of wide variety
of vehicles traveling without lane discipline. Based on the above motivation, this
study focused on developing a microscopic traffic simulation model to study the
impact of bus-stops on capacity of urban divided mid-block sections under mixed
traffic conditions.

2 Data Collection and Extraction

The study stretch selected for this study is a four-lane divided urban mid-block
section (two lanes for each direction of traffic flow) in Bangalore city. In this study,
traffic data were collected from one direction of the selected road (7 m wide). Data
collection was performed on two sections of the same road where one section is
free from side frictions (ideal section) and another with an on-street bus-stop. Data
were collected using video-graphic technique on a weekday during morning peak
and off-peak periods of traffic. Cameras were mounted on two separate elevated
points to cover 70 m length of each section, i.e., ideal section and the section with
bus-stop. Figure 1 shows the photographs and layouts of ideal section and section
with bus-stop.

The types of vehicles considered in the study are motorized two-wheelers (TW),
cars, three-wheelers (THW), buses, and heavy vehicles (HV). The peak hour for
both the sections was identified as 8.40–9.40 a.m. with two-wheelers having a traffic
composition accounted for the largest share of 53% and heavy vehicles (includes
LCV and Trucks) with the least share of 1%. The off-peak flow was taken from 5.00
to 6.00 a.m. for both the locations. The traffic composition of the study sections is
shown in Fig. 2.

The collected videos from both the sections were played in image processing
software, Irfanview 4.38 [11] to extract the disaggregate data from videos at a rate
of 30 frames per second. Gridlines with sufficient scale were plotted in AUTOCAD
with obtained (X, Y ) image coordinates and overlaid on video using a Video editor.
Gridlines overlaid on the study sections were divided into lateral blocks of 1 m each
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Fig. 1 Photographs and layouts of study section in Bangalore a ideal section and b section with
bus-stop

Fig. 2 Traffic composition of the study sections at Bangalore city
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and longitudinal blocks of 5meach. The required data extracted from ideal section are
time-gaps, free flow speed, speed of vehicles, acceleration and deceleration, lateral
positions, longitudinal, and lateral gaps of different types of vehicles. In the section
with bus-stop, data extracted along with the above data are frequency of stopping and
non-stopping buses, longitudinal and lateral position of bus-stop, bus dwelling time,
acceleration and deceleration rate of buses, position at which bus start decelerating
and position at which bus attains its normal speed.

3 Development of Simulation Model

A traffic simulation model for an urban divided mid-block section in mixed traffic
conditions was developed based on microscopic approach. In this model, the entire
road width is considered as a single unit instead of individual lanes to represent
non-lane disciplined traffic. The vehicles are depicted as rectangular blocks with
appropriate dimensions (adopted from [12]) occupying a specified area of road space.
The interval scanning technique with fixed increment of time (scan interval) is used
in the model. The scan interval for updating the vehicles is taken as one second in the
model. The framework of simulationmodel formid-block sections consists ofmainly
three major logics: vehicle generation, vehicle placement, and vehicle movement.
The flow diagram illustrating the basic logical aspects of the developed simulation
model is shown in Fig. 3.

3.1 Vehicle Generation

Vehicle generation is the primary step involved in mid-block traffic simulation. As
traffic variables are stochastic in nature, simulation models require randomness to be
incorporated to take care of stochasticity. This is easily done by creating a sequence of
random numbers to generate vehicles. The vehicles are generated based on headway
distribution. Distribution models of headway established for homogenous traffic
conditions may not be applicable to mixed traffic conditions. In mixed traffic condi-
tions, vehicles of smaller sizes like two-wheelers move parallelly even in a single
lane and across the entire width of the road, thereby creating significant number of
zero headways.

Headway values are observed from entire road width instead of individual lanes
undermixed traffic conditions due to the absence of lane discipline. Here, the vehicles
were generated using negative exponential distribution obtained based on the field
data using Eq. (1).

H = −(1/λ) ln R, (1)
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Fig. 3 General framework of simulation model

where, H = headway or time gap between arrival of successive vehicles (s), λ =
mean time gap of the vehicles (vehicles per second) and R = random number in
the range of 0–1. The headway range from the field was observed between 0 and
7 s. The first random number stream was used to calculate the headway using the
range of headway. Thus, the vehicles were generated. Once a vehicle is generated,
the types of vehicles are identified based on traffic composition. For this purpose, a
set of random numbers generated is compared with the cumulative composition of
each type of vehicle. Accordingly, the type of the vehicle was decided. Whenever a
vehicle is generated, it is assigned with their static (length and width) and dynamic
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(acceleration, deceleration, etc.) characteristics along with its free flow speed. It was
assumed that all vehicles enter the simulation road stretch with their free flow speed,
and during the simulation process the vehicles will not be allowed to exceed their
assigned free speeds. The free speeds of vehicles follow normal distribution based on
the field data. Hence, the standard normal deviates are generated using Box–Muller
transformation method using the following equation.

Z = √−2 ln R1x cos(2�R2), (2)

where, Z = standard normal deviate; R1, R2 = random numbers.
The free speed of each vehicle category was obtained using Eq. (3).

ufi = μi + σi Z , (3)

where, ufi = free flow speed of the vehicle type i; μi = mean free flow speed of
vehicle type i; σ i = standard deviation of speed of vehicle type i.

3.2 Vehicle Placement

In developing countries, vehicles occupy the entire space of road without any lane
discipline. Thus, a suitable position is chosen for placing the vehicle across the width
and length of the road depending upon available lateral and longitudinal gaps. The
gaps of each vehicle were calculated based on their current speeds using second-
degree polynomial relation obtained from the field data. Any generated vehicle is
placed at the beginning of the simulation stretch considering a safe longitudinal gap
available based on the free speed assigned to the vehicle, overall width of the vehicle
and available lateral gaps.

When the clock time becomes equal to cumulative headway, vehicle placement
logic was implemented. From the field data, it is observed that mostly vehicles travel
near the median of the road as they can maintain their higher speeds near the median.
Hence, the gaps available for vehicle placement were checked consecutively starting
from the median of the road (right to left edge). If the arriving vehicle is the first
vehicle, then checking for gaps was neglected as this vehicle is free from obstructions
of other vehicles. If the available lateral and longitudinal gaps are sufficient for the
next vehicle to get placed near themedian, it was placed leaving a specified lateral gap
from the right edge. If the gaps are deficient, vehicle tried to shift laterally according
to its alignment and then gaps were checked for placement in the next position. Still if
the gaps are inadequate, that particular vehicle was kept in queue and it was checked
for placement in the next scan interval. During every scan interval, the vehicles in
the queue are given preference over a newly generated vehicle for placement.
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3.3 Vehicle Movement

Logics of vehicle movement was invoked so that the positions of all vehicles placed
are updated sequentially frombeginning to the exit end of the road stretch. The speeds
and positions of vehicles were updated at each scan interval (i.e., 1 s). Each vehicle
performed their longitudinal and lateral movements according to car following and
lane changing logics. It was assumed that the vehicle can only accelerate either to its
free speed or to the speed limit specified for the road stretch, whichever is minimum.
The movable distance of each vehicle was calculated and the possibility of free
movement was checked considering the influence of leader vehicle. If the vehicle
is not free to move, then the vehicle changed its lane based on the available lateral
and longitudinal gaps and also by considering the speed of its leader in new position
to ensure that the vehicle can accelerate. Otherwise the vehicle tried to decelerate
and follow the leader vehicle in its current position. Vehicle following models better
describe the longitudinal behavior of the vehicle. Themodel describes the interactions
of subject vehicle and leader vehicle. Two different longitudinal models were used in
vehiclemovement logics to identify the suitable car followingmodel among these for
mixed traffic conditions by evaluating their performances. In mixed traffic, roads in
urban areas remain congested due to the presence of several vehicle types with weak
lane discipline and hence, subject vehicle follows the leader closely and choose its
speed and following distance in order to avoid rear-end collision. Thus, car following
models i.e., safety distance models such as Gipps model and Intelligent Driver model
(IDM) are considered reasonable and ideal in this study.

Gipps’s car following model with vehicle dependent parameters was formulated
on the basis of different conditions [13]. The formula for the estimating vehicle
speed comprises of two sections: accelerating and decelerating section. The first part
assures that the vehicle accelerates to its desired speed with an acceleration rate that
initially increases with speed and then decreases to zero as the vehicle approaches
its desired speed. If the subject vehicle (SV) is not impeded by any other influencing
vehicles, the vehicle moved at its desired speed. When the movement of the vehicle
is not influenced by the preceding vehicle, the updated longitudinal speed is given
by:

Ga(t) = un(t) + 2.5anτ(1 − un(t)/Vn)(0.025 + un(t)/Vn)
1/2. (4)

If the SV is impeded by the preceding vehicle, its speed is dependent on the
properties of the preceding vehicle. The SV is influenced by leader vehicle (LV)
when the widths of both vehicles overlap each other. When the SV had lesser speed
than LV, it accelerated and followed the leader. When the SV had greater speed than
LV, SV initiated lateral shift or decelerated at its current position. In these cases,
both acceleration part and deceleration part were calculated to obtain speed and the
minimum speed is used as the updated speed. The updated speed is given by:

un(t + τ) = min{Ga(t),Gd(t)}, (5)
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where,

Ga(t) = un(t) + 2.5anτ(1 − un(t)/Vn)(0.025 + un(t)/Vn)
1/2, (6)

Gb(t) = bnτ + (
b2nτ

2 − bn(2(xn−1(t) − αsn−1 − xn(t))

−un(t)τ − (
un−1(t)

2
)
/b∧))1/2

, (7)

where, un(t) is the speed of SV “n” at time t, an is the maximum acceleration which
the driver of SV “n” wishes to undertake, τ is the reaction time, Vn is the desired
speed at which the driver of SV “n” wishes to travel, bn is the maximum deceleration
that the driver of SV “n” wishes to undertake, xn−1(t) is the location of the front of
LV “n − 1” at time t, xn(t) is the location of the front of SV “n” at time t, sn−1 is the
effective size of leader “n − 1,” that is, the physical length plus a margin into which
the following vehicle is not willing to intrude, α is the sensitivity factor and bˆ is the
maximum deceleration expected from the leader.

When the SV had greater speed than LV, it initiated lateral shift by checking the
gaps on both the sides and ensured that the vehicle was able to accelerate in its new
position. If it is possible, then the SV tried to shift either to its right or left side and
then accelerates, otherwise the SV remained in its present position and decelerated
following the leader vehicle. The position of subject vehicle n at time t + τ is updated
using the following equation.

xn(t + τ) = xn(t) + 0.5(un(t) + un(t + τ))τ, (8)

where, un(t) is the speed of subject vehicle “n” at time t; xn(t) is the location of the
front of vehicle “n” at time t; τ is the reaction time of the driver.

Similarly, Intelligent Driver car following Model (IDM) [14] was also used to
model longitudinal movement of vehicles in simulation model. IDM is a time-
continuous car following model for the simulation of urban traffic. Similar to Gipps
model, when the vehicle is not influenced by leader vehicle, the subject vehicle was
free to move and accelerate to its desired speed, otherwise it either decelerated or
shifted laterally. For vehicle “n,” xn denotes its position at time t, vn is its speed and
ln give the length of the vehicle. To simplify notation, the net distance is defined as
sn = xn−1 − xn − ln−1, where “n − 1” refers to the leader vehicle, and the speed
difference, �vn = vn − vn−1. The acceleration or deceleration rate of the vehicle is
updated using the following equation.

A = an

(

1 −
(

vn

Vn

)δ

−
(
s∗(vn,�vn)

sn

)2
)

, (9)

where,
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s∗(vn,�vn) = s0 + vnT +
(

vn�vn

2
√
anbn

)
, (10)

where, an is the maximum acceleration which the driver of SV “n” wishes to under-
take, Vn is the desired speed at which the driver of SV “n” wishes to travel, bn is
the maximum deceleration that the driver of SV “n” wishes to undertake (a positive
integer), s0 is the minimum spacing, T is the desired time headway and δ is the
acceleration exponent. The position of vehicle is updated using equation of motion:

xn(t + τ) = xn(t) + vn(t + τ)τ +
(
1

2

)
A(t + τ)τ 2, (11)

where, vn(t+τ ) is the speed of subject vehicle “n” at time t+τ ; xn(t) is the location of
the front of vehicle “n” at time t; τ is the scan interval and A(t+τ ) is the acceleration
or deceleration rate of the vehicle “n” at time t + τ . When there is no influence of
leader and if the subject vehicle is free to accelerate then the equation used is given
by:

A = an

(

1 −
(

vn

Vn

)δ
)

. (12)

The outputs obtained from the model are number of each type of vehicles placed,
corresponding headway values, average speed of each type of vehicles, average traffic
stream speed and lateral and longitudinal position of each type of vehicles.

3.4 Object Oriented Programming Concepts

All the three logics used for simulating a basic unidirectional traffic on divided
mid-block section was implemented in MATLAB using Object Oriented Program-
ming (OOP) concepts. The components of OOP such as objects, classes, inheritance,
encapsulation, and polymorphism help the programmer to develop more intelligible,
maintainable, and expandable codes [15].

Objects are the basic run-time entities in OOP. A class is defined as collection of
similar objects. Classes are user defined data types. In this study, the developed code
was divided into different virtual functions. Major tasks in the code are performed
using these virtual functions while the overall approach remains to be object oriented
with two super classes. Objects such as tw, car, auto, bus, and hv represent different
vehicle types in this study. These objects are inherited from the Vehicle class. Super
classes i.e., Vehicle and Link classes are associated with the main Simulator class.

Vehicle Class. The super class Vehicle encapsulates the characteristics of a vehicle
with already defined set of values for each type of vehicle. Subclasses like tw, car,
auto, bus, and hv are derived from super class Vehicle. This class is characterized by
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various properties which build the vehicle structure. This class consists of vehicle
properties such as vehicle type, vehicle length, vehicle width, acceleration, decel-
eration, free flow speed, longitudinal speeds, minimum longitudinal gap, minimum
time gap, etc.

LinkClass. TheLink class encapsulates the performanceof trafficflow.Thevehicular
manoeuvers such as longitudinal and lateral movement were composed in this class.
The major task of Link class is to implement the logics of the model i.e., vehicle
generation, vehicle placement, and vehicle movement. This class also updated the
position and speed of vehicles at every time step. The Link class comprises of several
virtual functions such as Generation (), Placeveh (), UpdateVeh (), RunSim (), and
SimOut (). These functions execute the required operations to simulate traffic flow.
The required input includes various parameters such as scan interval, total simulation
time, width and length of the road, composition of the traffic, headway distribution,
andminimum longitudinal and lateral gaps. The input data were provided in the class
using virtual function Link (). The class Link () takes care of the initialization process
based on user input.

Simulator Class. Simulator class operates the different steps of the entire simulation
process. The vehicle trajectories at each scan interval was stored in the developed
code and the virtual function SimOut () was applied to display the vehicles on the
road stretch at that instant of time in the simulation. The main function was used to
create objects of two classes (Simulator and Link). The simulation run took place in
this main function.

Class Relationships. A class diagram to explain the various classes used in the
model development and their relationship with each other is presented in Fig. 4. “The
symbols used for representing the object relationship follow the Unified Modeling
Language (UML)” [16]. In the developed model, objects of the Link and Vehicle
classes are real-world objectswhile, objects ofSimulator class are conceptual objects.

HV Bus THW Car TW 

Simulator 

Link 

Vehicle 

Association 

Aggregation 

Inheritance 

Fig. 4 Class diagram for unidirectional mixed traffic simulation
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The classes tw, car, auto, bus, and hv are the subclasses derived from the super class
Vehicle. Hence, the properties of Vehicle class are inherited by these subclasses. An
object of Link class is an aggregation of objects of Vehicle class. Finally, the objects
of class Link where all the logics were performed are associatedwith Simulator class.

4 Model Calibration and Validation

Calibration of the simulation model is the process of determining whether the simu-
lation model is close enough to the real system. It is generally achieved through trial-
and-error process which involves estimation of the model parameters, comparing
the model to the actual behavior of traffic and using the discrepancies between the
two to improve the results until the accuracy is judged to be acceptable. After devel-
oping the model, it was compared with the real-world system and was revised by
making modifications to the inbuilt parameters if necessary, until the model accu-
rately represents real traffic system. The simulation models developed using Gipps
and IDM longitudinal movement models were calibrated separately to find a suit-
able model among the two that replicates the field conditions. The parameters such
as reaction time (τ ), sensitivity factor (α), deceleration of leader judged by subject
vehicle (bˆ), acceleration rate (an), and deceleration rate (bn) of subject vehicle are
used to calibrate the model developed using logics of Gipps model. In the model
developed using logics of IDM model used parameters like acceleration exponent
(δ), desired orminimum time headway (T ), andminimum spacing (s0). Table 1 shows
the calibrated parameters of both the models.

The developed models were also validated to check whether the models are
capable of replicating the real traffic system. The data from the ideal section selected
from Bangalore city for model development was used for validation. The model was
validated by checking the error between the fields observed and simulated mean

Table 1 Calibrated parameters for Gipps and IDM model

Common parameters

Car following model Gipps IDM

Calibration parameters τ (s) α bˆ (m/s2) Acceleration
exponent (δ)

1.0 1 −1.4 5

Vehicle-specific parameters

Calibration parameters TW Cars THW Buses HV

Gipps Acceleration rate (an) (m/s2) 1.6 1.7 1.3 1.4 1.2

Deceleration rate (bn) (m/s2) −1.5 −1.4 −1.6 −1.4 −1.3

IDM Desired time headway (T ) (s) 0.5 0.5 0.5 1 1

Minimum spacing (s0) (m) 2 3 3 5 5
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Table 2 Comparison of observed and simulated speeds of ideal section

Vehicle type Mean speed values (m/s) MAPE (%)

Simulated Observed

Gipps Traffic stream 13.4 12.7 5.51

TW 14.3 13.2 8.33

Cars 12.7 12.4 2.41

THW 11.8 11.5 2.60

Bus 11.8 11.6 0.01

HV 11.2 10.6 5.66

IDM Traffic stream 14.5 12.7 14.4

TW 14.7 13.2 11.6

Cars 13.1 12.4 5.7

THW 12.8 11.5 12.0

Bus 12.5 11.8 6.3

HV 11.7 10.6 10.7

speed values of all vehicles (class-wise and aggregate). The comparison of observed
and simulated mean speed values for different vehicle types for ideal section model
is shown in Table 2. By calibrating and validating the models, the most accurate
car following model among Gipps and IDM model for simulating four-lane divided
mid-block section that replicates the field conditions was determined.

After calibrating and validating the simulation models, it was found that the mean
absolute percentage error (MAPE) for each type of vehicle for both the car following
models is less than 15% [11].However,Gippsmodel gives lesser error formean speed
values for the entire traffic stream and also for different vehicle types compared to
IDM model. Hence, the results indicate that Gipps car following model is better
suitable for mixed traffic than IDM model.

5 Estimation of Capacity Reduction Due to Bus-Stops

5.1 Modification of the Model to Implement Bus-Stop

Gipps car following model was used to incorporate bus-stops in the developed simu-
lation model as it is found to be more accurate than IDM model for mixed traffic.
The developed model after calibrating and validating is capable of simulating the
vehicular interactions associated on the same road stretch with an on-street bus-stop.
Hence, the bus-stopwas incorporated in the developedmodel by providing additional
inputs such as frequency of stopping and non-stopping buses, longitudinal and lateral
position of bus-stop, bus dwelling time, acceleration and deceleration rate of buses,
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the position at which bus start decelerating and the position at which bus attains its
normal speed. Logics for incorporating bus-stop in the developed model are shown
in Fig. 5.

Stopping buses and non-stopping buses were randomly selected with the help
of a random number stream based on the composition of stopping buses and non-
stopping buses. These buses were placed and moved on the simulation stretch based
on the logics of the basic model developed. The buses going to stop near the bus-stop
starts decelerating at a position before the bus-stop (obtained from the field) i.e.,
deceleration position and then stop near the bus-stop randomly within a range of
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Identify vehicle type after headway generation 
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other vehicle types 

Update speed and position 
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Fig. 5 Logics for implementation of bus-stop in the developed model
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480–500 m in the simulation road stretch. Once, if the bus stops, it stopped for a
dwelling time obtained from the field data and speed of the bus becomes zero. When
clock time becomes equal to the sum of clock time at which bus stopped and dwell
time, the bus tried to accelerate and update its speed and position. Dwell times of
buses were randomly generated with normal distribution of mean 4.9 s and standard
deviation 3.2 s.

These logics were also implemented in the model using OOP concepts. Classes
like stoppingbus and nonsbus are derived from the super class Vehicle instead of bus
class. A new class Busstop is associated with Link class with virtual functions such
as buspos(), decpos (), and normspd () to perform the logics involved.

5.2 Validation of Bus-Stop Model and Estimation of Capacity
Reduction

Validation of on-street bus-stop model was done by considering the data obtained
from bus-stop section selected near the ideal section. The average speeds of vehicles
travelling across the bus-stop were obtained as simulation output. A comparison
of observed and simulated average speeds of various types of vehicles has shown
satisfactory results. Table 3 gives the comparison of mean speed values of simulated
and observed data from bus-stop model. MAPE values for mean speeds of each type
of vehicle and traffic stream is found to be less than 15%, hence replicating the field
conditions.

Moreover, the change in speed values were observed due to the influence of bus-
stop from the simulation results. The reduction in mean speed values of traffic stream
in bus-stop section was found to be 22.5% with that of ideal section. Reduction in
mean speed values of different types of vehicles is also observed. Results indicate
that buses have maximum reduction in mean speed values (52.5%) as they decelerate
and stop near the bus-stops. Due to the influence of bus-stop, other vehicles such as
TW, cars, THW, and HV have a reduction of 21.8%, 20.0%, 20.9% and 15.3% in
mean speed values, respectively.

Table 3 Comparison of
simulated and observed
speeds of bus-stop section

Vehicle type Mean speed values (m/s) MAPE (%)

Simulated Observed

Traffic stream 10.3 10.0 3.3

TW 11.2 10.7 4.9

Cars 10.2 9.5 6.8

THW 9.3 9.2 1.4

Bus 5.6 6.2 8.6

HV 9.5 8.7 9.5
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Fig. 6 Comparison of
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The bus-stop model was then used to estimate the capacity reduction due to the
influence of buses stopping on the roadside. The capacity for both ideal section and
bus-stop section was obtained from the corresponding simulation models developed
i.e., basic model for ideal section and bus-stop model. The capacity of ideal section
is obtained as 4208 veh/h (3008 PCU/h) which is close to the capacity of four-lane
divided urban road given as 2700 PCU/h (as per Indo-Highway Capacity Manual).
The capacity of the section with bus-stop is obtained as 2747 veh/h (1892 PCU/h).
It was observed that there is reduction of 34.4% in capacity due to the presence of
bus-stop on the road section. From the obtained results, it is clear that if an ideal
section is incorporated with an on-street bus-stop without any exclusive lanes for the
buses to stop, then the speeds of other vehicles get affected thus causing a decline
in the existing capacity of the particular road. Figure 6 shows the comparison of
capacity (veh/h) of ideal section and bus-stop section.

5.3 Effect of Change in Proportion of Buses on Capacity
and Speed

In the model, the given composition of buses from the observed traffic flow was 2%
with 1.7%of stoppingbuses. The capacity in ideal section (without bus-stop) obtained
with this composition of buses is 4208 veh/h and the capacity in the section with
bus-stop is 2747 veh/h. Thus, it was found that there is reduction of 34.4% in capacity
of urban divided roads with 2% of buses out of which 1.7% are stopping buses. To
better understand the change in capacity values with change in proportion of buses
(%) and also, to find the change in reduction of capacity due to the influence of bus-
stop with change in proportion, the percentage composition of buses was modified
from 2 to 1%, 4%, 6%, 8%, 10%, 12%, 14%, 16%, 18%, and 20%, respectively, in
both ideal section model and bus-stop model. Accordingly, modifications were made
in the composition of other vehicle types with corresponding change in percentage
composition of buses. Table 4 gives a comparison of capacity (veh/h) and mean
stream speed (m/s) values of ideal and bus-stop section with change in proportion of
buses.
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Table 4 Capacity and stream speeds for ideal and bus-stop sections for various proportions of
buses

Proportion of
buses (%)

Capacity (veh/h) Mean traffic stream speed (m/s)

Ideal
section

Bus-stop
section

% Reduction Ideal
section

Bus-stop
section

% Reduction

1 4372 3347 23.4 13.4 11.5 14.7

2 (observed) 4208 2747 34.7 13.4 10.3 22.5

4 3974 2516 36.7 13.2 9.5 28.0

6 3895 2248 42.3 13.2 8.1 38.6

8 3728 2135 42.7 13.1 7.8 40.3

10 3658 1874 48.7 12.5 7.5 40.5

12 3490 1624 51.0 11.7 7.0 41.1

14 3398 1590 53.2 11.6 6.7 42.7

16 3318 1546 53.4 11.3 6.5 43.0

18 3192 1411 55.8 10.8 6.2 43.1

20 3148 1211 61.5 10.7 5.7 46.7

With the change in composition of buses, the duration of temporary bottleneck
condition also changes there by leading to a difference in traffic flow levels and stream
speed with composition of buses. From the analysis, it was found that the capacity
and stream speed of vehicles showed a decline in their values for every 2% increase
in the bus composition. Moreover, the percentage reduction of capacity and stream
speed comparing ideal section and bus-stop section had an increase with increase
in bus composition. As the bus composition increased up to 20%, lower levels of
traffic flow for both ideal section (3148 veh/h) and bus-stop section (1211 veh/h)
were observed. The mean stream speeds of vehicles in both ideal section and bus-
stop section with increase in bus composition to 20% was also found to be lower
having observed values as 10.7 m/s and 5.7 m/s, respectively. However, when there is
a decrease in bus composition to 1% from the field observed value (2%), an increase
in capacity (Ideal section: 4372 veh/h and Bus-stop section: 3347 veh/h) and stream
speed values (Ideal section: 13.4 m/s and Bus-stop section: 11.5 m/s) were observed.
It was also found that there is a decrease in percentage reduction of capacity and
stream speeds, when comparing the values of ideal section and bus-stop section,
with decrease in percentage composition of buses. Hence, it is clear that more the
number of buses in the traffic stream, lower is the traffic flow levels and traffic stream
speeds as buses occupy most of the road space making the road width deficient for
other vehicles to travel.
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6 Summary and Conclusions

The presence of bus-stops on urban road networks often leads to congestion and
deterioration in the quality of traffic flow. Thus, it is imperative to study the influence
of bus-stops on capacity of urban divided mid-block sections. For this purpose, a
microscopic traffic simulation model was developed for urban divided mid-block
section under mixed traffic condition. Two different car following models, Gipps
and IDMmodels were used to model the mixed traffic flow. Model validation results
showed that Gipps model gives accurate results compared to IDM model. Hence,
Gipps car following model was used in the simulation model to incorporate bus-
stop in order to study the influence of bus-stops on speed and capacity. From the
simulation model, it was found that there is a reduction of 22.5% in mean speed of
traffic stream in bus-stop section when compared to that of ideal section. Also, the
capacity obtained for ideal section is 4208 veh/h, and the capacity of the section with
bus-stop is 2747 veh/h. Hence, the results indicate a reduction of 34.4% in capacity
due to the influence of bus-stop. The variation in proportion of buses on capacity and
speeds was also studied. It was observed that the duration of temporary bottleneck
condition changes there by leading to a difference in traffic flow levels and stream
speed with the change in composition of buses. The results indicate that more the
number of buses in the traffic stream, lower is the traffic flow levels and traffic stream
speeds as buses occupy most of the road space making the road width deficient for
other vehicles to travel.

Further research can be performed to study the impact of bus-stops on dynamic
PCUvalues of different vehicle types. Also, the effect of various factors such as dwell
time of buses, influence length of bus-stop, etc., on capacity and dynamic PCU values
of different vehicle types can be examined. This study can be further extended to study
the impact of other roadside activities like pedestrians, parking, encroachments, etc.,
on capacity and PCU values of different vehicle types. The developed simulation can
be applied to mid-block sections of any length. As the object oriented programming
concept is used to develop the program in this study, further modifications can be
made in the model to incorporate intersections by expanding the code. Bus-stops in
urban roads of India are mostly found without bus bays which seriously affect the
capacity. The amount of reduction in capacity due to presence of bus-stops are not
well established in the available codes. This study finds interesting applications in
developing standards related to capacity estimation and reduction due to side frictions
in mixed traffic conditions. For this purpose, correction factors can be obtained to
estimate the capacity of roads with side frictions.
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State-of-Art on Data Mining
and Microscopic Simulation Techniques
for Evaluation of Urban Uncontrolled
Intersections

Suprabeet Datta, Siddhartha Rokade, and Sarvesh P. S. Rajput

1 Introduction

Intersections are traffic facilities which are created after two or three roads having
sufficient right-of-way conjoint and intersect at angles acuter or obtuse than 90°.
Intersections are broadly unsignalized or signalized. Further, intersections can be
narrowly classified as signal-controlled, sign-controlled, legal/police-controlled and
uncontrolled based onminor andmajor road trafficmanoeuvre control strategies. For
an uncontrolled type of traffic intersection, the approaches are neither intimated with
regulatory stop/yield signs on either of the intersecting roads (i.e. major and minor
roads), and they are not regulated by legal restrictions (like traffic police enforce-
ments) present in most of the developed/developing nations [1]. Performance eval-
uation represents evaluation and determination of road-user behaviour, operational,
safety, geometric and environmental attributes of a traffic facility. This includes
capacity assessment, delay analysis, level of service analysis, safety and user risk
assessment with crash prediction modelling and control/priority assessment under
different base and unstandardized roadway, traffic and environmental conditionswith
applicability of reliability. Capacity estimation is conventionally done using empir-
ical and deterministic approaches [2] as suggested by global traffic engineering
manuals of different countries like the United States Highway Capacity Manual,
the Indian Highway Capacity Manual, the Indonesian Highway Capacity Manual,
etc. Procedures enlisted in these manuals require extensive video/manual data be
collected on a larger scale. For example, if a proper understanding of the complex
heterogeneous traffic on Indian roads is to be achieved, real-life observations will
have to be conducted on all types of roads in India on a complete range of vehicle
type and composition in the traffic and a full coverage of traffic volumes and speeds.
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Such a procedure is extremely tedious, time consuming and expensive. The empirical
approach requires that data be collected on a large scale. For example, if a proper
understanding of the complex heterogeneous traffic on Indian roads is to be achieved,
real-life observations will have to be conducted on all types of roads in India on a
complete range of vehicle type and composition in the traffic and a full coverage of
traffic volumes and speeds. Such a procedure is extremely tedious, time consuming
and expensive. At the end of the effort the building up of suitable relationships will
be often fraught with uncertainties, and it often happens that a reliable relation-
ship does not emerge. Traffic Engineers are, therefore, taking recourse to a Simu-
lation Modelling. Microscopic simulation is a numerical technique for conducting
virtual replica of traffic facilities on a digital platform which may include stochastic
macroscopic or microscopic characteristics involving creation of simple mathemat-
icalmodels to describe the behaviour of a transportation systemover extendedperiods
of real time.

This paper presents a review on two aspects: Primary aspect deals with appli-
cation of soft computing and non-parametric machine learning techniques in the
microscopic traffic flow simulation framework; Secondary aspect deals on usage
of simulation packages like VISSIM, AIMSUN or HCS in assessing performance
evaluation of uncontrolled intersections. The authors used the following scientific
databases for the literature investigation through our institute’s digital journal and
literature search archive of our central library (exclusively available for institute
intranet users):

a. ABI Inform Complete (ProQuest)
b. ASCE Library
c. EBSCO Academic Search Complete
d. Ei Compendex
e. IEEE Xplore Digital Library
f. Index Copernicus Digital Search Engine
g. ScienceDirect
h. Scientific Electronic Library Online (SciELO)
i. Scopus
j. SpringerLink
k. Taylor & Francis Online
l. Web of Science.

A total of 59 studies related to the broad areawas found to be relevantwhichmostly
covers European, American and Asian nations. Both heterogeneity and homogeneity
of traffic behaviour with focus on driver attitude in developing nations have been
focused upon while performing the literature search. A parochial perspective was
chosen (without being too much critical) for the literature search as a criterion.
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2 Methodology Followed for the Literature Investigation

A stand-alone literature review was conducted using a systematic and rigorous stan-
dard which is often termed as a systematic literature review (SLR) which rules out
the demerits of narrative review methodologies. Five stages of “SLR” as recom-
mended by Denyer and Tranfield [3] were followed. Stages depicted in the smart
art (Fig. 2) have been followed for selecting and evaluating the studies. It should
be noted that most of the articles are double-blind folded published journal arti-
cles and conference proceedings from publishers of international repute. Selected
keywords were: Uncontrolled intersections, microscopic simulation, heterogeneous
traffic flow, homogeneous traffic flow, capacity, delay, level of service, performance
evaluation, cellular automata, artificial neural networks, support vector machines,
decision trees, fuzzy logic, gap acceptance, random forestmodels, game theory-based
models, surrogate safety measures, object oriented simulation models, etc.

Some of the reviews are narrative in nature and therefore the outcomes of these
reviews are reported inherently without any illustrative improvements or modifica-
tions. Therefore, both narrative and “SLR” procedure was used in representing the
research gaps and findings in a structure manner in this paper. Table 1 classifies the
literature investigation conducted for preparation of this review with research lines
and the research sublines.

Table 2 gives a detail about the literature presented in this review grouped by
various sublines identified from past 15 years. It is important to note here that a
single articlemay be referenced undermore than one research subline if only themain
findings are related to various sublines. The research lines and sublines are formulated
after rigorous discussions and previous inventories of the research objectives among
the authors.

The number of articles reviewed for each research line and subline includes full
length papers (original research, reviews or case studies) which are conjunctive in
describing the ideal structured process of literature reviews followed according to
the overall methodology of the “SLR” represented in Fig. 2. Each and every research
line and subline have at least one article based on the utility of the subline decided

Fig. 1 Four-legged and three-legged T-type uncontrolled intersections in India with drivers not-
following lane discipline and priority decisions being violated on both major and minor approaches
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Reporting and Using the results for creating reviews

STEP 1

STEP 2

STEP 3

STEP 4

STEP 5

Analysing after Proper Evaluation and Start Synthesizing

Selection of the Suitable Studies Located and Evaluation

Finding out the Studies based on the questions

Formulation of the Research Questions Relevant to the Area

Fig. 2 Overall methodology of the “SLR” followed for the state-of-art review

STAGE 1: Formulation of Research Questions based on Techniques

STAGE 2: Locating and Finding Studies based on questions and keywords

STAGE 3: Evaluation and filtration of the findings based on the below attributes

STAGE 4: Synthesizing the findings based on the evaluation

STAGE 5: Reporting and Narrative Review Writing

CA- 6 studies, Fuzzy Logic - 2 studies, OOM - 1 study, ANN - 2 studies, SVM- 1 study

Traffic Heterogeneity or Homogeneity; Country Specific; Parameter Specific

Using Advanced Search Options in Scientific Databases and prior experience of the authors

Keywords Formulated: Cellular Automata, Fuzzy Logic, Artificial Neural Networks, SVM

Fig. 3 Methodology followed for the review of soft computing and non-parametric estimation of
uncontrolled intersection capacity literature

from the study. Overall performance evaluation of uncontrolled intersections broadly
includes: (a) capacity assessment; (b) delay analysis; (c) crash prediction modelling;
(d) level of service or comfortability and level of safety at intersecting roads; (e) gap
acceptance behaviour and driver attitude analysis; (f) calibration and validation of
fundamental car-following rules, priority rules, vehicular movement analysis, lane
changing rules, lateral driving rules in microscopic simulation environments.
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Table 1 State-of-art classification with research lines and their sublines

Sr. No. Literature classification Research lines Research sublines

1. Class-I: Performance
evaluation of uncontrolled
intersections utilizing soft
computing, machine learning
and data mining techniques
including safety evaluation
using surrogate measures

Line 1: Using
cellular automata
based simulation
models

Subline 1a: Assessing
measures of effectiveness
(MOEs) like control delay,
queue lengths and levels of
service
Subline 1b: Capacity
assessment based on calibrated
and field observed values
Subline 1c: Formulation of
complex traffic rules under
varying geometric conditions

Line 2: Using
ANN/ANFIS
models for
validation and
modelling

Subline 2a: Assessing gap
acceptance behaviour based on
driver behaviour
Subline 2b: Capacity
assessment
Subline 2c: For service/control
delay assessment based on
field estimated values with
model calibration and
validation

Line 3: Using
binary
logit/multiple
parameter
regression models
and their
comparison with
ANN/ANFIS

Subline 3a: Comparative
analysis of statistical
techniques and machine
learning algorithm-based
capacity estimation
Subline 3b: Gap acceptance
driver behaviour analysis

Line 4: Using fuzzy
logic/game
theory-based
concepts

Subline 4a: Object oriented
programming with C++ code
generations based on fuzzy
rules formulations
Subline 4b: Chicken game
theory-based algorithms for
controlling autonomous
vehicle movements at
uncontrolled intersections
using Cooperative Adaptive
Cruise Control (CACC)
systems

(continued)
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Table 1 (continued)

Sr. No. Literature classification Research lines Research sublines

Line 5: Using
support vector
machines (SVMs),
surrogate safety
measures (SSMs),
decision trees,
random forest
models

Subline 5a: Gap acceptance
driver behaviour
Subline 5b: Capacity
assessment
Subline 5c: Control delay
assessment
Subline 5d: Crash probability
assessment for minor and
major roads

2. Class-II: Performance
evaluation of uncontrolled
intersections utilizing
microscopic traffic flow
simulation considering
heterogeneous and
homogeneous traffic flow
conditions

Line 1’: Under
traffic homogeneity

Subline 1a’: Calibration of
car-following parameters
Subline 1b’: Calibration based
upon
probabilistic/reliability-based
variations in geometric
attributes of intersections
Subline 1c’: Capacity
assessment
Subline 1d’: Service/control
delay and queue lengths
assessment
Subline 1e’: Gap acceptance
behaviour calibration

Line 2’: Under
traffic heterogeneity

Subline 2a’: VISSIM
calibration for capacity
assessment
Subline 2b’: AIMSUN
calibration for delay
assessment
Subline 2c’: Web-based
software application for delay
and queue length
determination and comparison
with outputs obtained from
machine learning and data
mining estimations

Source Prepared by authors

3 State-of-Art on Soft Computing and Non-parametric
Machine Learning/Data Mining Techniques
for Performance Evaluation

Most of the capacity estimation procedures followed officially by developing coun-
tries are either empirical or deterministic is sense. Empirical methods need a lot of
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data collection on a larger scale. For example, if proper understanding of hetero-
geneous traffic flow behaviour is to be achieved, then many real-life observa-
tions is required in terms of vehicle composition, flow, speed, nature of manoeu-
vrability, geometric characteristics, vehicular characteristics, road-user characteris-
tics, climatic considerations, situational environments, etc. Such kind of a proce-
dure is time consuming, expensive and tedious. The other alternative for estima-
tion of capacity is through microscopic analysis using numerical soft computing
techniques such as Cellular Automata (CA), Fuzzy Logic (FLs), Artificial Neural
Networks (ANN), Artificial Neuro Fuzzy Inference Systems (ANFIS), Support
Vector Machines (SVM), Decision Trees (DTs), Random Forests (RFs), Object
oriented simulation techniques, uncontrolled intersections, microscopic traffic flow
simulation, capacity, delay, level of service (LOS), surrogate safetymeasures (SSMs),
game theory, gap acceptance, additive conflict flow technique, heterogeneous,mixed,
homogeneous, etc. The detailed list of machine learning and soft computing tech-
niques being used over the past few years are summarized in a detailed manner
in Table 1. The vast majority of the examination systems of unsignalized intersec-
tions depend on stochastic models; i.e. gap acceptance hypothesis. As indicated
by GAP which was first universally introduced by the United States, development
limits of Minor Street are probabilistically decided dependent on organized position
of clashing significant street developments and exponential/Gaussian conveyance of
minor street critical gaps and follow-up-times as recommended by Cvitanik. Before
development of the HCMgap acceptance capacity estimation procedure, most part of
the United States utilized the German and Swedish capacity estimation procedures
for analysing the stop and yield-controlled multi-way unsignalized intersections.
HCM used the reserve capacity and overall control delay as primary measures for
analysing level of service (A through F). Another major drawback of the HCM
procedure is over-estimation of critical gaps by 2–6% that actual field values. But
after further analysis by the Transportation Research Board (TRB) conducted in the
year of 1987 in cities like California, Florida and Chicago, TRB included vehicle
delays for both major and minor movements for calculation of potential unsignal-
ized intersection capacity. Also, the HCM did not give a comprehensive capacity
estimation procedure for all-way stop-controlled intersections (AWSC). This was
later sufficed by the HCM which provided relatively well structured methodolo-
gies for both two-way stop-controlled (TWSC) and all-way stop-controlled (AWSC)
intersections. Although reserve capacity was still being used as a measure along with
motorized and non-motorized vehicle delays for assessing unsignalized intersection
level of service (LOS). A large portion of the investigation strategies of unsignalized
intersections depend on stochastic models; i.e. gap acceptance hypothesis. In this
hypothesis, it is accepted that a minor stream vehicle can enter an intersection, when
the time interim to the following showing up higher need vehicle is bigger than a
critical gap, and a sheltered time interim (follow-up time) has gone since the flight
of the previous minor stream vehicle. The potential limit according to Transporta-
tion Research Board (TRB) of the United States in their recent version of the HCM
characterizes potential capacity as that “perfect limit” for a particular subject vehicle
development which fulfils the entirety of the accompanying conditions:
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1. Traffic on significant roadway doesn’t obstruct the traffic on minor roadway.
2. Traffic from close by intersections doesn’t reinforcement into the intersection

viable.
3. A different path is accommodated restrictive utilization of every minor road

development viable.
4. No different developments (either vehicular or pedestrian) obstruct the subject

development in thought.
5. Impedance on potential limit must be viewed as when traffic gets blocked in a

high-need development.

When the clashing volume, critical gap and catch up time are known for a given
development its potential capacity can be assessed utilizing gap acceptance models.
The idea of potential capacity expect that every single accessible gap are utilized by
the subject development i.e.; there are no higher need vehicular or person on foot
developments and holding on to utilize a portion of the gaps it likewise accept that
every development works out of a selective path. The potential capacity is processed
utilizing the recipe given by Seigloch:

cpx = vcx × e−vcx·tcx/3600

1− e−vcx·tfx/3600 (1)

where, cpx is the potential capacity of minor movement ‘x’ (veh/h), vcx is the
conflicting flow-rate for movement ‘x’ (veh/h), tcx is the critical gap for minor move-
ment ‘x’, and tfx is the follow-up time formovement ‘x’. According to the Indo-HCM,
Capacity (cx) for any movement ‘x’ at unsignalized intersections can be computed
based to the gap acceptance model presented in Eq. (2). Capacity of a movement can
be deduced from the estimated values of critical gap, follow-up time and conflicting
flow-rates.

cx = a × vcx × e−vcx·(tcx−b)/3600

1− e−vcx·tfx/3600 (2)

where, cx = capacity of movement ‘x’ (in PCU/h), vc,x = conflicting flow-rate corre-
sponding to movement ‘x’ (PCU/h), tc,x = critical gap of standard passenger cars
for movement ‘x’ (s), tf,x = follow-up time for movement ‘x’ (s), and ‘a’ and ‘b’ =
adjustment factors based on intersection geometry. The value of adjustment factor
‘b’ for right turn from major at intersections having two-lane major streets is consid-
ered to be negative, while the values of all other factors are positive. As such, the
negative value of adjustment factor to account for the aggressive behaviour of minor
street right turners in the above typology of intersection. Hebert studied variations of
split volume (left-turning proportions, right turning proportions), average headway
and effect of number of lanes on four-way stop-controlled intersection capacities.
The author reported left-turning proportion have no effect on capacity whereas with
one per cent increase in right turning vehicle proportion, capacities increase by
0.2%. Average headway which was obtained using the gap acceptance technique
given by Wegmann for three right angled intersections came out to be same for both
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left and through vehicle capacity but significantly different for right turning vehicle
capacity estimation. If 100/0 split volume is allowed, then under congested condi-
tions a discharge rate of one vehicle for every 4.05 s can be expected. Modifying
the split ratios to 50/50, capacity per lane increases to one vehicle for every 8.08 s.
Khattak and Jovanis compared the stochastic gap acceptance (followed by United
States) and the deterministic (i.e. empirical regression-based as followed by United
Kingdom) based on theory and methodology, validity, policy, sensitivity, simplicity,
data requirements and compatibility to the United States traffic flow conditions for
evaluating uncontrolled and sign and yield-controlled intersections. It was found that
in all the aspects considering the driver behaviour of the United States overall, the
gap acceptance procedure is indeed relevant and can be included in further revisions
of the US highway capacity manual for unsignalized intersection capacity analysis.
Kyte and Marek studied effects of non-standard conditions like number of approach
lanes, pedestrians and heavy vehicles on capacity estimates for 23 numbers of single
lane approach all-way stop-controlled intersections collected from sites like Idaho,
Oregon and Washington D.C of the United States. A methodology for operational
performance is proposed by the authors who suggested that major and minor flow
splits, heavy vehicle percentages and presence/absence of pedestrians indeed affect
intersection movement capacity. Fisk generalized the Tanner’s capacity equation for
minor road vehicles to several lanes for non-prioritymovements at an isolated uncon-
trolled intersection by utilizing bunching of major road traffic and by incorporating
dynamic critical gaps for different lanes according to Eq. (3):

C = q1/e
q1τ

(
1− e−q1β1

)
(3)

where, q1 = major road flow; β1 = service time for major road traffic to pass
through the intersection; τ = dynamic critical gap for several lanes. Brilon and
Brilon and Groβman introduced a new German guideline for capacity estimation
at stop-controlled, priority-controlled and uncontrolled intersections based on gap
acceptance concepts developed by Brilon and Dunne and Buckley for minor road
capacity estimations based on delays and service times of major roads and the
highway capacitymanual. According to this new procedure, average delays (measure
of traffic flow quality) for both major and minor roads are given importance in vali-
dating capacity estimation at unsignalized intersections. The authors also tested the
results of the new procedure with the KNOSIMO-simulation tool in a series of
realistic case studies from several parts of Germany. Kyte developed a theoretical
framework for capacity estimation for all-way-stop-controlled (AWSC) intersections
based on validation of twenty selected intersections to identify factors affecting gap
acceptance capacity.Around 7000 departure headwayswere collected under different
behaviour conditions for the validation. The results indicate that number of approach
lanes, subject-approach lane volume split (%), proportion of left and right turns,
percentage of heavy vehicles and flow-rate split (%) affect capacity at AWSC inter-
sections. Ruskin and Wang in their experimental analysis for TWSC performance
evaluation found that Cellular Automata (CA) models can overcome the shortcom-
ings of the HCM gap acceptance capacity model. Therefore, the authors developed
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CAmodels of 4 nos. four-legged TWSC intersections and found out that the capacity
of minor streams depended on flow-rates of major streams and also on flow-rate ratio
[FRR] (i.e. flow-rate of near lane/flow-rate of far lane) for a particular movement.
Capacity of minor streams decreases with decrease in left-turning ratio [LTR] (i.e.
flow-rate of major stream left turns/flow-rate of major stream) and with decrease
in FRR, which demarcates that increase in flow-rate of near lanes. The CA model
developed by the authors was able to describe the stochastic interaction between
individual vehicles and can be used during situations for which headway distribu-
tions fails to describe traffic flow during occasions of non-priority. Li and Jiang set
up a capacity model of uncontrolled intersections (in which the major stream mixed
traffic flows cross m major lanes and the traffic flow headways fit the M3 distri-
bution). The intersection composed of both heavy and light vehicles. The model is
essentially an extension of minor-lane capacity theory first proposed by Troutbeck

and Cowan which is Cn = αvpe−λ(tc−�)

1−e−λtf
, where, α, λ and � are the calibrated parame-

ters and vp, tc and tf are potential demand volume, critical gaps and follow-up-times
for minor queuing, respectively. The model was tested and validated for Chinese
traffic conditions and was found to be suitable (with MAPE values < 5%). Luttinen
adjusted the movement capacities of lower rank streams for both higher rank queues
after modifying the lower rank stream gap distributions and under lower flow-rates
during the free flight times of higher position streams. The subsequent develop-
ment limits were seen as higher than the HCM values, explicitly at low significant
stream flow-rates. Chodur conducted studies in various cities of Poland in order to
evaluate the adequacy of the HCM unsignalized intersection capacity parameters.
HCM considers critical gaps and follow-up-times as prime calibration parameters,
the authors examined the factors affecting these parameters under Polish conditions.
The critical gap values for both major and minor left turns were found to be signifi-
cantly different from the HCMvalues. Samewas reflected for follow-up-time values.
City size and number of lanes on the major roads are some of the factors affecting
follow-up-time and critical gaps. For better fitting the empirical capacities of the
selected two-way-stop/yield-controlled intersections (TWSC/TWYC), an additional
scale parameter formodification of the critical gap values used in capacity calculation
was developed. Akcelik reviewed some well-known analytical capacity estimation
models for minor streams that use bunched exponential and simple negative expo-
nential distribution of gaps in the opposing stream. The authors also found through
realistic case studies that default parameters of HCM and Akcelik can be calibrated
for intersection geometry and traffic characteristics like number of lanes, move-
ment type, heavy vehicle per cent, grade, major road approach speed, restricted sight
distance and delay time experienced by subject vehicles for which capacity is to be
assessed. The authors compared two types of bunching models i.e. the Traditional-
M1 and the Akcelik-M3D [SIDRA INTERSECTION]. The comparisons show that
there is minor difference between the models for low major flows but differences in
capacity estimates increase with high conflicting stream flows. Xu et al. modelled
capacity reliability of minor streets for at-level controlled intersections for execution
assessment. First-request reliability-based technique was embraced to change the



238 S. Datta et al.

capacity reliability file. Through an itemized LR, the creators dispersed the major
and minor volumes as typical arbitrary factors. At last, the intersection execution
was assessed utilizing capacity reliability, affectability and save capacity through a
numerical model. Three kinds of gap conveyances specifically, exponential; moved
exponential and Cowan’s M3 were considered. Some of the major findings are:

1. Minor street capacity reliability is most elevated when significant street gaps
follow exponential conveyance, second most elevated for Cowan’sM3 and least
for moved exponential regardless of default volume levels.

2. Volume and capacity reliability is most elevated when significant street progress
follows exponential conveyance.

3. Minor street capacity reliability diminisheswith increment sought after volumes
for both major and minor streets.

Binti and Al-Masaeid studied the effects of volume on driver’s critical gap accep-
tance at a TWSC. The authors pointed that HCM critical gap estimation model
neglects the account for the effects due to increasing traffic volume. Authors also
stated that the HCM procedure does not take into consideration a driver’s typical
behavioural characteristics due to time-in-queue and volume on the major street and
also stated that the HCM critical gap is based on the average driver. The results
concluded that HCS underestimates delay while it overestimates critical gaps. This
study demonstrates that as volumes increases at a TWSC intersection, the critical gap
accepted by the average driver decreases. Review of the data shows that an average
decrease of 0.007 s of critical gap will occur with a one vehicle increase in volume.
Critical gapwas assessed by a portion of the current exact systems like slack,Harders,
twofold Logit, adjusted Raff and Hewitt strategies at unsignalized T-intersections by
Ashalatha and Chandra [4]. The critical gap variety by these techniques features
the ineptitude of the current strategies to address the blended traffic conditions.
Along these lines, the creators figured a substitute system for critical gap estimation
utilizing freeing conduct from vehicles related to gap acceptance information. Amin
andMaurya [5] andMaurya et al. studied the crossing behaviour of drivers at uncon-
trolled intersections in India through gap acceptance technique. The authors used ten
methods namely the Raff’s method, Lag, Maximum Likelihood, Harders, Macro-
scopic Probability Equilibrium, Greenshield’s, Logit, acceptance curve and clearing
behaviour methods for estimating critical gaps for through movements from a minor
road. Some of the conclusive remarks as per the authors are: The critical gap values
obtained from all the nine methods were quite low compared to that estimated using
the clearing behaviour method (developed for Indian mixed traffic conditions) which
can also work well under homogeneous, under-saturated and over-saturated traffic
conditions. The preciseness of capacity estimation depends upon the most realistic
evaluation of critical gaps which was obtained using the clearing behaviour tech-
nique. From the analysis, driver’s gender, age, speed of oncoming vehicles, waiting
time and number of rejections were affecting two-wheeler gap acceptance. However,
vehicle occupancy and waiting time did not affect three-wheeler gap acceptance. The
authors also recommended conducting studies on two-stage gap acceptance at four-
legged uncontrolled intersections in which limited research has been devoted. Tian
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et al. and Zhou et al. attempted to identify factors which affect gap acceptance of
drivers turning left at unsignalized intersections. Technique employed for data collec-
tion was videography (five cameras were installed) at each of the six unsignalized
intersections on both four and two-lane roads in the city of Connecticut, United
States. The presence of left turn lanes (LTL) and both high and low speed limits were
included in the data sets. Driver gap acceptance (i.e. accepted/rejected) was consid-
ered as a paired choice and corresponded Logit models were utilized to evaluate the
likelihood of tolerating a gap. A portion of the discoveries from the eight models
created in the examination are:

1. The displaying results demonstrated that nearness of LTL and the quantity of
paths on the significant street has no huge impacts on the driver’s likelihood of
tolerating a given gap.

2. The impacts of speed limit (high > 45 kmph or low < 45 kmph) were excessively
immaterial.

3. Female drivers are more moderate than male drivers in tolerating gaps which is
shown by chances ratio of 0.55.

4. Age doesn’t influence driver’s gap acceptance.
5. The model with both the quantity of dismissed gaps and the mean interim of

the dismissed gaps has the best model fit and was chosen as the gap acceptance
model.

6. Likelihood of tolerating a gap raises as the two estimations of the variables
increments.

Prasad et al. and Troutbeck and Brilon calculated capacity of three semi-urban
unsignalized intersections on 4-lane roads in the city of Vishakhapatnam using the
conflict technique. The conflict system depends on the scientific detailing of cooper-
ation and effect between flows at an intersection. The authors also used the modified
Tanner’s formula for finding capacity of major and minor road right and left-turning
movements as per the following Eq. (4):

Cp = qM
(
1− λtp

)
e−λ(tc−tp)

1− e−λtf
(4)

where, λ = qM/3600 (veh/s)
tp = minimum headway in the major traffic stream
tc = critical gap in seconds
qM = number of major stream headways
tf = follow-up-time.
Some of the conclusions are:

1. The modified Tanner’s model was appropriate that the HCM technique.
2. Conflict technique is quite simple in identifying the conflicting traffic flow in

the HCM procedure.
3. After analysis the capacity as per the conflict technique, it was recommended

by the authors that the intersections selected should be signalized.
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Mohan and Chandra [1] and Asaithambi and Anuroop estimated critical gaps
considering different vehicle types by different methods namely Maximum Like-
lihood Method (MLM), Clearing Behaviour Method (CBM), Ashworth Method,
Greenshield’s Method, Harder’s Method and Raff’s Method. In order to collect gap
information accurately, authors devised a new reference line for realistic measure-
ment of gaps. The study reiterated the fact that clearing behaviour method (CBM)
of critical gap estimation under mixed traffic conditions in India. Parameswaran and
Asaithambi estimated and compared capacity of two uncontrolled T-intersections in
Mangalore and Calicut using the gap acceptance procedure (GAP) and the additive
conflict flow technique (ACF). The authors used Chandra’smethod for dynamic PCU
estimation in this regard. They estimated critical gaps for priority movements (minor
RT, major RT and major LT) using Raff, Greenshield’s, Ashworth’s and Clearing
Behaviour method. The authors compared the capacities obtained by using HCM
field data, gap acceptance procedure (GAP) and Additive conflict flow (ACF) tech-
nique for all the three priority movements for both the cities. For both the cities, the
ACF technique overestimated capacity for minor left turns at the T-intersections. The
gap acceptance capacities were also found to be lower compared to those estimated
using the HCM field data values. Rao et al. estimated critical gaps at three uncon-
trolled TWSC T-intersections in the city of Vishakhapatnam using Raff’s, Harders,
Wu and a newly proposed method by IIT Roorkee. The authors also estimated and
compared capacity of major and minor right and left turns using the HCM technique
for critical gaps estimated using the above stated methods. In addition, the authors
compared control delay for the selected major andminor roadmovements along with
a critical gap comparison using HCM TWSC control delay estimation technique.
They also evaluated and compared the Levels of service (LOS) for both morning
and afternoon peak hours using HCM level of service (LOS) estimation procedure.
For determining the capacity, an occupation/service time of 3.6 s has been adapted
in case of AWSCs. Earlier studies for single–lane AWSC intersections found that
turning movements did not affect the occupation time significantly. Harders, Maurya
and Amin, Ashalatha and Chandra [4] and Mohan and Chandra [1] estimated crit-
ical gaps and later then translated them in estimation of capacity at four Indian
uncontrolled intersections using theMaximumLikelihoodmethod (MLM), Harder’s
Method, Modified Raff’s method, Logit (weighted linear regression) method and the
Ashworth’s method. The authors used a new concept of “Occupancy Time” (i.e. the
time spent by a subject movement or vehicle type in occupying the intersection influ-
ence area) and used its theoretical background along with cumulative distributions
of accepted gaps and lags to estimate critical gaps for the four intersections. The
validation of this proposed method was demonstrated by the authors by comparing
field capacity of non-priority movement at one of the intersections with the theo-
retical obtained capacity value. The Indian highway capacity manual (Indo-HCM
2018) in its first and recent publication has included a Chap. 6 on critical gap and
capacity analysis of unsignalized/uncontrolled intersections exclusively considering
Indian mixed traffic behaviour. In this manual for the first time, the occupancy time
method (OTM) has been conceived for the calculation of critical gaps. Unlike other
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methods, OTM incorporates actual driver behaviour observed on unsignalized inter-
sections largely. As such, OTM accounts for the actual clearing pattern of the conflict
area and the traffic interaction that occurs within this region. Thereafter, the capacity
for variousmovements observed at an unsignalized intersection is carried out through
a series of steps which will be described in this section. The German capacity estima-
tion procedure uses an array of curves for relating basic capacity with the conflicting
volumes of major street traffic while the procedures use only a single set of curves
for minor road traffic. The German procedure on the other had lends more attention
towards consideration of major street vehicle travel speed for capacity estimation
while HCM takes such consideration casually. Indo-HCM methodology estimates
primarily capacity and LOS of three movements i.e. right turn from Major Street,
right turn from Minor Street and through movement on Minor Street occurring on
three-legged unsignalized intersections. Using the critical gaps for passenger cars
(s), conflicting flow (PCUs/h) and assuming follow-up-time as 60% of critical gap,
the capacity (in PCUs/h) for individual movements is estimated.

4 State-of-Art on Microscopic Traffic Flow Simulation
Techniques for Performance Evaluation

Empirical, analytical or deterministic analysis for performance evaluation (capacity,
delay and level of service analysis) demands extensive collection of geometric,
traffic, road environmental, crash related and other important data which is time
consuming, tedious, non-economic and skill-extensive. The word ‘traffic simula-
tion’ can be broken down into ‘traffic’ and ‘simulation’. ‘Traffic’ represents the
operation of united transportation modes under a definitive geographical boundary
area. ‘Simulation’ is away to recreate a previously formulatedmathematical/physical
identity by recreating evolutions over time periods with observing respects to certain
performance parameters that can be used for ascertaining a real-world phenomenon.
So, before simulating any phenomenon, a proper and scientifically proven math-
ematical model is always needed that will support the simulation process. Often
it happens that all the models are not accurate and may be only a few can repre-
sent the correct natural physical conditions of the real-world phenomenon taking
place on the spacio-temporal road spaces. According to George Box, ‘All models
are wrong, but some are useful’. This is why, ‘Validation’, is an essential rule to
be followed after ‘calibration’ of any simulation model to obtain absolute accuracy.
Traffic simulation can be ‘macroscopic’, ‘microscopic’ and ‘mesoscopic’ in nature.
The objective of macroscopic simulation is mainly spatio-temporal representation of
three ‘macro’ elements, which is speed (x, t), flow-rate (x, t) and density (x, t) in terms
of differential equations. Mesoscopic simulation is a combination of both “macro”
and ‘micro’ aspects. When each individual vehicle unit in a microscopic model
follows the simplification of a macro model and average speed of the route becomes
as its measure of effectiveness, then it being governed as per mesoscopic ideology.
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‘Microscopic simulation’ governs the movement of individual vehicle units based
on their operational traceability and on the rules of lane changes [6]. Some of the
time-step multi-modal microscopic traffic flow simulation systems like CORSIM
(Corridor simulation), AIMSUN (within the simulation environment GETRAM-
Generic Environment for Traffic Analysis and Modelling), MATSim (Multi-agent
transport simulation toolkit), SUMO (Simulation of Urban Mobility), SiMTraM
(Simulation of mixed traffic mobility), PARAMICS (Parallel microscopic simulation
of road traffic), HCS (Highway capacity software), PTV-VISSIM (Visual Simula-
tion in English) have been widely used for performance evaluation of uncontrolled
intersections by most of the transportation professionals. The expert’s opinion (from
different European, middle-eastern, American, Australian and African origins) has
proclaimed VISSIM to obtain consistent and precisely allied convergent results even
under traffic heterogeneity. Creation and customization of complex priority rules
(through easy positioning of conflict pointers), dynamic vehicle routing decisions,
varying driver behaviour attitudes, varying compositions of traffic heterogeneity,
smooth and effortless simulation runs and designs, variant types of outputs and
analysis makes this multi-modal marvel to vary much favourable for most of the
researchers in developing Asian countries like India, Bangladesh, Nepal, Indonesia,
Malaysia, Tehran, etc. In this paper, performance evaluation is broad term used for
capacity assessment, service/control/stopped delay analysis, level of service analysis,
level-of-safety analysis, crash predictions at minor and major roads of intersections,
travel time comparison. Some of the primary uses of micro-simulation are:

1. Evaluation of traffic congestion for different traffic facilities.
2. Expressing and designing complex geometric configurations.
3. Studying impacts from generating traffic and design improvements that are

beyond limitations of other tools.
4. Micro-simulation can be classified based on some broad scientific fields of

operation in traffic flow theory, operations and engineering.
5. Microscopic modelling of traffic itself based on traffic flow theory.
6. Computational physical relation developments in either regional or municipal

divisions.
7. Agent-based or microscopic demand behaviour modelling which combines

models from evolutionary programming, game theories, sociology and other
multi-agent systems [7] which include Cellular Automata and Gravity-
approximation based physical models.

