
  

 - 1 - 

CHAPTER 1 

Introduction 

There are many indications of the complexity of living in today’s world. The 

road-using behavior is one of them. As the trend of increasing travel demand, planning, 

design, prediction, control and management of transportation system become more and 

more important, traffic flow theory and traffic control strategies provide description of 

the fundamental traffic flow characteristics and analytical and control techniques. This 

new science has addressed issues related to the understanding of traffic processes and 

optimization of these processes through proper design and control. The former issues 

could be described as basic research and the latter as applied research. Dynamic traffic 

management and control is an efficient tool to solve traffic congestion. Among the 

research topics of dynamic traffic management and control, dynamic traffic flow theory 

and traffic control strategies are important parts. Therefore, a new microscopic equation 

model and dynamic traffic control strategy are proposed to describe the ramp/loop-ramp 

metering control which two lane multi-class traffic at separated connecting 

collector-distributor (C-D) roadway on freeway interchanges in this study. In the 

remainder of this introduction, we will discuss motivations, objectives, approaches, and 

overview of the research in detail. The research motivations will be presented first. 

1.1  Research Motivations 
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The worsening of traffic congestion in developed countries causes lots of 

economical loss every year. Thus, transportation and traffic management and control 

becomes a wide research topic. In the evolution of transportation and traffic research, 

dynamic traffic management and control seems to be a feasible way to relieve 

congestion. According to the types of data collection and applications, dynamic traffic 

control researches can be classified to three categories; that is, dynamic capacity 

estimation, dynamic traffic flow theory and dynamic traffic control strategies. A 

complete dynamic traffic management and control includes three kernels; the relation 

between them is illustrated in Figure 1.1. Since the whole procedure is a cycle, each part 

can be the initial step. If the dynamic traffic flow of each roadway in the network is 

known, the dynamic capacity will generate the dynamic capacity estimation models. If 

the dynamic capacity of each roadway and the traffic density and speed are known, the 

dynamic assignment control model will obtain the control signal timing. Therefore, 

dynamic traffic flow theory is an important part of dynamic traffic management and 

control. How to develop the dynamic traffic flow theory at the weaving section on the 

freeway? First, we must know the driver’s behaviors and characteristics of the traffic 

flow on the weaving sections. Second, the fundamental analysis of traffic flow 

characteristics and impact variables will be used; those analysis theories include the 

car-following, lane-changing, and critical lag acceptance theory, etc.; those variables 
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include traffic speed, density and flow rate, etc. The location of capacity analysis is 

focused on the separated connecting C-D roadway weaving section, and the location of 

ramp metering control is focused on the semi-cloverleaf interchange, respectively.   

Lertworawanich and Elefteriadou (2003) pointed out that no methods are available 

for estimating freeway weaving capacity and performing analysis establishing the 

capacity models on weaving sections, that more than all the analysis of capacity of the 

separated connecting collector-distributor (C-D) roadway weaving sections are very 

deficient recently. HCM (2000) suffered from limitations in terms of capacity analysis 

methodology that it does not specifically address the following subjects (without 

Figure 1.1The architecture of traffic management and control procedure 
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modifications by the analyst): 1. Ramp metering on entrance ramps forming part of the 

weaving segment, and 2. Weaving segments on collector-distributor roadways. 

A typical separated connecting C-D roadway weaving section is illustrated in 

Figure 1.2. The 1965 HCM defined the separated connecting C-D roadway weaving 

section as follows: “The dual-purpose weaving section attached to the compound 

weaving section can be arranged to separate weaving traffic from non-weaving traffic; 

this type is the separated weaving section, while the two flanking sections to be free of 

weaving and only carry the other flow. Such a separated weaving section, which is 

only provided on outer roadway, is characteristic of the introduced section of 

collector-distributor road along a freeway, thus removing weaving from the through 

roadway”. The capacity analysis for the separated connecting C-D roadway weaving 

section was not mentioned in HCM 1985 and 2000. Recently in the United States, the 

collector-distributor (C-D) roadway definition and design criterions were included in 

“Design Manual M 22-01” for the improvement of traffic safety and efficiency on 

freeway system interchanges (Design Manual, 2005). Roadway improvements were 

proposed by the “I-405 Plan”, which included collector-distributor and auxiliary lanes 

(I-405 Plan, 2002). Rehabilitation in the freeway applied the C-D road to improve the 

traffic operations (Leisch, 1978). 

Three weaving configurations, type-A, type-B and type-C, were defined based on 
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the lane change behaviors of weaving vehicles as described in the Highway Capacity 

Manual (HCM, 1965, 1985, 2000). Lertworawanich and Elefteriadou (2000, 2003) 

estimated the weaving area capacity for type-A and type-B based on the renewal 

processes of gap acceptance modeling and linear optimization. 

 

 

 

 

 

 

 

 

 

Operations of freeway weaving section are characterized by intense traffic flow 

characteristics and influenced by several geometric and traffic characteristics, such as 

number of lanes, length of weaving section, percentage of classification of vehicles on 

traffic stream, respectively. Weaving is the cause of disturbance in traffic stream, 

because weaving vehicles must take lane changes within the length of weaving section. 

Hence, weaving section must be turbulent, great time headway and low capacity, and as 

a result, come to be a bottleneck of freeway system (Fazio and Rouphail, 1986). 

Analysis on traffic operational characteristics of weaving sections is the key 

Separated Connecting Collector-Distributor (C-D) Roadway 

Figure 1.2 Typical separated connecting collector-distributor roadway 
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process of weaving section treatment. These important characteristics should be basis of 

analytical methods of weaving sections. Three geometric variables influence weaving 

section operations, including weaving section configuration, length, and width 

(Pignataro, 1973; Traffic flow theory, 2000; and McGhee, 2001). This study focuses on 

investigating the traffic characteristic of freeway weaving traffic, which could impact 

upon the traffic operation on weaving section if not well-treated. 

Freeway dynamic traffic control includes the freeway mainline dynamic traffic 

control and the entrance ramp/loop-ramp dynamic traffic controls; in previous study, 

these controls are the key process of freeway and weaving sections based on the static 

conditions of traffic flow. The results of these studies differentiated the analysis of the 

freeway from weaving sections dynamic conditions of traffic flow. In this study the 

focus is on the freeway and separated connecting C-D roadway local entrance ramp and 

loop-ramp metering control algorithm, applied the linear dynamic model with the 

dynamic flow control and/or density control of a section strictly below critical values 

(capacity or critical density) (Gazis, Hernauk and Weiss, 1962; Blumentritt et al., 1981; 

Chang and Li, 2002; Zhang and Levinson, 2004). This study presents a ramp-metering 

control model capable of optimizing the C-D roadway and freeway mainline traffic by 

providing metering rates for the control sections, and its implementation would reduce 

the total queue lengths (Cho and Tsai, 2009). 
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1.2  Research Objectives 

The ramp metering control by dynamic traffic flow conditions is an important 

research topic in freeway systems’ traffic flow control development; a control modeling 

approach is presented in this study. Firstly, the review of related researches is presented. 

According to the review and real traffic situations, a dynamic traffic flow ramp metering 

control model is proposed. The main considerations of modeling are (Zhang and 

Levinson, 2004): 

1. Use of upstream (rather than downstream). 

2. Use of flow-based (rather than occupancy-based) set values and measurements. 

3. Automatic, real-time adaptation of set values, so as to maximize the separated 

connecting C-D roadway and freeway downstream flow. 

4. Efficient ramp-queue control to avoid interference with surface street traffic. 

5. Multilane traffic and multiple types of driving behavior. 

Owing to the considerations, a systematic model, which consists of a capacity 

estimation model and an optimal ramp metering control model, is proposed. After the 

systematic model is developed, a numerical analysis method is proposed. Numerical 

examples are also employed to explain the model. Consequently, the main research 

objectives of this dissertation are as follows. 

1. Analyzing the driver’s characteristics of traffic operation at weaving section on 



  

 - 8 - 

separated connecting C-D roadway. 

2. Modeling maximum capacity estimation on the separated connecting C-D 

roadway of freeway weaving sections. 

3. Developing a modeling procedure of dynamic traffic ramp metering control 

research. 

4. Presenting a numerical analysis method for the optimal ramp metering control 

model. 

5. Discussing and developing the relationship of maximum capacity and optimal 

ramp metering control. 

1.3  Research Approach 

The study is consisted of the following basic steps: literature review, study site 

selection and field data collection and analysis, fundamental relationships analysis of 

traffic flow characteristics on the weaving section, capacity analyzed on the weaving 

section, and on optimal ramp metering control for congested weaving section. The basic 

research activities in each of these steps are briefly reviewed in the following. 

In respect of driving behavior analysis and dynamic optimal C-D roadway 

capacity estimation and optimal ramp metering control, since spatial and characteristics 

are concerned. This study tries to apply the macroscopic systems of statistic analysis 

methods to analyze the weaving section driver’s behavior and traffic flow characteristics, 
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and developed the estimation model for estimating the maximum capacity and optimal 

ramp metering control at the separated connecting C-D roadway weaving sections on 

freeway systems. These are macroscopic and microscopic models. The equations of the 

macroscopic system are systematic conservation laws; i.e., conservation of vehicle 

numbers. Thus, the evolution of traffic flow, capacity and ramp metering control models 

are described by the system. A complete system includes state equations and dynamic 

traffic flow equations to make it self-consistent. The state equation is derived from the 

car-following theory, lane-changing theory and gap acceptance theory in this study 

(Lertworwanich and Elefteriadou, 2003).  

In the case of stochastic dynamic traffic flow model, a simple model, which is 

based on the Lighthill-Witham-Richard (LWR) model, is presented first. The traditional 

statistics analysis methodology is used in this study, including the percentage and 

probabilities analysis for the traffic flow variables, the renewal processes to develop the 

maximum rear lag and lane change distributions and critical lag, to estimate the 

maximum capacity, and the use of the Poisson processes and maximum likelihood 

method to develop the lane-changing models. Last, this study applies the dynamic 

traffic flow theory to develop the optimal ramp/loop-ramp metering control models, and 

using the results of this model to compare the field data. 

1.4  Overview of Thesis 
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This dissertation is organized as follows. First, the introduction chapter gives an 

overview of the motivation, research objectives and approach of this study. A literature 

review of related researches in the relevant areas is presented in the second chapter. The 

topics discussed in the chapter include (1) lane changing behavior analysis that includes 

microscopic models analysis and macroscopic models analysis, (2) the car following 

theory, (3) traffic flow models, (4) gap acceptance theory, (5) developed the estimation 

optimal weaving capacity model, and (6) developed the optimal ramp/loop-ramp 

metering control model, respectively. 

In the third chapter, the conformity of multi-dimensional macroscopic traffic flow 

variables and driver’s behaviors on the separated connecting C-D roadway-weaving 

sections are analyzed and discussed. The driver’s behavior analysis uses the traditional 

statistics methodologies to analyze. And the weaving traffic flow characteristics analysis 

uses regression methods to build up the prediction models, and describe the 

relationships of traffic flow rate, traffic speed and traffic density, respectively. This part 

is discussed in the fourth chapter. The fifth chapter analyzes relationships between the 

lane-changing behaviors and weaving traffic flow characteristics; it uses the Poisson 

processes and maximum likelihood method to develop the lane-changing models. 

Application and analysis of the estimation maximum capacity model are discussed 

in the sixth chapter, using the renewal processes to develop the maximum rear lag and 
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lane change distributions and the critical lags, to estimate the lane capacity or roadway 

capacity. These results transform into the input data applied the next step to simulate or 

to calculate the optimal ramp metering control signal timing. In the seventh chapter, 

numerical analysis of lane or/and weaving section capacity and ramp metering control 

models by field traffic flow data.  

The last chapter presents the conclusions and perspectives of this dissertation.  
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CHAPTER 2 

Literature Review 

Weaving traffic characteristics and optimal ramp metering control studies analyze 

including the lane changing, car-following, gap-acceptance, and relationships of the 

traffic speed, density, flow rate, and capacity, level of service (Zarean and Nemeth, 

1988), and optimal ramp metering control models development etc. These studies began 

when the 1950 highway capacity manual (HCM) presented the first freeway weaving 

analysis method, which predicted the capacity and operating speeds of freeway weaving 

sections (Windover and May, 1994). 

Macroscopic models, either static or dynamic, consider the average traffic stream 

characteristics (traffic flow, speed, and density), incorporate analytical procedures to 

evaluate existing conditions, and predict performance under different design and control 

scenarios (Skabardonis et al. 1989). These published materials of weaving traffic 

characteristics studies were classified into seven major categories that included methods 

for design/analysis of freeway weaving sections, simulation models, theoretical studies, 

data collection, related capacity analysis, non-freeway weaving sections, and California 

studies (Cassidy, Skabardonis and May 1989). These studies use the methodologies that 

included two theories. One is collecting field data of weaving flows on the weaving 

sections, applied statistic analysis (Roess, 1986) and to establish regression models 
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(Fredericksen and Ogden, 1994; and Cassidy, Skabardonis and May, 1989) to forecast 

the capacity and traffic flow on the weaving sections. Another discusses the level of 

service (LOS) and traffic safety on the weaving sections (Roess and Ulerio, 2001, 

Golob, Recker and Alvarez, 2003). These studies belong to the macroscopic model 

analysis that discussed and predicted the relationship of traffic speed, flow, density and 

safety. The optimal ramp metering control development has applied linear programming 

method to achieve the control optimum (Wattleworth and Berry, 1965), and evaluated 

with total travel time, that the minimization of total travel time equivalent to the 

minimization of total delay for a given travel demand pattern (Wu and Chang, 1999). 

Microscopic traffic characteristics are described in terms of the car-following 

model (Wicks and Lieberman, 1977; Kachroo and Ozbay 1999; Helbing and Treiber, 

2002). That simulation model consists of the INTRAS (Integrated Transportation 

Simulation) and TESS (Tongji Transportation nEtwork Simulation System) simulation 

model, it is a stochastic model, and simulates the movement of each individual vehicle 

on the freeway and surface street network, based on car-following, lane changing, and 

queue-discharge algorithms (Skabardonis, Cassidy, May and Cohen, 1989, Sun, Yang 

and Ma, 2005). The microscopic traffic flow simulator (MITSIM) laboratory was 

applied to evaluate the freeway traffic control (Ben-Akiva et al., 2003). The evaluation 

study of two ramp metering algorithms, one is local control algorithm: ALINEA and the 
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other is area wide coordinated algorithm: FLOW. These algorithms uses microscopic 

simulation to evaluate systematically how the level of traffic demand, queue spillback 

handling policy and downstream bottleneck conditions affect the performance of the 

algorithms (Scariza, 2003; Chu and Yang, 2003; Papageorgiou et al., 1998; 

Papageorgiou et al., 1991; List et al. 2000; Hasan et al. 2002; Sun and Horowitz, 2006). 

Weaving flow on freeway weaving sections have many different characteristics, 

including four main strategies with vehicle driving, that are dynamic traffic flow 

situation. These main strategies are car-following, gap-acceptance, lane-changing, 

merging and diverging control, etc. (Peter Hidas, 2005). The study of this dissertation 

focuses on analysis of the lane changing driver behaviors of weaving, and discusses the 

capacity on the weaving section and development the optimal ramp metering control 

model, respectively. 

2.1 Lane Changing Behavior Analyses 

The lane-changing driver behaviors on weaving section process is a very common 

phenomenon in traffic flows on the freeway and the separated connecting 

collector-distributor (C-D) roadway, and is the only operation a driver can exercise 

except changing speed. These aspects depend on the traffic situation and the rule of 

behavior (Gipps, 1986; Leutzbach, 1988). It is one of the must critical aspects in driving 

behavior, and it has received relatively little attention, but the treatment of the lane 
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changing is not well, thus conflicts occurred (Chang and Kao, 1991). Therefore, several 

studies use the statistic analysis of the operational characteristics of the weaving 

sections, to understand the characteristics of traffic operation on weaving sections that 

include traffic speed, relationship between traffic speed and flow rate, lane distributed, 

and lane-changing etc. (Chen, Liu and Ren, 2000). Others are using the macroscopic 

lane-changing characteristic analysis to analyze the lane-changing behavior of driving 

vehicles on freeway weaving sections (Chang and Kao, 1991). The study uses the 

microscopic simulation model to develop a new lane change model to test the feasibility 

of the action depending on the prevailing traffic scenario (Chang, 1990; Ahmed et al., 

1996；and Peter Hidas, 2002). In this thesis we are focusing on analyzing the 

lane-changing driver behavior by using the macroscopic, microscopic and statistic 

methodology to review that behaviors have impacted the traffic operation on the 

weaving section on Taipei interchange of Taiwan National Freeway Systems. 

The lane changing process is a very common phenomenon and maneuver in traffic 

flow on weaving sections of freeway, and is the only operation a driver can exercise 

except changing speed. It is one of the most critical aspects in driving behavior, but it 

has received relatively little attention, and the treatment of the lane changing is not well, 

thus conflicts occurred. Therefore, several previous studies had used the microscopic 

simulation models to analyze the interrelation of traffic flow characteristics and lane 
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changing behavior of driving vehicles on freeway weaving sections. The two most 

common conflicts of freeway and weaving sections are lane change (LC) and rear-end 

(RE) conflicts. The simulation model is to test in terms of their sensitivity to geometric 

and flow variables, and measures of effectiveness (MOEs) to evaluate the quality of 

service in freeway weaving sections, more effective than speeds (Fazio, Holden and 

Rouphail, 1993; Fazio and Rouphail, 1990). WEAVSIM (Weaving Simulation) 

simulation model investigated the effect of the difference in arrival speeds of the two 

merging traffic streams on the speed and delay in the weaving section. It allows the 

simulation of traffic flow through a three lane weaving section of any length and under 

varying traffic volume conditions. Speed and delay represent operational conditions 

(Zarean, 1987; Zarean and Nemeth, 1988; Hall and Lotspeich, 1996). NETSIM 

(Network simulation) simulation model this computer simulation model used field data 

to develop a relationship between number of lane changing and weaving volume. It was 

used to identify relationships between the average number of lane changes per hour on a 

weaving link and other variables, and also to predict various MOEs (e.g., speed and 

delay) under different conditions (Fitzpatrick and Nowlin, 1996). INTEGRATION 

simulation model has the ability to determine volumes in addition to speeds; it was used 

to select the design solution based on the ratio of demand volume to capacity and to 

evaluate the weaving section design. This model can also analyze the relationship of 
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flow and capacity, and predicted the flow and capacity vs. core length (Stewart, Baker 

and Aerde, 1996). Some studies use the lane-changing intensity (LCI) formulation of a 

weaving section on frontage road to measure effectiveness. That is a more direct 

measure of the turbulence experienced within a weaving section than speed. That 

formulation can express the number of lane changes per hour per mile per lane, as 

shown in the following equation:  

tionweavingofLengthlanesofNumber

hourperchangeslaneofNumber
LCI

sec×
=  

This equation was found sensitive to flow (Frederickson and Ogden, 1994). Apply 

the microscopic fixed-based driving simulator to determinate the safety margins of lane 

change maneuvers (Winsum, Waard and Brookhuis, 1999; Tan, Guldner, Chen, 

Patwardhan and Bougler, 2000; Jimenez, Mussi and Siegel, 2004).  

2.2 Car-Following Theory 

Car-following models are a form of stimulus-response equation (Gerlough and 

Huber 1975), where the response is the reaction of a driver to the motion of the vehicle 

immediately preceding him in the traffic stream. The response of successive drivers in 

the traffic stream is to accelerate or decelerate in proportion to the magnitude of the 

stimulus at time t  and is to begin after a time lag T . 

The basic equation of these models is of the form: 

( ) ( )tStimulusySensitivitTtsponse ×=+Re  
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Microscopic traffic characteristics are described in terms of the car-following 

models (Kachroo and Ozbay 1999). Reuschel (1950) and Pipes (1953) considered these 

models in the early 1950s, which representrd the behavior of individual cars as they 

fought for survival and a place in a line of car moving along a highway. Herman, 

Montroll, Potts and Rothery (1959) developed a series model of car following. And car 

following has been the subject of numerous modeling efforts in the past (Drew 1975; 

Gerlogh and Huber 1975; Papacostas 1987; Zarean 1987; Zarean and Nemeth 1988; 

Leutzbach 1988; May 1990; Daganzo 1997; Aycin and Benekohat 1998; Dijker, Bovy 

and Vermijs 1998; Kachroo and Ozbay 1999; Rakha and Crowther 2003; and Jimenez, 

Mussi, and Siegel 2004).  

Every driver who finds himself in a single-lane traffic situation is assumed to react 

mainly to a stimulus from his immediate environment. The stimulus was assumed to be 

a function of the position of the car, the position of its neighbors, and the 

time-derivatives of these positions. It was conjectured, and verified experimentally, that 

the strongest stimulus was the relative speed of the car with respect to the car in front. If 

we further assume that the sensitivityλ  is constant, we’ll obtain the “linear 

car-following model “: 
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The model of Equation (2.1) was used to investigate the following equations: 

1. Assuming a pair of cars, one following the other, under what circumstances 

would a maneuver causes a collision? 

2. Assuming a long line of cars, under what circumstances does a perturbation by 

the car in front get simplified as it propagates down the line of cars?  

The first question refers to the “local stability” and the second to the “asymptotic 

stability “of traffic. 

Gazis, Herman and Rothery (1960) checked the linear car-following model and 

discussed nonlinear car-following models. In studies of nonlinear car-following model, 

the main difference between them was the formulation of sensitivity (Newell, 1961; 

Evans and Rothery, 1977; and Gipps, 1981). They combined Eqs (2.1) and (2.2) and 

obtained: 
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Equation (2.3) is a generalized sensitivity function, which can be simplified to 

specific models proposed before. In the study, the model is also related to macroscopic 

model such as Greenshield’s model, Greenberg’s model and Edie’s model. 

There are still different considerations of car-following modeling. Lee (1966) 
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considered that the reaction of a follower not only depended on the stimuli of his leader, 

but also his historical experience. Simonsson (1993) suggested a new car-following 

model. The hypothesis is that a driver reacts to the stimuli deceleration, which is 

proportional to two components: the difference between the preferred time gap and the 

actual time gap, and the difference between the preferred speed and the actual speed. 

The model estimated user impact and environmental effects with a knowledge-based 

expert system and showed the result with a numerical example. Todosiev et al. (1963) 

and Wiedemann (1974) introduced psycho-physiological considerations into the 

car-following models. Wiedemann considers so-called reaction thresholds to distinguish 

different regions of driver behavior and Fritsche (1994) extended the model further. 

Mostly, applications of car-following theory are done by simulation such as signal 

control, effect of small cars (McCienahan and Simkowitz, 1969) and motorcycles and 

cars mixed traffic flow. Researchers of automatic highway system (AHS) have also 

based on car-following theory. The advantage of car-following theory is that it has 

behavioral meaning. On the other hand, it is also a disadvantage because vehicular 

behavior is hardly. Another disadvantage of car-following theory is rebuts of computing. 

This makes car following theory hardly provide real-time prediction, especially in 

large-scale traffic network (Zhang and Owen, 1998). In order to solve in the computer 

application, and then develop a succession of simulates the tool, processing with the 
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traffic stream of simulation situation the changing lanes and the car following behavior 

has been taken (Jimenez, Mussi and Siegel, 2004). 

2.3 Traffic Flow Models 

The local traffic dynamics of simple location considered herein (Figure 2.1) 

consists of three parts –freeway traffic dynamics, separated connecting C-D roadway, 

and queue dynamics on the ramps that link the separated connecting C-D roadway to 

the freeway. We assume that the traffic behavior of both freeway and separated 

connecting C-D roadway traffic follows the rules prescribed by the well-known 

Lighthill-Witham-Richard (LWR) theory (Lighthill and Witham, 1955; Richards, 1956); 

they were the first persons that presented macroscopic kinetic traffic model. They used 

the kinematical concepts to describe waves in traffic. The basic premises of their model 

are that traffic is conversed and that there exists a one-to-one relationship between 

velocity and density. The LWR model can be viewed as a good and basic approximation. 

