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Abstract 

The merging section is a key point on the expressway networks. It is regarded as a 

potential bottleneck and a source of traffic crashes due to the competition of two traffic 

flows for the same space. Therefore, its operations in terms of efficiency and safety are 

becoming increasingly important concerns. A lot of geometric layouts or control strategies 

have been applied to improve its operations. However, in order to reduce the 

implementation cost of the proposals of new geometric layouts or control strategies, it is 

necessary to find out a tool to evaluate any proposal before its actual implementation.  

In the last few decades, the microscopic traffic simulation models (MTSMs) have been 

widely used as effective tools to evaluate the operational policy or new geometric design in 

terms of efficiency and/or safety of traffic facilities including the merging sections. 

However, to get reasonable evaluation results, it is very important to take into account of 

various influencing factors (e. g. traffic conditions, geometry, and individual reactions of 

merging vehicles to the mainline vehicles) on driver behavior for providing a more realistic 

representation of traffic operation. Unfortunately, at merging sections, the existing 

simulation models cannot precisely represent driver behavior under those influencing 

factors. 

Driver behavior study at merging sections is a classical topic and it has been studied since 

the late 1930s. Even though, it still remains as a challenging topic. In the past, numerous 

studies were carried out to investigate driver behavior at merging sections. However, 

various influencing factors such as those mentioned above have not been thoroughly 

considered. 

In another aspect, the existing guidelines are based on the design speed of on-ramp and 

expressway to estimate a minimum length of acceleration lane by assuming the traffic 

condition is free flow. However, operational conditions may be different from the assumed 

one. In reality, traffic congestion can occur due to unexpected increasing traffic demand, 

traffic accident and so on. Therefore, the proposed design of existing guidelines may lead 

to some biases that cannot satisfy driver expectation for all the cases of operational traffic 
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conditions. On the other hand, it is necessary to design the length of acceleration lane from 

a safety point of view.  

Therefore, this study tries to cover the gaps and limitations mentioned above by analyzing 

the behavior of merging vehicles and developing their behavior models taking into account 

of mainline traffic conditions, geometry of merging sections and reaction of the merging 

vehicles to the mainline vehicles. The study is based on microscopic vehicle trajectories 

extracted from video data. The video data were collected on two urban expressway 

merging sections in Nagoya City, Japan with wide ranges in geometries and traffic 

conditions. Moreover, the video data is utilized to explore the discrepancies between the 

observed data and assumed values of existing guidelines and assess the performance of 

merging sections from safety and efficiency points of view. 

In Chapter 1, background information about basic issues of layout design and traffic 

operation is discussed. In addition, comprehensive discussions on potential applications of 

MTSMs for the evaluation of new geometric design and operational policies at merging 

sections and drawbacks of existing MTSMs are given. On the other hand, the necessity to 

get insights about driver behavior at urban expressway merging sections is deeply stated. 

Additionally, problem statement, objectives as well as research outlines are described. 

Chapter 2 gives in-depth reviews of design methodology of existing guidelines and driver 

behavior studies at merging sections to further understand current problems. It is 

concluded that the existing methodology is based on a simplified assumption without 

considering the operational conditions. This might lead to some biases of driver 

expectation and therefore, it might cause safety problems or deteriorations of merging 

section capacity. As for state-of-the-art of driver behavior studies at merging sections, it is 

found that the geometry of merging section and traffic conditions have not been thoroughly 

studied yet. It is because there is lack of microscopic vehicle trajectory data with a wide 

range of geometric and traffic conditions. Moreover, several popular and frequently used 

MTSMs are reviewed to deeply get insights the drawbacks of existing MTSMs. The 

strength of each MTSM is briefly discussed. And the main behavior models incorporated 

in the existing MTSMs e.g. car-following and lane-changing are carefully examined. The 

results show that there are no models dedicated for merging areas. Therefore, the MTSMs 
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cannot precisely reproduce driver behavior under effects of geometric and traffic 

conditions of merging sections. 

On the other hand, Chapter 2 gives an overview of the performance assessment of at 

merging sections including efficiency and safety assessments.  As for efficiency, the 

density is usually adopted as indicator to assess the efficiency performance of merging 

sections (HCM, 2010). Other indicators include flow rate, delay, average travel speed, free 

flow speed and space. However, none of those indicators take into account effects of 

individual merging vehicles on the mainline vehicles. Therefore, it is needed to find out an 

indicator that can consider the effects of merging vehicles at a microscopic level. On the 

other hand, to assess the safety performance, there are two main ways. Those are historical 

crash data-based method and traffic conflict technique. The traffic conflict technique has 

some advantages over the traditional crash-based method for safety assessment e.g. 

frequency of occurrence and its short time requirement of observation. The conflicts can be 

extracted from video data or they can be employed from MTSMs. However, to achieve the 

realistic results, it is necessary to incorporate realistic behavior inside MTSMs to capture 

the variation of road user in real world conditions. Moreover, some crucial models need to 

be added as well.  

Chapter 3 describes geometric and traffic characteristics of study sites as well as the data 

collection and processing. Two study sites on Nagoya Expressway route No. 3 were 

chosen. At both of the sites, the acceleration lanes are located in the middle of expressway 

carriageways and they were extended in October 2011. In addition, during the extensions, 

the acceleration lanes were slightly shortened due to construction work. Therefore, at each 

of the site, there exist three situations including “before”, “during” and “after” the 

extensions. The video data were collected at the sites covering all situations of “before”, 

“during” and “after” by using cameras positioned on the top of high building near to the 

sites. The video were recorded under different times of the day and days of the week in 

order to cover wide ranges of traffic conditions. From video data, microscopic vehicle 

trajectories were extracted by using an image processing technique. The microscopic 

vehicle trajectory data under various traffic conditions and wide ranges of acceleration lane 

length provide this study a good basis. On the other hand, Chapter 3 also gives 

explanations of how to consider the effects of traffic conditions. In this study, the density 
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of mainline traffic for each individual merging vehicle is adopted to take into account 

effects of traffic conditions.  

In Chapter 4, an overview of the whole maneuvers of not only merging vehicles but also 

mainline vehicles are firstly presented. After that, the classification of gap choices of 

merging vehicles is given. The gap choices are divided into three types named “direct-”, 

“chase-” and “yield-merging”. Then the contents of this chapter deal with the analyses of 

driver behavior under consideration of geometric and traffic conditions. The effects of 

geometric as well as traffic conditions are quantitatively figured out. The results of this 

chapter will start a good step towards the following chapter. It is found that merging 

vehicles tend to reject the adjacent gap to yield mainline vehicles under low density 

conditions. Contrarily, when the density becomes higher, merging vehicles are prone to 

reject the adjacent gap to overtake the mainline vehicles. The analysis of relationship 

between relative space and relative speed indicates that merging vehicles choose a merging 

pattern depending on a certain TTC threshold. Moreover, it is found that both of the yield 

and chase choices result in further merging position compared to direct one. In general, it 

is concluded that the longer acceleration lane results in further merging positions. 

Furthermore, the traffic conditions do not significantly affect the means of merging 

positions but their variations. A similar tendency can be observed if acceleration lane 

length becomes longer. The analysis results indicate that the initial speeds are slightly 

influenced by traffic conditions but not acceleration lane length. As for merging speed, it is 

found that mainline traffic conditions significantly affect merging speeds.  

Chapter 5 generalizes the analysis results from Chapter 4. Three models including gap 

choices, speed adjustment and merging maneuvers (merging position and speed) are 

proposed. After the choices of merging vehicles (direct-, chase- and yield-merging) can be 

determined by gap choice model, the speed adjustment and merging maneuvers are further 

developed for direct-, chase- and yield-merging, respectively. The concept of inverse Time 

to Collision (TTC-1) is adopted as a variable for modeling gap choices and speed 

adjustment behavior. The inverse Time to Collision is estimated between the merging 

vehicle and the leading mainline vehicle as well as between the merging vehicle and the 

following mainline vehicle. Those are denoted TTCL
-1 and TTCF

-1, respectively. 

Additionally, the geometry of merging sections and traffic conditions (density) are taken 

into account for all models.  
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The estimation and sensitivity analysis results indicate the decision of a merging vehicle 

decide to reject or accept the gap (choices) is significantly dependent upon TTCL
-1 and 

TTCF
-1. Generally, the merging vehicles accept the gap in the cases of low potential 

collision with both the leading and following mainline vehicles. By contrast, they reject the 

gaps to avoid collision with the leading and following mainline vehicles. In addition, the 

speed adjustment models show that the longer acceleration lane results in a higher 

acceleration rate of merging vehicles. And the denser mainline traffic causes a lower that 

of merging vehicles. It is found that if TTCL
-1 is negative, merging vehicles increase their 

acceleration rate. On the contrary, if TTCL
-1 becomes positive and the collision can happen, 

merging vehicles tend to reduce acceleration rate to avoid the collision with leading 

mainline vehicles. In case of TTCF
-1, the positive signs of coefficients indicate that when 

following mainline vehicles run faster than merging vehicles, they increase their 

acceleration rate to avoid collision with following mainline vehicles. Furthermore, a 

normal distribution was adopted to fit the models of merging position and speed. The 

results of model estimation and sensitivity analysis indicate that the models give consistent 

results with the analysis presented in Chapter 4. 

Chapter 6 examines the discrepancies between assumed values of existing guidelines and 

observed ones including initial speed and merging speed. It is found that the assumed 

initial speeds are lower than the observed ones under all traffic conditions: low, medium or 

high densities. In addition, it is concluded that the assumed initial speed of Japanese 

guideline results in less discrepancies than that of AASHTO. On the other hand, the 

analysis of merging speed demonstrates that the assumed values by both AASHTO and 

Japanese guideline are lower than the average values of observed ones for the conditions of 

low and medium density. By contrast, in the case of high density, the assumed speeds of 

both of guidelines are higher than that of observed one, except the case of AASHTO for 

the acceleration lane length of 365m. In general, it is concluded that the length of 

acceleration lane should be designed appropriately taking into consideration of the length 

required for acceleration for the merging vehicles under the low and medium density 

conditions. However, under high density condition, the design of acceleration lane should 

consider the opportunity for merging vehicles to safely merge without adversely affecting 

the mainline flow. 
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Chapter 6 also assesses the performance of merging sections from safety and efficiency 

point of views. The inverse Time to Collision is adopted to assess the safety performance. 

By collecting the conflicts between the merging vehicles with both the leading and 

following mainline vehicles at starting merging moment, the performance of merging 

sections from the safety point of view is assessed. It is found that the longer acceleration 

lane length lead to reduce not only the conflict possibilities (TTC > 0) but also the 

dangerous conflicts (TTC < 4s). On the other hand, the results show that chase- and yield-

merging involve in more possible and dangerous conflicts than the direct-one. Since the 

longer acceleration lane provide enough space for the merging vehicle to compete with the 

mainline vehicles to close speed differences between them, it makes the merging vehicles 

to have more probabilities of directly merging. This also explain why the longer 

acceleration lane can reduce the possible and dangerous conflicts between the merging 

vehicles and the corresponding mainline vehicles. On the other hand, the speed reduction 

percentage of mainline vehicles was proposed to assess the efficiency performance. It is 

concluded that the impacts of merging vehicles on mainline speed reduction become 

significant under high density condition. Regarding the length of acceleration lane, it is 

found that the effect of acceleration lane length on speed reduction of mainline vehicles 

under low density conditions is not noticeable. On contrary, under high density condition, 

the acceleration lane length has significant impacts on speed reduction of mainline vehicles 

due to merging vehicles. However, it seems long acceleration lane length exhibits more 

negative impacts on speed reduction percentage of mainline vehicles. However, this 

conclusion needs to be further investigated. 

Finally, Chapter 7 gives research conclusions and provides some recommendations for 

future works. Generally, the contributions of this study can be summarized as follows. (i) 

The existing studies, operational policies, design methodology and MTSMs were carefully 

reviewed. And then, the some drawbacks and limitations were figured out. (ii) By using the 

microscopic trajectory data, which have a special characteristic and have never existed in 

the literature, the effects of geometry and traffic conditions are thoroughly considered. The 

relationships among driver behavior (i.e. gap choice, speed adjustment, merging position, 

merging speed, etc.) and those influencing factors were in-depth explored. (iii) The driver 

behavior models including gap choice, speed adjustment, merging position and merging 

speed were developed. The developed models covered the whole maneuvers of merging 
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vehicles. In addition, the models took into account of the reactions of merging vehicles 

toward the mainline vehicles. And the effects of geometry as well as traffic conditions 

were thoroughly considered for model development. Therefore, when the developed 

models will be incorporated in a MTSM, it is expected to improve the representation of 

traffic operations of existing MTSM at the merging sections. (iv) The inverse Time to 

Collision was newly added into the models of gap choice and speed adjustment in order to 

capture the reactions of merging vehicles from a safety point of view. 

Although the study showed some positive contributions, it has limitations. These 

limitations open some directions for future works. (i) The study is limited to the local 

characteristics of study sites where the acceleration lanes are located in the right hand-side 

with the available ranges of acceleration lane lengths from 170 to 365m. In future, 

collecting data of left hand-side entrances with more ranges of acceleration lane lengths to 

generalize the analysis results and model estimations is necessary. (ii) Since only the 

leading merging vehicles were considered in this study, the analysis results and proposed 

models may not appropriately applied for the following merging vehicles. The behavior of 

the following merging vehicles is much more complicated than that of the leading merging 

vehicles. Because the following merging vehicles have to react not only to the mainline 

vehicles but also to the leading merging vehicles. Therefore, data collection of the 

following merging vehicles are necessary to verify how different it is between the leading 

merging vehicles and the following merging vehicles. (iii) The gap choice model in this 

study only considered the situation in which a single vehicle merges into one gap. 

However, in the real world, two vehicles or more can merge into one gap and it causes 

more and more negative impacts on the mainline vehicles. This situation might usually 

happen when the merging vehicles come to the acceleration lane within a platoon. (iv) In 

this study, the mainline vehicle maneuvers have not been considered. However, to archive 

a more realistic representation of traffic operations at merging sections, the mainline 

vehicle maneuvers need to be further analyzed and model as well. (v) This study did not 

consider the heavy vehicles and the study is, therefore, limited to only passenger cars. 

Future work should take heavy vehicles into consideration for the analysis and modeling. 

(vi) Finally, the safety and efficiency performance assessment of merging sections were 

based on the data were extracted from vehicle trajectory. Although the results showed a 

tendency, they are limited to the sample size, available ranges of acceleration lane lengths 
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and traffic conditions at the study sites. Moreover, there are contradictions of extending the 

length of acceleration lane from safety and efficiency points of view. One suggests that it 

would reduce conflict probabilities while the other one seems to imply the deterioration of 

merging section efficiency. Therefore, it is thought that it may exist an optimal 

acceleration lane length which satisfies both safety and efficiency. In the future, after 

improving the limitations mentioned above and by incorporating all necessary models into 

an MTSM, it is possible to find out the optimal acceleration lane based on the data 

employed from the MTSM. 
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Chapter 1 Introduction 

INTRODUCTION 

1.1 Background 

In a modern society, expressway networks play important roles not only for daily 

commuting trips but also for business trips. In Japan, national expressways serve as the 

arteries to connect metropolitan areas. And inside the metropolitan areas, urban 

expressways are often considered as a crucial part of the urban road infrastructure. The 

formation of the urban expressway, which provides the citizens internal short-distance and 

external long-distance as well, will strongly support and promote the reasonable 

adjustment urban spatial structures and enhance urban transport accessibility features, fast 

function, and connectivity features.  

Figure 1-1 a) shows the Japanese expressway networks and Figure 1-1 b) details statistic 

characteristics of length and travel by road types (MLIT, 2013). It can be seen that 

although the percentage of expressway length is very small in the whole road networks 

(only 0.6 percent), it shares an essential contribution of total vehicle travel compared to 

other road types. In this sense, the performance of expressway is critical to the 

transportation system. 

Generally, the expressway is a combination of several segments e.g. merging, diverging, 

weaving and basic segments (HCM, 2010). The performance of each segment directly 
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affects the safety and mobility levels of the whole expressway networks. Among the 

expressway segments, merging sections are usually regarded as the most important and 

complicated ones. Several studies have identified that driver behavior significantly affects 

traffic operations of merging sections (Elefteriadou et al., 1995; Kerner and Rehborn, 

1996; 1997; Yi and Mulinazzi, 2007) and occurrences of breakdown at these sections are 

associated with the interactions between the two competing traffic demands (Kondyli and 

Elefteriadou, 2011). In another aspect, field observations have shown that merging sections 

are one of major sources of traffic crashes on expressway (Fisher and Loutzenheiser, 1948; 

Lundy, 1967; McCartt et al, 2004). Therefore, the designs and operations of merging 

sections that can relieve traffic congestion and/or improve safety have been paid an 

increasing attention. 

  

a) Expressway networks in Japan b) Length and travel by road types 

Figure 1-1 Expressway networks and roles of expressway networks in Japan (sources: 

MLIT, 2013). 

1.1.1 Layout Design of Merging Sections 

 

a) Tapered design     b) Parallel design 

Figure 1-2 Types of acceleration lanes 
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Regarding length of acceleration lane, AASHTO (2011) stated that the acceleration lanes 

of merging sections should have sufficient length to enable a driver to make the 

appropriate change in speed between the merging and mainline vehicles. Moreover, there 

should be additional length to permit adjustments in speeds of both through and entering 

vehicles so that the entering driver can position the vehicle opposite a gap in the mainline 

traffic stream and then maneuver into the stream before the acceleration lane ends. This 

latter consideration also influences both the configuration and length of an acceleration 

lane. However, this consideration is just abstract. No quantitative consideration has been 

proposed to address how long is needed for gap acceptance or lane-changing. 

 

Figure 1-3 Yobitsugi entrance (source: googleearth) 

Figure 1-3 gives an example of a typical merging section on the urban expressway of 

Japanese metropolitan areas. In the metropolitan areas, e.g. Tokyo, Nagoya, the urban 

expressways have a special feature. They are usually constructed as viaducts above urban 

roads due to lack of spaces. In addition, acceleration lanes of merging sections are 

sometimes positioned in the middle of the two expressway carriageways. In this case, it is 

common to have entrances located on the right-side (left-hand traffic) even left-side 

entrances are preferable as suggested by design guideline (AASHTO, 2011). The special 

feature of merging sections may bring drivers some difficulties. Firstly, for the left-hand 

traffic, merging drivers may not easily check their “blind spot” when they have to merge 

from the right side to the left side. Secondly, the median lane, which the merging vehicles 
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have to merge in, is usually considered as the higher speed lane compared to the shoulder 

lane. Therefore, the merging vehicles may be difficult to close speed differences between 

them and the mainline vehicles under a given acceleration lane length. Finally, since the 

urban expressways are viaducts, the merging vehicles have to go up from the local roads to 

the acceleration lanes. It may cause difficulty for the merging drivers in term of visibility. 

They cannot see the mainline traffic conditions before they can nearly approach to the 

acceleration lanes. Such of these difficulties may lead to higher probability of collision 

between the merging and mainline vehicles. In addition, it may cause more negative 

impacts of merging vehicles to the mainline vehicles and result in deterioration of merging 

section efficiency. Thus the driver behavior on these types of merging sections needs to be 

deeply studied.  

1.1.2 Traffic Operations at Merging Areas 

As previously mentioned, a competition of merging and mainline flows for the same 

capacity at downstream of the merging point can be major causes of breakdown and 

capacity drop. In order to minimize negative impacts of merging vehicles on the mainline 

traffic, several control strategies have been applied so that capacity of merging sections can 

be improved. The control strategies are carried out by managing the mainline traffic flow 

and/or merging traffic flow. The management of traffic flow can be applied by using 

Intelligent Transportation System (ITS) e.g. Variable Message Sign (VSM) or ramp 

metering. In addition, traffic control strategies can be applied by changing the physical 

layouts of merging sections such as lane closure, changing the length of chevron making or 

the length of acceleration lane. The traffic control strategies are summarized as follows: 

(a) Ramp metering 

As shown in Figure 1-4, ramp metering is an implementation of traffic signals at on-ramps 

to control the rate of vehicles entering the expressway, and therefore, efficiency of the 

expressway itself can be improved. The signals can be set for different merging rates so 

that it can optimize expressway flow and minimize congestion.  

According to Arnold (1998), benefits of ramp metering comprise (i) increase expressway 

speeds and decrease travel times, (ii) increase capacity and reduce congestion (iii) reduce 

emissions and improve air quality.  
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Figure 1-4 An example of ramp metering (source: WisDOT, 2006) 

 

Figure 1-5 Scenarios of lane closures for Hamazaki-bashi merging section (source: Sarvi, 

et al., 2003) 

(b) Lane closures 

Lane closure strategy can be applied for the on-ramp lane as well as the mainline lane. The 

studies have shown that lane closures can improve not only capacity of merging sections 

Mainline

On-ramp
Closed lane

Mainline

On-ramp
Closed lane

Closed lane

b) Scenario 2: On-ramp lane closure

c) Scenario 3: On-ramp and mainline lane closures

Mainline

On-ramp

a) Scenario 1: No lane closure
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but also safety. For instant, Sarvi et al. (2003) utilized traffic simulation approach to test 

the proposal of lane closure. Three scenarios were conducted in their studies as detailed in 

Figure 1-5. They found that closures of on-ramp lane or closure of both on-ramp lane and 

mainline lane increase capacity by almost 3%. In addition, these lane-closure strategies 

also considerably improved safety. 

(c) Changing lengths of acceleration lane or a chevron marking 

One possibility to control the merging flow is to change an effective merging length as 

shown in Figure 1-6. The effective merging length is changed by extending or shortening 

the lengths of acceleration lane and/or chevron marking. As for changing the length of 

acceleration lane, there have been arguments in the literature. According to AASHTO 

(2011), a long acceleration lane is well recognized in terms of efficient traffic operation 

and low crash frequencies. In addition, studies have found that the longer acceleration lane 

exhibits lower accident rates and has better benefits of efficiency (Cirillo, 1970, Garber 

and Fontaine, 1999). It is because the longer acceleration lane can provide more length for 

merging vehicles to accelerate to a safer merging speed as well as provide more length for 

them to search an acceptable gap to position them into the mainline. However, by contrast, 

several studies have concluded that the longer acceleration lane does not always bring the 

better benefits, especially under near congested or congested conditions. For instant, 

studies by Moon et al. (2012) and Lee et al. (2003) showed that under congested 

conditions, the longer acceleration lane appeases to increase the potential collisions and 

operational problems due to the frequency of merging maneuvers over the total 

acceleration lane.  

