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ABSTRACT 

 

The deterioration of the safety of operation, coupled with the persistent increase in rear-

end crashes, is of great concern in finding accurate and realistic methods of modeling traffic 

flow and preventing traffic crashes.  For some decades safety evaluation methods have relied 

on analysis of historical crash data.  Since crashes are random and rare events and, in most 

cases, are independent events, it is difficult to find a sufficient number of crashes on a road 

section in a relatively short time period (e.g., a month or even a year). Thus, multi-year 

collection of crash data is used in safety analysis.  Another safety evaluation method that has 

been practiced though in small scale is traffic conflict techniques (TCT). The advantage of using 

TCT in safety evaluations is the ability to test or study a safety strategy or improvement applied 

on the roadway facility in a relatively short period of time compared with traditional methods, 

which are dependent on crash data. However, use of TCT is not popular; perhaps because it 

needs extensive resources to collect, extract, and analyze conflict information.  Moreover, like 

crash data analysis, use of TCT also makes concerned authorities reactive to the problem by 

responding to the crashes that have already occurred. Therefore, alternative proactive safety 

evaluation techniques that can improve the quality of traffic safety evaluation are needed at this 

time. 

One way of using proactive safety evaluation techniques and thus become more 

preventive than reactive towards dealing with the overall safety problem is to utilize the 

capability of traffic micro-simulation to assess safety on highways through examination of 

hazardous vehicle movements in the traffic stream. Using micro-simulation predictive methods, 

it may be possible to diagnose safety problems and apply appropriate remedial measures, 

rather than waiting until a crash occurs to remedy the problem. This means, a hazard can be 

early identified and possibly corrected before implementation of highway projects. In addition, 

the use of simulation tools to evaluate the safety of a traffic system can be advantageous 

because such tools provide extensive results for any study area within a relatively short time 

along with other traffic operational measures like level of service, delays, travel times, and 

capacities.  



 xiii

Therefore, the objective of this dissertation was to analyze numerically the likelihood of 

the traffic crashes that might occur on the highway using cellular based micro-simulations. The 

modeling considered occurrence of rear-end crashes on high-speed highways with two lanes of 

traffic in each direction. Narrowing the safety evaluation to rear-end crashes, this study sought 

to analyze these crashes by providing simulation evidence of association between time-based 

traffic safety indicators and driver attributes with the likelihood of conflict or collision.  

To meet the study objectives, a stochastic cellular automata traffic model have been 

extended to use field-derived vehicle and driver characteristics. The vehicles’ acceleration sub-

model in the simulation is categorized into different regimes depending on the prevailing traffic 

conditions. The vehicles’ evolutions in the proposed micro-simulation model are based on 

kinematic equations to enhance the realism of their advancements. Behavioral variance in the 

model is introduced by taking in consideration both driver aggression and responsiveness to the 

traffic conditions. The model is calibrated using field data.  

Comparison of simulated spacings and speeds obtained from the simulation output with 

vehicle trajectories data obtained from the field return a Mean Absolute Percentage Error 

(MAPE) of less than 10% and a Theil’s coefficient of inequality (U) of about 0.002. These 

statistics inferred that the proposed model worked well in replicating traffic on the field. In 

addition, correlation results showed that simulation results not only agree to the theoretical 

results but also to the detector data collected from the field. The driver behavior was found to 

contribute more in the likelihood of crashes which was determined by amount of great 

deceleration that driver apply to maintain safety during movement. The likelihood of vehicles to 

crash in the model was formulated from the Gamma distribution functions. Closer examination 

of the probability of a vehicle to crash in the model indicated that the likelihood of crashing is 

high when the traffic is flowing close to the maximum flow. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Although rear-end collisions are not the most frequently occurring highway crashes, they 

contribute significantly to the deterioration of highway safety. A rear-end crash is a collision in 

which the front of the vehicle strikes the back of the vehicle ahead. For this collision to occur, 

the striking vehicle must be following a lead vehicle down a roadway at a relative close 

proximity. Despite efforts by several research institutions to study the occurrence of these 

crashes on roadways (high-speed highways, in particular), the frequency of rear-end crashes is 

still high, and the consequences for the traveling community remain severe. Recent statistics 

compiled by the National Highway and Traffic Safety Administration (NHTSA) have revealed 

that rear-end crashes comprise about 30% of all reported crashes in the United States (NHTSA, 

2004). The severity result of these crashes ranges from fatalities to property damage. Rear-end 

collision like other crash types have been associated with driver error, mechanical defects, and 

roadway geometry, with statistics compiled by NHTSA showing driver error as the contributing 

cause in about 90% of all reported rear-end crashes. Driver errors in the traffic stream are 

evidenced by presence of abnormal braking (above-normal braking), following too close, speed 

variations, abnormal lane keeping, etc. Further, studies have shown that majority of rear-end 

crashes are reported to occurred in daylight (76.5%) and on straight sections of roadways 

(90%)(Knipling et al., 1993). 

Vehicle driving speeds, speed variations between vehicles, and tailgating (following too 

close to the leading vehicle) have also been found to affect many traffic crashes (Lave 1985, 

Knipling et al.1995, Garber & Subramanyan 2002, Lee et al. 2003). Given that the number of 

traffic crashes grows exponentially with traffic volume (Sia et al. 2001, Qin et al. 2004), the 

continuous growth in road traffic will lead to significant safety problems in the operation of 

highways. The deterioration of the safety of operation, coupled with the persistent increase in 

rear-end crashes, is of great concern in finding accurate and realistic methods of modeling  



 2

traffic flow and preventing crashes. Thus, researches directed towards understanding crash 

causation factors and crash prevention are highly motivated at this time.  These researches will 

aid in the development of diagnosis and crash countermeasure tools to improve the safety of 

traffic operation on highways. 

For decades, evaluation of traffic safety on roadways has involved various approaches 

which can be grouped as crash typology studies and crash modeling. Crash typology is a 

general term that refers to studying crash types and the circumstances of their occurrences, 

before explaining the crashes in a descriptive way. Crash typology involves analyzing data to 

establish cause-effect relationships. This analysis considers various variables related to traffic, 

roadway, environmental, human, and demographic factors associated with crash events. 

Modeling of crashes involves application of different statistical and probabilistic techniques to 

relate crashes with different human, traffic, roadway, and environmental variables. Thus, crash 

modeling facilitates statistical understanding of the relationship between crashes and their 

causative variables.  

Through modeling, predictions of crashes that might occur on the highway given certain 

variables have been made possible. For instance, causes of traffic crashes have been 

determined when information about daily volume of traffic and/or traffic speed characteristics 

was known. These models have ranged from simple linear models to more complex, nonlinear 

models (e.g., Miao & Lum 1993). In linear crash models, traffic crashes are related to the 

causative variables in simple mathematical relationships; while in nonlinear modeling, crashes 

are related to the causative variables using complex probability distributions (e.g., generalized 

linear model) or nonlinear transformation of the linear variables, as in logistic models. 

Furthermore, crash analyses have been undertaken utilizing the historical crash data from the 

highways. The sources of these data have largely been police reports compiled by authorities in 

different jurisdictions. 

An interesting point regarding safety evaluation methods that have relied on crash data 

concerns the evaluation of the roadway section or point after the crashes have occurred. Since 

crashes are random and rare events and, in most cases, are independent events, it is difficult to 

find a sufficient number of crashes on a road section in a relatively short time period (e.g., a 

month or even a year). Most importantly, statistical analyses of traffic crashes require adequate 

sample size and therefore necessitate multi-year data collection. This has limited use of crash 

data in short-term safety evaluations. Normally, crash data collected over a three-year period is 

deemed statistically sufficient to use in statistical analyses. 
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Another safety evaluation method that has been used in traffic safety studies, although 

unpopular, is traffic conflict technique (TCT). This technique started from the research 

conducted by General Motors in the late 1960s. The results from traffic conflict studies depend 

on the credibility of trained personnel who observe and judge traffic conflicts based on the 

speeds and positions of at least two conflicting vehicles, and later relate conflicts to imminent 

crashes based on preset thresholds. The advantage of using traffic conflict techniques in safety 

evaluations is the ability to test or study a safety strategy or improvement applied on the 

roadway facility in a relatively short period of time compared with traditional methods, which are 

dependent on crash data. However, apart from reliability questions (e.g., Hauer 1978, Chin & 

Quek 1997), use of TCT is not popular; perhaps because it needs extensive resources to 

collect, extract, and analyze conflict information. This fact may make this method a less cost-

effective solution for roadway safety evaluations. Like crash data analysis, use of TCT also 

makes concerned authorities reactive to the problem by responding to the crashes that have 

already occurred. Therefore, alternative, proactive safety evaluation techniques that can 

improve the quality of traffic safety evaluation are needed at this time. 

1.2 Problem Statement 

Recent traffic crash analysis indicates that driver and roadway factors are directly 

involved in about 90% and 30% of all crashes, respectively (Better Roads, 2002). By and large, 

rear-end collision studies have indicated that human errors are accounted as first contributing 

cause in more than 90% of the cases (Treat et al, 1979, Knipling et al., 1993). Despite the 

efforts to study traffic crashes that are explained in the previous section, the safety of highway 

operation is still a concern. This may be due to the limitations that exist in traditional traffic-

safety evaluation methods. Most traditional safety assessment methods are reactive toward 

solving traffic-safety problems because safety assessments are conducted after the crashes 

occurred. Moreover, many of these methods predict crashes based on static traffic information 

(e.g., annual average daily traffic (AADT) and speed limit) and historical crash data. In reality, 

most crashes are caused by driver error, mechanical defects of the vehicle, or poor roadway 

conditions. Incorporation of these causative factors as early as in the planning and designing 

stages of highway projects may reduce the crash risk on the highways. One way of doing this is 

to use proactive safety evaluation techniques and become more preventive than reactive 

towards the overall safety problem. These techniques may utilize traffic micro-simulation to 

assess safety on highways through examination of dangerous situations in the traffic stream. 
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Assessment of the traffic safety of roadways by using simulation techniques is expected 

to improve application of safety measures in the planning and design stages of roadway 

projects. Using micro-simulation predictive methods, it may be possible to diagnose safety 

problems and apply appropriate remedial measures, rather than waiting until a crash occurs to 

remedy the problem. This means, a hazard can be early identified and possibly corrected before 

implementation of the roadway projects. In addition, the use of simulation tools to evaluate the 

safety of a traffic system can be advantageous because such tools provide extensive results for 

any study area within a relatively short time along with other traffic operational measures like 

level of service, delays, travel times, and capacities. However, due to the nature of the problem, 

the simulation of any traffic system has to accurately represent actual interactions of the 

vehicles. This can be done by introducing appropriate levels of driver behavioral and 

performance variations in the simulation model and analyzing individual actions of the vehicles 

in the simulation that are in the collision course.  

With its ability to model vehicle interactions more precisely, microscopic simulations can 

be devised to solve the shortcomings of the safety research discussed earlier. Using micro-

simulation predictive methods, it is possible to examine the effect of various safety measures on 

the roadway at a high fidelity. Literature review done as part of this research (e.g., Algers et al., 

1997; Lieberman & Rathi 2001; Yang et al. 2004) has revealed that microscopic traffic 

simulation enables driver behavior and individual interactions of vehicles to be studied, from 

which helpful information for safety evaluation can be obtained. However, the use of simulation 

tools to examine or analyze the safety of highway operation is still a concern to the traffic 

engineering community. A study that reviewed 58 traffic micro-simulation tools has revealed 

significant deficit in safety evaluation from commercial simulation software (Algers et al., 1997). 

Most of the commercial simulation models are meant for evaluation of performance and 

efficiency of different transportation facilities. These models are incapable of evaluating the 

safety of operation because they rely on car-following models that have collision-free 

assumptions. However, in real driving situations, several inconsistencies and driver errors may 

trigger conflicts and crashes. 

A preliminary review of research related to statistical physics, traffic flow, and safety of 

traffic operations on roadways has provided guidance regarding design and operational features 

of micro-simulation that have a significant safety impact. Previous research also provides 

important insights into micro-simulation approaches for modeling relationships between highway 

geometric features, traffic flow variables, and highway safety (Sayed et al. 1994, Barcelo, 2001, 

Mehmood et al. 2001, Gettman & Head 2003). 
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1.3 Study Objectives 

To study and prevent traffic crashes before they occur on the roadways, use of proactive 

safety evaluation such as micro-simulation predictive methods is needed. This study is one 

attempt in that direction. A simulation-based microscopic traffic-system safety evaluation is 

proposed in this study. It is based on a modified cellular automaton (CA) traffic flow model that 

incorporates driving behavior in the modeling. The traffic flow model simulates real-world traffic 

conditions on the roadway. The model will use different vehicle, driver, and traffic inputs to 

estimate the likelihood of the vehicle to crash, based on the knowledge of vehicle kinematic and 

traffic flow variables obtained from the simulation. The objective of the study reported herein is 

threefold:  

• First, to simulate traffic flow characteristics on a typical two-lane highway by extending 

the probabilistic simulation of the CA traffic models using field-derived vehicle and driver 

characteristics. The vehicles’ acceleration sub-model in the simulation is categorized into 

different regimes depending on the prevailing traffic conditions. The vehicles’ evolutions 

in the proposed micro-simulation model are based on kinematic equations to enhance 

the realism of their advancements. The advantage of using kinematic equations over 

ordinary CA rules is the reduction of the erratic nature of the vehicle decelerations, which 

improves the realism of the model as a safety evaluation tool.  

• Second, the traffic-flow simulation model is verified and calibrated using real-life traffic 

data collected from a freeway section. Because the outputs of interest in any 

microscopic simulation are the average metrics—density, speed, and traffic flow—the 

model results are tested to generate representative macroscopic relations based on the 

knowledge of traffic flow theory and real-world traffic characteristics. In addition, the 

model is verified by examination of spatial and temporal variations of individual vehicles 

through time-space trajectory plots that can show formation of traffic jams in dense traffic 

conditions. In this study, calibration of the simulation model is accomplished by 

comparing simulation output to real- world traffic data. 

• Third, the goal is to analyze numerically the likelihood of the traffic crashes that might 

occur on the highway using computer simulations. The modeling will consider 

occurrence of rear-end crashes on high-speed highways with two lanes of traffic in each 

direction. These crashes are directly related to lane changing, slow driving, and speed 

variations of the vehicles. Narrowing the safety evaluation to rear-end crashes, this study 

seeks to analyze these crashes by providing simulation evidence of association between 
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traffic and driver attributes with the likelihood of conflict or collision. The analysis is 

limited to longitudinal movement of vehicles. 

1.4 Limitation/Scope 

This study extends the probabilistic simulation of the CA model by incorporating field-

derived vehicle and driver parameters. The simulation model proposed in this study is limited to 

a unidirectional flow of traffic on a two-lane freeway. Lateral acceleration and yaw rate (rotation 

of vehicle about its vertical axis) are ignored in the modeling of vehicle movements. The freeway 

is assumed to have two ramps (without acceleration and deceleration lanes) where vehicles can 

enter and exit the freeways. The roadway conditions and weather conditions are assumed ideal; 

therefore, their effects are not considered. In addition, the study does not deal with urban traffic 

simulations. 

1.5 Research Contribution 

The principle objective of this dissertation is to develop a generic measure that can apply 

micro-simulation to solve traffic safety problem. The completion of the aforementioned objective 

can serve as a diagnostic tool in safety evaluation of traffic systems. Thus, the final product can 

be used to determine the likelihood of crash occurrences from different traffic and driver 

variables with some modifications to suit the specific problem. Traffic modelers can use the 

results of this work to enhance safety simulation of highway operations. This can be 

accomplished by considering mechanisms that cause rear-crashes, so safety measures can be 

instituted as early as possible in the planning and design stages of transportation projects. 

Because the results of this study will increase understanding of causative factors in crashes, it is 

expected that the results will be useful for proactive prevention of the traffic crashes (at least at 

the design stages of highway facilities) that mostly occur on highway segments. This in turn will 

help to improve the research on devising micro simulation tools that can simulate and analyze 

traffic safety. Currently, no simulation software on the market can predict crashes. 

Another point worthy of contribution to this study is the behavioral modeling in cell-based 

traffic simulation. This study seeks to improve modeling of the driving behavior in the cellular 

automata (CA) traffic-flow models by incorporating interdependencies between drivers’ 

behaviors. The driver behavioral framework proposed captures both driver behavior and 

performance in terms of aggressiveness and alertness, respectively. The generic structure of 

the model used in this study allows derivation of most of the vehicle and driver parameters from 

their underlying parametric distributions. In addition, alternative vehicle movement logic that 
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uses kinematic equations is proposed in this study. This logic uses the relative speed and space 

headways to decide on the vehicle acceleration. The average speed is used in position updates 

and thus reduces chances of over-displacements of the vehicles in the system. Furthermore, 

the use of kinematic equations is expected to reduce the erratic nature of vehicle decelerations 

in the model. Hence, this is expected to increase the fidelity of the vehicle movement in the 

simulation.  

The majorities of the model’s vehicle-driver entity parameters are derived from field-

collected data and are generated from their underlying distribution random number. This is 

expected to increase realism of the simulation outputs because they will reflect actual 

parameters that can be found in an actual freeway section. Most of the research related to CA 

traffic modeling derives vehicles parameters from an assumed uniform distribution, and most of 

these are constant for a particular simulation purpose. 

It is expected that this study will be useful to future research related to the development 

of Automated Highway Systems (AHSs) where vehicle control of speeds and headways is 

performed automatically. General contribution of this work is in the disciplines of simulation of 

traffic safety using cell-based systems, and application of artificial life (ALife) and artificial 

intelligence (AI) in modeling of transportation systems. 

1.6 Outline 

The outline of this dissertation is as follows: The next chapter discusses traffic- flow 

modeling using CA from the literature and the application of cellular automata in safety studies. 

In addition, the state of the art of safety simulation is discussed. The ultimate goal of the 

literature review is to find the state of art of cellular automata micro-simulations, and use that 

information to devise a methodology that will solve the underlying problem. The literature review 

chapter is followed by a methodology chapter. The methodology chapter outlines the research 

approach applied to meet the study objective. To give an overview of the alternative method 

used to simulate traffic on highways, chapter 4 presents the results of single-lane traffic 

simulations that use kinematic equations to model vehicle movement. This method extends the 

probabilistic simulation of the cellular automaton model by incorporating field-derived vehicle 

and driver characteristics. Furthermore, the model is verified by speed-density relationships, 

and the results are compared with the results obtained from conventional CA. The single-lane 

model was developed for testing purposes of the kinematic equations in the model. 

 The main part of this research considers simulation and modeling of likelihood of traffic 

on multilane highways. Therefore, a generic two-lane traffic CA simulation is presented and its 
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features are outlined in chapter 5. The two-lane model is based upon the single-lane update 

rules that use kinematic equations with some minor modifications. The most interesting feature 

of the two-lane model is the ability of the vehicles to execute lane changing. In addition, the 

model has on- and off-ramps where vehicle can enter and exit the highway. The results of 

validation of the two-lane simulation model are also presented in this chapter. The validation is 

accomplished by comparing simulation results with real-world traffic data collected from similar 

sites. 

In Chapter 6, the likelihood of traffic crashes to occur in the model is investigated 

numerically. In the proposed model, a traffic crash is supposed to be caused by a relaxation of 

some of the drivers who have poor alertness, resulting in delayed reaction to actions of the 

leading vehicles. These drivers are among the careless drivers who will not leave sufficient gaps 

while changing lanes or will accelerate so fast they collide with neighboring vehicles. It is worth 

mentioning that no real crash occurs in the model; only traffic-safety indicators (conditions that 

may trigger crash occurrences) are studied. The likelihood of the crash occurrence is then 

related to traffic volume, speed variations, number of lane changes, traffic composition, and 

driver types. A major limitation of this study is that off-road crashes are not considered. Finally, 

the summary of the results and direction of the future work are presented in chapter 7. 
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CHAPTER TWO 

REVIEW OF TRAFFIC MODELLING AND SAFETY STUDIES 

2.1 Macroscopic vs. Microscopic Traffic Models 

Traffic flow models are categorized into three classes: macroscopic, microscopic, and 

mesoscopic models. These models are contrasted based on the level of detail they present in 

modeling the granularity of traffic flow. Macroscopic models consider traffic flow in an 

aggregated way as a fluid process. They use average variables such as traffic density, traffic 

volume, and average speed to describe their state (May 1990, William 1992, HCM 2000). Unlike 

macroscopic models, microscopic models consider interactions between individual vehicles in a 

traffic stream. This is possible through the consideration of individual vehicle acceleration, 

deceleration, and lane merging and changing behaviors.  In microscopic models, each vehicle in 

the system is described according to its individual speed, position, and origin-destination points. 

Mesoscopic traffic models form the third class of traffic flow models whose properties are 

between those of macroscopic and microscopic models. They consider not only individual 

vehicle’s properties, but also vehicle interactions in an aggregate way. Macroscopic simulation 

models can be used when a high degree of accuracy is of no importance, like in area-wide 

planning projects. 

Microscopic models are considered superior and more accurate because of their ability 

to describe the behavior of individual vehicles in a traffic stream. This is because a traffic stream 

is composed of individual drivers and vehicles with different characteristics. However, it is 

difficult to calibrate all the parameters that are used to describe driver-vehicle interactions in the 

field—many of these parameters cannot be measured directly from the field.  Since the focus of 

this work is the interactions between vehicles that can produce traffic conflict and crashes, 

microscopic models are relevant to this study. 

