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ABSTRACT

The mixed traffic behavior on multilane highways remains scarcely explored. Most of the studies
on multilane traffic flow pertain to homogeneous traffic scenarios. These studies have very limited
applications to mixed traffic conditions due to their incapability in satisfactorily explaining the
complexities of mixed traffic behaviour. Also, the available literature on mixed traffic mainly deals
with the single and two-lane roads and there is no comprehensive study for understanding traffic
flow behavior on multilane highways. IRC: 64-1990 also provides detailed guidelines for capacity
of single-lane, intermediate lane and two lane rural roads; leaving multi-lane highways almost
unattended. Due to lack of standard codes for multilane highways in India, it is difficult for traffic
engineers, policymakers and planners to take accurate decisions with respect to planning, design,
and operations of these highways. The present research work aims at investigating the mixed traffic
flow behaviour on highways for varying conditions of traffic volume. To understand the traffic
flow behavior on four-lane divided highways under mixed traffic conditions, the arrival patterns of
vehicles, time headway characteristics, speed characteristics, lateral placement of vehicles and

overtaking behavior were analyzed.

The aim of the present study is to develop more appropriate models for estimating the passenger
car units of different vehicle types on multilane highways, considering the limitations of available
methods. Present study describes a modified methodology for estimation of PCU value of subject
vehicles that includes the time headway as influencing parameter. The approach used in the present
study is inspired from the method of dynamic PCU estimation where a PCU is expressed as the
ratio of speed ratio and area ratio of standard cars to the subject vehicle type. Unlike dynamic PCU
method, this method includes time headway factor for PCU estimation. The method was found to
be more realistic and logical as it provides relatively higher values of PCUs than those obtained
from dynamic PCU method.

Multiple non-linear regression (MNLR) method is proposed for estimation of equivalency units for
vehicle types by developing speed models based on multiple non-linear regression approaches. The
equivalency units estimated by using models are found to be realistic and logical under
heterogeneous traffic flow conditions. The PCU values estimated by the multiple non-linear



regression method are compared with and found to be relatively higher values than the values
obtained by the dynamic PCU method. The accuracy of the models is checked by comparing the
observed values of speed with estimated speeds. The multiple non-linear regression approach is

also used for estimating the equivalency units on six-lane divided highways.

The primary limitations of field data arises due to practical difficulties in conducting extensive field
experiments under wide variations of traffic flow parameters, non-availability of required field
conditions, difficulty in experimenting with individual components in isolation, etc. As a solution
to these practical problems, computer simulation has been proved to be a powerful tool in
replicating complex traffic systems which allows experimentation to the basic traffic flow system.
For the simulation VISSIM microscopic simulation tool is used and data analysis is performed by
considering individual parameters and performance measures like speed, volume and random seed
number. Statistical tests have been performed to check the sensitivity of the different simulation
parameters and calibration is done using trial and error method and optimization is performed using
solver function. The maximum simulated flow rate was found with default values as 4599 veh/hr,
and with calibrated values is 5147 veh/hr which is close to the target capacity 4958 veh/hr as
obtained using field composition. Calibrated values of CC0 and CC1 and CC2 parameters are found
as most optimised values to achieve target capacity. Finally, validation of calibrated parameter
values was also performed on other section of a multilane highway which have shown satisfactory
results.

Lane changing is a very complex maneuver which can be studied through microscopic and
macroscopic measures. Calibrated VISSIM model was used for generating traffic flow data to
obtain the essential parameters. Lane change behaviour is analysed with homogeneous vehicle type
traffic on four-lane, six-lane and eight-lane divided highways sections through VISSIM simulation
model. The study finds the number of lane changes depends on traffic volume as well as on number
of lanes provided for a direction of travel. Lane change data was correlated with traffic volume and
third degree polynomial trend was found to be fitted on each type of simulated highway sections.
Maximum number of lane changes and lane change at capacity level of volume are also quantified
on simulated sections of four-lane, six-lane and eight-lane divided highways. It is found that no

more number of lane changes is observed in all simulated sections when traffic volume reaches to



maximum capacity. The relationship between capacity per lane and number of lane changes is
established which shows capacity decreases with addition of number of lanes.

Level of service concept is applied in the present study to estimate the passenger car unit (PCU)
value of each vehicle type at different level of service and different percentage share. Calibrated
VISSIM model was used to simulate traffic conditions for the development of PCU models. The
PCU value of each vehicle type at different level of service and different percentage share was
found for the development of the models. The accuracy of the models is checked by comparing the
obtained PCU values with PCU values estimated by dynamic PCU method. PCUs of different
vehicle types at six lane and eight lane divided highways are also estimated. The effect of number
of lanes on PCUs was studied, and it was observed PCU of each vehicle type decreases with
increase in the number of lanes and at a different level of service. Artifical neural networks (ANN)
and Artificial neuro fuzzy interface system (ANFIS) models are also developed for estimating PCU
values of subject vehicle types with respect to passenger cars. The PCU estimated from different
approaches are compared statistically in order to justify the best approach with the same set of input

variables.
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Chapter 1
INTRODUCTION

1.1 General

Study of the basic traffic flow characteristics includes analysis of the movement of different
vehicles and the interactions they make with one another. For better representation and
understanding of traffic flow behavior, fundamental relationships have been established among
the traffic characteristics and the knowledge of which is an essential requirement in planning,
design, and operation of roadway facilities. Traffic engineers assess the roadway traffic and its
impact on proposed traffic flow system and identify primary locations and causes of deficiencies
in order to improve the existing roadway system. All these tasks may be successfully
accomplished only through a firm framework, which requires better understanding of traffic flow
characteristics and their interdependences.

The analytical process consists of predicting an output as a function of specified inputs. This
analytical process can vary from simple equation to a comprehensive simulation model. The
important issues for analysts are their knowledge of the system being considered including its
flow characteristics, and of analytical techniques and their appropriate selection for the problem
at hand. Microscopic analysis may be selected for small or moderate-sized systems, where the
number of transport units passing the system is relatively small and there is a need to study the
behavior of individual units in the system (e.g. midblock section of a particular roadway,
intersection on a particular roadway, etc.). Macroscopic analysis may be selected for larger scale
systems, in which a study of the behavior of units is sufficient (e.g. city level or regional level

road network).

The research work presented here is related with the study of microscopic and macroscopic
traffic flow characteristics on multilane highways under heterogeneous traffic conditions. The
research uses field data collected on various sections of multilane highways for analysing traffic
characteristics and the same data is used as inputs for modeling traffic flow behavior on a

simulated platform.



1.2 National highways in India

India has second largest road network in the world having the length of over 5.603 million
kilometers as on 31% March 2016 (www.morth.nic.in). The National Highways (NH) are the
primary long-distance roadways running through the length and breadth of the country,
connecting all major cities and ports, state capitals, large industrial and tourist centers, etc.
National Highways constituting length of over 1.01 million kilometers. Even though the National
Highways represent only about 1.76% of the total road network length, they handle about 40% of
the total road network (www.nhai.org). National highways in India are designated as NH,

‘followed by the highway number’.

The National Highway in India usually has four or six or eight lanes, often separated with
physical medians. In the category of multilane highways, National highways are not fully access
controlled, as in the case of expressways. Unlike urban roads, there is no regularity of traffic
signals on national highways and also, they have greater control on the number of access points
per km. Also, design standards are generally higher than those used on urban arterials. Speed
limits and free speeds on these highways are often higher than speeds of vehicles observed on
urban arterials. Pedestrian activity, as well as parking, is considered to be minimal when
compared with that on urban arterials. The vehicle composition on these highways is found to be
different from that observed in urban arterials. The percentage of heavy vehicles such as buses,
trucks, and, light commercial vehicles on highways is generally found to be higher side in

compared to motorized and non-motorized two-wheelers and three-wheelers.
1.3 Homogeneous and heterogeneous traffic conditions

The characterization of heterogeneous and homogeneous traffic flow systems is mainly done on
the basis of wide variations observed in static and dynamic characteristics of vehicles move on
highways. The lane discipline behavior of drivers is also affected due to movement of vehicles
with different size and speed performance. The difference between lane based and non-lane
traffic conditions at midblock sections on multilane highway is shown by Figures 1.1 and Figure
1.2.


http://www.morth.nic.in/
http://www.nhai.org/

Figure 1.2 Non-lane based heterogeneous traffic flow condition

In homogeneous traffic conditions, vehicle follows strict lane discipline and move as traffic entity
type whose characteristics do not vary much. Heterogeneous traffic comprises of vehicles with
wide ranging static and dynamic characteristics such as vehicle size, engine power,
acceleration/deceleration, maneuvering capabilities, etc. Due to the highly varying physical
dimensions and speeds, the vehicles do not follow traffic lanes, and occupy any lateral positions
based on the space availability. The vehicle types those are less capable in terms of
maneuverability, cause significant level of impedance to the flow of vehicular traffic stream.
Therefore, heterogeneous traffic conditions is prevailing particularly on roads in developing
countries like India, poses a serious challenges to traffic planners and engineers in providing
hassle free and safe traffic operations.



1.4 Measurements of traffic flow characteristics

The roadway traffic in India is highly heterogeneous which comprised of varying users
characteristics and performance. For instance, roads may be occupied with the following vehicle
categories such as Buses, Trucks, Light commercial vehicles comprising large vans and small
trucks, Cars (Jeeps, big and small utility vans, Motorised three-wheelers (three-wheeled
motorized vehicle carry passengers and small quantities of goods), Motorized two-wheelers,
(motorcycles, scooters and mopeds), Bicycles, Tricycles (non-motorized) carrying passengers or
small quantities of goods and Animal drawn vehicles or Bullock cart. The speeds of these
vehicles vary from as small as 5 km/hr to as much as 100 km/hr. Hence, measuring traffic
volume as number of vehicles passing a given section of road or traffic lane per unit time is
inappropriate and provide false judgment in understanding of traffic flow demand. In order to
measure traffic flow characteristics under mixed traffic conditions, the traffic flow behavior and
interaction between the moving vehicles over a sufficient length of a roadway needs to be
studied.

1.5 Traffic flow simulation under mixed traffic conditions

Traffic flow phenomena are highly complex under mixed traffic conditions, due to unpredictable
interactions of vehicles over a road space. Moreover, vehicles do not interact simply by following
the laws of mechanics, but also due to the behavior of human drivers onto impending or un-
impending situations. However, the conventional approaches of assessing traffic flow behavior
have some limitations, particularly, while dealing with complex situations involving considerable
amount of stochastic driver behavior and attributes. An empirical approach is based on extensive
field data, which is neither available nor easily collectable. The analytical approach has the
limitation of underlying assumptions of homogeneity, which are far from the high variations of
driver-vehicle characteristics in heterogeneous traffic conditions. In view of this, researches
concentrated on appropriate modeling technique and the modeling approach through simulation

that emerged as the most powerful, flexible and acceptable tool.



1.6 Need for the study

As discussed earlier, the capacity estimates under heterogeneous traffic conditions, cannot be
given in terms of number of vehicles per hour and hence, it is expressed in terms of PCU per hour
by converting the different type of vehicles into equivalent passenger cars using appropriate
equivalency factors. Accordingly, PCU values for the different types of vehicles on Indian roads
have been suggested by Indian Road Congress (IRC: 64-1990). The PCU values of different
types of vehicles, proposed by IRC, are in the form of single set of constant values. Hence, it may
be inferred that the PCU values are valid for a particular traffic and roadway conditions. In fact,
PCU values of a vehicle type may not be a constant term, as it not only varies with vehicular
factors but also with several other factors associated with roadway and traffic conditions. It may
be appropriate to consider the PCU value of vehicle type as a dynamic quantity instead of
considering it as static term. Hence there is a need to estimate and anlyse the PCUs of various
vehicle types, through a comprehensive study of their interaction over a wide range of roadway

and traffic conditions. This study is an attempt in this direction.

On Indian roads vehicles do not follow lane discipline and make their own virtual lanes instead of
demarcated physical lanes. The conventional models ignores lateral and longitudinal behaviour of
vehicles which affect macroscopic traffic stream behaviour. Field data always limited in
describing behaviour of traffic flow stream in generalized manner as far as mixed traffic is
concerned. Traffic Simulation is found to be a powerful tool to overcome such problems.
Microscopic simulation is best method include complete details about the individual vehicles
types having greater impact on traffic flow operation. Hence, simulation model is used in present
study to generate traffic flow data that helps to analyse the mixed traffic condition which is
difficult to observe in field.

1.7 Study objectives

The specific objectives of the research work are as follows:

i.  To estimate the PCU values of different vehicle types under varying traffic and geometric

conditions under heterogeneous traffic conditions on multilane highways.
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ii. To develop the speed-flow relationship for capacity analysis on multilane divided
highways through simulation.
iii.  To analyze the lane-change behaviour of vehicles on multilane divided highways through

simulation.
1.8 Scope of the work

The present work is on multilane divided highways with unidirectional traffic on both sides of the
median. The study is restricted to straight sections of intercity highways with heterogeneous

traffic flow. The study considers both paved and unpaved shoulder sections.
1.9 Organisation of the thesis

The research work is presented in nine chapters and the chapters are organized as follows

Chapter 1 gives the brief background of the topic of this study including its significance in the

Indian context, the need for the study and the specific objectives of the research work.

Chapter 2, on review of literature, provides an overview of the earlier studies related to the
subject matter of this research work. First, research works related to the study of traffic flow
characteristics like speed, arrival pattern and headways are reviewed. Then, the research work
related to the estimation of PCU values of vehicles and then, the research work related to
calibration and validation of VISSIM. This is followed by a review of lane change and overtaking

behaviour of vehicles on multilane highways.

Chapter 3 deals with the present study methodology and its discussion with the help of flow

chart.

Chapter 4 describes the procedure and details of selection of study area and techniques and

procedure adopted for field data collection for the study.



Chapter 5 provides analysis of field data like speed data analysis, headway data analysis, vehicle
arrival data analysis, lateral placement of vehicles and overtaking behaviour of vehicles. The

developed models for estimation of PCU’s are also discussed.

Chapter 6 discussed about the input required for the simulation, analysis of simulation output

and calibration of parameters.

Chapter 7 deals with the study of lane changing behaviour of vehicle type on different types of
highways under mixed traffic with the help of calibrated traffic simulation model.

Chapter 8 deals with the use of the validated VISSIM model to estimate the PCU’s of vehicle
types at different volume to capacity ratios and proportional share and also discussed about
development of Artificial neural network (ANN) models and Artificial neuro-fuzzy interface
system (ANFIS) models to estimate the PCU’s of vehicle types at different volume to capacity

ratios and proportional share by using simulation data.

The summary and conclusions of the study, major research contribution, limitations of the study

and the scope for further research are presented in Chapter 9.



CHAPTER 2
LITERATURE REVIEW

2.1 General

The review of literature is carried out in present study to understand the earlier research works
done in the stated domain. In the light of the scope of the study, the review literature has been
done under four heads, namely, (i) Studies related to the various traffic flow characteristics, (ii)
Studies related to the speed-flow relationships, (iii) Studies on estimation of PCU, and (iv)

Studies on lane change and overtaking behavior including lateral placement of vehicles.

2.2 Studies related to traffic flow characteristics

The vehicle speed, arrival and headway in traffic flow phenomenon are stochastic and random in
nature. To represent these random variables at various flow levels, various probability
distributions have been studied. The studies performed on speed, pattern of arrival of vehicles

and time headway distributions are discussed as follows.

e Studies on vehicle arrival and time headway characteristics

Schul (1955) suggested the modifications to Poisson's distribution model for defining the rare
events of traffic flow under homogeneous traffic conditions. The set of spacing between
successive vehicles arrival was assumed to consist of subsets, each with a different mean and
following Poisson law. The results obtained from modification of Poisson distribution showed

agreement with the observed field data.

Weiss and Herman (1962), Breiman (1963), Brown (1972), Newell (1955, 1966) and Thedeen
(1964) established the conclusion that the negative exponential distribution usually defines the

headway distribution for traffic flows with unrestricted overtaking.



Lewis (1963) developed a model to determine the arrival time of a vehicle. The suggested model
was based on the binomial distribution with two different probabilities of arrivals and it also

incorporated the platooning effect of traffic stream.

Dawson and Chimni (1968) proposed a hyperlang model to describe free and constrained
headways of vehicles in traffic flow stream. They suggested the distribution with a linear
combination of translated exponential function (for free headways) and translated Erlang function
(for constrained headways). The proposed Hyperlang distribution was fitted to the headway data

at different volumes collected on sections of two-lane two ways roads.

Tolle (1971) considered lognormal distribution with three parameters for defining field headway
distributions. The headway data for the study were collected on Interstate 71, Ohio in a volume
range of 800-1900 vph. The graphical analysis revealed that with the increasing volume,
headway frequencies tend to skew more towards left with less dispersion. At 5% level of
significance, Chi-square test showed a good fit only under the volume ranges of 800 to 1200 vph,
1400 tol1500vph and 1700 to 1800 vph respectively. However, Kolmogorov-Smirnov test
conducted for goodness-of-fit has provided a good fit for the whole range of observed volume i.e.
800-1900vph.

Wasielewski (1974) reformulated the Semi-Poisson headway distribution model proposed by
Buckley (1962, 1968) and derived an integral equation for calculating the constrained component
directly from the observed headway distribution without introducing a parametric for the follower

distribution.

Mahalel and Hakkert (1983) developed a model describing the sequence of vehicle arrivals in
adjacent lanes of a multilane highway as a Markov renewal process. It was concluded that the
presence of a vehicle in a particular lane, increases the chances of next vehicle arrival on the

adjacent lane.

Ramanayya (1988) considered negative exponential distribution for highways at volumes less
than 500 vph, shifted exponential distribution at 500 to 650 vph and log-normal distribution at
650 to 900 vph.



Mei and Bullen (1993) analysed headway distribution under higher traffic flow (2,500 to 2,900
vehicles/day) conditions on freeway section. The shifted lognormal distribution with a shift of 0.3

s or 0.4 s has provided a good fit for headway data.

Akcelik and Chung (1994) discussed negative exponential, shifted negative exponential and
bunched exponential distributions for arrival headways. Bunched exponential distribution was
found to produce more realistic results for both single lane and multi-lane traffic streams as

compared to other two distributions.

Sahoo et al. (1996) studied the traffic flow characteristics on two stretches of NH-5 near
Bhubaneswar city in Orissa. The negative exponential distribution was found to be in close

agreement with the observed headway data.

Kumar and Rao (1998) analysed the observed headway data at locations of NH 5 and NH 6 in
India. Chi-square test was performed at 5% significance level to ascertain the goodness of fit
between the observed and theoretical frequencies. They found that the negative exponential
distribution closely represents headway patterns for volume levels varying from low to moderate.
A composite distribution which combines normal distribution (for vehicles in platoons) and
shifted negative exponential distribution (for independent vehicles) was suggested for higher

traffic volumes.

Chandra et al. (2001) analyzed the inter-arrival pattern of vehicles on a six-lane divided highway
in New Delhi by using artificial neural network. The influence of traffic composition and volume
on headway was studied. Headway between same vehicle categories found to be decreased with
increase in traffic volume and their proportions in the traffic stream. A minimum headway of
1.72 s was recorded for all cars situation. Moreover, Chandra and Kumar (2001) collected the
headway data on six-lane divided urban roads in New Delhi for further studies. Exponential
distribution, lognormal distribution and hyperlang distribution were employed to fit the observed
headway data collected on different sites. It was found that hyperlang distribution adequately

fitted the data under volume range from 900 to 1600 vph.
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Arasan and Koshy (2003) studied time-headway distribution of vehicles under heterogeneous
traffic conditions on four-lane divided urban arterials, over a wide range of traffic flow from
about 250 vph to over 6000 vph. A significant number of zero and near-zero headway were
observed due to the presence of high percentage of two-wheelers in traffic stream. Negative
exponential distribution was reported to describe the observed headway patterns of vehicles.

Figure 2.1 shows relation between observed values of standard deviation and mean headway.

-
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Figure 2.1 Relationship between standard deviation and mean headway (Arasan and
Koshy, 2003)

Minh et al. (2005) studied motorcycle behaviour in Hanoi city of Vietnam. They collected traffic
flow data on both two-lane undivided and four-lane divided roadways under varying traffic and
geometrical conditions. The concept of MCU (motorcycle unit) was introduced to develop the
speed-volume relationship based on observed traffic flow data. The mean speed and mean
headway were compared at selected locations using statistical F-test and t-test. Authors reported
average headway as 1.16s for all four locations and a standard deviation of 0.65s. It was observed
that 50% of two-wheelers were found to travel in interval range of 0.5-1.0 s headways. In spite of
differences in the geometric parameters, traffic composition and operations, all the four locations

were reported to have same mean headway.
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Xue et al. (2009) analysed time-headway distributions on expressways in Beijing, Shanghai, and
Guangzhou cities, China. The time-headway data were collected on a typical weekday for this
study during 6:00 a.m. and 6:00 p.m. This study identifies three types of distributions that best fit
the headway data. It is found that the sections having traffic volume less than 250 vph fits
negative exponential distribution to headway data. For traffic volume ranging 250 to 750 vph,
data follows a sifted negative exponential distribution. And, for traffic volume ranging 750 to

1,500 vph, the time headways can be modeled with Cowan’s M3 distribution model.

Panichpapiboon (2015) investigated the time-headway distributions of vehicles travel on an
urban expressway in Bangkok, Thailand. Author characterized headway distribution and
concluded that GEV distribution is most effective in modelling time headways. However, the
exponential distribution was found to be the least effective distribution under heavy traffic

volume.

e Speed studies

Haight et al. (1961) considered that the time speeds could be well represented by either a gamma
or a log-normal distribution. These distributions offer the advantage that the same functional
form is retained when the time speed distribution is transformed into a space-speed distribution
and avoid the theoretical difficulty of the negative speeds given by the infinite tails of the normal
distribution.

Whitby (1962) reported the results of studies conducted in 1960 on small-car speeds and their
effect on highway capacity. Three locations were selected on four-lane divided expressways in
the Washington Metropolitan area. No significant difference was noticed between operations of

standard cars and small cars in terms of speed and spacing.

Oppenlander (1966) presented an extensive literature on factors affecting spot-speed
characteristics in U.S. The study found that trip distance, vehicle type, vehicle age, traffic
volume, traffic density and roadway characteristics like functional classification, curvature,
gradient, length of grade, number of lanes, surface type, had significant influences on spot speed

characteristics. Driver variable was observed to influence vehicle speeds to different degrees in
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various parts of the country. Geographic location, sight distance, lane position, lateral clearance,
frequency of intersections, percentage of commercial vehicles, passing maneuvers, opposing
traffic, access control, environmental variables of time and weather were among the other

elements affecting vehicular spot-speeds.

Drake et al. (1967) examined various statistical hypotheses and tested them with traffic flow data
of a freeway in Chicago. Speed-density relationship for all hypotheses was investigated due its
transformability into linear functions. Greenshield’s hypothesis predicted comparatively better
results for mean free speed and three linear regimes hypothesis provided good estimates of
optimum speed, maximum flow and jam density. The modified Greenberg hypothesis performed
fairly with respect to all parameters examined and Underwood formula performed poorly except
for highest goodness-of-fit (r?) value. Edie formulation gave best estimates for fundamental
parameters whereas the bell curve gave relatively low estimate of mean free speed for

considerably higher value of actual mean free speed.

Ackroyd and Bettison (1979) reported the vehicle speeds on the motorway in Nottinghamshire
during 1974-1978. They compared mean speeds and standard deviations for total traffic and for
different vehicle classes. Other parameters like, mean speeds for different lanes, percentage of
vehicles exceeding speed limits corresponding to each vehicle category, average traffic
composition, distribution of vehicle classes between different lanes, and average traffic
composition of flows in different lanes were also compared for different periods between 1974-
78.

Kadiyali et al. (1981) studied free speed behaviour of vehicles at Delhi-Faridabad four-lane
divided highway section of National Highway (NH-2), with 2.5 m wide earthen shoulders. Four
vehicle types such as cars, buses, trucks, and 2-wheelers were observed on the highway.
Platooning of vehicles and presence of slow moving vehicles were not included in the speed
analysis. The speed distributions of vehicles were observed to follow the normal distribution

pattern in the analysis.

Kadiyali et al. (1991, 1993) updated speed studies on Indian rural highways and compared the

results with their earlier Road User Cost Study (RUCS). Free speed and speed-flow studies were
13



carried out on single lane, two-lane, intermediate lane and four-lane (divided) rural highways.
Speed data on a four-lane divided road followed normal distribution for each category of
vehicles. The comparison of the findings with the earlier study showed an increase of 20-40
percent in speeds on four-lane roads and an increase of about 10 percent in speeds due to

widening of two-lane roads to four-lane divided roads.

Casey and Lund (1992) studied the speed characteristics on roads connecting with four lane
divided freeways at selected locations in San Luis Obispo, Ventura and Oxnard. The results were
compared with a similar study conducted in 1985. The study reported travel speeds to be faster in
1988 than in 1985. Freeway drivers were observed to travel at significantly faster speeds on roads

connecting with freeways than drivers approaching the freeway, due to speed adaption.

Shankar and Mannering (1998) proposed a structural model for relating mean speeds and speed
deviations for each lane of a multilane roadway at macroscopic level. Data were collected using
magnetic loop detectors on a three-lane divided freeway of Interstate 90, east of Seattle. Three-
stage least squares (3SLS) approach was used for data analysis. The findings showed that in-lane
speeds were influenced only by adjacent-lane speeds, whereas in-lane speed deviations were
influenced progressively by adjacent lane speed deviations and also by in-lane and adjacent-lane

speeds.

Chandra and Raj (1999) explained the role of shoulders in traffic operations. The authors
concluded that for good condition of shoulders, heavy vehicles can travel up to 20 cm from
pavement edge, leaving only 5.9 % pavement area unutilized. This loss may increase to 9 % for
bad and 14.3 % for worst condition of shoulders. Similarly, they found that the reduction in speed
varied from 2.7 % to 29.2 %, depending upon the traffic composition and condition of shoulder at
site. Finally, they proposed that the combined effect might be analysed by developing speed-

volume relationship with varying shoulder conditions.

Dixon et al. (1999a) applied highway capacity manual (HCM) to both 88.6 and104.7 kmph
posted speed limit conditions on rural multilane highways in Georgia. Speed data were collected
at 12 rural multilane stationary count locations by the Georgia Department of Transportation

(GDOT). Posted speed limits of 88.6 and 104.7 km/h directly influenced free-flow speeds, and
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operating speeds on highways increased within the increased posted speed limit. As the HCM
(year) rule-of-thumb overestimated the free-flow speeds for higher speed limit of 104.7 kmph, an
alternative relationship was suggested as 91% of the 85"percentile speed for both the 88.6 and
104.7 kmph. Dixon et al. (1999b) further reported that the free-flow speed on rural multilane
highways for 89 and 105 kmph speed limits conformed to a normal distribution. The observed
free flow speeds during daylight conditions were 1 kmph greater than those recorded during night

and the average speed of heavy vehicles was greater than that of cars during night hours.

Abraham (2001) analyzed speed data on Ontario highways and recommended increase the speed
limit from existing 100 kmph to 110-130 kmph and 105-110 kmph on two different highways
respectively. Due to undisciplined driving behaviour, left lane reserved for passing operations
was found to be utilized as a regular lane leading to almost same average speeds in both left and

middle lanes.

Velmurugan et al. (2002) studied the change in operating speed characteristics vehicles on rural
highways, based on the outcomes of Road User Cost Study (RUCS) -1982, 1992 and 2001. The
comparison of results showed that there was significant increase in speeds of all vehicle
categories on roads of different widths between 1982 and 2001 and also between 1982 and 1992.
Basic Desired Speed (BDS) on four-lane divided highways with paved shoulders were similar to
that on two-lane bi-directional roads with paved shoulders, representing insignificant impact of
geographical factors on BDS. Free speed of new technology cars was observed to be 21 to 28 %

higher than that of old ones on both two and four lane highways.

The study, on URUCS-2001, was undertaken by CRRI, New Delhi. Reddy et al. (2003) has
presented the critical aspects of the study for Updation of Road User Cost Data (URUCS-2001).
It was found that the free speeds of vehicles on four-lane divided carriage ways have increased
drastically by 24 to 39 % in compared to the free speed data collected as a part of Road User Cost
Study, in 1982.