 

Figure 1-6 Control effective merging length 

Acceleration lane length

Chevron marking

Physical-nose

Median separator
Chevron marking

length

Effective merging length



 

 

7 

 

As for changing the length of chevron marking, unfortunately no related studies have been 

found. However, basically the merging vehicles should not merge into the mainline before 

reaching the end of chevron marking. Therefore, changing the length of chevron marking 

may result in changing the rate of merging vehicles into the mainline.  

(d) Applying variable message sign (VMS) 

Variable message signs (VMS) could become a key element in efforts to minimize  

negative impacts of the merging vehicles on the mainline vehicles. And it would be 

possible to reduce congestion and improve capacity. VMS can be installed at strategic 

decision points on the expressway prior to the merging sections. So that, the mainline 

vehicles can make lane changing before entering merging area  in order to avoid conflicts 

with the merging vehicles. For example, Sarvi and Kuwahara (2008) studied the impacts of 

heavy vehicles traveling on the expressway upon merging section capacity and concluded 

that increasing 1 percentage of heavy vehicles results in 1% capacity. They also used a 

simulation model to investigate the benefit of deploying VMS before the merging point to 

guide truck drivers to switch lanes to avoid the conflicts with merging vehicles. They 

concluded that by moving 10% of heavy vehicles, the capacity of the merging section 

could be improved by 1%. 

1.1.3 Applications of Microscopic Simulation Models for Merging 

Areas 

Recently, microscopic traffic simulation models (hereafter: MTSMs) are widely used in the 

transportation engineering field because of their cost-effectiveness, risk-free nature, and 

high-speed benefits. The application areas of MTSMs include designs of transportation 

facilities and evaluations of traffic operations or management alternatives (Park and Won, 

2006). Applications and benefits of MTSMs are shown in Figure 1-7.  

Many different MTSMs are available to be applied to the various projects and researches. 

Among them, the most popular existing models can be listed as AIMSUN (TSS), VISSIM 

(PTV America), CORSIM (FHWA) and PARAMICS (Quadstone Limited). According to 

Park and Won (2006), all of these models have achieved certain degrees of success in 

applying to the evaluation of traffic operations, transportation planning and ITS strategies. 
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Figure 1-7 Application areas and benefits of MTSMs (source: Park and Won, 2006) 

At merging area, MTSMs can also be considered as effective tools to evaluate the proposed 

operational policy or new geometric design of merging sections before its actual 

implementation. However, it is worth mentioning that, in order to get a reasonable 

evaluation result, it is very important to take into account of various influencing factors on 

driver behavior to achieve more rational representations of traffic operation. Unfortunately, 

the existing simulation models cannot precisely represent driver behavior under various 

influencing factors such as traffic conditions, geometry, and individual interactions 

between merging and mainline vehicles. 

Xiao et al. (2005) stated that some existing MTSMs (e.g. AIMSUN and VISSIM) 

incorporated a relatively simple gap acceptance model. For instant, according to VISSIM 

user manual, (PTV, 2008), the gap acceptance model is not implemented. However, the 

driver aggressiveness is used to express the necessary of merging vehicles to merge into 

the mainline before the end of the acceleration lane. On the other hand, the gap acceptance 

model in AIMSUN can be considered as an improvement of Gipp’s lane changing model 

(Casas et al., 2010), with some additional parameters (e.g. reaction time, maximum waiting 

time, time-distance on-ramp). Those parameters indicate the growing necessary to merge 

into the mainline prior to the end of the acceleration lane (Hidas, 2005).  

Sarvi and Kuwahara (2007) concluded that the most frequently used MTSMs is not 

capable of precisely reproducing the driver behavior at merging section areas, especially 

under congested conditions. For instant, PARAMICS results in underestimated capacity, 
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meanwhile the vehicles in AIMSUN and VISSIM disappear from the ramp after some 

blocking time. 

1.1.4 Driver Behavior at Merging Sections 

Among the expressway facilities, merging section is one of the most complex ones. At the 

merging section, two traffic streams coming from mainline and on-ramp have to compete 

for the same space (Figure 1-8). As the traffic congestion and traffic accident may result 

from the competition of drivers in two traffic streams, it is necessary to get insight how 

merging section layouts and operational conditions affect the driver behavior. In addition, 

it is important to understand how merging section layouts affect efficiency and safety of 

the sections. 

 

Figure 1-8 Two traffic streams compete for the same space (photo captured from 

video tape, Takatsuji entrance) 

Driver behavior at merging sections is very complicated. Both drivers of merging vehicles 

and mainline vehicles have to react with each other for a safety merge. The drivers of 

merging vehicles have to do series of complex tasks such as gap searching and gap choice, 

adjust speed and position of mainline vehicle in order to make the safe merge. On the other 

hand, the drivers of mainline vehicles also have to take care not only other mainline 

vehicles but also the merging vehicles. When they find a merging vehicle, which wants to 

merge into the mainline, they might have to reduce speed to avoid collision with the 

merging vehicle. Moreover, they can make a cooperation with the merging vehicle by 
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changing the lane or by creating a larger space gap for the merging vehicles. These 

behaviors may be affected by merging section layouts as well as operational conditions.  

In the last few decades, lots of models have been proposed to represent merging process. 

Some of them have been incorporated into MTSMs in order to provide more rational 

representations of traffic operations at merging sections. Even though, due to a lack of 

microscopic empirical data, no insights have been presented on the variations in merging 

behavior. In addition, the models are not sensitive to the effects of not only the merging 

section geometries but also traffic conditions (Marczak, et al., 2013). 

It is worth mentioning that one purpose of study driver behavior on the expressways is to 

evaluate the effects of new geometric layouts or proposed control strategies of the 

expressway facilities before its actual implementation. The implementation of the new 

geometric layouts or proposed control strategies without studying driver behavior might 

lead to a very costly trial and error due to the implementation cost.  

Therefore, getting insight driver behaviors at merging sections and their influencing factors 

using microscopic empirical data may provide designer bright information to design 

merging section layouts which satisfy driver behavior and driver expectation. Then, it is 

expected to relieve traffic congestion and improve safety. On the other hand, the proposed 

driver behavior models can be implemented in a MTSM for precisely representing traffic 

operations of merging sections. And it is possible to reasonably evaluate the effects of the 

proposed operational policy or geometric design of merging sections before the actual 

implementation. 

1.2 Problem Statements 

The merging section is a key point on the expressway networks. Due to the competition of 

two traffic flows for the same space, it is known as the potential bottleneck and the source 

of traffic crashes. Therefore, its operations in terms of efficiency and safety are becoming 

increasingly important concerns. A lot of geometric layouts or control strategies have been 

applied to improve its operations. However, in order to reduce the implementation cost of 

the proposals of new geometric layouts or the control strategies, it is necessary to find out a 

tool to evaluate any proposal before its actual implementation.  
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In the last few decades, the MTSMs are widely used as effective tools to evaluate the 

operational policy or new geometric design in terms of efficiency and/or safety of traffic 

facilities including the merging sections. However, to get reasonable evaluation results, it 

is very important to take into account of various influencing factors (e.g. traffic conditions, 

geometry, and individual interactions between merging and mainline vehicles) upon driver 

behavior for providing a more realistic representation of traffic operations. Unfortunately, 

at merging sections, the existing simulation models cannot precisely represent driver 

behavior under those influencing factors. 

Driver behavior study at merging sections is a classical topic and it has been studied since 

the late 1930s (Beakey, 1938). Even though, it still remains as a challenging topic. In the 

past, numerous studies were carried out to investigate driver behavior at merging sections. 

However, various influencing factors such as those mentioned above have not been 

thoroughly considered.  

In another aspect, the existing guidelines are based on the design speed of on-ramp and 

expressway to estimate a minimum length of acceleration lane by assuming the traffic 

condition is free flow. However, operational conditions may be different from the assumed 

one. In reality, traffic congestion can occur due to unexpected increasing traffic demand, 

traffic accident and so on. Therefore, the proposed design of existing guidelines may lead 

to some biases that cannot satisfy driver expectation for all the cases of operational traffic 

conditions. On the other hand, it is necessary to design the length of acceleration lane from 

a safety point of view. 

1.3 Objective 

The objective of this study is to analyze behavior of merging vehicles and develop their 

models taking into account of mainline traffic conditions, geometry of merging sections 

and interaction between merging and mainline vehicles. The study is based on microscopic 

vehicle trajectories extracted from video data. The video data were collected on two urban 

expressway merging sections in Nagoya City, Japan with wide ranges in geometries and 

traffic conditions. Moreover, the video data is further utilized to explore the discrepancies 

between the observed data and assumed values of existing guidelines and assess the 
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performance of merging sections from safety and efficiency points of view. The specific 

objectives of the study are explained in detail as follows: 

① Analyze the effects of influencing factors such as mainline traffic conditions and 

geometry of merging sections upon merging maneuvers. 

② Generalize the analysis results by proposing driver behavior models which can 

reasonably represent the whole maneuvers of merging vehicles. 

③ Explore the discrepancies between the observed data and assumed values of 

existing guidelines.  

④ Reexamine the minimum acceleration length estimation based on the observed data 

under different traffic flow conditions. 

⑤ Assess the performance of merging sections from safety and efficiency points of 

view.   

1.4 Research Outline  

After clearly defining research objectives, Chapter 2 intensively reviews the previous 

studies not only on the design and operation of merging sections but also on driver 

behavior studies and performance assessment of merging sections. Then, Chapter 3 

describes geometric and traffic characteristics of study sites. In addition, this chapter gives 

information of data collection and processing. Following, Chapter 4 presents the whole 

maneuvers of merging vehicles and analyzes the maneuvers taking into account effects of 

mainline traffic conditions and geometry of merging sections. After that, the maneuvers of 

merging vehicles including gap choices, speed adjustment as well as merging speed and 

merging position are modeled in Chapter 5. An inverse Time to Collision (TTC-1) is 

adopted as a variable for modeling gap choice behavior and speed adjustment. This enables 

to describe the behavior of merging driver from a safety point of view. The contents of 

Chapter 4 and Chapter 5 were published in the following conferences and journals:  

Chu, T. D., Asano, M. and Nakamura, H. (2012a): An Analysis of Merging Speed at 

Urban Expressway Merging Sections, Proceedings of JSCE 14th International Summer 

Symposium, Japan Society of Civil Engineers (JSCE), 2 pages. 

Chu, T. D., Asano, M. and Nakamura, H. (2012b). Modeling gap choice at urban 
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expressway merging sections, Japan Society of Civil Engineers (JSCE) conference, 8 

pages, CD-ROM. 

Chu, T. D., Nakamura, H., Peng, C., and Asano, M. (2013a). Quantifying effects of 

acceleration lane lengths and traffic conditions on merging maneuvers at urban expressway 

entrances, Proceedings of the Easten Asia Society for Transportation Studies, Vol. 9. 

Chu, T. D., Nakamura, H., and Asano, M. (2013b). Modeling gap choice at urban 

expressway merging sections, Journal of Japan Society of Civil Engineers Part D3, JSCE, 

Vol. 69, No.5, pp. I_881 - I_892. 

Chu, T.D., Miwa, T., Morikawa, T. (2014a): An analysis of merging maneuvers at urban 

expressway merging sections, Social and Behavioral Sciences, Vol. 138, pp. 105 – 115. 

(Presented at 9th International Conference on Traffic & Transportation Studies, Shaoxing, 

China, August 2014).  

Chu, T.D., Miwa, T., Morikawa, T. (2014b): Modeling speed adjustment behavior of 

merging vehicles at urban expressway merging sections. Social and Behavioral Sciences, 

Vol. 138, pp. 116 – 126. (Presented at 9th International Conference on Traffic & 

Transportation Studies, Shaoxing, China, August 2014). 

Continuing Chapter 5, Chapter 6 explores the discrepancies between the observed data 

and assumed values of existing guidelines. And it reexamines the minimum acceleration 

length estimation based on the observed data under different traffic flow conditions. On the 

other hand, Chapter 6 gives the performance assessment of merging sections in terms of 

safety and efficiency. Finally conclusions and some perspectives for future research are 

provided in Chapter 7.  

The general structure of this study is presented in Figure 1-9. 
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Chapter 2 Literature Reviews 

LITERATURE REVIEWS 

2.1 Design Methodology of Existing Guidelines 

The existing guidelines such as those of AAHTO (2011) and Japan Road Association 

(2004) define the length of an acceleration lane simply as the length required to allow 

merging vehicles to accelerate as shown in Equation 2-1: 
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Where  

a (m/s) is acceleration rate of merging vehicle which is assumed as constant,  

v1 and v2 (km/h) are speed of merging vehicle at physical-nose and at the point where 

vehicle merge into the mainline. 

The AASHTO guideline assumes that the speeds v1 and v2 (km/h) are lower than the design 

speeds of on-ramp and expressway 10km/h. In Japanese guideline, the value of v2 is based 

on the merging speed observed on Meishin Expressway and the value of v1 is assumed 

equally to the design speed of on-ramp. The minimum acceleration lengths estimated by 

AASHTO and Japanese guidelines are shown in Table 2-1and Table 2-2 , respectively. It is 



 

 

19 

 

noted that the acceleration length proposed by AASHTO does not include the taper length 

while the acceleration length proposed by Japanese guideline includes the taper length. The 

AASHTO suggests minimum taper length of 90m for all cases. In Japanese guideline, the 

taper is dependent on the design speed of expressway as shown in Table 2-3. 

Table 2-1 Minimum acceleration lengths for entrance terminals with flat grade (<2%) 

(AASHTO guideline) 

Acceleration length, L (m) 

Expressway 

On-ramp design speed (km/h) 

Stop 

condition 
20 30 40 50 60 70 80 

Design 

speed 

(km/h) 

Merging 

speed v2 

(km/h) 

Initial speed v1 (km/h) 

0 20 28 35 42 51 63 70 

50 37 60 50 30 - - - - - 

60 45 95 80 65 45 - - - - 

70 53 150 130 90 60 65 - - - 

80 60 200 180 145 145 115 65 - - 

90 67 260 245 205 205 175 125 35 - 

100 74 345 325 285 285 255 205 110 40 

110 81 430 410 370 370 340 290 200 125 

120 88 545 530 490 490 460 410 325 245 

Table 2-2 Minimum acceleration lengths for entrance terminals with flat grade (<2%) 

(Japanese guideline) 

Acceleration length, L (m) 

Expressway 
On-ramp design speed (km/h) 

25 30 35 40 50 

Design 

speed (km/h) 

Merging 

speed v2 (km/h) 

Initial speed v1 (km/h) 

25 30 35 40 50 

40 40 47 37 - - - 

50 50 108 100 85 64 - 

60 60 150 193 183 164 104 

80 63 180 225 215 198 141 

100 65 - 256 246 230 176 

120 70 - - 322 310 266 

Notably, one assumption of the existing guideline is that the merging vehicles can freely 

accelerate without influences of any mainline vehicles. In the real word, the mainline 

traffic condition may range from free flow to congested condition. The congested 
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condition may occur due to some reasons e.g. unexpected increasing traffic demand, traffic 

incident and so on. The design of acceleration lane without considering the traffic 

condition happening in the real world might lead to some biases of driver expectation. It 

might lead to safety problems or deterioration of merging section capacity. Therefore, 

taking into account various mainline traffic conditions for minimum acceleration lane 

estimation might satisfy driver expectation under all conditions.   

Table 2-3 Minimum taper length (Japanese guideline) 

Design speed of expressway (km/h) 40 50 60 80 100 120 

Taper length (m) 40 40 45 50 60 70 

2.2 Driver Behavior Studies at Merging Sections 

2.2.1 Gap Acceptance 

Gap acceptance is an important component of the lane-changing process and has received a 

good deal of attention. At the merging sections, the term “gap acceptance” can sometimes 

be referred as “lane-changing”.  

Most studies have been concerned with determining the critical gap required for estimating 

the capacity of unsignalized intersections. Herman and Weiss (1961), and Miller (1972) 

were pioneers in the development of gap acceptance models based on critical gap. 

Following that, Daganzo (1981), Heckman (1981), and Mahmassani and Sheffi (1981) 

assumed that critical gap follows a normal distribution and they used a probit model to 

estimate it. However, not all of these models are applicable for expressway merging 

sections where drivers have to change lane within limited length of road and where no 

complete stop situation occurs before a lane change (Goswami and Bham, 2007). 

At expressway merging sections, several studies have been done to model gap acceptance. 

Kita (1993) made use of a binary logit model and found that the gap length, remaining 

distance to the end of acceleration lane, and relative speed were significant explanatory 

variables. Hwang and Park (2005) modeled gap acceptance with variables such as lead 

gap, lag gap, front gap, presence of heavy vehicles and remaining distance. However, all of 

these models are applicable only under uncongested conditions. In addition, Kita’s study 
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focused only on the cases in which the merging vehicles were moving more slowly than 

the ones in the mainline. 

To overcome these limitations, several models have recently been developed to represent 

gap acceptance for vehicles merging under congested conditions (Ahmed et al., 1996; 

Hidas, 2002, 2005). Under congested conditions, where there are very few acceptable gaps, 

they proposed “forced” and “cooperative” lane change models. These models are capable 

of representing instances of merging through the creation of gap either by yielding of the 

following vehicle in the target lane or by forcing the following vehicle to slow down. 

However, the influence of acceleration lane length on gap acceptance has not been 

considered in this research.  

Watanabe and Nakamura (2006) modeled the gap searching using video data collected at 

Horita and Kurokawa entrances, Nagoya City, Japan. They found that gap search of 

merging vehicles is affected by the headways within mainline traffic. However, the 

impacts of mainline traffic conditions and acceleration lane length on gap searching have 

not been addressed.  

Marczak et al. (2013) claimed that the studies in literature did not make efforts in 

observing the rejected gap. For instant, Choudhury et al. (2007) and Kondyli and 

Elefteriadou (2010, 2011), observed gap acceptance. However, they did not take into 

account of gap rejection. Based on this fact, Marczak et al. (2013) collected video data at 

two sites (Bodegraven in Netherlands and Grenoble in France) using the helicopter 

technique to study the merging maneuvers. They applied the binary logit model to develop 

the gap acceptance for each study site, respectively. The probability of gap acceptance was 

modeled as a function of the remaining distance, the space gap, the relative speed between 

(i) the leading mainline vehicle and the following mainline vehicle, (ii) the leading 

mainline vehicle and the merging vehicle. They found that merging drivers in Grenoble are 

more aggressive because they accept smaller gaps than that in Bodegraven. In addition, the 

remaining distance plays as the key factor in Grenoble, while the space gap is the most 

influencing factor in Bodegraven. The reason for these differences may be associated with 

the merging section geometry (the length of acceleration lane in Grenoble is shorter than 

the one in Bodegraven), and to the congestion level on the mainline (Grenoble site is more 

congested). 
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Most recently, Jiang and Sun (2014) attempted to model the gap choices of merging 

vehicles based on the video data collected at two sites on Shanghai Expressway, China 

with similar geometries. They applied the multinomial logit model and nested logit model 

to capture the choices of merging vehicles which are classified into normal free lane-

changing, forced lane-changing and cooperative lane-changing. They found that the two-

level nested logit model is the best-fitted one. Moreover, they also took the traffic 

conditions into consideration. However, it is in a macroscopic level. In their study, the 

traffic conditions are divided into three levels: uncongested, near-congested and congested. 

It, therefore, could not consider the effects of fluctuation of traffic flow on an individual 

merging vehicle. On the other hand, they could not take into account of geometry effects 

since two observed sites have similar geometries.  

In the study of Marczak et al. (2013), it is stated that the merging section geometry and 

traffic condition can be important influencing factors. However, previous study could not 

thoroughly figure out these factors due to limitation of dataset. For example, the dataset is 

available for congested condition only or the available range of the acceleration lane length 

is not sufficient. Moreover, the studies in literature just focused on the effects of relative 

gap (in meter or second) and relative speed between the merging and the mainline vehicles. 

None of them has attempted to investigate how the combination of these variables (such as 

inverse Time to Collision, TTC-1) affect the gap acceptance. In reality, from a safety point 

of view, the merging drivers have to consider both relative gap and relative speed to decide 

to accept or reject a gap.  

Different from the other studies, this study contributes to an approach when modeling gap 

choice behavior by classifying it into three types considering the interaction between 

merging vehicle and object mainline vehicles under various traffic flow conditions. The 

classification of gap choice is adopted from Ohsawa et al. (2010). In addition, our study 

adopts the inverse Time to Collision, TTC-1as an explanatory variable. It can contribute to a 

more precise representation of merging driver behavior in term of gap acceptance. 

2.2.2 Speed Adjustment Behavior 

Historically, the American Association of State Highway and Transportation Officials 

(AASHTO, 2011) has suggested that the acceleration lane length is based on ramp vehicle 
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acceleration performance. The acceleration performance of vehicles in the acceleration lane 

was adopted from very old study in the late 1930's. However, its assumption that drivers 

can freely accelerate without any interaction with mainline vehicles is not realistic.  

Michaels and Fazio (1989) found that the gap searching behavior results in a speed 

reduction. This implies that mainline vehicles have significantly influenced on merging 

vehicle acceleration behavior and that impacts cannot be neglected from the speed 

adjustment behavior of merging vehicle. Kou and Machemenhl (1997) reported that when 

merging vehicles are moving on the acceleration lane, they make reaction to mainline 

vehicles and with other merging vehicles as well. Consequently, their speed adjustment 

behavior is not realistic by simply assuming no other vehicles exist. In order to consider 

these interactions, they adopted the concepts of car-following for modeling 

acceleration/deceleration behavior of merging vehicles. 

Although Kou and Machemenhl’s model is capable of representing the interaction of 

merging and mainline vehicles, its application is limited to uncongested conditions. Sarvi et 

al. (2002) overcame this limitation by using data collected under congested conditions on 

Tokyo Metropolitan Expressway and used the same idea to model acceleration behavior of 

merging vehicles. It is highlighted that both models of Kou and Machemenhl (1997) and 

Sarvi et al. (2002) cannot represent how the gap searching and gap acceptance affect the 

acceleration/deceleration behavior. However, the gap searching and gap acceptance might 

have significant impacts on the acceleration characteristics of merging vehicles.  

2.2.3 Merging Maneuvers 

Several studies have investigated the merging maneuvers on acceleration lanes by using 

observed data or driving simulators.  

