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Abstract 

Increasing number of personal vehicles in cities of developing countries has resulted in 

a significant growth of urban traffic. Prevalent traffic jams observed in Indian cities can 

be partly attributed to this vehicular growth. Solutions to such problems can be either in 

terms of efficient traffic management and operational strategies or by expanding the 

existing infrastructure according to the emergent requirements. Both strategies cannot 

be implemented without using suitable traffic flow models. Traffic flow models meant 

for lane disciplined homogeneous/heterogeneous traffic cannot be directly used for 

modeling the no-lane-disciplined heterogeneous traffic observed in Indian cities.  

Understanding the behavior of vehicles moving in no-lane-disciplined 

heterogeneous traffic stream is essential in developing the simulation model. To gain 

the necessary understanding it is required to analyze the vehicular movement at the 

microscopic level.  

Based on the empirical observations it has been found that one of the important 

characteristics of no-lane-disciplined heterogeneous traffic is the variable lateral gap 

maintaining behavior of different types of vehicles. In this study the total lateral gap 

maintaining behavior of vehicles has been analyzed using the trajectory data obtained 

from the video image processing software, TRAZER. Total minimum lateral gap (gap 

on both the sides of vehicle) maintained by four types of vehicles, namely, Light motor 

vehicle (LMV), Motorized two wheeler (MTW), Motorized three wheeler (MThW), 

and Heavy motor vehicle (HMV) has been modeled in this study. Field observations 

suggest significant variability in the lateral gaps even when the passing/overtaking 

vehicle was traveling at more or less constant speed. Logistic regression model has 

been used to model the total lateral gaps. From the estimated models it has been 

observed that the speed of the subject vehicle, size and speed of both the adjacent 

vehicles affect the lateral gaps. The impact of side vehicle has been found to be 

prominent even at lower speed of the subject vehicle in case of a relatively wide road.  

A modified cellular automata (CA) based microscopic traffic simulation model 

has been developed in this study to analyze the no-lane-disciplined heterogeneous 

traffic. The variable lateral gap maintaining behavior of vehicles of no-lane-disciplined 

heterogeneous traffic has been incorporated in the current CA based simulation model. 

The cell structure of the current CA model is modified to adequately represent the 

  TH-1613_09610413



v 

 

smaller vehicles and finer variable lateral movements of vehicles. Updating procedures 

and the corresponding parameters of the current CA model is modified in accordance 

with the modified cell structure. 

In no-lane-disciplined heterogeneous traffic stream, following vehicle 

encounters multiple leading vehicles. In this study, Front leading vehicle (FLV), left 

front leading vehicle (LFLV) and right front leading vehicle (RFLV) have been 

considered as the leading vehicles and the closest among these vehicles is considered as 

the effective leading vehicle. The movement of the following vehicle is governed by 

the effective leading vehicle. The impact of the side vehicles has also been considered 

in indentifying the effective leading vehicle. The movement of vehicles in no-lane-

disciplined heterogeneous traffic stream is characterized by the finer lateral movements. 

To represent this behavior the road section was divided into multiple sub-lanes in terms 

of finer cells. With the help of finer cell structure, gradual lateral shifting has been 

introduced in the present model.  

Effect of the finer cell structure on the updating procedures and on the 

corresponding parameters has been thoroughly analyzed. Based on the previous 

research efforts, field observations, and parametric analysis, some of the parameters 

have been modified. The impact of variable lateral gap and the interaction headways 

were found to be prominent on the traffic stream behavior.  The developed model has 

been macroscopically validated using the field observed speed, flow, and occupancy 

data of two different road sections. Simulated free flow conditions are further validated 

by comparing the observed and simulated free flow speed distributions. Model’s ability 

to simulate the congested traffic conditions has also been validated by comparing the 

observed and simulated queue formation and dissipation characteristics. The developed 

model has been used to analyze the effect of two-lane road width being used in urban 

regions. It has been observed that slight changes in the road width, between 6.9 to 8.4 

m, significantly influence the traffic stream behavior. 
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Chapter 1 

Introduction 

1.1 General 

Increasing number of personal vehicles in cities of developing countries has resulted in 

a significant growth of urban traffic. Prevalent traffic jams observed in Indian cities can 

be attributed to this traffic growth. This has been recognized as a major problem faced 

by the city administrations, with significant effect on the economy, air quality, and a 

cause of discomfort for the millions of commuters. Solutions to such problems can be 

either in terms of efficient traffic management and operational strategies or by 

expanding the existing infrastructure according to the emergent requirements. Both 

strategies cannot be implemented without using suitable traffic flow models. Traffic 

flow models meant for lane disciplined homogeneous/heterogeneous traffic cannot be 

directly used for modeling the no-lane-disciplined heterogeneous traffic observed in the 

Indian cities. Differences in the traffic streams moving on the Indian roads and the lane 

based traffic streams can be clearly seen in Fig. 1.1. 

 

Fig. 1.1 Comparison of traffic streams with lane discipline (left photograph); without lane 

discipline (right photograph) 

Vehicles moving in homogeneous traffic stream (Fig. 1.1) follow lane 

discipline.  Hence, the movement of following vehicle can be said to be directly 

influenced by the characteristics of the leading vehicle such as the type of vehicle, the 

longitudinal gap, and the expected movement of the leading vehicle in the next time 

step.  
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Heterogeneous traffic stream consists of motorized vehicles such as Motorized 

two wheelers (MTW); Light motor vehicles (LMV) such as cars, jeeps, vans; Heavy 

motor vehicles (HMV) such as buses, trucks; Motorized three wheeler (MThW) such as 

auto-rickshaws; light commercial vehicles (LCV), and non-motorized vehicles such as 

bicycles and tricycles. Small sized vehicles (MTW, bicycle) often use gaps between the 

larger vehicles to weave through the traffic. The no-lane-discipline of vehicles moving 

in the heterogeneous traffic stream can be attributed to the above two factors. In no-

lane-disciplined traffic stream a moving vehicle can laterally be closer to the adjacent 

standstill vehicle. But, it requires to maintain safe lateral gap if the adjacent vehicle is 

in motion. That means the impact of neighboring vehicle speed is felt on the movement 

of any vehicle moving in the no-lane-disciplined traffic stream. Similarly, the type of 

the adjacent vehicle also influences the movement of a vehicle. Therefore, the lateral 

gap or the frictional clearance between the vehicles is an important characteristic of 

heterogeneous traffic. Ideally any microscopic simulation model meant for modeling 

no-lane-disciplined traffic stream should capture this behavior. Similarly all the other 

important factors affecting the vehicle movement need to be considered in the model.  

Many researchers have worked on modeling the heterogeneous traffic and 

developed the microscopic simulation models. Most of these efforts were based on 

limited field observations and in many of these models convenient assumptions were 

made regarding the vehicular movement. Unlike the lane base traffic, in case of no-

lane-disciplined traffic it is difficult to get the field data on vehicular movement such 

that a clear understanding of the traffic stream behavior can be gained. Trajectory data 

on all the vehicles need to be collected to understand the vehicular movement. If the 

trajectory data over a long road stretch are available, it is possible to understand the 

vehicular movement and the relevant influencing factors. If the trajectory data are 

available on a short road stretch, some understanding of lateral gap maintaining 

behavior can be gained.  

Traditional microscopic traffic simulation models describe the behavior of 

individual vehicles at every instant of time and location of the road. Given the complex 

interaction of vehicles, it is difficult to develop a similar model for no-lane-disciplined 

heterogeneous traffic stream. Cellular Automata (CA) is widely used in developing the 

microscopic traffic simulation model and it has been found that this approach is 

computationally efficient and less time consuming. Numerous models have been 
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developed using CA concept for lane-based traffic (Nagel and Schreckenberg 1992; 

Knospe et al. 2000; Maerivoet 2005; Barlovic et al. 1998) and no-lane-disciplined 

heterogeneous traffic (Lan and Chang 2005; Lan and Hsu 2006; Gundaliya 2005; 

Mallikarjuna and Rao 2011). With CA it is also possible to model the vehicular 

movements at closely spaced time and space intervals (Knospe et al. 2000; 

Mallikarjuna and Rao 2011). This leads to the possibility of modeling finite lateral 

movements and variable lateral gap maintaining behavior observed in no-lane-

disciplined traffic conditions using the CA models.  Few researchers have incorporated 

this concept in CA model, but did not adequately represent the actual behavior. Also, to 

model the no-lane-disciplined the present concept of lanes may not be useful. The cell 

width needs to be decided in such a way that the small vehicles such as motorized two 

wheelers and three wheelers are appropriately represented in the model. To simulate the 

real world traffic conditions it is also necessary to incorporate the static and dynamic 

behavior of all the vehicles observed in the no-lane-disciplined heterogeneous traffic 

stream. Therefore, a systematic study of all the relevant characteristics of traffic, with 

enough data, is required to comprehend this type of traffic scenario.  

1.2 Need for the Study 

Microscopic traffic data of all the vehicles are necessary to understand the no-lane-

disciplined heterogeneous traffic stream behavior. Also, data needs to be collected on 

various states of traffic stream. The requisite microscopic data can be extracted from 

the vehicle trajectories. Manual extraction of the trajectories from traffic video film is a 

tedious job and random parallax errors may occur. Image processing based methods are 

useful in collecting huge data covering various scenarios. Serious errors may also occur 

due to various reasons while extracting the vehicle trajectory using image processing 

software. A suitable approach for the correction of trajectory data, corresponding to no-

lane-disciplined traffic stream, is required. Besides the longitudinal interaction, vehicles 

moving in no-lane based heterogeneous traffic stream are affected by the lateral 

interactions. Therefore, a comprehensive study on various factors that affect the lateral 

interactions (lateral gap maintaining behavior) of vehicles is required. 

Most of the existing microscopic traffic simulation models have been developed 

for lane based traffic streams. Some of the microscopic traffic simulation models, 

developed for no-lane based traffic streams, have considered the lateral gap maintaining 
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behavior of vehicle in a rigid manner. Variability in the lateral gap maintaining 

behavior was not thoroughly analyzed and modeled. Moreover, in case of no-lane based 

heterogeneous traffic stream, the factors that affect the movement of a follower have 

not been clearly identified. This lead to the present study with the objectives detailed in 

the following section.  

1.3 Research Goal and Objectives 

The goal of this research is to develop a microscopic traffic simulation model for no-

lane-disciplined heterogeneous traffic stream. The main objectives of the current 

research effort to achieve this goal are as follows: 

 To analyze the vehicle trajectory data extracted through image processing. 

 To analyze the vehicular movement in no-lane-disciplined heterogeneous 

traffic stream using trajectory data. 

 To modify the cell structure and vehicle’s updating procedures of CA based 

model for heterogeneous traffic. 

 To study the effect of lane widths, presently being used in India for two lane 

roads on traffic movement using the proposed simulation model. 

1.4 Scope of the Present Study 

The scope of the present study is limited to the analysis of traffic stream behavior on 

divided urban roads with widths varying from 8.3 to 12.5 m. It was also assumed that 

non-motorized traffic is not present in the traffic stream. Trajectory data collected in the 

present study would be used only for the modeling of lateral gaps. 

1.5 Thesis Outline 

This thesis is organized into seven chapters. Chapter 1 presents general introduction, 

need for the present study, research objectives, and the scope of the present work. A 

State-of-the-art literature review has been presented in Chapter 2. Chapter 3 describes 

the details of the data collected for present study. Methodology to extract trajectory 

from traffic video film, estimation of corrected position and instantaneous speed from 

discrete trajectory data are also presented in this chapter. Chapter 4 provides the 

details of lateral gap modeling. Chapter 5 describes the microscopic traffic simulation 
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modeling framework and parameter analysis of the proposed model. Chapter 6 deals 

with the results and analysis of the proposed simulation model. Finally, Chapter 7  

provides the summary and important conlcusions of the present work, and future scope 

of research.  
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Chapter 2 

Literature Review 

Traffic flow models for lane disciplined traffic have evolved over time and the same is 

not the case with the models dealing with heterogeneous traffic. Traffic flow models for 

no-lane-disciplined heterogeneous traffic have taken most of the concepts meant for 

lane disciplined traffic. With the evolution of data collection techniques researchers 

have started differentiating the fundamental behavior of these traffic streams. This 

chapter presents a systematic literature review of the development of models for no-

lane-disciplined traffic stream either on the basis of existing lane based models or based 

on the observed behavior of heterogeneous traffic streams. Image processing techniques 

are being used for trajectory data collection under heterogeneous traffic conditions and 

in this chapter a review of trajectory correction methodologies has been presented. A 

brief history of microscopic traffic flow modeling is described in section 2.1. Car 

following models adopted for no-lane-disciplined heterogeneous traffic streams are 

presented in section 2.2. Correction of the trajectory data and the models developed 

based on the analysis of trajectories are shown in section 2.3. Brief review on CA 

models is presented in Section 2.4. Summary and important aspects of the literature 

review are presented in section 2.5. 

2.1 Microscopic Modeling 

In microscopic modeling dynamics of different types of vehicles and their interactions 

are modeled using analytical and empirical relations. Microscopic traffic simulation 

models are based on the individual vehicle entities, and many of these models consider 

the driver behavior. In microscopic models the interaction between the vehicles is 

determined by the influence of each vehicle’s movement (Chowdhury et al. 2000), 

driver’s behavior, state of surrounding vehicles, etc. In microscopic modeling vehicle’s 

movement can be divided into longitudinal movement and lateral movement. The car-

following model is mainly used in modeling the longitudinal movement and lane-

changing model is used in modeling the lateral movement of individual vehicle. 

Common car-following models are safe distance or behavioral model, stimulus 

response model, psychological-physical/action point model, artificial intelligence based 
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model, cellular automaton (CA) model etc. Car-following models consider the time and 

position of two consecutive vehicles in the same lane and control the motion of the 

following car (Pipes 1953; Newell 1961; Gazis et al. 1961; Kesting et al. 2007). But, 

lane changing models consider the spreading of vehicles across lanes (Brackstone et al. 

1998; Laval and Leclercq 2008; Treiber et al. 2010). Compared to the car-following 

models, in lane-changing models interaction between vehicles depends on many 

factors, and also getting the data is difficult. 

The first car-following model includes a car-following rule based on safe 

following distance. Pipes (1953) has developed the single lane car-following model 

without overtaking based on the safe following distance from the preceding vehicle. 

This safe distance is proportional to the speed of the following vehicle. Gipps (1981) 

refined the safe following distance based on the assumption that the driver sets limits 

on desired braking and acceleration rates. Most well-known and extensively used car-

following model in 1950s was the stimulus response model, originally developed by 

General Motors (GM), also known as GHR model (Chandler 1958; Gazis 1961), takes a 

non-linear form of response as a function of sensitivity and stimuli. Michaels (1965) 

discussed that the driver would only react when approaching another vehicle. This 

indicates that at large headway driving behavior is not influenced by the other vehicles. 

However,  Wiedemann (1974) has developed a car-following model, known as action 

point model, considering that a driver behaves differently in free driving, approaching, 

following, and braking.  

Though car-following is the basis of controlling the motion of following 

vehicles, in real world lane-changing occurs frequently for faster movement (Laval and 

Daganzo 2006; Jin 2010) or as a mandatory maneuver (Choudhury et al. 2007). 

However, many more complicated interactions occur while lane-changing (Sun and 

Elefteriadou 2014). Zheng (2014) has given a state-of-art review on recent 

developments in lane changing models. He has emphasized the need of modeling lane-

changing at macroscopic as well as at microscopic level with reasonable accuracy. He 

has also stressed on accurate trajectory data collection.  

Since the present study is specifically meant for understanding the behavior of 

each individual entity in no-lane-disciplined heterogeneous traffic stream moving on 

multilane road, the main emphasis is given on understanding the microscopic traffic 
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modeling approaches used for heterogeneous traffic modeling. Some of the important 

models are discussed in the following section. 

2.2 Application of car-following Model for Heterogeneous Traffic 

Traffic observed on Indian urban roads is heterogeneous in nature, and due to various 

reasons vehicles do not follow lane markings. Hence, the models built for lane 

disciplined homogeneous traffic would not be able to replicate this type of traffic 

behavior. Many attempts were made in 1980’s to develop heterogeneous traffic 

simulation models (Palaniswamy et al. 1985; Ramanayya 1988). Ramanayya (1988) 

has modeled mixed traffic moving on one lane roads using the car-following concept. 

In addition to car-following concept, he has added overtaking criteria and lateral 

clearance adequacy in the developed model. He has observed that on Indian roads, 

under mixed traffic conditions, single lane road can support two or three rows of small 

vehicles with appropriate lateral clearances. Palaniswamy et al. (1985) have modified 

and developed a discrete event-based simulation model, based on Swedish Road Traffic 

Simulation model (SWERTS). They have incorporated different road conditions, 

different shoulder conditions, terrain, power-to-mass ratio, over-taking gap acceptance, 

passing speeds etc. Four types of roads were considered in this study (single lane 

bidirectional traffic (3.75 m); intermediate lane road (5.50 m); two-lane road (7.5 m) 

and four-lane road). 

Mathew et al. (2013) have proposed a strip-based approach for simulation of 

mixed traffic conditions using SiMTraM (Simulation of Mixed Traffic Mobility), 

implemented on a traditional lane based simulator, SUMO. The road is divided into 

small strips, which allows continuous lateral movement rather than conventional 

discrete lane changing. For lateral movement they have calculated a factor called 

‘benefit’ as the difference between the safe speeds on the neighboring and on the 

current strips. It has been computed using the car-following model, and normalized by 

the maximum velocity. A positive ‘benefit’ leads to lateral movement and vice-versa. 

They have also observed that reduction of strip width increases the throughput; 

indicates better utilization of empty space. But, this model is unable to analyze the 

erratic behavior of two wheeler (Lan et al. 2010) which is common in no-lane-

disciplined heterogeneous traffic.  
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2.2.1 Field observations on car-following in heterogeneous traffic 

Few researchers have observed the no-lane-disciplined heterogeneous traffic stream at 

microscopic level and had developed some understanding of vehicular interactions in 

no-lane-disciplined heterogeneous traffic stream. Gunay (2007) has developed a car-

following theory with lateral discomfort. He has formulated the movement of following 

vehicles as a function of the off-centre effects of the leaders. He has pointed out the 

effect of the route width on the speed of the following vehicle, and the reduced 

following distance with increased lateral distance between the leader and follower.  

Ravishankar and Mathew (2011) have observed that spacing maintained by a 

following vehicle is dependent on the type of leading and following vehicles, indicating 

that the car-following behavior is dependent on type of the leader and follower. They 

have obtained the data for homogeneous traffic from Next Generation Simulation 

(NGSIM) project (NGSIM 2009) and for heterogeneous traffic, from Eastern Express 

Highway, Mumbai, India using global positioning system (GPS) instrumented vehicles. 

They have observed that the mean speed of the follower is quite close to the lead 

vehicle speed, suggesting the existence of following behavior. They have modified 

Gipps’s model using vehicle pair (follower-leader) specific parameters such as reaction 

time and deceleration of the following vehicle, assumed deceleration of the lead 

vehicle, effective size of the lead vehicle, maximum acceleration and desired speed of 

the following vehicle etc. They have also introduced a sensitivity parameter in the 

modified model which represents the variability in gap maintained by various vehicle 

combinations. These vehicle pair specific (follower-leader) parameter values for 

different combinations of vehicles have been obtained by optimization. This study did 

not consider the impacts of surrounding vehicles on the behavior of the following 

vehicle. 

Kanagaraj et al. (2015) have analyzed the flow characteristics of mixed terrific 

based on the data collected from Chennai, India. The traffic data have been collected 

using videography technique and the trajectories have been extracted using a semi 

automated image processing software, called Trajectory Extractor (Lee et al. 2008). 

They have defined the leading vehicle in no-lane-disciplined heterogeneous traffic as 

the nearest vehicle from subject vehicle which laterally overlap and within 30 m from 

the follower’s position. Depending on leader type subject vehicle maintains the 
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longitudinal spacing. In case of heavy vehicles and three wheelers this spacing is higher 

compared to two wheelers and cars. Similar trends also observed depending on subject 

vehicle type. The lateral movement is highest in case of two wheelers followed by cars, 

heavy vehicles and three wheelers.  

From the above review it can be inferred that understanding and modeling of 

no-lane-disciplined heterogeneous traffic requires comprehensive studies on vehicular 

interactions in lateral and longitudinal directions. The following section deals with the 

trajectory data required for studying vehicular interactions in no-lane-disciplined 

heterogeneous traffic. 

2.3 Microscopic Data Collection 

The vehicular interactions can be captured in terms of positions, speeds, accelerations, 

time and space headways, lateral gaps etc. All these features can be extracted from the 

trajectories of the vehicles. The major hindrance in studying this behavior is the 

availability of accurate vehicle trajectory data. Collection of accurate vehicle 

trajectories under heterogeneous traffic flow is a major problem encountered by the 

researchers. A brief review on vehicle trajectory extraction and its correction is 

highlighted in the following sub-section. 

2.3.1 Trajectory correction 

Various non-intrusive data collection methods (using GPS (Greaves and Figliozzi 

2008), radar (Adnan et al. 2013)) have been used by researchers, among them, video 

based traffic data collection was found to be more appropriate as this method has 

minimal effect on driver behavior. Several automated and semi-automated tools have 

been deployed to extract the vehicle trajectory data from traffic video film, such as 

VEVID (Wei et al. 2005), NGSIM-Video (Kovvali et al. 2007), Trajectory Extractor 

(Lee et al. 2008), TRAZER (Mallikarjuna et al. 2009), Traffic Data Extractor 

(Minugety et al. 2014) etc.  Among these tools, TRAZER and Traffic Data Extractor 

have been utilized to extract trajectory in no-lane-disciplined heterogeneous traffic. 