Mathematically, LWR model states that the traffic density k  and flow rate q  satisfy: 

0=
∂
∂+

∂
∂

t

k

x

q
 

)()( kfkukq =∗=                                             (2.4) 

Equation (2.4) expresses the conservation of vehicles. In addition, kq,  and 

velocity u  is assumed to satisfy (2.4). We assume in this exposition the triangular 

flow-density relationship proposed by Newell (1993): 
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We further assume that the freeway and separated connecting C-D roadway have the 

same critical and jam densities, but different capacities (Zhang and Recker, 1999). 

Equation (2.4) implies that in homogenates, such as, changes in density of cars; 

propagate along a stream of cars with constant wave speed c with respect to a stationary 

observer. The effect of this simplifying assumption is to ignore the details of traffic 

control (e.g. signal control on the arterial streets) and, rather, assume that the traffic 

flow conditions on the freeway and separated connecting C-D roadway can be 

represented adequately by uninterrupted flow with these equivalent properties. 

The control of the traffic input by platoon the entering vehicles are shown to 

eliminate the shock waves and allow higher flows (Cho and Lo, 2002). Michalopoulos 

and Pisharody (1980) and Michalopoulos et al. (1981) and Arnott et al. (1993) and Liu 

et al. (1996), also employed the LWR model and shock wave analysis to derive isolated 

real time signal control. 

Figure 2.1 Samples coding for the separated connecting C-D roadway 

C-D roadway (Weaving section) 

Freeway main line 

On-ramp Off loop-ramp On loop-ramp Off-ramp 

L C 
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2.4 Gap Acceptance Theory 

Gap acceptance is one of the most important components in microscopic traffic 

characteristics (Hwang and Chang, 2005). Tsongos and Wiemer (1969), in their 

investigation of gap acceptance, have found different distribution of acceptance and 

rejection for night than for day. 

Worral, Bullen and Gur (1970) conducted a statistical analysis of the data 

collected at thirty freeway locations in Chicago area. The study results indicate that 

there is a tendency for the intensity of lane changing to increase in the vicinity of ramp 

area. Furthermore, gap acceptance behavior displays only a very weak, and as yet 

largely undefined, relationship to traffic flow. As a result of this study, a gap acceptance 

function based on lane density was formulated for lane changing vehicles. 

In another study of gap acceptance, Moshe (1970) and Tian et al. (1999, 2000) 

applied the critical gap concept by using a distribution of angular velocities at merges. 

The drivers’ critical gaps were then evaluated based on the th50  percentile value of the 

angular velocity. 

Drew (1971), in a study of gap acceptance, evaluated the effect of relative speed 

on the critical gap for merging ramp vehicles at the Dumble entrance ramp of the Gulf 

freeway. Drew, as a result of his study, suggests that the critical gap be directly related 

to the speed. The critical gap for moving vehicles (based on the first gap evaluated) is 



  

 - 25 - 

about 20% less than that of stopped vehicles. Drew developed a set of gap acceptance 

functions, and a merging delay model. 

In an analysis of aerial data, Paul (1970) investigated gap acceptance 

characteristics for exiting vehicles close to their intended off ramps and for through 

vehicles as a function of distance from the off ramp. In this study Paul has shown that 

the mean and median gap that was accepted decreases as drivers move closer to the exit 

ramp. Paul supported these findings by referring to the fact that as the driver felt more 

psychological pressure to move toward the exit lane, he was willing to change the 

threshold requirements of the gap size that was needed. This result, which tends to agree 

with Worral and Bullen (1969) findings, has some implication in development of the 

lane-changing algorithm of WEAVSIM. In fact, development of the lane-changing 

factor is based on the fact that as drivers move closer to the gore area of diverge, they 

become willing to accept greater risk and use more severe deceleration. Paul also shows 

that the size of the accepted gap decreases as flow levels increase. 

Miller (1972), in his study of driver’s gap estimation capabilities, explored the 

threshold gap acceptance functions under both static and dynamic conditions. One 

major finding of this study was that when gaps of equal length were compared, the lead 

gaps were shorter than the lag gaps. 

2.5 Capacity Estimation Models 
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There is no method available for estimating freeway weaving capacity 

(Lertworawanich and Elefteriadou, 2003) and analyzing to establish the models of 

capacity on weaving sections, more than all the analysis of capacity of the separated 

connecting C-D roadway weaving sections are very deficient recently. 

The study of estimating roadway traffic capacity have Hyde and Wright (1986) 

and Chang and Kim (2000) using two Statistical theories, to estimate the roadway traffic 

capacity, one is straight-forward probability theory to predict the largest flows likely to 

be observed during a given period, assuming an idealized traffic stream with a known 

flow counting distribution, and the other is using asymptotic methods of the kind which 

are frequently used in connection with meteorological and flood defense problems. 

Minderhoud, Hein and Bavy (1998) used headway distribution approaches and the 

bimodal distribution method that based on traffic volume counts to estimate the 

roadway capacity. Michael, Godbole, Lygeros and Sengupta (1998) calculated bounds 

on per-lane Automated Highway System (AHS) capacity as a function of vehicle 

capabilities and control system information structure (Carbaugh et al., 1998). Capacity 

is constrained by the minimum inter-vehicle separation necessary for safety operation. 

Hall and Chen (1999), develop methods to calculate an upper limit on per-lane 

throughput for an automated highway system with mixed vehicle classes and platoon 

operational. The models are analytical and based on independent arrivals among the 
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classes. The results indicate that a mixture of vehicle classes or categories can have a 

significant detrimental effect on vehicle capacity. Zhang (2001) noted that on a 

homogeneous, uninterrupted flow highway there could be three kinds of capacity for 

any location, one for acceleration flow, the other of deceleration flow and still another 

for stationary flow. It is the stationary (equilibrium) flow capacity that one should adopt 

as the ideal capacity for a roadway, as defined by the highway capacity manual 

(Kittelson, 2000). 

Development of weaving area analysis procedures and evaluation weaving 

capacity have Roess (1986), Fazio and Rouphail (1990), Cassidy and May (1991), Wang, 

Cassidy, Chan and May (1993), Vermijs (1998), Velan and Aerde (1998), Aerde (1999), 

Kwon, Lau and Aswegan (2000, 2001), Roess and Ulerio (2001) and Cassidy and 

Rudjanakanoknad (2004) applying the merging of the weaving and non-weaving speed 

prediction algorithm developed by JHK and Associates, dependent on weaving area 

configuration and traffic flow conditions, that included the traffic speed and flow rate, 

or direct function of the interaction between the prevailing car-following and lane 

changing behaviors. It uses the regression method or other statistic analysis or INTRAS 

and INTEGRATION microscopic simulation models to estimate the weaving capacity 

to compare in year 1985 and 2000 Highway Capacity Manual (HCM). 

The objective of developing a method for estimating weaving capacity of type A 
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and B weaving areas is based on gap acceptance and linear optimization by 

Lertworawanich and Elefteriadou (2003 and 2000), they applied the gap acceptance 

theory to compute the maximum lane-changes, and the critical lag is estimated by 

renewal processes. The results obtained by prepositional method are compared to the 

HCM (2000) capacity values. 

2.6 Modeling of Ramp Metering Control 

Entrance ramp metering control is the most widely used form of freeway traffic 

control. It has been applied in numerous cities in the United States as well as in other 

countries. Its objective is the elimination, or at least the reduction, of the operational 

problems resulting from freeway congestion (Wilshire et al., 1985 and Lumenbritt et al., 

1981). While performing a ramp-metering control study, linear programming method 

has been applied to achieve the control optimum (Ramp meter design guidelines, 1989, 

1991; Wattleworth and Berry, 1965), and has been evaluated with total travel time, that 

the minimization of total travel time is equivalent to the minimization of total delay for 

a given travel demand pattern (Wu and Chang, 1999).  

Existing ramp-metering research could be generally classified into two categories: i) 

fixed-time metering, and ii) traffic–responsive metering (Zhang and Ritchie, 1997). 

Fixed-time metering operates according to a predetermined metering rate; the 

traffic-response method adjusts the metering rate depending on current traffic 
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information. Existing fixed time metering methods can be referred to in Wattleworth 

and Berry (1965); Yuan and Kreer (1971); and May (1974). Several traffic-responsive 

ramp-metering methods have been developed over recent years, from trial-and-error 

approaches to systematic approaches: demand-capacity, occupancy control and 

ALINEA (Wilshire et al., 1985; Papageorgiou et al., 1991; Golstein and Kumar, 1982; 

Wei, 2001; Papageorgiou, 1984; Chien et al., 1997; and Kachroo and Krishen, 2000). 

These ramp-metering algorithms, although traffic responsive, do not focus on separated 

connecting collector-distributor (C-D) roadways. This study tries to solve this problem 

by suggesting a new demand-capacity ramp-metering model that suits not only ordinary 

ramps but also separated connecting C-D roadways (Cho and Tsai, 2003, 2006). 

The separated connecting C-D roadway aims to: 

1. Reduce weaving and lane-changing on the main lanes of freeways, 

2. Increase traffic safety on the main lanes of freeways, and 

3. Enhance traffic speeds and traffic flows on the main lanes of freeways.  

The definition of separated connecting C-D roadways can be found in the 1965 

Highway Capacity Manual (HCM). Cho and Tsai discussed the capacity, which is 

critical in ramp metering, of separated connecting C-D roadways, and found it much 

different from that of other types of C-D roadways (Cho and Tsai, 2005). 

Microscopic traffic flow simulator (MITSIM) laboratory has been applied to the 
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evaluation of freeway traffic control (Ben-Akiva, Cunea, Hasan, Jha and Yang, 2003). A 

model is developed using SIMUL8 micro-simulation model to simulate two conditions 

for entry of vehicles into highway namely, with and without metering (Hooi et al., 

2005). Evaluation study of two ramp metering algorithms, one is local control algorithm: 

ALINEA and the other is area wide coordinated algorithm: FLOW. These algorithms are 

to use microscopic simulation to evaluate systematically how the level of traffic demand, 

queue spillback handling policy and downstream bottleneck conditions affect the 

performance of the algorithms. These algorithms are also comparative evaluation of 

several performance indices in the cases with and without ramp metering (Hasan, Jha, 

and Ben-Akiva, 2002; Habib and Papageorgiou, 1995; Papageorgiou, 2002; Smaragdis 

and Papageorgiou, 2003; Bellemans et al., 2006; Kosnalopoulos, and Papageorgiou, 

web.; Kachroo and Ozbay, 2003). Other study of ramp metering control applied 

artificial neural network models, these models belong to mesoscopic model that is 

developed to simulate typical time series traffic data and then expanded to capture the 

inherent time-space interrelations (Wei, 2001), and applied a coordinated traffic 

responsive ramp control strategy based on feedback control and artificial neural 

networks. Traffic simulation show that the proposed nonlinear ramp control strategy 

compares the linear quadratic (LQ) control strategy in reducing total travel times, 

particularly at situations where drastic changes in traffic demand and road capacity 
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occur (Allen et al., 1976; Barwell, 1983; Zhang et al. 1997 and 2001; Papageorgiou, 

1984; Kachroo and Krishen, 2000; and Li, Shen and Dai, 2004). 

Based on Payne’s (1971) continuum traffic stream model that belongs to 

macroscopic simulation model, a linear dynamic model with a quadratic objective 

function constructed for integrated-responsive ramp-metering control. It is incorporating 

on-line origin-destination (O-D) estimation of coordinated interchanges into the 

proposed model increase efficiency of the control (Chang et al., 1994; Chang and Li, 

2002). Freeway traffic control by means of speed signaling and ramp metering has been 

addressed, by following a sub-optimal approach. Starting from the estimation of the 

traffic flow, standard parameterized closed-loop regulators for speed signaling and ramp 

metering has been tuned using an optimization procedure based on Powell’s method. 

The regulators perform with an estimate of a macroscopic model based state vector 

given by an extended Kalman filter (Alessandri et al., 1998; Jiang, 2003). Using the 

CORFLO and TRANSYT models, those models are macroscopic simulation models of 

traffic on signalized intersections and freeways (Yang and Yagar, 1995). That model 

calculates the performance of the signal timing plan, and a minimization procedure 

(Findler et al., 1997). The purpose of study for freeway ramp metering control is 

beneficial to the system in terms of total timesaving, e.g., the ramp metering control 

applied dynamic optimal process to minimize the total spent in the system (Zhang, 
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Ritchie, and Recker, 1996, 1999). 

Another study is using metering entry to highways to reduce commuting costs. 

Those commuting costs include the cost of free-flow travel time, right-of-way capital 

cost and maintenance cost, cost of time spent in queue, cost of schedule delay etc. The 

major cost of metering is providing a holding area for vehicles waiting to enter (O’Dea, 

1999). The study develops AD-ALINEA strategy that is successfully tested in a 

stochastic macroscopic simulation environment under various scenarios (Smaragdis, 

and Papageorgiou, 2003). 

2.7 Summaries and Discussions 

Dynamic optimal ramp metering controls model and dynamic optimal C-D 

roadway weaving capacity estimation model are closely related in dynamic traffic 

management and control. Essentially, a freeway and C-D roadway capacity estimation 

model needs information of freeway and C-D roadway traffic flow variables, such as 

traffic flow rates, speeds, densities, lane changing rates, and weaving rates etc. (Leisch, 

1974 and Lo and Tung, 2003). The relationship between dynamic traffic flow models 

and dynamic optimal ramp metering control models are illustrated as Figure 1.1. 

Dynamic traffic flow variables can be estimated directly by a flow/speed/density 

function (Drew, 1975; Yoo, 1987; May 1990; Cassidy, 1991; Smulders, 1996; Carvell et 

al., 1997; HCM, 2000; Cho, 2002; and Wu, 2002) or by traffic flow models. Therefore, 



  

 - 33 - 

traffic flow models are the basic part of traffic management and control applications. 

The conclusions and comments of traffic flow and ramp metering control 

researches can be illustrated as follows. 

1. As the LWR-like model is employed, one has to give externally the relation 

between speed and flow rate and density. This is unsatisfying in terms of 

development of a theory (Lighthill and Witham, 1955; Richard, 1956; Newell, 

1993; Zhang and Recker, 1999; Cho and Lo, 2002). 

2. Macroscopic simulation models may be selected for high-density, large-scale 

systems in which a study of the behavior of groups of units is stuffiest. It 

provides continuous properties for analyses. However, lack of behavioral 

discussion has been the drawback of macroscopic models. (Skabardonis, 

Cassidy, May, Cohen, 1989; Chronopoulos and Johnston, 1998；Cho and Lo, 

2002, and Wu, McDonald and Chatterjee, 2007). 

3. Microscopic simulation models have usually been adopted for the simulation 

of relatively small or simple system and macroscopic simulation can be used 

to simulate the large data or complex system. Numerous runs of microscopic 

simulations may be necessary to achieve such a long time. This limitation 

makes applications of these simulation models problematic for the provision of 

real-time traffic information (Zhang and Ritchie, 1997; Ran, Leight, and 
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Chang, 1999; Hasan et al., 2002; Czogalla, Hoyer, and Jumar, 2002; and Chu 

et al., 2002). 

4. Using the development simulation equation models of local section on the 

freeway and separated connecting C-D roadway to estimate the capacity and to 

get to the optimal ramp metering control signal timing is highly beneficial. The 

dynamic identification and prediction of the network demand pattern should be 

incorporated into the future coordinated algorithms. The integrated control that 

incorporates merging and diversion, signal and ramp control should be 

modeled to study the impact of the route merging and diversion on the 

performance of ramp metering (Webster and Cobbe, 1966; Zhang and Ritchie, 

1997; Zhang and Recker, 1999; Chien, 2001; Zhang, Ritchie and Jayakrishnan, 

2001; Lei and Steward, 2002; Chu et al., 2002; Papageorgiou et al., 2003; 

Smaragdis et al., 2004; Zhang and Levinson, 2004; Zhang and Levinson, 

2004).  
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CHAPTER 3 

Data Collection and Analysis 

Data for this study were collected to formulate the regression models and applied 

to estimate the capacity and the ramp metering control models. 

3.1 Data Requirements 

Data collection activities for this research included traffic flow rate, vehicle 

classification, lane changing activity, traffic speed, density, and weaving section 

geometry. Personnel from the Taiwan National Freeway Bureau using video-recording 

equipment of ATMS collected all operational date. The weaving section geometry was 

obtained from freeway plans and field measurements. 

3.2 Study Site Selection 

The field data of operation in the separated connecting collector-distributor (C-D) 

roadway weaving sections were collected on May 20, and November 22, 2002, at one 

site. These data were collected through surveillance video cameras during the morning 

rush period (07:00 to 09:00). During data collection, the ramp metering controls were 

disabled to make sure the traffic conditions represented real demand.  

The study site belongs to a cloverleaf type interchange with separated connecting 

Collector-Distributor (C-D) roadway (HCM, 1965). It is level grade and straight 

segment. The configuration of this site includes two loop-ramps (one on loop-ramp and 
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one off loop-ramp), two ramps (one on-ramp and one off-ramp), one separated 

connecting collector-distributor roadway (weaving section) and one mainline of freeway, 

respectively. The configuration of this site as indicated in Figure 3.1 and Table 3.1 

shows the general conditions of this site. 

These video cameras are used in the ATMS system component to do data 

collection. These cameras should be at a high enough position to record the whole 

situation and maneuver of the weaving section.  

 

 

 

 

 

 

 

 

 

 

 

Table 3.1 General conditions of the study weaving section 
Number and width (m) 

of Lanes 

Affected 
by Signal Study section Length 

(m) Main-Strea
m Entry/ Exit 

Curve 
(m) 

Super-ele
vation 
(%) 

Grade 
(%) Entr

y 
Exit 

Main-line ≈1015 3 3.75 - - R=0 2 0 No No 
C-D Roadway ≈806 1 3.75 1 3.75 R=0 2 0 No No 
Weaving Section ≈72 2 3.75 - - R=0 2 0 No No 

On-Ramp ≈402 - - 1 4.5 R=300 10 +6.0 Yes - 
 Off-Ramp ≈534 - - 2 3.75 R=500 10 -1.32 - No 

On Loop-ramp ≈259   1 4.5 R=35 10 +5.52 Yes - 
Off Loop-ramp ≈270 - - 1 4.5 R=45 10 -5.96 - No 

 

 Figure 3.1 The configuration of C-D roadway weaving section on the Taipei interchange.  
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3.3 Analysis Results of Data Collection 

Once the required traffic data were collected, the appropriate operational data 

were extracted directly from the videotape documentary. These data were summarized 

in 1-minute intervals. This time interval was used to increase the sample size. 

Flows of traffic entering the weaving section and flows of weaving vehicles were 

measured from the videotaped data. Densities were also obtained directly from the 

videotapes by counting the number of vehicles in a weaving section at a given time. 

Pausing the videotape every 5-second, recording the densities for each lane, and 

averaging the reading to obtain a density value for each 1-munite periods did this. 

Television timer was used to determine average speeds and the time it takes for a 

vehicle to travel a known distance. All lane changes within the entire weaving section 

were counted and summed for each 1-minute period; these values were then converted 

to lane changes per hour per kilometer per lane. Weaving section length was measured 

between the painted gore points showed as Figure 3.2. 
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Figure 3.2 Weaving section lengths was measured between the painted gore points 
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3.3.1 Traffic operational characteristics 

Based on the field collecting data, this paper presents the driver behavior of traffic 

operation with the lane-changing rate and numbers on the weaving section, that driver 

behavior of lane changing is dependent on traffic density, traffic speed and traffic flow 

rate etc. 

3.3.1.1 Traffic flow rate 

By analyzing of the field data from 120 minutes of camera videotape, we can 

conclude the composition of traffic flow rate on the weaving section as follows and as 

in table 3.2. 

1. The total flow is 4988 vehicles from 07.01.20AM to 09.01.19AM on the 

weaving section. Average flow rate is 42 vehicles per minute (2520 vehicles 

per hour). 

2. The lane changing rates are 100% of those vehicles to made the lane changing 

driving. The lane-changing rate that vehicles from the inside-lane change to 

the outside-lane is 23.54% and the lane-changing rate that vehicles from the 

outside-lane change to the inside-lane is 76.46%. The number of weaving 

vehicle is 2459 vehicles and the weaving rate is 49.29%, e.g., the remainder 

vehicle of 2529 vehicles that vehicles execute lane changing only, and the 

non-weaving rate of 50.71%. 
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Table 3.2 Traffic flow rate on the weaving section of Taipei interchange  

Traffic flows (Vehicles) 
 Class of vehicles 

Inside-lane Outside-lane Subtotal 

Passenger car 894 3242 4136 

Light Truck 109 226 335 

Bus 51 157 208 

Heavy Truck 120 189 309 

Total 1174 3814 4988 

3.3.1.2 Traffic speed and acceleration and deceleration 

3.3.1.2.1 Traffic speed 

Figure 3.3 and 3.4 illustrate the traffic speed distribution on the inside-lane and the 

outside-lane in the weaving section on Taipei Interchange of Taiwan National Freeway 

Systems. From these figures that are to divide into two parts for discussion, it may be 

concluded that: 

1. The average speed on the weaving section is 24.47 kilometers per hour.  

2. On the inside-lane that the average speed being 23.40 kilometers per hour, the 

range of speed is on 5.95 ~ 48.62 kilometers per hour. The range of speed 

concentrated on 8.81~13.76 kilometers per hour, that the rate is roughly 

29.17%, and on 28.23~35.94 kilometers per hour, that the rate is roughly 

30.00%. The total rate is 59.17%. The speed distributed on the inside-lane 

shows as Figure 3.3.  
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Figure 3.3 The diagram of traffic speed-
frequency on the inside-lane
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3. On the outside-lane that the average speed being 25.58 kilometers per hour, the 

range of speed is on 8.60 ~ 44.18 kilometers per hour. The range of speed 

concentrated on 12.07~17.87 kilometers per hour, that the rate is roughly 

35.00%, on 23.17~29.11 kilometers per hour, that the rate is roughly 18.33%, 

and on 36.02~40.72 kilometers per hour, that the rate is roughly 15.83%. The 

total rate is 69.16%. The speed distributed on the inside-lane shows as Figure 

3.4. 

Figure 3.4 The diagram of traffic speed-
frequency on the outside-lane
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The traffic speeds of the vehicle classification are demonstrated as in Table 3.3. 

Speed-frequency 

Speed-frequency 
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Table 3.3 Traffic speeds on the weaving section of Taipei interchange 

Average speed (km/hr) Class of vehicles 
Inside-lane Outside-lane Subtotal average 

Passenger car 20.56 23.45 22.01 

Light Truck 23.79 24.79 24.29 

Bus 26.50 31.37 28.93 

Heavy Truck 22.76 22.75 22.65 

Total average 23.40 25.58 24.49 

Comparison of the average speed differentials of correlation with each vehicle 

traveling in the weaving section indicated that this differential are not significant, that 

range concentrated on 20.56~31.37 kilometers per hour. The average speed of buses is 

faster than other vehicles on the weaving section. 

3.3.1.2.2 Acceleration and deceleration 

A following vehicle is able to avoid collision even when a lead vehicle undergoes 

the most extreme deceleration. This constraint is, however, relaxed during 

lane-changing maneuvers. But vehicles driven on the weaving section to make 

lane-changing activities may accept potentially unsafe positions for a short period of 

time when engaged in the weaving maneuvers that their speed accelerates or decelerates 

significantly. The vehicle average acceleration on the inside-lane is about 0.53 km per 

hr2 and the average deceleration is about 0.57 kilometers per hr2. The differential 

acceleration or deceleration of each classification of vehicle shows as passenger cars 

accelerate 0.03 kilometers per hr2, light trucks accelerate 0.01 kilometers per hr2, buses 

accelerate 0.15 kilometers per hr2, and heavy trucks decelerate 0.21 kilometers per hr2, 
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respectively. This is because the heavy trucks decelerate apparently at high density on 

the weaving section. On the outside-lane vehicle accelerates about 0.86 kilometers per 

hr2, and decelerates about 0.63 kilometers per hr2. The differential acceleration or 

deceleration of each classification of vehicles shows that passenger cars accelerate 0.12 

kilometers per hr2, light trucks accelerate 0.24 kilometers per hr2, buses accelerate 0.15 

kilometers per hr2, and heavy trucks accelerate 0.15 kilometers per hr2, respectively.  