8. Co-evolutionary algorithms that can explain complex adaptive systems based on
some special interaction scenarios occurring due to collective decision-making
processes.

Tan and Tufo presented a detailed methodology for capacity analysis proce-
dure for two-way yield or stop-controlled unsignalized intersections in Switzerland.
According to the authors, the objective of capacity analysis is to estimate available
capacity and capacity used as a percentage of actual capacity which is the main
intersection operation indices. According to the authors, the capacity of an intersec-
tion entry or intersection entry lane is defined as the maximum inflow of the entry
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or the lane concerned while the capacity used is the ratio of the traffic volume to
the corresponding capacity. This procedure was based on determination of critical
gaps and conflict traffic volume at yield-controlled and right-side priority-controlled
intersections. The authors also calculated the traffic disturbance at entry lanes of the
intersections as a function of theoretical capacity and real traffic volume. Some of the
main factors to be considered while enhancing capacity of unsignalized intersections
are:

1. Number of conflicting streams
2. Conflict Area
3. Total Conflicting Traffic Volume
4. Conflict Angle and its type
5. Storage space for traffic queue (non-priority movements)
6. Levels of priority.

Following are the tentative results from capacity estimation procedures as per the
program developed by the authors:

1. Entry capacity (vehicles per hour)
2. Reservation of entry capacity (vehicles per hour)
3. Entry capacity used (%)
4. Entry capacity used at conflict points (%)
5. Average queue length (in terms of number of vehicles)
6. Average delay (seconds per vehicle)
7. Variation in the entry queue (vehicles in every 5-min intervals)
8. Variation of entry delay (seconds per vehicle in 5-min intervals).

Wu et al. [8] examined traffic flow at unsignalized T-intersections in which three
info bearings of vehicles and two right turning and one remaining turning utilizing the
cellular automatamodels defined byNagel and Schreckenberg, Esser and Schrecken-
berg [7] CA traffic model. The creators additionally examined associations between
vehicles on various paths and impacts of traffic flow conditions of various streets on
capacity of T-formed intersection framework. The outcomes demonstrate that this
model can be applied to genuine traffic examination and traffic conjecture. To put it
plainly, the model thinks about the variety of vehicle speed and uses transient (time)
gaps rather than unique gaps to figure out which vehicle is permitted to pass the
intersection. Illustration of the T-intersection and the traffic is appeared in the figure
beneath. The paths are separated to CA cells. Each vehicle takes a solitary cell. The
lengths of path 1–5 and 2–4 both L = 1999. The lengths of path 3 and 6 are L3= L6
= 500. The intersection situates at the centre purpose of path 1–5 (b = 1000). The
conflicts at the defining moment are taken care of with observing standards:

1. The conflict of vehicles on path 1 with the left-turning vehicles on path 2.
2. The conflict of straight guiding vehicle on path 1 with the right turning vehicles

on path 3.
3. The variety of intersection capacity is dictated by the net augmentation or

decrement of transition on all the three paths.
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4. The expansion of information transition on path 2 abatement the motion on path
1 yet builds the motion of path 3.

5. The increase of input flux on lane 3 will decrease the flux on lane 1 and lane 2.

Fellendorf and Vortisch [9] and Tian et al. explained along with visualizations
and applications of a microscopic, conduct based multi-reason traffic simulation
programming named as VISSIM. The investigation displayed a survey on the history,
run of the mill applications and is trailed by demonstrating standards introducing the
general engineering of the test system. The creators additionally exhibited a few
systems to calibrate the traffic flow models with comments of interfacing VISSIM
with different instruments. VISSIM is a microscopic, discrete traffic simulation
framework demonstrating motorway traffic just as urban traffic operations which
depend on a few numerical car-following and path changing or horizontal driving
models. The option to proceed for non-signal-ensured conflicting developments is
demonstrated with priority rules. Priority rules are utilized to display uncontrolled
intersections where traffic needs to offer approach to traffic on left, uncontrolled
intersections where traffic on the ending street must offer approach to traffic on
the proceeding with street and TWSC/AWSC intersections. The priority controls in
VISSIM comprises of a stop line showing a sitting tight situation for vehicles of
minor developments. At stop line the minor vehicle will check if a vehicle of the
significant development is inside the headway territory. The headway region is char-
acterized as a portion beginning marginally before the two developments combine.
In VISSIM, this position can be set physically. Also, the minor vehicle checks if a
significant vehicle will arrive at the conflict marker inside the base gap time if going
with its present speed. Holik et al. [6] developed a universal simulation model of
three T-intersections based on gap acceptance theory using a web-based software
Witness. Four levels of priority based on movement ranks (Rank 1, 2, 3 and 4) as
per HCM were fed in the simulation module. This web-based application for input
data enables to set almost all attribute values. Secondly, using the application does
not require a user licence. The script is based on UNIX systems and each user gets
his/her login information. The web application consists of following bookmarks:

1. Input data—Traffic intensities, basic parameters, direction parameters and lane
settings.

2. Simulation—A data consistency test runs and the simulation run is generated.
3. Output data—Consists of two sub-pages (Queue Lengths and Waiting Times).
4. Settings—Enables to edit basic information about the user (email, password).
5. Help—Enables to provide information regarding software usage.
6. Sign out—Enables user to sign out of the web application.

5 Conclusion

A total 59 (30 from developed nations having homogenous traffic flow conditions and
29 from developing nations having heterogeneous traffic flow conditions) number
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of previous literatures have been investigated for preparing this state-of-art review.
The literature was classified as for Class-I: {machine learning; data mining; soft
computing including safety assessment using surrogate measures} techniques for
performance evaluation and Class-II: {microscopic traffic flow simulation-based}
performance evaluation for uncontrolled intersections operating under both hetero-
geneous and homogenous traffic flow conditions. The first classification had 5
research lines with 14 sublines and the later one had two research lines with six
sublines. Performance evaluation is broad term conglomerating operational analysis,
control environmental assessment, safety evaluation and many more intricacies that
are normally missed out while talking about uncontrolled intersections. Capacity,
delay, level of service, queue lengths and travel time are the major parameters
which are often focused upon while assessing uncontrolled intersections. Other than
these, agent-based uncontrolled intersection priority models, object oriented delay
models, traffic assignment-based delay models, game theory-based uncontrolled
driver behaviour control concepts and some more are of quite interest when perfor-
mance evaluation is thought of. Gap acceptance studies are performed frequently
either through simulations, analytically or through deterministic procedures but
there are certain other deterministic techniques which have been identified from
this review that are presently gaining priority. Modified classical Cellular Automata
(CA) models (like NaSc or Nagel-Rickert’s) can be used effectively to define uncon-
trolled intersection movements and trajectories. Artificial Neural Networks (ANN)
and Adaptive Neuro Fuzzy Inference (ANFIS) can be used effectively for checking
and validating differentmethods for performance evaluation of uncontrolled intersec-
tions with relatively high degree of accuracy. Crash data prediction using surrogate
safety measures (PET, speed, deceleration rates and conflict probability) and incor-
poration of these parameters in microscopic simulation frameworks is always a step
ahead in governing performance criteria. Support Vector Machines (SVM), decision
trees and random forest models are gaining priority over statistical techniques (like
Binary logit; regression-based) estimations for identifying driver decision making.
Microscopic simulation packages like VISSIM, FLOWSIM, AIMSUN, SiMTraM,
PARAMICS, SUMO andweb-basedmodels likeWitness are some of themost domi-
nant tools which have been used for safety, operational and environmental evaluation
of uncontrolled intersections under traffic heterogeneity. Calibration and validation
of the driver behaviour models (car-following, lane changing, lateral driving) is an
important factor while simulating and should be aided with machine learning tech-
niques or by using proper field estimated values. Out of themicro-simulationmodels,
PTV-VISSIM which a time-step multi-modal framework has been used widely for
calibration and validation of performance and safety models under heterogeneous
traffic flow conditions rather other prevalently used tools like AIMSUN or HCS.
VISSIM uses the Weidmann car-following driver behaviour model which is psycho-
physical framework and considers the user’s behaviour attributes and therefore can
be calibrated dynamically using neural networks or fuzzy principals. Microscopic
simulation parameter sensitivity analysis either statistically (using ANOVA) or by
using datamining tools like neural networks, genetic algorithm is gaining importance
in the recent times. The studies depicted in this paper have been conducted under
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both heterogeneous and homogenous vehicle compositions with differing geometric
environments (for standardized and non-standardized situations) with varying road-
side and environmental conditions. Therefore, the tools or techniques described here
have not beenwidely utilized in assessing capacity, delay and level of safety at uncon-
trolled intersections in a generalized traffic flow situation arising inmid-sized cities or
rural areas of Indian urbanized land uses. Other than computer simulations, optimal
automatic calibrated driver simulators can also be utilized for studying the road-user
behavioural effects on capacity and LOS analysis for further performance investi-
gations of uncontrolled intersections under various traffic flow conditions. Some of
the studies from homogeneous traffic prevailing countries can even be replicated for
heterogeneous conditions and can be compared using the tools portrayed in this study.
Keeping in mind these statements, the authors would like to conduct experimental
investigations using some of the concepts, methods and soft computing tools as a
part of their future work towards uncontrolled intersection performance evaluation
under Indian mixed traffic conditions.
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Assessing Spatial Accessibility
to Amenities, Facilities, and Services
from Public Transit Using Non-motorized
Transport: A Case of Nagpur City

Pavan Teja Yenisetty, Jenil John, and Pankaj Bahadure

1 Introduction

Theories of new urbanism and smart growth usually point at accessibility as one of
their most significant principles [1]. As per transportation research board, mobility
and accessibility have been identified as very crucial issues. Therefore, the integration
of transportation and land use planning is repeatedly emphasized. Researchers have
called for a paradigm shift from “auto mobility-oriented planning” to “accessibility-
oriented planning” [2]. In most of Indian cities, accessibility criteria are neglected
while preparing for transportation plans [3]. The plans emphasize more on mobility
planning and motorized transport only. Mobility is an important factor in urban
areas, but an approach based on mobility creates sprawl [4, 5]. Particularly, when
it relates to lower-income households, their daily lives are largely dependent on
non-motorized transport. Even after investing enormous capital and infrastructure
for public transit, NMT is often used as a significant choice that influences overall
accessibility and affects connectivity in the lastmile [5, 6]. Planning practice in Indian
cities involves land use planning as a different activity without considering its impact
on transport [7], and transport plans are drawn up separately from land use plans [8].
These planning approaches resulted in the inefficient use of available resources. So,
Government of India (GoI) promoted integrated land use and transportation planning
in all Indian cities and provided guidance through National Urban Transportation
Policy (NUTP) [9]. NMT is an essential element of urban transport whose two
major modes, i.e., walking and cycling play a dominant role in terms of mobility
in both the developing and developed countries [10]. Asian cities because of their
compact, dense, and high mixed land use characteristics are well known for a high
share of non-motorized trips both in low and high-income cities [4]. Several cities in
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Japan, China, Vietnam, India, Bangladesh, Indonesia, and Nepal still rely heavily on
these modes as their share of trips ranges from 25 to 80% [2]. It is understood that
there are a significant number of trips made by foot for reaching services in Indian
cities [8]. So, focusing on this issue will help in improving NMT infrastructure and
integrating of various services and facilities to reach public transit in a better way.
Even policies in India now emphasize the possibility of maximizing people and
activities by providing better linkage to public transport (bus stops) to all kinds of
service [9]. They even target to improving better cycling and walking infrastructure
and increasing in network coverage of public transport in the city [10]. Cycling can
be limited for shorter lengths, but it is a very flexible in trip timing and destination
whereas public transport can cover longer distances with high capacity but it is
not flexible like NMT as it has fixed timings and destinations. So, there are strong
achievements to be made out of combining the strengths of both NMT and public
transport from the perspective of an individual traveler to overall transport system
[11].

1.1 Relevance of the Study

Fewdeveloping nations use tools and instruments tomeasure accessibility to services,
jobs at walkable distance from public transport (SNAMUTS) in Australia, spatial
network analysis for multimodal urban transport systems (SNAPTA) [12], etc., are
tools which contribute to the identification of barriers and create accessibility index
to integrate NMT with public transport. Every journey begins or finishes with a
walking share, i.e., NMT. In India, walking and biking mode shares are relatively
much higher. But supporting infrastructure and environment are not created for them
which declines themode share from the past decades. In the current scenario, govern-
ment started implementing sustainable practices in transportation due to the impacts
increasing motorization rate, traffic, and parking congestion which result in environ-
mental pollution, drastic climate change, and health patterns.NMT is the best sustain-
able mode because they provide mobility and support to other modes, resulting in
increased accessibility. Improving walking environments can increase transit acces-
sibility, since most of the transit trips consist of walking portion [11]. In Indian
context, there are few cases of measuring accessibility using NMT in neighborhood
level [13]. Mostly, issues are mainly concerned about aspects of traveling mode,
time, and problems related to infrastructure (pavements and foot paths) [14, 15].
But the studies addressing on connectivity of AFS with the public transportation is
not focused. So, the aim of this paper is to introduce simple measure for accessing
amenities, services, and facilities (AFS) from public transport at macro-level and
micro-level using NMT and addressed issues of connectivity and infrastructure.
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2 Measures and Indicators

Traditionally, there are various approaches to measure accessibility related to NMT
and public transport like cumulative measure, gravity measure, etc. [16–18]. Studies
categorized these approaches into five types which include components of distance,
travel time, cost, and movement over space and selection of mode [19]. This paper
adopts distance measure as this measure estimates the distance between two places,
i.e., from AFS to public transit [20]. Both gravity and cumulative measures are
not selected because this study do not deal with trip attraction and the number of
opportunities available in a given zone [21, 22].

There are different types of distance calculation measures such as (1) Euclidean
distance (e.g., through buffering), (2) Manhattan distance, (3) network distance
(closest path), and (4) Minkowski distance method [21]. Studies show Euclidean
distance and network distance are suitable in context to accessibility measures [23].
Researchers have used walking distances, i.e., 400 and 800 m, and even the World
Bank indicates that public transit facilities for less than 400 m should be provided
to encourage pedestrian access [23–25]. In case of India, urban and regional devel-
opment plans formulation and implementation (URDPFI) guidelines [24] consider
400 m walk and 600 m radius access to urban facilities and public transport. In this
paper, spatial accessibility to amenities, facilities, and services to public transit using
non-motorized transport from the various literatures [25, 26], parameters, and their
indicators [27, 28] are identified for measuring accessibility in a macro-level as well
as micro-level [29, 30] as shown in Table 1. Distance measures are carried out for
every 400 m as shown in Fig. 1.

3 Study Area and Data Sources

For this study, Nagpur city is selected that lies precisely at the center of the country
(Fig. 2). The total area under development plan 2000–2011 of Nagpur is 235.21 km2

and consists of the area under Nagpur Municipal Corporation (NMC). The city area
is divided into 136 wards; population density of the city is 10,873 persons/km2 as
per 2011 census [19]. Only 12% of Nagpur’s commuters use public transport, while
35% use two-wheelers and a significantly high proportion of individuals uses NMT.
Study reveals that Nagpur’s share of non-motorized mode (walk, bicycle, and cycle
rickshaw) accounts for 58% and share of motorized modes is 42%. Almost 35% of
worker’s travel takes about 15 min. The average travel distance in the city is 4.6 km
[31]. Now presently, metro rail project is under implementation. As per mobility
plan, city targets to achieve 30% of mode share using public transportation [32] and
mentions to improve NMT to support PT. For this study, data from various sources
are collected and mapped in Google Map API as shown in Table 2.
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Table 1 Selected measures and parameters

Parameters Indicators Measures

Macro-level
accessibility

Land cover Builtup The average percentage of
builtup in grids

Number of
opportunities
amenities, services,
and facilities (AFS)

Number of opportunities
present

Network Road network Length in meters

Mobility Availability of public
transit

Number of bus
stops/stations

Walkability/bicycling Proximity Distance between public
transit from AFS (length
in meters)

Micro-level
accessibility

Land use Land use mix entropy Percentage of land use by
area

Number of
opportunities
amenities, services,
and facilities (AFS)

Number of opportunities
present

Network Road network Length in meters

Road density Total road length/total
area

Mobility Availability of public
transit

Number of bus
stops/stations

Walkability/bicycling Proximity Distance between public
transit from AFS
(length in meters)

Density Built density Ratio of number of built
units to total area

Residential density Ratio of number of
dwelling units to total area

Commercial density Ratio of number of
commercial buildings to
total area

Infrastructure Pedestrian/cycle
pathways

Length in meters

Safety User willingness Score

Selection of divergent opportunities will make it possible to emphasize acces-
sibility plans [33, 34]. So, this study adopts various AFS in the macro- and
micro-analysis as shown in Table 3.
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Fig. 1 Method adopted in GIS
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Fig. 2 Location of Nagpur city

Table 2 Data types and its source

S. no. Data type Source (Nagpur)

1 City base map Nagpur improvement trust

2 Boundary limits Prepared by the author from Nagpur
municipal corporation (NMC) Website

3 Bus stop location Prepared by using the information available
from operator city bus service, head office
(star bus) NMC, Chalo mobile application

4 List of hospitals Prepared by using information from NMC
health office (Google Map API)

5 List of education Institutes Prepared by using information from Nagpur
divisional education board (Google Map
API)

6 List of parks/gardens and other facilities
(police station, post office, community
halls)

Information collected from land use maps
(city development plan), (Google Map API)

7 GIS map Maharashtra remote sensing application
center

8 Land cover map Extracted from USGS LandsatLook

9 Metro station location Nagpur metro rail corporation
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Table 3 Identified number of AFS in Nagpur city

Sector Identified places (mapping) Identified in Google API

Amenities Leisure Recreational
Playgrounds
Cinema hall

134
76
19

Facilities Health Hospitals
Clinics
Dispensary

275

Education Primary/secondary schools 178

Colleges 198

Services Other services Post offices
Police station
Community halls

139

4 Data Analysis

4.1 Macro-level Accessibility Analysis

This study uses a grid-based measuring technique in spatial levels for Euclidean
measurement (near distance) as grid assessment does not follow the macro-level
boundary profile of roads and terrains [36]. The urban area is converted into a hexag-
onal grid of side 200 m covering 103,923 m2 (10.39 ha) with 400 m between the
hexagonal centers. The <lat, lon> of these AFS are entered in Google API. Initial
distance was taken from the bus stop/ metro station to the closest grid and based
on the distance a specific color was assigned. The color coded grid is overlapped
with the existing built land cover extracted from Landsat image for Nagpur scene ID
LC81440452018325LGN00, path 144/45 having spatial resolution of 30m as shown
in Fig. 3. It is designated as how much builtup parcel of land is in high accessible
region and how many services and facilities are presented in that range (Fig. 4).

In this study, the levels of accessibility indices for macro-level assessment are
consider for 400–2400mandmore than 2400mof range are recognized as unreserved
area. These levels of distance range are developed based on literature taking the
minimum walking distance. For example, the distance to the closest public transit
from each recreation point is measured. As per the distance, the symbol and color
are designated to each and every point as shown in Fig. 5. This process is further
repeated to all ASF.

For calculating distance from the network, one-way constraints were ignored,
while at intersections, U-turns were permitted because mode was not considered.
Based on distances between 400 and 2400 m, different color codes were used as
shown in Fig. 6. Since the network data from open streetmap (OSM) are not accurate,
basic checks and edits are being carried out to OSM’s road network. Main roads for
trucks that are not suitable for sidewalks or footpaths are removed. Each access point
of the AFS is also verified by physical survey.



254 P. T. Yenisetty et al.

Fig. 3 Data preprocessing
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Fig. 4 Nagpur builtup % to facilities and service %

It is difficult to compare the outcomes of accessibility measures as large data are
involved and account in aggregation errors [35]. So while taking the location, we
choose the closest access points to overcome the negative errors [23]. To understand
the difference of near and network distance, descriptive statistics were carried out in
statistical package for social sciences (SPSS) to observe the difference in distance
for near and network of each AFS in Nagpur (Table 4).

Careful observation of the area reveals that the hospitals and cinema halls are
having less difference between near and network distance. Therefore, the immediate
access is highly possible for public transit without many barriers which is a good
scenario. But the maximum range limit of colleges is more than 3000 m. This means
few colleges are located very far away from the public transit.
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Fig. 5 Near (Euclidean) distance to recreation from public transit (city level, Nagpur)

Fig. 6 Nagpur network distance to recreation from public transit (city level)
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Table 4 Descriptive statistics to compare the difference of near and network distance for all AFS

AFS Nagpur Min Max Range Mean Std. Dev.

All distance is in meters

Recreational 3.7 1500 1496 258.5 271

Schools 1.2 1451 1450 252.8 281

Colleges 3.5 3630 3626 255.0 351

Hospitals 2.4 1466 1463 173.8 207

Other Services 2.6 1047 1045 169.6 183

Playgrounds 7.6 866 858 241.6 206

Cinema halls 3 352 348 139 100

As the study was conducted within the municipal boundary limits, the primary
identification percentage ofAFS is accessible at different levels for each sector (Table
5). Nearly, 55% of AFS are within 0–400 m from public transit when measured by
near distance. But the distance through network is doubled (Fig. 7). This observa-
tion confines the scope for really identifying the local barriers and network issues.

Table 5 Near and network distance percentage of AFS for each sector

AFS 0–400 m 401–800 m 801–1200 m 1201–1600 m

Near Network Near Network Near Network Near Network

Percentage accessible

Recreational 54.4 30.6 33.5 41.7 8.21 15.67 0.75 5.22

Schools 56.1 36.5 30.3 38.2 7.3 12.92 3.37 5.06

Hospitals 55.5 31.8 33.3 36.3 7.58 21.72 3.54 3.03

Colleges 60.7 41.4 30.1 40.3 3.27 10.91 2.55 4

Other
Services

63.3 43.8 25.9 34.5 6.47 13.67 2.88 2.88

Playgrounds 52 26.3 34.2 47.3 9.21 13.16 1.32 9.21

Cinema halls 56.5 39.1 26.09 34.78 - 8.7 - -
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Fig. 7 Overall percentage of AFS for near and network (macro-level)
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Especially the access to colleges and playground, the connectivity to public transit
is very poor compared to other AFS.

4.2 Micro-level Accessibility Analysis

Criteria for selecting the areas for micro-level accessibility analysis are the pres-
ence of public transit stations, mixed-use character, and nodes which have large
catchment areas. According to these criteria, two public transit nodes are selected,
namely Shankar Nagar from the west and Itwari telephone exchange from the east
(Fig. 8). Buffer area of 400 and 800m is considered around the Shankar Nagar square
and Itwari telephone exchange metro stations for micro-level accessibility analysis.
Potential destinations like schools, colleges, market, shops, public semipublic build-
ings, parks/ playgrounds, hospitals, post offices, community hall available in these
areas are mapped through built use survey (Fig. 9). An extensive household survey is
conducted to know the existing NMTmode share, their trip purpose, and willingness
to use NMT. It is identified that Itwari telephone exchange has higher residential,
commercial, andmixed-use compared to Shankar Nagar square area, but recreational
areas and public, semipublic buildings are less in telephone exchange (Table 6).

From various literature, several parameters are identified for micro-level accessi-
bility analysis which is already mentioned in Table 1.

Land use mix entropy

Measuring land use mix is essential for assessing accessibility to AFS using NMT.
A higher mix of land use is suitable for pedestrian and cyclist as AFS will be nearby.
Land use mix can be identified from the entropy index developed by Cervero [36],
which takes into consideration the relative proportion of two or more kinds of land
use within the region. The entropy index ranges between 0 and 1, where closer to

Fig. 8 Selected two different metro station and its 800 m buffer area
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Fig. 9 Built use survey of Shankar Nagar Chowk (left) and Itwari telephone exchange (right)

Table 6 Comparison of built use percentage of both area

Land use category Built use %

Shankar Nagar Chowk Telephone exchange

Residential 43 50.6

Commercial 11 19.2

Mixed use 7 19.7

Public and semipublic 7 5.1

Recreational 7 5.4

Agriculture, water bodies, and special areas 25 –

Total developed area 100 100

value 1 is observed as a high mix. In Eq. 1, let Pi be the proportion of each form of
land use i in the region and let j more than or equal to 2 be the number of kinds of
land use i.

Entropy Index = (−1)×
j∑

i=1

[Pi × ln(Pi)/ ln( j)] (1)

From the entropy index calculation of both Shankar Nagar and Itwari telephone
exchange in Table 7, it is observed that both areas have higher land use mix and they
have the potential for non-motorized transport.
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Table 7 Land use mix
entropy index

Land use mix entropy index

400 m 800 m

Shankar Nagar Chowk 0.76 0.78

Telephone exchange 0.77 0.80

Density

Increased density and clustering of activities tend to improve accessibility. Shorter
travel distances can encourage NMT, which in turn increase the accessibility to
AFS. Built density, especially residential and commercial density, and road density
are calculated. It is observed that densities in the 400 and 800 m buffer of Itwari
telephone exchange are comparatively higher than Shankar Nagar inferred in Fig. 10.
This shows that both pedestrians and cyclists have more potential in Itwari telephone
exchange than in Shankar Nagar, which increases the accessibility to AFS from
public transit using NMT.

Figure 11 shows the road density for the selected area, and it is found that road
density is higher in Itwari telephone exchange compared to Shankar Nagar. But road
density in the 800 m buffer of Itwari telephone exchange metro station is observed
to be lesser than in its 400 m buffer. This shows that the road network in the 800 m
buffer has to be improvised in order to increase accessibility to AFS from public
transport using NMT.

Proximity (near) and network analysis

All the amenities, services, and facilities along with the public transit stops and
existing road network are identified and mapped. Proximity analysis and network
analysis using Euclidean distance are carried out for both the selected areas (Fig. 12).
From this analysis, it is found that two “recreation” facilities in Shankar Nagar and
one “other” facility.

12
.4

2

14
.8

6

9.
16 10

.6
7

1.
49 2.
08

37
.2

8

39
.8

7

25
.1

2

28
.7

9

4.
02

4.
32

0
5

10
15
20
25
30
35
40
45

400m 800m 400m 800m 400m 800m

Built Density Gross Residen al Density Gross Commercial Density

Pe
rc

en
ta

ge

Fig. 10 Various densities



260 P. T. Yenisetty et al.

19
.5

2

20
.4

6

43
.0

5

34
.9

5

0
5

10
15
20
25
30
35
40
45

400M 800M

Pe
rc

en
ta

ge Shankar Nagar
Chowk

Telephone Exchange

Fig. 11 Road density

Fig. 12 Near and network analysis carried out in both area

in Itwari telephone exchange require more than 10 min walking to access from
public transit. Otherwise, the network is fine, since all other AFS lies under 800 m
distance from public transit (Fig. 13).

Household Survey

Household survey results give the understanding of infrastructure and safety param-
eters for micro-level accessibility (mentioned in Table 1). Extensive 100 household
surveys are carried out and found that middle age and younger age population are
higher in both the buffer areas around the selected metro stations. It is observed that
Shankar Nagar is dominated by high- and middle-income groups, whereas Itwari
telephone exchange is dominated by middle- and lower-income groups.
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Fig. 13 Near and network distance analysis in micro-level

Existing Mode Share

Existing mode share at both the locations (Fig. 14) shows that they use both walking
and cycling for shopping, reaching facilities, services, and leisure purpose. Mode
share of NMT is comparatively higher in Shankar Nagar than in telephone exchange,
due to the availability of footpaths and better infrastructure in the Shankar Nagar. But
for education purpose, the share of cycling is higher in Itwari telephone exchange

Fig. 14 Existing mode share at a Shankar Nagar square and at b Itwari telephone exchange
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Fig. 15 Cycle ownership at a Shankar Nagar and b Itwari telephone exchange

than in Shankar Nagar which can be related to their incomewherein they prefer NMT
for going to school, and preferred schools are also nearby.

Cycle ownership

Cycle ownership is higher in Itwari telephone exchange than inShankarNagar square.
46% of households have at least one cycle in Shankar Nagar square, but in Itwari
telephone exchange, households are having eight cycles per house (Fig. 15). In Itwari
telephone exchange, people have less affordability to buy a motor vehicle, so they
use bicycles for their daily works and to reach other AFS.

Problems faced by NMT users

In both the areas, NMTusers are facing a lot of problems such as unsafe, high speed of
motor vehicles, high traffic, negative attitude toward NMT, encroachments, improper
design of footpath, lack of amenities, bicycle theft, poor signage, insufficient road
crossings and segregation, narrow footpath, and lack of NMT lane which force them
to reduce the use of NMT use (Fig. 16).

Narrow footpaths, lack of amenities, and encroachment are major problems faced
by pedestrians at both the areas, whereas for cyclists, lack of NMV lane, encroach-
ment on footpaths, lack of amenities, insufficient segregation, and bicycle theft are
the significant problems present at both the areas. Lack of shade-giving trees and
negative attitude toward the cyclists is the other vital issues in ShankarNagar faced by
NMT users. Improper design of footpath is the other major issue faced by pedestrians
in telephone exchange (Fig. 17).

Satisfaction Level

According to satisfaction levels at Shankar Nagar (Fig. 18), majority of the house-
holds feel dissatisfied on safety for NMT as well as its infrastructure in the area,
whereas in telephone exchange (Fig. 19), majority of people are extremely dissatis-
fied for the safety of cycling and infrastructure for them in their area. Also, they are
disappointed for pedestrian’s safety and infrastructure provided in their area.
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Fig. 16 Problems faced by pedestrians and cyclists at Shankar Nagar

Fig. 17 Problems faced by pedestrians and cyclists at telephone exchange
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Fig. 18 Satisfaction level at Shankar Nagar

Fig. 19 Satisfaction level at telephone exchange

Willingness to use NMT

Households in Itwari telephone exchange are more willing to use NMT than in
Shankar Nagar as inferred in Fig. 20. But households in both the areas demand
proper infrastructure, better safety, and convenience for them to use NMT.

Fig. 20 Willingness to use NMT
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5 Discussion and Conclusion

The macro-level assessment is assessed for the range of (0-2400 m) in the entire city.
The near distance assessment reveals that 57.5% of AFS are available in the 64%
of built area and can be accessed within 400 m distance from PT. But this does not
correspond with the real scenario while considering the network distance from PT
to reach the AFS. Nowadays, usage of network tools in ArcGIS is more common as
retrieving the data fromOSMhas become easier. This encourages studies to compare
the network distance and near distance [23]. In macro-level assessment, the findings
show that percentage of AFS reaching through the network distance from PT within
0–800 m range is always half when measured by network as compared to near. If
most of the AFS are not provided within 400 m network distance from PT stops, then
it causes individuals to use motorized vehicles instead of walking or cycling [37].
Statistical studies performed show that almost 90% of AFS can be accessed from
public transit within a range of 1200 m.

In micro-assessment, it is observed that builtup density, residential density,
commercial density, and road density are 40% higher in Itwari telephone exchange
than Shankar Nagar [38]. These higher densities show that there are more people
within this area using AFS has sufficient road availability. In this study, it is found
that increased density and clustering of activities improve accessibility. Shorter travel
distances can enhance walking and cycling. Network analysis shows that some of the
AFS in both the areas are not within 800mwalkable distance and it will be beneficial
if the network is improved in such areas. From the user survey, it is observed that
walking and cycling are unsafe and inconvenient due to the lack of traffic segregation
and incomplete street section. Therefore, connectivity between vehicular roads and
pedestrian pathways should be enhanced to allow more safe and convenient direct
travel between locations. It should include distinct shortcuts for NMT wherever it
is applicable. In the user study, it is observed that Itwari telephone exchange has
more cycle ownership as compared to Shankar Nagar. Yet, motor vehicles are used
in both areas for certain journeys that could otherwise be covered by NMT. The
lack of infrastructure and planning is the major issues in discouraging individuals
from using NMT. Although densities and mixed use are higher, still accessibility is
discouraged if there are no adequate network and infrastructure.

MeasuringNMT-based accessibility of theAFS frompublic transit using both near
and network distance measures is a new method introduced in this paper for Indian
cities. The previous accessibility measures are only concentrated to walk scores
which use proximity distance that is not accurate in the real world. So, comparing
Euclidean distance with actual network will be more beneficial. Measuring near
and network distance on both macro-level and micro-level give better understanding
of accessibility performance of city. The difference in these methods will not only
help in identifying barriers for accessibility, but also help in recognizing shortest
routes in the network. So, it improves infrastructure facilities for NMT to reach
AFS as well as connecting public transit in a better way. Distance measurement in
studies is aimed at investigating the accessibility of only specific type of facility
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often used in different developed countries [23, 39]. But in this study, we adapted
different AFS for measuring distance to PT in Nagpur city, India which will improve
in understanding and implementing policies. Application of both macro- and micro-
assessment method in urban areas is a viable option to draw comprehensive conclu-
sion on city’s overall performance in accessing AFS. This study uses Google Map
API where this kind of data can support urban local bodies of developing nations to
gather information for planning future urban activities and services at city level.
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Study of Driver’s Behavior for Lateral
Moving Vehicles

T. Dilipan, R. Das Vivek, and K. Parthan

1 Introduction

India possesses the world’s second-largest road network accommodating about 1%
of the world’s vehicular population. Despite having this vast road infrastructure, the
safety aspect incommodes the road users as adhered to the fact we contribute about
20% of the world fatalities. On investigating the causes for the accidents, it was
explored that apart from over-speed, DUI (driving under influence) and inadequate
infrastructural amenities play a significant rate of accidents occurred due to lane
indiscipline.As per the report on road accidents in India 2016, published byTransport
Research wing under Ministry of Road Transport and Highways, Government of
India, in the year 2016 over 12,257 of 1,50,785 road accident deaths happen due to
overtaking and when changing lanes. This number is greater than the combined road
accidents deaths due to speed breakers and potholes which are accounted at 5720
fatalities. Lane ensures that there are enough gaps maintained between vehicles, a
major uplifting problem with Indian traffic is vehicles are driven recklessly close to
each other leaving little to no margin of error. Apart from safety the gap maintained
between the vehicles also renders the corridor for emergency vehicles (ambulances)
to drive through. In case of an emergency, vehicle has to move past all the occurring
traffic; all motorist have to do is move over to the side to make the required room.
To curb this issue, the government and other authorities have made lane indiscipline
as a punishable offensive act as per Indian penal code under section 66 r/w 192 of
motor vehicle act; even after enforcing it, if we look for a most uncontemplated
traffic safety rule in India, it would be lane indiscipline. The lack of lane discipline
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causes traffic to interact haphazardly with the encountering adjacent vehicles. If we
scrutinize our existing traffic pattern, the two major factors identified influencing the
lane indiscipline are traffic composition and driver’s behavior.Our traffic is composed
of a heterogeneous class of vehicles. There are very little amendments that can be
made to alter our traffic composition, and on the other hand, the driver’s behavior
can be improvised on getting a thorough insight into their behavioral attributes.
In the previous researches across the world, many eminent studies were made in
concern with the study of vehicle’s lateral movement behavior with respect to driver
behavior. Now this study concentrates on the driver’s behavior observing their lateral
deviation, lateral acceleration and the minimum gap maintained while negotiation
between different classes of vehicles.

2 Literature Review

Gunay found that there are many factors contributing to the weak lane discipline
such as driving attitudes, poor road surface, poorly maintained lane markings and
non-existence of studs on lane lines which leads to loss of safety, difficult traffic
management, inapplicability of conventional lane-based models. Gunay developed
a car-following model with particular reference to weak discipline of lane-based
driving which was based on the discomfort caused by lateral friction between vehi-
cles. Choudhury et al. [1] formulated a lane changing model enabling the drivers to
jointly considermandatory and discretionary considerations. Parameters of themodel
are estimated using detailed vehicle trajectory data. Santel [2] provided a scientific
base for the derivation of reference values for the range of lateral movements in road
traffic, and this is regarded as the amplitude of a vehicle trajectory on a straight track
section. Gunay and Erdemir [3] found that the vehicles will prefer to lag behind
or lead ahead of the neighboring vehicle until the flow is high. When the headway
with respect to the front vehicle is less, it cannot accelerate and also in a condition
of higher density vehicles are forced to move side by side. An attempt to mimic
multilane traffic flow for better microscopic modeling was done by the authors. Jin
et al. [4] modified time of collision equation with visual angle information and was
introduced to the general motors model. Visual angle information takes into account
the lateral separation characteristics between the follower and leader. The suggested
model was checked with simulations done under different driving scenarios. The
model could describe local and asymptotic stabilities, lateral movement, the effect
of neighboring vehicles and complex behavior like partial lane changing. Maurya
[5] developed comprehensive microscopic simulation model for uninterrupted unidi-
rectional traffic stream which was able to determine both steering control as well as
speed control actions of driver. Lateral control was described by goodness of path
and longitudinal control by the acceleration of following vehicle. The model was
evaluated using microscopic and macroscopic features such as acceleration noise,
speed distribution, flow density and effect of road blockage on capacity. The model
was validated with field data, and it was able to simulate realistically the behavior of
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traffic streams on wide roads without lane discipline. The input to predict following
behavior was safe distance headway, relative velocity, relative position and relative
acceleration of lead and following vehicles. Sreekumar andMaurya [6] identified the
need for incorporating the no lane discipline and the heterogeneity into the model
and developed CUTSiM (Comprehensive Unidirectional Traffic Simulation Model).
CUTSiM is used to simulate single lane traffic streams as well as traffic streams on
wide roads with and without lane discipline. Mahapatra and Maurya investigated the
relationship between the vehicle longitude speeds with the lateral characteristics in
the Indian traffic condition. Themain purpose of their studywas to observe the lateral
acceleration, speed values in the moderate traffic conditions. There exists an inverse
relation between longitudinal speed and lateral acceleration for all the three types of
vehicle considered except at lower speeds. The vehicles rate of change of heading
angle also reduces at higher speed. Metkari et al. [7] clubbed the twomodels inspired
by the Gipp’s model, one covering the aspect of weak lane discipline and another
covering the vehicle type-dependent behavior. The study was conducted for uninter-
rupted unidirectional traffic on straight and level midblock section in Delhi. Mathew
et al. [8] studied the weak lane discipline by dividing the lanes into small strips or
bands and tracking the vehicle movement along them. Strip size is fixed according
to the smallest vehicle being simulated. The lateral movement model calculates the
benefit in making the lane change based on which whether decision for lane change
is taken. If there is no change in lane, then it will have a normal following behavior.
Geetimukta et al. studied the lateral characteristics of the vehicles with respect to
the vehicle’s speed is collected for five different types of vehicles. The effect of the
vehicle’s speed as wells as the vehicle type on the lateral behavior is studied for three
metropolitan cities of India, and they observed that there exist an inverse relationship
between the speed and the lateral characteristics.

Reviewing the literature helps us to acknowledge that the researches conducted
to study the lane changing and other lateral movement were emphasized on the
vehicular characteristics. In this study, efforts are made to study the driver’s behavior
of the lateral interacting vehicles. Thereby, a thorough understanding of the behavior
and characteristics of the drivers of the various types of lateral moving vehicles in
the Bengaluru’s mixed traffic condition can be achieved.

3 Methodology

This project is aimed at studying the behavior of the laterally moving vehicles by
observing certain parameters like their lane changing attitude, their lateral and longi-
tudinal speed, acceleration and lateral gap considered between the vehicles while
overtaking, all the mentioned attributes are reckoned by determining the path and
positions of the vehicles along the path in the study area. The key steps involved in
this study are: (1) selection of suitable site for field surveying (2) collection of essen-
tial traffic data by surveying (3) extraction of data by processing the video collected
(Fig. 1).



272 T. Dilipan et al.

Fig. 1 Flow chart of methodology for the study

3.1 Site Selection

Two midblocks have been selected to collect the required data for this study in
Bangalore suburban, (Location 1) K.R. Puram to Tin factory and Tin factory to
Ramamurthy Nagar ring road (Location 2). These midblocks were selected in a
criterion that they had a moderate traffic flow, thereby the movement of the vehicles
is not restricted due to the traffic complexity. The two locations selected are shown in
Fig. 2; they were 12-m wide 3-lane flexible pavement, connecting the major arterial
road networks of the Bangalore city.

3.2 Data Collection

In this study video graphic, surveying using drone was adopted, to capture the video
of the moving traffic at resolution of 720p (30 fps) in. wp4 format. The drone was
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Fig. 2 Image of the study location K.R. Puram–Tin factory and Tin factory–Ramamurthy Nagar
ring road

Fig. 3 Image of Drone view of site location at K.R. Puram–Tin factory

flown at an altitude of 170-m above the ground level such that it covers 120-m of
the study stretch without interrupting the drivers. The swinging angle of the camera
was maintained less than 0 degree to avoid distortion of the video. The movement of
the traffic was video captured for the duration of 1 h from 4:00 pm to 5:30 pm. The
drone view of the two surveying locations are shown in Fig. 3

3.3 Data Extraction

The foremost data required to be extracted from the video was the trajectories (i.e.,
positions that the vehicles occupy in the study region during the study period).
This was achieved by feeding the captured video into the software TRAFFIC
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Fig. 4 Image of traffic extractor trajectory analysis

EXTRACTOR developed by IIT Mumbai as shown in Fig. 4. This software trans-
forms the image co-ordination based on vanishing point camera calibration tech-
nique. The expression for real-world co-ordination transformation are mentioned
at Munigety et al. [8]. The respective positions of the different class of vehicles in
the video are yielded in terms of coordinates (x, y, t) with x being the longitudinal
points along the road, y being the lateral points across the road and t being the time in
seconds. These coordinates were then plotted for time versus longitudinal movement
to study the longitudinal interaction of the vehicle with other adjacent vehicles with
respect to time and time versus lateral movement to study the lateral interaction of the
vehicles with other neighboring vehicles with respect to time. To get more detailed
insight, the lateral movements of the individual class of vehicles were plotted with
respect to time. As this study is focused on the lateral behavior of the vehicles, the
lateral trajectories of the vehicles across the width of the road are plotted with respect
to time; this distinct lateral movement of the vehicles helps us to further understand
its driver’s lateral interacting behavior.

4 Data Analysis

The driver’s behavior is analyzed by considering the vehicle driven pattern and exam-
ining its parameter. The essential parameters reckoned in this project include vehi-
cles lateral acceleration with respect to its longitudinal acceleration, vehicular lateral
clearances at the time of its interaction with the adjacent vehicles and the additional
distance travelled by the vehicles due to the lateral movement.
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Lateral Clearances. It is the minimum gap maintained between the vehicles at the
time of negotiation. This is an important aspect to be considered in terms of safety
of the drivers as this indicate the driver’s perception of safe interaction with the
neighboring vehicle at that instance of contact. The minimum clearance maintained
by auto was with two-wheeler that is 0.1-m gap, two-wheeler exhibiting a minimum
clearance of 0.07-mwith the neighboring two-wheeler, bus show a least interaction of
0.1-m with car, minimum space between the cars are 0.09-m with two-wheeler, LCV
with the least clearance of 0.1-m on interacting with car. HCV having 0.1-m gap with
two-wheeler was observed. The observations of lateral clearances of vehicles with
other classes of vehicles are tabulated in Table 1. The minimum value varies from
0.07 to 0.18-m, whereas the average value varies from 0.23 (bus and two-wheeler)
to 0.66-m (auto and car). This clearance was observed between auto and car. The
lower values indicate the absence of lane discipline and risky driving behavior.

Lateral Deviation. It is lane indiscipline which refers to the additional distances
travelled by the vehicles from the actual distance across the path due to lateral move-
ments of vehicles during the time of travel. In this study, the study zone at the selected
two locations were limited to the length of 120-m and 12-m wide. The extra distance
travelled by the vehicles within the study zone are computed and extrapolated to
1-km distance and the results are in Table 2. Accordingly, the auto and two-wheeler
deviate to an average distance of 5.02-m and 6.54-m per 120-m, respectively, car
differ from actual path by 8.03-m per 120-m, LCV and HCV on average diverge by
3.72-m and 5.07-m per 120-m, respectively. Percentage deviation is observed high
for car about 6.69% followed by auto 5.45%

Lateral Acceleration. The lateral acceleration of the vehicles refers to the rate of
change of velocity of the vehicle while they laterally interact with their adjacent vehi-
cles either within the same lane or in the adjacent lane while changing the lane at the
time of movement. The vehicles’ longitudinal accelerations are also computed; the
determination of this lateral and longitudinal acceleration of the vehicles is performed
by computing the change in lateral and longitudinal velocity of the vehicles which
is achieved by using the vehicular (x, y) trajectories data extracted with respect to
time (t). In location 1, it was observed that buses exhibit least speed characteristic

Table 1 Analysis of lateral clearances between the vehicles

Auto 2-wheeler Car Bus Lcv Hcv

Min Avg Min Avg Min Avg Min Avg Min Avg Min Avg

Auto 0.17 0.43 0.10 0.41 0.14 0.66 0.14 0.50 0.17 0.37 0.14 0.47

2
wheeler

0.10 0.41 0.07 0.42 0.09 0.33 0.10 0.23 0.12 0.35 0.10 0.35

Bus 0.15 0.47 0.10 0.23 0.10 0.24 0.12 0.31 0.12 0.31 0.12 0.36

Car 0.14 0.66 0.09 0.33 0.18 0.39 0.13 0.40 0.10 0.24 0.18 0.20

LCV 0.17 0.37 0.12 0.35 0.10 0.24 0.12 0.36 0.13 0.32 0.14 0.35

HCV 0.15 0.47 0.10 0.35 0.18 0.20 0.12 0.36 0.14 0.35 0.14 0.35
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Table 2 Lateral deviation of the vehicles due to lane indiscipline lateral movement

Vehicle type Parameter Distance in m/120 m Distance in m/1 km Percentage

AUTO Min 0.69 5.74 0.57

Max 9.35 77.96 7.80

Avg 5.02 41.85 4.18

Two-wheeler Min 0.31 2.61 0.26

Max 12.77 106.39 10.64

2 Wheeler Avg 6.54 54.50 5.45

Min 2.91 24.25 2.43

Bus max 4.08 34.01 3.40

Avg 3.49 29.12 2.91

Min 0.08 0.66 0.07

CAR max 15.98 133.20 13.32

Avg 8.03 66.93 6.69

Min 0.45 3.76 0.38

LCV max 7.00 58.37 5.84

Avg 3.72 31.06 3.10

Min 1.83 15.25 1.52

HCV max 8.31 69.28 6.93

Avg 5.07 42.26 4.22

values of 0.45 m/s lateral velocity and 0.69 m/s2 lateral acceleration. In location 2,
bus showed the least speed characteristics having 0.39 m/s velocity and 0.58 m/s2

acceleration. The longitudinal and lateral accelerations of vehicles at location 1 are
tabulated in Tables 3 and 4, and for location 2, accelerations are tabulated in Tables 5
and 6, respectively.

Table 3 Lateral velocity and
acceleration of the vehicles in
K.R. Puram–Tin factory
location

Vehicles Lateral velocity (m/s) Lateral acceleration
(m/s2)

Auto 0.48 0.63

2-Wheeler 0.47 0.72

Bus 0.45 0.69

Car 0.50 0.72

LCV 0.47 0.72

HCV 0.50 0.80
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Table 4 Longitudinal
velocity and acceleration of
the vehicles in K.R.
Puram–Tin factory location

Vehicles Longitudinal velocity
(m/s)

Longitudinal
acceleration (m/s2)

Auto 19.40 2.99

2-Wheeler 22.08 3.25

Bus 21.52 2.75

Car 22.85 2.79

LCV 20.61 2.87

HCV 18.63 3.21

Table 5 Lateral velocity and
acceleration of the vehicles in
Tin factory–Ramamurthy
Nagar location

Vehicles Lateral velocity (m/s) Lateral acceleration
(m/s2)

Auto 0.43 0.69

2-Wheeler 0.47 0.72

Bus 0.39 0.58

Car 0.45 0.76

LCV 0.38 0.66

HCV 0.42 0.68

Table 6 Longitudinal
velocity and acceleration of
the vehicles in Tin
factory–Ramamurthy Nagar
location

Vehicles Longitudinal velocity
(m/s)

Longitudinal
acceleration (m/s2)

Auto 22.30 2.61

2-Wheeler 23.68 2.73

Bus 20.39 2.51

Car 25.72 2.74

LCV 22.74 2.55

HCV 22.03 2.56

5 Conclusion

In this study, the lateral characteristics, i.e., lateral clearance, lateral deviations, lateral
speed and lateral acceleration are computed from the data collected in 2 locations in
Bangalore suburban. The main findings of this study are summarized in regards with
the lateral clearances; the least gap maintained was found to be 0.07-m between the
two-wheelers. This finding of two-wheeler pair maintaining the least lateral clear-
ances corresponds with the finding by Mathew et al. [8] though the clearance he
determined was higher (i.e., 0.2-m) and a lateral clearance of 0.09-m was found
between the two-wheeler and car. The least clearances maintained by the two-wheels
are correlated to size of the vehicles, as the size of the two-wheelers are apparently
smaller than the other category of vehicles, thereby this gives the drivers a mindset to



278 T. Dilipan et al.

maneuver the vehicles to even smaller gaps available, thus leading to the lesser lateral
clearance maintenance. The lateral deviation was observed more in cars showing a
variation of 15.69-m per 120-m, which is computed to be 13.32% of lateral deviation,
and the least variation was also observed in cars having a value of 0.08-m per 120-m
that is 0.07% of variation from the actual path. In location 1, the lateral speed and
acceleration was observed high in HCV having 0.505 m/s and 0.802 m/s2, respec-
tively. In location 2, cars exhibit highest lateral speed characteristics—0.452 m/s
velocity and 0.761 m/s2 acceleration. The lateral acceleration of the car in this study
is higher than the acceleration of the cars (i.e., up to 0.4 m/s2) determined in research
paper by Geetimukta et al. (2015). This is associated to the vehicular characteris-
tics that cars can attain higher lateral acceleration even at lower speed. The average
lateral acceleration of auto is 0.66 m/s2, two-wheeler is 0.72 m/s2, bus is 0.63 m/s2

and LCV is 0.69 m/s2. This study of driver’s behavior acknowledges the fact that the
two-wheeler users exhibit a risky lateral interaction. The least gap maintained by the
two-wheeler users leaves them in tight spot with the raising lateral acceleration, and
the chances of collision is higher. The lower values indicate the absence of lane disci-
pline and risky driving behavior. Thereby, it is significant for every vehicular driver’s
to be aware and conscious about the lane discipline while driving the vehicles.
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Evaluation of Queue Discharge and Lane
Occupancy Due to Seepage Behaviour
of Small Sized Vehicles at Intersection

S. R. Kishore, R. Das Vivek, and K. Parthan

1 Introduction

The location of the intersection is Hope farm junction, near Whitefield area, Banga-
lore, Karnataka. The study location is the four-arm signalized intersection. The traffic
regime observed at the node is the heterogeneous traffic condition where different
class of vehicles makes use of same right of way. This leads to complex traffic
condition with increased vehicular interaction. Additionally, the traffic condition at
the node, the lane discipline and first-in-first-out rule were found to be scarce. The
major contributors to this complex activity were found to be the small sized vehicles
(bikes, autos, etc.). These small sized vehicles, instead of following the queue, which
were found to seep through the voids between the stationary or almost stationary large
size vehicles whilst advancing to the intersection stop line. The seepage phenomena
in the study is described as per the journal ABMTRANS 2015, Salzufer 17-19, 10587
Berlin, Germany. This phenomenon might affect the discharge rate of the vehicles at
the intersection considerably with increased queue length, thus causing the decrease
in acceleration and increase in wait time of the large sized vehicles. In this study, a
seepage zone is considered up to a distance of 30 m of the link from the intersec-
tion stop line where change in density of vehicles is observed due to the seepage
behaviour of small sized vehicles. Further due to decrease in acceleration character-
istics of large size vehicles, the speed of vehicles at the intersection is also affected,
thus affecting the free flow of vehicles at intersection. The main objective of this
study is to determine the percentage of lane discipline and other factors effecting the
efficiency of the network.
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2 Literature Review

Oketch [1]modelled the performance characteristics of heterogeneous traffic streams
containing non-motorized vehicles; in this paper, author has specified characteristics
and driver behaviour of non-motorized vehicle. Wang et al. [2] describe the effect
of nonstandard vehicle’s special behaviour on mixed traffic modelling, where the
author has prescribed the simulation model on the behaviour of the traffic regime
with queuing discipline and lane discipline. Eissfeldt et al. [3] describe the simula-
tion of traffic flow with queues. Sperley and Pietz [4] describe the motorcycle lane
sharing behaviour. Nair et al. describe a porous flow approach to modelling hetero-
geneous traffic in disordered systems. Asaithambi et al. [5] describe the evaluation
of exclusive stopping space for motorcycles at signalized intersections under mixed
traffic condition. Aupetit et al. [6] describe the naturalistic study of rider’s behaviour
in lane–splitting situations. Agarwal and Lammel [7] describe the seepage behaviour
of small sized vehicles in a congested heterogeneous traffic regime and specify the
merits and demerits caused due to seepage phenomenon. Fan and Work describe
a cell transmission model for heterogeneous multiclass traffic flow with creeping.
Agarwal and Lammel [8] further to the development of previous work, the author
describes the seepage behaviour of small sized vehicles in mixed traffic regime
based on agent-based simulation model. Caroline Sutandi and Dennis Dwika Siregar
describe evaluation of exclusive stopping space (ESS) for motorcycle at signalized
intersections in large cities in Indonesia; in this paper, the author has described the
solution for growing motorcycle traffic, where the author has introduced ESS for
motorbikes by dividing the lane width in two types square and p type. Qiao-Xu Qin
and Yaun-Biao Zhang describe the effect of different lane occupancy on road traffic
capacity, this paper demonstrates the change process of road capacity during the
accidents, and the phenomena is described using fuzzy comprehensive evaluation
method.

3 Methodology

3.1 Study Location and Data Collection

The inventory survey was conducted at the node at Hope farm junction, White-
field, Bangalore. For each arm, the permanent objects present at the sidewalks
like trees, electric poles, etc., were marked through the link up to certain distance
where maximum queue length was observed and the distances between the objects
were recorded in order to measure the queue length formed by the vehicles. The
geometric details of the intersection were also measured. The videography survey
was conducted by means of aerial drone from 8.30 am to 10.00 am on a week day,
and the video recording of one hour was collected. The drone was flown up to a
height of 400 m above the ground level such that the section length captured up to a
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Fig. 1 Google satellite image of the study location (Google maps date 24-05-2019)

distance of 200 m radially covering all the phases of the intersection. An attempt was
made to capture the top view of the study area and to achieve the swing angle close
to zero which would support the usage of traffic data extractor software in achieving
the vehicle trajectory information. The actual queue length formed by the vehicle
was measured, and by considering the queue length and width of the carriage way,
the queue area was measured. The area of each class of vehicles occupied in the
queue was measured knowing the physical characteristics of each vehicular class.
The actual queue areawas then comparedwith the area of the vehicles occupied in the
queue and effective occupancy of the vehicles in the queue was analyzed during the
red time interval. The data such as traffic composition, the capacity of the intersection
as per Indo-HCM, vehicle positioning and the varying in density of the vehicles in
the seepage zone were measured (Figs. 1 and 2).

3.2 Data Extraction and Analysis

3.2.1 Traffic Composition and Signal Phase Information

The volume count of different class of vehicles was determined for the study area for
each arm of signalized intersection against the signal cycle timings, and the cumu-
lative volume count was determined. The signal phase information was collected,
which was in practice during the survey duration. The signal timing design that is
in practice during different time frame at the intersection was collected from traffic
department and described in Table 1 (Figs. 3 and 4; Tables 2 and 3).
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Fig. 2 Top view of the signalized intersection captured through drone

3.2.2 Capacity Analysis of the Intersection as per Indo-HCM

Based on the capacity analysis made as per Indo-HCM, it is seen that the volume to
capacity ratio is above the stipulated limits of free flow of traffic. In each phase of
the intersection, based on the analysis made, the LOS of service is found to be ‘F’.
The analysis of LOS for each phase of intersection is mention in Table 4.

The delay caused by the vehicles at the intersection was analyzed as per Indo-
HCM. The total delay occurred was found to be 30.557 s which are greater than the
stipulated limits as per code. The LOS was found to be ‘F’.

Based on the above estimation, it is seen that the total delay experienced by
the vehicles at the intersection is about 306 s which are signifying the most awful
condition, where LOS as per Indo-HCM is found to be ‘F’.

3.2.3 Determination of Spot Speed of Vehicles Approaching Various
Arms of Intersection

The speed of the vehicles dispersing and approaching to various arms of intersection
during the signal green time was recorded, and the spot speed of the different class of
vehicles utilizing the facility was determined. The existing speed of vehicles at the
intersection was analyzed by means of cumulative frequency distribution diagram
of spot speed, and 15th percentile and 85th percentile of speed were determined.
The spot speed of the vehicles at intersection was analyzed for through, right, left
movements approaching from each phase of intersection (Fig. 4).
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Fig. 3 Traffic volume composition
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Fig. 4 Cumulative frequency graph of through movement at intersection

Based on the analysis, it is seen that the speed of the vehicles of throughmovement
is 13 KMPH for 85th percentile and that of 15th percentile is found to be 6 KMPH,
respectively (Figs. 5 and 6).

Based on the analysis, it is seen that the speed of the vehicles of right turning
movement is 15 KMPH for 85th percentile and that of 15th percentile is found to be
6KMPH, respectively.
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Table 3 Representation of LOS of the intersection based on volume to capacity ratio

Phase Phase 1 Phase 2 Phase 3 Phase 4

Details NB EB WB SB

Approach width, W (m) 9.5 7.62 9.30 9.36

Demand volume (PCU/H) 2572 2518 2602 2616

Peak hour factor (PHF) 0.972 0.933 0.87 0.96

Peak hour volume (PCU/h) 2647 2699 2991 2725

Number of Bus, (Nb) (buses/h) 57 37 69 96

Initial surge AB AB AB AB

Details NB EB WB SB

Approach width 9.5 7.62 9.30 9.36

Unit base saturation flow rate (PCU/h) 570 683 582 579

Bus blockage Fbb 0.91 0.927 0.888 0.846

Blockage caused by right turning vehicles (Fbr) 0.737 0.672 0.732 0.733

Initial surge (F is) 1 1 1 1

Effective green time (s) 80 50 40 40

Adjusted saturation flow rate (Sfi) PCU/h 3632 3243 3519 3361

Capacity (PCU/h) 1384 773 671 641

ň = g/c ratio 0.381 0.239 0.19 0.19

X = V /C 1.91 3.49 4.45 4.25

LOS [V /C ratio] F F F F

Table 4 Estimation of LOS
of intersection based on delay
estimation

C-932
PCU/H

Cycle length-210 S Min(X, 1) =
(1.91, 1)

T-1 h

Delay 1 =
279 s

Total delay = 305.57 s

Delay 2 =
26.557 s

LOS = F

Delay 3= 0 s

Based on the analysis, it is seen that the speed of the vehicles of left turning
movement is 11 KMPH for 85th percentile and that of 15th percentile is found to be
5 KMPH, respectively.
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Fig. 5 Cumulative frequency graph of right movement at intersection

0

20

40

60

80

100

120

0 10 20 30 40 50

C
U

M
M

U
LA

TI
V

E 
FR

EQ
U

EN
C

Y
 %

MID SPEED (KMPH)

SPOT SPEED LEFT MOVEMENT

Fig. 6 Cumulative frequency graph of left movement at intersection

3.3 Representation of the Queue Area and Area Occupied
by the Vehicles and Effective Utilization of the Queue
Area by the Vehicles

The below bar graph represents the queuing data observed at the intersection in the
160 s of the red signal time in signal cycle. The queue length was measured, the
length and road area up to which the vehicles are occupied were measured, and the
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area of the vehicles within the queue area was recorded for each 5 s interval. The
variance in the queue area and the percentage area occupied by the vehicles was
noted. The effective utilization and the area within the lane were analyzed (Fig. 7).

The actual queue length formed by the vehicle was measured, and by consid-
ering the length and width of the carriage way, the queue area was measured and
was compared with actual area of the vehicles occupied in the queue and effective
occupancy of the vehicles in the queue was analyzed during the red time interval.
The above graphical representation is the queue area formed by the vehicles at the
intersection. The queue area is determined, and the area of the vehicles occupying
the queue was determined and both were compared. The effectiveness in the occu-
pancy rate of the vehicles in the queue and effective utilization of the queue area
was analyzed in red signal during each signal cycle. It was found that the area of
the vehicle is minimum compared with overall queue area which is indicating the
occupy of the vehicle in the queue area is not effective which is causing the formation
of large queue length. By positioning the vehicles effectively within the queue, area
will reduce the queue length.

3.4 Determination of Variance in Lateral Movement
and Lane Changing Behaviour of Vehicles

The positioning of each vehicles approaching the node was determined by plotting
the trajectory of vehicles obtained by means of traffic data extractor IIT Bombay.
The movement of each vehicles approaching the node was analyzed. The typical
movement of small sized vehicles seeping through the gaps of stationary or almost
stationary vehicles and approaching the intersection stop line was determined. Two-
wheelers completely represented in blue colour in the graph against other class of
vehicles, so as to understand the positioning of small sized vehicle and its lateral
movement in mixed traffic regime (Figs. 8 and 9).