Extraction of trajectory by Traffic Data Extractor is semi-automated and manual 

intervention is required to select the vehicle position in each time step. TRAZER is an 

automated tool and it can extract the trajectory without manual intervention.  Manual 

intervention is also possible and this enhances the utility of TRAZER in case of false 
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classification and identification. The accuracy of trajectory extraction by TRAZER is 

about 85-90% (Mallikarjuna et al. 2009). Although videography based technique is an 

alternative to collect the trajectory data, due to the complex nature of vehicular 

movement the processed trajectory data contain several errors. When a vehicle is 

partially occluded the vehicular tracking becomes difficult and leads to errors in the 

position data. These errors, in a way, hinder the applicability of video image processing 

methods under heterogeneous traffic conditions. Hence, correction of the raw trajectory 

is necessary before extracting the traffic data. 

Researchers have tried various methods to correct the trajectory and 

subsequently the speed. Averaging (Ossen and Hoogendoorn 2008), locally weighted 

regression technique (Toledo et al. 2007), filtering (Punzo et al. 2005; and Montanino 

and Punzo 2013) or moving average techniques (Thiemann et al. 2008) etc. were the 

commonly used techniques for correcting the trajectory data. Locally weighted 

regression techniques depend on the polynomial order. For a given polynomial order, 

the deviation from the observed position increases with the window size (Toledo et al. 

2007; Kanagaraj et al. 2015). Duell et al. (2014) have pointed out that the large window 

size may not be suitable for widely displaced datasets. Ervin et al. (1991) have used 

Kalman filtering to smooth the trajectory data. Punzo et al. (2005) have used a similar 

approach to correct the GPS based trajectory data. They have used Kalman filter to 

obtain the average speeds from the raw data. Punzo et al. (2011) have analyzed the 

trajectory and speed data accuracy based on jerk analysis, consistency analysis, and 

spectral analysis. 

Yuan (2009) has applied EMD (empirical mode decomposition) based trajectory 

smoothing algorithm on both the lateral and longitudinal positions of the vehicle. He 

has concluded that EMD is a more convenient method to smooth the trajectory 

compared to the wavelet based techniques. Correction of the end positions is one of the 

major problems associated to EMD technique. Wu and Huang (2009) have observed 

that the mode mixing was a major drawback associated with the original EMD 

approach. To overcome this problem, they have proposed a noise assisted data analysis 

(NADA) method termed as ensemble empirical mode decomposition (EEMD). It 

performs the EMD over an ensemble of the signal plus white Gaussian noise. The 

addition of white Gaussian noise solves the mode mixing problem, but, the 

reconstructed signal includes residual noise and different realizations of signal plus 
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noise may produce different number of modes (Torres et al. 2011). To avoid such 

problems, Torres et al. (2011) have proposed a complete ensemble empirical mode 

decomposition with adaptive noise (CEEMDAN).  

From the review it can be said that the application of locally weighted 

regression approach for smoothing the trajectories needs inputs on window size and the 

order of the polynomial. In case of heterogeneous traffic conditions, where the lengths 

of the extracted trajectories are not uniform, it is necessary to give variable window size 

as well as the polynomial order. When the traffic volumes are high it is very difficult to 

provide such variable inputs. Application of EMD approach has also issues related to 

end point correction. Also, sometimes the position data obtained from TRAZER do not 

contain any noise and EMD approach cannot handle this kind of data. EEMD approach 

minimizes such a kind of errors but this method results in more computational time.   

2.3.2 Speed estimation from the smoothed trajectory 

The instantaneous speed of the vehicle can be estimated by taking the first derivatives 

of the smoothed trajectory. The simplest method of derivative calculation is numerical 

differentiation. In case of high frequency data the intensity of noise gets increased in 

derivative calculation (Haswell 1992). To improve the signal-to-noise ratio (SNR) of 

higher order derivatives, noise reduction is usually performed between each order of the 

successive derivatives (Antonov and Stoyanov 1996). Polynomial method of Savitzky–

Golay (Savitazky et al. 1964; Gorry 1990; Barak 1995) and Fourier transform 

(Kauppinen et al. 1981; Cameron and Moffatt 1987) are the commonly used approaches 

for numerical differentiation. These approaches have limitations when applied to the 

experimental signal with low SNR (Shao and Ma 2003).  

To handle the data with low SNR, methods based on wavelet transform (Mallat 

2008 and Messina 2004), including continuous wavelet transforms (CWTs) and discrete 

wavelet transforms (DWTs), have been used for first derivative calculation.  

WT, with commonly used wavelet functions, can be regarded as a smoothing 

and differentiation process. The order of differentiation was determined by the property 

of the wavelet function. The calculation of     order derivative was achieved by only 

one transform procedure, instead of repeated transforms (Shao et al. 2000). WT has 

been introduced in various aspects of civil engineering, such as detection of open 
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cracks in damaged beams (Gentile and Messina 2003; Messina 2004), evaluation of the 

seismic performance of the structure (Das and Gupta 2008). Application of WT has 

also been found in traffic and intelligent transportation engineering. WT has been 

adopted to investigate various traffic related issues, such as automatic detection of 

freeway incidents (Adeli and Samant 2000; Zheng et al. 2011), traffic features around 

freeway work zones (Adeli and Ghosh-Dastidar 2004), traffic flow forecasting (Jiang 

and Adeli 2005), and traffic pattern recognition (Jiang and Adeli 2004).  

2.3.3 Lateral gap maintaining behavior of vehicles 

Vehicles moving in the heterogeneous traffic stream interacts both in longitudinal and 

lateral directions and both these interactions are strongly correlated. Analysis and 

modeling of these correlated interactions is a complex task and some researchers 

(Chakroborty et al. 2004; Gunay 2007) have attempted to model this behavior. Many 

researchers have stressed the need to consider the adjacent moving vehicles in 

modeling the vehicular movement under heterogeneous traffic conditions (Chakroborty 

et al. 2004; Gunay 2007; Arasan and Koshy 2005; Mallikarjuna 2007; Dey et al. 2008). 

Though many have emphasized this requirement, very few attempts were made towards 

understanding this behavior.  

Nagaraj et al. (1990) investigated the linear and lateral placement of vehicles in 

mixed traffic environment to develop the models for mixed traffic flow. They have 

done extensive data collection studies on gap maintaining behavior of vehicles. Data 

collection was limited to certain traffic conditions. They had specified the minimum 

lateral clearances maintained by various types of vehicles at zero speed and at 60 km/hr 

speed. In between these speeds the gaps were assumed to vary linearly as a function of 

subject vehicle’s speed. 

Singh (1999) has proposed relationships between lateral spacing and the subject 

vehicle speed. The minimum and maximum lateral spacing have been estimated for two 

lane road, for different combinations of vehicles. He has also estimated the lateral space 

from physical barriers like Curb and median etc. Arasan and Koshy (2005) have 

considered transverse clearance for over taking maneuver. They had assumed linear 

relationship between the speed of overtaking vehicle and lateral gaps. The lateral gap 

between two adjacent vehicles has been approximated as the sum of the two 

independent clearances, each contributed by the type and speed of the vehicles 
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involved. Fig. 2.1 depicts the computation of lateral gap when Vehicle 2 is overtaking 

Vehicle 1. The minimum left side clearance to be maintained by Vehicle2 was 

represented as C1+C2, where C1 depends on the type and speed of Vehicle 1 and C2 on 

that of Vehicle 2. Similarly, the minimum right side clearance required for Vehicle 2 

was C2+C3, and C3 depends on the type and speed of Vehicle3.  

 

Fig. 2.1 Computation of transverse clearances for overtaking maneuver (Arasan and 

Koshy 2005) 

Gunay (2007) has shown that speeds of the passing vehicles increase with 

increasing frictional clearance. He has also shown that increasing centre line separation 

reduces the time headway between the leader and follower. He had assumed that the 

speed of a vehicle was affected by the effective route width (ERW). In other words it 

can be said that the vehicle needs certain path width to maintain its speed and if the 

width is not available it has to slow down. He had also assumed that if frictional 

clearance (FC) between two vehicles was more than 1.5 m, the effect of the 

neighboring vehicle was negligible.  

Mallikarjuna (2007) have analyzed the variation of average lateral gap with 

respect to the area occupancy. He has found that the fraction of majority vehicle type 

present in the traffic stream has significant influence on the gap maintaining behavior 

of vehicles. Minh et al. (2006) have observed linear relationship between the speed of 

passing motorcycle and the lateral gap. 

Dey et al. (2008) have considered the lateral clearance to be one and half times 

the width of the passing vehicle. No field data analysis has been provided to 

Vehicle 1 
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substantiate this assumption. Pal and Mallikarjuna (2010) have analyzed the lateral gap 

maintaining behavior and its effect on the traffic flows under heterogeneous traffic 

conditions. From the field gap maintaining behavior they observed that the vehicles 

were maintaining different gaps when travelling under different traffic conditions and 

this was also influenced by the lateral position of the subject vehicle. Luo et al. (2013) 

have observed a linear variation between lateral distance from the surrounding objects 

and the speed of the passing car. The surrounding objects were shoulder on left side and 

bicycle on the right side.  

From the review it can be said that very few studies have collected the field data 

to substantiate their findings. Most of the past studies have considered only the speed of 

the subject vehicle in modeling the lateral gaps.  

2.4  Cellular Automata Based Traffic Flow Model 

Cellular Automata (CA) concept is used in the development of microscopic traffic flow 

model. Wolfram (1986) defined CA as the mathematical idealization of physical 

systems in which space and time are discrete, and physical quantities take on a finite set 

of discrete values. It expresses the traffic structure as a lattice of cells of equal size. The 

model contains a set of rules that decide the vehicle movement in the next time step. 

CA models have been utilized in representing numerous traffic scenarios 

starting from rather simple ones such as illustration of highway traffic to more complex 

ones such as the simulation of lane reduction scenarios (Nassab et al. 2006) and the 

simulation of mixed traffic (Lan and chang 2003; Lan and Chang 2005; Mallikarjuna 

2007). CA rules have also been used to simulate pedestrian (Blue and Adler 2001; 

Burstedde et al. 2001) and railway traffic (Li et al. 2005). In the following sub-sections 

a brief description on the evolution of CA model is presented. 

2.4.1 Homogeneous traffic flow modeling using CA 

Cremer and Ludwig (1986) proposed the first CA model for vehicular traffic. Later, 

Nagel and Schreckenberg (1992) proposed the CA model which is well known as 

NaSch model or NS model, to reproduce the basic features of traffic flows, wherein the 

space, speed, acceleration and time were treated as discrete variables. The state of the 

road at any time-step was derived from the state in the previous time-step by applying 

acceleration, braking, randomization and driving rules for all vehicles simultaneously. 
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The model was defined for a single road lane of L sites and with open or periodic 

boundary conditions, which may be either empty or occupied by a vehicle with a non-

negative integer velocity in between 0 to Vmax. The model was developed and validated 

only for passenger car, and this model has got several computational advantages in 

modeling the complex systems. Since then number of modified NaSch models have 

been developed to model the real world traffic conditions. Although CA models are 

somewhat crude and also different in terms of their rules and dynamics when compared 

to kinematic wave and car-following models, their output is fairly similar to those 

models (Nagel 1995; Daganzo 2006).  

Though the original NaSch model could able to mimic the real traffic conditions 

at macroscopic level, it could not reproduce some typical traffic characteristics such as 

jam propagation and time and space headways. To overcome these problems some 

modifications have been proposed to the updating procedure (Takayasu and Takayasu 

1993; Benjamin et al. 1996; Schadschneider and Schreckenberg 1997;  and Barlovic et 

al. 1998). In order to obtain a correct behavioral picture of stable jam, it is necessary 

that a vehicle’s minimum time headway or reaction time should be smaller than its 

escape time from a jam, or equivalently, the outflow from a jam (i.e., the queue 

discharge rate) must be lower than its inflow (Maerivoet 2006). Therefore, a rule to 

make the vehicles wait a short while longer before accelerating from standstill position, 

which was known as ‘slow-to-start’ rule, was introduced. With some probability, the 

vehicles which were stopped in the prior time remain stationary in the next time step. 

The probability value was adjusted such that the delay in starting from the stationary 

position replicated the observed delays. Due to this delay, the out flow from the jam 

was less than the capacity flow. One of the prominent models that incorporate this 

feature is Velocity-dependent randomization (VDR) model proposed by Barlovic et al. 

(1998). This model included stochastic fluctuations as well as slow-to-start rule.  

To replicate the synchronized flow (observed by Kerner and Rehborn 1996), 

Knospe et al. (2000) have proposed the three phase (free-flow, synchronized, and slow 

to start) traffic flow model (known as BL Model) using brake lights, in which car 

following behavior was dependent on brake light status (on/off) of the leading and 

following vehicles. The mathematical model proposed by Knospe et al. (2000) was 

quite complex compared to standard single-cell CA models. Braking probability, the 
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interaction time headway and security distance were the important parameters of the 

BL model.  

To reproduce the synchronized flow, Kerner et al. (2002) proposed a parameter 

called synchronization distance based on which the following vehicle adjusts its speed. 

The update rules consisted of a deterministic and a stochastic part. In the deterministic 

part, the velocity value was first chosen between values 0, vmax, vsafe, and vdes. The term 

vsafe was connected to collision-free driving, and the term vdes was the desired speed 

that was connected to acceleration (for large space headways normal acceleration was 

used, otherwise the speed of the following vehicle was adjusted to that of the leading 

vehicle).  

Since single lane models do not represent the real traffic scenario, two lane CA 

models were developed (Rickert et al. 1996; Chowdhury et al. 1997; Wagner et al. 

1997; Nagel et al. 1998; Knospe et al. 2000).  Nagatani (1993) has first proposed the 

lane-changing concept in CA model for two-lane road. He has also introduced 

randomness in lane-changing behavior. Rickert et al. (1996) have developed a CA 

based traffic simulation model for two-lane road. They had explored the significance of 

stochastic elements with respect to real traffic. Lane-changing occurs due to several 

reasons on multilane roads, but the following prerequisites must be fulfilled before the 

commencement of lane-changing (Rickert et al. 1996; Nagel et al. 1998). 

 there must be incentive for lane change 

 legal constraints must be fulfilled 

 security issues have to be fulfilled 

Emmerich and Rank (1997) have tried to improve the CA model by modifying 

the updating rules including lane-changing. Chowdhury et al. (1997) have introduced 

asymmetric models with various lane-changing rules for different lanes.  

Most of the above referred works were carried out for lane disciplined 

homogeneous traffic either for single lane road or for multilane road. Therefore, these 

models cannot be directly implemented for no-lane-disciplined heterogeneous traffic. A 

systematic vehicle updating procedure is essential in accordance with the dynamics of 

different types of vehicles plying on the road section, to replicate the no- lane-

disciplined heterogeneous traffic.  
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2.4.2 Heterogeneous traffic flow modeling using CA 

Several researchers have modified the original CA model to suit the needs of 

heterogeneous traffic (Lan and Chang 2005; Lan and Hsu 2006; Gundaliya 2005; Hsu 

et al. 2007; Mallikarjuna and Rao 2009; Lan et al. 2010; Lin et al. 2013; Luo et al. 

2013; Yang et al. 2015). Lan and Chang (2005) have modeled the heterogeneous traffic 

composed of cars and motorcycles with the help of a refined cell structure. They 

employed basic CA updating rules to simulate the heterogeneous traffic. Based on the 

field observations they have reduced the cell size to 1.25 m x 1.25 m. Lan and Hsu 

(2006) have  used a cell of 1.25 m x 1.25 m to explore the traffic stream moving on a 

two-lane road. Their model could generate free, synchronized, and wide moving jam 

conditions. Mathew et al. (2006) have used the concept of CA to simulate the 

heterogeneous traffic. Basic CA structure was modified using a cell of 0.9 m x 1.9 m to 

suit the heterogeneous traffic. They have also modified the lane changing rules to 

represent the heterogeneous traffic. 

Hsu et al. (2007) have decided the cell size based on the physical dimensions of 

the vehicle and the required safe gaps. They have used a cell of 1.25 m x 1m and the 

width of the cell has been arrived at based on motorcycle width and its minimum 

clearance. Cells used to represent the vehicles include the lateral and longitudinal 

clearances. Lan et al. (2009) proposed a new revised CA model with piecewise-linear 

speed variation in place of conventional particle hopping, using the cell sizes proposed 

by Hsu et al. (2007). This model could overcome the unrealistic deceleration behavior 

associated to the conventional CA models. Mallikarjuna and Rao (2009) have used the 

cellular automata model for modeling heterogeneous traffic. Model developed by 

Kerner et al. (2002) has been modified to incorporate the heterogeneous behavior of 

traffic. They have considered five types of vehicles in their model. Their model was 

validated with the field observations at macroscopic level. Lan et al. (2010) have 

studied the erratic behavior of two wheelers. In addition to the conventional moving 

forward and lane-change rules, this model has also considered the lateral drift behavior 

for cars and motorcycles moving in the same lane. Possible motorcycle movements 

have been categorized into five classes.  They have observed and modeled the 

transverse crossing behavior of motorcycles when stuck in traffic through the gap 

between two stationary cars on the same lane. Lin et al. (2013) have used CA model for 
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exploring traffic patterns and phase transitions. They have used the same concept of 

‘common unit’ proposed by Hsu et al. (2007) to represent different vehicle dimensions.  

The cell size decided in the above studies is based on the vehicle dimensions, 

gap requirement and their mechanical characteristics. No specific guideline is given for 

determining the cell size in most of the cases. If the cell size is taken to be small, the 

model accuracy for the physical representation is high. Very few studies have changed 

the updating rules as per the refined cell structure. Some of these studies are reviewed 

in the following sub-section. 

2.4.2.1 Evolution of the updating procedure 

Sara et al. (2010) have studied the effect of surrounding traffic characteristics on lane 

changing behavior. They have analyzed lane changing maneuvers’ of 28 heavy vehicles 

and 28 passenger cars and found the vehicle specific lane changing behavior. The 

results suggest a substantial difference exists between the traffic characteristics 

influencing the lane changing behavior of heavy vehicle and passenger car drivers even 

under lane following heterogeneous traffic conditions. Heavy vehicles speed changes 

little during a lane changing maneuver. Heavy vehicle drivers mainly move into the 

slower lanes to prevent obstructing the fast moving vehicles which approach from the 

rear. However, passenger car drivers increase their speed according to the speeds of the 

lead and lag vehicles in the target lane. They move into the faster lanes to gain speed 

advantages. In no-lane-disciplined traffic vehicles are not forced to follow the lane 

markings hence a wide variety of lateral movements can be observed. 

Mallikarjuna (2007) has developed a CA based heterogeneous traffic flow 

model using the cell size of 1.4 m x .5 m.  Reduced cell width was used to capture the 

finer lateral movements observed in the heterogeneous traffic. According to this cell 

size, all the updating procedures have been modified. In this model a following vehicle 

can have more than one leading vehicle and the longitudinally closest vehicle was 

considered as the effective leading vehicle. He has also considered the effect of other 

vehicles in the vicinity on the movement of the subject vehicle.  

Lan et al. (2010) have elucidated the lateral drift behavior of cars moving in the 

same lane. They introduced the lateral movement rule of cars in two ways such as lane 

change and lateral drifts. They have divided a two-lane road of 7.5 m into 6 sub-lanes, 
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as the cell size for this model was 1.25 m x 1.0 m. In lane change rule, a car may shift 

from one lane to another lane completely, but, in lateral drift, a car may shift sub-lane 

within the same lane. They have also assumed that a car would change lane only when 

it is located along the lane markings. A car located away from lane markings would 

take longer time to complete the lane change. They have also modeled the lateral drift 

behavior of motorcycles breaking into two moving cars, and the transverse crossing 

behavior for motorcycles through the gap between two stationary cars in the same lane. 

A motorcycle being stuck in traffic jams for a period of 3 sec, would take transverse 

crossing through the gap between the two queued vehicles. 

Luo et al. (2013) have investigated the interaction between car and bicycle using 

CA concept. They have incorporated the variability of lateral gap maintaining behavior 

of car in vehicle updating steps. They have shown the impact of variable lateral gap on 

forward movement of car. Variable lateral gap maintaining behavior may also impact 

the lateral movement of car. This has not been addressed in their study because of the 

restriction on lateral movement of car. Therefore, this study need to be further 

investigated to check the effect of variable lateral gap on lateral movement, as well as 

on forward movement of different vehicle types. Moreover, interaction between 

motorized vehicles is needed to be further investigated. Most recently, Yang et al. 

(2015) have investigated car-truck following combination effect. They have observed 

that vehicle specific interactions are different. Interactions vary depending on the pair 

of vehicles in car-following.  

Since several types of vehicles are plying on the roads in developing countries, a 

suitable model is required to understand their behavior in the traffic stream. From the 

review presented here it is evident that CA model can be a better alternative to model 

heterogeneous traffic considering its ability to model complex interactions.  

From the above review it can be inferred that a comprehensive approach is 

lacking when modeling the heterogeneous traffic. Complexity in microscopic data 

collection, specifically when collecting gap related data, has been one of the major 

problems faced by the researchers working in this area. Hence, development of an 

appropriate traffic simulation model to replicate the no-lane-disciplined heterogeneous 

traffic stream, integrating the variable inter vehicular lateral gap maintaining behavior 

is essential. 
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2.5 Summary of the Literature Review 

Traffic flow modeling requires thorough understanding of the actual traffic stream 

behavior and this understanding can be gained with the help of field observations. Due 

to lack of empirical observations such understanding of no-lane-disciplined 

heterogeneous traffic is almost absent. In this scenario, as shown in the literature 

review, homogeneous traffic flow models are being adopted for heterogeneous traffic 

conditions. Some researchers have attempted to incorporate few modifications 

considering the heterogeneous traffic conditions. Specifically, microscopic models, 

including car following and CA models have been adopted for modeling the 

heterogeneous traffic.  