The highway capacity manual defines the process of building these models as either 

analytical or simulation (HCM 2000).  Analytical models express system components on



 10

the basis of mathematical computations and theoretical considerations that are verified, 

validated, and calibrated using field data. Simulation models are computer programs that use 

numerical techniques or sets of procedural rules to perform experiments that mimic the traffic 

behavior of the facility or system over time. The focus of both models is the movement of 

vehicle traffic. 

2.2 Traffic Flow Characteristics 

Every vehicle in a traffic stream is characterized by speed, position, and acceleration at 

any instant of time. These three variables are mathematically related: speed is the first 

derivative of a position while acceleration is the second derivative of a position. For rectilinear 

motion, kinematic principles can be used to explain the motion of vehicles in a traffic stream. 

Simple physics shows that the longitudinal motion of the vehicles is expressed in terms of 

position, velocity, and acceleration as follows: 

xf = xo + vavg*t 

vavg = vi + vf; and 

vf = vi + ai*t 

where  xf is the final position of the vehicle after it has moved from an original position xo while 

traveling at a speed vavg in time t. vf  is the final velocity of the vehicle after it has accelerated 

from an initial speed, vi.  With respect to the rectilinear motion, the acceleration of the vehicle is 

dependent on the power of the engine and roadway conditions. In most cases, physical forces 

like side friction, wind, and gravitational cases are ignored in many traffic flow models. Daganzo 

(1997) has listed and elaborated on all forces acting on a vehicle. Most of these forces are 

neglected in formulating traffic flow models for simplicity reasons. 

 When looking at two successive moving vehicles in traffic streams, microscopic 

parameters—namely spacing and time headway—are defined. They characterize the behavior 

of individual vehicles in the traffic stream with respect to each other (McShane et al.  1998). 

Spacing is defined as the distance between two successive vehicles in a traffic stream 

measured at a common reference point. Sometimes spacing is expressed in terms of clearance 

or a space gap, which is the distance between the front bumper of the vehicle and the rear 

bumper of the preceding vehicle.  Headway is defined as the time headway between successive 

vehicles as they pass a common reference point on the road. Figure 2.1 shows the pictorial 

definitions of gap and spacing for two consecutive vehicles on the road. The speed of the 

vehicle is related to time headway because time headway is the time necessary for a subject 
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vehicle to reach the current position of the leader when traveling at the current speed (i.e., the 

vehicle speed is constant). 

 

 

 

 

 

      

Figure 2.1 Definition of Spacing and Space Gap 

 
 The averages of spacings and time headways are used to derive macroscopic 

parameters, which are flow, average speed, and density (occupancy). Mathematically, density is 

the inverse of average spacing; traffic flow is the inverse of average time headway; and average 

speed is the ratio of average spacing and average time headway. For example, if N vehicles 

were observed in one-minute intervals, then there would be one flow, one density, and one 

average speed. At the same time, there would be N spacings and time headways.  

Density is the macroscopic parameter that is used to measure the concentration of 

vehicles on a roadway section. It is defined as the number of vehicles occupying a section of 

lane or roadway section, averaged over time, and is measured in vehicles per mile. As defined 

earlier, speed is the rate of motion. It is measured in distance units per unit of time. Traffic flow 

is the macroscopic parameter that measures the fluidity of vehicle movements in a traffic 

stream. It is generally measured in vehicles per hour. Sometimes it is referred to as traffic 

volume, intensity, or throughput. Arguably, traffic volume is equal to flow when measured in one 

hour. Density, speed, and flow are related.  

Traffic flow on highway facilities is classified into two categories: interrupted and 

uninterrupted flow (May 1990, HCM 2000). Uninterrupted traffic flows occur on facilities that 

have no elements external to the traffic stream that may cause interruptions to the normal flow 

of vehicles. The external elements may be intersections, interchanges, lane drops, etc.  The 

traffic flow in this situation is the result of interactions between individual vehicles and/or the 

geometrics of the roadway. Interrupted traffic flows occur on basic freeway segments that are 

far away from the exit and entrance points. Interrupted traffic occurs on facilities that have 

external elements that disrupt the normal flow of an intersection. The presence of external 

elements such as intersections, lane drops, or exit/entrance ramps may cause the traffic to slow 

down significantly and sometimes come to a halt. 
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 12

2.3 Fundamental Relation of Traffic Flow Parameters 

Wadrop (1952) showed that there is a relationship between the macroscopic parameters 

discussed above. He showed that traffic flow is the product of average speed and density. This 

relationship is well known in the traffic engineering community as the fundamental relation of 

traffic flow. This means that if two parameters are known, the third can be estimated easily. 

Graphically, the relationship can be presented in fundamental diagrams. Fundamental diagrams 

are basic traffic flow curves that represent correlations between speed and density, speed and 

flow, and flow and density. Basic flow diagrams assume a linear relationship between speed 

and density and a parabolic relationship between flow and density for traffic stream 

characteristics observed on an uninterrupted traffic flow. An example of these relationships are 

adapted from May (1990) and presented in Figure 2.2. The relationship shown in Figure 2.2 

represents the theoretical relationship between macroscopic parameters that were first 

proposed by Greenshields (1953). 

 

 

Figure 2.2 Fundamental Relations between Speed-Density-Flow (May 1990) 
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From the diagrams presented in Figure 2.2, it can be shown that as the density 

increases from zero to the maximum density, kj, the average speed decreases from free flow 

speed, uf, to zero. The maximum density is also called jam density—i.e., the density at which 

vehicles are closely packed together and are not moving at all. When developing this 

relationship, Greenshields (1953) flattened the curve at a low density by intuitively assuming 

that the speeds of the vehicles remain unaffected at low densities. Figure 2.3 presents the 

speed-density relationship from Greenshields’ study. For the speed-flow relation, it is shown in 

Figure 2.2 that in low flow (free-flow) conditions, speed decreases as the flow increases up to a 

maximum flow point, qm. Furthermore, speed decreases with flow reductions because of the 

increase of traffic density beyond the maximum flow. This occurs because maximum flow can 

be reached in congested traffic conditions, and in these conditions the traffic flow is not stable, 

allowing for a decrease in speed should any perturbation occur in the traffic stream. In the flow-

density diagram, it can be shown that as density increases, the flow increases to a maximum 

flow. This corresponds to the optimum density, ko. Beyond the optimum density, the flow 

decreases with increasing density. The optimum density is the cut-off point between free-flowing 

and congested traffic conditions. 

 

 

 

Figure 2.3 Classic Speed-Density Relationship (Greenshields 1935) 

 
The usefulness of the fundamental diagram is seen as the proof of the car-following 

theory formulation—for example, the speed-density relationship is similar to speed as the 
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function of spacing in car-following logic (May 1990). Car-following is discussed in the next 

section. The speed-flow relationship is used in the planning and design stages of transportation 

facilities to examine the capacity and quality of operation (level of service) that the designed 

facility is intended to provide.  At the same time, theoretically, the relationship between flow and 

density can be used to study the need for control to ensure that the optimum density is not 

reached so that the highway facility demand can be satisfied most of the time with a high level 

of service. 

Following the significant development of the traffic flow theory in the 1950s—and most 

likely after the availability of an accurate field measure—traffic data, speed, and density were 

found to have an exponential relation (Greenberg 1959). Later results obtained from studies 

conducted by research institutions led to the production of two isolated regime models for traffic 

flow relationships, namely free-flow and congested-flow regimes (e.g., Edie 1961). The 

Greenshields model is single-regime. A third regime was introduced to cover the transition from 

free-flow to congestion flow. Furthermore, May (1990) presented the formulation of multi-regime 

models. 

2.4 Computer Simulation of Traffic Flow 

Simulation is a dynamic representation of the real world system using a computer model. 

The history of simulation began soon after the introduction of the first digital computer in the 

1930s (May 1990).  The application of simulation to traffic flow studies and formulations of traffic 

simulation models started after the development of the traffic flow theory in 1950s (Pursula 

1999). The traffic simulation models have the ability to test and evaluate transportation projects 

under different conditions, including those that would have been difficult to observe in the field. 

Hence, they are cost-effective traffic evaluation tools. The application of simulation to traffic flow 

modeling has increased due to current advances in computer hardware and software 

technologies. For instance, today there are several high-level object-oriented programming 

languages as well as powerful computer processors that can make formulations and simulations 

of traffic models easy. For example, object-oriented programming languages such as C++ and 

Java can develop objects that communicate with one another to solve problems, and therefore 

provide enhanced abstraction and simplification in modeling tasks at an unprecedented scale. 

Following these successes and developments in computer technology, some 

researchers (e.g., Pursula 1999) have suggested that practitioners and researchers in the 

transportation engineering field should use simulation in their analyses. By using simulation, it is 
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easier to compare and contrast output statistics both spatially (on each network link) and 

temporally (during a specified period of time) at a given level of detail.  

However, May (1990) suggests that simulation should be used with caution because 

there is a possibility of obtaining bad results. He suggests doing an initial study to determine 

whether simulation is an appropriate approach to solve the specific problem before applying it 

as a method to solve the underlying problem. He further suggests the need for understanding 

traffic flow theory before using ready-made simulation tools so that simulation cannot be used 

as a black box. Liebermann and Lathi (2001) also emphasize that traffic simulation should not 

replace capacity estimation procedures, demand modeling activities, or design practices. 

Instead it should be used as a supplementary tool in standard procedures. 

2.4.1 Simulation Models 

Most of traffic simulation tools developed so far are used to study operational and 

environmental performances of transportation facilities (Algers et al. 1997). Operational 

performance measures are collected from simulation models in order to examine system 

efficiency in terms of capacity, travel time, and delays. Environmental performance measures 

are collected to assess the effect of traffic on pollution. From environmental performance 

measures, models related to air and noise quality can be generated quickly. The advantages of 

using simulation in transportation system analyses have been realized at large, most likely due 

to its ability to test and evaluate the system without disrupting existing traffic or putting the labor 

crew into danger. In addition, the use of simulation to analyze traffic systems is advantageous 

not only because it can provide extensive results for any study area within a relatively short 

period of time, but also because it can be applied during the planning and early stages of facility 

designs. 

As it was shown in the discussion on the traffic flow theory, traffic simulation models can 

be classified into three classes, namely: macroscopic, microscopic, and messoscopic models, 

depending on the level of detail they present (HCM 2000).   

Macroscopic simulation models are derived from fluid dynamics. They involve simulation 

of traffic flow on a section of roadway rather than individual road users. Therefore, the 

parameters of interest collected from these models are traffic volume, average speed, and 

density or occupancy. These parameters are defined as continuous variables in time and space. 

Macroscopic simulation models are mostly used in analyzing level of service, demand and 

supply during planning of regional or area wide transportation networks.  An example of a 

macroscopic traffic model is the LWR model, proposed by Lighthill and Whitham (May 1990). 
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This model describes the traffic stream by using a set of differential equations that describe the 

traffic flow as the fluid. Lighthill and Whitham assumed that the fundamental relationship 

between flow, speed, and density holds in all traffic conditions—i.e., in both congested and free-

flowing conditions. Computer simulation is applied in this model when analyzing both temporal 

and spatial interactions of traffic flows on the highway. A discretization of the LWR model, 

commonly known as the Daganzo Cell Transmission Model (DCTM) is another form of a 

macroscopic model (Daganzo 1994). The DCTM is based on a discretized roadway, separated 

into sections (cells).  

Microscopic simulation models simulate the individual behavior of vehicles in a traffic 

system using car-following, lane-changing, gap acceptance, and route-choice sub models. Car-

following sub models determine the acceleration of the vehicles from their interaction with other 

road users as well as with roadway objects. Lane-changing sub models help the driver to move 

from one lane to another based on the prevailing traffic conditions and driver’s goals. Gap 

acceptance sub models are used to describe the merging of vehicles into through traffic. The 

determination of the paths that drivers take in the model is done using route-choice sub models. 

Microscopic simulation models are also called micro simulation models. The parameters of 

interest in these models are spacings, time headways, vehicle speeds, accelerations, and driver 

behavior parameters. The averages of these parameters are used to derive macroscopic 

parameters. In addition, in micro simulation models, spatiotemporal variations of individual 

vehicles are of the utmost importance and they are reported in time-space diagrams, which help 

to verify the movement of vehicles and their interactions in the traffic stream. 

Micro simulation models are more detailed and hence can be used to evaluate system-

level impacts of proposed improvements on highway facilities at a high degree of accuracy. 

However, due to the nature of the data they simulate, microscopic simulations run slowly 

compared to macroscopic models, hence they are computational-intensive. This is the trade-off 

that one needs to consider when selecting these models from macroscopic models. There are 

other disadvantages associated with using microscopic models. For example, this includes 

issues of calibrating a large amount of parameters describing the drivers’ behavior in these 

models. The family of these models includes CORSIM (Halati et al. 1997, Prevedouros & Wang 

1999), WATSIM (Prevedouros & Wang 1999), VISSIM (Fellendorf & Vortsch 2001), PARAMICS 

(Cameron & Duncan 1996), and MITSIM (Yang & Koutsopoulos 1996). 

Mesoscopic simulation models have properties that are between macroscopic and 

microscopic models. They can present individual vehicles’ behaviors without their interactions. 

For instance, vehicle movement logic can be represented for each individual vehicle based on 



 17

the overall lane-density rather than on the interactions of individual vehicles based on vehicle 

speeds and spacings. INTEGRATION (Prevedouros & Wang 1999), TRANSIMS (Nagel et al. 

1997) and CORFLO are examples of messoscopic models. 

2.4.2 Car-following models 

Car-following models are an integral part of the microscopic traffic models. Their studies 

started in 1950s. A comprehensive review of car-following models can be found in May (1990) 

and Brackstone and McDonald (2000). 

In 1953, Pipes proposed the first car-following model. He assumed that drivers maintain 

their speeds while controlling the desired spacings. This model was popularly known as the 

follow-the-leader model. Chandler et al. (1958) later introduced reaction time into the model, 

resulting in what is called the stimulus-response model. Later on, researchers at General Motors 

proposed a generalized non-linear model commonly known as the Gazis-Herman-Rothery 

(GHR) model (Gazis et al. 1961).  This model is expressed in terms of the delayed deferential 

equation, as follows: 
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where  vi(t) and vi+1(t) are the instantaneous speed of the following and leading vehicles 

respectively. xi(t) and xi+1(t) are the instantaneous positions of the following and leading vehicles 

respectively. τ is the reaction time, and λ is the sensitivity to the stimulus parameter—the 

stimulus being the change in speed of the two successive vehicles. m and l are the parameters 

of the model which adjust the vehicle speed and its space gap respectively. 

 Gipps (1981) proposed a car-following model based on a safe braking distance, leading 

to collision-free movements. Unlike the multitude of previously proposed car-following models, 

Gipps’ model computes vehicle speeds based on a discretized time step. Another interesting 

property of this model is that it captures the underestimation and overreactions of drivers which 

introduced traffic flow instabilities. Very recently, a similar model has been proposed by Krauss 

et al. (1997). They proposed a one-parametric family of models that determines the braking 

capabilities of the cars. Their development is based on a general property of traffic flow, 

acceleration, and deceleration capabilities of vehicles in a collision-free vehicle movement. 

Another kind of car-following model is the psychophysical car-following model, which 

was suggested by Wiedemann (1991). This model is related to the skill, knowledge, intelligence, 

capacities, and aptitudes of the drivers. Wiedemann assumed that a driver can be in one of the 
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four driving modes—free driving, approaching, following, or braking–from which the reaction of 

the drivers depends on the relative speed-spacing combinations.  

In general, the developments of car-following models have involved generalizing the 

responses of the following vehicle to the actions of the leading vehicle (which involves changes 

of speeds and positions). The major assumption in these models is that the driver can 

accurately judge the speed and position of the leading vehicle and hence evaluate the spacing 

and relative speed. All these models assume collision-free vehicle dynamics. Some of these 

models are based on a continuous time scale while others, like Gipps’ model (1981), use a 

discrete time scale. 

2.4.3 Lane-changing models 

The car-following discussed in the previous section assumes the movement of 

successive vehicles in a single lane. For multi-lane traffic, vehicles are affected by traffic 

conditions not only in their lane, but also in adjacent lanes. The desire of the driver to change 

lanes is affected by behavior and driving goals. 

Developing a lane-changing model for multi-lane traffic simulation is a challenging task 

because there is no clear or unique rule that can be used by a majority of drivers in deciding to 

change lanes. Most likely, the behavior of the drivers in the following and leading vehicles 

affects the lane-changing process, not to mention the geometrics of the roadways. For instance, 

speeding drivers are likely to change lanes more frequently than slow-moving drivers. In 

addition, we expect a lot of lane changing close to the merging and diverging sections of the 

highway. The lane-changing process can be generalized in two steps: first, the decision to 

change lanes, and second, the execution of the lane change. However, when designing a lane-

changing model, considerations are given to two types of lane changing—i.e., discretionary 

(optional) and mandatory (compulsory) lane changing. Discretionary lane-changing is made 

when the driver approaches a slow-moving vehicle and changing lanes will increase his/her 

speed to reach the maximum desired speed. Mandatory lane-changing occurs when a driver 

must leave the inside lane to take the ramp leading to the off-ramp.  

The first lane-changing model was developed by Gipps (1986). His model has two 

objectives in modeling the driver’s intention to change lanes: the driver’s aspiration to maintain a 

desired speed, and being in the correct lane for an intended maneuver. The first objective leads 

to the driver’s need to maintain the optimum driving strategy and hence comes into effect in 

discretionary lane-changing. The second objective leads to driving to the destination and hence 
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comes into effect in mandatory lane-changing. In Gipps’ formulation, lane changes are 

performed deterministically, ignoring other factors that will affect drivers’ behavior. 

In discretionary lane-changing, the motivation is based on the speed of the leading 

vehicle and the gap acceptance (or opportunity to make the desired lane change). Here the 

lane-changing objective is to improve the driver’s speed. Therefore, the driver’s decision to 

change lanes under the discretionary type is affected by prevailing traffic conditions in both 

current and target lanes. First, the relative speed of the subject vehicle with respect to the 

leading vehicle is evaluated. If the relative speed is positive (the subject vehicle is moving faster 

than the leading vehicle), then the incentive to change lanes is calculated, and with a certain 

probability the subject vehicle is allowed to change lanes whenever there are adequate gaps. 

The incentive to change lanes involves checking the adjacent lane for any opportunity to 

increase speed. Different driver types will evaluate their incentive to change lanes differently. To 

increase the stochastic in the model, probabilistic lane-changing is assumed in order to account 

for other latent factors such as the impatience and speed difference factors that can be used by 

a driver to decide on a lane change. The concept of using an adequate gap ensures that no 

collision will occur. In this context, no discretionary lane-changing will be executed in low traffic 

conditions where a driver can reach the desired speed without being affected by vehicles 

ahead. 

Mandatory lane-changing is influenced by the distance that the driver will start to be 

affected by the desire to shift to the lane leading to the exit point. The driver’s decision is 

affected by the distance to the exit or turning point as well as the location of the signs. This type 

of lane change is also referred to as forced lane change where the vehicle is forced to get a gap 

on the adjacent traffic. 

The Gipps model is implemented in several types of commercial micro simulation 

software—e.g., CORSIM (Halati et al. 1997, FHWA 1998). In this software, lane-changing is 

classified as either mandatory or discretionary. Later research studies have proposed rule-

based lane-changing similar to Gipps. For example, there is Yang and Koutsopoulos’ (1996) 

lane-changing that is implemented in MITSIM. However, in this model, the conflict goals are 

resolved randomly using utility maximization models.  

A discrete choice framework that uses three steps in changing lanes—i.e., the decision 

to change lanes, the choice of a target lane, and the acceptance of gap in the target lane—is 

proposed by Ahmed (1999). Ahmed uses a decision tree for a driver to decide whether to 

perform a mandatory or discretionary lane change depending on the driver’s goal. The lane-

change decision tree proposed by Ahmed is reproduced here and presented as Figure 2.4.  The 
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driver chooses to stay in the current lane if the target destination does not force him/her to 

execute a mandatory lane change or if the leading vehicle’s actions do not affect his/her current 

speed and intended desired speed. Whenever the driver is not satisfied with the driving 

conditions in the current lane, he or she seeks to perform a discretionary lane change. Then 

traffic conditions in the neighboring lane are compared with the current lane. Finally, the lane 

change is executed based on available gaps. Vehicle trajectory data were used to calibrate this 

model. 

 

 

Figure 2.4 Lane-Change Decision Tree Proposed by Ahmed (1999) 

  

Very recently, Toledo (2003) proposed an integrated lane-changing model that jointly 

evaluates mandatory and discretionary decisions. In his model, the distance to the off-ramp 

affects mandatory lane-changing decisions. His lane-changing decision tree is reproduced here 

as Figure 2.5. Figure 2.5 shows that Toledo’s lane-changing model has two levels—i.e., lane 

change and gap acceptance decisions. In every time step, the driver first decides whether to 
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stay in the current lane or move to an adjacent lane by perceiving the traffic movements in these 

lanes. Whenever the gap is acceptable in the target lane, the lane-change is executed; 

otherwise the driver remains in the current lane. 

 

 

 
  

Figure 2.5 Lane-Change Decision Tree Proposed by Toledo (2003) 

 

2.4.4 Verification and validation of simulation models 

Model evaluation refers to the process of evaluating the accuracy of a model in 

replicating real-world traffic conditions. It involves two processes—calibration and validation. 