The vehicle trajectory information obtained in Fig. 9 indicates the positioning of
the different class of vehicles at the intersection. The x-axis in the graph represents
the time duration in seconds during the vehicle movement within the defined grid,
and y-axis represents the lateral deviation of the vehicles along the width of the road.

4 Observed Seepage Behaviour at Intersection in Each
Cycle of Signal Timing

During the red truncation, initially after the red signal, the density of vehicles waiting
at the node will be low up to certain period of red time. Since the vehicles waiting in
the queue will be dissipated. Later during the red signal time, the small sized vehicle
does not queue up instead they seep through stationary or almost stationary large
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Fig. 7 Representation of queue area, area occupied by the vehicle within the queue and effective
utilization of space in each signal cycle
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Fig. 7 (continued)

sized vehicles and approach to intersection stop line by violating the first-in-first-out
rule or car following method. Here, the distance of 30 m is considered from the
intersection stop line and is described as seepage zone. Initially, at the red signal
time, the vehicles approach to the intersection stop line without any lane changing
behaviour as the lane is free from any vehicles or obstruction, later once the vehicles
are occupied in the seepage zone, the small sized vehicle does not follow the queue
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Fig. 8 Tracing vehicle trajectory information using traffic data extractor

Fig. 9 Vehicle trajectory data of different class of vehicles obtained through traffic data extractor

and seep through the stationary or almost stationary large sized vehicles and approach
to the intersection stop line. This phenomenon is represented here in terms of time,
i.e. the particular time of the red signal after which the seepage behaviour is observed
in each cycle.
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Table 5 Representation of
time duration within red time
after which the seepage
behaviour observed in each
cycle

Signal cycle Time duration after which the seepage behaviour
observed (s)

1 40

2 90

3 60

4 75

5 25

6 65

7 105

8 115

9 125

10 90

11 105

12 110

The below graph is representing the volume count of different class of vehicles
within the seepage zone of 30 m from the intersection stop line. The reference line
is indicating the time period within the red signal, i.e. 40 s before which the vehicles
approach to the seepage zone without any seepage behaviour or lane indiscipline.
After the 40 s of red time, when the seepage zone is occupied by different class of
vehicles, it is observed that the small sized vehicles like two-wheelers, etc., density
is increasing and the density of other class of vehicles within the seepage zone is
constant. This phenomenon is indicating that the small vehicles are not following
the queue and seeping into the voids present in the seepage zone. The time interval
of the red signal after which seepage behaviour is observed in each signal cycle is
represented graphically, and values are mentioned in the Table 5 (Fig. 10).

In the above graphs, the x-axis represents the red signal timing in seconds and y-
axis represents the density of the vehicles in the seepage zone. Each class of vehicles
is represented in different colour in the graph. The reference line indicates the red
time,where the seepage zone is occupied fully by the vehicles.After this time interval,
therewill be an obstruction for the vehicles to get into the seepage zone as the seepage
zone is occupied by the vehicles. But the small sized vehicles instead of queueing
up behind the vehicles, they seep through the gaps and enter the seepage zone and
this increase in density is specified in the graph, where all large sized vehicles in the
seepage zone remain constant, the small sized vehicles density are increasing. The
reference line indicates that before the line or time, the vehicles enters the seepage
zone with queue discipline and after this time or line, the increase in vehicles within
the seepage zone indicates the seeping action of vehicles by abiding the queueing
rule.
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Fig. 10 Graphical representation of vehicles, seepage zone and red time after which the small sized
vehicles fill the voids within seepage zone in each red signal cycle
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Fig. 10 (continued)
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Fig. 10 (continued)
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Fig. 10 (continued)

5 Results and Conclusion

In this study, an analysis was made to determine the queue area, area occupied by
the vehicles in the queue. The seepage behaviour of small sized vehicles and their
effects on other traffic characteristics were analyzed, and the following findings were
concluded as below:

• The Hope farm signalized intersection connects the links which have a distinct
land use of industrial and commercial activities, etc., which result in high intensity
of traffic which comprises of different class of vehicles.

• This intersection comes under LOS F based on the analysis made as per Indo-
HCM.

• The spot speed of the vehicles discharging at the intersection was found to be for:
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Through movement Right movement Left movement

Minimum speed 6 KMPH Minimum speed 6 KMPH Minimum speed 5.5 KMPH

Maximum speed 13 KMPH Maximum speed 14.5 KMPH Maximum speed 11 KMPH

• Further based on the analysis made on the queue length, actual queue area and
the area occupied by the vehicle during the red truncation, it is found that there
is a significant difference between the queue area and the area occupied by the
vehicles within the queue area in each signal cycle. The values are represented in
the table below, which is indicating the inefficient occupancy of the vehicles in
the queue.

Signal cycle Average occupancy rate of vehicles (%)

1 49.3

2 48.74

3 51.2

4 55.5

5 74.81

6 66.03

7 51.87

8 58.25

9 57.99

10 64.01

11 76.5

12 46.63

• Based on the analysis made on the change in density of vehicles in the seepage
zone, it was found that two-wheelers are involved in seepage action in each signal
cycle that was analyzed and cars were involved in seepage action in cycle 1, 6, 7
and 9.

• Based on the vehicle trajectory data obtained, it is seen that two-wheeler has high
lateral movement along the width of the road representing the seepage behaviour.

• The seepage behaviour also represents the unsafe vehicular movement between
the vehicles resulting in increased conflict points, making it an accident-prone
region.
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Transit-Oriented Development to, for,
and in Delhi

Patnala Phani Kumar, Manoranjan Parida, and Chalumuri Ravi Sekhar

1 Transit-Oriented Development: Living with Transit

Any city aims at achieving lower transportation costs, time, and distance, afford-
able housing options for all, efficient use of land space, and well-connected streets
to accomplish good life to its inhabitants. When a city achieves its broad vision,
it becomes competitive, efficient, economically active, and resilient to any urban
problems. The neighborhoods of those cities will have the ability to accommodate
higher population and employment densities. The residents living in those neighbor-
hoods will be facilitated with high accessibility to opportunities through sustainable
modes of transportation. The road networks will be free from traffic congestion and
CO2 emissions. It enables the government bodies to invest funds in providing high-
quality public spaces and neighborhoods by capturing land values. Overall, such a
vision integrates urban structure and transportation, which now is more relevant to
rapidly-expanding cities than never before.

Transit-oriented development (TOD) is a sustainable policy approach that can
achieve such a broad vision. TOD is the creation of high density, a mix of land uses,
pedestrian and cycling-friendly streets, high accessibility to job opportunities, prox-
imity to transit, appropriate management of travel demand, and affordable housing
developments around transit facilities within a city [1–5]. It embraces the idea that
locating good urban structure elements around transit facilities promotes the use of
transit, walking, and cycling. A successful TOD at the metropolitan level is inclusive
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and is often an effective way to create land value at the neighborhood level. TOD
creates a ‘legible’ place and evokes the spirit of enclosure, human linkage, and better
quality of life [6–8].

Research on TOD can be traced back to 1990s when Calthorpe [1] introduced
this term in his book ‘The Transit Metropolis.’ Since then, numerous researchers,
planners, and policymakers have considered TOD as an urban planning strategy
that acts as an effective means in reducing travel distances, vehicle ownership, and
living costs [9–11]. In this context, substantial efforts have been made to evaluate
the outcomes of TOD [12–14]. These studies prove that building TOD around transit
facilities will lead to copious benefits in user, environment, and policy aspects. For
instance, Cao and Lou [15] found that TODs tend to transit’s ‘value uplift.’ Arrington
and Cervero [16] proved that TOD neighborhoods can reduce 44% of car ownership
in Washington DC and deliver a substantial ‘ridership bonus’ to transit systems. A
study by Nasri and Zhang [13] evident that living in TOD areas of Washington DC
and Baltimore has reduced 21%, and 38% of vehicle miles traveled, respectively.
According to Renne [6], living in transit-oriented neighborhoods reduces car usage
and traffic congestion. There is growing evidence on TOD that it creates ‘social
equity’ and promotes ‘public health’ [7, 17].

From the three decades, TODhas been implemented inmany cities worldwide and
has been successful in achieving inclusive urban design and positive travel behavior.
However, these success stories of sustainable TOD cities reveal a wide disparity
in the application of urban structure elements [18, 19]. US cities, for example,
focused on centralizing densities around transit stops, whereas Japanese cities aimed
at distributing densities across transit corridors. Similarly, cities in other devel-
oped countries concentrated on their priority urban structure elements (e.g., cycling
accessibility in the Netherlands) to achieve positive travel behavior. For rapid devel-
oping Indian cities, TOD needs to be beyond redevelopment of urban structure for
conducive neighborhoods. An extensive analysis is necessary for rapidly-expanding
cities to be successful in TOD planning.

In 2016, the government authorities of Delhi have proposed a TOD policy to
facilitate TOD planning along with metro rail transit (MRT) corridors. These govern-
ment bodies agree that TODs compliment MRT expansion within the city. But other
stakeholders who belong to planning, policy, and research departments are skeptic on
performance and credibility of TOD.Besides, this policymust consider suitable plan-
ning aspects of TOD or examine the impacts of TOD projects over a long period. In
addition, the policy document must incorporate an evaluation procedure to measure
existing levels of TOD and to establish a standard for planning and implementing
TOD throughout study region. Therefore, stakeholder must reason improvements
and introduce complementary strategies that allow successful TOD planning.

Therefore, the present study answers three major questions, which help fortify
existing TOD policy in Delhi. Firstly, a broad review of existing TOD policies in
India and abroad to answer, what interests government authorities in introducing
TOD to Delhi? Secondly, a one-to-one consultation to stakeholders such as plan-
ners, policymakers, and researchers, in answering, which planning strategies better
complimentTODforDelhi?Thirdly, aTODscore at neighborhood levelswill answer,
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what are the existing levels of TOD in Delhi? Appreciating and instituting this TOD
planning framework in existing TOD policy is helpful to stakeholders to implement
TOD in other Indian cities, more strategically.

2 Need for TOD Measurement Tool

Due to space constraints, any city rarely plans for Greenfield TODs. In general, urban
structure in most cities replicate transit adjacent development (TAD), where transit
facilities align across neighborhoods with available travel demand. However, any
neighborhood possesses some levels of TOD-ness within [20]. The idea behind TOD
planning is to (re)orient/(re)develop/renovate the existing urban structure toward
transit facilities. A successful (re)development transforms a TAD to TOD, other-
wise remains as TAD. It implies that TOD planning is not just to develop urban
structure closer to transit facilities, but it is notably creating synergy between them.
Therefore, policies that promote TOD planning may include an evaluation tool that
expresses the existing levels of TOD-ness in the form of a TOD metric. This evalu-
ation tool identifies special provisions according to underlying base conditions that
guide (re)development within a neighborhood.

From the past three decades, TOD projects across the world were evaluated qual-
itatively or quantitatively by measuring changes in travel behavior [7, 8]. However,
limited studies focus on extant levels ofTOD-ness through a comprehensivemeasure-
ment tool in the form of a single index or score [21]. A TOD index or score measures
the degree to which a specific neighborhood orients toward transit facilities [10].
Such a metric measures TOD-ness and useful in comparing different neighborhoods,
systematically, andobjectively.Also, limited planning studies have spatially analyzed
the two cornerstones of TOD (urban structure and travel behavior), which are both
inherently spatial. Hence, several indicators that relate to urban structure and trans-
portation need to be measured and aggregated into a TOD score that can further help
planners, policymakers, and researchers in making long-term planning decisions.

3 What Is TOD to Delhi?

As Indian cities are experiencing rapid economic growth, Government of India (GoI)
have initiated many urban reforming policies such as ‘Smart City’ framework for
hundred cities, AtalMission for Rejuvenation andUrban Transformation (AMRUT),
Non-MotorizedTransport (NMT), andLastMileConnectivity to promote core infras-
tructure and provide decent quality of life to its citizens [22]. After these focused
efforts through different policy programs, the GoI finds TOD as the last option
to achieve sustainable mobility. New urban policies focus to plan and implement
TOD in all such cities, where mass transit systems are existing. Hence, local and
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regional government bodiesmust allowTODas a strategic tool by creating competent
planning and policy framework for better quality of life in Indian cities.

Delhi government also sees TOD as a powerful tool to recast urban structure
in conducive neighborhoods. Government agencies introduced TOD policy in the
Master Plan for Delhi (MPD)—2021. In this policy, TOD is defined as ‘any develop-
ment, macro or micro that is focused around a transit node, and facilitates complete
ease of access to the transit facility, thereby inducing people to prefer to walk and
use public transportation over personal modes of transport.’ As per these guide-
lines, TOD for Delhi is a development that enables pedestrian and cycling access to
transit facilities. It is believed that such a development may lead to paradigm shift
from private transport. The policy vision is focused on providing safe, affordable,
and accessible living options within a maximum of 2000 m on both sides of MRT
corridors.

However, a systematic measurement tool is still missing in the proposed TOD
policy. As mentioned in the previous section, such a measurement tool guide stake-
holders such as planners, policymakers, and builders while investing funds on infras-
tructure with prior knowledge on existing levels of TOD. However, measuring
existing levels of TOD-ness will hinder repeating mistakes in investments [21].
Given this, the present study focuses on measuring existing levels of TOD-ness in 48
neighborhoods associated with MRT stations of Delhi using a ‘TOD score.’ Delhi
metro is currently operating eight corridors connected with 250 stations through a
network length of 343.43 km. Standing eighth-longest metro systems in the world,
the neighborhoods of this city becomes a natural choice in measuring TOD score
useful for TOD planning. Figure 1 shows existing MRT network and selected neigh-
borhoods for the study. These 48 neighborhoods are potential TOD sites that were
selected based on field observations and also future TOD projects as proposed by
Delhi Development Authority (DDA).

4 TOD Definition for Delhi

TOD is a multifaceted planning approach, where planning and measurement of TOD
involve large set of criteria/indicators. For example, Niles and Nelson [23] framed
16 indicators to explain the interaction between nodes and places in a TOD envi-
ronment. Renne and Wells [21] mentioned 56 indicators categorized into five broad
TOD aspects, namely urban structure, travel behavior, economic, environmental,
and social. Later, Renne [6] added policy context as the sixth aspect. However, most
of these studies limit their focus to investigate the linkage between travel behavior
and urban structure while evaluating TODs. In this background, Cervero and Kock-
elman [2] evident that three criteria of urban structure, namely density, diversity, and
design, showed significant effect on travel behavior. Later, Ewing and Cervero [3]
found that ‘distance’ and ‘destination’ also contribute to travel behavior changes.
Ewing et al. [5] finalized seven criteria, including demand and demographics, to the
list. Literature suggests that a successful TOD must fulfill all these ‘seven’ criteria
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Fig. 1 Study Neighborhoods for Measuring TOD-ness

of urban structure [8]. Many researchers have conducted either qualitative analysis
or quantitative analysis of available indicators to represent these criteria into a TOD
metric. Table 1 demonstrates a summary of studies on TOD planning criteria and
methods used.

FromTable 1, it is evident that there is a disparity in criteria considered in different
case studies, which signifies that criteria for TOD planning are context-sensitive. The
planning criteria of one context may not be equally transferable to another context
[19]. The TOD guidance document for Indian cities also mentioned design, network
connectivity, multimodality, modal shift, place-making, balance as suitable criteria
for TOD planning and implementation. Based on the extensive literature review of
TOD planning studies and existing TOD policy for Delhi, this study has formulated
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Table 1 Studies on TOD planning and methods used

Criteria Wey et al. [24] Aston et al.
[25]

Motieyan and
Mesgari [26]

Singh et al. [8] Strong et al.
[27]

Density
√ √ √ √ √

Diversity
√ √ √ √ √

Design
√ √ √ √

Distance

Destination
√ √

Transit
service

√

Economic
development

√ √ √

Travel
behavior

√ √

Stakeholder
partnership

Housing
choices

MCDM
approach

Fuzzy-ANP
and GIS

Stepwise
linear
regression

Fuzzy-AHP Spatial
Multi-criteria
analysis

AHP

Experts
involved

Planner,
Policymaker,
Researcher

Researchers Policymakers Policymakers Policymakers

Case study Taipei,
Taiwan

Melbourne,
Australia

Tehran, Iran Arnhem and
Nijmegen, The
Netherlands

Colorado, US

seven criteria suitable for measuring TOD-ness in the neighborhoods of Delhi. Table
2 gives descriptions of formulated criteria/indicators.

Despite the formulation of criteria, experts from planning, policy, and research
play a decisive role in TOD planning. Literature suggests that different expert groups
will have different perspectives and are critical for any decision-making problems.
Multi-criteria decision-making (MCDM) methods are helpful in such critical deci-
sions like TOD planning [7]. In this study, TOD experts from different groups such
as government officers, industrial experts, and researchers were involved in planning
process. Professional interest of these experts relates to TOD projects in Delhi. Since
suitable TOD projects are missing in the Indian context, it is necessary to involve
a broad range of expert groups for this study. For this purpose, 50 experts were
communicated through emails and personal interviews.

Each expert was personally approached and asked for their relative preferences
on planning criteria/indicators in an analytic hierarchical process (AHP) scale. We
conducted reliability tests on all the expert decisions using the consistency index,
and 31 (comprising 10 government officers, 9 industrial workers, and 12 researchers)
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Table 2 Description of established criteria/indicators

Criteria TOD guidance Indicators Measurement

Density Balance Population density Number of persons residing
within a unit buffer area

Diversity Place-making Entropy Mix of land uses within a tract

Design Design Intersection density Number of intersections within
the unit buffer area

Distance Modal Shift Distance to transit Euclidean distance from CBD to
nearest MRT station

Destination Multimodality Accessibility to jobs Number of jobs accessible using
MRT within 45 min travel time

Demand Network connectivity Network length Total road network length within
the unit buffer area

Demographics – Household income Average household income of
individuals in a neighborhood

were found consistent and complete. TheAHP relative preferences were converted to
a fuzzy scale to handle uncertainty and vagueness in expert judgments (see Table 3).
Fuzzy-AHP (FAHP)methodwas employed to evaluate expert decisions and calculate
weights for criteria/indicators. Chang’s extension theory is the most commonly used
FAHP that has a series of mathematical formulations to convert fuzzy decisions into
crisp weights [28]. All the calculations were conducted in MS Excel only.

Figure 2 shows the results of FAHPmethod.Weights to criteria at a group level are
geometric mean of individual-level judgments and at a combined level is arithmetic
mean of group-level judgments. There is clear evidence of divergence in expert group
perspectives, whereas three expert groups converge in considering destination acces-
sibility as criterion of prime importance for TOD planning in Delhi. At a combined
level, the results suggest that Delhi government must consider destination (0.319),

Table 3 Fuzzy conversion Scale of AHP relative preferences

Definition AHP scale FAHP scale

Numerical value Reciprocal value Fuzzy value Reciprocal fuzzy
value

Extremely
important

9 1/9 (9, 9, 9) (1/9, 1/9, 1/9)

Very
important

7 1/7 (6,7,8) (1/6, 1/7, 1/8)

Strongly
important

5 1/5 (4,5,6) (1/4, 1/5, 1/6)

Moderately
important

3 1/3 (2,3,4) (1/2, 1/3, 1/4)

Equally
important

1 1 (1,1,1) (1, 1, 1)
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Fig. 2 Expert group perspectives on planning criteria using the FAHP method

distance (0.274), demand (0.191), and design (0.182), as vital criteria. Experts opine
that two other criteria (density and diversity) are least important criteria, hence
received ‘zero’ values using FAHP method. As explained in Chang [28], some crite-
rion receives ‘zero’ value when other criteria are more important than them. Also,
the neighborhoods of Delhi already comply mixed-use, compact, and dense urban
structure [29].

At a group level, the results show noticeable differences in perspectives among
expert groups. It is attributed to the following reasons. Firstly, policymakers always
search for available case studies while planning any kind of urban developments.
Since TOD planning is naïve in Indian context, policymakers made careful assess-
ments for all criteria. Thus, no criteria have attained ‘zero’ values from judgments
of this group. Secondly, planners of developing nations see TOD as an opportunity
to distribute excess population along transit corridors, instead concentrating density
around transit stations. They opine that station-level planning approach will worsen
the traffic conditions at already congested urban streets [30]. Thirdly, researchers
keep conscious about ‘carrying capacity of city’ while assessing TOD criteria [29].
For them, excess population growth will enlarge the gap between demand and supply
trends. They believe that over-densification in rapidly-expanding cities is not a viable
step to attain sustainability mobility. These may be the reasons why planner and
researcher groups felt that ‘density and diversity’ criteria downplay in TODplanning.

Based on the results obtained from this decision-making process, the present
study modified MoUD TOD definition as ‘a land-use approach where opportunities
are highly accessible through the walk and cycling-friendly streets within proximity
to/from transit stations and that maximizes transit demand. It can be achieved only
by diplomatic concern of local and central bodies on TOD planning at a regional
scale.’ This modified definition is widely applicable to high-dense neighborhoods of
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Indian cities, while other Indian cities can employ this methodological framework
in identifying priority criteria for TOD planning.

5 What Are the Existing Levels of TOD in Delhi?

Arriving at a comprehensive TOD score involves measurement and aggregation of
indicators that represent each criterion. Numerous studies measured TOD-ness at
neighborhood level in various case studies using different indicators [7, 8]. Table 4
presents a list of indicators within each criterion. These indicators were measured
within each neighborhood buffer using spatial analysis in ArcGIS Software (Version
10.2.2). Unlike previous studies that considered 800 m buffer area, this study has
considered 1200 m distance from CBD as appropriate neighborhood buffer to calcu-
late TOD indicators [28]. The indicators ‘population density’ and ‘entropy’ were
excluded in calculation of TOD scores, due to their less importance in TOD planning
for Delhi. Indicators such as distance to transit, intersection density, and network
density were measured by digitizing road networks and MRT network from Google
Maps. The average household incomevalueswere obtained fromSUSTRANShouse-
hold survey data [31]. Census [32] provided the employment data for each neighbor-
hood. Figures 3 and 4 show network density and job accessibility within neighbor-
hood buffers, respectively. All indicator values represent existing levels of TOD-ness
within each neighborhood buffer and help in arriving at TOD scores.

The estimated values of indicators were aggregated to obtain TOD scores for
neighborhoods. These indicators were standardized and assigned weights according
to their importance for TOD planning. Before producing TOD scores, a correla-
tion analysis was conducted among five indicators to check their relationships. The
analysis showed that all indicators followed expected directions and independent
to each other. All indicators represented positive correlations except for destination

Table 4 Weights and
description of measurement
tools (indicators)

Criteria Indicator Weights Source

Design Intersection
density
(Nos./km2)

0.182 Google maps

Distance Distance to
MRT (km)

0.274 Google maps

Destination Job
accessibility
(Nos./45 min)

0.319 Census and
DMRC

Demand Network
density
(km/km2)

0.191 Google maps

Demographics Household
income (INR.)

0.033 SUSTRANS
data
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Fig. 3 Network density indicator measured within selected neighborhood buffers

accessibility, for example, higher distance fromMRT lowers the accessibility to jobs.
Therefore, these indicators were standardized to a scale of minimum 0 to maximum
1 using Eqs. 1 and 2 as

For positively correlated indicators,

x = (x − xmin)/(xmax − xmin) (1)

For negatively correlated indicators,

x = (xmax − x)/(xmax − xmin) (2)

where x is the rescaled indicator.
A composite TOD score was calculated for each neighborhood buffer using the

weight sum method of weights and standardized values of indicators. As mentioned
in the previous studies, higher TOD scores indicate higher levels of TOD-ness within
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Fig. 4 Job accessibility indicator measured within selected neighborhood buffers
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[8]. Figure 5 represents TOD scores of selected neighborhoods across Delhi City.
Using this TOD measurement tool, each neighborhood was assigned to a score
between 0 and 1, where TOD scores of Uttam Nagar and Chanakyapuri are 0.77
and 0.13, respectively. These scores illustrate that Uttam Nagar and Chanakyapuri
have higher and lower levels of TOD-ness as compared to 47 other neighborhoods,
respectively. This is how different neighborhoods can be compared in terms of TOD

Fig. 5 Existing relative TOD scores of selected neighborhoods in Delhi
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scores. The neighborhoods closer to transit facilities attained higher TOD scores,
as compared to farther neighborhoods. This phenomenon is well-pronounced for
neighborhoods close to violet and green corridors.

While the obtained TOD scores serve as a useful tool in identifying the best and
worst neighborhoods, it does help in enhancing TOD levels within each neighbor-
hood. Strengths and weaknesses within each neighborhood can be identified when
comparing with best-performing neighborhood as ideal case study. However, it is
to be noted that these TOD scores are relative in nature, and even best-performing
neighborhood does not stand best when compared to ideal TODs. These TOD scores
of neighborhoods can be improved by employing immediate and long-term action
plans. The next section illustrates some examples on howDelhi government agencies
can use TOD scores for improving TOD-ness at neighborhood level.

6 What’s Next? Action Plans!

Now that we have identified neighborhoods with specific TOD scores (lower or
higher), it remains unclear on how these TOD scores can be transferable to plan-
ning and implementation. Thus in this section, we have proposed some immediate
and long-term action plans that suggest for the (re)development of neighborhoods
toward TOD. For detailed illustration, five neighborhoods, namelyMadanpur Dabas,
Dwarka, Kotla, Chanakyapuri, and Dilshad Garden, were considered to suggest
action plans based on existing TOD levels. Table 5 provides example neighborhoods
and their existing TOD levels in terms of indicators and overall TOD score.

The following action plans are recommended for each neighborhood:

Chanakyapuri. This neighborhood has high land-use diversity; however, this
strength cannot reflect on the overall TOD score. While all the other indicators show
lower values compared to others. The following recommendations may improve the
TOD score:

Table 5 TOD indicators and scores for example neighborhoods

Location
name

Distance
to transit
(km)

Network
length
(km/km2)

Population
density
(persons/km2)

Entropy
(0–1)

Intersection
density
(Nos./km2)

Job Access
by MRT
(Nos./45 min)

Relative
TOD
score

Chankyapuri 2.5 19.05 10,400.00 0.730 18.50 7192.51 0.13

Dilshad
Garden

1 8.53 43,737.38 0.412 47.00 7097.69 0.36

Dwarka 0.5 29.43 16,529.12 0.622 26.50 22,145.93 0.57

Kotla 1.6 39.97 51,754.36 0.455 100.50 7836.48 0.35

Madanpur 2.7 33.96 21,505.71 0.644 51.00 9781.28 0.22
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1. Add more jobs to promote density and transit usage.
2. Promote surplus living options through new housing developments near transit

facilities to withstand high densities.
3. Improve transit accessibility to give it a competitive advantage over private

transport.
4. Add additional road network for bike lanes to increase walkability and

cyclability.

Dilshad Garden. While there is already high population density in this neighbor-
hood, make use of underutilized land space into mix of land uses that promote
employment and transit ridership. This neighborhood needs more network length to
enable walking and cycling. Additionally, housing options for all income people will
balance the communities and help attract new businesses within the neighborhood.

Dwarka. This neighborhood has a TOD score of more than 0.5 and accessible to
22,000 jobs within 45min travel usingMRT. These neighborhoods are high-potential
TOD sites when there is an increase in population density. The following action plans
may improve neighborhood quality:

1. Add additional housing distributed around the transit stations to increase
population density and boost transit ridership.

2. Attract business, employment, and amenities to offer more destinations within
the neighborhood.

3. Implement parking maximums to decrease car ownership.
4. Provide housing options for low-income people, who mostly rely on public

transit.

Kotla. This neighborhood has a TOD score of less than 0.5 but carries very high
population density values. Such neighborhoods are high-potential TOD sites when
there is a balanced distribution in population density. Therefore, government agencies
must invest in vertical mix construction while safeguarding green zones. The road
network length must have made use of improving walking and cycling facilities.

Madanpur Dabas. There is low job accessibility in this village due to a higher
distance from MRT. Some of the action plans include: providing transit facilities
proximity to such neighborhoods, which will increase job accessibility and promote
transit usage; making use of vacant land spaces for vertical construction around
transit stations; attracting business opportunities to offer new destinations within the
neighborhood.

7 Conclusions

Delhi government promotes sustainable transportation in its neighborhoods, and
TOD is found to be an eminent strategy to achieve its goal. For TOD planning, it is
essential to quantify and understand existing levels of TOD-ness in neighborhoods
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using a TOD score. Since the proposed TOD policy lacks a comprehensive measure-
ment tool, local and regional authorities rely on their own metrics to prioritize and
fund TOD projects. Thus, TOD development authorities require generalized TOD
metrics to promote standardize long-termplanning in the upcomingTODprojects. To
fulfill this gap, the present study proposed a measurement tool using existing urban
structure in 48 neighborhoods of Delhi. This conceptual framework is an effective
way of measuring TOD-ness at neighborhood level. The obtained TOD scores are
useful in identifying opportunities for enhancing urban structure susceptible to TOD
planning.

Bymaking neighborhoods accessible to jobs usingMRT, appropriatemanagement
of travel demand, walkable with quality housing, and business opportunities, the
government agencies improve the quality of life for Delhi citizens. By improving
transit facilities close to neighborhoods, the Delhi City can become an ideal case
study in the country for TOD. Strong TODs not only focus on redevelopment of
urban neighborhood structure but also consider the users who use transit facilities
for daily trips. However, it is to be noted that the idea behind this TOD scoring tool
is not only to assess urban structure in each neighborhood but also to balance the
assets and flaws in that neighborhood. The TOD neighborhoods can complement
one another and compensate for characteristics that certain neighborhoods may lack.
Such holistic thinking may identify prospects to locate amenities and infrastructure
within neighborhoods.

While this study carries certain limitations, firstly, the evaluation tool can be
improved by including indicators from other aspects of TOD, such as travel behavior,
policy, social, and environment. We have used criterion from an urban structure
based on available data and on our understanding of how strongly those indica-
tors contribute to the TOD score. Secondly, the limitation of the FAHP method has
resulted in ‘zero’ values to certain most important criteria (density and diversity).
Such results are misleading and omitted those criteria in further analysis. Enhanced
FAHP can handle those ‘zero’ values. Thirdly, the TOD scores are relative. Since
TOD is context-sensitive, the obtained TOD scores are unable to compare with the
universal case studies. Standardized indicators can serve this purpose. For a more
rigorous application of these TOD scores, this tool must consider criteria that belong
to travel behavior, environment, social, economic, and policy aspects.
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Study on Impact of Newly Opened NH 66
Bypass in Kollam City

S. Shaheem, R. S. Remjish, and T. Ramakrishnan

1 Introduction

Construction of bypass around CBD area of major towns/cities is definitely required
for relieving the severe congestion posed by the city dwellers and road users.
However, it has its impacts on the immediate neighborhoods as well the urban areas
for which the bypass is intended. Impacts on the immediate neighborhood pertain to
change in property values, shift in land use pattern from say residential to commer-
cial, etc. In the case of urban areas, there is lessening of traffic congestion, increase in
safety of vehicles and pedestrian and also environmental improvement. The present
paper, however, assesses the impact of bypass on the traffic flowand accident scenario
variation in the urban area. In the above context, it is quite important to assess how
far the bypass has addressed the issues of traffic congestion, what are the inherent
drawbacks in the newly opened bypass, the scope for further improvement for the
smooth flow of traffic, safety issues faced by the road users plying along and across
and the steps for needed for addressing these issues.

1.1 Study Area

Kollam city is one of the five corporate cities of Kerala State. It is located about 70 km
from Thiruvananthapuram, the capital city of Kerala. Kollam city can be accessed
through threeNationalHighways viz.NH66,NH183andNH744. First, is theNorth–
South Corridor connecting Kanyakumari and Mumbai, running parallel to coastline
and passing through Kollam city. NH 183 is a radial road in the west–east direction
starting from High school junction in Kollam city and ends at Thiruamangalam city
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in Tamil Nadu. NH 744, another radial road in the west–east direction starts from
Chinnakkada junction in Kollam city and ends at Madurai in Tamil Nadu. Apart
from these three major roads, there are a number of roads leading to places outside
as well as within the city. The city roads are maintained by both PWD and the City
Corporation. Figure 1 shows the location of NH 66 and NH 66 bypass in Kollam
city.

The railway route network also connects the city to neighboring citieswithKollam
junction railway station. Earlier, water way was the major transport mode of the
district due to the presence of T.S canal, backwaters, Kallada River, Ithikkara River
and Achankovil River. Due to encroachment and silting, the T.S canal is presently
not in use. A major portion of the Kollam city is sandwiched between Arabian Sea
and Ashtamudi Lake, and most of the roads run parallel to the sea.

In the absence of a bypass, most of the traffic from northern side of Kollam
city destined to southern part of Kollam city pass through the congested city road
corridors resulting in traffic congestion, transit delay, accidents and environmental
pollution. In order to address the above issues, a bypass was constructed which
connects Mevaram (southern part of the city) to Kavanad (northern part of the city),
thus entirely bypassing the city.With the openingof bypass, large number of accidents
has been reported in the bypass. Thus, the present paper focuses on the traffic impact
of the bypass and the safety issues it has inherited.

2 Literature Review

Earlier studies [1] undertaken on impact of bypass deal with assessment of economic
impacts on the settlements around the project area and quantify them through
various statistical/econometric models. The present paper tries to quantify the major
impacts—traffic congestion and safety—due to construction of a bypass by making
use of the procedures laid down in the relevant guidelines of Indian Road Congress
[2, 3] with appropriate modifications.

3 Study Objectives

Major objectives of the study as per the problem appreciation described above are;

• To assess the impact of newly opened NH 66 Bypass on city roads (NH 66)—
traffic flow characteristics like journey speed, transit time, vehicle operating cost
(VOC), accidents, etc.

• To assess the road safety issues alongNH66Bypass and suggest suitable remedial
measures.
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Fig. 1 Kollam city bypass
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4 Methodology Adopted for the Study

The methodology adopted for the study included a set of tasks which are graphically
presented in Fig. 2 and briefed below:

4.1 Data Collection

Large quantity of observational data on traffic volume, parking and pedestrian
volume, speed and delay characteristics, roadway characteristics, etc. were compiled
from the ground on the city roads and newly constructed bypass.

To supplement the above data, pass traffic data and accident data pre- and post-
construction stages from secondary sources like police traffic, past study report,
etc.

Road safety audit was carried out to assess the safety deficiencies and work out
remedial measures. RSAwas carried out as per checklist given in ‘IRC SP 88—2010:
Manual on Road Safety Audit’.

4.2 Data Analysis

The data thus compiled were analyzed by drawing the following major inputs for
both pre- and post-construction scenarios.

(i) Traffic volume on city roads and bypass in terms of Passenger car unit
(ii) Parking accumulation
(iii) Pedestrian vehicle conflicts
(iv) Crash data analysis

Fig. 2 Methodology adopted for the study
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In order to make a comparison among pre- and post-construction stages so as
to assess the impact, parameters like travel speed, vehicle operating cost, volume
capacity ratio, pedestrian vehicle conflicts were worked out by making use of IRC
guidelines. Table 1 gives the details of homogeneous sections identified.

Table 1 Details of homogeneous sections identified

S. No. HS No. Road section Length (km) Name of homogeneous section

1 1.1 NH 66 Bypass 3.1 Mevaram Junction—Ayathil Junction

1.2 1.5 Ayathil Junction—Kallumthazham
Junction

1.3 4 Kallumthazham Junction—Kadavoor
Junction

1.4 2.1 Kadavoor Junction—Toll Plaza

1.5 2.3 Toll Plaza—Kavanad Junction

2 2.1 NH 66 0.5 Kavanad Bypass Junction—Kavanad
Junction

2.2 2.4 Kavanad Junction—Vellayittambalam
Junction

2.3 1.5 Vellayittambalam Junction—Civil Station

2.4 0.6 Civil Station—High School Junction

2.5 0.5 High School Junction—Taluk Kachery
Junction

2.6 0.8 Taluk Kachery Junction—Chinnakkada
Junction

2.7 0.5 Chinnakkada Flyover

2.8 0.2 Chinnakkada Flyover—Railway station
Junction

2.9 0.3 Railway station Junction—BP Petrol
pump

2.10 0.8 BP Petrol pump—SN College Gate

2.11 0.5 SN College Gate—Kappalandimukku
Junction

2.12 1.55 Kappalandimukku
Junction—Vendermukku Junction

2.13 0.65 Vendermukku Junction—Pallimukku
Junction (Koonambaikkulam road)

2.14 0.1 Pallimukku Jn (Koonambaikkulam
road)—Pallimukku Jn (Eravipuram road)

2.15 2.4 Pallimukku Junction (Eravipuram
road)—Mevaram Junction
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5 Existing Situation Analysis

For the purpose of analysis, the entire road stretch ofNH66was divided into 15homo-
geneous sections and newly opened NH Bypass into four homogeneous sections.
Traffic impact of NH Bypass on 15 homogeneous sections of NH 66 (Table 1) was
examined.

5.1 Road Network Characteristics

The newly opened NH 66 Bypass from Mevaram to Kavanad has a total road length
of approximately 13 km. The whole road stretch is constructed as standard two-lane
highway with a carriageway width of 7 m with two-way traffic. Paved shoulders of
about 1 m are provided on both sides and the whole stretch is devoid of footpath.
Bus bays are provided with a length of about 200 m. Traffic signs and markings are
found sufficient.

The National Highway 66 has about 13.3 km length, passing through the CBD
area ofKollam city, fromMevaram toKavanad. About 80%of the road stretches have
2-lane with carriageway width of 7–8 m. Remaining 20% of the road have four-lane
divided carriageway with width of about 7 m each on both sides. All sections allow
two-way traffic. Paved/Unpaved shoulders are available throughout the road stretch
and about 70% of the road are provided without footpaths. The adjoining land use is
predominantly commercial.

5.2 Speed and Delay Characteristics

Average Journey Speed. On NH Bypass, the average journey speed varied from
29.23 to 46.55 km/h. The average journey speed of the entire road stretch was
39.84 km/h during peak hours and 43.71 km/h during off-peak hours.

On NH 66 passing through the city, the average journey speed was observed to
be in the range of 20 km/h to 39.31 km/h. The average journey speed of the entire
stretch during peak hours was 27.92 km/h. Before the introduction of bypass, the
average journey speed of NH 66 was 21.3 km/h during peak hours.

5.3 Causes of Delay

An analysis of the delays and causes of delay has revealed that waiting time at signals
was the major cause of delay for traffic flow on both NH and NH Bypass. On bypass,
during peak hours, total delay of about 141 s (12% of journey time) was observed
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because of traffic signals. On NH road, the observed total delay time was about 181 s
(8% of journey time), caused mostly due to signals and vehicle crossings.

5.4 Traffic Volume at Major Intersections

In bypass road, Ayathil junction handled the maximum peak hour flow of 8248 PCU
followed by 7492 PCU inKallumthazham junction. Other junctions handled the peak
flow in the range of 3700 PCU to 5000 PCU. In NH road, it could be seen that Taluk
Kachery junction witnessed the maximum peak hour traffic flow of 7773 PCU. Other
intersections handled peak hour traffic in the range of 5000 to 7000 PCU.

5.5 Vehicle Crash Data of NH Bypass

An analysis of the reported vehicle crash data during the threemonths period after the
opening of 13 km NH reveals that 57% of the vehicles involved were two wheelers
followed by 29% cars. 62% of the causalities were vehicle users while the rest of
38% were pedestrians. 13% of the persons involved died while 83% of road user
experienced grievous injury. Majority of the crash victims belong to the age group
of 15–45 years. 70% of the victims were males and 30% of were females.

5.6 Road Safety Audit (RSA)

Pre-opening Road Safety Audit was carried out on the Kollam Bypass to review the
road safety features provided along the study stretch. Safety audit gives information
about any hazardous conditions that may have been created during its lifetime such
as encroachments, ribbon development or deterioration of road conditions, traffic
conditions.

6 Impact Analysis

The study aims at evaluating the impact of newly opened NH Bypass between
Mevaram and Kavanad Bypass junction in Kollam city. Two situations were
considered and compared—‘without the bypass road’ and ‘with bypass road’.

For the situation ‘with NH bypass’, all the observed traffic data, speed and delay
data and crash data were used. In the ‘without bypass road’ situation, to estimate the
traffic volume on NH 66, traffic passing through the Kallumthazham Junction on NH
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Table 2 Average journey speed and travel time for passenger car along NH 66

S. No. Parameter With bypass Without bypass Percentage change

1 Average journey speed
(km/h)

28.4 20.3 40% (increase)

2 Travel time (min) 28.1 39.3 28% (decrease)

Bypass (middle of bypass) was added to the existing traffic as these traffic otherwise
would have passed through the city without the bypass.

The speed of the vehicle was determined using speed flow equations in IRC SP
30. The vehicle operating cost (VOC) is evaluated for both situations as per IRC SP
30.

From the data collected, the following parameters were considered for traffic
impact assessment of bypass road.

(a) Travel speed and Travel time
(b) Volume/Capacity ratio (V/C ratio)
(c) Vehicle operating cost (VOC)
(d) Pedestrian safety on NH 66
(e) Vehicle crashes in NH 66

6.1 Travel Speed and Travel Time

It is found that the travel speed of the vehicles would be severely affected if the
service of the bypass was not provided. Currently, in NH 66, all 15 homogeneous
sections experience journey speed of more than 10 kmph with seven sections having
journey speed in the range of 30–40 kmph. But, in the absence of bypass, six sections
would have journey speed less than 10 kmph and seven sections have the journey
speed in the range of 10–20 kmph. Overall, there is an increase in travel speed of
40% with the commissioning of bypass (Table 2).

With increase in speed, the travel time of the passenger cars in NH 66 has come
downby around 28%with the introduction of the bypass during peak hours. Currently
a passenger car can traverse from Mevaram to Kavanad through NH 66 in less than
30 min during peak hours, while, before the introduction of bypass, it was around
40 min.

6.2 Volume-Capacity Ratio (V/C Ratio)

Volume-Capacity ratio is an effective tool to express the intensity of traffic in
road link. From the analysis, it was found that presently eight sections have
V/C ratio value of more than three and five sections have the value in the range
of one to two. But if the bypass has not provided, nine sections would have the V/C
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Table 3 V/C Ratio value distribution in NH 66

S. No. Homogeneous sections in NH 66 V/C ratio values

With bypass Without bypass

1 Kavanad Bypass Junction–Kavanad Junction 3.05 4.25

2 Kavanad Junction—Vellayittambalam Junction 3.05 4.25

3 Vellayittambalam Junction—Civil Station 2.59 3.79

4 Civil Station—High School Junction 1.08 1.58

5 High School Junction—Taluk Kachery Junction 1.95 2.55

6 Taluk Kachery Junction—Chinnakkada Junction 1.98 2.48

7 Chinnakkada Flyover 3.06 4.26

8 Chinnakkada Flyover—Railway station Junction 3.06 4.26

9 Railway station Junction—BP Petrol pump 1.34 2.54

10 BP Petrol pump—SN College Gate 0.56 1.06

11 SN College Gate—Kappalandimukku Junction 1.41 1.91

12 Kappalandimukku Junction—Vendermukku
Junction

3.38 4.58

13 Vendermukku Junction—Pallimukku Junction
(Koonambaikkulam road)

3.38 4.58

14 Pallimukku Junction (Koonambaikkulam
road)—Pallimukku Junction (Eravipuram road)

3.83 5.03

15 Pallimukku Junction (Eravipuram
road)—Mevaram Junction

4.03 5.23

ratio value of more than three, three sections would have the value in the range one
to two (Table 3). The V/C ratio influences the speed and therefore the travel time of
the vehicles.

6.3 Vehicle Operating Cost (VOC)

The vehicle operating cost (VOC) is the cost which depends on factors like vehicle
usage, fuel usage, maintenance, mileage, etc. The factors affecting the VOC are
vehicle type, vehicle speed, speed changes, gradient, curvature and road surface
characteristics. The calculated VOC includes distance-related and time-related cost
of an operating vehicle. The VOC for the study stretches has been determined using
IRC SP 30 2009 recommendations and tabulated for ‘with’ and ‘without bypass’
situations. It is found that there would be VOC savings to the extent of 9% of VOC
per day with the commissioning of bypass (Table 4). In monetary terms, it works out
to Rs. 6.23 lakhs per day and Rs. 23 crores per year.



326 S. Shaheem et al.

Table 4 Vehicle operating
cost for NH 66

VOC/day (Lakhs)

With bypass 63.41 lakhs

Without bypass 69.64 lakhs

Savings (%) 9

Fig. 3 Average PV2 values
with and without bypass
operation
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6.4 Pedestrian Safety on NH 66

Another major impact of the bypass is the substantial reduction in pedestrian vehicle
conflicts witnessed in the city roads, namely NH 66 which augurs well for pedestrian
safety. PV2 is an indicator of pedestrian vehicles conflicts where P represents peak
hour pedestrian crossing at a location andV is the traffic volume during the peak hour.
Reduction in PV2 value is caused due to reduction in number of vehicles passing
through the city roads. It is observed that quantum of large commercial vehicles
inside the CBD area has been reduced drastically, especially during peak hours with
only 14% of them entering the CBD area.

Overall, it is estimated that there is a 43% reduction in pedestrian vehicle conflicts
with the introduction of bypass (Fig. 3) which will certainly enhance the safety of
pedestrians as well as two wheeler users.

6.5 Vehicle Crashes in NH 66

Commissioning of bypass has brought forth an alarming rise in number of accidents
in the city roads. For the purpose of assessing the intensity of accidents, vehicle crash
data for 13.3 km of NH 66was compared with crash data for three km control section
from Kottiyam to Mevaram. It is observed that the vehicle crash rate in NH 66 was
36 crashes/km against 16 crashes/km in control section. The fatality rate in NH 66
was 3.68 fatalities per km against 1.0 fatality in control section.
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However, in the commissioned bypass, an accident rate of 12 crashes per km has
been reported with fatality rate of 1.2 per km.

It could be inferred that increase in travel speed along with pedestrian and pedes-
trian activities caused by the urbanization of city roads (NH 66) have resulted in
increased accident level in city roads.

7 Recommended Proposals for Safety Issues on Bypass
Road

The following are the recommendations from road safety audit conducted on the
Bypass Road:

(a) At many locations, side roads meet the main road from a lower level at a
gradient. Vehicles approaching from side road are not fully visible due to this
gradient difference causing hazardous situation.

(b) Some of the side roads meeting the NHBypass at an angle less than 90° creates
accident proneness.

(c) Improved design of Kavanad Bypass junction is essential to reduce the vehicle
conflict at intersection area.

(d) Zebra crossings and grade-spirited pedestrian facilities like subways, foot over-
bridge will be needed at locations of high pedestrian crossing volume.

(e) Crash barriers need to be erected at locations where the level difference is more
than 0.6 m between the road and adjoining land to avoid hazardous situations.
Concrete barriers are to be replaced along the main road as they themselves
are hazardous.

(f) Improper stop sign installation has been identified. STOP traffic sign placed in
conjunction with traffic signal should be avoided.

(g) The curves should be marked with proper chevron markings as per IRC 67
specifications.

(h) Medians, dividers and crash barriers should be provided with hazard markers
in order to provide safe night time driving.

(i) Wayside amenities for heavy vehicle drivers should be provided as the improper
parking of those vehicles may interrupt the smooth flow of traffic.

(j) Bus stops and auto/ taxi stands right at the vicinity of the junction hinder visi-
bility and smooth flow of traffic and need to be relocated to suitable locations
away from the junction area.

8 Conclusions

The paper has dwelt in length the impacts of newly constructed bypass on the traffic
scenario ofKollam. The singlemost impact is the traffic congestionwhich is reflected
in volume capacity ratio, travel speed, transit time, vehicle operating cost, crash rate
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and pedestrian vehicle conflicts. These were assessed through a set of indicators
developed from combination of observed traffic data, past traffic data and secondary
data on crashes. Guidelines of Indian Road Congress have been extensively utilized
to quantify the indicators to the extent possible.

A cursory look at the existing situation analysis and quantified impacts of newly
opened NH 66 Bypass fromMevaram to Kavanad for bypassing the CBD area of the
Kollam city have revealed that construction of bypass possesses several long-term
benefits. The time and cost savings of the road users along with enhanced safety are
the supreme benefits of investments on bypass roads. The study proved that bypassing
the through traffic could be a successful solution for reducing traffic congestion in
CBD areas of small as well as large cities. The salient findings derived from the study
are as follows:

1. The bypass has enhanced the travel speed by 40% and reduced the travel time
by 28% reflecting on the reduced traffic congestion.

2. The average value of Volume-Capacity (V/C) ratio of the homogeneous sections
has come down from 3.49 to 2.51, as the result of reduced traffic congestion in
city roads.

3. Vehicle operating cost (VOC) for different categories for the vehicles has been
reduced by 9%.

4. Pedestrian vehicle conflicts have lessened to the extent of about 43%with lesser
number of vehicles on city roads resulting in better safety of pedestrians and all
road users

5. The road crashes in city roads have, however, increased by about 55% which
can be attributed to high travel speed on the roads. Traffic regulatory and
enforcement measures needed to be higher priority for arresting the accident
rate.

6. Newly constructed bypass also has witnessed higher accident rate when
compared to other section of NH 66. Road safety audit conducted on the NH
66 Bypass has assessed the causative factors for high crash rates and mitigation
measures have been proposed to ensure safe travel through the bypass road.
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Development of Speed Management
Measures at Uncontrolled Intersection;
Case Study of Hyderabad, India
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1 Introduction

Traffic safety is a major concern all over the world, India being no different from the
rest. Speed is a principal concern in traffic safety that relates to both the driver and
the road. Thus by controlling speed, safety can be increased, leading to a decrease in
speed-related accidents that are a major cause of death and injuries worldwide. With
the increase in population, minimum income, standard of living, and ease of buying
personal vehicles, vehicle count on the road is increasing exponentially every year.
The road infrastructure in most of the developing countries has not been developed
at the same pace to match this surging vehicle count, the effect of which can be seen
with the reported number of road accidents (both when fatal and if severe injuries
sustained by user) inmost of the countries. After, themain reasons due to the accident
were basically dependent on the intersection and driver characteristics like lack of
speed control measures on that intersection, the vehicle traveling at high speed, not
following traffic rules, driver not being familiar with the road, and intersection.

A closer look at the accidents statistics in India reveals that in 2017, a total of
464,910 road accidents were reported in the country that claimed 147,913 lives and
caused injuries to 470,975 persons, which translates to 405 deaths and 1290 injuries
each day from a total of 1274 accidents. These 2017 figures though being a marginal
improvement over 2016 data (− 0.9%decline in fatal accidents) are still shocking [1].
Also, for the second year straight, the number of accidents decreasedmarginally over
the previous years. In Hyderabad, Telangana, India, where the study was conducted,
the total number of accidents reported each year (2015–2018) has seen an upward
trend. Still, the number of deaths reported has decreased over the last few years from
380 in 2015 to 303 in 2018, out of which major accidents were sustained by people
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of age group 20–40 years. As per the data available from the Hyderabad Traffic
police department, approximately, 35% of the total accidents that took place were
at an unsignalized intersection [2]. These data tell us about the importance of road
safety measures needed to reduce the total number of accidents all over the country.
In order to achieve this target, the speed trends should be studied, and based on those
results, the necessary management technique should be chosen to reduce the speed
at unsignalized intersections.

In order to understand the existing problems and associated studies taken in the
past to tackle the said problems both in a national and international context, a brief
review of literature has been taken up. In their research,Wakabayashi andMatsumoto
[3] calculated travel time reliability indexes based on the cumulative distribution
function outcome from the model developed for estimating travel time variation.
These results were then compared, and the result reported was that the indexes
established behave differently for the same route, which means understanding an
index’s formulation and characteristics is important for selecting the appropriate
index according to both the purpose of use and the characteristics of the study route.
Patil and Pawar [4], in their research, collected traffic data at three uncontrolled
intersections, one each is from the city center (Type I), suburb (Type II), and outskirt
(Type III). Based on this data, traffic parameters, such as traffic composition, speed
variations, lane distribution, trajectories, conflict points, and pedestrian movements,
were analyzed. On analysis, several conclusions were made. They found out that all
the vehicle classes prefer the inner lane, except auto-rickshaws. The speed on the
inner lane is higher than in outer lane vehicles as the latter is affected by the roadside
friction.

Chodur and Ostrowski [5], in their research, designed and developed the models
of traffic performance at unsignalized intersections for the Department of Highway
and Traffic Engineering of the Cracow University of Technology, based on complex
empirical and simulation studies conducted over a dozen years. Using the results
obtained from empirical research models, mathematical formalization of the traffic
processes at intersections, determining the parameter estimators of these processes,
and the verification and calibration of theoretical models were conducted. Ghamdi
[6], in his study on spot speed data in Riyadh, spot speed data were collected from
different sites and analyzed. It was found that the prevailing operating speed of
vehicles at all study sites exceeds the posted speed limit and the design speed. Based
on statistical analysis, speed variances were homogenous on freeways but not on
arterials.

2 Objectives of the Study

Unsignalized intersection being a grave problem in India. Not many studies have
been conducted to study the traffic characteristics. The research gap evident in the
literature can be summed as below:
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• Studies on effective speed management in Indian scenarios are limited.
• No specific study has been taken up to identify the speed limits
• There is a need to take up temporal changes variation while deciding the speed

limits and management system.

To overcome these gaps, a study at an unsignalized intersection was taken up with
the following objectives:

• To study the speed characteristics of an unsignalized intersection through 15th,
50th, 85th, and 98th percentile speed on different approaches on a typical
intersection.

• To study the temporal distribution of the speed across various periods for different
classes of vehicles.

• To study the significance of different sampling intervals for the collection of spot
speed data.

• To recommend appropriate speed limits at different approaches based on a
scientific methodology.

3 Methodology

The entire study is divided into three stages. In the first stage, the study area was
searched and selected for the study. In the second stage, spot speed data of approach
speed toward the intersection of three different classes of vehicles at each leg of a
three-legged unsignalized intersection was collected. In the third stage, the analysis
of all the collected data was done and concluded (Ref. Fig. 1).

Fig. 1 Methodology
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3.1 Study Area Selection

To study the speed characteristics of an unsignalized intersection, an existing inter-
section was located at road SH1 (Hyderabad—Shameerpet—Karimnagar—Rama-
gundam) and a road connecting Shameerpet—Keesara from SH1. It is a three-legged
intersection with a high travel speed road (State Highway—SH) and a sub-road
connecting Keesara (Major District Road—MDR). The intersection is designed
as a priority-controlled intersection where the SH1 is treated as a major road and
Shameerpet—Keesara road is treated as a minor road. There is no observed delay
occurring on the major road. Vehicles on the minor road are controlled by the “GIVE
WAY” or “STOP” sign. The coordinates of the intersection are 17.34′ 25.45′′ N,
78.33′ 58.00′′ E.

3.2 Data Collection

The spot speed data for different classes of vehicles were collected using a radar
speed gun (also known as a speed gun), a device used to measure the speed of
moving objects. A radar speed gun is a Doppler radar unit that may be hand-held,
vehicle-mounted, or static. It measures the speed of the objects at which it is pointed
by detecting a change in frequency of the returned radar signal caused by the Doppler
effect, whereby the frequency of the returned signal is increased in proportion to the
object’s speed of approach if the object is approaching, and lowered if the object
is receding. The radar gun was positioned at three points depicted by yellow dots
in Fig. 2, and all the other details are mentioned in Table 1. The vehicle location is

Fig. 2 Study area. Courtesy Google Earth Pro
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Table 1 Speed gun location point

S. No. Location Road classification Coordinates Traffic

Origin Destination

1 1 MDR 17° 34′ 24.27" N Keesara Shameerpet

78° 33′ 58.03" E
2 2 SH 1 17°34′24.97"N Secunderabad Shameerpet

78° 33′ 59.01" E
3 3 SH 1 17° 34′ 25.77" N Shameerpet Secunderabad

78° 33′ 57.43" E

denoted by a red dot that is approximately 100 m away from the radar gun location.
The approach speed of three different classes of vehicles (Two-wheelers, passenger
cars, light commercial vehicles) was noted while moving toward the junction for
4 weeks on 3 days, namely Monday, Tuesday, and Wednesday from 2:30 pm to
3:30 pm study the traffic behavior for that intersection. The data were collected in
different sampling intervals on different days to check for the validity of the data
collected based on the methodology mentioned by Sarkar et al. [7].

3.3 Spot Speed Data Presentation

Frequency Distribution Table A frequency distribution table is created using the
raw spot speed data when categorized into different speed intervals of uniform size
(5 kmph interval/10 kmph interval). The frequency of each vehicle is mentioned in
a particular speed interval (Ref. Table 2) [8].

Frequency Distribution Curve Using the frequency distribution table, the
percentage frequency of each speed interval speed is plotted against the central value
of the speed interval (Ref. Fig. 3).

Cumulative frequency distribution curve For speed interval, the cumulative
percentage frequency is calculated and then plotted concerning the central speed
of each interval. The speed vs. the percentage cumulative frequency graph shows the
percentage of vehicles traveling at or below that particular speed using which the
different percentile speeds could be found out (Ref. Fig. 4).

3.4 Spot Speed Data Distribution and Temporal Analysis

The spot speed data collected for all the three locations on different days in different
weeks taken for a fixed proportion was categorized for different classes of vehicles
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Fig. 3 Frequency
distribution curve [9]

Fig. 4 Cumulative
percentage frequency
distribution curve [9]

according to the speed range. The cumulative frequency table was calculated using
the 15th, 50th, 85th, and 98th percentile calculated and tabulated in Table 3.

Measure of Central Tendency

Mean The arithmetic mean (average) is the most frequently used speed statistics. It
is calculated by.

vt =
∑

fivi
n

(1)

where vt is the mean or average speed, fi is the frequency of vehicles having indi-
vidual speed as vi . Besides this, space mean speed (if data are obtained over a section
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Table 3 Speed data for different class of vehicles

S. No. Location Car Two-wheeler LCV

Percentile speeds (kmph)

15th 50th 85th 98th 15th 50th 85th 98th 15th 50th 85th 98th

1 1 26.1 36.9 46.8 57.1 32.8 46.2 61.6 66.7 22 33.5 41.8 46.7

2 1 29.2 38.5 47.4 61.3 34.1 48.1 58.2 67 24.5 32.5 42.5 59.1

3 1 24.3 32.8 44 58.4 30.4 47.2 57.3 65.4 25.9 32.3 42.3 49.6

4 1 23 31.2 42.6 57.4 30.5 45.3 55.8 62.5 23.7 31 44.7 51.5

5 2 28 39.2 50 63.1 24 33.8 45.2 54.4 21.9 29.3 37 41.8

6 2 28 39.4 50 56.3 22 35.8 46 61.8 24.4 32.5 39.8 46.1

7 2 26.9 38.3 51.4 59.7 23.2 34.7 46.6 62.2 22.6 29.4 37.5 44.8

8 2 29.5 38 49.8 58 26.5 36.9 48.4 62.6 22.4 29.2 36.4 46.2

9 3 34.4 46.2 55.5 62.5 29.5 37.3 51.7 57.5 29.7 35.3 41 51

10 3 32.5 42.7 57.3 66.2 28.9 37 48.9 65.2 26.8 32.7 37.5 44

11 3 39.6 49.5 57.5 72.5 28.4 39.5 48.4 60.4 24.6 33.5 41.7 54

12 3 38.8 48.4 56.3 67.5 32.1 41.8 53.2 62.5 24.3 33.1 42.5 54.1

of road instantaneously, resulting in speed distribution in sce and mean) and time
mean speed (if data are collected from one stationary point as in the case of spot
speed study) are also used for speed statistics [8].

Median speed is defined as the speed at the peak of the frequency distribution
curve; it divides the distribution into two equal half. It is not affected by the extreme
values of the distribution and is just a positional value. That is median speed is 50th
percentile speed (Ref. Table 3).

Measure of Dispersion

Standard Deviation Standard deviation is one of the most common statistical
measures of dispersion in distributing data from the mean value [8]. The standard
deviation is calculated by:

σs =
√∑

fi (vi − vt )2

n − 1
(2)

Percentile speedsPercentile speeds are calculated using the percentage cumulative
frequency curve as mentioned earlier. Typically, 15th, 50th, 85th, and 98th percentile
speeds are calculated for speed characteristics studies.

ANOVA is the analysis of variance (ANOVA) is a statistical technique that is used
to check if the means of two or more groups are significantly different from each
other. ANOVA checks the impact of one or more factors by comparing the means of
different samples.
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4 Result and Analysis

The results analyzed from the percentile speed calculation using the raw spot speed
data for different classes of vehicles are used to calculate the speed limit for each
location (Ref. Table 3). For location 1 (MDR), location 2 (SH1 from city to outskirts),
and location 3 (SH1 from outskirts to city), for the posted speed limit, 85th percentile
speed is used. The average 85th percentile speed for all three classes of vehicles for
the four weeks is calculated to be 50 kmph for all the three locations. Based on the
analysis done for spot speed data, the different percentile speeds for different classes
of vehicles at each leg of intersection (Location 1, 2, and 3) when different sampling
intervals were followed for spot speed data collection are tabulated in Table 3. The
sampling intervals that were followed for different locations and days are mentioned
in Table 4.

Based on the percentile speeds obtained from the cumulative frequency curve
for different sampling sizes, ANOVA was performed for different class of vehi-
cles’ percentile speed at different sites having different sampling sizes. For different
sampling intervals (1 in 1, 1 in 3, 1 in 5, and 1 in 10), the mean difference and
significance (values within bracket) for 15th, 50th, 85th, and 98th percentile speeds
can be observed in Table 5. Based on the ANOVA results, the sampling interval
was not significant at a 5% significance level while calculating the 15th, 50th, and
85th percentile speed of different classes of vehicles. Also, it was observed that the
maximum mean difference among the values of different sampling intervals was
observed to be 2 kmph.

