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Abstract 

Motorway merging has long been regarded as a major source of conflicts and 
congestion on motorways. Traditional studies of merging behaviour are based on gap 
acceptance models developed mainly for urban intersections, which tend to over- 
simplify the very complex dynamic interactive merging behaviour involved. 

It is believed that this research represents the first comprehensive investigation 
and modelling of dynamic merging interactions at motorway on-ramps. Emphasis 
has been given to improving the modelling of merging behaviour and in particular to 
capture the cooperation between the merging and motorway traffic. This research 
has developed a feasible integrated microscopic simulation framework to model the 
interactions among traffic in motorway merging sections. This has been achieved by 
developing an integrated model (MergeSim) consisting of two sub-models working 
in tandem: a car-following and a merging model. 

By assuming different reaction times for different driver states (alert, non-alert 
and close-following), the new car-following model is shown to be able to capture 
traffic breakdown, hysteresis, shockwave propagations and close-following 
situations. 

The merging model is developed to capture both the acceleration and gap- 
acceptance behaviour of the merging traffic, and the cooperative behaviour of the 
motorway traffic. The merging model is composed of several sub models: for the 
traffic in the motorway nearside lane, there is a cooperation model to simulate the 
cooperative lane-changing and courtesy yielding behaviour and the interactions with 
the merging traffic; for the merging traffic in the acceleration lane, there are models 
such as acceleration model, gap selection model, gap acceptance model and a merge 
model. 

Sensitivity tests have shown that the integrated model can reasonably replicate 
all relevant behaviour of individual drivers in merging areas such as normal car- 
following, close-following, cooperative lane-changing, courtesy yielding and gap 
acceptance. The sensitivity tests on the different merging lengths showed that 
increased length might reduce merging failures (i. e. the occurrence that the merging 
driver fails to move into the motorway before reaching the end of the acceleration 
lane). It can be explained that more merging traffic can successfully take the 
following gaps with increased merging lengths, which has implications for the 
geometric configuration of the acceleration lane. 

The study also established a general calibration and validation framework 
designed for real-world applications in highway networks using the most readily 
available traffic surveillance data, the loop detector data. Currently no commonly 
agreed bench-marking procedure exists (Brockfeld et al., 2005), and this framework 
has the advantage that the concept and the proposed methodology are suitable for 
general application to other micro-simulation models using detector data sets. 

In conclusion, the integrated simulation model (MergeSim) can reliably be 
used as a tool for further studies and investigations into the effectiveness of 
techniques related to motorway merging operations. 
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CHAPTER 1 
INTRODUCTION 

1.1. BACKGROUND 

As one of the most complicated and important aspects of motorway operation, 
motorway merging has been regarded as being closely related to motorway flow 

breakdown and traffic congestion (e. g. Hounsell and McDonald, 1992; Zheng, 

2002). Conflicts often occur between vehicles at the motorway merging areas. 
Usually, in order to avoid collision and disturbance from the ramp traffic, the 

nearside motorway traffic is often observed shifting to the offside lanes or slowing 
down to create gaps for the merging traffic. 

Conflicts of traffic at motorway merging areas have already attracted the 

attention of many researchers (e. g. Evans et al., 2001; Kita et al., 2002). However, 

one particular problem that the existing motorway traffic models do not adequately 

represent, is the interactive behaviours between the two traffic streams involved in 

the merging area: the merging traffic and the motorway traffic. Traditional studies of 

merging behaviour have been based on the gap acceptance models developed mainly 
for urban give-way intersections, which over-simplified the very complex dynamic 

interactive merging behaviour involved. The assumption of the gap acceptance 

model is that merging manoeuvres have no influence on the motorway traffic (e. g. 

Yang and Koutsopoulos, 1996). But it is often observed empirically that motorway 

traffic exhibit cooperation to facilitate the merging traffic manoeuvre (e. g. 

Elefteriadou et al., 1995; Evans et al., 2001) and that merging vehicles continuously 

adjust their speed and position to fit into their target gaps on the motorway 

(Michaels and Fazio, 1989). Failure to model the interactions between merging and 

motorway traffic may lead to inaccuracy in the traffic analysis on a merging section 

(Kita et al., 2002). 

Micro-simulation is a promising approach for achieving a better understanding 

of motorway driving behaviours (Brackstone and McDonald, 1995). In the past 

several years, the use of micro-simulation has been widespread in the traffic 

engineering community (Bachem et al., 1996). There are several micro-simulation 

software developed specifically for motorway traffic, e. g. VISSIM (PTV, 2003), 

FRESIM (TRB, 1997) and SISTM (1993), etc. "Most models only use some simple 

logic to describe very complex merging behaviour, typically gap-acceptance logic. 
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These models often demonstrate a poor ability to reproduce realistic merging 

operations. " (Zheng, 2002). For example, according to Webster and Elefteriadou 

(1999), "FRESIM can reasonably predict real world traffic behaviour. Exceptions 

were in merging and weaving operations". Based on the theoretical analyses and 

numerical simulations, this research will focus on setting up more realistic 

microscopic motorway traffic flow models for merging areas, and help to better 

understand the relationships among merging operation performance, geometric 

configurations and cooperative motorway driving, all of which have profound 
implications for motorway traffic management. 

Two models are developed for this study: a car-following model and a merging 

model. The car-following model aims to capture some of the key motorway flow 

characteristics, namely traffic breakdown, hysteresis, shockwave propagation as well 

as close-following behaviour. The merging model is developed to represent the 

acceleration and gap acceptance behaviour of the merging traffic, and the 

cooperative behaviour of the motorway traffic. Instead of modelling different 

behaviours separately as in existing studies, an integrated simulation framework is 

applied so as to capture the inter-dependencies between different behaviours. "In 

order to model a more sophisticated driving behaviour it is necessary to account for 

inter-dependencies between behaviours. " (Toledo, 2003). In this study, the new car- 
following model and merging model are calibrated separately with M25 and M27 

motorways data at first. This is then followed by a calibration of the integrated 

simulation of the car-following and merging behaviour through a case study of a 

motorway merging site at Junction 27, M8 motorway. The next section introduces 

the relevant terms and definitions applied throughout the rest of the thesis. The 

specific objectives of the research are given in section 1.3 and followed by the 

outline of this thesis. 

1.2. TERMS AND DEFINITIONS 

Merging Manoeuvre 

Before the description of the merging manoeuvre, a typical merging area of UK 

motorway is illustrated in Figure 1-1. This is the area where a merging vehicle on the 

acceleration lane directly interacts with the motorway through traffic on the nearside 

motorway lane. The merging area starts from the point where the right edge of the 
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ramp intersects the left edge of the motorway and ends at the point where the left 

edge of the acceleration lane intersects the left edge of the motorway. 

ýº Acceleration lane 0f 

Motorway nearsideane 
_ý ___ 

ýf 0f 
_j____ 

Merging area 

Figure 1-1 A motorway on-ramp merging area. 

Merging Manoeuvre is executed by the merging vehicles to enter into the 

mainstream traffic. It requires the driver to perform an iterative task of speed 

adjustments and gap searching while running on the acceleration lane (Michaels and 
Fazio, 1989). Merging failure is the occurrence that the merging driver fails to move 
into the motorway before reaching the end of the acceleration lane. 