Lees (2003) analysed speed characteristics of unidirectional traffic on interstate freeways
including both urban and rural highways of Indiana. It was observed that the speed patterns did

not follow normal approximation. A simulation model was developed in Mathematical to
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simulate one-way traffic on multiple lanes. A positive linear relationship between slow down
traffic proportion and traffic density on two-lane and three-lane highways was observed. Passing
rules also appeared to significantly influence the traffic slow down proportion and addition of a
third lane improved traffic flow speed considerably.

Hunt et al. (2004) studied the short-term effects on driver speeds after increasing the posted speed
limit from 100 km/hr to 110 km/hr on rural four-lane highways in Saskatchewan. Spot speed
studies were conducted at 32 locations before and after the speed limit increase, out of which 23
locations were on four-lane divided highways. Data were collected on the four-lane highway
system where the speed limit was raised as well as on four-lane sections and two-lane arterial
highways where speed limits were not increased to identify any possible "haloeffects”. The
percentile distributions as well cumulative frequency plots were developed for before and after
studies. No major changes in speed differential of vehicles was observed before and after

studies.

Jain et al. (2005) analysed traffic operations on Mumbai-Pune expressway, a dual three lane
carriageway (12.5 m wide on either side) with 7.6 m wide median and 2.5 m wide black topped
shoulders. Traffic constituted mainly of cars (61%), trucks (18%) and buses (9%). For inner

lanes, the average speed of traffic flow exceeded the speed limit of 80 kmph.

Jalihal et al. (2005) compared of traffic composition, volume, speed characteristics and travel
patterns over a period of time, by taking case studies of some major cities in India. It was
observed that vehicle composition and location of a road directly influence spot speed
characteristics of vehicles. Figure 2.2 gives the cumulative speed curves for Delhi where in most
cases, cars travelled with maximum speed followed by two-wheelers. Spot speeds increased from

inner areas to outward areas.
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Figure 2.2 Cumulative distributions of speeds in Delhi (Jalihal et al., 2005)
2.3 Study on Speed-Volume relationship

Numerous field studies have been performed on traffic flow behavior and highway capacity was
used further as the basis for developing appropriate design guidelines for highway and traffic
engineers. Highway Research Board (HRB) of United State of America (USA) released the first
Highway Capacity Manual (HCM) in 1965 that provided basic guidelines for capacity analysis
under uninterrupted and interrupted traffic flow conditions. HCM (1965) suggested that the
capacity of multilane divided highway was approximately 1800 PCU/hour/lane. Thereafter, the
evolved capacity has been revised to 2000 PCU/hour/lane in US-HCM (1985). With the advent
of microscopic simulation into the roadway capacity estimation, the capacity values were further
refined to 2200 PCU/hour/lane and then 2400 PCUs/hour/lane in the latest version of US-HCM
(2010). This clearly reflects approximately 75 years of comprehensive continual research on
highway capacity and its analysis have gone into 5™ edition of US-HCM (2010).

German Highway Capacity Manual (1994) provides the capacity standards for the practical
application. Speed-flow diagrams were developed from simulation studies on rural highways to
define capacity values for different terrain and roadway conditions. The capacity of a leveled and
straight two-lane highway in Germany is 2500 PCU/hour, and for steep and curved roads it can
be as low as 1000 to 1500 PCU/hour.
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Indonesian Highway Capacity Manual (IHCM, 1997) provides capacity standards for Indonesian
highways. The capacity on Indonesian multilane highways is significantly different from that
suggested in HCM (2010) because of high proportional share of two-wheelers on Indonesian
roads. The capacity has been estimated as 2300 PCU/hour/lane by considering the travel speed of
light and heavy vehicles. The study performed by Bang et al. (1995) on rural roadway capacity
was also incorporated for development of IHCM (1997). This manual also provides capacity

reference values for different traffic composition based on the city size and population.

Danish Method of capacity analysis is the modified method of US HCM (2000) to suit traffic
conditions on Denmark highways (Nielsen and Jorgensen, 2008). The adjustment factors for less
ideal conditions cause a steeper capacity reduction in the Danish method than in the US-HCM
(2000). The capacity under ideal conditions on a four-lane highway in Danish HCM is given as
2300 PCU/hour/lane.

Taiwan Area Highway Capacity Manual (2001) provides standard guidelines for estimating the
capacity and level-of-service for Taiwanese roadways. Manual has its own methodologies for
capacity analysis of highway segments in interrupted and uninterrupted traffic flow conditions.
The Taiwan capacity manual also contains the relationships between traffic volumes, mean and
free speed on multilane rural or suburban highways which are governed by its average space
mean-speed. Tseng et al. (2005) further analyzed the traffic flow data collected at mid-blocks of
seventy six sections of multilane rural and suburban highways in Taiwan aimed at revising

Taiwan Area Highway Capacity Manual.

The HCM (2010) manual emphasize on two methods of assessment; one in which statistical
method is used and, other is based on speed, flow and density relationships. In statistical method,
the model is validated through observing the traffic volume distribution from field data (Chang
and Kim, 2000). Manual describes the capacity and level-of-service analysis under uninterrupted
and interrupted traffic flow conditions for multilane divided highway based on the fundamental
speed-flow diagram. A typical speed-flow diagram for divided multilane highway is shown in

Figure 2.3.
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Figure 2.3 Speed-flow curve proposed for multilane highway in HCM (2010)

The speed-flow curves illustrated in HCM (2010) shows the mean free-flow speed is insensitive
to traffic volume up to flow rate of 1400 PCU/hour/lane for all suggested base free-flow speed
(FFS) conditions. Beyond this flow rate, significant drop (12 km/h for 100 km/h base FFS) in
speed is accounted up to the point where rate of traffic flow approaches to maximum volume i.e.
capacity. The procedure of capacity estimation based on the field data collected under specified
traffic conditions is known as empirical method that further discriminated into direct and indirect
empirical methods. Direct empirical method utilize authentic traffic flow data collected at field
specific conditions and it derives conclusions based on the experiential results. Indirect empirical
method follows the performance based guidelines and specifications provided in different
research manuals and standard books or codes developed by different countries around the world.

HCM (2010) of US was also followed in Finland and Norway with minor modifications of design
values to suit the prevailing traffic conditions. The roadway capacity estimated by modified
methods is 2000 PCU/hour/lane for multi-lane highways.

In Sweden, the traffic flow analysis on multilane highways yielded a capacity of 4200 PCU/hour
per direction for four-lane divided highways. The capacity values reported in different highway

standards or manuals are given in Table 2.1.
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Table 2.1 Roadway capacity evolved for multilane highway in different countries and conditions

Country Highway Standard Traffic. EIOW Capacity,
Condition PCU/hour/lane
USA HCM (2010) Uniform 2400
Denmark Danish method Uniform 2300
Finland and | - Uniform 2000
Norway
Sweden Swedish HCM (1997) Uniform 2100
Taiwan Taiwan area HCM Mixed 2200
(2001)
Indonesia Indonesian HCM (1997) Mixed 2300
Korea Korean HCM (1992) Mixed 2200
Germany German HCM (1994) Uniform 2500

The road side environment and activities (side frictions) have a role in reducing the speed. The
effects of these factors given extra attention in IHCM manual, in comparison to those given in

Sweden, Finland/Norway manual.

The literature suggests some direct and indirect methods for estimating capacity of highway by
using field data collected on various sections. Method of headway, observed volume, and speed-
volume-density graphs are considered as direct methods. Many a times, these methods are quite
complicated and require a complete range of traffic field survey data until the severe congestion

on a roadway is encountered.

Greenshields (1934) measured traffic flow behavior by collecting the traffic flow field data on a
highway using photographic technique. Data was analyzed to establish relationship between three
basic traffic stream variables namely, speed, volume and density. The straight line equation was

fitted between stream speed and traffic density which formed a polynomial speed-flow
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relationship to estimate maximum traffic flow on the section of highway. The traffic flow

diagrams developed by Greenshields shows value of maximum traffic flow at its optimal density.

After a bivariate model between speed and flow introduced by Greenshields using fundamental
traffic flow theory, various researchers around the world attempted to fit field collected traffic
flow data into different mathematical models (Greenshields, 1934; Greenberg, 1959; Underwood,
1961). Hoban (1987) performed the similar study by collecting field traffic flow data and
summarized the linear form of speed-volume relationship that can be used to determine highway
capacity. The study recommended that the capacity of a highway is strongly dependent on the
intercept and slope of a straight line fitting speed and volume data. The study stated that the
capacity of a highway depends on several other factors such as geometric or environmental
conditions etc.

Ryan and Breuning (1962) studied fundamental relationships of traffic flow on a six-lane divided
urban expressway in Detroit, to get characteristics of traffic flow at high volumes. They found
boundary speed of 40 mph (64 kmph) between critical and non-critical flows for both speed-
volume and speed-density relationships. A comparison of range of speeds and change of average
speed between successive one minute intervals reflected higher values for critical flow indicating
increased internal friction as compared to non-critical flow. The fundamental relationships
between speed, volume and density were found to be linear within non-critical flow. However,
linearity was lost when the flow becomes unstable, which marked the boundary between non-

critical and critical flow.

Drake et al. (1967) fitted generalized shape of speed-flow polynomial function for highway data
in Chicago. The speed was used as independent variable and the equation for flow variable was
determined that conformed the capacity value of 1800 pc/h/lane. The procedure was used to
establish speed-flow curve that in fact did not actually fit the original speed-volume data as
shown in Figure 2.4. Many empirical works on speed-flow relationship were summarized by

different researchers who proposed generalized shape of speed-flow curves.
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Figure 2.4 Capacity curve fitted to traffic flow data in Chicago (Darke et. al., 1967)

Duncan (1974) calculated density from speed and flow data and fitted a straight line between
speed and density relationship to establish speed-volume relationship. Author also described the
effect of traffic composition on speed-flow relationship and variation of slope of the curve was

compared from one roadway section to another section.

Kadiyali et al. (1981) estimated the capacities and free-speed of vehicles on sections of four lane
divided carriageway in India. They found speeds of vehicles are significantly affected by the
factors such as pavement width, curvature, rise and fall. Kadiyali et al. (1982) developed
mathematical equations for predicting speed of different vehicle categories under different
conditions of road, traffic volume and composition. Data collected at 23 sites of single lane, two-
lane, intermediate lane and four-lane carriageways were analysed using multiple linear regression
analysis. Free speeds on four-lane divided carriageway under wet and rainy conditions were
found to be lesser than on dry conditions. Equation 2.1 gives a typical speed-volume relationship
for dual carriageway in plain terrain with low curvature. Figure 2.5 represents the theoretical
speed-volume curve based on the linear speed-flow relationship, for four-lane divided

carriageway with high curvature.

V. =51.24—0.00345Q,, R? =0.456 (2.1)
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Where, V¢ = speed of cars, kmph and Qtv = volume of all vehicles, vph.
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Figure 2.5 Speed flow relationship for four-lane divided road in plain terrain with high curvature
(Kadiyali et al. 1982)

As a part of Road User Cost Study conducted by CRRI (1982), the simple linear regression
equations were plotted, using the total traffic volume as independent variable and average speed
of a particular vehicle category as dependent variable with intercepts agreeing with the free speed
values appropriate to the type of road. Further, the theoretical parabolic curve of speed-flow
relationship was superimposed over these dropping straight lines for each of the road categories.
The point of intersection made by a dropping line and a theoretical parabolic curve was
considered as the point of capacity. The design-service-volume may be derived using a Level-of-

service (LOS) of B, which is about 45-50 % of the maximum capacity.

Huber (1982) proposed a methodology for estimating passenger car equivalency factors for

vehicles under free-flowing conditions on multilane highways. Measure of impedance used as a

function of traffic flow that related with two types of traffic streams; proportion of truck mixed in

passenger cars traffic stream and passenger cars only. PCE values are related to the ratio of two
23



streams volumes at some common level-of-service. Proposed model is based on the concept that
a truck covers more space than a passenger car, which reduces the lane capacity. This model is
used to estimate PCU of trucks to develop speed-flow relationship. The author suggested that the
PCU value vary with speed, length and, percent share of the subject vehicles in the traffic stream.

Hyde and Wright (1986) studied temporal variation of traffic volume for determining highway
capacity by using direct probability method and asymptotic value method. The methods applied
in this study require the extreme value of observed flow or flow rate at capacity. The prediction
of the largest possible value capacity was made by deploying direct probability method which
was based on the assumption that the observed traffic volume must conform to theoretical model
volume. The results derived were finally accepted as the largest flow value as the predicted traffic
flow matched with the field observed values and the constraints for capacity was apparent when

asymptotic method was applied to the similar study.

Ramanayya (1988) has emphasized on the fact the capacity standards adopted in western
countries do not take into account the mixed traffic characteristics prevalent in India. The author,
through simulation technique, estimated service volumes of 600, 1000 and 1500 western
passenger cars, respectively, for levels of service of A, B and C on two-lane roads. Tentatively, a
value of 35000 PCU/day has been proposed by Indian Roads Congress (IRC: 64-1990) for four-
lane divided carriageways, located in plain terrain for level- of- service (LOS) of B i.e. volume to
capacity (V/C) ratio of 0.5.

Tanaboriboon and Aryal (1990) studied the effect of vehicle size on highway capacity in
Thailand. All vehicles observed on field were classified into small, medium and large size to
make analysis more convenient and their respective time headways were calculated to derive the
basic capacity value. Capacity of highway was taken as the reciprocal of time headway as one of
the effective parameter to understand car-following behavior of leading and following vehicles of
the same size. It was found that medium size vehicles do not affect the lane capacity. Roadway
capacity was estimated to be 2100 PCU/hour/lane which was 9% more than the basic capacity

adopted on highways in Thailand.
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Kadiyali and Vishwanathan (1991) has presented the critical aspects of the study on Road-User-
Cost Data Updation (URUCS-1991). The capacity of a four-lane divided carriageway, with paved
shoulders on plain terrain, was found to be in the range of 90,000 to 1, 20,000 PCU/day. It was
also proposed that if the paved shoulders are omitted, the maximum flow, a four-lane road in
plain terrain can accommodate, is in the range of 80,000 to 1, 00,000 PCU/day. The authors also

stressed the need to carry out further studies to arrive at more accurate values.

Nakamura (1994) introduced the new research methodology to assess capacity of multilane
highway in Japan. He revised the method of deciding the number of lanes and analyzed the
adjustment factors for converting basic capacity as maximum service flow rate to determine the
possible capacity flow rate. Road side adjustment factors in Japan were divided into three
different areas including undeveloped area, slightly developed area and developed area.

Vaziri (1995) studied speed and traffic flow data of six-lane and eight-lane basic freeway sections
in Iran. Six models namely Greenshields, Greenberg, Underwood, Drake, Pipe & Munjal and
Drew, were evaluated for the observed traffic data. No significant difference was observed in the

sum of square of errors of all the calibrated models.

Rao and Mookerjee (1997) used Highway Capacity Manual (1994) of USA to estimate the
service-flow rates and traffic capacities for a range traffic variables such as terrain type, the
percentage of truck traffic, directional distribution, the peak hour factor and the K-factor (peak
hour traffic as percentage of AADT). The authors presented the estimated traffic capacities as
traffic volume matrices, which may be helpful for planners in the determination of number of

traffic lanes for the projected traffic of given composition and nature.

Kumar and Rao (1998) studied the speed, density and flow characteristics on some stretches of
NH-5 and NH-6 to establish their relationships. The authors concluded that speed decreases with
increase in traffic density, indicating a linear relationship between them. The speed-flow
relationships indicate that, with the increase of traffic volume, the speed decreases. Moreover, the
data was found to be not adequate for estimating the capacity values, as the traffic conditions on
the observed stretches have not reached the level, where it could be possible to estimate the

capacity values.
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Zhou and Hall (1999) studied the speed-flow relationship under congested conditions on a
freeway. Through the analysis, the authors pointed out that it is important to have data from a full
range of flows in order to properly fit a curve that is meant to represent the congested part of the
speed-flow curve. Further, it was pointed out that the data collected from several sites need to be

combined in order to establish speed-flow relationships within congestion.

Chang and Kim (2000) presented a quantitative method for the estimation of highway capacity
and formulated an alternative approach of deriving capacity from statistical distribution of
observed traffic volume. The study used headway method to determine the capacity statistically.
The time headway is considered as the reciprocal of traffic volume on highway. The variance in

the confidence interval obtained from this method greatly affected the estimated capacity.

Jian et al. (2000) developed the new vehicle classification methodology for determining
expressway capacity in China. Authors described the limitations in the analysis by using
traditional vehicle classification, as roads in China, consists of different physical and operating
characteristics of vehicle types. The free-flow speed was estimated based on new vehicle
configuration and wheel base frequency by proposing three new vehicle classification schemes
based on performance characteristics of different vehicles. After analysis of the performance
characteristics of new vehicle-types, validation was performed by using another set of local data.
The new vehicle classification was proven and applied in China successfully for estimating

capacity of expressways.

Fellendorf and Vortisch (2001) performed on analysis for validation of microscopic traffic
simulation model VISSIM on German and US roads in different real world conditions. Authors
calibrated the microscopic traffic simulation model VISSIM by setting the distribution of desired
speeds from the study conducted on the German highways. They simulated the German freeway
data at different volumes and proportions. The simulated speed-flow curves of German (left) and
US (right) freeways are shown in Figure 2.6. The simulated capacity found for German two-lane
freeway around 3500 vehicle/hour, which is the typical value for German non-commuter traffic.

For the US roads, the simulated capacity of five-lane freeway obtained as12000 vehicle/hour.
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Figure 2.6 Speed-flow curves on German and US freeways

Minh et al. (2005) developed speed-flow relationships for motorcycles on four-lane divided roads
in Hanoi, Vietnam. MCU (motorcycle unit) was developed for each vehicle category to study the
parameters of heterogeneous traffic. F-test and t-test were used to compare the speed variances of
two locations. Maximum speed, minimum speed and mean speed values showed a reduction of
10 kmph at sections 3 & 4 with respect to sections 1 & 2. Frequency distribution of motorcycle

speed corresponded to normal function at 5% level of significance.

Yang and Zhang (2005) established the fundamental flow relationships based on extensive field
traffic flow survey data collected on multilane highways in Beijing. Statistical test is used to
investigate the effect of number of lanes on highway capacity. The analysis of variance and t-test
was applied to check the differences in estimated capacity values. The average capacity per lane
was found to reduce with addition of extra lane to a highway. They suggested ideal capacity
values for four-lane, six-lane and eight-lane divided highways as 2250, 2100 and 2000
PCU/hour/lane.

Lownes and Machemehl (2006) investigated the effect of individual driver behavior parameter on
capacity of a freeway in the Dallas. Author investigated the values of driver behavior parameters
are significantly influenced capacity of a roadway individually. Further analysis was performed
by Lownes and Machemehl (2006) focused specifically on the relationship between CCO and

CC1 and with other driver behavior parameters. Location of bottleneck was used as study section
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near interchange. The individual impacts of CC2 and CC4/CC5 were found effective at 0.05 level
of significance. The evidence suggested that the effect on capacity by increasing or decreasing
CC4/CCS5 is the same and regardless with change in the value of CC2. CC4 and CC5 are negative
and following thresholds in driving which governs sensitivity to the acceleration of preceding
driver. Further, the authors suggested that CC7 have no significant influence on capacity due to
its interactions with CC4/CC5. They found the impact on capacity with change in parameter CC8
and the parameters CC4 and CC5 are primary dependent on the values of CCO and CC1,
respectively. To summarize, they stated that the capacity of roadway highly dependent upon CCO
and CC1 parameters during the process of calibration of the simulation model for roadway

capacity as minor error alter the capacity drastically.

Menneni et al. (2007) demonstrated the applicability of a microscopic simulation model by
matching speed-flow graphs for a highway segment. A small scale test network simulation model
was developed to implement that for a large scale simulation model. The study was performed
with help of evolutionary algorithm. The results suggested the developed evolutionary algorithm
based on objective of matching speed-flow graphs was even close to the default values.

Laufer (2007) estimated the capacities on freeways and investigated the applicability of the
VISSIM microscopic simulation software to replicate the flow. It was noted that the changes in
capacities appeared to be based on the observed throughput rather than clearly defined flow rates.
This study examined the refinement of the car-following algorithm to adjust the modeled
throughput. It was found that the calibration parameters of the Wiedemann-99 car-following

algorithm can represent capacities presented in 2000 edition of the Highway Capacity Manual.

Chitturi and Benekohalin (2008) described a procedure for calibration of VISSIM for freeways to
obtain the desired capacity and queue length. The calibration procedure has been developed for
freeway work zones application. In this study the speeds of free flowing vehicles in work zones
on interstate highways in Illinois with 55 mph speed limit were used as desired speed distribution
input to VISSIM. The range of capacity was evaluated with different CCO and CC1 parameters.
The effects of CC0O and CC1 on capacity were quantified and the relationship is shown in Figure
2.7. It is observed that the range of capacity tends to decreases as the value of CC1 is increasing.
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At CC1 values below 0.8 seconds, the variance in the capacity was ordered with magnitude more
than the variance when the CC1 value is above 0.8 seconds. Authors stated that the defining

parameter of CC1 below 0.8 seconds in VISSIM is not recommended.
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Figure 2.7 Effect of CCO and CC1 on capacity (Chitturi and Benekohalin, 2008)

Rotwannasin and Choocharukul (2008) examined the applicability of HCM (2000) procedure of
capacity analysis to highways in Bangkok. Traffic flow characteristics such as vehicular speed,
flow and density were collected and extracted by the image processing unit. Existing traffic flow
models were investigated by fitting field traffic data into single-regime model (Greenshields,
1935; Greenberg, 1959; and Underwood, 1961). They found, capacity reduced substantially due
to higher number of access points along the multilane highway, especially on shoulder lanes and
results do not conform to the HCM (2000) guidelines.

Shukla (2008) studied the traffic flow behavior on four-lane divided highways with varying
traffic volume and shoulders conditions. Author described the arrival pattern of vehicles, speed

characteristics, lateral placement of vehicles and overtaking behavior through field data. It was
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observed that the provision of paved shoulders significantly influences the placement behavior of
vehicles on four-lane divided highways. The rate of acceleration during overtaking and lane
changing behavior was also found to be influenced by shoulder conditions (paved and unpaved)

and inverse correlation was found between the two.

Edara and Chaterjee (2010) calibrated and validated a few driver behavior parameters in
microscopic simulation model VISSIM affecting the capacity of multilane highways in work
zone. Data were collected on various sections in US highways having significant truck
percentage in traffic composition. The default values related to static and dynamic characteristics
(size, speed, and acceleration/deceleration etc.) of truck were modified as per field data. The
capacity of work zone was determined from field data and VISSIM was simulated to estimate the
capacity based on the default values of all parameters. The field and simulated capacity were
compared on the basis of percentage share of HV mixed in the traffic stream. To represent critical
driving parameters affecting capacity the multivariate regression models was developed. The
parameters CC1 and CC2 in VISSIM were found as most influential on work zone capacity. The
relationship was developed between the influencing parameters and lane configuration,
percentage of trucks and work zone capacity. Validation of model was also performed using field
data from work zone on different sections. Authors suggested that the calibrated values of

parameters are capable to produce better estimate of capacity and queue lengths.

Fellendorf and Vortisch (2010) discussed calibration of VISSIM based on microscopic data and
speed-flow is compared with the field data. Techniques to calibrate the core traffic models like
driver behaviour model in VISSIM is discussed by the author and the interfaces of VISSIM like
COM interface is discussed which describe that how VISSIM models can be regenerated using

other programming languages.

Velmurugan et al. (2010) explicitly studied the speed - flow relationship on 21 multi-lane
highways encompassing four-lane, six-lane and eight-lane divided carriageways in plain terrain.
Speed profiles and speed - flow equations for different vehicle types for varying widths of multi-
lane highways in the country has been developed based on traditional and microscopic simulation
models and subsequently roadway capacity has been estimated. Figure 2.8 shows the impact of
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lane change behaviour on roadway capacity of four-lane, six-lane and eight-lane divided

carriageways.
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Figure. 2.8 Impact of Lane Change Behaviour on Roadway Capacity on multilane highways
(Velmurugan et al., 2010)

Arasan and Arkatkar (2011) estimated the capacity values on multilane intercity highways in
India under heterogeneous traffic conditions. They used a simulation model to investigate the
effect of influencing factors on PCU of a vehicle type. Speed-volume curves were developed
using simulation model and the estimate roadway capacity values were estimated to be 4600
PCU/hour in case of four-lane divided carriageway and 7200 PCU/hour in case of six-lane
divided carriageway.

Madhu et al. (2011) also developed free-flow speed equations for high-speed multilane highways
in plain terrain on both straight as well as curved sections. They found that speed limits observed
for different vehicles on eight-lane sections were significantly higher than those observed on
four-lane and six-lane sections. Authors have also noted that free-flow speed of different vehicles
is significantly increased from four-lane to six-lane divided carriageway except for small cars,
2W and LCV.

Shukla and Chandra (2011) developed a simulation model for simulating multilane highways.
Overtaking and lane changing behavior of different vehicles observed in the field to incorporate
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them in simulation model. The simulation run performed to develop speed-volume curves for
determining capacity of four-lane divided highway having earthen and paved type of shoulders
under mixed traffic conditions. General relations were proposed to calculate the capacity of
mixed traffic under a given traffic composition. The Equations proposed in this study for
determining capacity of four-lane divided highway having earthen and paved type of shoulders

under mixed traffic conditions are shown in Equations (2.2) and (2.3).

100 — Pcar + PHV +Ptractor+ P3W + PZW (22)
Cmix 4770 1300 877 2970 13520

100 — Pcar + PHV +Ptractor+ P3W + P2W (23)
Cmix 5290 1349 892 3097 15088

Putranto and Setyarini (2011) analyzed the impact of vehicle composition and lane distributions
phenomenon on the capacity of Indonesian multilane highways. They observed that the
percentage of motorcycles in traffic stream is higher than the default values provided in the
IHCM (1997). The analysis was performed for four-lane and six-lane divided highways and

vehicle distribution coefficients were determined for each category of vehicles.

Madhu et al. (2011) used a simulation model PARAMICS to study the speed-flow equation of
different vehicles on the eight-lane expressway. The study finds the capacity of eight-lane
expressway under no virtual lane condition reduced by 15 per cent. Modeling of traffic flow is
currently of great interest in too many transportation professionals due to a rapid increase in

vehicle population at the highway.

Sinha et al. (2012) performed a comparative study on effect of motorcycle proportions on
capacity of four-lane urban roads in India and Thailand. Traffic flow data was collected on four-
lane divided urban road at six different sections in Thailand and ten different sections in India.
Traffic volume in Thailand consisted of high percentage of motorcycles and, therefore, dynamic
PCU were estimated to convert heterogeneous traffic volume and speed-volume relationship was
developed to determine capacity. Linear regression was carried out to propose the relationship

between capacity and motorcycle percent share for the highways in both countries.
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Ah-Semeida (2013) analyzed the roadway capacity and level-of-service by considering roadway
geometry and percent share of heavy vehicles as two important parameters for study. Statistical
modeling was done in preliminary stage of analysis and in final stage Artificial Neural Network
was modeled. Field traffic flow and geometric data were collected at 45 different locations of
desert and agriculture sections of multilane rural highways in Egypt. ANN provided better results
than the regression models for predicting capacity and density for highways. Increase in 5 percent
share of HV resulted to increase in density by 2.3 veh/km/lane and increase in pavement width by
2 m leads to decrease in density by 1.5 veh/km/lane. Increase in lane width from 3.6 to 3.7 m

increases the capacity of section from 1940 to 2115 veh/hr/lane for the sections located in desert.