Polus et al. (1985) analyzed merging position of merging vehicle based on video data 

collected at four acceleration lanes in Israel. The comparison was given for tapered and 

parallel acceleration lane. However, the effects of traffic conditions and acceleration lane 

lengths on merging positions were not concerned. Ahammed (2008) modeled merging 

maneuvers including merging speed and merging position based on field data observed in 

Ottawa City, Cananda. The models showed that merging speeds and merging positions 

increase as the acceleration lane length becomes longer. However, the effects of the 
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mainline traffic conditions were not considered since the field observation was conducted 

during the off-speak hours only. 

Calvi and Blastis (2011) studied the driver behavior on acceleration lane by using a driving 

simulator. Six configurations were used to test the participants in the simulator including 

acceleration lanes of different lengths under low (1000 veh/h/2-lane), medium (1500 

veh/h/2-lane) and high traffic conditions (3000 veh/h/2-lane). The findings demonstrated 

that traffic volumes on the mainline significantly affect merging maneuvers. Initial speed, 

merging speed, merging positions and acceleration oscillations increase as traffic volumes 

become higher. In addition, the length of the acceleration lane was found not to affect 

merging position except under high traffic volume. Although they considered both 

mainline traffic conditions and acceleration lane lengths, it is unrealistic to assume a fixed 

mainline speed of 120km/h for all of six configurations in the driving simulator. In reality, 

the speeds of mainline vehicles are quite dependent on the mainline traffic conditions and 

cannot be constant under different traffic conditions. That might be the reason why they 

concluded that initial and merging speeds of merging vehicles increase as traffic volumes 

become higher.  

Most recently, Marczak et al. (2013) analyzed the effects of acceleration lane lengths on 

merging position and merging speed at two study sites Bodegraven (Netherlands) and 

Grenoble (France). They found that the variations of merging positions in Bodegraven 

(283 m) are more significant than that in Grenoble (210 m), where more vehicles seem to 

merge near the middle of the acceleration lane. The merging speed in Bodegraven is about 

3m/s higher than in Grenoble. Moreover, they also explored the relationship between 

merging speed and merging location. They concluded that it is not possible to identify a 

difference in merging speed towards the end of the acceleration lane. 

2.2.4 Summary 

In summary, it should be emphasized that although geometry of merging section and traffic 

conditions may have significant effects on driver behavior of merging vehicles, they have 

not been thoroughly studied yet. In addition, previous studies did not focus on urban 

expressways in spite of their special features. In metropolitan areas in Japan, due to lack of 

space, urban expressways are built as viaducts and the entrances sometimes are positioned 
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in the middle of the two expressway carriageways. In this case, it is common to have 

entrances located on the right-side (left-hand traffic) even left-side entrances are preferable 

as suggested by design guideline (AASHTO, 2011). This study tends to cover these gaps 

by taking into account both of these influencing factors using microscopic trajectory data 

extracted from video tapes. The video tapes were collected under various traffic conditions 

and acceleration lane lengths at urban expressway entrances in Nagoya City, Japan.  

2.3 Driver Behavior Models inside Microscopic Traffic Simulation 

Models 

2.3.1 A Brief Overview of Popular Microscopic Traffic Simulation 

Models 

Numerous MTSMs have been developed since the last few decades. Among them, the 

most frequently used models can be mentioned as: AIMSUN (TSS), VISSIM (PTV 

America), CORSIM (FHWA) and PARAMICS (Quadstone Limited). Many studies and 

comparisons of MTSMs can be found in the literature e.g. Boxill and Yu (2000), Choa et 

al. (2002), Kaseko, (2002), Bloomberg and Dale (2000), Bloomberg et al.(2003), Sullivan 

et al. (2004) and Jones et al. (2004). From the literatures, the performances of each MTSM 

are briefly summarized as follows: 

(a) AIMSUN  

AIMSUN (Advanced Interactive Microscopic Simulator for Urban and Non-Urban 

Networks) was developed by Transport Simulation Systems (TSS), a Spain company. It is 

built to simulate urban and non-urban traffic networks. It provides the users a friendly 

interface for both the road network building as well as the application of simulation as an 

assessment tool. The performances of AIMSUN contribute to its innovations, including 

capabilities of graphical editing and outputs of simulation.  

(b) VISSIM 

VISSIM (Verkehr In Städten – SIMulationsmodell: Traffic in cities - simulation model) 

was developed by Planung Transport Verkehr (PTV), a German company. The strengths of 
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VISSIM are to analyze traffic operations under some constraints e.g. configuration of lane, 

composition of traffic, signal control and so on. Moreover, the model can be used for 

studying operations expressway at different facilities such as interchange, merging, 

diverging, and weaving segments. It can also be applied to evaluate the performance of 

ramp metering. 

(c) CORSIM 

CORSIM (CORridor SIMulation), developed by the Federal Highway Administration 

(FHWA), is a MTSM ant it consists of two models: FRESIM (FREeway SIMulation) and 

NETSIM (NETwork SIMulation). FRESIM is widely used for highways and expressways. 

Meanwhile, NETSIM is a model for urban networks. The performances of CORSIM is that 

it can provide the users several of measures of effectiveness to evaluate the performances 

of traffic networks. In addition, it can produce graphical animation to allow the users to see 

the results of simulation results.  

(d) PARAMICS 

PARAMICS (PARAllel MICroscopic Simulation) was developed by Quadstone Limited, 

a Scottish company. The main performance of PARAMICS is its ability in simulating a 

variety of traffic networks including expressways, arterials, and minor roads. Moreover, it 

can simulate numerous intersection types e.g. signalized intersections, two-way stop 

control, and roundabouts. 

2.3.2 Driver Behavior Models Implemented in MTSMs 

In order to simulate the movement of an individual vehicle, most MTSMs apply several 

algorithms and incorporate necessary behavior models. Each individual vehicle is 

designated a vehicle type (car, truck, bus, etc.) and its performances (minimum and 

maximum acceleration or deceleration, and desired speed) before entering a road or a 

segment. And then, the position and speed of each individual vehicle on the road/ segment 

are updated in every simulation time-step (or driver reaction time), its own performances, 

other surrounding vehicles, and characteristics of road/segment or traffic signal. Generally, 

the movement of the vehicle can be determined by three main algorithms. They are car-
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following, lane-changing and gap acceptance. The driver behavior models of each MTSM 

are presented as follows. 

(a) Car-following 

The purpose of a car-following algorithm is to determine how a vehicle interacts with other 

vehicle traveling in front and how the vehicle distributes itself within a traffic stream. The 

car-following algorithm directly affects the headway (or spacing) between vehicles in the 

traffic stream. Because, in reality, in order to keep safe reaction times for braking, vehicles 

try to maintain a specific distance between themselves and their proceeding vehicle. 

The car-following algorithm has been studied for more than half-century (Pipes, 1953). 

And a lot of car-following models have been developed since then. Some of them have 

been incorporated into a MTSM environment. They are commonly divided into three 

categories depending on the utilized logic (Olstam and Tapani, 2004). Such model 

categories  include the following types. 

 Gazis-Herman-Rothery model (GHR).  

Gazis-Herman-Rothery model (GHR) is also known as General Motor car-following model 

(GM). So far, the GHR model is perhaps the most well-known one (Brackstone and 

McDonald, 1999). The basic assumption of the model is that the acceleration of following 

vehicle is proportional to the speed of the following vehicle, the relative speed between 

following and leading vehicles and their relative space. 

 Safety-distance model.  

Safety-distance model is based on the assumption that the following vehicle tries to 

maintain a safety-distance to the leading vehicle. The car-following models used in 

AIMSUN and CORSIM can be classified as the safety-distance model. The model used in 

AIMSUN is based on the model developed by Gipps (1981, 1986a). Meanwhile, the one in 

CORSIM is based on Pitt car-following model proposed by the University of Pittsburgh. 

The car-following model in AIMSUN is an improvement of Gipps’ car-following model. 

In the new model, the parameters are determined by considering the influences of local 

parameters dependent upon driver characteristics (speed limit acceptance of driver), the 
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road characteristics (speed limit on the section or on turnings), and the effects of vehicles 

on neighbor lanes, etc. (Casas, et al., 2010). Two components are included in the model. 

The first component shows the expectation of drivers to accelerate in order to reach their 

desired speed. Meanwhile the second one represents the deceleration behavior of following 

vehicles due to the leading vehicle. 

On the other hand, the basic concept of Pitt car-following model incorporated in CORSIM 

is that the movements of a vehicle take place considering the headway between the 

following and the leading. In the simulation, each driver has a safety-headway that he/she 

tries keep with the leading vehicle. This safety-headway is about 1s in average. However, 

it may vary depending on driver characteristics and the characteristics of other drivers 

around him/her. For example, aggressive drivers may have the shorter safety-headway than 

careful drivers. In addition, a driver will simultaneously attempt to maintain the safety-

headway with the leading vehicle while also attempting to reach his/her desired speed. 

 Psycho-physical car-following models.  

In these category, the models use thresholds for, e.g., the minimum relative speed between 

following vehicle and leading vehicle. VISSIM incorporates car-following models based 

on the continued research of Wiedemann (Wiedemann, 1974). There are two psycho-

physical models implemented in VISSIM. One is named Wiedemann 74 (mainly suitable 

for urban traffic and merging/weaving areas) and the other one is named Wiedemann 99 

(mainly suitable for interurban traffic except merging/weaving areas). Meanwhile, in 

PARAMICS, the car-following model proposed by Fritzsche (1994) is also based on the 

psycho-physical model.  

The Wiedemann’s model states that any vehicle is in one of four states of car-following: 

free, approaching, following, or braking. In each state, the acceleration is calculated as a 

function of speed, relative speed or distance and the individual driver characteristics. The 

driver changes from this state to another one when he/she archives a threshold. In 

PARAMICS, the car-following is based on Fritzsche’s model. However, the difference 

between the Fritzsche’s model and the one in PARAMICS are not publicly known 

(Brockfeld et al., 2003). Basically, Fritzsche’s car-following model applies the same 

concept as the one of Wiedemann. The difference between these car-following models is 

how the thresholds are defined and calculated (Rakha and Gao, 2010). 
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The detailed formulations and comparisons of car-following models incorporated in 

AIMSUN, VISSIM, CORSIM and PRAMICS can be further seen in study by Rakha and 

Gao (2010). 

To sum up, many efforts have been done for developing car-following models and some of 

them have been incorporated into MTSM environment. However, these models may be 

suitable for a normal situation in which only two vehicles are involved: the leader and the 

follower. At the merging sections, the situation becomes more and more complicated 

because of the existence of merging vehicles. When the merging vehicle exists and inserts 

to the mainline, the following mainline vehicle has to make reaction to the leading 

mainline vehicle and the merging vehicle as well. Although the existence of the merging 

vehicles might greatly affect car-following behavior, fewer efforts have been dedicated for 

this gap. There has been found only one study by Sarvi and Kuwahara (2007) about car-

following model at merging sections. They modeled the car-following by considering 

leading mainline vehicles as well as the existence of merging vehicles. However, they only 

concentrated on the conditions where traffic is congested. 

(b) Lane-changing 

In addition to the car-following algorithm, the lane-changing algorithm is also important 

and the subject of lane-changing has received an increasing attention. The lane-changing 

algorithm controls how a vehicle merges, diverge, and make lane changing within the 

traffic stream. The lane-changing is a complicated maneuver which involves driver 

behavior, vehicle performance, and surrounding traffic conditions. Drivers decide to make 

the lane-changing due to different reasons. Generally, they can be divided into mandatory 

lane-changing (MLC) and discretionary lane-changing (DLC). MLC occurs when drivers 

have to change lanes in order to keep the right route e.g. there is an obstacle on lane, the 

lane ends, or becomes a turning lane. While DLC represent the cases that drivers make a 

lane-changing to acquire driving benefit, such as bypassing a slow vehicle or a heavy 

vehicle, avoiding the merging vehicles at an on-ramp, etc. 

Once vehicles have decided to change the lane, they have to find an acceptable gap in the 

neighbor lane. In addition, they must ensure that the relative speeds between them and the 

vehicles in the neighbor lane is not much different. Otherwise, it may result in a dangerous 

lane-changing situation (for example, a slower vehicle inserts in front of a much faster one). 
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Due to this complexity, lane changing behavior is the most difficult one to model and why 

it is often caused biases in MTSMs. These biases may not be noticeable under light traffic 

conditions in which not so many vehicles make lane-changing. However, in situations 

where there are many vehicles will change the lane (merging, diverging, weaving segment), 

there can be large variations between what is modeled and what is actually observed in the 

real world (Sullivan et al., 2004). 

In general, the lane-changing models can be mainly categorized into two types: traditional 

rule-based lane-changing models and discrete choice lane-changing models.  

Several rule-based lane-changing algorithms have been developed. These algorithms have 

the ability to replicate drivers’ actions at the microscopic level, and therefore can be 

incorporated to model lane-changing behavior in MTSMs. Additionally, the rule-based 

models can be calibrated and can be verified using field data (Sun, 2009). 

 AIMSUN 

The lane-changing model incorporated in AIMSUN is a development of the Gipps’ lane-

changing model (Gipp, 1986b). It is modeled as a decision process. This process is that 

drivers check three questions: (i) is it necessary or desirable to change lanes? (ii) are there 

benefits to change lanes?, and (iii) is it feasible to change lanes? (Barcelo et al., 1996, 

Casas, et al., 2010, TSS, 2013). According to TSS (2013), three questions can be explained 

as follows: 

The answer to the first question is dependent on the distance from the current position of 

vehicle to the next turning-point and the traffic conditions (measured by speed and queue 

lengths) on the current lane. If a driver is running more slowly than his desired speed, 

he/she tries to overtake the leading vehicle. However, if he/she is going fast enough, he/she 

may go back to the slower lane.  

The second question is to check whether there will be any benefit in the traffic conditions 

for the driver if he/she makes lane-changing. This benefit is take into account in terms of 

speed and distance. If the speed in the future lane is faster, or if the queue is shorter 

compared to the current lane, the lane-changing is beneficial. 
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As for the third question, it is to verify that there is large gap to completely make a safe 

lane-changing. For this purpose, two braking ratios are calculated. One is the braking 

imposed by the leading vehicle in the target lane to the subject vehicle, and the other is the 

braking imposed by the subject vehicle to the following vehicle in the target lane. And the 

lane-changing is possible in case both braking-ratios are acceptable.  

At merging area, a parameter called “time-distance-on-ramp” is added to distinguish 

between a common lateral lane (a long lane for overtaking) and the acceleration lane, 

which is not used for overtaking. The vehicles running on the lateral lane and they are 

further than “time-distance-on-ramp” from the end of the lane behave as if they were in a 

normal lane discussed above. If they are closer than “time-distance-on-ramp” to the end of 

the lane, they behave as having to merge from an acceleration lane. In such a case, the 

following consideration is taken into account (i) vehicle is stopped or not, (ii) if it is 

stopped and then check whether it is at the beginning of the on-ramp queue or not and (iii) 

how long it has been waiting. If the vehicle has to wait for long time, it gets impatient 

becomes more aggressive and will reduce the acceptable gaps.  

 VISSIM 

The lane-changing model in VISSIM is composed of a complex set of rules, which 

depends much on the type of streets and other parameters (Fellendorf, 1994; PTV, 2012). 

For instant, if a faster vehicle approaches a slower one on the same lane, it checks whether 

it can improve the position by changing to a neighboring lane or not. The difference 

between freeways and urban arterials is considered significant in VISSIM. In urban streets, 

the next turning direction is one of the most important parameters for deciding the present 

lane. Some other driver or vehicle parameters are considered important in the VISSIM 

lane-changing model, including: (i) technical description of a vehicle, (ii) behavior of a 

driver, and (iii) interaction between several drivers. The parameter “minimum headway 

(front/rear)” defines the minimum distance that must be available for a lane-changing in 

standstill conditions. 

 CORSIM 

In CORSIM, the lane-changing model includes MLC and DLC. Moreover, a random lane-

changing (RLC) is included. RLC is performed by drivers for no apparent reason, which 
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may or may not result in an advantage for the vehicle over its current position. CORSIM 

assigns stochastically a certain percentage of drivers who perform such a RLC (default 

value is 1 percent). For a vehicle performing either a RLC or DLC, it needs to stay in the 

lane for a given time period (the default value is 3 seconds). MLC is not subject to this and 

may be performed in any time step in response to the downstream geometries. In fact, the 

subject vehicle can change more than one lane in one time step in MLC. For any lane-

changing maneuver in CORSIM (MLC, DLC or RLC), acceptable leading and following 

gaps must be available in the target lane. Acceptance of the leading gap is modeled through 

the amount of the deceleration that is required by the subject vehicle to avoid collision with 

its leader in the target lane. The target leader is assumed to decelerate with the maximum 

possible deceleration, and the deceleration required by the subject vehicle in order to avoid 

collision is computed. This computed deceleration is compared to an acceptable 

deceleration which is called the acceptable lane-changing risk. The leading gap is accepted 

if the required deceleration is smaller than the acceptable risk. A vehicle with acceptable 

leading and trailing gaps initiates a lane-changing into the target lane.  

As aforementioned, CORSIM consists of two models, FRESIM and NETSIM. Both of 

these two models adopt a similar lane-changing algorithm. The only difference is that the 

gaps in NETSIM are measured in terms of time differences, while the gaps in FRESIM are 

a function of both time headways and speed differences between the subject vehicle and 

the leading and following vehicles in the target lane. One advantage of the lane-changing 

model in CORSIM is the flexibility of using user provided parameters. However, it does 

not consider the variability in gap acceptance behavior. The behavior is not modeled in a 

systematic manner, and all drivers are assumed to have identical gap acceptance behavior. 

 PARAMICS 

In PARAMICS, two types of lane-changing are defined as overtaking lane-changing 

corresponding to the reason of speed advantage, and directional lane-changing 

corresponding to route choice reasons (Cameron and Duncan, 1996; Quadstone, 2004). 

The minimum lane-changing gap is a combination of a user-defined value and individual 

driver type, and is provided in units of time. The lane-changing maneuver is completed 

successfully if a suitable gap exists continuously within a preset simulation interval 

required to complete the maneuver. The mean of this interval is four seconds, and the value 
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increases when the vehicle speed becomes lower. Two important link-related indices 

determine when a driver recognizes a required lane change. One is the distance that the 

most aware driver will see the oncoming required lane change, and the other is the distance 

that the least aware drivers will see the required lane change. For the distances in between, 

drivers will proportionally see the required lane change. If the distance to the downstream 

junction is within a given user-defined value, the vehicle will cease to make any overtaking 

lane-changing decisions, and only consider the directional lane-changing until the turn at 

the next junction. This distance corresponds to the real distance from the position of a 

directional signpost at the roadside to the junction. The driver’s aggressiveness is taken 

into account in modeling this signposting lane-changing behavior. 

In conclusion, it is highlighted that most of MTSMs do not have a specific lane-changing 

model dedicated for merging areas. The lane-changing models are generally applied for all 

of the cases including basic, diverging and merging segments. Although AIMSUN 

considers a treatment for vehicles merging from on-ramp by adding some parameters, the 

core of model is still adopted from the normal lane-changing model. However, in the 

normal lane-changing model, the effects of merging section geometry e.g. acceleration lane 

length on lane-changing behavior have not been considered. It, therefore, is necessary to 

propose the lane-changing model of merging vehicles for MTSMs in order to precisely 

reproduce the merging maneuvers. 

(c) Gap acceptance 

The gap acceptance algorithm controls how the simulated vehicles make a turn or across 

conflicting traffic streams. In other word, it is used to model give-way behavior at 

unsignalized intersections or two-way stop control. This model determines whether a lower 

priority can cross or not dependent upon the position and speed of higher priority vehicles. 

Since it is not relatively related to driver behavior at merging areas, we intend not to 

review in details the gap acceptance model implemented in each MTSM. 

2.4 Performance Assessment of Merging Sections 

The results of a new layout design or a proposed control strategy will be reflected by the 

performance of merging sections. The good design of layout or control strategy should 
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satisfy driver expectation and behavior and therefore, can improve the performance of 

merging sections. In other word, the performance assessment of the new geometric design 

or the proposed control strategy is very important. The performance of merging sections 

can be expressed by safety performance or efficiency performance.  

2.4.1 Efficiency Assessment of Merging Sections 

(a) Level of Service (LOS) of Merging Sections 

HCM (2010) assesses the efficiency performance of merging sections based on level of 

service (LOS). It is defined as density (k) within an influenced area. The density is 

estimated depending on on-ramp volume (fR), volume of two adjacent lanes (f12) and the 

length of acceleration lane (L) as shown in Equation 2-2. The threshold of LOS is shown in 

Table 2-4.  

 

Figure 2-1 Variables for estimation of density 

𝑘 = 5.475 + 0.00734𝑓𝑅 + 0.0078𝑓12 − 0.00627𝐿 2-2 

Table 2-4 LOS threshold by HCM 2010 

Level of service (LOS) Density (pc/km/lane) 

A  6 

B 6-12 

C 12-17 

D 17-22 

E >22 

F V/C > 1 (demand exceed capacity) 

It can be seen that the LOS of merging section deteriorated when on-ramp volume and 

volumes of two adjacent lanes are increased. Meanwhile, a longer length of acceleration 

lane results in a better LOS. The reasons explained by HCM (2010) are as follows. As 

fR
L

f12

450 (m)
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Lane
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more on-ramp vehicles and freeway vehicles in lanes 1 and 2 enter the ramp influence area, 

its density is expected to increase. In addition, as the length of the acceleration lane 

increases, there is more physical space in the ramp influence area, and operating speeds of 

merging vehicles are expected to increase-both tending to reduce densities. 

The limitation of HCM methodology is that it is not applicable to the cases involving: 

 Special lanes, such as high-occupancy vehicle (HOV) lanes, as ramp entry lanes; 

 Ramp metering; or 

 Intelligent transportation system. 

(b) Other Indicators for Level of Service 

According to Kita (2000), rather than density, there are several indicators regarding LOS. 

They are include flow rate, delay, average travel speed, free flow speed and space. These 

indicators are applied for different traffic facilities such as signalized and unsignalized 

intersections, two-lane and multilane highways, arterials and pedestrians. 

It is it is highlighted that all of above indicators are at a macroscopic level. None of them 

take into account effects of individual merging vehicles on the mainline vehicles. 

Therefore, it is needed to find out an indicator that can consider the effects of merging 

vehicles at a microscopic level.  