These two processes are different although they are related. Calibration is the tuning and 

adjusting of the input parameters to optimize the accuracy of simulation model results as 

compared to actual traffic conditions. The parameters that require calibration are those related 

to traffic control operations, traffic flow characteristics, and drivers’ behavior. Validation is the 

comparison of simulation output to actual conditions with the goal of determining whether 

accurate results are produced. Validation is directly related to calibration because the latter is 

performed to improve the model’s ability to reproduce real-world traffic conditions.  
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Figure 2.6 Schematic Modeling Processes (Sargent 1998) 

 

The model general validation process for a computerized simulation model that was 

suggested by Sargent (1998) is reproduced as Figure 2.6. Sargent showed that the modeling 

process is classified into three stages, namely: problem entity, conceptual model, and 

computerized model.  The problem entity is the proposed system, idea, or policy. The 

conceptual model is the mathematical/logical or verbal representation of the problem entity 

developed for a specific study. This is done through the analysis and modeling of existing data 

or scientific knowledge that the developer has regarding that problem. The computerized model 

is the implementation of a conceptual model through computer programming. Upon conducting 

a modeling process, as presented in Figure 2.6, it is possible to obtain inferences about the 

problem entity by conducting experiments on the computerized model. The author firmly 

suggested that the model developers should conduct verifications and validations as part of the 

model development process upon moving from one stage to the next. 
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However, since traffic simulation models are like other simulation models from different 

disciplines, the guidelines provided by Sargent (1998) can be followed. The procedure 

suggested by Sargent is outlined below: 

i. An agreement between the model developer, sponsors, and potential users must 

be made prior to developing the model. The validation approach should be 

specified at this time. 

ii. Prior to the start of development or in the very early stages of the development 

process, the amount of accuracy should be specified according to the model’s 

intended application. 

iii. The theories and assumptions made should be tested wherever possible. 

iv. In each iteration, the logic used in the conceptual model should be tested by 

people who are knowledgeable about the system. 

v. In each iteration, the model behavior should be explored using a computerized 

model. 

vi. In the last model iterations, comparisons have to be made between the model and 

the system behavior (output) data for at least two sets of experimental conditions. 

vii. Validation documentation has to be developed for inclusion in the simulation model 

documentation. 

viii. If the model is used over a particular period of time, a schedule for periodic review 

of the model’s validity needs to be developed. 

In the traffic simulation areas, the literature has indicated that the calibration and 

validation of traffic simulation models lack formal or unified procedures within traffic engineering 

practice despite being discussed and informally used among many researchers (Sacks et al. 

2001, Hellinga 1998). Some guidelines on how to calibrate traffic simulation models are 

suggested by Chu et al. (2004), Hourdakis et al. (2003), Hellinga (1998), Rakha et al. (1996), 

and Benekohal (1991). Most of these guidelines are not general but problem-specific (Hourdakis 

et al. 2003).  

Benekohal (1991) provided an initial framework for the calibration procedure for traffic 

simulation models. He suggested that calibration should consist of conceptual verification, 

computerized calibration, and operational calibration, and should use adequate and correct data 

in validation. The conceptual verification process of the model is generally done at the onset of 

the modeling task in order to ensure that the model logic and algorithms are correct and that the 

whole system functions well as intended. Upon satisfaction with the performance of the model, 

calibration is done by adjusting the model’s parameters in order to achieve an acceptable match 
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between model output and field data. This is an iterative trial-and-error process that involves 

adjusting the model parameters, comparing the model results to the field data, and improving 

the results until an acceptable level of accuracy is reached. Finally, in the validation, the model 

is evaluated statistically using different a database in order to emulate actual measurements. 

Statistics tests that are used in validation are goodness-of-fit tests. Hourdakis et al. (2003) have 

presented a more detailed discussion on the goodness-of-fit tests that can be used in validating 

traffic simulators. The authors insist on the importance of goodness-of-fit tests for revealing 

model adequacy in replicating real-life traffic conditions, but also the nature of the discrepancy 

between simulation and reality so that the modeler can target specific parameters for calibration. 

Further, by targeting specific parameters for calibration, the amount of time to undergo the trial-

and-error process can be reduced. 

2.4.5 Goodness-of-fit statistics used in model validation 

Hourdakis et al. (2003) have discouraged the use of the t-test as a method of comparing 

simulated and actual data because the two measurements are not necessarily independent and 

identical distributions. This reminds researchers about the need to check and verify that 

simulated and actual data distributions are identical before invoking the t-test as the test of fit. 

Four different statistical measures are commonly used to compare simulation output with 

actual data collected from the field. These are: Root Mean Square Error (RMSE), the coefficient 

of correlation (r), Theil’s Inequality Coefficient, and Mean Absolute Percent Error (MAPE).  

RMSE is a widely used error measure that provides initial estimates of the degree of fit 

between simulated and actual data. This statistic measures the deviation of the simulation 

output from observed values. It is also known as the standard error of estimate in linear 

regression. RMSE appears to be useful as a good representative of a typical error because it is 

measured in the same units as the data. Mathematically, RMSE is expressed as follows: 
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where n is the total number of data points, yi,sim is the simulated data point, yi,obs is the observed 

data point. During the calibration process, RMSE is the statistic that is minimized.  A model that 

has a large RMSE value is not a particularly good one.  Another variation of RMSE is the Root 

Mean Square Percent Error (RMSPE), which measures an estimate of the total percentage 

error and is given by: 
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The RMSPE is more useful and can be comprehended very quickly compared to RMSE 

because it is expressed in generic percentage terms. The literature review performed as part of 

this study did not reveal any absolute criteria for what constitutes a good value of RMSE. 

However, Hourdakis et al. (2003) has indicated that a RMSPE of 15% or lower is good to 

indicate a better fit of the traffic simulation model. 

The sample correlation (r) coefficient is used as an indication of the degree of linear 

association between the simulated and actual data observed in the field.  It refers the departure 

of the two data sets from independence.  In order to calculate correlation between two random 

samples, their mean and variance should be known. Mathematically it is defined as:  
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where n is the total  number of data points, simy  and obsy  are the means of the simulation output 

and actual values observed in the field, respectively. simσ  and obsσ  are the standard deviations 

of the simulated and observed values, respectively.  This correlation is also known as Pearson 

product-moment correlation coefficient (PMCC). Correlation also have a sign to show the 

direction of the relationship—negative sign always show inverse relationship while positive sign 

shows direct relationship. It ranges between -1 and 1. A correlation coefficient of -1 shows a 

perfect and inverse linear relationship while 1 shows a perfect and direct relationship. A 

correlation coefficient of 0 shows there is no linear relationship between the two data sets. The 

threshold as to what correlation coefficient constitute to a strong linear relationship varies from 

one discipline to another. In transportation planning, FHWA has suggested a correlation 

coefficient of more than 0.88 to be accepted in model validation (FHWA 1997).  

Theil’s inequality coefficient (U), which is a form of the weighted RMSE, is defined as 

follows (Pindyck & Rubinfeld 1998): 
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The numerator of the Theil’s coefficient is the RMSE. This statistic provides additional 

information about the nature of the error between simulated and actual data. Thus, it is stronger 

than RMSE and coefficient of correlation and can take precedence over the others. The Theil 

statistic always has values between 0 and 1. A perfect fit is assumed to have occurred when the 

Theil coefficient is 0, i.e., obsisimi yy ,, =  for every data point. When the Theil statistic is 1, the 

simulation output is the worst. Upon decomposing the Theil inequality coefficient (square of the 

numerator), three statistics are derived, namely bias proportion (UM), variance proportion (US), 

and covariance proportion(UC). These components are: 
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UM is the measure of the systematic error that can determine the consistency of under/over-

recording the vehicles. US is an indication of the model’s ability to replicate the degree of 

variability in the actual measurement of the variable of interest. UC is the measure of 

unsystematic error. In an ideal case, UM and US are close to 0 while UC is close to 1. High values 

of UM indicate the existence of a systematic bias in the data, while high values of US indicate the 

existence of a large fluctuation in the simulated outcome. 

The mean absolute percentage error (MAPE) is the statistic measure within the 

simulation of goodness-of-fit and out-of-simulation performance. It is calculated as the average 

of the unsigned percentage errors for data that are strictly known to be positive. Like RMSPE, 

MAPE can be very easily comprehended because it is gives the percentage of error in terms of 

actual data. This statistic is advantageous because it does not have the effect of averaging 

positive and negative errors. MAPE is expressed mathematically as follows: 
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2.4.6 Number of simulation replications 

 The results obtained from deterministic simulation models do not differ from one 

simulation to the next. However, the situation is different in stochastic simulation models.  A 

major shortcoming of making an inference from a single run from stochastic simulations is that 

the model results are different from one run to another due to random processes in the model. 

Therefore, in stochastic models, multiple simulation runs are inevitable in order to assess the 

performance of a specific scenario. When multiple runs are conducted, the average value of the 

metrics of interest collected from the outputs is normally used to draw inferences about the 

problem simulated.  Hence, the number of simulation replications in the experiment is critical in 

producing a statistically good estimate for any system's performance measure. To account for 

the variations between simulation runs, the reliability measures, such as confidence intervals, 

are normally reported. This is important because the confidence level of the results drawn from 

a set of simulation output depends on the size of the dataset used. The confidence level of 

simulation output depends on the number of simulation runs used. A conservative approach is 

to use a large number of runs to increase the confidence of the output. However, due to 

limitations in computing resources that may be used to perform a large number of runs, using 

the smallest number of simulation runs that will provide the desirable confidence is always an 

option.  

Chu et al. (2004) has presented a method of determining the number of simulation runs 

in a calibration study. This method is based on the simulation results from a pilot number of runs 

where the mean sample variance of the performance measure (which is unknown before 

simulation) is compared to a preset acceptable significant level based on a t-distribution. From a 

pilot simulation run, the number of runs N is calculated as follows: 
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where μ and σ are the mean and standard deviations (square root of the variance) of the 

performance measure obtained from the pilot run, ε is the allowable error specified as a 

percentage of the mean—normally it is half the length of the confidence interval—and tα/2 is the 

t-statistic of the t-distribution at α % significant level. Another variation of this method is 

suggested by Hale (1997) and also exemplified by Milam and Choa (2001). 
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2.5 Cellular Automata Concepts in Traffic Flow 

During the last two decades, the modeling of traffic flow by using cell-based micro 

simulation has attracted the attention of many researchers. Cell-based simulations are 

environments for the modeling and simulation of cell spaces. The popular cell-based traffic 

micro simulation is the one that uses the cellular automata (CA) theory.  

2.5.1 Cellular automata defined 

A cellular automaton (CA) is a dynamic system (that is discrete in both time and space) 

whose behavior is affected by local interactions between adjacent neighbors. In general, CA 

models are spatially explicit, meaning that the cells are associated with a location in the discrete 

and geometrical space. There are different schools of thought regarding the definition of CA. 

Wolfram (1986) define CAs as systems that are always homogeneous and dense—i.e., all cells 

are identical. He has indicated that a CA model can produce a wide range of periodic, chaotic, 

and generally very complex behaviors with intricate spatial and temporal patterns that can mimic 

the behavior of the modeled system in the real world.  

The popularity of CA simulation has emerged because of its ability to produce complex 

behavior from very simple update rules. CA systems are a subset of multi-agent systems, which 

consist of any computational system whose design is primarily composed of a collection of 

interacting parts (agents). Unlike conventional models, CA models seek to find the simplest 

microscopic representation that can show the macroscopic spectrum of the real system. 

The early application of CA models is in the Conway’s game of life (Gardner 1970). In 

this game, life is simulated on an infinite grid of cells where each cell can either be dead or 

alive. The evolutions in the game occur by considering the neighbors of a subject cell in order to 

decide whether the cell will next die or not. In these evolutions, other phenomena like birth, 

survival, and overcrowding are derived. CA models have also been applied in a multitude of 

disciplines, including sociology, physics, biology, chemistry, mathematics, and engineering. 

2.5.2 CA rule 184 

The use of CA in traffic flow simulation is based on elementary CA rules proposed by 

Wolfram (Wolfram 1986). Wolfram’s work is based on empirical experiments using computer 

programs. He formulated mathematical models for self-organized statistical systems (Wolfram 

1983). The motivation of his mathematical models was to define complex systems in the field of 

mathematics and science by means of very simple rules. These formulations have received a 

multitude of criticism from mathematicians (e.g., Gray 2003). However, some researchers were 
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able to further extend Wolfram’s work to neural networks. For example, there was the 

introduction of cellular neural networks (CNN), which is a discrete N-dimensional space massive 

parallel computing paradigm, and another efficient method for parallel computations of cellular 

automata (e.g., Chua & Yang 1988, Chua 1998). For an in-depth tutorial and review of the CNN 

as well as the mathematical justifications of some of Wolfram’s CA concepts, reference is made 

to Chua et al. (2002). It is worth mentioning that Wolfram’s work is based entirely on empirical 

observations from computer simulations. 

Wolfram’s classification is composed of binary, one-dimensional CA with neighborhoods 

composed of three cells. Each cell behaves as a Boolean operator while their values are 

defined by some predefined rules. One of the rules in Wolfram’s CA classifications is the CA 

rule 184. CA rule 184 is also known as the traffic rule because the evolution of the bits in this 

rule is for the “1” to occupy the neighboring “0” in each iteration. Rule 184 can be restated as 

follows: 

If the bits are 10, then flip to 01 

Else (if the bits are either 11, or 00 or 01), do not flip 

The application of CA rule 184 to the traffic simulation was made possible by modeling 

the highway as the lattice of cells where each cell can either be empty or occupied by a single 

vehicle. This corresponds to the spatial discretization of the roadway where the length of the cell 

is equal to the vehicle length. The width of the vehicle is ignored. The vehicle can move forward 

whenever there is an empty cell ahead. In this case, all cells that are occupied by vehicles are 

assigned “1” and empty cells are assigned “0”.  The use of CA rule 184 prevents two vehicles 

from occupying the same cell and it also prevents the subject vehicle from moving forward even 

when the vehicle ahead (which is blocking its path) moves in the same iteration. Under this rule, 

the number of filled cells, hence number of vehicles, does not change. CA rule 184 is 

generalized, as shown in Table 2. In Table 2, the middle number represent the state of the cell 

that will be changed based on the state of the neighboring cells. For instance, in when the 

configuration is 001, then the middle cell will remain empty (0) since its predecessor is occupied 

and its follower is empty. In 010 configuration, the state of the middle cell will change to 

empty(0) as its predecessor is empty. 

Table 2.1 CA Rule 184 Evolutions 

000→0 001→0 010→0 011→1 100→1 101→1 110→0 111→1 
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2.5.3 CA traffic models 

 Nagel and Schreckenberg (1992) were among the first to recognize the capability of 

Wolfram’s rule 184 in relation to traffic flow micro simulation. They modified this rule to enable 

vehicles to evolve with different velocities during simulation in a ring-like road (closed boundary 

conditions).  The difference between closed and boundary conditions is on global density. 

Density in closed boundary conditions is the controlling parameter, while in open boundary 

conditions density is affected by the rate of arrival of vehicles. The fundamental idea behind 

their CA traffic micro simulation was to formulate the model in discrete time and space, in favor 

of numerical efficiency.  In the Nagel-Schreckenberg model, driver-vehicle units are identical 

and their states at each simulation time step are determined by their respective instantaneous 

velocities and positions.  A schematic representation of the simple form of the Nagel-

Schreckenberg traffic model is depicted in Figure 2.7.  The numbers above the cells represents 

the speed of the vehicles, which corresponds to the number of empty cells ahead. 

 

 
      

 

Figure 2.7 Schematic Representation of the Nag.-Sch. Model  

Figure 2.7 shows that in CA simulation each vehicle is occupied in a single cell where all 

vehicles are assumed to move to the right. The speed of the vehicle is determined by the 

number of empty cells ahead.  In Figure 2.7, the numbers on top of the cells indicates the 

speeds of the vehicles in cells per time step—that is, the number of cells that a vehicle will hop 

in the next iteration. The only parameter in this model was the maximum speed of the vehicles, 

vmax. Taking into consideration the stochastic behavior of traffic flow, a stochastic braking 

parameter that accounted for variations of vehicle speeds due to unforeseen factors was 

incorporated in the Nagel-Schreckenberg model. The CA model proposed by Nagel and 

Schreckenberg was able to reproduce the basic features of the real traffic flow such as 

fundamental correlations between vehicle speeds and traffic density as well as the formation of 

traffic jams.  In some cases, this model is referred to as the basic CA traffic model. 

The following are the general properties of the Nagel-Schreckenberg traffic model:  

• All vehicles have uniform behaviors—i.e., a homogeneous traffic mix. 

• A vehicle can have 6 discrete speed values—i.e., 0…5 cell/sec. 

• A roadway is made up of an array of cells with periodic (closed) boundary 

conditions—i.e., vehicles are moving in a closed loop. 

0 1 1 1
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• Each vehicle occupies a single cell. 

• The evolutions of a vehicle in the cells are determined by a set of predefined 

updating rules. 

• The time is discretized in one-second intervals under the assumption that a driver 

does not react to events between two consecutive time intervals. 

• A vehicle only responds to the leading vehicle’s actions. 

The vehicle position update rules in the Nagel-Schreckenberg model are performed in 

parallel to all vehicles in the roadway in a given time step. The update rules are as follows: 

1. Acceleration: the vehicle accelerates if its velocity is lower than the maximum speed 

and if the distance to the vehicle ahead is greater than its current speed plus one. 

The speed of the vehicle is increased by one [vnext = vcurrent + 1]. This rule also 

implements a collision-free movement. 

2. Deceleration due to other vehicles: if the distance of the subject vehicle to the vehicle 

ahead is less than its current speed, then it reduces its speed to the amount of 

distance [vnext = amount of empty cells ahead]. 

3. Randomization: with a certain predefined probability, the speed of each vehicle (if 

greater than zero) is reduced by one [vnext = vnext - 1 ]. 

4. Vehicle motion: each vehicle is advanced vnext cells ahead [positionnext = positioncurrent 

+vnext]. 

 

 

Figure 2.8 Simulated Traffic at Low Density using the Deterministic Nag-Sch. Model 
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Figure 2.8 shows the results of simulated traffic at low-density conditions using 

deterministic update rules in the Nagel-Schreckenberg model. In Figure 2.8, empty sites are 

represented by dots while occupied cells are represented by integer values of the vehicle 

velocities. The vehicles increase their speed until the maximum speed is reached. The density 

of traffic is calculated as the ratio of the number of occupied cells to the total number of vehicles 

in a particular simulation. 

Another one-dimensional CA model that generalizes CA rule 184 was proposed by Fukui 

and Ishibashi (1996). Unlike the Nagel-Schreckenberg model, the Fukui-Ishibashi model 

employs an abrupt increase in acceleration whenever there are enough empty cells ahead of 

the subject vehicle. In the Nagel-Schreckenberg model, vehicles tend to accelerate gradually. 

The two models are identical when the maximum velocity (vmax) is 1 cell per time step because 

each vehicle can move either 0 or 1 cell at each time step. 

Recent developments have involved the improvement of the Nagel-Schreckenberg 

model by incorporating a velocity-dependent randomization component and driving anticipation 

(e.g., Li et al. 2001, Lárraga 2004) and a slow to start rule (Benjamin et al. 1996).  Also, Knospe 

et al. (2002) proposed a CA model which considers the driver’s desire to attain smooth and 

comfortable driving.  All these improvements sought to decrease the variations in the speed of 

the CA traffic model in order to arrive at a more stable traffic pattern. Despite these 

improvement efforts, the deceleration rules still need improvement in order to generate a more 

realistic traffic flow. 

The concept of the Nagel-Schreckenberg model has been applied to developing 

transportation simulation software (TRANSIMS) by the Los Alamo laboratory and other 

simulation tools that simulate urban networks elsewhere (Nagel et al. 1997, Simon & Nagel 

1998, Hafstein et al. 2003). TRANSIMS was developed as part of the multi-track travel 

improvement program that was co-sponsored by United States Department of Transportation 

(USDOT) and the United States Environmental Protection Agency (EPA) with the purpose of 

developing a new and better method of transportation planning. 

With a closer examination of the vehicle movement rules in CA traffic models, it can be 

surmised that CA models are the result of the discretization of Gipps’ car-following model in a 

discrete space. This is because the vehicle speeds in Gipps’ model are computed from discrete 

time steps in a continuous space. 

The advantages of CA traffic models rely on their use of very simple vehicle position 

update rules and a quick realization of numerical simulation due to the use of integer numbers.  

In addition, the application of CA models to a parallel computer makes it possible to develop a 
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model that simulates traffic flow in a large network, as it was applied in TRANSIMS software. 

Using CA models makes it possible to simulate real-time traffic flow and compare simulation 

results with actual data.  The major limitation of using a CA model can be the difficulty of 

analyzing results because of the discretization of both time and space during simulation. 

2.6 The Level of Detail in CA Models 

There are other deficiencies in the CA traffic model that have recently been recognized. In 

particular, the models’ inability to mimic the driver’s behavior at the transition from free-flow to 

congested traffic flow conditions makes them somewhat rudimentary tools for assessing the 

impact of traffic volume on highway traffic operation and safety. First, the unbound deceleration 

component used in the CA models makes them too erratic in responding to the changes in 

traffic conditions, especially jumping from high speeds to very low speeds within one second—

e.g., a vehicle can decelerate from 85mph (i.e., 5 cells per second) to 0mph in just one second. 

Unlike microscopic simulators that use car-following logic, the deceleration in CA models is 

modeled by using simple rules that force a vehicle to slow to velocities equal to the number of 

space gaps ahead.  Second, CA models have higher velocity updates independent of their initial 

speeds; for example, in one second, a speed change equal to 17mph (i.e., 1 cell per second) is 

realized—this is the equivalent of an acceleration rate of 25ft/sec2. Third, the position update in 

CA models depends on the final speed of the vehicle. It would have been accurate to use the 

average speed in updating a vehicle position because it considers the initial speed of the vehicle 

and therefore eliminates over-displacements of the vehicles in the simulation. 