3.3.1.3 Traffic density 

Density is defined as the number of vehicles occupying a length of roadway 

usually in a single lane over a length of 1 mile (or 1 kilometer). Another method of 

computing the density uses the distance headway and the distance gap, but direct 

measurement of those distances in the field is difficult (May, 1990, and HCM, 2000). 

Therefore, this study is using the number of vehicles occupying a given length of 72 

meters on the weaving section. And the weaving vehicles driving in each lane on 

weaving section under the situation including the density and lane-changing behaviors, 

etc. are counted and analyzed. When the vehicle driven begins to execute the weaving 

activities on the inside-lane change to the outside-lane, the density on the outside-lane is 

one of main factor to impact the weaving activities. The density on the inside-lane is 

one of main factor to impact vehicle on the outside-lane change to the inside-lane 

weaving activities. The results of analysis are as follow. 
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1. Vehicles on the inside-lane take weaving activities to the outside-lane, and the 

average density on the outside-lane is 75.51 vehicles per kilometer. 

2. Vehicles on the outside-lane take weaving activities to the inside-lane, and the 

average density on the inside-lane is 59.13 vehicles per kilometer. 

3. The density of the beginning point executed by the weaving activities of each 

vehicle on the inside-lane concentrates on 36 vehicles per kilometer that the 

rate is 1.61%. On 43 and 58 vehicles per kilometer the rate is 1.57%. On 54 

vehicles per kilometer the rate is 1.53%. On 33 vehicles per kilometer the rate 

is 1.41%. On 41 vehicles per kilometer the rate is 1.34%, and on 47 vehicles 

per kilometer the rate is 1.30%etc. The total rate is 10.33%. The density 

distributed on the inside-lane shows as Figure 3.5. 

4. The density of the beginning point executed by the weaving activities of each 

vehicle on the outside-lane concentrates on 50 vehicles per kilometer that the 

rate is 1.41%. On 53 and 45 vehicles per kilometer the rate is 1.39%. On 43 

and 60 vehicles per kilometer the rate is 1.36%. On 47 vehicles per kilometer 

the rate is 1.34%. On 55 vehicles per kilometer the rate is 1.31%. On 48 

vehicles per kilometer the rate is 1.27%, and on 62 vehicles per kilometer the 

rate is 1.24% etc. The total rate is 12.07%. The density distributed on the 

outside-lane shows as Figure 3.6. 
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Results of the precious analysis indicates when the vehicles take the weaving 

activities on the weaving section in the morning on Taipei interchange while the 

traffic operational situation are in the higher density, there would be about 67.32 

vehicles per kilometer, belonging to level of service E (HCM. 1985). 

3.3.2 Driver’s behaviors 

The data analyzed of the driver’s behaviors in this study focuses on the lane 

changing behaviors. 

3.3.2.1 Lane changing behaviors 

Lane changing is the radical factor in weaving sections and affects the operational 

Figure 3.5 The diagram of traffic density-frequency on the inside-lane 
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Figure 3.6 The diagram of traffic density-frequency on the outside-lane 
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characteristics essentially (Chen, Liu, and Ren, 2000). When a vehicle travels down a 

particular link, it may make discretionary lane changes, mandatory lane changes, or 

both. Discretionary lane changes are a function of the prevailing traffic conditions, 

while mandatory lane changes are usually a function of the prevailing network geometry 

(Aerde, 1999). Analysis of driver behaviors of lane-changing on the weaving section 

requires that each weaving vehicle makes lane change to execute the weaving 

movement, including the lane-changing numbers and rates, and lane-changing location 

and timing distribution etc. 

3.3.2.1.1 Location of lane-changing distribution 

The location of the lane-changing distribution analysis with the field data is as 

follows. 

1. Beginning the location of lane changes on the inside-lane that the minimal 

distance is -13 meters, and the maximal distance is 75 meters. A lot of vehicles 

making the lane-changing distance concentrated on 0~5 meters that the rate is 

25.35%. On 10~15 meters the rate is 18.52%, and on 20~25 meters the rate is 

9.26% etc. The total rate is 53.13%. 608 vehicles (the rate is 69.64%) will be 

making the lane-changing distance on the weaving section length (72 meters), 

but some vehicles (265 vehicles, about 30.36%) are beginning the 

lane-changing at location before the starting point. 
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2. Finishing the location of lane changes on the inside-lane that the minimal 

distance is -8 meters, and the maximal distance is 80 meters. A lot of vehicles 

making the lane-changing distance concentrated on 0~5 meters that the rate is 

10.31%. On 10~15 meters the rate is 15.64%. On 20~25 meter the rate is 

18.08%, and on 30~35 meters the rate is 16.92% etc. The total rate is 60.95%. 

All vehicles will be making the lane-changing distance on the weaving section 

length (72-meters), but 33 vehicles (about 3.82%) finish the lane changing at 

location before than the original point, and 7 vehicles (about 0.81%) finish the 

lane changing at location behind the closing point. 

3. Beginning the location of lane changes on the outside-lane that the minimal 

distance is -15 meters, and the maximal distance is 110 meters. A lot of 

vehicles making the lane-changing distance concentrated on 0~5 meters that 

the rate is 11.54%. On 20~25 meters the rate is 12.35%. On 30~35 meters the 

rate is 11.91%, and on 75~80 meters the rate is 23.95% etc. The total rate is 

59.75%. 663 vehicles (the rate is 23.04%) begin the lane-changing at location 

before the starting point, and about 715 vehicles make the lane-changing 

distance is longer than the weaving section length (the rate is 24.82%).  

4. Finishing the location of lane changes on the outside-lane that the minimal 

distance is -10 meters, and the maximal distance is 110 meters. A lot of 
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vehicles making the lane-changing distance concentrated on 0~5 meters that 

the rate is 11.57%. On 10~15 meters the rate is 11.52%. On 20~25 meters the 

rate is 13.53%. On 30~35 meters the rate is 11.67%, and on 75~80 meters the 

rate is 11.32% etc. The total rate is 59.61%. About 97 vehicles (the rate is 

4.75%) begin the lane changing before the starting point, and about 249 

vehicles (the rate is 12.21%) is extra the weaving section length. 

3.3.2.1.2. Timing of lane changing distribution 

The timing of the lane-changing distribution analysis with the field data shows as 

follows. 

1. Beginning the time of lane changes on the inside-lane that the minimal timing 

is 0.10 seconds, and the maximal timing is 24.12 seconds. A lot of vehicles 

taking the lane-changing time concentrated on 0.10~1.09 seconds that the rate 

is 25.29%. On 1.20~2.19 second the rate is 28.62%, and on 2.47~3.46 seconds 

the rate is 16.90% etc. The total rate is 70.81%, and 7 vehicles (about 0.80%) 

begin the lane-changing before than origin time point. 

2. Finishing the time of lane changes on the inside-lane that the minimal timing 

is 0.19 seconds, and the maximal timing is 24.12 seconds. A lot of vehicles 

taking the lane-changing time concentrated on 0.80~1.79 seconds that the rate 

is 36.81%. On 1.80~2.79 seconds the rate is 25.23%, and on 3.00~3.99 second 
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the rate is 11.00% etc. The total rate is 73.04%.  

3. Beginning the time of lane changes on the outside-lane that the minimal timing 

is 0.73 seconds, and the maximal timing is 52.95 seconds. 904 vehicles taking 

the lane-changing time concentrated on 1.00~1.99 seconds that the rate of 

31.46%. On 2.10~3.09 seconds the rate is 15.40%, and on 3.40~4.39 seconds 

the rate is 6.36%, etc. The total rate is 53.22%, and 17 vehicles (about 0.59%) 

begin the lane-changing before the origin time point. 

4. Finishing the time of lane changes on the outside-lane that the minimal timing 

is 0.24 seconds, and the maximal timing is 51.95 seconds. A lot of vehicles 

taking the lane-changing timing concentrated on 0.40~0.90 seconds that the 

rate is 12.65%. On 1.00~1.99 seconds the rate is 36.23%. On 2.10~3.09 

seconds the rate is 16.91%, and on 4.00~4.99 seconds the rate is 9.17%, etc. 

The total rate is 74.96%. Those finished time of lane changes on the 

outside-lane that will be uniform to 0.40~3.09 seconds time interval that the 

rate is 74.46%. 

3.3.2.1.3 Length of lane changing distribution 

The length of the lane-changing distribution analysis with the field data shows as 

follows. 

1. The length of lane changing concentrated on this weaving section at 10 meters 



  

 - 49 - 

that the rate is 10.81%. At 12 meters the rate is 6.38%. At 15 meters the rate is 

6.74%. At 20meters the rate is 17.09%, and at 30 meters the rate is 6.01%. The 

total rate is 47.03%. The length of lane changing distributed on the weaving 

section shows as Fig. 3.7. 

2. The number of vehicles changing lanes over than the weaving length on this 

weaving section is 940 vehicles (the rate is 23.69%). The length of lane 

changing concentrated on 80 meters that rate is 14.36%, and on 75 meters the 

rate is 71.60%, that the total rate is 85.96%. 
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3.4 Summaries and Discussions 

This section has presented a procedure for estimation of weaving speed and 

density over time for a separated connecting C-D roadway weaving section, which is 

the most common type of weaving area in the Taiwan National Freeway network. The 

field observations and the analysis of traffic density and traffic speed, and correlation of 

lane changing that can be summarize the lane changing behaviors on the weaving 

Figure 3.7 The diagram of change lane length –frequency on the weaving section  
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section shows as in Table 3.4 and Table 3.5. This study presents some conclusions as 

follows: 

1. The main purpose of the traffic operational on separated connecting C-D 

roadway is taking the traffic safety due to the vehicle making the lane 

changing and weaving activities on weaving sections. Vehicles driven on the 

weaving section of C-D roadway on Taipei interchange that the lane changing 

is 100%. The weaving activity is dependent on the distribution with the vehicle 

driven on each lane of weaving section, so that the weaving rate of 49.29%. 

2. The lane-changing behavior may cause turbulence in weaving sections. To 

avoid the effect of weaving and to avoid the forced weaving, some vehicles 

begin the lane changing before the origin point on the weaving section, the 

changing rate about 30.36% on the inside-lane and 23.04% on the outside-lane. 

A lot of vehicles make the lane changing behind the closing point that rates 

about 24.82% on the outside-lane. A lot of vehicles finish the lane changing 

behind the closing point of weaving section, that rate about 0.81% on the 

inside-lane, and 12.21% on the outside-lane. 

3. According to the relationship of LWR (May, 1990 and Wilhelm, 1988), density 

is a main factor to impact the traffic flow rate and traffic speed. Therefore, 

analysis of the density for weaving sections is very important to this study in 
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this paper. Results can to attain from the field data analysis, as the average 

density on the weaving section is 67.32 vehicles per kilometer per lane. The 

average density on the inside-lane is 59.13 vehicles per kilometer and on the 

outside-lane are 75.51 vehicles per kilometer, which concludes that the 

average density on the outside-lane is higher than the inside-lane. The average 

density in the morning on the C-D roadway weaving section of Taipei 

interchange is higher; it’s 67.32 vehicles per kilometer per lane. 

4. The major activity of vehicles driven on weaving sections is making the lane 

changing. Nevertheless, impact on the vehicle to make the lane-changing 

activity accepts the vehicle gaps and density. Furthermore, the vehicle speed 

and acceleration/deceleration are also impact to the lane changing. Therefore, 

the vehicle speed and acceleration/deceleration are also analyzed in this study; 

the average vehicle speed on the weaving section is 24.47 kilometers per hour, 

slower than the HCM 1985. On the inside-lane the average vehicles speed of 

23.40 kilometers per hour, on the outside-lane of 25.58 kilometers per hour, 

which indicated that the vehicle speed on the outside-lane is faster than the 

inside-lane. It is presents in this study that all vehicles making the 

lane-changing behavior on the weaving section make the acceleration activity 

from 0.01 to 0.24 kilometers per hr2. But the heavy trucks driven on the 
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inside-lane only makes deceleration activity, moreover, the average 

deceleration attained to 0.21 kilometers per hr2. 

5. At very low density there is enough space in front and a typical vehicle very 

rarely feels the need for changing its lane and at very high densities most of 

the lane-changing attempts are unsuccessful. In this study the weaving section 

belongs to separate connecting C-D roadway that the vehicle must make the 

lane changing activities to the other lane. At the low density that vehicles may 

make the discretionary lane changes, their lane changing numbers and rates 

increase rapidly. But at the high density that vehicle makes the mandatory lane 

changes, their lane changing numbers and rates increase slowly. 

Table 3.4 Driver behaviors with lane changing on the inside-lane of study site 

Beginning location Finishing location Lane changing variables 

Distance Time Speed Density Distance Time Speed Density Length Time Speed Acceleration 
Deceleration 

Remar
k 

Items 
 

Kinds of 
vehicle m. Sec. Km/hr Veh./km m. Sec. Km/hr Veh./km m. Sec. Km/hr Km/hr2 

Passenger 
car 

11.32 2.42 20.10 84.10 24.23 2.55 20.29 79.33 17.53 4.28 20.27 0.03 

Light truck 12.43 2.04 23.80 72.42 24.18 2.21 23.78 71.40 16.92 3.36 23.15 0.01 
Bus 11.41 1.07 25.90 54.61 23.93 128 27.62 56.22 15.04 3.28 26.61 0.15 

Heavy 
truck 

10.19 2.74 23.91 64.62 26.82 2.86 21.56 60.37 21.07 4.58 21.66 -0.21 

Average 11.34 2.07 23.43 68.94 24.79 2.23 23.31 66.83 17.64 3.88 22.92 -0.01 

The 
all 
values 
in the 
table 
are 
averag
e. 

 

Table 3.5 Driver behaviors with lane changing on the outside-lane of study site 

Beginning location Finishing location Lane changing variables 

Distance Time Speed Density Distance Time Speed Density Length Time Speed Acceleration 
Deceleration 

Items 
 

Kinds of 
vehicle m. Sec. Km/hr Veh./km m. Sec. Km/hr Veh./km m. Sec. Km/hr Km/hr2 

Remar
k 

Passenger 
car 

31.75 3.22 23.42 79.21 33.59 2.68 26.10 51.69 22.13 4.67 26.56 0.12 

Light truck 36.46 4.10 22.36 83.80 34.38 3.06 27.10 74.11 20.13 3.97 28.53 0.24 
Bus 29.00 2.11 33.40 51.15 12.66 3.00 43.06 50.74 25.97 2.93 36.28 0.15 

Heavy 
truck 

27.10 2.94 22.65 71.50 35.89 2.55 25.30 66.35 22.85 4.45 25.97 0.15 

Average 31.08 3.09 25.46 71.42 29.13 2.82 30.39 60.72 22.77 4.01 29.34 0.17 

The 
all 
values 
in the 
table 
are 
averag
e. 
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CHAPTER 4 

Fundamental Relationships of Traffic Flow Characteristics on 

the Weaving Sections 

Before a regression model was built and developed for analyzing the separated 

connecting collector-distributor (C-D) roadway weaving section performance. The 

empirical relationships between traffic flow rate, traffic speed and traffic density were 

examined to have a better understanding of the operational characteristics of weaving 

sections (Cho and Tsai, 2005). 

An important behavioral characteristic of traffic flow is the hypothesized 

relationship between the speed and density of traffic at equilibrium, i.e. the fundamental 

diagram (Sanwal et al., 1996). The basic relationships among the three traffic measures 

are usually represented by typical curves plotted together (HCM, 1985). In order to 

ensure the suitability and the valid range of the data, the 1-minute interval flow rate, 

density, and speed for the weaving section of freeway are plotted together; that includes 

the flow rate versus speed, the flow rate versus density and density versus speed etc. 

4.1 The Variables of Traffic Flow Characteristics 

The variables of traffic flow characteristics include as traffic flow rate, traffic 

speed and traffic density, respectively.  

Traffic flow rate is defined as “the equivalent hourly rate at which vehicles pass 
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over a given point or section of a lane or roadway during a given time interval less than 

one hour” (Yoo, 1987). A rate of flow is, therefore, computed by the following equation: 
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The traffic speed used in this study is the average running speed, which can also 

be referred to as the space mean speed. The speed of each vehicle in the original data is 

a direct source for the calculation of the average running speed. Since the speed in the 

data is already in kilometers per hour, and average running for a given interval is 

obtained by computing the average of all speed observations in the given interval. The 

following equation is used to compute the average speed: 
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Traffic density is defined as “the number of vehicles occupying a given length of a 

lane or roadway average over time, and in a single lane over a length of 1 mile (or 1 

kilometer) is usually expressed as vehicles per mile (or kilometer)” (Yoo, 1987). 

Another method computed the density can use the distance headway and distance gap, 

but those distances direct measurement in the field is difficult (May, 1990, and HCM, 

2000). Therefore, in this study is using the number of vehicles occupying a given length 

of 72 meters on the weaving section. And to count, to analysis the weaving vehicles 

driving in each lanes on the weaving section that situation included the density and 

lane-changing behaviors etc. Since the data contains the coordinate of each vehicle 
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within the study area, simply counting the number of vehicles within the weaving 

section and using the following equation can easily compute traffic density: 

∑ = 
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4.2 Relationship between Speed and Flow Rate 

Relationship between speed and flow rate was studied at the beginning. Average 

flow rate per lane was used to normalize the weaving section flows, and space-mean 

speed was obtained from the videotaped field data by calculating speeds from the travel 

space and travel time data (Smith, Hall and Montgomery, 1996). A scatter-plot of traffic 

speed versus traffic flow rate is illustrated in Figure 4.1. Aggregated 1-minute 

observation data from the study site was used to construct the scatter plot. 

  

 

 

Figure 4.1 illustrates a high degree of scatter among the data. Speed appears to be 

sensitive to the flow rates measured, e.g., fewer than 1854 vehicles per hour per lane. 
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Figure 4.1 Regression results of traffic speed vs. traffic flow rate 
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More scatters were found in higher flow rate; indicating that speed is sensitive to flow 

as it approaches capacity. From the data collected, an obvious relationship between 

speed and flow rate was found. The critical speed is 34.29 kilometer per hour. 

4.3 Relationship between Density and Flow Rate 

Relationship between density and flow rate was also examined. Density was 

measured directly from the videotaped field data over the length of weaving section. 

Figure 4.2 illustrates the relationship between density and flow rate using average 

densities and average flow rate for 1-minute period. Flow appears to be sensitive to 

density, although the scatter increases at lower densities (e.g., fewer than 55.74 vehicles 

per kilometer), and the scatter decrease at higher densities (e.g., more than 55.74 

vehicles per kilometer). 

There is a conceptual flow in the relationship between density and traffic flow, 

however. For a given weaving section, the traffic speed is nearly constant until traffic 

flow approaches the capacity level. Fredericksen and Ogden (1994) and Benjamin 

(2003), found that traffic flow in the weaving section study did not approach capacity. 

This resulted in density values consisting of volumes divided by essentially constant 

speed. In this study, the plot of density versus flow rate is the same as speed versus flow 

rate, which would obviously be a strong linear relationship at lower traffic flow (e.g., 

lesser than 1854 vehicles per hour per lane). It was determined that a model for 
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predicting densities on the basis of flow would be the most effective procedure for 

predicting traffic operations in the weaving sections on separated connecting C-D 

roadways. 

4.4 Relationship between Speed and Density  

Relationship between speed and density was also examined. Speed and density 

were measured directly from the videotaped field data over the length of the weaving 

section. Figure 4.3 illustrates the relationship between speed and density using average 

speed and average density for the 1-minute period. Density appears to be sensitive to 

speed, although the scatter decreases at higher speed. 

Figure 4.3 presents the relationship between the traffic speed and traffic density 

over the observed period. This is significantly from most speed-density models in which 

the traffic speed generally decreases linearly or nonlinearly with the increase of density 

(Chang and Kao, 1991). However, in this case the traffic speed in these higher density 
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region or lowers density region appears to be a nonlinear relationship, which in median 

region would obviously be a strong linear relationship. 

Those figures show reasonable agreements with the typical curves as far as the 

range of the data allows. The curves support that the overall level of service of the 

traffic from which this data was collected ranges from the level of service C to the 

critical point, i.e., the level of service E. 

 

 

 

A detailed description of the data is presented and the time interval for the traffic 

conditions study is selected. In addition, procedures for computing traffic flow measures 

are explained. Finally, traffic conditions of the data and the relationships among the 

traffic condition parameters are studied. 

Based on the 1-minute interval traffic conditions on the weaving section of the 

C-D roadway, the traffic flow rates ranged from 1357 to 4328 vehicles per hour ; the  

traffic densities ranged from 42 to 209 vehicles per kilometer; and the traffic speeds 
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ranged from 6.6 to 53.48 kilometers per hour. The flow rate and density increased with 

time during the study period whiles the speed decreased. The pair-wise relationship 

curves among the flow rate, density, and speed closely matches the basic relationship 

curves among these three parameters within the range of the data. The result supports 

the adequacy of the data. The level of service of the traffic during the hour ranges from 

C to E. 

4.5 Analysis Results 

The purpose of this study and analysis for weaving traffic characteristics is to 

build up the regression model of the correlation of traffic speed, flow rate, and density, 

and predict the trend of traffic flow characteristics. 

4.5.1 Density versus speed 

The model of the result of regression for density versus speed is indicated as 

follows: 

uk 60814.1879.110 −=                                          (4.4) 

The coefficient of correlation ( 965338.02 =R ) and the dt  value of constant is 

131.837 (greater than testt  value is 1.686 with 95% confidence), and of the variable of 

speed is –57.3264 (absolute value greater than testt  value), the speed variable is the 

significance of the density. In this case, it is explained by the variability of the 

dependent variable, the traffic density in this case. The adjusted 2
aR  value for Equation 
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(4.4) is 0.965044. The result of regression for traffic density versus traffic speed 

equation is shown as Figure 4.3. This model indicates when the critical density at 

maximum flow (capacity) equals to 55.74 vehicles per kilometer per lane. Then 

coincides with the critical speed 34.29 kilometers per hour at that point of capacity of 

bottleneck, and the flow rate is 1854 vehicles per hour per lane. The jam density equals 

to 110.879 vehicles per kilometer per lane and then the traffic flow rate and speed 

equals to zero. The results are shown as Figure 4.3 and Figure 4.2. 

4.5.2 Density versus flow rate 

The model of the result of regression for the density versus flow rate is indicated 

as follows: 

2558381.07085.61567.149 kkq −+=                           (4.5) 

The coefficient of correlation ( 845873.02 =R ) and the dt  value of constant are 

1.7393 (the value greater than testt  value is 1.686 with 95% confidence); of the variable 

of density are 15.1115 (greater than testt  value); and of the variable of density square 

is –18.09 (absolute value greater than testt  value). The density variable is significant to 

the flow rate. In this case, it is explained by the variability of the dependent variable, the 

traffic flow rate in this case. The adjusted 2aR  value for Equation (4.5) is 0.843239. 

The result of regression for the traffic density versus the traffic flow rate equation is 

shown as Figure 4.2. The model indicated that the critical density is 55.74 vehicles per 
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kilometer per lane, which coincides with the flow rate at 1854 vehicles per hour per lane 

(capacity). 

4.5.3 Speed versus flow rate 

The model of the result of regression for the speed versus flow rate is indicated as 

follows: 

258715.187.108 uuq −=                                         (4.6) 

The coefficient of correlation ( 904596.02 =R ) and the dt  value of variable of 

speed are 24.8847 (greater than testt  value is 1.685 with 95% confidence), and of the 

variable of speed square is –20.7316 (absolute value greater than testt  value). The speed 

variable is significant to the flow rate. In this case, it is explained by the variability of 

the dependent variable, the traffic flow rate in this case. The adjusted 2
aR  value for 

Equation (4.6) is 0.902779. The result of regression for the traffic speed versus the 

traffic flow rate equation is shown as Figure 4.1. The model indicated the critical speed 

is 34.29 kilometers per hour, which coincides with the flow rate at 1854 vehicles per 

hour per lane (capacity). 

4.6 Discussions 

Summary, the linear speed-density regression model is uk 60814.1879.110 −=  

(it also equal to ku 62184.0948.68 −= ), where the coefficient of the 

correlation 965338.02 =R . The regression model form and trend are similar to that of 



  

 - 62 - 

Greenshield’s Linear Speed-Concentration model (Gerlough and Huber, 1975). Our 

model is simple to use and several investigators have found good correlation between 

the model and field data.  