Recently, few researchers have made attempts to collect and understand the 

field data on heterogeneous traffic stream. It was found that field data collection itself is 

a complicated task and significant efforts are required in collecting and correcting the 

microscopic data. Image processing techniques were found to be useful in collecting the 

data but the extracted data were riddled with errors. This aspect needs to be addressed 

for getting a meaningful insight into the traffic stream behavior. 

Many researchers have also proposed refinement of cell structure to 

appropriately represent the smaller vehicles and finer lateral movements observed in 

no-lane-disciplined heterogeneous traffic streams. Finer cell structure affects the 

updating procedures and the corresponding parameters, and this need to be thoroughly 

analyzed.  
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Chapter 3 

Data Collection and Analysis 

This chapter deals with the microscopic traffic data extraction from the vehicle 

trajectory data. Details of the video data and the methodology used for extraction of 

trajectories are discussed in section 3.1. Systematic approaches to smooth the 

trajectories of vehicles moving in no-lane-disciplined heterogeneous traffic stream are 

explained in section 3.2. Smoothing of the trajectories using Complete Ensemble 

Empirical Mode Decomposition with Adaptive Noise (CEEMDAN) is also described in 

this section. Section 3.3 deals with the estimation of speeds using continuous wavelet 

transforms (CWT), discrete wavelet transforms (DWT), and numerical differentiation. 

Internal consistency analyses of the estimated positions and speeds using the basic 

equations of motion are also discussed in this section. Last section of this chapter 

summarizes the important conclusions drawn from the analysis.  

3.1 Introduction 

Traffic stream behavior and vehicular interactions within the traffic stream vary from 

place to place and section to section. The lateral gap between vehicles moving on two 

lane roads differ from that of the three lane roads or four lane roads. The driver 

behavior also differs significantly from one city to the other. The driver from a 

particular city may be aggressive, whereas, the driver from some other city may be well 

disciplined. Therefore, it is required to collect the traffic data from different locations 

and also from road sections of different geometry.  

Trajectories of the vehicles are crucial for analyzing the traffic stream behavior. 

Many microscopic traffic data such as the instantaneous speed, acceleration, headway, 

lateral gap etc. can be extracted from the vehicle trajectories. Macroscopic data 

corresponding to a general measurement region can also be extracted using the 

trajectory data. Various methods are being used to collect the trajectory data, but, video 

based approaches are useful in detailed analysis of the traffic stream behavior. In this 

study, vehicular movement has been captured using the cameras focused over the mid 

block sections of divided multilane roads. Different urban locations of four major cities 

of India, namely, Delhi, Hyderabad, Bangalore and Kolkata have been considered in 
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this study. To observe the variability of driver behavior in congested as well as in free 

flow conditions, the traffic flow data have also been collected in peak and off peak 

hours. Details of the sites selected for data collection and stream composition 

corresponding to these locations are discussed in the following subsections. 

3.1.1 Site selection 

The following criteria were considered in selecting the site for data collection 

 The road stretch under consideration should be straight for at least 50 to 100 

m. 

 The road stretch under consideration should not have any potholes or other 

defects that would affect the driving pattern of the driver.  

 The road stretch should be free from gradients. 

 Availability of suitable vantage point within the vicinity of the proposed data 

collection site. 

Keeping the above criteria in mind, different arterials located in the urban areas 

of four major cities have been considered for data collection. Foot over bridges are 

available near all these sites for collecting the video. The video camera was located on 

the foot over bridge. The camera was positioned in the direction facing the center lane 

of the road section and incoming traffic.  A section length of around sixty meter was 

covered from the foot over bridge.     

3.1.2 Trajectory extraction using TRAZER 

In this study, an offline image processing software, named TRAZER, was used to 

extract the trajectory data from the video films. TRAZER is capable of tracking 

vehicles even under highly congested traffic conditions. The specific advantage of this 

software is its ability to capture lateral movements, which is a typical feature of no-

lane-disciplined traffic. This software can classify the vehicles in four categories, 

namely, light motor vehicle (LMV), motorized two wheeler (MTW), motorized three 

wheeler (MThW) and heavy motor vehicle (HMV). TRAZER collects the trajectory 

data over 10 to 30 m road length. TRAZER output consists of vehicle id, vehicle type, 

and its coordinates at all the time frames. From the trajectory data, several microscopic 

features such as lateral gaps, headways, instantaneous speeds etc. and macroscopic 
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traffic features such as classified traffic volume, average occupancy, and average speed 

data, can be collected. Mallikarjuna et al. (2009) have established that TRAZER gives 

high detection accuracies if the video camera is aligned with the centre line of the road 

and positioned at a certain altitude. They have reported that TRAZER can detect and 

identify about 85-90% of the vehicles and in this study also similar results were 

obtained. TRAZER allows manual intervention and this facilitates the addition of the 

trajectories corresponding to the unidentified vehicles. The methodology followed in 

extracting the trajectories using TRAZER is presented in the flow chart shown in Fig. 

3.1.  

 

Fig. 3.1 Trajectory data extraction using TRAZER 
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3.1.3 Details of the traffic data 

A total of twenty two hours video data have been collected and processed. Details, such 

as the road width and time of data collection, variation of hourly flow and vehicle 

compositions are given in Table 1.1. From the hourly composition it can be observed 

that LMVs and MTWs are the major constituents of the traffic streams, at all the 

locations. 

Table 3.1 Road geometry and traffic characteristics observed at data collection sites 

3.1.4 Analysis of the raw trajectory extracted using TRAZER 

Given the complex nature of vehicular movement in heterogeneous traffic stream, the 

extracted trajectory data may contain several errors. These errors might be resulting due 

to the limitations of the software in identifying and tracking the vehicles moving in no-

lane-disciplined traffic stream. Lateral movements and closely following vehicles result 

in temporary partial occlusions. When a vehicle is partially occluded, the tracking 

ability of the software is reduced and the same position may be tracked over several 

time instances. These errors, in a way, hinder the applicability of video image 

processing methods under heterogeneous traffic conditions.  

Trajectory of a sample vehicle (Vehicle id_36004) from Jubilee hills, 

Hyderabad, is shown in Fig. 3.2. It can be seen that, due to various reasons, the position 

of the vehicle has been tracked to be same in consecutive frames 50-51, 76-77, 82-83, 

90-92 and 93-97. It can also be observed from frames 20-21, 32-33, 37-38 and 74-75 

that there is a backward movement. At several time steps sudden lateral shifts have also 

Location Road 

Width 

(m) 

Length of 

the video 

(hrs) 

Time of data 

collection 

(Hrs to Hrs) 

Variation of 

hourly flow 

(vehicles/hr) 

Vehicle composition (% ) 

LMV MTW MThW HMV 

VIP Road, 

Kolkata 

10.8 7 9:25 to 16:44 5228 to 2913 59 23 10 8 

Salt lake, 

Kolkata 

6.6 4 9:40 to 15:40 3019 to 2799 63 20 13 4 

Maharani 

Bagh, Delhi 
12.5 4 13:00 to 17:30 7897 to 6396 48 29 10 13 

Kodihalli, 

Bangalore 
8.3 3 11:00 to 14:00 4186 to 3952 34 49 13 4 

Indira Nagar, 

Bangalore 
12.0 2 10:50 to 12:50 3771 to 3726 41 47 8 4 

Jubilee Hills, 

Hyderabad 
10.0 2 14:42 to 16:42 4550 to 3621 46 43 10 1 

  TH-1613_09610413



27 

 

been observed in lateral positions. These types of problems are to be addressed and the 

data smoothing techniques can be used for this purpose.  

 

Fig. 3.2 Raw trajectory of Vehicle id_36004 extracted using TRAZER 

Various smoothing methods have been suggested in literature(Section 2.5) and 

it was found that the existing methodologies have certain drawbacks. Considering this, 

CEEMDAN approach has been used in this study and details of the same are discussed 

in the following section. 

3.2 EMD based Trajectory Smoothing 

Yuan (2009) has proposed an Empirical Mode Decomposition (EMD) based trajectory 

smoothing technique and found that this approach is more convenient compared to the 

wavelet based techniques. But, this approach is unable to deal with the correction of the 

positions corresponding to the end points. Wu and Huang (2009) have observed that the 

mode mixing is a major drawback associated with the original EMD approach. To 

overcome this problem, they have proposed a noise assisted data analysis (NADA) 

method termed as Ensemble Empirical Mode Decomposition (EEMD). It performs the 

EMD over an ensemble of the signal plus white Gaussian noise. The addition of white 

Gaussian noise solves the mode mixing problem, but, the reconstructed signal includes 

residual noise and different realizations of signal plus noise may produce different 

number of modes (Torres et al. 2011). To avoid such problems, Torres et al. (2011) 

have proposed a Complete Ensemble Empirical Mode Decomposition with Adaptive 

Noise (CEEMDAN) to smooth the original signal. In this study CEEMDAN approach 
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has been applied to smooth the trajectories. The EMD and its Noise Assisted Versions 

are discussed in the following sub-sections. 

3.2.1 Empirical Mode Decomposition (EMD) and its Noise Assisted Versions 

Huang et al. (1998) have introduced Empirical Mode Decomposition (EMD) method to 

analyze the non-linear and non-stationary data. Using the EMD method, any 

complicated data set can be decomposed into a finite and often small number of 

components which consists of intrinsic mode functions (IMF) and one residue. Huang 

et al. (1998) have defined an oscillating wave as an IMF, if it satisfies the following 

criteria: 

 The number of extrema (total number of maxima and minima, refer Fig. 3.3) 

and the number of zero-crossings must be equal or differ by one 

 At any point, the mean value of the envelope defined by the local maxima 

and the local minima is zero. 

The extracted IMFs, having different amplitudes and frequencies, are complete 

and adaptive, and reflect the local properties of the signal. Since the decomposition is 

based on the local characteristic time scale of the data, it can be applied to nonlinear 

and non-stationary processes. An arbitrary sinusoidal function is shown in Fig. 3.3. For 

better understanding of the IMF extraction process, various components of the curve (in 

Fig. 3.3(a)) are shown in Fig. 3.3(b).  

 

Fig. 3.3 Arbitrary sinusoidal function and IMF extraction process 

Solid line in Fig 3.3(a) indicates the original signal y(t), circles indicate local 

maxima and triangles indicate local minima in Fig. 3.3(a); Dotted line connecting 

circles and dashed line connecting triangles are upper and lower envelop respectively, 
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fitted using cubic splines and dash-dot line at middle of upper and lower envelop is the 

mean envelop in Fig. 3.3(b). 

3.2.2 The EMD method 

For any signal y(t), the procedure involved in the extraction of IMFs (adopted from 

Mallikarjuna and Raghukanth 2009) is summarized below: 

(1) Identify the local maxima and minima of the original time series data, y(t), 

and construct the lower and upper envelopes using cubic splines (Refer Fig. 

3.3). 

(2) At every time step, determine the mean of the upper envelop (E
 
) and lower 

envelop (E
-
) as, 

                       (3.1) 

(3) Subtract the average, m0 t , which is the bias of the data about the zero 

level, from the original data to get, 

                   (3.2) 

(4) If the conditions of IMF are not meant by y
1
 t  after one iteration, then y

1
 t  

is required to be sifted again. Hence, in the subsequent processing,       is 

treated as the original signal, the new time series is to be processed using the 

procedure discussed in steps 1 to 3. 

                   (3.3) 

(5) Repeat the process m times till the sieved data y
m
 t  is centered 

symmetrically such that with every zero only one peak or valley occurs. 

Now, y
m
 t  is the first intrinsic mode function and is denoted as IM 1. 

(6) If the remaining signal is still compound of the components with several 

frequencies, then the next IMF is obtained by taking the residue signal, 

r1 t  y t -ym t , as a new signal, and repeat the sifting process (steps 1 to 

5). 
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(7) Similarly, IM  , IM  ,..... IM n, are computed until the remaining signal 

shows no oscillations, i.e., the residue rn t  becomes monotonic and no 

further sifting is possible. Hence, finally with n IM ’s , the signal can be 

expressed as, 

                    

 

   

 (3.4) 

The number of extrema decreases with hierarchical extraction of IMFs from the 

data. Thus, long-term trends, centerline drifts, and long-period non-stationary features 

come out as the residue.  

3.2.3 The ensemble EMD method 

Wu and Huang (2009) have observed that the mode mixing is the major drawback 

associated with the original EMD. Mode mixing is a consequence of signal 

intermittency, defined as either a single IMF consisting of signals with widely disparate 

scales, or a signal of a similar scale residing in different IMF components. To alleviate 

such problems, Wu and Huang (2009) have proposed a noise assisted data analysis 

(NADA) method, termed as the ensemble empirical mode decomposition (EEMD). In 

this method an ensemble mean is taken over a number of IMFs, extracted from multiple 

applications of EMD to the original signal each time with the addition of different 

white noise. The EEMD method is summarized as below. 

(1) Different white noise  m t , with the same amplitude, is added   times to 

an original signal y t  to generate   modified signals. 

                              (3.5) 

(2) The EMD decomposition is performed on each modified signal y
m
 t . Each 

signal may be decomposed into n IMFs and one residue as a trend. Then, 

y
m
 t  can be rewritten as,  

                                    

 

   

 (3.6) 
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(3) To reduce the mode mixing, the EEMD method averages the result of the 

IMF set IM  k t  and the trend   t  derived from EMD to produce the final 

result. 

     
     

 

 
                     

 

   

 (3.7) 

      
 

 
       

 

   

 (3.8) 

The addition of white Gaussian noise solves the mode mixing problem. 

However, the reconstructed signal includes residual noise and different realizations of 

signal plus noise may produce different number of modes and the process is also 

computationally expensive (Torres et al. 2011). To overcome such problems, Torres et 

al. (2011) have proposed a complete ensemble empirical mode decomposition with 

adaptive noise (CEEMDAN).  

3.2.4 The CEEMDAN method 

Let the operator Ej(.) is a function which produces the j
th

 IMF of a given signal 

obtained by EMD. Let  m(t) be the independent white Gaussian noise with zero mean 

and unit variance and  0 is a noise coefficient. The CEEMDAN method proposed by 

Torres et al. (2011) is briefly described below. 

(1) Generate a collection of noise-added original signal  

                              (3.9) 

(2) The average of the 1
st
 IMF obtained through EMD, corresponding to each  

y
m
 t  gives the first CEEMDAN mode, 

          
     

 

 
        

 

   

 (3.10) 

Then the first residue is, 

                     
     (3.11) 
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(3) Decompose the noise added residue                    using EMD mode 

and define the second CEEMDAN mode as, 

          
     

 

 
                      

 

   

 (3.12) 

(4) For           calculate the     residue: 

                        
     (3.13) 

(5) Extract the first mode of                   by EMD and compute their 

ensemble average to obtain the          CEEMDAN mode as: 

          
       

 

 
                      

 

   

 (3.14) 

The process mentioned in points 4 to 5 continues until the obtained residue 

cannot be further decomposed using EMD, either because it satisfies IMF conditions or 

because it does not have more than two local extrema. For a total   number of modes, 

the final residue can be expressed as, 

                     
    

 

   

 (3.15) 

Finally, the target signal can be expressed as, 

                
         

 

   

 (3.16) 

Equation (3.16) makes CEEMDAN a complete decomposition method (Torres 

et al., 2011). In Comparison with both EMD and EEMD, CEEMDAN not only solves 

the mode mixing problems, but also provides an exact reconstruction of the original 

signal. In this study, the trajectory data have been collected with an objective to extract 

the microscopic data such as the speeds, and lateral gaps maintained by the vehicles 

when travelling at different speeds. For this purpose, the collected trajectory is 

represented as two one-dimensional time series data, corresponding to lateral position, 

y y
1
,y
2
,y
 
  ,y

n
 and longitudinal position, x x1,x2,  x   ,xn. CEEMDAN has been 

applied on both the time series data       and      . The time series data       and 

      were decomposed into different IMFs and the residuals for both the data were 
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estimated separately. These residuals are nothing but the smoothed time series of lateral 

and longitudinal positions of the vehicle. 

 

Fig. 3.4 CEEMDAN of longitudinal position       data of Vehicle id_36004 

3.2.5 Trajectory data smoothing using CEEMDAN 

The trajectory data shown in Fig. 3.2 have been smoothed using CEEMDAN, EEMD, 

EMD and locally weighted regression methods. In case of CEEMDAN, the 

decomposition of the trajectory data corresponding to       and       are shown in 

Figs. 3.4 and 3.5, respectively. It can be seen from Figs. 3.4 and 3.5 that the number of 

extrema decreases with the hierarchical extraction of IMFs from the original trajectory 

data. The long-term trends, centerline drifts, and long period non-stationary features 

come out as the residue; hence further decomposition is not possible.  
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Fig. 3.5 IMF of lateral trajectory data obtained using CEEMDAN 

 

Fig. 3.6 Comparison of trajectories estimated using various methods with the observed 

trajectory 
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The residue gives the smoothed trajectory (CEEMDAN in Fig. 3.6). The 

trajectory has also been smoothed using EEMD and EMD, and the corresponding 

outputs are shown in Fig. 3.6. Smoothing has also been carried out using the local 

regression (lowess and loess in Fig. 3.6) method (Toledo et al. 2007; Mallikarjuna et al. 

2009).  

 

     Fig. 3.7 Comparison of smoothed trajectories obtained using various methods 

Most of the trajectories extracted using TRAZER are short in length. To further 

ascertain the suitability of various smoothing techniques a long trajectory obtained from 

a simulation model has been considered. This hypothetical trajectory was free of any 

error. Before smoothing this trajectory, white Gaussian noise has been added randomly 

to make it flawed. The flawed trajectory has been smoothed using various methods, and 

the outcomes are shown in Fig. 3.7. The result shown in the figure indicates that 

CEEMDAN, EEMD and EMD can smooth the trajectory efficiently. The differences 

between the original and the estimated trajectories were quantified using the mean 

absolute error (MAE) and root mean squared error (RMSE) statistics.  
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Where,    and     are the observed and estimated positions for observation  , and, 

  is the number of observations. The statistical measures corresponding to a trajectory 

(shown in Fig. 3.2) are shown in Fig. 3.8a. The statistical measures corresponding to 

the hypothetical trajectory are shown in Fig. 3.8b. From these figures it can be seen that 

CEEMDAN approach is yielding better results compared to the other approaches. The 

observed and estimated paths of the vehicle (corresponding to Fig. 3.2) are shown in 

Fig. 3.9.  

 

Fig. 3.8 Statistical measures of trajectory corrections for Vehicle id_36004 (a); and 

arbitrary trajectory(b) by various methods. 

 

Fig. 3.9 Observed and estimated paths of the vehicle corresponding to Fig. 3.2. 
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Fig. 3.10 Average RMSE and MAE of the trajectories  

The averages of RMSE and MAE for all the vehicle trajectories corresponding 

to the Jubilee hills road, Hyderabad, are shown in Fig. 3.10. It is evident from the figure 

that the performance of CEEMDAN technique is better compared to the other 

techniques. Observed and smoothed (using CEEMDAN) trajectories of vehicles 

corresponding to the Indiranagar road, Bangalore are shown in Fig. 3.11. 

 

Fig. 3.11 Original (a) and smoothed (b) trajectories of vehicles 

3.3 Speed Estimation 

The instantaneous speed of the vehicle can be estimated by taking the first derivatives 

of the smoothed trajectory. The simplest method of derivative calculation is the 

numerical differentiation. In case of high frequency data, numerical differentiation 

results in erroneous derivatives (Haswell 1992). To improve the signal-to-noise ratio 

(SNR) of higher order derivatives, noise reduction is usually performed between the 

successive derivatives (Antonov and Stoyanov 1996). To handle the data with low 

SNR, wavelet transforms (Mallat 2008 and Messina 2004), including continuous 

wavelet transforms (CWTs) and discrete wavelet transforms (DWTs), have been used.  
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WT, with commonly used wavelet functions, can be regarded as a smoothing 

and a differentiation process. The order of differentiation is determined by the property 

of the wavelet function. The calculation of     order derivative can be achieved by only 

one transform procedure (Shao et al. 2000). In this study, first derivative of Gaussian 

function has been used as the wavelet function for CWT and ‘spline’ wavelet function 

has been used for DWT, to estimate the speed from the smoothed trajectory. 

Application of WT in derivative calculation is presented in the following sections. 

3.3.1 Wavelet Transforms 

WT is a useful tool for frequency analysis, with an ability to perform local analysis. It 

can be used to analyze the time series data that contain non-stationary power at many 

different frequencies (Daubechies 1990). The wavelet function   must satisfy the 

following conditions (Mallat and Hwang 1992): 

               
  

  

 (3.19) 

       
       

   

  

  

     (3.20) 

Where,   implies the finite energy of the function  ;   is the Fourier transform 

of  . C , is the admissibility condition which implies that the mean of the function, 

 , must be equal to zero. Then the function   is said to be a mother wavelet or basic 

wavelet or wavelet function. Mallat (2008) and Messina (2004) have defined the 

wavelet transform of a real signal  (t) with respect to the wavelet function  (t)  as 

follows, 

                       
 

  
       
  

  

 
   

 
              (3.21) 

Where,   is a scale parameter, used to control the dilation, and   is called 

translation or shift parameter, used to control the translation.     denotes the complex 

conjugate of   used in case of complex wavelet. The signal energy is normalized at 

every scale by dividing the wavelet coefficients by    . The function  
 , 
 t  is derived 
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from the mother wavelet  , rescaling by    and shifting by   (Grossmann and Morlet, 

1984).  