Traffic Breakdown 

The occurrence of traffic breakdown on a section of motorway can be 

identified with reference to the speed and flow profiles. It is taken to correspond to a 

rapid reduction in speeds and flows, which may result in a standing queue (Hounsell 

et al., 1992). 

Traffic Hysteresis 

Traffic hysteresis is a phenomenon characterised by the loop structure observed 
from empirical flow-occupancy plots, where the capacity of the traffic flow 

recovering from a traffic breakdown does not reach the capacity level before the 

breakdown (Zhang, 1999; Zhang and Kim, 2001). 
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Shockwave 

"Flow- speed- density states change over space and time. When the distinct 

discontinuity in traffic flow and density occur, a boundary is established. The 

boundary is referred to as a shockwave. It can occur when a platoon of high-speed 

vehicles approaches a queue of slow-moving vehicles, and vice versa" (May, 1990). 

Shockwave can be easily identified from the plot of individual vehicle trajectories of 
traffic with significant increase/reduction of traffic flow, velocity and density. 

Close-following Behaviour 

Close-following behaviour is often observed on motorways (before traffic 

congestion) where a group of vehicles is driving with high speed and very small gaps 
(such as time gap intervals below 0.8 seconds) (Brackstone et al., 2002). 

Micro-simulation Approach 

This is an approach to study the flow of traffic by modelling the motion of each 
interacting individual driver-vehicle unit in the traffic. Each driver-vehicle unit has 

specific properties that are determined stochastically, such as vehicle length, driver 

aggressiveness, etc. The control of the vehicle's movement is based on the 

individual driver's decision/action relative to other vehicles and motorway geometry 

(May, 1990; Brackstone and McDonald, 1995). 

Macro-simulation Approach 

This is an approach to study traffic by modelling it as a fluid flowing along the 

carriageway. Viewing the collections of vehicles as an entity, one considers global 

quantities like speed, density and flow on certain road segments. It assumes identical 

vehicles, and ignores lane-changing and overtaking. Estimation of the traffic speed 

or flow is based on certain assumptions, for instance that the speed of traffic adjusts 
instantaneously to traffic density, etc (May, 1990). 
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1.3. OBJECTIVES AND SCOPE OF THIS STUDY 

This study will focus on the modelling of traffic behaviour at a motorway 
merging area using a micro-simulation approach. Development of a feasible 

microscopic simulation framework is proposed by considering the interactions 
between the two traffic streams involved, namely the merging traffic and the 

motorway traffic. Two models are developed here: a car-following model and a 
merging model. The objective of this study is to improve modelling of merging 
driving behaviour in the motorway merging sections and in particular capture the 
interactions between the merging traffic and motorway traffic. The study has sought 
to contribute to the state-of-the-art in modelling driving behaviour in the following 

aspects: 

"A framework for integrated simulation of driving behaviour in 

motorway merging sections is proposed. This framework captures both 

car-following behaviour and merging behaviour on UK motorways. 

" The development of the car-following model aims to capture the traffic 
breakdown, hysteresis, shockwave propagation and close-following 

phenomena as often observed in real traffic. 

" The merging model is proposed to explicitly simulate interactions such 

as the acceleration and gap-acceptance behaviour of the merging traffic 

and the cooperative behaviour of the motorway traffic. The merging 

vehicles' movements are controlled by several sub-models: the gap 

selection model, the acceleration model, the gap acceptance model and 

the merge model. The acceleration model applies when interacting with 

the motorway traffic and the other models consider all involved 

vehicles' actions in the merging process (e. g. cooperative lane- 

changing or yielding from the nearside motorway traffic). 

" The calibration of the models involves two steps: firstly, the two 

models are separately calibrated with data from the M25 and M27 

motorways. The integrated simulation model, which includes both of 

the two models, is then calibrated and validated through the case study 

of the merging section on M8 motorway. 
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1.4. THESIS OUTLINE 

Chapter 2 introduces the methodology of this study. It includes an introduction 

to micro-simulation approach at the beginning of this chapter and briefly describes a 

conceptual simulation framework. It also introduces vehicle generation method, data 

collection, and method of model verification, calibration and validation. 

Chapter 3 begins with a review of motorway traffic flow characteristics and 

observed motorway driving behaviour. A review of the existing car-following 

models is also included and followed by a detailed examination of several existing 

car-following models. Based on the problems highlighted from the existing models, 

a new car-following model is proposed and analysed through both theoretical 

analysis and simulation tests. The calibration and validation of the model with M25 

motorway data is also presented. 

In Chapter 4, a description of the interactions in a merging process is 

described. This is followed by a literature review of the existing merging studies. By 

considering the interactions between the merging traffic and motorway traffic, a new 

merging model is developed. The new model explicitly simulates the courtesy 

yielding and cooperative lane-changing of the motorway traffic and the acceleration 

and gap selection, acceptance behaviour of the merging traffic. From numerical tests, 

the model performance is evaluated. Finally the merging model is calibrated against 

the data collected by Zheng (2002) on M27 motorway. 

Chapter 5 describes the calibration, validation and application of the integrated 

simulation framework of driver's car-following and merging behaviour using data 

collected from a section of the M8 Motorway, Glasgow. 

Finally, conclusions and direction for future research are presented in Chapter 

6. 
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CHAPTER 2 
METHODOLOGY 

As discussed in Chapter 1, there is a need for an integrated simulation 
framework for modelling the interactions among the drivers in motorway merging 
sections so as to accurately represent the merging operations. The available 

mechanisms within the framework (car-following and merging models), which will 
be discussed in detail in the following chapters, enable the simulation to capture the 
inter-dependencies between the two models involved. An interactive microscopic 
traffic simulation approach has been formulated featuring realistic merging 

operations. A self-contained program "MergeSim" (source codes of main sub- 

routines given in Appendix A) is implemented for this study (available from ITS, 

University of Leeds), which was developed in software Visual C++. 

This chapter is organised as follows: first, it introduces the micro-simulation 

approach and a conceptual framework for simulating the driving behaviours in 

motorway merging sections. The method of vehicle generation is then discussed, 

which aims to represent the "driver-vehicle unit" with its relevant attributes. Vehicle 

movements will be briefly introduced here with the detailed logic and algorithm 
illustrated in the following chapters. Simulated data collection is explained with 

respect to the data collected at two levels, namely micro-level and macro-level. 
Finally, the method for model verification, calibration and validation is proposed. 

2.1. MICRO-SIMULATION APPROACH AND INTEGRATED 
SIMULATION FRAMEWORK 

For many years, the modelling of road traffic flow was dominated by the 

macroscopic approach, which usually involved describing the traffic as a fluid 

flowing along the carriageway (Addison and Low, 1998). In recent years dramatic 

improvements in computer power have made it possible to study the flow of traffic 

by modelling the motion of each interacting individual vehicle in the traffic 

(Bloomberg and Dale, 2000), i. e. microscopic simulation approach. This approach 
involves the modelling of individual vehicle behaviour including the interaction of 
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vehicles with their environment (Middelham, 2001). The efficiency of microscopic 

simulation models nowadays allows for traffic flow to be reproduced in real time. By 

defining carefully the details of car motions, the simulation can yield the correct 

single-vehicle data in various situations, e. g. bottlenecks, junctions (Schreckenberg 

et al., 2001). The analysis of such detailed data gives important information about 
the driving behaviour of vehicles in the various traffic states (Knospe et al., 2002). 