Second, the flow rate-density regression model 

is 567.14955838.07085.61 2 +−= kkq , where the coefficient of 

correlation 845873.02 =R . The regression model form and trend are similar to the 

special flow-density model for freeway (Drew, 1975). Whereas most stream flow 

models are used to describe one-lane flows, it is possible to develop models describing 

the total flow on one roadway of a freeway.  

Third, the flow rate -speed regression model is 258715.187.108 uuq −= , where 

the coefficient of correlation 904596.02 =R . The regression model form and trend are 

similar to the Greenshield’s speed-flow function that was fitted to the Chicago Data 

(Drake et al. 1967).  

4.7 Summaries  

The general objective of this research is to study the traffic flow characteristics of 

weaving vehicles in a freeway weaving section. Efforts are spent on analyzing the 

interrelation of traffic flow characteristics, as traffic speed, density, and traffic flow rate. 

The traffic flow characteristics of weaving traffic on congested traffic flow 

conditions in a separated connecting C-D roadway on the freeway weaving section is 



  

 - 63 - 

studied by analyzing the three basic factors as traffic density, traffic speed, and traffic 

flow rate characteristics of weaving vehicles. On the basis of the statistical analysis 

results, the following major conclusions were drawn: 

1. Form and trend of regression models in the fundamental traffic flow 

characteristics (includes traffic flow rate, density, and speed) of weaving 

vehicles appear to fit in Greenshield model. The results are showing the basic 

traffic flow pattern that pattern is no influence on increasing lane changing and 

weaving activities, that is to be similar to the between of traffic in basic 

freeway sections. However, specific values obtained for weaving traffic such 

as the critical density, which is 55.74 vehicles per kilometer per lane; the result 

is higher than the Taiwan HCM (THCM, 2001) and HCM (2000). The critical 

speed is 34.29 kilometers per hour; and the maximum flow rate (capacity) is 

1854 vehicles per hour per lane. These results showed that the values of traffic 

variables including the traffic flow rate and traffic speed are lesser than the 

Highway Capacity Manual (HCM, 2000) and the traffic density is higher than 

that of the HCM. 

2. The traffic flow characteristics in the weaving section were focusing on the 

frontage roadway facilities with ramp onto non-congestion traffic conditions. 

This study investigated the macroscopic models of traffic flow characteristics 
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on the weaving section of a separated connecting C-D roadway in the Taiwan 

National Freeway Systems, and found a comprehensive relationship among the 

traffic speed, density, and flow rate under congestion traffic condition. 

3. Traffic density and traffic speed appeared to be better parameters for describing 

the behavior of weaving traffic than traffic flow rate. The regression analysis 

appeared to be the constant coefficients of regression model that coefficients 

of constant indicate significant difference, with the 95% confidence, between 

the traffic flow rate and the traffic density and traffic speed. However, the 

coefficients of the first variables and secondary variables (density or speed) 

appear higher, which is significant with the 95% confidence. Generally, the 

2R  values for these regression models are very high, which ranges from 

0.845873 to 0.965338. It implies that a considerable portion of the correlation 

of traffic flow characteristics such as traffic density, traffic speed, and traffic 

flow rate are excessively influenced by these factors considered in the 

regression variables. 
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CHAPTER 5 

Relationships between Lane-changing and Traffic Flow 

Characteristics 

Weaving flow on the separated connecting collector-distributor (C-D) roadway 

and freeway weaving sections have many different characteristics, including four main 

strategies with driven vehicles, that are dynamic traffic flow situation. These main 

strategies include car following, gap-acceptance, lane-changing, merging and diverging 

control, etc. This study focuses on analysis for the relationships of traffic speed, traffic 

flow rate, traffic density and lane changes. 

All lane changing rules consist of two parts, a reason or trigger criterion (“Do I 

want to change the lane？”) and a safety criterion (“Is it safe to change the lane？”). 

Only if both criteria are fulfilled, the lane is changed (Chowdhurt, Wolf, and 

Schreckenberg, 1997). This section discusses the correlation of the lane-changing 

characteristics (lane-changing frequency) vs. traffic speed and traffic density, 

respectively (Cho and Tsai, 2003). 

5.1 Lane-Changing Frequency and Traffic Speed 

This section first discusses the relationships among the traffic speed and 

lane-changing frequency observed in the study location－separated connecting C-D 

roadway, followed by an estimation of the correlation between each basic speed variable 
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and the microscopic lane-changing characteristics (lane-changing frequency). Note that 

the traffic speed and lane-changing frequency for each time period (it’s 1-minute) is 

measured and calculated directly from field data. Mainly for illustration Figure 5.1 

presents the relationship among the traffic speeds over the observed periods. As 

commonly seen in high weaving traffic, the traffic speed appears to increase before in 

33.56 kilometers per hour with lane-changing frequency is 22 numbers. But exceeding 

the point then the speed appears to decrease. 
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With respect to the relations between the lane-changing characteristics and traffic 

speed variables, the regression results of lane-changing frequency versus each of the 

speed variable shows as Table 5.1 and Figure 5.2. 

25.115.0 808035.00637.198259.250 ll xxu −+−=  

The 2R  value for this regression model is 0.349038 and the dt  test value is 

-6.65855 for first constant variable, and second variable is 7.288767, and third variable 
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Figure 5.1 The diagram of traffic speeds vs. frequency of lane changes 
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is –7.73793 (the absolute dt  value greater than 9819.1=testt  with 95% confidence 

belongs to significant level). Unfortunately, it can be seen that despite the relatively low 

2R  for this case, the coefficients of determination are still rather low. 

 

Table 5.1 The regression results of traffic speeds vs. frequency of lane-changes  

Description Variables Estimated SE Ttest 
Parameter table Constant 

15.0
lx  

25.1
lx  

-250.259 

198.0637 

-0.808035 

37.5846 

27.1738 

0.10442 

-6.65855 

7.288767 

-7.73793 

Rsquared R2 0.349038   
Adjusted Rsquared Ra

2 0.337911   
EstimatedVariance  38.8417   

 

          

 

5.2 Lane-Changing Frequency and Traffic Density 

The second part discusses the relationships among the traffic density and 

lane-changing frequency observed in the study location, followed by an estimation of 

correlation between each basic density variable and the lane-changing characteristics 

(lane-changing frequency). Mainly for illustration Figure 5.3 present the relationship 
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Figure 5.2 Regression results of traffic speeds vs. frequency of lane changes 
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among the traffic density over the observed periods. As seen in high weaving traffic, the 

relationship of the traffic density and the lane-changing frequency appears to increase in 

low densities, that range is from 23.74 vehicles per kilometer to 131.60 vehicles per 

kilometer, the lane-changing frequency is from 3 numbers to 34 numbers. The 

maximum lane-changing rate or frequency is at small densities. Another one, the 

relationship of the traffic density and the lane-changing frequency appears to decrease 

in high densities that range is from 149.71 vehicles per kilometer to 270.57 vehicles per 

kilometer; the lane-changing frequency is from 34 numbers to 5 numbers. 

With respect to the relations between the lane-changing characteristics and traffic 

density variables, the regression results of lane-changing frequency versus each of the 

traffic density variable in low-density group show as the Table 5.2. 

 45.10285.0684.5 lxk +=  
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Figure 5.3 The diagram of traffic densities vs. frequency of lane changes 
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Table 5.2 The regression results of traffic densities vs. frequency of lane  
 changes in low-densities group 

Description Variables Estimated SE Ttest 
Parameter table Constant 

45.1
lx  

5.68415 

0.02849 

0.996005 

0.001755 

5.70695 

16.2328 
Rsquared R2 0.794875   
Adjusted Rsquared Ra

2 0.791859   
EstimatedVariance  12.5822   

 

The 7948.02 =R and adjusted 7918.02 =aR . The 2328.1670695.5 andtd =  for 

the constant and lx  variable (the dt  value greater than 9976.1=testt  with 95% 

confidence). It can be seen that despite the relatively higher 2R  and coefficient of 

determination for this case, the dt  value at the 95% significant level is significantly 

with the constant and lx  variable. 

The regression results of lane-changing frequency versus each of the traffic 

density variable in high-densities group show as the Table 5.3  

Table 5.3 The regression results of traffic densities vs. frequency of lane-changes 

in high-density group   

Description Variables Estimated SE Ttest 
Parameter table Constant 

lx  
70.301 

-0.241 

3.22045 

0.01532 

21.8295 

-15.751 
Rsquared R2 0.837897   
Adjusted Rsquared Ra

2 0.834520   
EstimatedVariance  9.48271   

 

lxk 241.0301.70 −=  

The 8379.02 =R  and adjusted 8345.02 =aR . The 751.158295.21 −= andtd  for 

constant and lx  variable (the absolute dt  value greater than 0128.2=testt  with 95% 

confidence). It can be seen that despite the relatively high 2R  and coefficient of 
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determination for this case, the dt  value at the 95% significant level is significantly 

with the constant and lx  variable. Same as the relationship on the low-density group in 

this case. 

How frequently do the vehicles change lane in this study, The average frequency 

of lane changing per vehicle per unit time (1-minute) has been plotted against the total 

density of vehicles in Figure 5.3. In this case study, the average frequency of lane 

changing of vehicles per unit time exhibits a maximum at a moderate density. The 

reasons for this type of variation with density are as follows. At very low densities there 

is enough space in front and a typical vehicle very rarely feels the need for a lane 

changing. And at very high densities most of the attempts of lane changing are 

unsuccessful either because of close proximity of other vehicles in front or behind the 

empty neighboring site on the other lane. 

5.3 Lane-Changing Frequency and other Traffic Flow Variables 

5.3.1 Exploratory analysis 

This section first reports the relationships among traffic speed, density, and flow 

rate observed in the test site, followed by an estimation of the correlations between each 

basic flow variable and the macroscopic lane-changing characteristics as lane-changing 

frequency. 

Note that the average flow ratio (AFR) for each time period j  is calculated by 
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dividing the lane flow of the source lane with the lane flow of the target lane. Because 

vehicles have only one choice from the inside lane to the outside lane or from the 

outside lane to the inside lane, the flow ratios are estimated by proportioning the 

individual flow ratios for the two possible lane changes with the relative number of lane 

changes in each direction, and are defined as follows (Chang and Kao, 1991): 

Source lane = inside lane： ioj
oj

ij NL
F

F
AFR ×=  

Source lane = outside lane： oij
ij

oj NL
F

F
AFR ×=  

Where njF  denotes the flow rate in lane n  (including inside lane i  and outside 

lane o ) observed during time period j , and nmjNL  represents the number of lane 

changes from lanes n  to m  during the time interval j . The source and target lanes 

used hereafter refer to the origin and destination of a successful lane-changing 

maneuver. The average density ratios (ADR) and average speed ratios (ASR) are 

calculated in the same manner as AFR. Note that the average density and density ratio 

were both measured directly from videotapes, instead of estimating from speed and 

flow. 

To further analyze the relations among all variables used in the exploratory 

analysis, a Pearson correlation matrix is computed and reported in Table 5.4.  
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Table 5.4 Pearson correlation coefficient matrixes for key traffic flow variables 

Variables AF AD AS AHD VHD AFR ADR ASR 

AF 1.0000 0.8516 -0.3896 -0.0648 -0.0443 0.4038 0.3780 0.8279 

AD  1.0000 -0.8055 -0.2083 -0.0170 0.1056 0.1162 0.6776 

AS   1.0000 0.1959 0.0042 0.1723 0.2190 -0.4337 

AHD    1.0000 0.0751 0.3226 0.2643 0.0639 

VHD     1.0000 -0.0125 -0.0018 0.0328 

AFR      1.0000 0.9479 0.3426 

ADR       1.0000 0.2044 

ASR        1.0000 
 

As expected, the average density exhibits a significant positive correlation (0.8516) 

with the average flow rate, but correlate negatively (-0.2083) with the average headway. 

A similar level of correlation also exists between the average density and average speed 

ratio (0.6776), and between the average flow ratio and average density ratio (0.9479), 

and between average flow rate and average speed ratio (0.8279). Besides, the variance 

of headway, as expected, is nearly independent from all variables. 

With respect to the relations between the lane-changing characteristics and key 

traffic flow variables, Table 5.5 summarizes the regression results of lane-changing 

frequency (LCF) versus each of the variables defined previously. Among those, 

variables such as average density, average flow rate, average flow ratio, and average 

speed ratio, exhibit especially high correlation with both the frequencies of lane changes. 

For example, both the average density and the average flow rate yield linear relations 

with the number of lane changes (see Figure 5.4 and 5.5).  
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Table 5.5 Summaries of the relations between the frequency of 
lane changes (LCF) and key traffic flow variables 

Relationship R2 

LCF = -5.151 + 1.0185AD 0.6108 

LCF =154.824 + 26.343AF 0.9059 

LCF = 54.142 - 0.520AS 0.3460 

LCF = 1.8877-0.01341AHD 0.3306 

LCF = -4.1646+0.0625VHD 0.1667 

LCF = -126.67 + 4.6187AFR 0.5174 

LCF = -57.575 + 2.955ADR 0.3716 

LCF = -0.393 + 0.523ASR 0.8401 
 

 

 

 

 

 

 

 

It is interesting to note that in all exploratory analysis, the correlations between the 

average speed and LCF are relatively lower than those computed against the average 

flow or density (see Table 5.5). This may be attributable to the unique feature of 
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Figure 5.4 Regression results of average densities vs. number of lane changes  

LCF = -5.151+1.0185AD, R2=0.6108 

Figure 5.5 Regression results of average flow rates vs. number of lane changes 
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congested traffic flows because the average prevailing lane speed, except for inside lane, 

during the observed periods was significantly affected by the variation in the average 

lane density, and was mostly below the speed limit. Hence, from a macroscopic view, 

the average lane speed may not be a critical variable associated with the lane-changing 

characteristics in congested traffic flows, even though an increase in the cruising speed 

is the main incentive for an individual to change lanes. 

A further exploration of such interrelations was conducted, focusing on the 

difference and the ratio of variables in each lane versus the lane-changing frequency. It 

was found that using the difference in basic traffic flow characteristics as explanatory 

variables yielded the 2R  values is from 0.9069 to 0.3460 (see Table 5.5) and 

significant parameters for all cases. In contrast, the use of variable ratios between each 

lane mostly achieved significant level of fit, where the 2R  value for AFR and ASR 

against LCF at test site is 0.5174 and 0.8401. 

In summary, among the variables being studied, basic traffic variables such as the 

average lane flow and density seems to be the two best explanatory variables for the 

lane-changing frequency. However, these two variables are highly correlated (see Table 

5.4) and, as such, will not be used simultaneously in the model building. Similarly, the 

headway mean and variance are most likely candidates for use in constructing 

lane-changing prediction models, and will be considered only one at a time. 
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5.3.2 Lane-changing frequency models 

This section further explores the relation between the lane-changing frequency and 

key traffic flow variables based on the exploratory analysis. A brief description of the 

modeling methodology is presented first, followed by the discussion of several model 

formulations and estimation results. 

5.3.2.1 Estimation methodology 

Let in  denote the number of vehicles observed during the ith time interval for a 

given lane, and iy  represent those out of in  changing lanes. The observations thus 

become the form ,,,
1

1

N

N

n

y

n

y ΚΚΚ  a set of variables representing the lane-changing 

frequency of vehicles during each interval. As noted in the preliminary analysis, these 

variables vary with the traffic conditions within and between lanes. Their interrelation 

can thus be stated as: 

Nixp
n

y P

j ijiji
i

i .,,.........1
1

=+== ∑ =
εβ                          (5.1) 

Note that the application of commonly used linear models in the above 

specification will result in a biased estimation because the error term iε  is generally 

assumed to follow a normal distribution, and, as such, the probability ip  will lie 

between( )∞−∞, , which is inconsistent with the laws of probability. Hence, a 

generalized binary model is used to transform the model structure, and map the unit 

interval (0, 1) for ip  onto the real line ( )∞∞− ,  (Chang and Kao, 1991). 
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Despite a wide choice of transform functions available in the literature 

(McCullagh and Nelder, 1983), the logit function appears to be the most convenient, 

and is employed in this study. Equation (5.1) is thus transformed as:  

( ) ∑ =
+==









−
P

j ijiji
i

i xY
p

p
11

ln εβ                                (5.2) 

5.3.2.2 Model application 

Consider a given weaving section lane segment of separated connecting C-D 

roadway on which the frequency of lane changes in every 1-minute interval varies with 

the traffic conditions within and between the inside and outside lane segments. Because 

each individual driver based on his own desired and perceived surrounding traffic 

conditions takes the action of changing lanes independently, the occurrence of such 

events from a macroscopic perspective is stochastic in nature. A proper model to capture 

such a process thus needs to have both the stochastic and non-negative properties 

(because the observed lane-changing frequency cannot be negative). Among several 

commonly recognized statistical models, the Poisson process seems to fit the 

lane-changing behavior phenomenon reasonably well, because the sample space of a 

Poisson distribution is the set of non-negative integers. Conceivably, the mean of such a 

Poisson process shall not be a constant, but evolve with the traffic flow characteristics 

(Chang and Kao, 1991). It can thus be expressed as: 
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PJ

NizfLCFE ijii

,........,1

,........,1)()(

=

=== µ
                           (5.3) 

With the generally presumed multiplicative relationship among explanatory variables, 

Equation (5.3) can be restated as the following logarithmic form: 

∏ =
+= P

j iii ji z
1

)( ναµ  

and   ∑ =
=+= P

j iijji Nixc
1

.,,.........1)ln( δµ                           (5.4) 

5.3.2.3 Parameter estimation 

Given the assumed Poisson nature, the probability of having iy lane changes over 

the ith interval is given by: 

( ) ( )
( ) !

)(
i

y
ii

iir y
yLCFP

iµµ ×==                                    (5.5) 

The likelihood of having Nyyy .,,........., 21  lane changes over N  observed 

intervals can thus be represented as follows: 

( ) ( )
( ) Ni
y

YL
N

i
i

y
ii

i

.,,.........1,
!

)(
1

=×= ∏ =

µµ
                         (5.6) 

and the log transformation of equation (5-6) is: 

∑ =
−+= N

i iiii yyY
1

)]!ln()ln()[ln()ln( µµ                           (5.7) 

where ( )NyyyY .,,........., 21= . Because Nixc
P

j ijji .,,.........1,)ln(
1

==∑ =
µ , the log 

likelihood function can further be stated as: 

∑ ∑ ∑= = =
−+= N

i

P

j

P

j iijjiijj yxcyxcC
1 1 1

)]!ln()[()ln(                  (5.8) 

where ( )pcccC ,,........., 21= , representing unknown parameters to be estimated. 
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The unknown parameters in the log likelihood function, as discussed in the 

previous studies, can be obtained by the standard maximum likelihood method. 

5.3.2.4 Model formulation and estimation 

Following the similar procedures stated in the previous section, four linear 

combinations, which yield relatively high goodness of fit, are presented below: 

Model A1: ln µi = a’1 + b’1 ln(AHDi) + c’1 ln(ADRi) + d’1 ln(ASRi) 

Parameter:   (1.6150) (-0.0523)    (0.1248)     (0.5834) 

dt  value:     (10.3059) (-5.9550)   (9.1499)     (13.3025) 

R2                                        = 0.7631 

Model A2: ln µi = a’2 + b’2 ln(ADi) + c’2 ln(AFRi) + d’2 ln(AHDi) 

Parameter:    (2.9113) (0.1672)   (0.0944)     (-0.0949) 

dt  value:      (23.3916) (7.1305)  (4.3701)     (-8.1384) 

R2                                        = 0.5811 

Model A3: ln µi = a’3 + b’3 ln(ASi)] + c’3 ln(AFRi) + d’3 ln(AHDi) 

Parameter:    (4.0623) (-0.1040)   (0.1229)     (-0.3951) 

dt  value:      (20.1169) (-3.2999)  (5.4008)     (-6.4362) 

R2                                          = 0.4407 

Model A4: ln µi = a’4 + b’4 ln(AFi) + c’4 ln(ADRi) + d’4 ln(AFRi) 

Parameter:    (-4.0943) (1.0000) (-2.39E-13)    (1.14E-13) 
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dt  value:    (-4.53E+12) (8.13E+12) (-2.4573)      (1.0436) 

R2                                          = 1.0000 

Model A1 includes the average headway, the average density ratio, and the 

average speed ratio, where model parameter for these three variables is all statistically 

significant at the 5% level (see the dt  value). The sign of its parameter of average 

headway (AHD) shows an expected negative relationship between the LCF. This is 

reasonable because a large average density ratio generally exists only in heavy traffic 

where vehicles are closely distributed and move in-groups (or platoons). A higher ADR 

value thus implies a higher level of concentration (or congestion), and more restraint for 

drivers to travel restrainedly at their lower speed. Consequently, more lane changes may 

take place (see Table 5.4). Such a relation is further confirmed by a positive sign for the 

average density ratio (ADR) where the LCF increases as the ADR does, indicating that 

more lane changes may occur at a higher level of traffic density.  

Model A2 is similar to model A1 expect that the variable AFR replace ADR and 

AD replace ASR. These two variables have the high correlation in between (see Table 

5.4). Model A2 expectedly yields these parameter values as 0.1672, 0.0944, -0.0949 

respectively, and a slightly higher level of fit (0.7631 vs. 0.5811).  

Model A3 includes the average speed, average flow ratio, and average headway, 

where model parameter for these three variables are all statistically significant at the 5% 
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level (see dt  values), that result is similar to Model A1 and Model A2. The sign of its 

parameters of AFR showing an expected positive relationship between the numbers of 

lane changes (LCF) and AD shows an expected negative relationship between the 

numbers of lane changes (LCF). It indicates that on congested freeway weaving sections 

the decrease in average headway and traffic speed is the result of an increase in traffic 

flow ratio. 

Model A4 is similar to Model A3 expect that the variable becomes the average 

density ratio (ADR) instead of the average flow ratio (AFR). Due to the high correlation 

between these two variables (R=0.9479, see Table 5.4), which is relatively easier to 

measure, it is used in model A4. As can be seen from the sign of the parameter for AFR, 

the lane-changing frequency exhibits a positive correlation with the average flow ratio 

in congested traffic conditions. In conjunction with AFR and ADR, this model seems to 

yield as good a fit as those using average traffic flow and speed variable, and a slight 

higher level of fit (0.4407 vs. 1.0000). 

Regarding the predictability of the above LCF model, it is necessary to note that 

those, as stated earlier, are exploratory in nature due to the availability of empirical data. 

Such a limitation can be seen from the residual distributions for Model A1 and Model 

A3 illustrated in Figure 5.6, and Figure 5.7, respectively. In model A1, approximately 

80% of the total observations have more than 20% prediction errors. In model A3, 
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approximately 90% of the total observations have more than 10% prediction errors. 

However, considering the availability of so few data and the result that more than 90% 

of the observations fall within the 20% boundaries, this approach of using econometric 

models to characterize macroscopic lane changing behavior seems quite promising. 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

5.4 Summaries and Discussions 

This study presented the empirical results of the lane-changing frequency in 

congested separated connecting C-D roadway weaving traffic flows. An exploratory 

analysis was conducted first to investigate the interrelations between the lane-changing 

characteristics and key traffic flow variables. Although only limited observations were 

Figure 5.7 The distribution of prediction errors for Model A3. 
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Figure 5.6 The distribution of prediction errors for Model A1. 
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available in the study, the results clearly indicated that the distribution of headways and 

the density and flow ratios between neighboring lanes is principal factors affecting the 

lane-changing behavior. Such a relation was further confirmed with a generalized linear 

model. 

The model focused on estimating the frequency of lane changes, where 

occurrences of lane changing were assumed to follow a Poisson process with a 

time-varying mean. The model with the standard maximum likelihood estimation 

yielded expected signs for all parameters and achieved reasonable level of fit. 