         
 

    
  

   

 
  (3.22) 

When the values taken by   and   are continuous, it is called continuous wavelet 

transform (CWT), and when they are discrete, it is called discrete wavelet transform 

(DWT). The reproduction property of CWT shows that it is enormously redundant, i.e., 

the signal is unfolded from one variable   to two variables   and  . Thus, all the 

information is already contained in a small subset of the  ( ,  ) and the result of DWT 

is much smaller subset of  ( ,  ) (Barache et al. 1997). When the function  (t) satisfies 

the admissibility conditions, as mentioned in equation (3.20), the original signal  (t) 

can be obtained from the wavelet transform W    ,    by using the inverse continuous 

wavelet transform mentioned in the following equation (Mallat 2008); 

      
 

  
           

  

  

  

  

         
  

  
 (3.23) 

A wavelet function  (t), defined by the mth order derivative of a smoothing 

function   t  with m vanishing moments, can be written as (Mallat 2008); 

           
      

   
 (3.24) 

Where,   t  is fast decaying and a nonzero constant integral as (Mallat 2008 and 

Messina 2004) shown below 

                     
  

  

 (3.25) 

 ( ) is the Fourier transform of  (t). Equation (3.25) establishes that  (t) has no 

more than m vanishing moments. The CWT, W    ,    is just the derivative of the 

signal      smoothed by a weighted average kernel  s(t) which corresponds to the 

smoothing function   t , dilated using  , weighed with 
1

    
  and turned over through 

–t (Mallat 2008; Messina 2004; Jianwen et al. 2006). As a result, the CWT with the 
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given wavelet function  (t) has the combined properties of data smoothing and 

differentiation. Mallat (2008) and Messina (2004) have verified that, 

    
   

         

      
   

      

   
 (3.26) 

According to equation (3.26), 
W    ,   

 m 
m 1 2

 is used to approximate the derivative. 

Messina (2004) has shown that the generating function  (t) of the mth Gaussian wavelet 

behaves as a linear low-pass filter. The wavelet transform as shown in equation (3.21) 

behaves as a low-pass differentiator filter with the dilation parameter as the cutting 

frequency (Messina 2004). A small change in dilation leads to high noise sensitivity, 

while a large value of the dilation is related to a large averaging domain and hence 

results in strong noise cancellation (Jianwen et al. 2006). The DWT can be also used to 

calculate the derivatives (Leung et al. 1998; Bruce and Li 2001). Shao and Ma (2003) 

and Messina (2004) have observed that CWT as well as DWT showed similar 

characteristics with a given wavelet.  

Similar to CWT, the DWT based method uses 
DW    ,   

 m2
n(m 1 2 ) to approximate the 

derivative. DW    ,    is the DWT, i.e., wavelet coefficients or information in the 

multi resolution signal decomposition (Mallat 2008) of  (t) at the signal decomposition 

level of n, and the dilation parameter 2
n
. Therefore, the mth order derivative calculation 

of an analytical signal can be obtained through one wavelet transform by using a 

wavelet function with m vanishing moments. For example, the first and second 

derivatives can be calculated with Daubechies wavelets db1 and db2, having one and 

two vanishing moments, respectively (Shao and Ma 2003). A problem that encountered 

in the WT calculation is the boundary effects. In this study, this is eliminated with the 

method of symmetric extension (Leung et al. 1998; Chau et al. 1996; Shao and Ma 

2003). 

3.3.2 Extraction of speed from the smoothed trajectory 

CWT, as well as DWT techniques have been applied on smoothed trajectory data  to 

estimate the instantaneous speed. CWT with Gaussian1 wavelet function has been used 

to estimate the instantaneous speed of the vehicle Wavelet toolbox in MATLAB 2014a 

was used for this purpose. In case of CWT, the speed of the vehicle was estimated with 
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different dilation parameters 2, 4, 8, ...up to 32. The dilation parameter has been 

optimized based on the RMSE of speed consistency. The basic equation of motion is 

shown below;  

                       (3.27) 

The terms       and       indicates the speed and acceleration estimated for 

vehicle   at time  .         is the speed estimated at time     (next time step) using 

WT. Difference between the estimated speed at time     and speed resulting from the 

right-hand side of basic equation of motion is considered as the speed consistency error 

for calculating the RMSE. The variation of the RMSE for speed consistency with 

respect to the dilation parameter is shown in Fig. 3.12(a). As can be seen in the figure, 

the RMSE is decreasing with the incresing dilation parameter and after certain value, 

there is a marginal change in RMSE. Hence, the ‘gaussian1’ wavelet function with 

dilataion parameter 16 was choosen for estimating the speed. 

 

Fig. 3.12 Variation of RMSE with dilation parameter (a), and decomposition level (b) 

In case of DWT, speeds have been estimated using spline wavelet function for 

decomposition level 1,2,3,.. up to 15. Fig. 3.12 (b) shows the variation in RMSE w.r.t. 

decomposition level and it can be observed that after certain decomposition level (8 in 

this case) there is only a marginal change in the RMSE. Hence, the speeds have been 

estimated using ‘spline’ wavelet function with a decomposition level of 8. The speed 

estimated by numerical differentiation of raw trajectory and speeds from the numerical 

differentiation of the smoothed trajectory are shown in Fig. 3.13. The difference in 

estimated and observed speeds are due to numerous errors in raw trajectory data and the 

error (noise) is magnified due to the differentiation of high frequency data. Speed data 

estimated using CWT and DWT and using the local regression (Mallikarjuna et al. 

2009) are shown in Fig. 3.13. To check the applicability of WT, internal consistency of 

the trajectory has been verified. 
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Fig. 3.13 Speed profiles obtained using various techniques 

3.3.3  Internal consistency 

Toledo et al. (2007) have introduced the internal consistency analysis of positions, 

speeds and accelerations, estimated from the smoothed trajectory data, using the basic 

equations of motion as shown below. 

                     (3.28) 

                     (3.29) 

The terms       and        indicates the estimated positions for vehicle  , at 

time   and     respectively. Consistency error in position is the difference between the 

present position of the vehicle and the position estimated using the position and the 

speed of previous time step. If there is any error in estimating the position or speed by 

various smoothing techniques, then the position of the vehicle in current time step will 

not be same. Hence, this measure gives an idea about the accuracy of the proposed 

method. Difference between the estimated postion at time     and position resulting 

from the right-hand side of basic equation of motion (equation 3.28) is considered as 

the position consistency error. The RMSE and MAE of the consistency errors for the 

vehicle position with respect to its speed, and vehicle speed with respect to its 

acceleration are shown in Fig. 3.14. The result indicates that CWT and DWT methods 

of speed estimation have resulted in relatively low consistency error. 

0 

10 

20 

30 

40 

50 

60 

10 30 50 70 90 

S
p

ee
d

 (
k
m

/h
r)

 

Time (in second) 

diff original 
diff ceemdan 
Speed Old 
DWT 
CWT 

  TH-1613_09610413



43 

 

 

Fig. 3.14 Error measures of the consistency of position(a); and speed (b) estimated using 

various methods 

3.4 Summary and Conclusions 

In this study TRAZER has been used to get the vehicular trajectories, ranging from 10 

to 30 m. These trajectories were found to have many errors, and need to be 

smoothened. Commonly used smoothing approaches, such as the local regression 

methods, were found to be inappropriate for smoothing these trajectories. In this study, 

a methodology based on complete ensemble empirical mode decomposition with 

adaptive noise (CEEMDAN) is proposed to smooth the trajectory data. From the error 

analysis it has been found that the proposed approach is relatively better in smoothing 

the trajectory. The smoothed trajectory data is further differentiated using wavelet 

transforms to estimate the instantaneous speed of the vehicle. Relatively more accurate 

speeds have been estimated by the application of wavelet transforms. Internal 

consistency analysis of the position and speed also supports the suitability of proposed 

method for speed correction.  
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Chapter 4 

Modeling of Lateral Gap Maintaining Behavior of Vehicles 

Analysis and modeling of vehicular lateral gap maintaining behavior under no-lane-

disciplined heterogeneous traffic conditions are discussed in this chapter.  An inherent 

characteristic of the vehicle moving in no-lane-disciplined heterogeneous traffic stream 

is the variability of its lateral gap with the adjacent vehicles. Vehicles in heterogeneous 

traffic stream with no-lane-disciplined can move anywhere on the available road space 

and their movement is not only influenced by the characteristics of the leading vehicle 

but also by the presence of the adjacent vehicles. In such scenario lateral gaps 

maintained by the vehicles play an important role in the vehicular movement. An over 

view of such behavior of vehicles is presented in section 4.1. Field data analyses, 

illustrated in section 4.2, show a wide variation in the total lateral gap, even for a 

specific combination of passing/overtaking and the corresponding adjacent vehicles. 

Logistic regression analysis approach is proposed to model the total lateral gaps and the 

details are provided in section 4.3. Section 4.4 deals with the application of the 

proposed regression technique to model the total lateral gap data. Analyses of the 

results are described in section 4.5. The last section of this chapter summarizes the 

important conclusions drawn from lateral gap analysis and modeling.  

4.1 Introduction 

Presence of smaller vehicle on traffic stream makes it impractical to enforce the lane 

discipline. Absent of lane enforcement and the presence of smaller vehicles lead to the 

variable lateral gap maintaining behavior. In this context the vehicle has the liberty to 

occupy the free space available on the road depending on its requirement, and the 

surrounding traffic. Lateral gaps maintained by the vehicles depend on many factors. 

Fig. 4.1 shows two scenarios, where a MTW maintaining two different total lateral 

gaps. But it is not exactly clear how the vehicles maintain gaps and what are the factors 

influencing this behavior. At the same time it is clearly evident that the lateral gap 

maintaining behavior of vehicles is one of the crucial parameters in developing 

heterogeneous traffic flow model, and needs to be analyzed. 
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Fig. 4.1 Variable lateral gap maintained by MTW at two different scenarios  

Many researchers have stressed the need to consider the adjacent moving 

vehicles in modeling the vehicular movement under heterogeneous traffic conditions 

(Singh 1999; Chakroborty et al. 2004; Gunay 2007; Arasan and Koshy 2005; 

Mallikarjuna 2007; Dey et al. 2008). Though many have emphasized this requirement, 

very few attempts were made towards understanding this behavior. Singh (1999) has 

collected minimum and maximum lateral clearances for different overtaking and 

overtaken vehicle groups. He has proposed multiple relationships based on speed of 

overtaking and overtaken vehicle and their lateral clearances. He has also emphasizes 

on the type of overtaking and overtaken vehicles.  

Gunay (2007) has observed that with increasing frictional clearance, speeds of 

the passing vehicles have increased. The speed of a vehicle moving forward is affected 

by the effective route width available ahead. In other words it can be said that the 

vehicle needs certain road width to maintain its speed and if this width is not available 

it has to slow down. Minh et al. (2006) have observed a linear relationship between 

passed motorcycle speed and lateral gap. Luo et al. (2013) have observed a linear 

variation between lateral distance from the surrounding objects and the speed of the 

passing car. The surrounding objects were shoulder on left side and bicycle on the right 

side. This study was limited to the lateral interaction of car and bicycle only.  

Most of the above referred studies (except Gunay 2007; Minh et al. 2006; Luo 

et al. 2013) have not clearly differentiated the passing vehicle and the vehicle being 

passed while modeling the lateral gap maintaining behavior. It can be said that the 

vehicles which are passing the other vehicles maintain the lateral gaps but not the vice-

versa. Many of these studies have emphasized that the lateral gaps maintained by a 
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vehicle moving in the heterogeneous traffic stream is influenced by several factors but 

most of these studies have modeled the gaps in terms of the subject vehicle speed.  

On wider roads it can be assumed that the movement of passing/overtaking 

vehicle is influenced by the vehicles moving on either side, and the corresponding 

lateral gaps are interdependent. Hence, instead of considering the lateral gaps 

maintained on either side separately it is proposed to study the total lateral gap, which 

is the summation of both the lateral gaps. Lateral gaps maintained with stationary road 

features such as the median and kerb have also been considered in this study.  

4.2 Data Collection 

Traffic data collection methodology has already been explained in chapter 3. Ten hours 

of video data collected from four different urban road sections (such as, Maharani 

Bagh, Delhi; Kodihalli, Bangalore; Indira Nagar, Bangalore; Jubilee Hills, Hyderabad) 

have been utilized to understand the lateral gap maintaining behavior of vehicles. The 

traffic compositions and road geometry corresponding to these locations are shown in 

Table 3.1 of chapter 3. 

At all the locations about 80% of MTWs and LMVs have been observed. 

Keeping this in view, in this study lateral gap data have been analyzed mainly for LMV 

and MTW. Wherever sufficient data were available, lateral gaps have been analyzed for 

other vehicles also. 

Smoothed trajectory data, obtained after application of proposed technique 

discussed in chapter 3 have been used to identify the left and the right neighboring 

vehicles of every passing/overtaking vehicle. Passing and overtaking vehicles were 

identified based on the difference in the speeds of the side-by-side moving vehicles. 

This has been carried out separately for all the four types of vehicles observed in the 

traffic stream. Detailed methodology adopted in identifying passing/overtaking vehicles 

is discussed in the following subsection. 

4.2.1 Identification of passing/overtaking vehicles 

Fig. 4.2 represents a hypothetical traffic stream and is used in identifying the passing/ 

overtaking vehicles and getting the data on respective total lateral gaps. Five vehicles 

moving on a road section, at a particular time instance, are shown in this figure. 
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            are the speeds of the corresponding vehicles and               are the 

lateral gaps maintained by these vehicles with respect to either the moving adjacent 

vehicles or with the kerb or median. It was assumed that the speed of vehicle 1 is more 

than the speed of vehicles 2 and 3, and speed of vehicle 4 is more than the speed of 

vehicle 5. Hence, vehicles 1 and 4 are considered to be the passing/overtaking vehicles. 

Total lateral gaps corresponding to these five vehicles are   
        ,   

     

      
        ,   

       ,   
       , respectively.  

 

Fig. 4.2  Hypothetical no-lane-disciplined traffic stream with passing/overtaking vehicles 

and the representation of total lateral gap 

It was assumed that the passing/overtaking vehicle can maintain the lateral gap 

as per its requirement because the driver of this vehicle decides how much lateral gap is 

to be maintained with respect to the adjacent slow moving vehicles or the median/kerb. 

Hence, in Fig. 4.2, out of the three data corresponding to vehicles 1, 2 and 3, only the 

total lateral gap data of vehicle 1(  
 ) can be considered for further analysis. Similarly, 

from vehicles 4 and 5 only total lateral gap data of vehicle 4 (  
 ) can be considered for 

analysis. Once the total lateral gaps are extracted, these values are compared with the 

corresponding total lateral gap threshold values.  The reason is that the impact of 

adjacent vehicles can be neglected when the total lateral gap is found to be beyond 

certain threshold gap. Hence, if the total lateral gap maintained by vehicle 4 (  
 ) is 

larger than the threshold total lateral gap, such data are not considered in further 

modeling. Therefore, it can be seen that out of five data on total lateral gaps, only one 

data (  
 ) is suitable for total lateral gap modeling. Even though vehicles 2, 3, and 5 are 

maintaining certain lateral gaps while passing the kerb or median, these data are not 

Sidewalk 

Median 

   
 

3 

 

   
 

1 

 

   
 

   
 

   
 

   
 

   
 

   
 

 

    
 

5 

 

   
 

4 

 

   
 

2 

 

1 

   

  TH-1613_09610413



49 

 

considered in further analysis since the present study is dealing with the total lateral gap 

and not the lateral gap on one side. Table 4.1 shows the total number of 

passing/overtaking vehicle combinations observed at different data collection sites. 

Table 4.1 Number of observations on total lateral gap data  

4.2.2 Field observations on total lateral gaps    

After identifying the passing/overtaking vehicles and the corresponding adjacent 

vehicles, lateral gaps on either side of these vehicles have been extracted. Total lateral 

gap maintained by a passing/overtaking vehicle is the summation of the lateral gaps 

maintained on either side. Fig. 4.3 shows the plot between the observed total lateral 

gaps and the speed of the passing/overtaking vehicle, corresponding to the data 

collected from Maharani Bagh, Delhi. From the figure it can be seen that the total 

lateral gap vary significantly with respect to the speed of the subject vehicle 

(passing/overtaking vehicle). It can also be observed that the total lateral gap is not 

constant for a specific speed range of the subject vehicle. There is a significant 

variation in the total lateral gap data corresponding to a specific speed range. Similar 

behavior has also been observed in the data corresponding to the other road sections. 

4.3 Analysis of the Variations in the Total Lateral Gap 

Vehicles moving in lane disciplined traffic stream tend to move on the middle of the 

lane and the influence of the vehicle moving on a particular lane is negligible on the 

vehicle moving on the neighboring lane, even during passing/overtaking maneuvers. 

Lateral gaps between two vehicles moving on adjacent lanes are adequate to maintain 

their respective speeds and can be assumed that there is no lateral interaction. Total 

Location 

Number of observations on total  

lateral gap 

Number of observations considered in 

modeling 

LMV MTW MThW HMV LMV MTW MThW HMV 

Maharani 

Bagh, Delhi (1
st
 

three hrs) 

5293 1647 662 273 191 163 126 74 

Kodihalli, 

Bangalore 
885 595 172 90 171 130 -- -- 

Indira Nagar, 

Bangalore 
458 448 84 25 98 123 -- -- 

Jubilee Hills, 

Hyderabad 
846 825 176 35 226 227 82 -- 
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lateral gap corresponding to this scenario is about 3.5 m (for car) and based on the 

above discussion the total lateral gaps exceeding this value were excluded from further 

analysis.  

 

 

Fig. 4.3 Speed of the passing/overtaking vehicle versus total lateral gap, in case of LMV 

(a), MTW (b), MThW (c), and HMV (d)  

From Fig. 4.3 it can be seen that a passing/overtaking vehicle, moving at certain 

speed, maintains different total lateral gaps and this may be due to the fact that besides 

the speed there may be other factors influencing the total lateral gaps. A part of this 

variation in the total lateral gap may also be attributed to the stochastic nature of the 

driver behavior. An aggressive driver may drive a vehicle sometimes closer to the 

vehicle being overtaken/passed, and a timid driver may require a little extra lateral gap. 

At the same time vehicles may be maintaining variable gaps just by the virtue of no-

lane-disciplined. This results in a situation where the entire data corresponding to a 

specific speed cannot be included in the analysis of gap maintaining behavior.  To 

overcome this difficulty, corresponding to every one kilometer speed range of the 

passing/overtaking vehicle, five minimum total lateral gap data were considered for the 

analysis. Data obtained using this approach includes various scenarios such as type of 

the adjacent vehicle and the speed of the adjacent vehicle. The lower envelop in Fig. 

0 

0.5 

1 

1.5 

2 

2.5 

3 

3.5 

4 

0 10 20 30 40 50 60 70 80 90 

T
o

ta
l 

la
te

ra
l 

g
ap

 (
m

) 

Speed (km/hr) (a) 

0 

0.5 

1 

1.5 

2 

2.5 

3 

3.5 

4 

0 10 20 30 40 50 60 70 80 90 

T
o
ta

l 
la

te
ra

l 
g
ap

 (
m

) 

Speed (km/hr) (b) 

0 

0.5 

1 

1.5 

2 

2.5 

3 

3.5 

4 

0 10 20 30 40 50 60 70 80 90 

T
o
ta

l 
la

te
ra

l 
g
ap

 (
m

) 

Speed (km/hr) (c) 

0 

0.5 

1 

1.5 

2 

2.5 

3 

3.5 

4 

0 10 20 30 40 50 60 70 

T
o
ta

l 
la

te
ra

l 
g
ap

 (
m

) 

Speed (km/hr) (d) 

  TH-1613_09610413



51 

 

4.3 depicts these data. Trend observed from the data suggests that after certain speed of 

the passing/overtaking vehicle the total lateral gap remains constant. Also, at even 

lower speeds the passing/overtaking vehicles maintain certain minimum total lateral 

gap. This kind of variation can be modeled using the logistic curve and the same is 

discussed in the following sections.  

4.3.1 Logistic curve for modeling the total lateral gaps 

The specific form of the logistic curve used in this study is as follows (Button, 2010; 

Chen et al., 2010); 

    
  
   

           
      (4.1) 

Where    is the total lateral gap,   is the Vector of predictor variables, and    

and    are the parameters to be estimated. In this study,   
    may be perceived as the 

threshold maximum total lateral gap beyond which the overtaking or passing maneuver 

is not influenced by the adjacent vehicles. The equation (4.1) can be rewritten as, 

    
  

  
      

         (4.2) 

Knowing the values of   
   ,    and   in equation (4.2), the regression 

coefficients can be estimated. A non-linear optimization technique, discussed in the 

following section, has been used to estimate the optimal set of parameters. 

4.3.2 Framework for optimization 

The parameters of the proposed logistic regression model have been estimated using 

non-linear optimization. The optimization problem involves the minimization of the 

sum of the squared errors between the model output and the observed total lateral gap 

data. The objective function is expressed as,  

         
    

   
     

    
      

  
   

                       
 

   

   

 

   

 (4.3) 

subject to  
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Where, vi is the speed of the passing/overtaking (now onwards mentioned as the 

subject vehicle) vehicle, bi is a binary variable used to capture the effect of adjacent 

vehicles’ speed, and    is also a binary variable used to consider the size effect of the 

adjacent vehicles. Both these binary variables depend on certain threshold speeds of the 

subject and the adjacent vehicles and the threshold speeds are obtained while 

optimizing the parameters. Detailed description on the binary variables is provided in 

the following section.  0, 1, 2,   are the model parameters to be estimated. W, wi and 

wMTW are the road width, subject vehicle width and MTW width, respectively. vi
m  , vl

m  

and vr
m are the maximum speeds corresponding to the subject vehicle, left adjacent 

vehicle and right adjacent vehicle, respectively. vtb
s  and vtb

a  are the threshold speeds of 

the subject vehicle and adjacent vehicles, respectively for considering the effect of 

adjacent vehicles speed. vts
s  and vts

a  are the threshold speeds of the subject vehicle and 

the adjacent vehicles, respectively, for considering the adjacent vehicles size affect. 