2.6 Other Cell-Based Models 

Another form of a cell-based traffic model is the cell transmission model (CTM), 

developed by Daganzo (1994).  In this model the highway is discretized into cells 

(homogeneous highway partitions) where the length of each cell is equal to the distance 

traveled by the vehicle under light traffic conditions. It is worth noting that CTM models are 

examples of mesoscopic models. The CTM model is an approximation for the kinematic wave 

model for traffic flow formulated by Lighthill-Whitham and the Richard model (May 1990). The 

Lighthill-Whitham and Richard theories use the continuity equation such that the flow in a small 

section of the road changes at the same rate as the difference between inflow and outflow. That 

is: 

0=∂∂+∂∂ tkxq       
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where q, x, k, and t are flow, distance, density, and time, respectively. The cell-transmission 

model has the capability of tracking shock waves and hence capturing the traffic behavior. A 

major limitation of the CTM model is that under uninterrupted traffic flow conditions, it does not 

consider traffic flow variations in the free-flow conditions—it assumes the vehicles are moving in 

the platoons. Hence, it is most suitable in urban traffic modeling. Other applications of CTM are 

realized in urban traffic control studies (Lo 2001). 

2.7 Traffic Safety Studies 

2.7.1 Driver error and crashes 

Studies have shown that many crashes can be attributed to driver behavior, either 

directly or indirectly (Treat at al., 1979, Knipling et al., 1993, Better Roads 2002, NHTSA 2006). 

These behaviors are related to aggressions, driving out of pace with the uniform flow of traffic, 

following too closely, or violating right of way, abnormal lane keeping. The errors are 

generalized as inattention to the objects or events during vehicle movements. Risser (1985) 

hypothesized that conflicts occur as a result of definable errors in driving behavior—which 

means that ideal behavior prevent conflicts. Here ideal behaviors are those which are 

completely in adherence to the traffic laws and regulations. In Risser’s experiment, he was able 

to show that persons who committed more errors during the driving observation period had 

caused or was involved in many crashes. The author also found that badly adapted speed and 

following too closely were among drivers’ behaviors that resulted in more conflicts. In addition, 

aggression in driving—where the author defined it as awkward behavior—resulted in more 

conflicts. Awkward behaviors include hesitant lane changes, taking others’ right of way, cutting 

curves, risky lane changes, and lane changes to avoid an obstacle at the last moment. 

 Most of these behaviors cause drivers to commit errors more often. Error is 

defined by Busse (2002) as any (expected or unexpected) human behavior (including lack of 

action) that leads to undesirable consequences of some specified level (i.e., not including 

violations and not of terrorist intent or sabotage) in the case of an accident, or that could have 

led to undesirable consequences of (at least) some specified level in the case of an incident (as 

defined above). In this definition, unexpected behavior refers to both unplanned (i.e., 

unanticipated by the individual) and planned behavior, and it is also set in relation to other 

people’s expectations. Sanders and McCormick (1992) group human errors into four categories: 

decision, recognition, performance, and critical non-performance errors. They then studied the 

contributions of the errors to the crash involvements (see Figure 2-9). Their results showed that 

recognition and decision errors are the most contributing errors in crashes.  Brehmer (1990) has 
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classified types of errors as perceptual and execution. Perceptual errors refer to mistakes in 

evaluating a situation which is related to human decision and recognition abilities. For example, 

this might be a situation in which the driver fails to judge the gap of speed of the vehicles in a 

merging situation. Execution errors are related to mistakes or slips at the operational level (e.g., 

failure to correctly change a lane). 

 

 

Figure 2.9 Distribution of Human Errors in Crash Involvements ( reproduced from 
Sanders & McCormick 1992) 

 

In the case of rear-end crashes, tailgating has been mentioned as the contributing cause 

(Michael et al. 2000). Tailgating can be defined as the motion of the vehicle with a headway of 

less than 2 seconds. Any headway that is less than 2 seconds can be considered an unsafe 

headway. Tailgating greatly increases the risk of rear-end crash if the leading vehicle breaks 

suddenly and that the following vehicle doesn’t have sufficient headway to apply evasive 

maneuvers to avoid a crash. A very seminal study (Treat et al. 1979), which was conducted on 

determining the contributing causes of rear-end crashes, showed that human causes were 

among the highest contributing factors. Most of the errors associated with these crashes were 

related to recognition errors and delays. The list of causation factors reported in this study is 

summarized in Table 2.2. 

 

          

 

 10  20  30  40   50   60  70   80   90 100 

Decision 
Errors 

Recognition 
Errors 

Performance 
Errors 

Critical non- 
Performance 
Errors 

Types of Human Error 

Percent of Accidents (Definite Involvement) 

1.3

8.6

45.7

40.4
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Table 2.2 Percentages of Rear-End Crashes Causal Factors (Treat et al. 1979) 

 
Rear-End, Lead Vehicle 

Stationary 
Rear-End, Lead Vehicle 

Moving 

Human causes  93 92 

Direct human causes  93 92 

Recognition errors  82 67 

Recognition delays - reasons 
identified  

69 67 

Inattention  42 25 

Traffic stopped or slowing  33 25 

Decision errors 24 50 

Event in car (e.g., sudden 
noise)  

13 17 

Vehicular factors  11 17 

External distraction  11 33 

Indirect human causes (e.g., 
alcohol, drugs) 

9 - 

Environmental causes (e.g., 
slick roads, view obstructions)  

9 17 

Internal distraction 4 - 

 

2.7.2 Crash Analysis 

Evaluations of traffic safety in transportation systems have meant to identify hazardous 

locations and causal factors or have evaluated new safety programs or policies implemented in 

transportation systems. They have largely relied on the analysis of crashes that have occurred 

on transportation facilities. Furthermore, the analyses have ranged from analyzing crash types 

and their circumstances of occurrences to the statistical modeling of frequencies and severities 

of crashes.  The source of crash data is traffic crash reports that were compiled by authorities in 

different jurisdictions. The analyses associate traffic, roadway, environmental, human, and 

demographic factors to crash events and later relation to crashes is made either statistically or 

causally. In addition, the safety evaluation of roadways involved before and after comparisons to 

ascertain the effect of new transportation improvements or safety strategies routinely 

implemented on the roadways. 

 Earlier crash analysis studies related the frequency of crashes, crash rates, or crashing 

risks to the single variables such as speed, number of lanes, and traffic volumes (e.g., Lundy 

1965, Solomon 1966). Later studies applied multiple variables in crash prediction models (e.g., 

Lave 1985, Miao & Lum 1993, Garber & Ehrhart, 2000). The majority of these models were 
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evaluated using deterministic regression methods under the assumption that the model error 

follows a normal distribution. 

Okamoto et al. (1989) saw the shortcoming of deterministic crash regression models and 

suggested that crash occurrence is a stochastic process. Later on, many stochastic crash 

models were proposed in which the model error was assumed to follow a count distribution. For 

example, Persaud and Dzbik (1992) developed a generalized linear model (GLIM) which 

modeled frequency of crashes using negative binomial regression. Following this, other 

stochastic models were proposed: for example Poisson, Poisson gamma, Zero Inflated Poisson, 

and Zero Inflated Negative Binomial models (Lord et al. 2005). 

These analyses have depended on the police crash data as the source of data for 

building and verifying the models. Farmer (2003) has studied the reliability of police-reported 

crash information in estimation of the injury severity. The results of his studies showed some 

disagreement between police-reported crash data and the data collected by the National 

Automotive Sampling System (NASS) crash investigators. Other studies have also questioned 

the reliability and accuracy of the police-based crash data (e.g., Evans & Courtney 1985, 

Barancik & Fife 1985, Streff & Christoff 1995). Furthermore the policy of crash reporting is to 

report and document only those crashes that resulted in injury or significant damage to the 

properties. For example, in Florida traffic crashes resulting in property damage of less than 

US$500/= are not reported.  A study conducted by the Insurance Research council in the early 

1990s has also questioned the reliability of crash records reported to have occurred in 1990 

(IRC 1991). In this study, crash claim files from 61 insurance companies across the US were 

compared with crash records from 40 states. The results were interesting since on average only 

40% of the cases serious enough to meet the respective state-reporting criteria appeared in the 

states’ databases. Looking at individual states, the discrepancies ranged between 1% and 71%. 

This study cited different statutory requirements as related to crash-reporting criteria for property 

damage; only crashes that affected the discrepancies were observed.  

The failure to report some crashes may have biased the comparative analyses done to 

either determine hazardous sections or evaluate new safety programs implemented on roadway 

facilities. This is because a crash might have resulted in “no severity” simply because the 

involved subjects applied proper maneuvers to avoid movements that would have resulted in 

serious crash events. Hence, biased conclusions may be drawn from using the reported crash 

data. In addition, other crashes may result in minor altercation and fender-benders, especially in 

congested traffic conditions in which majority of them are unreported; hence they jeopardize the 

operation of the facility by increasing delay and travel time. 
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Since traffic crashes are rare events and there is the possibility that some poor or bad 

drivers remain crash-free for a long time, Risser (1985) suggests that safety analyses that rely 

on crash data may be erroneous. He believes that crash analyses might neglect individual 

errors that compensate for the crash victims’ errors and sometimes might lead to crashes. 

2.7.3 Traffic conflict analysis 

Traffic conflict analysis is a safety analysis method that uses non-crash data. It is based 

on observations of individual vehicle movements and identifying situations that can result in 

critical incidents. Critical incidents are serious incidents that may result in a crash. They are 

characterized by sudden braking, sudden changing of lanes, or steering off the road.  Parker 

and Zegeer (1988) define a traffic conflict as an event involving the interactions of at least two 

vehicles where at least one takes evasive actions to avoid an imminent collision. The danger is 

caused by a leading vehicle that reduces speed abruptly or changes lane to cut the following 

vehicle. They continue to elaborate that a conflict occurs when the vehicles are on a collision 

course—i.e., vehicles attempt to occupy the same space at the same time. The advantage of 

using conflict analysis on crashes is the possibility of examining even the near-crash events 

which are not available in crash report information. These events occur more frequently than 

crashes and their prior information is the same as that of crashes (Van der Horst 1990). 

Therefore, they may provide more important information on the causal information about the 

safety of a roadway facility. 

These suggestions are the generalization of previous research, which has shown that 

driving performance can be categorized based on the safety levels which range from normal 

situations (low risk) to actual collisions (high risk). Hayden (1987) proposes a pyramid 

representation of driving performance based on their frequency of occurrence (see Figure 2.10). 

His pyramid placed actual collision at the apex and normal driving situation at the base.  This 

pyramid is sometimes called Heinrich’s triangle—the stratified triangle depicting increasing 

frequency of occurrence of different safety measures from the base to the apex. Chin and Quek 

(1997) presented the driving performance in a set representation where crashes are assumed 

as a subset of some serious conflicts which are also the subset of conflicts in the exposure 

universe (see Figure 2.11). Van der Horst (1990) categorizes the driving performance on the 

hierarchical scale based on four driving states, namely: low risk, conflict, near crash, and crash 

(see Figure 2.12).  
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Svensson (1998) has suggested some criteria that can be used to justify the usefulness 

of a measure as a safety indicator. His suggestions are that the proximal safety indicators have 

to: 

• complement the crash data and occur more frequently than crashes, 

• have a statistical and causal relationship with crashes, and 

• enclose some near-crash characteristics in a hierarchical scale that describe all 

severity levels at the top and very safe movements at the bottom. 

Thus, for a measure to be taken as a safety indicator, then it needs to occur more often 

than the crashes such that its frequency can be used to draw some inferences about the 

safety/crashes on the concerned area. The second suggestion emphasizes the power of the 

measure to predict crashes. The final suggestion emphasizes their power to qualitatively 

describe crashes compared to other traffic parameters like speed and volume. 

 

 

 

Figure 2.10 Safety Pyramid Representation (Hayden 1987) 
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Figure 2.11 Safety Set Representation (Chin & Quek 1997) 

 
 

Figure 2.12 Safety Hierarchical Continuum (Van der Horst 1990) 
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users hadn’t changed their directions and speeds. TTC is the time remaining to collision 

between road users if they had continued with unchanged paths and speeds. It is the time that 

will cover the space gap between two successive vehicles if they do not alter their speeds. 

Lower TTC indicates a higher probability of collision. PET is the time measured from the 

moment the first road user leaves the potential collision point to the moment the other road user 

enters the conflicting point. DST is the necessary deceleration to reach a last PET > 0. These 

measures are commonly known as proximal safety indicators. 

 TTC is most used time-based measure and it assumes constant speeds and does not 

consider vehicle accelerations (Van der Horst 1990). Mathematically, TTC is given as the ratio 

of the relative speed of the vehicles to their relative positions. That is: 

ii

iii

vv

lxx
TTC

−
−−

=
+

+

1

1  

where xi and xi+1 are the position of the two successive vehicles and vi  and vi+1 are their 

velocities. li is the length of the front vehicle. From the TTC expression, TTC is only valid when 

the speed of the following vehicle is higher that its predecessor. If the following vehicle speed is 

less than predecessor’s speed, the collision will never occur. When the speeds are equal, TTC 

is at infinity and a collision will not occur in this situation either. 

Svensson (1998) has shown that since TTC is an indicator for a traffic conflict, it is thus 

inversely related to accident risk—i.e., the smaller the TTC value the higher the accident risk. 

There are different findings about the threshold of TTC that determines a serious conflict and 

hence a potential collision. For example, Svensson (1998) and Van der Horst (1990) have 

suggested 1.5 seconds while Maretzke and Jacob (1992) have proposed 5.0 seconds. 

However, Chin and Quek (1997) have indicated the need to specify a threshold value for the 

conflict measure in accordance with the nature of the safety problems to be investigated. For 

example, they indicated that the conflict measure involving the examination of interactions of 

traffic may not be useful in examining driving under influence of drugs.  Along with that need, 

they emphasized the use of quantitative definitions of safety indicators which objectively reflect 

the intended purpose of the study. In order to derive mathematically the proportion of critical 

events, they suggested a need for and the usefulness of establishing a statistical distribution of 

the conflict events from which probability functions can be obtained. The probability functions 

that generalize the severity of conflict, as proposed by Chin and Quek (1997), is reproduced 

here as Figure 2.13. The severity of the conflict is measured as the reciprocal of the safety 

indicator. The author proposed the use of a mixed Weibull distribution function in modeling the 

distribution of crash events. From the distribution shown in Figure 2.13, the size of the area 
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under the conflict curve beyond the threshold value can be used to determine the probability of 

critical conflict events. 

TTC can give the magnitude of crashes but not their severity. For instance, it is possible 

for a serious conflict that has a TTC value of 1sec to occur at a vehicle traveling at a speed of 

10mph or 60mph. However, based on the principles of motion and energy, the one that 

occurred at a high speed would result in a more severe crash than the one at a low speed. 

Therefore, the TTC measure may lead to incomplete comparative analyses if the speed of crash 

involvement is not considered in recording a crash event. However, other safety indicators like 

required deceleration/braking rates, which take care of the speed values, can be used to 

supplement TTC values if one is interested in the severity of a conflict or collision. Salman and 

Al-Maita (1995) have indicated the need for and usefulness of including traffic performance 

measures such as traffic volumes and speeds—which are deemed to be highly correlated with 

the frequency of occurrence of safety indicators in traffic conflict analysis. 

 

 

Figure 2.13 A Statistical Distribution of the Conflict Events 
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The advantage of using traffic conflict techniques in safety evaluations is the ability to 

identify a hazardous section or study a safety strategy or any improvement applied to the 

roadway facility in a relatively short period of time compared to traditional methods, which 

depend on crash data. However, apart from reliability questions (e.g., Hauer 1978, Chin & Nuek 

1997), the use of traffic conflict analysis is not popular—perhaps it needs extensive resources to 

collect and analyze traffic information. This fact may be implementing technology as a less cost-

effective solution for roadway safety evaluations.  

2.8 Micro Simulation and Safety Analysis 

2.8.1 Micro simulation tools 

Behavioral variation is introduced in the traffic flow model through use of statistical 

distribution that represents different behavioral variables. However, due to the safety distance 

ensured in most car-following models, crashes do not occur in traffic simulation models. For a 

crash to occur in a traffic simulation model, one needs to relax the safety distance parameters 

such that some vehicles can be involved in the crash. 

A recent review of the existing traffic microscopic simulation tools, which was performed 

as part of the European Commission funded SMARTEST project, indicated that almost all tools 

are not primarily designed to evaluate traffic safety at a high level of detail (Algers et al. 1997).  

The SMARTEST research revealed that there are 58 types of traffic micro simulation software 

across the world and most of them have been designed for system operation evaluation in 

terms of flow, speed, and travel time. Algers et al.’s research revealed that no crashes occurred 

in the current micro simulation tools because safety conditions are strictly imposed in vehicle 

movements. The safety conditions used in the simulation software enable vehicles to maintain a 

minimum safe distance in every move they perform; hence this removes any possibility of 

collisions or crashes.  The presence of the safety distance makes micro simulation tools too 

ideal to model real-world traffic flow. 

The use of micro-simulation in traffic safety analysis has some advantages over 

traditional safety analysis methods because of their possibility of providing comprehensive 

results for the entire network in a relatively short time (Milam & Choa 2001). In practice, traffic 

simulation tools have been widely used in studying traffic operations by transportation planners 

and engineers; therefore, it will be easy and advantageous to incorporate safety performance 

measures in simulations. Current studies have indicated the need to recognize simulation-based 

methodologies within the transportation engineering community as a preliminary analysis in the 

planning and design stages of transportation projects (e.g., Liebermann & Lathi 2001, Archer & 
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Kosonen 2000, Pursula 1999). Like in operational analysis, using micro simulation in safety 

analysis enables transportation modelers to build different scenarios with some specified criteria 

in which some of them will be difficult and even expensive to meet in real-life conditions. For 

example, it is easier to incorporate different factors that have been known to affect safety levels 

on roadways and that are consistent with the objective of the study. The incorporation of these 

factors facilitate the accomplishment of both operational and safety goals at the same time. 

Moreover, the possibility of undertaking sensitivity analysis of these factors will aid the modelers 

in predicting the influence of traffic and geometric variables on the safety of operation and 

design for an optimum strategy. 

The need for and importance of using simulation methodologies in safety evaluations on 

roadway intersections has been pointed out in a US Federal Highway Administration (FHWA) 

project report (Gettman & Head 2003). This project investigated the potential for deriving 

surrogate safety measures from existing microscopic traffic simulation models for intersection 

analysis. The goal of this project was to develop tools that could be integrated into current 

simulation traffic software and used for safety analysis. 

While previous research put more emphasis on time-based measures as applied to 

traffic conflict studies, very recently Huguenin et al. (2005) introduced a new safety indicator 

which takes into account both the frequency of occurrence and severity of collisions. In this 

study, the safety indicator is based on a hypothetical collision between a pair of vehicles moving 

in linear motion. The probability and severity of the collision is assumed to be affected by the 

following factors: 

• the deceleration of the leading vehicles. This gives researchers some idea about 

the presence of a crash event; 

• the relative speed between the two vehicles at collision time. This gives 

researchers some idea about the intensity severity of the resulting crash based 

on energy principles; and 

• the speed of the following vehicle at the collision time. This also indicates the 

intensity of the resulting crash. 

The safety of a roadway facility based on Huguenin et al. is defined by a parameter called 

unsafe parameter, U, which is given by the product of the above three factors. That is: 

dRSSU ××Δ=  

where ΔS is the speed difference between two vehicles in collision course, S is the speed of the 

following vehicle, and Rd is the ratio between the deceleration of the leading vehicle to its 

maximum deceleration capacity. From the unsafe parameter expression, the bigger the U value, 
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the higher the severity of the crash. The advantage of this method is that it is possible to 

evaluate the safety of the transportation network globally by looking at the unsafe densities 

across all links forming the network. 

2.8.2 Earliest safety simulation studies 

One of the earliest safety evaluation studies done using computer simulation was 

performed by Sayed et al. (1994). They evaluated traffic conflicts as critical-event traffic 

situations and the effect of driver and traffic parameters on the occurrence of conflicts at 

unsignalized intersections. The effect of driver characteristics such as gender, age, and waiting 

time on occurrence of traffic conflict were also investigated. Their simulation results correlated 

very well not only with previous studies, but also with the field observations. The authors further 

recommended the assessment of safety performance in the problem; for example, they showed 

the use of simulation methodology as related to safety indicators. 

Other safety simulations studies have involved the safety evaluation autonomous 

intelligent cruise (AICC) application in the probability of rear-end collisions (e.g., Touran et al. 

1999).  In Sweden, HUTSIM software was modified to identify and record traffic conflicts (Archer 

& Kosonen 2000). This was done in a safety indicators (SINDI) project which focused on safety 

problems between different road users at urban intersections. Lord and Persuad (2004) have 

recently indicated that it is possible to predict crashes on digital transportation networks within 

the EMME/2 framework although there are some concerns about the precision of the prediction. 

EMME/2 is transportation planning software. 

2.8.3 Safety simulation in CA framework 

More recently, there have been some attempts to model crashes with traffic variables in 

a dynamic approach utilizing a cellular automata (CA) traffic model proposed by Nagel and 

Schreckenberg (1992) and Fukui and Ishibashi (1996).  Boccara et al. (1997) and Huang (1998) 

used the Nagel-Schreckenberg model to investigate the occurrences of traffic crashes when 

drivers do not respect the safety distance, while Yang and Ma (2002) have simulated the 

probability of a crash to occur in the Fukui-Ishibashi model.  