Mehar et al., (2013) performed calibration of simulation model and developed speed flow curves,
for 4-lane divided highway. The speed flow curves from both field data and simulated data were
compared. For the simulation only two driver behaviour parameters are taken into consideration
i.e. CCO (standstill distance) and CC1 (Time Headway in seconds) as these two parameters are
most effective parameters for calibration. The simulation is first run for homogeneous traffic
conditions having only one out of different categories of vehicles and then results are aggregated
to get value of parameters for mixed traffic conditions. Due to aggressive nature of drivers a
slightly higher value of parameters like headway and standstill distance will better reflect mixed
traffic behaviour. Methodology is also suggested for aggregation of traffic data to mixed traffic
data.

CCOmixed = CCOcar X Pcar + CCOtw X Prw + CCO3sw X Paw + CCORv X Phyv (2.4)

CClmixed = CClear X Pcar + CClywxPtw + CClaw X Paw + CClhy X Phy (2.5)

Where, CCOcr and CClcyr are the CCO and CCI1 values for ‘all cars’ situation and Pcar iS the

proportional share (in fraction) of car in traffic stream.

For the validation the same test is done on different section of 4 lane highway and simulated
capacity found is 5329 pcu/hr which is comparable with field capacity of 5277 pcu/hr.

Sharma et al. (2014) collected field data on two National Highways having four and six lane

divided carriageways. The videography technique was used to capture the speed-flow data for a
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period of 12 hour. Simulation study was also conducted to assess the behavior of traffic flow.
Further capacity analysis was worked out for four and six lane divided carriageway using static
and dynamic PCUs. The value of capacity with respect to static and dynamic PCU for four and
six lanes divided National highway was 2200 and 2250 PCU/lane/hour/direction and 2166 and
2233 PCU/lane/hour/direction respectively.

Mehar et al. (2015) studied the effect of traffic composition on capacity of multilane highways.
They considered the four-lane and six-lane divided highways in India. The vehicles on a highway
were divided into five categories namely standard car, big car, heavy vehicle, motorized three-
wheelers and motorized two-wheelers. VISSIM software was calibrated and speed-flow curves
were developed to find simulated capacity values for different combinations of standard car and
one of the remaining four types of vehicles in traffic stream. Finally they proposed the

generalized equations to determine capacity.

2.4 Studies related to estimation of PCU

The problem of quantification of volume under heterogeneous traffic has been addressed by
converting the different types of vehicles into equivalent passenger cars and expressing the
volume or capacity of roads in terms of PCU per hour. The traffic movement under
heterogeneous traffic condition differs, however, significantly from that of homogeneous traffic
in respect of the pattern of occupancy of road space by vehicles. The HCM (1965) introduced
concept of PCE or PCU, for first time, to express the traffic volume or capacity in terms of
passenger cars per hour per lane (Pcphpl) by considering the effect of heavy vehicles in the traffic
stream. Though PCU values recommended by these organizations are widely applied in many
countries, their applicability is higher under debate due to the varying local traffic stream
conditions prevailing in different parts of the world and within a country. HCM, (2000) provides
different sets of PCE to be used for different types of highway facilities; i.e. two-lane highways,
multilane highways, and freeways. The traffic under fairly homogeneous traffic conditions, with
cars constituting about 80 % or more of the vehicles, has lane discipline, and the volume or
capacity under such situations may be expressed in terms of PCU per hour per lane. Even, the

effects of the smaller percentage of other vehicles (heavy vehicles) present in the traffic stream
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has been addressed by incorporating appropriate adjustment factors in the formulation for

capacity estimation.

Guinn et al. (1970) proposed the headway method for the PCU estimation at highways and
intersections considering a traffic stream in which only two categories of vehicles are present
which are cars and trucks. With the introduction of the computer simulation technique the effect
of mixed traffic could be evaluated for any road and traffic condition and PCU values could be
calculated.

St. John (1976) developed a microscopic simulation model to derive nonlinear truck factor for
two-lane highways including all important factors those can affect the flows. Results from the
simulation model indicated that the truck factor should be nonlinear. This paper presented a brief
description of the simulation, the evidence for a nonlinear truck factor, and the derivation and

testing of the nonlinear factor.

Craus et al. (1980) reviewed and discussed the HCM methods to determine the PCE, and then
suggested and evaluated a revised method which he has developed for the determination of
passenger car equivalencies (PCE) for large sized vehicle like truck and bus. In the HCM 1965,
the PCE was evaluated by the ratio of the theoretical number of passings of one truck to the
average theoretical number of passings of one passenger car, which was not directly related to the
opposite-traffic volume. The HCM overestimated the deterrent factor of trucks to the traffic flow
which did not establish the specific nature of the effect of opposing downgrades, it showed only
an average picture of truck performance where the real-world variation was completely disguised.

Thus, doubt arise regarding the validity of the PCE for trucks through this approach.

Joseph et al. (1980) proposed a model for determination of PCE value by considering actual
traffic delays caused and volume of opposing traffic. The PCE values which they reported were

significantly lower as compared to the HCM values, but followed same variations.

Hu and Johnson (1981) described how to use 1965 HCM to find PCEs based on speed. They used
equation developed by John and Glauz (1976) to calculate PCE. Operating speeds were based on
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design charts obtained by research performance by the Mid-west Research Institute (MRI). The

PCEs were calculated based on extended freeway segments.

Roess and Messer (1984) identified three approaches in their research for estimating PCU values
i) the constant volume to capacity approach, ii) the equal density approach and iii) The spatial
headway approach. They have performed a study which had been directed toward the calibration
of passenger car equivalent (PCE) values for trucks. Opportunity had been provided by these
studies to review the PCE values for uninterrupted flow contained in Transportation Research
Board Circular 212, "Interim Materials on Highway Capacity." The results of these efforts and
their implications for highway capacity analysis were reviewed. Specific recommendations for

revisions of the PCE values of Circular 212 have been made.

Ramanayya (1988) considered the Western car as the Design Vehicle Unit DVU and estimated
the PCU factors for different vehicle types at different levels of services. He also used the
simulation technique to develop Design Vehicle Unit (DUV) for mixed traffic which indicated
that Indian car and bus have almost the same equivalency factors in terms of a western car at all
LOS. Further equivalency factor for a truck is more than that for a bus or passenger car at
different LOS. Bus and truck because of large size and poor acceleration and deceleration
capabilities, have more damaging effect in traffic flow than a passenger car, and hence, their

DVU values should be much higher than for a car.

Tanaboriboon and Roshan (1990) estimated the PCE values to measure the effect of vehicle size
on highway capacity in Thailand. The primary data used in this study were the average minimum
headways adopted by various types of vehicles collected in the form of time headways i.e. the
time in seconds for the rear bumper of two successive vehicles in the same lane to pass a
common reference point. The authors quantified the headways for PCE estimation and capacity
analysis and measured the effect of vehicle size on overall performance. At the time of this study,
the PCEs for Thailand had not been determined. The department of highways was using a value
of 2.0 for heavy vehicles as given in the HCM (1965).

Chandra et al. (1995) proposed a methodology to derive dynamic PCU values based on the

relative space requirement of a vehicle type compared to that of a passenger car as the basis of
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measure. They developed a mathematic model for PCU estimation as the ratio of the speed and
projected area ratio of car and subject vehicle. The model was calibrated with field data and used
to calculate PCU factor for a vehicle type. The variation in PCU for each category of vehicle
with various parameters like composition of traffic stream, volume levels, and roadway width

has been studied.

Chandra et al. (1997) compared the PCU values calculated using five different methods adopted
in the earlier studies under heterogeneous traffic condition. The important methods discussed in
this include; Homogenisation coefficient method, Walker’s method, Headway method,
Simultaneous equation method, and Multiple linear regression technique. It was found that the
PCU values of different vehicle types obtained by using these under heterogeneous traffic

condition showed a wide variation.

Chandra and Sikdar (2000) through an experiential study found that for a certain road width, an
increase in volume level of heterogeneous traffic causes more density on the road resulting in
reduced uniform speed of vehicles. The lower speed difference between cars and subject vehicles
yield smaller PCU value for the vehicle type. In a heterogeneous traffic flow, different types of
vehicles move in a same roadway space without any physical segregation where the amount of
interaction among the vehicles varies with the mix characteristics. The interaction is maximum
during a peak period on urban roads. In this situation the common practice to analyze the mixed
traffic flow is to convert all vehicles into equivalent numbers of passenger car units (PCUs). In
this paper a mathematical equation has been suggested relating PCU for a vehicle. The variation

of PCU with traffic and geometric condition is explained graphically in this research.

Chandra and Kumar (2003)studied the effect of lane width on PCU values and hence upon the
capacity of a two-lane road under mixed traffic conditions when vehicles move alongside each
other instead of following each other. It is a new concept to estimate the passenger car unit (PCU)
of different types of vehicles under mixed traffic conditions utilizing the area, as opposed to only
the length, and speed of a vehicle. Data’s were collected from different parts of India. They
choose 10 sections of 2-lane roads having a carriageway width ranged from 5.5 - 8.8 m. All
vehicles of the study area were divided into 9 different categories and their PCU's were estimated
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at each road section. It was found that the PCU for a vehicle type increases linearly with the
width of carriageway. Reason is that, wider roads lead to the greater freedom of movement which

results in a greater speed differential between a car and a vehicle type and the PCU is increased.

Rongviriyapanich and Suppattrakul (2005) studied the effect of motorcycles on traffic operations
at signalized intersections and mid-block sections of an urban road. The data relevant to
discharge headway and queue length at intersections and time headway of vehicles on mid-block
sections were collected through video recording. The PCE values of motorcycle were estimated
for various combinations of passenger car and motorcycle positions on the road space. The PCE
of motorcycle obtained from this study was in the range of 0.3 to 0.7. It was found that the PCE
of motorcycle increases when flow rate increases from 10-15 to 15-20 PCU/minute. However
beyond that level of flow rate PCE of motorcycle decreased with the flow rate.

Tiwari et al. (2007) in their study have highlighted on the non-homogenous traffic condition of
India which includes significant percentages of motorized, three-wheelers, motorized two-
wheelers, and non-motorized traffic entities. They have developed methods to verify the
Highway Capacity Manual (HCM) 2000 density method to obtain passenger car equivalencies
(PCEs) or units (PCUs) for heavy vehicles and recreational vehicles. In their study modification
of the density method has been needed so that more accurate passenger car unit (PCU) values can
be derived for accurate capacity, safety, and operational analysis of highways carrying non-

homogeneous traffic.

Aggarwal (2008) in his study has identified a number of factors affecting PCU value and focused
on developing a fuzzy MATLAB based model for the estimation of PCU. The results were
compared thereafter with the quoted PCU values of bus by different researches and high degree

of correlation was found to be existed between the modeled and the quoted results.

Arasan and Krishnamurthy (2008) used simulation technique for four-lane divided road to
quantify the impedance caused to traffic flow by the different categories of vehicles in
heterogeneous traffic in terms of PCU, over a wide roadway and traffic conditions using
simulation technique and also to study the effect of road width and traffic volume on PCU values

of vehicles. From the results obtained it was found that the PCU value of a vehicle significantly
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changes with change in traffic volume. At low volume levels, the PCU value of vehicles
increases with increase in traffic volume, whereas under higher volume conditions the PCU

values decrease with increase in traffic volume.

Praveen (2008) developed Artificial Neural Network Model for Passenger Car Unit. He
considered the effect of various factors on PCU such as pavement width, shoulder condition,
directional split and slowing moving traffic. He mainly aimed at developing Artificial Neural
Network (ANN) based model for the estimation of PCU values for bus. Finally he compared the
results obtained by Artificial Neural Network (ANN) model with the quoted results and found

that a high degree of correlation exists.

Arasan and Arkatkar (2010) conducted a micro-simulation Study to find the Effect of Volume
and Road Width on PCU of Vehicles under Heterogeneous Traffic condition. The traffic volume
and roadway capacity which are the important basic inputs required for planning, analysis, and
operation of roadway systems cannot be expressed without converting different types of vehicles
into equivalent passenger in terms of passenger car unit (PCU). This study is concerned with the
estimation of PCU values of vehicles in different traffic conditions, using a microscopic
simulation model named HETEROSIM. The PCU values obtained for different types of vehicles,
for a wide range of traffic volume and roadway conditions, indicate that the PCU value of a
vehicle significantly changes with change in traffic volume and width of roadway. The study
showed that at low volume levels the PCU value of vehicles, larger than passenger cars decreases
with increase in traffic volume but increases with increase in traffic volume and at high volume
levels whereas, in the case of vehicles, smaller than passenger cars, the trend of variation of the
PCU is totally opposite.

Cao and Sano et al. (2012) presented an investigation of the accurate methodology of motorcycle
equivalent units (MEUSs) in mixed traffic flow by considering the characteristics of moving
vehicles such as velocity, physical size of the subject vehicle and the surrounding motorcycles in
the proposed methodology. The field data were collected in Hanoi, Vietham. The proposed

equation is shown below,

MEUk = (Vmc/Vk)*(Sk/Smc) (26)
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Where MEUx= MEU of type k vehicle, Vimc,Vk= mean speed of motorcycles and type k vehicle
respectively (m/s) and Smc,Sk= mean effective space for motorcycles and type k vehicle

respectively (m?).

The results indicated that the MEU values of cars, buses, minibuses and bicycles are 3.4, 10.5,

8.3 and 1.4 respectively.

Mehar et al. (2013) estimated PCU values for vehicle types on interurban multi-lane highways at
different LOS and traffic composition. Dynamic PCU method was used to estimate PCUs. Field
data for their study were collected on two sections of interurban highways; one with four-lane
divided and another with six-lane divided roadway. Authors used the traffic simulation model
VISSIM for generating data under controlled traffic conditions. Finally, PCU values for different

vehicle types were suggested at different LOS on 4-lane and 6-lane divided highways.

Mardani et al. (2016) determined the PCU on two-lane intercity highways under heterogeneous
traffic conditions. They estimated the PCU factors based on speed and size of vehicle type in
traffic stream. Simultaneous equations were formulated to calculate the speeds of different
vehicle types for a given traffic composition and volume. From many plots they felt that it was
not enough to explain the complete variation. So a concept of a stream equivalency factor was

suggested to convert a heterogeneous traffic stream into homogeneous stream.

Mishra et al. (2017) developed a novel area-occupancy based methodology for estimation of PCU
values for different category of vehicles under heterogeneous traffic conditions on multi-lane
urban roads for a wide range of traffic flow levels. Authors found that the PCU values suggested
by IRC and dynamic PCU concept using speed-area ratio, underestimates and overestimates the
flows, respectively at different traffic volumes. However, the values obtained using area
occupancy concept is found to be consistent with the traffic flow in cars-only traffic situation at

different flow conditions.

Biswas et al. (2017) proposed a methodology based on the kriging approach, which is a good
alternative to conventional regression techniques, to arrive at a realistic prediction of speed.

Authors also proposed a novel algorithm for selecting the optimal correlation function. The
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vehicular speeds obtained using the proposed approach based on the kriging surrogate are found
to be in good agreement with the observed field data. Authors concluded that traffic volume and
traffic composition have a significant influence on PCU of different vehicle types. For the same
traffic stream composition, PCU of small-sized vehicles decreases with increases in traffic
volume, whereas, the PCU of larger-sized vehicles increases with increases in traffic volume on

the road.

2.5 Studies based on Lane change and Overtaking behavior and Lateral

placement of vehicle

Worrall et al. (1969) defined lane-changing on multilane freeway sections as a random process.
Lane-changing maneuvers were considered as an isolated, independent event within the traffic
stream and were estimated using Poisson process. A finite Markov process was also used to
model lane changing patterns. The average number of lane changes was found dependent on
traffic speed and traffic volume, along with proximity to entrance and exit ramps. The

randomness of lane changes was lost for medium heavy flow periods.

Sparmann (1979) studied the difference between passing and overtaking operations on multi-lane
one-way carriageways. Lane changing frequency reduced at traffic volumes higher than 2000
vph. A very slight relation between lane-changing frequency and the proportion of trucks was
observed, but no relation was found with speeds. The frequency decreased with increased

percentage of trucks.

Huang (2002) studied lane-changing behavior on multilane highways within a model system
using cellular automata approach. The study analyzed the effect of speed limit and stochastic
noise on lane-changing. Lane-changing was done on the basis of headways on current and target
lanes. The study also considered aggressive vehicles, which opted for frequent lane-changes
whenever the incentive and safety criteria were fulfilled. In the absence of stochastic noise,

frequent lane changes were reported even in the absence of slow moving traffic.

Yang et al. (2004) presented lane changing behavior for normal lane change (NLC). The lane

changing process was divided into four phases: turning-angle phase, approaching phase, counter-
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turning-angle phase, and adjustment phase. The reliability of the model was tested by comparing
it with lane changing operations observed on roads of Xi‘an, China. The analysis also suggested

improvements in exiting two-phase and three-phase lane change models.

Laval (2007) studied the effects of overtaking ban on trucks for uphill bottlenecks on multilane
freeways. Two categories of trucks, light and heavy, were used for modeling, and each truck was
assumed to cause disturbance to traffic as per Newell's kinematic wave theory of moving
bottlenecks. The results showed that overtaking ban increased bottleneck capacity and reduced
delays for whole traffic including trucks. The findings of the study were in good agreement with

the empirical data.

Kesting et al. (2007) developed a lane change model where a lane change is valued according to
the acceleration of the lane changer, but also of the surrounding vehicles. A lane change
maneuver can influence the acceleration of the old and the new leader. In the model, the utilities
of the others are considered as well before performing a lane change, but generally valued less

than one’s own benefit.

Moridpour et al. (2010) developed a lane change model to estimate the lane changing behaviour
of heavy vehicle drivers. The lane changing manoeuvre was characterized as a sequence of two
stages: the decision to change lanes and the execution of the lane change. Hence, separate models
were considered for those two stages of the heavy vehicle drivers’ lane changing behaviour in
their study. The estimated number of heavy vehicle lane changing manoeuvres by the fuzzy logic
model and the VISSIM default model were compared to the observed lane changing manoeuvres
of heavy vehicles in the field data. The number of heavy vehicle lane changing manoeuvres
estimated by the fuzzy logic model was found to be more accurate than the estimates from default
lane changing model in VISSIM, even when the latter model was recalibrated to reflect
conditions in the test dataset.

Knoop et al. (2012) determined the number of LCs by splash over effects in loop detector counts.
They collected the data from a three-lane freeway in the United Kingdom where the loop
detectors are densely placed, obtained the relationship between the LC rates and roadway density,

and determined the ramp’s impact on LC. Collection of data from loop detectors is significantly
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easier than the data collection from video images. However, large errors in this type of data are
inevitable because the LC is indirectly determined. Knoop et al. estimated that the error of their

method is approximately 10%.

Hill et al., (2015) studied the lane changing behavior of drivers in instrumented vehicles driving
on |-4 Freeway in Orlando, Florida, and 1-95 Freeway in Jacksonville, Florida. The time for a
lane changing maneuver, desired speed, front gap (in the target lane) and rear gap (in the target
lane) were recorded for 321 discretionary lane changes. They found that the Gamma distribution
provided the best fit for the rear gap. However, the Johnson Sl distribution provided the best fit

for the front gap.

Gowri and shravani (2017) studied the overtaking characteristics of vehicles on undivided roads
under mixed traffic conditions. For this purpose, details of overtaking data were collected on a
two-lane two-way undivided road using moving car observer method and registration plate
method. Authors found negative correlation between the speed differential and total overtaking
time for all categories of vehicles and the number of overtaking increases with increase in the

flow rate in the on-going direction and decreases with increase in flow in the opposite direction.

e Studies on Lateral placement of vehicles

Nagaraj et al. (1990) studied the lateral placement of mixed traffic on a two-lane two-way road
section of 8 m width and shoulders of 0.5 m on each side. The concepts of space coefficient and
influence area were used to develop speed-flow-density relationships. The average lateral

placement was observed to be a function of stream speed.

Reddy and Pandey (1995) studied lateral placement of commercial vehicles on single-lane and
two-lane two way highways in Eastern India. The study suggested that for estimating the
pavement thickness of single lane highways, all the commercial vehicles should be considered for
computing standard axle loads as more than 95% of wheel path lies within 0.5m on either side of
the maximum used path. In case of two-lane highways, about 50% of the inner wheel paths lies
within Im on both sides of center line of pavement which receives maximum number of wheel

load repetitions.
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Dey et al. (2006a, b) found that the placement data on a two-lane road may follow a unimodal or
a bimodal distribution depending on the traffic characteristics and composition. The data were
observed to follow a unimodal distribution if the placement factor (PF) and skewness range (SR)
were less than 1.3 and 0.54 respectively; otherwise the data followed a bimodal distribution.

Mahapatra and Maurya (2015) studied the impact of different lane positions, i.e. the Median Lane
(ML) and Shoulder Lane (SL) has been analyzed for 4 lanes, 6 lanes and 8 lanes divided
highways in India on average travel speed. They found that the variation in lateral gap for all
mixed vehicle type of ML is more or less constant for all the three types of highways. The
variation in lateral gap in SL shows an increasing trend for the six lane and 8 lane highway.
Whereas it shows a decreasing trend in case of 4 lane highway. For 6 lane highway, the variation
in lateral gap is more or less constant for ML and SL. The decreasing trend of car for ML of 6
lane highway is may be due to the presence of crash barrier at the median side. Hence vehicles

feel safe to drive closer to the barrier.
2.6 Summary of literature review

From the review of literature regarding speed-volume relationship, it may be concluded that the
selection of location for data collection is a very important step in developing speed-flow
relationships, since the speed range is a function of location and the prevailing roadway and
traffic conditions at that time. Further, it might be very difficult to obtain the empirical data
covering all the parts of speed-flow fundamental curve from one single location. Regarding, the
function, which can be used for depicting the speed-volume relationship correctly, there is no
common consensus among the researchers. Based on the data points collected from field, in
general, researchers all over the world have used linear, parabolic, and second degree polynomial

functions, to depict speed-volume relationships.

From the review of literature regarding capacity estimation, it may be concluded that there is
substantial variation in the capacity values estimated by various researchers, by virtue of the
variations in the roadway and traffic conditions and the uncertainties associated with the traffic
and its characteristics. In the past, researchers have used both empirical (observations in the field)

as well as semi-empirical (micro-simulation) approaches to determine the capacity values. The
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capacity standards adopted in developed countries are not suitable for the heterogeneous traffic
conditions prevalent in developing countries like India. Hence, there is a need to derive capacity
guidelines for heterogeneous traffic conditions prevailing in India, for a wide range of roadway
and traffic conditions using an appropriate technique. Microscopic simulation technique has been
used by various researchers, extensively and effectively, due to its ability to carry out traffic flow

related analysis over wide range of roadway and traffic conditions.

The review on traffic flow simulation models reveals that, the traffic flow simulation models and
its application into modeling traffic flow operations have been tremendous from last few decades.
The choice of simulation models greatly depends upon the area of application and logics or
algorithm used for simulation. The microscopic simulation models are now popular and very
effective for resolving many practical problems. Based on the exhaustive literature review
conducted in this study, it is evident that microscopic simulation tool VISSIM possesses batter
capabilities and features for modeling heterogeneous traffic flow operations than other
commercially available simulation packages. Large number of parameters given in VISSIM
provides flexibility in modeling complex operational networks. Various methods suggested in
literature for calibration and validation of model, are sophisticated and follow different complex
algorithms for automatic optimization of parameters. Hence, the VISSIM has been deployed for
modeling multilane highway capacity and traffic flow behavior under mixed traffic conditions in
this study.

From the review of literature regarding PCU estimation, it is understood that most of the studies

have been conducted under more or less homogeneous traffic conditions. There are some studies on

PCU under highly heterogeneous conditions and are not sufficient to provide exactly the value to be

used for a particular vehicle type. It is also clear that the PCUs varies with the different types of

facilities and with vehicle population. Out of various methods of PCU estimation, simulation

models are considered very reliable. Literature concludes that microscopic simulation models are

able to provide more precise results under mixed traffic conditions. The microscopic simulation

model VISSIM has vast applications in PCU estimation and has greater flexibility to simulate traffic

with the large number of input parameters.
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From the review of literature regarding overtaking and lane-changing behaviour shows a good
amount of work done mainly on overtaking and lane-changing operations on multilane freeways for
homogenous traffic with disciplined traffic behaviour. However, very few studies are reported on
understanding of overtaking operations on multilane highways especially for mixed traffic

conditions with undisciplined traffic conditions.
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Chapter 3

STUDY METHODOLOGY

3.1 General

This chapter deals with the methodology adopted for the study.

3.2 Methodology Flow Chart

Present study was performed in different stages and the flow chart is as shown in Figure 3.1.

Problem Definition
v
Literature Review
v
Obijectives
v
Site Selection v
v VISSIM Model Development [«
Data Collection % v
Roadway Data 5 Simulation of Base Network
Traffic Data = 3
Vehicular Data Z ) ;
< Analysis of the Simulated Data
v g
Data Extraction 5 Not
v 5 Check for Accepted Cgliﬂalrzitlt(;nnof
Analysis of the Field Data E Error P v to
Volume and Composition n arameters
Speed Data Accepted
Vehicular Arrival Data {
y
> PCU — Validation of VISSIM Model of —» Lane Change
Models Heterogeneous Traffic Flow Models
v
Highway Capacity
v
> Conclusions <

Figure 3.1 Proposed flow chart of study methodology
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3.3 Methodology in detail

Various steps in the methodology are described in detail:

3.3.1 Site selection

It includes mid-block sections of intercity multi-lane divided highways with four-lanes, six and
eight lanes. The sections also include different types of shoulders such as bituminous paved

shoulder and earthen shoulder.

3.3.2 Data collection

Data collection is performed using video graphic survey. The camera is mounted on the specific
selected location so that it can cover stretch length which is considered as an effective length for

the purpose of analysis.

3.3.3 Data extraction

The data extraction is done using MPC-HC Player and classified in categories to understand the

problem easily; data is extracted in following four types

e V/ehicular characteristics
e Speed of the vehicles
e V/ehicle inter-arrival data

e Traffic volume and composition of the vehicles

3.3.3.1 Vehicular characteristics

Vehicular characteristics include the categories of vehicles and dimension of the different vehicles.
Dimension of vehicles refers to the width, length and height of vehicles which is more of less

affecting effective parameters like speed, density and flow.

3.3.3.2 Speed data

In mixed traffic condition, different vehicles are moving with different speed. Speed is extracted

by taking start time and end time of vehicle in the particular stretch.
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3.3.3.3 Vehicle inter-arrival data

Vehicle Inter-arrival data is nothing but the arrival time of the vehicles on the start line of the
stretch. This data will be helpful to calculate the Time Headway for the stream.

3.3.3.4 Traffic volume and composition

Number of vehicles flowing in particular direction for a given interval of time is the traffic volume
for the given stretch, and the percentage of different categories of vehicles moving on the given

section is the traffic volume composition.

3.3.4 Field data analysis

Field analysis is the analysis of the data obtained from the field; the data may be speed data, traffic
volume data and Time headway data. These data used for estimation of PCU using available

methods, development of PCU models and simulation analysis.

3.3.5 Simulation Analysis

Base network is developed by using field data and simulate the base network to get the required
data. Comparison made between field and simulated data and estimate error. If error is within

permissible limits, model can be used for further analysis otherwise calibration required.

3.3.5.1 Calibration Methodology

Particular flow chart is showing calibration methodology for calibration as well as for validation
of the model parameters. Microscopic traffic simulation software VISSIM will be used for the
simulation work. To develop microscopic simulation model initial steps will be taken for input data
which is extracted from the field studies. The input data will be including Speed distribution of
each vehicle type, observed volume, number of lanes and lane width, vehicular composition,
dimension of each type of vehicles. The driver behavior such as car-following, lane-change and
overtaking will also be considered during calibration process. The calibration will be done on the
basis of field data and analysis to replicate the mixed traffic condition.
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Figure 3.2 Calibration Methodology

3.3.5.2 Validated VISSIM model

The simulated data obtained from validated VISSM model used for to develop the PCU models,
lane change models and the estimation of capacity for multilane highways under mixed traffic
conditions.
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3.4 Summary

In this chapter methodology is presented in the form of a flowchart. Effect of various parameters
like headway, speed, composition on PCUs and calibration methodology of VISSIM are done as
per the procedure mentioned in this chapter. Succeeding chapter deals with the site selection and

data collection methodology.
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Chapter 4
FIELD SURVEYS AND TRAFFIC DATA COLLECTION

4.1 General

Traffic flow data were collected at different locations of multilane divided interurban highways
in India. The sites for collection of field data were selected based on the study needs and
requirement of type of highway having typical mixed traffic flow. Field data were collected with
respect to both microscopic and macroscopic traffic flow behavior. The data related to vehicle
arrival, time headway, speed, volume and placement of vehicles were collected by using the
videography method and overtaking data was collected by using floating car method. All sections
are devoid of any influence of bus stop, parking, vicinity of intersections, pedestrians or other
side frictions and curvature or gradients. Site selection and data collection methodology are

presented in this Chapter.