This kind of problems can be solved numerically either by the gradient-based methods, 

such as, the iterative gradient search and conjugate gradient method, or by the 

derivative-free methods, such as, the grid search and genetic algorithm (Jang et al. 

1997). In this study ‘fmincon’ optimization solver of MATLAB with ‘interior point’ 

algorithm was used to minimize the objective function and the derivatives were 

approximated by solver (MATLAB 2014). Constraints on the speed of the subject 

vehicle, and the adjacent vehicles are explained in the following section.  

4.4 Lateral Gap Modeling 

Modeling of the total lateral gap data collected from various road stretches is discussed 

in this section. Three hours of data (13 hrs to 16.30 hrs), collected from the road stretch 

located in Maharani Bagh, Delhi, were used for total lateral gap modeling. For 

modeling purpose, several explanatory variables such as the subject vehicle speed, type, 

adjacent vehicle’s speed and type were examined.  
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Type of the subject vehicle certainly affects the gap maintaining behavior. 

Hence, the lateral gap modeling is carried out for each vehicle type separately. Speed of 

the passing vehicle (alternatively referred as subject vehicle) has been directly 

considered as an explanatory variable. While accounting for the effect of the size of the 

adjacent vehicle, it was assumed that only a relatively larger or a similar sized adjacent 

vehicle affects the total lateral gap maintained by the subject vehicle. The size of the 

adjacent vehicle was assumed to affect the lateral gap only when the speeds of the 

subject vehicle as well as the adjacent vehicles exceed certain threshold value. 

Combination of these two assumptions has been incorporated as the size effect of the 

adjacent vehicles, in terms of a binary variable, si. Effect of the speed of the adjacent 

vehicle was also included in the model in terms of a binary variable. In this case it was 

assumed that the speed of the adjacent vehicle influences the total lateral gap only when 

the subject vehicle and the adjacent vehicles are travelling beyond certain threshold 

speeds. The details are explained in the following sub-sections. 

4.4.1 Effect of the adjacent vehicles’ speed 

While modeling the total lateral gaps maintained by the subject vehicle, effect of the 

adjacent vehicles’ speed was considered using a binary variable;  

                 
           

        
          (4.4) 

where,     ,     and    are the speeds of the subject vehicle, left adjacent vehicle 

and right adjacent vehicle, respectively;    
  and    

  are the threshold speeds of the 

subject vehicle and adjacent vehicles, respectively. 

Value taken by the binary variable depends on the following factors:  

(1) If the speed of the subject vehicle is more than    
  km/hr, i.e.,       

    , 

and 

(2) If there is a moving vehicle on the left side of the subject vehicle with a 

speed more than    
  km/hr, i.e.,       

        , or 

(3) If there is a moving vehicle on the right side of the subject vehicle with a 

speed more than    
  km/hr, i.e.,      

       ,  

If all the above conditions are satisfied then the binary variable takes a value of 

1, i.e., the impact of the speed of the adjacent vehicle is felt on the total lateral gap 
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maintained by the subject vehicle. Otherwise, the binary variable would be 0, i.e., the 

impact of the speed of the adjacent vehicle/object is not felt on the subject vehicle’s 

total lateral gap. The threshold values were obtained while minimizing the objective 

function shown in equation (4.3).  

4.4.2 Effect of the adjacent vehicles’ size 

The size effect of the adjacent vehicles/objects is accounted only when the speeds of 

the subject vehicle (  ) as well as the adjacent vehicles exceed certain threshold value;  

                 
     

                
   

               
   

        (4.5) 

where,    is the binary variable considering the size effect of the adjacent 

vehicles;    
  and    

  are the threshold speeds of the subject vehicle and the adjacent 

vehicles, respectively.    and    are the binary variables taking a value of either one or 

zero, based on the width (a proxy to size) of left and right adjacent vehicles, 

respectively.  

                  (4.6) 

                  (4.7) 

Here,   ,   ,    are the widths of subject vehicle, left adjacent vehicle and right 

adjacent vehicle, respectively. Equation (4.5) indicates that when the subject vehicle 

(  ) is moving with more than    
  km/hr speed, and one of the adjacent vehicle’s size is 

more than or equal to the subject vehicle’s size, and speed is more than certain 

threshold value, then the size effect would be felt by the subject vehicle and the binary 

variable takes a value of 1. 

The objective function shown in equation (4.3) was minimized using the 

MATLAB function ‘fmincon’ and the coefficients of all the variables obtained are 

presented in Table 4.2. The threshold values of   
    and the variables are shown in 

Table 4.4.  
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4.5 Analyses of the Results 

The modeled total lateral gap and the observed total lateral gap with respect to the 

subject vehicle’s speed are shown in  ig. 4.4. The total lateral gap model for LMV is, 

    
    

    

                          
 (4.8) 

Here,    
    is the total lateral gap maintained by      LMV.  

Table 4.2 Parameters of the lateral gap models, for Maharani Bagh road 

 

The statistical measures of the regression model are shown in Table 4.3. The 

size effect of the adjacent vehicles is not statistically significant in case of LMVs. 

Similar exercise has been carried out for MTW, MThW and HMV. Binary variable that 

considers the effect of the adjacent vehicles’ speed and size were assumed to have 

similar impact in case of the other three types of vehicles also. The parameters of the 

resulting model and the statistical measures are given in Table 4.2. The threshold values 

corresponding to the speeds of the subject and adjacent vehicles are listed in Table 4.3. 

The modeled and the observed total lateral gap with respect to the subject vehicle’s 

speed for MTW, MThW and HMV are shown in Fig. 4.4. 

Vehicle 

Type 
Variable Coefficients 

Standard 

Error 
t Stat p Value 

Regression 

statistics 
Model test 

LMV 

Constant 1.904 0.105 18.108 4.482x10
-43

 Observations:191, 

RMSE:0.36, 

R-Squared: 0.611,  

SSE:  24.3651 

 

F statistic  vs.  

zero model: 595,  

p-value: 

1.11x10
−95

 

    - 0.039 0.004 -10.747 2.619x10
-21

 

   - 0.243 0.107 - 2.261 0.02488 

MTW 

Constant 1.764 0.151 11.697 3.392x10
-23

 Observations:163, 

RMSE:0.434, 

R-Squared: 0.568,  

SSE: 30.1232 

 

 

F statistic  vs.  

zero model: 320,  

p-value: 

6.67x10
−75

 

    -0.035 0.007 -5.065 1.122x10
-06

 

   -0.298 0.122 -2.445 0.015592 

   -0.421 0.162 -2.603 0.01019 

MThW 

Constant 0.997 0.149 6.672 7.833x10
-10

 Observations:126, 

RMSE:0.451, 

R-Squared: 0.517,  

SSE: 24.9847 

 

F statistic  vs. 

 zero model: 309,  

p-value: 

7.75x10
−63

 

    -0.016 0.008 -1.969 0.051192 

   -0.370 0.155 -2.383 0.018708 

   -0.763 0.181 -4.215 4.822x10
-05

 

HMV 

Constant 0.829 0.188 4.404 3.677x10
-05

 Observations:74, 

RMSE:0.485, 

R-Squared: 0.424,  

SSE: 16.7191 

 

F statistic  vs.  

zero model: 375,  

p-value: 

1.96x10
−43

 

    -0.043 0.010 -4.242 6.592x10
-05

 

   -0.394 0.200 -1.967 0.053085 
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Fig. 4.4 Variation of total lateral gap maintained by the subject vehicle when travelling at 

different speeds: LMV (a); MTW (b); MThW (c); and HMV (d) 

Table 4.3 Threshold values corresponding to the speeds of subject and adjacent vehicles 

Similarly, total lateral gap models have been developed using the data collected 

at the other three locations. Threshold values corresponding to various independent 

parameters that govern the impact of speed and size of the adjacent vehicles are 
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Vehicle 

type 

Threshold 

total lateral 

gap 

  
    (m) 

Threshold speed values 

for Speed Effect 

Threshold speed values 

for Size Effect 

   
  

(km/hr) 

   
  

(km/hr) 

   
  

(km/hr) 

   
  

(km/hr) 

Maharani Bagh, 

Delhi 

LMV 3.03 29.47 15.53 --- --- 

MTW 3.15 23.97 15.69 28.08 8.40 

MThW 3.00 20.04 10.33 24.96 7.37 

HMV 3.48 20.00 12.26 --- --- 

Kodihalli, 

Bangalore 

LMV 3.60 50.50 22.75 --- --- 

MTW 3.60 39.97 15.02 49.94 20.01 

Indira Nagar, 

Bangalore 
LMV 3.40 32.22 16.02 --- --- 

MTW 3.30 20.50 14.50 28.50 11.50 

Jubilee Hills, 

Hyderabad 

LMV 3.47 40.98 15.67 --- --- 

MTW 3.48 29.97 15.03 38.58 15.03 

MThW 3.06 20.20 10.45 --- --- 
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summarized in Table 4.3. The estimates for the parameters along with the statistical 

measures are summarized in Table 4.4. 

Table 4.4 Parameters of the lateral gap models, for various other roads 

From the developed models it can be seen that the effect of the adjacent vehicle 

speed is significant only when its own speed and the subject vehicle’s speed exceed 

certain threshold values. As can be seen from the models, in case of LMV (as subject 

vehicle) it is affected by the speed of the adjacent vehicle only when its speed is more 

Vehicle 

Type 
Variable 

Coeffic

ients 

Standard 

Error 
t Stat p Value 

Regression 

statistics 
Model test 

 Kodihalli, Bangalore 

LMV 

Constant 1.179 0.141 8.371 2.144x10
-14

 Observations:171, 

RMSE:0.369, 

R-Squared:0.425,  

SSE: 22.9289 

F statistic  vs. zero 

model: 1.05x10
03

,  

p-value:  

1.75x10
−108

 

    -0.022 0.004 -5.829 2.777x10
-08

 

   -0.469 0.124 -3.794 0.00020662 

MTW 

Constant 1.252 0.25556     4.899     2.899x10
-06

 Observations:130, 

RMSE:0.408, 

R-Squared:0.597,  

SSE: 21.1317 

F-statistic vs. zero 

model: 732,  

p-value: 

 3.77x10
-86

 

    -0.031 0.008 -3.832 0.000199 

   -0.295 0.145 -2.044 0.043053 

   -0.880 0.257 -3.420 0.000843 

 Indira Nagar, Bangalore   

LMV 

Constant 1.001 0.160 6.271 1.054x10
-08

 Observations:98, 

RMSE:0.495, 

R-Squared:0.518,  

SSE:23.2959 

F-statistic vs. zero 

model: 336,  

p-value: 

 1.87x10
-50

 

    -0.026 0.007 -3.544 0.0006131 

   -0.993 0.226 -4.39 2.944x10
-05

 

MTW 

Constant 0.8002 0.166 4.777 5.120x10
-06

 
Observations:123, 

RMSE:0.458, 

R-Squared:0.558, 

SSE:25.1741 

F-statistic vs. zero 

model: 487, 

p-value: 

9.99x10
-73

 

    -0.028 0.009 -3.131 0.0021902 

   -0.392 0.141 -2.784 0.0062464 

   -0.849 0.223 -3.816 0.00021704 

 Jubilee Hills, Hyderabad 

LMV 

Constant 0.997 0.087 11.477 2.898x10
-24

 Observations:226, 

RMSE:0.42, 

R-Squared:0.635,  

SSE: 39.413 

F-statistic vs. zero 

model: 1.52x10
03

,  

p-value: 

 3.28x10
-148

 

    -0.032 0.003 -9.876 5.577x10
-19

 

   -0.379 0.122 -3.107 0.002139 

MTW 

Constant 1.739 0.131 13.297 4.283x10
-30

 
Observations:227, 

RMSE:0.498, 

R-Squared:0.678, 

SSE: 55.6173 

F-statistic vs. zero 

model: 609, 

p-value: 

9.49x10
-119

 

    -0.034 0.005 -6.941 4.180x10
-11

 

   -0.571 0.125 -4.566 8.226x10
-06

 

   -0.388 0.149 -2.605 0.0097986 

MThW 

Constant 1.003 0.181 5.542 3.822x10
-07

 Observations:82, 

RMSE:0.496, 

R-Squared:0.549, 

SSE: 19.4075 

F-statistic vs. zero 

model: 360, 

p-value: 

5.89x10
-46

 

    -0.039 0.009 -4.332 4.305x10
-05

 

   -0.588 0.221 -2.654 0.0096185 
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than 30 km/hr. Whereas the effect of the adjacent vehicle speed is significant when 

threshold value of the subject vehicle speed is more than 20 km/hr in case of MTW, 

MThW and HMV. Effect of the adjacent vehicles’ speed is significant only when their 

speeds exceed 10 km/hr and it is true for any type of subject vehicle. Similarly, the size 

effect of the adjacent vehicles is significant only when the subject vehicle’s speed is 

more than 25 km/hr for all the types of subject vehicles. In case of HMV and LMV, 

size effect of the adjacent vehicles was found to be negligible.  

Model results corresponding to the road sections of various widths have been 

analyzed to find out whether there is any effect of road geometry on the threshold 

speeds. Detailed analysis of the variations in the threshold values is presented in the 

following section.  

4.5.1 Effect of the road width on the total lateral gap 

Driver’s gap maintaining behavior may not be same and road width is found to be 

having significant impact on the driver’s behavior. Variations in the threshold speeds of 

the subject vehicles (LMV and MTW) and the adjacent vehicles, used to account for the 

impact of adjacent vehicle’s speed and size, with respect to road widths are shown in 

Fig. 4.5. 

 

Fig. 4.5 Variation in the threshold values of the subject vehicles’ speeds (a); and adjacent 

vehicles’ speeds (b), while assessing the impact of the adjacent vehicle’s speed and size 

From the figures it can be clearly observed that the impact of the adjacent 

vehicles’ speed and size is not felt at lower speed of the subject vehicle in case of 

narrow road and as the road width increases the impact of the adjacent vehicle’s size 

and speed is felt even when the speed of the subject vehicle is low. In case of narrow 

road (e.g. a two lane wide road), most of the cases one side of the subject vehicle is 
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either median or kerb. The impact of the stationary object on the subject vehicle is less 

as compared to the moving adjacent vehicle. Hence, the impact of the other moving 

adjacent vehicle’s speed or size is going to affect the movement of subject vehicle only 

when its speed crosses a higher threshold value as it has more freedom on the other 

side.  

Table 4.5 Parameters for speed and size effects, for different types of vehicles 

 

Fig. 4.5(b) also indicates the same trend, except that the impact of the adjacent 

vehicle’s speed on MTW is same across all the road widths. The linear trends, observed 

between the threshold speed and the road width for different types of vehicles takes the 

following form; 

   
             (4.9) 

Where,   
   is the threshold speed of vehicle type  .   is the coefficient for road 

width.    is the road width.   is the constant. The parameters obtained for different 

types of vehicles for speed effect and size effect are listed in Table 4.5.  

Vehicle 

Type 
Affect accounted for Coefficient ( ) Constant ( ) 

LMV 

Threshold speed of the subject vehicle 

for speed effect on LMV (Speed_LMV 

in Fig. 4.5a) 

-4.9154 

(t Stat= -25.399) 

90.887 

(t Stat =43.365) 

MTW 

Threshold speed of the subject vehicle 

for speed effect on 

MTW(Speed_MTW in Fig. 4.5a) 

-4.2139 

(t Stat= -4.491) 

73.691 

(t Stat= 7.253) 

MTW 

Threshold speed of the subject vehicle 

for Size effect on MTW (Size_MTW 

in Fig. 4.5a) 

-5.3013 

(t Stat= -10.729) 

92.998 

(t Stat= 17.379) 

LMV 

Threshold speed of the adjacent 

vehicle for speed effect on LMV 

(Speed_LMV in Fig. 4.5b) 

-1.5017 

(t Stat= -2.07) 

33.561 

(t Stat= 4.271) 

MTW 

Threshold speed of the adjacent 

vehicle for size effect on MTW 

(Size_MTW in Fig. 4.5b) 

-2.547 

(t Stat= -8.547) 

40.987 

(t Stat= 12.701) 
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Fig. 4.6 Variation of the threshold total lateral gap with road width 

Relationship between threshold total lateral gap with road width for LMV and 

MTW has been established in Fig. 4.6. It can be observed that in both the cases the 

threshold total lateral gap is reducing with increasing road width. Linear relationships 

obtained for LMV and MTW are given in equation (4.10) and equation (4.11). 

                             (4.10) 

                        (4.11) 

t-statistics for coefficient of road width and constant are obtained as -2.226 and 

8.688 respectively, for LMV, and -5.959 and 24.532 respectively, for MTW. To 

validate the proposed model data collected from Maharani Bagh road, Delhi, India 

between 16.30 hrs and 17.30 hrs have been utilized. The variation of observed total 

lateral gap and estimated total lateral gap data with respect to the subject vehicle speed 

are shown in Fig. 4.7.  

 

Fig. 4.7 Validation of total lateral gap for LMV (a) and MTW (b) 
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The validation was carried out using the parameters (Maharani Bagh, Delhi) 

shown in Table 4.3 and 4.4. R-squared value, SSE and RMSE were found to be 0.6503, 

5.618 and 0.2774 respectively for LMV. The validation of total lateral gap for MTW 

using the data from same road section is also shown in Fig. 4.7. The statistical measures 

such as, R-squared, SSE and RMSE data were found to be 0.4621, 2.96 and 0.2509 

respectively. 

4.6 Summary and Conclusions 

Lateral gap maintained by a vehicle is an important input for microscopic simulation 

models dealing with no-lane-disciplined heterogeneous traffic stream. Many 

researchers have pointed out but very few researchers have analyzed this aspect. In this 

study the total lateral gap maintaining behavior of vehicles has been analyzed using the 

trajectory data obtained from video image processing software, TRAZER. Total lateral 

gaps (gap on both the sides of a vehicle) maintained by four types of vehicles, namely, 

LMV, MTW, MThW, and HMV have been modeled in this study.  Field observations 

suggest significant variability in the total lateral gaps even when the passing/overtaking 

vehicle is traveling at a constant speed. Based on this observation, it can be said that 

many other traffic characteristics influence the total lateral gap maintained by a vehicle 

moving in the heterogeneous traffic stream. Keeping in view the minimum and 

maximum lateral gaps, logistic curve has been used to model the total lateral gaps. 

From the estimated models it has been observed that the speed of the subject vehicle, 

size and speed of both the adjacent vehicles affect the total lateral gaps. It has been 

observed that the size and speed of the adjacent vehicles influence the total lateral gap 

only when the subject vehicle is traveling beyond certain critical speed. This speed is 

more than 30 km/hr in case of LMV and more than 20 km/hr in case of the other 

vehicles. The impact of side vehicle has been found to be prominent even at lower 

speed of the subject vehicle in case of relatively wide road. Linear trends have been 

observed between various threshold speeds with the road width. Validation of the 

developed models suggest that these models can be applied for modeling the total 

lateral gaps maintained by vehicles moving on road sections with  widths varying 

between 8.3 to 12.5 m. Further analysis in this regards, may be carried out on more 

wider and narrower road sections, specifically for MThW and HMV.  
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Chapter 5 

CA Model Development for no-lane-disciplined Traffic 

Development of a CA based traffic flow model for no-lane-disciplined heterogeneous 

traffic stream is described in this chapter. Analysis of the vehicular movement in 

heterogeneous traffic stream and developing appropriate vehicle updating procedures 

are the major aspects addressed here. Analysis of the vehicular movements observed in 

the heterogeneous traffic stream is presented in section 5.1. Section 5.2 illustrates the 

modified cell structure used to incorporate the variable lateral gap maintaining behavior 

of vehicles. Vehicle updating procedure used in the modified model is described in 

section 5.3. Methodologies adopted in collecting the data from the CA model are 

described in section 5.4. Section 5.5 describes the parameter analysis of the modified 

model. Salient aspects of the modified model and the important results from the 

parameter analysis are presented in section 5.6. 

5.1 Vehicular Movement in no-lane-disciplined Heterogeneous Traffic Stream  

Microscopic observation of no-lane-disciplined heterogeneous traffic stream suggests 

that the movement of a following vehicle depends not only on the front leading vehicle 

(FLV) but also on the surrounding vehicles which are within its vicinity (Fig. 5.1). In 

lane disciplined traffic flow, movement of the subject vehicle (SV) is governed by only 

one leading vehicle. Hence, the movement of the follower depends on the speed and 

type of the leading vehicle only. 

Fig. 5.1 shows a photograph of no-lane-disciplined traffic stream, taken on the 

traffic stream moving on VIP road, Kolkata, India. From the photograph it can be seen 

that the subject vehicle’s (SV’s) movement in the next time step would be governed by 

many vehicles. It can be said that the front leading vehicle (LFLV), front leading 

vehicle (FLV), and right front leading vehicle (RFLV), besides the two back side 

vehicles may influence the SV’s movement. In addition, on wider roads there can be 

one or more side vehicles which are not there in this case. Depending on the 

characteristics of the influencing vehicles either the SV move ahead maintaining the 

same lateral position or it may move ahead by adjusting its lateral position. With its 

current lateral position if it cannot maintain its desired speed in the next time step, then 
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only it may adjust its lateral position. This adjustment can be made in either of the 

directions with respect to its current position. Majority of the times it may shift to right 

side but on wider roads (3 or more lanes) left shifting are observed. To check whether it 

can maintain the desired speed with its current lateral position it is necessary to identify 

the vehicles affecting its movement.   