It is fully recognized that the reported results are based only on limited 

observations from one test site, which may not be sufficient to represent the general 

lane-changing characteristics. Further studies to collect more data and identify some 

additional critical factors such as the geometric conditions will be necessary. Besides, 

the macroscopic lane-changing characteristics may differ significantly on heavily 

congested weaving sections because a driver’s desire to change lanes may vary with the 

traffic conditions. This subject along with the mechanisms governing an individual 

driver’s lane-changing decisions are vital to the understanding of weaving sections of 

freeway traffic characteristics, and will also be addressed in our future research. 
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CHAPTER 6 

Capacity Analysis on the Weaving Sections 

This section focuses on a typical separated connecting collector-distributor (C-D) 

roadway weaving section that is part of a cloverleaf interchange. While focusing mainly 

on establishing a capacity estimation model for separated connecting C-D roadway 

weaves, this study applies the modified renewal processes of gap acceptance (Banks, 

2003; Ross, 1996; and Cho and Tsai, 2009) and uses the linear optimization 

methodology used in the capacity analysis for the separated connecting C-D roadway 

weaving sections. Applying the renewal process to the gap acceptance method can 

model the high level of lane-changing activity typically present in weaving sections, 

significantly influencing capacity. 

6.1 Proposed Methodologies and Models 

The first part of this section presents definitions and assumptions used in this 

study. After clarifying the terminology and assumptions the models themselves are 

presented and discussed. 

6.1.1 Collector-distributor roadway weave capacity linear programming model 

This section focuses on the loop-ramp weave segments of the separated 

connecting collector-distributor (C-D) roadway. Figure 6.1 shows a C-D roadway weave 

segment, together with the symbols indicating various traffic streams. Traffic demands 
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at a C-D roadway weaves section can be separated into two traffic streams, as shows in 

Figure 6.1. 

HCM (2000) defines capacity as the maximum vehicle flow that can reasonably be 

expected to traverse a point or uniform section of a lane or roadway during a given 

period based on existing roadway, traffic, and control conditions. This study assumes 

the capacity of C-D roadway weaves to be the sum of the following two parts. 

1. The capacity of the inside weaving lane (lane 1), and 

2. The capacity of the outside weaving lane (Auxiliary lane (lane 0)). 

An analysis of traffic behavior based on 1-minute intervals that few vehicles make 

more than two lane changes within the length of the weaving segment, and attempting 

to model lane-changing behavior involving more than two changes would unnecessarily 

complicate the methodology while providing minimal benefits in terms of improved 

accuracy. Generally, traffic demand from the loop-ramp and C-D roadway lanes of a 

C-D roadway weaving section can be divided into several components, as shown in 

Figure 6.1. 

The capacity of C-D roadway areas comprises the maximum flow rate of vehicles 

in the two lanes. Furthermore, the capacity of the weaving segment is estimated using 

the following procedure. Based on consideration of the C-D roadway lanes of the 

weaving section alone, the maximum traffic flows are divided into four components, as 
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shown on Figure 6.1. 

Based on the configuration shown in Figure 6.1, the capacity of the two lanes can be 

mathematically expressed as 

( ) ( )CRRRRCCC VVVVMaxCapacityc +++=                        (6.1) 

The capacity of the two lanes influenced by weaving can be estimated via 

Equation (6.1), using a linear optimization technique, together with some constraints. 

The previous notation requires imposing the following constraints: 

1. The capacity of the weaving section cannot exceed that of the equivalent basic 

C-D roadway segments. These constraints can be expressed as 

BACVV RCRR ≤+  (Basic Auxiliary lane segment Capacity) 

BCCVV CRCC ≤+  (Basic C-D roadway segment Capacity) 

2. Capacities depends heavily on the proportion of weaving traffic; 0W  and 

Figure 6.1 Sketches of the weaving flows on a separated connecting C-D roadway 
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1W are the ratios of weaving vehicles to total vehicles in the lane 0 and lane 1, 

respectively. Those ratios must remain the same as the respective ratio of the 

demands throughout the (iteration) process of capacity estimation. This 

constraint can be expressed as 

( ) 0W
VV

V

RRRC

RC =
+

 

( ) 1W
VV

V

CCCR

CR =
+

 

3. The value of each component specified in Equation (6.1) should not exceed 

their potential maximum of that value. 

BCCVCC ≤  (Basic C-D roadway segment capacity) 

BACVRR ≤  (Basic auxiliary lane segment capacity) 

( )RCRC VMaxV ≤  

( )CRCR VMaxV ≤  

The last two constraint values, ( )RCVMax  and ( )CRVMax , are estimated using 

gap acceptance theory. These variables represent the “potential capacity” for each of the 

traffic streams, and are related to gap availability, size and acceptance (Lertworawanich 

and Elefteriadou, 2003). Estimating these gap characteristics requires advance 

knowledge of the time headway distributions of traffic flows arriving from the C-D 

roadway, the loop-ramp, the critical lag, etc. 

Based on the capacity equation and constraints, the final linear programming 
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optimization equations are expressed as follows: 

Objective function:  ( ) ( )CRRRRCCC VVVVMaxCapacityc +++=  

Subject to:  Capacity constraint 1: BACVV RCRR ≤+  

Capacity constraint 2: BCCVV CRCC ≤+  

Lane 1 volume ratio constraint: ( ) 1W
VV

V

CCCR

CR =
+  

Loop-ramp lane (lane 0) volume ratio constraint: ( ) 0W
VV

V

RRRC

RC =
+

 

Bound: BCCVCC ≤  

Bound: BACVRR ≤  

Bound: ( )RCRC VMaxV ≤  

Bound: ( )CRCR VMaxV ≤                                (6.2) 

The proposed methodology is thus based on using gap acceptance parameter estimation 

to calculate the maximum lane changes for each traffic stream, and calculating capacity 

using the above linear programming optimization equations. 

The first step in the problem solving procedure involves obtaining traffic-related 

parameters, traffic origin-destination demands, and volume estimates. Meanwhile, the 

second step involves estimating traffic speeds in each lane. The speeds of weaving 

vehicles in each lane are crucial parameters. Furthermore, the third step involves 

calculating the critical lag for the lane-changing processes using the equations of 

designed by Drew et al. (1967) and the value of parameters findings of Raff and Hart 
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(1950) (see Lertworawanich and Elefteriadou, 2003). Furthermore, the fourth step 

involves estimating the maximum lane changes using gap acceptance theory. All the 

parameters required for optimization Equation (6.2) can thus be obtained. The final step 

is calculating the capacity of the C-D roadway weaves using the linear programming. 

The remainder of this section explains the critical lag estimations, the development of 

the rear-lag distributions and, finally, the estimation of maximum lane changes. 

6.1.2 Critical lag estimations 

This section develops a methodology for estimating the ideal safe gap for merging 

processes on C-D roadway. The ideal safe gap is defined as the value within which 

merging vehicle can enter the C-D roadway stream without causing C-D roadway 

vehicle to reduce speed or change lanes. This study assumes the critical gap to be 

equivalent to the ideal safe gap, as estimated by Drew et al. (1967), Brilon et al. (1999) 

and Hagring (2000), and the value of critical gap was finding by Raff and Hart (1950) 

that value is approximately 0.2 seconds less than the average critical gap 

(Lertworawanich and Elefteriadou, 2003). 

The average acceleration of a typical vehicle, when approaching at a speed below 

that of the main traffic or in situations where the weaving vehicle must accelerate, is 

assumed to be a linear function of the speed of the merging vehicle. Using equations of 

motion, the ideal minimum gap for merging was based on the time required for safe 
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stopping and the time loss from acceleration, which can be expressed as: 

2. Time loss from acceleration 

Time loss from acceleration = 
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3. Time required for safe stopping 

Time required for safe stopping = 
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The equation for estimating the ideal safe gap was expressed as (Drew et al, 1967): 
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The ideal minimum lag required for merging, which according to Raff and Hart (1950) 

is 0.2 seconds less than the critical gap, can be expressed as 
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Parameters a  and b  must be estimated before determining the minimum safe 

lag using Equation (6.3). Based on experiences in Australia (Knox, 1964), the 

recommended values of a  and 
b

a
 are 4.8 mph/sec and 80 mph, respectively, and the 

recommended reaction time is 1 second. Notably, that these recommended values do not 

influence the overall structure of the methodology presented here. 

6.1.3 Development of rear lags distributions 

This section describes the method used to estimate the rear lag distribution. The 

rear lag distributions are then used to calculate the maximum lane-change according to 

gap acceptance theory. To estimate the maximum lane-changes from loop-ramp to the 
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C-D roadway, it is necessary to calculate the distribution of the rear lag RL01, as 

illustrated in Figure 6.2. Conversely, to calculate the maximum number of lane-changes 

from the C-D roadway to the loop-ramp, the distribution of the rear lag RL10, as shown 

in Figure 6.3, must be calculated. 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The time headway distributions for the oncoming traffic stream in lanes 0 and 1 are 

represented as ƒCD10(x) and fCD01(x) respectively. 

CD01(n) 

RL01 CL01 

CD01(n+1) CD0I(n-1) 

Lane 1 

Lane 0 

2 1 

Figure 6.2 Rear lag RL01 of C-D roadway lane 1 

Represents an oncoming C-D roadway stream vehicle. 

Represents a C-D roadway stream vehicle. 

Represents a merging vehicle. 

Figure 6.3 Rear lag RL10 of loop-ramp lane 0 

Represents an oncoming Loop Ramp stream vehicle. 

Represents a Loop Ramp stream vehicle. 

Represents a merging vehicle. 

RL10 CL10 

1 

2 

CD10(n) CD10(n-1) CD10(n+1) 
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6.1.3.1 Determination of rear lags RL01 for lane 1 

Based on Figure 6.2, it is assumed that the arrival process of vehicles in lane 0 is 

independent of that of vehicles in lane 1 of the C-D roadway. Consequently, the rear lag 

distribution RL01 depends on the intended destinations and actions of vehicles 1 and 2. 

This study considers four possible situations at the merge gore which are specified as 

follows:  

1. Vehicle 1 is weaving vehicle that wishes to weave from lane 1 to lane 0 and 

vehicle 2 is non-weaving vehicle. In this case, vehicle 1 weaves from lane 1 to 

lane 0 depending on gap availability in lane 0. 

2. Both vehicles 1 and 2 are weaving vehicles that wish to weave from lane 1 to 

lane 0. In this case, vehicles 1 and 2 weave from lane 1 to lane 0 depending on 

gap availability in lane 0. 

3. Vehicle 1 is non-weaving vehicle and vehicle 2 is a weave vehicle that wishes 

to weave from lane 1 to lane 0. In this case, vehicle 2 weaves from lane 1 to 

lane 0 depending on gap availability in lane 0. 

4. Both vehicles 1 and 2 are non-weave vehicles. 

The probability of vehicle 1 weaving (i.e., desiring to weave from lane 1 to lane 0) 

is W1 (defined as the ratio of weaving to non-weaving flows in lane 1). Thus, the 

probability of vehicle 1 being a non-weaving vehicle is (1-W1). Moreover, vehicle 2 
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wishes to weave from lane 1 to lane 0 if the following conditions are fulfilled: (1) it is a 

weaving vehicle with a probability of W1, and (2) it is a non-weaving vehicle with a 

probability ofΩ. Therefore, the corresponding probability that vehicle 2 wishes to 

weave from lane 1 to lane 0 is ΩW1, and the probability of vehicle 2 being a 

non-weaving vehicle is (1-ΩW1). 

Following the calculations, the distributions of rear lag RL01 for each of the four 

cases are combined with the corresponding probabilities, thus yielding the final 

distribution used in the next step of the methodology. 

Case 1: Vehicle 1 is a weaving vehicle that wishes to weave from lane 1 to lane 0, while 

vehicle 2 is a non-weave vehicle. 

In Figure 6.2, vehicle 1 weaves from lane 1 if an appropriate lag is available in 

lane 0. Two sub-cases thus exist: (1) vehicle 1 can identify a lag and weave from lane 1 

to lane 0, and (2) vehicle 1 can be forced to weave from lane 1 to lane 0. These two 

sub-cases are described as follows. 

Based on renewal, the distribution of the rear lag RL01 is expressed as 
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where ƒRL01,1(x) denotes the distribution of RL01 for case 1, FCD01(x) represents the 

cumulative distribution function (cdf) for the time headways of traffic in lane 1, and E(x) 

is the expected time headway of the traffic in lane 1. 
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Case 1-1: Vehicle 1 has a lag available to weave from lane 1 to lane 0 and vehicle 2 is 

forced to weave from lane1 to lane 0. 

The probability of the driver of vehicle 2 attempting to weave from lane 1 to lane 

0 is assumed to beη, while the probability of vehicle 2 identifying a suitable lag is 

denoted as Px and estimated as follows:  
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where ƒRL01(x) denotes the distribution of the rear lag RL01 defined as 
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−= , and τ represents the critical lag. 

The probability that vehicle 1 can weave from lane 1 to lane 0 is defined as follows: 
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Where ƒCL01(x) is the distribution of front lag CL01, which is identical to ƒRL01,1 (x), and 

τ represents the critical lag. 

This situation thus occurs with a probability of ηPxa. Figure 6.2 shows that the 

gap available to the merging vehicle from the loop-ramp is the sum of the three 

consecutive time headways, CD01(n-1), CD01(n), and CD01(n+1), each of which 

possesses the same distribution (ƒCL01(x)). Since available rear lag is a function of this 

gap, it is necessary to first calculate the gap distribution: 
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where E(x) denotes the expected value of the gap (CD01(n+1)+CD01(n)+CD01(n-1)), 

and ρRL01(x) represents the distribution of the rear lag RL01 for the case under 

consideration. 

Case 1-2: Although vehicle 1 forced to weave from lane 1 to lane 0, vehicle 2 can 

weave lane, since vehicle 1 cannot identify a sufficiently large lag. 

The probability that the available lag for vehicle 1 is smaller than the critical lag 

must be calculated. 

adxxfCLP
CL
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τ  

where ƒCL01(x) is the distribution of the front lag CL01 and is identical to ƒRL01,1 (x), and 

τ represents the critical lag. 

The gap available to the merging vehicle denotes the sum of the two consecutive 

time headways, CD01(n+1) and CD01(n), each of which possesses the which share the 

same distribution, ƒCL01(x). The probability of this case occurring is ηPx(1-a). The 

distribution of CD01(n+1) + CD01(n) can be estimated as follows: 
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where FCD01(n+1)+CD01(n) (x) denotes the cdf of the CD01(n+1)+CD01(n), and E(x) 

represents the expected value of the gap (CD01(n+1)+CD01(n)), and αRL01(x) is the 

distribution of the rear lag RL01 for this case. 
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The gap available to the merging vehicle is the sum of the two consecutive time 

headways, CD01(n) and CD01(n-1), each both of which share the same distribution 

(fCD01(x)). 

To determine the distribution of the rear lag for case 1, the distribution of the rear 

lag RL01 for the two sub-cases must be combined with the corresponding occurrence 

probabilities, as follows: 
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where FRL01,1(x) denotes the cdf of the rear lag RL01 of case 1, and ƒRL01,1(x) represents 

the distribution of the rear lag RL01 of this case. 

Case 2: Vehicles 1 and 2 both wish to weave from lane 1 to lane 0. 

In Figure 6.2, vehicle 2 attempts to weave from lane 1 to lane 0 or merge into the 

loop-ramp traffic stream to proceed to the off-loop ramp. The probability of vehicle 2 

being able to perform this maneuver is a function of the gap availability in lane 0. Two 

sub-cases thus are considered. 

Case 2-1: Vehicle 2 perceives a sufficient lag and can weave from lane 1 to lane 0.  

The probability that a lag equals or exceeds the critical lag is calculated as 

follows: 
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Where ƒCL01(x) denotes the distribution of front lag CL01 and is identical to ƒRL01,1 (x) 

based on the renewal process, and τ represents the critical lag. 

From Figure 6.2, the gap available to the merging vehicle from lane 0 is the sum 

of the two consecutive time headway, CD01(n) and CD01(n-1), each of which have the 

distribution (ƒCD01(x)). The distribution of the gap, CD01(n) + CD01(n-1), must be 

calculated before calculating the distribution of RL01. The equation for estimating the 

distribution of CD01(n) + CD01(n-1) is as follows: 
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where E(x) denotes the expected value of gap (CD01(n) + CD01(n-1)), and αRL01(x) 

represents the distribution of the rear lag RL01 of this case. 

Case 2-2: Vehicle 2 is unable to find a sufficient large lag; therefore, it is forced to 

weave from lane 1 to lane 0. In this case, the probability that the available lag 

for vehicle 2 is below the critical lag is calculated as 

∫ −==≤
τ

τ
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where ƒCL01(x) denotes the distribution of front lag CL01 and is identical to ƒRL01,1(x) 

based on the renewal process, and τ represents the critical lag. 

From Figure 6.2, the gap available to the merging vehicle from the loop-ramp is 

the random variable CD01(n). Consequently, the distribution of the rear lag for this case 
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resembles that in case 1 or fRL01,1 (x). 

The distribution of the rear lag RL01 of each sub-case must be combined with the 

corresponding occurrence probability, as follows:  
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where ƒRL01,2(x) denotes the distribution of the rear lag RL01 for this case. 

Case 3: Vehicle 1 wishes to weave lanes, and vehicle 2 wishes to weave from lane 1 to 

lane 0. 

Figure 6.2 show that vehicle 2 weaves from lane 1 to lane 0 provided an 

appropriate lag exists in lane 0. Again, two possible sub-cases exist: (1) vehicle 2 can 

find an adequate lag and weave to lane 0, and (2) vehicle 2 may be force to weave from 

lane 1 to lane 0. Vehicle 1 is willing to weave lanes. The two sub-cases are as follows. 

Case 3-1: Vehicle 1 can weave lane and vehicle 2 can weave from lane 1 to lane 0. 

The probability that the driver of vehicle 1 will weave lane is assumed to be η, and 

the probability that vehicle 1 will find a sufficient lag is denoted as Px and estimated as 

follows: 

∫
∞

=≥=
τ

τ dxxfRLPP RLx )()01( 01  

where ƒRL01(x) denotes the distribution of the rear lag RL01 defined 

as ( ) ( )( )
( )xE

xF
xf CD

RL
01

01

1−= , and τ represents the critical lag. 
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The probability that vehicle 2 can weave from lane 1 to lane 0 is defined as follows: 
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where ƒCL01(x) denotes the distribution of front lag CL01, which is identical to ƒRL01,1(x), 

and τ represents the critical lag. 

Therefore, the probability this situation occurring is ηPxa. From Figure 6.2, the 

gap available to the merging vehicle from the loop-ramp is calculated by summing the 

three consecutive time headways, CD01(n-1), CD01(n), and CD01(n+1), each of which 

has the same distribution (ƒCL01(x)). Since an availability of a rear lag is a function of 

this gap, the distribution of the gap must first be calculated: 
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where E(x) represents the expected value of the gap (CD01(n+1) + CD01(n) + 

CD01(n-1)), and ρRL01(x) is the distribution of the rear lag RL01 for this case. 

Case 3-2: Although vehicle 1 is able to weave lane, vehicle 2 is forced to weave to lane 

0 because it cannot identify a sufficiently large lag. 

The probability that the available lag for vehicle 2 is smaller than the critical lag is 

calculated as: 

∫ −==≤
τ

τ
0 01 1)()01( adxxfCLP CD  

where ƒCL01(x) denotes the distribution of the front lag CL01 and is identical to ƒRL01,1(x) 
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based on the renewal process, and τ represents the critical lag. 

The gap available to the merging vehicle is calculated by summing of the two 

consecutive time headways, CD01(n+1) and CD01(n), each of which shares the same 

distribution, ƒCL01(x). This case has an occurring probability of (ηPx) (1-a). The 

distribution of the CD01(n+1) + CD01(n) can be estimated as follows: 
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where FCD01(n+1)+CD01(n) (u) denotes the cdf of the CD01(n+1) + CD01(n), E(x) 

represents the expected value of the gap (CD01(n+1) + CD01(n)), and αRL01(x) is the 

distribution of the rear lag RL01 for this case.  

The gap available to the merging vehicle is the sum of the two consecutive time 

headways CD01(n) and CD01(n-1), which shares the distribution (fCD01(x)).  

To determine the distribution of the rear lag for case 3, the distribution of the rear 

lag RL01 of the two sub-cases must be combined with the corresponding occurrence 

probabilities, as follows: 
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where FRL01,3(x) denotes the cdf of the rear lag RL01 and ƒRL01,3(x) is the distribution of 

the rear lag RL01 for this case. 
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Case 4: Vehicles 1 and 2 are non-weave vehicles that changes lane. 

Vehicles 1 and 2 are willing to make lane changes and are able to find an adequate 

lag for doing so. The probability of the driver of vehicles 1 and 2 performing a lane 

weave is assumed to be (1-W1), while the distribution of the rear lags RL01 is expressed 

as 
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where ƒRL01,4(x) denotes the distribution of RL01 for case 4, FCD01(x) represents the cdf 

time headways of traffic in lane 1, and E(x) is the expected value of time headway of the 

traffic in lane 1. 

Final distribution of the rear lag RL01: The final distribution of the rear lag RL01 can 

be calculated by combining the distributions of the rear lag RL01 for all the above cases 

with their corresponding probabilities. The final distribution of the rear lag RL01 is as 

follows: 
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where ƒRL01(x) denotes the final distribution of the available rear lag RL01. This 

distribution is used to determine the maximum probability of lane-changes from lane 1 

to lane 0. 
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6.1.3.2 Determination of rear lags RL10 for lane 0 

Regarding Figure 6.3, the arrival process of vehicles in lane 1 is assumed to be 

independent of that of vehicles in lane 0 of the loop-ramp, but is influenced by the size 

of the rear lag RL01. In this case, four independent possible cases occur at the merge 

gore on this weaving section are specified as potentially occurring prior to the rear lag 

RL01 for lane 1. 

The probability of vehicle 1 weaving is W2. Consequently, the probability of 

vehicle 1 not weaving is (1-W2). Vehicle 2 wishes to weave into lane 1 provided the 

following conditions are fulfilled: (1) vehicle 2 is a weaving vehicle with a probability 

of W2, and (2) vehicle 2 is a non-weaving vehicle that weaves lane with a probability of 

Φ. This corresponding probability that it wishes to weave into lane 1 is ΦW2, and 

vehicle 2 only has a probability of (1-ΦW2) of weaves lanes into lane 1. After 

calculating the distributions of rear lag RL10 for each of the four cases these distribution 

are combined with the corresponding probabilities to yield the final distribution used in 

the procedural step of the methodology to determine rear lag RL01 for lane 1. 

Final distribution of the rear lag RL10: The final distribution of the rear lag RL10 can 

be calculated by combining the distributions of the rear lag RL10 for all of the possible 

cases above, together with their corresponding probabilities. The final distribution of the 

rear lag RL10 is as follows: 
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where ƒRL10(x) denotes the final distribution of the available rear lag RL10. 

6.2 Maximum Lane Change Estimations 

As mentioned at the start of this section, the maximum capacity depends on the 

maximum lane-changes that can be estimated with gap acceptance theory. This study 

uses the general gap acceptance equation provided in the revised traffic flow theory 

monograph (1992) to estimate the maximum number of lane-changes, which can be 

expressed as 
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6.2.1 Estimation of maximum number of lane-changes from loop-ramp lane 0 to C-D 

roadway lane 1 

The maximum numbers of lane-changes from loop-ramp lane 0 to C-D Roadway 

lane 1 can be determined by plugging the rear lag RL01 in Equation (6.4) into Equation 

(6.6). 
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6.2.2 Estimation of maximum number of lane-changes from C-D roadway lane 1 to 
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loop-ramp lane 0 

The maximum number of lane-changes from C-D roadway lane 1 to loop-ramp 

lane 0 can be determined by adding the rear lag RL10 in Equation (5.5) into Equation 

(5.6). 
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Once the maximum lane-changes become available, the linear programming is 

applied to calculate the capacity of two weaving lanes in the weaving section. The 

solution to Equation (6.2) is the required capacity of the weaving section (specifically 

two lanes, lanes 0 and 1). The total capacity of the weaving section is denoted as the 

capacity of these two weaving lanes. 

6.3 Model Application and Sensitivity Analysis 

The first part of this section applies the proposed method to a sample loop-ramp 

and C-D roadway weaves, and then estimates their capacity using the HCM (2000) 

methodology. The results of the two methods are compared and discussed. Sensitivity 

analysis is then performed to examine the influence of changes in the segment capacity 

value of the basic separated connecting collector-distributor roadway. 