There are many advantages of using a micro-simulation approach to study the 

properties of motorway traffic flow, especially for the motorway merging sections. 
First, it is clear that phenomena such as the interactions among the merging traffic 

and motorway traffic are much more influenced by individual drivers, implying that 

an approach using microscopic simulation is necessary. On the motorway, the subtle 

changes in individual behaviour may cause a significant change to the `bulk' 

behaviour. Macro-level analysis, however, uses massive simplifications such as: the 

assumption of identical vehicles, drivers' reaction time equal to zero, ignorance of 
fast and slow lanes, ignorance of overtaking (Papageorgiou, 1998). Instead of the 

assumption of identical vehicles, the microscopic simulation is stochastic in that 

each vehicle has specific properties that are determined stochastically (Hansen et al., 
2000). "It is plain that the domain in which the microscopic models are most prone 

to problems is that of motorway. " (Brackstone et al., 1995). These "stochastic" 

vehicle properties may include vehicle length, driver aggressiveness, reaction time, 

acceleration rate, etc. Important advantages of the microscopic approach over a 

macroscopic are, very detailed output data, comprehensible processes, good 

visualisation thus simple error handling, subtle effects to be observed and 

interpreted, and in-depth analysis of parts of the motorway. 

This research is focused on the modelling of motorway traffic at a merging 

area with a micro-simulation approach, which requires the development of a 

microscopic model by considering traffic flows interactions on merge. 

Object-oriented languages (e. g. C++) have become popular platforms since 

they support the concept of reusable software by defining objects to solve a 

programming task. 

The framework of the simulation program is shown in Figure 2-1, which 

includes user interface, core algorithms, visual simulation and data outputs: 

" User Interface has two components: simulation input settings and network 

settings. The simulation input settings enable the user to manage simulation 

parameters, driver-vehicle unit properties (vehicle length, acceleration and 

desired speed, etc. ), and traffic input (i. e. the traffic flow, speed and 

composition profiles at the periphery of the analysis network). The network 
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settings allow the user to set up, amend the simulated network and locate loop 
detectors for simulated data collection according to the empirical test site. 

" Core Algorithms include vehicle generation and vehicle movement control. 
The vehicle generation algorithm generates vehicles according to driver- 

vehicle unit properties given in the User Inter face as discussed earlier. Vehicle 

movement in this study is based on the combination of car-following rule and 
merging rule. When a vehicle is moved, its position on the network and its 

relationship to other vehicles nearby are re-calculated, as are speed, 
acceleration, and distance/time gap between individual vehicles, etc. by 

computer simulation. 

" Visual Animation is also implemented in the framework to provide real-time 

visualisation of the simulation output. It helps the user to review coding 

accuracy of the core algorithms and the reasonableness of the simulation input 

settings, network settings etc. It is also useful for the user to examine the 

consistency of the on-screen animation results under different test conditions. 

" Data Collection is another important part of the program where the relevant 

simulation results can be exported from simulation runs for further analysis. It 

is composed of two types of outputs: single-vehicle data (speed, position, 

acceleration, etc. ) and detector measurements (speed, flow and occupancy). 
The detailed data collection is discussed later in section 2.4. 

User Interface 

------------------------------------------------------------------ 
. 
Simulation Input NetworkSettings 

------------------ ------------------------------------ 

r 

Core Algorithms 

ý1 ý L 

Visual Animation Data Collection 

Figure 2-1 Simulation Framework. 
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2.2. VEHICLE GENERATION 

"At the outset of a simulation run, vehicles are generated at origins, usually at 
the periphery of the analysed network, according to some headway distribution 
based on specified volumes. " (Zheng, 2002). In this study, the traffic arrives at the 

simulated section randomly with the speeds and flows available from the user 
settings. A "driver-vehicle unit" can be defined in terms of its relevant vehicle 
attributes (e. g. vehicle length) and driver attributes (e. g. driver's desired speed, 
aggressiveness). 

2.2.1. Traffic Arrival 

Traffic arrival is a random occurrence of discrete events. Early traffic engineers 
investigated distributions as a means of describing the occurrence of vehicle arrivals 
during a certain interval. The Poisson distribution has been applied to describe 

traffic arrivals since 1933 as it is "the appropriate distribution for describing the 

truly random occurrence of discrete events" (TRB, 1996). In this study, vehicle 

counts are generated from a Poisson distributed traffic flow, which can be denoted 

as: 

N= Poisson (q) (2-1) 

where, q is the average arrival traffic flow (veh/h); N is the generated vehicle 

counts by Poisson distribution'. 

Figures 2-2(a) and (b) give two examples of the Poisson distributed traffic flow 

from the simulation, with input of average value q of 100 veh/h and 200 veh/h 

respectively. With q= 100 veh/h, it is found that the generated arrival flow values are 

varied within the range of (78,125) veh/h, with average of 101 veh/hr. With q=200 

veh/h, the generated arrival flow values are varied within the range of (167,240) 

veh/h, with average of 201 veh/h. These slight differences between the input and 

simulated average values (with only 1 veh/h difference) are reasonable due to the 

random effects (Press et al., 1992). 

1 The C language coding of the Poisson distribution in the program is according to Press et at. (1992). 
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Figure 2-2 Examples of vehicle generation from different arrival traffic flow. 

Thus, vehicle is generated with the interval, denoted as Atgen (unit: second), 

simply described as: 

Atgen=3600/N (2-2) 

78 86 91 95 98 101 104 107 110 113 117 125 

Arrival Traffic Flow (veh/h) 

167 176 182 188 194 200 206 212 220 234 
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2.2.2. Driver-vehicle Unit Attributes 

In this study, each simulated vehicle is represented as a "driver-vehicle unit" 
which includes the physical attributes of the vehicle together with its driver's 
attributes: 

" Vehicle attributes: category (i. e. HGV or passenger car), length and the 
mechanical limits of acceleration/deceleration corresponding to the 
current speed and category; 

" Driver attributes: driver aggressiveness and desired speed. 

2.2.2.1. Vehicle Attributes Generation 

Vehicle Category 

The following attributes are assigned to a vehicle when it is generated. Two 
categories of vehicles are defined in the simulation: Car and HGV. With a certain 
proportion of HGV in the vehicle composition (denoted as x, O<x<l ), a generated 
HGV is Binomial distributed with the proportion of x. An example of HGV 
generation from a sample test (one-hour simulation) is given in Table 2-1. 

Table 2-1 Vehicle composition of a 1-hour simulation test with arrival flow 
500veh/h and HGV proportion x=0.15. 

Vehicle Generated vehicle counts in Vehicle Composition 

Category one hour period Input Simulation 

Car 420 0.85 0.83 

HGV 84 0.15 0.17 

Total 504 1 1 

As illustrated in Table 2-1,504 vehicles are generated in a one hour period 
with a mere difference of 4 vehicles due to the random effects of Poisson 
distribution. From the simulation results of vehicle generation, the simulated 

proportion of HGV composition is 0.17, which approximates the input composition 

of 0.15. It shows that the generated vehicle composition represents the vehicle 
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generation very well with only 0.02 differences in proportion due to the random 
effects of Binomial distribution. 