The percentile data calculated from spot speed analysis are used for plotting the
speed trends for all different locations throughout the time frame of the study showing
the temporal variation for the different class of vehicle when the data was collected
using the different sampling interval (Ref. Figs. 5, 6 and 7) (Ref. Table 4). Based

Table 4 Volume and sampling data for different days and location

S. No. Location Volume/h Sampling Day

1 1 248 1 in 1 Monday

2 1 265 1 in 3 Monday

3 1 232 1 in 5 Monday

4 1 241 1 in 10 Monday

5 2 344 1 in 1 Tuesday

6 2 357 1 in 3 Tuesday

7 2 372 1 in 5 Tuesday

8 2 326 1 in 10 Tuesday

9 3 334 1 in 1 Wednesday

10 3 318 1 in 3 Wednesday

11 3 352 1 in 5 Wednesday

12 3 346 1 in 10 Wednesday
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Fig. 5 Location 1 weekly speed trend for different classes of vehicles
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Fig. 6 Location 2 weekly speed trend for different class of vehicles

on the speed trend observed, it was found out that the 15th, 50th, 85th, and 98th
percentile speed for location 1 (MDR connecting to SH) showed a constant trend
from week 1 to week 4 for cars and two-wheelers, whereas a slight variation was
noted in 98th percentile speed of LCV in week 2 (Ref. Fig. 5). Also, the different
percentile speeds for carsweremaximumamong the other two classes of vehicles. For
location 2 (on SH from city to outskirts), the speed trend was observed to be constant
for 15th, 50th, 85th, and 98th percentile speeds for all the three selected classes of
vehicles throughout the four week time frame. The speeds for cars and two-wheelers
showed similar trends that can be observed from the speed trend graph (Ref. Fig. 6),
whereas for LCV the speeds were lower than the other two classes of vehicles. This
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Fig. 7 Location 3 weekly speed trend for different class of vehicles

variation was observed possibly due to overloading and the low engine capacity of
LCV. For location 3 (on SH from outskirts to city), the speed trends had variations in
15th, 50th, 85th, and 98th percentile speeds for the three selected classes of vehicles
throughout the four week time frame. The speeds for cars showed relatively constant
trends, whereas, for two-wheelers and LCV, the trend observed was varying (Ref.
Fig. 7). The 85th percentile speeds of cars and two-wheelers were observed to be
similar. In contrast, for LCV, the speeds were lower than the other two classes of
vehicles, possibly due to overloading and low engine capacity.

5 Conclusion

Based on the results obtained from the study and analysis done, the following
conclusions can be made.

• The results from ANOVA suggest that there is no significant deviation in results
whether we take a sampling interval of 1 in 1 or 1 in 10; hence, sampling interval
does not affect speed calculation. Thus, a sampling interval of 1 in 10 can be
adopted for spot speed studies.

• All the vehicles were traveling within the specified speed limit for SH, but for
MDR, it was observed that no speed limit was posted. Based on the analysis, a
speed limit of 50 kmph can be proposed for MDR for all classes of vehicles.

• Not much variation was observed in the volume of traffic flowing through the
unsignalized intersection during the four week time frame.
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Objective and Subjective Approaches
Towards Analysis of Level of Service
of Sidewalks

G. R. Bivina and Manoranjan Parida

1 Introduction

In recent times, researchers have started identifying the importance of psychological
factors such as perceptions, mental maps in travel behavior analysis. Most of the
travel research studies highlighted objective assessment of environmental measures.
This may be due to the fact that it is difficult to capture peoples’ perceptions of
environment for large sample size in a meaningful and consistent manner. Urban
planners and designers have long held that people walk, internalize and interpret
their surrounding in complex ways. Appleyard et al. [1] attempted to devise the
most important environment factors for pedestrians [1]. Likewise, many studies have
indicated environment is to people, but none of them have given a view that how
people perceive the environment.

Pedestrian Level of Service is an evaluation of service quality of pedestrian infras-
tructure including aspects such as contextual situation and facilities themselves.
Hence, in order tomeasure PLOS,more complex approaches are needed thanLOS for
vehicles. Pedestrians’ perceptions of environmental characteristics called subjective
measures of environment are need to be captured. The qualitative factors of side-
walks such as safety, security, comfort are equally important along with quantitative
factors for the measurement of PLOS.

Those studies that examined relationship between built environment and walking
have factors measured objectively, subjectively, or in combination. The subjec-
tive measurements are obtained from questionnaire surveys [2], whereas, objective
measurements are obtained from field data collection [3]. Most of the past studies
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found that a variety of built environment factors measured both objectively and
subjectively are related to walking [4–6]. However, study conducted by Lin and
Moudon [7] found that objective measures have strong associations with walking
than subjective measures. Measuring environmental factors objectively is found
to give better prediction of behavior than subjective measurements [7]. However,
perceptions are said to affect behavior in more direct ways than reality [8]. High
perceptions of urban environment tend to high levels of walking [9]. Handy et al.
[8] found that consistency of results will be poor for assessment of perceived and
objective measures [8]. Objective measures were argued to have reliability allowing
replication by capturing same variables. However, the physical measures do not
capture a complete comprehension of walking experience in the environment indi-
vidually. Especially, objective measures do not comprehend walking behavior, and
pedestrian’s perception may highly influence it than objective measures of environ-
ment. Several studies in transportation, planning and urban designs have measured
built environment factors such as sidewalk continuity, ease of street crossing [10]
and block length [11] objectively using field surveys. But field survey are highly
expensive making the study limited to a small area or small part of streets that ulti-
mately results in biasness. Geographic Information Systems (GIS) is used as an
alternative to measure environment for large study areas by researchers. In contrast,
most of the researches in public health field adopted perceived built environment
measures for determining the impact of environmental measures on walking. Pedes-
trian perception on traffic was found not be related to walking [12]. However, study
conducted by Huston et al. [13] found a positive relation between physical activity
and perception of traffic [13]. Objectivemeasureswere collected for those factors that
influence walking behavior such as traffic speed, traffic volume, sidewalk width, etc.
Many studies have found the impact of objective or subjective measures on walking
behavior but not on PLOS. Most of the studies have measured PLOS objectively
using route assessment surveys or audits. However, there are lack of studies which
identifies the contribution of objectively and subjectively measured built environ-
ment factors on PLOS. Alfonzo [14] found that objectively measured factors could
define the walking environment better [14]. On the other hand, the study conducted
by Ewing and Handy [15] suggested that perception of the environment determine
the overall walking behavior [15]. Limited numbers of studies have incorporated
objective and subjective measured built environment factors of walking to assess
their impact on Pedestrian Level of Service. Therefore, it has been suggested that
objective and subjective measures of environment need to be used hand in hand to
improve the understanding on PLOS.

2 Study Area

Thiruvananthapuram, capital of Kerala, has been chosen as the study area. It is one
of the most populous and largest cities in Kerala. The total metropolitan population
of the city is 1.68 million of which 815,200 are males and 872,206 are females [6].
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The road network consists of National Highway 47, State Highways and District
roads. There are both intracity and inter-district bus public transport owned by the
state-owned Kerala State Road Transport Corporation (KSRTC) buses. There are
several low platforms AC Volvo buses along certain routes of the city. The other
modes of public transportation in the city are cabs and auto-rickshaws and people
mostly use cars and two-wheelers as personalized modes. There are even a number
of private buses running along selected routes within the city. In the last two decades,
traffic in the city road has tremendously increased due to an increase in personalized
vehicles because of the improvement infinancial status and living standards of people.
This scenario is leading to traffic congestions and snarls on road streets as road
development activities are not keeping a pace with traffic growth.With the increasing
trend of pedestrian accidents in central business areas of the city, pedestrian safety
has become a serious concern. In order to ensure safe and comfortable movement of
pedestrians and vehicles, streamlining of pedestrian movements is necessary. There
is a potential conflict between vehicular traffic and pedestrians due to the absence of
sidewalks and other segregation mechanism. Ten locations (corporation zones) from
different land useswere selected from theCBDarea of the city. The inventory exercise
was conducted for the site. In general, it was noted that sidewalk with standard
measures are restricted to Central Business District Areas of Thiruvananthapuram
city. These sidewalks are available along four-lane divided and two-lane divided
roadways to serve various land use facilities on either side such as shopping malls,
bus stops, etc. It is observed that most of these sidewalks lack continuity and facilities
for persons with disability. The study is mainly focused on the locations with the
availability of sidewalks where segregated or raised sidewalks are available. The
study locations are displayed in Fig. 1. Sixty street segments from ten wards were
assessed in this study to collect micro-scale built environment data. Total 12 km

Fig. 1 Map showing Thiruvananthapuram study area locations
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sidewalk street segment was selected for this study. From each zone, six sidewalk
segments were selected for the survey and each sidewalk segment is of 200-m length.

3 Methodology

The data collection included primary data collection and secondary data collection.
The primary data collection is in the form of questionnaire survey and walk audit
survey.

3.1 Perceptual Data/Subjective Data Collection

Individual information was collected about each respondent through questionnaire
surveys. Face to face surveys is the bestmethod to understand the pedestrians’ percep-
tion about the built environment affecting walking and PLOS of sidewalks. After
identifying the survey method, sample selection is another important issue in the
questionnaire survey, which is supposed to represent the entire population. Simple
random sampling method has been selected for the survey. The questionnaire survey
was conducted in the month of March and April 2017 including weekdays from
morning 6’o clock to evening 6’o clock. The survey was conducted for only those
pedestrians who belong to that particular ward. The respondents were requested
to give their perception about various built environment factors which affect their
walking on sidewalks in that zone in the form of level of satisfaction.

3.2 Selection of Factors Affecting PLOS

The selection of factors has been done as a two-stage process. Various design guide-
lines [16, 17] and walkability studies of Indian practices [18] as well as previous
sidewalk assessment tools [19, 20] were reviewed. In addition, several pedestrian
level of service models developed in other countries such as the U.S. [21, 22],
Australia [23], Malaysia [24], Japan [25], and Germany [26] were also reviewed. In
the second stage, a pilot study was conducted with 50 pedestrians to obtain responses
regarding the priority ratings of factors affecting walk accessibility to metro stations.
Open questions about the factors considered by pedestrians for using sidewalks were
also asked. Cronbach’s alpha value was found to be greater than 0.70 [27] for each
factor indicating that the questionnaire is reliable. Importance of various factors was
measured by analyzing the questionnaire responses. Based on this analysis, final
factors selected for the full scale questionnaire survey is given in the following
Table 1 with their descriptions.
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Table 1 Factors and their description

S. No. Factors Description

1 Traffic volume Quality of streets gets affected by high traffic
volume

2 Traffic speed High speed traffic makes walking environment
uncomfortable and unsafe

3 Availability of crossing Availability of crossing facilities such as zebra
crossings, pedestrian foot over bridges,
subways, etc. makes pedestrians feel safe to
walk

4 Presence of buffer Buffer in the form of grass, landscape can be
provided between the sidewalk and the lane

5 Shaded walk Shaded sidewalk comforts walking

6 Presence of bus shelters Presence of bus shelters would positively
enhance pedestrians’ decision to walk

7 Police patrolling Presence of police along walkways enhance
pedestrians’ sense of security

8 Street lighting Presence of street lighting provides good
visibility and personal security

9 CCTV cameras CCTV surveillance sense of security of
pedestrians

10 Unattended dogs Presence of unattended dogs also discourages
people to walk. They are threat to pedestrians’
sense of security

11 Presence of guard rails Guard rails are design elements of sidewalk
infrastructure that prevent haphazard spilling
over of pedestrians on to the right of way.
Guard rails helps in pedestrian safety and avoid
the chances of pedestrian vehicle conflict

12 Interesting things Presence of interesting things in the form of
graffiti, advertisement boards, etc. would
attract more people to walk

13 Trees and landscape Trees and landscaping along sidewalks helps in
attracting pedestrians and also acts as a buffer
between right of way and sidewalk

14 Street furniture Availability of benches, seating areas, etc.
provides comfort and convenience for people
and therefore, enhances their choice of walking

15 Traffic signs and signals Traffic signs and signals are important
elements that improve pedestrian safety and
guide them to their destinations

16 Sidewalk width Sidewalk width affects pedestrians’ comfort
and mobility

(continued)
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Table 1 (continued)

S. No. Factors Description

17 Sidewalk surface quality Surface quality of sidewalk is important to
ensure the mobility of pedestrians. The
sidewalk texture should be firm, non-slip
surface and stable

18 Obstructions Sidewalk obstructions are in the form of
telephone poles, sign boards, electric posts,
utilities, etc.

19 Encroachment Street vending has been an integral aspect of
Indian cities and towns since olden days. Street
vendors are inevitable on urban streets, as they
provide affordable services to a majority of the
urban population. It also helps pedestrians to
cater their day-to-day needs. But sometimes,
encroachment extends to such a level that it
reduces the clear space of sidewalks for
pedestrians making the sidewalks inaccessible
or sometimes non-usable

20 Sidewalk continuity Continuity is one of the main factors of
sidewalk infrastructure especially for aged
persons and persons with disability. Frequent
up and downs of sidewalk affect pedestrians’
smooth mobility

21 Sidewalk cleanliness Cleaner sidewalks attract more people to walk.
The sidewalk should be free from garbage and
litter

22 Pedestrian amenities Availability of amenities such as toilets,
drinking water provisions, etc. enhances the
attractiveness of pedestrian environment
bringing more people into walking

23 Facilities for physically disabled A sidewalk should provide equitable access to
all sections of society. It should provide
accessibility for people with disability through
tactile pavements, ramps

24 Raised/segregated sidewalk A sidewalk should be either raised or
segregated from the right of way where the
vehicles ply

3.3 Design of Questionnaire Survey

The first step of designing the questionnaire was to decide the information that has
to be collected accordingly with the prescribed objectives. The questions were made
as comprehensive as possible in the listing. The phrasing of questions was done in
such a manner that questions appear close to the point. As the next step, the response
format was developed and this study adopted Likert scale responses that give a rating
in the scale of 1–5. Afterwards the questions were arranged in sequences that would
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help in bringing logic and flow to the interview. The questionnaire was finalized
by giving a clear introduction to the study. Finally, pretesting and revision of the
questionnaire was done by conducting a pilot study.

3.4 Pilot Study

Before conducting full-scale survey, pretesting of the questionnaire has been done
through a pilot study. Pilot study was undertaken with 50 respondents from Thiru-
vananthapuram city. Data collected through this survey was analyzed to assess
whether the data collected helped the researcher to achieve the objectives of the
study aside from the testing the validity of the questionnaire. The pilot study also
helped in determining the degree of complexity and total time taken to answer the
questions. Cronbach’s alpha value has been used to examine the reliability of the
scale used in the questionnaire. Alpha value 0.7 or greater indicates that the ques-
tionnaire used is reliable. A standard questionnaire developed was used for the pilot
study. An edited version of the questionnaire with relevant additions, modifications
and deletions will make it suitable for use in the main survey in the field.

Most of the participants identified were working in government or private sector.
Two analyses have been conducted on pilot study samples such as reliability analysis
and correlation analysis. Results were positive as the reliability coefficient is very
high indicating high-quality data collected from respondents and correlation analysis
results indicate that PLOS being associated with the environmental attributes. Thus,
the limitations and inefficiencies of the questionnaire were identified through the
pilot survey. Then the questionnaire was modified by removing and replacing few
factors and changing the question patterns on the basis of feedback provided by
pedestrians and experts.

3.5 Final Questionnaire and Process of Data Collection

The final survey instrument consisted of 3 parts. First part gathered information about
socio-demographic characteristics like age, sex, occupation, educational qualifica-
tion and income. Second part collected data about trip characteristics like frequency
of walk trip, walking distance, the purpose of walk trips and time taken for walk trips.
Third part of the questionnaire focused on the pedestrians’ perception about the side-
walks. It gathered information about the pedestrians’ level of agreement/satisfaction
with the given statements about the quality of each environmental attributes that
affect PLOS of sidewalks. For example, statements like “There is so much traffic
along the street where I work/live which makes it difficult to walk”. Respondents
were asked to state their level of agreement with sidewalk attributes on a 5 point
Likert scale ranging from strongly disagrees to strongly agree (Fig. 2). The final
question was about the overall level of service offered by the sidewalk which was
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Fig. 2 Questionnaire survey at sidewalks

asked twice during the survey; first at the beginning of the third section of the survey
and second time at the end of the questionnaire after the pedestrians were reflected
on the factors describing the Level of Service.

3.6 Sampling Method Adopted

Simple random sampling method has been selected for the interview. In this method
of sampling, each sample has an equal probability of being chosen. It is one of the
simplest approaches to collect data from the total population. In this sampling, each
respondent of the subset gets an equal opportunity of being selected as a part of the
sampling process. But, there is always a possibility that the sample does not represent
the population as awhole. Sample chosen need to be an unbiased representation of the
population. Sampling error needs to be checked when adopting the simple random
sampling method. In order to draw significant and reliable conclusions, an unbiased
random sample is necessary. The sample collected in the survey has been checked
for its representativeness.

S = (χ2NP(P − 1))/(d2(N − 1) + χ2P(P − 1)) (1)

where, S = required sample size; χ2 = the table value of chi-square at anticipated
confidence interval (3.8342); N = Population size (The number of walk mode trips
i.e. 17% of the total population); P = Population proposition of crossing trip; d =
the degree of accuracy as a proposition (0.05). The collected questionnaire survey
sample in this study is more or equal to the required sample size (S).
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Table 2 Samples collected
from each ward

S. No. Name of ward Sample size

1 Chalai 120

2 East Fort 109

3 Palayam 134

4 Keshavadasapuram 144

5 Medical College 141

6 Pattom 109

7 Nalanchira 162

8 Ulloor 106

9 Thampanoor 113

10 Poojapura 116

Total samples collected 1254

3.7 Determination of Sample Size

Since it is not feasible to interview the whole population, sampling was adopted.
It was ensured that the sample is truly representing the population. Sample size
was calculated from the walk trips produced in the selected area at a confidence
interval of 95 and 3% margin of error. There are three factors such as variability of
a population, the degree of precision and population size that significantly affects
the determination of suitable sample size. Walking accounts for 17% of total trips
produced in the study area [28]. Therefore, the target population considers only walk
trip percentage of whole population of the study area. The minimum number of
sample size obtained is 1068 and about 1254 responses were collected for the study
(Table 2). Only 1091 complete and valid responses were considered for the analysis.
The following Eq. 1 is applied to estimate the sample size of pedestrians from the
population of walk trips at selected wards.

3.8 Objective Data Collection

In this study, built environment attributes were collected using assessment surveys.
These surveys are carried out in ten zones of the study area. Aim of the survey was to
measure and investigate conditions of walking environment such as sidewalk width,
surface quality, cleanliness, etc. Sixty street segments from ten wards were assessed
in the study to collect data on micro-scale built environment factors (Fig. 3). From
each zone, six sidewalk segments were selected for the survey and each sidewalk
segment is of 200-m length. Table 3 presents the data captured for route assessment
surveys.
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Fig. 3 Route assessment
survey at sidewalks

Table 3 Data captured using route assessment surveys

S. No. Data item Method Unit

1 Sidewalk width Measured meters

2 Sidewalk surface quality Estimated % length

3 Presence of bus shelters Count Number

4 Continuity of sidewalks Estimated % length

5 Availability of crossing facilities Count Number

6 Presence of buffer Estimated % length

7 Shaded walk Estimated % length

8 Sidewalk encroachment Count Number

9 Availability of pedestrian amenities Count Number

10 Amenities for physically handicapped people (tactile tiles, ramps) Estimated % length

11 Sidewalk obstructions Count Number

12 Cleaner sidewalks Estimated % length

13 Presence of police patrolling Visual Yes/No

14 Unattended dogs Visual Yes/No

15 Presence of street light Count Number

16 Presence of CCTV cameras Count Number

17 Traffic speed Estimated km/h

18 Traffic volume Count Number

19 Presence traffic signs and signals Count Number

20 Availability of street furniture Count Number

21 Interesting things around Visual Yes/no

22 Trees and landscapes Visual Yes/no

23 Presence of guard rails Estimated % length

24 Raised/segregated sidewalk Visual Yes/no
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4 Formulation of Indices

The characteristics of data sources for each of the factors are different, hence, these
factors often do not line up. Thus, accumulating these data and building indices
are considered to be important. Both objective and subjective indices need to be as
comprehensive as possible. Hence, to form ameaningful and comprehensive compar-
ison of these both objective and subjective measures, these indices need to be theo-
retically equal in construct. This agreement necessitates that even factors are better
at explaining the aspect of environment; they cannot be incorporated in the index
if there are no equivalent factors in the other classification (Objective/Subjective).
The equivalence between the subjective and objective attribute is considered as most
important factor as the value of this comparative analysis is the backbone of this study.
The indices are constructed using a 5 step methodology; conducted literature review
to scrutinize the factors that are most relevant for PLOS of sidewalks; then chosen
measures are consolidated by retaining only those factors that could be measured
both objectively and subjectively. In the third step, correlation and multi-collinearity
of the explanatory factors are assessed. Relevant factors are grouped in the fourth
step using Principal Component Analysis (PCA) to confirm that all groups include
factors. In the final step of the index construction, chosen measures are normalized
and clustered to form indices. The whole process of index construction is presented
in Fig. 4.

Literature 
Review for 
theore cal 
background 

Comparison 
between 

objec ve & 
subjec ve 
measures 

Checking for 
correla on & 

mul -
collinearity 

Principal 
Component 
Analysis  for 

forming groups 

Normaliza on 
& Clustering 

measures 

Objec ve 
Data

Subjec ve 
Data

Step I Step II Step III Step IV Step V

Fig. 4 Steps in index construction
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4.1 Choosing Factors from Literature

As said above, construction of indices started with literature review exploring the
factors used in previous researches to aggregate environmental characteristics (Step
1, Fig. 4). Most of the previous researches considered factors that are important
for walking activity not specifically for PLOS. Quality of the micro-scale street
walking environment is in the interest zone of planners. For example, Sarkar [22]
discussed various factors of built environment that affect PLOS such as comfort,
convenience, security, continuity, system coherence and attraction [22]. Indian code,
IRC-103:2012 [16] presented micro-scale qualitative built environment factors to be
considered for assessing quality of sidewalks, but it has not differentiated the safety
and security factors such as safety from traffic flow and security from crimes. The
code has considered a generalized factor ‘walking environment’ for the qualitative
factor to be considered in assessing PLOS.

4.2 Finding Association

Once the factors that are most relevant to PLOS had been scrutinized, the chosen
factors are measured from objective and subjective viewpoints and are compared for
any direct association (Step 2, Fig. 4). Those factors that are not having a direct asso-
ciation are removed. For Instance, even though the presence of pedestrian amenities
might be related to PLOS of sidewalks, objectively measuring pedestrian ameni-
ties would be difficult, therefore, it was removed. Similarly, presence of interesting
things, presence of trees and landscapes and unattended dogs were also removed due
to the difficulty in objectively measuring it.

4.3 Checking for Correlation

The selected PLOS factors are tested to examine the correlation between explanatory
variable before conducting any statistical analysis (Step 3, Fig. 4). The correlation
coefficients of some factors are greater than 0.3, implying that the multi-collinearity
problem may arise in the analysis. Variation Inflation Factor (VIF) was analyzed to
identify multi-collinearity between the factors. The explanatory variable with a VIF
value greater than 10 has a multi-collinearity problem in the model. The VIF values
for all variables are presented in Table 4. VIF is given by the following formula:

VIFk = 1

1 − R2
k

(2)
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Table 4 Variance inflation
factor (VIF) for all factors

Factors VIF (subjective
measures)

VIF (objective
measures)

Traffic volume 1.871 3.353

Traffic speed 1.976 1.379

Presence of buffer 1.099 1.638

Shaded walk 1.449 1.740

Presence of bus
shelters

1.349 1.414

Presence of police
patrolling

1.348 1.971

Availability of
street light

1.325 1.894

Sidewalk width 1.766 2.170

Sidewalk surface
quality

1.977 2.018

Continuity of
sidewalks

1.746 1.248

Sidewalk
obstructions

1.410 2.225

Sidewalk
encroachment

1.341 1.570

Cleaner sidewalks 1.791 1.293

Facilities for
persons with
disability

1.323 1.600

Pedestrian
amenities

1.532 1.823

Availability of
crossing facilities

1.626 1.712

CCTV 1.535 1.456

Raised sidewalks 1.845 1.365

In the formula, Rk is the deterministic coefficient of the variable k in the model;
generally, if Rk is 10 or above, it could likely be an explanatory variable with multi-
collinearity problem.

4.4 Statistical Confirmation of Groups

The final measures of PLOS chosen through theoretical means which are comparable
in objective and subjective measurement are analyzed with Principal Component
Analysis (PCA). PCA is performed using SPSS to assess whether each chosen index



356 G. R. Bivina and M. Parida

provides a good comprehension of all input variables and thereby process the index
measures (Step IV, Fig. 4). PCA results provided groups thatmeasured amaximumof
the original variance of data. Nevertheless, PCA in this study was not used for factor
reduction or justifying which measures have to be included, as PCA does not specify
which measures are the best for gauging the construct. More specifically, PCA was
not conducted to determine the suitability of variables. It does not disclose which
factors influence PLOS, which is of uttermost regard in this research. Measures
loading at 0.5 or greater than 0.5 are retained for the study. The factors such as
presence of guard rails, traffic signs and signals, raised sidewalks and availability of
street furniture are removed due to their poor loading.

4.5 Normalization and Aggregation of Factors to Form
Indices

Variables obtained after PCA are combined and indices are constructed (Step V,
Fig. 4). These variables are measured in different units and are normalized because
of their different scales. The average of measures is computed for calculating each
index values. The index measures are provided in Table 5.

Table 5 Index measures Index Objective measures

Mobility and infrastructure Sidewalk width

Sidewalk surface quality

Cleaner sidewalks

Continuity of sidewalks

Sidewalk encroachment

Sidewalk obstructions

Facilities for people with disability

Comfort and convenience Presence of bus shelters

Shaded sidewalks

Pedestrian amenities

Security Presence of police patrolling

Presence of street light

Presence of CCTV cameras

Safety Traffic speed

Traffic volume

Availability of crossing facilities

Presence of buffer
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5 Results and Discussion

5.1 Socio-Demographic Characteristics of Respondents

A total of 1254 people were interviewed from ten corporate wards of Thiruvanantha-
puram city, which included people from various socio-economic backgrounds. And
1091 samples are used for the analysis. Preliminary analysis of collected data was
done to check whether the sample represents true population and to identify the walk
characteristics of people. The samples are stratified as follows:

Stratifications based on gender and age group are illustrated in Fig. 5. Out of 1091
persons, 49%weremales. The female tomale ratio of Thiruvananthapuram city from
Census data (2011) is 1.05 and that of collected data is 1.08, which are comparable.
Stratification based on age group shows that 12% were less than 18 years old, 46%
were in the age group of 18–45 years old, 33% in 45–60 years old and 9% who
were greater than 60 years. Based on the profession, samples were distributed as
individuals were classified into seven groups (Fig. 6), students (22%), public service
(24%), private service (26%), house wife (13%), retired (6%), unemployed (3%) and
others such as businesspersons, self-employed included 6%. Based on the level of
income, maximum people have income between Rs. 20,000 and Rs. 30,000 (25%).
Walk characteristics such as walk distance and walking time have been stratified
as shown in Fig. 7. It is noted that maximum number of people walk for work
(21%). About 18% people walk for exercise and 14% for relaxing or evening walk.
Stratification based on walk distance shows that collected data consisted of 29% of
people whowalk 500–1000m per day. About 26% people used to walk 1000–1500m
per day and 275 people walk 400–500 m per day.

48%

52% male

female

12%

46%
33%

9% <18

18-45

45-60

>60

Fig. 5 Sample stratification based on gender and age group
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Fig. 6 Sample stratification based on profession and personal income
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Fig. 7 Sample stratification based on purpose of walking and walking distance

5.2 Distribution of Perceived PLOS Categories Before
and After Evaluation

The final question in the questionnaire was about the overall Level of service offered
by sidewalks. This question was asked twice during the survey; first at the beginning
of the third section of the survey and second time at the end of the questionnaire, after
that the pedestrians reflected on the factors describing theLevel of Service. It has been
found that pedestrian perception towards LOSA is 5.3%before evaluationwhile after
evaluation this value was increased to 7.6%. The category C was perceived by the
higher number of the pedestrians before the evaluation (37.5%). But after evaluation,
when pedestrians are introduced to the PLOS attributes, this trend has changed and
highest category was LOS B with 37.5%. Among 1091 pedestrians, 17.5% (Fig. 8)
and 21.2% perceived LOS D before and after evaluation respectively.
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Fig. 8 Sample stratification
based on purpose of walking
and walking distance
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Fig. 9 Distribution of
perceived PLOS categories
after evaluation
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In general, the perception about the level of service of sidewalks may vary with
gender. Out of 1091 respondents who provided perception towards LOS, 51% (556)
were identified as male pedestrians, 49% (535) were female pedestrians. Perceived
LOS categories for before evaluation and after evaluation have been plotted sepa-
rately for gender (Figs. 9 and 10). In case of before evaluation, the proportion of male
and female pedestrians gave equal percentage of response for LOS C which is the
maximum percentage (38%) obtained when compared to all other LOS categories
(Fig. 9). After evaluation, LOS B received the maximum percentage of responses
i.e. 37% from female pedestrians and 36% from male pedestrians. All LOS cate-
gories of ‘After Evaluation’ are greater than the ‘Before Evaluation’ suggests that
PLOS is better perceived by pedestrians when they are reflected on the characteristics
describing the PLOS of sidewalks.

5.3 Objective and Subjective Factors

Tables 6 and 7 summarize the descriptive analysis of objective and subjective
measures of built environment affecting PLOS of sidewalks. From Tables 6 and
7, it can be observed that all the subjective measures are measured in the scale of 1
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Fig. 10 Effect of pedestrian gender on perceived PLOS categories before evaluation

to 5 Likert scale using questionnaire survey and all objective measures are measured
by route assessment survey respectively. Minimum, maximum, mean and standard
deviation values of all subjective and objective factors are presented. Among the
subjectively measured factors, traffic speed obtained maximum average value (3.61)
and standard deviation value (1.07). Facilities for persons with disability received the
least average value and standard deviation value of 2.03 and 1.05 respectively. The
lowest standard deviation value of 0.94 is obtained for traffic volume factor among
the subjective measures. Table 7 shows that minimum traffic volume obtained is
312 vehicles per hour and maximum is 1174 vehicles per hour. About 70.8% of
the road length is having good surface quality. Facilities for persons with physical
disability are provided only for 15.23% of corridor which is very low. About 76.2%
of sidewalks stretches are cleaner and about 50.23% of sidewalks are continuous.

5.4 Association of Objectively Measured Factors with PLOS

The dependent variable (PLOS) in this model is obtained from the questionnaire
survey. Since the dependent variable in this model is ordinal, and ordinal logistic
regression model has been adopted for analyzing the factors influencing perceived
PLOS. PLOS obtained after evaluation has been taken in the analysis. Respondents
were asked to rate the overall PLOS of sidewalks they walk using a 6 point Likert
scale from 1 to 6 for LOSA to LOS F respectively. Themodel results are presented in
Table 8.Models are run for objectivelymeasured variables (M1), subjectivemeasured
variables (M2), a combined objective, and subjective measured variables (M3).

Socio-demographic characteristics such as age, employment and service are not
significant in any of the models (Table 8). Work trips and educational trips are also
positively and significantly associatedwith PLOS of sidewalks. However, gender and
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Table 6 Descriptive statistics of subjective measures

S. No. Data item Min Max Mean Std. Dev.

1 Sidewalk width 1 5 3.36 0.97

2 Sidewalk surface quality 1 5 3.23 1.04

3 Presence of bus shelters 1 5 3.28 1.00

4 Continuity of sidewalks 1 5 3.13 1.02

5 Availability of crossing facilities 1 5 3.32 1.01

6 Presence of buffer 1 5 2.15 0.70

7 Shaded walk 1 5 3.08 1.02

8 Sidewalk encroachment 1 5 3.08 1.02

9 Availability of pedestrian amenities 1 5 3.13 1.03

10 Facilities for people with disability 1 5 2.03 1.05

11 Sidewalk obstructions 1 5 2.69 1.05

12 Cleaner sidewalks 1 5 2.99 1.03

13 Presence of police patrolling 1 5 2.92 1.19

14 Unattended dogs 1 5 3.07 1.11

15 Presence of street light 1 5 3.32 1.05

16 Presence of CCTV cameras 1 5 2.42 1.15

17 Traffic speed 1 5 3.61 1.07

18 Traffic volume 1 5 3.58 0.94

19 Presence traffic signs and signals 1 5 2.99 1.07

20 Availability of street furniture 1 5 2.80 1.07

21 Interesting things around 1 5 2.92 0.99

22 Trees and landscapes 1 5 2.79 0.98

23 Presence of guard rails 1 5 3.17 1.14

24 Raised/segregated sidewalks 1 5 3.28 0.42

walking distance are significant in many of the models. Compared to women, men
had negative association in perceiving PLOS which indicates that women are more
likely to perceive PLOS better than men are. Therefore, they have a high perception
for the PLOS of sidewalks. These results are quite expected but when compared to
the previous researches, these results are different. More women at younger ages
can walk for leisure than men. But at older ages, these differences among gender for
walking is small [29].Womenwith children walkmore for leisure activities thanmen
[30]. This result also may be due to the fact that women population in the sample is
higher than males and also most of the female participants have children with which
they would probably walk more for shopping and leisure activities. Similar results
are found for gender variables in the study of Rahul and Verma [30] where men had
a negative effect on probability of walking. Compared with other trips, work trips
showed a positive association with PLOS. For PLOS, the walk purpose variable is
insignificant with a p-value greater than 0.05 in all the three models. This may be
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Table 7 Descriptive statistics of subjective measures

S. No. Data item Min Max Mean Std. Dev.

1 Sidewalk width (m) 0.80 2.80 2 0.00 0.23

2 Sidewalk surface quality (%) 32.00 80.23 70.80 2.30

3 Presence of bus shelters (number) 0.00 1.00 0.20 0.40

4 Continuity of sidewalks (%) 23.00 63.00 52.30 1.79

5 Availability of crossing facilities (number) 0.00 2.00 1.07 0.76

6 Presence of buffer (%) 0.00 12.00 4.33 4.66

7 Shaded walk (%) 0.00 46.00 13.90 27.14

8 Sidewalk encroachment (%) 0.00 52.00 24.80 3.28

9 Availability of pedestrian amenities (number) 0.00 2.00 0.15 0.44

10 Amenities for physically handicapped people
(%)

13.80 18.9 15.23 3.42

11 Sidewalk obstructions (number) 3.00 8.00 5.6 1.16

12 Cleaner sidewalks (%) 28.00 82.30 76.20 2.39

13 Presence of police patrolling (yes = 1/no = 0) 0.00 1.00 0.16 0.56

14 Unattended dogs (yes = 1/no = 0) 0.00 1.00 2.45 0.56

15 Presence of street light (number) 0.00 6.00 0.40 1.15

16 Presence of CCTV cameras (number) 0.00 3.00 52.30 0.80

17 Traffic speed (km/h) 40.50 60.95 722.08 3.01

18 Traffic volume (number) 312.00 1174.00 0.40 237.34

19 Presence traffic signs and signals (number) 0.00 4.00 0.32 0.76

20 Availability of street furniture (number) 0.00 1.00 0.45 0.53

21 Interesting things around (yes = 1/no = 0) 0.00 1.00 2.92 0.32

22 Trees and landscapes (yes = 1/no = 0) 0.00 1.00 0.79 0.98

23 Presence of guard rails (%) 49.00 95.50 86.13 69.32

24 Raised/segregated sidewalks 0.00 1.00 0.80 0.45

due to the fact that major number of school trips uses school bus or public transport
for their journey and their perception on PLOS could be insignificant.

Model 1 included all factors of objective measurement along with the socio-
demographic factors of walking. All objectively measured built environment factors
showed a significant relation with the perceived pedestrian level of service. This
implies that each of the objectively measured factors has a significant influence on
PLOS of sidewalks irrespective of their signs. ‘Comfort’ and ‘Security’ measure
obtained significant negative loading on PLOS which indicates that it is difficult to
measure comfort factors manually for PLOS evaluation. These factors vary from
person to person and it actually depends on the majority of user’s perception. The
obstruction free, clean and shaded pedestrian network with considerable number of
crossing facilities provide a comfortable walking environment. In addition, facilities
for personswith physical disability such as tactile pavements, ramps, etc. are provided
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Table 8 Model analysis results

Variables Model 1 Model 2 Model 3

Coeff. Sig. Coeff. Sign. Coeff. Sign.

Dependent variable PLOS of sidewalks LOS A, LOS B, LOS C, LOS D, LOS E and LOS F

Socio demographic
and trip characteristics

Gender (males) − 0.41 0.00 − 0.46 0.00 − 0.47 0.00

Age
(18–45 years)

− 0.05 0.52 − 0.14 0.10 − 0.09 0.33

Income (above
20,000)

0.08 0.05 0.02 0.69 0.05 0.31

Walking time
(≤10 min)

− 0.10 0.31 − 0.21 0.23 − 0.22 0.04

Walking distance
(upto 500 m)

0.08 0.04 0.09 0.04 0.04 0.37

Work
(public/private
service)

0.07 0.04 0.09 0.020 0.10 0.03

Walk purpose
(education)

0.05 0.65 0.05 0.666 0.05 0.67

Objective variables obj_comf − 0.27 0.00 − 0.04 0.68

obj_mobility 1.28 0.00 0.87 0.03

obj_security − 0.49 0.00 − 0.31 0.22

obj_safety 0.51 0.00 − 0.39 0.11

Subjective variables sub_comfort 0.20 0.04 0.25 0.03

sub_mobility 1.93 0.00 − 2.22 0.00

sub_secuirty 0.13 0.00 0.45 0.06

sub_safety 0.76 0.00 0.77 0.00

Model fit statistics

Cox and snell 0.462 0.539 0.629

Nagelkerke 0.482 0.578 0.676

Mc-Fadden 0.298 0.331 0.401

wherever necessary. A secure pedestrian network has adequate number of street
lighting and CCTV cameras for surveillance and it also provides police patrolling
especially at night. All these factors have psychological traits. Specifically, these
factors can be measured in a way that people internalize them from the environment
they interact with; therefore, they cannot be measured as such easily by any audit
methodology.
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5.5 Association of Subjectively Measured Factors with PLOS

Micro level subjective factors of built environment are positively associated with
pedestrian level of service. These factors when measured objectively have also
showed a positive association with perceived PLOS of sidewalks except ‘Comfort’
and ‘Security’ measures. The comfort factor was associated with pedestrian level of
service both objectively and subjectively butwith opposite signs, which indicates that
‘comfort’ factor whenmeasured objectively has less impact on perceived PLOS. The
significance of ‘Mobility’ is not a surprising association on pedestrian level of service
of sidewalks, as thismeasure is significant in almost all past studies of pedestrian level
of service [31]. ‘Mobility’ measure has a significant positive association with PLOS
whenmeasured objectively and subjectively. This result implies that factor ‘Mobility’
measured in perception survey or by audit can impact the PLOS. Model 2 integrated
socio-demographic factors and subjective factors of walking environment. In this
model, all factors of subjective measurement are significant in predicting Pedestrian
Level of Service. All the factors of subjective measures of walking environment such
as Comfort, Safety, Security and Mobility are positively associated with perceived
pedestrian level of service. Results imply that all environmental factors of walking
both objectively and subjectively measured are significantly associated with PLOS
and walking behavior. Therefore, both qualitative and quantitative measures can be
subjectively measured to determine its influence with the PLOS of sidewalks (Table
8).

5.6 Association of Objectively and Subjectively Measured
Factors with Pedestrian Level of Service

The final model (Model 3) includes both perceptual and objective measures. Almost
all factors remained and preserved same directionality (Table 8). ‘Comfort’ and
‘Safety’ factor are again negatively associated with PLOS from the perspective of
objective evaluation as in theModel 1. This result may imply that in case of measures
such as ‘Comfort’ and ‘Safety’, what people experience from environment is quite
different from what is there in reality. And both actual and perceived environmental
measures are potentially related to behavioral characteristics. Even though indices are
developed to be equal, they are not the mirror images of each other. This may be due
to the mismatch in measurement of factors. Interestingly, only ‘Mobility’ measure
is the significant objective measure associated with PLOS in the final model. All
other association of objective measures on PLOS is insignificant. In the final model,
most of the subjective factors have a significantly a good association with PLOS
and walking behavior than objective factors. These results imply that ‘Mobility’
factor which being a quantitative factor can be measured quantitatively as well as
qualitatively for the measurement of PLOS, but other qualitative factors such as
safety, security and comfort can only be measured subjectively or perceptually for
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the analysis of PLOS.Model 3 is comparedwith others for fit indices,which indicated
that Model 3 has significantly better fit than other models.

5.7 Association of Objectively and Subjectively Measured
Factors with Pedestrian Level of Service

The final model (Model 3) includes both perceptual and objective measures. Almost
all factors remained and preserved same directionality (Table 8). ‘Comfort’ and
‘Safety’ factor are again negatively associated with PLOS from the perspective of
objective evaluation as in theModel 1. This result may imply that in case of measures
such as ‘Comfort’ and ‘Safety’, what people experience from environment is quite
different from what is there in reality. And both actual and perceived environmental
measures are potentially related to behavioral characteristics. Even though indices are
developed to be equal, they are not the mirror images of each other. This may be due
to the mismatch in measurement of factors. Interestingly, only ‘Mobility’ measure
is the significant objective measure associated with PLOS in the final model. All
other association of objective measures on PLOS is insignificant. In the final model,
most of the subjective factors have a significantly a good association with PLOS
and walking behavior than objective factors. These results imply that ‘Mobility’
factor which being a quantitative factor can be measured quantitatively as well as
qualitatively for the measurement of PLOS, but other qualitative factors such as
safety, security and comfort can only be measured subjectively or perceptually for
the analysis of PLOS.Model 3 is comparedwith others for fit indices,which indicated
that Model 3 has significantly better fit than other models.

6 Conclusion

Researchers have started giving importance to psychological factors in the travel
behavior analysis. In order to increase the understanding of human behavior, under-
standing of environment is necessary. People behave in accordancewith the emotions
and other psychological factors. Most of the past PLOS studies have focused on
objective assessment of environment. This may be due to the fact that for a large
sample, it is difficult to capture peoples’ perception of the environment in consis-
tent manner. This study attempts to bring all the factors, perceptions, behavior and
environment together. It tries to explore the relationships to better understand how
PLOS is determined for sidewalk and which types of measurement of environmental
factors have high association with the PLOS. The results of this study support some
direct relationship between the environment and Pedestrian Level of Service (PLOS)
of sidewalks. While both subjective and objective measures for mobility factor is
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strongly associated with PLOS, factors of other domains yielded weaker and non-
significant associations. The study results imply that subjective/perceptual data along
with objective evaluation of environment are significant in many ways and play a
good role in predictions of Pedestrian Level of Service analysis.

The study indicates some of the environmental measures are only significant when
they are measured subjectively. For instance, the factors such as comfort, safety
and security are only significant when measured subjectively. Therefore, in order to
completely understand the association between environment and PLOS of sidewalks,
it is essential to assess each of the environmental factors separately, i.e. some factors
should be measured objectively and some factors should be measured subjectively.
The study results prove that when factors which aremeasured objectively and subjec-
tively are taken together, they reveal more about the association of environmental
measures and walking behavior (PLOS). The study supports the need to measure the
qualitative environmental factors subjectively in the PLOS modelling.
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Development of Public Transport
Serviceability Index for Metro
Cities—A Case Study of Kochi City

S. Shaheem, K. Shijil, and S. Sreelekshmi

1 Introduction

Developing countries like India are in search of sustainable solutions to their trans-
portation problems arising due to exponential growth of vehicular traffic in its cities.
Finding sustainable solution is extremely difficult due to the unplanned growth of
cities coupled with rapid pace of urbanization, mixed traffic conditions, poor service
level of public transport facilities and deteriorating air quality.

In the past decade, Kochi has witnessed increased economic growth with invest-
ments in projects such asKochimetro,Vallarpadom InternationalContainer Terminal
(VICT), shoppingmalls, Smart City and Info park. All these investments are boosting
the regional economy and employment, resulting in increased vehicular traffic in the
city roads. Kochi has diverse public transport mode choices such as bus, ferry, train
and metro rail services. But the city is experiencing increased dependency on private
motor vehicles for personal trips, leading to increased vehicular congestion, acci-
dents and emissions. The earlier studies in Kochi have indicated the inadequacy of
existing transportation infrastructure to serve the future travel demand and a high
growth in the private vehicle share in the city.

A measure of existing public transportation system and its shortcomings and the
need for coordination between different modes of transport need to be considered
developing policymeasures for improving the traffic scenario of the city. The concept
of public transport serviceability index is used for evaluating the performance of the
public transportation system of the city, with the help of which users can presumably
discern various levels of serviceability among different cities andmodes of transport.
The serviceability of a public transport system is a user’s judgement of the level of
service that a particular mode of transport provides at any point in time. By finding
serviceability index values, it becomes possible to see the period of time during
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which the system provided acceptable service. The study aims to find how the public
transportation system of Kochi city performed through the concept of serviceability
and serviceability index.

2 Scope and Objectives

The main objectives of this study are

1. To study the characteristics of existing public transportation system of the city
2. To develop a public transport serviceability index for Kochi city
3. To suggest policy measures for increasing the public transportation services in

Kochi.

The scope of the study was limited to three major metro stations namely, Kaloor,
Edappally and Aluva, and its immediate surroundings.

3 Literature Review

Errampalli [1] developed a methodology to determine the level of integration
(Sustainability Integration Index) between metro rail and bus incorporating sustain-
ability. The approach identified 12 indicators under three main domains of sustain-
ability namely, economic, social and environmental, and it was used as a measure
of existing level of integration between metro rail and Buses. The methodology
developed was applied for evaluating policies referring for integrating Metro and
Bus service in Delhi. The study found that the policy of increasing bus frequencies
resulted inmaximumSustainability Integration Index value of 4.8% average increase
for all four metro stations followed by the policy of relocating bus stops to improve
connectivity and the policy of common fare collection with 4.3% and 3.8% increase,
respectively.

Litman [2] proposed guidelines for the selection of indicators for sustainable
transportation planning. It described factors to consider while selecting indicators
and identified potential problems with conventional indicators. With suitable exam-
ples, the paper provides recommendations for selecting indicators for use in a specific
transportation problem. Jeon [3] found that traditional method of analysing trans-
portation sustainability considered only the transportation system effectiveness, effi-
ciency and environmental impacts of the system. Author observed that the existing
indicator systems did not capture the importance of education and infrastructure
security as critical tool for moving infrastructure systems towards sustainability. The
study proposed refining the existing visions and indicator systems to support the
progress towards sustainable infrastructure systems.
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4 Study Area

Kochi is a large city in Kerala and is widely referred as the commercial capital
of Kerala. Recently, Kochi has witnessed increased economic growth with major
investments in projects such as Kochi metro, Vallarpadom International Container
Terminal (VICT), Lulu mall, Smart City and Info park resulting in boosting the
regional economy and employment in the city. The city, which is greatly dependent
on public transport for its mobility needs, has following modes of Public transport:

• Metro
• Public transport bus
• Inland waterways (Ferry)
• Sub urban train services.

In case of inland waterways, majority of the boats are old and are in a dilapidated
state due to which the water transport system is losing out on competing with other
motorized modes in the city. Currently, the operational frequency of ferry system
is very low resulting in lesser mode share and the sub-urban train services also
offer less connectivity when compared to metro and bus. Thus the present study
considered only the two modes, Metro rail and bus in developing the public transport
serviceability index. Kochi Metro starts from Aluva and ends at Pettah covering a
length of about 28 km. The Metro project is likely to be extended to SN junction
near Thrippunithura soon as the construction is under progress. At present Kochi
metro operates from Aluva to Maharajas College Junction. The study focuses on
three major metro stations namely, Edappally, Kaloor, Aluva and surrounding bus
stops. Edappally metro station witnessed the highest boarding/alighting of about
7000 passengers/day, followed by Aluva station with 5500 passengers and Kaloor
station with 2000 passengers per day.

5 Methodology

5.1 General

The core part of the study lies in the formulation of a well-defined methodology
that ensures an effective analysis and proposals for formulating a public transport
serviceability index for Kochi city. The methodology adopted for the study is as
shown in Fig. 1.

A detailed literature survey was conducted to identify the study area in Ernakulam
city. The survey locations were selected which were the three metro stations at
Kaloor, Edappally and Aluva. These three stations were selected as there was mass
movement of people across the influence zone of these three stations when compared
to the others. An expert opinion survey was conducted to assign suitable weights to
the factors selected for the study. Data were collected from study area by passenger
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Fig. 1 Study methodology

opinion surveys among the users of car, bus, two wheeler, auto and pedestrians. The
passenger opinion survey was conducted at all the three metro stations and bus stops.
From passenger opinion surveys the existing public transport attributes are identified.
The collected data were analysed, and recommendations were framed.

Sample size depends upon the public transport trips under study. In the city of
Kochi, the number of public transport trips per day is 87031. The minimum sample
size obtained by taking a confidence level of 95% is 1054.

6 Data Collection

For developing the public transport serviceability index, different data related to the
existing public transport system of Kochi city were needed to be collected.
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6.1 Expert Opinion Survey

An expert opinion survey was conducted among 30 expert personnel in the field
of transportation planning, and they were provided with a list of 14 factors, and
were asked to rank the factors according to their significance. The 14 factors were:
accessibility, travel cost, transfer time, comfort and convenience, safety and secu-
rity, parking cost, travel time, reliability, frequency, crew behaviour, passenger
information system, travel speed, weather conditions and waiting time.

6.2 Passenger Opinion Survey

The passenger opinion survey was conducted at the metro stations and bus stops
across the study area in order to collect the details regarding socioeconomic aswell as
travel characteristics of commuters. Itwas done atmetro stations andbus stops located
atKaloor, Edappally andAluva. The surveywas conducted from9:00AM to 5:00 PM
at the study locations covering the peak hours. The socioeconomic characteristics
were assessed by considering factors such as age, gender, nature of job, monthly
income and vehicle ownership. Travel characteristics included distance from home to
office, mode of conveyance, reasons for choosing the mode, waiting time, in-vehicle
travel time, cost of travel, etc. A user perception questionnaire was also included to
get the commuter ratings about the major travel characteristics such as: travel time,
travel cost, waiting time, reliability, transfer time, comfort and convenience, safety
and security, frequency, accessibility and in-vehicle time/out vehicle time factor.
Thus, weightages were assigned to each of the attributes by analysing the rating
provided by the commuter.

7 Preliminary Data Analysis

The collected data was sorted and organized in Microsoft Excel into a format given
in the following tables to fit for analysis. The following shows the summary of
the characteristics sample of commuters studied. Table 1 gives the summary of the
sample of commuters collected by passenger opinion survey.

Sample size had a total of 1100 passengers interviewed out of which male and
female participation as 63% and 37%, respectively. Average income of 47% of the
commuters using the metro had a value in between Rs. 10,000 and Rs. 20,000.
Majority of the commuters opinioned that the metro fare was very high compared to
the bus services. It indicated that the lower incomepeople had a lowproportion among
the commuters travelling in metros. It was found that there would be a 7.8% increase
inmetro userswith a 25% reduction inmetro fare.As the income increased, the choice
for the commuters widened and the use of private vehicles became predominant in
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Table 1 Summary of the
sample of commuters
collected by passenger
opinion survey

Characteristics Classification Sample size (%)

Gender Male 62.8

Female 37.2

Age < 18 5.1

18–25 37.9

26–40 34.2

41–60 17.6

> 60 5.1

Education Upto 12th Std. 17.7

Graduate 58.2

Post graduate 8.3

Professional 13.1

Illiterate 2.7

Occupation Govt. employee 2.5

Private employee 35.4

Student 27.4

Business 10.7

Housewife 14

Retired 3.3

Unemployed 3.1

Others 3.6

Vehicle ownership No vehicle 43.4

Only TW 40.2

Only car 2.3

Both TW and car 14.2

their travel choices. Figures 2 and 3 denote the income distribution and trip purpose
distribution of the respondents, respectively.

It was observed that 56% of the commuters had an access distancemore than 1 km
followed by 23 % of commuters having access distance between 250 and 500 m. It
was found that majority of the commuters having less access distance to the bus tops
or metro stations (i.e. less than or equal to 250 m) chose walking to reach the stations
or stops. As the access distance increased, preference for walking decreased and the
selection of two wheeler as the mode increased. It was also found that majority of
the commuters having less access distance to the destinations from the bus tops or
metro stations (i.e. less than or equal to 250 m) chose walking as their mode. As the
egress distance increased, the mode shares of car and two wheeler increased.
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Fig. 2 Income distribution

Fig. 3 Trip purpose distribution

8 Estimation of Sustainability Indicators
and Sustainability Integration Indices for the Study Area

Thefinal aimof this study is to determine the serviceability index value for Edappally,
Kaloor and Aluva in the Kochi city which indicates the existing level of service
offered by the public transportation system as well as to compare the service aspects
of the public transport system in the three metro stations as well as of the bus stops.
An expert opinion survey was conducted among 30 expert personnel in the field
of traffic and transportation planning. While conducting expert opinion survey, the
commuters were asked to rate the travel attributes on a ten point scale so as to
obtain weightages corresponding to their significance in the mode choice decision
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Table 2 Weightages for
public transport attributes

S. No. Attributes Weightages (1–10)

1 Travel time 9.67

2 Travel cost 9.33

3 Waiting time 8.56

4 Reliability 8.33

5 Transfer time 8.67

6 Comfort and convenience 8.22

7 Safety and security 8.33

8 Frequency 8.44

9 Accessibility 8.67

10 In vehicle time/out vehicle time 9.00

of a public transport user. Assigning the weightages to the public transit attributes
according to their relevance in a public transport commute is a significant step towards
development of public transport serviceability index. Values nearer to 10 indicated
that the variable was considered as major factor in the selection of public transport
mode by a commuter, whereas values nearer to 1 indicated less significance for the
variable. Table 2 shows the weightage assigned to each public transport attribute.
The data collected from passengers waiting at metro stations and bus stops was used
to estimate the value of serviceability indicators based on the quantitative measures
obtained in the survey field and the number of commuters. The summary of indicators
is presented in Table 3. The average value of serviceability indicators for each of the
metro station was computed by giving equal importance to each of the individual
indicators. However, it may not be true that all the indicators have equal importance.

9 Estimation of Public Transport Serviceability Index

The public transport serviceability index value representing the existing level of
service provided by public transport system is estimated for all the threemetro station
locations. The weightage obtained for indicators based on an expert opinion survey
as shown in Table 3, and the values estimated for various serviceability indicators
through commuter opinion survey are collated and expressed inTable 2.Theweighted
value for every indicator is calculated by taking the product of average value of the
indicator obtained by conducting opinion survey among commuters at metro station
and bus stops and weightage of the indicator resulting from commuter rating. The
final public transport serviceability index value was then obtained by accumulating
the weighted value of all the indicators are shown in Table 4.

From Table 4, it is found that Kaloor metro station and bus stops around the metro
station have the highest public transport serviceability index valuewith themaximum
value of serviceability index of 48.86, followed by Aluva with 38.40 and Edappally
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Table 3 Summary of serviceability indicators obtained from commuter survey

S. No. Indicators Value of public transport indicators

Kaloor Edappally Aluva

Metro
station

Bus stop Metro
station

Bus stop Metro
station

Bus stop

1 Travel time 0.38 0.29 0.47 0.43 0.39 0.41

2 Travel cost 0.37 0.34 0.39 0.26 0.26 0.25

3 Waiting time 0.42 0.40 0.39 0.26 0.43 0.32

4 Reliability 0.90 0.40 0.90 0.26 0.9 0.32

5 Transfer time 0.29 0.37 0.27 0.24 0.15 0.23

6 Comfort and
convenience

0.28 0.21 0.26 0.17 0.25 0.17

7 Safety and
security

0.26 0.22 0.26 0.22 0.25 0.23

8 Frequency 0.8 0.26 0.80 0.29 0.8 0.24

9 Accessibility 0.19 0.16 0.22 0.21 0.26 0.20

10 In vehicle
time/out
vehicle time

2.09 2.47 1.43 0.31 1.27 1.42

Table 4 Summary of computation of serviceability index for study locations

S. No. Indicators Value of public transport indicators

KALOOR EDAPPALLY ALUVA

1 Travel time 3.24 4.35 3.87

2 Travel cost 3.31 3.03 2.38

3 Waiting time 3.51 2.78 3.21

4 Reliability 5.41 4.83 5.08

5 Transfer time 2.86 2.21 1.65

6 Comfort and convenience 2.01 1.77 1.73

7 Safety and security 2.00 2.00 2.00

8 Frequency 4.47 4.60 4.39

9 Accessibility 1.52 1.86 1.99

10 In vehicle time/out vehicle time 20.52 7.83 12.11

Public transport serviceability index 48.86 35.27 38.40

with 35.27. The public transportation system at Kaloor offers the best level of service
among the three locations studied owing to the better physical integration between the
metro station and the bus stops at Kaloor. The commuters have bus stops and NMT
facilities closer to the metro stations enabling them to make transfers easily. Waiting
time and transfer time are comparatively less at the Kaloor location than the other
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Fig. 4 Estimated sustainability integration index in the study area

two locations. Figure 4 illustrates the graphical representation of the sustainability
index values. The less value obtained for Edappally can be explained due to the poor
connection between the bus stop and the metro station when compared to the other
two locations. Most of the commuters arriving at the Edappally metro station make
their way to the Lulu Mall through the flyover and very less wait to make transfers
to the bus or NMT facilities.

10 Conclusions

It was observed that 56% of the commuters had an access distance more than 1 km
followed by 23% of commuters having access distance between 250 and 500 m. The
average ridership of the commuters is ranging from 30,000 to 40,000 commuters per
day during normal working days. It was also found that majority of the commuters
having less access distance to the bus tops or metro stations (i.e. less than or equal to
250m) chose walking to reach the stations or stops. As the access distance increased,
preference for walking decreased and the selection of two wheeler as the mode
increased.

Another observation was that majority of the commuters having less access
distance to the destinations from the bus stops or metro stations (i.e. less than or equal
to 250 m) chose walking as their mode. As the egress distance increased, the mode
shares of car and two wheeler increased. Average income of 47% of the commuters
using the metro had a value in between Rs. 10,000 and Rs. 20,000. Majority of the
commuters opinioned that the metro fare was very high compared to the bus services.
About 7.8% of the commuters expressed willingness to shift to metro with a 25%
reduction in metro fare.

From the analysis, it was found that work trip was the predominant trip among the
commuters. The most relevant indicators identified from expert opinion survey for
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using public transport modes were: travel time, travel cost, waiting time, reliability,
transfer time, comfort and convenience, safety and security, frequency, accessibility
and in-vehicle time/out-vehicle time factor. The public transport serviceability index
value representing the existing level of service provided by public transport system
(metro and bus) was estimated for all the three metro station locations of Edappally,
Kaloor and Aluva in the Kochi city.

Itwas found that thatKaloor locationhas the highest public transport serviceability
index value with the maximum value of serviceability index of 48.86, followed by
Aluva with 38.40 and Edappally with 35.27. The public transportation system at
Kaloor offers the best level of service among the three locations studied owing to the
better physical integration between the metro station and the bus stops at Kaloor. The
commuters have bus stops and NMT facilities closer to the metro stations enabling
them to make transfers easily. Waiting time and transfer time are comparatively less
at the Kaloor location than the other two locations. The least value obtained for
Edappally can be explained due to the poor connection between the bus stop and
the metro station when compared to the other two locations. Most of the commuters
arriving at the Edappally metro station make their way to the Lulu Mall through
the flyover and very less wait to make transfers to the bus or NMT facilities. The
serviceability index value at Edappally and Aluva can be improved by enhancing
physical integration between the metro and the bus. This can be achieved by proper
placement of bus stops enabling convenient transfers for the commuters within the
public transportation system.
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Economic Evaluation of a Highway
Project Using HDM-4: A Case Study
of Widening of Ahmedabad-Bagodara
National Highway

Yash Tahiliani, L. B. Zala, and Pinakin Patel

1 Introduction

Road transport, in a developing country like India, plays an exceptional role in
economic development. The construction of roads and operation of traffic on the
roads leads to various advantages resulting in benefits to all other sectors of economy.
Highway is an important construction of civil engineering, which requires huge
amount of expenditure. Economic evaluation of highway also known as highway
project appraisal is a method in which the costs and benefits from a road project
are computed for a selected time horizon and analyzed by a particular point of
reference [1]. Also, economic nalysis serves a number of purposes such as preparing
highway plans at various levels, prioritizing various highway schemes, comparison
of mutually exclusive projects, determining whether the project is worth investing,
analyzing alternative strategies, standards and policies.
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1.1 Literature Review

Many research works have been carried out in the field of economic evaluation of
highways and other transportation projects using IRC method and HDM-4. Trans-
portation fundingmust be allocated properly for constructing andmaintaining a good
transportation system and for providing the infrastructure required for growth and
economic development of a region.