The application presented in this study describes the time headways of all traffic 

streams using exponential distribution, to facilitate calculation and presentation. This 
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assumption does not influence the methodological framework (Lertworawanich and 

Elefteriadou, 2003). Furthermore, for a loop-ramp weave to reach capacity, it is not 

necessary that all movements have high demand, and thus users must select an 

appropriate distribution for each movement. 

6.3.1 Field data collection and analysis results 

This study chose a site along the Taipei freeway systems for data collection to 

compare the capacity observations with estimates made using the proposed 

methodology. Data collection stations are located as shown in Figure 3.1 and Table 3.1 

in Chapter 3 lists the general site conditions. Complete field data sets of traffic 

operation in weaving sections were collected during peak period (7:00 a.m. to 9:00 a.m.) 

over two days (May 20, and November 22, 2002). The posted speed limit on the 

separated connecting collector-distributor (C-D) roadway was 60 km/h (THCM, 2001), 

and the study site comprised both level and straight road segments. The video cameras 

used for the data collection were component of the ATMS system and were positioned 

at sufficient elevation to record the overall traffic situation and characteristics of the 

weaving section. The required operational data were derived directly from the videotape 

documentary. The data were broken down into 1-minute intervals.  

Both traffic flows entering the weaving section and weaving vehicles were 

measured using the videotaped data. Densities were also obtained directly from the 
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videotapes by counting the number of vehicles in a given weaving section length. 

Specifically, the data was obtained by pausing the videotape using a television timer at 3 

seconds intervals, recording the traffic densities for each lane, and averaging the reading 

to obtain a density value for each 1-munite period. Traffic speeds (space mean speed) 

were calculated and used to determine the time taken for a vehicle to travel a known 

distance. Lane changes within the weaving section were summed for each 1-minute 

period, and these values were then converted into lane-changes per hour per kilometer 

per lane. The station can continuously provide information regarding the speeds, flow 

rates, and densities for the oncoming traffic from both the C-D roadway and the 

loop-ramp for different event intervals. 

6.3.2 Analytical results 

Table 6.1 lists the basic traffic characteristics for the study site, including the 

estimation of critical time headway, average time headway, average speed, average 

density, average traffic flow rate, weaving rate, and non-weaving rate for lanes 0 and 1. 

Table 6.1 Basic traffic characteristics analysis of the separated connecting  
collector-distributor roadways 

Position 
Items 

Lane 0 (outside lane) Lane 1 (inside lane) 

Critical time headway 1.55sec 1.31sec 

Average time headway 2.93 sec 4.82 sec 

Average speed 25.58 km/hr 23.40 km/hr 

Average density 59.13 veh/km 75.51 veh/km 

Average traffic flow rate 1854.56 veh/hr 1214.91 veh./hr 

Weaving rate (w) 0.4929 

Non-weaving rate  0.5071 
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6.3.3 Comparison with the Highway Capacity Manual 

This study stresses that the weaving types in the HCM (2000) do not cover the 

separated connecting C-D road discussed here. In HCM, since weaving type A is the 

only type that resembles the separated connecting C-D road, it is adopted in the current 

comparison. Table 6.2 lists the capacities calculated using the proposed methodology 

and the method proposed by the HCM (2000), for the above site condition. 

Given a weaving rate of 0.4929, the capacity estimated using the proposed 

methodology is 878 pcphpl, compared to 889 pcphpl using the HCM (type A), meaning 

a 1.25% difference the estimates using the two methods. Accordingly, it can be 

concluded that the HCM type-A approach overestimates separated connecting C-D 

roadway capacity. 

 
Table 6.2 Summaries of the case study results 

Capacity estimate (pcphpl) Case study 

Proposed method HCM (2000) 

Capacity 
(w=0.4929) 

878 889 

Capacity (w=0) 1750 2200 
Noted: pcphpl=passenger car per hour per lane 

6.3.4 Sensitivity analysis of loop-ramp weaves capacity for flow ratios w1 and w2 

To gain more insight into the proposed capacity prediction method, sensitivity 

analysis of capacity versus flow ratios of traffic streams from lanes 1 and 0 is conducted 

to examine their influence on capacity. As discussed above, the capacity of the 
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loop-ramp weave can reach a maximum, depending on prevailing flow ratios. 

Figure 6.1 shows the sample weave configuration, which is used for the sensitivity 

analysis. This study assumes a traffic speed for the C-D roadway of 60 km/h, and that 

the C-D roadway traffic is equally distributed between the two lanes. The speeds of 

weaving and non-weaving vehicles are calculated based on analysis of field data. For 

the sensitivity analysis the flow ratios of the traffic streams in lanes 1 and 0 vary from 

0.0 to 1.0, with increments of 0.1. 

Table 6.3 and Figure 6.4 list the results of the sensitivity analysis. The capacity of 

the loop-ramp weave varies from 700 to 3450 pc/h, equivalent to the capacities of basic 

C-D roadway segments. Although this finding corresponds with the HCM (2000), the 

capacity value is less than for the HCM, as listed in Table 6.4. This phenomenon occurs 

because on separated connecting collector-distributor roadway such as those vehicles 

must be using to undertake weaving or lane-change activities, do not allow for merging 

in the other lane. Furthermore, this phenomenon occurs because weaving vehicles from 

the lane of the loop-ramp or C-D roadway create additional gaps following the 

completing of weaving and lane changing. Nevertheless, too many weaving vehicles in 

the weaving lanes can create conflict and reduce capacity. 
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Table 6.3 Sensitivity analyses of capacity with various weaving ratios 

Capacity w2=0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

w1=0.0 3450 3250 3100 2900 2750 2650 2550 2500 2450 2400 2350 

0.1 3250 3050 2900 2700 2550 2450 2350 2300 2250 2200 2150 

0.2 3100 2900 2750 2550 2400 2300 2200 2150 2100 2050 2000 

0.3 2950 2750 2600 2400 2250 2150 2050 2000 1950 1900 1850 

0.4 2700 2500 2350 2150 2000 1900 1800 1750 1700 1650 1600 

0.5 2550 2350 2200 2000 1850 1750 1650 1600 1550 1500 1450 

0.6 2350 2150 2000 1800 1650 1550 1450 1400 1350 1300 1250 

0.7 2200 2000 1850 1650 1500 1400 1300 1250 1200 1150 1100 

0.8 2050 1850 1700 1500 1350 1250 1150 1100 1050 1000 950 

0.9 1900 1700 1550 1350 1200 1100 1000 950 900 850 800 

1.0 1800 1600 1450 1250 1100 1000 900 850 800 750 700 

 

 

 

 

 

Table 6.4 Comparisons of the capacity results between HCM (2000) and proposed 
method  

Weaving ratio 

Capacity 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

HCM type A 2200 1770 1460 1210 1030 880 760 660 580 515 450 
Proposed 
method 1750 1520 1370 1180 1000 850 720 615 525 430 350 

Difference 
capacity 450 250 90 30 30 30 40 45 55 85 100 

Percent (%) 25.71 16.45 6.60 2.54 3.00 3.53 5.56 7.32 10.48 19.77 28.57 

 

Figure 6.4 Capacity estimates for the weaving section examined of this study 
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6.4 Summaries and Discussions 

This study demonstrates that the weaving flow ratio for each lane of the separated 

connecting collector-distributor roadway of the weaves with the loop-ramp entrance 

flow that flow is to impact the capacity. Ramp weave capacity reduces with increasing 

weaving flow. This phenomenon occurs because of the characteristics of the weaving 

traffic flow on the separated connecting collector-distributor roadway where vehicles 

weave or change lanes. Sensitivity analysis demonstrates that the capacity in the 

loop-ramp weave model is a reducing function of the weaving rates on the separated 

connecting collector-distributor roadway and loop-ramp lanes. The study results further 

demonstrate that using the HCM type-A capacity as the separated connecting C-D 

roadway\ capacity results in overestimation, reaching 25.71% in the subject example. 

However, the rate of increase in the capacity of the loop-ramp weaves or C-D roadway 

weaves is less than for the type A weaving section of freeway segment capacity 

(Lertworawanich and Elefteriadou, 2003), owing to the larger presence of weaving 

vehicles in the weaving section. Based on the proposed methodological approach, the 

proposed procedure is suitable for application to other C-D roadway types with time 

headway distributions, which can be obtained, provided field data are available. In the 

future gathering additional data to validate the proposed model for various separated 

connecting collector-distributor roadway-weaving segments could perform a further 
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study. 
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CHAPTER 7 

A Control Model for Freeway Ramp Metering 

Traffic congestion causes great economic loss all over the world. Therefore, control 

methods should be introduced to improve efficiency and reduce congestion in subpart 

traffic networks. Ramp metering aims to regulate the amount of traffic entering a 

freeway from a specific entry ramp. This enables the freeway to operate at a desired 

level of service. This control strategy is effective if it is able to ensure that the traffic 

volume downstream from the ramp does not create a freeway bottleneck (where the 

traffic demand exceeds capacity).  

This study proposes a demand-capacity ramp-metering model with a discrete-time 

traffic relationship (flow-density-speed). The objective of the model is to minimize the 

traffic queues on entry ramps while keeping the flow on the freeway mainline at certain 

level of service. The metering control model is formulated as a mathematical program 

that minimizes the difference between actual and desired density. A solution framework 

is proposed for applying the control system (Cho and Tsai, 2009).  

The next section begins with a configuration of a separated connecting 

collector-distributor road that is utilized throughout this study. The third section 

describes the ramp-metering control model, traffic flow relationships, and signal timing. 

Two numerical examples with real data are discussed in section four. Conclusions are 
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made in section five. 

7.1  Separated Connecting Collector-Distributor Roadways 

A typical separated connecting collector-distributor (C-D) roadway is shown as 

Figure 7.1. Notations that describe the traffic flow rates are indicated on the figure to 

give a clear explanation.  

 

 

 

 

 

 

 

( )ns DC−  

 

 

 
Figure 7.1 The configuration of separated connecting collector-distributor 

roadway.  
 

7.2  Ramp Metering Control Model 

Ramp metering aims to regulate the amount of traffic entering freeway from a 

specific entry ramp; ensuring the traffic volume downstream of the ramp does not 

exceed capacity. This section begins by describing traffic flow relationships on each 

road segment in section 7.2.1, and the ramp control objectives in section 7.2.2. The 

ramp-metering rate is determined in section 7.2.3. The determination of ramp control 

signal timing is discussed in section 7.2.4, and the solution framework is illustrated in 
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section 7.2.5. 

7.2.1 Traffic flow relationships 

To develop a ramp-metering model, it is necessary to describe the traffic flow 

relationships with mathematical models. In this study, we assume traffic flow 

relationships for each road segment conform to widely accepted 

norms: speeddensityflow ×= . This study utilizes a traffic relationship shown in 

(Greenshields et al., 1935). 

Consider a discrete-time representation of the traffic relationships on a multi-lane 

freeway section with a single entry and exit ramp. It is assumed that at time slicen , 

upstream traffic flows into a certain section at a rate of ( )nqu  per lane from upstream 

boundary, and entry-ramp traffic flows into the same section at a rate of ( )nr  per lane. 

Moreover, traffic flow in the road section discharges at the downstream boundary at a 

flow rate of ( )nqd  per lane, and exiting traffic diverts to the exit ramp at a flow rate of 

( )ns  per lane. Therefore, according to the law of conservation, the number of vehicles 

on the freeway section at time 1+n , denoted as ( )1+nQ , can be represented as: 

( ) ( ) ( ) ( ) ( ) ( )( )nsnrnqnqtnQnQ d
N

u
N −+−∆+=+ λλ1  (7.1) 

Derived from traffic relationship, define( ) ( )
F

N x

nQ
nk

∆
=

λ
. Equation (7.1) can now be 

written as: 

( ) ( ) ( ) ( ) ( ) ( )








−+−

∆
∆+=+

NN

du
F

nsnr
nqnq

x

t
nknk

λλ
1 .                    (7.2) 
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We assume in this relationship between traffic flow and density is( )kfq = , which is 

generally referred to as the fundamental diagram of traffic flow. If we 

substitute ( )kfq =  into equation (7.2), and define
Fx

t

∆
∆=α , we obtain: 

( ) ( ) ( )( ) ( ) ( ) ( )( )nsnrnqnkfnknk
N

u −+×+×−=+
λ
ααα1 . (7.3) 

Applying control system terminology to the traffic flow relationships, traffic density 

( )nk  is the state variable, ramp metering rate ( )nr  is a control variable, and freeway 

inflow ( )nqu  is the disturbance input.  

It is assumed that the traffic flow relationships on separated connecting C-D 

roadway are similar to those of freeway mainline. Therefore, define
DCDC

x

t
−− ∆

∆=α and 

the traffic flow relationships can be represented as: 

( ))()()()()()1( nsnrnqnqtnQnQ DCDC
d

DC
DC

N
u

DC
DC

NDCDC −−−
−

−
−

−− −+−∆+=+ λλ (7.4) 

( ) ( ) ( ) ( ) ( ) ( )
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x

t
nknk

λλ
1  (7.5) 

and 

( ) ( ) ( )( )

( ) ( ) ( )( )nsnrnq

nkfnknk

DCDCDC
N

DCu
DCDC

DCDCDCDCDC

−−−
−

−−

−−−−−

−+×+

×−=+

λ
αα

α1

.
 (7.6) 

7.2.2 Ramp control objectives 

The objective of ramp control is to keep the level of service on the controlled 

freeway segment at a desired level. From the fundamental traffic diagram, high traffic 

density implies low traffic speed. Moreover, when high traffic demand surges into a 
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specific section, the density will increase, causing congestion. Therefore, vehicles 

approaching the section should be controlled to ensure that freeway segment operates at 

its optimal condition (at capacity). In order to do this, density should be kept within a 

small range around the critical density (the density when traffic flow is at capacity). 

Hence, the objective of ramp metering control is to have traffic density ( )nk  follow a 

target of [ ]εε +−∈ ccd kkk , , where ck  is the critical density and ε  is a user-defined 

parameter (Zhang and Ritchie, 1997). ε  is chosen to be one standard deviation of the 

samples in this study. 

If the inflow of a section is larger than its outflow, ( ) ( )( ),nkfnr Nλ>  traffic 

density will increase until it becomes completely blocked. Applying the following ramp 

metering law then the congestion can be prevented (Zhang and Ritchie, 1997): 

( )( )( )nkfnkknr d
N ×+−×= α

α
λ

)()( . (7.7) 

If inflows are known on both freeway mainline and ramp, the following metering law 

can keep the density close to target density, 

( ) ( )( ) ( )( )nqnkfnkknr u
d

N −×+−×= α
α
λ

)()( . (7.8) 

As the objective of ramp control in this study is to maintain traffic density close to 

critical density it is equivalent to minimize the difference between the observed and 

critical density for both freeway mainline and C-D roadway. The ramp control objective 
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is formulated as following nonlinear optimization problem, 

( )( )∑ −
n

d nkkMin
2

2

1
 (7.9) 

Subject to 

 Equation (7.3), (7.6), (7.8) 

7.2.3 Determining the ramp metering rate 

The Demand control is based on the real-time calculation of comparing upstream 

demand and downstream capacity. The upstream demand flow is measured in real-time 

and compared with downstream capacity, which is determined by downstream flows 

and gap measurements. The difference between upstream demand and downstream 

capacity is the allowable entrance flow rate. Theoretically, if the upstream demand is 

greater than the downstream capacity, a zero metering rate (or ramp closure) is used to 

prevent congestion on freeway mainline. However, this is rare in the real would. 

Practically, if the upstream demand is larger than the downstream capacity, a minimum 

metering rate (which is predetermined) is selected.  

Therefore, after solving the densities on both the freeway mainline and the C-D 

roadway, the ramp-metering rate should be determined to satisfy those densities. This 

study determines the ramp-metering rate by minimizing total queue length on both entry 

ramp and loop-ramp. The problem is formulated as follows: 
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( ) ( )( ) ( ) ( )( )( )∑
=

−−+−
N

n
DCLRR nrndnrndMin

1

22  (7.10) 

subject to 

( ) ( ) ( )
( ) ( ) ( ) ( )
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( ) ( )11 RR qd =  (7.16) 

( ) ( )11 LL qd =  (7.17) 

7.2.4 Determining the control-signal timing 

The above models are capable to obtaining optimal ramp metering rates, but they 

should be implemented by a timing signal that actually controls the traffic flow. 

However, actual implementation of ramp-metering rates should be accomplished by 

signal timing. This study utilizes the model develop in (Webster and Cobbe, 1966) to 

calculate loop-ramp signal timing, including green time and cycle length:  
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( ) ( )
( )nqc

nr
L

nC

u
DCDC

DC

lost
L

−−

−

−
−

+×
=

1

55.1
 (7.18) 

and 

( ) ( )
( ) ( )nC
nqc

nr
ng Lu

DCDC

DC
L ×

−
=

−−

−  (7.19) 

The cycle length and green time for ramp are also calculated by the same method, with 

the following equations, 

( ) ( )
( ) ( )nrnqc

nr
L

nC

DC
u

Freeway

R

lost
R

−−−
−

+×
=

1

55.1
 (7.20) 

and 

( ) ( )
( ) ( ) ( )nC

nrnqc

nr
ng R

DC
u

Freeway

R
R ×

−−
=

−

. (7.21) 

If the capacity were less then traffic demand, the above equation would not be suitable 

for calculating cycle length and green time. In that case, the metering rate is set to be 

available capacity. If the ramp entrance demand is less than or equal to available 

freeway mainline capacity, the demand will be satisfied; else, the entrance rate will be 

controlled in order to make sure the capacity won’t be exceed. 

7.2.5 Solution framework 

This section illustrates the solution framework of combining ramp-metering 

control, queue-length minimizing, ramp metering rates and signal timing. The solution 
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framework is demonstrated in Figure 7.2 (The system diagram of ramp metering 

control). It begins with i) deriving traffic demands from surveillance system, ii) 

calculating the available capacities of the road segments, iii) determining the optimal 

ramp metering rates, iv) minimizing queue length with respect to demands from ramp 

and loop-ramp, and v) determining signal timings. 

 

 
Figure 7.2 The solution framework of ramp metering control problem. 
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Two numerical examples are discussed in this section: (i) the Taipei interchange 

and (ii) the Shihdin interchange. The first example demonstrates the effectiveness of the 

proposed model by evaluating present pre-timed ramp metering control and proportion 

distribution method. The second example discusses the performance of proposed model 

by comparing it with ALINEA (Papagoergiou, et al., 1991, 1998; Smaragdis, et al., 

2003; Kosnalopoulos, et al., web.). 

7.3.1 Taipei interchange 

An actual freeway interchange is tested in this section. The configuration of the 

Taipei interchange is illustrated in Figure 7.1. Field data of this test include traffic flow 

rates, speeds, densities, vehicle classes, lane changing activity, and weaving section 

geometry. These data were collected through surveillance video cameras during the 

morning rush period (07:00 to 09:00) on November 22, 2002. During data collection, 

the ramp metering controls were disabled to make sure the traffic conditions represented 

real demand. The collected data are summarized in Table 3.1, in Chapter 3. 

During data collection, there were a total of 4,988 vehicles: 1,174 vehicles in the 

inside lane and 3,814 vehicles in the outside lane. The average traffic speed was 24.47 

km/hr (23.40km/hr in the inside lane and 25.58 km/hr in the outside lance). Average 

traffic density was 67.32 vehicle/km; 59.13 vehicle/km in the inside lane and 75.51 

vehicle/km in the outside lane. The lane changing activity rate was 50.71%, and the 
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weaving activity rate was 49.29%.  

The parameters (on freeway main line and C-D roadway) for this numerical 

example are described in Table 7.1. The free-flow speed on ramp rampv  and loop-ramp 

ramploopv −  are set to be 40 kilometers per hour; the capacities are set to 1,800 vehicles per 

hour per lane. The minimum ramp-metering rateminr  is 180 vehicles per hour 

(Lumentritt et al, 1981). The minimum value of green time is 2 second, and the 

maximum value of green time is 15 seconds (Payne, 1971). 

 

Table 7.1 Parameters of the ramp metering control model on the 

Taipei interchange 
Parameter Freeway C-D road 

Free-speed (km per hour) 100 60 
Jam density (vehicles per km per lane) 102.08 110.88 

Critical density (vehicles per km per lane) 54.85 65.58 
Target density (vehicle per km per lane) 45.40 59.65 

Capacity (vehicle per hour per lane) 2350 1750 
Number of lanes 3 2 

 

The results of the proposed model, the proportion method, and the fixed signal timing 

are plotted in black lines, grey lines, and dash lines, respectively. Figure 7.3.a and 7.3.b 

illustrate the calculated cycle lengths on the ramp and the loop-ramp, respectively. 

Figure 7.3.c and 7.3.d demonstrate the computed green times on the ramp and the 

loop-ramp, respectively. The results of cycle length and green time are demonstrated in 

Figure 7.3. It is clear to see in Figure 7.3 that the cycle length and green time are quite 

different from those of the fixed signal timing method and proportion method. Figure 

7.4.a demonstrates the queue length on the ramp, Figure 7.4.b illustrates the queue 
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length on the loop-ramp, and Figure 7.4.c shows the total queue length (number of 

vehicles) on both the ramp and the loop-ramp. Applying the calculated signal timing to 

the ramp metering afforded a total queue volume of 19,131 vehicles. The queue lengths 

of the fixed-cycle time and proportion-distribution methods were 24,103 and 21,629, 

respectively. The total queue volumes were reduced 4,972 vehicles derived from the 

proposed model (more than 20%). The total queue length results are shown in Figure 

7.4. 

 

  

  
Figure 7.3 The comparison of cycle lengths and green times among the 

proposed model, the proportion method, and the fixed signal 
timing method  

 

  

(a) (b) 

(c) (d) 

(b) (a) 
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Figure 7.4 The comparison of total queue length among the proposed model, 

the proportion method, and the fixed signal timing method  
 

7.3.2 Shihding interchange 

This section compares the performance of the proposed model to ALIENA on a 

freeway ramp. The configuration of test site is illustrated in Figure 7.5 and Table 7.2.s. 

The freeway mainline at the test site has two lanes; the entry ramp has one lane. Field 

data of this test include traffic flow rates, speeds, densities, vehicle classes, and 

occupancy rates. These data were collected using the surveillance system during the 

morning rush period (9:00AM to 11:00AM) on August 12, 2006. The collected data 

were based on fixed-timing ramp metering control: 26 seconds of cycle length, 10 

seconds of green time, 3 seconds of yellow time, and 13 seconds of red time.  

Table 7.2 Data on the Shihding interchange configuration 
Number and width (m) of 

Lanes 
Affected by Signal Road section Length 

(m) 
Main-Stream Entry 

Curve 
(m) 

Grade 
(%) 

Entry Exit 

Super--elevation 
(%) 

Main-line 500 2 3.50 - - R=0 0 No No 2 

On-Ramp 350 - - 1 4.5 R=800 +6.0 Yes - 6 

 

 

(c) 
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Figure 7.5 The Shihding interchange test site.  

 

During the data collection, there was an average of 1,428 vehicles per hour using 

the freeway mainline: 708 vehicles in the inside lane and 720 vehicles in the outside 

lane. The average traffic speed was 59.95 kilometers per hour (61.06 kilometers per 

hour in the inside lane and 59.41 kilometers per hour in the outside lane). The average 

traffic density was 33.72 vehicles per kilometer (16.67 vehicles per kilometer in the 

inside lane and 17.05 vehicles per kilometer in the outside lane). The parameters 

utilized in the ramp-metering example are listed in Table 7.3. 

A comparison among the proposed ramp-metering model, the fixed-timing 

metering control method, and ALINEA is demonstrated in Figure 7.6. The results of the 

proposed model, fixed signal timing method, and ALINEA are plotted in black lines, 

grey lines, and dash lines, respectively. Figures 7.6.a, 7.6.b, 7.6.c demonstrate the flow 

rates, densities, and speeds on freeway, respectively. The average traffic characteristics 

of these control methods, including flow rate, density, and speed, are listed in Table 7.4. 