Vehicle Lengths 

For each vehicle generated within a defined category (sampled from the 

corresponding vehicle composition), a corresponding length attribute needs to be 

specified. From the empirical observations on UK motorways (El-Hanna, 1974), the 

vehicle lengths are Normally distributed according to the category, i. e. HGV or Car 

(Table 2-2). 

Table 2-2 The Normal distributed vehicle lengths on UK motorways (El-Hanna, 
1974). 

Vehicle category Mean (m) Std. Deviation (m) 

Car 4.2 0.4 

HGV 11.2 2.4 

Vehicle Mechanical Limits on Acceleration/Deceleration 

For each vehicle, the mechanical limits on its acceleration/ deceleration 

capabilities are applied in the acceleration calculation in the simulation as a 
functional relationship (associated with its current speed and vehicle category). 

Table 2-3 lists the mechanical limits for cars under different speed levels. For HGVs, 

their values are three-quarters those of a car (Goodman, 2001). 

Table 2-3 The mechanical limits on acceleration/deceleration for passenger car 
under different speed levels (ITE, 1999). 

Speed (km/h) 0-32 32-48 48-64 64-80 80-96 >96 

Acceleration Limit amp (m/s2) 2.4 2.0 1.8 1.6 1.4 1.4 

Deceleration Limit ama, (m/s2) 4.9 
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2.2.2.2. Driver Attributes Generation 

Two attributes, namely, the desired speed and aggressiveness are assigned to a 
driver in each simulation. 

Desired Speed 

A driver's desired speed is the speed that he/she wants to attain under free-flow 

situation. In this study, the "desired speed" is referred to the observed speed in the 
data to be replicated by the simulation. From the observed detector data, the desired 

speed can be estimated from the speed-flow relationship at the flow of 300veh/h 

according to Duncan (1976). From empirical loop detector data, the desired speed of 
HGV and car on the nearside lane can be extracted from the traffic information 
(speed, flow and vehicle composition) with flow below 300 veh/h. It is found that 
HGV has a lower desired speed than Car, which might be due to the lower speed 
limit for HGV (60 mile/hour) compared to car (70 mile/hour) on UK motorways 
generally (www. highwaycode. gov. uk). It is also found that the desired speeds may 
vary among different sites, which might be caused by the local driving conditions. 
Thus, to test the simulation model on an empirical site, the user should firstly 

calibrate the desired speeds with respect to the local area's driving conditions. 

Table 2-4 compares the desired speeds of motorway nearside lane extracted 
from two UK motorway sites data, and the local speed limits in the corresponding 

sites. The desired speeds of Site 1 are extracted from the loop detectors data 

collected between Junction 11 and 12 on M25 motorway, on 28 February 2001. The 

desired speeds of Site 2 are extracted from loop detectors data collected on Junction 

27, M8 motorway, Glasgow, on 25 July 2002. As shown in Table 2-4, it is found that 

generally, the desired speeds extracted from Site 1 are around 6-10 km/h higher than 

that of Site 2, which might be due to the higher speed limits on Site 1. In the 

simulation of an empirical motorway section, the desired speeds of each vehicle are 

assumed being normally distributed (Gipps, 1981) corresponding to the vehicle 

category and the sites. 
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Table 2-4 Desired speeds from empirical detector data. 

Category Site 1 Site 2 

(Junction 11 and 
12, M25) 

Speed Limit (Junction 27, 

M8) 

Speed Limit 

Car Mean: 109.2 113 km/h Mean: 100 

(km/h) Variance: 9.32 (70mile/h) Variance: 9.82 97 km/h 

HGV Mean: 91.8 97 km/h Mean: 85.3 (60mile/h) 

(km/h) Variance: 14.52 (60mile/h) Variance: 8.72 

Driver Aggressiveness 

Driver aggressiveness is applied in the simulation of merging vehicles' speed 
control abilities based on the assumption that the more aggressive drivers may be 

able to adjust their speeds and positions more rapidly than the more timid drivers, 

when they are looking for gaps on the motorway. Driver aggressiveness is defined as 
a factor (uniformly distributed between 0 and 1) applied on the driver's acceleration, 
according to five different uniformly distributed driver types (Very timid, Timid, 

Average, Aggressive and Very aggressive). More details about the application of the 
driver aggressiveness can be found later in Chapter 4. 

2.3. VEHICLE MOVEMENTS 

As discussed earlier, an integrated logic is needed for modelling the 

interactions among the drivers in motorway merging sections so as to accurately 

represent the related driving behaviours during merging operations. The available 

mechanisms of the car-following model and merging model within the simulation 

framework, which will be discussed in detail in the following chapters, enable the 

simulation to capture the inter-dependencies between the two components, i. e. car- 

following model and merging model. 

As shown in Figure 2-3, the basic control of individual vehicle motions is the 

combination of car-following and merging models, which is similar to Zheng (2002). 

In each simulation step, firstly, new traffic is generated at the periphery of the 
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analysed network, i. e. at the start point of simulated section on the motorway road 

and the on-ramp slip road. The speed and position of each of the individual vehicles 

are updated according to their current situations in the simulated network: for the 

traffic running in the merging area, the merging model is applied to simulate all 
interactive behaviours involved such as motorway traffic cooperation, merging 
traffic gap searching/ acceptance behaviours, etc; for the motorway traffic not in the 

vicinity of merging area, the car-following model is simply applied to simulate the 

"follow-the-leader" behaviour. After all vehicles are processed in this simulation 

step, the model records the counts of passing vehicles and their speeds when passing 
through the assigned detectors, and the simulation moves towards the next time step. 
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Time Out? 

Y 

End of Simulation 

Figure 2-3 The simulation step of vehicle's movements. 
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2.4. SIMULATION DATA COLLECTION 

Data collection is important for simulation model development. Data are 
collected and compared with the graphs of the corresponding variables of the 

empirical data to investigate characteristics such as similarity in pattern, magnitude 
of values, deviation and trend (Zhang et al., 1998). To capture initial conditions, in 

this study, the simulation begins with a period of "warm-up" before the data 

collection. The investigated simulation output variables include: 

" At micro-level, individual vehicle position, speed and gap profiles over 
time are collected. Especially, for the analysis of merging manoeuvres, 
this can provide detailed information of the gap selection, 

acceleration/deceleration and merging position properties during 

merging process. 

" At macro-level, the aggregated detector data such as speed, flow and 

occupancy are collected with respect to the empirical aggregated 

measurements from loop detectors. 

2.4.1. Data Collected at Micro-level 

For the data collected at micro-level, the related information is recorded during 

each simulation step. In general, each individual vehicle record includes the basic 

characteristics such as the vehicle ID (generated when the vehicle arrives at the 

simulation section), Time (in the simulation run), Position and Speed. Some other 

characteristics i. e. Acceleration and Gap (with its current leader) profiles over time 

can be derived based on the above-mentioned individual position and speed 

information. For the analysis of the merging behaviour, some other information also 

needs to be recorded as given below. The use of the data will be elaborated later in 

Chapter 4. 