Availability of funds sometimes restricts the augmentation of capacity on the
transportation network. Economic viability of the project on the region, combined
with the impacts of the project to the economy, should be considered whilst making
important decisions on allocating transportation funds [2]. As transportation plays
and outstanding role in a country’s economic growth and huge investments that
are required, a thorough economic evaluation of these investments is unavoidable.
Use of current methods of economic appraisal, their improvement and incorpora-
tion of the LCCA into the investment decision process is studied [3]. Benefits of
construction of new road infrastructures in Chandigarh city of Punjab have been
evaluated by carrying out benefit–cost analysis of the expenditures involved and
returns obtained in terms of economic internal rate of return. Also, sensitivity anal-
ysis has been carried out to check the economic viability of the project [4]. Optimum
maintenance treatment for the urban road network in Chennai has been determined
from the various alternatives recommended in Government of India specifications
using HDM-4 [5]. Calibration of the HDM-4 for pavement deterioration models
has been conducted for a national highway network located in the Uttar Pradesh and
Uttaranchal of India. Data for cracking, ravelling, potholing and roughness have been
collected, analyzed and used for calibration of the HDM-4 [6]. HDM model level-1
calibration according to local conditions has been carried out for a state highway in
Uttar Pradesh. Factors viz., roughness-age environment, crack initiation and crack
propagation have been computed [7]. The purpose of evaluating mutually exclusive
highway alternatives is to choose the most beneficial one for project implementation.
Different analytical techniques for evaluation of alternatives like cost-effectiveness
(C/E) technique, benefit-to-cost ration (B/C) technique, internal rate of return (IRR)
technique, payoff period (PP) technique have been explained [8]. HDM-4 software
can be used for aiding the highway planners for allocation of funds and also for deter-
mining priorities to increase the effectiveness of expenses incurred in the construction
and maintenance of pavement. The strategic analysis of a network of selected urban
roads of Noida City has been carried out using HDM-4 software for maximizing the
NPV and minimizing the costs for gaining a target international roughness index [9].

1.2 Methods of Economic Evaluation

Anumber of methods have been developed, and the literature on them is voluminous.
The various important methods are as follows:
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1. Net present value (NPV) method
2. Benefit/cost (B/C) ratio method
3. Internal rate of return (IRR) method.

1.3 Introduction to HDM-4

Economic analysis is important parameter in making decisions related to highway
investments. World Bank’s HDM-4 software is an important tool to which not only
performs economic analysis but is also helpful in planningmaintenance strategies for
highways and also to perform life cycle cost analysis. The three major applications
of HDM-4 are

1. Strategy analysis: It includes planning of strategy for highways like mainte-
nance, reconstruction, rehabilitation, etc.

2. Project analysis: It includes economic analysis for highway projects, estimation
of road user costs and benefits, etc.

3. Programme analysis: It includes prioritization of a defined long list of candidate
road projects into a one-year or multi-year work programme under defined
budget constraints.

2 Research Objective

The main aim of this study is to carry out economic analysis of widening of
Ahmedabad-Bagodara national highway using HDM-4 software. The objective of
this study is to study various aspects of economic appraisal to determine necessity of
widening and to check the economic feasibility ofwidening ofAhmedabad-Bagodara
national highway using IRC SP:30-2009 and HDM-4 along with sensitivity analysis.

3 Methodology

The methodology in this study involves six stages. In the first stage, the stretches
have been identified, selected, and the road inventory data have been collected. In
the second stage, classified traffic volume count study has been carried out for the
stretch for 7 days-24 h. Pavement condition survey has been performed formeasuring
the surface distresses like pothole, ravelling, patching, edge breaking and surface
cracking. Pavement composition and soil CBR have also been determined. In the
third stage, secondary data like topographical data and petrol-pump sales data have
been collected which serve as an input to economic analysis.

Traffichas been converted fromaveragedaily traffic (ADT) to annual averagedaily
traffic (AADT) by using seasonal correction factors. In the fourth stage, capacity
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analysis has been performed to determine the necessity for widening the existing
highway. In the fifth stage, economic analysis has been performed using IRC SP:30-
2009 along with sensitivity analysis to find out the economic indicator results. In
the sixth stage, economic analysis has been performed using HDM-4 along with
sensitivity analysis, and economic viability of project has been determined based on
the values of the NPV, B/C ratio and economic internal rate of return (EIRR).

4 Data Collection

4.1 Study Area Profile

The national highway under consideration is a part of NH-47 which connects Rajkot
and Ahmedabad cities of India. Study area starts form the outskirts of Ahmed-
abad, from Changodar village and traverses and connects various cities/villages like
Bavla, Bhayala and Bagodara with Ahmedabad. The highway provides connectivity
to Jamnagar and Mundra ports with the rest of the nation. These centres are to
become crucial given the likely high level of investments getting attracted in the
SEZs therein. The total length of the study area is approximately 33.465 km. The
widening of the existing project from 4 to 6 laning divided carriageway will not only
result in reduced travel time and increase in speed, but will also lead to safe and
efficient traffic operation and will accommodate the future growth in traffic.

4.2 Road Inventory

The existing pavement width consists of an average 7.0 m carriageway and 1.5 m
shoulder on both sides includingmedian of 2.0mwidth. There are around 30 culverts,
10 minor and 1 major road over bridge along the length of highway. Also, there are
2 major junctions and 22 minor junctions which are present at the existing highway.

4.3 Traffic Survey

Classified traffic volume count survey is carried out to determine volume of different
categories using roads. In this study, classified traffic volume count has been
performed for 7 days, 24 h as suggested in IRC SP:19-2001 [10]. Traffic volume
count has been carried for NH-47, stretch starting from Ch.0+000 to Ch.33+465,
i.e., from Ahmedabad (Changodar) to Bagodara at Ch.19+465 for both sides.

LHS indicates direction of travel from Ahmedabad to Rajkot.
RHS indicates direction of travel from Rajkot to Ahmedabad (Table 1).
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4.4 Pavement Condition Survey

Pavement condition survey has been performed to determine various types of pave-
ment distresses. This is an essential survey to be performed as it gives the amount
of different distresses present on the existing pavement and it also serves as an
input parameter to HDM-4 based on which vehicle operating costs and maintenance
requirements are evaluated. Various types of distresses observed on the existing
highway are cracking, pothole, ravelling, rutting and edge breaking.

4.5 Pavement Composition and Soil CBR

Flexible pavement comprises of different layers. These layers are granular sub-base
(GSB), water bound macadam (WBM), bituminous macadam (BM), bituminous
concrete (BC) and semi-dense bituminous concrete (SDBC), etc. The thickness of
all these layers needs to be known because it serves as an input parameter in HDM-
4 to compute the structural number of pavement (SNP). The main application of
California bearing ratio (CBR) is to evaluate the stiffness modulus and shear strength
of subgrade. The CBR of the subgrade layer needs to be known because it serves as
an input parameter in HDM-4 to compute the structural number of pavement (SNP).

4.6 Topographical Data

Topographical parameters like altitude and rise/fall have considerable effect on
the vehicle operating costs (VOC), and thus these parameters need to be given
equal importance. The topographical parameters like altitude and rise/fall have been
determined with the help of Google Earth.

4.7 Petrol-Pump Sales Data

For conversion of average daily traffic (ADT) to annual average daily traffic (AADT),
seasonal correction factors (SCF) are required. These seasonal correction factors are
based upon the round-year traffic census, and collection of such data is a relatively
difficult task.Hence, petrol-pump sales data have been collected fromArth petroleum
located at Ch. 16+280 km.
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5 Capacity Analysis

Capacity analysis is fundamental to the planning, design and operation of roads. For
the purpose of augmentation of the facilities and up gradation of the project road, the
design service volume for 4 lane roads LOS B is 45,000 pcu/day, and for LOS, C is
72,000 pcu/day as per Indian highway capacity manual (2012–2017) [11]. The traffic
projection has been made for total ADT by considering a growth rate of 8.00% as
suggested by IRC SP:30-2009 [1]. This traffic projection has be compared with the
design service volume for each year and the necessity to widen/augment the facility
with year has been determined with the help of capacity analysis (Fig. 1).

From the projection and figure of capacity analysis, it can be understood that
this indicates a clear necessity for widening of this highway to 6 lanes in order to
keep traffic movement continuously plying on the highway with sufficient operating
requirements along with safety.

Fig. 1 Capacity analysis
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Table 2 PCU values as per
Indian highway capacity
manual (2017)

S. No. Vehicle type PCU value

1 Standard car 1.0

2 Big car 1.45

3 2-wheeler (2W) 0.4

4 3-wheeler (3W) 1.2

5 Light commercial vehicles (LCV) 3.1

6 Two/three axle trucks 4.4

7 Multi-axle vehicles (MAV) 6.6

8 Bus 5.0

9 Tractor with trailer 6.2

6 Economic Evaluation Using IRC SP:30-2009

6.1 Traffic Forecast

Initially, forecast of traffic has been carried out for the base condition, i.e., do
minimum (case-1) and proposed condition, i.e., widening to 6 lanes and strength-
ening the existing 4 lane pavement (case-2). The traffic volume data are expressed
in terms of PCUs. The conversion of vehicles into PCUs is carried out by using the
conversion Table 2 of Indian highway capacity manual (2017) [11].

The construction period is taken as 2 years, i.e., from 2019 to 2021. The analysis
period has been taken 15 years as suggested in IRC SP:30-2009. The traffic forecast
has been carried out from the year of 2019–2035 with growth rate of 8.00% for the
base case and widening. Also, 10% of total daily traffic is assumed to present the
peak hour traffic. The capacity of 4 lane road for the base condition is taken as 4540
pcu/h/direction and that of 6 lane road for widening condition is considered as 6790
pcu/h/direction as suggested by Table 2 of Indian highway capacity manual (2017).

6.2 Congestion Factors

The effect of congestion on VOC can be considered separately for the distance-
related and time-related components. Distance-related congestion components are
fuel, lubricants, tyre, spare parts and maintenance labour. Time-related congestion
components that affect the vehicle operating costs are depreciation, fixed costs, crew
wages, etc. Distance-related congestion factors and time-related congestion factors
for the same traffic for analysis period of 15 years have been computed.
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6.3 Vehicle Operating Costs

The vehicle operating costs (VOC) for different categories of vehicles have been
determined with the help of procedure specified in IRC SP:30-2009 [1]. It may be
noted that vehicle operating costs are affected by roughness of the pavement surface
and rise/fall of the entire highway. In this study, average rise/fall determined with
the help of Google Earth is 15. Also, the roughness data obtained from the R&B
department, Ahmedabad indicates that the average roughness of road can be taken
as 4000 mm/km. Hence, the VOC of all the vehicles has been computed for a RF
of 15 and roughness of 4000 mm/km for case-1, i.e., ‘do minimum’ and roughness
value of 2000 mm/km has been adopted for the case-2, i.e., upgraded 6 lane road.
The VOC has been corrected for present day costs by using ratio of WPI value [12]
of the present year and that of 2009.

6.4 Economic Evaluation

Based on the VOC of different vehicles considering both conditions, benefits have
been worked out. Construction cost of highway is Rs. 414 crores as per R&B depart-
ment, Ahmedabad. As per report of the committee on norms formaintenance of roads
in India, MoRTH [13], the maintenance cost for the existing 4 lane pavement is taken
as Rs. 59,106,000 per year and that for 6 lane road is taken as Rs. 76,490,000 per
year (converted to present day costs). These benefits are then compared to the costs
involved in the construction and maintenance of the highway, and thus economic
analysis has been performed (Table 3).

The economic analysis results are stated below:

1. B/C ratio for the widened 6 lane highway is 2.14, which is greater than 1.
2. NPV for the highway is Rs. 4341.88 million, which is positive.
3. EIRR value is 28.14%, which is greater than the interest rate.

6.5 Sensitivity Analysis

Sensitivity analysis has been carried out to test the economic strength of the project.
The variations in the following parameters have been examined, considering them
to be on the conservative side (Table 4).

7 Economic Evaluation Using HDM-4

Economic evaluation has been carried out using HDM-4 based on costs and bene-
fits, by comparing the total net benefits in ‘do minimum’ situation with ‘widening
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Table 3 Economic analysis as per IRC SP:30-2009 (all figures in Rs. lakhs)

Year Case-1: do min. Case-2: widening Costs Benefits Net
benefits

Disc.
benefitsMaint VOC Const.

and maint
VOC

2019 591.06 51,710.37 20,700.00 51,710.37 −
20,108.9

0.00 −
20,108.94

−
20,108.94

2020 591.06 57,578.43 20,700.00 57,578.43 −
20,108.9

0.00 −
20,108.94

−
17,954.41

2021 591.06 64,267.62 764.90 55,576.60 −
173.84

8691.02 8517.18 6789.84

2022 591.06 71,928.83 764.90 61,453.47 −
173.84

10,475.36 10,301.52 7332.41

2023 591.06 80,752.27 764.90 68,208.05 −
173.84

12,544.22 12,370.38 7861.60

2024 591.06 90,983.08 764.90 75,969.40 −
173.84

15,013.68 14,839.84 8420.52

2025 591.06 102,945.73 764.90 84,788.10 −
173.84

18,157.63 17,983.79 9111.15

2026 591.06 117,084.86 764.90 94,835.67 −
173.84

22,249.19 22,075.35 9985.77

2027 591.06 130,929.43 764.90 106,315.79 −
173.84

24,613.63 24,439.79 9870.82

2028 591.06 141,403.78 764.90 119,471.15 −
173.84

21,932.63 21,758.79 7846.44

2029 591.06 152,716.08 764.90 134,239.51 −
173.84

18,476.57 18,302.73 5892.99

2030 591.06 164,933.37 764.90 151,123.99 −
173.84

13,809.38 13,635.54 3919.89

2031 591.06 178,128.04 764.90 170,254.50 −
173.84

7873.54 7699.70 1976.32

2032 591.06 192,378.28 764.90 189,373.96 −
173.84

3004.32 2830.48 648.67

2033 591.06 207,768.55 764.90 204,523.88 −
173.84

3244.67 3070.83 628.35

2034 591.06 224,390.03 764.90 220,885.79 −
173.84

3504.24 3330.40 608.45

2035 591.06 242,341.23 764.90 238,556.65 −
173.84

3784.58 3610.74 588.99

EIRR 28.13 B/C 2.14

NPV 4341.88
(million)
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Table 4 Sensitivity analysis

S. No. Conditions EIRR (%)

1 Increase in costs by 20% 23.71

2 Decrease in benefits by 20% 22.77

3 Increase in costs by 20% and decrease in benefits by 20% 18.76

to 6 lanes and strengthening the existing 4 lane pavement’ situation. The term
‘do minimum’ is defined as the base strategy for economic analysis, i.e., without
project situation. The term ‘widening to 6 lanes and strengthening the existing 4 lane
pavement’ is defined as widening to 6 lane dual carriageway with paved shoulder
configuration of NH-47.

7.1 Sectioning of the Study Area

Taking into account the different conditions of the study area and construction of
6 lane along the length of 33.465 km, the study area has been divided into 14 sub-
sections for economic analysis. Details of these sections are given in Table 5.

Table 5 Sections of the study area

Section ID Chainage (km) Side Length (km)

From To

1 0 + 000 5 + 000 LHS 5

2 0 + 000 5 + 000 RHS 5

3 5 + 000 10 + 000 LHS 5

4 5 + 000 10 + 000 RHS 5

5 10 + 000 15 + 000 LHS 5

6 10 + 000 15 + 000 RHS 5

7 15 + 000 20 + 000 LHS 5

8 15 + 000 20 + 000 RHS 5

9 20 + 000 25 + 000 LHS 5

10 20 + 000 25 + 000 RHS 5

11 25 + 000 30 + 000 LHS 5

12 25 + 000 30 + 000 RHS 5

13 30 + 000 33 + 465 LHS 3.465

14 30 + 000 33 + 465 RHS 3.465

Total length of the study area 33.465
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7.2 Construction and Analysis Period

The construction period is selected as 2 years. The construction work is expected
to be initiated by 2019, and the new facility is expected to come in operation from
2021; therefore, the construction cost phasing has been distributed as 50–50% over
the stated 2 years. The analysis period is taken as 15 years.

7.3 Project Cost

In the present study, the construction cost has been taken from the R&B department,
Ahmedabad. The financial cost of construction is Rs. 460 crores. Hence, this cost
needs to be converted to economic cost for carrying out the analysis.

For this, a conversion factor of 0.9 is taken as suggested by IRC SP:30-2009, and
thus the economic cost of the project is taken as Rs. 414 crores.

7.4 Standard Conversion Factors

In economic analysis, the prices of all components used are in economic terms. This
is because of all the distortions in prices relating to labour wages, capital market,
transfer payments need to be corrected. For the purpose of economic analysis, finan-
cial prices have been converted to economic prices using a factor of 0.9, as suggested
by IRC SP:30-2009.

7.5 Traffic Composition Data

For each road section, traffic level is specified in terms of average annual daily traffic
(AADT) flow. Traffic data have been derived from the primary surveys like classified
traffic volume count survey which was conducted for 7 days-24 h at chainage 19 +
465 km. Total AADT for LHS is taken 12,332 and that for RHS is taken 13,069. The
traffic composition for the vehicle fleet data is given in Table 6.

7.6 HDM-4 Calibration Parameters

The calibration (level-1) to the road deterioration and work effects has been carried
out for the sensitive parameters. The level-1 calibration parameters with their
respective values for calibrating HDM-4 model are as given in Table 7.
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Table 6 Traffic composition Categories LHS composition
(%)

RHS composition
(%)

2-wheeler 15.53 15.46

3-wheeler 5.30 4.63

Car 42.19 45.37

Goods pickup 4.63 4.70

Bus 5.85 5.60

LCV 3.30 5.21

Trucks/HCV 14.55 9.19

MAV 7.50 8.69

Tractor 1.21 1.15

Total MT traffic
(%)

100.00 100.00

Table 7 HDM-4 level-1
calibration parameters

Parameters Initiation Progression

All structural cracking 0.9 1.1

Wide structural cracking 1.0 1.0

Transverse thermal cracking 1.0 1.0

Ravelling 1.0 1.0

Pothole 1.0 1.0

Edge break 1.0

Initial densification 1.0

Structural deterioration 1.0

Roughness env. coefficient 1.25

Roughness progression 1.0

7.7 Road Network Data

The basic road network data used as input is as given Table 8.

7.8 Vehicle Fleet Data

Vehicle operating costs (VOC) is the major component of economic analysis. The
primary inputs required in HDM, to estimate the VOCs, are the prices of vehicles,
tyre, petrol, diesel, lubricants, crew cost, maintenance cost, vehicle utilization and
other vehicle fleet characteristics. The vehicle fleet data provided as an input in
HDM-4 is as given in Table 9.
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7.9 HDM-4 Configuration

It is essential to configure themodel to local conditions in HDM-4. The configuration
of the model, therefore, includes traffic flow pattern, speed-flow type and Currency.
Inter-urban traffic pattern has been selected for the study area. Speed-flow type for
the project has been defined for 4 lane having ultimate capacity of 2000 PCSE/lane/h
and 6 lane having ultimate capacity of 2400 PCSE/lane/h.

7.10 Unit Costs for Vehicles

A unit cost database has been prepared for new vehicle price, replacement of tyre,
petrol/diesel/engine oil, body-building costs of vehicles, etc., by referring certain
guidelines given by HDM-4 itself (Table 10).

7.11 Maintenance Strategy and Cost

Maintenance strategy adopted for the analysis has been given in Table 11.

7.12 Results of Economic Evaluation

Economic analysis conducted using HDM-4 has stated the below mentioned results:

1. NPV for the highway is Rs. 7394.63 million which is positive.
2. EIRR value is 32.1% which is greater than the interest rate (Fig. 2).

7.13 Sensitivity Analysis

Sensitivity analysis has been carried out using HDM-4, considering the following
scenarios (Table 12).

8 Conclusions

Traffic volume onAhmedabad-Bagodara national highwayNH-47 is 59,726 pcu/day
for both directions which is more than the design service volume for LOS B for 4
lane roads. Also, as discussed in capacity analysis, the traffic volume will cross the
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Table 10 Unit costs for vehicles

Vehicle type 2-W 3-W Car Bus LCV Truck/HCV MAV Tractor

New vehicle
(Rs.)

54,090 230,260 763,220 1,102,520 652,750 1,141,900 1,287,960 616,000

Replacement
tyre (Rs.)

990 1675 2950 9980 4620 9360 9360 11,400

Fuel (Rs./l) 28 28 28 28 28 28 28 28

lubricating
oil (Rs./l)

87 87 87 180 87 180 180 87

Maintenance
labour
(Rs./h)

6 3 6 6 2 4 4 3

Crew wages
(Rs./h)

0 50 0 80 20 52 52 30

Annual over
head

5000 10,000 20,000 200,000 120,000 400,000 400,000 120,000

Annual
interest (%)

12 12 12 12 12 12 12 12

Passenger
working
time
(Rs./psngr.
h)

40 30 65 40 0 0 0 0

Passenger
non-working
time
(Rs./psngr.
h)

2 3 4.5 5 0 0 0 0

Cargo
(Rs./veh. h)

0 0 0 2 1 3 5 0

Table 11 Maintenance strategy and cost

Year Type of maintenance Cost of maintenance (Rs.)

Do min. Widening Do min. Widening Do min. Widening

Economic
(m2)

Financial
(m2)

Economic
(m2)

Financial
(m2)

Periodic maintenance (scheduled for every 5th year)

2019
2024
2029
2034

2026
2031

Overlay
25 mm BC

Overlay
40 mm BC

334 367 534 588

Routine maintenance (scheduled for every year)

All years other than
stated above

Patching Patching 104 114 104 114

Crack
sealing

Crack
sealing

82 90 82 90
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Fig. 2 HDM-4 economic analysis summary

Table 12 Sensitivity analysis as per HDM-4

S. No. Conditions EIRR (%)

1 Increase in capital cost by 20% 28.3

2 Decrease in traffic growth by 20% 26.7

3 Increase in capital cost by 20% and decrease in traffic growth by 20% 23.3

design service volume for LOS C for 4 lane roads, there is necessity to widen it to 6
lane highway in order to keep traffic movement continuously plying on the highway
with sufficient operating requirements along with safety. The results of economic
analysis of widening of highway carried out using IRC SP:30-2009 are stated below:

1. B/C ratio for the upgraded 6 lane highway is 2.14, which is greater than 1.
2. NPV for the highway is Rs. 4341.88 million, which is positive.
3. EIRR value is 28.14%, which is greater than the interest rate.

Economic analysis conducted using HDM-4 has stated the below mentioned
results:

1. NPV for the highway is Rs. 7394.63 million, which is positive.
2. EIRR value is 32.1%, which is greater than the interest rate.

Also the results of sensitivity analysis in each and every case indicate that theEIRR
is favourable. The variation in the results obtained by using IRC SP:30-2009 and
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HDM-4 is substantial. This is due to the fact that the equations given in IRC SP:30-
2009 are developed for Indian conditions, whereas the equations in HDM-4 model
are calibrated for the same. The certain limitations of method of economic analysis
using IRCSP:30-2009 are equations of calculating distance-related congestion factor
and time-related congestion factor, and vehicle operating costs are given only up to
4 lane highways and not for 6 lane/8 lane highways. Also, the class of vehicles
for which DRCF and TRCF equations are given are only limited to 2-wheeler, car,
bus, truck/HCV and MAV. There is no provision in the code for other vehicles like
3-wheeler, goods pickup vehicle, tractor. This leads to variation in the results.

Thus, due to above mentioned limitations of IRC SP:30-2009, it cannot be used
for multilane highways and other important highway constructions in which large
amount of investments is involved and for which there is no any clearly speci-
fied provision in the code. HDM-4 covers the above-mentioned limitations of IRC
SP:30-2009, given that entire data set required for performing economic analysis
is available with the analyst. Thus, from the results of economic evaluation of
Ahmedabad-Bagodara national highway, it is concluded that the 6 lane highway
is more economical as compared to existing 4 lane highway.
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BPNN (ANN) Based Operating Speed
Models for Horizontal Curves Using
Naturalistic Driving Data

Suresh Nama, Gourab Sil, Akhilesh Kumar Maurya, and Avijit Maji

1 Introduction

Speed is a significant component that governs the geometry of the highway.AASHTO
[1] states that the selected design speed determines the geometric elements, such as
horizontal alignment, the cross-section dimensions, and vertical alignment. It also
recommends that the design speed selected should provide safety and consistent with
the drivers’ speed.

Krammes [2] stated that the AASHTO design speed policy could not guarantee
uniform operating speeds on highways with lower design speeds. McLean [3], Fitz-
patrick et al. [4], and Nama et al. [5] observed that the 85th percentile (operating)
speeds over curves on rural highways are higher than the curve design speeds.
To counteract this gap in design and 85th percentile speeds and improve safety,
researchers introduced design consistency. To maintain consistency, the gap between
the design and 85th percentile operating speeds should not be more than 10 kmph
[6]. However, this method oversees 15 percent of the traffic by considering the 85th
percentile speed. Bonneson [7] suggested using other higher percentile speed values
in curve design to cover amuchwider range of road users. Especially, theGreenBook
published in 1994 [8] states that for a curve design, the 95th percentile speed of the
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passenger car traffic stream is the best representative of the design speed. In addition
to higher speeds 85th, 95th, the lower speeds like 15th percentile speeds would also
help in improving road geometry by making curve travelling more comfortable for
the travellers in heavier and slow-moving vehicles.

Hence, rather than considering single speed (85th percentile) in design, it is
suggested to incorporate other percentile speeds in design to improve highway safety.
Tarris [9] and Fitzpatrick [10] also suggested using the entire speed distribution to
develop speed models instead of focusing on a particular percentile to understand
speed behaviour and proper geometric design.

Therefore, the objectives of this studywere (1) to develop a speedmodel to predict
any percentile speed (Vp) rather than predicting just the 85th percentile speed; (2) to
identify the geometric parameters that influence the drivers speed. These percentile
speed models (Vp) are further helpful for consistency analysis, design speed selec-
tions, design of posted speeds, and studying speed behaviour concerning curve geom-
etry, further considering the growth in infrastructure projects such as constructing
four-lane highways yearly. The present study is focused on four-lane highways only.

2 Speed Models

Over the past five decades, researchers started developing speed models to predict
the operating speeds on highways. These speed models were started using exten-
sively in the design consistency approach to improve safety. Figueroa and Tako [11]
developed the 85th percentile speed model for two-lane highways using panel speed
data by applying the ordinary least square regression method. The study showed that
the parameters like site distance, degree of the curve, and superelevation influence
the speed on a horizontal curve on two-lane highways. Jacob and Anjaneyulu [12]
studied the response of the operating speed to the geometric parameters (radius and
curve length). They found that the curve length has a negative impact on operating
speed. They obtained the 85th percentile speed prediction model with R2 of 0.80 for
passenger cars at the centre of the curve. Gibreel et al. [13] developed regression-
based 85th percentile speed models with vertical gradient and obtained the model
Root Mean Square (RMSE) accuracy ranging from 5.0 to 7.5. Sil et al. [14] used the
backward regression method to develop operating speed models on four-lane high-
ways and obtained an R2 of 0.72. Maji et al. [15] observed the relationship between
the 85th and 98th percentile speeds at the centre of the curve and found that both
were highly correlated and depend on the curve’s length and deflection angle.

All the works conducted in the twentieth century used regression as an effec-
tive technique to develop speed models. However, the regression technique has its
limitations, such as the initial assumptions in the modal formulation and defining the
relationship between the parameters before starting themodelling.With the advance-
ment of techniques inmodelling like artificial neural network (ANN), the 21stcentury
researchers in thefield of transportation stated implementingANNmodels to improve
the models’ accuracy by overcoming the assumptions and limitations made in linear
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regression techniques. McFadden et al. [16] compared the operating speed models
developed for two-lane highways using ANN and regression methods with inde-
pendent parameters curve length, degree of the curve, and deflection angle. They
concluded that ANN offers predictive power compared with the regression tech-
niques, but ANN does not need any of those linearity assumptions considered in
regression methods. Hence, it is suggested to use ANN over regression. A similar
study on multilane lane highways conducted in Egypt using the speed data collected
from 78 curves [17]. The results proved that the ANN offers better logical results
with confidence (better R2) in comparison with the regression methods.

Studies on speed prediction models on two-lane rural highways indicate several
important geometric parameters in determining speed on horizontal curves. Curve
radius (R), superelevation (e), deflection angle (�), degree of curvature (D), length
of the curve (CL), vertical gradient (VG), spiral length (SL), superelevation (SE),
and cross-section (CS) are examples of parameters that have been used in the regres-
sion equations to predict operating speeds on horizontal curves [17]. Among these
geometric parameters, the radius is found out to be themost critical parameter; hence,
it has been used as a dominant predictor while deriving the operating speed models
using regression methods. However, percentile speed prediction regression has some
problemswith data because for the samegeometry (R,CL,SL, etc.,) it needs to predict
different percentile speeds. Due to some limitations (with initial assumptions) in the
regression method, the use of the neural network has been increased in the devel-
opment of speed prediction models. Therefore, in the present study, prediction of
percentile speeds, we also focused on using the artificial neural network.

3 Data Collection

In order to develop percentile speed (Vp) model, two kinds of data are needed
(i) vehicle speed and (ii) road geometry. A detailed procedure of data collection
techniques, processing, and extraction are explained in the following sections.

3.1 Speed Data

To capture the speed data, considered a 45 km rural four-lane highway (NH-40)
between Jorabat (Assam) and Nongpoh (Meghalaya). This 45 km stretch covers a
wider range of road geometry, such as gradients, curve radius, and curve length as
shown in Table 1. Speed and vehicle GPS data were collected using 22 experienced
drivers familiar with the selected study area. The vehicles used in data collection are
drivers’ own passenger cars, ensuring the driver’s familiarity with the vehicle and the
road. This familiarity with the vehicle and the route further helps the driver to travel
naturalistic. All the vehicles used in data collection are equipped with a GPS device
with a frequency of 10 Hz (i.e. 1 data point for every 0.1 s). The GPS device collects
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Table 1 Geometric data descriptive statistics

CL R DS SL SE VGT VGC PTL

Mean 38.63 149.21 44.14 26.51 6.24 0.20 0.20 36.75

St. Dev 32.91 139.15 10.61 11.27 1.40 3.01 3.01 62.58

Minimum 30.00 20.00 20.00 0.00 2.50 −7.00 −7.00 0.00

Maximum 243.57 800.00 80.00 75.00 7.00 9.00 9.00 642.16

Where CL Curve length, R Radius, DS Design speed, SL Spiral length, SE Superelevation, VGT
Tangent vertical gradient, VGC Curve vertical gradient, PTL Previous tangent length

the vehicle position (latitude, longitude) and the corresponding vehicle speed at each
of its 0.1 s intervals. The longitudinal vehicle speed is measured with the help of the
Doppler Shift technique using three or more satellite data simultaneously. The GPS
device used has a speed-accuracy of ±0.1kmph and position accuracy of ±0.5m.
Each day, at least one driver was picked among 22 multiple drives during the data
collection period and ran the GPS-equipped vehicle over the 45 km stretch. The
speed at the centre of the curves needed for model development is extracted from the
collected continuous naturalistic data.

3.2 Geometric Data

All the necessary geometric data for this study are extracted from the actual drawings
provided by the highway maintenance authority. In addition to the geometric data,
the design speed (DS) data is also obtained from the highway authority. Further,
these geometric parameters extracted from drawings are cross-verified using Laser
Distance Metre (LDM) and field data collection. The descriptive statistics of the
geometric parameters are presented in Table 1.

4 Development of ANN (BPNN) Model

The artificial neural network has a significant advantage over linear regression, as
there is no limitation of using a specific model with well-defined inputs. Hence,
neural networks can solve a wide range of problems with complex data and a large
number of data points. The model learns through the dataset, trains itself, and adjusts
its parameters according to the given dataset input and output values.

The ANN is structured in layers, namely the input layer, output layer, and hidden
layer. Each of these layers consists of a different set of neurons. The input layer feeds
the know information through the neurons; usually, the number of neurons in input
layer is equal to the number of independent parameters. The output layer consists
of neurons equal to the number of dependent or output parameters wanted to know.
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Finally, in the hidden layers section, the number of layers is usually defined based
on the trial and error process. However, for any continuous function single hidden
layer is sufficient, provided with enough neurons [18]. Analysis in ANN starts with
assigning randomized weights to the interconnections between different neurons
and updating them in a series of iterations until a satisfactory level is achieved in
predicting the output. The final weights in the interconnection will depend on the
contribution performance of that neuron to thefinal output in amulti-layer perceptron.
One of the commonly used algorithms to update the weights is the backpropagation
algorithm. BPNN is the most popular and the oldest supervised learning multi-layer
neural network algorithm proposed byRumelhart et al. [19]. Therefore, in the present
study, we used BPNN in order to predict the percentile speeds.

A three-layered neural network with nine nodes in the input layer and one in the
output layer architecture is used to predict the percentile speeds. Hornik et al. [18]
observed that any continuous function could be approximated with the use of a single
hidden layer. Hence, a single hidden layer is considered. Through a trial and error
process, the optimum number of neurons is obtained.

In the architecture defined in Fig. 1, the input layer takes the independent variables
(CL, R, DS, ST, SE, VGT, and VGC. PTL, and Zp) as inputs. Among these inputs,
Zp is the only parameter that varies with percentile speed, whereas the rest of the
parameters remains the same for a given curve. Zp is a value obtained from the
normality table for percentile (p). The reason behind considering Zp as one of the
input variables is that the free-flow speed data follows a normal distribution [5, 20].
The value of the dependent variable percentile speed is obtained from the output
layer. In order to train and test the network, the 5415 observation obtained from the
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data generated from 285 curves is used. For each curve, the speed at every five-
percentile interval is extracted, such that each curve produces 19-speed values. So,
285 curves produce 5415-speed values. Among this 80%, (4332) points are used to
train the data, and the rest 1083 data points are used in testing.

The ANN network is trained using various activation functions (logistic, Tanh,
Sigmoid) in various iterations using different batch and hidden layer neurons. The
best model is obtained for sigmoid activation function (Eq. 1) at 890 Epochs with a
batch size of 32 having 20 neurons in the hidden layer. The trained data gave an R2

of 0.80 and RMSE of 4.63, and the tested data provided an R2 of 0.78 and RMSE of
4.93.

S(x) = 1

1 + e−x
(1)

where:

x is the input value obtained from weights and before layer neurons.
S(x) is the sigmoid function.

The developed ANN model results are tested for the normality of the speed data.
TheK-S normality test conformed that the predicted free-flow speed follows a normal
distribution (Fig. 2). Hence with all these R2, RMPS and normality test it can be said
that this developed model predicts the V p with better accuracy.
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5 Relative Influence (%) of Geometric Parameters on V p

Relative influence is an essential analysis for any model to know how the input vari-
ables influence on the dependent variable or to say which input parameter dominates
the results. In the present, ANN study the parameter influence studied using the
‘Weights’ method [21]. In the weights method, the actual model weights are consid-
ered to define the percentage influence of various input parameters. Here in our case,
the ANN architecture consists of three layers. Therefore, using the following set of
equations, measured the relative influence percentages of all the weights attributable
to the given input variable.

Qih = |Wih |
∑ni

i=1|Wih |
f ori = 1 to i f ollowed by h = 1 to h (2)

where

i no of neurons in the input layer.
h no of neurons in the hidden layer.
Wih Weights in the interconnection between ith and hth neurons.
Qih Relative weight influence of ith neuron in the interconnection between ith and

hth neurons.

In the next step to measure RI %, the following equation is used

RI (%) =
∑nh

h=1(Qih)
∑nh

h=1

∑ni
i=1(Qih)

∗ 100 (3)

where i = ith input parameter

TheRI (%) of all the parameters is presented in Fig. 3. From thisweightedmethod,
it is observed that the DS has the most substantial influence of 16.3% among all the
parameters and Z p is showing the least RI (%) of 3.9%. The obtained RI (%) clearly
states that for a unit percentage change in design speed changes, the change in
percentile speeds is much higher than the rest of the parameters considered. Next, to
design speed (DS), the spiral length (SL) and gradient over the curve (VGC) have
higher RI (%) of 14%. The geometric parameters CL , RSE, and PT L have relative
influence nearly equal to 10% each. So in designing, to bring the operating speeds
closer to the given design speed, it is suggested to change first either SL or VGC . In
places like mountainous where the speed is difficult to control by changing the curve
geometry such as SL and VGC because of confined spaces, it is suggested to change
superelevation (SE). Where superelevation (SE) does not need any additional space
for corrections, and it had an RI (%) of above 10%.
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Fig. 3 Parameter RI (%) in predicting percentile speed (V p). Where: Curve length (CL), Radius
(R), Design Speed (DS), Spiral length (SL), Superelevation (SE), Tangent vertical gradient (VGT),
Curve vertical gradient (VGC), previous tangent length (PTL)

6 Conclusions

The development of speed prediction models is one of the highly researched areas
in highway engineering in order to use in a geometric design. Linear regression
is a widely used method for developing speed models. Since linear regression has
limitations and needs initial assumptions before modelling, there is a need to explore
other methods to develop speed models, which can overcome the limitations of
regression. Therefore, the present study attempted to use an artificial neural network
method to develop the speed prediction models for four-lane horizontal curves.

A 45 km four-lane divided highway with 285 horizontal curves covering a wide
range of geometry is considered in this study. A total of 22 drivers were used in this
study to collect the naturalistic speed data using a vehicle-mounted GPS device. The
GPS device used has an accuracy of ±0.1 kmph in speed and ±0.5 m in position.
A total of 5415 data points are generated using the data collected from 285 curves.
Out of this, 80% of data was used for neural network training, and 20% of data was
used in testing the model.

A 3-layered neural network with nine inputs and one output is used for speed
model development. The best results for the model are obtained at 890 epochs with
a batch size of 32 having 20 neurons in the hidden layer. The trained data had an R2

of 0.80 and RMSE of 4.63, and the tested data provided an R2 of 0.78 and RMSE of
4.93.

To validate the normality of speed data, the predicted values from the model
are tested using the K-S test. The K-S test revealed that the predicted speed values
are following the normal distribution, satisfying the findings of the earlier studies
conducted by Hashim [20].

To find the influence of input parameters on the output, the percentage relative
influence values for each parameter are measured using the ANN weighted method.
The results show that the design speed has the highest influence of 16% over the
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percentile speed, and Zp has the least influence of 4% among all the parameters
considered for modelling.

One of the advantages of the present study is that with one single model, we can
predict any percentile speed values and also saywhich parameter is influencingmuch
on the percentile speeds. This model can also be used to predict operating speeds
(i.e. 85th percentile speeds) without modifying the base model. Therefore, it can be
further used to study the consistency of the highway geometry using the predicted
85th percentile speeds.

Further studies can be conducted on four-lane highways to predict the speeds at
other locations on the curve, such as tangent, start, and end of the curve. A similar
ANNmethod can also be used to develop a complete speed profile prediction method
rather than a specific position speed prediction model.
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Modification of NPV Value Based
on Real Option Study

Swapan Kumar Bagui, Atasi Das , and Yash Pandey

1 Introduction

The administration has granted the investment to construct different kind of facil-
ities for civilizing people’s lives. Road and rail network schemes need huge
investment, extensive repayment period; the government investment for develop-
ment/upgradation of the infrastructures is a monetary restriction on the management.
The Private agencies’ participations are the only solution to decrease the administra-
tion’s financial loads through allowing PPP in the investment, building, function, and
preservation of infrastructures [1]. PPP/Build Operate and Transfer (BOT) concord
is useful for expansion of profitable infrastructures.

Discounted Cash Flow (DCF) analysis shall be a sound and popular technique
which is effectively applied in viability analysis of a project. Therefore, the fiscal
capability of BOT projects is determined based on the Net Present Value (NPV),
Economic Internal Rate of Return (EIRR), or debt service coverage ratio, which are
determined by DCF analysis [2].

DCF approach calculates fiscal capability of BOT/PPP projects with fixed hypoth-
esizes namely requirement future traffic projection, working income, debt-equity
ratio, finance cost, working price, building including allowance time. These are
predetermined in DCF analysis. Practical variables for DCF analysis are essential to
achieve consistent outcome.

Conventionally, a developer finalizes a BOT project based on NPV analysis
considering DCF analysis. First step is to define developer’s incomes and expen-
ditures. The developer’s money outflows of different projects are building costs,
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operations, preservation, and major and minor repair/maintenance costs, and a loan
repayment action. Development costs are the first expense to make a BOT project.
Funds development expenditures are yearly expenditure necessary to maintain the
road in such a way that vehicles move safely. The refund plan summarizes the actual
loan component and interest on loan amount of building-associated credit or money
taken through bonds. Yearly builder’s income begins after the project is opened
for traffic. The projected builder’s working income is mainly depended on money
received from the traffic/road user. The charges for different road users are fixed in
the initial concession contract and same shall be revised in future as per condition
of the Concession Agreement. Developer’s money is discounted to determine the
developer’s NPV. The selection of money off fee in the NPV calculation analysis
is an individual and, therefore, it is tricky in project evaluation. The reduction fee
represents the amount of comeback from the project, i.e., it is the risk-adjusted cost.
The weighted Average Cost of Capital (WACC) and the Capital Asset Pricing Model
(CAPM) are two popular methods which are generally used in the classification of
the discount rate for BOT projects.

2 Limitations of NPV Analysis Approach

The traditional NPV analysis has two main restrictions for assessment of PPP
projects: (1) the road user unacceptable behavior in the estimation process; and (2)
choice of the prejudiced reduction fee. These are not taken care properly to determine
the developer’s income inflows. The concession period is generally so long, which
makes it unfeasible prediction of future traffic. These two demand hazards do not
correlate between actual traffic and projected traffic [3]. The adoption of reduction
fee is serious for actual assessment of proposal since the project NPV is extremely
responsive for changing reduction fee. However, NPV model is a method /approach
for finalization of a BOT project. Real option study has been considered to improve
NPV analysis.

3 Real Options Analysis

Real option study was developed by Myers and Kazakidis [4]. It was used for claim
in economics, business, and finance institute, such as Black and Scholes formula [5],
for estimation of non-financial or “actual” savings prospect. Model consists of:

1. Find out key records i.e., price figures related to builder’s principal structure,
and projected traffic for the concession period;

2. Establish a binomial lattice model to distinguish ambiguity of the projected
traffic/cost stream;

3. Make random potential future projected traffic including cost stream using
Monte Carlo Simulation Technique;
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4. Calculate NPV and income analysis under each arbitrary traffic scenario and
prepare the developer’s cost-effective threat; and

5. Regulate the proposal of projected traffic considering safety of investment
assessment and do again if require.

4 Case Study

A hypothetical case study has been considered for a real option study. The project is
the construction of 10 km long Bypass with four lanes configuration. The project cost
for construction is Rs. 1000 million. It is assumed that the Concessionaire will invest
70:30 (debt: equity) as mentioned in the Concession Agreement generally. After
construction, toll revenue will generate and different expenses are toll’s administra-
tive charge, annual, periodic and structural overlay, maintenance of road furniture,
etc.

Construction period is one year for small 10 km bypass and operation period is
23 years.

Cost stream is shown in Table 1.
It is assumed that interest rate of debt and return on equity is 12 and 15%

respectively.
Discount rate adopted = 12 * 0.70 + 15 * 0.30 = 12.6%.

4.1 Traffic Uncertainty

Expected annual growth factor is determined using following equation [6]

GW =
(
AADTJ

AADTi

)
(1)

Table 1 Different parameters for real option study

Case Upstream
coefficient

Downstream
coefficient

Risk
neutral
probability

Option
value
(Rs.
Million)

Base
NPV
(Rs.
Million)

Base
FIRR
(%)

Revised
NPV
(Rs.
Million)

FIRR
(%)

Base 1.1337 0.88204 0.973 291.1 −17.52 12.5 273.48 17.1

120%
of
base

1.1625 0.86017 0.883 308.52 290.98 17.3

80%
of
base

1.1056 0.90445 1.0 164.49 146.97 14.6
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The yearly instability of Annual Average Daily Traffic (AADT) to explain ambi-
guity in projected road user. Yearly instability (or parameter σ) or standard deviation
of the anticipated yearly expansion factor of AADT. Growth factors of different
traffic are generally considered to measure the risk of underestimate/overestimate
the future projected traffic demand over the concession period. The choice of yearly
instability of traffic growth is complex phenomena and this shall be studied properly
before taking a BOT/PPP Project.

Three ways are suggested to determine σ in BOT projects:

1. Apply Past traffic records of parallel present road to estimate the instability of
the proposed project;

2. Apply the forecasted yearly instability of gross domestic product (GDP) of the
project road region where the project is to be constructed; and

3. Adopt the opinions to calculate the yearly instability of the new BOT project or
Diesel, petrol consumption of roadside fuel pump.

4.2 Binomial Lattice Model

Binomial Model [7] has been used to determine uncertainty of traffic. Since project
cost, cash flow directly proportional to traffic. Therefore, same has been used to
determine NPV.

UP stream, downstream coefficients, risk neutral probability are calculated using
following equations:

u = eσ
√

δt (2)

d = e−σ
√

δt (3)

P = eσr
√

δt − d

u − d
(4)

where,

u, d, and P are upward coefficient, downward coefficient, and risk neutral probability
of traffic/cost; and r is risk free interest rate.

Detail calculation has been presented in Annexure 1 for the proposed case study.

4.3 Leakage Rate

The leakage rate can be determined using following equation as mentioned in Eq. 5.
The underlying asset value with delaying investment can be adjusted.
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Li =
ri−ei

(1+rd)i∑i=n
i=1

ri−ei
(1+rd)i

(5)

where,

Li leakage rate in year i occurring through the exercise of the option to delay;
rj expected annual operating revenue from operating in year i;
ei expected annual operating cost, including the annual sales, maintenance and

operating cost, and tax service, when the accumulated earnings indicate a
surplus in year i; and rd = Project discount rate.

Using above equations, real option value has been determined and detail calcula-
tion is presented in Annexure 1. Revised NPV value is determined using following
equation:

Revised NPV = Conventional NPV + Option Value (6)

4.4 Option Value Calculation

Base Scenario

There will be variation of traffic for the BOT Project. It is assumed that annual
volatility of AADT is σ = 12.6% (It varies from 10 to 20%).

u = 2.7080.126 = 1.1337,
d = 2.708-0.126 = 0.88204,
Risk free interest = 12%,
�t = 1 year,
P = (2.7080.126 − 0.88204)/(1.1337 − 0.88204) = 0.973

Scenario (Sensitivity analysis) increasing and decreasing volatility by 20% have
been used and all the financial parameters obtained from this present study are
presented in Table 1.

4.5 Monte Carlo Simulation Technique

It is found from Table 1 that there is variation of NPV considering variation of risk.
Expected NPV can be determined using Monte Carlo Simulation Technique and
expected NPV is found to be Rs. 217.63 million.
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5 Analysis of Results

NPV has been determined by different methods as proposed in this present study.
It is found that conventional method of NPV calculation estimates lowest NPV of
Rs. −17.52 Million with financial internal rate of return 12.35% i.e., lower than
discount rate of 12.60%. Therefore, project is infeasible. The case study has been
evaluated using real option study; it is found that revised NPV Rs. 273.48 million.
FIRR has been determined and found to be 17.1%. Sensitivity analysis has been
carried out increasing/decreasing volatility by 20%. NPV and FIRR are calculated
and presented in Table 1. From Table 1, it is found that NPV varies from Rs. 146.97
to 290.98 million and subsequently FIRR varies from 14.6 to 17.3%.

6 Conclusion

The traditional Discounted Cash Flow (DCF) study may be generally applied for
assessment for building a project. A Build Operate and Transfer (BOT) project has
ambiguity in an extensive concession time. The monetary practicality determination
of this BOT project is supplementary significant for the private sector. Therefore, the
traditional methods that studied earlier have been projected to determine the fiscal
feasibility of a BOT project are unsuitable for determine the fiscal practicality of the
project. Hence, the proposed method recommended in this present research work is
more suitable for possibility of the project to adopt the developer.

The proposed method has the several uniqueness: (1) the traditional methodology
allowing for only NPV, the proposed model can more broadly estimate the feasibility
of a project adopting not only NPV but also the value of future ambiguity throughout
the concession period; and (2) the proposed model can determine more truthfully the
operating cost for the BOT project. There is always a hindrance the speculation for
the BOT project, the in-service income may reduce due to the reduced duration of
operating period.

In this study, a real case study has been carried out to verify the usefulness of the
proposed method for road sector. The methodology of the three proposed scenarios
observed that the modified NPVMethod is better method than the NPV proposed by
traditional DCF approach. Therefore, NPV/financial analysis using real option study
is better method and may be adopted for BOT Project. From the proposed case study
and present research work, following conclusions may be drawn:

• Uncertainty of traffic has been taken care and calculation with risk neutral has
been considered.

• Proposed method for determination of financial parameters is a better method and
recommend of financial viability of a project.

• The proposedmethodmay be used in place of conventional method of NPV/FIRR
calculation.
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Annexure 1

Year Initial
investment
(Rs.
Million)

Actual
revenue
(Rs.
Million)

Discounted
revenue
(Rs.
Million)

Project
expanses
(Rs.
Million)

Discounted
project
expanses
(Rs.
Million)

Discounted
cash flow
(Rs.
Million)

Cumulative
discounted
cash flow
(Rs.
Million)

Leakage
rate

2006 1000

2007 150 133.21 51.84 46.04 87.18 87.18 0.089

2008 167 131.72 75.52 59.56 72.15 159.33 0.073

2009 184 128.89 86.56 60.63 68.25 227.58 0.069

2010 201 125.04 101.12 62.90 62.13 289.71 0.063

2011 218 120.44 117.04 64.66 55.78 345.49 0.057

2012 235 115.30 128.32 62.96 52.34 397.83 0.053

2013 252 109.81 134.72 58.70 51.10 448.94 0.052

2014 269 104.10 139.76 54.08 50.01 498.95 0.051

2015 286 98.29 147.68 50.75 47.54 546.49 0.048

2016 303 92.48 153.84 46.96 45.53 592.02 0.046

2017 320 86.74 161.20 43.70 43.05 635.06 0.044

2018 337 81.13 167.92 40.42 40.70 675.77 0.041

2019 23 354 75.68 175.92 37.61 38.07 713.84 0.039

2020 371 70.44 183.20 34.78 35.66 749.50 0.036

2021 388 65.43 186.72 31.49 33.94 783.44 0.035

2022 405 60.65 189.52 28.38 32.27 815.71 0.033

2023 422 56.13 203.04 27.00 29.12 844.83 0.030

2024 439 51.85 204.08 24.11 27.75 872.58 0.028

2025 456 47.83 218.32 22.90 24.93 897.51 0.025

2026 473 44.06 224.56 20.92 23.14 920.65 0.024

2027 490 40.54 230.24 19.05 21.49 942.15 0.022

2028 507 37.25 237.44 17.45 19.81 961.95 0.020

2029 524 34.19 209.44 13.67 20.53 982.48 0.021

NPV = −17.52

Option value =
291.00

Expanded NPV = 273.48
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Backward Iteration

0 Year 1 Year 2 Year 3 Year 4 Year – 21 Year 22 Year 23 Year

291.00 330.31 374.94 425.59 483.08 – 4163.01 4725.09** 5363.03*

213.50 242.34 275.09 312.26 354.46 – 3064.06 3479.07 3950.35*

156.68 177.76 201.68 228.81 259.59 – 2215.86 2513.60 2851.31

117.75 133.65 151.69 172.17 195.40 – 1678.30 1904.43 2161.01

86.65 98.42 111.78 126.96 144.19 – 1250.53 1419.73 1611.80

61.56 70.00 79.60 90.51 102.91 – 908.37 1032.215 1172.912

40.945 46.661 53.171 60.585 69.030 – 628.737 715.625 814.479

23.987 27.440 31.387 35.899 41.056 – 396.785 453.028 517.188

10.672 12.287 14.146 16.285 18.747 – 204.109 234.799 270.092

2.260 2.617 3.031 3.510 4.064 – 49.258 57.045 66.062

0.000 0.000 0.000 0.000 0.000 – 0.000 0.000 0.000

Note *Maximum (6363.025 − 1000.0) = 5363.03, 4950.35 − 1000 = 3950.35
** 5363.03 · 0.973 + 3950.35 (1–0.973) · 0.887 = 4725.09
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Impact of Foot Over Bridge (FOB)
Upgradation Over Pedestrian Movement:
A Case Study of Guwahati City

Arunabha Banerjee and Akhilesh Kumar Maurya

1 Introduction

The different types of road users, both motorized and non-motorized, constitute the
global network of the transportation system. Post the new millennium, even though
there has been a significant increase in demand for motorization, yet the way to
accommodate motorized vehicles on the streets of a developing nation like India has
hardly been considered. Post the sudden rise in vehicular traffic, the higher author-
ities instead of building safer roads for pedestrians, began to curb down pedestrian
sidewalks and crosswalks to make room for the high speeding vehicles. This led to
pedestrians using the carriageway or crossing illegally and come in direct contact
with the motorized vehicles. As per the N.C.R.B report [1] and Mohan et al. [2],
the majority of the pedestrian road accidents took place at urban road crossings in
metropolitan cities.

To prevent a direct collision, proper segregation in the form of foot over bridges
(overpass) or subways (underpass) is the most feasible solution. Past studies [3,
4] showed that pedestrians preferred to use the overpasses in comparison to the
underpasses as the underground facilities were prone to illegal activities (especially
at night) as well as waterlogging. Ribbens [5] described overpasses as the pedes-
trian facilities that allowed separation of pedestrians and vehicular traffic, and thus
enhanced safety. Mutto et al. [6] found that in Uganda, 77.7% of pedestrians felt that
overpasses were a better option in comparison to at-grade facilities; yet insecurity,
high stairs, and extra walking distance played a negative role on their psychology. In
Turkey, Rasanen et al. [3] observed that depending on the land use type and presence
of escalator, the use of FOBs varied between 6 and 63%. Abojaradeh [7] found that in
Jordan, FOB’s use or nonuse depended on the speed limit of traffic, walkway width,
and presence of guardrail on the median. Saha et al. [4] and Pasha et al. [8] observed
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that in Bangladesh, the pedestrians were forced pedestrians to avoid such overpass
facilities and cross illegally at-grade due to presence of vendors/standing pedestrians
and inadequate security. A study in Pakistan by Malik et al. [9], showed that female
pedestrians were demotivated to use the elevated facilities due to improper secu-
rity and comfort levels. Oviedo-Trespalacious and Scott-Parker [10] also observed
that security played a pivotal role in the choice of pedestrians using such facili-
ties. Researchers [3, 11, 12] felt that the installation of proper elevator/escalator and
security improvement would encourage pedestrians to use such facilities.

In India, unplanned foot over bridges (FOBs) are constructed without detailed
feasibility studies, and this leads to the pedestrians either being forced to use the
facilities or using other illegal at-grade crossings instead. Also, the absence of esca-
lators/elevators, presence of vendors/standing persons on the walkway, and absence
of proper security (CCTVs and security personnel) discourage pedestrians to use
elevated facilities. The current study tries to highlight the importance of improving
the existing non-mechanized FOB facility and providing better-mechanized FOB
with adequate available width, security, and lifts for pedestrians to use.

2 Data Collection and Analysis

To understand the pedestrian behavior over elevated pedestrian facilities, data
was collected over a non-mechanized FOB (NMFOB) which was later converted
into a mechanized FOB (MFOB), using both videography technique as well as
questionnaire survey.

2.1 Data Collections Sites

Maligaon is a busy location situated in the heart of Guwahati city and is ofmixed land
use type (as offices, schools, railway station, shopping markets, and residences are
located in the near vicinity). The datawas collected over two separateweekdays in the
months of October 2016 (for NMFOB) and July 2018 (for MFOB). Videography, as
well as questionnaire survey data, were collected for both the non-mechanized FOB
(without escalators, elevators, CCTVs, shade, and maintenance) and the mechanized
FOB (with elevator, shade, CCTVs, security personnel, proper maintenance, and
cleanliness). Figure 1 shows the location of the footbridge in Maligaon (Guwahati).

During videography data collection, the camera was installed on a tripod stand at
the height of 12 feet above the ground. A trap length of 10 m was used for both the
FOBs. The data were collected between 9 am to 12 pm. During the data collection of
NMFOB, no at-grade crossings were available; while in the case of MFOB an illegal
median opening was available at a distance of 100 m from the FOB. Figure 2a, b
show the NMFOB and MFOB locations.
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Maligaon
FOB 

Fig. 1 Location of Maligaon FOB ( Source google.com)

Fig. 2 a Non-mechanized FOB and b Mechanized FOB at Maligaon

The geometric features of the two FOBs are shown in Table 1. It is observed
that apart from the installation of elevators (available only to elderly, female, child,
and differently-abled pedestrians), the width over stairs and mid-block sections were
increased for MFOB. Also, the riser and tread dimensions were modified.

Along with videography data collection, questionnaire survey was also conducted
for both the FOBs. The respondents were randomly selected and the ones willing
to undergo the entire survey process were surveyed. The participation rate was also
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considerably low (1 in 20 pedestrians) due to the peak time interval during which the
data was collected. In total 81 pedestrians (39 from NMFOB and 42 from MFOB)
participated in the survey. A five-point Likert scale (very poor, poor, satisfactory,
good, and very good) was used to understand the perception of the pedestrians
regarding the current existing situation based on seven perception parameters. The
parameters usedwere availablewalkwaywidth (overmid-block and stairways), avail-
able surface condition (whether broken or slippery), available end connectivity (i.e.,
entry/exit points and type of vertical connectivity), available safety-securitymeasures
(presence/absence of security personnel/CCTV camera), available comfort (pres-
ence and maintenance of lighting, shade and guardrail), available walk environment
(cleanliness and overall maintenance) and available obstruction (presence/absence
of hawkers/vendors/standing pedestrians). Table 2 shows the questions which were
put up before the respondents. The three primary sections in the questionnaire survey
were demographics of the respondents, current existing features and usability pref-
erence (Yes/No). The final section of the sheet was related to the field observations
which were noted down by the surveyors.

Table 2 Design of questionnaire

Title Description

Demographics Respondents’ gender (Male/Female), Respondents’ age category
(<12/13–22/23–45/46–59/ > 60), Respondents’ luggage condition
(With/Without), Respondents’ profession
(Student/Self-employed/Service/Business/Retired/Homemaker/Others),
Respondents’ purpose of trip (Education/Work/Mode
change/Returning home/Shopping/Jaywalking/Others), Respondents’
frequency of using FOB daily (First
time/Occasionally/Once/Twice/More than twice)

Current features On a rating scale of five (Very Poor-Poor-Satisfactory-Good-Very
Good): Available walking width (over mid-block and stairway),
Available surface condition (over entire FOB), Available connectivity
(horizontal end connectivity and vertical end connectivity), Available
safety-security measures, Available comfort (over entire FOB),
Available walk environment (over entire FOB)
On a rating scale of three (Many-Some-None): Available obstruction
(over entire FOB)

Usability preference Preference to use FOB more than at-grade crossing (0: No, 1: Yes)

Characteristics of FOB Travel length (in m), Width of mid-block (in m), Number of steps,
Width of stairway (in m), Tread and riser dimension (in cm), Facility
available for vertical connectivity (Stairway/Escalator/Lift/Ramp),
Available entry-exit points
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2.2 Extraction and Analysis of Data

The video data was extracted using a manual extraction technique to get more insight
on the impact of age, gender, presence of luggage, use ofmobile and group size on the
average walking speed. Apart from these factors, average speed, flow rate, density,
and space were also calculated for both FOB. Figure 3 shows the speed variation for
different pedestrian categories for both NMFOB and MFOB.

Figure 3 indicates that the walking speed over the NMFOB was higher than the
MFOB for all the different pedestrian categories. In the case of NMFOB, the average
speed was higher due to the narrow available width, which forced the pedestrians to
continually keep onmoving with the stream speed to avoid any congestion. However,
in the case of the renovated and widened MFOB, the pedestrians had the freedom to
choose their own speed and not forced to move with the group speed.

Also, from Fig. 3, it is evident that pedestrians in the age category of 23–45 years
walked at comparatively higher speeds (by 2–18m/min) that the younger or the older
ones. Moreover, the male pedestrians walked with higher speeds (4–6 m/min) in
comparison to females. The group size played a considerable impact on the average
speed, as with an increase in group size the average walking speed significantly
reduced.

Tables 3 and 4 show the t-test and ANOVA test results for the different pedestrian
categories. These testswere conducted in order to checkwhether therewas any signif-
icant difference between various pedestrian groups based on gender, luggage, mobile
use, age, and group size. A t-test was performed in the case of pedestrian gender
group, luggage group, and mobile user group. The t-test is a statistical hypothesis

Fig. 3 Variation of speed for different pedestrian categories over NMFOB and MFOB
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Table 3 t-test for pedestrian gender, luggage, and mobile use groups

FOB Type of pedestrian group t-statistical value t-critical value Difference

NMFOB Gender 7.69 1.96 Significant

Luggage 4.17 1.96 Significant

Mobile use 0.21 1.96 Not-significant

MFOB Gender 5.59 1.96 Significant

Luggage 2.09 1.96 Significant

Mobile use 0.06 1.96 Not-significant

Table 4 ANOVA test for pedestrian age groups and different group sizes

FOB Type of pedestrian
group

F-statistical value F-critical value Difference P-value

NMFOB Age 45.21 2.37 Significant 0

Group size 21.3 3.00 Significant 0

MFOB Age 34.51 2.37 Significant 0

Group size 11.62 2.61 Significant 0

test that is performed to determine whether two sets of data are significantly different
from each other or not, and is generally applied when the test statistics follow a
normal distribution. Similarly, the ANOVA test was performed for comparing statis-
tical significance for three ormore groups (viz. age and group size), and it generalizes
the t-test to more than two groups.

It could be seen from Table 3 that a significant difference (t-statistical value >
t-critical value) existed for gender and luggage groups. The t-test result showed that
mobile use did not impact the overall walking speeds significantly over the twoFOBs.

The result of the ANOVA test (refer Table 4) showed that F-statistical value was
significant difference existed between different age categories and group sizes.