When compared to the fixed-timing signal method, the proposed ramp-metering model 

was able to improve the flow rate by 12.5%; however, that of the ALINEA remains 

N Freeway mainline 

On-ramp Ramp metering control signal 

Inside lane 

Outside lane 
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Up-stream Down-stream 
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nearly the same. 

 

Table 7.3 Parameters of the ramp metering control model on the 

Shihding interchange 
Parameter Freeway Ramp 

Free-speed (km per hour) 70 40 
Jam density (vehicles per km per lane) 152.05  

Critical density (vehicles per km per lane) 71.34  
Target density (vehicle per km per lane) 56.62  

Capacity (vehicle per hour per lane) 2200 1800 
Critical occupancy (%) 38.00  

Number of lanes 2 1 

 

 

   

 
Figure 7.6 Shows the control results of the proposed model, the fixed signal 

timing method, and ALINEA  
 

Table 7.4 Traffic characteristics under different control methods  

Traffic 
Characteristics 

Units 
Proposed 

model 
Fixed timing 

method 
ALINEA     

Flows Vehicle per hour 2,570 2,284 2,280 
Densities Vehicle per hour per lane 56.62 47.86 51.35 

Speed KM/hr 45.39 57.04 46.36 
 

7.4  Conclusions 

(a) (b) 

(c) 
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This research presents an open-loop control model to address a ramp-metering 

problem. It is formulated as a mathematical programming model that optimizes traffic 

conditions on freeway system. A queue minimization model that enhances metering 

rates on both loop-ramps and ramps of separated connecting C-D roadway has been 

presented. Two numerical examples with real network data demonstrate the 

effectiveness of the proposed model. Preliminary results show that the proposed model 

has the potential to solve ramp-metering problems. 
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CHAPTER 8 

Conclusions and Perspectives  

8.1 Conclusions 

In this chapter, we reach some conclusions, perspectives and contributions of this 

research. The complete content is to present in the final edition of this dissertation. 

The general objective of this research is to study the traffic flow characteristics of 

weaving vehicles and optimal ramp metering control in a freeway and separated 

connecting collector-distributor (C-D) roadway weaving sections. Efforts are focused on 

analyzing the interrelation of traffic flow characteristics, as traffic speeds, traffic 

densities, and traffic flow rates. 

In this research, we can conclude three parts as following.  

First, the traffic flow characteristics of weaving traffic in a separated connecting 

C-D roadway on the freeway weaving section and on congested traffic flow conditions 

is studied by analyzing the three basic factors as traffic density, traffic speed and traffic 

flow rate characteristic of weaving vehicles. On the basis of the statistical analysis 

results the following major conclusions were drawn: 

1. The general trends in the traffic flow characteristics of weaving vehicles 

appear to be similar to the lane changing and weaving activities of traffic in 

basic freeway sections. The general trends include traffic density, traffic speed 
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and traffic flow rate. However, specific values obtained for weaving traffic, 

such as the critical density being 55.74 vehicles per kilometer per lane, critical 

speed being 34.29 kilometers per hour and maximum flow rate (capacity) 

being 1854 vehicles per hour per lane, are different from the values for the 

traffic in other types of freeway sections. 

2. Traffic density and traffic speed appear to be better parameters for describing 

the behavior of weaving traffic than traffic flow rate. The results of regression 

analysis appear that the constant coefficients of regression models coefficient 

of constant indicate no significant with 95% confidence difference is observed 

between the traffic flow rate versus the traffic density and traffic speed. But 

the coefficients of first (x) and secondary (x2) variables appear higher 

significant with 95% confidence. 

3. Generally, the R2 values for these regression models are very high, that ranges 

from 0.733409 to 0.949083. It implies that a considerable portion of the 

correlation of traffic flow characteristics as traffic density, traffic speed and 

flow rate are excessively influenced by those factors considered in the 

regression variables. 

Second, the developed capacity estimation model shows that the ratio of weaving 

flow on each lane of the separated connecting C-D roadway of the loop-ramp weaves 
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affects its capacity. As weaving flow percentage increases, the capacity of the ramp 

weaves is to decrease. This happens because the characteristics of the weaving traffic 

flow on the separated connecting C-D roadway that these vehicles must be to take 

weaves or lane change activities. The sensitivity analysis shows that in the model the 

capacity of the loop-ramp weaves is a decreasing function of the weaving rates on the 

separated connecting C-D roadway and loop-ramp lanes. However, the rate of increase 

on capacity of the loop-ramp weaves or C-D roadway weaves is less than that of the 

basic freeway segment capacity, due to the presence of weaving vehicles. Based on the 

theoretical concept of the methodology, the procedure is enough to be applied to other 

weaving types of time headway distributions, which can be obtained whenever field 

data are available. Then the results of this study are realistic than the HCM (2000) 

method. 

Third, the ramp metering has been an effective tool for combating freeway 

congestion. One particular approach is based on linear equation and optimal solution 

theory—demand-capacity metering simulation equation model. However, this approach 

is based on the linear equations of a nonlinear traffic flow model, and its performance is 

limited when traffic conditions deviate far from the state that the controller was 

designed to maintain. While an efficient control model allows for a high performance 

operation, an inefficient one does not. Owing to available techniques, a dynamic 
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operation is required. The primary objective of this research has been to present some 

general properties underlying the effectiveness of ramp metering along a congested 

freeway and separated connecting C-D roadway, taking queuing, traffic entrance traffic 

dynamics into account. It is shown that optimal ramp/loop-ramp control policies depend 

both on traffic entrance propensities and on differential between freeway and C-D 

roadway weaving traffic conditions. The development simulation equation model may 

be considered a highly efficient local ramp metering strategy according to the reported 

field results. The model showed that under the right conditions, with a freeway and 

separated connecting C-D roadway entrance ramp/loop-ramps and heavy traffic; ramp 

metering can be very beneficial to the freeway mainline traffic. This model can actually 

promote more efficient use of the network. 

8.2 Perspectives 

The developed methodology built a new paradigm of dynamic weaving section 

capacity estimation and optimal ramp metering control problems. However, there are 

still some promising issues that should be further examined to enrich this research field. 

They are outlined in the following. 

1. Encapsulating dynamic weaving section capacity estimation and optimal ramp 

metering control will make the proposed framework more complete. For 

example, weaving section capacity estimation model could be replaced with a 
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previous state estimation model; variant types of weaving section could also 

be considered in future analysis. 

2. The parameter calibration for the sensitivity of dynamic weaving section 

capacity estimation model will make the proposed models more powerful in 

practical applications. It is also a valuable issue in the research field of 

roadway weaving sections capacity analysis. 

3. To formulate some problems of operational and planning applications as a 

dynamic weaving section capacity estimation and optimal ramp metering 

control design problem in this style, will help traffic operator to understand the 

perturbations caused by a new management alternative. It provides a different 

viewpoint from conventional dynamic weaving section capacity estimation 

and optimal ramp metering control approaches. 

4. With the further treatments mentioned above, a good potential could be 

expected to deploy a dynamic weaving section capacity estimation and optimal 

ramp metering control simulator based on the proposed methodology. 

 

 

 

 



  

 - 132 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 - 133 - 

Reference 

Aerde, Van M. (1999), Integration Release 2.20 for WONDOWS: User’s Guide-Volume 
1: Fundamental Model Features, 1333 Lusters Gate Road, Blacksburg, Virginia 
24060. 

Ahmed, Kazi L., Moshe E. Ben-Akiva, Haris N. Koutsopoulos and Rabi G. Mishalani 
(1996), Models of Freeway Lane Changing and Gap Acceptance Behavior, 
Proceedings of the 13th International Symposium on the Theory of Traffic Flow 
and Transportation. 

Alessandri, A., A. Di Febbraro, A. Ferrara and E. Punta (1998), Optimal Control of 
Freeway via Speed Signaling and Ramp Metering, Control Engineering Practice 6, 
pp.771-780. 

Allen, Brian L. and Gordon F. Newell (1976), Some Issues Relating to Metering or 
Closing of Freeway Ramps Part 1. Control of a Single Ramp, Transportation 
Science, Vol. 10, No. 3, pp.227-242. 

Allen, Brian L. and Gordon F. Newell (1976), Some Issues Relating to Metering or 
Closing of Freeway Ramps Part 2. Translationally Symmetric Corridor, 
Transportation Science, Vol. 10, No. 3, pp.243-268. 

Arnott, Richard, Andre De Palma and Robin Lindsey (1993), Properties of Dynamic 
Traffic Equilibrium Involving Bottlenecks, Including a Paradox and Metering, 
Transportation Science, Vol.27, No. 2. 

Aycin, M. F. and R. F. Benekohal (1998), Linear Acceleration Car-Following Model 
Development and Validation, Transportation Research Record, No.1644, pp. 
10-19. 

Banks, James H. (2003), Average Time Gaps in Congested Freeway Flow, 
Transportation Research Part A 37, pp. 539-554. 

Barwell, F. T. (1983), Automation and Control in Transport (Second Revised Editon), 
Pergamon Press Ltd., Chapter 2 and 4, pp. 18-26, and pp.45-53. 

Bellemans, T., B. De Schutter and B. De Moor (2006), Model Predictive Control for 
Ramp Metering of Motorway Traffic: A Case Study, Control Engineering Practice, 
Vol. 1 No. 7, pp.757-767. 



  

 - 134 - 

Ben-Akiva, Moshe, David Cuneo, Masroor Hasan, Mithilesh Jha and Qi Yang (2003), 
Evaluation of Freeway Control using a Microscopic Simulation Laboratory, 
Transportation Research Part C 11, pp. 29-50. 

Benjamin, Coifman (2003), Estimating Density and Lane Inflow on a Freeway segment, 
Transportation Research Part A 27, pp.689-701. 

Blumentritt, C. W., C. Pinnell, W. R. McCasland, D. W. Ross and J. Glazer (1981), 
Guidelines for Selection of Ramp Control Systems, Transportation Research 
Board, National Research Council, National Cooperative Highway Research 
Program Report 232. 

Brilon, Werner, Ralph Koenig, and Rod J. Troutbeck (1999), Useful Estimation 
Procedures for Critical Gaps, Transportation Research Part A 33, pp161-186. 

Carbaugh, Jason, Datta N. Godbole and Raja Sengupta (1998), Safety and Capacity 
Analysis of Automated and Manual Highway Systems, Transportation Research 
Part C 6, pp. 69-99. 

Carvell, James D. Jr., Kevin Balke, Jerry Ullman, Katherine Fitzpatrick, Lewis Nowlie 
and Christopher Brehmer (1997), Freeway Management Handbook, U. S. 
Department of Transportation Federal Highway Administration, Report No. 
FHWA-SA-97-064, Chapter 1 and 5, pp.1-1~1-21, and 5-1~5-59. 

Cassidy, Michael J., Alex Skabardonis, and Adolf D. May (1989), Operation of Major 
Freeway Weaving Sections: Recent Empirical Evidence, TRR1225, pp61-72. 

Cassidy, Michael J., and Adolf D. May (1991), Proposed Analytical Technique for 
Estimating Capacity and Level of Service of Major Freeway Weaving Sections, 
TRR1320, pp99-109. 

Cassidy, Michael J., Jittichai Rudjanakanoknad (2004), Increasing the Capacity of an 
Isolated Merge by Metering its On-Ramp, pp1-20. 

Chang, G. L. (1990), Empirical Investigation of Microscopic Lane-changing Behavior 
on Multilane Freeway Segments, Working Paper TSC90-31, University of 
Maryland. 

Chang, Gang-Len, Jifeng Wu and Stephen L. Cohen (1994), Integrated Real-Time 
Ramp Metering Model for Non-recurrent Congestion: Framework and Preliminary 
Results, Transportation Research Record 1446, pp.56-68. 



  

 - 135 - 

Chang, Gang-Len and Yang-Ming Kao (1991), An Empirical Investigation of 
Macroscopic Lane-Changing Characteristics on Un-congested Multilane Freeways, 
Transpn Res.-A, Vol.25A, No.6, pp.375-389. 

Chang, Myungsoon, and Youngkol Kim (2000), Development of Capacity Estimation 
Method from Statistical Distribution of Observed Traffic Flow, Transportation 
Research Circular E-C018: 4th International Symposium on Highway Capacity, 
pp.299-309. 

Chang, Tang-Hsien and Zhung-Yih Li (2002), Optimization of Mainline Traffic via an 
Adaptive Co-ordinated Ramp-metering Control Model with Dynamic OD 
Estimation, Transportation Research Part C 10, pp.99-120. 

Chen, Jinchuan, Xiaoming Liu, Futian Ren (2000), Operational Characteristics of 
Weaving Section in China, Transportation Research Circular E-C018: 4th 
International Symposium on Highway Capacity, pp155-163. 

Chien, Cheng-Chih, Youping Zhang and Petros A. Ioannou (1997), Traffic Density 
Control for Automated Highway Systems, Automatica, Vol. 33, No. 7, 
pp.1273-1285. 

Chien, Steven I-Jy. (2001), Evaluating Ramp Metering Control Systems Using 
Microsimulation for US Interstate Highway I-80, Tamkang Journal of Science and 
Engineering, Vol. 4, pp.227-292. 

Cho, Hsun-Jung and George C.P. Tsai (2002), Driver behaviors Analysis on Weaving 
Section of Taiwan National Freeways, working paper, in Department of 
Transportation Technology and Management National Chiao Tung University. 

Cho, Hsun-Jung and George C.P. Tsai (2003), An Empirical Investigation of 
Macroscopic Lane-changing Characteristics on Congested Weaving Section of 
Freeways,” Proceeding on the 18th Annual Conference for The Chinese Institute 
of Transportation, Dec. 2003, Hsinchu, Taiwan 

Cho, Hsun-Jung and George C.P. Tsai (2003), Ramp Metering Control on the Freeway 
and Separated Connecting Collector-Distributor Roadway for Congested Weaving 
Section, working paper in Department of Transportation Technology and 
Management National Chiao Tung University. 

Cho, Hsun-Jung and George C.P. Tsai (2005), The Behavior Analysis on a New Type 
Weaving Section, Journal of Eastern Asia Society for Transportation Studies Vol. 
6, pp. 1570~1581. 



  

 - 136 - 

Cho, Hsun-Jung and George C.P. Tsai (2005), Capacity Model Formulation for Ramp 
Metering Control, International Conference of Computational Methods in 
Sciences and Engineering 2005 (ICCMSE 2005), Hotel Poseidon, Loutraki, 
Greece 21~26, October 2005. 

Cho, Hsun-Jung and George C.P. Tsai (2006), Ramp Metering Control on the Junction 
of Freeway and Separated Connecting Collector-Distributor Roadway, WSEAS 
TRANSPORTATIONS on MATHEMATICS Issue 1, Vol. 5, ISSN 1109-2769, pp. 
111~116. 

Cho, Hsun-Jung and George C.P. Tsai (2009), A Control Model for Freeway Ramp 
Metering, Mathematical and computer modelling (SCI), (Accepted for 
publication). 

Cho, Hsun-Jung and George C.P. Tsai (2009), Capacity Analysis on the Weaving 
Sections, Submitted to the Journal of Transportmetrica. 

Cho, Hsun-Jung and Shih-Ching Lo (2002), Modeling and Simulation of Vehicular 
Gas-Kinetic Model-From the Viewpoint of Boltzmann Transport Equation, A 
Proposal of Dessertation, National Chiao Tung University. 

Chowdhurt, Debaslish, Districh E. Wolf, and Michael Schreckenberg (1997), Particle 
Hopping Models for Two-lane Traffic with Two Kinds of Vehicles: Effects of 
Lane-changing Rules, ELSEVIER, Physical A 235, pp.417-439. 

Chronopoulos, A.T., and C.M. Johnston (1998), A Real-Time Traffic Simulation system, 
IEEE Transactions on Vehicular Technology, Vol. 47, No. 1. 

Chu, Lianyu, Henry X. Lin, Will Recker and H. Michael Zhang (2002), Development of 
A Simulation Laboratory for Evaluating Ramp Metering Algorithms, Submitted to 
2002 TRB Annual Meeting, Paper No. 02-3427. 

Chu, Lianyu and Xu Yang, (2003), Optimization of the ALINEA Ramp-metering 
Control Using Genetic Algorithm with Micro-simulation, Submitted to 2003 TRB 
Annual Meeting. Paper # 03-4400, pp. 1~22. 

Czogalla, O., R. Hoyer and U. Jumar (2002), Modelling and Simulation of Controlled 
Road Traffic, Modelling, Analysis and Design of Hydrid Systems, LNCIS 279, 
pp.419-435. 

Daganzo, Carlos F. (1997), Fundamentals of Transportation and Traffic Operations, 
PERGAMON, Chapter 4 and 5, pp.66-213. 



  

 - 137 - 

Design Manual M22-01 (2005), Chapter 620 Geometric Plan Elements, pp.620-1 
~620-8. 

Design Manual M22-01 (2005), Chapter 940 Traffic Interchanges, pp.940-1~940-36. 

Dijker,Thomas, Piet H. L. Bovy and Raymond G. M. M. Vermijs (1998), Car-Following 
Under Congested Conditions: Empirical Findings, Transportation Research 
Record, No.1644, pp. 20-28. 

Drake, L.S., J.L. Schofer and A.D. May (1967), A statistical analysis of speed-density 
hypotheses. Highway Research Record 154, pp.53-87. 

Drew, Donald R. (1975), Traffic Flow Theory and Control, McGraw-Hill, New York. 

Drew, Donald R., L. R. Lamotte, J. H. Buhr, and J. A. Wattleworth (1967), Gap 
Acceptance in the Freeway Merging Process, HRB 208, pp.1-36. 

Evans, L., and R. Rothery (1977), Perceptual Thresholds in Car-Following-A 
Comparison of Recent Measurements with Earlier Results, Transportation Science, 
Vol. 11, No. 1, pp.60-72. 

Fazio, Joseph, Janet Holden, and Nagui M. Rouphail (1993), Use of Freeway Conflict 
Rates as an Alternative to Crash Rates in Weaving Section Safety Analysis, 
TRR1401, pp61-69. 

Fazio, Joseph and Nagui M. Rouphail (1990), Conflict Simulation in INTRAS: 
Application to Weaving Area Capacity Analysis, TRR1287, pp96-107. 

Fazio, Joseph and Nagui M. Rouphail (1986), Freeway Weaving Sections: Comparison 
and Refinement of Design and Operations Analysis Procedures, TRR1091, 
pp101-109. 

Findler, Nicholas V., Sudeep Surender, Ziya Ma and Serban Catrava (1997), Distributed 
Intelligent Control of Street and Highway Ramp Traffic Signals, Engng. Applic. 
Artif. Intell. Vol. 10, No. 3, pp.281-292. 

Fitzpatrick, K. and L. Nowlin (1996), One-Sided Weaving Operations on One-Way 
Frontage Roads, TRR1555, pp42-49. 

Fredericksen, Victor E., and Michael A. Ogden (1994), Proposed Analytical Technique 
for Analyzing Type A Weaving Sections on Frontage Roads, Transportation 



  

 - 138 - 

Research Record 1457, pp.50-58. 

Fritsche, H. T. (1994), A Model for Traffic Simulation, Traffic Engineering and Control, 
Vol. 35. 

Gazis, D.C., R. Hernauk., and G.H. Weiss (1962), Density Oscillations between Lanes 
of Multilane Highway, Operations Res., 10, pp.658-667. 

Gazis, D.C., R. Herman, and R. W. Rothery (1960), Nonlinear Follow-the-Leader 
Models of Traffic Flow, Operations Research, Vol. 9, pp.545-567. 

Gerlough, D.L., and Matthew J. Huber (1975), Traffic Flow Theory-A Monograph, TRB 
Special Report 165, Transportation Research Board, National Research Council, 
Washington, D.C. 

Gipps, P. G. (1981), A Behavioral Car-Following Model for Computer Simulation, 
Transportation Research Part B, Vol. 15, No. 4, pp.105-111. 

Gipps, P. G. (1986), A Model for the Structure of Lane-changing Decisions, Transpn. 
Res.-B, Vol.20B, No.5, pp.403-414. 

Golob, Thomas F., Wilfred W. Recker and Veronica M. Alvarez (2003), Safety Aspects 
of Freeway Weaving Sections, Published in Transportation Research Part A: 
Policy and Practice, August 18, 2003. 

Golstein, N.B. and S.P. Kumar (1982), A Decentralized Control Strategy for Freeway 
Regulation, Transp. Res. 16B (4), PP.279-290. 

Greenshields, B. D., J.R. Bibbins, W.S. Channing and H.H. Miller (1935), A Study of 
Traffic Capacity. Highway Research Board Proceedings, Vol.14, pp. 448-478. 

Habib, Haj-Salem and Marcos Papageorgiou (1995), Ramp Metering Impact on Urban 
Corridor Traffic: Field Results, Transpn. Res.-A, Vol. 29A, No. 4, pp.303-319. 

Hagring, O. (2000), Estimation of Critical Gaps in Two Major Streams, Transportation 
Reserch B 34, pp.293-313. 

Hall, Randolph W. and Li Chen (1999), Lane Capacity for an Automated Highway with 
Mixed Vehicle Classes, ITS Journal, Vol. 5, pp.217-240. 

Hall, Randolph W. and David Lotspeich (1996), Optimized Lane Assignment on an 



  

 - 139 - 

Automated Highway, Transpn Res.-C, Vol. 4, No. 4, pp.211-229. 

Hasan, M., M. Jha and M. Ben-akiva (2002), Evaluation of Ramp Control Algorithm 
using MITSIM Lab under Review (2nd Revision), Transportation Reserch Part C 
10, pp.229-256. 

Helbing, D., and M. Treiber (2002), Micro- and Micro-Simulation of Freeway Traffic, 
Mathematical and Computer Modelling 35, pp.517-547. 

Herman, R., E. W. Montroll, R. B. Potts, and R. W. Rothery (1959), Traffic Dynamics: 
Analysis of Stability in Car Following, Operations Research, Vol. 7, pp.86. 

Hidas, Peter (2002), A Microscopic Study of Lane Changing Behavior, Paper Presented 
at the 24th CAITR Conference. 

Hidas, Peter (2005), Modeling Vehicle Interactions in Microscopic Simulation of 
Merging and Weaving, Transportation Research Part C 13, pp.37-62. 

Highway Capacity Manual (1965), Special Report 87, TRB National Research Council 
Washington D.C., Chapter 7, pp160-186. 

Highway Capacity Manual (1985), Special Report 209, TRB National Research Council 
Washington D.C., Chapter 4, pp4-1~4-19. 

Highway Capacity Manual (2000), TRB National Research Council Washington D.C., 
Chapter 13, and 24, pp13-13~13-20, pp24-1~24-19. 

Highway Capacity Manual, Taiwan (2001), Institute of Transportation, Ministry of 
Transportations and Communications. Taiwan Taipei, Chapter 7, pp7-1~7-13. 

Hooi, Ling Khoo, Mohamed Rehan Karim, Mohd Omar and Farhan Ahmad Kidwai 
(2005), Macro-Simulation of Ramp Metering Using SIMUL8, Proceeding of the 
Eastern Asia Society for Transportation Studies, Vol. 5, pp.1595-1609. 

Hwang, Sun Yon and Ho Park, Chang (2005), Modeling of the Gap Acceptance 
Behavior at a Merging Section of Urban Freeway, Proceeding of the Eastern Asia 
Society for Transportation Studies, Vol. 5, pp.1641-1656. 

Hyde, T., and C.C. Wright (1986), Extreme Value Methods for Estimating Road Traffic 
Capacity, Transportation Research B, Vol. 20, No. 2, pp.125-138. 



  

 - 140 - 

I-405 Plan: Roadway System (2005), I-405 Corridor Program Final Recommendation 
Report 8. Roadway System, pp.39-43. 

Jiang, Yi. (2003), Prediction of Freeway Traffic Flows Using Kalman Predictor in 
Combination With Time Series, Journal of the Transportation Research Forum, 
Published in Transportation Quarterly, Vol. 57, No. 2, pp.99-118. 

Jimenez, T., P. Mussi and G. Siegel (2004), A Road Traffic Simulator: Car-Following 
and Lane-Changing, EEC Project N.: RO-97-SC-105, 
http://www-sop.inria.fr/sloop/hipertrans/. 