" the accepted lead and lag gaps measured in distance (m); 

" the value of driver aggressiveness, speed relative to motorway vehicles, 

current position (relative to the end of merging section), and the 

cooperation from motorway traffic (i. e. courtesy or lane-changing 

cooperation); and 

" the selected gap structure (i. e. taking the original gap or other gaps). 
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2.4.2. Data Collected at Macro-level 

Usually the available data in empirical observation are aggregate 
measurements, e. g. flows, speeds and occupancies at loop detector locations. These 
data are the emergent results of the interactions between various behaviours of 
individual vehicles (Toledo, 2003). For model calibration and later validation in the 

simulation, the detector data are collected in order to achieve the direct comparison 
between simulated and observed traffic conditions. Each of the detectors in the 

simulation is two metres long in accordance with the empirical detector length. 

2.4.2.1. Speed (V) 

Traditionally, there are two principal average speeds, the time mean speed 
(spot speed) and the space mean speed. There are two other ways to gather speed, i. e. 

aerial photographs at different instants and moving observers (Daganzo, 1997). In 

this study, similar to aerial photographs' speed collection, the speed collected by the 

detector over a constant interval (AT) is the average of all speeds of passing vehicles 

being recorded by the detector (L in length) during each simulation step (such as 0.2 

second). Figure 2-4 and equation 2-3 illustrate these speed measurements. 

L 

T 

Figure 2-4 Speed collection. 

hi h2 h3 h4 
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t+AT M 

lyv; (h) 
V (I, t+ AT) = h=t ̀ =l (2-3) 

M 

where, V (t, t+AT) is the speed collected by detector over AT; v; (h) is the speed 
of vehicle i that passed the detector at time h; M is the total number of speeds 
measurements being recorded during the interval (t, t+AT) (i. e. number of points in 
Figure 2.4). 

2.4.2.2. Flow (q) and Occupancy (Occ) 

The data used to calculate the average flow is collected through point 
measurement as defined in TRB (1996). The total number (N) of vehicles passing 
the start point of each detector over the time period AT is recorded. The aggregated 
flow q (t, t+AT)is calculated as: 

N 
q(t, t+ At) _ý (2-4) 

Occupancy is the fraction of time that vehicles are over the detector. It is 

calculated as the sum of the time that vehicles are over the detector, divided by the 
interval AT For each individual vehicle, the time spent over the detector is 

determined by the vehicle's speed, v; (t), and its length, L;, plus the length of the 
detector d itself, 

(Li +d) 

Occ(t, t+ AT) _I 
Qý t) (2-5) 

where, K is the number of vehicles over the detector during the interval (t, 

t+OT). 
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2.4.2.3. Density (p) 

Density (p) is the number of vehicles per unit length, i. e. a measurement along 
a distance. It is the inverse of the average of all space headways of passing vehicles. 
According to TRB (1996), assuming a uniform vehicle length, L, a simplified 
relationship between occupancy and density can be described as following: 

Occ = (L + d) p (2-6) 

Practical motorway traffic management (e. g. loop detector measurement) 
makes extensive use of occupancy instead of density. At present practical work tends 
to favour the use of occupancy because "density, as vehicles per length of road, 
ignores the effects of vehicle length and traffic composition. " (TRB, 1996). In this 

study, both occupancy and density are collected. The occupancy collected in the 

simulation can bring a direct comparison to the real loop detector observations. The 
density variables collected in this study, are used for the shockwave speeds' 

calculation (explained later in Chapter 3). In this simulation, the so called "collection 

area" of 40 meters (centred at the middle of the detector's location) is applied for 

density collection according to the test design by Zhang and Kim (2001). The 

recorded density is based on the inverse of the average space headways when the 

platoon is passing through the above-mentioned collection area. Under different 

situations, the density will be collected as follows (Figure 2-5): 

Xý 
........................................ 

XA 

Collection area 
(a) 

-hi hi+l 
i+l Q> i-1 

Collection area 
(b) 

Figure 2-5 Density collection for different situations. (a) More than one vehicle on the collection 
area. XA denotes the front position of the first vehicle on the collection area at time t, XB denotes the 
front position of last vehicle on the collection area at time t; (b) One vehicle on the collection area. h; 
denotes the headway of vehicle i at time t, h; +1 denotes the headway of vehicle i+1 at time t. 
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N vehicles (> 1) on the collection area (as shown in Figure 2-5 (a)): 

The density is calculated as p(t) (veh/m): 

P(t) = (N -1) l(XA - XB ) 

One vehicle on the collection area (as shown in Figure 2-5 (b)): 

(2-7a) 

" Short headway of vehicle i (h; <5s, assumed to be in the following state 
(May, 1990): 

P (t) =I (2-7b) 

9 Short headway of vehicle i's follower, vehicle i+1 (h; +1<5s): 

P(t) = hl 
(2-7c) 

i+1 

" Both h; and h; +1 are below 5 seconds: 

P(t) =2 hi + ht+1 

When there is no vehicle on the collection area, there would be no record of 

density at this moment. 
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2.5. PROPOSED METHOD FOR MODEL VERIFICATION, 
CALIBRATION AND VALIDATION 

2.5.1. Basic Definitions 

Generally, before the application of a simulation model, three tasks should be 
performed: verification, calibration and validation in order to achieve the best 
reproducibility of field conditions. The relationship of these three tasks is depicted 
graphically in Figure 2-6 given by May (1990). 

Real Life 

cd cý3 
Flowcharts C 

Ü 

Computer Code > 

Figure 2-6 Verification, Calibration and Validation Process (May, 1990). 

Verification is concerned with determining whether the model assumption has 
been correctly translated in a computer "program", i. e. debugging the simulation 
computer program (May, 1990; Law & Kelton, 2000). This is achieved by running 
the simulation under a variety of settings of input parameters, and checking to see 
that the output is reasonable (e. g. by observing an animation of the simulation 
output). Sensitivity analysis can provide evidence whether the results are consistent 
and reasonable or not. At this point no attention needs to be given to the real-life 
situation. 

The next task is calibration. Calibration is the process of quantifying model 

parameters using empirical data. Reasonable adjustments are made to match the 

model's output with real-life observations/ data (Zheng, 2002; May, 1990). For some 

of the parameters that can not be obtained directly from the field data, there is an 

alternative approach - to perform simulation runs with several parameter settings 

and to compare the simulated measures with the field measures (Kosonen, 1999). 

The final task is validation. Validation is a process of determining whether a 
simulation model is an accurate representation of real-life observations/ data under 
the conditions tested. No adjustments are made to the model and simulation results 
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are compared with those measured from the field. If the simulated measures match 
sufficiently with the field data then validation was successful, otherwise further 

calibration and validation are required (May, 1990; Kosonen, 1999). 

Based on these definitions, the detailed methods for model verification, 
calibration and validation are proposed in the following sections. 