4.2 Selection of study locations

Field data for study was collected at different mid-block sections of multilane divided intercity
highways. Location of highways where data was collected are parts of National Highway (NH)
exists on plain terrain with straight alignment, some sections are access control and some are
partially access controlled in both the directions of travel. Details of the study sections have been
given in the Table 4.1. Section I, Section Il and Section Ill are located on NH 163 near
Madikonda village, Bibinagar village and Ghanpur village respectively. However, these sections
are differs from the type of access control. Section-I has no access control and Section-1l has
fully control of access whereas Section-111 is partially access controlled. Section IV is NH45A
(NH332, as per new numbering) connecting Chennai to Nagapatinam, near Viluppuram district,
in Tamilnadu State. Section-V is a part of NH 58 located in between Delhi and Meerut city near
Modinagar. Section VI is located on NH 24 connecting Delhi and Harpur cities. Section-VII and
Section-XI are located on NH 16 between Guntur and Ongole cities respectively, which is a six-
lane divided intercity highway having 1.8 m paved shoulders. Section-VI1I1 is selected from NH 8
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near Delhi, which is an eight-lane divided intercity highway having 1.8 m paved shoulders. The

snapshot of study sections are shown in Figure 4.1 to Figure 4.3.

Table 4.1 Details of the study sections

Posted
. Highway : Type of Type of . speed
Sections No. Location highway | Shoulder Properties limit
(Kmph)
Near Madikonda Four lane CW:7.0m
! NH 163 (Telangana) Divided Paved SW:15m 80
Near Bibinagar Four lane CW: 7.0
. NH 163 (Telangana) Divided Paved SW:15m 80
Near Ghanpur Four lane CW:7.0m
I NH 163 (Telangana) Divided Paved SW:15m 80
Near Vilupparam Four lane CW:7.0m
IV | NH332 (Tamilnadu) Divided | "¢ | sw:15m 80
Four lane )
\/ NH 58 Meerut(Uttar Pradesh) o Unpaved | CW:7.0m 80
Divided
Delhi-Hapur Four lane ,
VI NH 24 (Uttar Pradesh) Divided Unpaved | CW:7.0m 80
Near Guntur Six lane CW:10.5m
VIl | NHI6 1 (Andhra Pradesh) Divided | "9 | sw:1gm | %
. . Eight lane CW:140m
VI NH 8 Delhi-Gurgaon(Delhi) Divided Paved SW-18m 120
Ongole Six lane CW:10.5m
X1 NHI6 1 Andhra Pradesh) Divided | "% | sw:1gm | ¥

*CW-Carriageway width, SW-Shoulder width

Figure 4.1 Section of four-lane divided highway with paved shoulders (Section-I11)
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Figure 4.3 Section of eight-lane divided highway with paved shoulder (section-VI11I)

4.3 Vehicle Type and their static characteristics

The traffic flow was observed to be heterogeneous in terms of physical size and operating
characteristics of vehicles. Even within the same category of car, several new models are
observed on Indian roads. To make the data more amenable, vehicles with similar physical
dimensions and operating characteristics were grouped together and all vehicles were divided
into eight categories as Standard car (CS), Big utility car (CB), Light commercial vehicles
(LCV), Heavy vehicle (HV), Multi axle vehicles (MAV), Bus (B), Motorized three-wheelers
(3W) and Motorized two-wheelers (TW). The standard car in the present study is defined as a
vehicle having 3.6 m length and 1.5 m width, and engine power up to 1400 cc. The Big utility
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car is the one having a length of 4.6 m and width of 1.7 m, and the engine power up to 2500 cc.

The physical sizes of the different types of vehicles are given in Table 4.2.

Table 4.2 Dimensions of vehicles

Vehicle Type Length(m) | Width(m) | Projected Area(m?)
Standard Car(CS) 3.60 1.50 5.40
Big utility Car (CB) 4.60 1.70 7.82
Light Commercial Vehicles(LCV) 4.30 1.56 6.71
High Vehicles(HV) 6.70 2.30 15.41
Multi Axle Vehicles(MAV) 11.50 2.42 27.83
Two-Wheeler(TW) 1.97 0.74 1.46
Three Wheeler(3W) 3.20 1.30 4.16
Bus(B) 10.60 2.40 25.44

4.4 Field data collection

4.4.1 Speed and volume data

The videography technique was used to record the movements of vehicular traffic in one
direction of travel. Two thick white lines with clear visibility were marked on the pavement to
make a longitudinal trap on the highway section by using a self-adhesive cloth tape. A distance of
60-100 m was selected for the trap (depending upon the posted speed limit of highway) which
would eventually act as reference lines for measurement of speed. However, the traffic volume
count was made based on the one of reference lines. A high definition video camera was placed
on a tripod at suitable vantage point and recording was done continuously for 6.00 to 8.00 hrs on

typical weekdays in clear weather conditions.
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4.4.2 Vehicle arrival and time headway data

The video recording technique was used to record the traffic flow operations to obtain vehicle
arrival data as well. A thick white line with clear visibility was marked across the road for
providing a reference line to measure vehicle arrival frequency. The time of arrival of each
vehicle from the recorded videos were extracted by playing it on a large screen monitor in Traffic
Engineering Laboratory. The time of arrival of the first vehicle and each consecutive vehicle
crossing the reference line was recorded as arrival time, irrespective of the travelling lanes. The
time difference between the two consecutive vehicles (front bumper) was calculated to obtain the

time headway. The type of vehicle was also noted for determining time headway of each vehicle

type.
4.4.3 Lateral placement characteristics

The lateral position of vehicles across the whole carriageway width was also noted by
videography technique. The pavement width was divided into sections of 25 cm width using self-
adhesive tape and these were numbered from 0 to 28 starting from pavement edge to the highway
median. The positions of vehicle types were recorded by noting down the strip number over
which vehicles placed its left wheel while traversing the highway section.

4.4.4 Overtaking characteristics

Floating car method was used for collecting the data. The data were collected on typical
weekdays with normal weather conditions. The process of overtaking operation was divided into
5 events and recorded the time taken for each event (Chandra and Shukla, 2012). The description

of events recorded during data collection is described as under.

Event 1: When the overtaking vehicle deflects to the adjacent lane for starting the maneuver.

Event 2: When the front bumper of the overtaking vehicle is in line with the rear bumper of the
test vehicle.

Event 3: When the front bumper of the overtaking vehicle is in line with the front bumper of the
test vehicle.

Event 4: When the rear bumper of the overtaking vehicle is in line with the front bumper of the
test vehicle.

56


https://www.sciencedirect.com/science/article/pii/S2095756417301940#bib2

Event 5: When the overtaking vehicle either returns back to its lane or continues to travel in the
adjacent lane after overtaking the test vehicle.

A Tata Indigo car (Diesel) was used as a test vehicle for collection of data. The vehicle was
driven at different constant speed on a stretch of 2 km for recording of above events and
maneuvers. A team of three persons were appointed in the car to record the data. The first person
was sitting on the back seat of test vehicle and recorded the type of overtaking vehicle and the
speed of test vehicle during each overtaking maneuver. Figure 4.4 gives the details of the events

considered for data collection during overtaking or lane-changing maneuver.
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Figure 4.4 Details of events during overtaking/lane-changing operation
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4.5 Summary

The details of study sections and methodology for collection of data such as speed, volume,
vehicle arrival, time headway, lateral placement and overtaking characteristics of vehicles are

described. The type of vehicles along with their static characteristics was also described.
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Chapter 5
FIELD DATA ANALYSIS

5.1 General

The modeling of traffic flow is required detailed analysis of field data. The statistical analysis of
traffic flow data also helps in in-depth understanding of traffic flow behavior and traffic system
performance. In this chapter, data collected from the field has been analysed by statistical testing
and probabilistic analysis to observe the behavior of the traffic flow stream. The analysis of data
involves microscopic and macroscopic variables those are found to be influential on modeling

traffic flow behavior.
5.2 Vehicle arrival characteristics

Knowledge of distribution of the vehicle arrival pattern or inter-arrival pattern (headways) of
vehicles is very essential in order to understand the general traffic flow behavior on multilane
highways. The arrival pattern of vehicles at a point (or) line on roadway defines the longitudinal
distribution of vehicles in a traffic stream. The distribution of arrival time of vehicles enables the
traffic engineers and planners to estimate the availability and magnitude of gaps and headways in
traffic stream, which are the direct measure of the density and volume on the highway. Vehicle
arrival is also used as an essential input in the simulation of traffic behaviour. However, most of

the researchers have studied the arrival characteristics of vehicles through headway distributions.

5.2.1 Statistical distributions for vehicle arrival

Poisson distribution is considered to be an appropriate distribution for describing random
occurrence of discrete events like arrival pattern of vehicles. However, it was observed that mean
and variance are not equal in all the cases and hence Poisson does not always give a good fit for
vehicle arrival pattern. In these cases, negative binomial distribution may be more suitable. In
some cases, Binomial distribution also models vehicle arrivals, since Poisson distribution is a
limiting form of Binomial distribution (Johnson and Kotz, 1969). A brief description of three

discrete distributions is given below.
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e Binomial Distribution
The binomial distribution is defined as

P(X =x) {”]pxa— 0" x=01...
X (5.1)

Where, P(X = x) = probability of x successes in n trials; p = probability of success on any given

trial; g = (1-p) = probability of failure on any given trial; n = number of independent trials; x =

number of successes.

The mean and variance of the binomial distribution are “np” and “npq” respectively.
e Poisson distribution

The Poisson distribution is defined as

-1 19X
¢4 x=01...

P(X=x)= :
X (5.2)

Where, P(X =x) = probability of x successes during a time t; A = np = mean number of

successes in time t; n = number of trials; p = probability of success.
The mean and variance of Poisson distribution are equal and denoted by 4 .
5.2.2 Analysis of vehicle arrival pattern

Vehicle arrival data collected at three different mid-block sections of multilane highway was
extracted in the laboratory. Time interval of extraction of data was chosen as 20s. The frequency
tables were prepared as per the observed number of arrivals in a time interval of 20s for more
than one hour of observation. These frequency tables were used to evaluate values of mean and
variance of vehicle arrival rate. Then statistical analysis of data was performed. The statistical
distributions are analysed to fit the observed vehicle arrival data on highway locations. Chi-
square test of goodness of fit was applied for testing the hypothesis. Table 5.1 gives the data for
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fitting of Poisson distribution to vehicle arrival at Section-1. The calculated value of chi-square is

obtained as 9.83, which found to be less than the tabulated value of Chi-Square as 12.59 obtained

(at 6 degrees of freedom) at 5% level of significance. Hence, the null hypothesis (Ho) is accepted

stating that the observed arrival pattern follows Poisson distribution on Section-1. Figure 5.1

shows the histogram of vehicles arrival pattern at Section-I. Similarly, Poisson distribution was

also tried with the data obtained at other sections. Table 5.2 and Table 5.3 provide the field and

expected frequencies fitted to Poisson distribution for Section-V and Section-VII. Figure 5.2 and

Figure 5.3 show the histogram of vehicle arrivals at Section-V and Section-VII.

Table 5.1 Fitting of Poisson distribution to arrival data at Section-I

Number of Estimated
vehiclesin | Observed frequency by Ef O 2 _((0f—Ef)?
20 sec frequency (x xOx) ((%-£)?xOx) Poisson X —(T>
interval (O1) distribution | (after Pooling) | (after Pooling)
) (Es)
0 3 0 52.78 3 -- -- --
1 14 14 142.86 11 14 17 0.64
2 24 48 115.57 24 24 24 0.00
3 39 117 55.64 33 33 39 1.09
4 23 92 0.87 35 35 23 4.11
5 33 165 21.41 30 30 33 0.30
6 16 96 52.16 21 21 16 1.19
7 13 91 102.32 13 13 13 0.00
8 8 64 115.86 6 10 15 2.50
9 3 27 69.28 3 -- -- --
10 3 30 101.11 1 -- -- --
11 1 11 46.32 0 -- -- --
180 755 876.19 180 9.83

Null hypothesis Ho: Arrival pattern observed at Section-I follow Poisson distribution.

Alternative hypothesis Hi: Arrival pattern observed at Section-l does not follow Poisson

distribution.
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Mean rate of arrival (u)= = 4.194 sec
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205-1

Variance of arrivals () from mean = = 4.895 sec

Degree of Freedom (v) =8-2 =6
At,v=6anda=5% y°(tabulated) = 1259

7 (calculated) < ° (tabulated)

Hence, null hypothesis Ho is accepted.
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Figure 5.1 Comparison of Histograms of vehicle arrivals at Section-1

62



Table 5.2 Fitting of Poisson distribution to arrival data at Section-V

Nu(r;}ber Estimated

wnidesin | Q08| | oy | TR B O ey
interval (o) distribution | (after Pooling) | (after Pooling)

(9 &)

0 0 0 0.00 0 -- -- --
1 2 2 158.42 0 -- -- --
2 1 2 62.41 0 -- -- --
3 0 0 0.00 1 -- -- --
4 4 16 139.24 4 -- -- --
5 7 35 168.07 7 12 14 0.33
6 20 120 304.20 12 12 20 5.33
7 12 84 100.92 16 16 12 1.00
8 22 176 79.42 20 20 22 0.20
9 18 162 14.58 23 23 18 1.09
10 25 250 0.25 23 23 25 0.17
11 17 187 20.57 20 20 17 0.45
12 13 156 57.33 17 17 13 0.94
13 14 182 134.54 13 13 14 0.08
14 6 84 100.86 9 9 1.00
15 4 60 104.04 6 6 4 0.67
16 6 96 223.26 4 9 15 4.00
17 3 51 151.23 3 -- -- --
18 1 18 65.61 1 -- -- --
19 4 76 331.24 1 -- -- --
25 1 25 228.01 0 -- -- --

180 1782 2444.20 180 15.26

Null hypothesis Ho: The arrival pattern at Section-V follows Poisson distribution.

Alternative hypothesis Hi: The arrival pattern at Section-V does not follow Poisson distribution
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0O Observed frequency Estimated frequency

D
(@3]

Frequency
R R N N W w D
o o1 © o1 ©O U1 O
1 1 1 1 1 1 1

5

O_ml
0 1 2 3 4 5 6 7 8 9
Number of Vehicles arrived in 20 sec interval

Figure 5.2 Comparison of Histograms of vehicle arrivals at section-V

64




Table 5.3 Fitting of Poisson distribution to vehicle arrival data at Section-VII

\’:Ieuhr?ctigg ?: Observed fErzzTgar;Egg Es Os X
20 sec frequenc | (x xOr) | ((x-£)*xOx) by Poisson _ _ _ (M)
interval o) | Y (©) d's”('gf‘;“‘)” (afte Pooling) |~ (atter Pooling) Er
0 0 0.00 0 -- -- --
1 1 42.61 1 -- -- --
2 4 122.23 3 -- -- --
3 S) 15 102.50 7 11 10 0.09
4 23 92 286.24 14 14 23 5.79
5 19 95 121.40 19 19 19 0.00
6 15 90 35.01 24 24 15 3.38
7 21 147 5.85 26 26 21 0.96
8 29 232 6.47 25 25 29 0.64
9 19 171 41.18 21 21 19 0.19
10 16 160 97.79 15 15 16 0.07
11 7 77 84.39 11 11 7 1.45
12 10 120 200.01 7 10 1.29
13 8 104 239.56 11 2.29
14 28 83.78 2 -- -- --
15 15 55.83 1 -- -- --
180 1355 | 1524.86 180 16.14

Null hypothesis Ho: The arrival pattern at Section-V11 follows Poisson distribution.

Alternative hypothesis Hi: The arrival pattern at Section-VII does not follow Poisson

distribution.

Y(xx0F)

= 7.53 sec
>0r¢

Mean rate of arrival (u)=

N((x—w)?)x0f

S0 ,—1 = 8.52 sec
-

Variance of arrivals (c2) from mean =
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Degree of Freedom (v)=11-2=9
At,v=6and a=5% y°(tabulated) =16.92

x°(calculated < y? (tabulated)

Therefore, null hypothesis Ho is accepted.
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Figure 5.3 Comparison of Histograms of vehicle arrivals at section-VII
5.3 Time headway characteristics

Time headway is defined as the measurement of time between occurrences of two consecutive
vehicles (front bumpers) at a specific location or point. In developed countries, the traffic flow is
generally homogeneous and disciplined in nature. Vehicles move in their respective lanes
depending upon the speed. Headway distribution of vehicles for such conditions may be easily
recorded and analysed for each lane. However, traffic in most of the developing countries like
India is heterogeneous in nature. The mix of different types of vehicles combined with lack of
lane discipline makes traffic flow analysis very complex. In the case of multilane roads, vehicles

do not move in their assigned lanes and small sized vehicles move abreast resulting in situations
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where headways between vehicles cannot be measured. Therefore, total width of the roadway in
one direction is considered rather than each lane for determining the headways. The analysis of

headway data carried out in present study is described in details as follows.
5.3.1 Statistical distributions for time headway

Brief descriptions of statistical distributions tried to fit the observed time headway data are given

in this section.

e Generalized Extreme Value (GEV)

The Generalized Extreme Value (GEV) distribution is a flexible three-parameter model that
combines the Gumbel, Frechet, and Weibull maximum extreme value distributions. It has the
following probability density function (PDF).

%r&xp{—(l +hkz) Y )M+ k) YR k=0
fa)=

L exp(—z — exp(—2z)) k=0
o (5.3)

Where z=(x-n)/o, and k, o, u are the shape, scale, and location parameters respectively. The scale

must be positive, the shape and location can take on any real value.

A shape parameter, as the name suggests, affects the general shape of a distribution.
The Location parameter tells about where the distribution is centered on the horizontal axis.

The Scale parameter gives an idea of the scale on the horizontal axis.

e Weibull distribution

The Weibull distribution is one of the most commonly used distributions in reliability
engineering. There are two versions of this distribution: two-parameter Weibull and three-

parameter Weibull distributions. It has the following probability density function (PDF).
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Fe=5(5)

XY/ q-1

ex - (xg))a 6

Where, o, and y are the shape, scale, and location parameters respectively. y=0 yields the two-
parameter Weibull distribution. The scale, shape must be positive, and location can take on any

real value.

e Pearson (6) Distribution

There are two versions of this distribution: two-parameter Pearson 6 and three-parameter Pearson

6 distributions. It has the following probability density function.

(x-y)/B)*=*
B B(ay,a,) (1+ (x—y)/B)*+e (5.5)

flx) =

Where, au,0zare shape parameters and 3,y are the scale, and location parameters respectively.
v=0 yields the two-parameter Pearson 6 distribution. The scale, shape parameters must be

positive, and location can take on any real value.

e Gamma distribution

There are two versions of this distribution: two-parameter Gamma and three-parameter Gamma
distributions. It has the following probability density function.
,.,}-2— 1

¥
#

(x—
e S — —(x — )
fw=C ke p

Where, o3 and y are the shape, scale, and location parameters respectively. y=0 yields the two-
parameter Gamma distribution. The scale, shape must be positive, and location can take on any

real value.
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5.3.2 Statistical analysis of time headway

The time headway data of each vehicle observed in recorded videos were extracted in 20 sec.
interval. The descriptive analysis was performed with extracted data to understand its basic
characteristics. The parameters those describe the basic characteristics such as mean and variance

of data are given in the Table 5.4 for Section-I, Section-V and Section-VI1I respectively.

Table 5.4 Descriptive parameters of time headway data

Section-I | Section-V | Section-V1I
Mean (sec) 4.48 2.41 2.98
Median (sec) 3.71 1.71 2.21
Standard deviation (sec) 3.31 2.09 2.49
Sample size (N) 590 1400 1100

It is known that the time headway of vehicles is affected by the traffic volume observed on
highway section. It has also been observed that the mean time headways, median values and
standard deviation found to be decreased with increase in traffic volume ranges. The decreasing
trend clearly indicates that the proportion of free-flowing vehicles is lesser in high volume a
range which is resulted in smaller time headways. However, in all cases the median values of
time headways are found to be smaller than the mean, infers more than 50% of drivers chose time
headways lesser than their mean values.

Table 5.5 Average time headway (sec) of vehicle types

Vehicle Type | Section-I | Section-V | Section-VII

CS 3.96 1.83 2.69

CB 4.04 1.73 2.72
LCV 4.10 1.83 2.78
HV 4.16 2.17 2.76
MAV 4.66 3.63 2.77
TW 4.48 2.07 2.68

3w 4.43 1.64 2.76

B 4.58 2.64 2.72
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In order to fit different probability distribution functions to the time headway data, 5% of long
time headways may be neglected and statistical results for different flow levels will be evaluated
by considering 95% time headway values. In the present study, goodness of fit for each
probability density function is tested by performing Kolmogorov-Smirnov (K-S) test at 5%
significance level. The results of time headway distributions analysis for different study sections

based on K-S test are given in Table 5.6.

Table 5.6 Estimated parameters of the best fitted distributions for Time headway data at different

study sections

K-S Test

Sections | Best fit Parameters K-5 Test Critical
Value

Value
Pearson6 o1=1.53 ,=89.8 =26158.0 0.04166

I Gamma o=1.46 p=3.057 0.04429 0.05581
Weibull 0=1.1238 =5.0426 0.04470

V GEV k=0.258 ¢=1.096 p=1.402 0.03587 0.03618

VII GEV k=0.159 6=1.59 u=1.76 0.03495 0.04096

From Table 5.6, it is observed that Pearson 6 is found to be the best fit for headway data on
Section-1 whereas, Generalised Extreme Value (GEV) distribution is fitted best to the time
headway data observed on Section-V and Section-VII. In addition, Gamma and Weibull
distributions are also found suitable to fit time headway distribution at Section-I. Figure 5.4 to

5.6, provides the PDF profile of fitted distribution to respective highway sections.
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Figure 5.6 Time headway distribution profile at Section-VII
5.4 Speed characteristics

An understanding of vehicular speed characteristics is an important requirement in the field of
traffic engineering. IRC: 64 (1990) defines speed as the rate of motion of individual vehicles or
of a traffic stream measured in meters per second (m/s), or more generally in kilometres per hour
(km/hr). Speed indicates the quality of service experienced by the traffic stream and used as
performance criteria to evaluate traffic flow system. The knowledge of speed is an essential
component of traffic engineering projects related to geometric design of roads, regulation and
control of traffic operations, accident analysis, before and after studies of road improvement
schemes, assessing journey times, and congestion on roads and in correlating capacity with
speeds (Kadiyali, 2002). It is one of the components of the fundamental relationships of traffic
flow theory other than density and volume. The speed characteristics of a traffic facility serve as

an essential input in simulating the traffic behavior.

5.4.1 Speed data analysis

Speed data was collected using video recording method at 8 different roadway sections on multi-
lane divided highways in India. Two thick white lines were marked across the road width to act
as reference lines for measuring the speed of vehicle types. Speed data was extracted from the
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recorded videos and played on a wide screen computer system. Speed of individual type of
vehicles was extracted by noting down the time taken by a vehicle to cross a longitudinal trap
length using electronic stop watch with 0.001s accuracy. Speed related parameters such as 15th,
50" and 85th percentile speed were estimated and analysed by developing box plots. Figure 5.7
presents the box plot developed using speed percentiles estimated at each section of selected

highways.
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Figure 5.7 Box plot of speed percentile of vehicles at study sections

The percentage speeds were estimated by considering all the vehicles observed in mixed traffic
stream. At Section-1, Section-11, Section-I11, Section-VI and Section-VII, mean speed is found to
be greater than median speed which reflects the shape of the speed data profile is positively
skewed. In Section-1V and Section-V, mean speed is almost equal to median speed which depicts
that the speed data profile is symmetric. At Section-VI1II the shape of the data is slightly left
skewed because the speed of the vehicles are relatively higher which may be inferred from the
estimated mean speed which is observed to be smaller than the median speed. Speed raw data of
each vehicle type was used to find mean and other related parameters such as 15", 50" and 85™

percentile speed of each vehicle type at 8 study locations and are given in Table 5.7.
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Table 5.7 Speed parameters for vehicle types at different sections

Standard

(km/h) (km/h) (km/h) ity | KA | (ki) | (k)

CS 64.50 95.54 28.88 12.12 5244 | 65.06 77.03

CB 67.00 92.07 34.97 11.73 5559 | 67.35 78.46

TW 45.10 82.72 21.27 10.70 3429 | 44.36 55.65

3W 40.80 56.41 20.00 7.11 3395 | 4147 48.11

! LCV 47.56 83.06 21.63 12.88 3500 | 46.12 61.12
HV 42.10 62.39 21.47 9.90 3018 | 42.49 51.94

MAV 39.10 63.22 25.57 8.26 20.85 | 38.72 48.48

B 45.20 64.15 22.81 8.08 3793 | 4461 52.30

CS 66.59 91.42 36.20 10.25 57.99 | 68.29 79.33

CB 69.78 98.09 41.82 10.20 59.27 | 69.15 80.47

TW 50.02 84.77 29.81 9.80 4149 | 49.96 61.31

I 3W 39.49 71.05 24.75 6.59 36.45 | 42.01 47.73
LCV 49.84 85.63 31.00 11.05 4012 | 49.84 61.94

HV 46.64 70.75 30.65 8.44 37.78 | 4591 57.00

B 50.47 82.99 38.81 7.75 4636 | 51.63 59.49

CS 65.30 90.00 30.28 13.40 4856 | 64.29 78.94

CB 66.00 94.74 39.25 12.92 5584 | 67.10 81.82

TW 52.10 98.50 22.27 13.13 39.04 | 51.34 65.35

. 3W 39.50 62.07 20.13 8.47 2981 | 39.94 48.10
LCV 52.03 84.59 24.35 13.86 3750 | 46.23 62.07

HV 47.20 71.14 24.82 8.55 3870 | 4650 56.25

CS 65.30 78.24 46.46 7.88 5592 | 67.09 73.65

cB 65.84 89.02 44.32 8.76 55.86 | 66.81 72.58

TW 50.97 69.09 33.00 5.16 4638 | 49.76 54.86

W 3W 44.03 55.41 25.00 5.74 38.87 | 4270 49.78
LCV 48.74 72.59 33.00 6.48 4274 | 4761 53.56

HV 49.11 64.07 26.55 6.46 4425 | 47.80 54.81
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CS 68.42 99.89 30.00 11.70 57.04 69.23 81.63

CB 71.46 102.10 32.81 14.08 55.64 71.49 84.48

™ 57.28 96.77 26.91 12.37 46.24 57.93 70.75

3w 46.90 66.06 33.34 7.73 41.83 46.92 55.90

v LCV 58.35 81.01 36.32 8.80 50.96 58.58 67.77
HV 54.90 89.91 18.37 10.45 45.12 55.74 65.32

MAV 47.80 67.16 31.65 7.85 41.61 48.24 55.07

B 65.20 82.53 38.73 9.20 54.90 65.54 73.13

CS 63.08 71.77 48.61 7.02 56.04 64.05 69.56

CB 60.71 83.00 47.74 9.43 51.76 63.59 69.74

T™W 58.05 73.92 39.85 8.47 49.66 60.83 64.79

VI 3w 42.92 60.32 26.00 7.70 37.96 40.96 47.16
LCV 46.50 53.03 32.91 5.76 41.00 47.90 52.61

HV 43.32 49.37 33.01 4.87 38.60 44.35 48.09

MAV 36.19 42.86 28.66 4.37 31.67 36.43 41.36

CS 75.10 106.70 51.44 12.49 63.44 76.34 88.95

CB 83.30 110.29 50.01 12.15 70.21 82.83 95.06

T™W 56.50 96.57 32.16 11.20 45.23 55.44 68.25

3w 49.40 66.00 35.00 8.29 42.19 47.75 60.22

Vi LCV 60.10 91.09 34.79 13.36 43.73 59.31 73.34
HV 51.90 77.92 30.97 10.92 41.42 52.20 63.83

MAV 50.90 73.53 38.68 7.38 45.27 49.59 55.47

B 66.10 80.25 39.84 7.39 59.29 66.57 74.04

CS 83.14 123.29 50.00 11.83 72.00 82.57 94.74

CB 84.42 118.42 47.62 11.11 73.77 84.11 95.74

Vit ™ 67.66 111.11 23.23 13.66 55.15 65.83 83.03
HV 67.76 105.88 38.96 14.91 52.08 64.29 83.33

The speed difference between vehicle type TW and car is more in the case of six lane divided
highway section than four lane divided highway section. As the lanes increases, the cars have
more freedom to increase their speeds. It has been observed that the 85" percentile speed of
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vehicle type CB at section Il, 11I, V and VI found to be more than the posted speed limit defined
at those sections. And also, 85" percentile speed of vehicle type CS at Section V is more than the

post speed limit.