 In Boccara et al. (1998), Huang (1998), and Yang and Ma (2002), the probability of 

occurrence of dangerous situations that could cause rear end crashes was investigated. Since 

no traffic crash can occur in a normal CA model, these studies assume that a traffic crash was 

caused by a careless driver who did not obey the safety rules. The necessary conditions that 

can cause traffic crashes were proposed by Boccara et al. (1997) as follows. 
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• The gap of the subject vehicle is less than or equal to the maximum speed [dk,t  ≤  

vmax]—i.e., it will arrive at the position of the leading vehicle in the next iteration. 

• The leading vehicle is moving at the current time step [vk-1,t  ≥  0].  

• The leading vehicle stops suddenly at the next iteration [vk-1,t+1 =  0]. 

Since the speed of the following vehicle is equal to the number of empty cells ahead, it will 

reach the position of the stopped leading vehicle, and a rear-end collision will occur if the above 

three conditions are satisfied.  

The results reported in these studies are interesting. In these studies, the occurrence of 

crashes is related to traffic density, the maximum speed of the vehicles, and the stochastic 

noise using closed boundary conditions.  The probability of occurrence of a traffic crash given 

certain amount of traffic intensity and maximum speed of the vehicles has been proposed.  The 

general finding for studies that have used Boccara et al.’s conditions is that vehicles will crash 

when the traffic density reaches a critical density. Figure 2.14 summarizes Boccara et al.’s 

finding. Figure 2.14 shows that no crash can occur at lower densities and as the density starts 

to increase beyond the critical density (i.e., the density that corresponds to the maximum flow) 

the probability of a vehicle to crash increases to maximum and then starts to decrease. 

 

 

       Figure 2.14 Probability of Vehicle to Crash as a Function of Density (Boccara et al.  
1997) 
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Yang et al. (2004) have modified the necessary conditions for a traffic crash to occur in 

the framework of the stochastic CA traffic model. The modified conditions are as follows: 

• The speed of subject vehicle is exactly equal to the number of empty cells [vk,t = dk]—i.e., 

the position of the leading vehicle can be reached by a careless driver who will increase 

speed by one unit above the safe speed. 

• The leading vehicle is moving at the current time step [vk-1,t ≥  0].  

• The leading vehicle stops suddenly at the next iteration [vk-1,t+1 =  0]. 

When all three conditions are satisfied, the rear-end collision, which is caused by a 

stopping vehicle, is likely to occur in the model. The effects of randomizing (stochastic 

parameter) on probability of crash occurrences in an open system, which was obtained by Yang 

et al. (2004), are reproduced in Figure 2.15. The authors found that the randomizing parameter 

p reduces the probability of the crash occurrence Pac.  In the way that the randomization is 

carried out in the CA traffic model, increasing the randomizing parameter, decreases the traffic 

flow, and as a result, Pac decreases. 

 

 

Figure 12.15 Probability of Accident to Occur on the Nagel-Schreckenberg Model (Yang 
et al. 2004) 

 

Despite the strong results reported by these studies, they may be unrealistic because 

their findings have shown that crashes can only occur at a high traffic volume—that is, at a 
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relatively low density, no crash can occur. This finding was possible because the number of 

stopped vehicles was the only variable used in predicting crashes. At low traffic densities, 

vehicles have relatively large gaps and are free-flowing most of the time; therefore the 

proportion of stopped vehicles in the traffic stream is zero.  However, on the highway, the 

fraction of stopped cars is not the only factor causing crashes on the roadways. By and large, 

traffic crashes are attributed to the speed variations between fast and slow vehicles or driver 

error, irrespective of the traffic flow conditions.  This implies that some crashes occur in low 

traffic density conditions. 

2.9 Summary  

Traffic flow modeling has continued to be applied in the areas of transportation planning 

and engineering. A multitude of models have been proposed so far and their implementations in 

computer simulations have been made. Recently, applications of cellular automata (CA) in 

traffic flow modeling have also attracted the attention of many transportation modelers. Based 

on the promising results obtained from the previous research studies (e.g., Nagel & 

Schreckenberg 1992), it is expected that traffic flow modeling using CA will facilitate a better 

examination of microscopic views of the traffic on roadways.  Most of the previous studies have 

proven that CA traffic models (although simple) are good in describing traffic flow by considering 

the dynamic aspects of the traffic system. 

Some studies have investigated vehicle collision probabilities within the framework of CA 

traffic simulation models. Their results are interesting and promising in the general area of 

safety simulation. However, the safety results obtained from previous research studies might be 

uncertain and inaccuracy because of the realism of the CA model to mimic driving behavior in 

the real world. The basic CA model considers only a single lane of traffic and a vehicle length 

(plus a safety gap) of 25 feet (7.5 meters), which represents the space occupied by an average 

vehicle in jammed traffic conditions.  This is contrary to reality because in many cases we have 

multi-lane roadways with different vehicle types (specifically, trucks and passenger cars).  In 

addition, using a constant vehicle length for both passenger cars and trucks is not necessarily 

realistic because trucks and other heavy-duty vehicles have longer lengths and safety gaps. A 

study conducted on the influence of vehicle mix in crashes has revealed that the presence of 

both passenger cars and trucks in the traffic stream affect the safety of operation by increasing 

car-truck crashes due to improper following or lane-changing, driving with obscured vision, or 

fatigue driving (Kostyniuk et al. 2002). Therefore, the inclusion of heterogeneous traffic 

conditions in the model can improve the realism of the simulation results. In addition, the 
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inclusion of heterogeneous driver behavior in CA models will not only influence the model in 

replicating real-world traffic flow conditions, but also will improve the modeling of vehicle 

conflicts and crashes. Safety studies have indicated that the majority of crashes are mostly 

owing to driver errors such as aggression levels, inattention, and other driver attitudes.  
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CHAPTER THREE 

METHOD 

3.1 Research Approach 

3.1.1 Overview 

The roadway traffic model used is built utilizing discrete mathematical systems that can 

favor simplified knowledge acquisition and simulate complex traffic behaviors. The review of 

published and unpublished researches related to traffic micro-simulation and CA traffic models 

forms the basis for the research approach undertaken in this work. As the previous researches 

have proven that CA traffic models, although simple, are capable of reproducing fundamental 

traffic flow properties, the traffic modeling in this work is derived from the CA concepts.  The 

modeling is an extension of the probabilistic CA traffic model in order to incorporate more 

parameters describing typical acceleration and deceleration capabilities of the vehicles, typical 

lane changing maneuvers, and variation of speeds of traffic. The next sections will outline the 

procedure used in the modeling. 

Smaller time steps and cell lengths are used in simulation. This ensures a more accurate 

behavioral analysis and vehicle speeds that are close to reality. In this approach, individual 

vehicle behaviors are simulated by using visual C++ development. The advantages of using 

C++ are its robustness and its ability to model objects as entities or classes that can be reused 

in the program and incorporate other inheritance features.  

The first step in the development of a traffic model was to design a conceptual model. 

This is the model that represents an abstraction of the physical roadway with the input 

parameters, variables as well as controlled variables. Also illustrated in the conceptual model 

are rules that govern vehicle movement as well as the probable output statistics. 

3.1.2 Conceptual model 

This research involves mathematical modeling of traffic flow using computer simulation because 

previous studies have indicated that computer simulations can facilitate an understanding of
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the dynamical aspects of the traffic system in a relatively short period of time (Pursula 1999; 

Lieu 1999). Thus, the objective of the research is achieved by simulating a multilane roadway in 

heterogeneous traffic conditions.  A schematic conceptual model of the proposed simulation is 

presented in Figure 3.1.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Conceptual Traffic Simulation Model 

3.1.3 Notation 

Figure 3.2 shows two vehicles following each other on the single-lane roadway. A 

subject vehicle, k, is called the following vehicle if it is constrained by a preceding vehicle 

(leading vehicle), k-1, which sometimes may affect its goal of attaining a maximum desired 

speed. When the vehicle is not constrained by a preceding vehicle, it is said to be moving freely 

or free-flowing. The variables and other parameters that are used to describe vehicle-following 

behavior are also shown in Figure 3.2. The clearance gap is the number of empty cells ahead of 

the subject vehicle, which is given by: 11 −− −−= kkk lxxgap  where xk, xk-1, and lk-1 are the 

position of the subject vehicle, the position of the leading vehicle, and length of the leading 

vehicle, respectively. Spacing or space headway is the number of cells between the front 

bumper of the leading vehicle and the front bumper of the following vehicle. Spacing = xk-1 - xk. 

The relative speed of the subject vehicle is its speed vk minus the leading vehicle’s speed vk-1. 

Traffic flow model 

Input 
• Initial speed 
• Desired speed 
• Arrival rate 
• Length of the road 
• Vehicle mix (cars 

and trucks) 
• Driver composition 
• Lane distribution 

Output metrics 
• Microscopic statistics 
• Macroscopic statistics 
• Lane-change frequency 
• Positions of individual 

vehicles and space 
gaps 

• Individual details of 
vehicle conflicts 

Rules that governs 
vehicle movement 
and vehicle crashes 

Controlled factors 
• Number of lanes 
• Roadway grades 
• Roadway alignment 
• Roadway condition 
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Figure 3.2 Notation 

3.1.4 Modeling of roadway, vehicles, and driver entities 

A vehicle-driver behavior approach is used to model the movement of vehicles on the 

roadway by discretizing the roadway into cells. At any instant of time, the cells can either be 

occupied by a vehicle or empty.  In order to incorporate the real world vehicle speed, vehicles 

are allowed to occupy multiple cells as indicated in Figure 3.3.  First, a single mainline road with 

an entrance node and an exit node is designed using object-oriented programming. A single-

lane model is used as a testing model for the vehicle movement logic introduced in the model.  

When this model showed good results, a multilane model with entrance and exit nodes is 

proposed. In the multilane model, the traffic has the ability to enter or exit in the middle of the 

road at exit points that act as on/off ramps. An open roadway system is used in order to include 

factors that are associated with the individual vehicle arrival patterns. It is worth mentioning that 

some CA models use closed (or ring) road systems to ensure conservation of vehicles in the 

system (e.g., Nagel and Schreckenberg 1992; Fukui and Ishibashi 1996).   

 

 

At iteration t 
                                

 v = 2cell/sec  v = 1  v = 5  v = 3  

 

At iteration t+1 
                                

 V = 1cell/sec  v = 5  v = 3  v = 1  

 

At iteration t+2 
                                

 v=3cels/sec  v=4  v=2   

 

Figure 3.3 Schematic Traffic CA model Evolution for a Single Lane 
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In the proposed model, vehicles and drivers are modeled as entities—i.e., a single entity 

contains both driver and vehicle attributes.  At minimum, a driver-vehicle entity contains the 

following basic attributes: average speed, position, desired speed, current acceleration, lane, 

and vehicle-unique identification number.  The vehicles’ positions on the road are controlled.  

Vehicles in the system evolved depending on their current speeds and space headways 

according to the rule table that is discussed in the next sub-section.  It should be noted that all 

attributes are integer-based.  

Vehicle generation is based on the proportions of the vehicles that are available in the 

field. This ensures heterogeneity in the traffic flow. Vehicle types are divided into two categories 

based on their length. Vehicle type I is composed of passenger vehicles (cars and pick-ups), 

and vehicle type II is composed of trucks. The average lengths used for these vehicles were 14 

ft and 34 ft, respectively. 

3.1.5 Stochasticity of the model 

Randomness behavior in the model was introduced and maintained throughout the 

simulation by generating driver-vehicle parameters using random numbers. The computer 

(system) time was used to generate different random seeds in order to obtain different 

pseudorandom numbers whenever it was generated. In order to increase the portability of the 

random number generated, a hash was taken from the bytes of the time_t (which is the return 

value of the time function) and converted to an unsigned integer before passing it to the srand 

function, which is the random seed generator. Each vehicle-driver object was assigned a type 

and driving attributes characterized by maximum acceleration/deceleration, reactivity, and 

anticipation of the leading vehicle actions. The desired speed of a vehicle-driver entity was 

generated from a distribution of speeds of vehicles under low volume conditions (less than 600 

vph).  A typical distribution used to generate speed data is shown in Figure 3.4. To allow for 

variation in speeds, the particular desired speed of the vehicle is set to fluctuate around the 

mean desired speed with some common variance during simulation.  Figure 3.4 reveals that the 

desired speeds of the drivers ranged between 65mph and 90mph. Different desired speed 

values are used for different drivers, rather than a single maximum speed limit value being 

imposed on all drivers, as ordinarily done in some CA traffic models.  Speed studies on 

highways have generally showed large speed variability, with some drivers exceeding the 

posted maximum speed limit (Muchuruza & Mussa 2004). 

Inside the simulation, the vehicles were moved with a predefined vehicle movement logic 

that uses kinematic equations and maximum acceleration/deceleration of the vehicles. The 
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acceleration/deceleration of the vehicle in the model was affected by the relative speed and the 

space headway. Due to some errors caused by driver limitations in estimating vehicle speeds, a 

random noise was introduced in the model to increase/reduce the acceleration that was 

obtained based on the relative speed and space headway.   
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Figure 3.4   Typical Cumulative Distribution of Speed Data Collected from the Site 

   

In this model, vehicle entities were generated and entered into the system with an arrival 

rate that follows a shifted negative exponential distribution to avoid small headways, as 

proposed by Davies et al. (10).  The arrival rates were converted into entrance headways.  

When generated, each vehicle is assigned an initial speed.  Upon entering the system each 

vehicle accelerates to reach its desired speed, unless its path is blocked by a slow-moving 

vehicle. In a two-lane model, if the subject vehicle is blocked by a slow-moving vehicle ahead, it 

changes lanes with a certain probability if there is an adequate gap in the next lane. 

3.1..6 Driver Motivation 

Driver motivation is affected by driver performance and behavior. Evans (2004) defined 

driver performance as the driver’s knowledge, skill, and perceptual and cognitive abilities. He 
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also indicated that driver performance is different from driver behavior, which describes how the 

driver uses the attributes of performance. Due to some difficulties with quantifying driver 

behavior, this study considered the principal driver’s motive of traveling safely to a destination. 

However, aggressive behavior of drivers was introduced in the model in terms of risk-taking 

behavior, based on Berkowitz’s (1980) concept of instrumental aggression. In this concept, an 

aggressive driver does not intend to harm other road users, but instead put them into danger. 

The modeling used two key factors in predicting risk-taking behaviors: the intent to arrive sooner 

and the position that the driver is willing to take in the traffic stream. While the latter affects the 

headway that the driver maintains in following situations, the former affects the driver’s 

maximum desired speed. Therefore, based on desired speed distribution, the driver’s 

aggressiveness was divided into three levels, with the most aggressive driver being at the 

higher end of the desired speed distribution and the cautious driver being at the lower end. 

Here, the desired speed of the vehicle is acting as the indicator of the driver’s behavior.  Evans 

(2004) has indicated that a central element of driver behavior is choosing travel speed.  It is 

worthwhile mentioning that the distribution of aggressiveness of the driver was specified as 

soon as the vehicle is created. Then each aggression level is assigned preferred time headway. 

This is the headway that the driver is willing to maintain for a comfortable driving in a close-

following situation. A Very aggressive driver was assumed to have a lower preferred headway 

than a least aggressive driver. However, the modeling allowed the moderately aggressive 

drivers to become more aggressive when following a slow-moving vehicle that forced them to 

change lanes so as to increase travel speed.  

Since variations of flow in the traffic stream may be contributed to by driver attention and 

alertness to the roadway and traffic conditions, another parameter was introduced to model the 

alertness or responsiveness of the drivers. It is worth mentioning that results of the previous 

researches have indicated that a driver’s inattention and delayed reaction have a negative 

influence on safety (Evans 2004). In addition, a very recent NHTSA study has revealed that 

nearly 80 percent of crashes and 65 percent of near-crashes involved some form of driver 

inattention within three seconds before the event (NHTSA 2006).  The NHTSA study mentioned 

that the primary causes of driver inattention are distracting activities, such as cell phone use, 

and drowsiness. Therefore, in the model proposed in this study, a delayed reaction time is 

introduced for some drivers who have a high degree of inattention or are slow to respond to the 

action of the leading vehicle. Here, this group of drivers is named as ‘poor’ alert drivers. Thus, 

some drivers were assumed to have poor alertness to the situations in the roadway than were 

others (which are considered to be normal). For the drivers who had poor alertness, it is 
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assumed that some can overreact to traffic conditions while others can under react.  In this 

case, it is possible for a driver to have a very high level of aggression but at the same time have 

poor alertness. This initially necessitated the use of a joint distribution that represents both 

alertness and aggression in the model. The joint distribution is derived from the marginal 

probabilities of the underlying distributions. This would have facilitated the interdependencies of 

the behavior of the drivers for a statistical standpoint and, hence, increase the fidelity of the 

model. Table 3.1 shows the joint distribution of alertness and aggressiveness constructed from 

their marginal probabilities presented in a 2x3 contingent table. Aggressiveness has 3 levels 

and alertness has 2 levels. The subscripts C, M, and A denote the cautious, moderate, and 

aggressive drivers while P and G are poor and good alert drivers, respectively. To construct this 

table it is assumed that ji,π  denotes the probability that a driver falls in row i and column j 

or AMCjandPGijessAgressiveniAlertnessji ,,,},Pr{, ==∀===π . This describes 

the joint distribution of driver behavior. 

 

Table 3.1 Joint Distribution of Driver Types 

Aggressiveness 
Alertness level 

Cautious Moderate Aggressive 

Marginal 

Distribution 

Poor ΠPC ΠPM ΠPA ΠP 

Good ΠGC ΠGM ΠGA ΠG 

Marginal 

Distribution 
ΠC ΠM ΠA 1 

 

In the model formulation, it was difficult to get prior distribution of driver aggression given 

the difficulty of quantification of driver behavior as revealed in the literature. This means that the 

probabilities ji,π  can not be estimated either from the field data or previous studies, at least at 

this time. This also limits statistical verification of the independence of the two marginal 

distributions. Due to these difficulties with verifying the independence, the study used the 

marginal distributions of aggressiveness and alertness instead of the joint probability 

distribution. The driver aggressiveness level was obtained as follows: When the driver-vehicle 

object is created, a desired speed of the driver is generated and tested against thresholds for 

the aggressiveness. Then the aggressiveness level is assigned to the driver, by placing a very 

aggressive driver at the upper level of speed distribution. While this driver is created, a random 
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number is generated and tested against the marginal distribution of alertness, from which an 

alertness level is assigned to the driver-vehicle object.  Here, alertness tries to modify the 

driver’s behavior. Since many safety studies showed that driver error was a major contributing 

cause of crashes, then it was thought that the usefulness of the model in studying crashes 

would increase by incorporating both the aggressiveness and alertness distribution.   

By and large, it would have been more precise to use several distributions of driver 

factors to increase the modeling, such as including the alcohol-related drivers or demographical 

distributions in the model. This had several problems which were overlooked at the model 

formulation stage. First, the literature review did not reveal any actual distribution related to 

driver behavior—the one proposed here is a hypothetical one. Second, a model with too many 

parameters was not viable at this time because it would be difficult and expensive to calibrate 

and validate. Therefore, the model formulation considers only driver aggression and alertness 

as the parameters that influence driver performance and behavior. 

3.1.7 Linear movement of vehicles 

The kinematic equations are used to model vehicle evolution in the simulation. The use 

of kinematic equations instead of conventional CA vehicle update rules is designed to increase 

the fidelity of the simulation results. Every vehicle will have a non-negative integer velocity, 

which ranges between zero and a maximum desired speed that the driver is willing to achieve 

on the path. Figure 3.5 shows a typical distribution of an unconstrained driver’s speed with time 

starting from rest (initial speed of zero).   

The discrete traffic parameters that are thought to affect the driver’s choice of speed 

and, thus, the acceleration model are the desired speed, the following distance, and the relative 

speed.  The first and third kinematic equations are used to model the evolution of the vehicles in 

the simulation.  The first kinematic equation is as follows: 

 atvv oldnew +=          

where vnew is the new speed (in ft/sec) of the vehicle after the vehicle has accelerated a ft/sec2 

at time t from an original vold speed.  This equation is the same as the one used in an ordinary 

CA model when a = 1.  Equation 1 leads to a vehicle accelerating freely to the maximum 

desired speed unless constrained by another vehicle in its path.  It is assumed that the 

acceleration of the vehicle remains constant within a particular simulation time step fixed to one 

second. Each vehicle type has two constant acceleration parameters—one at a lower speed 

and the other at a higher speed. In addition, passenger cars had higher acceleration rates than 

trucks. 
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Figure 3.5  A Typical Variation of the Driver’s Speed with Time 

 

 The amount of deceleration, d, of the subject vehicle was computed using the third 

kinematic equation of motion:  

dsvv oldnew 222 +=  

where s is the available distance headway in the next time step. Also note that deceleration and 

acceleration were used separately because reactions of the drivers when approaching relatively 

slow-moving vehicles differ among drivers. The position of the vehicle is updated by using the 

average speed and the time elapsed as 

 

 tvxx oldnew ×+=          

 

where xnew and xold are the new and old positions of the vehicle with respect to the reference 

point, which is the beginning of the road, and v  is the average speed of the vehicle, which is 

calculated as follows: 

 )(5.0 newold vvv +=          

The use of average speed in computing a new vehicle’s position is realistic because it considers 

the rectilinear motion and, therefore, the vehicles will never be overly moved in the system. For 

a conflict-free movement, the necessary condition is that the distance traveled by the following 

Driver’s desired speed 
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car, xFollower, should be less or equal to the sum of the available gap and the distance, xLeader that 

the leader will travel in the next time step.  That is: 

 )'( ggapxx LeaderFollower −+≤         

The available spacing is the clearance between the leader and the follower, less the 

minimum gap, g’, that the driver is willing to maintain during congested conditions.  This 

minimum gap—bumper to bumper distance in jammed traffic conditions—was kept oscillating 

around a certain mean value.  The oscillating minimum gap was used so as to capture the real 

behavior of traffic because, in congested traffic conditions, drivers generally tend to keep a 

minimum safe spacing of their choice.  The basis for the above inequality is the assumption that 

drivers usually obey some traffic rules in order to avoid conflict and crashes. Therefore, the 

above inequality can be expressed as follows: 

 ( )
FollowerOldLeaderFollowerNew vggapxv ,, '2 −−+×≤      

And lastly, the final speed that the following vehicle will take in the next time step can be 

expressed as follows:  

 ( )( )
FollowerOldLeaderoldFollowerNew vggapxtavv ,, '2,.Min −−+×+=    

 

These equations are applied to each vehicle in the simulation at every time step (iteration).  