2.5.2. Proposed Method of Model Verification, Calibration and 
Validation 

Although verification is simple in concept, debugging a large-scale simulation 

program is arduous due to the complicated logical paths (Law and Kelton, 2000). A 

valid simulation model should be able to produce reasonable vehicle actions/ 

movements. Unrealistic behaviour (for example, rejecting very large gaps when 

ramp vehicle trying to join to merging traffic) can be easily identified from the 

animation of the simulation. For this research, the verification is carried out by 

reviewing the animation of the simulation output for reasonableness and coding 

accuracy. Some features of merging operation observed in the real world should also 
be simulated: 

" In most cases merging vehicles can enter into the nearside traffic on the 

motorway without running out of the acceleration lane or stopping at 

the end; 

" No collision occurs; 

" Very large gaps are not rejected when the merging vehicle are looking 

for gaps in the motorway; 

" Traffic build-up in the merging section can be observed, with 

shockwave propagated backward on the main motorway when there is 

heavy merging traffic. 

Plots of simulation model outputs are also be made to check that the values are 

realistic. The investigated simulation output variables include speed plots, 

acceleration/deceleration properties: 

" The acceleration phase of the merging vehicle- gradually increasing its 

speed until it achieves its target speed (motorway traffic speed); 
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" The two traffic streams (motorway nearside traffic and the merging 
traffic) tend to reach a similar speed at merging section. 

The verification through on-screen animation is examined at the beginning 

stage so as to eliminate coding/logic errors. Sensitivity testing is also involved for 
the model verification in this study. "Sensitivity analysis is a valuable part of model 
verification" (Bloomberg and Dale, 2000). Some parameters are systematically 
varied and the outputs are examined at micro- and macro- levels and the conclusion 
is used for later model calibration. 

For the model calibration, basically, two types of parameters need to be 

considered: general parameters and specific parameters. General parameters are the 
inputs that are independent of the particular simulation location, i. e. they are related 
to general driving dynamics such as the mechanical limits of 
acceleration/deceleration and vehicle length distribution. Specific parameters depend 

on the simulated location and hence their values must be adjusted if location is 

changed. Examples are the section layout, desired speed of vehicles under free-flow 

situation, vehicle composition, arrival traffic flow and speed, driver's reaction time, 

etc. 

Some of the general parameters are not actually calibrated; however reliable 
values can be obtained from literature. Regarding the specific parameters, some can 
be found from direct observation of selected sites such as the geometry of the survey 

site. Some can be calibrated from statistical analysis of real-traffic observation of 

some behaviour during a certain study period, e. g. the desired speeds of HGV and 

car (explained in section 2.2). Some parameters can not or are difficult to be 

obtained or extracted directly from field data, e. g. drivers' reaction times. For those 

parameters, the alternative approach used here is to perform numerical tests 

(simulation runs) with several parameter settings and to compare the output with the 

real observations, which include the outputs at both micro (such as individual 

vehicle's trajectories) and macro levels (aggregated detector measurements). 
According to the discrepancies, an optimisation approach is applied to achieve the 

best values of the parameters to replicate the field data. With the best fit parameters 
identified, the validity of the model will be investigated. If the discrepancy between 

the simulated data and field data is unacceptable, further calibration and validation 

will be carried out. 

As introduced earlier in Chapter 1, two models are developed for this study: a 

car-following model and a merging model. It should be noted that both of the two 

models can be either used separately for single purpose (i. e. the car-following model 
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to simulate a motorway section without any on/off ramps and, the merging model to 
simulate a on-ramp merging area), or two models working in tandem to simulate 
motorway section in connected with a ramp road. 

In this study, it firstly illustrates how to calibrate each of the two models for 

single purpose use. The reason for doing so was to facilitate implementation of the 
individual model into other study or simulation package. It also illustrates the model 
calibration method when using the integrated model for simulation (i. e. the 
combination of the two models). The calibration at this stage is aimed to assist the 

application of the integrated model into other similar study. 

The detailed process and results of the first step calibration will be reported in 
Chapter 3 with respect to the car-following model in comparison with M25 

motorway loop detector data; and in Chapter 4, the merging model will be calibrated 
with M27 motorway data as reported by Zheng (2002). The process and results of 
the second step, the calibration and validation of the integrated simulation model 
will be reported in Chapter 5 through a case study of a merging site of Junction 27, 

on M8 motorway, Glasgow. 
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CHAPTER 3 
A SIMULATION MODEL FOR MOTORWAY CAR- 

FOLLOWING BEHAVIOUR 

In recent years, the phenomena of flow breakdown, traffic hysteresis and close 
following of motorway traffic have received greater attention (e. g. Zhang and Kim, 
2001; Hounsell et al., 1992; Zhang, 1999). When traffic flow breaks down, it 

generates a traffic jam together with what is termed a shockwave, by analogy with 
compression waves in fluids (Kerner and Rehborn, 1996; Daganzo et al., 1999). 
Considerably closer following is found when traffic is near capacity (but before the 
breakdown) and at high speed, that is, smaller gaps are accepted among passenger 
cars in non-congested than in congested flow conditions (Postans and Wilson, 1983; 
Dijker et al., 1998). Traffic hysteresis is a phenomenon characterised by a loop 

structure seen on the empirical flow-occupancy diagrams, where the capacity of a 
traffic flow recovering from a flow breakdown does not reach the capacity before the 
breakdown (Treiterer and Mayers, 1974; Daganzo, 2002). 

Car-following models are concerned with the response of the driver-vehicle 

system to inter-vehicular dynamics in a single stream of traffic. They describe the 

movements of a following vehicle in response to the actions of the lead vehicle(s). 
There has been considerable interest in the development of car-following models to 
better understand the traffic flow concept in general (e. g. Forbes and Simpson, 1968; 
May, 1990) and the observed phenomena in motorway traffic in particular (Ozaki, 
1993). 

Generally, the car-following models developed can be divided into three 

categories: stimulus-based models, safety distance models and action point models 
(Brackstone and McDonald, 1999). The main idea of a stimulus-based model is that 

the acceleration of a following vehicle is determined by the driver's reaction to the 

speed and position differences to the vehicle in front (May, 1990). The General 

Motors (GM) models are some of the best known stimulus-based models, which 
have been developed since the late 1950s with one of their latest modifications 

proposed by Ozaki (1993). The safety distance models are based on the idea that the 

driver of a following vehicle would adopt such a speed and keep at such a distance 

that he/she would bring his vehicle to a safe stop should the vehicle in front brake to 

a sudden stop. Gipps car-following model (1981) is one based on the safety-distance 
idea. Action point models are based on the idea that a driver's driving behaviour 
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would vary depends on the traffic state he/she is in: whether he/she is in free driving, 

approaching to the vehicle in front, following the vehicle in front or braking. The 
boundary conditions defining the different states are usually expressed as a 
combination of speed difference and relative distance to the. vehicle ahead (e. g. 
Zhang and Kim, 2001; Leutzbach and Wiedemann, 1986). 

However, most of the existing models (such as the GM models) are based on 
empirical investigations carried out on test tracks with driving speeds considerably 
lower than those on motorways, hence they may not reflect more general car- 
following behaviour (Brackstone and McDonald, 1999). Even so, these models are 
found to fail to reproduce close-following - the prominent phenomena of motorway 
traffic flow (Wilson, 2001). Some models have attempted to rectify these problems 
for motorway traffic. For example, Brackstone et al. (2002) calibrated the action 
points model for the close-following state based on the four thresholds proposed by 
Leutzbach and Wiedemann (1986), but the model lacks the continuity with other 
normal following states, namely the free-flow following state. 