5.4.2 Analysis of speed distribution

Speed of vehicles on a traffic facility is expected to follow a normal distribution. Under the set of
circumstances, where a normal distribution fails to provides a better fit to the speed data, gamma
distribution or lognormal distribution are also used. Many researchers claim that the speed data
on a section of highway follow the normal or gamma or log normal distribution (Donald and
Daniel (1951), Dixon et al., (1999), Christopher (1994), Filippo and Marinella (2011), Khairi et
al., (2011), Hastim and Ramli (2013)). The probability density function of these distributions are
discussed as follows.

e Normal distribution

The normal probability curve with mean x and standard deviation o is given as

f (% 200) = %exp{— o)
o

The normal distribution generally known as "normal curve of errors” is bell-shaped and is

} —0<X<w —w<pu<wo o>0

symmetrical about the line x = p. The mean, median and mode of the normal distribution

coincide with each other.

e Gamma distribution

The probability density function of gamma distribution is given as,

1
f(x)= —x“%*  x20 a>0 B>0
[(a)B

aand B = parameters, I'(a) =(a-1)['(a—1), mean of gamma distribution (u)= af, and

variance of gamma distribution (o ?) = a2
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e Log-Normal distribution

The probability density function of Log-Normal distribution is given as,

f(X)zLef('”(X)f”)zlza2 x>0, —oo<pu<ow, >0

270X

: . _ a+p?/ 2
where, p is the mean of lognormal distribution which is expressed as p = e 2,and o

is the variance of lognormal distribution expressed as g2 = e2#+5*(ef* — 1).

For present study, the profiles of observed speed frequencies were developed and compared them
with the above stated distributions for all the study sections. Chi-square test, K-S test and
Anderson Darling test were applied at 5% level of significance and test of hypothesis was
performed. The results from the goodness of fit tests conducted on speed data are summarized in
Table 5.8.

Table 5.8 Goodness of fit tests of the fitted distributions for different study sections

Section | Section | Section | Section | Section | Section Section Section
. Goodness
Distribution of fit
| I 11 v Vv VI VIl VI
. cljglr-ed Not Not Not Not Follow Not Not Not
qtest follow follow follow follow follow follow follow
Not Not Not Not Not
Normal | K-Stest | 0w | follow | follow | Follow | Folow | Follow 1 ciow | Follow
Anderson
. Not Not Not Not Not
Dig's'tng follow | follow | follow | Follow | ofow | Follow 1 . | Follow
Chi- Not Not Not Not Not Not
squared foll foll Follow foll foll Follow foll foll
test ollow ollow ollow ollow ollow ollow
Log-Normal | K-Stest | Follow Not Follow Not Not Follow Follow Not
follow Follow Follow follow
Anderson
Darling Follow Not Follow Not Not Follow Follow Not
test follow follow follow follow
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S CU:Z::ed Not Not Follow Not Follow Follow Not Not

qtest follow follow follow follow follow
Not Not Not Not Not

Gamma K-S test follow | follow Follow follow Follow | Follow follow follow
Agec‘irelli’zon Not Not Follow Not Not Follow Not Not

test 9 follow follow follow Follow follow follow

It is confirmed by the results obtained from different tests of goodness of fit that the observed
speed frequencies at Section-l, Section-11l, Section-VI and Section-VII follows lognormal
distribution and at Section-V, Section-VI and Section-VIII it follows normal distribution.
Moreover, the speed frequencies are observed to be followed gamma distribution at Section-lII,
Section-V and Section-VI. However, Speed data collected at Section-I1 and Section-V1 does not

follow any of these three distribution types.

Generally, the observed speed data expected to follow normal distribution. But, it is observed as
except study Section-V other sections have not followed the normal distribution. This is because
of when the traffic mix become heterogeneous, both congestion and free flow situation exit, the
speed distribution deviates from the normal distribution. However at Section-V, most of vehicles

are travelling with less variation in the speed, even with the good mix of traffic.

Table 5.9 presents stated probabilistic distributions fitted to the speed data along with their
estimated parameters. The results obtained from the various tests conducted to confirm the

goodness of fit are also given in this table.

Table 5.9 Estimated parameters of the fitted distributions for speed data at different study
sections
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) . K-S Test Critical K-S
Section Distribution Parameters Value Test Value
I Log-Normal | =0.28418 p=3.8661 | 0.02883 0.03223
Log-Normal | ¢=0.28477 p=3.8853 | 0.02512
i 0.04519
Gamma a=12.773 =3.9654 0.0327
Normal 0=13.316 p=63.266 0.07281
Vv 0.03123
Gamma a=22.572 $=2.8028 0.02633
Normal 6=12.146 n=50.818 0.01897
VI Log-Normal | ¢=0.24165 p=3.8995 | 0.08143 0.1182
Gamma a=17.505 $=2.903 0.07793
VI Log-Normal 6=0.253 u=4.1303 0.03101 0.03736
VI Normal 6=14.616 n=77.989 0.03441 0.03714

The frequency distribution profiles for all the sections are plotted and PDF of Section-1 and

Section-VIII are shown in Figure 5.8 and Figure 5.9.
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Figure 5.8 Distribution fit for speed data collected at Section-I
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Figure 5.9 Distribution fit for speed data collected at Section-VI1I

5.5 Traffic volume

Classified traffic volume count was extracted from the recorded video based on the reference line

marked on highway section. Details of data collection duration, volume and speed limits of study

sections are given in Table 5.10.

Table 5.10 Details of duration and traffic volume of different sections

Traffic Volume(Veh/hr)

Section Duration - .
Maximum Minimum

9.00 AM to 12.00 PM
Section-1 and 1400 600
3.00 PM to 6.00 PM

9.00 AM to 12.00 PM
Section-II and 1512 576
3.00 PM to 6.00 PM

Section-111 7.00 AM to 11.00 AM 551 414

80



9.00 AM to 12.00 PM
Section-1V and 1630 445
3.00 PM to 6.00 PM

Section-V 9.00 AM to 12.00 PM 1679 1200

Section-VI 8.00 AM to 12.00 PM 1656 960
9.00 AM to 12.00 PM

Section-VII and 1776 900
3.00 PM to 6.00 PM

Section-V1II 10.00 AM to 1.00 AM 1496 1044

The traffic composition of study sections was measured from observed volume data and is given
for all highway sections in Figure 5.10. Traffic composition of vehicle type TW is found to be
more than all other vehicle types at Section I, II, 11l and VII whereas traffic composition of

vehicle type CS is observed as higher in rest of the highways sections.

Section-I Section-llI
mCS
mCB ; mCs
nTW 1 uCB
‘ m3W s TW
mLCv m3W
mHV
= MAV mLCV
oB mHV
OB
Section-111 Section-1V
~ uCB «CB
"W «TW
3w =3W
mLCv = LCV
mHV - HV
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Figure 5.10 Vehicle compositions (%) at study sections

5.6 Estimation of following distance

While travelling on road, if driver is following a vehicle, he/she will be maintaining a certain
distance with a lead vehicle which is called as following distance. Following distance is
depending on the behaviour (speed change) of the leading vehicle. Some drivers are maintaining
larger spacing between vehicles even though speed of leading vehicle is low. Optimum velocity
model suggests that a driver tries to achieve an optimal velocity based on speed difference

between both vehicles. The equation 5.7 gives the speed of n vehicle.
vrtl desired = vopt(Axrtl) (57)

where, v°P! is the optimal velocity function which is a function of instantaneous distance
headway Axf. Therefore af, is given by

ah = [2] [ vorcaxt) - vi] (5.8)
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where, %is called as sensitivity coefficient. In short, the driving strategy of n' vehicle is that, it

tries to maintain a safe speed which in turn depends on the relative position, rather than relative

speed.

Above equation implies that velocity is proportional to distance between the vehicles. At higher
speed, spacing between the vehicles will also be higher. In the action point model drivers are able

to perceive relative speed by detecting changes in the apparent size of downstream vehicles.

Action point model is used to calculate safety distance between the vehicles at Section-V.
Relationship shown in Figure 5.11 is indicating as volume on the road is increasing following

distance between vehicles is decreasing exponentially.
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Figure 5.11Variation of following distance with traffic volume

5.7 Lateral distribution of vehicles

Lateral distribution or lateral placement characteristics of vehicles on multilane divided highways
refer to the distribution of traffic across the pavement width or lanes. It is an important
operational measure of lateral traffic behavior which may be influenced by the vehicle
dimensions, speed, traffic volume, traffic composition, roadway features, and origin-destination,
travel patterns, geometric conditions, weather, driver behavior, lane width, lane type, location of

entry points, and other road characteristics. (Shukla and Chandra, 2008).
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5.7.1 Lateral distribution Analysis

Placement data for lateral distribution characteristics of vehicles was collected at Section-I1I.
Video-graphic method was used to collect the data. The placement data from the recorded videos
were extracted by playing the videos on a large screen monitors in Transportation Engineering
Lab. The placements of vehicles were recorded by noting down the strip number over which
vehicle placed its left wheel while traversing the highway section. The vehicles category was also
recorded along with the strip number. The lateral position of the left wheel of Cars and Two
wheelers from the median edge along the width of the pavement is shown in Figure 5.12. From
Figure 5.12, it is observed that higher percentage of cars is travelling in median lane where as

higher percentage of two wheelers is travelling in shoulder lane.
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Figure 5.12 Lateral placement of Cars and two wheelers at section 11

Literature review indicates that the frequency distribution of lane-wise lateral placement data of
vehicles generally follows a normal distribution. Therefore, a normal distribution was tried to fit
the observed data. The frequency distribution of vehicles observed for total traffic at Section 1l is
shown in Figure 5.13. The calculated Chi-square value at Section Il was obtained as 136.30
against the tabulated value as 21.02 at 12 degrees of freedom, at 5% level of significance. The

observed distribution shows many fluctuations in the data throughout the pavement width, along
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with fluctuations existing within each lane. Thus, a normal distribution is failed to explain the

observed lateral distribution of vehicles across the carriageway width.

—e— Observed === Normal distribution

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5
Distance from median (m)

Figure 5.13 Lateral placement of mixed traffic at section Il fitted to normal distribution
5.8 Overtaking behavior

Overtaking and lane-changing maneuvers are undesirable traffic movements with potential for
causing road accidents, due to increase in number of conflicting points. These operations may
produce hazardous situations which consequently reduces traffic safety. The present section
describes the overtaking behavior of vehicles on multilane divided highways on a selected

highway section.

5.8.1 Analysis of overtaking data

The data to analyze overtaking vehicles was collected by floating car (test vehicle) method on
highway section and determined the relevant parameters such as acceleration rates, overtaking
speed, overtaking distance and time of overtaking vehicles. The methodology of data collection
has been discussed in the Chapter 4 in detailed manner. Table 5.11 gives a sample set of
overtaking data.
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Table 5.11 Set of overtaking data for truck

Speed of test Type of Eventl | Event2 | Event3 | Event4 | Event5
S. No. vehicle, overtaking
kmph vehicle (to) (t) (t2) (ta) (ta)
1. 40 Truck 0 5.27 6.95 10.00 -

Distance travelled between events 2 and 3:

By test vehicle = ug*(t2-t1)

By overtaking vehicle = ug*(t2-t1) + Lt

Distance travelled between events 2 and 4:

By test vehicle = ug*(ts-t1)

By overtaking vehicle = ug*(ts-t1) + Lt + Lo

Where, u= speed of test vehicle, m/s

Uo = speed of overtaking vehicle, m/s

t1 = time elapsed between events 1 and 2, s

t2 = time elapsed between events 1 and 3, s

t3 = time elapsed between events 1 and 4, s

L: = Length of test vehicle, m

Lo= Length of overtaking vehicle, m

The distance travelled by a vehicle with initial speed ‘u” and acceleration ‘a’ in time ‘t’ is given

as,
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S =ut+%at2 (5.9)

A comparison of equations for distance travelled by overtaking vehicle between events 2 and 3
with the distance calculated from equation (5.10) gives,

1
S,.=u(t, -t)+L =u,(t,-t) +Ea(t2 -1,)? (5.10)
Similarly, a comparison of equations for distance travelled by overtaking vehicle between events
2 and 4 with equation 5.6 gives,

1
S,.=u/(t,-t)+L +L, =u,(t, -t) +§a(t3 -1,)? (5.11)

Equations (5.10) and (5.11) were solved for the values of u, and a for each data set collected in
field. For the sample data set given in Table 5.3, t1 = 5.27 s, t2 = 6.95 s, t3 = 10.00 s, Lt = 4.15 m,
Lo =10 m and u= 40 kmph = 11.11 m/s. Substituting these values in equations 5.10 and 5.11 and
solving for u,and a provides, a = 0.342 m/s* = 1.23 km/h/s and u, = 13.29 m/s = 47.8 kmph.

Similarly, acceleration rates were determined for each data set for different types of overtaking
vehicles. The average, minimum and maximum rates of acceleration for different types of
vehicles are given in Table 5.12. The overtaking study was done separately and only default

acceleration are used for simulation.

Table 5.12 Acceleration rates on highway section with paved shoulders

Type of overtaking Minimum Maximum Average Standard deviation
vehicle (km/h/s) (km/h/s) (km/h/s) (km/h/s)
CS 0.03 2.80 1.12 0.97
CB 0.04 3.75 1.22 1.18
TW 0.18 1.71 1.05 0.55

The acceleration rates of overtaking vehicles were analysed with varying overtaking speeds.

Figure 5.14 depicts the influence of overtaking speed on acceleration rate for different vehicle
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types. A negative correlation is observed to exist between the two parameters. Higher overtaking

speeds are generally associated with lower rates of acceleration and therefore this trend is

justified.
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Figure 5.14 Effect of overtaking speed on acceleration rate
5.8.2 Estimation of overtaking distance and time

In the case of flying overtaking, the overtaking vehicle does not follow the test vehicle and
deflects to the adjacent lane much earlier and accomplishes the overtaking maneuver. After
completing the overtaking, it may return to its original lane at a farther distance or it may
continue to move in the adjacent lane. For example, a vehicle A overtakes vehicle B then
considering the case when overtaking vehicle A returns to its original lane, the total time for

overtaking vehicle A to complete the maneuver may be calculated as

The total distance travelled by vehicle A during overtaking maneuver,
S=S,+L;+S;+L, (5.12)

S =(0.278*V, *t) + L, +(0.278*V, *t) + L, (5.13)
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Where, t =2 seconds, minimum time between vehicles A and B before and after overtaking

Sa and Sg = Distance (in meters) travelled by overtaking vehicle A and overtaken vehicle B

respectively, in time t seconds
La and Lg = Length of overtaking vehicle A and overtaken vehicle B respectively, in m
Va and Vg = Speed of overtaking vehicle A and overtaken vehicle B respectively, kmph

Equation 5.13 is used to calculate the total distance travelled by the each category of overtaking
vehicle for various categories of overtaken vehicles during flying overtaking operations. This
calculated distance is then used to determine the total overtaking time T, by using the

relationship,

Overtaking distance, S (m)
0.278*(V, —V;)

Time taken, T (s) = , where, Vaand Vg in kmph  (5.14)

Figure 5.15 show the plot between the difference in speeds of overtaking and overtaken vehicle
and total overtaking time required for overtaking. A negative correlation observed between
difference in speeds of overtaking and overtaken vehicle and total overtaking time required for

overtaking.
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Figure 5.15 Plot of overtaking time versus speed difference
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5.9 Estimation of PCUs

In developing countries, several methods were developed for determining PCUs like
homogenization coefficient method, method based on relative delay, walker's method, headway
method, simultaneous equations, multiple linear regression method, simulation method (Chandra
et al., 1997). Most of these methods are commonly used under homogeneous traffic conditions
but failed in to justify the converted volumes under heterogeneous traffic conditions. Methods
developed for PCU estimation under mixed traffic conditions are also not unerring in all the
aspects of degrees or levels of heterogeneity as the estimated PCUs are also tend to vary with the
change in the traffic and roadway factors. Since, PCU is expected to be different for different
vehicle types therefore, it is considered to be a very complex parameter for the measurement of
traffic flow. Due to arising complexities in volume measurement, selection of appropriate
parameters and methods for determining PCUs needs a better and comparative study. In this
section, models developed for estimation of PCUs of different vehicle types by using field data

under mixed traffic conditions.
5.9.1 PCU estimated by available methods

The field data collected at Section-1 and Section-VII used for estimation of PCUs of different
vehicle types by Homogenisation Coefficient Method, Headway Method, Simultaneous Equation
Method, Multiple Linear Regression Method and Dynamic PCU Method. Details of these methods were
explained in APPENDIX-A. PCU values of different vehicle types on Section-1 and Section-VII

estimated by various methods are shown in Table 5.13 and Table 5.14.

Table 5.13 PCU values of different vehicle types on Section-I

Passenger Car Unit(PCU)
CB | 3W | HCV | MAV | LCV | TW B

Homogenisation Coefficient Method | 1.24 |1.39 | 292 | 574 | 163 | 0.77 | 431

Headway Method 1 1 |11.05| 11.05 1 1 11.05
Simultaneous Equation Method 402 |6.03]|-503| 202 | 6.27 | -0.04 | -8.11

Multiple Linear Regression Method | -10.19 | 13.7 | 34.67 | -12.95 | 30.72 | 21.91 | 34.72

Methods

Dynamic PCU Method 126 |1.05| 39 | 821 | 151 | 0.34 | 5.00
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Table 5.14 PCU values of different vehicle types on Section-VII

PCU of subject vehicle type
CB 3W HCV | MAV | LCV | TW B
Homogenisation Coefficient Method | 1.36 | 1.50 | 3.01 5.3 1.67 | 0.79| 3.74

Methods

Headway Method 1 1 572 | 5.72 1 1 | 572
Simultaneous Equation Method 29.91 | -851 |-81.19 |-17.89 | -69.07 | 9.17 | 35.98
Multiple Linear Regression Method | 2.69 |-12.77 | -1.67 | -0.88 | -5.49 | 1.94 | -0.06
Dynamic PCU Method 138 | 1.12 | 408 | 758 | 154 |0.35]| 5.29

It can be observed that the values obtained for both the sections by simultaneous equation method
and multiple linear regression are negative which seems meaningless as per the PCU definition is
concerned. Headway method results are also found unrealistic beacuse it devides the vehicle type
into two categories which is underestimating the different vehicle classes. The results obtained
from homogenisation coefficient method and dynamic PCU method are found realistic and

suitable for converting heterogeneous traffic flow into homogeneous traffic flow.

In homogenization coefficient method, PCU values are estimated by using speed and length of
vehicle types. However, Indian traffic follows lane disordered system and using only length of
vehicle type alone with speed may not be sufficient for PCU estimation. In dynamic PCU
method, rectangular projected area is used instead of using length of vehicle types. Hence, the
dynamic method of estimating PCUs is considered to be more effective under such traffic

conditions.

5.9.1.1 Comparison of Dynamic PCUs on unpaved and paved shoulder section

PCU values were estimated for subject vehicle type using dynamic PCU method on two sections
of four-lane divided highways, one with paved shoulder (Section-1) and another with unpaved
shoulder (Section-1V). The average PCU values estimated for each vehicle type on two different
sections were compared by performing z-test (with equal variance) at 5% level of significance
level to check whether the type of shoulder affect the PCU values of subject vehicle types on

four-lane highway sections (Table 5.15).
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Table 5.15 PCU value comparison for paved and unpaved shoulder section

Vehicle type | PCU (Unpaved) | PCU (Paved) z Remark
CB 1.35 1.38 2.85 Significant
TW 0.26 0.34 -8.59 Significant
3W 1.02 1.05 -1.22 Insignificant
LCV 1.49 1.51 -0.34 Insignificant
HV 3.69 3.96 -1.84 Insignificant
MAV 7.9 8.21 -0.37 Insignificant

* z critical =1.96

The test results confirmed that there is significant difference was observed between the PCU
values of vehicle types CB and TW due to change in shoulder type. However, no difference in
PCU was found in case of vehicle types LCV, HCV, MAV and 3W. It may be due the vehicle
type CB and TW experience more freedom to increase their speeds in presence of bituminous
paved shoulders.

5.9.2 Modified dynamic PCU method

By considering factors influencing PCU and available methodologies, modification to the
dynamic PCU method has been proposed. Unlike dynamic PCU method, this method includes
time headway factor for PCU estimation. The methodology for estimation of PCU using modified

method is explained below.

5.9.2.1 Development of Method

The factors considered in present study are average speed, average time headway and rectangular
projected area of vehicle types as observed in field. Details of factor considered in development
of modified PCU method are given as under.
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e Speed factor (Fv)

Time spent by a vehicle in the traffic stream may be decreased with increase in average speed of
vehicle. When other factors remain constant, PCU of subject vehicle type will be inversely
proportional to average speed of same vehicle type. Speed factor is expressed as the ratio of

average speed of standard car to the average speed of subject vehicle type.

i (5.15)

Where

Fv = Speed factor of subject vehicle type; V. = Average speed of standard car (kmph);
Vi = Average speed of subject vehicle type (kmph)

e Headway factor (Ft)

Longitudinal space available for vehicle in the traffic stream increases with the increase in the
mean time headway maintained by the vehicle (Anand et al., 1999). Longitudinal space available
for vehicle may also affect its maneuverability in the stream. Hence, time headway may also
affect the PCU of a subject vehicle type. Therefore, Headway factor is calculated based on the
average time headway of different vehicle type as ratio of average lower time headway of subject
vehicle type (Ti) to the average lower time headway of standard car (Tc). The relation to find

headway factor is given in equation 5.16.

Ti

Where Ft = Headway factor of subject vehicle type; Tc = Average lower time headway of

standard car (sec); Ti = Average lower time headway of subject vehicle type (sec).
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e Area factor (Fa)

PCU of a vehicle type depends on vehicular dimensions. PCU is inversely proportional to area of
vehicle. Area factor is the ratio of rectangular projected area of standard car (Ac) to the area of

subject vehicle type (Ai).

(5.17)

Where Fa = Area factor of subject vehicle type; Ac = Rectangular projected area of standard car

(m?); Ai = Rectangular projected area of subject vehicle type (m?).

e PCU of subject vehicle type

The new equation for calculating PCU; is proposed in present study which includes speed factor,

headway factor and area factor.

PCU, =F, *F *F, (5.18)

Where PCU; = PCU value of subject vehicle type; Fv = Speed factor of subject vehicle type; Ft =

Headway factor of subject vehicle type; Fa = Area factor of subject vehicle type.

5.9.2.2 Estimation of PCU

The PCU value of a subject vehicle type is estimated as the product of speed factor, headway
factor and area factor. The average speed data and average time headway data of vehicles are
used to estimate PCUs. The data used for PCU estimation has been provided in the previous
sections. Correlation analysis was performed between speed and headway data. The correlation
coefficient values obtained between speed and headway data obtained from the Section-I,
Section-V and Section-VII are -0.12, -0.09 and -0.15 respectively. Statistically weak correlation
was found between the speed and headway data hence there is no dependency found between

speed and headway of vehicles. PCU values of different types of vehicles are estimated by
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proposed method using data obtained at Section-1, Section-V and Section-VII are given in Table
5.16 to Table 5.18.

Table 5.16 PCU values of different vehicle types by modified method on Section |

Vehicle Type | Speed factor | Headway factor | Area factor PCU
CB 0.963 1.021 1.299 1.28
LCV 1.355 1.034 1.100 1.54

HV 1.532 1.049 2.525 4.06
MAV 1.650 1.175 4.566 8.85
TW 1.430 1.131 0.239 0.39

3W 1.581 1.118 0.667 1.18

B 1.427 1.156 4.184 6.90

Table 5.17 PCU values of different vehicle types by modified method on Section V

Vehicle Type | Speed factor | Headway factor Area factor PCU
CB 0.958 0.947 1.299 1.18
LCV 1.174 1.000 1.100 1.29

HV 1.244 1.185 2.525 3.72
MAV 1.130 1.443 4.566 7.95
TW 1.192 1.130 0.239 0.32

3W 1.458 0.896 0.667 0.87

B 1.048 1.446 4.184 6.34

Table 5.18 PCU values of different vehicle types by modified method on Section VII

Vehicle Type | Speed factor Headway factor Area factor | PCU
CB 1.107 1.012 1.299 1.45
LCV 1.383 1.035 1.100 1.57

HV 1.601 1.027 2.525 4.15
MAV 1.633 1.029 4.566 7.67
TW 1.471 0.997 0.239 0.35

3w 1.682 1.025 0.667 1.15

B 1.257 1.012 4.184 5.32
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It can be observed that the PCUs of different vehicle types at Section-I are higher than Section-V
i.e. PCUs of different vehicle types observed on paved shoulder section are higher than unpaved
shoulder section. It is due average headway of vehicle types higher at Section-I than Section-V.
PCUs of different vehicle types at Section-VII (Six-lane) are higher than Section-I (Four-lane)
except vehicle types B and MAV. It is due to average speeds of B and MAV vehicle types are

very low values at Section-I.

5.9.2.3 Comparison of estimate PCUs

The PCU values estimated using proposed method are compared with the values determined by
using dynamic PCU method for all subject vehicle types. The estimated PCU values estimated

from both the methods are shown in Figure 5.16 and Figure 5.17.
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Figure 5.16 PCU estimated using modified method and dynamic method on Section-I
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Figure 5.17 PCU estimated using modified method and dynamic method on Section-VII

The comparative analysis confirmed that the PCU values estimated from modified approach are
relatively higher than the Dynamic PCU values. However, the difference is more in case of

heavy vehicle type such as HV, MAV and B.

5.9.3 PCUs by multiple non-linear regression (MNLR method)

The methodology for estimation of PCU is based on the non-linear regression method in which a
speed model will be developed to estimate PCU values. The method includes the variables like
proportion of each vehicle type, average speed of vehicle types and area ratios of standard vehicle
to all other subject vehicle types. There are two components in the model; one is additive
component and another one is multiplicative component. The product of the area ratio of vehicle
type Small car (CS) to subject vehicle type, proportion share of subject vehicle type, and average
speed of subject vehicle type are used as multiplicative component, whereas a proportional share
of CS is used as an additive component in the proposed method. The proposed model was
developed to predict the speed of standard vehicle type such as CS, whose coefficients are
estimated as PCUs of all subject vehicle types. Equation (5.19) is provided as general form for

predicting the average speed of standard car.
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k
Veg = Zaj (%"‘nj *V,;) +a; *Ngg
i=1 i (5.19)

Where Vcs is the average speed of small car (km/h), aj and a; are the regression coefficients, Kk is
total number of vehicle types in the traffic stream, Vj is average speed of vehicle type j (km/h), n;
is the proportion of vehicle type j, ncs is proportion of small cars, Aj is the rectangular projected
area of subject vehicle type j, and Acs is the rectangular projected area of a CS (m?).

The intercept term in the equation was not kept because the speed of the small car type must be
fully explained by the chosen variables. The PCU value of vehicle type j is the regression

coefficient (a;) of corresponding subject vehicle type.

Similarly, the equations (5.20) and (5.21) are also proposed in case of two-wheeler (TW) and
heavy commercial (HV) vehicle types, in order to obtain their average speeds and to estimate

equivalency units in their respective term.