2.4.2 Safety Assessment of Merging Sections 

The safety performance of merging sections can be assessed based on crash analysis or 

surrogate measures. The following sections are going to review both of these approaches.  

(a) Historical Crash Data-based Method 

Commonly, the safety performance of a traffic facility can be measured by crash number, 

crash type or crash severity. A numerous studies have been carried out to analyze the 

effects of influencing factors such as traffic conditions, geometry, weather or lighting 

conditions on crashes of traffic facilities. There have been few studies which concerned 

about the effects the layout designs and control strategies of merging sections on crashes 

using the historical crash data approach.  
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An empirical study by Cirillo (1970) indicated that the longer acceleration lane showed 

lower crash rates and the relative benefit of extending acceleration lanes is greater than 

extending deceleration lanes. A similar finding can also be found in studies by Bauer and 

Harwood (1997) and Lundy (1967). On the other hand, as for effects of control strategy, 

some empirical studies have found that ramp metering can lead to minimize turbulences in 

the merging areas and reduce variations in speeds. It, therefore, can improve safety (i.e. 

reduces sideswipe and rear-end crashes). For instant, Piotrowicz and Robinson (1995) 

concluded that ramp metering reduced 24–50% crash rate and increased 17–25% capacity. 

They also found that reductions in crash rate result in a further benefit: reduction of delay 

due to crashes. A similar finding can be found in other studies. Cambridge Systematics, 

(2001) reported that ramp metering reduces crash rate. Cleavenger and Upchurch, (1999) 

stated that ramp metering can reduce rear-end and sideswipe crashes in the mainline. 

Although the historical crash data-based analysis has been a very successful approach, it 

has limitations (Young, et al., 2014). Firstly, it requires a very huge amount of data in 

order to provide reliable and statistically significant results. Secondly, crashes are rare 

relatively events and therefore, it is very time-consuming to collect sufficient data. 

Furthermore, the data may have errors of reporting the crashes.  

(b) Traffic Conflict Technique and Surrogate Measures induced from MTSMs 

 Traffic Conflict Technique 

Due to the limitations of the historical crash data-based method, it has been observed an 

increasing interest of surrogate safety measures. Among them, the most prevalent method 

for safety assessment is a traffic conflict technique (thereafter TCT). TCT is a 

methodology that identifies conflict events in terms of frequency and severity. The conflict 

events are determined based on measurement of the spatial and temporal proximity of road 

users by using the field observation data.  

TCT was firstly introduced by Perkins et al. (1969) and it was followed by many studies 

such as Parker and Zergeer (1989), Allen at el. (1978), Hyden (1987), Svensson (1992) and 

Salvatore (2010). In addition, some efforts (Migletz et al., 1985 and Lu et al., 2011) have 

been made to explore the relationship between traffic conflicts and accidents. In general, it 

is concluded that traffic conflict are a good surrogate measure of crashes. If the crash data 

http://www.sciencedirect.com/science/article/pii/S000145750500151X#bib24
http://www.sciencedirect.com/science/article/pii/S000145750500151X#bib4
http://www.sciencedirect.com/science/article/pii/S000145750500151X#bib4
http://www.sciencedirect.com/science/article/pii/S000145750500151X#bib6


 

 

37 

 

are not sufficient to provide a reliable estimation, TCT can be considered as a decent 

alternative for safety assessment of traffic facilities. 

The major advantage of TCT over the historical crash data-based method is that conflicts 

occur much more frequently than crashes. Additionally, to establish statistically reliable 

results, TCT requires relatively shorter observation periods compared to the historical data 

crash. Furthermore TCT may provide information on relative risks to diagnose the types of 

problems at a particular location, and it represents an easy and efficient tool to check 

location safety issues when there is limited or no crash data. 

From the view point of TCT, various conflict indicators have been proposed. They include 

Time to Collision (TTC), Post-Encroachment Time (PET), Gap Time (GT), Deceleration 

Rate (DR), Time to Accident (TA), Deceleration to Safety (DST), Time to Zebra (TTZ), etc. 

More details such as their definitions, advantages and disadvantages can be found in the 

study by Dang, (2012). 

At merging areas, rear-end collisions are the most frequency ones (MacCartt, et al., 2004). 

And the Time to Collision (TTC) is considered as a frequently used indicator for such rear-

end collisions (Gettman and Head, 2003, Yang and Ozbay, 2011). Some studies made use 

of TTC for safety assessment of merging sections.  

Kita (1993) analyzed the relationship between TTC and the acceleration lane length. He 

found that the probability of merging vehicles which accept a short gap decreases when the 

acceleration lane increases. However, due to the difficulties of collecting sufficient 

macroscopic trajectory data, the distribution of TTC was developed based on traffic 

volume and headway distribution with the gap acceptance model.  

Yang and Ozbay (2011) utilized the trajectory data from Next Generation Simulation 

(NGSIM) and a modification of TTC (Ozbay et al., 2008) to estimate traffic conflict risk 

associated with merging vehicles. They found that the conflict risk increases as traffic 

conditions become more congested. The reason they explained is that shorter gaps 

available for merging increase under high traffic density and it is more risky to merge into 

these short gaps. In addition, they concluded that the risk is lower at the end of the 

acceleration lane. This is due to fewer vehicles merging at the end of the acceleration lane 
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and vehicles have more chances to find acceptable gaps when travelling farther on merge 

lane.  

 Surrogate Measures induced from MTSMs 

Recently, there has been an increasing concern of using a combination of MTSMs and 

TCT for traffic safety assessment. Especially, it is applicable to assess the safety 

performance of new designs that have not yet to be built, or proposed control strategies 

before they are employed on-site. This issue was intensively discussed by Gettman and 

Head (2003), Huguenin et al. (2005) and Archer and Young (2010). 

Although using MTSMs for safety assessment is promising, it has been raised agreements 

if the existing MTSMs can really produce realistic results or not. Some studies (Dang et al., 

2012, Young et al., 2014) argued that the existing MTSMs just incorporated the basic 

behavior models (e.g. car-following, lane-changing, and gap acceptance) but some crucial 

models to represent driver behavior at specific areas such as signalized intersections or 

merging sections are missing. Therefore, to achieve the realistic results, it is necessary to 

incorporate realistic behavior to capture the variations of road users in real world 

conditions. Moreover, some crucial models need to be added as well. At merging sections, 

they can be mentioned as the variations of merging positions or speeds due to effects of 

merging section geometry or traffic conditions. In addition, the speed adjustment behavior 

of merging vehicle can be regarded as a key model to represent the reaction of merging 

vehicles to the mainline vehicles and it can be contribute to a key factor for safety 

assessment of merging sections. 

2.5 Summary 

This chapter gives in-depth reviews of design methodology of existing guidelines and 

driver behavior studies at merging sections to further understand current problems. These 

problems are addressed as follows: 

① It is concluded that the existing methodology is based on a simplified assumption 

without considering the operational conditions. This might lead to some biases of 

driver expectation and therefore, it might cause safety problems or deteriorations of 

merging section capacity.  
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② It is found that the geometry of merging section and traffic conditions have not 

been thoroughly studied yet. The reason is that there is lack of microscopic vehicle 

trajectory data with a wide range of geometric and traffic conditions.  

③ There are no vehicle behavior models dedicated for merging areas. The behavior 

models incorporated in the existing MTSMs are generally applied for all sections. 

They are not sensitive to the geometries and traffic conditions. Therefore, the 

MTSMs cannot precisely reproduce driver behavior under effects of geometries and 

traffic conditions of merging sections.  

④ The density is considered as the indicator to evaluate the operations of merging 

sections from the viewpoint of efficiency (HCM, 2010). However, it is the 

macroscopic level and cannot take into account the effects of individual merging 

vehicle. 

⑤ The traffic conflict technique (TCT) has some advantages over the traditional 

crash-based method for safety assessment such as frequency of occurrence and its 

short time requirement of observation. There are two ways to use TCT. The first 

way is to extract the conflicts from observation data (e.g. video data) and the 

second one is to employ the conflicts from MTSMs. However, to achieve the 

realistic results, it is necessary to incorporate realistic behavior inside MTSMs to 

capture the variations of road users in real world conditions. Moreover, some 

crucial models need to be added as well.  
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Chapter 3 Study Sites and Data C ollection 

STUDY SITES AND DATA COLLECTION  

3.1 Study Site Descriptions 

3.1.1 Geometric Characteristics 

 

Figure 3-1 Location of study sites (source: google map) 

As shown in Figure 3-1, two merging sections named Horita and Takatsuji entrances on 

Nagoya Urban Expressway route No. 3 were selected for this study. The mainline has 2 

lanes of 3.25m widths for each direction. Both of the sections are located on the right side 

(left-hand traffic) (Figure 3-2 a)). At these sections, acceleration lanes were extended in 

Takatsuji entrance

Horita entrance

Nagoya Expressway No. 3

Study sites
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October 2011 as a measure to relieve congestion (Figure 3-2 c)). Moreover, during the 

process of extending the sections, the acceleration lanes were slightly shortened (-30m) 

due to construction work (Figure 3-2 b)). In this study, the situations of before, during and 

after the extension of acceleration lanes are denoted as “before”, “during” and “after”, 

respectively. 

 

3.1.2 Mainline Traffic Characteristics  

The mainline traffic characteristics of the study sites were figured out based on 5 minutes 

detector data in June 2011. The data from June 6th to June 10th 2011 were utilized to 

analyze the mainline traffic conditions of weekdays. And as for the weekend, the data of 

June 04, 05, 11, 12, 18, 19 25 and 26, 2011 (Saturday and Sunday) utilized to inspect the 

mainline traffic conditions of weekend.  

30m
200m

170m (-30m*)
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365m (+ 165m*)
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(+ 35m*)280m (+ 80m*)

170m (-30m*)

30m
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a) Before the extension of acceleration lanes

b) During the extension of acceleration lanes

c) After the extension of acceleration lanes

Note: (*) compared to before the extension of acceleration lane

Figure 3-2 Geometries of Horita and Takatsuji entrances 
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Figure 3-3 Mainline traffic of Horita and Takatsuji entrances on weekdays 

 

 
Figure 3-4 Mainline traffic of Horita and Takatsuji entrances on Saturdays 
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Figure 3-5 Mainline traffic of Horita and Takatsuji entrances on Sundays 

Figure 3-3 shows the Q-V curve at Horita and Takatsuji for 5 weekdays (Monday to 

Friday). It demonstrates that the peak hour with demand of more than 200veh/5-min/2-lane 

can be observed from 7:30 to 8:45 and from 15:00 to 18:00 at Horita entrance. Meanwhile 

at Takatsuji entrance, the peak hour is from 6:45 to 11:00 then the demand is slightly 

reduced from 11:00 to 18:00. 

Figure 3-4 and Figure 3-5 display the Q-V curve at Horita and Takatsuji for 4 Saturdays 

and 4 Sundays, respectively. These figures illustrate that the demand of more than 

200veh/5-min/2-lane sometimes occurs from 15:00 to 18:00 at Horita and from 7:0 to 

11:00 at Takatsuji on Saturday while on Sunday, the demand of more than 200 seldom 

occurs. These figures also show that in the morning, the increasing demand from 25 veh/5-

min/2-lane to less than 150 veh/5-min/2-lane on Sunday is more gradual compared to 

Saturday (Figure 3-4 a) and Figure 3-5 a); Figure 3-4 b) and Figure 3-5 b). The same 

tendency can be seen if we compare the Figure 3-4 a) and Figure 3-4 b); Figure 3-5 a) and 

Figure 3-5 b). It means that the people leave earlier on Saturday morning in both Horita 

and Takatsuji. 
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3.2 Video Data Collection 

Video cameras were positioned on the top of high buildings located near the merging 

sections to cover large angles. This enables to minimize errors while tracking vehicle 

trajectories. Video data were recorded at both Horita and Takatsuji entrances, covering all 

situations of “before”, “after” and “during” in different periods of the day and days of the 

week. Thus, various mainline traffic conditions including congested and uncongested 

regimes can be observed. The weather of all observations is fine with a clear sky and no 

rain except the case of “after” at Takatsuji entrance (01/21/2012, Saturday). In that day, 

there was little rain during the period of survey. 

Table 3-1 Video survey periods and mainline traffic conditions 

Merging 

Section 
Situation 

Acceleration 

lane length 

(m) 

Survey date Day Survey time 

Mainline flow rate 

(veh/h-2lane) 

(Min-Max) 

Horita 

Entrane 

Before 170 09/16/2005 Friday 14:00 - 17:00 1735 - 3158 

During 200 

07/26/2011 

07/26/2011 

07/30/2011 

Tuesday 

Tuesday 

Saturday 

06:00 - 10:50 

15:14 - 18:00 

05:45 - 09:00 

588 - 3240 

2484 - 3444 

432 - 2232 

After 280 
11/10/2011 

11/13/2011 

Thursday 

Sunday 

14:00 - 18:00 

07:30 - 10:00 

2064 - 3348 

1008 - 2580 

Takatsuji 

Entrance 

Before 170 01/18/2005 Tuesday 08:00 - 10:00 2650 - 3325 

During 200 

08/02/2011 

08/02/2011 

08/06/2011 

Tuesday 

Tuesday 

Saturday 

09:00 - 11:00 

15:00 - 18:00 

12:00 - 15:00 

2400 - 3072 

1800 - 2652 

1500 - 2316 

After 365 

01/10/2011 

01/13/2012 

01/21/2012 

Thursday 

Friday 

Saturday 

14:00 - 18:00 

06:45 - 09:30 

08:00 - 12:15 

1800 - 2820 

2154 - 3242 

1584 - 2496 
 

It is worth mentioning that since this study started during the extension of acceleration lane, 

in the case of “before”, we utilized the video data collected for a different study. Although 

there are video data which were collected in 2003 for “before” situation, the data could not 

be utilized. It is because the video tape is fluctuated. It may cause errors when extracting 

vehicle trajectory. This is the reason why only one day for “before” is chosen. In addition, 

it should be noted about special characteristics of the data. Since the different lengths of 

acceleration lane were observed at the same merging section, it is expected that the 

characteristics of drivers e.g. driver’s population, percentage of aggressive drivers are not 

different for “before”, “during” and “after” situations. Therefore, the video data taken 
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during three periods with different lengths of acceleration lane and conditions of mainline 

traffic at the same location of entrances provide a good basis for this study. Observation 

dates, duration of survey and mainline traffic situation are shown in Table 1. 

3.3 Data Processing 

3.3.1 Density Data Collection  

Chu et al. (2012a, b; 2013a, b) considered the effects of mainline traffic conditions by 

dividing them into four levels A, B, C and F. Firstly, the mainline traffic conditions are 

classified into uncongested and congested regimes by assuming a critical speed of 60 

[km/h]. Then, the uncongested condition is further divided into three levels A, B, and C 

with the thresholds of 5-min flow rate Q (veh/h/2-lane) as follows: A (Q < 1800), B (Q = 

1800 ~ 2400) and C (Q > 2400). The congested regime is denoted F. However, the effects 

of traffic conditions cannot be precisely taken into account. In reality, the traffic flow is 

fluctuated, even under the same traffic level (A, B, C or F). As a result, an individual 

merging vehicle can face with different traffic flow of mainline within a level. 

Thoughtfulness of this fact, we improve this limitation by using density for each merging 

vehicle to consider the effects of traffic conditions (Chu et al., 2014 a, b).  

It is assumed that a merging vehicle starts to be affected by vehicles on median lane within 

the length of acceleration lane (denoted “influenced area”) when it passes the physical-

nose as illustrated in Figure 3-6. Note that the density within the influenced area changes 

as the merging vehicle moves from the physical-nose until it makes lane-changing. 

However, this paper simplifies this matter by assuming that the density in this area is 

constant during the merging process. The density is calculated as shown in Equation 3-1. 

L

N
k 1000  3-1 

Where  

 k (veh/lane/km) is density of median lane;  
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 N (veh) is number of mainline vehicles on the median lane within the influenced area 

when the merging vehicle passes the physical-nose.  

 And L (m) is the length of acceleration lane.  

 

Figure 3-6 Density data collection 

According to HCM (2010), level of service (LOS) at merging sections is categorized into 6 

levels A, B, C, E and F depending on density k (pc/km/lane) as shown in Table 2-4: It is 

ideal if traffic conditions could be categorized as detailed as HCM (2010) when analyzing 

effects of traffic conditions. However, considering the available sample size in each regime, 

in this study, mainline traffic density is categorized into low density (k  20), medium 

density (k = 20~40) and high density (k > 40, veh/km/lane). In addition, as detailed in 

Figure 3-7, these three levels correspond to uncongested, near congested and congested 

regimes (assuming critical speed is 60km/h). Therefore, these three levels are able to 

represent the mainline traffic conditions at the study sites.   

 
Figure 3-7 Median lane Q-V curve employed from detector data at Horita entrance 

(from November 1st to November 14th, 2011) 
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3.3.2 Vehicle Trajectory Extraction 

Trajectories of leading merging vehicles as well as their corresponding leading and 

following mainline vehicles were extracted from video data by using an image processing 

system TrafficAnalyzer (Suzuki and Nakamura, 2006) as shown in Figure 3-8. A leading 

merging vehicle is defined as the merging vehicle that does not face any other merging 

vehicles on the acceleration lane at the moment of passing physical-nose. The position and 

timing of each vehicle were manually extracted every 1.0 second. Afterwards, the Kalman 

Smoothing function was used to smoothen vehicle trajectories by every 0.1 seconds. The 

point where the right-rear wheel is touching the ground is defined as the reference 

observation point for all vehicles. By taking into account of the dimension of each vehicle, 

the observed trajectories based on the right-rear wheel were transformed to the trajectories 

which correspond to the center of the vehicles. Notably the heavy vehicles were excluded 

since their population in urban expressway is not high (less than 5% as observed from the 

video data). 

 

Figure 3-8 Vehicle trajectory extraction from video data using TrafficAnalyzer. 

 

Figure 3-9 Merging maneuvers extraction from vehicle trajectory 
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From the vehicle trajectories, the position, speed and acceleration/deceleration rate of not 

only merging vehicles but also their corresponding leading and following mainline 

vehicles at the time t are extracted, as detailed in Figure 3-9.  

3.3.3 Accuracy of the image-processing system 

The accuracy of the image-processing system is dependent upon some factors e.g. the 

angle of the video and its quality. The quality of video may depend on the distance from 

the position of camera to the observed sites, weather and quality of the cameras. Therefore, 

the error will be different from one site to another. On the other hand, another important 

source of error is human tracking error since tracking is done manually. It also differs from 

person to person and from one site to another. 

Table 3-2 presents the coordinate transformation error which is defined as the error 

resulting from converting the image coordination into the real world coordination. It can be 

seen that the situation of “after” at Takatsuji entrance has a highest error. The reason can 

be referred to a lowest angle and farthest distance from the camera to the observed site.  

Table 3-2 Coordinate transformation error using image-processing system 

Merging 

Section 
Situation 

Acceleration 

lane length 

(m) 

Survey 

date 
Day Survey time 

Coordinate 

transformation error (m) 

Min Max Ave 

Horita 

Entrance 

Before 170 09/16/2005 Friday 14:00 - 17:00 0.12 0.33 0.23 

During 200 

07/26/2011 

07/26/2011 

07/30/2011 

Tuesday 

Tuesday 

Saturday 

06:00 - 10:50 

15:14 - 18:00 

05:45 - 09:00 

0.09 

0.11 

0.13 

0.29 

0.43 

0.52 

0.19 

0.27 

0.33 

After 280 
11/10/2011 

11/13/2011 

Thursday 

Sunday 

14:00 - 18:00 

07:30 - 10:00 

0.15 

0.06 

0.56 

0.58 

0.36 

0.32 

Takatsuji 

Entrance 

Before 170 01/18/2005 Tuesday 08:00 - 10:00 0.09 0.41 0.25 

During 200 

08/02/2011 

08/02/2011 

08/06/2011 

Tuesday 

Tuesday 

Saturday 

09:00 - 11:00 

15:00 - 18:00 

12:00 - 15:00 

0.05 

0.12 

0.07 

0.48 

0.51 

0.49 

0.27 

0.32 

0.28 

After 365 

01/10/2011 

01/13/2012 

01/21/2012 

Thursday 

Friday 

Saturday 

14:00 - 18:00 

06:45 - 09:30 

08:00 - 12:15 

0.25 

0.31 

0.28 

0.78 

0.75 

0.79 

0.52 

0.53 

0.54 
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3.4 Summary 

This chapter describes the characteristics of geometries and traffic conditions at the study 

sites. Video data were collected at two study sites in three periods of extending the sections, 

“before”, “during” and “after” which brings a wide range of acceleration lane length (170, 

200, 280 and 365m). The data were collected in different times of the day and days of the 

week so that various traffic conditions of the mainline were covered. Then, trajectories of 

individual vehicles including both merging traffic and mainline traffic were extracted from 

video data using the image processing system. In addition, the density of mainline traffic 

was collected for each individual merging vehicle to consider the effects of mainline traffic. 

Therefore, the microscopic trajectory data and density collected under combination of 

various acceleration lane lengths and mainline traffic conditions provide a valuable 

database for this study. These database with their special feature have never existed in the 

literature.  
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Chapter 4 Analysis of Driver Behavior at Merging Sections  

ANALYSIS OF MERGING BEHAVIOR AT 

MERGING SECTIONS 

4.1 The Whole Picture of Driver Behavior 

4.1.1 Merging Behavior 

The process of merging at merging sections is complicated but it can be explained as the 

followings. When a merging vehicle enters the acceleration lane (t = to), at first, it observes 

the traffic conditions of the mainline. If there is no vehicle in the mainline, it freely 

accelerate to its desired speed and change lane. By contrast, the mainline vehicles exist, the 

merging vehicle starts searching acceptable gaps considering their relative space and speed 

to the mainline vehicles. Based on this fact, it chooses an intended gap to merge into the 

mainline. Then it starts to adjust its speed (accelerate or decelerate) to close the speed 

difference with mainline vehicles of the intended gap. At a decision point (t = td), it has to 

decide to accept or reject the intended gap depending on its current relative space and 

speed with vehicles of target gap. After the merging vehicle decides to accept the intended 

gap, it continuously adjusts their speed based on their relative speed and their relative 

position to the mainline vehicles until it can complete lane changing. In the case that the 

merging vehicle rejects the intended gap, it needs to repeat the gap searching. It is difficult 

to clearly define between gap searching process and speed adjustment process. Thus, the 



 

 

59 

 

merging process can be simplified into two steps as shown in Figure 4-2: (i) gap searching 

and speed adjustment, (ii) merging execution or lane changing. The final merging process 

is lane changing and it reflect at what speed and at which position the merging vehicle get 

when it completes merging. They can somehow reflect the performance of merging section. 