3.1.8 Modeling driver’s reactivity to traffic conditions 

On the road, driver performance and behavior is associated with many complex processes. 

These processes are characterized by the interactions between the driver and the infrastructure 

or other vehicles present on the road, and some of them occur simultaneously. These 

processes also affect the way that the drivers react to the traffic conditions. Usually, the 

prevailing traffic conditions affect the drivers’ desire to attain the maximum speeds that are 

intended. The modeling of a driver’s reactivity in this study essentially determines the vehicle’s 

speed based on the relative speed and the space headway with respect to the leading vehicle.  

This is because speed and space headway distribution are affected by the amount of traffic 

present on the road.  

A rule-based algorithm summarized in Table 3.2 was used to implement the driver’s 

reactivity to the traffic conditions.  Each rule indicates a certain action under certain conditions 

that are likely to be taken by the driver. As presented in Table 3.2, the reactivity model is 

qualitatively categorized into three different states.  It is important to point out that the earliest 

contributions to this formulation are stimulus-response models like GHR models (Gazis et al. 
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1970) and safety-distance car-following models (Brackstone & McDonald 1998). The GHR 

model assumes that the acceleration of the following vehicle is proportional to the follower’s 

speed, relative speed with respect to the leader, and the space headway; whereas safety-

distance models assume that the drivers always keep the safety distance during the motion. 

Table 3.2 Traffic Condition and Drivers’ Action Rule Table 

Traffic State Description Subject driver’s action 
Approaching a relatively slow-moving 
vehicle. 

Decelerates so that the 
relative speed is zero and 
seeks to maintain the desired 
following distance. 

Following the leading vehicle, subject 
vehicle has a lower speed. 

Accelerates if the spacing is 
larger than desired spacing. 
Driver cruises at the desired 
spacing.   
The relative speed oscillates 
around zero. 

Dense traffic 

Traffic in bumper-to-bumper movements. Accelerates/stops to maintain 
minimum space headway. 

Emergency 
situation  

The leading vehicle suddenly 
decelerates. 

Driver applies high 
deceleration rate to avoid 
collision. 

 

When developing Table 3.2, theoretical consideration was given to the actual movement 

of the vehicle, which can be accelerating, cruising, decelerating, or idling, depending on the 

prevailing traffic conditions.  In general, a driver drives differently in free-flow and congested 

traffic conditions (Zhan & Kim 2002). By evaluating the current space headway and relative 

speed, the driver adapts to the existing conditions by accelerating, decelerating, or maintaining 

a current speed.  Studies show that drivers estimate with high reliability whether they are 

approaching or moving further away from a vehicle that they are following (Evans 2004). A 

common sense approach and daily observation of the vehicle movements were the basis for 

devising the rule table depicted in Table 3.2. It is simple common sense for a vehicle to 

accelerate if there are enough gaps ahead; otherwise, it cruises or decelerates to avoid collision 

in the next movement. The driver also has the capability to evaluate the motion of the leading 

vehicle by reacting to the brake lights or decreasing the relative position.  Again, consultation 

was obtained from existing literature (e.g. Evans 2004) on the complexity of driving tasks, 

especially in the judgment of speeds, relative speed, and relative positions, as well as speed 

adaptation. The tradeoff in designing this rule table was to have a smaller set of rules that could 

reproduce realistic movements and dynamics of the vehicles. Figure 3.5 illustrates a flow of 
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logical implementation of the acceleration logic in the vehicle movement function which is 

implemented as a double selection structure. 

 

 

Figure 3.5 Logical Implementation of Acceleration Logic 

 

Hence, reasoning, decision making, action, and control of the driver are implemented in 

the model using a deterministic rule-based approach that used a set of logical statements, 

taking into consideration different traffic conditions that normally exist in real world situations. It 

should be pointed out that, in reality, the use of logical rules cannot capture all driver behaviors 

in the field because sometimes the drivers’ selection of speed is purely discretionary, not to 

mention that systematic errors occurred during driver estimation of speeds. For instance, Evans 

(2004) has pointed out that even experienced drivers have systematic errors when estimating 

speeds. 

The input variables in the driver reactivity model are the variables that affect drivers’ 

decisions given the prevailing traffic conditions. The input variable is the space headway, the 

current speeds of the following vehicle and leading vehicle, desired speed of the following 

vehicle, preferred time headway, and the braking state of the leading vehicle. The premise 

variables in the rule table are variables that are used to decide the value of the acceleration, 

which will be acquired by the following vehicle upon perceiving the current traffic condition. The 

premise variables are the clearance gap to the leading vehicle and the relative speed. Decisions 

and control actions of the subject driver are then executed individually based on prevailing traffic 

conditions and some set of preferred driver’s parameters, such as minimum safe headway, 

Vehicle j 

 [j = first vehicle] [ j != first vehicle][vj < des. Speed] 

 cruise 

 accl. 

[vj >= des. Speed] 

[gap < free flow gap] [gap > free flow gap] 

[ vj < des. Speed] [vj >= des. Speed]  accl.  cruise 

[Rel. Speed <= 0] [Rel. Speed > 0] 

[gap < pref. gap] 

 deccl. 

[gap > pref. gap] accl.  deccl. 
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desired speed, and the risk that the driver is willing to take, which is also the function of the 

driver type. 

3.1.9 Lane-changing logic 

The lane-changing rule in this study is implemented based on Gipps (1986). It involves a rule-

based algorithm that has three steps: First, check the need to change lanes and the type of 

change that needs to be executed; second, select the target lane; and lastly, execute the 

desired lane change whenever there is an adequate gap. Considerations are given to two types 

of lane-changing movements—i.e. discretionary and mandatory lane changing.  

In discretionary lane changing, the motivation is based on the speed of the leading 

vehicle and the gap available in order to safely move to the desired lane. The driver’s decision 

to change lanes in the proposed model is affected by prevailing traffic conditions in both current 

and target lanes. First, the relative speed of the subject vehicle with respect to the leading 

vehicle is calculated. If the relative speed is positive (subject vehicle is moving faster than 

leading vehicle) then the subject vehicle is allowed to change lanes whenever there are 

adequate gaps.  

In mandatory lane changing, vehicles look for gaps in the outer lane in order to exit to an 

off-ramp. A critical distance is set such that below this distance a mandatory lane change is 

forced. To increase the realism of a lane change, the vehicles in the right lane are allowed to 

yield to the exiting vehicles (that perform a forced lane change) by either changing lanes to the 

left or reducing speed to avoid collisions. Incorporation of this assumption in the modeling tries 

to include a courtesy yield factor in the simulation and improve modeling to reflect real life 

driving behavior. Another interesting driver lane-changing ability that the model allows is to 

change the destination of the vehicle that failed to change lane in order to exit. When such a 

vehicle was encountered in the simulation, its destination was changed to the nearest exit point. 

The summary of the lane-change logic is as follows: 

For all vehicles in lane 2 

determine the leader/follower pairs in the target lane 

determine if mandatory lane change is required 

if ML is required 

based on the available gap, check if a safe lane change can 

be executed 

check if the follower in the target lane can change lanes 

to yield to exiting vehicles. The follower will execute 

discretionary lane change 

if the follower in the target lane cannot change lanes to 

yield 
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check if the follower will need to decrease speed to 

yield for the exiting vehicle 

 if mandatory lane change cannot be executed 

Change the destination of the vehicle to the next exit 

point if it will exceed the exit point in the next 

iteration 

 else 

based on available space headway and the relative speed, 

check the need for discretionary lane changes 

 for all vehicles that will change lanes, 

  shift their position to the right lane 

  flag the vehicles to have changed lanes 

For all vehicles in lane 1 

 determine the leader/follower pairs in the target lane 

based on the space headway and relative speed, check the 

need for discretionary lane changes 

if the vehicle will safely change lanes 

 shift the position to the right lane 

 flag the vehicle to have changed lane 

 

3.2 Model Verification and Validations 

It should be noted that the model programming and coding is a part of this work. The 

tasks can be generalized as planning, modeling, verification/validation, experimentation, and 

collection of performance measures. The core task of this model is to define the model and 

verify its performance before designing experiments. 

The model is verified by examining the correlation between macroscopic statistics, which 

are derived from the averages of microscopic statistics collected from virtual detection points on 

the system. In addition, space-time trajectories are studied to examine the formation of traffic 

jams. Validation of this model is carried out by comparing simulation output with real world data 

collected from freeway sites. Statistical measures that were used to compare simulation output 

with actual data collected from the field are Pearson’s Coefficient of Correlation (R2), Theil’s 

Inequality Coefficient (U), and Mean Absolute Percent Error (MAPE). 

3.3 Modeling of Likelihood of Traffic Conflicts and Crashes 

In the basic traffic model, no traffic crash occurs; this is due to the safe distance used in 

the vehicle position update equation.  The crashes that are modeled in this study can result from 

both lateral and linear movement of vehicles. Studies show that these types of crashes are 

attributed to several factors (Davis & Swenson 2005). There are several examples of these 

factors: following too close (tailgating), speed variability, rapid deceleration of the leading 

vehicle, and delayed reaction of the following driver. Somehow these factors are correlated. 
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While the speed variability may cause rapid decelerations, following too closely may affect the 

amount of time required by a following driver to perform an evasive maneuver that will avoid a 

crash. In addition, there are a multitude of studies which have found that rear-end collisions are 

mostly caused by driver inattention and following too closely (e.g., Kipling et al. 1993; Evans 

2004; NHTSA 2006).  Driver inattention causes a delay for the driver to react to event detection. 

This may be attributed by many factors—including demographic factors as well as 

inattention/distraction factors (NHTSA 2006). 

For a linear collision to occur in the model (i.e., a possible rear-end crash that is caused 

by two vehicles traveling in the same lane), the following points are considered: 

• A vehicle changed lanes and decelerated very suddenly while the following vehicle was 

initially at a safe following distance. Or a lane-changing vehicle accepted a smaller gap 

than needed to complete a safe maneuver, forcing the following vehicle to collide with it 

at the rear or forcing its own vehicle to collide with the front vehicle. 

• Presence of careless or aggressive drivers who delayed in responding to the actions of 

the leading vehicles. In this case the following driver does not obey the safety rule. This 

is the relaxation of the safety condition to some of the drivers. 

• The following vehicle is following too closely to react to a safe braking distance. 

The collision-free inequality presented earlier is valid by assuming that the driver 

reaction time approaches zero.  Therefore, by using kinematic equations of motions, the 

inequality becomes as such: 
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where v and u are the initial and final speeds of the vehicle, respectively, and a. is the vehicle 

deceleration rate.  

A traffic crash is likely to occur on the roadway when the safety margin added by the 

driver is decreased due to a delay in detecting events while driving. Presence of these factors 

manifests the alertness characteristics in the driver behavior. Therefore, to introduce delays in 

the driver reaction to event detection in the proposed model, it is assumed that it takes another t 

seconds for the driver to react to the action of the front vehicle. Under this assumption, the 

driver who has delayed reaction behavior may continue to move even when the acceleration 

logic given in Table 3.2 requires him or her to decelerate. This may result in the above-normal 

braking applications among some drivers in the traffic stream when there is a collision danger. 
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Therefore, this modeling permits the vehicle to reach the position of the leading vehicles in the 

next time step when the leading vehicle is decelerating or the following vehicle is moving closer 

and there is not sufficient distance for the subject vehicle to stop safely. When this condition 

occurs, a rear-end crash is likely to occur, especially when the breaking distance of the subject 

vehicle is greater than the available stopping distance. 

In the CA traffic model the drivers have a hypothetical reaction time of 1 second. To 

introduce delay, it is assumed that within a 1-second interval, poor alert drivers are delayed in 

comprehending the adjacent traffic events (possibly the action of the leading vehicles) and, 

thus, they continue to move with their previous acceleration in a certain fraction of a 1-second 

interval before reacting to the leading vehicle’s actions. Hence, the final speed, vi,t , of the driver 

with poor alert characteristics was adjusted as follows: 

10)1( ,1,,, ≤≤∀−+×+= − ααα titititi aauv   

where α is the fraction of the reaction time that is delayed. When α = 0 , the poor alert driver is 

as good as a normal driver in reacting to the traffic conditions; hence, there will be no poor alert 

driver. When α = 1, it means that the reaction of the driver is higher than the hypothetical 

reaction within the CA framework and, therefore, the subject driver will be delayed in reacting to 

the leading vehicle’s actions for the entire iteration length (fixed to 1 second). However, studies 

show that the ability of the driver to judge the relative speeds of the vehicles is inversely 

proportional to the space headway (Evans 2004). Therefore, it is assumed in this study that 

drivers have poor alertness in responding to leading vehicle actions when the space headway is 

greater than 34 ft. 

 Having introduced a random error in terms of the delay in reaction time for drivers who 

have poor alert characteristics, there are some odds that the vehicles will crash in the model. 

However, due to the modeling limitation, an actual crash will not occur in the model due to the 

risk of losing at least one vehicle whenever two vehicles occupy the same cell. Therefore, all 

incidents which are likely to result in the crash are investigated, and whenever the crash is 

imminent, the position of the rear vehicle is adjusted to be consistent with the available gap. 

Basically, the rear vehicle that is expected to crash at the back of the front vehicle is attached at 

the cell just immediately along the rear bumper of the front vehicle. It is understood, at least at 

this time that adjusting the position of the crashing vehicle in the model removes the 

pragmatism of the crash that might have occurred, because in reality there are some 

momentum and energy changes for the vehicles involved in the crash.  
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3.3.1 Safety indicators  

Since only hypothetical crashes are investigated in this model, it is necessary to 

investigate some proximal safety indicators, which occur more frequently and, hence, can be 

proxy measures for crashes. Use of these indicators supports the safety analysis instead of 

relying only on counting crashes that are likely to have occurred in the model. Safety indicators 

investigated from the model are time based measure to collision (TMTC) and deceleration rates.  

The amount of time available to avoid collision is measured by time to collision (TMTC). 

Time to collision (TMTC) is defined as the time required for two vehicles to collide if they 

continue moving at their present speed on the same course without taking evasive maneuvers. 

It is computed as the ratio of the gap (ΔX-lk-1) to the relative speed of the following vehicle (ΔS). 

i.e.,  
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Figure 3.6 Schematic Representation of TMTC 
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Figure 3.6 shows a schematic representation of TMTC. Considering two arbitrarily pairs 

of vehicles in following situation. The front vehicle is called the lead vehicle and the back vehicle 

called the follow vehicle.  Figure 3.6 shows details of the vehicle paths (trajectories) with time.  

Initially both vehicles were accelerating with the follow vehicle maintaining the preferred 

distance headway therefore the collision was unlikely to occur.  When time was 11 seconds, the 

lead vehicle applied brakes and decelerated while the follow vehicle continues to accelerate. 

When time was 13 seconds, the follow vehicle responded to the actions of the lead vehicle and 

decelerates in order to maintain preferred headway. Thereafter both vehicles continue to 

accelerate in order to attain their maximum desired speeds. From this Figure TMTC is estimated 

as the time elapse since the lead vehicle started to decelerate to the time that the follow vehicle 

path crosses the path of the lead vehicle, assuming that the follow vehicle did not decelerate to 

maintain the preferred headway. 

 TMTC is valid whenever the speed of the following vehicle is greater than the speed of 

the leading vehicle. In this case the vehicles are in the conflict course.  Since the TMTC is the 

indicator of safety—smaller TMTC values are associated with higher crash risks—it is a good 

measure of crashes in the simulation model. This measure affects crashes that are likely to 

result from either lateral or longitudinal vehicle movements. A threshold of 5 seconds is used to 

determine a conflict event. However, further consultation is done from headway analysis studies 

in deciding the threshold to demark a very serious event. For example, Michael et al. (2000) 

found that the safety of movement is jeopardized when a vehicle is following another vehicle 

with headway of less than 2 seconds. Therefore, a threshold of 2 seconds will be used to decide 

whether the conflict event that was observed in the model will likely result in a crash. 

Since the TMTC value cannot give information about the severity of the crash, the 

deceleration rate was also used in the safety assessment. Deceleration rates use the speed of 

the vehicle and, hence, can provide rich information about the intensity of the resulting conflict. 

Large applications of deceleration can be a sign that a driver is trying to maneuver and escape 

an imminent rear-end collision.  The distribution of deceleration rates obtained from the 

simulation model was fitted to the empirical distribution. Exponential, Gamma, Lognormal and 

Weibull distribution are compared with the deceleration distribution from the simulation. The 

adequacy of the fit was then evaluated by: 

• Plotting the fitted gamma density on top of the histogram of deceleration rates. 

• Performing Chi-square test and Kolmogorov-Smirnov test 
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• Comparing theoretical quantiles of the fitted gamma distribution and the empirical 

distribution using a probability plot. 

A threshold for deceleration can be set close to the maximum comfortable deceleration 

that is specified in the American Association of Highway and Transportation Official (AASHTO) 

design standards (AASHTO 2004). These standards use 11.2 f/s2 as the comfortable 

deceleration rate in the design of roadways. However, studies show that the maximum 

deceleration rate for an average driver is 0.85g (g = 32.2 f/s2). Thus, in this study it is assumed 

that TMTC gives information about the presence of hazardous movement while the amount of 

deceleration gives information about the intensity of the resulting conflict. 

3.4 Simulation Design 

Figure 3.7 summarizes the structure of the algorithm used in the simulation of vehicles. 

When the program is run, the roadway, which is made of an array of integers, is created. The 

vehicles are then randomly created based on the constant parameters, such as vehicle type, 

and each vehicle that is created is assigned a driver type. The vehicles are then stored in the 

virtual queue, ready to be inserted in the simulation when the insert function is called. Vehicles 

are inserted on the road with an initial speed of 40 mph. However, to overcome the initial (and 

possibly unnecessary) high deceleration rates for the inserted vehicle, the vehicle adapts to the  

speed of the leader in order to be consistent with the amount of spacing if the latter’s speed is 

less than 40 mph. 

Parallel updates are used during the simulation where, for every vehicle in the system, 

relative speed, and space headways were calculated. Then the lane-change function is called. 

The simulation time step is fixed to one second. In the second stage every vehicle in the system 

is updated based on the computed acceleration or deceleration values. It is at this time when 

safety analysis is performed in the model. Safety analysis started 15 minutes after the 

simulation began. This provided sufficient time for the system to equilibrate. At each time step 

the speeds, spacing, and flow of individual vehicles are collected from virtual detection points. 

The state (position) of the vehicle is then updated and the individual data records for every 

vehicle are stored in the file. Aggregation of individual data is done after this stage, when a 

threshold for data collection is reached (one minute) for this study. Other performance 

measures, such as the number of lane changing for a two-lane model, are also collected at the 

end of each simulation run. 
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Figure 3.7 Simplified Simulation Algorithm 
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CHAPTER FOUR 

SINGLE-LANE TRAFFIC SIMULATION 

4.1 Simulation Setup 

The simulation presented in this chapter was for testing purposes only. Therefore, a 

single lane roadway was assumed. The roadway had beginning and ending nodes where 

vehicles entered and left respectively. The simulated system was 16,000-ft long. The roadway 

was made up of 8,000 cells, each 2-ft long. The use of a small cell width was important in order 

to discretize the speeds in multiples of 2 ft/sec. This also enabled the collection of data in many 

speed bins. A special feature of this modeling was that a vehicle could occupy multiple cells at a 

time. The simulator was made of roadway and driver-vehicle objects. The simulator was 

implemented in C++ programming language.  The simulator had the following elements: 

• maximum acceleration rates of 2 ft/sec2 (when the speed was greater than 95 ft/sec) 

and 4 ft/sec2, otherwise. 

• maximum deceleration rates of 11 ft/sec2 and 22 ft/sec2 for normal and emergency 

maneuvers respectively, 

• a fluctuating safe minimum gap at a mean of 10 ft and a common variance of 1 ft, 

• an average car length of 20 ft, 

• a desired speed of the driver around the mean with a variance of 2 ft/sec, and 

• a free flowing gap of 300 ft. 