K
Vaw :2 ,bj(%*nj*vj)"‘bi*nm
=1 | (520)

Where Vrw is the average speed of two-wheelers (km/h), bj and b; are the regression coefficients,
k is total number of vehicle types in the traffic stream, V; is average speed of vehicle type j in
km/h, n; is the proportion of vehicle type j, ntw is the proportion of two-wheelers, Ajis the
rectangular projected area of subject vehicle type j, and Atw is the rectangular projected area of
the two-wheelers.

K
Viev :ZCJ‘(AHA—_CV*nj *V;) +C * Ny
= j (5.21)

Where Vny is the average speed of HV (km/h), c; and ci are the regression coefficients, k is the
total number of vehicle types in the traffic stream, Vj is the average speed of vehicle type j
(Km/h), nj is the proportion of vehicle category j, nucv is proportion of HV, A; is the rectangular

projected area of subject vehicle type j, and Awxcv is the rectangular projected area of HV.
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5.9.3.1 Estimation of equivalency units

Field data collected at Section-1 was used for the development of speed models and Section-I1
data was used for the validation of the developed model. The traffic composition and average
speed of all vehicle types on these sections are given in pervious sections. Proportional share of
MAYV vehicle type on these sections are very less. Therefore, MAV vehicle type is merged with

HV vehicle type.

The MNLR equation (5.22) predicts the speed of a standard vehicle type within a heterogeneous
traffic stream. Initially, the speed of vehicle types and their proportional shares are aggregated in
5 minute intervals, establishing a relationship to estimate average speed of the CS. The PCU
values of subject vehicle types are identified as regression coefficients of the proposed regression
model, as given in Table 5.19. The coefficient a; was estimated as the average speed of CS,
which is also affected by its own proportional share. The value of coefficient a1 was 63 km/h.
The value of R? for the model is 0.77. The high R? value indicates the strength of the model in
predicting the speed of CS.

Acs

Ve =8, *Ng +az*{*nCB *VCB}aS*{
B

ACS *nLC\/ *VLCV :|+a4*|:::cs *
LCV

+ s *{Acs*nm *VTW}a6 *{Acs*nm *V3W}+a7 *{Acs*nB *VB}
A Agw Ag

*
n Hv VH\/ :|
HV

(5.22)

Where, a,=PCU of CB, az=PCU of LCV, a;=PCU of HV, as=PCU of TW, as=PCU of 3W,
as=PCU of B.

Table 5.19 Regression coefficient as PCU value of subject vehicle types

Vehicle Type | Coefficients | PCU Values | Standard Error
CB a 1.56 0.15
LCV as 2.69 0.42
HCV as 3.83 0.65
TW as 0.28 0.02
3w as 0.85 0.12
B a7 6.80 1.12
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Similarly, Speed equations (5.23) and (5.24) for vehicle types TW and HV assuming as standard
vehicles types were established by using the same set of field data. High R? values indicate the

strength of the models in predicting the speed.

V,, =50%n,, +2.82 {ACW Nes *Ves |+3.82 KW Neg *Veg |+3.43 AW Niev *Viey

S B LCV

(5.23)

HV B

+ 7.72*{2””%V *vHV} 2.39*{’?&*% Vo } +10-54*hw*n3 *VB} R2=0.78

A A A
Vi, =46%n,,, +0.17 ’{A:V *Neg *Ves } +0.22 *{A:V *Neg *VCB} +0.38 *[HV *Nyey *VLCV}

S B LCV

(5.24)

+0.02*{2':V N, *VTW}O-ZS*{/::NV*M *vw}+1.44*{/2'”*n3 *VB} R?=0.76

w B

5.9.3.2 Validation of MNLR speed models

Validation of the MNLR speed models was performed using another set of field data obtained
from Section-11. The average speed of vehicle types observed on the field section was used
validate the values obtained from the models. First, estimated average speeds of CS were
compared with the field observed values at varying compositions and volume levels. The two
average speeds were plotted against the 45° line chart, as shown in Figure 5.18. The test of
significance was performed for comparison and the p-value was obtained which confirms that

there is no difference between observed and estimated speeds.

Similarly, Equation 5.20 and Equation 5.21 were also validated using the same set of field data.
The two average speeds of TW and HV, when considered as standard vehicle types were plotted
against the 45° line chart as shown in Figure 5.19 and Figure 5.20, respectively. The test of
significance was also performed which also confirms that there is no significant difference

between observed and estimated speeds at 5 % level of significance.

From the Figure 5.18 to 5.20, it is observed that P-value shown for Vehicle type TW is less than
CS and HV. This is because of Altman and Bland validation method was used to calculate p-

value based on mean differences of points. In validation plots of CS and HV, the points are
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equally distributed with respect to mean, whereas in the validation plot of TW the points are

skewed. Therefore, the P-value for vehicle type TW is found to be very less relatively.
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Figure 5.18 Validation of average speed of vehicle type CS
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Figure 5.19 Validation of average speed of vehicle type TW
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Figure 5.20 Validation of average speed of vehicle type HV

5.9.3.3 Comparison of estimated PCUs with dynamic PCUs

The PCU values estimated by the MNLR method were compared with the values obtained by the
dynamic PCU method. The data collected at Section-l was used to obtain PCU values by the
dynamic PCU method as well as by MNLR method. The comparison of mean PCU values from
two different method is shown in Figure 5.21. The estimated PCUs from two different methods
were also used to convert the traffic volume obtained at the field section at 5 min interval and
results are shown in Figure 5.22. It may be seen that the traffic volume converted using MNLR
method is relatively higher than the dynamic PCU values during the interval when the proportion
of vehicle types LCV, HCV and B are higher in traffic composition. The total volume obtained
by the MNLR method is almost on par with the total volume estimated using PCU suggested by
IRC 64-1990.
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Figure 5.21 PCU estimated using MNLR method and dynamic method for subject vehicle types
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Figure 5.22 Comparison of converted traffic volume using two methods

5.9.3.4 Estimation of PCUs on six-lane divided highway

The multiple non-linear regression approach can be used for estimating the equivalency units on

six-lane and eight-lane divided highways as well. The MNLR method to find PCU of vehicle
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types was also applied with the field data collected on six-lane divided highway section. The
equivalency units of different vehicle types at Section-VII are shown in Table 5.20. The obtained

equivalency units are realistic and logical values.

Table 5.20 Equivalency units of different vehicles at Section-V1I

Vehicle Type | PCU | TwU | HVU
CS 1.000 | 2.624 | 0.205

CB 1.660 | 3.246 | 0.504
TW 0.342 | 1.000 | 0.086
LCV 2.239 | 3.245 | 0.908

3w 1.221 | 2.126 | 0.227

HV 3.828 | 7.413 | 1.000
BUS 6.181 | 10.246 | 2.088
MAV 7.862 | 15.346 | 2.362

* TwU-Two wheeler unit, HVU- Heavy vehicle unit
5.10 Speed-flow relationship

One of the important aspects in traffic flow research is establishment of speed-flow relationships.
On highways, traffic flow is varied with the time of the day and vehicles can move with free
speeds without hindrance when traffic volume is less. As flow increases, vehicles cannot sustain
their free speeds due to interaction from other vehicles in the traffic stream. This phenomenon
leads to reduction in average speed of the vehicles and it further leads to congestion when traffic

demand exceeds capacity (Velmurugan et al., 2010).

The phenomenon is well understood by developing speed volume relationship. Field data
collected at Sections Il and IX was used to developed speed-volume relationship to understand
the traffic flow behavior. A total of 6 hours of video recording covering peak and lean traffic
flows was done under fine and dry weather conditions. Traffic volume and speed data extracted
at 5 min interval were used to establish relationship. The classified traffic volume was converted
into PCU/hr by dynamic PCU method and hourly volume was obtained. The stream speed was
also obtained as weighted mean speed by considering the space mean speed of vehicle types

observed during the same set of interval. Finally, relationship was establish between traffic
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volume and mean stream speed and is shown in Figure 5.23 and 5.24 for Sections Il and Section

IX respectively. .
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Figure 5.24 Speed - flow curve on section-1X
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5.11 Summary

Traffic flow characteristics have been discussed for different sections and values of performance
measures have been evaluated in this chapter which will be required as an input for development

PCU models and simulation analysis.

The PCUs of each vehicle type as estimated in the study by applying different methods available
in the literature showed variation among them. The results obtained by dynamic PCU method are
found to be logical and more realistic. Comparison of PCU of different vehicle types on highway
sections with paved and earthen shoulders reveals that PCUs are changing with the type of
shoulders as higher value obtained on paved shoulder than earthen shoulder. Modification to
Dynamic PCU method was attempted by adding the time headway factor which found that the
PCU based on modified method may also be used under low to medium traffic volumes.
However, modified approach used for PCU estimation in present study suggests relatively higher

values than those obtained from dynamic PCU method mainly for large size vehicle types.

The new approach i.e. multiple non-linear regression method was developed in the study to
estimate more accurate values of equivalency units of standard vehicle types especially under
highly heterogeneous traffic conditions. It is confirmed from the results, MNLR method is more
realistic to estimate PCU values in compared to any other method available in the literature. The
accuracy of the proposed method was also checked by validating it on other highways sections.
The validation of speed model used for finding PCU has confirmed that the there was no
significant difference between the estimated and observed speeds when compared at 5% level of
significance. Hence, developed models may be used for estimating the equivalency units of

subject vehicles at a given volume and vehicle composition.

106



Chapter 6
SIMULATION OF TRAFFIC FLOW BEHAVIOUR

6.1 General

Microscopic traffic simulation models are very useful tools for performing various kinds of
operational and behavioral analysis. Now-a-days, application of traffic simulation models in the
area of transportation engineering and research is very popular and being utilized for modeling
the complex traffic flow operations worldwide. VISSIM is multi-purpose traffic simulation
model which can be used at both microscopic and macroscopic levels. VISSIM is based on car-
following behavioral model which contains number of driving behavior parameters. Any change
in parameter values may cause a substantial change in simulated output. The present study
employs VISSIM software to generate mixed traffic flow data for analysis of complex traffic
flow behavior. The chapter describes the important driving behavior model parameters as
incorporated in VISSIM and the procedure to perform calibration and validation based on the
data obtained from field. Further, simulation of mixed traffic flow was performed under different

scenarios for analysis of traffic flow behavior which could not be observed from field data.
6.2 Driver behaviour in VISSIM

Microscopic traffic flow simulation model VISSIM contains two modified models developed by
Wiedemann on the basis of different car-following algorithms. In car-following behavior,
longitudinal movement of vehicles is influenced by the vehicles within a lane or in adjacent lanes
which can be examined or modeled mathematically. The VISSIM incorporates the psycho-
physical behavior based model for drivers, developed by the continuous work conducted by
Wiedemann (1974-1992). This is also known as Action Point (AP) model and is based on the
assumption that a driver of a vehicle performs an action when a threshold is reached to its
boundary, expressed as the function of speed differences and distances between the vehicles. The
basic premise behind this model is that the driver of a fast moving vehicle will start to decelerate,
as or when he/she observes the individual perception threshold with respect to leading moving

vehicle. The fundamental concept of the model is formed on assumptions that the driver of a
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vehicle in VISSIM can be under one of the four driving modes; (1) Free driving, (2)
Approaching, (3) Following and, (4) Breaking. These four driving behavior mode represent a
psycho-physical car-following model that incorporates changes in conditions of driver from free-
flow to congested flow conditions.

6.3 Behaviour models and default parameters

Traffic simulation models contain numerous variables to define and replicate traffic control
operations, traffic flow characteristics, and driver behaviour. VISSIM simulation model contains
default values for each parameter, but also allows a range of user-applied values for each
variable. Any change to these parameters should be justified through proper calibration and
validation based on observed data. In other words, a change in the variables should be justified
and defensible (Ahmed, 2005).

6.3.1 Car-following models

VISSIM incorporates the two different sets of psycho-physical behavior based car-following
models. The models follow separate rules and algorithms to execute the behavior of drivers
generated in the network. The car following driver behavior models provided in VISSIM consists
of multiple numbers of parameters related to the speed and acceleration control of a vehicle. The
car-following models used in VISSIM with their default values of parameters are briefly

described below.
e Wiedemann 74 Model

The initial algorithm was developed by Wiedemann (1974) to present a typical car-following
behavior of vehicles on urban roads. This model consists of three desirable parameters used to
calculate safe distance between the vehicles; Average standstill distance (ax); Additive part of
safety distance (bx_add) and Multiplicative part of safety distance (bx_mult). The model
computes the safety distance (d) between the two vehicles using the equation (6.1).

d=ax+ bx (6.1)
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The equation provides safety distance (m) between vehicles as the sum of average standstill
distance ax (m) and the distance d (m) maintained by the driver while following any vehicle at

speed v (m/s). The bx (m) is calculated by using the equation (6.2).
bx = (bx_add + bx_multi x z)x v (6.2)

Where, z is a value of range [0, 1] which is normally distributed around 0.5 with standard
deviation of 0.15. The parameters bx_add and bx_multi are the parts of desired safety distance
that are observed to affect the simulation outputs. These parameters values are unit less, and the

model has default values of these parameters as 2.0 and 3.0 respectively.

e Wiedemann 99 Model

The Wiedemann 99 model is the more complex representation of car-following behavior of
drivers as it contains ten different parameters related to action or reaction of driver according to
perceived traffic situations. This model is a modified version of Wiedemann 74 model, and was
developed to represent behavior of drivers on freeways, interurban highways and expressways.
CCO0 and CC1 are two parameters used in calculation of safety distance dx (m) maintained by

drivers at speed V (m/s). It can be expressed by equation (6.3).

dx =CCO +CC1xV (6.3)

Where, CCO is standstill distance (m); CC1 is time headway (s). The distance dx represents the
headway a driver wishes to maintain at the significant volume level. It is the reciprocal of
roadway capacity and it reduces with the increase in desired safety distance of vehicles.
Moreover, parameters that govern safety distance are found to have influence on traffic flow
behavior and affect the individual characteristics of drivers as well. Wiedemann 99 model contain
ten different car-following behavior parameters termed as CC-parameters (CCO to CC9). Each
parameter is related to the behavior of a driver and its interaction among the vehicle population.
The parameters defined in car-following model are able to describe four modes of driving
behavior. The CC parameters given in car-following model are very intrinsic to static and
dynamic characteristics of vehicles plying on a roadway. The parameters used to present car-

following behavior of drivers are provided with their default values as shown in Table 6.1.
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Table 6.1 Wiedemann 99 model parameters listed with default values in VISSIM

S. no. Notation Name of parameter Default value
1. CCo Standstill distance 15m
2. CC1 Time headway 0.9s
3. CC2 Following variation 4m
n cC3 Thresf\lel(ljol‘\girn(egqterlng g

CC4 Negative following threshold -0.35*
6. CCh Positive following threshold 0.35*
7 CCh Speed de_pengjency of 11.44*
oscillation
8. CC7 Oscillation acceleration 0.25 m/s?
9. CC8 Standstill acceleration 3.5 m/s?
10. CC9 Acceleration at 80 km/h 1.5 m/s?

*Values are unit less

6.3.2 Lane change model

The lane change behavior of vehicles has different operational aspects from car-following
behavior. The lane change behavior in VISSIM can be defined for two conditions, necessary lane
change condition and free-lane selection. If the driver of a vehicle needs to approach any link or
connector within a network in order to follow pre-decided routing, then necessary lane change is
required. The desired safety distance depends on vehicle speed moving ahead and the speed of
vehicle that wants to change the lane. The analyst can select any one lane change behavior
depending upon the objectives of analysis. The following parameters control lane-changing

behavior of a vehicle.

Maximum deceleration and adopted deceleration of own and trailing vehicle

Waiting time before diffusion

Minimum headway (front/rear)

safety distance reduction factor

Maximum deceleration for cooperative braking
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6.3.3 Lateral behaviour model

VISSIM model incorporates parameters for controlling the lateral distance between the vehicles.

If enough lateral distance is available then a faster vehicle can overtake other vehicles. In

VISSIM, single vehicle can occupy the entire lane width along a highway length by default.

Therefore, lateral behavior of vehicles can be modified in VISSIM by checking the parameter

settings for different vehicle types. The model contains the following parameters as given below.

Lateral position at free-flow speed

Minimum lateral distance of vehicle (at the speed of 0 km/h and 50 km/h)

Observe vehicles on next or adjacent lane for taking desired lateral position

Overtaking on same lane and type of vehicle to be overtaken either from right side or

from left

6.4 Other simulation parameters

There are other important parameters in VISSIM to run simulation process more accurately and

efficiently. The following simulation parameters are discussed below.

(a)

(b)

(©)

Traffic regulations- Traffic regulation must be specific before running simulation;
VISSIM has both right hand side and left hand side traffic rule.

Period of simulation- This is the time for which simulation need to run for specific
purpose. It may me one hour or more based on the traffic measurement and the geometry of
the location.

Simulation resolution- It controls how many number of times the position of vehicle will
be updated. It ranges from 1 to 10 (time steps /simulation seconds). The simulation speed is
inversely proportional to the number of time steps and therefore, use of an appropriate

value for simulation resolution is very important.
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(d) Simulation speed- The number of simulation seconds are required to complete a real time
second. However, change in the simulation speed will not affect the overall result of the
simulation.

(e) Simulation random seed number- VISSIM is stochastic simulation model; it generates
vehicles based on random seed numbers. These numbers are assigned to follow a certain
vehicle arrival distribution. Therefore, multiple simulations runs using different seed

numbers may be required to increase the accuracy of the simulation results.
6.5 Network coding and verification

6.5.1 Link properties and link behaviour type

The basic element of a VISSIM network is called as ‘Link’. A link represents a single or
multiple-lane roadway segment that has one specified direction of flow. Therefore, a two-way
road section can be constructed using two links with opposite direction of flow. Assigning the
link attributes is an important task for specifying roadway and geometric conditions to VISSIM.
The properties about the link such as, name, number of lanes, lane width, link length etc., can be
given to the created link. The link behavior type is required to depict the nature of a link on
which the traffic is to be generated. Moreover, for the particular type of link behavior, specific
driver behavior models and parameters can be chosen. VISSIM also provides some default link
behavior types for simulating different traffic flow situations such as urban (motorized), freeway,
pedestrian area and bicycle track. In the present study, custom link behavior type has been
created and named as Indian condition which comprises the driving behavior signifying the
Indian mixed traffic condition. The link behavior type for Indian condition is shown in Figure
6.1.
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5  Cycle-Track (free overtaking)
6 Indian condition
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Figure 6.1 Link behavior assigned to VISSIM

6.5.2 Data input to VISSIM

To prepare the base model network, field data collected at the Section-V is given as input to

VISSIM. Following are the inputs required to run simulation.

(@) Vehicle data

Vehicle type and vehicle class data as observed from the field is given as an input for the

simulation run. Vehicle types includes group of vehicles with similar static and dynamic
characteristics. Vehicle class represents a logical container for one or more previously defined
vehicle types. As per field data, six vehicle types were identified and provided as input for

simulation run. The procedure to assign vehicle type in VISSIM is shown in the Figure 6.2.
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Figure 6.2 Vehicle type data input in VISSIM

(b) Desired Speed distribution

Speed distribution profile is a very important input to be given to run simulation model.. Speed
profile is created in VISSIM using percentile speed, such as 15", 50" and 85™ percentile values
as estimated from the field data. Speed distribution profile for each vehicle type is given
individually. The procedure for desired speed distribution profile created in VISSIM for vehicle

type CS is shown in Figure 6.3.
Desired Speed DistributioL‘ » LJ&

No.: ‘,1 Name: | CS(Standard Cars)

597 km/h 797 km/h

85th Percentile Spele»

15th Percentile Speed

| - 000

o) o)

Figure 6.3 Desired speed distribution profile of vehicle type CS in VISSIM
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(c) Traffic volume and vehicle composition

Traffic volume is required as essential input to VISSIM model as it simulates the network based
on vehicle input provided to assigned link in terms of number of vehicle per hour. The generation
of vehicles on specified link is random and follows Poisson distribution. The time period (in sec.)
is also need to be specified for an assigned volume. The volumes assigned to a particular link
must contain vehicle composition along with their desired speed distribution which is assigned as
relative flow. The relative flow in fraction defines the proportional share of a vehicle type in the
traffic stream. Vehicle composition assigned to VISSIM for a given volume is shown in Figure
6.4.

= Bl
Vehicle Composition = l: (=] l&l

No.: 2 7 Name: | Mixed_Traffic_Flow_Composition

Vehicle Type Rel. Flow Des, Speed

0.400 1: CS(59.7,79.7)
2: CB (62.4,82.5) I
3: LCV (48.3, 68.3)

4: Auto (37.0, 57.0)
6: TW (48.5, 68.5)

Cat. converter temp. dist.:

Cooling water temp. dist.: Relative Flow - H

o
~

Cancel

| |
s

= ——————

Figure 6.4 Vehicle compositions in VISSIM

6.5.3 Simulation output and its analysis

VISSIM simulation runs were performed for 3 hr extracted from the output files. The traffic
volume and speed was measured from the travel time output file saved while creation of base
simulation network. Travel time out file records the time taken by each vehicle type on the travel

time section (60 m) assigned at appropriate distance away from the point of vehicle generation
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(about 500 m). Simulated data such as vehicle count, vehicle type, travel time and simulation
time etc was obtained from the travel time output file. The analysis of result obtained from the

base simulation run is described below.

(@) Speed data
Speed was measured for individual vehicle type by using travel time data. Various speed
parameters were estimated from descriptive statistics analysis and their values are given in
Table 6.2. Travel time section of same length which is given in the field is assigned to
given link to collect speed of individual vehicle types.

Table 6.2 Speed parameters

Speed parameter CS CB 3wW LCV HV TW
Mean (Kmph) 62.61 | 62.13 | 43.76 | 4752 | 48.64 | 50.17
Standard Deviation 575 | 707 | 271 | 308 | 259 | 277
(Kmph)
Sample size 4701 992 320 347 942 4109

Minimum (kmph) 4731 | 4527 | 29.79 | 35.08 | 34.83 | 3542
Maximum (kmph) 72.80 | 7458 | 48.25 | 54.25 | 54.15 | 55.29
15th Percentile(Kmph) | 56.40 | 52.63 | 41.18 | 4454 | 45.88 | 47.37
50th Percentile(Kmph) | 63.15 | 63.30 | 43.96 | 47.52 | 48.44 | 50.16
85th Percentile(Kmph) | 68.29 | 69.47 | 46.61 | 50.14 | 51.72 | 53.43

The simulated space mean speed estimated for each vehicle types were compared with the
field observed mean speed. Figure 6.5 shows the comparison of the average speed of field
and simulated data. It is found that the field and simulation average speed of all vehicle

types is almost same.

116



(b)

O Simulated Data Field Data
80

70 2 %

50 .
40
30
20
10

Average Speed (Kmph)

CS CB 3w LCV HV TW
\ehicle Type

Figure 6.5 Comparison of field and simulation average speed of vehicle types

Vehicle arrival pattern

Vehicle arrival data was extracted from simulation output file and their frequencies of
arrival were obtained at 20 second interval. From the simulated frequency data,
probabilities of vehicle arrived in given intervals were estimated based on Poisson
distribution function to find expected values of frequency. The simulated frequencies are
shown with field observed frequencies in the Figure 6.6. Further, simulated and field
observed frequencies were compared by applying Chi-square test to confirm whether
simulated and field observed frequencies are same or different. The procedure and result of

statistical test is described below.
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Figure 6.6 Comparison of simulated and field arrival frequencies

For the simulated data, the value 3 (calculated) is 32.2388

Degree of Freedom (v)=12 -2 =10.

At,v-10and a-5% y°(tabulated) -18307.

x°(calculated) > y*(tabulated) , therefore, null hypothesis Ho is rejected. Hence, it

is confirmed that the simulated frequencies done not match with field observed frequency

of vehicle arrival when tested at 5% significance level.

6.5.4 Traffic volume at different RSN

VISSIM consists of some default values of parameter such as Random seed number which
directly affect the vehicle arrival characteristics. Default seed number in VISSIM is 42, for this
study random seed numbers taken as 40, 41, 42, 43, 44 and 45. Check for volume is performed

for seed number 40, 41, 42 43, 44, 45. The volume obtained after each simulation is compared

with the field volume and RMSE (Root mean square error) is calculated for each seed number is

shown in Figure 6.7. The least error obtained for RSN is selected for further study.
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Figure 6.7 Root mean square error for total volume

6.5.5 Comparison of speeds

The spot speed data obtained from field is used to create the desired speed distribution profile in
VISSIM. As with spot speed data, the speed distribution profile must be developed based on the
off peak (free flow) speed. The simulated speed is then compared with the field speed (shown in
Figure 6.8). The calculated error (given in Table 6.3) is which is showed that the VISSIM’s
simulated speed has relatively no difference from field speed. RMSE value at different seed
numbers are estimated which provides clear idea that the RSN number have no effect on
simulated average speed.
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Figure 6.8 Variation in speed for different seed numbers

Table 6.3 RMSE and MAPE calculation for comparing speed data

RSN RMSE | MAPE
40 4.16 5.43
41 3.81 4.94
42 3.98 4.83
43 3.86 4.83
44 3.27 4.17
45 4.03 4.98

6.5.6 Comparison of volume

The simulated traffic volume was also compared at different RSN to check whether RSN has any
effect on simulated volume. The traffic volume data as observed in field was given as input from
lower to higher range and simulation run was performed. Simulated volume obtained at different
RSN were compared with each other as well as with field observed volume. The result of the

simulated output at varying RSN is shown with the field observed values in the Figure 6.9.
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Figure 6.9 Variation in traffic volume for different seed numbers

Root mean square error and mean absolute percentage error were calculated and the result is
shown in Table 6.4. The error estimated between field and simulated values at different RSN
values is found between 7% to 8%. Hence, it indicates the difference between values is

acceptable and no calibration is required related to traffic volume.