Table 5 shows the variation of different macroscopic parameters for the two
different types of FOBs. The overall mean speed was ~ 7 m/min higher in the case
of NMFOB. Moreover, the flow rate and density were lower in the case of MFOB,
and such an observation was due to the increased effective width. Further, in the
case of MFOB, as the illegal opening was present in close vicinity, the young and
middle-aged pedestrians used the at-grade facility instead of using the FOB. This led
to lower pedestrian volume over MFOB in comparison to NMFOB.

Table 5 Variation of pedestrian flow characteristics over NMFOB and MFOB

FOB type Speed (m/min) Flow rate (ped/min/m) Density (ped/m2) Area module (m2/ped)

NMFOB 70.75 37.86 0.75 1.52

MFOB 63.44 15.27 0.28 4.24
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The questionnaire data was entered into the excel sheet as per the final require-
ments. IBM SPSS Statistics 20 was used to analyze the data. The proportion of
respondents based on age, gender, profession, purpose of the trip and daily frequency
of using facility are shown in Figs. 4, 5, 6, 7 and 8.

Figures 4 and 5 show that the majority of the respondents were male pedestrians
aged between 23 and 59 years, over both the FOBs.

Figures 6 and 7 show that the highest proportion of pedestrians using the facilities
were self-employed, servicemen, or students, who were using the facilities majorly
for their work trip, education trip, or mode change.

Fig. 4 Gender specific
proportion

Fig. 5 Age specific
proportion

Fig. 6 Profession wise
proportion
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Fig. 7 Trip purpose wise
proportion

Fig. 8 Daily use-specific
proportion

Also, as per Fig. 8, it could be concluded that the highest proportion of pedestrians
who responded used the facility twice or more daily, and were highly aware about
the current existing condition of the facilities.

A Cronbach’s alpha test was performed to check the internal reliability of the
Likert scale, and results showed that Cronbach’s alpha value was 0.766, and it
projected a high level of internal consistency between the seven parameters (available
walkway width, available surface condition, available vertical/horizontal connec-
tivity, available safety-security measures, available comfort, available walk environ-
ment, and presence/absence of obstruction). “The Cronbach’s alpha if item deleted”
test was also performed, and results showed that removing any factor resulted in a
lower value of Cronbach’s alpha (i.e., less than 0.766).

2.3 Model Development

The dependent and independent variables used for predicting the preference of pedes-
trians using the FOBs under two different circumstances are mentioned in Table 6.
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Table 6 Dependent and independent variables used in model development

Dependent variables (Yi) Independent/predictor variables
(Xi)

Preference for using FOB Respondents’ gender (Gen), Respondents’ age category (Age),
Respondents’ luggage condition (Lug), Respondents’ profession
(Prof), Respondents’ purpose of trip (TP), Respondents’ daily
frequency of facility use (Freq), Available walkable width (Wid),
Available surface condition (Sur), Presence/absence of obstruction
(Obs), Available horizontal/vertical connectivity (Con), Available
Safety-Security measures (SS), Available comfort for travel (Com),
Available walk environment (WEnv)

The aim was to develop two separate models for NMFOB and MFOB, to predict the
impact of most significant factors.

A Pearson correlation test was conducted to understand the correlation between
different factors for non-mechanized and mechanized FOBs. The results showed
that the gender variable had a negative correlation with luggage, width, obstruction,
safety-security, and comfort (at 5% significance level). This implied that female
pedestrians were profoundly affected by safety-security and comfort, due to the
presence of obstacles which reduced the accessibility width. Similarly, with age,
frequency of travel and connectivity were observed to have a negative correla-
tion. This signifies that the number of times pedestrians used the facility daily and
connectivity (vertical as well as horizontal) affected their choice of using the facility.

The forward stepwise logistic regression method was used to predict the prefer-
ence of pedestrians toward using non-mechanized andmechanizedFOBs. The regres-
sion model predicting the odds of making one or the other decision is represented by
Eq. 1.

ln(ODDS) = β + β1X1 + β2X2 + 1 . . . βnXn (1)

where β represents the coefficients, X1 to Xn represents the parameters influencing
the model.

A Hosmer–Lemeshow test was conducted to predict the accuracy of the goodness
of fit. The HL test shows the chi-square and p-values. In the case of both the models
for non-mechanized and mechanized FOBs, the chi-square and p-values were high
(>0.05), which indicated that the models fitted well.

The best models for NMFOB and MFOB were obtained in the 6th and 4th steps,
respectively, using forward binary logistic regression. Equations 2 and 3 show the
best models used for predicting the preferability of the pedestrians toward using the
non-mechanized and mechanized FOBs.

ln( ODDS) NMFOB = −1.483 + 0.939 ∗ Wid + 0.345 ∗ Con + 0.843 ∗ Sur

+ 0.762 ∗ SS + 0.239 ∗ Gen + 0.332 ∗ Age (2)
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ln( ODDS) MFOB = −1.023 + 0.731 ∗ Con + 0.361 ∗ Wid

+ 0.442 ∗ Surf + 0.277 ∗ Age (3)

The final model for NMFOB (Eq. 2) predicted that width, connectivity, surface,
safety-security, gender, and age all had positive coefficients. Width had the highest
impact on the preference of using the NMFOB, and thus improving the width over
the mid-block and stairways would enhance future usability. Factors such as surface
(0.843) and safety-security (0.762) were highly important toward the inclination of
pedestrians to use such facilities. Connectivity, age, and gender also had a significant
impact on the perception of pedestrians.

The final model related to MFOB (Eq. 3) showed that connectivity was still
quite poor, and especially vertical connectivity (in the form of lifts). Improving the
vertical connectivity by providing escalators would provide a comfortablemovement
for pedestrians of different age and gender categories. Also, improving the width and
surface of the stairways would encouragemore pedestrians to use such facilities. Age
was observed to have a positive coefficient as with the increase in age pedestrians
were reluctant to climb the stairs.

3 Conclusion and Application

The objective of the current study was to identify the impact of different factors on
pedestrian movement behavior and perception. Both videography and questionnaire
techniques were used to study the effect of potential factors (gender, age, luggage,
mobile use, and group size) on the pedestrianwalking speed and also identify themost
relevant factors which impacted their perception. The data was collected from a non-
mechanized FOB (NMFOB) at Maligaon (Guwahati), which was later reconstructed
into a mechanized FOB (MFOB).

The major conclusions from the present study are:

• The pedestrian walking speed over the NMFOB was significantly higher than the
MFOB for all the pedestrian categories. The main reason for such an observation
was the narrowwidth as the pedestrianswere forced tomovewith the stream speed
to prevent congestion over the facility. In such a case, pedestrians of different age
and gender categories were unable to choose their favored walking speed. On the
contrary, the NMFOB was widened and pedestrians had the freedom to choose
their preferred walking speeds and not be forced to move with the group speed.

• Themale pedestrians walked at 4–6m/min higher walking speed than their female
counterparts for both the FOBs. Similarly, the pedestrians in the age group 23–
45 years walked with comparatively higher speeds than the other groups.

• The results obtained from the t-test (refer to Table 3) showed that there was
no significant difference when pedestrians were using mobile phones or not.
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However, there was a significant difference in walking speeds based on gender
and luggage.

• From ANOVA test results (refer to Table 4), a significant difference was observed
for different age categories and group sizes.

• The flow rate and density were higher in NMFOB due to lower available effective
width.

• The results of the questionnaire survey showed that themajority of the pedestrians
using such facilities were young (13–45 years) male pedestrians who used the
facilities twice or more daily. Moreover self-employed, servicemen, or student
pedestrians majorly used the facilities for their work/educational/mode change
trips.

• The forward stepwise logistic regressionmethod predicted that before reconstruc-
tion, width, surface condition, and safety-security were highly influencing the
perception of the pedestrians. Similarly, post-reconstruction, connectivity was the
most important which influenced the choice of pedestrians in using such facilities.

The result of the study shows that in order to encourage or attract more pedes-
trians in using such facilities, it is extremely important to provide proper vertical
connectivity (in form of escalators) for all pedestrian categories, improve the width
and surface conditions, and also provide appropriate safety-security measures (in
form of security personnel deployment, or CCTV camera installation or both).

The current study would provide insight to engineers and planners to consider
the most significant factors before reconstructing older FOBs or constructing newer
ones.
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Effect of Two-Wheeler Proportion
on Passenger Car Unit at Urban
Signalised Intersections

Sandeep Singh and S. Moses Santhakumar

1 Introduction

Traffic is diverse in India, where the vehicles vary in size, speed, and time for clearing
the intersections. Two-wheelers (TWs) are the most common mode of transportation
in cities, and they have a considerable effect on traffic flow at signalised intersections
[1]. TWs’ presence also affect the Passenger Car Unit (PCU) value [2]. The dual
heterogeneity in India, i.e. heterogeneity in vehicle types and driver behaviour, limits
the use of constant PCU values recommended by the Indian Roads Congress (IRC-
93:1985) [3] guidelines. The PCU values vary as the speeds of vehicles clearing the
intersection vary with traffic and roadway conditions [4]. Signalised intersections are
regarded as a hindrance to continuous traffic flow, despite the fact that they allow for a
reduction in the number of conflicts point at approaches. The effect of TWs’ should
be considered when quantifying PCU values under heterogeneous conditions [5].
The dynamism of PCU values must be assessed because the development of PCU
standards for the vehicles is deemed necessary. With this motivation, this study shall
evaluate the effects of the proportion of TWs’ on other vehicle PCU under mixed
traffic.

2 Literature Review

Hossain [6] assessed the traffic and operational characteristics of signalised inter-
sections in the capital city Bangladesh. According to the findings of the study, there
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is a need for a robust methodology to better understand saturation flow rates. Al-
Kaisy et al. [7] quantified the impact of heavy vehicles using queue-discharge flow
rate. Minh and Sano [8] studied the effect of motorcycles on saturation flow at
signalised intersections in Eastern nations. They concluded that motorcycles signif-
icantly impact traffic and should be considered in the geometric design and opera-
tion of signalised intersections. However, all of these studies and their findings are
unworkable for Indian conditions because they were conducted under homogeneous
traffic conditions.

In the Indian context, Arasan and Jagadeesh [9] estimated saturation flow at
signalised intersections in the existence ofmixed traffic. They compared the headway
method to the probabilistic method. The researchers noted that the probabilistic
method was more precise for the Indian traffic, which carries a variety of vehicles.
Chandra and Kumar [10] estimated the dynamic passenger car unit (DPCU) value
considering that “the PCU value is directly proportional to the ratio of clearing speed
ratio of the standard car and subject vehicle and inversely proportional to the area
occupancy ratio of the standard car and subject vehicle”. Arasan and Vedagiri [11]
built HETEROSIM-based simulationmodels and estimated the saturation flow under
heterogeneous conditions. They investigated the impact of the width of the road on
saturation flow. Patil et al. [12] proposed new PCE values for various vehicles using
regression techniques to analyse the capacity of signalised intersections.

Arasan and Arkatkar [13] developed a microscopic simulation technique to inves-
tigate the change in PCU values of various vehicles prevalent in India by taking into
account differences in the volume and roadway. The study’s findings show that for
vehicles larger than passenger cars, the PCU values decreased as traffic volume
increased and vice versa. Asaithambi et al. [14] examined the role of mixed traffic,
with a particular emphasis on large volumes of motorised TWs. They developed
microscopic traffic simulation models. According to the findings of this paper, the
effect of traffic composition on capacity is greater when there is a higher proportion
of TWs. Sonu et al. [2] studied the time occupancy concept and estimated the PCU
values. Mohan and Chandra [15] estimated the PCE at the signalised intersection
using the queue clearance rate method.

Nonetheless, hardly, any research has been conducted that explicitly developed
an appropriate PCUmodel, making it difficult to assess the performance parameters.
Furthermore, outlining the review of previous literature, it was evident that there is a
lack of research in estimating the PCU using ratio methods. The current study thus
focuses on examining the effect of the different proportions of TWs’ on PCU values
of vehicles at a signalised intersection using a ratio method.

3 Study Methodology

The present research work is primarily concerned with analyses of the effect of the
proportion of TWs on PCU values. For this purpose, traffic data are acquired using
the videotaping method at a signalised intersection where TWs proportion is higher.



Effect of Two-Wheeler Proportion on Passenger … 437

These recorded traffic videos are then imported into the traffic data extractor software
for finding the individual vehicles’ intersection clearance time to estimate the PCU
values. Other traffic-related parameters like the saturation flow, capacity, and v/c
ratio were also computed. Finally, VISSIM developed models are used to evaluate
the effect of the proportion of TWs on the vehicle PCU. The TWs proportion was
varied at 5% as 55, 60, 65, 70, and 75% relative to the standard car.

4 Data Collection

A highly congested signalised intersection, with higher proportions of TWs and
the other vehicles, is chosen as the study site. In this research work, a signalised
intersection at the Head Post Office (HPO) in Tiruchirappalli, India, is selected. A
typical weekday is chosen to collect the traffic for three hours between 04:00 PM
and 07:00 PM. Figure 1 illustrates the selected test site.

The road width varied at each approach. The geometric details of the approaches
in the North Bound (NB), East Bound (EB), South Bound (SB), and West Bound
(WB) directions are shown in Table 1.

The NB and EB approaches are identified to be present with an exclusive lane for
a free left turn. Also, the EB approach was identified to be present with a curbside
bus stop within 75 m from the stop of intersection for which a suitable bus blockage
adjustment factor (f bb) is estimated and applied whilst calculating the saturation flow
rate and capacity, which is discussed in the following sections.

Figure 2 represents the directional volume (vi) of all the vehicles for all four
approaches. It can be inferred that most of the vehicles had been taking the straight

Fig. 1 Selected study site Head Post Office Junction
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Table 1 Geometric characteristics of the Head Post Office Junction

Geometric characteristic Approach

NB EB SB WB

Approach width, w (m) 8.10 13.0 10.5 11.5

Number of lanes, n (#) 2 3 2 2

Presence/absence of exclusive lane for a free left turn Present Present Absent Absent

Presence/absence of curbside bus stop within 75 m from the
stop of intersection

Absent Present Absent Absent

Fig. 2 Approach traffic volume

movement followed by right turning and left-turning movements during the study
period. The NB approach and SB approach carried 1762 vehicles and 1949 vehicles,
respectively, whilst the EB approach and WB approach carried 2596 vehicles and
1828 vehicles.

From Fig. 2, it can be inferred that the traffic flow from the EB and WB direction
was more than the traffic flow from the NB and SB direction. The composition of
traffic is also important in the determination of traffic characteristics [16, 17]. It was
also noticed that amongst all the four approaches, the TWs carried the highest share.
The recorded traffic composition of the eight different vehicle types is presented in
Table 2.

The traffic control characteristics measures revealed that the overall cycle length
of the HPO junction to be 164 s. The green time, amber time, and red time were
also recorded from the signalised intersection with the help of a stopwatch. Table 3
shows the traffic control characteristics.
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Table 2 Traffic composition at HPO signalised intersection

Vehicle type Composition (%)

NB EB SB WB

Two-wheeler (TW) 61 68 67 69

Three-wheeler (ThW) 5 14.9 9 11

Small car (SC) 18 8 11 9

Big car (BC) 6 2 8 4

Light commercial vehicle (LCV) 4 2 2 2

Bus (BUS) 4 4 1 3

Heavy commercial vehicle (HCV) 1 1 1 1

Bicycle (BY) 1 0.5 1 1

Table 3 Traffic control characteristics of HPO signalised intersection

Parameter (s) Approach

NB EB SB WB

Green time 30 46 30 46

Amber time 3 3 3 3

Red time 131 115 131 115

5 Data Analysis and Results

5.1 PCU Estimation

In the present study, the PCU value is estimated as a measure of time to clear the
intersection entirely in a given direction of the movement group from one approach
to another. “The intersection clearance time is defined as the time taken by a vehicle
to clear the approach separately for left-movement, straight movement, or right-turn
movement” [4]. The time difference between the entry and exit timestamp was taken
for the intersection clearance time calculation and to determine the vehicle PCUs.
The vehicle PCU is calculated using Eq. (1).

PCUi = Ii/Isc/Asc/Ai (1)

where,

PCUi PCU of the ith vehicle
I i Mean intersection clearing time of the ith vehicle(s)
Isc Mean intersection clearing time of SC(s)
Asc Area of SC
Ai Area of the ith vehicle.
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Tables 4, 5, and 6 show the PCU values for left turning, straight movement, and
right-turning vehicles, respectively.

The PCU values for each turning movement were observed to be slightly different
from each other. Hence, the average PCUs were computed and adopted for further

Table 4 Estimation of PCU values for left-turning vehicles

Vehicle type Ii (s) Ai (m2) Ii/Isc Asc/Ai PCU

TW 3.7 1.2 0.7 4.5 0.2

ThW 3.9 4.5 0.8 1.2 0.5

SC 4.8 5.4 1.0 1.0 1.0

BC 5.0 8.1 1.0 0.7 1.4

LCV 5.4 9.5 1.1 0.6 1.8

BUS 6.5 25.8 1.4 0.2 6.9

HCV 6.9 18.0 1.5 0.3 4.9

BY 9.0 0.9 1.9 6.2 0.3

Table 5 Estimation of PCU values for straight movement vehicles

Vehicle type Ii (s) Ai (m2) Ii/Isc Asc/Ai PCU

TW 5.8 1.2 0.9 4.5 0.2

ThW 6.8 4.5 1.1 1.2 0.9

SC 6.1 5.4 1.0 1.0 1.0

BC 6.5 8.1 1.2 0.7 1.7

LCV 5.5 9.5 0.9 0.6 1.5

BUS 8.0 25.7 1.3 0.2 6.5

HCV 8.1 18.0 1.3 0.3 4.4

BY 11.0 0.9 1.8 6.2 0.3

Table 6 Estimation of PCU values for right-turning vehicles

Vehicle type Ii (s) Ai (m2) Ii/Isc Asc/Ai PCU

TW 6.4 1.2 0.9 4.5 0.2

ThW 5.5 4.5 0.8 1.2 0.7

SC 6.9 5.4 1.0 1.0 1.0

BC 7.4 8.1 1.1 0.7 1.6

LCV 7.8 9.5 1.1 0.6 1.8

BUS 8.0 25.8 1.2 0.2 6.0

HCV 7.1 18.0 1.0 0.3 3.4

BY 13.5 0.9 1.9 6.2 0.3
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analysis. The average PCU value for TW, ThW, SC, BC, LCV, HCV, BUS, HCV,
BY is 0.2, 0.7, 1.0, 1.6, 1.7, 6.5, 4.2, and 0.3, respectively.

5.2 Saturation Flow and Unit Base Saturation Flow Rate
Determination

Every signalised intersection at a certain point will attain its saturation flow rate
during the peak hour traffic flow. The saturation flow (SFi) is measured in PCU/hour
of the green period [18] and is given by Eq. (2).

SFi = w ∗ USFi ∗ fbb ∗ fbr ∗ fis (2)

where

w Width of the approach (m)
USFo Unit base saturation flow rate
f bb Bus blockage adjustment factor for curbside bus stop
f br Vehicle blockage adjustment factor for the through vehicles waiting for

right-turning vehicles turn, f br = 1, if no blockage
f is Initial surge of vehicles adjustment factor for approach flare and anticipation

effect, f is = 1, if no surge flow.

Saturation flow rate under the stated base conditions of intersection relating to
traffic, geometric, and control conditions of green is called base saturation flow rate
(USFo). The base saturation flow varies with respect to the approach width as given
in Eq. (3) as per the recommendations of Indo-HCM (2017) [18].

USFo = 630; forw < 7.0m
1140 − 60w; forw < 7.0m

500; forw > 10.5m
(3)

The USFo values estimated using Eq. (3) for NB (8.10 m), EB (13.0 m), SB
(10.5 m), and WB (11.5 m) are 654, 500, 510, and 500 PCU/h, respectively.

5.3 Bus Blockage Adjustment

The EB approach was affected by the bus blockage because of a curbside bus stop,
which hindered the normal traffic flow. So, f bb was estimated as suggested in the
Indo-HCM (2017) method [18]. It is given by Eq. (4).

fbb = w − 3 ∗ (tb ∗ nb/3600)

w
(4)
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where,

tb average blockage time during green (s)
nb number of buses stopping per hour (buses/h).

The approach width (w) was 13 m, whilst the tb was 10 s and nb was 30 buses/h.
The f bb was estimated to be 0.98. Hence, the SFEB with the USFo = 500 (for w >
10.5 m) was estimated to be 6370 PCU/h. Similarly, the SFi for other movement
groups are estimated as follows: SFNB = 5298 PCU/h, SFSB = 5355 PCU/h, and
SFWB = 5750 PCU/h. These are used for the estimation of the capacity of each
movement group.

5.4 Capacity and V/C Ratio Determination

Capacity (Ci) of the movement group is found in this study using Eq. (5), and the
effective green time of the movement group is estimated using Eq. (6), which is
helpful for the estimation of the vi/Ci ratio at the HPO signalised intersection.

Ci = SFi ∗ gi
Co

(5)

where,

Ci Capacity of movement group ‘i’ (PCU/h)
SFi Saturation flow rate (PCU/h)
Co Cycle time (s)
gi Effective green time of the group ‘i’ (s).

gi = yi
Y

∗ (Co − L) (6)

where,

Y
∑

(yi)
yi Flow ratio = vi/SFi
L Lost time = ∑

[I – A] + ∑
[l] (s)

I Inter-green time (s)
A Amber time (s)
l Starting delay per vehicular phase (s/phase).

The recorded cycle time was 164 s. Using the inter-green time (6 s), amber time
(3 s), and starting delay per vehicular phase (1.5 s/phase), the lost time was estimated
to be 18 s.
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Table 7 Estimated flow ratios, effective green time, and capacity of each movement group

Parameter Approach

NB EB SB WB

Flow ratio (yi) 0.33 0.41 0.36 0.32

Effective green time (gi) (s) 34 41 38 33

Capacity (Ci) (PCU/h) 1098 1593 1241 1157

vi/Ci ratio 1.60 1.63 1.57 1.58

Degree of saturation (Xi) measures how much demand (volume) an approach is
experiencing compared to its capacity. It is the ratio of approach volume to approach
capacity.Xi or volume to capacity ratio (vi/Ci) of amovement group of each approach
was measured. Table 7 shows the flow ratios, effective green time, capacity, and vi/Ci

ratio of each movement group.
The maximum effective green time amongst the movement groups is for EB,

which is 41 s, which also carries themaximum capacity amongst the other movement
groups, which is found out to be 1593 PCU/h. In addition, the EB approachwas found
to have the highest vi/Ci ratio amongst the other approaches.

5.5 Simulation Modelling

For the analysis of the effect of the TWs on the PCU of the vehicles, the micro-
scopic simulation models were developed using VISSIM. The traffic simulation
model replicating the real-field conditions is shown in Fig. 3.

Based on the above study mentioned methodology, the PCU values at an
incremental rate of TWs were estimated and are shown in Table 8.

6 Conclusion

After simulating the microscopic model, the analysis revealed that the different
proportions of TWs significantly affected the vehicle PCUs, as shown in Table 8.
These findings are in line with the previous studies, which have also assessed the
impact of different traffic conditions on traffic characteristics under mixed traffic
[19–23]. The results show that TWs and ThWs PCU reduce consistently with the
increase in the TWs’ composition from 55, 60, 65, 70, to 75%. In contrast, the PCU
of vehicles like BC, LCV, BUS, HCV, and BY were observed to increase with the
increase in the TWs’ composition. This may be attributed to their relatively more
time clearing the intersection and bigger physical area except that for BY, which
has a small physical area. Hence, the varying and incremental proportion of TWs
significantly influences the vehicle characteristics. The TWs act as an impedance to
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Fig. 3 Snapshot of the microscopic simulation model

Table 8 Vehicle PCUs under the different proportion of TWs

Vehicle type Proportion of TWs

55% 60% 65% 70% 75%

TW 0.24 0.23 0.21 0.20 0.19

ThW 0.83 0.81 0.78 0.75 0.73

SC 1.00 1.00 1.00 1.00 1.00

BC 1.30 1.40 1.50 1.70 1.80

LCV 1.81 1.83 1.84 1.87 1.89

BUS 5.71 5.83 6.0 6.25 6.98

HCV 3.86 3.91 4.13 4.36 4.57

BY 0.26 0.27 0.29 0.30 0.32

the vehicles larger in size than SC, thereby increasing the intersection clearance time
and the vehicle PCU at urban signalised intersections.
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Influence of Platooning of Heavy
Transport Vehicles Operation on Traffic
Flow Mix of Intercity Highways

Sandeep Singh and S. Moses Santhakumar

1 Introduction

The increased motorization on rural highways with a considerable share of Heavy
Transport Vehicles (HTVs) is supplemented by insufficient infrastructure and lack of
traffic management [1]. Vehicles with different physical dimensions behave differ-
ently. The traffic speed and flow on the intercity highways are disrupted due to the
uncertain placement and movement of the HTVs. The HTVs’ presence affects the
speed of the neighboring vehicles [2]. Under such scenarios, from the operational
point of view, a vehicle being blocked by another slower moving HTV follows the
latter for a certain distance until it finds an opportunity to overtake [3]. Let us consider
the same situation being followed by all the backed-up vehicleswith the generation of
slow-moving vehicles as platoon leaders. It leads to the formation of platoons. Gener-
ally, moving bottlenecks are caused by these slow-moving HTVs. So, the average
speed of all the vehicles behind it on the highways reduce [4]. Hence, platoons are
important to be considered in the speed-flow analysis because they impact the traffic
speed, flow, and capacity.

Considering this, the development of distinct speed-flow models to determine
the capacity of the different lanes for slow-moving vehicles would be accurate in
representing the phenomenon of platooning on intercity highways. The capacity
suggested in the Highway Capacity Manual (HCM) [5] for other developed, and
developing countries cannot be adopted in these conditions because of the differences
in the geometric characteristics, traffic characteristics, and driver behavior prevailing
in Indian traffic. Additionally, the dynamism of Passenger Car Unit (PCU) values
must be assessed because the development of PCU standards under such platoon
conditions is deemed necessary. The aim of the study is to evaluate the effects of
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HTV types on highway lanes’ speed and flow characteristics under mixed traffic
conditions.

2 Literature Review

Alecsandru et al. [6] estimated truck Passenger Car Equivalent (PCE) for different
traffic demand and composition levels. They calibrated VISSIM simulated models.
The outcomes of this research work showed that PCEs for trucks increased as the
compliance ratio increased. Demarchi and Setti [7] examined the influence of over-
weight vehicles on grades, using PCEs for different types of trucks. Similarly, Al-
Kaisy et al. [8] studied the influence of traffic flow, the percentage of the truck, and
the type of truck, on PCU. The conclusions drawn were that these variables influence
the PCUbecause of a higher proportion. Chang andKim [9] attempted to consider the
headway of vehicles for capacity estimation. The study detailed the use of different
statistical techniques for determining the best confidence level to represent the traffic
capacity.

Li et al. [10] modeled the headway distribution, considering the formation of
platoons, and estimated the capacity. The study concluded that Gamma distribution
was the best fit for the headway distribution of vehicles. Zhou et al. [11] carried out a
study to determine PCEs and found that the PCEs are affected by the high proportion
of trucks. However, all of these studies and their findings are unworkable for Indian
conditions because they were conducted under homogeneous traffic conditions.

In the Indian context, Bharadwaja et al. [12] investigated the impact of the traffic
composition on the capacity for intercity expressways. They noticed that the capacity
is influenced by the trafficmix composition and emergency lanes. Rahman andNaka-
mura [13] estimated PCU for non-motorized vehicles based on reducing passenger
car speeds. Dhamaniya and Chandra [14] determined the speed of different vehicle
types to estimate the PCU of vehicles in India. Recently, Singh and Santhakumar
[15] compared the different methods of PCU estimation and determined the capacity
values for different lanes of the four-lane highways.

Mallikarjuna and Rao [16] have attempted and proposed an area occupancy-based
traffic-concentration representationmodel to describe the traffic condition on no-lane
disciplined-based traffic streams. Gunasekaran et al. [3] determined the platoon flow
period for each confidence interval of the headway and obtained different values of
traffic capacity. Chandra et al. [17] investigated the effect of traffic mix on highway
capacity by proposing a generalized equation to determine capacity. Biswas et al.
[18] carried out research to study and model traffic volume and composition for
separate vehicle speed and PCE. Recently, Raj et al. [19] laid down a methodology
to compute vehicle PCU using the effective area approach.

Although much literature is available for modeling highway characteristics under
homogeneous conditions, the platoon modeling and behavior of vehicles under
heterogeneous conditions on highways is yet to be explored. From the literature
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review, it can be summarized that there is a lack of research concerning the platooning
phenomenon on highways.

3 Data Collection

The collection of traffic data across the intercity highway near Chennai city was
carried out for 38 h, continuously capturing peak hour and off-peak hour traffic
covering weekends (Saturday and Sunday) and weekdays (Monday). The four-lane
divided NH-45 is 325 km long, which connects Chennai city, and Trichy city is
selected as the study site because severe traffic with various vehicle types operates
on the highways. Figure 1 illustrates the selected test section.

The traffic data was collected using an Infra-Red (IR) traffic detector system
named Transportable Infra-Red Traffic Logger (TIRTL). Figure 2 illustrates the
transmitter (TX) and receiver (RX) of the TIRTL.

The traffic measurement was possible with 95 and 96% accuracy for speed and
time headway. Further details on the working of the TIRTL can be found in the
studies by Singh et al. [20, 21]. The highway consisted of eleven different vehicle
classes, as shown in Fig. 3.

Fig. 1 Selected study section

Fig. 2 Schematic representation of the TX and RX
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Fig. 3 Traffic composition at NH-45

A total of 36,987 vehicles were observed over 38 h of the analysis period.

4 Data Analysis and Results

4.1 Speed Statistics of Vehicles

The speed data of various vehicle categories recorded by TIRTL are extracted and
used for performing descriptive statistical analysis. The different descriptive statis-
tical parameters of vehicle speeds like theminimumspeed,maximumspeed, different
percentiles, Standard Deviation (Std Dev), Skewness, Kurtosis, Time Mean Speed
(TMS), and Space Mean Speed (SMS) are determined, which is shown in Table 1.
TMS (vt) and SMS (vs) are the arithmetic mean and the harmonic mean vehicle
speeds as given by Eqs. (1) and (2), respectively.

vt = 1

n

n
�
i=1

vi (1)

vs = n
n
�
i=1

( 1
vi )

(2)

From Table 1, it can be inferred that the TMS of standard/small cars to be the
highest with 86.4 kmph followed by big carswith 84.6 kmph. Bicycleswere observed
to have the lowest average speed of 21.5 kmph amongst the vehicles. Meanwhile, the
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TMS and SMS of all the vehicles were plotted against the time (in hours) as shown
in Fig. 4.

The speed distribution profile of all the vehicle classes against frequency is
represented in Fig. 5.

Figure 5 shows that the vehicle speeds in the traffic stream for the study site under
mixed traffic conditions are normally distributed.

Fig. 4 Trend of TMS and SMS

Fig. 5 Speed distribution profile
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Fig. 6 Speed versus time headway plot

4.2 Speed Versus Time Headway Analysis

The lane-based speed versus time headway analysis is carried on the acquired data.
It is observed that the speed of vehicles over the incremental ranges of time headway
is the highest on the median lane compared to the curb lane and the shoulder. The
vehicle speed versus time headway analysis shows that the vehicles maintained an
average speed of 78 kmph on the median lane, 71 kmph on the curb lane, and 42
kmph on the shoulder. The overall average speed on all the lanes is found to be 73
kmph. This is depicted in Fig. 6.

4.3 Passenger Car Unit (PCU) Estimation

The traffic on Indian highways is defined by the high degree of heterogeneity. In the
present study, the PCU of the vehicle is estimated using Eq. (3) as suggested by the
Indo-HCM [22]. The estimated vehicle PCUs are shown in Table 2.

PCUi = (Vsc/Vi )/(Asc/Ai ) (3)

where,

PCUi PCU of the ith vehicle
Vi Speed of the ith vehicle (km/h)
Vsc Speed of SC (km/h)
Asc Area of SC (m2)
Ai Area of the ith vehicle (m2).
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Table 2 Estimation of PCU
values for different vehicles

Class of vehicle Speed (Kmph) Area (m2) PCU

2W 55.4 1.08 0.27

3W 52.0 3.41 0.91

SC 86.3 6.18 1.00

BC 84.5 8.50 1.40

SCV 57.2 6.23 1.52

LCV 70.4 8.84 1.75

MCV 65.0 18.14 3.90

HCV 51.8 20.39 5.55

MAV 48.2 25.13 7.25

TT 29.2 11.06 5.29

BI 21.5 0.60 0.38

4.4 Temporal Variation of Traffic Flow

The 5-min aggregated DPCU values for every hour of each vehicle class are multi-
plied to the respective vehicles/hour/direction (vphpd) to homogenize the traffic flow
into pcu/hour/direction (pcuphpd). The peak traffic flow values observed over the
analysis period are 1826 vphpd between 17:00:00 h to 17:59:59 h and 2951 pcuphpd
between 04:00:00 h to 04:59:59 h. This is depicted in Fig. 7.

Fig. 7 Temporal variation of traffic flow
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4.5 HTVs’ Platooning Operation in Different Lanes

In this study, platoon size is represented using a 1-min flow rate (PCU/minute). The
vehicles detected 1-min before the arrival of the HTVs, at the IR sensor detector point
are used to represent no/minimal platoon formation. In comparison, those vehicles
detected one minute after the arrival of the HTVs at the IR sensor detector point
represent the platoon formation [23]. The primary reason for this kind of platoon
characterization, i.e., one minute before and after the arrival of HTVs is taken under
consideration for platoon analysis because it meaningfully describes the platoon
formation and no/minimal platoon formation phenomenon in which the speed-flow
characteristics are found to be representing the field characteristics [24].

This analysis was done separately for Median Lane (ML) and Curb Lane (CL)
traffic during the peak hours between 3 and 9 PM. Though the highest peak flow of
2951 pcuphpd is observed between 4 and 5 AM, the time between 3 and 9 PM was
deemed to represent platoons. This is done because the vehicle-to-vehicle interaction
was more when compared to the former time period. Since in the former time, the
peak flow of 2951 pcuphpd has been due to the higher number of large-sized vehicles
whose PCU is more than the fact that maximum flow occurs in that time. Another
point to note here is that both ML and CL are separately chosen for analysis to show
that the influence of HTVs on platoon formation is more when these HTVs operate
in the ML when compared to that in the CL, which is represented by the speed-flow
characteristic curves.

The speed-flow relationships are established for the proposed concept of
platooning phenomenon for HTVs operating separately on ML and CL. One minute
before the HTVs’ arrival on ML and CL and one minute after the HTVs’ arrival on
ML and CL are considered to define the no/minimal platoon formation and platoon
formation, respectively. This is shown in Figs. 8, 9, and 10.

Figure 8. depicts a significant drop of 24.39%, i.e., from 102 to 82 PCU/min in
the flow values after the MCVs arrival on ML compared to that before the MCVs

Fig. 8 Speed-flow curves for MCVs as platoon leader
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Fig. 9 Speed-flow curves for HCVs as platoon leader

Fig. 10 Speed-flow curves for MAVs as platoon leader

arrival on ML. Likewise, the KL flow for MCVs operation reduced from 105 to 87
PCU/min, which is 20.69%. This shows that the speed and flow of all other vehicles
operating on the traffic stream are disrupted by MCVs movement on the ML and
CL, thereby forming a platoon where the MCVs act as platoon leaders. Also, it can
be inferred that the percentage drop in the speed-flow values after the MCVs arrival
on ML is considerably more when compared to that after the MCVs arrival on CL.
Hence, the MCVs in the ML with lower operating speeds reduce the vehicle speeds,
which eventually reduced the capacity of the intercity highways.

Figure 9 depicts a significant drop of 18.64%, i.e., from 70 to 59 PCU/min in
the flow values after the HCVs arrival on ML compared to that before the HCVs
arrival on ML. Likewise, the KL flow for HCVs operation reduced from 71 to 65
PCU/min, which is 9.23%. This shows that the speed and flow of all other vehicles
operating on the traffic stream are disrupted by HCVs movement on the ML and CL,
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forming a platoon where the HCVs act as platoon leaders. Also, it can be inferred
that the percentage drop in the speed-flow values after the HCVs arrival on ML is
considerably more when compared to that after the HCVs arrival on CL. Hence, the
HCVs in theMLwith low operating speed reduce the vehicle speed, which eventually
reduced the capacity of the intercity highways.

Figure 10 depicts a significant drop of 17.31%, i.e., from 61 to 52 PCU/min in
the flow values after the MAVs arrival on ML compared to that before the MAVs
arrival on ML. Likewise, the KL flow for MAVs operation reduced from 75 to 68
PCU/min, which is 10.29%. This shows that the speed and flow of all other vehicles
operating on the traffic stream are disrupted by MAVs movement on the ML and
CL, thereby forming a platoon where the MAVs act as platoon leaders. Also, it can
be inferred that the percentage drop in the speed-flow values after the MAVs arrival
on ML is considerably more when compared to that after the MAVs arrival on CL.
Hence, the MAVs in the ML with lower operating speeds reduce the vehicle speeds,
which eventually reduced the capacity of the intercity highways.

5 Conclusion

The present study examined the effects of the variousHTVs operation on the different
lanes of the highways under mixed traffic conditions. Since different HTV types can
result in different traffic conditions leading to abrupt vehicle movement and lane
changing, interpreting the speed-flow relationship of different HTVs is essential for
improving highway safety. The results showed that the speed-flow characteristics
decrease consistently with the slow speed operation of the HTV’s in the high-speed
lanes. The findings of this study can provide valuable insights for traffic engineers
and decision-makers to develop potential strategies tomanage highway traffic. Future
research may include an analysis of similar effects of HTVs for the urban arterials
during peak hours.
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Determination of Service Quality of Bus
Transit System Using SERVQUAL
Method Based on User’s Perceptions
and Expectations

Soumik Sarkar, Mokaddes Ali Ahmed, and Saikat Deb

1 Introduction

In India, the urban population in 2017 was approximately around 34% [35] and it
is a monotonically increasing trend since 1960. The population of India is slated to
grow to 1.53 billion by 2030 [24] showing significant jump from the 2011 levels of
1.21 billion. The combination of these two factors is going to put lot of pressure on
the transportation infrastructure in the urban areas in years to come. Also, India is
experiencing tremendous growth in number of vehicles in urban areaswith increasing
economicdevelopment causing transit users to switch to privatemodes.Theper capita
income of India for the financial year of 2018–19 is | 1,25,397 showing a rise of
11.10% from the previous year [22]. The vehicle density (no. of vehicles per 1000
population) has risen from 8 in 1981 to 72 in 2005 [33]. The spatial distribution
of vehicle ownership in India shows much variability; in 2005, the vehicle density
in the 23 million-plus population cities was 215 vehicles/1000 population while
the vehicle density was only 72 vehicles/1000 population when country as a whole
was considered [33]. Due to this, urban areas are facing problems such as traffic
congestions, poor air quality. As per a study conducted on 10 roads of Kolkata city
revealed that | 74,078 is lost in only two hours (i.e. 9–10 am and 6–7 pm) per day
due to congestion on the roads [2]. It is estimated that in 2005, the 23 million-plus
cities account for consumption of one-fourth of the transport fuel consumed in the
country leading to emissions of about 15.29 million tonne of CO2 in 2005 [33]. It
is observed that poor air quality leads to 1.7 times higher prevalence of respiratory
symptoms [26].
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In order to reduce the detrimental effects caused by increase in number of vehicles
in urban areas, the public transport service needs to be made available and attrac-
tive to the users. The bus transit system is the most available form of transit service
in most Indian cities. Bus transit service is effective in meeting higher demands of
the urban population cost effectively as it requires less capital investment to intro-
duce the service compared to rail-based transit systems. Also, about 25% of the
urban population in India live below the poverty line [21] whose choice of mode
depends on affordability. The bus transit system is affordable as well as provides
more accessibility to the users. However, due to lack of resources, poor mainte-
nance, inefficiency in operation, overcrowding and undependable serviceability of
public bus service, dissatisfied users in the cities are increasingly switching to private
cars or two wheelers [30].

To prevent the mode shift of transit users to private vehicles the service quality
offered by existing public bus transit system needs to be determined regularly and
amends are to areas where service is lagging behind. To determine the service quality,
the Ministry of Urban Development (MoUD) has introduced Service Level Bench-
marks, 2009 [25] formeasurement of performance of transit systems based on bench-
marking techniques. It measures the Level-of-Service (LOS) offered based on six
parameters like presence of organized service, availability of service, coverage of
service, average waiting time, level of comfort based on load factor and percentage of
fleet as per specification. On the basis of the six parameters, the LOS scale is divided
into four categories from LOS 1 representing best possible service to LOS 4 repre-
senting worst service. The MoUD, 2009, suggested LOS scale was developed based
on expert opinion and concentrates only on quantitative performance indicators. The
scale therefore lacks to represent the user’s perception about the service.

The Transit Capacity and Quality of Service Manual, 2nd Edition [34] defines the
LOS as “The overall measured or perceived performance of transit service from the
Passenger’s point of view” and highlighted the importance of user’s perception in
measuring service quality. Many researchers in recent years highlighted the impor-
tance of user’s perception in measuring the service quality [4, 13, 28]. However, the
user perception towards the service, however, differs from person to person based on
factors like socio-economic characteristics, personal needs of the user, demographic
values, previous experience of the service, etc. [37]. Researchers have used different
techniques tomeasure service quality of the transit system using user’s perception, as
summarized by Güner [15]. Some of the statistical techniques are structural equation
modelling [7], factor analysis [6, 17, 22, 27], discrete choice logit models [8, 11,
12, 16, 29, 31], combination of factor analysis and structural equation model [10,
36], multi-criteria decision-making techniques like the Analytic Hierarchy Process
(AHP) [15, 20], Artificial Neural Networks (ANN) [14, 19], Law of Successive
Interval Scaling [5], etc.

In most of the aforementioned studies, the authors identified the factors that affect
the transit user perception about the service and have quantified the service quality
based on those factors. The studies provide a goodmeasure of the existing service but
do not take into account the expectations of the users from the service in calculating
the service quality of the system. The desired service quality requirement changes
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with expectation of the transit users. SERVQUAL is one such method which takes
transit users perception and expectation from the service into account for calculation
of service quality. SERVQUAL method was developed as a tool to measure service
quality offered by the service sector like bank, retail shops, insurance company,
etc. [28]. However, the method has been widely applied to various fields including
transport-related studies. SERVQUAL method has been applied to measure service
quality of the public bus transit system in Kumasi, Ghana [32]; metro service in
Montreal, Canada [1], airline service quality in Taiwan [3], etc. SERVQUAL is used
in this study as it is able to measure perceived and expected service quality and also
because of its simplicity transit users as well as operators are able to interpret and
implement its findings. The objective of this study is therefore to determine the LOS
of the bus transit service based on the user’s perception and expectations.

2 Case Study Area and Selection of Transit System

Kolkata is the state capital of West Bengal, India and is the largest metropolitan city
on the Eastern region of India. The city is situated on the banks of the Hooghly
River. Due to presence of riverine port and presence of very good connectivity with
different parts of the country, the city is a major centre of trade and culture. The land-
use pattern of Kolkata is such that only 6% of the city area is available for transport
infrastructure [18], due to this the city faces with the problem of traffic congestion.
Also, the city is oriented in North–South direction and due to this city structure the
major arterial roads, the rail-based transit system like the Local Rail Transit system
and the Metro Rail Transit system are aligned along the North–South direction.
The bus transit system therefore plays a vital role as feeder service as well as in
providing accessibility to the transit users. In Kolkata, about 87% of the passenger-
km was through public transit systems in 2005 [33]. The mode share of bus transit
system was 55.75% on an average week day [9]. The vehicle density in Kolkata is 64
vehicles/1000 population which is below the national average of 72 vehicles/1000
population [33], due to the presence of extensive public transport network of the
city. Therefore, it becomes imperative to study the service quality offered by the bus
transit service to prevent the shift of transit users to private vehicles.

The bus transit service of Kolkata comprises of buses operated by the State Trans-
port Undertaking (STU) i.e. the West Bengal Transport Corporation (WBTC) and
buses operated by private operators. The WBTC was formed in 2017 by merging the
three STUs (CSTC, CTC and WBSTC) operating in the KMA. However, before the
merger of the three STUs, all the three STUs were suffering from drop in ridership
due to problems like use of old rickety fleet, unreliable service, poor route choices,
etc. However, the state government puts capital investment in STUs for fleet modern-
ization under the JNNURM scheme and now theWBTC operates a fleet of Non-AC,
AC and Volvo buses which are BS-IV compliant. The WBTC is therefore the single
largest operator of buses in Kolkata; it operates buses on approximately 145 routes in
the KMA. For the present study, the service quality of buses operated by the WBTC
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measured as findings of the study have better chances of applicability because of its
centralized administrative nature while the privately operated buses are decentralized
and are very slow to adapt to changes.

3 Methodology

The objective to this study is to determine the service quality offered by the bus
transit system based on the user perception and expectation from the service. Also,
the public bus transit authority very rarely conducts studies to determine the LOS
being delivered, due sluggish nature of the authority as well as due to insufficient
funds or skilled workforce. So, for any research method to be readily applied by the
authority, needs to be simple, easy to perform, require less number of personnel to
perform and the data analysis should also not require complex calculations as well
as costly software packages. SERVQUAL method is one such method which is easy
and simple.

SERVQUAL method is used in the present study. SERVQUAL method has
5 service quality dimensions (Reliability, Assurance, Tangibility, Empathy and
Responsiveness) and 22 questions focusing on different parameters of the service. To
make the questions and service quality dimensions more easy to interpret and relat-
able to the service being surveyed; some of the questions and dimensions are modi-
fied. A 5-point Likert scale is used in this study to get user responses. SERVQUAL
method measures the gap in service delivery by expected service quality values from
the perceived values. A zero gap score indicates that existing service quality is at par
with user expectations while a negative gap score indicates lag in service delivery.

Data collection involves two steps one is preparation of the questionnaire survey
and second is collecting responses from the transit users. The questionnaire survey
form consists of three sections, first is SERVQUAL-based questions, second is the
overall rating of the existing service and third section contains some demographic
questions to determine the socio-economic characteristics of the respondents. The
survey was conducted from 22nd October to 5th November, 2018 in two shifts from
08:00 to 13:00 and 15:00 to 20:00 h. The survey was conducted across 10 locations in
Kolkata as depicted in Fig. 1. The locations were selected such that most of the trips
performed by users ended in those locations such as important changeover points like
Howrah Railway Station Bus Terminus, Ultadanga, Shyambazar 5-point crossing,
Park Circus where users switch from bus to rail transit services; office areas and
commercial centres like Esplanade, Gariahat, New Town Bus Stand, Karunamoyee,
etc. The surveyors handed the questionnaire survey form to willing respondents who
were regular users of the service. A total of 414 responses were collected, however
350 responses were found valid after reviewing the filled-up forms for any missing
data as well as presence of absent-minded responses.

The collected data was analysed using IBM SPSS software (version 20). Paired
Sample t-testwas performed on the collected sample to establish the alternate hypoth-
esis i.e. the perception and expectation dataset differ from each other and their means
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Table 1 LOS category ranges with description

Percentage deviation (%) Designated LOS level Description

0–20 LOS 1 Best possible service, respondents are
happy with the performance of the service,
bus transit service is efficient

20–40 LOS 2 Respondents are happy with maximum
service indicators, bus service is good

40–60 LOS 3 Respondents are somewhat happy with the
service, some service indicators are not
performing up to the user’s expectations

60–80 LOS 4 Majority of the respondents are not happy
with the service, bus transit service is
performing poorly

80–100 LOS 5 This is the worst service level, bus transit
system major operational review

can be compared. To check for the scale reliability, Cronbach’s Alpha value is calcu-
lated. The LOS offered by the existing service is determined by calculating the
percentage deviation of user perception values from their expectations from the
service, the percentage deviation is calculated with the help Eq. (1). In this study,
LOS scale developed by [6] is used. In this LOS scale, the percentage deviation
(ranging from 0 to 100%) is divided into five equal intervals. The scale is presented
in Table 1with brief discussion of each category. Further,multiple regression analysis
is performed to determine the coefficient weights of each service quality dimension
towards overall satisfaction of the transit users. With the coefficient weights known,
the transit authority could prioritize on improving the service quality based on the
importance of the factors.

Percentage deviation = expectation− perception

expectation
× 100 (1)

4 Results and Discussion

Out of the 350 respondents, 233 (66.57%) respondents were Male and 117 respon-
dents were Female (33.43%). Around 60.57% of the respondents belonged to the 21–
30 years age-group and 50.29% respondents were on work trip. The socio-economic
characteristics of the collected data are presented in Table 2.

Paired Sample t-test is conducted to verify whether the user perception and expec-
tation values are statistically different. There are two hypotheses in paired sample
t-test i.e. Null Hypothesis (the paired population means are equal) and Alternate
Hypothesis (the paired population means are not equal) only when the alternate
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Table 2 Socio-economic
characteristics of collected
Sample

Socio-economic characteristics of the
respondents

Percentage of total
responses (%)

Gender Male 66.57

Female 33.43

Age 15–20 5.43

21–30 60.57

31–40 22.29

41–50 6.86

Over 50 4.86

Monthly income Less than 5000 23.14

5000–10,000 13.43

10,000–15,000 13.14

15,000–20,000 12.00

20,000–30,000 16.86

30,000–40,000 6.57

40,000–50,000 6.57

More than 50,000 8.29

Purpose of the
performed trip

Work trip 50.29

Educational trip 20.29

Shopping trip 10.29

Recreational trip 9.43

Business related
trip

9.71

hypothesis is valid the means can be compared. For the paired sample t-test, a cut-off
value of 0.05 is taken representing a confidence level of 95%, it is the most widely
used by the researchers. The results of the paired sample t-test are presented in Table
3 along with the mean and standard deviation values of the 22 factors considered.

From Table 3, it is observed that significance value is less than 0.05, so, the alter-
nate hypothesis is valid and the means can be compared. Gap in service delivery
is calculated by deducting the expectation score from the perception score for each
factor. From the gap score, it is observed that factors Q5 i.e. “Passenger belong-
ings are safe” and Q3 i.e. “Buses follow schedule” have the largest gap between
user perception and expectations while the factor Q19 i.e. “Bus staff assist disabled
persons and minors in boarding and alighting” has the lowest gap. Also, from the
overall performance rating of the existing service, it is observed that the mean of all
the collected ratings is 3.183 which correspond to a rating of “Average”.

Cronbach’s Alpha value is calculated to check the reliability of the scale. Cron-
bach’s Alpha values are calculated for each perception and expectation datasets of
the service quality dimensions and are presented in Table 4.
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Table 3 Paired sample t-test output

Dimension Factors Code Perception Expectation Gap
score

Sig

Mean Std.
Dev

Mean Std.
Dev

Reliability Buses are
punctual

Q1 3.129 0.983 4.783 0.413 −1.654 0.00

Buses never
breakdown on
road

Q2 3.746 0.826 4.771 0.507 −1.026 0.00

Buses follow
schedule

Q3 2.817 0.958 4.800 0.435 −1.983 0.00

Bus service has
convenient
operating hours

Q4 3.766 0.897 4.840 0.375 −1.074 0.00

Safety Passenger
belongings are
safe

Q5 2.837 0.942 4.837 0.377 −2.000 0.00

Buses are
driven safely

Q6 3.329 1.034 4.823 0.390 −1.494 0.00

Bus drivers are
well trained

Q7 3.577 0.945 4.849 0.359 −1.271 0.00

Buses are easy
to get on and
off

Q8 3.251 0.876 4.783 0.427 −1.531 0.00

Comfort Buses are
modern and are
equipped with
modern
amenities

Q9 3.100 1.086 4.826 0.423 −1.726 0.00

Buses have
adequate
capacity and
number of seats

Q10 2.889 1.077 4.786 0.425 −1.897 0.00

Bus staff
appear neat and
clean

Q11 3.240 0.869 4.731 0.457 −1.491 0.00

Bus staff
behaviour is
polite

Q12 3.151 0.897 4.734 0.474 −1.583 0.00

Bus tickets are
easily available
and no issue
with change

Q13 3.509 0.939 4.789 0.409 −1.280 0.00

Buses are neat
and clean

Q14 3.020 0.977 4.783 0.420 −1.763 0.00

(continued)
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Table 3 (continued)

Dimension Factors Code Perception Expectation Gap
score

Sig

Mean Std.
Dev

Mean Std.
Dev

Responsiveness Bus staff
communicate
with passengers
clearly

Q15 3.320 0.915 4.754 0.431 −1.434 0.00

Bus staff are
responsive to
passenger
requests

Q16 3.343 0.913 4.737 0.478 −1.394 0.00

Bus staff are
able to solve
minor issues

Q17 3.297 0.817 4.746 0.443 −1.449 0.00

Bus staff are
willing to
attend
passenger
requests

Q18 3.160 0.913 4.737 0.490 −1.577 0.00

Empathy Bus staff assist
disabled
persons and
minors in
boarding and
alighting

Q19 4.029 0.869 4.751 0.471 −0.723 0.00

Bus driver wait
for any
passenger
running
towards the bus

Q20 3.463 0.938 4.520 0.614 −1.057 0.00

Bus service
looks after the
interests of
passengers

Q21 3.043 0.847 4.511 0.575 −1.469 0.00

Bus service
information are
accessible to
passengers

Q22 1.040 1.040 4.511 0.580 −1.331 0.00

Overall Performance rating of the existing
service

Mean 3.183

Std. Dev 0.961

The cut-off value for theCronbach’sAlpha is taken as 0.7 as stated byParasuraman
et al. [28]. But, fromTable 4, it can be seen thatCronbach’sAlpha value for perception
dataset of Responsiveness and Empathy dimension is less than 0.7 and inclusion of
these dimensionswillmake the scale unreliable. To improve the reliability of the scale
either the dimensions are excluded from final scale or factors can be reshuffled. In



470 S. Sarkar et al.

Table 4 Cronbach’ Alpha
values of service quality
dimensions

S. No. Service quality Perception
dataset

Expectation
dataset

1 Reliability 0.718 0.741

2 Safety 0.708 0.781

3 Comfort 0.820 0.868

4 Responsiveness 0.688 0.812

5 Empathy 0.608 0.764

Table 5 Cronbach’s Alpha
value of service quality
dimension datasets after
reshuffling of factors

S. No. Service quality Perception
dataset

Expectation
dataset

1 Reliability 0.718 0.741

2 Safety 0.708 0.781

3 Comfort 0.787 0.845

4 Responsiveness 0.710 0.774

5 Empathy 0.705 0.747

this study, trial has been made to improve the reliability by reshuffling of the factors.
The factor Q12 i.e. “Bus staff behavior is polite” has been shifted from Comfort
to Empathy dimension, as it has similarities with both dimensions. Similarly, factor
Q15 i.e. “Bus staff communicate with passengers clearly” is moved to Empathy
dimension and factor Q21 i.e. “Bus service looks after the interests of passengers” is
moved to Responsiveness dimension. The Cronbach’s Alpha values after reshuffling
are presented in Table 5.

After reshuffling of the factors, the Cronbach’s Alpha values of both perception
and expectations datasets of the service quality dimensions are greater than 0.7.
Although a value of more than 0.9 is desirable but due to heterogeneous nature
of the human perception, Cronbach’s Alpha value greater than 0.7 can be deemed
satisfactory.

The LOS of the existing service is determined by the percentage deviation of
perceptions from the expectation values. To calculate the percentage deviation, the
perception and expectation scores of each service quality dimension are used. The
perception and expectation scores of each dimension are calculated by taking the
average of the factor scores in each dimension. The results are presented in Table 6.

From Table 6, it is observed that the bus transit service in Kolkata provides LOS
2 category of service which can be categorized as a “Good” service. However, there
are areas where the service needs to improve. Comfort and Safety are the areas where
the service needs improvements.

Regression Analysis is performed to determine the weights of each service quality
dimension towards the overall satisfaction of the users. Two regression analysis is
performed, one to establish the Satisfaction equation and another to establish the
Dissatisfaction equation. For the Satisfaction equation, analysis is performed by
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Table 6 LOS offered by the existing service

Service quality
dimension

Perception (Mean) Expectation
(Mean)

Percentage
deviation (%)

LOS category

Reliability 3.364 4.799 29.8 LOS 2

Safety 3.249 4.823 32.6 LOS 2

Comfort 3.151 4.783 34.0 LOS 2

Responsiveness 3.211 4.683 31.1 LOS 2

Empathy 3.429 4.654 26.3 LOS 2

considering the perception scores of the dimensions as independent variable and the
overall performance rating as the dependent variable. The Dissatisfaction equation
is established to determine the effect of user expectations on the overall performance
rating. For the Dissatisfaction equation, the normalized deviation scores of user
perception from their expectation are taken as the independent variable and the
overall performance rating as the dependent variable. The normalized deviation is
calculatedwith the help ofEq. 1. The outputs of themultiple linear regression analysis
are presented in Tables 7 and 8.

Table 7 Regression output for the satisfaction equation

Model R2 Model Un-standardized
coefficients

Standardized coefficient Sig

B Std. error β

0.650 (Constant) −1.231 0.186 0.000

Reliability 0.359 0.065 0.252 0.000

Safety 0.203 0.074 0.145 0.006

Comfort 0.350 0.067 0.266 0.000

Responsiveness 0.253 0.069 0.166 0.000

Empathy 0.185 0.080 0.122 0.021

Table 8 Regression output for the Dissatisfaction Equation

Model R2 Model Unstandardized
coefficients

Standardized coefficient Sig

B Std. Error β

0.591 (Constant) 5.127 0.094 0.000

Reliability −1.647 0.333 −0.239 0.000

Safety −0.966 0.374 −0.138 0.010

Comfort −1.796 0.348 −0.280 0.000

Responsiveness −0.950 0.333 −0.139 0.005

Empathy −0.883 0.390 −0.117 0.024
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The R2 value for the Satisfaction equation is 0.65 or 65%, which represent a 65%
fit. Also, the significance values are less than 0.05, which means that the output is
statistically significant. FromTable 7, it is observed that theReliability dimension has
the largest coefficient weight while the Empathy dimension has the lowest coefficient
weight.While for the Dissatisfaction equation, the R2 value is 0.591 or 59.1%, which
is a satisfactory fit. Also, significance values are less the 0.05 denoting that output
is statistically significant. From Table 8, it is observed that the Comfort dimension
has the largest coefficient weight and Empathy has the lowest coefficient weight.
From the output of both the regression analysis, it can be concluded that Reliability
and Comfort are the most important factors to the transit users of Kolkata. While
Empathy is the least important factor as it has lowest coefficient weight in both the
regression analysis outputs. However, an interesting fact can be observed that the
Safety dimension which has the second highest percentage deviation (see Table 2)
but does not have much coefficient weight in both the equations which is little bit
contradictory. This may be due to the fact that Safety is not a major issue in some of
the routes that were surveyed or may be because the fact that the factors put under
Safety dimension were gender neutral.

5 Conclusion

The purpose of this study was to determine the service quality of the existing bus
transit system in Kolkata based on user’s perceptions and expectations. It is observed
that the bus transit system offers LOS 2 category service, which can be categorized
as a “Good” service. However, it still lags behind the user expectations on all the
22 factors that were considered. Comfort and Safety are the areas where the service
lags the most. Based on the gap scores of the factors, factor such as “Passenger
belongings are safe”, “Buses follow schedule”, “Buses have adequate capacity and
number of seats”, “Buses are neat and clean” are the areas where users feel that
the service lags behind their expectations the most. While, the users feel that the
service is somewhat up to their expectations on the factors such as “Bus staff assist
disabled persons and minors in boarding and alighting”, “Buses never breakdown on
road” and “Bus service has convenient operating hours”. Also, based on the overall
performance ratings provided by the users, the service can be classified as an average
service.

Regression Analysis was performed to determine the user’s priorities about the
service. It is observed from the regression analysis that Reliability and Comfort
dimensions of the service quality are the most important factors for the transit users.
While, Empathy plays the least important role in overall satisfaction of the users.
So, improvements brought to improve the operational reliability of the service and
comfort and convenience of the users will help to improve the user satisfaction.

To improve the reliability of the service, the schedule adherence of the buses
needs to be improved for that bus drivers shall be instructed to maintain strict arrival
and departures schedules from the terminal bus stops. Also, a significant amount
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of time is lost at the bus stops due to cash-based ticketing so, smart card-based
ticketing may be introduced to reduce the dwell time. Recently, the buses have been
installed with GPS-based live bus tracking systems, the GPS data may be analysed
to identify the bottlenecks in the city road network and routes can be modified to
improve schedule adherence. To improve the comfort of the users, the best way is to
reduce the overcrowding. Some routes have very high overcrowding during the peak
hours, so more buses can be introduced on those routes. Also, to improve safety of
the users against theft, the bus drivers shall be instructed to keep the bus doors shut
in between the bus stops. As it has been observed that most of the pick-pocketing
occurs near the bus doors as pick-pockets find it easy to escape. The cleanliness of
the buses shall be ensured by the transit authority.
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Impact of Street Design and Operational
Factors on Level of Satisfaction of Green
Transport Users in a Large Metropolitan
Area

Eeshan Bhaduri, Dipanjan Nag, and Arkopal Kishore Goswami

1 Green Transport Scenario

1.1 Background and Need for the Study

The concept of ‘green transportation’ focuses on the efficient and effective use of
resources (read fossil fuel), improvisation of transport infrastructure (e.g., non-
motorized infrastructures, electric vehicles, green materials), and promulgating
healthier travel choices [1]. Non-motorized transport (NMT) modes are prime exam-
ples of ‘green transport’ as those have zero pollution effect except in production state
and play a key role in diminishing congestion effect. This paper focuses on two such
NMT modes i.e., walking and cycle/e-rickshaws.