The system was modeled using a cell-based discretization approach; a roadway cell can 

be empty or occupied by a vehicle with vehicle speed ranging from zero to the maximum 

desired speed. During each time step, fixed to one second, the acceleration of the vehicles was 

updated in parallel according to Equation 3.7 and a random value—which reduced the speed of 

the vehicle by 3 ft/sec in order to increase the stochastic behavior of the traffic flow. The 

randomization of individual vehicle speeds was a paradigm shift from conventional CA models 

in which all vehicles are randomized. Using this approach, it would be easier to capture the 

drivers’ decelerations that are caused by other factors not incorporated in the model. Finally, the 

position of a vehicle was updated using Equation 3.3. 
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At the entrance node, vehicles were generated according to the shifted negative 

exponential distribution with a starting speed of 58 ft/sec. Each vehicle was assigned the 

aforementioned vehicular and driver properties. A uniform random number [0 to 1] was 

generated and when this number was less than the entrance headway and if the first cell was 

empty, a car was inserted into the system; otherwise, the vehicle was stored in the virtual 

queue. Any vehicle reaching the end of the 16,000-ft long roadway was removed from the 

system. At each time step, microscopic and macroscopic data associated with vehicular 

movements were collected. This was accomplished through the insertion of virtual detection 

points that collected individual vehicle data and aggregate data. 

4.2 Model Verification 

Verification of the developed model involved an examination of the plausibility of the 

relationships among speed, density, and flow as collected at the detection points. In addition, 

the model was verified through an examination of traffic jams resulting from disturbances 

introduced in the model. Microscopic and macroscopic data were collected after the system 

equilibrated, generally after 15 minutes of simulation. Figure 4.1 shows the fundamental 

diagram of speed against density. The density of traffic in vehicles per mile was derived from a 

microscopic measurement as the inverse of the mean space headways.   

0

10

20

30

40

50

60

70

80

0 50 100 150 200

Density(veh/mi)

S
p

e
e

d
(m

p
h

)

 

Figure 4.1   Mapping of Speed vs. Density 
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Figure 4.1 shows that as the density increases the speed of traffic decreases almost 

exponentially. At low densities the speed of traffic is nearly constant; this is the region of free-

flowing conditions where vehicle interactions are minimal. The free-flow condition was 

introduced by using a low arrival rate (i.e., low traffic flow). However, since vehicles only enter at 

the beginning of the road and there are no obstacles along the roadway except slow-moving 

vehicles, the free-flow condition extends to the right of the curve. It should be pointed out that 

there was only a single entry point in the road; it was difficult to introduce dense traffic 

conditions. 

 

0

10

20

30

40

50

60

70

80

0 500 1000 1500 2000 2500 3000

Flow (vph)

S
p

e
e
d

 (
m

p
h

)

 

Figure 4.2 Diagram for Average Speed vs. Flow 

 

Figure 4.2 shows the fundamental diagram of the mean speed of traffic plotted against 

hourly flow. This diagram looks similar to the Highway Capacity Manual diagram which is based 

on real-life traffic data collected from uninterrupted flow conditions (HCM 2000). Both saturated 

and unsaturated traffic flow conditions were observed. The speed of traffic at unsaturated 

conditions remains somewhat insensitive to the increase of traffic flow. But due to the increase 

of interactions between vehicles, the speed decreases with a further increase of flow rate 

towards capacity. This decrease in speed is associated with the delays encountered by 
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vehicles, which is caused by interaction with preceding vehicles. However, in the transition area 

the traffic pattern is somewhat undefined. This is the region where vehicles enter or exit the 

congestion wave.  

In order to compare the proposed CA model with the conventional CA models reported 

in the literature, the acceleration and displacement functions were changed to that of the 

conventional CA models proposed by Nagel and Schreckenberg (1992): 

 

 ),,(Min gapvavv desiredoldnew +=  and 

tvxx newoldnew ×+=          

 

where a is the acceleration set to a constant value of 4 ft/sec2.  The results of the simulation 

using Equation 4.1 are superimposed on Figure 4.2 and presented in Figure 4.3. 
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Figure 4.3 Comparison of Speed-Flow Relationships Obtained Using Conventional CA 
and Kinematic Rules 
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Figure 4.3 shows that traffic flow characteristics obtained using the conventional CA rule 

are fairly similar to the one obtained from the kinematic-based approach in free-flowing and 

congested conditions. It was difficult to obtain speed characteristics in the transition from free-

flow to congested traffic using the conventional CA rule. This can be explained by the fact that 

the conventional CA-based model can be associated with the safety-distance model while the 

kinematic-based model incorporates both safety distance and the GHR model, which considers 

the follower’s speed, relative speed, and space headway to decide the amount of acceleration. 

This behavior may also be attributed to the nature of the vehicles’ deceleration when modeled 

using Equation 4.1. Since passing is not possible on a single-lane roadway, fast-moving 

vehicles modeled using Equation 4.1 are forced to decelerate rapidly to avoid a collision without 

considering comfortable deceleration rates. In contrast, vehicles modeled using the kinematic 

equation and rule-based algorithm decelerate gradually. Gradual deceleration is the result of the 

driver using relative speed and space headway in the rule table to decide when to start 

decelerating. This eventually eliminates the possibility of high deceleration rates during the 

motion. 
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Figure 4.4 Diagram of Flow vs Density 
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In addition, unlike the conventional CA model, the kinematic-based approach takes into 

account the initial speed of the vehicle—in updating vehicle positions—which limits over-

displacements of the vehicles in the simulation. Many single-lane CA models that use the closed 

system (i.e., ring road) have reproduced traffic flow characteristics under different traffic 

densities because of the conservation of the number of vehicles during the simulation. Hence, it 

is easy for the vehicles to equilibrate over time because edge effects are eliminated. These 

characteristics are hard to obtain when CA update rules are used in open systems, as it has 

been shown in Figure 4.4. 

 

 

Figure 4.5 Density and Speed vs. Simulation Time 
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The variation of the traffic density with flow is depicted in Figure 4.4. The figure shows 

that maximum flow occurs when the density is about 35 vehicles per mile. Beyond this density 

value, traffic flow is unstable. Figure 4.4 shows scattered data points in the unstable flow region, 

perhaps because very aggressive and less aggressive drivers produce varying headways in 

congested conditions.   

An examination of the temporal variations of the speed and density plots in Figure 4.5 

provides another view of phase transition in the simulation. Figure 4.5 shows that speed and 

density vary with simulation time. There are regions where free-flow or congestion prevails for a 

while before density starts to fluctuate again with time. Variations in speed and density with 

simulation time indicate stochastic traffic behavior in the model; this is caused by perturbations 

and random noises introduced in the simulation. In addition, the results presented in Figure 4.5 

mirror the results presented in the speed-density graphs—i.e., there is an inversely proportional 

relationship between speed and density. 

 Figure 4.6 shows the time-space trajectories of every third vehicle and the formation of 

traffic jams. Figure 4.6 shows that jams start to form near the end of the road when the vehicles 

start to exit the roadway. As it was pointed out before, in light traffic conditions when vehicle 

interactions are minimal, there are few or no jams when small perturbations are introduced in 

the traffic flow. However, in dense traffic conditions, a small perturbation in the traffic stream 

leads to the formation of jams. In this model, perturbations were introduced by forcing vehicles 

to exit at a relatively slower speed than their maximum desired speed. This is intuitive because 

in reality vehicles that are approaching the end of the road or lane drop decelerate, causing 

jams in heavy flow traffic conditions. In real traffic conditions, jams are triggered by various 

factors: road junctions, on ramps, crashes, incidents, or other bottlenecks.  

A further examination of Figure 4.6 shows that the jams propagate backwards in time to 

the beginning of the road. The each dot in Figure 4.6 represent every third vehicle in the traffic 

stream. Figure 4.6 also shows that in the dark spots, the slopes of the line decrease, indicating 

that the speed of the vehicle is dropping. Tracing the movement of a single vehicle, we can see 

that when a driver is caught in dense traffic conditions, the driver is caught in stop-and-go 

conditions. A vehicle leaving a jam tries to accelerate to its desired speed (steep slope after the 

dark spots), but since the traffic is dense, it cannot attain its desired speed, and this may again 

result in another jam due to small disturbances. This probably explains the numerous dark spots 

after the onset of the first jam. A further analysis of the drivers’ individual speeds in the jam 

conditions indicates that the average speed of the vehicles is below 20 mph. In light traffic 
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conditions, the model did not show any traffic jams because the average vehicle density was 

very low and the vehicle speeds were high. 

 

 

Figure 4.6 Jam Formations in High Traffic Flow Conditions 
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CHAPTER FIVE 

TWO-LANE TRAFFIC SIMULATION 

In this chapter the results of the simulation in two-lane unidirectional traffic flow are 

presented. The modeling considers the approach presented in Chapter four with modification 

made in roadway and vehicle-driver objects. The coding was implemented using C++ 

programming language. 

5.1 Model Setup 

First a two-lane hypothetical roadway was assumed. The roadway had a beginning and 

ending nodes where vehicles enter and leave the road, respectively. In additional, the roadway 

had two on-ramp and two off-ramp nodes. The coding allowed flexibility in placing these 

nodes—i.e. their position can be varied from simulation to simulation depending on the nature of 

the problem. Besides the beginning node, vehicles entered the simulated road at the on ramp 

located 2840 ft and 8120 ft from the beginning node. The vehicles left the road at the end of the 

road or at the off-ramps located 3240 ft and 8520 ft from the beginning node. A schematic 

presentation of the roadway is presented in Figure 5.1. The roadway was designed as the  

 

Figure 5.1 Schematic Representation of the Roadway
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pointers of cells. Each cell was 2 ft wide. The cells can be occupied by vehicle or empty. The 

vehicles positions were referenced to the cells. On the road there are three virtual detection 

points located at 1320 ft, 5280 ft, and 9240 ft from the beginning of the road. 

5.2 Model Evaluation 

A two-phase process covering a thorough check of the input data and comparing model results 

with the actual traffic data was used in evaluating the performance of the model proposed in this 

study. 

5.2.1 Model parameters 

The key parameters affecting the vehicle movements are those related to acceleration. 

Therefore, literature was consulted regarding the best values that would explain the acceleration 

of vehicles in the model. Initial selection of the acceleration parameters were obtained from 

previous studies (FHWA (1980), Pline (1992) and FHWA (1994)). The acceleration parameters 

proposed by these previous studies are summarized in Table 5.1.   

 

Table 5.1  Acceleration Rates Based on Empirical Studies 

Speed (fps) 
Class 

<20 20-40 40-60 60-80 >80 
High performance 
passenger cars 

10.00 7.90 5.60 4.00 4.00 

Low performance 
passenger cars 

8.71 5.17 4.43 2.89 2.00 

Buses 7.00 5.00 4.00 1.50 1.00 
Heavy Trucks 2.80 2.50 1.50 1.00 0.50 
Trailer trucks 1.60 1.45 0.89 0.47 0.40 

 
 

The parameters shown in Table 5.1 were modified to suit the simulation designed in this 

study. For example, the acceleration rates were categorized for heavy vehicles and passenger 

vehicles only as shown in Table 5.2. The acceleration parameter was constant for a particular 

vehicle and assumed to be affected by initial speed of the vehicle only. The starting values for 

normal deceleration rates were selected based on literature documented by Garber and Hoel 

(2002). In this literature, the deceleration rate under normal conditions is assumed to be 27 

percent of the gravitation acceleration, i.e., around 9 ft/sec2. Under emergence condition it was 

assumed that the drivers apply twice deceleration of that applied under normal condition. 
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However, when the crash danger is imminent, the driver of passenger vehicle could apply up to 

32 ft/s2 while trucks could apply an emergency deceleration of up to 24 ft/s2. 

 

Table 5.2  Initial Maximum Acceleration Parameters 

Speed (fps) 
Class 

<40 >40 
Passenger vehicles 10 8 
Trucks 8 6 

 
 

Other initial parameters of used in the model were as follows: 

• Free-flow clearance gap of 300 ft. It was assumed that when the gap between two 

successive vehicles was greater than 300 ft, the actions of the leading vehicle did not 

influence the following vehicle. 

• Average lengths of 30 ft and 12 ft for trucks and passenger vehicles, respectively. 

• 10 % of vehicles are trucks. 

• The standstill distance of 10 ft between two passenger vehicles, 20 ft between 

passenger vehicle and truck, 20 ft between truck and passenger vehicle, and 30 ft 

between two trucks. 

• 80% of the drivers have perfect alert characteristics 

• Computer (system) clock was used to generate random seeds which ensured different 

random numbers in every run.  

5.2.2 Calibration 

Before calibration was started the simulation model was tested on any amplification 

errors. These are common errors in the input data that can lead to large errors and hence skew 

simulation results. One check of these errors was to compare the percentage of the exiting 

vehicles to that specified in the input. This check ensured that the number of vehicles is 

conserved in the simulation system. A vehicle can be lost in the simulation when two vehicles 

are pointed to the same memory. Therefore, Boolean flags were put inside the vehicle 

movement function to ensure that no more than one vehicle is referenced to one cell.  Other 

errors that were checked at this stage were coding errors. The Boolean flags also checked the 

presence of any negative gap. Interpretation of negative gap in the model is that a vehicle has 

jumped over its predecessor. The cause of negative gap can be coding or algorithm errors. This 

situation is impossible to occur in real life traffic flow and was not allowed in the modeling, 
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either. The plausibility of the model was also tested by multiple running the simulation and 

examining the speed and gap distributions in order to examine any inconsistent between the 

logic used as well as the variation of simulated vehicle speeds and gaps. This test was 

necessary because the movement logic depended on the relative speeds and relative positions 

of pair of vehicles. The behavior of vehicles changing lane was also examined at this stage. The 

essence was to check for any ping-pong type of lane changing in the model. Ping-pong lane 

changing can result when a vehicle switches between two adjacent lanes without moving 

forward during consecutive time steps. Noteworthy that the lane change logic used in this study 

allowed vehicle to change lane in order to increase speed (optimum driving strategy) or in order 

to go to a lane leading to exit ramp.  
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Figure 5.2 Desired Speed vs. Average Travel Speed: Low Volume Condition (left), High 
Volume Conditions (right) 

 

Once the model was deemed error free, it was verified by comparing the desired speeds 

of individual vehicle to their corresponding average travel speeds. The average travel speed 

was obtained by dividing the distance traveled by the vehicle to the time the vehicle spent in the 

simulation system. First, the speeds of the vehicles were examined under low traffic conditions 

and then the volume of traffic was increased progressively while plotting the relationship 

between average speed and desired speed. Figure 5.2 depicts the relationship between desired 

speeds and average speeds under low and high traffic conditions. On the left of Figure 5.2 it is 
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seen that the model predicted the travel speed very well under very low traffic conditions—i.e., 

traffic flow below 360 vphpl). In these conditions, the vehicle interactions are minimal and 

therefore vehicles were traveling at their desired speeds, during most of the times. The diagonal 

line is the theoretical relationship between the two speed values. The data points in some sense 

deviated from the theoretical line because of the randomness introduced in the model which 

made the desired speed to fluctuate randomly from the target maximum desired speed. The 

modeling was designed such that cautious drivers reduce their speed with a 20% probability 

while aggressive driver increased their speed by the same probability. The right side of Figure 

5.2 shows the relationship between the two speeds under heavy traffic conditions (1800 

vphpln). In this case, due to the constraints introduced by either increased on- and off-ramp 

traffic or slow moving vehicles in the simulation, the average speeds of the vehicles were lower 

than their corresponding desired speeds—neither vehicle attained its maximum desired speed. 

Following this verification, the model was calibrated using actual traffic data. 

5.2.3 Real world data used for calibration 

The data used to evaluate the proposed model were obtained from Next Generation 

Simulation (NGSIM) website.  NGSIM is the Federal Highway Administration (FHWA) supported 

project which has the goal of developing a core of open behavioral algorithms in support of 

microscopic traffic simulation, with supporting documentation and state-of-the-art data sets that 

describe the interactions of multi-modal travelers, vehicles and highway systems. Datasets 

prepared in this project can be used for validation and verification of traffic models within traffic 

engineering community. A full description of the overall design of NGSIM database with its 

future plan is discussed in the article written by Alexiadis et al. (2004).  NGSIM data are very 

detailed, openly distributed, and made freely available for use in any transportation related 

research. These data were found to be extremely valuable for verification and validation of the 

model proposed in this research. 

NGSIM collected and maintains three data sets from freeways and arterials. These data 

sets were collected from a 1500-ft segment of I-80 in Emeryville, California and one at US-101 

and Lankershim Boulevard, Los Angeles, California using high resolution cameras that are able 

to record vehicle position every 1/30th of a second. Therefore, these data contain detailed 

vehicle trajectories, detector data and other supporting data.  

Data collected from a six-lane section of Interstate-80 was found useful for the purpose 

of this study. Of much interest in the dataset is the vehicle trajectories collected between 4PM to 

4:15 and 5:00 t0 5:30 PM. The data are stored in the text format. The data between 4:00 PM 
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and 4:15 PM represents the transition to congestion conditions build up while the data between 

5:00 PM to 5:30 represent traffic at congested traffic conditions. 

The NGSIM data are stored in text format. Vehicle trajectories data were reduced by 

querying the database into Microsoft Access were data reductions were performed before 

exporting them to Microsoft Excel. Data in Microsoft Excel format were exported to STATA 

where vehicle interactions data were extracted. Figure 5.3 summarizes the whole data 

processing activity. The process involved multiple platforms because of the size and the format 

of the database. In the vehicle trajectories database, the local positions (lateral and longitudinal 

coordinates) of every vehicle are located. In addition, other parameters describing vehicle types, 

as well as details of the preceding and following vehicle identifications are recorded in the data. 

The enrichment of the data in this database made it more useful in analyzing calibrating and 

validating the driver behavior. The 15-minute vehicle trajectories data recorded between 5:00 

PM and 5:15 PM were used for calibration. To analyze the car following behavior in the 

proposed model all vehicles that were in a car-following situation were examined and queried 

from the database. Only the inner most inside lane was used to query vehicles in no-lane 

change situation because many vehicles traveling in this lane did not change lane frequently. 

The attributes of interest of the queried vehicle were the longitudinal position, speed, preceding 

and following vehicles, spacing and time headway. 

 
 
 
 
 

 

Figure 5.3 Data Processing Diagram 

 

5.2.4 Calibration experiment 

The simulation experiment was design to permit comparison of the results with the 

vehicle trajectories data obtained from the NGSIM database. A small study of one-mile length 

was used to calibrate the model. Small study was used in order to be consistent with the length 

of the roadway from which data available in the NGSIM database was collected. The method 

proposed by Chu et al. (2004) was used to determine the number of simulation runs. Using a 

10% significant level and a 5% allowable error, the number of runs based on the sample 

variance of spacing and speeds obtained from a pilot simulation of 10 runs suggested the need 
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for approximately 22 runs per simulation scenario. Since the data has a wide range of 

variations, the number of simulation runs per scenario was increased to 25. 

5.2.5 Calibration of driving behavior 

Calibration started with adjusting parameters that affect the performance of the whole 

model. These are functions that are related to driving behavior. The functions that affect driving 

behavior in the proposed kinematical model are acceleration and lane-changing. Altogether 

these two functions governed the vehicular movement.  A major calibration issue concerned the 

vehicle speeds and amount of space headways. Since the acceleration model depends on the 

individual speeds of the subject and the leading vehicles as well as the relative distance 

between them, a relationship between speed and spacing was important to test the plausibility 

of the proposed model in replicating actual traffic flow. The mean spacing for each speed group 

(2 fps bin) of the actual traffic data were calculated and compared with the simulated spacing for 

same speed group. It is worthy mentioning that simulation data were collected 900 seconds 

after the start of simulation in order to provide the simulation sufficient time to equilibrate. When 

the simulation equilibrated the number of vehicle entered and left the system were almost 

balanced. Although vehicles were generated in accordance with a shifted negative exponential 

distribution, the spacings between vehicles were immediately affected by the vehicle 

acceleration (movement) logic.  

Starting with the initial parameters that were satisfied in the verification stage, the model 

was simulated 25 times and vehicle trajectories data stored. The averages of spacing for each 

speed bin were then superimposed on the plot of spacing against speed plotted from actual 

data. This was done in order to visually compare the trends of both speed profiles.  The 

calibration process was a trial and error process which repeated by adjusting drivers parameter 

until the simulated speed profile trend matched the trend from actual data.  An example of trial 

and error process undertaken is this: if the increase of parameter caused a major distortion on 

the curve, it meant that the parameter has increased error between simulated and actual data 

point. Then the value of the parameter was decreased. When changed the parameter value did 

not improve the current speed profile, that value was assumed to be at its optimal point. While 

looking at the speed profiles, the statistics used to measure the errors were also calculated. In 

summary the objective of calibration was to minimize prediction errors and maximizing the 

Pearson correlation coefficient, r, that showed the strength of the linear association between 

simulated and actual data. Using the initial acceleration parameters that are presented in Table 

5.2, the relationship between actual and simulated speed-spacing profiles revealed a very poor 



 85

agreement as shown in Figure 5.4. The disagreement is exemplified by the peaks and lows on 

the simulated curve. 
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Figure 5.4 Disagreements between Initial Model Parameters and the Real World Data 

 

Looking closely at the actual spacing-speed variation from the actual traffic data, it was 

seen that vehicles traveling at a speed of 5 fps or less had an average spacing 50 ft. This 

average spacing was much higher than initially specified in the model. Thus, this necessitated 

the examination of individual behavior of all vehicles that were in standstill conditions in the field 

dataset. The aim was to identify types and properties of vehicles with large space headways 

under low speed flow conditions and possibly understand the cause of such behavior before 

adjusting the standstill distances in the simulation model. Analysis of individual vehicle 

trajectories from actual traffic data revealed that heavy vehicles were the ones having large 

space headways compared to autos in low speed flow conditions. Therefore, the standstill 

distance parameters in the simulation model were increased consistent with the actual traffic 

data. 
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The standstill distance or spacing between vehicles in jammed traffic condition was 

changed as follows: 10 ft minimum spacing between passenger vehicles following each other; 

40 ft minimum spacing for truck following a passenger vehicle; 20 ft minimum spacing for 

passenger vehicle following a truck; and 30 ft minimum spacing for trucks following each other. 