It is noted that this is applied for the leading merging vehicles only. For the following 

merging vehicles, the merging process becomes more and more complicated because the 

merging vehicles need to react to both the leading merging vehicle and the mainline 

vehicles. Therefore, the following merging vehicles are not a scope of this study. 

 

Figure 4-2 The whole picture of merging maneuvers 

4.1.2 Mainline Vehicle Behavior 

Different from basic segment, mainline vehicles at a merging section area have to react to 

their mainline leader and merging vehicles as well. When a mainline vehicle approaches to 

merging section, if there are no merging vehicles, the behavior of mainline vehicles can be 

considered as a normal car-following model. However, if there is a merging vehicle, the 
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mainline vehicle has to make action in order to avoid collision with the merging vehicle. It 

is assumed that only target mainline vehicle would react to the merging vehicle as shown 

in Figure 4-3. The target mainline vehicle is defined as the mainline vehicle, which 

immediately follow the merging vehicle. The target mainline vehicle might have two 

choices as shown in Figure 4-4. The first choice is giving way to merging vehicle by 

changing from current lane to shoulder lane. The second choice is staying in median lane 

and making speed adjustment to both merging and leading mainline vehicle until the 

merging vehicle completes lane changing. Both of these choices of mainline vehicles 

might make to turbulences to other mainline vehicles and thus, might lead to the 

occurrence of breakdown.  

 

Figure 4-3 Reaction of mainline vehicle to merging vehicle at merging section 

 

Figure 4-4 Mechanism of mainline maneuvers 
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4.2 Definition of Decision Point 

There is a very important question when talking about the gap choices of merging vehicles. 

That is where or when a merging vehicle decides to accept or to reject an available gap? 

Such a decision point is not fixed but distributed dependent on characteristics of individual 

driver, visibility, speed of mainline vehicles, etc. Since determining this decision point is 

very difficult, it is assumed as the position when the merging vehicle reaches the soft-nose 

for “before” and “during” situation. Soft-nose is defined as the end point of the tapered 

marking line between on-ramp and expressway (Figure 4-5).  

Note that the distance from physical-nose to soft-nose is 30m for “before” and “during” 

situations at both Horita and Takatsuji. It is expected that, with this distance, the driver of a 

merging vehicle has enough visibility to observe the following mainline vehicles. In the 

case of “after” situation, since the distance from physical nose to soft nose was extended 

(65m at Horita and 100m at Takatsuji), considering the consistency, it is assumed that 

drivers make decision when they reach the distance of 30m from physical nose as 

illustrated in Figure 4-5. 

 

Figure 4-5 Assumed decision point 
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Decision point (Soft-nose)
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Chevron marking
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4.3 Classifications of Gap Choices 

The gap choice is classified into three patterns considering the reactions of merging 

vehicles to mainline’s adjacent gap at the decision point as illustrated in Figure 4-5. The 

classification of gap choice is adopted from Ohsawa et al (2010). It is explained in details 

as follows. When a merging vehicle approaches to the assumed decision point, it first 

adjusts its relative speed and position with the mainline vehicle i to decide whether to 

overtake the mainline vehicle i or not. Here, vehicle i is defined as the mainline vehicle in 

front of the merging vehicle when it passes the assumed decision point. If it overtakes the 

mainline vehicle i and chooses the gap forward the mainline vehicle i, it is called “chase-

merging” as shown in Figure 4-6 a).  On the contrary, if the merging vehicle does not 

overtake the mainline vehicle i, it then checks its relative speed and position with the 

mainline vehicle i-1 to decide to directly merge into the adjacent gap or the gap behind the 

vehicle i-1. These two cases are denoted as “direct-merging” and “yield-merging”, 

respectively (Figure 4-6 b) and Figure 4-6 c)). 

 

Figure 4-6 Definition of gap choices 

4.4 Definitions of Merging Maneuvers 

This study analyzes whole maneuvers of merging vehicle including initial speed, merging 

speed and merging position. The merging maneuvers are illustrated in Figure 4-7. Their 

definitions are explained in details as follows.  

i-2 i-1 i i+1

a) Direct mergingAdjacent gap

Leading gap

Following gap

i-2 i-1 i i+1

b) Chase merging

i-2 i-1 i i+1

c) Yield merging

i-2 i-1 i i+1
Merging vehicle at 

assumed decision point
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 Initial speed (v1, km/h): The speed of merging vehicle at the position of physical-nose. 

The physical-nose is defined as the connection point between median separator and 

tapered chevron marking. 

 Merging speed (v2, km/h): The speed at the moment of merging completion. Merging 

completion is defined at the moment when the right-rear side of merging vehicle touches 

the dashed marking line.  

 Merging position (xM, m): The distance from physical-nose to the front bumper of 

merging vehicle at the moment of merging completion. 

In addition, the geometric parameters of merging section are also defined in Figure 4-7. 

 Length of chevron marking (xPN-SN, m). It is the distance from physical-nose to soft-nose.  

 Length of acceleration lane (L, m). It is defined as the distance from physical-nose to the 

end of taper. 

  

Figure 4-7 Definitions of merging maneuvers and geometric parameters 

4.5 Analysis of Gap Choice Behavior 

4.5.1 Effects of Mainline Traffic Conditions 

Figure 4-8 shows the proportion of gap choice at study sites for “before”, “during”, and 

“after” situations, respectively. From this figure, it is obvious that the high proportion of 

direct-merging pattern at both sites were observed. It means for all the conditions, drivers 
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tend to utilize the adjacent gap available for them at decision point. For the yield-merging 

pattern, it can be frequently observed under low and medium density conditions while be 

rarely observed under high density conditions. The reason might be that under low and 

medium density conditions, the speeds of the mainline vehicles are usually higher than that 

of merging vehicles; therefore, drivers feel unsafe to merge and reject the adjacent gap. On 

the contrary, under condition of high density, the higher proportion of chase-merging 

pattern can be observed compared to other conditions. It is because under condition of high 

density, the speeds of the mainline vehicles are low and the gap is sometimes too small to 

be accepted. As a result, some merging vehicles go to the latter half of merging section to 

merge in.  

 

(a) Horita entrance 

 

(b) Takatsuji entrance 

Figure 4-8 Proportion of gap choice observed at study sites by mainline traffic 

condition. 
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4.5.2 Relationship between Gap Choice and Time to Collision 

As previously explained, at the assumed decision point, merging vehicles adjust their 

relative speed and position to the mainline vehicles to choose a merging pattern. If the 

merging vehicles choose “chase-merging” or “yield-merging”, they have to continuously 

adjust their relative speed and position to the mainline vehicles until they can find a 

suitable gap to merge. It is expected that merging vehicles are choosing a threshold for 

choosing a merging pattern. And as previously discussed, the Time to Collision (TTC) 

proposed by Allen et al. (1978) is usually applied for such rear-end collision. It is adopted 

as an index of this analysis. TTC is defined as the expected time for two vehicles to collide 

if they remain at their present speed and on the same path and it can be calculated by the 

following Equation:  

v

x
TTC




 6.3

 4-1 

Where: 

 x (m) is relative space between merging and mainline vehicle. 

 v (km/h) is relative speed between merging and mainline vehicle.  

In this study, TTC is estimated between merging and leading mainline vehicles or 

following mainline vehicles which are denoted TTCL and TTCF, respectively. TTCL and 

TTCF, are detailed in Equations 4-2 and 4-3. 
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Where: 

 xM(t), xL(t), xF(t) (m) are positions of merging, mainline leading and following mainline 

vehicles at time t, respectively (see Figure 3-9). 

 vM(t), vL(t), vF(t) (km/h) are speeds of merging, mainline leading and mainline following 

vehicles at time t, respectively (see Figure 3-9). 
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It is important to note here that in case of “chase-merging” or “yield-merging”, the 

merging vehicles may chase or yield several gaps before they finally accept a gap. 

However, from video data observation, it is found that if the merging vehicles choose 

“yield-merging”, they immediately accept the gap behind the adjacent gap. On the other 

hand, if the merging vehicles choose “chase-merging”, they continue to reject several gaps. 

Therefore, the analysis was firstly conducted to define “direct-yield” (hereafter “D-Y”) and 

“chase” merging pattern. Then, “direct-” and “yield-merging” were defined. Finally, the 

analysis was given to define whether merging vehicle will continue to overtake (denoted 

“Rejected”) or not (denoted “Accepted”).  

  

Figure 4-9 Definition of moment for TTC analysis 

In addition, it is worth mentioning that the time (t) for analysis is different. As detailed in 

Figure 4-9 a), the time to define “direct-”, “yield-” and “chase-merging” is the moment 

when the merging vehicle reaches the assumed decision point (t = td). And in the case of 

chase-merging, if the merging vehicle continue to overtake (reject gap), the time is defined 

as the moment (t = tr) when the center of merging vehicle passes the middle point of the 
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clearance between two corresponding following and leading mainline vehicles (Figure 4-9 

b). On the other hand, the time is defined as the moment (t = ta) when the left-front corner 

of merging vehicle touches the dashed marking line if the merging vehicle accepts the gap 

(Figure 4-9c). 

To support for this analysis, the data at Horita entrance were used. Figure 4-10 shows the 

relationship of relative speed and space of the merging and the leading mainline vehicles. 

From this figure, it is found that the points of D-Y merging and yield-merging are clearly 

distributed into two regimes by a line of TTCL. The line corresponds to TTCL of 4.3s and it 

was manually drawn. It implies that if the TTCL is lower than 4.3s, merging vehicles are 

prone to choose chase-merging. Similarly, two separated regimes can be seen in Figure 

4-11 which displays the relationship of relative speed and space of the merging and the 

following mainline vehicles. However, it shows an inversed tendency with the case of 

TTCL. The merging vehicles are willing to choose chase-merging if the TTCF is from -3.2s 

to 0s. The negative sign of TTCF indicates that when the merging vehicles choose chase-

merging, their speeds (vM) are higher than that of the following mainline vehicles (vF). 

Although the collision with the following mainline vehicles may not be possible, the 

merging vehicles still reject the gap and choose to chase. It is understandable since they are 

constrained by high potential collisions with the leading mainline vehicles. 

 

Figure 4-10 Relationships of relative speed and space between merging and leading 

mainline vehicles for “Direct-Yield” and “Chase” merging pattern choice 
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Figure 4-11 Relationships of relative speed and space between merging and following 

mainline vehicles for “Direct-Yield” and “Chase” merging pattern choice 

As for direct- and yield-merging, the relationships of relative speed and space are 

presented in Figure 4-12 and Figure 4-13. The data from Figure 4-13 suggest that merging 

vehicles yield the following mainline vehicles when TTCF is lower than 5.4s. However, the 
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detailed in Figure 4-13. 
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that, when the drivers decide to continue to chase or not, they will much more consider the 

TTCL to avoid the collision with the leading mainline vehicles.  

 

Figure 4-12 Relationships of relative speed and space between merging and leading 

mainline vehicles for “Direct” and “Yield” merging pattern choice 

 

Figure 4-13 Relationships of relative speed and space between merging and following 

mainline vehicles for “Direct” and “Yield” merging pattern choice 
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Figure 4-14 Relationships of relative speed and space between merging and leading 

mainline vehicles for “Continue to overtake (reject)” or “not (accept)” 

 

Figure 4-15 Relationships of relative speed and space between merging and following 

mainline vehicles for “Continue to overtake (reject)” or “not (accept)” 
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Horita and Takasuji with the same acceleration lane length can be combined. As indicated 

in Figure 4-16, in the cases of L = 170m (“during”) and 200m (“before”), the data from 

both of the sections are used. While the cases of L = 280m and L = 365m represent the 

data of “after” situations at Horita and Takatsuji, respectively. This category is later 

applied for other figures as well. 

As can be seen from Figure 4-16, both chase and yield choices result in further merging 

positions compared to direct choice. It is because chase- and yield-merging vehicles reject 

the adjacent gap at the assumed decision point (see Figure 4-6) and therefore, they need 

more length to search and accept other gaps. By comparing the merging positions of chase 

and yield choices, it is found that chase-merging vehicles result in further merging 

positions compared to yield-merging vehicles. It is reasonable to suppose that chase-

merging vehicles commonly rejected several gaps before accepting a gap while yield-

merging vehicles accepted the following gap immediately after rejecting the adjacent gap. 

 

Figure 4-16 Merging position by acceleration lane lengths and merging choices 

4.5.4 Relationship between Merging Speed and Gap Choice 

Figure 4-17 demonstrates that chase-merging vehicles have lowest merging speeds 
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in previous discussion, yield-merging occurs when mainline traffic is low demand with 

high speed. That may be the reason why the merging speeds of yield merging vehicles are 

higher than that of direct- and chase-merging vehicles. 

 

Figure 4-17 Merging speed by acceleration lane lengths and merging choices 

4.5.5 Summary 

From the results of the analysis above, it can be concluded that the gap choices are affected 

by the mainline traffic conditions. Different mainline traffic conditions result in different 

gap choice manners. Under low density conditions, merging vehicles tend to reject the 

adjacent gap to yield mainline vehicles. Contrarily, when the density becomes higher, 

merging vehicles are prone to reject the adjacent gap to overtake the mainline vehicles.  

In addition, the concept of Time to Collision (TTC) is adopted to analyze relationships 

between relative speed and relative space between the merging vehicle and the 

corresponding mainline vehicles under different gap choices. It is found that merging 

vehicles choose a merging pattern depending on a certain TTC threshold. 

Moreover, it is concluded that both of the yield and chase choices result in further merging 

position compared to direct one. This fact is necessary to be considered when designing the 
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will choose yield or chase is very important to design the acceleration lane to meet the 

assumed operational conditions.  
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4.6 Analysis of Merging Maneuvers 

4.6.1 Merging Position (xM) 

 

Figure 4-18 Merging position by acceleration lane lengths and traffic conditions 
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from low to high density in the cases of L = 170m and L = 280m. However, the tendency is 

not so clear for other two cases. It is worth mentioning that only merging vehicle which 

does not face any other merging vehicles in front in the acceleration lane when passing the 

position of the physical-nose is analyzed. Therefore, the initial speeds of merging vehicles 

do not get affected by on-ramp traffic condition. One possible reason is that merging 

vehicles can observe the traffic conditions at downstream merging section while 

approaching to physical-nose and accordingly adjust their speeds based on mainline traffic 

conditions. 

On the other hand, regarding effects of acceleration lane length on initial speeds, from 

Figure 4-19 by comparing the average value under the same density condition, it is 

concluded that the length of acceleration lane does not have any effects on initial speeds. 

 

Figure 4-19 Initial speed by acceleration lane lengths and traffic conditions. 
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longer acceleration lane may result in a higher merging speed under low density condition. 

On the contrary, under high density condition, a lower merging speed is expected if more 

length is provided. However, from Figure 4-20, it is hard to see a clear tendency. The 

possible reason is that merging speeds are not always controlled by the length of 

acceleration lane but the gap searching and gap acceptance. 

 

Figure 4-20 Merging speed by acceleration lane lengths and traffic conditions 

4.6.4 Relationship between Merging Speed and Initial Speed 

As the original purpose of acceleration lane is to provide a lane for merging vehicles to 
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due to driver behavior, unexpected increase in traffic demand and so on. Therefore, in 
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practice, the length of acceleration lane should be designed for both of these purposes so 

that it can satisfy driver behavior under various operational conditions of mainline traffic. 

 

Figure 4-21 Relationship between initial speed (v1) and merging speed (v2) by traffic 

conditions 

4.6.5 Relationship between Merging Position and Merging Speed 

The relationships between merging speed and merging position for direct-, chase- and 

yield-merging are displayed in Figure 4-22, Figure 4-23, and Figure 4-24, respectively. In 

these figures, to equally compare the relationships between merging position and merging 

speed for different acceleration lane lengths, a relative merging position is used and 

calculated by dividing merging position to acceleration lane length. 
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Figure 4-23 Relationship between merging speed and merging position for chase-

merging 

 

Figure 4-24 Relationship between merging speed and merging position for yield-

merging 
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positions for yield-merging. However, the relationships are not strong as represented by R-

square. In the literature, Marczak, et al. (2013) also analyzed the relationships between 

merging speed and merging position. They concluded that the merging speeds have no 

relationships with the merging positions.  

4.6.6 Summary 

In general, it is concluded that the longer acceleration lane length results in further merging 

positions. Furthermore, the traffic conditions do not significantly affect the means of 

merging positions but their variations. The variations of merging positions become 

significant when density of mainline is higher. A similar tendency can be observed if 

acceleration lane length becomes longer. From these results, it can be implied that a longer 

acceleration lane may not always provide a benefit in terms of efficiency. Under near-

congested or congested conditions, the variation of merging positions when the longer 

acceleration lane is provided can cause more negative impacts on mainline traffic.  

Regarding initial speed, the analysis results indicate that the initial speeds are slightly 

influenced by traffic conditions but not acceleration lane length. As for merging speed, it is 

found that mainline traffic conditions significantly affect merging speeds. Merging speed 

decreases as traffic conditions become denser. The relationship between initial and 

merging speeds showed that, merging vehicles use the acceleration lane not only for 

acceleration purpose but also for deceleration purpose. In addition, the analysis shows that 

the merging speeds do not have a strong relationships with the merging positions due to the 

reason that merging vehicles are constrained by competition for gap searching and gap 

acceptance. 
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Chapter 5 Modeling Merging  Behavior at Merging Sections  

MODELING MERGING BEHAVIOR AT 

MERGING SECTIONS 

5.1 Necessary Models at Merging Sections 

As previously discussed in section 4.1, to represent the whole vehicle maneuvers at 

merging sections, several models need to be developed. Table 5-1 gives a summary of 

necessary models, which cover all interactions between merging and mainline vehicles at 

merging sections. However, considering the importance, time and data available, only 

three models of merging vehicles including gap choice, speed adjustment and merging 

execution are considered in this study. Other models are out of scope of this study. 

Table 5-1 Summary of necessary models at merging sections 

Vehicle type Necessary models 

Merging 

vehicle 

1. Free flow speed adjustment 

2. Gap choice  

3. Speed adjustment (acceleration/deceleration) 

4. Merging execution (merging position and speed)  

Mainline 

vehicle 

1. Lane-changing (to give way to merging vehicle) 

2. Normal car-following  model 

3. Car-following model considering interaction with merging vehicle (e.g. 

decelerate to create a larger gap for merging vehicle) 
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5.2 Gap Choice 

5.2.1 Model Formulation 

Figure 5-1 shows a framework of gap choice model. As aforementioned, when merging 

vehicles arrive at the assumed decision point, they first adjust their relative speed and 

relative distance to the mainline vehicles to decide whether to overtake the leading vehicle 

i (chase-merging) or not (D/Y). This behavior is represented by model 1. In other word, 

model 1 is to check whether the merging vehicles reject the adjacent gap between the 

mainline vehicles i and i-1 to merge into a forward gap or not. Then, if the merging 

vehicles do not chase the mainline vehicle i (reject adjacent gap) they check the mainline 

vehicle i-1 to decide to directly merge into the adjacent gap (accept adjacent gap) or yield 

the mainline vehicle i-1 (reject adjacent gap). Therefore, model 2 is developed to define the 

direct-merging or yield-merging. 

 

Figure 5-1 Model framework of gap choice 
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a) At the decision point (t = td) 

 

b) 4 seconds later (t = td +4) 

 

c) 6 seconds later (t = td +6) 

Figure 5-2 An example of yield merging (screen shot from video data) 
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represent this behavior. In addition, after the merging vehicle chooses to yield to the 

vehicle i-1, it may continue to yield to other vehicles behind the vehicle i-1. However, it 

was observed from video data that all the merging vehicles immediately accepted the gap 

behind the vehicle i-1. A possible reason is that yield-merging usually was observed under 

low and medium density condition as previously discussed in section 4.5.1. And under 

these conditions, the following space gap is large enough for the merging vehicle to safely 

insert in (see Figure 5-2). That is the reason to exclude “continue to yield” behavior from 

the modeling. This exclusion is not affected our purpose of precisely representing the 

merging maneuvers.  

Based on the framework discussed above, the gap choice is modeled by applying a binary 

logistic model, which is widely used to model the occurrence of such an event “yes” or 

“no”. The general form of the model is shown as follows: 

i

i

v

v

i
e

e
P




1
 

5-1 

innoiii xxxvu   ...2211  5-2 

Where: 

 Pi is probability of choosing pattern i,  

 ui is utility to choose pattern i, 

 vi is the deterministic term of utility to choose pattern i, 

 i is the random term of utility to choose pattern i, 

 xj (j = 1-n) is independent variable,  

 k (k = 0-n) is the parameter determined by using maximum likelihood estimation 

(MLE). 

As for independent variables, previous studies have found that gap length, relative speed 

and remaining distance to the end of acceleration lane are important explanatory variables 

(Kita, 1993; Hwang and Park, 2005; Chu et al., 2012b, 2013b). However, from the analysis 

of relationship between gap choice and Time to Collision (TTC) in section 4.5.2, it is 

thought that using TTC as a variable may be interesting from safety point of view. Similar 

idea can be found in studies of Van Winsum and Heino (1996) as well as Van Winsum and 
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Brouwer (1997), which introduced TTC as a variable to study breaking response of drivers 

in following vehicles. 

In addition, several researchers such as Kiefer et al. (2005) and Balas (2006), have used 

inverse Time to Collision (TTC-1) for studying deceleration response of following car. 

Balas (2005) claimed that when relative speed of two involved vehicles is approaching to 

zero, TTC becomes infinitive (±∞) and makes the variable discontinuous. He concluded 

that the TTC-1 presents a useful feature when comparing it to TTC: a direct and continuous 

dependence with the collision risk. 

Thoughtfulness of above discussion, both Time to Collision (TTC) and inverse Time to 

Collision (TTC-1) will be adopted as a variable. Both of them will be tested and the more 

significant variable will be selected. The inverse TTC can be estimated by the following 

Equation: 

x

vTTC




6.3

11  5-3 

Where: 

 x (m) is relative space between merging and mainline vehicle. 

 v (km/h) is relative speed between merging and mainline vehicle.  