Kachroo, Pushkin and Kaan Ozbay (1999), Feedback Control Theory for Dynamic 
Traffic Assignment, Springer-Verlag London Limited 1999, Chapter 2 and 3 
pp.19-65. 

Kachroo, Pushkin and Kumar Krishen (2000), System Dynamics and Feedback Control 
Design Problem Formulations for Real Time Ramp Metering, Transportations of 
the Society for Design and Process Science Printed in the U.S.A (SDPS), March 
2000, Vol. 4, No. 1, pp.37-54. 

Kachroo, Pushkin and Kaan Ozbay (2003), Feedback Ramp Metering in Intelligent 
Transportation Systems, Kluwer Academic / Plenum Publishers, New York, 
Chapter 1 and 2 pp.3-44. 

Kittelson, Wayne K. (2000), Historical Overview of the Committee on Highway 
Capacity and Quality of Service, Transportation Research Circular E-C018: 4th 
International Symposium on Highway Capacity, pp.5-16. 

Knox, D. W. (1964), Merging and Weaving Operations in Traffic, Australian Road 
Research 2, pp.10-20. 

Kosnalopoulos, Elias B. and Markos Papageorgiou, Stability Analysis of the Freeway 
Ramp Metering Control Strategy ALINEA, 
http://med.ee.nd.edu//MED11//pdf/papers/t1-086.pdf. 

Kwon, E., R. Lau and J. Aswegan (2000), On-line Estimation of Maximum Possible 
Weaving Volume for Effective Operations of Ramp-Weave Areas, to be Presented 
at Annual Transportation Research Board Meeting, Washington, D.C., January. 

Kwon, E., R. Lau and J. Aswegan (2001), Maximum Possible Weaving Volume for 
Effective Operations of Ramp-Weave Areas Online-Estimation, Transportation 
Research Record 1727, pp.132-141. 



  

 - 141 - 

Lee, G. (1966) A generalization of linear car-following theory, Operations Research, Vol. 
14, 595-606. 

Leisch, Jack E. (1974), Capacity Analysis Techniques for Design and Operation of 
Freeway Facilities, U. S. Department of Transportation, Federal Highway 
Administration, Washington, D. C. 20590. 

Leisch, Joel P. and Jack E. Leisch (1978), Application of C-D Roads in Freeway 
Rehabilitation, American Society of Civil Engineers, 1978 Convention & 
Exposition Chicago Illinois, October 16-20. 

Lei, Yu and Carrington Steward (2002), Ramp Metering Technique for Freeway 
Operations, Department of Transportation Studies and Department of 
Mathematics, Texas Southern University, 3100 Cleburne Avenue, Houston, Texas 
77004. 

Lertworawanich, Ponlathep and Lily Elefteriadou (2000), Capacity Estimations for 
Type B Weaving Areas Based on Gap Acceptance, Paper Submitted for 
Presentation at the 80th Annual Meeting of the Transportation Research Board and 
Publication in the Transportation Research Record. 

Lertworawanich, Ponlathep and Lily Elefteriadou (2003), A Methodology for 
Estimating Capacity at Ramp Weaves based on Gap Acceptance and Linear 
Optimization, Transportation Research Part B 37, pp. 459-483. 

Leutzbach, Wilhelm (1988), Introduction to the Theory of Traffic Flow, 
Springer–Verlag Berlin Heidelberg New York London Paris Tokyo, Chapter 2, 
pp39-191. 

Lighthill, M. J. and G. B. Whitham (1955), On Kinematics Waves II. A Theory of 
Traffic Flow on Long Crowded Road, Proceeding of Royal Society, Vol. A229, 
pp.317-345. 

List, George and Rod Troutbeck (2000), Advancing the Frontier of Simulation as a 
Capacity and Quality of Service Analysis Tool, Transportation Research Circular 
E-C018: 4th International Symposium on Highway Capacity, pp.485-502. 

Liu, Guoqing, Anastasios S. Lyrintzis and Panos G. Michalopoulos (1996), Modelling of 
Freeway Merging and Diverging Flow Dynamics, Appl. Math. Modelling, Vol. 20, 
pp. 459-469. 

Li, Zhiming, Guojiang Shen and Huaping Dai (2004), Study on Urban Expressway 
Multilayer Intelligent Control System, Proceeding of the 5th World Congress on 



  

 - 142 - 

Intelligent Control and Automation, June 15-19, 2004, Hong Zhou P.R. China. 

Lo, Hong K., and Yeou-Koung Tung (2003), Network with Degradable Links: Capacity 
Analysis and Design, Transportation Research Part B 37, pp.345-363. 

Lumentritt, C. W., C. Pinnell, W. R. Mccasland, D. W. Ross, and J. Glazer (1981), 
Guidelines for Selection of Ramp Control Systems, Transportation Research 
Board, National Research Council, National Cooperative Highway research 
Program Report 232. 

May, A.D. (1974), Optimization Techniques Applied to Improving Freeway Operations, 
Transp. Res. Record 495, pp.75-91. 

May, A.D. (1990), Traffic Flow Fundamentals, Chapter 9, pp260-267. 

McClenahan, J. W. and H. J. Simkowitz (1969), The Effect of Short Cars on Flow and 
Speed in Downtown Traffic: A Simulation Model and Some Results, 
Transportation Science, Vol. 3, No. 2, pp.126-139. 

McCullagh P. and J.A. Nelder (1983), Generalized Linear Models, Chapman Hall, New 
York. 

McGhee, Catherine C. (2001), Evaluation of Methods for Freeway Operational Analysis, 
Virginia Transportation Research Council, VTRC 02-R2. 

Michael, James B., Datta N. Godbole, John Lygeros and Raja Sengupta (1998), 
Capacity Analysis of Traffic Flow Over a Single-lane Automated Highway System, 
ITS Journal, Vol. 4, pp.49-80. 

Michalopoulos, P. G., and V. Pisharody (1980), Platoon Dynamics on signal Controlled 
Arterial, Transportation Science, Vol. 14, No. 4, pp.365-396. 

Michalopoulos, P. G., and G. Stephanopoulos (1981), An Application of Shock Wave 
Theory to Traffic Signal Contrl, Transportation Research Part B, Vol 15, No. 1, 
pp.35-51. 

Miller A. J. (1972), Nine Estimators of Gap Acceptance Parameters, Proceedings, 5th 
International Symposium on the Theory of Traffic Flow and Transportation (G. F. 
Newell, ed.), pp.215-235, Elsevier, New York. 

Minderhoud, M. M., Botma Hein, and Piet H.L. Bovy (1998), Assessment of Roadway 



  

 - 143 - 

Capacity Estimation Methods, Transportation Research Record 1572, pp.59-67. 

Moshe, L. (1970), Some Investigation of the Freeway Lane Changing Process, Ph.D, 
Dissertation, Texas A&M University. 

Newell, G. F. (1961), Nonlinear Effects in the Dynamics of Car Following, Operations 
Research, Vol. 3, pp.176-186. 

Newell, G. F. (1993), A Simplified Theory of Kinematic waves: I General Theory; Ⅱ 

Queuing at Freeway Bottlenecks; Ⅲ Multi-Destination Flows, Transportation 
Research B 27B, pp.281-313. 

O’Dea, William P. (1999), Optimal Metering in the Bottleneck Congestion Model, 
Journal of Urban Economics 45, pp.125-142. 

Papacostas, C.S. (1987), Fundamentals of Transportation Engineering, Prentice-Hall 
International, Inc., Chapter 3, pp83-126. Chapter 6, pp181-213. 

Papageorgiou Markos (1984), Multilayer Control System Design Applied to Freeway 
Traffic, IEEE Trans. Autom. Control 29, pp.482-490. 

Papageorgiou Markos (2002), Freeway Ramp Metering: An Overview, IEEE, Trans. 
Intell. Transport. Syst., Vol. 3, pp.271-281. 

Papageorgiou Markos, Christina Diakaki, Vaya Dinopoulou, Apostolos Kotsialos, and 
Yibing Wang (2003), Review of Road Traffic Control Strategies, Proceedings of 
the IEEE, Vol. 91, No. 12. 

Papageorgiou M., H. Hadj-Salem, and J. M. Blosseville (1991), ALINEA: A Local 
Feedback Control Law for On-ramp Metering, Transportation Research Record 
1320, pp. 58~64. 

Papageorgiou M., H. Hadj-Salem, and F. Middelham (1998), ALINEA Local Ramp 
Metering Summary of Field Results, Transportation Research Record 1603, Paper 
No. 970032, pp. 90~98. 

Paul, J. (1970), Lane Change Frequencies in Freeway Traffic Flow, Highway Research 
Record 409, pp.17-28. 

Payne, H. J. (1971), Models of freeway traffic and control, Mathematical Models of 
Public Systems, No.28, Simulation Council Proc. Simulation Council, pp.51-61. 



  

 - 144 - 

Pignataro, Louis J. (1973), Traffic Engineering Theory and Practice, Prentice-Hall, Inc., 
Englewood Cliffs, New Jersey, Chapter 8, pp.116-142. 

Pipes, L. A. (1953), An Operational Analysis of Traffic Dynamics, Journal of Applied 
Physic, Vol. 24, No. 3, pp.247-287. 

Raff, M. S., and J. W. Hart (1950), A Volume Warrant for Urban Stop Signs, The Eno 
Foundation for Highway Traffic Control. 

Rakha, Hesham and Brent Crowther (2003), Comparison and Calibration of FRESIM 
and INTEGRATION Steady-State Car-Following Behavior, In Transportation 
Research Part A 37, TRB, National Research Council, Washington D.C., pp.1-27. 

Ramp Meter Design Guidelines (1989, and 1991), State of California Business, 
Transportation and Housing Agency, Department of Transportation Division of 
Traffic Operations. 

Ran, Bin, Shawn Leight and Ben Chang (1999), A Microscopic Simulation Model for 
Merging Control on a Dedicated-lane Automated Highway System, 
Transportation Research Part C 7, pp.369-388. 

Reuschel, P. I. (1950), Vehicles Moves in a Platoon, Oesterreichisches Ingenieur-Archir, 
Vol. 4, pp.193-215. 

Richards, P. I. (1956), Shock Waves on the Highway, Operation Research, Vol. 4, No. 1, 
pp.42-51. 

Roess, Roger P. (1986), Development of Weaving Area Analysis Procedures for the 
1985 Highway Capacity Manual, TRR1112, pp17-22. 

Roess, R.P., and J.M. Ulerio (2001), Weaving Area Analysis in Year 2000 Highway 
Capacity Manual, Transportation Research Record 1710, pp.145-153. 

Ross, Sheldon M. (1996), Stochastic Processes-second edition, John Wiley & Sons, INC., 
Chapter 3 Renewal Theory, pp.98-162. 

Sanwal, k.k., k. Petty, J. Walrand, Y. Fawaz (1996), An Extended Macroscopic Model 
for Traffic Flow”, Transpn. Res.-B, Vol.30, No.1, pp.1-9. 

Scariza, Joseph R. (2003), Evaluation of Coordinated and Local Ramp Metering 
Algorithm using Microscopic Traffic Simulation, Submitted to the Department of 



  

 - 145 - 

Civil and Environmental Engineering in partial fulfillment of the requirements for 
the degree of Master of Science in Transportation at the Massachusetts Institute of 
Technology. 

Simonsson, S. O. (1993), Car-following as a tool in road traffic simulation. In 
Proceedings of the IEEE-IEE Vehicle Navigation and Information Systems 
Conference, October, pp. 150-6. 

Skabardonis, A., M. Cassidy, Adolf D. May and S. Cohen (1989), Application of 
Simulation to Evaluated the Operation of Major Freeway Weaving Sections, 
TRR1225, pp91-98. 

Smaragdis, E. and M. Papageorgiou (2003), A Series of New Local Ramp Metering 
Strategy ALINEA, Transportation Research Board 1856, pp.74-86. 

Smaragdis, Emmanouil, Markos Papageorgiou and Elias Kosmatopoulos (2004), A 
Flow-Maximizing Adaptive Local Ramp Metering Strategy, Transportation 
Research Part B 38, pp.251-270. 

Smulders, S. A. (1996), Control of Freeway Traffic Flow, Contrum voor Wiskunde on 
Informatic (CWI). 

Special Report 165: Traffic Flow Theory Monograph (1992). TRB, National Research 
Council, Wasington D.C. 

Spencer, Smith, W. Fred, L. Hall and Frank O. Montgomery (1996), Comparing the 
Speed-Flow Relationship for Motorways with New Data from the M6, Transpn 
Res.-A, Vol. 30, No. 2, pp.89-101. 

Stewart, J., M. Baker, and M. Van Aerde (1996), Evaluating Weaving Designs Using 
INTEGRATION, TRR1555, pp33-41. 

Sun, Jian, Xiuoguang Yang and Yunlong Ma (2005), A New Simulation Model for 
Expressway Weaving Sections Evaluation, Proceeding of the 2005 Winter 
Simulation Conference. 

Sun, Xiaotian and Roberto Horowitz, (2006), “A Set of New Traffic-responsive 
Ramp-metering Algorithms and Microscopic Simulation Results,” To appear in 
Journal of Transportation Research Record. 

Tan, Han-Shue, Jurgen Guldner, Chieh Chen, Satyajit Patwardhan, Benedicte Bougler, 
(2000), Lane Changing with Look-down Reference System on Automated 



  

 - 146 - 

Highways, PERGAMON, Control Engineering Practice 8, pp.1033-1043. 

Tian, Zong Z., Mark Vandeney, Bruce Robinson, Wayne Kittelson, Michael Kyte, Rod 
Troutbeck, Werner Brilon, and Ning Wu (1999), Implementing the Maximum 
Likelihood Methodology to Measure a Driver’s Critical Gap, Transportation 
research Part A 33, pp.187-197. 

Tian, Zong Z., Rod Troutbeck, Michael Kyte, Werner Brilon, Mark Vandeney, Wayne 
Kittelson and Bruce Robinson (2000), A further Investigation on Critical Gap and 
Follow-Up Time, Transportation Research Circular E-C018: 4th Intrenational 
Symposium on Highway Capacity, pp.397-408. 

Todosiev, E. P. and L. C. Barbosa (1963), A Proposed Model for the Driver Vehicle 
System, Traffic Engineering, Vol. 34, No. 17. 

Traffic Flow Theory A Static-of-the-Art-Report (The Revised Monograph on Traffic 
Flow Theory) (2000), U. S. Department of Transportation FHWA. 

Tsongos, N. G. and S. Wiener (1969), Comparison of Day and Night Gap-Acceptance 
Probabilities, Public Roads, 35, pp.157-165. 

Velan, Shane and Michel Van Aerde (1998), The Impact of Driver and Flow Variability 
on Capacity Estimates of Permissive Movements, Transpn Res.-A, Vol. 32, No. 7, 
pp.509-527. 

Vermijs, Raymond G.M.M. (1998), New Dutch Capacity Standards for Freeway 
Weaving Sections Based on Micro Simulation, Proceedings of the third 
international symposium on highway capacity (R. Rysgaard ed.), Copenhagen: 
Road Directorate, Ministry of Transport, pp.1065-1080. 

Wang, Mu-Han, Micheal J. Cassidy, Patrick Chan and Adolf D. May (1993), Evluating 
the Capacity of Freeway Weaving Sections, Journal of Transportation 
Engineering, Vol. 119, No. 3, pp.360-384. 

Wattleworth, J. A. and D. S. Berry (1965), Peak-Period Control of a Freeway 
System-Some Theoretical Investigations, Highway Res. Rec. 89, pp.1-25. 

Webster, F. V. and B. M. Cobbe (1966), Traffic Signals, Road Research Laboratory, 
Ministry of Transport, Road Research Technical Paper No. 56. 

Wei, Chien-Hung (2001), Analysis of Artificial Neural Network Models for Freeway 
Ramp Metering Control, Artificial Intelligence in Engineering 15, pp.241-252. 



  

 - 147 - 

Wicks, D. A. and E. B. Lieberman, (1977), Development and Testing of INTRAS, a 
Microscopic Freeway Simulation Model, Vol. 1: Program Design, Parameter 
Calibration and Freeway Dynamics Component Development, Final Report, 
Prepared for Federal Highway Administration Offices of Research and 
Development, Washington, D. C., 20590. 

Wiedemann, R. (1974), Simulation des Strabenverkehrsflusses, Schriftenreihe des 
Instituts for Verkehrswesen der Karlruhe, Vol. 8. 

Wilhelm, Leutzbach (1988), Introduction to the Theory of Traffic Flow, Springer-Verlag, 
pp.107-119. 

Wilshire, R., R. Black, R. Grochoske and J. Higonbotham (1985), ITE Traffic Control 
System Handbook, Inst. Transport. Eng., Chapter 4, pp.18-23. 

Windover, John R. and Adolf D. May, (1994), Revision to Level D Methodology of 
Analyzing Freeway Ramp Weaving Sections, TRR1457, pp43-49. 

Winsum, W. van, D. de Waard, K.A. Brookluis, (1999), Lane Change Maneuvers and 
Safety Margins, PERGAMON, Transportation Research Part F 2, pp.139-149. 

Worral, R.D., A.G. Bullen (1969), Lane changing in multi lane freeway traffic, H.R.B., 
Highway Research Record No. 279. 

Worral, R. D., A. G. R. Bullen and Y. Gur (1970), An Elementary Stochastic Model of 
Lane-changing on a Multilane Highway, Highway Research Record 308, pp.1-12. 

Wu, Jifeng and Gang-Len Chang (1999), An Integrated Optimal Control and Algorithm 
for Commuting Corridors, International Transactions in Operational Research 6, 
pp.39-55. 

Wu J., M. McDonald and K. Chatterjee (2007), A Detailed Evaluation of Ramp 
Metering Impacts on Driver Behavior, Transportation Research Part F 10, 
pp.61-75. 

Wu, Ning (2002), A New Approach for Modeling of Fundamental Diagrams, 
Transportation Research Part A 36, pp.867-884. 

Yang, Hai and Sam Yagar (1995), Traffic Assignment and Signal Control in Saturated 
Road Networks, Transpn Res.-A, Vol. 29A, No. 2, pp.125-139. 



  

 - 148 - 

Yoo, Kyong-Soo, (1987), An Empirical Analysis of the Behavior of Weaving Traffic in 
a Freeway Weaving Section, U.M.I. Dissertation information Service. 

Yuan, L.S. and J.B. Kreer (1971), Adjustment of Freeway Ramp Metering Rates to 
Balance Entrance Ramp Queues, Ttansp. Res. 5 pp.127-133. 

Zarean, Mohsen. Ph. D, (1987), Development of a Simulation Model for Freeway 
Weaving Sections, U.M.I. Dissertation information Service. 

Zarean, M. and Z. A. Nemeth, (1988), WEAVSIM: A Microscopic Simulation Model of 
Freeway Weaving Sections, TRR1194, pp48-54. 

Zhang, H. M. and W. W. Recker (1999), On Optimal Freeway Ramp Control Policies 
for Congested Traffic Corridors, Transportation Research Part B 33, pp.417-436. 

Zhang, H. M. (2001), A note on Highway Capacity, Transportation Research Part B 35, 
pp. 929-937. 

Zhang, H. Michael and Stephen G. Ritchie (1997), Freeway Ramp Metering Using 
Artificial Neural Network, Transpn Res.-C, Vol. 5, No. 5, pp.273-286. 

Zhang, H. Michael, Stephen G. Ritchie and R. Jayakrishnan (2001), Coordinated 
Traffic-Responsive Ramp Control via Nonlinear State Feedback, Transportation 
Research Part C 9, pp.337-352. 

Zhang, H., S. G. Ritchie and W. W. Recker (1996), Some General Results on the 
Optimal Ramp Control Problem, Transpn Res.-C, Vol. 4, No. 2, pp.51-69. 

Zhang, Lei and David Levinson (2004), Ramp Metering and the Capacity of active 
Freeway Bottlenecks, Transportation Research Part A: Policy and Practice (in 
press). 

Zhang, Lei and David Levinson (2004), Optimal Freeway Ramp Control without 
Origin-Destination Information, Transportation Research Part B 38, pp.869-887. 

Zhang, Y. and L. E. Owen (1998), An Advanced Traffic Simulation Approach for 
Modeling ITS Application, 1998 IEEE International Conference on Systems, Man, 
and Cybernetics, Vol. 4, pp.3228-3233. 

 



  

 - 149 - 

Vita 

 

George Chao-peng Tsai was born in China, R.O.C., on May 15, 1945. He received 

Bachelor degree in Civil Engineering from the Chung Yuan Christian University 

(CYCU) in June 1974. And he received Master degree in Department of Transportation 

and Communication Management Science from National Cheng Kung University 

(NCKU) in June 1980. Before, his twenty-two years service in the Taiwan Area 

National Freeway Bureau (TANFB) from July 1973 to July 1995. Then he transferred to 

be a department of traffic devices in the Taiwan Area National Expressway Engineering 

Bureau (TANEEB) from August 1995 to now. In September 1999, he joined the Ph.D. 

program in Transportation Technology and Management at National Chiao Tung 

University (NCTU). 

During the period of Ph. D. study, he participate the project of Intelligent 

Transportation Systems—Human Centered Technology, Program for Promoting 

University Academic Excellence sponsored by Ministry of Education and several 

ITS-related fundamental research projects supported the National Science Council that 

jointly resulted in the following publications: 



  

 - 150 - 

Publications: 

A. Referred Journal Papers. 

1. Cho, Hsun-Jung and George C. P. Tsai (2005), “The Behavior Analysis on a New 

Type Weaving Section,” Journal of the Eastern Asia Society for Transportation 

Studies, Vol. 6, pp1570~1081, 2005.  

2. Cho, Hsun-Jung and George C.P. Tsai (2006), “Ramp Metering Control on the 

Junction of Freeway and Separated Connecting Collector-Distributor Roadway,” 

Journal of the WSEAS TRANSPORTATIONS on MATHEMATICS Issue 1, Vol. 5, 

ISSN 1109-2769, pp. 111~116. 

3. Cho, Hsun-Jung and George C.P. Tsai (2009), “A Control Model for Freeway Ramp 

Metering,” Journal of Special Issue of the Mathematical and Computer Modeling 

(Accepted)(SCI),  

4. Cho, Hsun-Jung and George C.P. Tsai (2009), “Capacity Analysis for a New Weaving 

Section Type of Freeway-Separated Connecting Collector-Distributor Roadway,” 

Submitted to the Journal of Transportmetrica. 

B. Referred Conference Papers. 

1. Cho, Hsun-Jung and George C. P. Tsai (2005), “The Behavior Analysis on a New 

Type Weaving Section,” Presentation paper in The 6th International Conference of 

Eastern Asia Society for Transportation Studies 2005, 2005.09.21~24.  



  

 - 151 - 

2. Cho, Hsun-Jung and George C. P. Tsai (2005), “Capacity Model Formulation for 

Automatic Ramp Metering Control,” International Conference of Computational 

Methods in Sciences and Engineering 2005 (ICCMSE 2005), Hotel Poseidon, 

Loutraki, Greece 21~26, October 2005. 

3. Cho, Hsun-Jung and George C.P. Tsai (2005), “Ramp Metering Control on the 

Junction of Freeway and Separated Connecting Collector-Distributor Roadway”, 

The 4th WSEAS / IASME International Conference on: SYSTEM SCIENCE and 

SIMULATION in ENGINEERING, Dec. 2005, Tenerife, Canary Islands, Spain. 

4. Cho, Hsun-Jung and George C.P. Tsai (2005), “Ramp Metering Control on the 

Junction of Freeway and Separated Connecting Collector-Distributor Roadway”, 

Proceeding of the 8th WSEAS International Conference on APPLIED 

MATHEMATICS, Tenerife, Spain, December 16-18, pp. 245-250. 

5. Cho, H. J., and George C.P. Tsai (2003), An Empirical Investigation of Macroscopic 

Lane-changing Characteristics on Congested Weaving Section of Freeways,” 

Proceeding on the 18th Annual Conference for The Chinese Institute of 

Transportation, Dec. 2003, Hsinchu, Taiwan (Chinese). 

6. Cho, H. J., and George C.P. Tsai (2002),“A System Architecture of Intelligent Rail 

Transportation System,” The 17th Annual Conference for The Chinese Institute of 

Transportation, 6 Dec. 2002, Chai-yi, Taiwan (Chinese). 