Gipps' safety-distance based car-following model (1981) is widely adopted in 

micro-simulation packages (e. g. Barcelo, 1996; Axhausen and Pendyala, 1997; 

SISTM, 1993). His model has the advantage that all its parameters have realistic 

physical meanings, which makes it desirable without "resorting to elaborate 

calibration procedures" (Gipps, 1981). A detailed analysis of Gipps' model is 

presented later in this chapter. Zhang and Kim (2001) have shown the effectiveness 

of their model in presenting traffic breakdown and hysteresis at macro-level by 

applying large changes in reaction times among different phases (i. e. acceleration, 
deceleration and cruising). For comparison, the analysis of the model proposed by 

Zhang and Kim (2001) is also included here. The close-following model calibrated 
by Brackstone et al. (2002) is reviewed here for the study of close following 

situation. 

Based on Gipps' model for normal following states and the action point 

model for the close-following situation, a new car-following model is developed 

here which attempts to capture the full range of characteristics in motorway traffic, 

including free-flow following, traffic breakdown, traffic hysteresis, as well as close- 
following driving behaviour (Wang et al., 2005a). This chapter presents the 

formulation of the new model and discusses its macroscopic and microscopic 

properties. A generic validation procedure is developed and the model is validated 

against the observed travel behaviour on a busy UK motorway, the M25 orbital 

motorway around London. 
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3.1. MOTORWAY TRAFFIC FLOW CHARACTERISTICS AND 
BEHAVIOURS 

In this section, the review of motorway traffic flow properties is at both the 
macroscopic level with regard to speed breakdown and traffic hysteresis, and the 
microscopic level with regard to gap distribution and shockwave propagation. 
Several observed characteristics of motorway traffic flow have been found at macro 
level from flow-density-speed relationships, traffic breakdowns, traffic jams, etc. 
Recently, the phenomena of speed breakdown and traffic hysteresis (Figure 3-1,3-2) 
of motorway traffic flow have caught much attention (e. g. Hounsell et al., 1992; 
Zhang, 1999; Zhang and Kim, 2001). As for traffic breakdowns, these happen when 
the traffic volume reaches capacity, such that cramming still more vehicles on to the 
motorway would lead to slow down everyone sharply, and cause a sudden drop of 
speed and shockwaves (Holmes, 1994). 

Figure 3-1 illustrates the speed breakdown on lane 1 (left most) collected by 
detector 4806A, located between junction 11 and 12 of motorway M25 (eastbound) 

on Feb 6th 2001. One apparent speed drop can be found between 7: 00 and 7: 30: the 
drop started at 7: 00 (57 km/h) and finished at 7: 07 (11 km/h). Immediately after the 

sudden speed breakdown, a flow breakdown started at 7: 03 as shown in Figure 3-2: 

there is a sudden drop of flow immediately after the traffic flow reaches its 

maximum 2100 veh/h (7: 03). After recovery from this flow drop (7: 06), the flow 

does not reach the previous maximum level but follows a lower curve back (7: 11). 

This loop structure found from the flow-occupancy diagram is termed traffic 

hysteresis. As found from the real traffic observation, the extents of speed drop and 

traffic hysteresis may vary at different level (Appendix B). However, a sudden drop 

of speed from speed time plot and a loop structure from flow-occupancy plot can 

always be identified from real data profiles (Hounsell et al., 1992). 

2 The occurrence and timing of flow breakdown can be identified with reference to the minute-by-minute speed flow plots 

(Hounsell et al., 1992). 
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Figure 3-1 Illustration of speed breakdown on lane 1 collected by detector 4806A on 
M25 between Junction 11 and 12 (eastbound), 6th Feb. 2002. 
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Figure 3-2 Illustration of traffic hysteresis of lane 1 collected by detector 4806A on M25 

between Junction 11 and 12 (eastbound), 6th Feb. 2002. 
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Figure 3-33 shows a grey-scale map of the traffic speeds collected from the 
detectors between Junction 10 and 11 on the M25 motorway (courtesy of TRL- 
Transport Research Laboratory, UK). The traffic speeds are mapped onto a space- 
time plane with the x-axis showing the time of the day and y-axis the locations of the 
detectors. A number of low traffic speeds can be seen propagating backwards in 

space; the tangent of such propagation measures the shockwave speed. From Figure 
3-3, the measured shockwave speeds range from -8 to -18 m/s. 
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Figure 3-3 A grey-scale map of the traffic speeds collected from the detectors between Junction 
10 and 11 on the M25 motorway (courtesy of TRL, UK). (The traffic speeds are mapped onto a 
space-time plane with the x-axis showing the time of the day and y-axis the locations of the 
detectors with the detector identification marked. The lower traffic speeds are shown in lighter 

colours. Not all detectors are shown; between the detector 4727A and 4797A, only alternate 
detectors are shown at a spacing of I000m. ) 

When traffic is near capacity, the flow may be much denser, and many drivers 

are driving in a following state. Postans and Wilson (1983) reported that some car 
drivers accept much shorter headways than are necessary to avoid collision- 23% of 

gaps recorded between leading and tailgating vehicles were less than 0.5 second. 
There are several explanations for such behaviour. First, the drivers may be able to 

see several vehicles downstream in the platoon and can take that information into 

3 This diagram was from a paper copy provided by TRL (produced with MTV program, TRL). lt is used here as an example to 

illustrate M25 shockwave. 
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account when making their following decisions. Second, the drivers may drive with 
a higher degree of alertness than under free flow driving conditions, and so have a 
shorter reaction time. A close following driver may not need to brake very hard to 
keep a safe distance if none of the vehicles downstream in the platoon (say, the two 
front leading vehicles) is braking; when one or more of the leading vehicles are 
braking, the following driver will notice and thus the reaction time should be 

reduced (Neubert et al., 1999). 

The above characteristics have been widely reported in the literature since 
1950s and many models have been developed to represent these properties. 
However, most of the models can only capture part of the properties under particular 

conditions (Daganzo, 2002). The following section will summarise the review of 
these existing models. 

3.2. LITERATURE REVIEW OF CAR-FOLLOWING MODELS 

As mentioned earlier, car-following models can be divided into several 

categories (Wang, 2003): Stimulus-based models (e. g. General Motors models 
developed during 1958-1963, one of the latest modification executed by Ozaki, 

1993), Safety Distance models (e. g. Gipps, 1981) and Action Point models (e. g. 

Leutzbach and Wiedemann, 1986; Zhang and Kim, 2001). 

Car-following models study the movements of individual vehicles in the 

following state and also examine the interactions between individual vehicles. 