Generally, the meaning of inverse TTC can be explained as follows: 

 If TTC-1 is negative (-), the speed of subject following vehicle is lower than that of 

subjected leading vehicle and two involved vehicles expand from each other. It means 

the collision cannot occur.  

 If TTC-1 is positive (+), the speed of subject following vehicle is higher than that of 

subjected leading vehicle and two involved vehicles get closer from each other, the 

collision can occur. And the bigger TTC-1 is, the higher collision risk becomes. TTC-1 is 

bigger if relative speed (v) becomes bigger or relative space (x) becomes smaller. 

In this study, the inverse Time to Collision is estimated between merging and leading 

mainline vehicles (hereafter TTC-1
L) as well as between merging and following mainline 

vehicles (denoted TTC-1
F) as shown in the following Equations: 

http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Balas,%20V.E..QT.&searchWithin=p_Author_Ids:37545388100&newsearch=true
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Where: 

 xM(t), xL(t), xF(t) (m) are positions of merging, mainline leading and following mainline 

vehicles at time t, respectively (see Figure 3-9). 

 vM(t), vL(t), vF(t) (km/h) are speeds of merging, mainline leading and mainline following 

vehicles at time t, respectively (see Figure 3-9). 

5.2.2 Correlation Analysis 

The correlation analysis was conducted and the Pearson correlation coefficient was shown 

Table 5-2, Table 5-3, and Table 5-4, respectively. The results show that the correlation 

between TTCL and TTCF with gap choice is not significant for all models 1 to 3. By 

contrast, the correlation between TTCL
-1 and TTCF

-1 with gap choice is significant at 0.01 

level for model 1 and 2. Moreover, results in Table 5-4 indicate that the correlation 

between TTCL
-1 with gap choice is significant at 0.01 level while the correlation between 

TTCF
-1 with gap choice is not significant. This is understandable because in the case of 

chase-merging, the merging vehicle will pay more attention on the leading mainline 

vehicles in order to decide to continue to overtake them or not. This analysis suggests that 

TTC-1 may be a better variable compared to TTC. 

Beside TTC-1, it is found that density (k) variable has a highest correlation with the gap 

choice compared to other variables. Regarding the effects of geometry, the length of 

acceleration lane has a significant correlation with gap choice for model 1 and 2. However, 

it has a low correlation with gap choice in the case of model 3. Meanwhile, in this case, the 

remaining distance to the end of acceleration lane (DRM) has a high correlation with gap 

choice. It means that when the merging vehicles decide to continue overtaking the leading 

mainline vehicle or not, they much more consider how long the distance is remained for 

them to overtake the leading mainline vehicles. 
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Table 5-2 Pearson correlation coefficient among all variables of model 1  

Variables 
TTCL 

(s) 

TTCF 

(s) 

TTCL
-1 

(s-1) 

TTCF
-1 

(s-1) 

Density (k) 

(veh/km/lane) 

L 

(m) 

Gap choice 
Pearson correlation 0.019 0.010 0.168** -0.126** 0.762** -0.303** 

Sig. (2-tailed) 0.540 0.742 0.000 0.000 0.000 0.000 

TTCL 

(s) 

Pearson correlation  0.012 0.003 -0.004 0.027 -0.041 

Sig. (2-tailed)  0.699 0.922 0.897 0.401 0.195 

TTCF 

(s) 

Pearson correlation   0.001 0.000 0.008 0.047 

Sig. (2-tailed)   0.985 0.991 0.809 0.139 

TTCL
-1 

(s-1) 

Pearson correlation    -0.029 0.141** -0.017 

Sig. (2-tailed)    0.350 0.000 0.598 

TTCF
-1 

(s-1) 

Pearson correlation     -0.113** 0.029 

Sig. (2-tailed)     0.000 0.352 

Density (k) 
(veh/km/lane) 

Pearson correlation      -0.427** 

Sig. (2-tailed)      0.000 

Note: 

**. Correlation is significant at the 0.01 level (2-tailed). 

Sample size: N = 1007 

Table 5-3 Pearson correlation coefficient among all variables of model 2 

Variables 
TTCL 

(s) 

TTCF 

(s) 

TTCL
-1 

(s-1) 

TTCF
-1 

(s-1) 

Density (k) 

(veh/km/lane) 

L 

(m) 

Gap choice 
Pearson correlation 0.006 0.015 -0.184** 0.239** -0.286** -0.191** 

Sig. (2-tailed) 0.869 0.695 0.000 0.000 0.000 0.000 

TTCL 

(s) 

Pearson correlation   0.000 -0.011 0.021 -0.041 

Sig. (2-tailed)   0.999 0.776 0.572 0.269 

TTCF 

(s) 

Pearson correlation   -0.030 0.010 -0.008 0.059 

Sig. (2-tailed)   0.431 0.789 0.836 0.115 

TTCL
-1 

(s-1) 

Pearson correlation    -0.108** 0.109** 0.108** 

Sig. (2-tailed)    0.004 0.004 0.004 

TTCF
-1 

(s-1) 

Pearson correlation     -0.105** -0.061 

Sig. (2-tailed)     0.005 0.104 

Density (k) 

(veh/km/lane) 

Pearson correlation      -0.392** 

Sig. (2-tailed)      0.000 

Note:  

**. Correlation is significant at the 0.01 level (2-tailed). 

Sample size: N = 713 
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Table 5-4 Pearson correlation coefficient among all variables of model 3 

Variables 
TTCL 

(s) 

TTCF 

(s) 

TTCL
-1 

(s-1) 

TTCF
-1 

(s-1) 

Density (k) 

(veh/km/lane) 

L 

(m) 

DRM 

(m) 

Gap choice 
Pearson correlation -0.072 -0.017 0.150** -0.072 0.480** 0.017 0.743** 

Sig. (2-tailed) 0.165 0.743 0.004 0.163 0.000 0.741 0.000 

TTCL 

(s) 

Pearson correlation  0.087 -0.016 0.005 -0.010 -0.020 -0.004 

Sig. (2-tailed)  0.091 0.758 0.927 0.850 0.693 0.940 

TTCF 

(s) 

Pearson correlation   -0.009 0.004 -0.069 0.088 -0.001 

Sig. (2-tailed)   0.863 0.946 0.182 0.089 0.988 

TTCL
-1 

(s-1) 

Pearson correlation    -0.012 0.046 0.135** 0.231** 

Sig. (2-tailed)    0.814 0.373 0.009 0.000 

TTCF
-1 

(s-1) 

Pearson correlation     -0.051 -0.004 -0.091 

Sig. (2-tailed)     0.325 0.939 0.080 

Density (k) 

(veh/km/lane) 

Pearson correlation      0.068 0.397** 

Sig. (2-tailed)      0.190 0.000 

L 

(m) 

Pearson correlation       0.359** 

Sig. (2-tailed)       0.000 

Note: 

**. Correlation is significant at the 0.01 level (2-tailed). 

Sample size: N = 374 

5.2.3 Results of Model Estimation 

Table 5-5, Table 5-6 and Table 5-7 show the estimated results of model 1, model 2 and 

model 3, respectively. In addition, sensitivity analysis of each variable is represented in 

Figure 5-3 to Figure 5-8. Notably, the cutting value for the decision of accepting the choice 

was set at the probability of 0.5. The effects of each variable are described in the following 

sub-sections.  

(a) Effects of inverse leading Time to Collision (TTCL
-1) and inverse following Time to 

Collision (TTCF
-1). 

The inverse leading Time to Collision TTCL
-1 is a significant variable (at 0.05 level) for all 

models. While the inverse following Time to Collision TTCF
-1 is significant only for model 

1 and 2. These results are consistent with the results of correlation analysis. A possible 

reason for insignificant TTCF
-1 in model 3 is that when a merging driver decide to continue 

to chase or not, they will pay more attention to adjust their relative speed and relative space 

to leading mainline vehicle than to following vehicles.  
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Table 5-5 Estimated results of model 1 

Independent variables Coef. t-statistic Sig. 

Inverse  leading Time to Collision TTCL
-1 (s-1) 0.047 2.04 0.097 

Inverse following Time to Collision TTCF
-1 (s-1) -0.057 -2.89 0.010 

Traffic condition - density k (veh/km/lane) 0.155 12.5 0.000 

Length of acceleration lane L (m) -0.009 -2.28 0.023 

Remaining distance to the end of acceleration lane DRM (m) - -  

Constant -8.22 -7.76 0.000 

Sample size 1007 

LL (0) -557.59 

LL () -178.02 

Note:  

“-” Not applicable 

Table 5-6 Estimated results of model 2 

Independent variables Coef. t-statistic Sig. 

Inverse  leading Time to Collision TTCL
-1 (s-1) -1.67 -2.28 0.023 

Inverse following Time to Collision TTCF
-1 (s-1) 2.88 5.77 0.000 

Traffic condition - density k (veh/km/lane) -0.189 -6.00 0.000 

Length of acceleration lane L (m) -0.025 -5.66 0.000 

Remaining distance to the end of acceleration lane DRM (m) - - - 

Constant 6.23 5.16 0.000 

Sample size 713 

LL (0) -175.86 

LL () -65.01 

Note:  

“-” Not applicable 

Table 5-7 Estimated results of model 3 

Independent variables Coef. t-statistic Sig. 

Inverse  leading Time to Collision TTCL
-1 (s-1) 2.36 4.71 0.000 

Inverse following Time to Collision TTCF
-1 (s-1) * * * 

Traffic condition - density k (veh/km/lane) 0.058 3.52 0.000 

Length of acceleration lane L (m) * * * 

Remaining distance to the end of acceleration lane DRM (m) 0.089 5.91 0.000 

Constant -16.3 6.57 0.000 

Sample size 374 

LL (0) -242.58 

LL () -51.69 

Note:  

“*” Not significant 
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Looking into detail of model 1, Figure 5-3 indicates that the probability of choosing chase-

merging is higher if TTCL
-1 increases, especially when TTCL

-1 becomes positive and has a 

bigger value. Notably, a positive TTCL
-1 means the merging vehicle has a higher speed 

compared to the leading mainline vehicle. In addition, its value is bigger when the relative 

speed of the merging vehicle and the leading mainline vehicle becomes bigger or relative 

space between them becomes smaller. It implies that the merging vehicle is prone to 

choose chase when they enter an acceleration lane with a higher speed than the leading 

mainline vehicle. In such a case, the collision can occur and it is risk for the merging 

vehicle to accept the gap. Moreover, if the space gap between the merging vehicle and 

leading mainline vehicle is too small to be accepted, the merging vehicle will reject that 

gap and choose to chase. On the other hand, the merging vehicle is likely to choose D/Y 

merging in a case of a smaller and negative TTCL
-1. A reason is that the merging vehicle 

comes with a lower speed than the leading mainline vehicle and the collision with the 

leading mainline vehicle cannot occur, it is safe to merge behind the leading mainline 

vehicle. The other reason contributes to the fact that the relative space between the 

merging and the leading mainline vehicles become larger and motivates the merging 

vehicle not to chase. 

 

Figure 5-3 Sensitivity analysis of TTCL
-1 and TTCF
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Figure 5-4 Sensitivity analysis of density (k) and length of acceleration lane (L) 

(Model 1) 
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Figure 5-5 Sensitivity analysis of TTCL
-1 and TTCF

-1 (Model 2) 

 

Figure 5-6 Sensitivity analysis of density (k) and length of acceleration lane (L) 
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following mainline and merging vehicles is high, the merging vehicle will not directly 

merge and yield the following mainline vehicle. A further implication could be explained 

by the relative speed and relative space between the merging and following mainline 

vehicles. Under a bigger positive relative speed or a smaller relative space, the merging 

vehicle will choose yield merging to avoid the collision with the following mainline 

vehicle. On the other hand, a negative relative speed resulting in a negative TTCF
-1 

contributes to a higher probability of directly merging.  

 
Figure 5-7 Sensitivity analysis of TTCL

-1 and remaining distance (DRM) (Model 3)
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Figure 5-8 Sensitivity analysis of TTCL
-1 and density (k) (Model 3) 

In addition, according to Figure 5-5, a bigger and positive TTCL
-1 is related to a higher 

acceptance of direct-merging. As aforementioned, in this case, the speed of merging 

vehicle is lower than that of leading mainline vehicle, it cannot overtake the leading 

mainline vehicle and has to accept such a high risk. Meanwhile, the probability of direct-

merging decreases as TTCL
-1 becomes negative. Although the collision between the 

merging and leading mainline vehicles is not likely to occur under such of this case, the 

merging vehicle prefers to reject the gap. It could be interpreted that a negative TTCL
-1 

with a bigger absolute value is usually associated with a bigger positive TTCF
-1 as can be 

seen in Figure 5-5. It means choosing direct-merging, the merging vehicle will face to a 

high risk with the following mainline vehicle.  

Returning to model 3, as evident from Figure 5-7 and Figure 5-8, the merging vehicle 

tends to continue to chase as TTCL
-1 is positive with a bigger value. It is logical since the 

merging vehicle try to avoid the collision with the leading mainline vehicle. By contrast, in 

case that TTCL
-1 is negative and collision is not possible, the merging vehicle is highly 

accepted the gap and not continue to chase. 

(b) Effects of mainline traffic condition (density, k). 

The mainline traffic condition represented by density is the most important factor that 

effects the gap choice as shown in Table 5-5, Table 5-6 and Table 5-7. It can be found 

from Figure 5-4 that a higher density results in a higher probability of choosing chase-

merging. It could be attributed to a reason that when the traffic becomes more congested, 

the speed of the mainline vehicle is small. And the merging vehicle possibly come to 

acceleration lane with a higher speed compared to the mainline vehicle. It is easy to 

overtake mainline vehicles. In addition, in the case of model 3, as shown in Figure 5-8, the 

merging vehicle has the same tendency to continue to chase the leading mainline vehicle if 

the mainline density is higher. It is because in such a high density, the space gaps among 

the mainline vehicles are short and make the merging vehicle difficult to accept a gap. As 

for model 2, data in Figure 5-6 suggest that the lower density is, the higher probability of 

choosing yield-merging. It is conceivable that under a low density condition, the speeds of 

mainline vehicles are relatively higher than the merging vehicle. It makes TTCF
-1 positive 

and the collision between the merging and following mainline vehicles may occur. In this 
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situation, the merging vehicle will not directly merge into the mainline to avoid the 

collision with the following mainline vehicle. By contrast, under a higher density condition, 

the speeds of mainline vehicles might not be relatively higher than that of the merging 

vehicle. It encourages the merging vehicle to choose direct-merging.   

(c) Effects of geometry (Length of acceleration lane, L). 

The effects of acceleration lane length are detailed in Figure 5-4 and Figure 5-6 for model 

1 and 2, respectively. Figure 5-6 reveals that a longer acceleration lane results in increasing 

probability of direct-merging. It implies that the longer acceleration lane will provide 

enough space for the merging vehicle to compete with the mainline vehicles to close speed 

differences between them. And the merging vehicle has a potential to directly merge. 

Moreover, it is worth mentioning that this conclusion is true under a low density condition 

only. Looking into both density and length of acceleration lane in Figure 5-6, it is obvious 

that when the density is high (e.g. k > 40 veh/km/lane), the merging vehicle chooses direct-

merging no matter how long the length of acceleration lane is. The fact is that from video 

data, it was seldom observed the case of yield-merging under a high density condition.  

Regarding model 1, from Figure 5-4, it is concluded that a longer acceleration length is 

associated with a higher probability of D/Y-merging. The possible reasons can be 

explained as follows. (i) As previously discussed in model 2, a longer acceleration lane 

results in increasing probability of direct-merging. Therefore, when the data were 

combined to estimate model 1, the effects of acceleration lane length on the gap choice are 

shifted to D/Y merging. (ii) As shown in Table 5-2 and Table 5-3, the density and 

acceleration lane length have a significant correlation. Moreover, a negative sign indicates 

that when the length of acceleration lane increases, the density becomes lower. It could be 

due to a high observed density for the situation of “before” compared to the situation of 

“after”. And the lower density, the higher tendency of choosing D/Y merging as shown in 

Figure 5-4. 

As for the effects of remaining distance to the end of acceleration lane, it can be identified 

from Figure 5-7 that when the remaining distance is short, the merging vehicle tends to 

accept the gap. By contrast, if the remaining distance is long, the merging vehicle is likely 

to continue to chase the leading mainline vehicles. Notably, a positive significant 

correlation between the remaining distance and acceleration lane length implies that if a 
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longer acceleration lane is provided, the potential for the merging vehicle to continue to 

chase is higher. 

5.2.4 Accuracy of developed models 

Table 5-8 Classification Tablea of model 1 

Observed 

Predicted 

Gap choice 
Percentage Correct 

D/Y merging (0) Chase-merging (1) 

Gap choice 
D/Y merging (0) 731 32 95.8 

Chase-merging (1) 40 204 83.6 

Overall Percentage 92.9 

Note: a The cut value is 0.5  

Table 5-9 Classification Tablea of model 2 

Observed 

Predicted 

Gap choice 
Percentage Correct 

Direct-merging (0) Yield-merging (1) 

Gap choice 
Direct-merging (0) 654 11 98.3 

Yield-merging (1) 16 32 66.7 

Overall Percentage 96.2 

Note: a The cut value is 0.5  

Table 5-10 Classification Tablea of model 3 

Observed 

Predicted 

Gap choice 
Percentage Correct 

Accepted (0) Continue to chase (1) 

Gap choice 
Accepted (0) 119 11 91.5 

Continue to chase (1) 6 238 97.5 

Overall Percentage 95.5 

Note: a The cut value is 0.5  

It should be noted that, due to imbalance of gap choice sample, it is important to check out 

whether the models can well represent the gap choice or not. Table 5-8 to Table 5-10  show 

the comparison of predicted and observed values of model 1 to model 3. In these tables, the 

underlined values show correct values resulting from the models compared to the observed 

one. From theses table, it can be concluded that the models 1 and 3 can nearly reproduce 
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the observed values without bias. However, model 2 cannot well reproduce the yield-

merging because of imbalance sample size of yield choice compared to direct one.  

5.2.5 Summary 

This section describes the development of gap choice behavior. Three models were 

proposed to capture the choices of direct-, chase- and yield-merging. The binary logistic 

model was adopted to represent the choices of merging vehicles. Both geometry of 

merging sections (acceleration lane length/distance to the end of acceleration lane) and 

traffic condition (density) were added as explanatory variables. They are found to 

significantly affect the choices of merging vehicles. Moreover, the concept of inverse Time 

to Collision was introduced to be a variable in order to explain the choices of merging 

vehicles from the safety point of view. The inverse Time to Collision between the merging 

vehicle and the leading mainline vehicle (TTCL
-1) and between the merging vehicle and the 

following mainline vehicle (TTCF
-1) were used in the models. The estimation and 

sensitivity analysis results indicate the decision of a merging vehicle to reject or accept the 

gap (choices) is significantly dependent upon TTCL
-1 and TTCL

-1. Generally, the merging 

vehicles accept the gap in the cases of low potential collision with both the leading and 

following mainline vehicles. By contrast, they reject the gaps to avoid collision with the 

leading and following mainline vehicles.  

5.3 Speed Adjustment (Acceleration/Deceleration) 

5.3.1 Model Formulation 

As mentioned in section 4.1.1, when a merging vehicle comes to physical-nose, it starts to 

search an acceptable gap and choose an intended gap to merge. At the same time, it starts 

to adjust its speed based on the mainline vehicles of intended gap. At assumed decision 

point, it will check again the intended gap and decide whether to directly merge into that 

gap or yield/chase the gap. Then the merging vehicle continues to adjust its speed until 

merging completion. As illustrated in Figure 5-9, this study develops 3 models of speed 

adjustment for direct-, chase- and yield-merging, respectively.  
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Figure 5-9 Model framework of speed adjustment 

Kou and Machemenhl (1997) as well as Sarvi et al. (2002) have suggested that, the 

acceleration performance of merging vehicles on acceleration lanes is much more 

complicated than what the car-following model can describe. It is because more factors 

need to be considered such as the existence of following mainline vehicles. In addition, 

merging vehicles have to finish their lane changing before the end of acceleration lane. 

They, therefore, need to adjust their speed depending on the distance from their current 

position to the end of acceleration lane. Essentially, the central basic for modeling ramp 

vehicle acceleration-deceleration is different from that of car-following model. 

Nevertheless, the fundamental concepts of the Gazis-Herman-Rothery (GHR) car-

following model can be appropriately adopted. Generally, in GHR model the acceleration 

of following vehicle is assumed to be proportional with relative speed and inversion of 

relative position between the following vehicle and the leading vehicle. 

This research still follows the assumption of GHR model; however, the concept of inverse 

Time to Collision, which is previously introduced in section 5.2.1, is adopted instead of 

relative speed and relative space. It is expected that adopting the idea of inverse Time to 

Collision (TTC-1) can explain the reaction of merging vehicles to mainline vehicles from 

safety point of view. Together with TTC, new variables, i.e. distance to the end of 
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acceleration lane, length of acceleration lane and traffic density are added. The multiple 

linear model is adopted with explanatory variables as represented in Equation (5-6): 
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Where,  

 a(t) and a(t+T) are acceleration rate of merging vehicle at time t and t+T, (m/s2), 

  T is the reaction time of driver, (s),  

 xM(t), xL(t), xF(t) (m) are positions of merging, mainline leading and following mainline 

vehicles at time t, respectively (see Figure 3-9). 

 vM(t), vL(t), vF(t) (km/h) are speeds of merging, mainline leading and mainline following 

at vehicles time t, respectively (see Figure 3-9). 

 DRM(t) is the distance from the position of merging vehicle at time t to the end of 

acceleration lane, (m), 

 L is the length of acceleration lane (m), 

 k is the density of median lane (veh/km/lane),  

 TTC-1
L(t) and TTC-1

F(t) are inverse Time to Collision, estimated by Equations 5-4 and 

5-5, respectively.  

 (t+T) is the error term. 