 

Fig. 5.1 Various vehicles affecting the SV’s movement in the heterogeneous traffic stream 

 

Fig. 5.2 Cell structure of the proposed CA model and the hypothetical representation of 

vehicles moving in the no-lane-disciplined heterogeneous traffic stream 

With reference to Fig. 5.2, it is assumed that the SV’s movement is influenced 

by all the leading vehicles. To know whether there is any effect of the left side vehicle 

(LSV), it is necessary to understand the lateral gap requirement of the SV. In no-lane-

disciplined traffic any moving vehicle has to maintain sufficient lateral and longitudinal 

gaps with respect to the surrounding vehicles/objects. If the LSV is moving with lesser 

speed there is a chance of it being overtaken/passed by the SV. Passing is possible only 
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if there is an adequate lateral gap. According to the discussion in chapter 4, lateral gap 

requirement is influenced by several factors such as the speed and type of the side 

vehicle, besides the speed of the subject vehicle. Empirical relations have been 

proposed between the total lateral gap maintained by a vehicle and the relevant 

influencing traffic variables.  

Based on the speed of the subject vehicle and the corresponding maximum total 

lateral gap requirement (obtained based on the maximum possible speeds of the subject 

and the side vehicles, besides assuming that the side vehicles are bigger than the subject 

vehicle) all the influencing side vehicles can be identified. These vehicles may 

influence the speed of the subject vehicle, if they are slower than the subject vehicle 

and consequently the decision of the SV to change the lateral position. If there is no 

influence and enough longitudinal gap is available to maintain the desired speed the SV 

may maintain the same lateral position. Otherwise the SV’s driver may evaluate all the 

options available for maintaining the desired speed. These options necessarily include 

the adjustment of the lateral position.  

With reference to Fig. 5.2, description of the SV’s movement when it is 

maintaining its existing lateral position, and when it is shifting its lateral position, is 

presented in the subsequent paragraphs. A vehicle moving in the heterogeneous traffic 

stream can take numerous lateral positions but in this study this is limited to a finite 

discrete value. This finite number depends on the cell structure of the CA model. As 

shown in Fig. 5.2 the road width is divided into finite strips and any vehicle may 

occupy a finite number of these strips thereby limiting the possible lateral positions a 

vehicle can take. Cell structure adopted in the present study is described in the 

following section.   

5.2 Cell Structure 

The presence of vehicles with different physical and mechanical characteristics on the 

same road section makes it necessary to revise the conventional cell structure. To 

reproduce the vehicle’s mechanical characteristics such as, the acceleration behavior, it 

is always preferable to have smaller cell length. In this study, the cell length is taken as 

0.5 m considering the presence of slow/heavy vehicles in the heterogeneous traffic 

stream.  
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Cell width depends on the physical dimension of different vehicles. In addition 

to this, it also depends on the lateral gaps maintained by vehicles in varying traffic 

conditions. The cell width needs to be decided in such a way that it can represent the 

physical width, and the variable lateral gap required by a vehicle. It is also observed 

that in no-lane-disciplined traffic a vehicle may shift laterally but the shift may be 

limited to 0.5 m or even less. The cell structure of the model needs to accommodate 

such smaller lateral shift. Therefore, a finer cell size may represent the actual no-lane-

disciplined heterogeneous traffic stream behavior in an appropriate manner. To 

represent these aspects of heterogeneous traffic stream, a cell width of 0.3 m is 

considered in this study. This has been decided after analyzing the observed lateral gap 

maintaining behavior of vehicles. 

5.3 Updating rules of the CA Model 

The main motivation behind the present work can be directly linked to the drawbacks 

of the CA model developed by Mallikarjuna (2007). Refined cell structure may address 

majority of the drawbacks, but, the updating rules are to be modified significantly. 

Finer cells allow a better representation of the lateral gap maintaining behavior as well 

as enhanced description of the lateral movements observed in the heterogeneous traffic 

stream. The modified updating procedures corresponding to the refined cell structure 

are discussed in the following subsection. 

5.3.1 Assumptions used in the updating procedure 

The main assumption behind the updating procedures developed in this study is as 

follows; any vehicle moving in the no-lane-disciplined traffic stream tries to maximize 

the speed subject to the surrounding constraints, and safety concerns. Within the 

constraints, a vehicle may be able to achieve the objective by maintaining the same 

lateral position or by slightly adjusting its lateral position. The following subsection 

explores the conditions under which a vehicle can maintain its current lateral position. 

Subsection 5.3.3 explores the possibility of lateral shift, given the current lateral 

position is not fulfilling the objective.  
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5.3.2 Decision to maintain the current lateral position 

If any vehicle intends to maintain its current lateral position, it has to analyze the 

characteristics of the effective leading vehicle. With reference to Fig. 5.2, the effective 

leading vehicle may be one of the vehicles which are directly in front (i.e. FLV) or any 

one of the side front vehicles (either the LFLV or the RFLV).  

5.3.2.1 Detection of the side influencing vehicle 

This has been carried out on the basis that any SV may be influenced by the effect of 

the side vehicles if these are falling within certain lateral distance. These lateral 

distances are to be found based on the type of the subject vehicle and its anticipated 

speed in the next time step, besides the characteristics of the side vehicles. It is also to 

be noted that the side vehicles falling within certain longitudinal distance only can 

influence the movement of the SV. This longitudinal distance can be decided based on 

the calibration studies carried out on the model. These distances define the search area 

for finding out the critical side vehicles on either side. Searching steps (with reference 

to Fig. 5.2) are given below: 

1. The first step is to identify all the vehicles lying within the region of 

influence on either side and finding the corresponding longitudinal gaps.  

2. Find the closest vehicle (in longitudinal direction) on either side of the 

subject vehicle. 

3.  Check the lateral gap requirement of the subject vehicle based on its own 

speed, type, as well as the speed of the side vehicle.  

4. If the lateral gap available with respect to the closest side vehicle is more 

than the lateral gap required by the SV, the next closest side vehicle is 

identified. This is to be done separately for the left and right side vehicles. 

5. The left side influencing vehicle is considered as the left front leading 

vehicle (LFLV) and the right side influencing vehicle is considered as the 

right front leading vehicle (RFLV).  

5.3.2.2 Detection of effective leading vehicle  

Once the influencing side vehicle is detected, the influencing leading vehicle can be 

detected using the effective longitudinal gap information between the     vehicle (SV) 
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and all the leading vehicles. The leading vehicles include the vehicles that are directly 

in front besides the side influencing vehicles.  

With reference to Fig. 5.2, there is one vehicle directly in front of the SV and 

considering the requirement of lateral gaps, LFLV and RFLV are the side influencing 

vehicles. One of these three vehicles would be the effective leading vehicles. The 

position of the right front corner of the front leading vehicle (FLV), at time  , is 

(      
         

  ). Similarly the coordinates of the right front corners of the LFLV and 

RFLV are (             ) and (             ) respectively. The longitudinal space 

headway between the SV and the FLV is     
   (      

       ). The headway between the 

SV and the LFLV is     
     (      

           and between the SV and the RFLV is 

    
    (      

          . It is important to note that the movement of the SV is not only 

influenced by the above mentioned longitudinal space headways but also by the 

anticipated distances travelled by all these leading vehicles in the next time step. The 

anticipated distances travelled by all the leading vehicles are estimated based on their 

estimated speeds. The expected speeds of the LVs are estimated as: 

     
   

          
    

     
   
     

    
       (5.1)  

     
    

           
    

      
   

      
    

        (5.2)  

     
    

           
    

      
   

      
    

         (5.3)  

Where,     
   

,     
    

 and     
    

 are the expected speeds of FLV, LFLV and RFLV, 

respectively.     
    

     
   
         

    
 are the headways between the FLV and its 

corresponding LFLV, FLV and RFLV. Similarly, headways between the LFLV and its 

corresponding influencing vehicles are measured for estimating     
    

 . Headway 

between RFLV and its corresponding influencing vehicles are measured for estimating 

    
    

 .     ,       and       are the speeds of FLV, LFLV and RFLV respectively. Once 

the expected speeds of the leading vehicles are estimated, the effective gaps available to 

the SV, with respect to the three leading vehicles can be calculated as follows, 

     
   

     
   

               
   

                (5.4) 
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                (5.5) 

      
   

     
    

                
    

                (5.6) 

Where,     
   

,      
   

 and      
   

 are the effective gaps, with respect to FLV, LFLV 

and RFLV.     ,      ,       are the length of the FLV, LFLV and RFLV respectively. 

The parameter             can be linked to the effectiveness of the anticipation. 

Minimum of these three gaps gives the effective longitudinal gap corresponds to the 

effective leading vehicle. The time headway corresponding to this vehicle is, 

   
  

  
   

     
 (5.7)  

Where,   
   

          
   

       
   

      
   

   and       is the speed of SV (     

vehicle at time  ).  

5.3.3 Decision to change the current lateral position  

If the effective gap (in terms of the effective time headway) available for the SV is not 

enough to maintain its desired speed, then it looks for alternate lateral position. Here, 

the desired speed refers the speed a driver wants to maintain when traveling under 

given traffic conditions. At the same time the following criteria must be fulfilled. 

5.3.3.1 Possible lateral positions for the SV 

With reference to Fig 5.2, (         ) are the coordinates of the right front corner of the 

    vehicle (of width   ) at time  . Let         
         is the maximum lateral 

acceleration of the     vehicle given the speed  .        
        

   is the position of the 

left adjacent vehicle of the      vehicle, at time  . The maximum left lateral movement 

         
   , for the      vehicle is limited to either of the following; 

  
             

                           
           

          

        
                              

           
          

  (5.8)  

The possible range of lateral positions,         of     vehicle towards left 

direction at time       is,                     
    . Similarly, towards right direction, the 
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range for lateral shifting is                     
    . Hence, it is necessary to check for the 

presence of leading and back vehicles corresponding to all the lateral positions in 

between                
     and                

   ). 

5.3.4 Lateral movement rules 

After finding the possible set of lateral positions available for the SV, all the positions 

are evaluated based on the following two criteria. 

5.3.4.1 Incentive criteria 

The following incentive criteria insist the subject vehicle to shift laterally. 

a. If the effective front gap corresponding to the intended lateral position is 

greater than the available effective front gap, then it can shift laterally. 

b. If the effective LV’s speed corresponding to the intended lateral position is 

more than the speed of the effective LV corresponding to the current lateral 

position, then the SV can shift laterally. 

c. If the effective LV’s speed corresponding to the intended lateral position is 

more than the SV’s speed, then it can shift laterally. 

5.3.4.2 Safety criteria 

The following criteria need to be satisfied for a safe lateral shifting of the subject 

vehicle. 

a. If the sum of the back gap and back vehicle speed, corresponding to the 

intended lateral position, is less than the SV’s speed, then only it can shift 

laterally. 

b. If sufficient lateral gap (route width) is available with respect to the intended 

lateral position, then only it can shift laterally. 

5.3.5 Forward movement rules 

The forward movement rules are adopted from Mallikarjuna and Rao (2011) with the 

modifications discussed in section 5.1. The delay in acceleration and delay after 

braking have been modeled using the slow-to-start (  ) probability and the brake light 

probability (   ), respectively. Slow-to-start probabilities are assumed to be different 
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for various types of vehicles moving in the heterogeneous traffic stream. Slow down 

probability (    ) has been considered to model the random fluctuations in the speeds. 

Since the cell structure used in the present study is different from the one used in 

Mallikarjuna and Rao (2011), the values taken by these parameters may also be 

completely different. This is further explained in parametric analysis of the model. 

Mathematical formulation of the forward movement rules are shown below: 

(1)  Randomization parameter: 

Randomization parameter P, takes any one of the three probabilities depending on the 

speed of the subject vehicle, break light of the effective leading vehicle and the 

available time headway with respect to the effective leading vehicle. 

                     
       

                                      
    

                                                          

                                                       

  (5.9) 

(2)  Acceleration: 

Acceleration of the SV depends on the brake lights of the SV and the effective leading 

vehicle, and the time headway with respect to the effective leading vehicle.  

If                         or    
      then, 

                                     (5.10) 

Else 

                 (5.11) 

   
    

   
       (5.12) 

(3)  Braking rule: 

Braking behavior depends on the effective longitudinal gap and the available route 

width. 

If              
    then, 

                              
   

  (5.13) 

Else 

If                      
   

      
   

   

                     
                 

           
          (5.14) 

Else 
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   (5.15) 

If                   then, 

           (5.16) 

(4) Randomization: 

Vehicle undergoes random deceleration depending on the randomization probabilities 

found in step 1. 

If (           then, 

If              

                                 (5.17) 

If          

                            (5.18) 

If         

           (5.19) 

(5) Updating the vehicle position: 

                        (5.20) 

Where, 

ti
t is the available time headway for the i

th
 vehicle (SV), 

    refers to the effective LV, 

ts is the interaction headway, 

      is the binary variable denoting brake light’s status of the i
th

 vehicle (if 

equal to 1, brake light is on, if equal to 0 brake light is off),  

di
eff

 is the effective gap available for the SV after considering the anticipated 

movement of the effective LV(Equation 5.7), 

li is the length of the i
th

 vehicle (SV), 

ai vi,li  is the acceleration of the i
th

 vehicle (SV), 

 
i
 li  is the deceleration of the i

th
 vehicle (SV), 
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vi
re is the revised speed of the  i

th
 vehicle (SV) which is re-evaluated based on 

the available rWi,t, 

      is the effective route width available ahead to the i
th

 vehicle (SV) at time 

 . The same is illustrated in Fig. 5.3. 

     is the maximum allowable speed, 

   is the width of the  i
th

 vehicle (SV), 

    
   is the lateral gap required for the i

th
 vehicle (SV), 

 t 1     and  t 2     denotes various stages at which speed values are 

updated within each updating step. 

 

Fig. 5.3 Effective route width available for the SV at various speeds 

One of the important changes made in the updating rule is shown graphically in 

Fig. 5.3. This figure shows the total lateral gap requirement of SV when moving at 

different speeds. When the SV is moving at speed v1, the gap requirements on either 

side are shown in the figure with hatching on either side of the vehicle. Positions of 

FLV, LFLV, and FRLV in the next time step       are also shown in the figure. It 

can be seen from the figure that the SV has to reduce its speed to v3 so that it can pass 

through the gap available between LFLV and RFLV. This aspect is addressed in step 3 

and the revised speed is calculated based on the available route width (     ).  
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5.4 Data Collection from the Model 

Data from the simulation model are collected using the methodologies adopted from 

Mallikarjuna (2007). Three different methods (Maerivoet 2006) namely, measurements 

taken over entire CA lattice, measurements taken over finite area, and measurements 

taken at a section are used to collect data from the models. All the three methods are 

briefly summarized in the following sub-sections. 

5.4.1 Global measurements 

In case of periodic boundaries, since the number of vehicles that are moving on the 

lattice is constant the global density remains constant during the entire measurement 

period. This is denoted by the term global occupancy or density and units are cells/unit 

cell length. Let, Nj is the number of cells in the j
th

 sub-lane that are filled by the 

vehicles, n is the number of lanes (sub-lanes) and P is the number of cells in all lanes 

(sub-lanes). Then the global occupancy/density is formulated as follows,  

              

 

   

      

 

   

 

   

 (5.21)  

Global Flow, in cells/sec is expressed as shown below; 

   
 

   
          

 

   

 

   

 

   

 (5.22) 

Mean speed in cell length/sec is expressed as shown below; 

              

 

   

 

   

   

 

   

  (5.23)  

Mean speed over a time period T is shown below;  

     
 

 
       

 

   

 (5.24) 
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5.4.2 Local measurements with a detector of finite length 

In this case the data are collected using a detector of finite length, typically less than the 

value taken by vmax (in cells). This is similar to the methodology used in data collection 

with dual loop detectors. Flow and density are measured over this finite measurement 

region using equations 5.27 and 5.28, and the speed is estimated from the fundamental 

relationship. Let, N(t) is the number of cells that are filled by the vehicles at time t in 

the measurement region; vi is the speed (in cells/sec) attributed to the i
th 

 cell and ld is 

the finite road length in cells, then,  

              

 

   

 (5.25)  

      
 

  
         

    

   

 

   

 (5.26)  

The density and flow measurements over consecutive time steps are now 

temporally averaged over the measurement region. 

   
 

 
       

 

    
      

 

   

 

   

 

   

  (5.27)  

   
 

 
       

 

    
          

    

   

 

   

 

   

 

   

  (5.28)  

Based on flow and density, and fundamental relation between traffic 

characteristics mean speed can be obtained.  

5.4.3 Local measurements with a detector of unit length 

In case of local measurements with a detector of unit length, the measurements are 

taken over time. Flow and speed values are measured and density or occupancy is 

estimated from the fundamental relationship between the traffic characteristics.  

       (5.29)  
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 (5.30)  

Where N is the number of cells (constituting the vehicle) crossing the detector 

during the observation period T. 

5.5  Parameter Analysis 

Updating procedure discussed in the previous section involve several parameters. These 

parameters may be classified into two groups, such as, parameters used for forward 

movement rules and parameters used for lateral movement rules. Important parameters 

used for forward movement rules are interaction headway (h), security distance (SD), 

slow down probability (    ), slow-to-start probability (p0), break light probability (pbl), 

lateral gap and longitudinal acceleration. Some of the important parameters used in the 

lateral movement rules are probability of lateral movement (p) and look back distance 

( ). Details of the parameter analysis carried out in this study are presented in the 

following sub-sections. 

5.5.1 Parameters of forward movement rules 

Parameters used for updating the vehicle’s longitudinal positions are analyzed and 

presented below. 

5.5.1.1 Interaction headway (h) 

In lane based traffic effect of the LV is felt on the FV only when the time headway 

between these vehicles is less than certain threshold headway, termed as the interaction 

headway. In case of no-lane-disciplined traffic, any vehicle is influenced by the vehicle 

downstream, irrespective of the lateral positions of the vehicles, if the time headway 

(measured across the road width) is less than the interaction headway.  From previous 

studies (meant for lane based traffic), it has found that this parameter varies from 6 to 

11 seconds. But this may not be true for no-lane-disciplined heterogeneous traffic. In 

every time step there is a possibility of lateral movement in heterogeneous traffic, 

hence, the SV may not be influenced by the downstream vehicles unless they are really 

close. Possibility of lateral position adjustment gives more flexibility to the SV and it 

can maintain relatively higher speeds even when the downstream (leading) vehicles are 
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closer. Fig. 5.4 shows the global flow-occupancy relationships for various values of 

interaction headways. With higher interaction headways, flow in the congested branch 

is less compared to lesser interaction headways. It may be due to the reason that in 

heterogeneous traffic vehicles always looks for the opportunity to overtake/pass. When 

the interaction headway is high, the SV may react to the presence of a downstream 

slower vehicle even when the distance between these vehicles is relatively high. Since 

the SV has freedom to move laterally, it may not react to the presence of slower vehicle 

unless both are really close; hence higher flows are resulting at lower interaction 

headways.  

 

 

Fig. 5.4 Relationship between global flow and global occupancy for various interaction 

headways for homogeneous traffic, consisting of only cars (a); and heterogeneous      

traffic (b) 
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5.5.1.2 Security distance (SD)  

Security distance is another important parameter used in vehicle updating procedure. 

Vehicles moving in the traffic stream anticipate the movement of the LV in order to 

update its own speed. This anticipation depends on driver/vehicle combination and 

accurate estimation of the front vehicle speed may not be possible. The parameter SD is 

used to offset the anticipated movement of the LV. This parameter can be associated to 

the safety perception of the following vehicle’s driver. Aggressive drivers’ behavior 

can be represented with less SD compared to that of a timid driver. This may be 

influence by the type of vehicle as well. Flow-occupancy relationships corresponding to 

various values of SD are shown in Fig. 5.5. From the figure it can be seen that as the 

SD is decreasing flow values are increasing. This is reflecting the scenario where the 

traffic stream contains more aggressive drivers. Also, the drivers of the heavy vehicles 

are attributed with higher SD to reflect the difficulty in maneuvering heavy vehicles.  

 

Fig. 5.5 Relationship between global flow and global occupancy for various security    

distances for homogeneous traffic, consisting of only cars 

5.5.1.3  Slow down probability (pdec) 

This parameter is used to simulate the random fluctuations in the vehicular speed 

resulting due to the driver behavior.  Random fluctuations in speeds of free moving 

vehicles may lead to break down of the free flow conditions leading to congestion. 

Flow-occupancy relations corresponding to various values taken by this parameter are 

shown in Fig. 5.6.  From the figure it can be seen that as the value taken by this 
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parameter is increasing, the maximum flow is decreasing. Results shown in the figure 

corresponds to no-lane-disciplined heterogeneous traffic stream and due to the inherent 

flexibility of the vehicles to adjust the lateral position, nullified the effect of pdec. In 

case of lane based homogeneous traffic, this parameter may have significant impact on 

the breakdown of free flow branch. 

 

Fig. 5.6 Relationship between global flow and global occupancy for various values taken 

by pdec, for homogeneous traffic, consists of only cars 

5.5.1.4 Slow-to-start probability (P0) 

A vehicle in stationary condition takes some time before accelerating. A small vehicle 

such as MTW may start quickly whereas an HMV may take longer time to accelerate. 