Research has shown that most Asian cities lie in the lower half of transport-related
energy consumption curve [2, 3], which may be attributed to their high urban density
resulting from compact land use pattern. Indian cities, being no exemption, have been
developed more organically [4], reflected in its urban modal share which indicates
almost one-third of the total trips are walking trips [5, 6]. Although recent studies
suggest that its modal share is declining, [7] and is predicted to slide further with
the policy focus majorly on improving the motorized travel experience by building
capital-intensive flyovers, bridges, and subway transits [8]. The conflict between
pedestrians and motorized modes has been profound in the Indian context where
vehicular population in urban areas are rising at 10.07%, which is more than the
yearly average growth in urban population (3.2%) within 2001–2015 [9]. It results
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in the growing perception that road edge space in unsafe for pedestrians [10] which
in turn plays a vital role in petering out the propensity of walking in Indian cities.

Another non-motorized mode of transport that is prevalent in India but has not
received much formal attention in urban transport planning is the cycle rickshaw.
Apart from its various transport advantages, it also provides instant means of liveli-
hood, which in turn plays a crucial role in socioeconomic dynamics of developing
countries [11]. However, it has got entangled in the vicious web of illegality and got
ignored for decades by transport planners in the presumption that it hampers vehic-
ular traffic flow. Some studies have investigated its sustainability, modal choice, and
impact on heterogeneous traffic flow in subcontinent context [12]. However, there is
limited literature that analyzes its role as a feeder and in assessing its demand [8].

Studies have suggested that a better understanding of users’ perception can be
useful in the development of strategies for providing a comfortable and safe environ-
ment [13]. As such, our research attempts to assess the context-sensitive solutions and
design flexibility for the above-mentioned NMT modes i.e., walking, and cycle/e-
rickshaw, based upon the necessity to understand user needs and incorporate them
in the planning and design process.

2 Current Status in NMT Research

In this section, a brief appraisal of prevailing literature has been elicited focusing on
two aspects—(1) theoretical construct of how users’ satisfaction analysis has aided
NMTpolicy-making; and (2) empirical findings frommodeling the influence of street
design and traffic operations on the (dis) satisfaction of pedestrian and cycle-rickshaw
users.

2.1 Application of Users’ Satisfaction Analysis in NMT
Decision-Making Process

The scientific integration of policy-level decision-making and user satisfaction anal-
ysis is a comparatively unexplored proponent in NMT domain as most of the earlier
studies had ignored emotional perceptions of user satisfaction [14–16]. The term
‘user satisfaction’ denotes the accomplishment of customers’ expectation, measured
in terms of the expectations actually fulfilled [17]. The study by St-Louis et al. [18]
highlights the growing dissatisfaction of NMTusers compared to othermodes, which
include automobile, bus, metro, and commuter train. Some studies done in western
countries like Canada and Sweden show contrasting scenario as those suggest that
users of active transportation are the most satisfied, with high satisfaction scores
being assigned to cyclists followed by pedestrians [19, 20]. Previous study indicates
that perception factors have a greater influence on satisfaction [21]. This analogy is
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somewhat exemplified in Sydney, Australia, where pedestrians or bicyclists in the
inner city core enjoyed their commute more than private vehicle users while going
to work or study [22]. Another study originating from Scotland reported higher
travel satisfaction for active modes, public transport, and multimodal trips relative
to car-only trips made in between 1997 and 2010 [23].

2.2 Modeling User Satisfaction for NMT Users

Modeling methodologies have two major facets—(1) survey design to collect user
perception; and (2) statisticalmodeling techniques to extract underlying causalmech-
anism. It has been found that researchers most of the time have used field intercept
surveys and closed route surveys for measuring the perception of the level of satis-
faction by the NMT users [24, 25]. It is worth mentioning that the survey design
process is derived from the modeling approaches which can be broadly divided
into two categories—(1) aggregate approach and (2) disaggregate approach. Aggre-
gate approaches are comparatively more expensive and incapable of estimating the
variation in the behavioral choice of users as it depended mainly on the statistical
relationship between variables at an aggregate level [26]. Therefore, a disaggregate
travel behavior modeling approach was adopted for this study. Disaggregate models
can be estimated with two data types—(1) revealed preference (RP), and (2) stated
preference (SP) survey data. Various researchers have observed that RP data has
higher acceptability than SP data as revealed preferences are a closer reflection to
the true market behavior as opposed to the hypothetical situations presented in SP
scenario, which may have a higher probability of not being consistent with actual
behavior [27].

Studies have found that the combined approach of considering both qualitative
(convenience, security, safety, comfort, etc.) and quantitative measures (pedestrian
speed, flow, and density) is more representative for assessing the user perception
in any particular transport mode [28]. Further, it has also been established that the
assessment methods should not be solely based on quantitative data, as they may
not present a comprehensive analysis, and qualitative aspects like perception ratings
may be incorporated [29]. Several studies have used multiple linear regression and
ordered logit method [28, 30, 31] to model the user perception of non-motorized
modes.

The recent research findings show that several infrastructural paucities that lead
to NMT users’ dissatisfaction include discontinuous pedestrian facility; ill-designed
pedestrian infrastructure; and absence of proper markings, to name a few [15, 32].
Research has shown that perceptional attributes such as the absence of convenience,
comfort, safety, and shade [33], and design factors such as the presence of property
entrances, bus shelters, and the amount of vehicular lanes [34] impact negatively
on the level satisfaction for pedestrians. In other words, human-centric designs can
upgrade pedestrians’ satisfaction level and perception of a walkable community
[35]. In the Indian context, there has been a focus on developing a pedestrian level of
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service, as perceived by users, where different researches identify prime factors like
safety, security, mobility, etc. that influence the walking environment [36]. Few other
studies have analyzed non-motorized users’ perception in the context of particular
aspects of an infrastructural facility rather than an inclusive approach [37].

As various Indian cities continue to grow, and their transport patterns involve,
there is a need to integrate NMT modes with both the personal vehicular modes as
well as the public/mass transportation modes. In this regard, the study presented in
this paper is a novel effort to ascertain how satisfied are the users who are availing
the services offered by the cycle rickshaw NMT mode, and subsequently predict
the factors, which if improved, could enhance their satisfaction. The study simulta-
neously compares the cycle-rickshaw users’ satisfaction to that of the pedestrians’
satisfaction in order to gain a holistic understanding of the NMT users’ satisfaction.
The study is carried out in two distinctly different neighborhoods of a metropolitan
area to understand the similarities and differences among the NMT users. Ultimately,
the findings of this study would benefit any metropolitan area authority to gauge the
users’ perception about the NMT facilities and services and would also help the
authorities in implementing strategies that are likely to enhance the user satisfaction.

3 Study Design

3.1 Scope

This study designs an RP survey using an essential set of street design and traffic
operation attributes influencing NMT users’ choice decisions in two different Indian
contexts—one newly planned and another old organically developed urban areas.
For modeling purpose, ordered logistic regression (OLR), a well-established users’
satisfaction modeling tool in the transportation domain [38–40] has been selected. In
OLR, the dependent variables are of discrete nature (e.g., categorical variables, count
data, qualitative rankings) [37]. Mostly, different studies use the scoring system [41,
42], which is not readily applicable for assessing the perception. Although methods
like analytical hierarchy process (AHP) and structural equation modeling (SEM)
have been used, researchers are skeptical about using those for a survey with a
large sample size as ‘cold-called’ respondents might show a propensity to provide
arbitrary answers, resulting in a very high degree of inconsistency [43]. In contrast,
different seminalworks done in this domain have shown the considerable explanatory
ability of logistic regression [37, 44]. Simultaneously, ordinal logit model shows
biasedness mostly with relatively small-sized sample and when several outcome
categories are relatively large, and some categories are rare [45]. However, our study
being free of such paucity is an ideal case where OLR could have been carried out. It
ensures better modeling as it can analyze the responses collected in the Likert scale
during the survey. Likert scales were developed in 1932 as the familiar five-point
bipolar response that most people are familiar with today [46]. It can be observed that
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even scale creates the problem of extreme bias toward positive or negative opinions,
whereas the actual scenario represents people are of more on a neutral stand-point
[47, 48]. Furthermore, different researchers have utilized Likert scale analysis for
similar perception assessment [42, 49]. Finally, the effect of heterogeneity concerning
two different urban locations on user perception was examined. Moreover, odds
ratio analysis (ORA), another technique used for futuristic analysis [50], has been
conducted in order to evaluate a set of hypothetical scenarios.

3.2 Study Area

Data was collected in Newtown and Jadavpur, two prominent urban areas in the
vicinities of largest metropolitan of eastern India i.e., Kolkata, with varying urban,
transport, and socio-demographic characteristics. These two different urban areas
are selected to assess the similarities and differences in user perception within a city
and its implication on future policy decisions. Newtownwas created in the late 1900s
in the eastern outskirts of Kolkata to cater to the dual purposes of establishing the
new central business district as well as increasing housing stock supply. Hence, the
area developed following some of the well-established planning guidelines like grid
iron pattern (refer Fig. 1a). Whereas history of Jadavpur dates back 1860s as a quiet
suburban retreat and later development test-bed for various educational institutes
like Indian Association for the Cultivation of Science and Bengal Technical Institute
(later known as Jadavpur University). The development charts more organic pattern

(a) (b)

Fig. 1 Survey area Maps a Buffer around Newtown bus stop (Area ‘A’); and b Buffer around
Jadavpur 8B bus stop (Area ‘B’) (Buffer radius 2 km with centroid shown in red dot, Source
OpenStreetMap)
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(refer Fig. 1b) as Jadavpur witnessed huge refugee influx and subsequent squatting
(forcible occupation of others’ land) during the initial years of independence and
it is only in 1984 when Kolkata Municipality included these areas by extending its
boundary.

About our survey, the centroids of such zones with 2 km buffer radius (average
of walking and rickshaw trip length threshold) were considered for survey purpose
similar to the study done by Nag et al. [51]. This also helps to elicit context-specific
influence of local infrastructure on user perception. Newtown (within Rajarhat
Gopalpur municipality, North 24 Parganas) (referred to as ‘Area A’ henceforth) has
been developing as a planned satellite urban area with census 2011 population esti-
mated as 235,946,whereas Jadavpur (withinKolkatamunicipal corporation,Kolkata)
(referred to as ‘Area B’ henceforth) is a well-established part of the Kolkata with
census 2011 population estimated as 1,595,746. In both cases, the survey links (or
stretches) have been selected to be in a mix of residential, commercial, and terminal
land uses with access to all kinds of motorized as well as NMT modes. The road
network of two survey locations has been shown in Fig. 1a, b which provide an idea
about the varying urban form of those two.

4 Methodology

The research methodology consisted of two major parts:

1. The first part concentrates on modeling the user satisfaction of existing NMT-
built environment and operational factors. This exercise was done based on the
ratings provided by NMT users. The model also considers any possible impact
of inherent pedestrian behavior such as pedestrian/rickshaw trip frequency and
distance/travel time related to trip purposes on individual ratings.

2. The second part focuses on predicting user satisfaction for hypothetical future
scenarios which can be attained upon the improvement of (statistically) signif-
icant factors for NMT users. The exercise was done with the help of odds ratio
analysis whose results provide a tool to assess probable policy implications. It
is emphasized herein that the hypothetical future scenarios were only used for
statistical analysis purposes and were not shown to the users to elicit their stated
preferences of satisfaction.

4.1 Selection of Attributes Affecting Overall Satisfaction
of Individual NMT Users

Factors impacting overall satisfaction of users. Nag and Goswami [51] identify 31
parameters from existing literature that influence a users’ perception of the pedestrian
walking environment internationally (e.g., volume of pedestrian, safety, speed of
vehicular traffic, obstructions, connectivity) The study also goes on to rank the most
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relevant factors for Indian conditions, and the resulting attributes have been taken
forward in this study. These 14 attributes are identified as potential motivators or
deterrents for the choice of the walking mode, and as such pedestrians’ perceptions
regarding these factors have been collected. These attributes have been presented in
Table 1.

Factors affecting overall satisfaction of individual cycle/e-rickshaw users. When
it came to deciding the factors that might affect the satisfaction of rickshaw users, the
study outlined the probable factors based on the research team’s past experience of
using rickshaws in Kolkata. These factors were further vetted by transport experts in
academia. This was necessitated as the body of literature on rickshaws is rather lean.
A total of 9 attributes for cycle/e-rickshaw users are identified as potential motivators
or deterrents for the choice of this mode, and as such rickshaw users’ perceptions
regarding these factors have been collected. These attributes have been presented in
Table 2.

4.2 Survey Design and Data Collection

A travel intercept survey was executed to collect the responses where the sample size
was decided based on the census demographic data (the year 2011) which estimates
the total population in Newtown and Jadavpur as 18,31,692. It is worth mentioning
that the neighborhood chosen were of comparable size. The minimum sample
size was calculated based on the population of study area [52]. The mathematical
expression for calculating sample size has been mentioned in Eq. (1).

S(Sample size) = (
χ2 ∗ N ∗ P ∗ (1 − P)

)
/
(
d2 ∗ (N − 1) + χ2 ∗ P ∗ (1 − P)

)

(1)

where,

N = Population size

d = Degree of accuracy expressed as a proportion (assumed 0.05)

P = Population proportion (assumed 0.5 for maximum sample size).
Moreover, chi-square value is calculated for the degree of freedom 1 for a requisite

statistical confidence level.
In total, approximately 700 users combining both the locations were approached,

out of which 18.30% of the surveys were either incomplete or non-responses which
leaves with about 570 valid responses for the combined population size of approxi-
mately 1.83 million. Based on Eq. (1), the minimum sample requirement for any city
with more than 10 lakh population is about 384 which indicates acceptability of the
final sample size for our study. It is worth mentioning that the revealed preference
survey was conducted over seven days in each city, including both, weekdays and
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Table 1 Summary of attributes impacting satisfaction of pedestrians

Serial no Attributes What does it mean? Measurement
indicator

Nature of variable

1 Quality of
footpath

Footpath surface
material, texture
and condition

Uneven or slippery
surfaces, presence of
potholes etc.

Motivator

2 Continuity Availability of
footpath throughout
the journey

Grade separated
footpath for study
stretch

Motivator

3 Shade cover Shading along the
footpath both
natural or
man-made

Use and frequency
of shading devices

Motivator

4 Directional
signs

Symbols and
emblems for
wayfinding

Use and frequency
of signage

Motivator

5 Air pollutant
levels

Exposure to poor
air quality while
walking

Air quality index
like PM level along
study stretch

Deterrent

6 Street
illumination

Availability and
functioning of
street lights along
the footpath

Frequency and
working condition
of street lights along
study stretch

Motivator

7 Lateral
separation

Presence of barrier
between the
footpath and
adjoining road

Length and height of
separators like
railings or boulders
along study stretch

Motivator

8 Vehicular
speed

Speed of vehicles
on the adjoining
road

Average and design
speed of vehicles
along study stretch

Deterrent

9 Comfort in
walking

Presence of
obstructions along
the footpath

Frequency of
obstructions like
light post, hawkers
etc. along study
stretch

Deterrent

10 Crowdedness Presence of other
pedestrians along
the footpath

Width of footpath Deterrent

11 Footpath grade Presence of upslope
or downslope along
the footpath

Gradient of footpath Motivator/deterrent

12 Intersection
quality

Zebra crossings at
signalized or
unsignalized
intersections

Numbers of
intersections having
zebra crossing

Motivator

(continued)
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Table 1 (continued)

Serial no Attributes What does it mean? Measurement
indicator

Nature of variable

13 Safety during
daytime

Sense of security
felt during daytime

Numbers and
working condition of
surveillance devices
installed along study
stretch and Numbers
of accidents and
anti-social events
during daytime

Motivator

14 Safety during
nighttime

Sense of security
felt during
nighttime

Numbers and
working condition of
surveillance devices
installed along study
stretch and Numbers
of accidents and
anti-social events
during nighttime

Motivator

weekends, as well as peak and non-peak hours. Figure 2 shows a couple of images,
which are representative of the pedestrian and NMT environment of the case study
areas ‘A’ and ‘B’, respectively.

Satisfaction ratings of individual infrastructural parameters as well as of overall
situation were collected, respectively, for pedestrians and rickshaw users on a scale
of 1–5.

where,

1 = Highly unsatisfied,

2 = Moderately unsatisfied,

3 = Neutral,

4 = Moderately satisfied, and.

5 = Highly satisfied,
Data was also collected about trip frequency and distance/travel time related to

diverse trip purposes such as work, education, recreation, etc. As stated earlier, the
respondents are asked to rate the different parameters (as shown in Tables 1 and 2)
based on their perception of satisfaction. In addition, an overall satisfaction level
was also recorded. Furthermore, the internal consistency of the questionnaire was
calculated to assess the reliability of the responses. Cronbach’s alpha (α) was used
to measure the internal consistency which was found to be 0.67, an acceptable value
to indicate reliability.
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Table 2 Summary of attributes impacting satisfaction level of cycle/e-rickshaw users

S. No. Attributes What does it mean? Measurement
indicator

Nature of variable

1 Pavement quality Condition of
pavement surface

Uneven or slippery
surfaces, presence of
potholes etc

Motivator

2 On road traffic
volume

Presence of a large
number of vehicles
along the road

Traffic count along
study stretch

Deterrent

3 Passenger load Sense of comfort felt
due to the number of
passengers in the
cycle/e-rickshaw

Numbers of
passenger on
cycle/e-rickshaw

Deterrent

4 Pick-up and
Drop-off points

The proximity of the
rickshaw stands from
origin/destination

Field Distance of
cycle/e-rickshaw
stops from
origin/destination

Motivator

5 The physical
condition of
cycle/e-rickshaw

The operational state
of cycle/e-rickshaws

Years of operation Motivator

6 Availability of
cycle/e-rickshaw

Availability during
the time of day

Numbers of
cycle/e-rickshaw in
designated stops

Motivator

7 Behavior of
drivers/rickshaw
pullers

Relationship of users
and service providers

Number of
arguments related to
fare and travel in a
weekly scale

Motivator

8 Safety during
travel

Presence of
high-speed traffic
along the road

Average and design
speed of vehicles
along study stretch

Motivator

9 Fare Amount paid to avail
service

Average fare to be
paid traveling unit
distance

Deterrent

(a) (b)

Fig. 2 Study stretches. a Newtown (Area ‘A’); and b Jadavpur (Area ‘B’)
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4.3 Methodology for Statistical Analysis

Modeling use responses—Ordered logistic regression (OLR). In Ordered logit
models, the dependent variable is categorical in nature, e.g., count data, a series
of qualitative rankings. OLR can consider multi-category responses making it
appropriate for analyzing the ordered responses recorded in this study.

The logged odds are unified under a linear form of the independent variables, and
the general form of the OLR model is given by Eq. (2).

L j = β0 +
p∑

j=1

β j X j (2)

where,

Lj = Logged-odds; Xj = independent variables in the model; the p = number of
variables; and, J = total number of ordered response.

Odd’s ratio analysis. The Odd’s ratio (OR) is a ratio between the odds of success
to the failure of an event. This quantity is used in understanding the impact in the
outcome variable when change is made by one-unit of the independent variable
keeping other independent variables constant. A reference (base) case needs to be
identified for capturing this change. This analysis is vital in comprehending the
independent attributes’ impact on the dependent variable.

OR =
Xe/

Xne
Ye/

Yne
(3)

where,

Xe = Occurrence of an event due to the presence of factor of interest; Xne = Non-
occurrence of the event due to presence of factor of interest; Ye = Occurrence of an
event in the absence of factor of interest;

Yne = Non-occurrence of the event in the absence of factor of interest.
The calibrated OLR model was used to identify statistically significant factors

which impacted in influencing users’ satisfaction level. Following this, the OR
analysis was done to gauge various improvement scenarios.
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5 Descriptive Findings from Collected Responses

As mentioned in Sect. 3.2, two urban areas in Kolkata—Newtown (Area ‘A’) and
Jadavpur (Area ‘B’) have been selected for the survey. Descriptive statistics of
sociodemographic attributes for both the areas have been presented in Table 3.

5.1 Assessment of Travel Characteristics for Pedestrians

The average walking distance was observed to be 1.4 km (i.e., average 18 min). With
increasing distance, the number of people walking declined and 75% of the respon-
dents walked a distance of 1.5 km. 35% of the respondents walked daily (35%),
but there were also cases, where 32% respondents undertook walking trips only
once a week. Majority (31%) of trip purpose was related to shopping, followed by

Table 3 Socio-demographic attributes from household survey data

Classification Pedestrian Rickshaw users

Area
‘A’

Area
‘B’

Area
‘A’

Area ‘B’

Gender

Male 135 147 103 110

Female 54 69 44 39

Age (Years)

Age 1 < 15 5 7 5 5

Age 2 15–25 39 27 34 25

Age 3 25–35 34 27 36 32

Age 4 35–50 27 27 34 25

Age 5 > 50 78 84 80 71

Monthly household income (INR)

Income 1 < 5000 5 5 7 2

Income 2 5000–15,000 19 14 12 19

Income 3 15,000–30,000 14 19 16 12

Income 4 30,000–50,000 37 42 35 33

Income 5 > 50,000 110 98 105 96

Vehicle ownership (Cars and two-wheelers)

0 56 51 49 47

1 70 66 59 75

2 37 33 28 42

3 14 19 21 16

> 3 2 5 0 2
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Fig. 3 Distribution of pedestrian trips by purpose

health/fitness (27%). About 26% walked for non-voluntary purposes like work and
education, and 14% for recreation/leisure. It isworthmentioning that the survey ques-
tionnaire was designed in order to collect NMT trip information related to different
trip purposes like work, shopping, etc. Hence, multiple trip purposes include first
and last-mile NMT trips which could not be segregated. Income was seen to be
instrumental in influencing waking trips as the share of people walking to work
was observed to decrease with rising income levels. Share of people walking for
health/fitness is higher among higher-income groups.

Travel pattern for pedestrians. Figure 3 presents the distribution in trips by purpose.
Observations from this figure show that health/fitness is the dominant trip purpose for
which respondents, on an average, walk more frequently and for a longer duration.
The next dominant trip purpose was seen to be shopping. However, the average time
taken for shopping was observed to be less than that required for health/fitness.

Satisfaction level of individual pedestrian. Table 4 presents the major satisfaction
ratings that pedestrians perceived for each of the factors at both the study locations.
A majority of the respondents provided ‘average’ satisfaction rating to 9 out of the
14 attributes in Area A, in spite of the location being a planned and newly developed
area of Kolkata. It is noteworthy that none of the factors in Area A received a ‘poor’
or ‘very poor’ rating, while the remaining 5 factors were rated as ‘good’. The overall
pedestrian environment was rated ‘average’ by majority of the respondents (56%),
whereas about 25% rated it ‘good’ or ‘excellent’. 18% felt the overall pedestrian
environment of the location was ‘poor’.

In case of Area B, majority of the respondents felt ‘average’ satisfaction with
respect to 8 out of the 14 attributes. However, 4 other attributes were either rated
‘poor’ or ‘very poor’ ratings and only the remaining 2 attributes received a majority
satisfaction rating of ‘good’. The overall pedestrian environment was rated ‘average’
by majority of the respondents (55%), whereas about 30% rated it ‘poor’ or ‘very
poor’. 15% felt the overall pedestrian environment of the location was ‘good’.

Figure 4 shows how the satisfaction ratings are distributed for the 14 factors in
AreasA andB.Higher dissatisfaction can be attributed to shade cover, continuity, and
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Table 4 Respondents’
satisfaction levels toward
pedestrian attributes

Attributes Satisfaction (mode
value)
Area A

Satisfaction (mode
value)
Area B

Quality of
footpath

4 3

Continuity 3 3

Shade cover 3 2

Directional
signs

3 2

Air pollutant
levels

3 1 and 2

Street
illumination

4 4

Lateral
separation

3 3

Vehicular speed 3 3

Comfort in
walking

3 3

Crowdedness 3 3

Grade of
footpath

3 3

Intersection
quality

4 3

Safety during
daytime

4 4

Safety during
nighttime

4 2

Overall 3 3

vehicular traffic in Area A. Respondents are mostly satisfied with street illumination,
intersection, and safety during daytime and nighttime. In Area B, more than 25%
of the respondents are dissatisfied with the quality of footpath, continuity, shade
cover, directional signage, air pollutant levels, comfort, and crowdedness on facilities.
Highest dissatisfaction is attributed to the air pollution levels experienced by them
which amounted to 32% of them rating this attribute as ‘very poor’.

Heterogeneity in responses. Table 5 depicts the variances in overall satisfaction
amongst different socioeconomic subgroups. It can be found by Kruskal Wallis test
that except trip purposes, all other groups do not show variability.
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Fig. 4 Percentage of users’ with satisfactions levels for a Area A; and b Area B

Table 5 Subgroups which showed evidence of heterogeneity on overall pedestrian satisfaction

ID Sub groups Difference exists (95% CI) Significance level (Threshold 0.05)

1 Income (1–5) No 0.603

2 Age (1–5) No 0.496

3 Gender (0–1) No 0.849

4 Trip purpose (1–6) Yes 0.035

5.2 Assessment of Travel Characteristics
for Cycle/e-Rickshaw Users

The average distance which people traverse on a cycle/e-rickshaw was observed to
be 2.2 km (i.e., average of 16 min). Respondents using cycle/e-rickshaw decreased
drastically as distance increased, with approximately 84% of the instances are up
to 2 km, whereas the maximum distance traveled is 5 km. Observations on the
frequency of using cycle/e-rickshaw showed that a majority of the respondents used
these modes once a week (60%) followed by the users who traveled 2–4 times a
week (25%). A distinctive majority of the respondents used cycle/e-rickshaw trip
for shopping (52%), followed by leisure (16%) purposes. Only about 12% took a
cycle/e-rickshaw to work, and 12% for recreational activities. Similar to walking, it
was also noted that the share of respondents using cycle/e-rickshaw towork decreases
with rising as income levels.

Travel pattern for cycle/e-rickshaw users. Figure 5 shows the distribution in rick-
shaw trips by purpose. Respondents were observed to use cycle/e-rickshaw more
frequently for shopping, followed by leisure trips.
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Fig. 5 Distribution in cycle/e-rickshaw trips by purpose

Satisfaction level of individual cycle/e-rickshaw user. Table 6 presents the major
satisfaction ratings that the cycle/e-rickshaw users perceived for each of the attributes
at the study locations. Amajority of the cycle/e-rickshaw users provided an ‘average’
satisfaction rating to 7 out of the 9 factors in Area A, in spite of the location being a
planned and newly developed area ofKolkata. It is noteworthy that none of the factors
in Area A were rated as ‘poor’ or ‘very poor’, and the remaining 2 factors receiving
a ‘good’ rating. The overall cycle/e-rickshaw environment was rated ‘average’ by
majority of the respondents (41%), whereas about 26% rated it either ‘good’ or
‘excellent’. 10% felt the overall cycle/e-rickshaw environment of the location was

Table 6 Respondents’
satisfaction levels toward
cycle/e-rickshaw attributes

Attributes Satisfaction (mode
value)
Area A

Satisfaction (mode
value)
Area B

Pavement quality 3 and 4 3

On road traffic
volume

3 3

Passenger load 3 3

Pick-up and
Drop-off points

3 2

Physical condition
of cycle/e-rickshaw

4 3

Availability of
cycle/e-rickshaw

4 4

Behavior of
drivers/rickshaw
pullers

3 3 and 4

Safety during travel 3 3

Fare 3 3

Overall 3 3
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‘poor’. In case of Area B, majority of the respondents felt ‘average’ satisfaction
with respect to 7 out of the 9 factors, which was similar to observations in Area
A. However, only 1 (i.e., pick-up/drop-off point) out of the 9 factors were either
rated ‘poor’ or ‘very poor’. Majority of the cycle/e-rickshaw users (38%) recorded
an “average” overall satisfaction, 19% either rated with ‘poor’ or ‘very poor’ overall
satisfaction, and 27% had a satisfaction rating of ‘good’.

Figure 6 shows how the satisfaction ratings are distributed for the 9 factors in
the study locations. Higher dissatisfaction can be observed for factors such as safety
during travel, pick-up/drop-off points, and rickshaw fare in Area A. Respondents
are satisfied with attributes such as behavior of rickshaw pullers, physical condition
of rickshaw, and availability of cycle/e-rickshaw. 25% of the respondents in Area
B are dissatisfied with pavement quality, on-road traffic volume, passenger load,
safety during travel, and physical condition of the rickshaw. 90% of respondents
are highly dissatisfied with the pavement quality that they experience while using
bicycle/e-rickshaw in the area and provided a rating of ‘average’ to ‘very poor’.

Heterogeneity in responses. Table 7 indicates the variation in overall satisfaction
across different socioeconomic subgroups which is very similar to the pedestrian
scenario. It can be found by Kruskal Wallis test that except trip purposes, all other
groups do not show variability.
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Fig. 6 Percentage of bicycle/e-rickshaw users’ with satisfactions levels for a Area A; and b Area
B

Table 7 Subgroupswhich showed evidence of heterogeneity on overall rickshawusers’ satisfaction

ID Sub groups Difference exists (95% CI) Significance level (Threshold 0.05)

1 Income (1–5) No 0.603

2 Age (1–5) No 0.496

3 Gender (0–1) No 0.849

4 Trip purpose (1–6) Yes 0.035
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6 Modeling NMT User Satisfaction

6.1 Attributes Impacting Overall Pedestrian Satisfaction

Modeling for pedestrians. 80% of the data collected from both the locations was
used for calibrating the OLR model while the remaining 20% used for validation.
Table 8 shows the variables significantly (statistically in 95% confidence interval)
affecting users’ overall satisfaction with the existing pedestrian environment. Those
include ‘Lateral separation’, ‘Comfort in walking’, ‘Intersection quality’, ‘Safety
during Night-time’, and ‘Continuity’. ‘Location’ was also found to be significant
attribute from the model which indicates that contexuality of the urban fabric influ-
ences user satisfaction of pedestrian facilities. In addition to that, the overall satis-
faction is significantly lesser in Area B when compared to Area A. The model also
depicts that ‘Comfort in walking’ has the highest impact on overall pedestrian satis-
faction, followed by ‘Safety during Night-time’ and ‘Intersection quality’. It is worth
mentioning that the OLR model was estimated considering overall pedestrian satis-
faction ‘Level 5’ as the base level which corresponds to the null value for its level-
specific constant/intercept value (Refer Eq. 1). Subsequently, the constant/intercept
values of each level with respect to ‘Level 5’ have been indicated in first four rows
of Table 8.

The model fit statistics are presented in Table 9 which highlight that the attributes
listed in Table 8 help in explaining the overall satisfaction levels and the pseudo-R2

Table 8 OLR model for pedestrian satisfaction

Estimate Std. Error Sig 95% confidence interval

Lower bound Upper bound

[Satisfaction level while walking
= 1.00]

−13.057 1.150 0.000 −10.804 −15.311

[Satisfaction level while walking
= 2.00]

−9.094 0.946 0.000 −7.239 −10.949

[Satisfaction level while walking
= 3.00]

−5.491 0.811 0.000 −3.902 −7.080

[Satisfaction level while walking
= 4.00]

−1.786 1.006 0.076 −0.186 −3.759

Buffer 0.310 0.182 0.021 −0.046 0.667

Ease of walking 0.778 0.177 0.000 0.433 1.124

Zebra crossing 0.506 0.182 0.000 0.379 1.091

Night-time safety 0.509 0.140 0.000 0.217 0.765

Continuity of footpath 0.299 0.158 0.044 −0.073 0.547

Location −0.701 0.288 0.018 −1.281 0.122

Overall pedestrian satisfaction ‘Level 5’ acts as base level
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Table 9 Model fitting information for pedestrian OLR model

Model −2 Log likelihood Chi-Square Degree of freedom Significance

Intercept only 412.983

Final 298.060 114.923 5 0.000

Goodness-of-fit characteristics R2 = 0.34

Pearson 1296.98 380 0.000

Deviance 220.08 380 1.000

values were estimated to be 0.34, which is acceptable for a choice model [46]. In
fact, different studies assessing similar perception values have reportedR2 value to be
around 0.3 [37, 47] which affirms the explanatory nature of this model. Furthermore,
another overall test of fit index ρ2 comes to be approximately 0.28, which indicates
a moderate fit compared to intercept only model [48].

Modeling for cycle/e-rickshaw users. 80% of the data collected from both the
locations were used for calibrating the OLR model while the remaining 20% used
for validation. Table 10 shows the variables significantly affecting users’ overall
satisfaction of cycle/e-rickshaw users and the estimation results are largely consistent
with previous findings [49]. They include ‘On road traffic volume’, ‘Passenger load’,
‘Pick-up and Drop-off points’, and ‘Physical condition of cycle/e-rickshaw’, which
are all statistically significant at 95% confidence interval. Similar to the previous
results presented, ‘Location’ turned out to be a significant predictor affecting overall
satisfaction which reiterates the role of contexuality in an urban setting. The model

Table 10 OLR model for cycle/e-rickshaw users’ satisfaction

Estimate Std. Error Sig 95% confidence interval

Lower bound Upper bound

[Satisfaction level while riding =
1.00]

−13.900 1.362 0.000 −11.231 −16.570

[Satisfaction level while riding =
2.00]

−10.431 1.213 0.000 −8.054 −12.809

[Satisfaction level while riding =
3.00]

−6.808 1.074 0.000 −4.702 −8.914

[Satisfaction level while riding =
4.00]

−4.929 1.062 0.000 −2.847 −7.011

On road traffic volume 0.588 0.222 0.008 0.152 1.024

Passenger load 0.543 0.231 0.019 0.090 0.996

Pick-up and Drop-off points 0.552 0.170 0.001 0.219 0.886

Physical condition of
cycle/e-rickshaw

0.925 0.191 0.000 0.551 1.299

Location −0.928 0.315 0.003 0.310 1.545

Overall cycle/e-rickshaw users’ satisfaction ‘Level 5’ acts as base level
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Table 11 Model fitting information for cycle/e-rickshaw users’ OLR model

Model −2 Log likelihood Chi-square Degree of freedom Significance

Intercept
only

384.932

Final 291.636 93.297 5 0.000

Goodness-of-fit characteristics R2 = 0.32

Pearson 678.96 371 0.000

Deviance 231.79 371 1.000

also depicts that ‘Physical condition of cycle/e-rickshaw’ has the highest impact
on overall satisfaction, followed by ‘On road traffic volume’, ‘Pick-up and Drop-off
points’, and ‘Passenger load’, respectively. It’s worthmentioning that theOLRmodel
was estimated considering overall pedestrian satisfaction ‘Level 5’ as the base level
which corresponds to the null value for its level-specific constant/intercept value
(Refer Eq. 1). Subsequently, the constant/intercept values of each level concerning
‘Level 5’ have been indicated in the first four rows of Table 10.

The model fit statistics are presented in Table 11 which highlight that the above-
listed attributes help in predicting the overall satisfaction levels, and the pseudo-R2

value is estimated to be 0.32 which is acceptable for a choice model. Furthermore,
another overall test of fit index ρ2 comes to be approximately 0.26, which indicates
a moderate fit compared to intercept only model [48].

Predicted overall satisfaction levels were compared with the actual satisfaction
levels and an accuracy of 61% is reported for pedestrian facilities. A cross-validation
procedure was also performed by randomly selecting 80% of the total dataset and the
accuracy was found to range between 59 and 68%. Though it is worth mentioning
that individual prediction rates for ‘Level 2’, ‘Level 3’, and ‘Level 4’ stay 90–110%
but for ‘Level 1’ and ‘Level 5’, rates fall sharply to 40–50% which deteriorates
overall prediction accuracy. The sharp fall may be attributed to the acute paucity of
such responses in the dataset as both even when added account for only 0.02% of
total responses. Hence, the model, despite being low in overall accuracy, inspires
confidence to a certain degree.

6.2 Improving Level of Satisfaction—ORA Exercise

ORA exercise for the pedestrian environment

The improvement scenarios are ascertained by the predictions in the overall satisfac-
tion generated from the estimated model. Individual independent variables as well
as their combinations were modified (i.e., improved) and the change to the overall
satisfaction was recorded. It is worth mentioning that the changes in ordinal scale
should be perceived in a way that unit change in higher-order is harder to achieve
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compared to the lower one i.e., it will be easier to achieve a change from 3 to 4 when
compared to 4 to 5.

Results for the area ‘A’—newly planned urban area. The base case values for this
exercisewere the user satisfaction ratings received (mode value), as shown in Table 4,
for the significant factors. Fifteen (15) different scenario combinations of scenarios
were tested against the base case to predict the impact on overall satisfaction. The
model predicts (refer Table 12) that in 14 out of 15 possible scenarios, improvement
to any particular of the 4 out of 5 factors identified in Sect. 6 i.e., ‘lateral separation’,
‘Comfort in walking’, ‘Intersection quality’, and ‘Safety during nighttime’ results in
increased user satisfaction (change from the current level of 3–4). However, for the
case of ‘continuity’, improvements made by one-unit increase in the user satisfaction
is not likely to bring about any improvement in the overall satisfaction. Simultaneous
improvements in multiple attributes were also noted in this analysis in order to record
the combinationof attributeswhich is likely to improve theoverall level of satisfaction
of the users. Interestingly, the multiple improvements bring similar change to user
satisfaction, as do individual improvements.

Results for area ‘B’—old and organically developed urban area. Table 13 suggests
that synchronized enhancement to only 2 out of 5 factors i.e., ‘Lateral separation’, and
‘comfort in walking’ provides increased overall user satisfaction. Other scenarios of
individual changes in user satisfaction were improbable in bringing about a change
to the overall satisfaction.

Table 12 Area A: predicted improvement overall satisfaction (cases only where changes in
predicted overall satisfaction have been identified)

Combination Lateral 
separa-
tion

Comfort
in walk-
ing

Inter-
section 
quality

Safety 
during 
nighttime

Continu-
ity

Predicted

Base case 3 3 4 4 3 3
1 4 3 4 4 3 4
2 3 4 4 4 3 4
3 3 3 5 4 3 4
4 3 3 4 5 3 4
5 4 4 4 4 3 4
6 4 3 5 4 3 4
7 4 3 4 5 3 4
8 4 3 4 4 4 4
9 3 4 5 4 3 4
10 3 4 4 5 3 4
11 3 4 4 4 4 4
12 3 3 5 5 3 4
13 3 3 5 4 4 4
14 3 3 4 5 4 4
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Table 13 Area B: predicted improvement overall satisfaction (cases only where changes in
predicted overall satisfaction have been identified)

Combination Lateral 
separa-
tion

Comfort 
in walk-
ing

Intersec-
tion qual-
ity

Safety 
during 
nighttime

Continuity Predicted

Base case 3 3 4 4 3 3
1 4 4 4 4 3 4

Table 14 Area A: predicted improvement overall satisfaction (cases only where changes in
predicted overall satisfaction have been identified)

Combina-
tion Id

On road
traffic vol-
ume

Passenger 
load

Pick-up and 
drop-off 
points

Physical condition 
of cycle/e - rick-
shaw

Predicted

Base case 3 3 3 4 3

1 3 3 3 5 4

2 4 4 3 4 4

3 4 3 4 4 4

4 4 3 3 5 4

6 3 4 4 4 4

7 3 4 3 5 4

8 3 3 4 5 4

ORA exercise for cycle/e-rickshaw environment

Results for area ‘A’—newly planned urban area. The model predicts (refer Table 14)
that individual improvement to only 1 i.e., ‘Physical condition of cycle/e-rickshaw’
out of 5 factors identified in Sect. 6 is likely to result in increased user satisfaction,
(change from the current level of 3–4). However, for this to happen, the user satis-
faction of the physical condition of cycle/e-rickshaw has to improve to 5, which may
be difficult to achieve. Hence, synchronized improvement combinations that result
positively in increasing overall satisfaction level maybe implemented in Area B.

Results for area ‘B’—old and organically developed urban area. The model predicts
(refer Table 15) that the scenario of cycle/e-rickshaw users are slightly different from
pedestrians in Area B as only 2 out of 4 individual factor improvements seem able
to better the overall satisfaction. It is observed that 4 out of 6 possible synchronized
improvement combinations provide increased overall user satisfaction.

Findings of the Research

This research was able to create an integrated two-step method, which—(a) predicts
the level of satisfaction of NMT users; and (b) determines the impacts of individual
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Table 15 Area B: predicted improvement overall satisfaction (cases only where changes in
predicted overall satisfaction have been identified)

Combina-
tion Id

On road
traffic vol-
ume

Passenger 
load

Pick-up and
drop-off 
points

Physical condition 
of cycle/e - rick-
shaw

Predicted

Base case 3 3 3 4 3

1 4 3 3 4 4

2 4 3 4 4 4

3 3 4 3 4 4

4 3 4 4 4 4

6 3 3 3 5 4

7 3 3 4 4 4

attributes and their combination thereof, that lead to an enhancement in overall satis-
faction levels. The study finds that the NMT trips in Kolkata range from anywhere
between 1.4 and 2.2 km, with a majority of users availing NMT modes for shopping
or fitness trip purposes. Presented below are the mode-specific findings:

Pedestrian satisfaction findings. A majority of pedestrians in Kolkata walk for
health reasons, and they do so almost every day of the week. When it comes to
pedestrians’ satisfaction of the existing conditions, it was observed that users in the
newer study area (Newtown) are slightly more satisfied than the ones in the older
study area (Jadavpur). Majority of users have provided a rating of 4 out 5 to street
lighting and daytime safety, whereas users in the older study area are concerned
about air quality while walking, shading/tree cover, signage, and nighttime safety,
with all of them receiving a rating of 2 out of 5. The modeling results show that five
different factors significantly impact the overall satisfaction of pedestrians, which
is significantly different between the two areas in Kolkata. The factors of ‘lateral
separation’ and ‘comfort in walking’ have the greatest impact in predicting overall
satisfaction, whereas ‘continuity’ although impacts a pedestrian’s overall satisfac-
tion, but an improvement in only that factor is improbable in bringing about any
improvement to the overall satisfaction of pedestrians.

Rickshaw user satisfaction findings. Rickshaw users’ are predominantly utilizing
the mode for shopping purposes, and they are doing so mostly only once a week.
When it comes to their satisfaction of the existing conditions, it was observed that
users in the newer study area (Newtown) are slightly more satisfied than the ones in
the older study area (Jadavpur). Majority of users have given a rating of 4 out 5 to the
availability of rickshaws, whereas the pick-up/drop-off points have been rated ‘poor’
by the users in the older study area (Jadavpur). The modeling results show that four
different factors significantly impact the overall satisfaction of rickshaw users, which
is significantly different between the two areas in Kolkata. The ‘physical condition of
rickshaw’ has the greatest impact in predicting a rickshaw user’s overall satisfaction.
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Finally, when it comes to improving the overall satisfaction of rickshaw users, several
improvementsmight have to be undertaken simultaneously, as improvement in only a
single factor is improbable in bringing about any improvement in overall satisfaction
in majority of the scenarios.

7 Conclusion

Based on these findings, the major conclusions that can be drawn from the current
research are:

Variability in user satisfaction. The study shows that there exist two different types
of variability in users’ perception (a) Variability in individual factor and overall
satisfaction ratings; (b) Variability in user ratings of different areas within a city. It
may not be sufficient to only know how a user perceives about individual factors
during his/her NMT trip, as these factors may or may not have a bearing on the users
overall trip satisfaction. The study shows that while ‘air quality’ and ‘shading/tree
cover’ received lower satisfaction ratings from the pedestrians, but the modeling
results show that ‘ease of walking’ is the factor that has the most significant impact
on predicting overall pedestrian satisfaction. Similarly, one citywide survey of user
perception may not capture the true needs of the users. The model developed in
the study shows that a significant difference exists in user perception of residents
of a newer versus an older area within a city. However, this could not have been
deciphered analyzing only the individual user ratings, as most of the factors received
a rating of 3 out of 5 in both the areas. Thus, this study provides a technically sound
template that could be used by decision-makers to gauge the perceptions of NMT
users in a large metropolitan area.

Targeted/coordinated improvements to enhance satisfaction. The study shows
that pedestrians walk primarily for fitness purposes, whereas rickshaws are largely
used for shopping trips. Hence, when it comes to providing/improving NMT facil-
ities, decision-makers would be well-advised to target residential areas, parks, etc.
for pedestrian facilities, where people may walk for fitness and provide for sufficient
quality rickshaw facilities at the commercial/shopping areas. Secondly, the study also
shows that improvement in individual factors seldom causes any improvement in the
overall satisfaction. For example, an improvement in ‘pick-up/drop-off points’ of
rickshaws in Newtown, Kolkata alone is unlikely in improving the overall user satis-
faction of rickshaw users, but when combined with an improvement in ‘passenger
load’ is likely to improve the overall satisfaction. Hence, care has to be taken as to
what type of improvement(s) have to be implemented and where in order to achieve
an improvement in user perception.

Proactively provide quality NMT environment in upcoming development
projects. The study shows that the perception of NMT users in the older neigh-
borhood is significantly different i.e., lower than that of the NMT users in the older
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area. This could be because of the facilities being under a poor state ofmaintenance in
the older neighborhood when compared to the facilities in the newer area. Improving
pedestrian facilities, for example, in an older area may be difficult due to lack of
right-of-way and/or expensive due to various factors such as utility relocation, etc.
Another factor that is highlighted in the study is that it is a challenging task to alter the
perception of residents in an older area when compared to a newer one. For example,
improvement under only one scenario i.e., joint improvement in ‘comfort in walking’
and ‘lateral separation’, is likely to bring about an enhancement of overall pedes-
trian satisfaction in the older area, whereas several scenarios of individual and joint
improvements are likely to bring an enhancement of overall pedestrian satisfaction in
the newer area. As such, decision-makers are well-advised to proactively provide for
sufficient quality NMT infrastructure while developing new residential/commercial
areas, which could potentially allow for positive user perception to be developed,
and also avoid building the NMT infrastructure in a retrograde manner, which could
be difficult and expensive.
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Lateral Placement of Vehicles Under
Mixed Traffic in Indian Urban Scenario

Mahindra Deshmukh and Ashish Dhamaniya

1 Introduction

India being a developing country with population around 1.25 billion. The vehicular
ownership is also increasing considerably each year. Sub-urban and urban regions are
the places where most of the population is attracted. The Central Business District
(CBD) zones of the city and the arterials connecting CBD’s to the other zones of
city, face a large congestion during peak and even at off peak hours. Vehicles not
only interact longitudinally, but also laterally to each other with variable speeds and
acceleration. No lanes of traffic are observed, neither there is any lane discipline
followed by the vehicles. In context to driving, lane discipline is when a driver keeps
his/her vehicle within the road marking indicating lane unless changing lanes or
direction [6]. Such lane following scenario is quite unseen in Indian traffic conditions.
It is really a difficult task to maintain a lane with a maintained speed, as vehicles
interaction leads the vehicles to change the longitudinal as well as lateral position
with respect to others. This ultimately results into a poor lane behaviour with higher
degree of heterogeneity. The speed of vehicle is likely to affect with regard to its
lateral position on the roadway geometry. Lennie and Bunker [5] stated that the
lateral position of vehicle is the distance between the carriageway centreline and the
nearest edge of the vehicle.Highway {C}apacity {M}anual (2012) states that the lane
widths less than 3.6m reduce the travel speeds, andwidth larger than this value are not
considered to increase speed above the base level.Whether the vehicle is in the centre
lane, either curb side or the inner lane, the observed speed of vehicle is obviously
dissimilar. Widespread range of physical dimensions, power to weight ratio, and
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other dynamic characteristics of vehicles lead to higher degree of heterogeneity,
with mixed traffic. There exists a mixed traffic flow with no lane discipline. Hence
the lateral movement of the vehicles are very high due to no lane discipline. Hence
[6] studied the lateral movement of vehicles on straight road. Two wheelers and
three wheelers are observed with the most reckless driving. Two wheelers accept the
minimum available gap to overtake the other vehicles, by utilising the overall width
of carriageway uses the same roadway space resulting in heterogeneous traffic. The
bi-directional traffic on some roads utilises the same road space regardless of any
physical segregation and occupies any lateral position on the road contingent on the
availability of space. This forces the other vehicles to slower down their speeds. As
observed, different types of vehicles share the same road space available without
any lane discipline. Bunker et al. [1] showed that a maximum 7 s time gap between
opposing vehicles influences drivers’ positioning of their vehicles. It was observed
that the lateral positions of cars, utility vehicles, and semi-trailers are statistically
different when opposed as compared to unopposed. Non-motorised vehicles share
the same right of way along with the other passenger cars and heavy vehicles causing
congestions and bottlenecks. Pal and Mallikarjuna [8] stated that drivers vary gaps
based on the varying traffic conditions. The extent of vehicular interactions varies
with the composition of traffic. As a result, causing delay and ultimately reduction
in the capacity. Hence proper study of lateral placement of vehicles has become a
challenging task, especially in developing countries like India.

Microsimulation is one of the techniques used to model the traffic and study
its characteristics. Simulation is widely used tool in many industries for testing or
inspecting the validity and reliability of the proposed methodology. Srikanth et al.
[10] used the speed flow curves to calibrate the VISSIM model for multilane high-
ways. Transportation industry is not an exception for the application of simulation
technique as a use for problem solving. Microsimulation and macrosimulation tools
are popular to study and inspect the traffic trends, behaviour and demand. Parking
studies, feasibility studies at toll plaza, public transit stations for pedestrians and
users, etc. are the applications of microsimulation modelling extensively used in
transportation industry. Using computer-based simulation various traffic character-
istics like speed, flow, density etc. can be studied. Though microsimulation is widely
used to model homogeneous traffic in developed countries, it is also widely used in
the developing countries inAsia tomodel the heterogeneous traffic.Manjunatha et al.
[7] proposed a methodology to calibrate the mixed traffic using a microsimulation
model. To model the heterogeneous traffic, non-lane following behaviour is not the
only challenge, but the speed and acceleration characteristics of a number of vehicle
categories, their power to weight ratio, dimensions, etc. are also to be taken into
consideration. Hence to study the lateral behaviour of the vehicles, microsimulation
software VISSIM is used in the present study. Kaur [4] modelled the heterogeneous
traffic using VISSIM. The calibration of the selected study stretch is done using
speed, flow, density curves and further the relation of speed with lateral clearance
is compared. The coordinate data of vehicles from the VISSIM software is used
to find out the lateral gaps between the different vehicle categories. VISSIM is the
state-of-the-art multi-modal simulation software developed by PTV AG, Germany,
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Fig. 1 Study corridor site picture taken from the foot over bridge

popularly used to model both homogeneous and heterogeneous traffic. To reflect
the field conditions with the simulation model, calibration is done for the selected
data set. Drivers are forced to accept the gap as per the prevailing traffic conditions.
Figure 1 outlines the site picture taken from the corridor, with a view of the study
stretch.

Number of vehicle classes comprising different dimensions, speed and accelera-
tion characteristics, and occupancy characterise the Indian traffic. Not onlymotorised
but also non-motorisedvehicles share the same right ofwaywith other vehicles. These
slow moving non-motorised vehicles followed by the reckless driving behaviour of
three-wheelers and motorised two-wheelers force the passenger cars to slow down
their speeds. Two-wheeler drivers accept the minimum available gap to surpass the
vehicles, which also leads to diamond shaped queuing at intersections. Curb side
bus stops are cause for the bus to wait until the passenger’s board/alight, which
forms a bottleneck on the urban roadways. Roadside parking’s, frequent stopping of
three-wheeler drivers at curb side, to board or alight more passengers for more fare,
ultimately results into a mixed traffic condition with poor lane following behaviour.
The degree of heterogeneity is hence observed more in case of developing coun-
tries than that of the developed countries, which are having proper lane following
behaviour [9]. Hence to study such a complex and mixed traffic behaviour microsim-
ulation technique might present a faithful outcome for obtaining the desired results.
Hence, prior data is required to be collected for erecting successful simulation model
with minimal errors.
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2 Data Collection and Analysis

The study stretch considered was free from U-turning or crossing movements of
vehicles, there was not any direct access for vehicles to enter, merge or diverge near
the study stretch, the stretch was fairly straight and of uniform width throughout.
The care of side friction, which is often observed in urban intercity roads was also
taken in consideration that, there were no curb side parking’s at the stretch. These
objectives were defined for selection of the study section; as pure interactions of
the operating vehicles are to be studied. Also, the selected study stretch was free
from gradient (firm) and curvature. The urban roads also often face problems like
undesignated crossings of pedestrians. To encounter the issues related to pedestrians,
as discussed in the previous section, the study stretch was selected near a foot-over
bridge (FOB) facility for pedestrians.

By virtue of the FOB and divided roadway, the pedestrians were not observed to
cross on the road section.Video graphicmethod of data collectionwas used to capture
the wide-ranging variation of the vehicular interactions. Outer ring road from New
Delhi was selected for the data collection purpose. Over the selected urban intercity
arterial road, a 30 m section was marked for studying the interactions of vehicles. A
wide lens high pixel resolution camera was used. The camera was placed on the edge
of FOB in order to cover all three lanes (one direction) of traffic clearly. Figure 1
shows the Google image of the location of the study stretch. It is located at the
Pamposh Enclave, greater Kailash, New Delhi. The collected data from the field was
then analysed by Avidemux Software with high precision, having ten further parts
(microseconds) of one second, for more accurate speed data of individual vehicles.
The speed of 30-m study stretch was calculated for each class of vehicle, and this
speed was considered as the average speed of particular vehicle class over the mid-
block section of the arterial. The data was collected for 2 h duration. Out of various
categories of vehicles were observed from the video, which were converted into five
main categories for simplicity in the analysis. The categories of vehicles defined in the
present study were namely two-wheeler (2W), three-wheeler (3W), small car (SC),
big car (BC) and heavy vehicles (HV). The proportion and the average dimensions
considered in the present study are as shown in Table 1. The dimensions for the
set of vehicles which were observed while data collection was extracted from the

Table 1 Average dimensions and proportions of vehicles

Vehicle type Proportion (%) Average dimensions

Width (m) Length (m) Area (m2)

2W 30.96 0.85 2.00 1.70

3W 9.56 1.08 2.36 2.55

SC 47.83 1.69 3.89 6.57

BC 7.73 1.86 4.61 8.56

HV 3.92 2.83 10.88 30.79
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official websites of respective motor vehicles. These dimensions were used to model
the vehicles in the simulation model as well, in order to integrate more accuracy to
vehicular dimensions from the simulation model and field.

The two-wheeler was composed of all motorised two-wheeler vehicles (excluding
bi-cycle). Three-wheelers consists of motorised three-wheeler vehicles often
observed in the urban regions. The car traffic was divided into two main classes.
SC consists of sedan, prime-sedan, hatchback cars moderately having the engine
capacity up to 1000–1200 horsepower. BCs consists of sport utility vehicles (SUVs)
having more occupancy and engine capacity as compared to SCs. The length of BC
vehicles is also comparatively more than those of SC. Lastly, buses, trucks, tempos,
multi-axle vehicles and containers were converted into a single HV category of
vehicles, as their speed and acceleration characteristics are nearly similar.

3 Capacity of Roadway Section

The capacity of a system can be defined as the number of vehicles, passengers or the
like, can accommodate a system under the prevailing roadway and traffic conditions.
Capacity is independent of demand. It is constant, irrespective of the total number
of vehicles demanding the service. Dhamaniya and Chandra [3] stated that the lane
capacity of was soundly related to the operating speed of the vehicles in the stream.
In the present study, the capacity of roadway is calculated using the Greenshields
model. Figure 2 refers the capacity of the study stretch and it was found to be 5957
veh./h and 6034 PCU/h.

Fig. 2 Study stretch
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Fig. 3 Capacity of the roadway

Capacity of a roadway is a probabilistic approach and may vary with time and
position. It is difficult to derive capacity analytically, hence in most of the practices,
capacity is calculated from the field observed conditions.

4 Methodology for Calibration

The collected data was used as input for the simulation model development. The
Calibration is progression to refine the model to replicate the observed data to an
adequate level of accuracy (with negligible errors). The main aim of calibration is
to satisfy the model objective to replicate the field conditions within the developed
model. In the present study calibration was done by adjusting the driver’s behaviour
parameterswhich aremost important tomodify the output of themodel.VISSIM is by
default a homogeneous lane-based traffic tool, developed by PTV-AG, Germany. It is
based on the traffic conditions that observed in developed countries, especially from
European and American continent. However, a heterogeneous non-lane-based traffic
can also be modelled by a rigorous modification in drivers’ behaviour parameters.
This flexibility of VISSIM has mainly achieved worldwide popularity for simulating
the traffic.Many researchers usedVISSIM tomodel the heterogeneous traffic,mainly
from the developing countries including India. The flow chart for calibration is as
shown in Fig. 3.

5 Calibration of Speed Data

Speed being the qualitative measure of traffic, it was considered as the primary
parameter to calibrate for the simulation model being developed. Various percentile
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Fig. 4 Methodology flowchart of calibration
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values of speed were calculated, and used as input for the desired speed distribution
curve in the VISSIM interface, for each category of vehicle. The speed distribution
of vehicles in the simulation model will replicate more precisely with the field data,
if a greater number of percentile speed values are given to the speed distribution
curve. Figure 5 shows the speed distribution for SC. The respective fractional values
of cumulative frequency of speed were used to obtain the percentile value to be
input in the desired speed distribution curve of vehicles in VISSIM, hence a separate
statistical chi-squared test is not required.

The most basic and fundamental parameters of traffic are considered to be the
speed, density and the volume. Hence, in the present study the comparison between
the field observed and simulation results was done by associating the degree of
similarity between the speed, density and volume of traffic of both. In the subsequent
part of the study, the comparison of speed-flow and flow-density is also presented.

From Fig. 6a, b it can be observed that the results obtained from the simula-
tion model are nearly matching with those of the field observed data values. This
comparison was checked graphically, but to check for more accuracy and reliability
of the simulation model results, (Analysis of Variance) ANOVA test for the three
fundamental parameters speed, density and volume.

 Desired Speed Distribution used in VISSIM                      (a)

(b)  CDF for VSC 
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Fig. 5 Speed data calibration
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(a) Comparison of field-observed and simulated speed-flow relationship 

(b) Comparison of field-observed and simulated Volume-density relationship 
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Fig. 6 Validation of simulated data with field data

The ANOVA test was performed between the field observed data set, and the
same data set obtained from the simulation model, for one-hour duration each. If
there is any significant difference within the dataset is checked using the test. The
Null Hypothesis was considered as “There is no significant difference between the
two datasets”, and the Alternate Hypothesis was “There is significant difference
between the two datasets”. Table 2 shows the results of ANOVA test.

Table 2 ANOVA test results for field observed and simulated data

P-value P-crit. P > P-crit. F-value F-crit. F < F crit.

Flow (Q) 0.3568 0.05 Yes 0.856 3.921 Yes

Density (K) 0.8607 0.05 Yes 0.031 3.991 Yes

Speed (V ) 0.0884 0.05 Yes 2.969 3.949 Yes
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From the ANOVA test results table, it can be seen that the P-value obtained
for flow, density and speed is 0.3568, 0.8607 and 0.0884. All of these three P-
values are greater than the P-critical value, which is 0.05 at 5 degrees of freedom.
From this, it can be stated that there is no significant difference is observed between
the field observed values and simulation model values of speed, flow and density.
Hence, the model is said to represent the field observed vehicular traffic conditions
(with negligible errors). As, the basic fundamental quantities of traffic, on which the
overall performance of the roadway system can be judged with volume to capacity
ratio, delay, etc. can be derived from these three basic quantities. Hence, these three
quantities were considered for the model calibration purpose.

The calibrated simulation model was used to simulate the various volume levels
for the study stretch. The vehicular volume ranging from LOS-C (moderately low
traffic) to LOS-E (Dense Traffic). The volume at various LOS levels were calculated
based on the V/C ratio criteria, as capacity value was already obtained for the study
stretch.

To represent the volume or capacity of a system in context to number of vehicles
per unit time cannot be an appropriate method of representation. As, the combined
effect of 2W in numbers is completely different as compared to numbers of HV.
Hence, in the present study the capacity of the study section is converted into equiva-
lent number of PCU/h. The method proposed by [2] was used to find the PCU values
of vehicles.

PCU = Vc/Vi

Ac/Ai
(1)

where, Vc, Vi is the speed of passenger car (SC in the present study) and subject
vehicle respectively, and Ac, Ai is the projected rectangular area of the passenger
car and subject vehicle, respectively. As SC is considered as the standard passenger
vehicle, all other class of vehicles were converted into the equivalent number of SC.
PCU of a vehicle type is very dynamic in nature and it has impact of all variables
that affect the driving behaviour of the vehicles. Hence, the PCU for each class of
vehicle was calculated and the overall throughput of traffic stream was measured in
PCU/h. Based on the various volume levels, the Passenger car unit (PCU) values was
calculated. The variation of PCU value at various LOS level was studied. Table 3
shows the variation of PCU with respect to volume and V/C ratio.

Table 3 Variation of PCU values

Volume V/C ratio Passenger car unit (PCU)

2W 3W SC BC HV

5350 0.90 0.24 0.42 1.00 1.30 6.08

4750 0.80 0.25 0.43 1.00 1.25 5.87

4200 0.71 0.26 0.43 1.00 1.23 5.76
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To check the reliability of the calculated PCU values for the developed simulation
model, the observed composition of heterogeneous traffic was made run for one
hour into the developed simulation model with the previous volumes, obtained from
the various V/C ratios considered for the study. Further, this traffic was converted
into the PCU/h traffic using the PCU values obtained for specified vehicle class at
particular volume. The standard dimensions of field observed set of vehicles, those
obtained from the official websites of the respective vehicles were used to model
the dimensions of vehicles in VISSIM. Accompanying to this, for same volumes
considered, the total vehicle input given to the simulation model was of only SC, i.e.
the standard passenger vehicle considered for the study. The results obtained from
the equivalent PCU/h volume and the SC only volume from the simulation were
compared. The t-test was applied to the obtained results. The results obtained for
one-hour simulation, i.e. for sixty data points were considered for the t-test. The t0
value obtained was 3.08 and the critical value was 5.73 which is greater than the
t0, hence it proves that there is no significant difference between the two data sets.
Hence the simulationmodel and the PCU values both are said to be valid and reliable,
at specified volume levels. Figure 7 shows the comparison of the SC only data and
PCU/h data of the volume, obtained at various volume levels.