Table 6.4 MAPE and RMSE calculation for comparing volume

Seed no. | MAPE | RMSE
40 7.66 6.46
41 7.07 6.12
42 7.59 6.35
43 7.40 6.21
44 7.87 6.58
45 6.83 5.42
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6.6 Test for calibration of driver behaviour model

The calibration test was performed on the driver behavior model parameters to check whether
with the present setting of parameter values are able to replicate the field observed traffic flow
behavior. The speed-volume relationship as obtained from field data was used for testing the
need for calibration of driver behavior model parameters. The field data such as traffic volume,
speed profile for each vehicle types and vehicle composition etc. were given as inputs and
simulation run was performed for more than 7200 simulation sec. with lower to higher traffic
volume (100 vph to 6000 vph). The driver behavior parameter values as given in the VISSIM
model were remained default for the test run. The speed-volume relationship was developed after
extracting speed and volume data at 5 min interval from the simulated outputs. Further, simulated
speed-volume relation was compared with one which obtained from the field data. Figure 6.10
shows the comparison of two speed-volume relationships. It may be seen that the speed-volume
relation developed from field data is clearly above and follows different trend than that obtained
from simulation data. Hence, calibration is required to VISSIM model parameters to replicate
same traffic flow behavior as it observed in the field data under the same range of traffic volume.
The model parameters affecting traffic flow behavior are identified by altering their parameter
values to match speed-volume relationships. Care is taken while changing parameter values
based on the literature (Mehar et al, 2014). Literature confirms that some of the parameters are
not affecting traffic flow behavior and maximum flow. However, those parameters were also

taken into considerations to check their interdependency.
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Figure 6.10 Comparison of speed-flow curves on four lane divided highway

6.7 Effect of model parameters on capacity

The driving behavior in VISSIM is based on the car following model and for present study
Wiedemann 99 model was selected to perform simulation analysis. This model contains 10
different parameters called as CC parameters varying from CC1 to CC9 as described in earlier
section. To calibrate the model parameters, simulation runs were performed to check the
sensitivity of these parameters by making them in individual groups. The model parameter values
were changed to observe the difference between field and simulated speed-volume relationships.
The parameters CC0, CC1 and CC2 are varied independently and in combination to observe their
sensitivity on capacity and on the shape of the speed-volume relation. The speed flow
relationship developed for each simulation run with different pairs of CC1 and CCO parameters is

shown in Figure 6.11. Other parameters were remained constant during the simulation runs.
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Figure 6.11 Effect of CC1 on speed-flow curve
The simulated capacity values were determined by observing the data cluster and the values are
provided in the Table 6.5 for different combination of CC1 and CCO parameters pairs.
Table 6.5 Simulated capacity (veh/hr) values due to CCO and CC1

Simulated capacity (veh/hr)
CCO (m)
0.5 1 15
0.5 5647 5541 5170
0.7 5374 5231 5025
CC1(s) 0.9 4894 4743 4628
1.1 4468 4333 4241
1.3 4034 3893 3825
1.5 3639 3596 3516

The result shows that the change in capacity values was observed significantly at different values
of CC1. However, change in capacity is found to be insignificant at different CCO parameter
values. Figure 6.12 and Figure 6.13 depict the variation in capacity due to CCO and CC1l
parameters.
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Figure 6.12 Simulated capacity at varying standstill distance
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Figure 6.13 Simulated capacity values at varying time headway

The literature suggests the variation in following distance parameters has an effect on capacity.
Therefore, the following distance variation i.e. CC2 parameter was also varied from 2 m to 10 m

and simulation runs were performed under lower to higher volume conditions. The value of CCO
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parameters was kept default during simulation runs while CC1 parameter was varied from lower
to higher. The speed volume relations developed at varying CC2 parameter is shown in Figure
6.14. The capacity value determined from speed-volume relations were found to be varied at
different CC2 parameter values. The simulated capacity values at varying CC2 are shown in
Figure 6.15.
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Figure 6.14 Simulated speed-flow relations at different CC2 values
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Figure 6.15 Simulated capacity at varying CC2
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Figure 6.16 showing a consistent drop in capacity values due to change in CC1 values for

different CC2 combinations.
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Figure 6.16 Variation in capacity due to CC1 (sec.) on different CC2 values

The parameters CCO, CC1 and CC2 are found to be influencing on traffic flow behavior and
capacity of simulated section. Higher values of these parameters increase the spacing between the
vehicles and making drivers more safety conscious. Hence, resultant capacity of simulated
section reduces due to change in their driving behavior. It has been noticed that parameters are
affecting capacity in combinations, therefore, a model has been proposed in Equation (6.4) to
find capacity which includes the effect of these three parameters.

Capacity = 7034.2— 183.6 x CC0 — 1801.4 x CC1 - 130.4 x CC2 (6.4)

Equation 6.4 can be used as an objective function for the purpose of the optimization as left side
variable i.e. capacity is measure of effectiveness. At default simulation run capacity may or may
not be same but it can be our desired capacity value based on different parameter values. The
upper bound and lower bound values of capacity may be estimated using Equation 6.4 by taking

extreme values of these parameters as given in Table 6.6.
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Table 6.6 Range and Interval of driver behavior parameters

Parameters | Range | Interval
CCO (m) 0.5-15 0.5
CC1 (Sec.) | 0.5-15 0.2
CC2 (m) 2-10 2

The capacity boundaries are defined to find optimized values of CC0, CC1 and CC2 parameters
which can provide the target capacity or field capacity. The proposed equation (6.4) is having 3
unknown parameters which make it difficult to solve using conventional methods. To get the
optimum value of these three parameters, constraints equations has been formed using the
simulated data and ranges for the decision variables has been fixed for the case. The following

constrained equations has been formed

6326.23 — 183.67*CCO — 1801.49*CC1 <=5333  (6.5)
6850.51 — 1801.49*CC1 — 130.41*CC2 <=5689  (6.6)
5232.69 —183.67*CCO — 130.41*CC2 <= 4788 (6.7)

The above equations and constrained functions can be written by simplex method of
optimization, in which capacity function is objective function which is subjected to constrained

equations and the type of the decision variables. Basic syntax of simplex form is given as follows

Obijective = f (decision variables)

Subjected to constraints (X1, X2, ............... Xn){ = } di

Where, Xi>0
Xi= unrestricted in sign

Xi<0
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For the above syntax, decision variables are CCO, CC1 and CC2 and their ranges are also given
in Table 6.6.

6.8 Estimation of model parameters

To solve the optimization problem, solver function is used in Microsoft (MS) excel and template
is prepared for different values of decision variables such as CC0O, CC1 and CC2. Solver is part of
a suite of commands which is commonly known as what-if analysis tools. With Solver, it is easy
to find an optimal (maximum or minimum) value for a formula in one cell called the objective
cell subject to constraints, or limits, on the values of other formula cells on a worksheet.

Template showing the solution to optimization problem is shown in Figure 6.17.

CCh EE CC2

1.5 0.71 4 47717 | <= 5333 |
443554 <= 4788
Optimized Values
4958

Optimize £ = 7034.18 - 183.67*CCO0 - 1801 49*CC1 - 13041*CC12
Subject to

6326.23 - 183.67*CCO0 - 1801.49*CC1 <= 5333 - -
6850.51 - 1801.49*CC1 - 130.41*CC2 <= 5689
5232.69 - 183.67*CCO - 130.41*CC2 <= 4788

Figure 6.17 Process solving optimization problem using solver function in MS Excel

The optimized values are generating based on the target value and the given constrained
equations. The same problem is modelled in solver function to solve for the optimum values of

the decision variable i.e. parameters. Figure 6.18 is the user interface for the solver plug-in in
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excel, every equation has been defined accordingly. Solving method is used as Simplex Linear

Programming problem because objective function is a linear constrained problem.

Solver Parameters l&J
Set Objective: | 5¢s10| 25
To: @) Max @) Min @ Value Of: {4958

By Changing Variable Cells:
|scsa =

Subject to the Constraints:
SES4 <= 5333

SFss <o 3?32'9“_} Constraints equations

[ Change ]

[ Delete l

’ Reset All l

- [ Load/Save ]

Select a Solving Simplex LP
Method:

Solving Method \

ele onlinear engine for Solver Problems that are smooth nonlinear. Sele
Simplex engine for linear Solver Problems, and select the Evolutionary engine for Solver
problems that are non-smooth.

s —

Options

Figure 6.18 Solver function in MS Excel

Parameter values have been calculated using trial and error method and found that each
parameter is sensitive to each other. For any fixed value of CC2, variation in CCO and CC1 is
plotted for different CC2 values. Similarly, for the fix value of CCO, variation in CC1 and CC2 is
plotted. All the obtained plots are then merged to get the optimal point; the plot has been made on
the 3-axis graph using excel. The plotted graphs are shown in Figure 6.19. X-axis represents CC1
(Standstill distance), Y-axis represents CCO (headway time) and X-secondary axis representing
CC2 (following distance variation). Data has been plotted considering 2-axis at a time by keeping
3 one as a constant, and the intersection points of the lines have been identified as optimal

points.

130



Two optimal points (i.e. 1.8, 0.53, 6 and 1.2, 0.74, 4) have been found and simulation run was

performed with these inputs.

—-CC2=4 o-CC2=6 -—CC0=05—=--CC0=1 =CCO0=1.5
2.5

2

1.5 ]

CCo
O L, N WS U O N © ©
CC2

0.3

Figure 6.19 Variation of parameters for equal capacity line
6.9 Effect of calibration on speed-flow curve

Speed-volume curve developed from simulated data based on the optimal input parameter values
was compared with the speed-volume curve obtained from field data as well as from default
setting of model parameters. The Speed flow curves based on three different data sets are shown
in the Figure 6.20.

It may be observed that the shape and pattern of speed-volume curve is different for different
cases. It is due to the change in traffic flow behavior which was affected by changing the default
values of model parameters. However, no difference was observed between speed-volume curve
developed from field data and simulated data after calibrating the parameters of VISISM model.
The simulated capacity after calibrating the VISISM model parameters was obtained as 5147
veh/hr which is close to the target capacity of 4958 veh/hr, as estimated from field data and 10.65

% higher than the capacity determined based on the default values of VISSIM parameters.
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Figure 6.20 Speed-volume relations based on field and simulated data
6.10 Validation of Model parameters

For the purpose of the validation, field data collected on a six-lane divided highway section was
used. The parameters estimated from field observed data are given in Table 6.7. The basic input
parameters such as speed parameters, volume and vehicle composition etc. are given to VISSIM
as per the values observed in the field. The values of driver behavior model parameters as

calibrated in the study were provided as inputs to run the simulation for validation.

Table 6.7 Descriptive statistics for field data

Cs | cB | LCV | 3w | TW | HV
Mean (km/h) 84.04 | 8161 | 58.99 | 48.93 | 56.20 | 56.27
Standard Deviation | 4345 | 1863 | 1334 | 582 | 11.87 | 11.37
(km/h)
Total Number 571 | 252 92 38 | 1101 | 311
Composition (%) 23.3 10.3 3.7 1.5 48.5 12.7
Minimum (km/h) 4001 | 3318 | 3479 | 3558 | 1292 | 21.90
Maximum (km/h) 12050 | 143.88 | 91.09 | 6447 | 112.22 | 91.93
15th Percentile (km/h) 7041 | 62.74 | 4282 | 43.13 | 4468 | 4541
50th Percentile (km/h) 84.03 | 8189 | 59.41 | 47.87 | 55.37 | 56.64
85th Percentile (km/h) 96.96 | 100.88 | 72.68 | 54.78 | 67.99 | 67.62
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The simulation was run for 2 hr under lower to higher traffic volume (100 vph to 7000 vph) and
output was obtained. Simulated speed and volume as obtained from output were used to develop
speed-volume relation. The speed—volume relation developed from simulated data was compared
with one which was obtained from field. The speed —volume relations developed from two
methods is shown in Figure 6.21. It may be seen that the simulated speed and volume data is
closely follows the field data which confirms the successful validation of model parameters with

user defined values.
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Figure 6.21 Speed flow comparison before and after calibration of parameters

6.11 Summary

In the chapter the simulation data analysis is performed considering individual parameters and
performance measures like speed, volume and seed number. Statistical tests have been performed
to check the sensitivity of the parameters. Calibration is done using trial and error method and
optimization is performed using solver function. The maximum flow value found after simulation
at default value was found to be 4599 veh/hr, and after simulating at calibrated value is 5147
veh/hr.
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Chapter 7

ANALYSIS OF LANE CHANGING BEHAVIOUR AND
HIGHWAY CAPACITY

7.1 General

Lane changing behaviour and capacity on multilane highways are analysed in this Chapter. This
chapter uses the calibrated microscopic simulation model VISSIM to generate traffic flow data

for the analysis.
7.2 Lane changing behaviour

Lane change behaviour of vehicles over a section represents the macroscopic traffic flow
behaviour that influences the operational characteristics on highway very substantially. Lane
changing is some time necessary for overtaking and passing another vehicle moving the same
lane. After lane changing a vehicle creates voids or spaces within traffic streams which tend to
increase the stream. The vehicles in India do not follow lanes due to heterogeneity even if the
lane markings are provided on the highways. However, the study was performed to evaluate the
possibilities for improving traffic performance with an assumption if vehicle follows lane
discipline strictly on high speed corridors such as expressways. In this study the lane changes are
quantified as number of lane changes per kilometre over a short interval of time.

7.2.1 Analysis under homogeneous traffic conditions

VISSIM simulation run was performed under homogeneous type traffic situations on four-lane
divided section. Field data collected at Section-11 was given as VISSIM input. ‘All CS’ traffic
stream was simulated in VISSIM for approximately 2 hr with calibrated values of CC0, CC1 and
CC2 parameters. Traffic volume inputs were given to VISSIM from lower to higher levels. After
completion of simulation run, output file was generated to extract traffic volume and lane change
data at 10 minutes interval. The frequency of lane change was obtained at given interval on
simulated section with traffic observed volume. The relationship between number of lane

changes and traffic volume was established. Similar exercise is done in case of six-lane and
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eight-lane divided simulated sections as well. Traffic volume and lane changes plot for four lane,
six lane and eight lane divided roads is shown in Figure 7.1. It has been observed that the number
of lane changes increases slowly under low to moderate volume, but it decreases as traffic
volume reaches to the higher level. It is also inferred that number of lane changes stagnated at or
before the level when traffic volume reaches to the maximum. No further increase or decrease in

lane change was found at maximum volume level.
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Figure 7.1 Numbers of lane changes under all CS traffic situation

Third degree polynomial curve was found to be best for fitting lane change data because the
frequency of lane changes has gradually increased with traffic volume. The relationships
presented in Figure 7.1 provide the value of finding maximum number of lane changes on each
type of highway. Maximum numbers of lane change in one direction of travel at given time
interval were identified from the lane change profile created for different simulated sections.
Maximum number of lane changes was found from the trend line fitted in each case of simulated
multilane section. The highest value of lane changes pertains to the curve was measured as
maximum lane changes. Traffic volume and speed data was also extracted from the simulation
output at 10 minutes interval and speed-flow curve was developed. The number of lane changes

presented along with the speed-flow curve is shown in Figure 7.2.

135



¢ Speed-flow data ---- Capacity curve A Lane change data

80 700
A?O . @ e, A - 600 ~
< 60 - IR SN A E
p= Z':.-"*;\\\ A - 5003
= 50 - : c
8 * "¢ B 400¥
o 40 A 3 B
=3 i - 300 O
£ G 5
g 20 ] ..., ”””,’ B 200 %
10 ] e - 1005
C
0 +——F e e e 1 0§

0 200 400 600 800
\Volume (Veh/10 min)

Figure 7.2 Lane change and speed-flow curve on four lane highway

A Speed-flow data - = - capacity curve ¢ Lane change data
80 1600
i g _ i =
- 70 B-pm_ s b ..',5? A RN o 1400 =
< 60 - B--a g BN - 1200 S
£ S TR %) F=
< 50 A 3 A - I e - 1000 =
2 ) O
@ 40 - o - 800
7 M )
£ 30 A - i~ - 600 2
< - <
= 20 Y -y - 400 S
n & - = [<B]
10 A - - 200 @
R =
O S T T T T T O
0 200 400 600 800 1000 1200
\Volume (\Veh/10 min)

Figure 7.3 Lane change and speed-flow curve on six-lane highway

Similarly, for simulated six-lane and eight-lane divided sections speed-flow curves were
developed and examined with lane change curves. Speed flow curve with lane change data on

simulated six lane section is shown in Figure 7.3.
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Simulated capacity (maximum volume) on four-lane, six-lane and eight-lane divided highways
was determined under ‘All CS’ type traffic situation. The numbers of lane change value on each
highway section at maximum volume level were also estimated. The numbers of lane change at
capacity and Maximum lane change for different simulated sections are given in the Table 7.1. It
may be observed that the frequency of lane changes reduces after reaching its maximum level and
stops at capacity level of volume. The phenomenon happens due to the fact that drivers feels
extremely difficult to find empty lane and tend to follow vehicle on the same lane when volume

level reaches to capacity.

Table 7.1 Lane change on simulated multilane highway sections

Simulated Capacity Lane change at capacity Maximum lane
section (PCU/hr/lane) (LC/km/hr) change (LC/km/hr)

Four-lane 2393 1860 3600
Six-lane 2114 6013 8484

Eight-lane 2012 12960 15156

7.2.2 Analysis under mixed traffic conditions

This section deals with the analysis of lane changing behaviour under mixed traffic conditions. It
is believed that the size of vehicle type affects the lane change behaviour of overall traffic stream.
Therefore, this analysis was performed to examine whether proportion of one vehicle type affects

the overall lane change behaviour when two types of vehicle simulated in the traffic stream.
7.2.2.1 Effect of two wheelers on lane change behaviour

The effect of two wheelers on lane changes on multilane highway sections was examined through
VISSIM. To study the effect on lane changes, the proportions of two wheelers were added to the
‘All cars’ traffic flow stream by 10%, 20%, 30%, 40%, 50% and 100%. This incremental
proportion of two wheelers was simulated in VISSIM under varying traffic volume conditions.
Traffic volume was also varied from lower to higher levels and simulation runs was performed

for at least 2 hours. Simulated lane changes were extracted from output at 10 minutes interval.
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The traffic volume data was also extracted from the simulation output at same interval. Similar
exercise is done for six lane and eight lane simulated sections and lane change behaviour of two
vehicles was examined. Further, maximum lane change frequency under each incremental
proportion of two wheeler mixed with “All car” traffic stream was determined for four lane, six
lane and eight lane divided highway sections. Figure 7.4 shows the variation of maximum
number of lane changes with different proportions of two wheelers mixed in the traffic stream

when simulated on four lane, six lane and eight lane divided highway sections.
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Figure 7.4 Variation of maximum lane changes with varying proportions of TW

It is obvious that the increase in proportion share of 2W in the traffic stream will increase the
total number of lane changes proportionally. The maximum lane change with different
proportional share was obtained and their percentage increase was estimated. Table 7.2, 7.3 and
7.4 gives the percentage increase in the maximum number of lane changes with different
proportions of two wheelers on four lane, six lane and eight lane divided highways respectively.
From Tables 7.2, 7.3 and 7.4 it can be inferred that the maximum number of lane changes

observed per kilometre per 10 minutes increases in the same amount with increase in proportion
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of two wheelers in the traffic stream and the addition of a lane further increases the lane changes

frequency linearly.

Table 7.2 Maximum lane changes on four lane divided section for varying TW proportion

Proportion of Maxim:hrgnnc;.sof lane Percent increase in
TW (%) (LC/km/%Omin) Maximum lane changes

0 600 0

10 621 4

20 700 17

30 780 30

40 891 49

50 913 52

100 2085 248

Table 7.3 Maximum lane changes for six lane divided highways for varying TW proportion

Proportion of Maxim;r]r; nl\éz'SOf lane Percent increase in Max
TW (%) (LC/km/10 min) lane changes
0 1450 0
10 1636 13
20 2020 39
30 2578 78
40 3100 114
50 3585 147
100 7095 389
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Table 7.4 Maximum lane changes for eight lane divided highways for varying TW proportion

Propé)frtion Maximum No. of Ian_e changes | Percent increase in
TW (%) (LC/km/10 min) Max lane changes

0 2500 0

10 3000 20

20 3500 40

30 4245 70

40 5400 116

50 6700 168

100 12000 380

7.2.2.2 Effect of Heavy vehicles on Lane change behaviour

Similar exercise was also performed with varying proportions of HVs in the “All car” traffic
stream by 10%, 20%, 30%, 40% 50% and 100%. It is observed that as the proportion of HVs
increases the frequency of lane changes also increases. However, the lane change frequency starts
to decrease after attaining maximum number of lane change level. The values of maximum
number of lane changes were obtained with increase in proportion of HVs obtained by simulating
traffic stream on four-lane, six-lane and eight-lane divided highway sections. It is found to be
interesting that the maximum number of lane changes are reduced significantly as the percentage
of heavy vehicle are added proportionately in a stream of “All cars” which is contrary to the

results obtained in case of 2Ws.
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Figure 7.5. Maximum number of lane changes at varying proportions of HV

Table 7.5, 7.6 and 7.7 gives the percentage decrease in the maximum number of lane changes at
different proportions of HVs on simulated four-lane, six-lane and eight-lane divided highway
sections. It can be inferred that the maximum number of lane changes decreases with increase in
proportion of heavy vehicle in ‘All CS’ traffic stream with addition of extra lane in direction of

travel.

Table 7.5 Maximum lane changes on simulated four lane divided section under varying HVs

proportion
P : Maximum no. of lane :

roportion changes Percent decrease in
of HV (%) (LC/km/10 min) Max lane changes

0 600 0

10 500 17

20 516 14

30 410 32

40 380 37

50 300 50

100 200 67
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Table 7.6 Maximum lane changes on simulated six lane divided section under varying HVs

proportion

Proportion of Maximum No. of lane changes Percent decrease in
HV (%) (LC/km/10 min) Max lane changes

0 1450 0

10 1320 9

20 1290 11

30 1100 24

40 1050 28

50 1000 31

100 690 52

Table 7.7 Maximum lane changes on simulated eight lane divided section under varying HVs

proportion

Proportion of | Maximum No. of lane changes | Percent decrease in
HV (%) (LC/km/10 min) Max lane changes

0 2500 0

10 2448 2

20 2251 10

30 1936 23

40 1757 30

50 1668 33

100 1479 41

7.2.3 Maximum lane change model

Maximum lane change behaviour with respect to four different vehicle types was analysed
independently through simulation. Traffic flow stream was simulated with only homogeneous
vehicle type traffic stream such as ‘All 2W’, ‘All Car’, ‘All 3W’ and ‘All HV’ and maximum
lane changes were obtained through simulation. It is believed that the composition of vehicle
types affects the lane change behaviour. Therefore, linear models were proposed for four-lane,

six-lane and eight-lane divided highway sections to estimate maximum lane change for the
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condition when all the above types of vehicles are present in the traffic stream. The expressions
to estimate maximum number of lane changes for the known traffic composition on simulated

highway sections are as shown in Equation 7.1, 7.2 and 7.3.
For Four lane divided highway

100 P P P P
— _car + TW + HV + R\ (7 . l)
LCra 600 2085 200 489

For Six lane divided highway

100 P P P
— ‘tcar + TW+ HV

= (7.2)
LCpax 1480 7095 690
For Eight lane divided highway
100 _ Peyr , Prw + Ppv 73)

LCpax 2526 12000 1479

Where, LCmax is the maximum number of lane changes (LC/km/10min) and Pcar, Phv, Paw and
Prw are the percentage of car, heavy vehicle, three wheeler and two-wheeler percentage. The
numerical values in denominators are the maximum lane changes/km/10min under homogeneous

type of traffic.
7.3 Estimation of capacity on multilane highways

In this section the capacity of four lane, six lane and eight lane divided highway sections are
determined using VISSIM model calibrated for mixed traffic conditions. The simulation runs
were performed with the 1.4 km of highway sections having 7 m, 10.5 m, and 14 m carriageway
width in one direction of traffic movement under left sided regulation. Link attributes were
assigned as per the field data observed on section-V. Simulation run was performed for about 3
hr and data was extracted to develop speed-volume curve. The capacity of simulated four-lane,

six -lane and eight-lane divided highway sections are determined as 4786, 6341 and 8046
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PCU/hr/dir respectively. The speed volume relationship for four-lane, six-lane and eight-lane

simulated sections is shown in Figure 7.6, Figure 7.7, and Figure 7.8 respectively.
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Figure 7.6 Capacity of four lane simulated section
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Figure 7.7 Capacity of six lane section through VISSIM
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Figure 7.8 Capacity of Eight lane section through VISSIM

The capacity values determined for all simulated sections are given in Table 7.8. It may also be
observed that the capacity per lane is decreasing with the addition of number of lanes to the
section. This marginal decrease in capacity per lane with increase in number of lanes is due to

increase in lane changing opportunities (Yang and Zhang, 2007).

Table 7.8 Capacity of different types of highways

Highway type (P%:i?ﬁi% N Ca(%ac(:: iLg);hF;‘iéilrz;ne
Four lane divided 4786 2393
Six lane divided 6341 2114
Eight lane divided 8046 2012
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7.4 Summary

In this Chapter the macroscopic parameters lane changing and capacity are analysed using the
calibrated simulation model. Lane changing for homogeneous type of traffic on four lane, six
lane and eight lane are analysed. Effect of two wheelers and heavy vehicles on lane changing are
discussed and a general relation is proposed to estimate the max number of lane changes for a
given mixed traffic proportion. Capacity on four lane, six lane and eight lane sections are
estimated using VISSIM.
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Chapter 8
ESTIMATION OF PASSENGER CAR UNITS THROUGH
MICROSCOPIC TRAFFIC SIMULATION

8.1 General

This chapter presents a methodology for estimating passenger car units (PCUs) through
microscopic traffic simulation model VISSIM. The output generated through VISSIM simulation
was used to estimate PCU under controlled traffic and roadway conditions. The estimated PCU
were further examined under different levels of service and using soft computing techniques such

as artificial neural network.
8.2 VISSIM simulation for PCU estimation

VISSIM microscopic traffic simulation model as calibrated for mixed traffic condition is used for
estimation of PCU values. Field data collected on Section | was used as inputs to the base model
as prepared in VISSIM. The detail about the field section and collected data are given in Chapter
5. The base model created in VISSIM has following characteristic: link length 1.4 kms (200 m
used as buffer length on both the ends); four-lane divided section with 1.5 m of paved shoulder
on both the sides of travel directions. The details of the base section created in VISSIM and

testing of base section was explained in Chapter 6.

Calibrated values of driver behaviour model parameters such as CC0, CC1 and CC2 are assigned
as 1.8 m, 0.53 sec. and 6 m respectively. Driver behavior model as modified for mixed traffic
conditions are used and simulation run was performed for 2 hrs. After completion of simulation
run, simulated output was extracted at 5 min interval to estimated speed and traffic volume. For
present analysis, dynamic PCU method (Chandra and Kumar, 2000) was used for estimating
PCU of simulated vehicle types. The PCU values of vehicle types estimated through simulation
were compared with the values obtained on Section | using field data. The comparison of
simulated and field estimated PCUs and the percent error between the PCUs was calculated for

each vehicle type, and the results are shown in Table 8.1. The estimated percentage errors
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between simulated and field values varies from 0.79% to 3.78% which show that the VISSIM is

able to replicate field PCUs and may be used for developing PCU model.

Table 8.1 Percentage error between simulated and field PCU values

Vehicle Type Simulated PCU estli:ﬁ:;:ed Percen(t;)g)e error
PCU

CB 1.27 1.26 0.79
LCV 1.48 1.51 1.99

HV 3.84 3.96 3.03
MAV 8.05 8.21 1.95
TW 0.33 0.34 2.94

3W 1.05 1.04 0.96

B 5.86 6.09 3.78

8.3 Development of PCU model

Present study attempt for developing a PCU model for easy conversion of traffic volume
observed under mixed traffic conditions. The proposed PCU model does not require enormous
field data and complex methodology to estimate PCUs and thereby to convert traffic volume. To
develop PCU model, VISSIM simulation runs were performed to generate traffic flow data under
controlled or predetermined type of traffic conditions. The variables to be incorporated for
development of the models are composition of vehicle type and volume to capacity ratio. The
analysis uses the assumption that the PCU of a vehicle type is a measure of impedance caused by
a subject vehicle type to the vehicle type car. The impedance will be more if their proportion is
more in the traffic stream. Therefore, it is decided first to evaluate the effect of individual subject
vehicle type on stream of cars. Traffic simulation runs were performed with adding different
proportional share of subject vehicle types into All CS type traffic stream. The proportion of a
vehicle type for which PCU need to be estimated was varies from lower to higher. The traffic
volume was also increased from lower level to higher level (100 vph to 6000 vph) to generate the
congestion on simulated link section. After completion of simulation run, speed-volume curve
was developed for each case and capacity was estimated in veh/hr. The speed-volume curve for

heavy vehicles (HV) at different proportional share is shown in Figure 8.1. Similar exercise is
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done for all the other subject vehicle types and speed-volume curve was developed to find
maximum volume. The maximum flow values at varying proportion of vehicle types are given in
Table 8.2.