This delay in acceleration varies from vehicle to vehicle because of its acceleration 

characteristics. There may be some additional delay in acceleration due to the 

relaxation behavior of the driver. The effect of slow-to-start parameter is trend to be 

significant on the congested branch (Fig. 5.7). It can be clearly seen from the figure that 

there is a change in the slope of the congested branch. Mallikarjuna (2007) has shown 

similar parameter analysis and the results are significantly different compared to the 

result from present study. This difference can be attributed to the better refined cell 

structure adopted in the present study.  
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Fig. 5.7 Relationship between global flow and global occupancy for various slow-to-start 

parameters for homogeneous traffic consists of only cars; current model (a); results from 

Mallikarjuna (2007) (b) 
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explicitly, i.e., the lateral gap is not included in the vehicle width. The influence of the 

variable lateral gap and the constant lateral gap on traffic flow is examined. The global 

flow-occupancy relationships corresponding to constant and variable lateral gaps are 

shown in Fig. 5.8. From the figure it can be seen that gap maintaining behavior affects 

the flows significantly.  

 

 

Fig. 5.8 Relationship between global flow and global occupancy for constant and variable 

total lateral gap for homogeneous traffic consists of only cars (a); and heterogeneous 

traffic (b) 

The gaps shown in the legend of the figure denotes the total lateral gap 

maintained by a vehicle. Total lateral gap of 2 cells refers to a vehicle maintaining a 

gap of one cell on either side. Constant gap of 2 cells implies that irrespective of the 

speed and other factors this gap will not change. Variable gaps referred to the actual 
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gap maintaining behavior of LMV observed in the field. From the figure it can be seen 

that the gap maintaining behavior significantly affects the breakdown of the free flow 

conditions. Up to certain occupancy levels, free flow branch corresponding to all the 

three lateral gaps remain same. Corresponding to the constant gap of 2 cells, free flow 

conditions were observed beyond the occupancy of 0.1. Similarly, the congested branch 

is also significantly affected by the gap maintaining behavior. Overlapping congested 

branch corresponds to the constant gap of 4 cells and the variable lateral gaps implies 

that the vehicles need to maintain a total lateral gap of 4 cells in the congested 

conditions (when occupancy is greater than 0.25). Flow values corresponding to the 

occupancy levels 0.1 to 0.2 significantly differ depending on the gap maintaining 

behavior. From the figure it can be said that the constant lateral gaps of lesser 

magnitude (2 to 4 cells or o.6 to 1.2 m) results in over estimation of the capacity values. 

5.5.1.6 Acceleration characteristics 

In this study, variable acceleration values are considered against the constant value 

generally used in the CA based models. It is known that, depending on the speed the 

acceleration capability of a vehicle will change. The refined cell structure used in the 

present study can accommodate the variable accelerations. From Fig. 5.9 it can be seen 

that the variable acceleration affects the free as well as the congested branches. 

 

0 

0.5 

1 

1.5 

2 

2.5 

0.00 0.10 0.20 0.30 0.40 0.50 

G
lo

b
al

 F
lo

w
 (

C
el

ls
/l

an
e/

se
c)

 

Global Occupancy (Cells/unit cell length) (a) 

Constant(3 cells) 

Constant(6 cells) 

Variable 

  TH-1613_09610413



83 

 

 

Fig. 5.9 Relationship between global flow and global occupancy for constant and variable 

acceleration for homogeneous traffic consists of only cars (a); and heterogeneous       

traffic (b) 

5.5.2 Parameters of lateral movement rules 

Parameters used for updating the vehicle’s lateral positions are analyzed and presented 

in the following sub-sections.  

5.5.2.1 Probability of lateral movement (p)  

Vehicles moving in the no-lane-disciplined heterogeneous traffic stream have the 

flexibility to adjust the lateral positions. Many vehicles moving in the stream may 

compete for the same space and driver’s behavior play major role in utilizing the road 

space. To account for the timid driver’s reluctance to move on to the new lateral 

position certain probability is associated to lateral movement even when all the safety 

criteria are satisfied. Results related to various values taken by this parameter are 

shown in Fig. 5.10. From the results it can be seen that as the probability of lateral 

movement is decreasing the maximum flow is decreasing. It is logical since the reduced 

probability restrains the vehicle to take up the new lateral position, thereby causing 

speed reduction. The probability values may also depend on the vehicle type. The 

lighter vehicles have the tendency to utilize all the opportunities whereas the heavy 

vehicles have lesser tendency to take up the new lateral position.   
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Fig. 5.10 Relationship between global flow and global occupancy for different probability 

of lateral movement (p) for homogeneous traffic consists of only cars 

5.5.2.2 Look back distance  

When a vehicle intends to move laterally the driver needs to evaluate the safety aspects 

corresponding to the new lateral position. One of the major concerns is the vehicles 

coming from back and the driver of the SV needs to judge the position of the back 

vehicle.  

 

Fig. 5.11 Global flow-occupancy relationship of heterogeneous traffic for various beta ( ) 

values 
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vehicle speed. The results shown in Fig. 5.11 correspond to the multiplication factor 

associated to the back vehicle speed. From the results it can be seen that when the 

factor takes higher value owing to safety concerns the SV cannot move laterally, hence 

the drop in the speed.  

5.5.3 Effect of traffic composition 

Effect of traffic composition on global flow–density relationships are shown in Fig. 

5.12. From the figure it can be seen that in case of 100% LMV the maximum flow is 

3200 vehicles/hr. It can also be seen from the figure that at the same proportion of 

HMV and MThW, the variation in MTW proportion affects the maximum flow. Due to 

the increased proportion of MTW the maximum flow has increased significantly. As 

expected, increased proportions of MThW and HMV resulted in lesser maximum flows. 

This behavior can be attributed to the maneuverability of various types of vehicles.  

 

Fig. 5.12 Effect of traffic composition on Global flow-density relationships  

5.6 Summary and Conclusions 

Vehicular movement in no-lane-disciplined heterogeneous traffic stream is different 
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vehicle may not be directly in front and by virtue of the lateral gap requirement (of the 

SV to maintain its speed) it is influencing the SV’s movement.  

To incorporate the variability of lateral gap maintained by the vehicles, the cell 

structure of the present CA model is modified, and a finer cell width of 0.3m is 

proposed. This finer cell width gives the vehicles flexibility to adjust their lateral 

positions. Refined cell structure was found to be affecting many of the CA parameters. 

Parameters such as the interaction headway, slowdown probability, slow-to-start 

probability, lateral gaps have been evaluated in terms of flow-occupancy relationships. 

Interaction headway is found to be having significant impact on the no-lane-disciplined 

heterogeneous traffic stream behavior. This parameter can be treated as one of the 

important characteristics of the heterogeneous traffic. Lateral gap maintaining behavior 

is also found to be having significant effect and this needs to be appropriately presented 

in the simulation model. Probability of lateral movement (after satisfying the incentive 

and safety criteria) and look back distance are found to be affecting the traffic stream 

behavior in terms of the lateral movement.  
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Chapter 6 

Model Validation and Application 

Validation of the microscopic simulation model and some of its applications are 

presented in this chapter. The model has been validated for traffic stream moving on the 

road sections with widths 8.3 m and 10 m. The model is validated at microscopic as 

well as macroscopic levels. Queue formation and dissipation behavior obtained from 

simulation model is compared with the corresponding field data. Validated model is 

used to study the impact of minor variations in the width of a typical two-lane road 

observed in Indian cities. Simulation model set-up is presented in section 6.1. Section 

6.2 describes the validation of the CA model. Inferences on global measurements are 

discussed in section 6.3. Application of the developed CA model to analyze the effect 

of road width is presented in section 6.4. The last section of this chapter describes the 

important conclusions drawn from the validation of simulation model and its 

application. 

6.1 Simulation Model Set-up 

Important parameters of the simulation model such as, warm up time, data extraction 

time, boundary conditions (periodic or open), length of the road section to be simulated, 

stretches of the road section to be selected for data extraction need to be finalized for 

validation of the developed model. Warm up time is the time elapsed to set the vehicles 

in equilibrium conditions i.e., it is the time to be elapsed before extracting the 

simulation result from the model so that the initial vehicle generation impact is 

minimized. A warm up time of 480 seconds is used for the present study (Mallikarjuna 

2007).  Data extraction time or measurement time is the time for which the data are 

collected from the model. Data on all the macroscopic variables are collected over a 

period of 60 seconds. Length of the road stretch is kept as 2 km i.e., lattice length of 

4000 cells. Requisite data have been collected when the vehicles are crossing a road 

section as well as over the entire road stretch (global measurements).  

Since periodic boundary conditions are used in the present CA model, by 

controlling the density/occupancy, it is easy to simulate different traffic scenarios such 

as free flow and congested flow. Local and global measurements can be made from the 
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CA model with periodic boundaries.  Field observations are not possible either at global 

level or even on a finite road area. Hence, local measurements are made from the 

simulation model to compare with the observed data. 

6.2 Validation of the CA Model 

The CA model is validated at microscopic level as well as at macroscopic level. In this 

study the developed model has been validated at microscopic level for free and 

congested conditions separately. Macroscopic data such as flow, speed, and occupancy 

measured at a road section (equivalent to the detector of unit length in the simulation 

model) is available for two different locations. All these data have been collected in 

terms of vehicles instead of equivalent number of cars which is the normal procedure 

under heterogeneous traffic conditions. Similar data have been collected from the 

simulation model using a detector of unit cell length. Validation of the simulation 

model using these data sets has been presented in the following subsections. Two 

dimensional Kolmogorov-Smironov (2D-KS) test (Peacock 1983) has been conducted 

to check the closeness of the observed and simulated macroscopic relationships. From 

the microscopic simulation models it is possible to collect different microscopic data, 

but, the same is difficult to obtain from field. Microscopic validation of the simulation 

model for free flow condition has been carried out in terms of observed and simulated 

cumulative distribution of free flow speed data (FFS). The model has been validated for 

congested conditions in terms of the simulated queue formation and dissipation. Queue 

formation and dissipation speeds are comparable to that of the field observed values. 

6.2.1 Traffic stream moving on 10 m wide road 

Observed traffic composition and free flow speeds are the key inputs to the simulation 

model. Other important aspect is the road width to be used in the simulation model. To 

validate the present CA model, two hour data have been collected from Jubilee Hills, 

Hyderabad, India. The width of the road section is 10.0m. In the CA model, the road 

width is divided into 34 sub-lanes. Majority of the vehicles plying on this road section 

were LMV and MTW. Around 10% MThWs and 1% HMVs were also observed. 

Traffic composition details corresponding to this road stretch are presented in Table 

6.1.  Mean and standard deviations of the observed free flow speeds of different types 
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of vehicles are also presented in Table 6.1. Other relevant traffic characteristics and CA 

parameters corresponding to each vehicle type are shown in Table 6.3.  

Table 6.1 Representation of 10 m wide road (Jubilee hills, Hyderabad) and the 

corresponding vehicles related parameters used in the simulation model 

Note:    is SV’s speed in Cells/sec 

*
Total lateral gap for different types of vehicles are estimated using the methodology 

proposed in chapter 4, and is shown below;  

    
  

  
   

                       
 (6.1) 

Road Characteristics 

Cell width (m) 0.3 

Cell length (m) 0.5 

Road Width (Cells) 34 

Road length (Cells)(Periodic Boundary) 4000 

Warm up time (Sec) 480  

Data extraction time (Sec) 60  

Total run time (Sec) 540 

Vehicle Compositions 

LMV 44.30% HMV 1.20% 

MThW 10.00% MTW 44.50% 

Vehicle Characteristics 

Parameter  LMV HMV MThW MTW 

Length (Cell) 9  21  6 4 

Width (Cell) 6  8  5 2 

Mean desired speed (Cell/sec) 26  18  17  23  

Standard deviation of the maximum 

speed (Cell/sec) 
5 4 2 3  

Acceleration 

(Cell/sec
2
) 

(Mallikarjuna, 

2007) 

  ≤5.5  4  2 2  5 

5.5 <  <11  3  1 2  4 

  ≥ 11  2  1  1  3  

Deceleration (Cell/sec
2
) 4  3  3  2  

Maximum lateral gap (Cells) 7  7  5  1  

Lateral gap
*
 

Variable based on speed and type of subject vehicle as 

well as adjacent vehicles. 
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Here,    
  is the total lateral gap required by vehicle   of type  . The coefficients 

used for validating the simulation model are taken from chapter 4 and are shown in 

Table 6.2. All the symbols have usual meaning as described in chapter 4. 

Table 6.2 Coefficients and threshold total lateral gap for 10 m wide road 

 

Table 6.3 CA model Parameters corresponding to validated model (10 m wide road) 

Note:   
  is back vehicle speed;   is a constant. 

6.2.1.1 Macroscopic validation 

Flow, speed, and occupancy obtained from Jubilee hills road for each one minute 

interval, collected over a period of two hours, have been utilized to validate the CA 

model. Simulated and observed flow-occupancy relationships are shown in Fig. 6.1. 

Observed and simulated speed-occupancy and flow-speed relationships are shown in 

Fig. 6.2 and 6.3 respectively. From these three relationships it can be seen that the 

observed and simulated data are fairly matching.  

Vehicle 

type 

Coefficients 
  
     

(m) 

Threshold speed 

values for Speed 

Effect 

Threshold speed 

values for Size 

Effect 
            

   
  

(km/hr) 

   
  

(km/hr) 

   
  

(km/hr) 

   
  

(km/hr) 

LMV 0.997 -0.032 -0.379 --- 3.47 40.98 15.67 --- --- 

MTW 1.739 -0.034 -0.571 -0.388 3.48 29.97 15.03 38.58 15.03 

MThW 1.003 -0.039 -0.588 --- 3.06 20.20 10.45 --- --- 

HMV 0.829 -0.043 -0.394 --- 3.48 20.00 12.26 --- --- 

Updating Model 

Slow down probability (pdec) 0.3 0.1 0.3 0.1 

Slow-to-start probability ( Po) 0.2 0.5 0.5 0.1 

Break light probability(Pbl) 0.94 0.94 0.94 0.94 

Minimum gap (Cells) 4 4 4 4 

Interaction headway (t
h
) (Sec) 4 5 4 3 

Security distance (gapsecurity) (Cells) 10 12 12 10 

Lane Change Model 

Probability of lateral movement (P) 0.90 0.60 0.70 0.95 

Multiplication parameter ( ) 1.0 1.1 1.2 1.0 

Back gap (    
   ) factor(   ) 1.0 1.0 1.0 1.0 
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Fig. 6.1 Observed and simulated Flow-Occupancy relationship for Jubilee hills Road 

 

 

 

Fig. 6.2 Observed and simulated Speed-Flow relationship for Jubilee hills Road 
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Fig. 6.3 Observed and simulated Speed-Occupancy relationship for Jubilee hills Road 

The 2D-KS test has been performed to ensure that the distribution of the 

simulation results represent the real traffic conditions. A comparison has been made 

between the observed and simulated data distributions. The 2D-KS test statistics for 

flow-occupancy, speed-occupancy and speed-flow distributions are found to be 0.2494, 

0.2579 and 0.2507, respectively. Corresponding p-values are found to be 0.0368, 

0.0252 and 0.0347, respectively. The result indicates that there is no statistically 

significant difference between the observed and simulated joint distributions.  

6.2.1.2 Microscopic validation 

Microscopic validation of the model output for free flow traffic has been carried out 

using the observed and simulated FFS distributions corresponding to different types of 

vehicles. Free flow speed parameters for the observed and simulated data are given in 

Table 6.4. Cumulative distributions of observed and simulated FFS for different types 

of vehicles are compared and are shown in Fig. 6.4. The results indicate that the 

distributions of both the data for all types of vehicles are matching fairly. The FFS 

simulated by the model were statistically compared with observed FFS values. A paired 

F-test null hypothesis of no variance difference was performed to check the closeness 

between simulated and observed FFS of vehicles. At the same time a paired t-test of 

null hypothesis of no mean difference was performed to check the closeness of the 

simulated and observed FFS of vehicles. Statistical comparison of the parameters of 

observed and simulated cumulative distribution of FFS data shows that these 
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parameters are not different at 5% level of significance. The statistical measures are 

shown in Table 6.4. 

Table 6.4 Statistical comparison of observed and simulated free flow speeds of various 

types of vehicles 

µ-Mean (Km/hr); σ-Standard deviation (Km/hr) 

 

 

Fig. 6.4 Comparison of observed and simulated cumulative distributions of FFS for   

LMV (a); MTW (b); MThW(c); HMV(d) 

6.2.2 Traffic stream moving on 8.3 m wide road 

A two lane road section located at Kodihalli, Bengalore, India, has been chosen to 

further validate the developed CA model. This road section is of 8.3 m, and the 

majority of the vehicles are MTW and LMV. Representation of road and traffic 

characteristics in terms of cells is shown in Table 6.5.  Other parameters of the CA 

model are listed in Table 6.7.  
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Speed (Km/hr) (d) 

Observed 
Simulated 

Vehicle 

Type 

Observed Simulated F-test (for variance) t-test (for mean) 

µ  σ µ  σ Fstatistical Fcritical tstatistical tcritical 

LMV 47.42 8.73 48.36 8.53 1.04819 1.40909 0.70342 1.98729 

MTW 42.42 6.00 42.87 6.91 1.32828 1.36672 0.53474 1.97066 

MThW 30.18 4.51 29.18 4.57 1.02715 1.58520 1.17445 1.98552 

HMV 33.40 6.80 32.43 5.88 1.33793 1.56939 0.76916 1.99125 
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Table 6.5 Representation of 8.3 m wide road (Kodihalli, Bangalore) and the 

corresponding vehicles related parameters used in the simulation model 

Note:    is SV’s speed in Cells/Sec 

**
Total lateral gap for different types of vehicles are estimated using the methodology 

proposed in chapter 4, and is shown below;  

    
  

  
   

                       
 (6.2) 

Here,    
  is the total lateral gap required by vehicle   of type  . The coefficients 

used for validating the simulation model are taken from chapter 4 and are shown in 

Table 6.6. All the symbols have usual meaning as described in chapter 4. 

 

Road Characteristics 

Cell width (m) 0.3 

Cell length (m) 0.5 

Road Width (m) 8.30 

Road Width (Cells) 28 

Road length (Cells) (Periodic boundary) 4000 

Warm up time (Sec) 480  

Data collection time (Sec) 60 

Total run time (Sec) 540 

Vehicle Compositions 

LMV 33.62% HMV 3.90% 

MThW 12.65% MTW 49.83% 

Vehicle Characteristics 

Parameter  LMV HMV MThW MTW 

Length (Cell) 9  21  6 4 

Width (Cell) 6  8  5 2 

Mean maximum speed (Cell/sec) 26 21 21  24 

Standard deviation of the maximum 

speed (Cell/sec) 
5 3  4  4  

Acceleration 

(Cell/sec
2
) 

 

  ≤5.5  4  2  2 5 

5.5 <  <11  3  1 2  4  

  ≥ 11  2  1  1  3 

Deceleration (Cell/sec
2
) 4  3  3  2  

Maximum lateral gap (Cells) 7  7  5  1  

Lateral gap
**

 
Variable based on speed and type of subject vehicle as 

well as adjacent vehicles. 
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Table 6.6 Coefficients and threshold total lateral gap for 8.3 m wide road 

 

Table 6.7 CA parameters corresponding to the validated model (8.3 m wide road) 

Note:   
  is back vehicle speed 

6.2.2.1 Macroscopic validation 

Flow, speed and occupancy data obtained from Kodihalli, Bengalore, over a period of 

two hours have been utilized to validate the model on traffic stream moving on 8.3 m 

wide road. The field data are mostly corresponding to free flow conditions and this is 

also evident from the Global flow-occupancy relationship (Fig. 6.11). Simulated and 

observed flow-occupancy relationships are shown in Fig. 6.5. Similarly, observed and 

simulated speed-occupancy and flow-speed relationships are shown in Fig. 6.6 and 6.7, 

respectively.  

 

Vehicle 

type 

Coefficients 
  
     

(m) 

Threshold speed 

values for Speed 

Effect 

Threshold speed 

values for Size 

Effect 
            

   
  

(km/hr) 

   
  

(km/hr) 

   
  

(km/hr) 

   
  

(km/hr) 

LMV 1.179 -0.022 -0.469 --- 3.60 50.50 22.75 --- --- 

MTW 1.252 -0.031 -0.295 -0.880 3.60 39.97 15.02 49.94 20.01 

MThW 1.003 -0.039 -0.588 --- 3.06 20.20 10.45 --- --- 

HMV 0.829 -0.043 -0.394 --- 3.48 20.00 12.26 --- --- 

Updating Model 

Slow down probability (pdec) 0.3 0.1 0.3 0.1 

Slow-to-start probability ( Po) 0.1 0.5 0.5 0.1 

Break light probability(Pbl) 0.94 0.94 0.94 0.94 

Minimum Gap (Cells) 4 4 4 4 

Interaction Headway (t
h
) (Sec) 2 3 3 2 

Security distance (dsecurity) (Cells) 10 12 12 10 

Lane Change Model 

Probability in lane change(P) 0.95 0.6 0.6 0.95 

Multiplication parameter ( ) 1.0 1.1 1.0 1.0 

Back gap (    
   ) factor(   ) 1.0 1.0 1.0 1.0 
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Fig. 6.5 Observed and simulated Flow-Occupancy relationship for Kodihalli Road 

 

 

 

Fig. 6.6 Observed and simulated Speed-Flow relationship for Kodihalli Road 
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Fig. 6.7 Observed and simulated Speed-Occupancy relationship for Kodihalli Road 

The 2D-KS test has been performed to ensure that the distribution of the 

simulation results represent the real traffic conditions. A comparison has been made 

between the observed and simulated data distributions. The 2D-KS test statistics for 

flow-occupancy, speed-occupancy and speed-flow distributions are found to be 0.1709, 

0.3154 and 0.2140, respectively. Corresponding p-values are found to be 0.1039, 

0.0002 and 0.0176, respectively. The result indicates that there is no statistically 

significant difference between the observed and simulated joint distributions. 