Figure 3-4 shows the positions of two vehicles in a platoon on a section of road at 

the time t, measured from the front bumper of each vehicle. Vehicle n is the leading 

vehicle and n+1 the following vehicle. The frequently used symbols are given in 

Table 3-1. 
I 

n+l -* -ý 

Xn+1(t) 

Xn (t) 

1 n+l 
ýi In 

Sn+l (t)- Ln 

Figure 3-4 Positions of leading and following vehicles on a section of road. 
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Table 3-1 Frequently used symbols. 

a�(t) (m/s2) the instantaneous acceleration at time t of vehicle n 

b�(t) (m/s2) the instantaneous deceleration at time t of vehicle n, negative value 

v�(t) (m/s) the speed of vehicle n at time t 

x� (t) (m) the position of vehicle n at time t 

L� (m) the effective size of vehicle n, including the physical length plus a safe 
margin 

S� (t) the spacing between vehicles n and n+l at time t, equals to xn+l(t )- 

xn(t) - Ln 

r (s) the vehicle's reaction time 

a, max (m/s2) the maximum acceleration that vehicle n wishes to undertake 

b� "tax (m/s2) the maximum deceleration that vehicle n wishes to undertake, negative 
value 

b' (m/s2) the driver estimated value of the most severe braking that his/her leader 

wishes to undertake, negative value 

V� (m/s) the speed at which the driver n wishes to travel 

3.2.1. Stimulus-Based Models 

The main idea for this type of model is the assumption that the response 
(usually refers to acceleration) of any vehicle is determined by the driver's 

sensitivity and stimuli (e. g. speed difference and relative distance), i. e. Response = 
Function (sensitivity, stimuli). 

The GM Models perhaps are the most well known car-following models and 
date from the late fifties and early sixties (Chandler et al., 1958). The main idea is 

that the acceleration of a vehicle is determined by the driver's reaction to speed 

differences and position differences (May, 1990). The general formulation is 

,m[ an+1 (t + r) =al 

vn+l (t +] 
[vn (t) 

- vn+1(t)] 
[xn (t) 

- xn+l (01' 
(3-1) 

where m , 
1, a are the constants to be determined. 
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The first prototype GM model was put forward in the late 50s by Chandler, 
Herman and Montroll (1958) at the General Motors research labs in Detroit. Rapid 
developments and modifications to this type of model subsequently followed. This 
type of model works well when parameters are carefully chosen (Miyahara, 1994). It 
can represent disturbance propagation4 and also provide valuable analysis on traffic 
instability (May, 1990). A great deal of work has been performed on the calibration 
and validation of the GM models. Table 3-2 is a list of optimal parameter 
combinations for the GM model reviewed by Brackstone and McDonald (1999). 
However, it is now being used less frequently, mainly because of the large number 
of contradictory findings as to the correct values of the parameters (Brackstone and 
McDonald, 1999). 

Table 3-2 Summary of optimal parameter combinations of m and 1 for the `GM' 
model (Brackstone and McDonald, 1999). 

Source M 1 

Chandler et al. (195 8) 0 0 

Gazis, Herman and Potts (1959) 0 1 

Herman and Potts (1959) 0 1 

Helly (1959) 1 1 

Gazis et al. (1961) 0-2 1-2 

May and Keller (1967) 0.8 2.8 

Heyes and Ashworth (1972) -0.8 1.2 

Hoefs (1972) (den no brk/dcn brk/acn) 1.5/0.2/0.6 0.9/0.9/3.2 

Treiterer and Myers (1974) (dcn/acn) 0.7/0.2 2.5/1.6 

Ceder and May(1976) Single Regime 0.6 2.4 

Ceder and May (1976) (uncgd/cgd) 0/0 3/0-1 

Aron (1988) (dcn/ss/acn) 2.5/2.7/2.5 0.7/0.3/0.1 

Ozaki (1993) (dcn/acn) 0.9/-0.2 1/0.2 

4 Disturbance propagation is that for a group of vehicles in the car-following state, when some disturbance is introduced into 

the group, e. g. sudden deceleration of the leading vehicle, it leads to the decelerations of the rest of the group. 
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Note: dcn/acn: deceleration/acceleration; brk/no brk: deceleration with and 
without the use of the brakes; uncgd/cgd: uncongested/congested; ss: steady state 

3.2.2. Safety Distance Models 

For this category of car-following models, one of the common assumptions in 

modelling vehicle following is that the drivers maintain the same driving behaviour 

regardless of the traffic conditions they are in. The Gipps model assumes that the 
drivers apply the same reaction time and acceleration/deceleration throughout the 
different traffic states. The main idea is that the driver of the following vehicle can 

select a safe speed to ensure that he/she can bring his vehicle to a safe stop, if the 

vehicle ahead comes to a sudden stop. Gipps (1981) provides a detailed description 

of the development and use of a behavioural car-following model that mimics 

observed driver behaviour. Gipps constructs a safety distance car-following model 
for the response of the following vehicle based on the assumption that each driver 

sets limits to his/her desired braking and acceleration rates. Constant reaction time 

(2/3 second) is used over all traffic states (congested and free-flow conditions) and 
drivers. The model's algorithm will be given in detail in section 3.3.3. 

This type of model has an advantage over the GM models in that all its 

parameters have identifiable physical meanings that represent characteristics of the 

drivers or vehicles (Sultan, 1998). It is shown to have the advantage of representing 

very well the individual vehicle's speed control abilities (i. e. with respect to the 

mechanical capabilities) and shockwave propagation (Brackstone and McDonald, 

1999; Wilson, 2001). However, the use of a constant reaction time for all traffic 

states is not reasonable according to some empirical findings such as Fambro et al. 
(1998). It is found to be unable to reproduce speed drops or traffic hysteresis as 

examined later through numerical simulations in section 3.3.3. The modelled 
headway between vehicles is also found to be longer than empirical data (Wilson, 

2001). 
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3.2.3. Action Point Models 

The main idea of this type of model is that a driver can be in one of four 
driving modes: free driving, approaching, following, braking. The driver switches 
from one mode to another as soon as he/she reaches a certain threshold usually 
expressed as a combination of speed difference and relative distance between 
interacted vehicles. 

One of the first constructions of these models was given by Michaels and 
Gordon (1963), who proposed that the drivers would initially be able to tell they are 
approaching a vehicle in front, primarily due to changes in the visual angle 
subtended by the vehicle ahead. The equation is given below: 

AO(t) = 

K(yn (t) 
- yn (t» 

(x� (t) 
- x", (t» 2 (3-2) 

where, K is the width of the front vehicle (m), AO (t) is the changing rate of 
visual angle (rad/sec). 

A series of perception-based experiments and empirical studies have been 

conducted in order to investigate the perception thresholds. Leutzbach and 
Wiedemann (1986) proposed and applied this idea in a simulation model MISSION. 
Recently, Brackstone et al. (2002) calibrated the thresholds for close-following 
situation. Another new car-following model has been proposed by Zhang and Kim 
(2001), which is aimed at reproducing traffic hysteresis and capacity drop. This 

model is based on a new interpretation of Pipes Model (1953)5: the follower adopts a 
speed v�(t) given by the vehicle spacing divided by reaction time: 

vn(t)- Sn(t) /Tn(t) (3-3) 

where i�(t) denotes the follower- nth vehicle's reaction time at time t. 

5 Pipes car-following model is a linear model that describes traffic behaviour if drivers observe the driving rules suggested in 

California Motor Vehicle Code- leave one car length in front every ten miles per hour of speed increment and has the 

following form: Xn-1=Xn+ r vn+L. Zhang and Kim's interpretation of Pipe's model: Let Sn=(Xn-1-Xn-L) Then Sn=t 

vn 