 And i is parameter, estimated by MLE method.  
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5.3.2 Acceleration characteristics of merging vehicles 

         

(a) Free-flow (k = 0veh/km/lane) 

          

(b) low density and medium (0 < k  40veh/km/lane) 

           

(c) high density (k > 40veh/km/lane) 

Figure 5-10 Speed (left side) and acceleration (right side) profiles of merging vehicles 
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Figure 5-10 shows speed and acceleration profiles of merging vehicles at Horita entrance 

in “during” situation with an estimated time of every 0.1 second. Inspection of Figure 5-10 

a) indicates that under free-flow of mainline, merging vehicles don’t have to interact with 

mainline vehicles and they keep accelerating. Their behavior is different compared to 

merging vehicles that face with mainline vehicles. Comparing Figure 5-10 a) and Figure 

5-10 b) shows that, although initial speeds (at t = 0, physical-nose) of merging vehicles 

under low density condition are approximately closed to that of merging vehicles under 

free-flow conditions, merging vehicles cannot keep increasing their speeds. This result 

confirms previous discussion that when mainline vehicles exist, merging vehicles cannot 

avoid influences of mainline vehicles. They have to adjust their speed and acceleration rate 

to safely position themselves in the accepted gap.  

Furthermore, in case of high density condition, as detailed in Figure 5-10c), merging 

vehicles firstly have to decelerate. Afterwards they reduce their deceleration rate and then 

accelerate to merge into the mainline. It could be inferred that under high density condition, 

mainline traffic is almost be congested and the speeds of mainline vehicles are quite low. 

Therefore, merging vehicles usually enter physical-nose with higher speed compared to 

that of mainline vehicles. In order to find an acceptable gap for a safe merge, they have to 

decelerate to close speed differences between them and mainline vehicles. 

5.3.3 Estimation results of speed adjustment models 

One of the most important parameters for the model is the reaction time (T) of driver. In 

reality, the reaction time might be affected by many factors such as age, mental condition, 

visibility, weather conditions, roadway geometry, vehicle characteristics, vehicle speed, 

and so on. For instance, older drivers are expected to have longer reaction times. Poor 

visibility increases driving difficulty and drivers are expected to be more alert and might 

lead to a reduction in reaction time. Many studies have shown that the reaction time of 

driver ranges from 0.4 to 2.7s with the mean around 0.7 to 1.3s. (Johansson and Rummer, 

1971; Magister et al., 2005; Fambro et al., 1998). In order to find best-fit models, the 

models were built for different reaction times of 0.5, 1 and 1.5s. It is found that for all 

cases, the reaction time of 1 second showed the best-fitted with highest R-square. 
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The estimation results of model 1, 2 and 3 with reaction time of 1s are shown in Table 5-11, 

Table 5-12 and Table 5-13, respectively. It is clear that the current acceleration rate and 

speed of merging vehicles significantly affect the acceleration rate that merging vehicles 

are going to choose. In addition, the distance from current position of merging vehicles to 

the end of acceleration lane is also a significant variable for all cases. When merging 

vehicles approach to the end of acceleration lane, they adopt higher acceleration rate if 

they are accelerating and, on the contrary, they adopt lower deceleration rate if they are 

decelerating. Moreover, acceleration lane length and density significantly affect the 

acceleration/deceleration characteristics of merging vehicles. The longer acceleration lane 

results in a higher acceleration rate of merging vehicles, and the denser mainline traffic 

condition exhibits lower that of merging vehicles. 

Regarding the inverse Time to Collision, the signs of models are logical. The leading 

inverse Time to Collision (TTCL
-1) is more significant variable compared to following 

Time to Collision (TTC F
-1) except model 3 (yield-merging). If TTC L

-1 is negative and the 

collision is not possible; merging vehicles increase their acceleration rate. By contrast, if 

TTC L
-1 becomes positive and the collision can happen, merging vehicles tend to reduce 

acceleration rate to avoid the collision with leading mainline vehicles. In case of inverse 

following Time to Collision (TTC F
-1), the positive signs of coefficients indicate that when 

following mainline vehicles run faster than merging vehicles, they increase their 

acceleration rate to avoid collision with following mainline vehicles. 

Table 5-11 The estimation result of speed adjustment for Model 1 (direct-merging) 

Independent variables Coefficient  t-statistic 

Constant 0.15 1.6 

Acceleration  rate of merging vehicle a(t), (m/s2) 0.67 25 

Speed of merging vehicle vM(t), (m/s) -0.016 -5.6 

Inverse following Time to Collision TTC-1
F(t), (s

-1) 0.013 1.9 

Inverse leading Time to Collision TTC-1
L(t), (s

-1) -0.0011 -2.1 

Inverse distance to the end of acceleration lane 1/DRM(t), (1/m) 9.6 2.3 

Acceleration lane length L (m) 0.0013 3.9 

Density k (veh/km/lane) -0.0040 -2.9 

R square 0.63 

Sample size (data point of every 1 second) 4150 
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Table 5-12 The estimation result of speed adjustment for Model 2 (chase-merging) 

Independent variables Coefficient  t-statistic 

Constant -0.031 -2.3 

Acceleration  rate of merging vehicle a(t), (m/s2) 0.49 14 

Speed of merging vehicle vM(t), (m/s) -0.017 -5.5 

Inverse following Time to Collision TTC-1
F(t), (s

-1) 0.0019 1.5 

Inverse leading Time to Collision TTC-1
L(t), (s

-1) -0.0016 -2.4 

Inverse distance to the end of acceleration lane 1/DRM(t), (1/m) 4.2 2.1 

Acceleration lane length L (m) 0.0012 2.8 

Density k (veh/km/lane) -0.0015 -3.2 

R square 0.68 

Sample size (data point of every 1 second) 2432 

Table 5-13 The estimation result of speed adjustment for Model 3 (yield-merging) 

Independent variables Coefficient  t-statistic 

Constant 0.27 1.5 

Acceleration  rate of merging vehicle a(t), (m/s2) 0.58 8.2 

Speed of merging vehicle vM(t), (m/s) -0.016 -2.2 

Inverse following Time to Collision TTC-1
F(t), (s

-1) 0.024 2.4 

Inverse leading Time to Collision TTC-1
L(t), (s

-1) -0.0022 -1.1 

Inverse distance to the end of acceleration lane 1/DRM(t), (1/m) 8.9 2.4 

Acceleration lane length L (m) 0.0014 2.1 

Density k (veh/km/lane) -0.0041 -2.5 

R square 0.64 

Sample size (data point of every 1 second) 320 

5.3.4 Model validation 

To validate the model, the acceleration and speed deduced from developed models are 

compared with the observed ones. The observed acceleration and speed are different from 

data set for modeling part. Initial values of estimated speed v(t0) and acceleration a(t0) is 

given the same as that of the observed ones. Here, t0 is the moment when merging vehicles 

pass the position of physical-nose. Then, for every reaction time T = 1s, the acceleration 

rate at time t+T (a(t+T)) is estimated by Equation 5-6. In addition, the speed at time t+T 

(v(t+T)) is calculated based on  the kinematic formula as shown in Equation 5-7.  

Tavv ttTt )()()(   5-7 
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Figure 5-11 Comparison of estimated and observed acceleration rate 

(a) Model 1 - Direct (b) Model 2 – Chase (c) Model 3 – Yield 

Figure 5-12 Comparison of estimated and observed speed 

The estimated acceleration and speed are updated every 1s until the moment when merging 

vehicles complete their merging. It is assumed that the complete merging moment is the 

same for estimated and observed trajectories. Figure 5-11 and Figure 5-12 show the results 

of the validation for all models. It is concluded that the developed models give a promising 

applicability in reproducing the acceleration and speed profiles of merging vehicles.  

5.3.5 Summary 

This section proposes a methodology to model the speed adjustment behavior taking into 

account of gap choice behavior, mainline traffic conditions and the geometry of merging 

section. Generally, it is concluded that the acceleration/deceleration characteristics of 

merging vehicles are varied depending on the mainline traffic conditions and results of gap 
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merging vehicles, and the denser mainline traffic condition exhibits lower that of merging 

vehicles. The concept of inverse Time to Collision was adopted as an explanatory variable 

to model the speed adjustment behavior. The results showed that merging vehicles always 

tend to keep a safe condition to both leading and following mainline vehicles when 

finding/accepting a gap and making a lane changing. However, the reaction of merging 

vehicles to leading and following mainline vehicles is different due to mainline traffic 

conditions and results of gap choice. It is found that if TTCL
-1 is negative, merging vehicles 

increase their acceleration rate. By contrast, if TTC L
-1 becomes positive and the collision 

can happen, merging vehicles tend to reduce acceleration rate to avoid the collision with 

leading mainline vehicles. In case of TTC F
-1, the positive signs of coefficients indicate that 

when following mainline vehicles run faster than merging vehicles, they increase their 

acceleration rate to avoid collision with following mainline vehicles.  

The models were validated and the results indicate that they are able of reproducing the 

acceleration and speed profiles of merging vehicles in different mainline traffic conditions 

and gap choice. The proposed models are originally intended to be incorporated into an 

algorithm to reproduce the vehicle maneuvers inside a microscopic simulation environment 

for estimations of merging section performance. 

5.4 Merging Position and Speed 

5.4.1 Model Formulation 

To consider the stochastic behavior of merging driver, it is assumed that merging positions 

and merging speeds are normally distributed as detailed in Equation 5-8. In addition, mean 

() and standard deviation () are assumed to have linear relationships with influencing 

factors such as density (k) and length of acceleration lane (L) (Equation 5-9). Since the 

effects of various influencing factors as previously discussed are dependent on merging 

choices, different models are developed for direct, chase and yield-merging, respectively.  

Note that, the chevron marking length (xPN-SN) can affect the merging position. Because 

basically, merging vehicles should not merge into the mainline before the end of chevron 

marking. Thus, this variable is taken into account of merging position modeling. On the 
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Where: 

 xi is dependent variable explained above, 

 i is parameter, estimated using MLE method. 

5.4.2 Results of Model Estimation 

Table 5-14 and Table 5-15 give the estimation results of merging position and merging 

speed models for direct-, chase- and yield-merging, respectively. It is shown that mainline 

density and chevron marking length do not significantly affect the mean of merging 

position but its variations. The higher density and the shorter chevron marking exhibit 

more variations of merging positions. This evidence can also be seen in Figure 5-13 and 

Figure 5-14. On the other hand, the results of Table 5-14 and Figure 5-15 indicate that the 

length of acceleration lane is a factor in significantly changing of both mean of merging 

position and its variation. The longer acceleration lane associates with a further merging 

position and more variations. Looking at the effects of merging choices, it can be identified 

from Figure 5-16 that chase- and yield-merging vehicles have much further merging 

position than direct-merging vehicles. 

Regarding merging speed models, the traffic conditions and initial speed are the most 

significant variables. As displayed in Figure 5-17 and Figure 5-18, merging speed 

increases greatly if mainline density decreases or initial speed increases. Other variables 

such as the length of acceleration lane and merging position do not attribute to a significant 

change of merging positions as can be observed in Figure 5-19 and Figure 5-20. As for 
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effects of merging choice, data from Figure 5-21 reports that yield-merging vehicles have 

higher merging speeds compared to direct- and chase-merging. 

Table 5-14 The estimation results of merging position models 

Variables 

Merging positions 

Direct Chase Yield 

Estimated parameters (T-statistic) 

 

Constant 33.3 (4.1) -56.8 (-2.8) -32.9 (-0.94) 

Initial speed (v1, km/h) - - - 

Merging position (xM, m) - - - 

Mainline density (k, veh/km/lane) 0.069 (1.4) * * 

Length of acceleration lane (L, m) 0.30 (3.3) 1.2 (5.6) 1.1 (3.4) 

Chevron marking length (xPN-SN, m) * -1.2 (-1.9) -1.5 (-1.8) 

 

Constant -22.9 (-3.9) -32.8 (-2.2) 10.1 (0.41) 

Initial speed (v1, km/h) - - - 

Merging position (xM, m) - - - 

Mainline density (k, veh/km/lane) 0.12 (3.4) 0.34 (2.5) 0.27 (2.3) 

Length of acceleration lane (L, m) 0.36 (5.6) 0.38 (2.6) 0.030 (2.1) 

Chevron marking length (xPN-SN, m) -0.79 (-4.4) -0.97 (-2.3) -0.02 (-2.2) 

Sample size 825 127 55 

LL (0) -44628 -13672 -8542 

LL () -3761 -614 -335 

Table 5-15 The estimation results of merging speed models 

Variables 

Merging speeds 

Direct Chase Yield 

Estimated parameters (T-statistic) 

 
Constant 19.1 (8.2) 44.5 (4.9) 71.3 (7.8) 

Initial speed (v1, km/h) 0.67 (22) 0.10 (2.1) 0.12 (2.4) 

Merging position (xM, m) 0.051 (5.2) 0.054 (2.1) 0.098 (2.8) 

Mainline density (k, veh/km/lane) -0.41 (-20) -0.45 (-7.1) -0.64 (-5.7) 

Length of acceleration lane (L, m) 0.027 (6.4) * * 

Chevron marking length (xPN-SN, m) - - - 

 
Constant 6.62 (4.9) -5.9 (-0.8) 11.9 (2.0) 

Initial speed (v1, km/h) 0.028 (1.6) 0.17 (2.4) 0.016 (1.5) 

Merging position (xM, m) 0.011 (2.1) -0.026(-1.4) * 

Mainline density (k, veh/km/lane) 0.051 (4.0) * * 

Length of acceleration lane (L, m) -0.013(-4.9) 0.038 (1.6) -0.01 (-1.8) 

Chevron marking length (xPN-SN, m) - - - 

Sample size 825 127 55 

LL (0) -200686 -15800 -23204 

LL () -2803 -467 -262 
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Figure 5-13 Sensitivity of traffic conditions (density, k) on merging position 

 

 
Figure 5-14 Sensitivity of chevron marking length (xPN-SN) on merging position 

 

 
Figure 5-15 Sensitivity of acceleration lane length (L) on merging position 
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Figure 5-16 Sensitivity of gap choices on merging position 

 

 
Figure 5-17 Sensitivity of traffic conditions (density, k) on merging speed 

 

 
Figure 5-18 Sensitivity of initial speed (v1) on merging speed 
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Figure 5-19 Sensitivity of acceleration lane length (L) on merging speed 

 

 
Figure 5-20 Sensitivity of merging position (xM) on merging speed 

 

 
Figure 5-21 Sensitivity of gap choices on merging speed 
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Chapter 6 Reexamination of Minimum Acceleration Length Estimation and Performance Assessment of Merging Sections  

REEXAMINATION OF MINIMUM 

ACCELERATION LENGTH ESTIMATION 

AND PERFORMANCE ASSESSMENT OF 

MERGING SECTIONS 

6.1 Discrepancies between Observed Data and Assumed Values of 

Guidelines 

This section tends to figure out the discrepancies between the observed data presented in 

section 4.6 and assumed values of the existing guidelines. Since the design speed of 

Nagoya Expressway is 60km/h and design speed of on-ramp at both Takatsuji and Horita 

entrances is 40km/h, according to AASHTO and Japanese guidelines, the assumed speeds 

v1, v2, acceleration rate a and the minimum acceleration length are shown in Table 6-1. 

Table 6-1 Assumed speeds v1, v2, acceleration rate a and calculated minimum 

acceleration length by AASHTO and Japanese guideline 

Values AASHTO Japanese guideline 

Assumed initial speed v1 (km/h) 35 40 

Assumed merging speed v2 (km/h) 45 60 

Assumed acceleration rate, a (m/sec2)  0.69 0.65 

Minimum acceleration lane length Lmin (m) (without taper) 45 119 

Minimum acceleration lane length Lmin (m) (with taper) 135 164 
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6.1.1 Discrepancies between Observed and Assumed Speeds 

(a) Initial speed 

 

Figure 6-1 Discrepancy between observed initial speed and assumed one (by 

AASHTO)  

 

Figure 6-2 Discrepancy between observed initial speed and assumed one (by Japanese 

guideline)  

The discrepancies between observed initial speed and assumed one of AASHTO for 

different acceleration lane lengths and traffic conditions are showed in Figure 6-1. 

Similarly, Figure 6-2 displays the discrepancies between observed and assumed initial 

speed of Japanese guideline. The discrepancies were calculated for the average, 85 

percentile and 15 percentile values, respectively. The figures demonstrate that the assumed 

initial speeds are much lower than the average values of observed ones. In addition, by 
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comparing the Figure 6-1 and Figure 6-2, it is found that the assumed value of Japanese 

guideline (40km/h) results in less discrepancies than that of AHHSTO (35km/h). 

(b) Merging speed 

 

Figure 6-3 Discrepancy between observed merging speed and assumed merging speed 

(by AASHTO) 

 

Figure 6-4 Discrepancy between observed merging speed and assumed merging speed 

(by Japanese guideline) 

Figure 6-3 and Figure 6-4 show the discrepancies between the observed merging speeds 

and assumed one of AASHTO as well as Japanese guideline by acceleration lane lengths 

and traffic conditions, respectively. From these figures, it is obvious that the merging 

speeds assumed by AASHTO and Japanese guideline are lower than the average values of 

observed one for the conditions of low and medium density (k < 40veh/km/lane). By 
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contrast, in the case of high density (k > 40veh/km/lane), the assumed speeds of both of 

guidelines are higher than that of observed one, except the case of AASHTO for the 

acceleration lane length of 365m. Furthermore, it can be seen that the assumed value of 

60km/h by Japanese guideline is closer to the average values of observed merging speeds 

for conditions of low and medium density compared to that by AASHTO (45km/h). 

However, under the case of high density condition, it seems the assumed merging speed of 

AASHTO is much closer to the average values of observed one than that of Japanese 

guideline. 

6.1.2 Minimum Acceleration Lane Length Estimated from Observed 

Values 

As discussed above, both assumed initial and merging speeds by the AASHTO and 

Japanese guidelines are different from the real conditions. Moreover, it has been discussed 

in section 4.6.4 that the observed initial speed distributions have the same decreasing 

tendency with the merging speed distributions when traffic condition changes low to high 

density. Therefore, in the following discussion, the pair of initial speed (v1) and merging 

speed (v2) under the same traffic condition are used to estimate the length of acceleration 

lane based on Equation 2-1.  

Considering the reliability of driver behavior percentile, the length of acceleration lane 

(denoted Lmin(1)) is estimated by using the average values of observed initial and merging 

speeds (50 percentile of driver behavior perception). In addition, the acceleration length is 

estimated for 15 percentile of observed initial speed and 85 percentile of merging speed 

(denoted Lmin(2)). The reason to use 15 percentile of observed initial speed is to make sure 

the vehicle, which enter acceleration lane with low initial speed, can have enough length to 

accelerate. It is noted that, the acceleration rates used for the calculation are the same with 

the assumed acceleration rates (a) by AASHTO and Japanese guideline as shown in Table 

6-1.  

Figure 6-5 and Figure 6-6 show the comparison of estimated acceleration lengths and the 

observed merging positions. These figures present the estimated acceleration lengths as 

mentioned in previous graph. In addition, the minimum acceleration lengths recommended 
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by AASHTO (135m) and Japanese (164m) guidelines as well as the observed merging 

positions (50 and 85 percentile) are shown in these figures. 

 

Figure 6-5 Comparisons of estimated acceleration lengths, minimum acceleration 

length recommended by AASHTO and the observed merging positions. 

 

Figure 6-6 Comparisons of estimated acceleration lengths, minimum acceleration 

length recommended by Japanese guideline and the observed merging positions. 

The data in Figure 6-5 and Figure 6-6 show a deceasing tendency of estimated acceleration 

length for both Lmin(1) and Lmin(2) when the mainline traffic is denser. A possible reason is 

that the merging speed (v2) is significantly decreased as the density becomes higher as 
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previously discussed in section 4.6.3. Furthermore, comparison of Lmin(1) and Lmin(2) 

indicates that when broadening the variations of driver perception, the required length for 

acceleration becomes much longer. On the other hand, it is shown from the Figure 6-5 and 

Figure 6-6 that the observed merging positions have an inversed trend compared to the 

estimated ones. It means the merging positions are further if the density increases. In 

additions, there are the discrepancies between the observed merging positions and the 

estimated ones. It implies that the assumed acceleration rate to calculate the minimum 

acceleration lane length is not commensurate with the actual acceleration rate. 

It can be seen from Figure 6-5 that the minimum acceleration lengths recommended by 

AASHTO almost satisfy the estimated acceleration lengths (using 50 percentile initial and 

merging speeds), except the low density condition of L = 200m and L = 365m. Moreover, 

the data in Figure 6-6 suggests a similar finding. However, in the case of using 15 

percentile observed initial speed and 85 percentile merging speed to estimate the 

acceleration lengths, it is clear that the minimum lengths recommended by both AASHTO 

and Japanese guideline are shorter than the estimated ones for the low and medium density 

conditions. Meanwhile, when the density is high density, it is shown that the minimum 

lengths recommended by the guidelines are greater than the estimated ones (except the 

case of L = 365m). It is because under the case of high density, the merging vehicles rather 

focus on seeking the gap than their acceleration. 

To sum up, the acceleration lane should be designed appropriately taking into 

consideration of the length required for acceleration of the merging vehicles under 

uncongested traffic condition. However, under congested condition, the design of 

acceleration lane should consider the opportunity for merging vehicles to safely merge 

without adversely affecting the mainline flow. Therefore, the evaluation of the design and 

operation considering the safety and efficiency are required. 

6.2 Performance Assessment of Merging Sections 

6.2.1 Safety Assessment 

To assess the safety performance of merging sections, the traffic conflict technique (TCT) 

is used and the inverse time to collision (TTC-1) is adopted as the indicator of safety 
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performance. Here, an important question is raised: at which moment TTC-1 should be 

collected? It is carefully thought that the moment at which the merging vehicle starts to 

insert into the mainline might be the most dangerous moment (see Figure 6-7). Because at 

this moment, either merging driver or mainline driver have a wrong adjustment, the 

collision will probably happen. Therefore, TTC-1 is collected at moment of starting 

insertion. TTC-1 is calculated for both TTCL
-1 and TTCF

-1 based on equations 5-4 and 5-5, 

respectively. 

 

Figure 6-7 Moment for TTC-1 data collection 

(a) Safety assessment versus merging types 

Figure 6-8 shows the cumulative distribution of TTC-1
L and percentage of possible 

conflicts (TTC-1
 L > 0) between the merging and the leading mainline vehicles for different 

merging choices, respectively. The data in this figure indicate that that the potential 

collision between the merging and the leading mainline vehicles increases as merging 

vehicles choose chase-, direct- and yield-merging, respectively. Note here that yield-

merging can be frequently observed under low density conditions and by contrast chase-

merging usually occur under the conditions of high density. Therefore, if looking into the 

effects of traffic conditions, Figure 6-8 implies that the potential collision between the 

merging and the leading mainline vehicles has an increasing tendency when traffic 

conditions become denser. It is logical because under high density conditions, the merging 

vehicles usually enter the acceleration lane with higher speeds compared to that of 

mainline vehicles. Thus, it makes the potential collision between merging and leading 

mainline vehicles higher. Meanwhile under low density conditions, merging vehicles 

usually have lower speeds compared to that of mainline vehicles. And it contributes to a 

lower potential collision between the merging and the leading mainline vehicles.  

xL(t)

Physical-nose vF(t)

vM(t)

vL(t)

x

y

xM(t)

xF(t)



 

 

118 

 

On the other hand, Figure 6-9 displays an inversed tendency compared to Figure 6-8. It is 

shown that yield-merging vehicles have the most frequent potential collision with the 

following mainline vehicles. 