Figure 7 describes about the similarity of the calibrated data of SConly traffic,with
the equivalent mixed traffic in the simulation model. Which implies that the simu-
lation model is capable of replicating the field conditions effectively with minimal
errors.

 -
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Fig. 7 Comparison of heterogeneous (PCU/h) and SC-only traffic
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6 Modelling Lateral Clearance of Vehicles

From the number of simulations runs with different random increment of seed for
each simulation run, the average data was obtained, purposefully for more accurate
results of analysis. The variation of vehicle specific speed with the lateral clearance
maintained with adjacent vehicles was observed. All possible combinations of five
class of vehicles with each other were extracted from the trajectory data. The coor-
dinates of vehicles were obtained for every time step in simulation run. One second
was divided into five parts (five-time steps per second) for more accurate results.
Firstly, the centre to centre (c/c) distance of vehicles were extracted and then half
of the widths of two adjacent vehicles was subtracted from the c/c lateral clearance
between the vehicles. This lateral spacing (clearance) of vehicles was studied further.
It was observed that, the lateral clearance of vehicles varied with respect to speed
of vehicle, type of vehicle (size/dimensions/manoeuvrability), and the lane in which
the vehicle is moving. Large variation of lateral clearance was observed among the
vehicle pairs. It was observed from field that a vehicle moving adjacent to another
vehicle, within a one-metre boundary has significant effect over its lateral movement,
hence the range of lateral clearance values was selected from zero to one metre from
the data set. The trajectory data obtained from the simulation run was completely in
a scattered form, hence the outlying data (outliers) was removed from the analysis,
as those data points would not make substantial difference to the results. As a vehicle
within the lane is moving adjacent to another vehicle within one-metre distance later-
ally, then it is believed to have had an effect on the parallelly moving vehicle. This
variation of speed of vehicle with the lateral clearance was captured with all pairs
considering one vehicle pair at a time. For 2W as the subject vehicle, the results of
speed versus (vs.) lateral clearance share asmaintainedwith all categories of vehicles
is plotted. Though the data points are scattered, the outliers were removed to obtain
the results based on the data points which actually matters for the lateral clearance
behaviour.

From Fig. 8a–e, it can be observed that the lateral clearance for the 2W varies
significantly as the subject vehicle (vehicle adjacent to it) changes. For heavy vehi-
cles, there is not much difference in the clearance maintained at various increasing
speed levels, but in case of 2W and 3W these fluctuations are different. The cumu-
lative frequency of the speed and lateral clearance together is represented in Fig. 9,
considering 2W as standard vehicle.

Here, in Fig. 9, the term V-2w refers to the combined speed data of the 2W, while
considered to calculate the lateral clearance with all vehicle classes, including 2W.
Hence, V-2w implies the combined speed profile of 2W with all vehicles moving
adjacent, and the other five curves of all vehicle classes represent the variation of
lateral clearance of the specific vehicle with 2W as the subject (adjacent) vehicle.
Figure 9 explains the variation of lateral clearance maintaining behaviour of all
vehicles together, with their cumulative frequency distribution compared with the
combined speed data of subject vehicle (2W).
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Fig. 8 Speed versus lateral
clearance
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7 Percentile Variation of Speed Versus Lateral Clearance

The field practices are however limited to minimum (15th), average (50th) and
maximum (85th) speed limits of the vehicles. The overall data obtained from the
simulation results of all three LOS levels (LOS-C, D and E) was combined together
and a combined percentile variation was studied for the traffic stream. The design of
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Fig. 8 (continued)
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the roadway is mainly based on these numbers, hence a typical percentile variation
of percentile speed versus percentile lateral clearance for combined data is shown in
Fig. 10.

In Fig. 10, the three percentile valuesmentioning the 15th, 50th and 85th percentile
value, respectively for the three points in the figure from left to right. It has been
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Fig. 10 Percentile variation
of speed and lateral
clearance (combined data)
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observed that, as percentile speed increases, vehicles lean towards maintaining more
distance with the vehicles moving adjacent to them. It was observed from field that,
2W drivers accept the minimum available gap (available lateral clearance between
the adjacent vehicles) to overtake the vehicles, even at congested conditions. This
heterogeneous behaviour of 2W was clearly captured. The clearance maintained by
2W with adjoining 2W was least, as compared to any other vehicle class moving
adjoining with 2W. This lead 2W pair to have the least lateral clearance values at
50th and even at 85th percentile speeds which may be due to the smaller dimensions
and better manoeuvrability characteristics of 2W. In contrast to this, the clearance
maintained by HV was maximum at 50th and 85th percentile speed, as compared to
all other vehicles. This is observed due to the large dimensions of HV. When a HV
is operating at considerably higher speed, it was observed that the vehicles present
on the roadway were maintaining larger gaps with HV and provides the right of
way for HV to move. Psychologically, it can be stated that the large dimensions/size
of heavy vehicles might be the reason behind this behaviour of other vehicles, and
2W is not an exception to this. Even, SC and BC have similar manoeuvrability and
acceleration deceleration capabilities, but a BC is slightly superior to SC in case of
engine capacity and size. The percentile speed values and the clearance maintained
by BC with 2W were also observed to be more than SC by 22% at 15th percentile,
and 25% at 50th percentile. This may be due to slight superiority characteristics of
BC over SC in case of engine capacity and manoeuvrability. An increasing trend was
observed between the speed and the lateral clearance of vehicles, with increase in
speed of vehicles. Furthermore, it was observed that the clearance value surged with
vehicle size ranging from 2W to HV.

8 Conclusions

The calibrated VISSIM model was used to simulate the various levels of traffic
volume level. The capacity of the midblock section is obtained using the Green-
shields’s model. The behaviour of individual vehicles is likely to change with the
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variation in the traffic stream, and it is very difficult to study this from field. The
lateral behaviour being a very intricate and complex parameter, hence it was studied
using the microsimulation technique. The reliability of the simulation model was
checked by calibrating the speed, volume and density of the traffic stream. The speed
data collected for each vehicle category was calibrated separately, for the simula-
tion model to represent the actual field conditions more accurately. Also, the default
drivers’ parameters in the VISSIM software were modified using trial and error
method to replicate the volume and density that observed from field. The capacity of
the urban arterial road selected for study was obtained as 5957 veh./h. (6034 PCU/h).
The six-lane divided urban arterial road was observed to have V/C ratio as 0.91 and
hence the Level of Service of the systemwas obtained as E. The PCU of vehicles was
calculated at each volume level and their variation was studied with the V/C ratio.
Further, the variation of speed of vehicles with lateral clearance with the vehicles in
the traffic stream was studied. Five categories of vehicles, with one type as subject
vehicle was considered. The percentile variation of speed with lateral clearance was
also studied for 15th, 50th and 85th percentile values.
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Trajectory Data and Driver Behavior
Analysis at Urban Mid-Block Section

T. Sowjanya and S. Moses Santhakumar

1 Introduction

Indian traffic conditions are highly heterogeneous with virtually no lane discipline
[1]. The vehicles not only interact with the vehicles present in front of it but also
interacts laterally with the vehicles present in its neighborhood [2]. Lane changing
has a significant impact on traffic flow. Driver behavior on road sections is one of the
most complicated phenomena to study, particularly under mixed traffic conditions
on urban roads particularly, on the mid-block sections [3].

An urban road is a road located within the boundaries of a built-up area. Lane
changing behavior is much more complex in mixed traffic conditions, where the
behaviors of vehicle and driver show a massive change compared to the behavior
under homogeneous traffic conditions.During a lane changingmaneuver, small-sized
vehicles can be easily maneuvered and tend to change lanes using smaller gaps. The
lane change duration and the space gaps required for lane changing may also depend
on vehicle-type dependent characteristics. The absence of lane behavior implies that
a driver not only interacts longitudinally with the vehicles ahead but also laterally
with vehicles on either side.

Macroscopic impacts on traffic flow result from aggregate results of microscopic
driver behavior.Microscopic driver behavior includes acceleration, deceleration, car-
following, lane changing behavior, and gap acceptance. Non-lane-based movement
is an indication of weak lane discipline of vehicles, which is predominant in mixed
traffic conditions and it is a very important aspect in lane maintenance behavior of
mixed traffic. The development of suitable models, to represent the typical behavior
of drivers on mid-block sections will be of much practical importance. The car
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following theory is one of the important criteria about the lane discipline. Safety on
roads is a major concern in the developing world. Due to the rising population, the
traffic risk has increased especially in developing nations like India as the system is
unable to cope up with and control the increasing traffic.

1.1 Objectives

The main objectives of this study include

• Developing vehicular trajectory data at the mid-block study locations under
heterogeneous traffic conditions.

• Analyzing the lane changing behavior of driver on the mid-block sections in
heterogeneous traffic conditions.

2 Literature Review

It is essential to know the vehicle trajectory data for investigating vehicle behavior
in a mixed traffic conditions. Several methods have been used to know the vehicle
trajectory data in the past works. Raju et al. [4] have studied vehicle behavior in
mixed traffic environment. They analyzed the macroscopic and microscopic flow
characteristics, including the relative velocity, relative spacing between the vehicles
both in the longitudinal and lateral direction. They have concluded that the lateral
behavior of a vehicle plays a vital role in the driving behavior and its patterns which
is not predominant under homogenous traffic conditions on high-speed multilane
highways.Kumar et al. [5] extracted the trajectory data of the urbanmid-block section
and smoothened the extracted trajectory data to minimize human errors by moving
averagemethod, local weight regressionmethod, and Savitzky golay filteringmethod
and performed SWOT analysis for smoothening techniques. They concluded that for
smoothening vehicle trajectories, ‘Moving Average Method’ is the best technique.
Kanagaraj and Asaithambi [6] evaluated vehicle following behavior and concluded
that vehicles in the mixed stream-in particular motorcycles move unsubstantially in
the lateral direction.

Bangarraju and Ravi Shankar [7] worked on the lateral distance keeping driver
behavior in mixed traffic conditions with little lane discipline. They have concluded
that Lane changing frequency is influenced by the density, flow, and mean speed
of the traffic stream. Lane by lane vehicular arrivals is not very independent. Sanik
et al. [8] worked on driver lane changing behavior at urban intersection by using
gap acceptance approach and they concluded that the main factor which influences
lane changing event is the flow rate of vehicle movements. Sanik et al. [8] have
researched on driver lane changing behavior at urban intersections by using the gap
acceptance approach. They have concluded that the main factor which influences
the lane changing event is the flow rate of vehicle movements. Mahapatra et al. [9]
studied the vehicles lateral movements on non-lane discipline traffic stream, on a
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straight road and concluded that lateral acceleration and heading angles are high, in
the case of three-wheelers than in case of Cars. The variation of lateral acceleration
and heading angles are high at lower speeds. Daniel (Jian) Sun studied the driver
behavior characteristics considering focus-group studies and in-vehicle driving tests
and developed a gap acceptance algorithm to model lane changing on urban arterials.
CORSIM was used to develop the model. Durga Rani et al. [10] created a simula-
tion model for a 4-kilometer urban road corridor in Chennai using real-time traffic
data. They found that this model is useful for applications of Intelligent Transporta-
tion Systems. Chai [11] conducted an intersection survey and developed a Cellular
Autometa (CA) model to simulate vehicle interactions, concluding that this model
may be utilised to determine the severity of vehicle conflicts for various geometric
layouts and traffic control strategies. Munigetty et al. [12] created a semi-automated
technique to extract vehicle trajectories from traffic data with an accuracy of 0.1
s. To get real-world coordinates from two-dimensional coordinates, a videographic
survey was utilised, followed by a camera calibration technique. Mallikarjuna et al.
[13] have done research on lateral gaps maintained by different types of vehicles
under different traffic conditions. The statistical analysis was done and the gaps
maintained by the vehicles with more are less same speeds were normalized.

2.1 Gaps in the Literature

The studies were carried out to analyze the safety and lane changing behavior of the
driver and to extract the vehicle trajectories were done on signalized intersections
[14], national highways, multi-lane roads [15], and on bridges i.e., on control points.
The focus group and in-vehicle data may not give accurate results as the group of
selected people already knows about the test. Only a few studies were found in urban
areas to describe the acceleration and deceleration, longitudinal and lateral behavior
of vehicles. Most of the research works were carried out without considering the
lateral speeds and lateral accelerations of the vehicles on selected road sections [16].
There is a need to study the behavior of drivers on urban mid blocks, considering the
above-mentioned characteristics.

3 Study Area and Methodology

The Road approaching near Government General Hospital—Kurnool is located as a
study area.

Kurnool, one of the most populous districts of the state of Andhra Pradesh, has
seen a considerable increase in traffic over the last few years.

Government General Hospital is located in the central part of Kurnool city having
heavy traffic. Road dividers have been provided on the road. Traffic flow videos are
taken by providing CCTV camera on the foot over bridge located at a height of 8.0 m
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from the surface of the road. Traffic is recorded continuously for a period of 5 h from
8:00 AM to 1:00 PM to covering up to 120 m from the Foot Over Bridge located
to toward the Kurnool—Kadapa canal, popularly known as K-C canal to assess the
volume, speeds, trajectories, and lane change behavior of drivers of different types
of vehicles (Figs. 1 and 2).

For analyzing the traffic characteristics, the peak 15 min data was considered.
The total length of road stretch is divided into four parts, each part 30 m in length.
This was done to know the accurate values of vehicle trajectories and lane changing
behavior of the driver. The vehicle trajectories, flow, speed were extracted using
Traffic Data Extractor (TDE), for every 1.0-s resolution. To minimize the error of
parallax, the video is cropped and enlarged for every 30 m and the lateral move-
ments corresponding to the longitudinal distance of the vehicle were reported. The
Methodology involved in the study is shown in Fig. 3

Fig. 1 Percentage of vehicle types

Fig. 2 Screenshot of study area
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Fig. 3 Methodology of
study

3.1 Longitudinal Flow Characteristics

The traffic video was taken for a period of 5 h, from morning 8:00 am to mid-
afternoon of 1:00 pm to cover the peak and off-peak traffic data. For analysis of traffic
characteristics, the peak 15 min data between 9:45 AM to 10:00 PMwas considered.
Traffic flow, speed, and densities were reported for 1-min accuracy. Table 1 presents
a summary of the statistics of the traffic flow characteristics in the longitudinal
direction. The reported speed and acceleration statistics are for instantaneous values.
The total maximum traffic flow observed in the study section is 6,342 vehicles per
hour (vph). The maximum density (veh./km/h) was observed as 83.142 for Bikes
and 71.971 for Autos, followed by 11.874 for Cars. The instantaneous speeds of
all the vehicles vary from 0 to 23.81 m/s. Average speeds of all vehicles observed
as 1.82 m/s. The mean speed of the Buses is highest 11.74 m/s followed by Cars
11.14 m/s. Autos travel at very less speed 9.923 m/s. Analysis of variance (ANOVA)
tests was conducted on individual and pair-wise vehicles. These tests showed that the
differences among the vehicle types are statically significant. Pair-wise comparisons
show that Auto-Bikes andCars-LCVs are statistically significant with p-value < 0.01.
Bike-Car with p-value 0.228 and Auto-LCVs with p-value 0.654 are not statically
significant.

The mean values of Acceleration and Deceleration of all types of vehicles are
found to be 1.667 m/s2 and − 0.039 m/s2, respectively. Acceleration of Bikes is
higher at 2.107 m/s2 followed by Cars at 1.99 m/s2. Acceleration of LCVs is very
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Table 1 Longitudinal flow characteristics

Flow (Vph)

Vehicle type Minimum Maximum Mean Std. dev.

Auto 1373 2519 1803 522

Bike 1378 3201 2454 816

Bus 44 102 76 24

Car 383 463 425 33

LCV 18 57 37 16

All types 3196 6342 4765 1411

Speed (m/s)

Auto 2.077 21.428 10 2.022

Bike 1.308 25 11 2.466

Bus 2.3 22.727 11.74 2.963

Car 1.91 23.781 11.14 2.64

LCV 1.506 20.27 9.923 3.008

All types 1.8202 22.641 10.760 2.619

Acceleration (m/s2)

Auto 0.016 1.784 0.449 0.432

Bike 0.016 2.107 0.415 0.469

Bus 0.153 1.763 0.662 0.548

Car 0.038 1.99 0.374 0.356

LCV 0.060 0.694 0.327 0.268

All types 0.056 1.667 0.445 0.414

Deceleration (m/s2)

Auto − 2.88 − 0.024 − 0.519 0.548

Bike − 3.60 − 0.015 − 0.437 0.499

Bus − 1.58 − 0.078 − 0.553 0.632

Car − 2.14 − 0.049 − 0.626 0.553

LCV − 0.57 − 0.031 − 0.269 0.175

All types − 2.15 − 0.039 − 0.48 0.481

low at 0.694 m/s2. This may be due to the poor dynamic operations of LCVs. The
average acceleration of all vehicles is 1.667 m/s2. ANOVA test was conducted on
pair-wise vehicles shows that there are not statically significant. Auto-bike, bike-bus,
and bike-car are reported with p-values 0.275, 0.272, and 0.737, respectively.

Cars and bikes have higher lateral speeds of 1.982m/s and 1.307m/s, respectively,
comparedwith other vehicleswhich can be attributed to their highermaneuverability.
Buses andLCVs haveminimum lateral speeds due to their size and lessmaneuverable
ability. Pair-wise analysis of ANOVA test results show that the lateral accelerations
of auto and bike are statically significant with p-value < 0.01, but, bike-cars and
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Table 2 Details of lateral flow characteristics

Vehicle type Minimum Maximum Mean Std. dev.

Speed (m/s)

Auto 0 1.164 0.125 0.124

Bike 0 1.307 0.185 0.169

Bus 0 0.959 0.167 0.187

Car 0 1.982 0.135 0.169

LCV 0 0.074 0.073 0.265

Acceleration (m/s2)

Auto 0 0.823 0.131 0.112

Bike 0 1.377 0.198 0.169

Bus 0 0.726 0.163 0.135

Car 0 0.624 0.150 0.122

LCV 0 0.344 0.126 0.092

Deceleration (m/s2)

Auto − 0.871 0 − 0.150 0.137

Bike − 0.96 0 − 0.193 0.172

Bus − 0.636 0 − 0.156 0.124

Car − 0.963 0 − 0.141 0.131

LCV − 0.416 0 − 0.122 0.096

bus-LCV are not statistically significant with p-values 0.006 and 0.238, respectively,
for 99% significant levels. The details of lateral flow characteristics are shown in
Table 2.

Toledo et al. [17] used locally weighted regression analysis to estimate the vehicle
trajectories and concluded that this method is well suited for mapping highly non-
linear functions. The sensitivity analysis revealed that the approach has to be rebooted
in terms of measurement errors and missing values. The Time–Space diagram is
useful in studying the relationship between the location of vehicles in a traffic stream,
and the time and vehicle move along the roadway. Figure 4 shows the movement of
vehicles in longitudinal direction concerning time.

The upper part of Fig. 4 shows the Time–Space diagram when all the vehicles are
considered for obtaining the observations. In contrast, the lower part shows the Time–
Space diagram when only a few numbers of vehicles are considered for obtaining
the observation.
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Fig. 4 Time–space graph

3.2 Lateral Flow Characteristics

The trajectory data was extracted, both in longitudinal and lateral directions using
the TDE. In the traffic data extractor user interface, the surveyed video files were
loaded. The trap length and width of road sections were given as length and width
of the marked rectangle portion, which acts as calibration of the road section on
the software screen. Further, the vehicle class of a given vehicle was entered in
the software interface by observation. Then, that particular vehicle will be tracked
employing clicking on the vehicle with the help of the mouse pointer. On a similar
basis, every vehicle present in the traffic stream was tracked for the selected time
duration. The tracked data were exported to MS Excel files in the form of image
coordinates, and it was further converted to real-world coordinates alongwith vehicle
trajectories. Vehicle trajectories were extracted with a time resolution of 1.0 s. The
tracked vehicles will be shown with a green color mark.

The lateral behavior was studied using extracted data by TDE. For this, themedian
side was taken as the origin with lane-1 followed by lane-2 and lane-3. The data
after 3 lanes were not considered though the road is extended up to 1.5 m, due to
only 1.022% of the vehicles are observed while extracting the traffic volume data.
Pedestrian volume and crossings were not considered in the study due to the presence
of foot over bridge. It is observed that a minimum gap from the median for bikes is
0.112 m, whereas the LCVs are moving at a minimum distance of 0.574 from the
median. Distributions of lateral displacements of various types of vehicles are shown
in Fig. 5

These charts reveal that most of the autos are moving in lane-2, buses, cars, and
LCVs are moving close to the median, and bikes are moving almost all the width of
the lane.
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Fig. 5 Lateral displacements of vehicles from median side

3.3 Lateral Amplitude

To study the lateral behavior of vehicles, lateral amplitude was computed for each
vehicle category over the study stretch. Lateral amplitude is the lateral weaving of
vehicles, which is the difference in maximum and minimum lateral positions over
the study section (Narayana raju), as shown in Fig. 6. From the analysis, it may be
inferred the smaller vehicles (Auto and Bike) tend to have a more weaving nature,
when compared with other vehicles. From this, it can be inferred that mainly small
vehicles are responsible for this non-lane-based movement of vehicles (Table 3).

Fig. 6 Lateral amplitude of
vehicles at mid-block section
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Table 3 Lateral movement of vehicles

Vehicle type Minimum Maximum Mean Std. dev. Range (m)

Auto 0.194 6.193 1.423 0.905 4.464

Bike 0.112 4.989 1.265 0.827 4.877

Bus 0.332 2.303 1.025 0.615 1.971

Car 0.123 4.558 0.916 0.859 3.426

LCV 0.291 1.293 0.615 0.348 1.001

4 Summary and Conclusions

In this paper, an attempt has been made to study the traffic characteristics of mixed
traffic. A detailed set of vehicle trajectory data was collected in an urban mid-block
road section in the Kurnool City of Andhra Pradesh, to estimate, longitudinal and
lateral speed and acceleration values. Statistical analysis was also done to know
the significance level for 99%. The resulting data was studied for combined traffic
flow characteristics and variables related to the lateral movement of the vehicles.
Based on the study and analysis of data observed, the following broad conclusions
have been arrived at. A significant characteristic of the mixed traffic is weak lane
discipline. The study revealed that vehicles in the mixed stream, in general, and in
particular, Bikes and Autos particularly move substantially in the lateral direction.
This was also reported by a study conducted by Singh et al. [18] on lateral position of
the vehicles. Acceleration and deceleration values obtained for all types of vehicles
indicated that the Bikes and Autos have higher values, differing substantially from
those of Cars and LCVs having lower values.

• The longitudinal flow characteristics show that the speeds and accelerations are
high in the case of bike, cars, and buses comparative to the LCV’s. This may
be due to poor dynamic operations of LCV’s, whereas the lateral speeds and
accelerations are high for cars and bikes due to their higher maneuverability.

• Allmost all the buses andLCV’s aremoving very close to themedian and choosing
the first lane. As the majority of autos and bikes are choosing second and third
lanes.

• The lateral amplitude of vehicles shows that the lateral weaving of bikes and autos
were more as these vehicles tend to have more weaving nature due to their smaller
size compared to other vehicles.
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Dynamics of Rental Prices and Land
Value Relative to Changes
in Transportation Infrastructure

Karan Barpete, Arnab Jana, and Karl Meakin

1 Introduction

In the early years of the twenty-first century, the Indian real estate market boomed.
The urbanization of India, contributed to by factors such as urban job opportunities,
the explosion of the IT industry, and pro-urban state and central government policies,
has led to a massive increase in housing demand [1, 2]. The rapidly expanding
economy and liberalized investment policies led to a large increase in foreign direct
investment, venture capital, and corporate investment, particularly in India’s urban
areas. This influx of funding contributed to urban development policies, including
the construction of new cities like Gurgaon [3].

Mumbai, the capital of Maharashtra, the most urban state in India, is the second
densest city in the world at 31,700 people per square kilometer [4, 5]. Mumbai
is expected to grow by about 5 million people, to a total population of almost 25
million, by 2030. Currently the 7th largest city in the world, it is projected to be the
6th largest city by 2030 [6].Mumbai is a major center of urban real estate investment.
In addition to being home to some of the richest people on earth,Mumbai experienced
population growth of 17% in the first decade of the twenty-first century [5, 7]. More
than 40% of the city’s population lives in slums; Mumbai’s slum population exceeds
the total population of Los Angeles. As a result of job opportunities, demand for
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Fig. 1 Urban Sprawl and the growth trend of the Mumbai city

housing is extremely high, driving the price of real estate in Mumbai upwards. In the
past decade, housing prices have increased by more than 70%—growth unmatched
by most other major cities [8]. Moreover, the price of housing in Mumbai is highly
dependent on location. Proximity to the urban core is given a significant premium in
housing valuation. Access to transit is thus a valued factor in real estate, as this can
significantly reduce travel time to business centers in Mumbai.

Mumbai has two narratives of growth. One narrative is a tale of informal growth,
starting with small fishing settlements that has turned into today’s informal settle-
ments. The second narrative is that of systematic planning, influenced by the financial
market forces of the corporates. This has now spread across the city. Figure 1 shows
the growth of urban area in the last 100 years of Mumbai.

1.1 Background Information on Transportation in Mumbai

Mumbai has a number of transportation modes. Most commuting occurs on the local
surface rail network, which carries approximately 7.5 million passengers per day [9].
In addition, personal vehicles, taxis, autorickshaws, and buses are common modes
of transportation. In 2004, the Mumbai Metro Master Plan was approved by the
Mumbai Metropolitan Region Development Authority (MMRDA, n.d.). The first
line of the Mumbai Metro, connecting the neighborhoods of Ghatkopar and Versova,
was completed in June of 2014. Metro Line 1 has connections with two stations on
the Mumbai suburban rail network: Ghatkopar on the Central Line and Andheri on
the Western Line. According to MMRDA, Line 1 has an average daily ridership of
approximately 300,000 people. Over the coming years, nine more metro lines will
be constructed. These metro lines will shape the transportation behavior of Mumbai
residents (Fig. 2).
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Fig. 2 Mumbai metro rail network (operational and proposed network)

2 Models

Hedonic Price Models are a regression-based model used to assess the effect of
various factors on housing prices. HPM analysis assumes several market character-
istics, including a homogenous land market, perfect competition, free entry and exit,
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information symmetry, andmarket equilibrium. There are several different functional
forms that can be applied in an HPM, and the choice of form is important for accurate
results. Forms include linear, log-linear, linear-log, and double log, depending on the
treatment of dependent and explanatory variables in the model [10].

There have been several studies using HPM to quantify the effects of metro rail
on housing prices. Most studies using this method were outside of India—a notable
exception being a 2018 study on the BangaloreMetro system [9]. This topic has been
studied with some depth in other regions of the world. In some cases, the context
or the setting of the study area influenced was the key element of the research.
Gadziński and Radzimski [11] used a survey of households along with real estate
transaction records, while [12] relied on survey data alone. Heavy/metro rail studies
had generally highmodelR2 values, ranging from0.696 in [13] to 0.954 in [14]. Some
studies considered variables relating to the accessibility of various amenities, such
as shops [15] or green areas [13]. HPM models seen in research included ordinary
least squares [13], geographically weighted regression and generalized least squares
[14].

Linear and Linear-log hedonic price models are used in this paper to assess the
impact of various proximity variables on the rental price of units.

2.1 Data Collection

The land price data for this study was downloaded from a publicly available real
estate value aggregator called Ready Reckoner. It is a government source of property
transactions and the stamp duty paid on every transaction. It is a proxy for the real
market value of the land. Government uses these values to decide property taxes and
these values are revised annually. Data on residential, commercial, and industrial
value per square meter for the years 2006–2016 were collected.

The land rates are aggregated for regions that are usually the size of a neighbor-
hood. However, in case of larger plots of industrial land the size of this land parcel
becomes huge. For the purpose of this research, a hexagonal grid with 200 m side is
used and the land prices are overlaid on to the grid. Figure 3 shows the tessellation
of hexagonal grid with 4688 hexagons used to uniformly distribute the land prices.
Due caution is taken to use tessellation in a way that grids do not comprise of ocean
area or protected forest area. However, certain grids completely lie on water bodies
like mainland lakes or protected non-saleable open spaces. These grids are identified
later and removed from the HPM analysis (Fig. 4).

In addition, the Google Places API was used to gather neighborhood variables
(points of interest) and Google Distance Matrix API was used to calculate network
distances and travel time.

A GIS based network analysis is also done to calculate Euclidean distances and
network distances that could not be calculated by Google Distance Matrix API. For
creating selection variables of metro accessibility, similar network analysis was used
and Fig. 5 shows one such selection variable.
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Fig. 3 Ready Reckoner prices reflected on the map of Mumbai (left—government records, right—
tessellation on hexagonal grids)

Model function that explains the impact of accessibility on land value change is

LVn = β0 + β1 TTmetro + β2 DISTbus + β3 DISTRail

+ β4 DISTAuto + β5 DISTHospital + β6 DISTOpenspaces

+ β7 DISTSchool + β8 DISTMarket + βn DISTn + · · · + ε (1)

where, LVn is Land Value in Rupees per square meter (n = Residential, Commercial
Office, Commercial-Shop, and Industrial land-use); TT is travel time (Metro has a
considerably less travel time in Mumbai than other modes); and DIST is a distance
variable from all transportation modes and urban amenities.

Consequently, a survey of 1000 households was conducted within 2 km of eight
selected metro stations, five of which are operational and three of which are under
construction. See Fig. 6 for a map of the survey area. In total, 700 samples were
collected from apartments surrounding operational stations, and 300 from apart-
ments surrounding proposed (under-construction) metro stations. The survey was
designed for another study on the changing housing choices in Mumbai. However,
some variables are used in this research to validate the hypothesis of change in land
value, by using “change in rent” as a proxy for change in land value.
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Fig. 4 Residential Land Prices within 2 km network radius from 5 operation and 3 proposed metro
stations (left—Ready Reckoner land parcels, right—Hexagonal Grid remastered considering the
local land variables)

Primary survey and its sampling method

From the findings of 2 pilot surveys, the criteria for primary survey is decided. The
income group for primary survey is identified as medium income group, because it
was found to be the majority living near metro stations and also is a larger share of
Mumbai population.MIG housing can be identified inMumbai city by their location,
housing structure, and the carpet area.

For a stratified purposeful sampling, the criteria were set to survey households
that have lived in at least 2 different homes in Mumbai city (including sub-urban
area). This was done so their relocation decision can be analyzed in relation to their
change in travel behavior.

The survey was conducted in two categories. First category collected survey
responses for the areas near the operational metro line, and the second in the areas
near the metro line under construction. This is done to create two control groups.
First control group is of renters who do not have access to metro services, Second
group (comparison group) is of renters who may have chosen the rental property as
the metro services will soon be available.

Criteria for selection of household for survey:
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Fig. 5 Network distance of metro stations (5 operational and 3 proposed) with hexagonal grid
centroids within 2 km of network radius

• The household should be within 2 km from the selected metro stations.
• The household should be part of MIG housing (which is almost exclusively mid-

rise apartments in the case of Mumbai city).
• The resident should be living in the house on a monthly/annual rent basis
• The members of household should have lived in one other place in Mumbai on

rent (Table 1).

2.2 Survey Descriptive and Results

Survey variables were selected based upon the literature review. The final survey
collected 216 unique answers, including identification variables. Variables useful
for constructing a respondent profile, such as age, gender, employment, income,
and highest level of education attained, were collected. Additionally, the address
and exact location of the apartments were collected, in order to facilitate geospatial
analysis. To assess travel behavior, respondentswere askedhowoften theyuse various
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Fig. 6 Identified metro stations for survey and distance from operational network (ON) and
proposed network (PN) in meters. 1 Euclidean distance (left), 2 network distance (right)

Table 1 Spatial Distribution of household survey samples

S. No. Metro station Metro line Wards in
catchment area

Type of station Number of
samples

1 D.N. Nagar* 1 K/W Operational 150

2 Andheri+ 1 K/E, K/W Operational 150

3 Chakala 1 K/E Operational 100

4 Saki Naka 1 K/E, L Operational 100

5 Ghatkopar*,+ 1 N Operational 200

6 Dahisar 2A R/N Under
construction

100

7 Charkop 2A R/S, P/N Under
construction

100

8 Goregaon 2A K/W, P/S Under
construction

100

* Terminal Station for Metro Line 1
+ Major Station with multi-modal interchange junction and high residential density
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modes of transportation (e.g., 2-wheeler, autorickshaw, car, train, and metro). These
variables were collected only for the respondent, and were collected on an ordinal
scale corresponding to how often they use the mode. Respondents were also asked
about the travel behavior of their family members; family member mode choice
was collected as a binary variable. Respondents were also asked about the average
distance each family member travels daily. These variables can help create a travel
behavior profile of the household as a whole and family members individually. To
determine respondent’s reasoning for use or non-use of the Metro, each respondent
was asked to rate the Metro on a variety of aspects using a Likert scale.

In order to generate neighborhood and housing profiles, questions related to the
(perceived) safety and type of neighborhood were collected. Additionally, the type (1
BHK, 2 BHK, etc.), area, and rental price of the apartment were collected. Variables
on the distance to various transportation hubs (train or metro stop) and to social
infrastructure (schools, parks, or grocery stores) were collected for the present and
previous residence, allowing for a comparison. Finally, to identify the degree towhich
residences were chosen for sociocultural reasons, respondents were asked about the
importance of living in a community of their religion, caste, or language (Fig. 7).

However, for the purpose of this paper, the change in rental value is used as
a dependent variable, and the impact of change in commute distance, change in
housing characteristics are used as dependent variable, using a linear hedonic price

Fig. 7 Survey sample locations (present residence—left, previous residential location—right)
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model. The functional form of the model is

�R = β0 + β1 �D + β2 �A + β3 HH + β4 K + β5 I + ε (2)

where �R is the change in rent between previous residential location and present
location; β0 is the model constant; βn (where n is 1, 2, 3, 4, 5) are the coefficients
of variables (n = number of variables), �D is the cumulative change in commute
distance for all the members of household; �A is the change in floor area (in m2)
between previous and present house; HH is the number of household members; K is
the number of kids (age < 18) in the household; and I is the cumulative income of
the household. ε is the residual error term in the model. Comparative results of this
model is shown in Table 2, which highlights that while these variables are significant
for houses in the vicinity of operational metro, they are not significant in areas where
metro is not accessible.

Table 2 Hedonic model for change in rent values near operational metro station versus near
proposed metro stations

Dependent variable = delta rent (change in
rent between previous and present house)

Group 1 (access to
metro = 1) n = 700
R2 = 0.520, Adj R2 =
0.517, ε = 3553.470

Group 2 (access to
metro = 0) n = 300
R2 = 0.406, Adj R2 =
0.396, ε = 3484.735

Variables ↓ Coefficient t Coefficient t

(Constant) 7289.241 7.919* 4841.941 3.421*

Delta distance (change in network distance to
work place, cumulative for all members of
household)

− 382.218 − 9.985* − 402.565 − 5.721*

Delta area (change in floor carpet area
between previous and present house)

13.204 6.810* 0.887 0.265

Household size (no. of members) − 970.967 − 4.110* − 363.222 − 0.972

Number of kids (age < 18) 835.006 3.615* 165.592 0.467

Household income (income slabs
1. Less than Rs. 25,000/-
2. Rs. 25,000–Rs. 50,000/-
3. Rs. 50,000–Rs. 75,000/-
4. Rs. 75,000–Rs. 100,000/-
5. Rs. 100,000–Rs. 1,50,000/-
6. More than Rs. 150,000/-)

− 1245.437 − 6.652* − 961.352 − 3.370*

* Significant at 0.01 level
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3 Discussion

The results of this research raise a number of questions. What actions can be taken
to optimize the outcome of mass transportation projects in their early years, so that
there is a systemic integration and the entire city benefits from it? How should mass
transportation works be implemented in a way to achieve the overall objectives of
Transit Oriented Development? In cities like Mumbai, where the quality of habitat
is poor for a wide majority, can high speed transit options like Metro rail help in
providing better housing choices in the sub-urban areas?

As this study and the real estate market growth of Mumbai suggests, there is
an increase in demand of residential properties near metro stations. For this paper,
not just residential land, but commercial (office and retail) land and industrial land
parcels were also analyzed over a period of ten years (2006–16). Apart from resi-
dential properties, office space prices also observe that distance to metro stations is
a significant variable in the hedonic price model. However, office space prices are
impacted by metro stations only within a distance of 2 km significantly, whereas in
residential rental prices, the impact continues and decreases gradually.

The research hypotheses are largely a product of empirical findings. The hedonic
price modeling is not without its shortcomings, more so because the model discussed
in this paper uses cross-sectional application, despite there being a temporal dynamic
nature of price bidding in land market. However, since there is a decent timeline
(2006–16) of real estate price data, the use of multiple points to test the same
hypothesis responds to lack of temporal dimension of survey data.

The findings of this research are consistent with the past work on the impact of
railway networks in cities in developed nations. Use of hedonic pricemodel is usually
done for tax assessments and academic research because of the simple fact that they
have shown reliability and statistical robustness in comparison to other primitive
approaches of assessing land price.

This paper also validates the notion that the value premium gained from a new
transit mode is not just from the infrastructure, but also from the reduced travel time
and improved quality of daily commute.
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Control Delay Estimation at Signalized
Intersections Using Vehicular Trajectory
Data

Ritvik Chauhan, Ashish Dhamaniya, and Shriniwas Arkatkar

1 Introduction

Characterized by high degree of heterogeneity in driver’s population and vehicle
classes combined with the non-lane-based driving behavior, the operation and
management of traffic in developing countries like India are a challenging task. With
significant vehicular population growth (around 8%) [1], the traffic infrastructure in
India is often affected by congestion, long queues, and subsequently vehicular delay.
The best and most widely used traffic control parameter in urban areas is providing
an intersection at nodes to smoothly maneuver the traffic on its desired path. Based
on the requirement (demand) and the warrants, different types of intersection design
may be deployed. The most common of them being the signalized intersection [2].
Signalized intersection control the traffic by apportioning the right ofway to a specific
or group of non-conflicting movements cyclically. The key importance of providing
the intersection is to dissipate the conflicting traffic while providing higher safety
standards, efficiency, and best possible level of service (LoS). As a measure of effec-
tiveness for signalized intersection, LoS is computed in terms of delay. Delay in
traffic scenario can be defined as the excess time consumed while traversing through
a facility or infrastructure due to some control measure or external condition, causing
a reduction in speed of the vehicle from its desired travel speed. Based on the defini-
tion, delay for a traffic infrastructure might consists of various subsections like travel
time delay, approach delay, control delay, time in queue delay, and stopped delay
(Fig. 1). Moreover, computation of delay is also done on various levels like uniform
delay, random delay, and overall delay.
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Fig. 1 Types of delay at
signalized intersection
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Over the years, several methods and models have been proposed for delay estima-
tion. Presently, two of the most widely used methods of delay estimation at signal-
ized intersection areWebster’s delaymodel andUS-HCMdelaymodel. USHighway
Capacity manual 2010 [3] has given the LOS measure for signalized intersection in
terms of density and average delay caused. Following the same study and study by
Othayoth [4], Indian Highway Capacity manual [5] also uses delay as a measure
to quantify the LoS at intersections. The US-HCM delay model was derived based
on the growth, modification, and corrections to Webster’s delay-based model [6].
Webster model comprises of three parts that respectively consider a uniform arrival
rate, random arrival rate, and overflow delay. The model though proposed decades
ago, still holds significant value as apart from uniform delay component, Webster
also considered the random arrival nature and also even after saturation flow rate
being less than 1, sometimes the signal phase may fail to cater the demand due to
external factors, and in these aspects, an overflow delay model was given. But if we
consider the random delay model, Webster had found that the model many times
overestimates delay and hence introduced a factor of 0.9 for computing true delay.
But, the Webster’s delay model prominently shows inconsistencies for saturation
ratio between 0.85 and 1.15 (Fig. 2).

Fig. 2 Inconsistency in
Webster’s delay model [8]
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Following this, models were developed to represent all the saturation flow ratios,
among which Akcelik’s model [7] has been most commonly used. Being used by the
Australian research board for signalized intersection design apart from their highly
famous and efficient Sydney Coordinated Adaptive Traffic System (SCATS) traffic
management system. The model acts as an extension to Webster’s uniform delay
(UD) model. Akcelik’s model focuses on an overflow delay (OD), and to compute
total delay, OD is added to UD.

Two studies [9, 10] have proposed the modification to Webster’s model, but the
reliability of the method by Hoque and Imran [9] has been questioned because of the
source and quality of data, and since, the results byRaval andGundaliya [10]were not
checked for statistical strength, and the data were from a single city; its application
is not verified [11]. In their study to measure delay at signalized intersections under
mixed traffic conditions, Saha et al. [11] compared various delay estimation methods
and also proposed their own model which apart from uniform delay model from
Webster’s also considered and additional parameter related to platoon ratio replacing
the random delay (d2) component of HCM model. Additionally, apart from the
traditional methods, delay estimation based on queue length using Simpsons 1/3rd
rule has also been discussed.

Global positioning system-based (GPS) data have proven to be of significant
importance in various studies. Initialworks byQuiroga et al. [12], proposed amethod-
ology of computing delay based on the trajectories obtained from GPS-enabled
devices. The results though measured in the field, their accuracy to represent the
field conditions is based on the quantity of GPS-based data. Other studies conducted
based on the theme of GPS-based analysis are Liu et al. [13] and Ko et al. [14].
Though statistically proven to be in the interval of delay values, their proximity
to real value may be significantly low. Also, the data from GPS are based on how
well the device is able to connect with the designated satellite so as to record the
details. With the arrival of GPS-enabled smartphone devices a few years ago and
have gone serious upgradations till present time, we experimented and compared
the results of trajectory details from performance V-box and GPS smartphone. The
travel time results were strikingly varying with each other. Though the performance
V-box resulted in good results as it also has been tested and proven to do so, for a
GPS-enabled smartphone, the variation in results can be attributed to the model and
version of GPS hardware, ability of phone to connect and transpond with the satellite
and also the quality of application being used for recording the trajectory data can
affect the results. Also, the interval in which the data is recorded also varies. V-box
recorded the data at every tenth of a second while GPS-based smartphone recorded
at every seconds. So, the smartphone is ten times less accurate compare to V-box.
Still ultimately, the fact remains that the accuracy for GPS data is dependent on the
number of devices or runs deployed during the data collection interval.

Traffic flow theory-related research is more than often affected by the inade-
quacy of data qualitatively and quantitatively. The ones available are either conven-
tional aggregate data or small samples of trajectories, that hinder the possibility
to support and corroborate microscopic theories. This results in the research to be
driven toward model-based theoretical analysis [15]. Hence, a major challenge in
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conducting research related to traffic flow theory is to enhance the study of traffic
models with the study of their characteristics and properties in stochastic simulation
environments. To meet this aim, a detailed and wide-ranging traffic data are vital.
Accessibility to vehicle trajectories during the objective focused study section and
time (i.e., a predetermined space–time domain) of all the vehicles permits to validate
the theories andmodels at the microscopic as well as macroscopic levels [16]. Unlike
traditional GPS data, trajectory-based data comprehends the traversing of all vehicles
belonging to different vehicle classes, and not just busses or taxis fromwhere theGPS
data are mostly obtained. Hence, it can provide accurate traffic statistics [17]. These
information’s are very valuable in transportation modeling. Contrarily to the GPS
data, recorded only when device can properly transpond with the satellite. The above
differences make the trajectory data unique. From another viewpoint trajectory, such
data may allow establishing the overdue link between individual driving behaviors
and traffic phenomena. Even in these study, all the parameters required for analysis
have been easily computed after development of trajectories. Previously, it might
happen that different set of data had to be extracted using manual or semiautomated
methods. But with trajectory data though the time required to extract the data is more,
the depth which it provides in analyzing and studying the traffic is immeasurable.

Based on the facts and findings from previous studies, six methods, namely
GPS-based probe vehicle (performance V-box), queue length-based delay estimation
(Simpsons 1/3 rule), Webster’s delay estimation model, Akcelik’s model, modified
westers model, and Indian Highway capacity manual delay model have been used for
control delay estimation and compared with the actual field control delay measured
using trajectory data.

2 Data Analysis

Data driven study and analysis are required to compute a parameter, its effect and to
conclude on a statement. In traffic-related studies, with advent of new technologies,
data collection methods have also improved, starting from manual counting at the
field, to time series (time lapse) photography, videographic methods to GPS, and
sensor-based equipment’s. Availability of fast and efficiently processing computers
has eased the monstrously task of computation data with ease. Videographic method
is most commonly used today as it enables replaying of the field in laboratories so as
to further analyze the condition in details [18]. Further, using videographic data and
use of computers trajectories can be extracted of all the vehicles within required time
frame and section so as to carry on an in-depth study at microscopic level. Being true
representative of field conditions, trajectory data can be said to be the most rich and
potent representative of the field for computing safety and operational parameters
and human behavior in traffic.GPS-based equipment provides a real-time-based data,
but it is restricted by the limitation of magnitude of data in terms of quantity. Also,
deployment of GPS for all the vehicles in the traffic stream during study period is
a mammoth task. Getting data from navigation service provider without consumers
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consent results in privacy breach. Till and until this hurdle is crossed over, analysis
has to rely on the videographic data and self-probed GPS data (dependent on the
number of GPS vehicle or number of runs deployed). Sensors are being mounted for
the purpose of traffic operations andmanagement, but the accuracy and usage are still
not completely dependable. Sensor-based classification of traffic for heterogeneous
traffic condition is still limited. With these facts in mind, the data collection was
carried out using videographic data and GPS-enabled probe vehicles.

2.1 Data Collection

Videographic data were collected at old RTO signalized intersection, a three-legged
T-intersection nearMahavirHospital in SuratMetropolitan city in the state ofGujarat,
India. The data were collected during the peak hours on a weekday with normal and
bright weather conditions. The camera was mounted at the terrace of a high-rise
building with good vantage point providing a complete view of the intersection with
at least 300 m distance visible at upstream and 200 m downstream of the stop line.
A good quality video recording camera able to record the video at high definition
resolution was mounted at the tripod for stable video. Simultaneously, during the
video recording, probe vehicle equipped with performance V-box was deployed on
multiple runs.

2.2 Data Extraction

For trajectory extraction, recorded videographic data were replayed in Traffic Data
Extractor software (TDE) [19] on a large high-resolution screen supporting the reso-
lution of the video recorded in the laboratory. The data were played at an accuracy
of 0.4 s and calibrated to recorded field dimensions measured during data collec-
tion. Trajectories for a total of 1865 vehicles corresponding to five vehicle categories
were developed summing up for over four complete traffic signal cycles, covering
a distance of over 300 m upstream of the intersection stop line and 70 m down-
stream of the intersection stop line. Figure 3 shows a screen shot from trajectory
data extractor software during data extraction, followed by the space vs time plot in
Fig. 3. The traffic composition is found to be 11.48% for motorized three-wheelers
(Auto-Rickshaws), motorized two-wheelers (60%), bus (1.80%), cars (25.75%), and
LCV (0.97%) traffic volume share, respectively.
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Fig. 3 Screenshot during vehicular trajectory data extraction using TDE

2.3 Preliminary Analysis

Raw trajectory data extracted may contain some minor ambiguities caused due to
human error, resulting in reverse tracking causing sudden jumps (while moving) and
negative speed (when in stopped conditions) [20]. To avoid these, the trajectory data
were post-processed using five-point moving average method to tone down the peaks
and smoothen the movements of the vehicles.

From smoothened data, a scatter plot of speed vs distance to identify the influence
area of the intersection. It was found at around 180 m upstream of the stop line,
vehicles started decelerating, based on the position of the maximum observed queue
length. This signifying the area to be calculating decelerating delay (approach delay)
a part of control delay.

Subsequently, the vehicle moving during end of the green phase of the cycle was
isolated to study the free flow characteristics (intersection being undersaturated).
Travel time for these vehicles was also calculated to set a base travel time without
the effect of the traffic control measures. Based on 195 free flowing vehicles, free
flow speed profile was devised (Table 1).

Considering the 85th percentile speed of 13.81 m/s over the segment influence
zone length of 160 m before stop line and 60 m after stop line, base travel time was
calculated to be 14 s. Figure 4 gives a discharge pattern for four cycles analyzed.

Table 1 Free flow speed
distribution

Percentile speed V15 V50 V85

Speed (m/s) 9.79 12.37 13.81
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Fig. 4 Discharge profile per cycle from trajectory data

Moreover, all the parameters required for delay estimation using the specified delay
estimation methods were calculated using the trajectory data (Table 2).

Table 2 Intersection-related parameters for delay estimation via various models

Parameter Value Standardized

1 No. of vehicles 1483 vehicles 8355 Veh./h

2 Analysis time period 639 s 0.18 h

3 Vehicle arrival rate 2.27 Veh./s 1.13 PCU/s*

4 Cycle length 150 s

5 Effective green time 86 s

6 Effective green ratio 0.57

7 Saturation flow rate 12,869 Veh./h 6283 PCU/h*

8 Volume 8355 Veh./h 4079 PCU/h*

9 Capacity 10,121 Veh./h 4941 PCU/h*

10 Degree of saturation 0.83

11 Average number of vehicles crossing stop line during green 344 vehicles

12 Average number of vehicles per second of green 4 vehicles

13 % of vehicles arriving during green 0.60

* Indian Highway Capacity manual specified PCU values have been used for conversion of mix
traffic to homogeneous conditions, though some of the methods
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3 Delay Estimation

3.1 GPS Probe Vehicle-Based Delay Estimation

Based on the identified influence area, from the performance box runs, data were
trimmed to only analyze the influence area for delay estimation (Fig. 5; Table 3).

A base free flow travel time over the influence area was calculated form the 195
isolated free flow vehicles. Average free flow travel time was then subtracted from
the average travel time of trimmed down V-box runs to find the delay.
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Fig. 5 Performance V-box data in influence zone

Table 3 Performance V-box data for travel time calculation

V-box

Run Start point End point Distance
traveled (m)

Travel time (s)

Distance (m) Time (s) Distance (m) Time (s)

1 897.85 127.50 1250.10 163.30 352.26 35.80

2 494.14 62.60 958.12 134.40 463.98 71.80

3 294.93 28.30 647.67 82.70 352.74 54.40

4 283.52 28.30 633.65 77.30 350.14 49.00

5 267.00 28.20 616.54 75.10 349.55 46.90

6 170.20 32.40 436.62 73.80 266.43 41.40
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3.2 Field Traffic Trajectory-Based Delay Estimation.

After smoothening of the data and identification of the influence area, the trajectory
data were also trimmed down so as to measure only the delay caused by signalized
traffic control (Fig. 6).

Following the common definition of measuring speed, as speed increases, time
requires to cover the same distance decreases proportionally. Hence, considering the
fact that a vehicle moving at or more than the desired free flow speed will not face
any delay, and proportionally, the delay is caused with the speed proportionally less
than the desired free flow speed.

Since the data have been extracted at an accuracy of 0.4 s, between any two
intervals, if the speed is more than 50 Kmph, zero delay is introduced. If the speed
is zero, the delay is the complete interval of 0.4 s. Accordingly, delay time addition
parameter for each interval has been computed based on the linear interpolation of
speed respective to vehicle and trajectory interval. Figure 7 explains themethodology
for computing the delay using trajectory data.

All the time addition parameters respective interval throughout the study time
period were added to compute total delay. When divided by the number of vehicles
analyzed, average delay per vehicle was obtained. Similar procedure is followed for
measuring delay for each vehicle class.

Fig. 6 Trajectory data respective to influence zone
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Fig. 7 Methodology for delay estimation form trajectory data

3.3 Delay Estimation Models

As discussed in the earlier sections, four delay estimation models have been studied.
Thougheachmodel contains inherent advantages and limitations, theyhavebeenused
previously in several studies to estimate the control delay at signalized intersection
in several Indian studies. To be comprehensive, all the parameters used in the models
are explained beforehand as:

v vehicle arrival rate,
g/C effective green ratio for the approach,
T analysis period (h),
g effective green time, s,
d average overall delay per vehicle (s/vehicles),
d1 uniform delay (s/vehicles),
d2 incremental, or random, delay (s/vehicles),
d3 residual demand delay to account for over-saturation queues that may have

existed before the analysis period (seconds/vehicles),
PF adjustment factor for the effect of the quality of progression in coordinated

systems,
C traffic signal cycle time (s),
g effective green time for approach (s),
X Saturation Ratio (volume to capacity ratio of approach),
s saturation flow rate, (vehicles per second green),
c capacity of approach (vehicles/h),
k incremental delay factor dependent on signal controller setting (0.50 for pre-

timed signals; vary between 0.04 and 0.50 for actuated controllers),
I upstreamfiltering/metering adjustment factor (1.0 for an isolated intersection),
T evaluation time (h),
P proportion of vehicles arriving during the green interval,
fp progression adjustment factor.
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Webster’s Model

Themodel gives three equations that respectivelymeasure the uniform delay, random
delay, and overflow Delay. Uniform delay assumes a uniform arrival rate and stable
flow, but contrarily, the arrival pattern of vehicles in is random, in addition to uniform
delay, random delay should be added. Since none of the cycle observed didn’t fail
(x < 1), overflow delay has been ignored. Equations 1, 2, and 3 are used to compute
delay as per Webster’s model.

UniformDelay = C
(
1 − g

C

)2

2
(
1 − g

C X
) (1)

RandomDelay = X2

2v(1 − X)
(2)

TotalDelay = 0.9 ∗ (UniformDelay + RandomDelay) (3)

Webster’s model provides results very well till the degree of saturation value is
limited less than 0.85. It has been found that the uniform and random delay model
of Webster’s model hold strong till this limit. But, when X increases more than 1,
overflow delay models perform well only when X ≥ 1.15. Hence, for 0.85 ≤ X ≤
1.15, the results have been reported to be inconsistent.

Akcelik’s Model

To overcome the limitation ofWebster’smodel for theX value between 0.85 and 1.15,
Akcelik’s model has proven to hold very well for all the values X. Akcelik’s model
can be said as an extension for Webster’s model for delay estimation. This model
only gives an equation to compute overflow delay, and the total delay is computed
as the addition of overflow delay model and uniform delay model from Webster’s.
Moreover, for base degree of saturation (X0) computed using equation, if found to
be more than the field degree of saturation, overflow delay is considered to be zero;
in such cases, the total delay is expressed as uniform delay from Webster model.

OverflowDelay = C ∗ T

4

[

(X − 1) +
√

(X − 1)2 + 12(X − X0)

c ∗ T

]

(3)

Provided that X ≥ X0, but if X ≤ X0, then the overflow delay is considered to be
zero.

X0 = 0.67 + s ∗ g

600
(4)

To compute total delay, uniform delay calculated from Webster’s model is used

TotalDelay = UniformDelay + OverflowDelay
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Modified Webster’s Model

As per the name, the model by Hoque and Imran [9] introduced an additional terms
to the Webster’s delay mode. This model also introduces the effect of non-motorized
vehicular traffic on the average delay.

Delay = C
(
1 − g

C

)2

2
(
1 − g

C X
) + X2

2v(1 − X)
+ 46.93

− 46.04 ∗ v − 37.32 ∗ x − 0.3608 ∗ pnmv (5)

Simpsons 1/3rd Rule

Using the trajectory data, queue lengths were estimated [21, 22] in terms of number
of vehicles stacked-up at the intersections. Due to non-lane-based behavior, deter-
ministic queue are hard to observe. Hence, all the vehicles arriving and standing at the
intersection during the red phase have been counted and segregated in the intervals of
5 s. Total delay was computed for all the vehicles in a specific cycle and then divided
by number of vehicles in the cycle to get the average delay faced by the vehicle in a
particular cycle. Equation 7 describes the total delay estimation for each cycle.

C∫

0

f (QL)dq = h

3

[
(q0 + qn) + 4(q1 + q3 + q5 + · · · + qn−1)

+2(q2 + q4 + q6 + · · · + qn−2)
]

(6)

where,

h = (C − 0)

n
(7)

And

C – 0 difference between start time and end time of queue.
Qi queue length in interval i.
C cycle length,
N number of intervals

Avg.Delay/Cycle = Total Delay

no. of vehicle crossing stop line during green phase of cycle.
(8)

Following this, the average delay for all the cycles was aggregated to determine
the average control delay.
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3.4 Guidelines-Based Delay Estimation

Based on US-HCM delay model, Indo-HCM delay model has been modified in
several aspects to meet the Indian scenario.

d = 0.9 ∗ d1 + d2 (9)

d1 = 0.5C

(
1 − g

C

)2
(
1 − g

C min(X, 1
) (10)

d2 = 900T

[

(X − 1) +
√

(X − 1)2 + 4X

cT

]

(11)

It should be noted that the model has been calibrated and developed using under-
saturated intersections only. Hence, the terminology of d3 (delay due to initial queue
at start of analysis) of US-HCM delay model is neglected. Also, for computing the
random delay parameter (d2), unlike in US-HCM model “k” adjustment factor for
the signal control is considered as 0.5 since almost all the signals in India are fixed
pre-timed controller and “I” adjustment factor for upstream filtering/metering is kept
as 1, i.e., all the intersections are considered to be isolated. So, with changes in any
of these above conditions if observed in the field, the model shall have to be modified
and calibrated accordingly.

4 Results

Table 4 describes the results obtained from each method of control delay estimation.
Trajectory data development is a time consuming process, but that is the only limita-
tion to themethod. In return, the results are precise and true representative of the field
conditions. GPS-based approach is found to be in best agreement to the true delay
obtained from trajectory data. But, it should be noted that coincidently the probe runs
made for data collection have yielded this results. If for the limited number of runs,
the probe vehicle had arrived during green time or onset of red, and then, the results
would have varied greatly, and hence, this method should be used only as a crude
estimation of delay, even then a sufficient number of runs are needed for computing
delay. Coming to queue length-based delay estimation using simpsons 1/3rd rule,
the total delay at undersaturated intersections is computed based on the queue length
estimated according to the procedure given in HCM 2010 [3, 23]. Finding area under
the queue length curve yield total delay from which, dividing by number of vehicles,
yields average delay. But, this method assumes constant arrival and departure rate.
Although departure rate may be assumed to be constant as following, the shockwave
theory (if considering PCU/h) till the queue at stationary bottleneck (stop line) is
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Table 4 Delay values respective to various estimation approaches

Method Individual parameter Control delay MAPE (%)

Category Avg. delay (s/veh.) (s/veh.)

Trajectory Auto 25.29 24.87089

Bike 21.88

Bus 31.16

Car 25.97

LCV 20.06

V-box 24.83 24.833 0.15

Simpsons 1/3 rule Cycle 1 22.89 24.97751 0.43

Cycle 2 26.31

Cycle 3 24.12

Cycle 4 26.59

Webster’s Uniform delay 25.92 26.78 3.07

Random delay 0.86

Akcelik’s model Overflow delay 1.24 25.92032 4.3

Uniform delay 25.92

Modified Webster’s 22.55 22.55236 9

Indo-HCM d1 27.59 27.59278 12

dissipated, but arrival rate is not constant. Also, during the onset of green, it may
happen that the queue length during last interval of red time and first interval of green
both may show almost similar peaks. In this instance, consideration of peak though
total area remains same (assuming triangular or trapezoidal shape), the delay results
vary significantly. But, since Simpsons 1/3rd rule uses, the integral function and area
by parts to measure the area under curve, the results though obtained from complex
methods provide very good results. Postprocessing of trajectory data enables us in
determining the queue length with ease.

As for the delay estimation models, all the methods used are in one way or other,
a derivative of Webster’s delay model. But as described in literature review, these
models have their limitation and shortcomings. In this study, the location selected
was undersaturated during the observation period, and hence, no overflow delay or
higher degree of saturation ratioswas observed.Also, Indo-HCMmodel thoughbased
on Webster’s model, at present is only calibrated for under saturated intersections
(hence, effect of d3 is ignored). Moreover while computing random delay parameter
(d2), the upstream filtration factor is considered to be unity. Indo-HCM considers all
the intersection to be isolated.
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5 Conclusion and Summary

Intersections are the critical nodes in the road network where the vehicles have to
compromise with the travel quality and face delay in order to efficiently traverse
through the section without any conflicts. Measure of effectiveness of the intersec-
tion is measured in terms of delay. According to literature review, several methods
exist for computing the delay. Depending on the field situation, objective and equip-
ment available one or the other method can be implemented for delay estimation.
Fortunately, the results for this study has proven all the methods to be well versed in
computing control delay at signalized intersection. But, this is only limited to under-
saturated intersectionswhich the study location is characterizedwith. As discussed in
Sect. 4, each approach has some restrictions and limitations, but with precision-wise
assured results and ease in computation, trajectory-based approach stands as the best
method to estimate the control delay, in addition to the data which can further be
used for all types of studies applicable to the study section.

With weak lane-based traffic, compromised compliance levels (rarely), blockage
by right turning vehicles, spillover at way after stop line, the delay estimated by
the models might turn out to be significantly underestimated at higher levels of
saturation ratios. Hence, the authors emphasize that with the added advantages and
immeasurable potential the trajectory data holds, the method should be explored
and implemented. Maybe, by visualizing the field conditions in terms of numbers
comprising of all the conditions, the analysis using trajectory data may lead toward
more robust and dependable models for delay measurement.
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