6.2.2.2 Microscopic validation 

Similar to the 10 m wide road, microscopic validation of the model for free flow 

condition has been carried out using the FFS data collected on different types of 

vehicles. Parameters corresponding to the observed and simulated FFS data are shown 

in Table 6.8. Comparisons of cumulative distributions of the observed and simulated 

FFS for different types of vehicles are shown in Fig. 6.8. The simulated FFS values 

were also statistically compared with the observed FFS values. A paired F-test, with 

null hypothesis of no variance difference was performed to check the closeness 

between simulated and observed FFS of vehicles. At the same time a paired t-test of 

null hypothesis of no mean difference was performed to check the closeness of the 

simulated and observed FFS of vehicles. The statistical tests on means and variances 

are shown in Table 6.8. The results indicate that the distributions of both the data, for 

all types of vehicles, are statistically similar.  
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Table 6.8 Statistical comparison of observed and simulated free flow speeds of various 

types of vehicles 

µ-Mean (Km/hr); σ-Standard deviation (Km/hr) 

 

 

Fig. 6.8 Comparison of observed and simulated cumulative distributions of FFS for   

LMV (a); MTW (b); MThW(c); HMV(d) 

6.3 Microscopic Validation of Queue Formation and Dissipation 

Microscopic validation of the model for congested conditions is carried out in terms of 

the queue formation and dissipation. Data collected from Indira Nagar, Bangalore, have 

been used for this purpose. Fig. 6.9(b) shows the observed trajectories of the vehicles 

passing through a queue that was built up due to the downstream traffic conditions.  

The speed of queue formation and dissipation from field is calculated as 4.11 km/hr and 

14.40 km/hr. Similar conditions have been recreated in the model by blocking the 

traffic across the road widths. Trajectories corresponding to the queue built up and 

dissipation in the model are shown in Fig. 6.9(a). From the simulated trajectories, the 

queue formation and dissipation speeds are calculated as 8.25 km/hr and 22 km/hr, 
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Type 

Observed Simulated F-test (for variance) t-test (for mean) 

µ  σ µ  σ Fstatistical Fcritical tstatistical tcritical 

LMV 45.62 7.97 46.52 8.21 1.05979 1.43296 0.76594 1.97993 

MTW 43.88 7.90 44.38 7.86 1.01116 1.38914 0.42731 1.98667 

MThW 37.00 6.61 35.66 6.80 1.05849 1.43690 1.83280 1.97944 

HMV 36.00 6.50 35.07 6.61 1.03387 1.53547 1.17053 1.97993 
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respectively.  A close looks on both the trajectory data shows that fairly the queue 

formation in field and simulation model is matching. The estimated formation and 

dissipation speeds of queue are also fairly matching.  

 

Fig. 6.9 Comparison of the simulated (a) and observed (b) queue formation and 

dissipation 

6.4 Analysis of the Global Measurements 

From the simulation model it is possible to collect the data over the entire CA lattice (or 

the data collected over general measurement region) and such observations are called, 

global measurements or the measurements made over a general measurement region. 

When each sub lane is considered as a lane and each cell (filled with the vehicles) is 

considered as a vehicle, it can be said that the cells (filled with the vehicles) are 

following lane discipline. In this scenario, heterogeneous traffic is converted into 

equivalent homogeneous traffic where traffic is composed of cells of identical size. 

Under these conditions, macroscopic measurements made in terms of cell, adhere to the 

fundamental relationships among the macroscopic traffic variables. Since all the 

vehicles are composed of cells and number of cells composing each vehicle type is 

clearly known, it is easy to convert all the variables in terms of vehicles. This 

information is utilized in finding the capacities of three lane and two lane road sections 

in terms of cells. Simulation runs are made for the similar traffic characteristics and CA 

parameters shown in Tables 6.1-6.3, and 6.5-6.7, respectively, for 10 m and 8.3m wide 

road sections. Analysis of the global measurements obtained for both the road sections 

is presented in the following two subsections.  
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6.4.1  Global flow-occupancy relation for the 10 m wide road 

For the conditions presented in Table 6.1, global measurements are taken from the 

simulation model and the relationship between the global flow and global occupancy 

(area occupancy) are shown in Fig. 6.10. These global measurements correspond to the 

general measurement region of 2 km road length and 60 second observation period. It is 

to be noted that when measurements are taken at global level in terms of cells, global 

occupancy and area occupancy are the same. The global flow is observed and expressed 

in terms of number of cells and global occupancy is expressed in percentage of cells in 

the CA lattice filled with the vehicles. It can be observed that a maximum flow of 1.24 

cells/sub-lane/sec is occurring at a global occupancy of 11.5%. Converting flow values 

from cells/sub-lane/sec to vehicles/hr is described in Table 6.9.  

 
Fig. 6.10 Simulated global flow and global occupancy relationship for 10 m wide road 

Flow value in cells/hr comes out to be 146880 cells and the percentage cells 

related to different vehicles is given in this table. From this information and the 

corresponding vehicle area, in cells, it is possible to get the flow value corresponding to 

each vehicle type. When this flow is converted into vehicles, it comes out to be 4669 

vehicles/hr and it consists of 2069 LMV, 56 HMV, 467 MThW and 2077 MTW. The 

maximum flow of 4669 vehicles is corresponding to the vehicle composition given in 

Table 6.1. This methodology of collecting flow data in cells is very useful when flow is 

composed of different vehicles, which is the case with heterogeneous traffic.   

 

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

1.4 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 

G
lo

b
al

 F
lo

w
(C

el
ls

/s
u
b

-l
an

e/
se

c)
 

Global Occupancy (%) 

  TH-1613_09610413



101 

 

Table 6.9 Conversion of global flows obtained in cells /sub-lane/sec to vehicles/hr, in case 

of three lane road 

6.4.2  Global flow-occupancy relation for the 8.3 m wide road 

The methodology explained in the previous subsection holds good for this road as well. 

Simulated global flow and global occupancy relationship for two lane roads is shown in 

Fig. 6.11. The maximum flow comes out to be 1.68 cells/sub-lane/sec corresponding to 

occupancy of 13%.  

 

Fig. 6.11 Simulated global flow and global occupancy relationship for 8.3 m wide road 

Converting flow values from cells/sub-lane/sec to vehicles/hr is described in 

Table 6.10. The maximum flow in terms of vehicles is 5211 and it consists 1752 

LMVs, 2597 MTWs, 203 HMVs, and 659 MThWs. This maximum flow is true only 

for the traffic characteristics and CA parameters given in Table 6.5. It can also be 

observed that the maximum flow produced by 8.3 m wide road is higher than the 

maximum flow produced by 10 m wide road. This is due to the reason that the FFS of 

different types of vehicles corresponding to 10 m wide road are low compared to the 
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Others 

Field observed 

Vehicle 

Type 
Percentage 

Length 

(cells) 

Width 

(cells) 

Vehicle 

Area 

(cells) 

Composition 

(cells) 

% 

Cells 

Flow 

(cells/hr) 

Flow 

(Veh/hr) 

LMV 44.30 9 6 54 2392.20 73.61 111722 2069 

MTW 44.50 4 2 8 356.00 10.95 16619 2077 

HMV 1.20 21 8 168 201.60 6.20 9410 56 

MThW 10.00 6 5 30 300.00 9.23 14009 467 

TOTAL   151760 4669 
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FFS of vehicles moving in 8.3 m wide road. Also the composition of MTWs is 

relatively high compared to the 10 m wide road.  

Table 6.10 Conversion of global flows obtained in cells /sub-lane/sec to vehicles/hr, in case 

of two lane road 

6.5 Effect of Road Width on Maximum Flow 

Width of two-lane urban roads considered in Indian cities varies between 6.9 to 8.4 m. 

Given the no-lane-disciplined traffic moving on these roads the traffic flows 

corresponding to these road widths are expected to be different. The model developed 

in the present study has been utilized to study the effect of road width (of two-lane 

roads) on the traffic characteristics. Different simulation runs were carried out by 

altering the two-lane road width between 6.9 to 8.4 m. The global flow-occupancy 

relationships for homogeneous (considering only cars but without lane discipline) 

traffic and heterogeneous traffic corresponding to different road widths are shown in 

Fig. 6.12. It can be seen from Fig. 6.13 that widening the two-lane road of 6.9 m (23 

cells) to 8.4 m (28 cells) increases the maximum flow values in both the cases. When 

the width was increased from 6.9 m to 7.2 m the maximum flow increment is marginal 

in case of cars only traffic but it is significant in case of heterogeneous traffic. When 

the road width is further increased more or less same growth in the maximum flow can 

be seen in case of heterogeneous traffic. In case of cars only traffic, the growth is 

nominal up to 7.5 m and there is a significant change between 7.5 m to 8.1 m. Beyond 

8.1 m the increment is again marginal. But the difference in flows corresponding to the 

congested conditions is quite significant in case of cars only traffic. From Fig 6.12 (a) it 

can be seen that the flows seen in the congested conditions on 6.9 m wide road are 

considerably low compared to the road widths ranging from 7.2 to 8.4 m. When the 

global occupancy exceeds 300 vehicles/km there was no difference between the flows 

corresponding to 7.2 to 8.4 m road widths.  

Vehicle 

Type 
Percentage 

Length 

(cells) 

Width 

(cells) 

Vehicle 

Area 

(cells) 

Composition 

(cells) 

% 

Cells 

Flow 

(cells/hr) 

Flow 

(Veh/hr) 

LMV 33.62 9 6 54 1815.48 55.88 94629 1752 

MTW 49.83 4 2 8 398.64 12.27 20779 2597 

HMV 3.90 21 8 168 655.20 20.17 34157 203 

MThW 12.65 6 5 30 379.50 11.68 19779 659 

TOTAL   169361 5211 
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Figure 6.13 (b) shows the global flow-occupancy relationships corresponding to 

heterogeneous traffic stream moving on road widths ranging from 6.9 to 8.4 m. From 

the figure it can be seen that the flows in congested conditions were increasing with the 

increasing road width. The difference in the congested flows was marginal in between 

7.2 to 7.5 m and 7.8 to 8.1 m. Significant difference in congested flows can be seen 

when the road width is changed from 6.9 to 7.2 m and 7.5 to 7.8 m. Presence of smaller 

sized vehicles in the heterogeneous traffic stream was the main reason behind this 

difference.  

 

 

Fig. 6.12 Variation of Global flow-occupancy relationships for homogeneous traffic (a); 

and heterogeneous traffic (b), with changing two-lane road width  
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Fig. 6.13 Variation of capacity on slight changes in the width of a two lane road 

6.6  Summary and Conclusions 

Microscopic model developed in this study has been validated using the data collected 

at multiple road sections. Model has been validated at macroscopic level in terms of the 

observed and simulated macroscopic relations. It was observed that the observed and 

simulated macroscopic relations were statistically similar. The model has been 

validated at microscopic level in terms of the free flow speed distributions and the 

formation and dissipation of queues in congested conditions. The validated model has 

been utilized in studying the effect of two-lane road widths, presently being used in 

urban regions in India, on the traffic flow behavior.  It was observed that changing the 

road width from 6.9 m to 7.2 or 7.5 m has marginal effect on the maximum flows 

crossing the road section, in case of both heterogeneous traffic and cars only traffic. 

The change in the maximum flow of heterogeneous traffic stream was significant in 

case of road width increasing from 7.5 to 7.8 m.   
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Chapter 7 

Summary and Conclusions 

7.1 Summary  

Understanding the behavior of vehicles moving in no-lane-disciplined heterogeneous 

traffic stream is essential in developing the simulation model. Based on the empirical 

observations it has been found that one of the important characteristics of no-lane-

disciplined heterogeneous traffic is the variable lateral gap maintaining behavior of 

different types of vehicles. In this study the total lateral gap maintaining behavior of 

vehicles has been analyzed using the trajectory data obtained from the video image 

processing software, TRAZER. Total minimum lateral gap (gap on both the sides of 

vehicle) maintained by four types of vehicles, namely, LMV, MTW, MThW, and HMV 

has been modeled in this study.  Field observations suggest significant variability in the 

lateral gaps even when the passing/overtaking vehicle was traveling at more or less 

constant speed. Logistic model has been used to model the total lateral gaps. From the 

estimated models it was observed that the speed of the subject vehicle, size and speed 

of both the adjacent vehicles affect the lateral gaps. It has also been observed that the 

size and speed of the adjacent vehicles influence the lateral gap only when the subject 

vehicle’s speed is more than certain critical speed. The impact of side vehicle has been 

found to be prominent even at lower speed of the subject vehicle in case of a relatively 

wide road. This lateral gap maintaining behavior of vehicles of no-lane-disciplined 

heterogeneous traffic has been incorporated in the present CA based simulation model. 

The cell structure of the present CA model has been modified to adequately represent 

the lateral gap maintaining behavior.  

In no-lane-disciplined heterogeneous traffic stream, following vehicle 

encounters multiple leading vehicles. In this study, FLV, LFLV and RFLV have been 

considered as the leading vehicles and the closest among these vehicles would be the 

effective leading vehicle. The movement of the following vehicle was considered to be 

depending on the effective leading vehicle. The impact of side vehicles has also been 

considered in indentifying the effective leading vehicle. The road section was divided 

into multiple numbers of sub-lanes in terms of finer cell size. The movement of 

vehicles in no-lane-disciplined heterogeneous traffic stream is governed by the finer 
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lateral movements. Gradual lateral shifting has been introduced, unlike the 

instantaneous lane change observed in homogeneous traffic.  

Updating procedures and the corresponding parameters depend on the cell 

structure of the CA model. Since the cell structure was changed in this study, its effect 

on the updating procedures and the corresponding parameters was thoroughly analyzed. 

The parameters of the present CA model have been arrived at based on the previous 

researches, field observations, and parametric analysis. Based on the parametric 

analysis, some of the parameters have been modified. The impact of variable lateral gap 

and interaction headways were found to be prominent.  The developed model has been 

macroscopically validated using the field observed speed, flow, and occupancy data of 

two different road sections. The macroscopic relations of the observed and simulated 

data were matching fairly. Simulated free flow conditions are further validated by 

comparing the observed and simulated free flow speed distributions. Model’s ability to 

simulate the congested traffic conditions has also been validated by comparing the 

observed and simulated queue formation and dissipation characteristics. The queue 

formation and dissipation speeds obtained from the simulation model were comparable 

to the field observed values. 

The developed model was used to analyze the effect of road width (specifically 

two lane roads) being used in urban regions. It has been observed that slight changes in 

the road width, between 6.9 to 8.4 m, significantly influence the traffic stream 

characteristics.             

7.2 Conclusions    

7.2.1 Trajectory correction 

Empirical observations are crucial in understanding and modeling the traffic behavior. 

Analysis of the vehicular trajectories leads to a fair understanding of the traffic 

behavior and for this to be successful trajectory data need to be fairly accurate. 

Trajectories obtained from TRAZER were found to be erroneous and need to be 

corrected before proceeding to data analyses.  

1. In this study, a methodology based on complete ensemble empirical mode 

decomposition with adaptive noise (CEEMDAN) is proposed to smooth the 

trajectory data. 
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2. From the error analysis it has been found that the CEEMDAN approach was 

relatively better compared to the existing approaches in smoothing the 

trajectory. 

3. It was found that successive smoothing is essential to estimate the accurate 

speed and acceleration from the smoothed trajectories. 

4. Wavelet Transform(WT) using ‘gaussian’ wavelate function (for CWT) and 

‘spline’ wavelet function(for DWT) were found to be more accurate in 

estimating the instantaneous speed and acceleration from the smoothed 

trajectories. 

5. Internal consistency analysis of the position and speed also proved the 

suitability of proposed method (WT) for speed estimation.   

7.2.2 Lateral gap model 

Lateral gap maintaining behavior of vehicles moving in no-lane-disciplined 

heterogeneous traffic depends on sevaral factors. Total lateral gaps (gap on both the 

sides of a passing/overtaking vehicle) maintained by four types of vehicles, namely, 

LMV, MTW, MThW, and HMV have been modeled in this study.   

1. Field observations suggest significant variability in the total lateral gaps even 

when the passing/overtaking vehicle is traveling at a constant speed. 

2. A vehicle maintains a minimum lateral gap with its adjacent vehicle at zero 

speed and a maximum lateral gap beyond certain speed limit. Keeping in 

view the minimum and maximum lateral gaps, Logistic curve model was 

found to be more suitable in representing the vehicular total lateral gap 

maintaining behavior. 

3. It has been observed that the speed of the subject vehicle, size, and the speeds 

of both the adjacent vehicles affect the total lateral gaps.  

4. It was also found that the size and speed of the adjacent vehicles influence 

the total lateral gap only when the subject vehicle is traveling beyond certain 

critical speed. This speed is more than 30 km/hr in case of LMV and more 

than 20 km/hr in case of the other vehicles. 
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5. In case of relatively wide roads, the impact of side vehicles was found to be 

prominent even at lower speeds of the subject vehicle. 

6. Linear trends have been observed between various threshold speeds and the 

road width. 

7.2.3 Traffic characteristics 

1. It has been observed that in no-lane-disciplined heterogeneous traffic the 

following vehicle is not only influenced by the LV, but, also by the other 

vehicles such as, LFLV and RFLV.  

2. Effective LV is the closest longitudinal vehicle among FLV, LFLV and 

RFLV. 

3. Lateral shifting of a vehicle depends on the availability of lateral gap 

considering the impact of side vehicles in addition to the other safety criteria 

based on available back vehicle. 

7.2.4 Simulation model 

Cell width of the present CA model is modified based on the minimum lateral gap 

requirement of vehicles and the physical width of smaller sized vehicles such as MTW 

and MThW. Cell length of the CA model was decided based on the mechanical 

characteristics of vehicles, such as accelerations etc. Lateral gaps were represented 

explicitly, i.e., the lateral gap required by a vehicle is not included in the physical width 

of the vehicles. 

1. It was found that even the LFLV or RFLV, if longitudinally closer to the SV 

compared to the LV, sometimes hamper the movement of SV. In this case 

one of these two vehicles would be the effective leading vehicle. In this 

scenario the SV may reduce the speed based on the available road width 

ahead and pass the LFLV or RFLV rather than following the LFLV or 

RFLV. 

2. The interaction headway was found to be significantly influencing the traffic 

stream behavior. Increasing interaction headway reduces the maximum flow. 

It indicates that, in no-lane-disciplined heterogeneous traffic, the effect of the 
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leading vehicle is not felt on the following vehicle unless both the vehicles 

are longitudinally closer. This may be due to the reason that the freedom 

available for the following vehicle to adjust its lateral position. It can be in 

the form of completely shifting to the other available part of the road or 

veering away slightly. 

3. Results obtained based on the various lateral gap models indicate that the gap 

maintaining behavior has significant impact on the macroscopic relations. 

Constant (but low) lateral gap model results in overestimated capacity flows.  

4. The final simulation model has been validated for two different road sections. 

The simulated macroscopic relationships were found to be statistically 

matching with the observed macroscopic relationships. 

5. Two-dimensional Kolmogorov-Smironov (2D-KS) test between observed 

and simulated distributions indicates that the simulated distributions of flow-

occupancy and speed-occupancy are statistically similar to that of the 

observed joint distributions.  

6. Model results have also been validated at microscopic level in terms of 

comparisons between the observed and simulated FFS distributions 

corresponding to various vehicle types. 

7. Ability of the model to replicate the congested conditions has been verified in 

terms of queue formation and dissipation. Queue formation and dissipation 

speeds obtained from the model were similar to that of the field observed 

values. 

7.2.5 Effect of road width 

The simulation model developed in this study has been utilized in studying the effect of 

two-lane road widths, presently being used in urban regions in India, on the traffic flow 

behavior.   

1. It was observed that changing the road width from 6.9 m to 7.2 or 7.5 m has 

marginal effect on the maximum flows crossing the road section, in case of 

both heterogeneous traffic and cars only traffic.  
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2. The change in the maximum flow of heterogeneous traffic stream was 

significant in case of road width increasing from 7.5 to 7.8 m.  

3. Increasing road width from 6.9 to 7.2 m or 7.5 to 7.8 m has significant effect 

on the congested flows of heterogeneous traffic stream. The difference in the 

congested flows was marginal in between 7.2 to 7.5 m and 7.8 to 8.1 m. 

7.3 Contributions 

The goal of this research effort was to develop an adaptable no-lane-disciplined 

heterogeneous traffic flow model. This thesis contributes to this objective in the 

following aspects; 

 A systematic methodology for the correction of erroneous trajectory, such as 

CEEMDAN is proposed.  

 A framework for extraction of vehicle speed using Wavelet Transforms is 

proposed.  

 Logistic curve model is proposed to model the variable total lateral gap 

maintaining behavior of vehicles moving in no-lane-disciplined 

heterogeneous traffic stream considering the impact of side vehicles speed 

and size.  

 Cell structure of the cellular automata model is modified to represent the 

variable lateral gap maintaining behavior of vehicles. 

 Updating procedures of the CA model are modified based on the impact of 

effective leading vehicle. 

 Forward movement and lateral movement rules of CA model are adapted in 

accordance with effective route width, effective leading vehicles, and safety 

criteria. 

7.4 Further Scope 

The proposed method of speed estimation from the smoothed trajectories may be 

further checked using various other wavelet functions. The estimation of total lateral 

gap, specifically for HMV and MThW, may further be investigated for various road 

widths. More data on this aspect may reveal further better interrelations between the 
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total lateral gap and the traffic stream characteristics. The cell structure and cell width 

can be further refined to check its effect on the model output. More field data related to 

the congested branch can help in further fine tuning of various CA parameters. The CA 

model developed in this study can be extended to simulate the traffic flows near 

intersections. This model can be used in analyzing the impact of various traffic control 

measures.   
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