 
 

a) Cumulative distributions of TTC-1
L  b) Percentage of possible conflicts  

Figure 6-8 Cumulative distributions of TTC-1
 L and percentage of possible conflicts 

(TTC-1
L > 0) for different merging choices 

 
 

a) Cumulative distributions of TTC-1
F  b) Percentage of possible conflicts  

Figure 6-9 Cumulative distributions of TTC-1
 F and percentage of possible conflicts 

(TTC-1
F > 0) for different merging choices 

It is important to determine which type of merging or under what kind of traffic conditions, 

merging process involves in situations that are more dangerous. Several studies such as 

those of Van der Horst (1991), and Farber (1991) suggest the TTC of 4s as the threshold to 
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determine between safe and unsafe conditions. Therefore, the threshold of 4s is adopted in 

this analysis. It can be regarded as 0.25s-1 threshold of TTC-1.  

Figure 6-10 details the probability dangerous conflicts in which TTC is less than 4s. It is 

found that the chase-merging vehicles involve in the most probability of dangerous 

conflicts with the leading mainline vehicles while the yield-merging vehicles have lowest 

frequency conflicts with the leading mainline vehicles (Figure 6-10 a)). Moreover, the 

direct-merging vehicles under high density condition have a higher dangerous conflict 

probability that that under low and medium density conditions. Contrarily, Figure 6-10 b) 

shows an inversed tendency compared to Figure 6-10 a). Therefore, the layout of merging 

sections that can reduce the yield- and chase-merging might contribute to an improvement 

of safety. 

  a) Dangerous conflicts between merging and 

leading mainline vehicles  
b) Dangerous conflicts between merging and 

following mainline vehicles 

Figure 6-10 Dangerous conflicts between merging and mainline vehicles versus 

merging choices 

(b) Safety assessment versus geometry 

Figure 6-11 and Figure 6-12 present cumulative distributions of TTC-1
L and TTC-1

F under 

different traffic conditions and geometries, respectively. In addition, the percentage of 

possible conflicts and the percentage of dangerous conflicts versus geometries are shown 

in Figure 6-13 and Figure 6-14. In general, these figures indicate that under the same 

traffic conditions, with the increment of acceleration lane, potential to collide between 

merging vehicle and both following as well as leading mainline vehicles decrease. It 
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implies that the extension of acceleration lane can reduce crash potential and therefore, 

improve safety. 

Regarding the effects of traffic conditions, Figure 6-13 and Figure 6-14 demonstrate that as 

the traffic conditions become denser, the merging vehicles have more probability of not 

only possible conflicts but also dangerous conflicts with the leading mainline vehicles 

under the same geometric conditions. By contrast, looking into the TTC-1
F, an inversed 

tendency is observed. It means the probability of possible conflicts and dangerous conflicts 

between the merging vehicles and the following mainline vehicles decrease as the demand 

of mainline is higher. 

 

 
a) Low and medium density conditions  b) High density condition  

Figure 6-11 Cumulative distributions of TTC-1
L versus acceleration lane lengths 

 

 
a) How and medium density conditions  b) High density condition 

Figure 6-12 Cumulative distributions of TTC-1
F versus acceleration lane lengths 
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a) Percentage of possible conflicts between the 

merging vehicles and the leading mainline vehicles 

(TTC-1
L > 0) 

b) Percentage of possible conflicts between the 

merging vehicles and the following mainline 

vehicles (TTC-1
F > 0)  

Figure 6-13 Percentage of possible conflicts versus acceleration lane lengths 

 

  
a) Dangerous conflicts between merging and 

leading mainline vehicles by acceleration lane 

lengths 

b) Dangerous conflicts between merging and 

leading mainline vehicles by acceleration lane 

lengths 

Figure 6-14 Percentage of dangerous conflicts versus acceleration lane lengths 

(c) Summary 

By collecting the conflicts between the merging vehicles with both the leading and 

following mainline vehicles at starting merging moment, the performance of merging 

sections from the safety point of view is assessed. It is found that the longer acceleration 

lane length lead to reduce not only the conflict possibilities (TTC > 0) but also the 

dangerous conflicts (TTC < 4s). On the other hand, the results show that chase- and yield-

merging involve in more possible and dangerous conflicts than the direct- one. Moreover, 

as previously discussed in section 5.2, the longer acceleration lane will provide enough 

space for the merging vehicle to compete with the mainline vehicles to close speed 

differences between them. And it makes the merging vehicles to have more probabilities of 
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directly merging. This also explain why the longer acceleration lane can reduce the 

possible and dangerous conflicts between the merging vehicles and the corresponding 

mainline vehicles.  

6.2.2 Efficiency Assessment 

When merging vehicles merge into the mainline, they make turbulences and cause negative 

impacts on the mainline traffic. One of the negative impacts is speed reduction of mainline 

traffic which may lead to an occurrence of breakdown. Therefore, in this section the speed 

reduction is adopted as an indicator to analyze efficiency performance of merging sections. 

The turbulences causing by the merging vehicles on the mainline vehicles might be 

dependent on the traffic conditions, merging types and geometry of merging sections. 

It is worth mentioning that, beside the impacts of merging vehicles, the speeds of the 

following mainline vehicles might be affected by other factors, e.g. the leading mainline 

vehicles, reaction of individual driver. However, this study assumes that the speeds of 

following mainline vehicles at the merging sections are only influenced by the merging 

vehicles. In addition, the following mainline vehicles are assumed not to be affected by 

merging vehicles before merging vehicles enter the physical-nose (t=to) and after merging 

vehicles completely merge into the mainline (t=tc) as shown in Figure 6-15.  

 

Figure 6-15 Definitions of speed )( ottFv  and )( tctFv   

The speed reduction (v) is calculated by following equation: 
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 )( ottFv  is the speed of following mainline vehicle when the merging vehicle enters 

physical nose (t=to), 

 )( tctFv  is the speed of following mainline vehicle when the merging vehicle completes 

merging (t=tc) (see Figure 6-15). 

In case v < 0, it is considered that the merging vehicles do not have any impacts on the 

following mainline vehicles. These samples are excluded from the analysis. 

(a) Efficiency assessment versus merging types 

Figure 6-16 presents the cumulative distributions of speed reduction percentage for yield-, 

direct- (k < 40 veh/km/lane), direct- (k > 40 veh/km/lane) and chase-merging, respectively. 

It indicates that the chase-merging is associated with the most turbulent on the mainline 

traffic. On the other hand, yield-merging results in the less negative impacts in term of 

speed reduction of mainline traffic. Keep noting that yield-merging are frequently observed 

under low density conditions and by contrast, chase-merging usually occur under the 

conditions of high density. Thus, further looking into the traffic condition indicates that the 

denser traffic condition is, the more negative impacts of the merging vehicles on the 

mainline traffic. It is because when the traffic becomes denser, the merging vehicles have 

to accept smaller gaps and they may force the mainline following vehicles to seriously 

slow down. 

 

Figure 6-16 Cumulative distributions of speed reduction percentage (%) versus 

merging choices 

(b) Efficiency assessment versus geometry 
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Figure 6-17 displays comparisons of speed reduction percentage versus the geometries of 

merging sections regarding the low and medium density conditions (k < 40 veh/km/lane). 

The figure seems to show that under the low and medium density conditions, the longer 

acceleration lane results in the lower speed reduction percentage. However, it is not 

significantly different (95% confidence level). Especially, the curves of “during” (L = 

170m) and “before” (L = 200m) cases are much close to each other. This may imply that 

under the low and medium density conditions, the gaps on the mainline are large and the 

impacts caused by merging vehicles on the speed of mainline vehicles are not significant. 

Moreover, in the cases of “during” and “before”, the reason can be due to the small 

difference of acceleration lane length between these two cases. Thus, when the mainline 

traffic is at low and medium levels, the extension of acceleration may not provide much 

benefits in term of speed reduction percentage of the mainline vehicles. 

 

Figure 6-17 Cumulative distributions of speed reduction percentage (%) versus 

merging geometries – low and medium density (k < 40 veh/km/lane) 

On the other hand, under the high density, it is found in the Figure 6-18 that the speed 

reduction percentage due to merging vehicles is significantly different (95% confidence 

level). However, the figure does not show a trend and it suggests that the shortest 

acceleration lane (L = 170m) has the lowest speed reduction percentage. One possible 

reason can be assumed is that when the longer acceleration lane is provided, it widely 

broadens the variations of merging positions.  And, therefore, it causes more negative 

impacts on the speed of the mainline, especially when the merging vehicles come to 

acceleration lane within a platoon as being shown in Figure 6-19.  However, since this 

study only considers the leading merging vehicles, those assumption needs to be further 
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investigated by taking into account of the following merging vehicles which come to the 

acceleration lane in the platoon. 

 

Figure 6-18 Cumulative distributions of speed reduction percentage (%) versus 

merging geometries – high density (k > 40 veh/km/lane) 

 

Figure 6-19 Assumption of impacts of acceleration length on the mainline vehicles due 

to the merging vehicles 

6.3 Summary 

In this section, the discrepancies between the observed data and assumed values of the 

existing guidelines were explored. It is concluded that the observed initial speeds are much 

higher than the assumed ones. And the assumed initial speed of Japanese guideline is 

associated with the less discrepancies than that of AASHTO.  On the other hand, the 

merging speeds assumed by AASHTO and Japanese guideline are lower than the average 
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values of observed one for the conditions of low and medium density (k < 40veh/km/lane). 

In addition, that the assumed value of Japanese guideline is closer to the average values of 

observed merging speeds under those conditions compared to that of AASHTO. However, 

in the case of high density (k > 40veh/km/lane), the assumed speeds of both of guidelines 

are higher than that of observed ones. And it seems the assumed merging speed of 

AASHTO is much closer to the average values of observed one than that of Japanese 

guideline. 

Based on the observed initial and merging speeds, the minimum length of acceleration lane 

were estimated by using the assumed acceleration rate of AASHTO and Japanese guideline. 

The length was calculated for two pairs of initial speed and merging speed. That are (i): 

50% value of observed initial speed and 50% value of observed merging speed, (ii) 15% 

value of observed initial speed and 85% value of observed merging speed. In general, it is 

concluded that the length of acceleration lane should be designed appropriately taking into 

consideration of the length required for acceleration for the merging vehicles under the low 

and medium density conditions. However, under high density condition, the design of 

acceleration lane should consider the opportunity for merging vehicles to safely merge 

without adversely affecting the mainline flow. Therefore, the evaluation of the design and 

operation from the safety and efficiency points of view are importantly necessary. 

To assess the safety performance, the inverse Time to Collision (TTC-1) was adopted as the 

indicator and the speed reduction percentage was proposed for assessing the efficiency 

performance. Generally, it is believed that the extension of acceleration lane length could 

bring benefits in term of safety improvement. This conclusion is consistent with the 

findings from empirical studies of Lundy (1967), Cirillo (1970) and Bauer and Harwood 

(1997). Moreover, it is concluded that chase- and yield-merging are associated with the 

more possible and dangerous conflicts than the direct- one. Since, the longer acceleration 

lane will provide enough space for the merging vehicle to compete with the mainline 

vehicles to close speed differences between them and it makes the merging vehicles to 

have more probabilities of directly merging. This confirms that the extension of 

acceleration lane would result in more choices of direct-merging and, therefore, can reduce 

crash potential/improve safety. On the other hand, it is thought that the longer acceleration 

lane would not bring much benefits from efficiency point of view under the low and 

medium density conditions. In addition, it seems to cause negative impacts on the 



 

 

127 

 

efficiency of merging sections. However, this conclusion needs to be further investigated. 

Because, in this study, only the leading merging vehicles were considered.  

References 

Bauer, K.M., and D.W. Harwood (1997): Statistical models of accidents on interchange 

ramps and speed-change lanes. Report No. FHWARD-97-106. Federal Highway 

Administration, Washington, D.C., USA. 

Cirillo, J.A. (1970): The relationship of accidents to length of speed-change lanes and 

weaving areas on interstate highways.” Highway Research Record, Report HRR 312. 

Farber, B. (1991): Designing a distance warning system from the user point of view. 

APSIS report. 

Lundy, R.A. (1967): The Effect of Ramp Type and Geometry on Accidents. Highway 

Research Record, Report HRR 163.  

Van der Horst, R. (1991): Time-to-collision as a cue for decision making in braking. In 

A.G.Gale et al. (Ed.), Vision in Vehicles III. Amsterdam: Elsevier Science, pp. 9-26. 

 

 

 

 

 



 

 

128 

 

Chapter 7 Conclusions and Fut ure Wor ks  

CONCLUSIONS AND FUTURE WORKS 

7.1 Conclusions 

The merging section is an important key point on expressways. Regarded as a potential 

bottleneck and a source of traffic crashes due to the competition of two traffic flows, its 

operations directly affect the whole efficiency and safety level of the expressway networks. 

Thus, the operations of merging section are being paid much attention. Several geometric 

layouts or control strategies have been applied to improve its operations. However, it is 

needed to find out a tool to evaluate any proposal before its actual implementation, which 

can help to reduce the trial error or implementation cost of the proposals of new geometric 

layouts or control strategies. 

One widely used method is the microscopic traffic simulation models (MTSMs). 

Unfortunately, at merging sections, the existing simulation models cannot precisely 

represent driver behavior due to lack of behavior models which consider various 

influencing factors (e. g. traffic conditions, geometry, and individual reactions of merging 

vehicles to the mainline vehicles). This study overcame this gap and the contributions of 

the study to this gap can be summarized as follows. 

Firstly, the existing studies, operational policies, design methodology and MTSMs were 

carefully reviewed. And then, the drawbacks and limitations were figured out. It is 
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concluded that the study in literature could not thoroughly consider the effects of geometry 

and traffic conditions on merging behavior analysis and modeling. In addition, the existing 

MTSMs just incorporated some basic behavior models such as normal car-following and 

lane-changing. There were no specific models which dedicated for merging sections have 

been incorporated in the existing MTSMs. 

Secondly, the effects of geometry and traffic conditions on driver behavior including gap 

choice, initial speed, merging speed, merging position are thoroughly considered. The 

analyses were supported by the microscopic trajectory data, which have a special 

characteristic and have never existed in the literature. In addition, the relationships among 

driver behavior (i.e. gap choice, merging position, merging speed, etc.) and those 

influencing factors were in-depth explored. It is concluded that the mainline traffic 

conditions significantly affect the gap choices. Under low density conditions, merging 

vehicles tend to reject the adjacent gap to yield mainline vehicles. On the other hand, when 

the density becomes higher, merging vehicles are prone to reject the adjacent gap to 

overtake the mainline vehicles. Moreover, it is concluded that both of the yield and chase 

choices result in further merging position compared to direct one. This fact is necessary to 

be considered when designing the length of acceleration lane. Therefore, understanding 

under what kind of conditions drivers will choose yield or chase is very important to 

design the acceleration lane to meet the assumed operational conditions. Importantly, the 

concepts of Time to Collision was adopted for the gap choice analysis to reveal the safety 

threshold of merging choices. It is found that merging vehicles choose a merging pattern 

depending on a certain TTC threshold. Also, the analysis of merging maneuvers showed 

that the longer acceleration lane length results in further merging positions. Furthermore, 

the traffic conditions do not significantly affect the means of merging positions but their 

variations. The variations of merging positions become significant when density of 

mainline is higher. A similar tendency can be observed if acceleration lane length becomes 

longer. From these results, it can be implied that a longer acceleration lane may not always 

provide a benefit in terms of efficiency. Under near-congested or congested conditions, the 

variation of merging positions when the longer acceleration lane is provided can cause 

more negative impacts on mainline traffic. Regarding initial speed, the analysis results 

indicate that the initial speeds are slightly influenced by traffic conditions but not 

acceleration lane length. As for merging speed, it is found that mainline traffic conditions 
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significantly affect merging speeds. Merging speed decreases as traffic conditions become 

denser. The relationship between initial and merging speeds showed that, merging vehicles 

use the acceleration lane not only for acceleration purpose but also for deceleration 

purpose. In addition, the analysis shows that the merging speeds do not have a strong 

relationships with the merging positions due to the reason that merging vehicles are 

constrained by competition for gap searching and gap acceptance. 

Thirdly, the driver behavior models including gap choice, speed adjustment, merging 

position and merging speed were developed. The developed models covered the whole 

maneuvers of merging vehicles. In addition, the models took into account of the reactions 

of merging vehicles toward the mainline vehicles. And the effects of geometry as well as 

traffic conditions were thoroughly considered for model development as well. Therefore, 

when the developed models will be incorporated in a MTSM, it is expected to improve the 

representation of traffic operations of existing MTSM at the merging sections. In addition, 

the inverse Time to Collision was newly added into the models of gap choice and speed 

adjustment. It is found that the inverse TTC is able to capture the reactions of merging 

vehicles from a safety point of view. 

On the other hand, the assumption of existing guidelines might not be commensurate with 

operational conditions and the proposed design of existing guidelines may lead to some 

biases that cannot satisfy driver expectation for all the cases of operational traffic 

conditions. Considering this fact, this study contributed to the exploration of discrepancies 

between the assumed values (initial speeds and merging speeds) and the observed ones 

under three traffic conditions: low, medium and high density. It is concluded that both the 

assumed initial speeds and merging speeds are much different from the actual situations. 

And the length of acceleration lane should be designed appropriately considering the 

length required for acceleration of the merging vehicles under the low and medium density 

conditions. However, under high density condition, the design of acceleration lane should 

consider the opportunity for merging vehicles to safely merge without adversely affecting 

the mainline flow.  

Furthermore, this study contributed to the performance assessment of merging sections. By 

adopting the concept of inverse Time to Collision, the performance of merging sections 

from the safety point of view is assessed. The inverse Time to Collision was estimated for 
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the conflicts between the merging vehicles with both the leading and following mainline 

vehicles at starting merging moment. The results suggest that the extension of acceleration 

lane could reduce the possible conflicts and the dangerous conflicts as well. On the other 

hand, the efficiency assessment by proposing the speed reduction percentage index has 

showed that extending the length of acceleration lane would not provide much benefits in 

term of mainline speed turbulence under the low and medium density conditions. In 

addition, it seems to cause more negative impacts on the efficiency of merging sections.  

7.2 Limitations of the Study and Future Works 

Although some positive contributions have been showed in previous discussion, there are 

limitations in this study. And these limitations open some directions for future works. The 

limitations of this study and future works are summarized as follows. 

Firstly, the study is limited to the local characteristics of study sites where the acceleration 

lanes are located in the right hand-side. Furthermore, the study is limited to the available 

ranges of acceleration lane lengths (170~365m). In the future, collecting data of left hand-

side entrances with more ranges of acceleration lane lengths to generalize the analysis 

results and model estimations is necessary. 

Secondly, since only the leading merging vehicles were considered in this study, the 

analysis results and proposed models may not appropriately applied for the following 

merging vehicles. The behavior of the following merging vehicles is much more 

complicated than that of the leading merging vehicles. Because the following merging 

vehicles have to react not only to the mainline vehicles but also to the leading merging 

vehicles. Therefore, data collection of the following merging vehicles are necessary to 

verify how different it is between the leading merging vehicles and the following merging 

vehicles.  

As for gap choice modeling,, this study only applied binary logit model. Therefore, in the 

future, the multivariate models e.g. multinomial logit model or nested logit model needed 

to be tested if they can more precisely capture the choices of merging vehicles. In addition, 

the gap choice model in this study only considered the situation in which a single vehicle 

merges into one gap. However, in the real world, two vehicles or more can merge into one 
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gap and it causes more and more negative impacts on the mainline vehicles. This situation 

might usually happen when the merging vehicles come to the acceleration lane within a 

platoon. Notably, on Nagoya Urban Expressway, the acceleration lanes are located 

downstream of signalized intersections. Moreover, the Electronic Toll Collection (ETC) 

are installed upstream of on-ramps. Recently, the utilization rate of ETC has reached 

almost 90% (MLIT, 2014). Therefore, the platoon of merging vehicles resulting from 

signalized intersections do not need to stop at the toll gate. As a result, it is easy to observe 

a platoon of merging vehicles on acceleration lane (see Figure 7-1). Thus, quantifying the 

effects of vehicles coming as a platoon on the mainline maneuvers needs to be further 

investigated.  

 

a) Positions of ETC and signalized intersection                    b) Merging vehicles come in a platoon 

            (Source: google maps)                                               (Captured from video tape) 

Figure 7-1 Merging vehicles come in a platoon at Horita entrance 

Thirdly, in this study, the mainline vehicle maneuvers have not been considered. However, 

to archive a more realistic representation of traffic operations at merging sections, the 

driver behavior of mainline vehicles need to be further analyzed and model as well. The 

driver behavior of mainline vehicles. 

Then, this study has not considered the heavy vehicles since the heavy vehicle percentage 

observed from video data is low (less than 5%). The study is, therefore, limited to only 

passenger cars. However, the heavy vehicles might have significant impacts on gap choice, 

speed adjustment, merging positions, merging speeds and the performance of merging 

vehicles. And future work should take heavy vehicles into consideration for the analysis 

and modeling. 

Signalized intersection
Merging vehicles come in a platoon

ETC
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Finally, the safety and efficiency performance assessment of merging sections were based 

on the data were extracted from vehicle trajectory. Although the results showed a tendency, 

they are limited to the sample size, available ranges of acceleration lane lengths and traffic 

conditions at the study sites. Moreover, there are contradictions of extending the length of 

acceleration lane from safety and efficiency points of view. One suggests that it would 

reduce conflict probabilities while the other one seems to imply the deterioration of 

merging section efficiency. Therefore, it is thought that it may exist an optimal 

acceleration lane length which satisfies both safety and efficiency. In the future, after 

improving the limitations mentioned above and by incorporating all necessary models into 

an MTSM, it is possible to find out the optimal acceleration lane based on the data 

employed from the MTSM. 
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