210% HV ©20% HV ©030% HV

0 500 1000 1500 2000 2500 3000 3500 4000 4500
\Volume (veh/hr)

Figure 8.1 Speed-flow curves for Heavy vehicles (HV) at varying proportion

Table 8.2 Simulated capacity values on four-lane divided section and share of second vehicle

type
Maximum Volume (vph)
% share
CB TW 3w LCV HV MAV BUS
10 4512 5208 4320 4452 3900 3936 3984
20 4236 5388 4224 4248 3600 3312 3600
30 4260 5544 4224 4152 3360 2988 3264

The maximum flow under mixed traffic stream found to be reduced as the percentage share of
second vehicle types like CB, HV, MAV, LCV, BUS, 3W increased. It is due to their large size
in comparison to standard car (CS). However, the addition of same amount of TW tends to

increase the capacity of section due to its less space occupancy.
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8.3.1 Estimation of volume to capacity ratio

For the estimation of volume to capacity ratio, the speed-volume curve developed under varying
proportional share of subject vehicle types are used. The volumes corresponding to change in the
speed on speed-volume curve were identified to demarcate the boundaries of highest volume to
capacity ratio. The boundary of highest volume to capacity ratios are marked on speed-volume
curve for a vehicle type LCV is shown in the Figure 8.2.
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Figure 8.2 Determination of v/c ratio corresponding to different Levels of Service for LCV at

30% of its own proportion

Similarly, the boundaries for volume to capacity ratios were found for all other subject vehicle
types on simulated speed volume curve developed under their varying proportional share in the
traffic stream. It is observed that the capacity values decreases with increase in proportional share
of vehicle type CB, 3W, HV, and LCV. However, capacity values are found to be increased with
the addition of TWs in the traffic stream. The traffic volume and volume to capacity ratios as

estimation through all the scenarios are given in Table 8.3.
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Table 8.3 Volumes corresponding to different v/c ratio for LCV at different percentage share

% share v/c ratio Volume (veh/hr)
0.14 636
0.50 2220
10 0.77 3432
0.91 4068
1.00 4452
0.21 888
0.52 2220
20 0.78 3324
0.92 3912
1.00 4248
0.18 756
0.42 1752
30 0.77 3180
0.90 3744
1.00 4152

8.3.2 PCU values with volume to capacity ratios

The PCU values of all subject vehicle types were estimated at 5 min interval by using Dynamic
PCU method. The PCU value were obtained at various levels of volume to capacity ratios for a
given proportional share of each subject vehicle type. The variation of PCU with different
volume to capacity ratios for 10% HVs is shown in the Figure 8.3. Similar, plot was also shown
in case of 3W in Figure 8.4.
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Figure 8.3 Variation of PCU at different v/c ratio for 10% HV

11

0.9
0.8 -
0.7

0.6
0.5

0.4 . .

0 0.2 0.4 0.6 0.8 1 1.2
v/c ratio

Figure 8.4 Variation of PCU at different v/c ratio for 10% 3W

The correlation analysis between volume to capacity ratios, proportional share of subject vehicle
types and their PCUs was performed in order to develop a multiple linear regression model. The

result indicates that there is no correlation was observed between volume to capacity ratio and the
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percentage share of subject vehicle types. Hence, these variables were selected as independent
variables for the development of regression model. The separate multiple linear regression
(MLR) model was proposed to estimate PCU for each subject vehicle type. The following
equations are developed to estimate PCUs as given below.

PCUi=a + b*(v/c) + c*Pi (8.1)
PCUnv = 5.82 - 1.398*(v/c) - 0.017*Ppy (8.2)
PCUtw = 0.357 - 0.063*(v/c) - 0.001*Prw (8.3)
PCUcg = 1.20 + 0.078*(v/c) (8.4)
PCUwmav = 8.061 - 2.162*(v/c) - 0.023*Pwmav (8.5)
PCUaw = 1.096 - 0.316*(v/c) - 0.002*Paw (8.6)
PCUgus = 6.069 - 1.082*(v/c) - 0.013*Pgus (8.7)
PCULcv = 1.518 - 0.223*(v/c) - 0.003*PLcv (8.8)

It was observed that the 'p' value representing the effect of volume to capacity ratio and the 'p'
value representing the effect of percentage share (P) of vehicle type were significant as the values
were less than 0.025. It means that v/c ratio and % share have significant effect on PCU. But for
CB, the 'p' value corresponding to % share was 0.344 which is greater than 0.025 which means
that it has no significant effect on the PCU value of CB. Hence, only the v/c ratio was used in the

equation for CB.

8.3.3 Application of PCU model

The model developed for estimation of PCU was applied to convert the traffic volume observed
on four-lane divided highway section. Field data as observed on Section | was given as input to
VISSIM and simulation of mixed traffic was performed for 2 hrs. Simulated data were extracted

from the output file and developed speed-volume relationship to determined capacity. The
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boundaries of maximum volumes were identified at different stages of drop in average speed on
speed-volume curve. Volume to capacity ratios were estimated at five different levels and used as
input along with the vehicle composition for applying PCU model. The speed-volume curve
developed through simulation with demarked boundaries is shown in Figure 8.5. The capacity
value is determined as 4560 veh/hr from speed-volume curve for estimation of volume to
capacity ratios (V/C). . The volume to capacity ratios were also assigned as higher to lower levels
of service (LOS) from A to E. The lower V/C ratio is assigned as A which denotes higher level of
service and higher V/C ratio assigned as E which denotes lower or poor level of service. The
volume and the speed corresponding to particular LOS are given with V/C ratios in Table 8.4.
The PCU model was applied to estimate PCU of all subject vehicle types using five different VV/C
ratios and its own proportion in the traffic stream. The PCU estimated for each vehicle types

were used to convert traffic volume as obtained from simulated data.

From the Figure 8.5, it is observed that average speed of vehicles at low volume level is also very
less. This is because of the total composition of vehicle type TW and 3W is about 60%. These

vehicles have relatively low speed than passenger cars.

60
W%

o

a1
o

SN
o
1

00@ %)0 Ow &%0
o %&&@%»a

S

Speed (km/hr)
N w
o o

[HEN
o
1

B G

€

A4 AV \V/2
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
\olume(veh/hr)

0

Figure 8.5 Speed - flow curve of mixed traffic showing the volume boundaries at different Level

of Service

154



Table 8.4 V/C ratio determined at different LOS

LOS A B ¢ D =
v/c ratio 0.14 0.37 0.63 0.88 1.00
Maximum volume 636 1680 2856 3996 4560
(veh/hr)
Speed at LOS 49.7 43.8 43.2 40.5 34.2
(kmph)

It is observed that, a speed reduction from 43.8 kmph to 43.2 kmph from LOS B to LOS C with
volume difference of 1176 veh/hr. This is because of from LOS B to LOS C, there is not much
difference in the average speeds. However, a significant difference was observed in density

values as it has more potential to add more vehicles.

8.4 Verification of PCU model

The models developed to estimate PCU has been validated by using field data collected at
Section-1l. The PCU values of different vehicle types as estimated by using Dynamic PCU
method were compared with the PCUs estimated from models. The variation in PCU of HV and

TW estimated by Dynamic PCU method and PCU equations is shown in Figure 8.6 and Figure

8.7 respectively.
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Figure 8.7 PCU of TW from the two methods
8.5 PCU on Simulated Six-lane and Eight-lane divided highway sections

The PCU value of subject vehicle types on six-lane and eight divided sections were estimated
through simulation. Field data collected at Section-VII and Section-VIIlI was used to estimate
PCU using proposed model. The PCU of all subject vehicle types estimated for this section are

shown in Table 8.5. It is observed that as the v/c ratio increases the PCU of all vehicle types
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decreases except for CB. This may be because of less difference in the speed between CB and
CS.

Table 8.5 PCU of each vehicle type on six-lane section obtained by proposed PCU equations

PCUs of subject vehicle types

v/c ratio
CB | LCV |BUS | MAV | HV | TW 3W

0.24 122 | 145 | 574 | 7.45 | 541 | 031 1.00

0.52 124 | 139 | 544 | 6.84 | 502 | 0.30 0.91

0.74 126 | 1.34 | 520 | 6.36 | 4.71 | 0.28 0.85

0.93 127 | 1.30 | 5.00 | 596 |4.45| 0.27 0.79

1.00 128 | 1.29 | 492 | 581 | 435 0.27 0.76

Similarly, PCU of subject vehicle types were determined by using the proposed equations on
simulated eight-lane divided highways section. It may be seen that as the v/c ratio increases the
PCU of all vehicle types decreases except for CB. This might be because of higher speed of CB
when compared to CS. The PCU of different vehicle types are shown in Table 8.6.

Table 8.6 PCU of different vehicle types on eight-lane section

) PCU values
v/c ratio

CB HV TW

0.14 1.21 5.37 0.33
0.36 1.23 5.06 0.32
0.66 1.25 4.64 0.3
0.89 1.27 431 0.29
1 1.28 4.17 0.28

The PCU values of all subject vehicle types on six-lane and eight-lane sections were compared. It
is found that as the numbers of lanes increases the PCU of subject vehicle types decreases. This
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change in PCU values of vehicle types HV and CB at different LOS are shown in Figure 8.8 and

Figure 8.9 respectively. On an average there with the increase in number of lanes decrease in the

PCU value of HV and CB have been observed as 1.8% and 3.5% respectively. Similarly, the

same trend was observed for other subject vehicle types also.

6 lane O8 lane

Level of Service

Figure 8.8 Effect of number of lanes on PCU of HV

6lane 0O8lane

Level of Service

Figure 8.9 Effect of number of lanes on PCU of CB
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Similarly, the comparison of PCU of different vehicle types was made on four-lane, six-lane and
eight-lane simulated sections. The PCU of vehicle types are found to be decreased with increase
in number of lanes. There was a decrease in PCU of HV about 2.3% with the increase in number
of lanes from four-lane to six-lane and a decrease of 1.8% was observed with the increase in
number of lanes from six-lane to eight-lane. The PCU values estimated for vehicle type HV on

different simulated sections are shown in Figure 8.10.

04 lane 86 lane @8 lane
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Figure 8.10 Decrease in PCU of HV with increase in number of lanes
8.6 Development of ANN and ANFIS models

Some of the pervious studies indicated that PCU is non linear relation with the V/C ratio. So,
Artifical neural networks (ANN) and Avrtificial neuro fuzzy interface system (ANFIS) models are
also developed for estimating PCU values of subject vehicle types with respect to passenger cars.
The PCU estimated from different approaches are compared statistically in order to justify the

best approach with the same set of input variables.
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8.6.1 ANN

Neural networks represent simplified methods of a human brain and can be replaced with the
customary computations which finds the problems difficult to solve. The artificial neural
network obtains knowledge through learning. The same way as the human brain, ANN utilizes
examples to learn. Artificial neural networks have been used broadly in the various engineering
applications because of their ability to offer a worldwide practical method for real-valued,
discrete-valued, and vector valued functions (Khademi et al., 2017). The general structure of
ANN is shown in Figure 8.11. The network contains three different layers namely input layer,

hidden layer, and an output layer.

Input Layer Hidden Layer Output Layer

Figure 8.11 Structure of ANN model

In this study, the Alyuda Neuro-Intelligence software was used to develop the ANN models. The

procedure of development of ANN model of this study is shown in Figure 8.12.
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To produce the best results by the network, several architectures including different number of
hidden layers, distinct activation functions as well as different combination of neurons in each
hidden layer was utilized in training of all ANN models. Tables 8.7 summarize the best
architectures, activation functions and number of iterations used in the network to obtain the

best results for all types of vehicles.

| Data analysis ‘

+

| Data preprocess ‘

v

| Data design ‘

v

| Data training |

v

| Data testing ‘

Figure 8.12 Flowchart for development of ANN model

Table 8.7 Characteristics of the best structure of ANN architecture

Vehicle Best Best algorithm Training Iterations
type architecture error
TW 4-5-1 Conjugate Gradient Descent 0.011494 10000
3W 4-4-1 Conjugate Gradient Descent 0.035779 10000
CB 1-7-1 Quick Propagation 0.017115 10000
LCV 4-4-1 Quick propagation 0.030412 10000
HV 4-7-1 Conjugate Gradient Descent 0.157045 10000
BUS 4-8-1 quick propagation 0.15271 10000
MAV 4-10-1 Quasi-Netwon 0.21338 10000
8.6.2 ANFIS

ANFIS is identified as a solution for different complex problems. ANFIS is a class of adaptive,
multi-layer and feed-forward networks which is comprised of input—output variables and a fuzzy

rule base of the Takagi—Sugeno type (Khademi et al., 2016). The structure of ANFIS is shown in
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Figure 8.13. The structure of ANFIS has contained five different layers. Layer 1 takes the
responsibility for fuzzification of input feature values in the range of 0 to 1. Any node in the
Layer 2 multiplies the incoming signals and sends the results out. The membership values are
getting normalized in the Layer 3. Layer 4 can establish the relationship between the input and
output values, and Layer 5 is also called the de-fuzzification layer consists of one single node
which generates the summation of all incoming signals from previous node and results in a single

value. In this layer, each rule output is added to the output layer. (Khademi et al., 2016, 2017).
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Figure 8.13 Structure of ANFIS model

In this study, the MATLAB was used to develop the ANN models. The procedure of
development of ANFIS model of this study is shown in Figure 8.14.

| Generate FIS |

v

Train FIS

v

| Test FIS |

v

| Sawve file |

8.14 Flowchart for development of ANFIS model
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In a preliminary analysis, evaluated a command genfis] with different types of membership
functions (including gbellmf, gaussmf, gauss2mf, psigmf, dsigmf, pimf, trapmf, and trimf) and
different numbers of epochs to get the best training performance with minimum squared error.
The command genfis1 generates a Sugeno-typeFIS structure as initial conditions (initialization of
the membership function parameters) for ANFIS training. Hybrid learning algorithm was also
employed to optimize the learning procedure of the ANFIS models in each trial. The hybrid
learning algorithm is a combination of the least-squares method and the back-propagation
gradient descent method for training FIS membership function parameters in emulating a training
data set. Finally, the trimf with 3 numbers of membership functions was used for the adaptive

system analysis.

Table 8.8 indicated the results of statistically performance and optimal architecture of ANFIS
networks. The combination of Trimf and constant MFs for input and output layers, respectively,
and hybrid as learning method produced the better consequences rather than the application of
other combinations for all types of vehicles. The 50 epochs was used to train the model for
lower RMSE training error for all vehicle types except TW. The 70 epochs was used to train the

TW type vehicle model.

Table 8.8 Characteristics of the best structure of ANFIS architecture

Vehicle type | Optimization algorithm | Training error | Epochs
T™W Hybrid 0.022568 70
3W Hybrid 0.081484 50
CB Hybrid 0.069125 50
LCV Hybrid 0.084698 50
HCV Hybrid 0.20302 50
BUS Hybrid 0.35374 50
MAV Hybrid 0.51569 50
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8.6.3 Comparison of MLR, ANN and ANFIS models

The RMSE and MAPE statistical tools were used to compare the accuracy of the ANFIS, ANN
and MLR models in estimating the PCU. Comparison of the performances of ANFIS, ANN and
MLR models for estimation of PCU of different vehicle types in training period are presented in
Table 8.9.

Table 8.9 Comparison of performances of the MLR, ANN and ANFIS models

Linear regression ANN ANFIS

RMSE | MAPE | RMSE | MAPE | RMSE | MAPE
T™W 0.44 0.49 0.38 0.48 0.22 0.10
3W 1.74 0.72 1.48 1.07 0.19 0.09
CB 0.91 0.60 0.94 0.80 0.86 0.34
LCV 1.32 0.71 1.17 0.82 0.04 0.00
HCV 3.45 0.88 1.19 1.85 0.24 0.07
BUS 5.32 0.65 3.91 1.77 0.35 0.07
MAV 12,51 31.75 6.07 3.70 0.59 0.55

ANFIS showed the best estimation performance; namely, the lowest RMSE values were obtained
when the data was modelled using ANFIS. When the calculated MAPE values were taken into
consideration; however, ANN was observed to exhibit the best prediction performance because
the lowest MAE values were obtained. On the other hand, the MLR had the lowest accuracy
regarding the RMSE and MAE statistical accuracy testing tools. These results meant the
behaviour of the inputs and output was non-linear. ANFIS model provides the better accuracy
then MLR and ANN model values for all the subject vehicle types as the PCU values estimated
from the ANFIS model are closer to the simulated PCU values. It is also concluded that the
ANFIS model showed a greater potential in predicting PCUs using volume-to-capacity ratio and
proportional share for vehicle type than the conventional methods.
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8.7 Summary

MLR models were developed for estimating the PCU of each vehicle type considering the effect
of volume to capacity (v/c) ratio and the percentage share of subject vehicle. VISSIM was used
for simulating the field conditions. The model developed was applied to the field data to obtain
the capacity in pcu/hr. The capacity obtained from the proposed model and from the conventional
method were compared. Also, the effect of no. of lanes on PCU was also found. ANN and

ANFIS models were developed for estimating the PCU.
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Chapter 9
SUMMARY AND CONCLUSIONS

9.1 Summary

Present study is performed to analyse the traffic flow behavior by developing the fundamental
relations between traffic characteristics based on field data as well as through traffic simulation.
Field data was collected by video-graphic method on different midblock sections of multilane
highways. The speed and volume data was analysed by classifying the vehicles into eight
different categories such as Standard Cars (CS), Big Cars (CB), Two-wheelers (TW), Light
Commercial Vehicles (LCV), three wheelers (3W), Heavy Vehicles (HV), Multiaxle Vehicles
(MAV) and Bus (B). Speed data collected on sections are used to develop statistical distribution
profiles for different vehicle types observed in the field. Headway data and lateral positions of
vehicles were observed from field. Normal and Beta distribution (with 4 parameters) was
observed to fit lateral placement data on four-lane highway. Classified traffic volume obtained
from the field were converted in terms of PCU by applying various available methods. Modified
methods were proposed for estimation of PCUs of all subject vehicle types by using field data.
Speed-volume realtionship was developed using field data to analyse traffic flow behaior.
VISSIM microscopic simulation tool is used to generate data and analysis was performed to test
simulation parameters and model parameters based on performance measures like speed and
volume etc. Statistical tests have been performed to check the sensitivity of the different
simulation parameters. Calibration is done using trial and error method by altering the driver
behavior model parameters those are significantly affecting traffic flow behavior and capacity.
The simulated maximum volume on a four-lane divided section with 1.5 m paved shoulders was
found as 5147 veh/hr with the calibrated model parameters which is found as close as 4958
veh/hr which is the target capacity of the section. Finally, validation of calibrated model
parameter was performed using field data collected on other section of a multilane highway

which has given satisfactory results.
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The analysis on lane changes behaviour and capacity was performed through VISSIM traffic
simulation model as calibrated and validated in present study. The number of lane changes on
four lane, six lane, and eight lane divided sections were quantified and its relationship with traffic
volume was analysed. Maximum number of lane changes and number of lane changes at capacity
level of volume was observed on different sections of multilane highways. Further, effect of
different proportional share of vehicle types mixed in all cars type traffic stream was analysed on
number of lane changes. Three general lane changing models are proposed to estimate the
maximum number of lane changes for four lane, six lane and eight lane divided highways.
Capacity of four-lane, six-lane and eight-lane divided sections were also determined through
simulated data. Finally, a multiple linear models were developed to estimate PCU value of each
vehicle type by considering volume to capacity ratio (v/c) and the percentage share of subject
vehicle type as independent variables. ANN and ANFIS models are also developed for PCU

estimation and performed comparative analysis among MLR ,ANN and ANFIS models.

9.2 Conclusions

The following conclusions are drawn from the present study.

1. Different methods given in the literature to calculate PCU value of vehicle types are not
found realistic under the traffic flow conditions as observed in field. However,
homogenisation method and dynamic PCU method have provided better results.

2. Modification to dynamic PCU method done by adding the time headway factor has given
realistic results. The modified dynamic PCU method provides relatively higher values for
large vehicle types than those obtained from dynamic PCU method.

3. A new multiple non-linear regression (MNLR) method has been developed to estimate
more accurate equivalency units of a subject vehicle type under highly heterogeneous

traffic conditions.

4. Normal distribution failed to fit the lateral placement data observed in the field as the
placements of vehicles was found more on the inner lanes because fluctuations observed

along width of road in field data.
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. While testing simulation parameters, random seed numbers (RSN) which has potential to
alter the simulation results are found to be insignificant to influence volume outputs when
tested at 5% level of significance. However, the RSN value giving the least percentage
error between the field and simulated volume was used in the study.

Sensitivity analysis performed by altering driving behavior model parameters namely
CCO0, CC1 and CC2 are found to be influential on simulated capacity at 5% level of
significance. As CC1 parameter value increases the simulated capacity reduces
consistently.

. A capacity equation formed based on multiple linear regression model to find value of
target capacity by providing CC0, CC1 and CC2 parameters as inputs. The study suggests
the range of CCO, CC1 and CC2 parameters as 0.50 to 4.9, 0.45 to 1.63 and 2.1 to 8.3
respectively, to be given as inputs for simulating multilane highway section to achieve
target capacity.

Lane changing of vehicles found as an important parameter which has a significant effect
on capacity of multilane highways. Frequency of lane changes are found to be increased
gradually as traffic volume increased on simulated section up to some extent. Further,
decrease in lane changes were observed as traffic volume reached to higher level.
However, no further increase or decrease was observed in lane changes of vehicles at
capacity level of volume. It is concluded that if traffic volume level reaches to capacity,
lane changing opportunity of vehicles reduces due to unavailability of vacant spaces on a

roadway.

. The value of maximum lane changes was estimated separately on simulated four-lane,
six-lane and eight-lane sections. It increases with increase in proportional share of 2Ws
and reduces with the increase in proportional share of heavy vehicle (HV) in under mixed
traffic. Maximum lane changes found to increase with increase in addition of extra lanes
to the directional traffic stream. Moreover, maximum lane changes are found inversely
proportional to the proportional share of HV and it increases linearly from four-lane to

eight-lane divided sections.
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10.

11.

12.

13.

14.

15.

Maximum numbers of lane change on a highway is found dependent on vehicle types
sharing their respective proportions in the mixed traffic stream. Present study proposed as
general model to quantify the maximum lane change capacity of mixed traffic stream over
1 km length of highway.

Capacity on simulated four lane, six lane and eight lane divided sections having width of
7.0 m, 10.5 m and 14.0 m are determined as 4786, 6341 and 8046 PCU/hr/dir respectively
by developing speed-volume relationships. It may be inferred that the capacity of 7.0 m
carriageway section increases by 22.0% with the addition of extra lane to one direction of

travel.

Capacity of per lane section was also estimated by considering width of each directional
lane as 3.5 m. Per lane capacity of divided four-lane section was reduced by 11.65% with
the addition of one extra lane in directions of travel. The reduction has been found to be
only 4.8% in case of six-lane divided section. Addition of every single lane, increases the
opportunity of lane changing but reduces the per lane capacity of a multilane divided

highway section.

Calibrated VISSIM generated the field traffic conditions for development of PCU
equations. The PCU equations are established by using dynamic PCU expression
(Chandra, et al. 1997). Volume to capacity ratio and traffic mix both were found as
significant variables for PCU estimation. However, the effect of percentage share is not
significantly observed on PCU values of vehicle type CB under lower to higher traffic

volume conditions.

The effect of number of lanes on PCU was studied and it was observed that the PCU of
each vehicle type decreases with increase in number of lanes and at a different volume to

capacity ratios.

From the comparison of MLR, ANN and ANFIS models, it may be concluded that the
ANFIS model showed a greater potential in predicting PCUs of subject vehicles type than
the MLR and ANN methods.
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9.3 Limitations of the study

e Modified dynamic PCU method developed under relatively lower to medium traffic flow
level provides no evidence about PCUs under higher to maximum traffic flow level

based on field data.

e Lane changing and overtaking of vehicles are not considered for calibration and

validation.
9.4 Scope for further research

e The study can be continued in future to observe the variation in PCU based on MNLR
method for different composition of vehicle types using a simulation technique under
lower to higher volume conditions.

e Field lane change data will be collected and it verify the capacity of road section.

e Validation of lanechange models may be performed through simulation by collecting field

data.
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APPENDIX-A
POPULAR METHODS OF PCU ESTIMATION

A.1 General

There are different methods adopted for the estimation of PCU by various researches and
organizations in various parts of world. The important methods are: (i) Homogenization Coefficient
method; (i) Walker’s method; (iii)) Headway method; (iv) Simultaneous equations method; (v)
Multiple linear regression method; (vi) Simultaneous equation method; and (vii) Dynamic PCU

method.
A.2 Homogenization Coefficient Method

As the name imply, different types of traffic stream are expressed by the term homogenization
coefficient. It is the earliest method of PCU estimation and is based on the methodology that the PCU
value of a vehicle type is calculated by taking the ratio of the theoretical maximum capacity of the
subject vehicle type to passenger car only. Basically this method compares the traffic stream which
contains all vehicles as passenger cars and all vehicles as other than passenger car. The estimate PCU
values of subject vehicle type using this method following equation is proposed.

PCUi = (LiVi)/(Ld/Vo) (A1)

Where, L and V are the length (m) and speeds (km/hr) of vehicle type, subscript i indicate the subject

vehicle type and subscript ¢ indicate the passenger car.
A.3 Walker’s Method

This method is proposed by Walker (1957) and the concept behind this method is based on the
numbers of overtaking performed in one kilometer length of highway if each vehicle continued at its
normal speed. The method pointed the difference in operating capabilities between the heavy vehicles

and the passenger cars. The passenger car unit is calculated as the ratio of numbers of overtaking when
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traffic stream has one slow moving vehicle per hour to the number of overtaking when there are

passenger car of equal volume.

n n 1 1
N = Z;lexi)/i[s__s_]
i—1 i= 2i i

(A2)

Where, N is the sum of overtaking in terms of vehicles travelling at speed S, that will overtake x
vehicle per hour travelling at speed S» within one km of highway. If N¢, and N are given as desired
number of overtaking in a stream of 100 passenger cars per hour than the PCU of truck is calculated

by equation (A.3).

100N,
Nl

PCU of Truck = (A.3)

A.4 Headway Method

Headways have been used in many of the popular methods of PCU estimation to account for the
primary effect of heavy vehicles in the traffic stream as they take more space than single passenger

car. The equation (A.4) is given below for PCU estimation by headway method.

PCU =[(1=) —cl 4
e (A.4)

Where hm, and hc are the time headway of mixed vehicle and passenger cars; c is the proportion of
cars in the traffic stream; t is the proportion of commercial vehicles in traffic stream. This method is
suitable for high density conditions but in mix traffic adaptation of method is very limited.

A.5 Simultaneous Equation Method

PCU of a vehicle can be calculated by solving simultaneous equations using the concept of headway.
In this approach the equivalency factor of a subject vehicle type is the ratio between the headways

172



maintained by the subject vehicle to the standard vehicle. Flow of car traffic and flow of mixed traffic

is calculated from the average headways of the car traffic stream and mixed traffic stream.
A.6 Multiple Linear Regression Method

In statistics, regression analysis is a technique for modelling and analyzing variables. It focuses on
relationships between a dependent variable and one or more independent variables. Regression
analysis is divided into two categories, one is asynchronous regression and other one is synchronous
regression. The speed of the car is regress against volume of different types of vehicle where speed is
considered as dependent variable. The generalized form of multiple linear regression equation (A.5)
is given as

Vi= Ao+ AQr+ AcQz +... ot AnQn (A-5)

Where V1 and Q; are the speed and the volume of cars; Qz, Qs......Qnare the volume of vehicle type
2,3 ...n; Arand A are the regression coefficient; Ao is a constant. Therefore, PCU value of vehicle

type n is given as
PCUn= Av/A1 (A.6)
A.7 Method of Simulation

In general, simulation is defined as dynamic representation of some part of real world achieved by
building a computer model and moving it through time. The use of computer simulation started when
Gerlough (1955) published his dissertation: “Simulation of freeway traffic on a general-purpose
discrete variable computer” at university of California. Thereafter, methods of simulation become
popular for various kinds of traffic related analysis. Method of simulation is an alternative approach
employed with various input parameters required for design and analysis. By considering the
heterogeneous traffic conditions and week lane discipline behaviour microscopic simulation model

VISSIM is also popularly used for estimation of PCU.
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A.8 Dynamic PCU method

Chandra et al. (1995) proposed a method for estimation of PCU value for different vehicles under
mixed traffic situation. The basic concept used in this method is that the PCU value is directly
proportional to the speed ratio and inversely proportional to the space occupancy ratio with respect to
the standard design vehicle that is passenger car. Equation (2.18) for estimating PCU values of any

subject vehicle type.

PCU; = (V/Vi)/(Ac/A) (A.7)
Where,
PCU; = Passenger car unit value of the i"" vehicle.
V/Vi = Speed ratio of the car to the i"" vehicle.
Ac/Ai = Space ratio of the car to the i vehicle.
The variable speed ratio in the above equation is a function of roadway and traffic conditions. Any
change in these conditions will affect the speed of vehicles, which is duly reflected by the changes
in the speed ratio. The speed of any vehicle type will be true representation of overall interaction of
vehicle type due to presence of other vehicles of its own category and other category. The second

variable of space ratio represents roadway occupancy which is a surrogate measure of density.
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