Intuition and engineering judgment as well as the mean spacing values were used to arrive at 

these values. 
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Figure 5.5 Calibrated Relationships between Spacing and Speed 

 
Apart from changing minimum spacing values, the acceleration parameters were also 

adjusted in a trial-and-error process while plotting the simulated results comparison with actual 

traffic data made both graphically and statistically. A better parameter value was obtained by 

spotting a point in the curve where an increase/decrease of the value resulted into an superior 

fit. Calibration results revealed two maximum acceleration parameters—i.e., 8 fps2 and 6 fps2 for 

passenger vehicles and trucks, respectively would bring a statistically better fit of the simulated 

spacings into actual spacings.  The fitness of the model was also improved by changing the 

drivers’ desired speed distribution that ranged between 50 fps to 85 fps. The desired speed 
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distribution affects the driver aggressive in the model. In addition, the preferred time headway 

parameters were also changed to improve the best fit of the model. The final preferred time 

headways for non-aggressive, average, and aggressive drivers were 3 s, 2 s, and 0.9 s, 

respectively. The final calibration results are plotted in Figure 5.5.  

The results of correlation between actual spacing and simulated spacing are 

summarized in the scatter plots shown in Figure 5.6. Within the allowable error of 

%10± simulated spacing matched closely to the actual spacing. From Figure 5.6 it is seen that 

few data points were outside the 95 % confidence lines. This is an indication of the reasonable 

fit of the simulated spacing with the observed spacings in the field. A Pearson correlation 

coefficient of .88 was obtained, which is an indication of the strong fit of the proposed model in 

replicating real life driving behavior.  
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Figure 5.6 Scatter Plots of Actual Spacing and Simulated Spacing 

 
The adequacy of the proposed model was also checked by looking at the Theil’s 

inequality coefficient (U) which is a weighted RMSE. The results of are tabulated and presented 

in Table 5-3. A Theil’s inequality coefficient, U, of 0.002 was obtained upon comparing 

simulated and actual spacing segmented by vehicle speeds. This coefficient showed the model 

reproduced actual traffic at a reasonable high level of fidelity. Note that when U is zero the 

model perfectly reproduced the actual data in real life conditions.  U was later decomposed to 
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           Table 5.3 Calibration Results 

Spacing(ft)  Statistics 
Speed Simulation Actual  APE Error2 Simulated2 Actual2 

0 49.52 67.92  0.27 338.57 2452.57 4613.64 
2 41.26 53.18  0.22 142.09 1702.09 2827.72 
4 43.36 41.76  0.04 2.57 1880.37 1743.86 
6 39.16 42.52  0.08 11.35 1533.20 1808.35 
8 50.42 59.71  0.16 86.33 2541.74 3564.90 

10 55.43 55.44  0.00 0.00 3072.99 3073.83 
12 51.84 55.73  0.07 15.15 2686.94 3105.67 
14 49.14 50.78  0.03 2.69 2414.48 2578.22 
16 50.61 60.56  0.16 98.90 2561.64 3667.23 
18 53.00 63.60  0.17 112.26 2809.48 4044.96 
20 58.05 53.49  0.09 20.78 3369.26 2860.85 
22 54.92 61.31  0.10 40.81 3016.59 3759.15 
24 60.46 66.44  0.09 35.80 3654.97 4414.21 
26 66.03 68.50  0.04 6.12 4359.39 4692.31 
28 68.59 70.21  0.02 2.62 4704.59 4929.37 
30 69.19 71.51  0.03 5.40 4787.20 5114.23 
32 72.20 72.38  0.00 0.03 5212.92 5239.18 
34 76.16 78.15  0.03 3.95 5800.17 6106.78 
36 79.51 85.31  0.07 33.64 6321.83 7277.72 
38 81.88 86.42  0.05 20.61 6704.93 7468.93 
40 85.37 91.28  0.06 34.88 7288.79 8332.11 
42 87.99 89.84  0.02 3.43 7741.76 8071.15 
44 90.83 92.91  0.02 4.31 8250.81 8632.12 
46 93.89 96.43  0.03 6.47 8814.98 9299.10 
48 97.06 96.35  0.01 0.51 9420.83 9283.25 
50 99.69 101.44  0.02 3.06 9939.01 10290.64 
52 101.89 100.78  0.01 1.23 10380.96 10156.35 
54 105.12 102.46  0.03 7.04 11049.35 10498.60 
56 106.81 106.52  0.00 0.09 11409.19 11346.08 
58 109.22 101.09  0.08 66.09 11928.57 10218.88 
60 109.50 115.22  0.05 32.80 11989.46 13276.36 
62 113.72 109.47  0.04 18.11 12932.51 11982.63 
64 109.03 114.49  0.05 29.77 11888.28 13107.80 
66 108.45 101.40  0.07 49.68 11761.49 10282.43 
68 110.16 103.84  0.06 39.86 12134.23 10783.20 
70 111.93 106.87  0.05 25.58 12528.73 11422.03 
72 112.55 89.85  0.25 515.20 12667.30 8073.22 
74 101.11 80.28  0.26 433.75 10223.30 6445.47 
76 103.02 71.29  0.44 1006.50 10612.99 5082.82 
78 103.02 104.96  0.02 3.75 10612.90 11015.57 
80 100.10 107.16  0.07 49.91 10019.76 11483.95 
82 99.87 100.89  0.01 1.04 9973.05 10178.13 
84 102.57 56.56  0.81 2116.84 10519.78 3198.68 
86 100.27 86.87  0.15 179.74 10054.61 7545.73 
88 94.20 96.002  0.02 3.25 8873.64 9216.38 
90 106.44 140.84  0.24 1183.06 11330.41 19835.91 
92 121.81 109.10  0.12 161.61 14839.67 11904.05 
94 129.50 121.82  0.06 58.95 16770.25 14840.60 

MEAN 85.12 84.60      
STDDEV 25.158 23.121      
  r = 0.875492    
  MAPE = 9.95    
  UM = 0.001842    
  US = 0.028388    
  UC = 0.991008    
  THEIL(U)  = 0.001555    

In bold, maximum contribution to APE 
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three statistics which measures systematic error (UM), variation (US), and unsystematic error 

(UC) in the model output. The results displayed in Table 5-3 shows that UM and US were 

0.002and 0.028, respectively. These results indicate that systematic errors were minimal in the 

model and also the model had minimum unpredictability in replicating actual driver behavior. It 

should be pointed that for a perfect model the values of UM and US are both zero. The value of 

UC obtained from simulation results was 0.991 which is close to 1.0 and hence unsystematic 

errors were also minimal in the simulation model.  

The final measure of goodness-of-fit checked in calibration was the mean absolute 

percentage error (MAPE) statistic. This statistic was used as the confirmation test because of its 

robustness and capability of measuring the within simulation and out-of-simulation goodness-of-

fit. In addition, this statistic does not have the effect of averaging the errors like root mean 

square error (RMSE) statistic. From the results presented in Table 5.3, it can be surmised that 

the calibrated model was able to replicate the actual real world vehicle spacing as the MAPE 

statistic obtained was 9.85%. 

Table 5.4 Calibrated Driver- Vehicle Parameters 

Parameter              Value 

Acceleration rate speed  < 50 mph 8f/s2 (cars), 6f/s2 (trucks) 

Acceleration rate speed >= 50 mph 6f/s2 (cars), 4f/s2 (trucks) 

Maximum Emergency deceleration rates 32ft/s2(cars), 24ft/s2(trucks) 

Free flow gap 300ft 

Standstill spacing 20 ft (car-car), 60 ft (car-truck) ft, 40 ft (truck-car), 
30 ft(truck-truck) 

Preferred headway 3(cautious), 2 s (moderate), 0.9 (aggressive) 

  

The comparison of the difference between simulated and actual spacing in each speed 

showed large absolute percentage errors (APE) in low speeds and large speeds. Despite the 

effort taken to increase the standstill distance for pair of vehicles, the model did not improve in 

low speeds and large speeds; however simulation showed a perfect fit across mid range 

speeds. The data points that contributed most to the errors are shown in bold in Table 5.3. It 

should be noted that after closer examination of stopped vehicles in the actual data base it was 

revealed that some vehicles had stand still distances of up to 150 ft. Increasing standstill 

distances to 150 ft did not improve the simulation results, either. Therefore, based on a preset 

calibration acceptance criteria and model evaluation results, driver parameters presented in 

Table 5.4 were deemed good. 
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Table 5.5 Model Performance Evaluation 

Performance evaluation criteria Data 
r U MAPE 

5:00-5:15 PM 0.87 0.002 9.95 
5:15-5:30 PM 0.63 0.003 12.37 
 

Finally the simulated data were tested against data observed between 5:15-5:30. 

Statistical comparisons showed acceptable levels of MAPE and Theil’s inequality coefficient (U), 

however, the comparison had a moderate correlation coefficient. Large variations of observed 

spacing under low and high speeds were the ones which accounted for poor fit in the model. 

The model performance results are summarized in Table 5.5 

Comparison of the two observed data sets showed that the later had very variations in 

both lower and high speeds. This could be the reason of the poor fit in the simulated data after 

the onset of congestion. This phenomenon was simulated by reducing the arrival rate below that 

produced congested conditions. It is worthy mentioning that parameters used in the model were 

the same as those observed in the calibrated model. The variation of spacings with speeds from 

simulation were plotted with observed data and presented in Figure 5.7. From the results 

presented in Figure 5.7 it can be seen that the simulation did not accurately reproduced the 

variation observed under very high speeds. The reason for this may be because the simulation 

spacing and speeds is completely in adherence to the acceleration logic and hence missed 

actual variations that can be found in the real world. However, the model evaluation results 

presented in Table 5.5 show a reasonable fit for the simulated data and hence the model can 

replicate traffic conditions at acceptable levels. 
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Figure 5.7 Comparison of simulated and observed spacings 
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5.3 Correlation between Macroscopic Characteristics 

Macroscopic characteristics from the proposed model were evaluated by correlating 

space mean speeds and traffic flow collected from virtual detection points. These statistics were 

collected after the simulation system equilibrated, normally after 900 seconds. Three virtual 

detection points were set on the roadway, near the beginning (1320 ft), at the middle (5280 ft), 

and near the end of the road (9240 ft). The microscopic characteristics were collected in every 

time step (one second) and their time averages (macroscopic statistics) collected after every 30 

seconds. 
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Figure 5.8 Fundamental relationship speed-flow relationship from simulation 

 

Correlations between space mean speed and traffic flow are shown in the fundamental 

diagram in Figure 5.8. Figure 5.8 shows that both saturated and unsaturated traffic conditions 

were obtained from the simulation. The generalized speed-flow relationship on freeways that 

was suggested by Hall et al. (1992) and later adopted by Highway Capacity Manual (TRB 2000) 

can be seen in Figure 5.8. The transition from uncongested to congested condition is somewhat 

defined clearly from the simulation results. Capacity observations from Figure 5.8 show that the 

maximum flow is about 2400 vphpln. It is worthy mentioning that static volume input were used 
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in the input and the model itself (through the acceleration and lane changing logic) allowed the 

headway to vary depending on the speed of the preceding vehicle, spacing, and the desired 

headway that the driver was willing to maintain.  
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Figure 5.9 Fundamental relationship between speed and flow from actual data 

 

Another important observation from speed-flow relationship in the model results is widely 

scattered as well as erratic variations of the traffic data. Although no bottleneck (such as lane 

closure or  construction) was introduced in the model, evidence of traffic congestion caused by 

decrease of traffic speed may be the result of vehicles entering at the ramps or lack of 

opportunity to pass slow moving vehicles in the model. 

In order to compare the proposed model with the reality, the correlation between speed 

and traffic flow from the observed data was plotted and presented in Figure 5.9. Comparison of 

the results presented in Figure 5.9 with those obtained from simulation and presented in Figure 

5.8, shows that traffic flow characteristics obtained from the model agree with the ones 



 93

observed in real world condition. In the simulation, free-flow conditions were modeled by using 

low arrival rate while high arrival rates were used to generate heavy traffic conditions.  Real life 

data showed the maximum average free-flow speed of traffic is about 65 mph which is close to 

what was observed in the simulation results. It is worthy mentioning that the desired speed 

distribution used in the simulation was the same as that observed in the field under low volume 

conditions (600 vphpln). Another point worthy of proving the plausibility of the proposed model 

in depicting real world traffic conditions is that the maximum speed found in the simulation is 

closely the same as the one observed from actual data. However, the proposed model (Figure 

5.8) did not reproduce the exact shape shown in Figure 5.9 probably because the driving 

behavior in the simulation is more or less restricted to the logic and algorithm used which could 

have led to some deviation from the real driving behavior especially in the transition from free-

flowing to congested traffic flow. 
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Figure 5.10 Relationships between flow and speed (left); and speed and density (right) 

 

Macroscopic characteristics are further examined in the proposed model by examining 

flow-density relationship and speed-density relationship as depicted in Figure 5.10. Capacity 

drop is clearly seen in the flow-density relationship after the onset of congestion. Simulation 

results show that the maximum density is about 60 veh/mi/ln. Beyond the density of 60 veh/mi/ln 

the traffic flow starts to drop.  Closer examination of the relationship between speed and flow 

shows that capacity drop ranged between 1200 vphpln and 2400 vphpln. This may be attributed 
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to different levels of aggressiveness used in the model which may produce varying headways 

when speeds start to decrease during heavy traffic conditions. While the upper side of the 

capacity may be caused by very aggressive drivers, the lower capacity may be caused by very 

cautious drivers used in the model. 

Temporal variations of speed and density give another view of phase transition in the 

simulation system. Further examination of the relationship between speed and density shows 

similar results to that observed in the density-flow relationship. The free-flow speed in the 

simulation is affected by the desired speed distribution of the driver that ranged between 35 

mph to 62 mph. Moreover, the variations of speed and density, especially in the low density 

area, indicate a good degree of stochastic nature of traffic behavior in the proposed model. 
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Figure 5.11 Synchronized and Congested Traffic Flow 

To summarize simulation results, one can argue that variation of traffic during free-

flowing conditions is the result of the variation of desired speeds of individual vehicle vehicles 

which ranged from 40 mph to 60 mph. In congested traffic conditions mainly after the density 

exceed 50 veh/mile; the scattering of the traffic is due to the driver aggression parameters 

introduced in the model. While very aggressive driver preferred to follow leading vehicles at very 
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low headways cautious driver preferred to follow with high headways. The variations of the 

driver preferred-headways can be the reason for the variation of traffic in congested traffic 

conditions. In addition scattering of the on the flow-density areas in congested conditions were 

influenced by the lane changing effects. 

 

 

Figure 5.12 Time-Space variation of vehicle movements 

 

The congested traffic flow was closely investigated to determine if the proposed model 

can reproduce ‘synchronized’ traffic characteristics. Synchronized traffic referred to the 

propertied of the traffic moving nearly harmonized in the roadway across the lanes. This 

characteristic usually occurs at the transition from free flowing traffic to congested traffic. In the 

transition period, the traffic speed drops while the flow remains almost high which results into an 

increase of the traffic density. By plotting the speed-density and flow density relationship it can 

be seen that the proposed model results has yielded synchronized flow. This is characterized by 

a sudden drop of the speed at the transition between free flowing to congested traffic (Figure 

5.11).  In the transition period the traffic is characterized by a large amount of flow with high 
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speed. introduction of any perturbation, for example a vehicle forcing to change  the lane in 

order to exit or presence of slow moving vehicle, causes a sudden drop of traffic flow, 

sometimes the process. 

5.4 Spatio-Temporal Variation of Traffic 

Trajectories of individual vehicles were used to study spatial and temporal behavior of 

the traffic flow. At low volume condition, the traffic is free flow at most of the time and no traffic 

jams were observed. Every vehicle-drive entity was moving at the desired speed. Whenever a 

fast moving vehicle approached a slow moving vehicle, it changed lane as there were sufficient 

gaps in the adjacent lane to pass. This situation was hard to obtain in the testing model (one-

lane model). In one lane model the behavior of the traffic was largely influenced by the desired 

speed of the leading vehicle. 

 

 
 

Figure 5.13 Vehicle Speed across the Roadway with Time and Space Variation 

 

During congested conditions two phases of traffic was observed: synchronized traffic 

and back propagating jam. A back propagating jam is an upstream movement of the slow traffic 

as the result of increased density downstream. It is characterized by a significant drop of speed. 

The back propagating jams are clearly seen in Figure 5.12. The velocity of the back propagating 

jam was estimated to be -16.5 ft/sec. This speed is close to a -15 ft/sec speed of backward 

congestion wave that has been observed in real life traffic flow (Helbing 2001). Vehicles moving 
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in the jams are characterized by the dark spots of Figure 5.12. These vehicles have low speeds 

compared to vehicles traveling upstream and downstream of the jam. Some of the vehicles are 

also in stop and go movement. This is evidenced by the zero slopes (change in position per unit 

time) in the moving jam areas. Soon as the vehicles passed the moving jam they started 

accelerating fast. This can be seen by the gentleness of the lines above the dark spots. 

Further study of the spatio-temporal variations of the vehicles necessitated the plot of 

variation of speeds with space and time as shown in Figure 5.13.  It is seen in Figure 5.13 that 

the speeds of the vehicles traveling in the jam are lower than traveling in synchronized traffic 

conditions. The ridges represent the vehicles moving in a traffic jam.  This is the indication of the 

capacity drop in the sharp transition from free-flow to congested flow. It should be noted that on-

ramps were located 7920 ft and 2640 ft from the beginning of the road.  As it is seen in Figure 

5.12 the on ramp traffic was also a source of interruption of traffic in the model. This is because 

some of the jams started to be formed from these areas. Another interesting observation is that 

when the back propagating jam reached the on-ramp position, its size was widened—this 

indicates that the number of the vehicles traveling in the traffic jam has increased as the result 

of the inflow traffic from the on-ramp. 
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Figure 5.14 Temporal Variations of Average Speed and Flow  

 

The effect of congestion was later studied by examining vehicle data collected at the 

virtual detection points. Figure 5.14 shows temporal variation of speed and traffic flow averaged 

per minute collected at the detector placed between the two on-ramps. Both synchronized and 

jammed traffic can be realized from this figure. When both the flow and speed were large, the 

traffic was in synchronized flow while when both speed and flow were low the traffic was in 
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congestion conditions.  In this context, the proposed model was able to show free flowing 

condition, synchronized traffic and jammed traffic. Of the matter of concerns is the synchronized 

traffic because it shows the stability of traffic especially near the capacity of the roadway. The 

presence of on ramp traffic produced interruptions in the flow and sometimes was the cause of 

jam or increase of size (widening) of the jam. 
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CHAPTER SIX 

SAFETY SIMULATION 

The results of the simulation of hypothetical traffic conflict and crashes in two-lane traffic 

flow model are presented and discussed in this chapter. It was assumed that there is a 

presence of ‘poor alert’ drivers in the model who react insufficiently in response to actions of the 

leading vehicles. Under these assumptions there is a possibility of some vehicles crashing to 

front vehicles. The front vehicle can be a vehicle in the mainline, a merging vehicle or a vehicle 

changing lane. 

5.1 Conflicts Evaluation 

Only hypothetical crashes were studied and presented in this work. The crash was likely 

to occur in the model when the subject vehicle was about to reach the position of the front 

vehicle should these two vehicles continued to move in their paths. Thus, if xj, and sj, are the 

position, and speed of the subject vehicle, j, respectively, and xl, sl, and ll are position, speed, 

and length of the leading vehicle, l, then a necessary condition for a crash to occur in the model 

was given by the following inequality: lltltjtjt lsxsx −+≥+ ++++ ,1,1,1,1 . Using the movement logic 

equation the inequality becomes ltjtjtjt asxa ,,,, +Δ−Δ≥  where aj and al are the acceleration of 

the subject and leading vehicle, respectively. Δx and Δs are the clearance gap and relative 

speed of the subject vehicle, respectively. For instance when thr vehicles is in closing situation 

(it speed is larger than that of leading vehicle), the crash is imminent only when the relative 

speed of the subject vehicle is greater than the available clearance distance between the two 

vehicles. Since only hypothetical crashes were studied in the model, whenever this condition 

was satisfied during simulation, the position of the vehicle was adjusted such that the position of 

the vehicle is set one cell behind the front vehicle. This condition was checked for all vehicles in 

every time step in order to ensure that there is no cell pointed to more than one vehicle. It 

should be noted that when two or more vehicles are pointed to one cell, there is a possibility of 

loosing at least a vehicle. 
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The amount of initial deceleration for each vehicle was modeled as the function of the 

TMTC. The investigation of vehicle conflicts in the model was as follows: 

i. The TMTC was computed for each individual vehicle whenever it was in a closing 

condition, 

ii. Whenever the TMTC was less than 10 sec, the deceleration of the vehicle was estimated, 

and  

iii. The average deceleration for each TMTC was computed.  

 

The simulation results showed a strong correlation between the average vehicle 

decelerations and the TMTC. Small TMTC occurred under high deceleration. Statistically a 

linear regression was used to model correlation between the two variables as follows: 

CTMTCAdec += )ln(   

where dec is the amount of vehicle deceleration, and A and C are constants. Figure 6.1 depicts 

the graphical relationship of the mean vehicle deceleration and the TMTC when 20% of the 

drivers are assumed to be poor alerted in responding to traffic conditions. Note that the data 

points are averages of 25 simulation replications. The relationship indicates that the higher 

decelerations correspond to lower TMTC values. This can be interpreted as follows: when 

vehicles are in danger of colliding, they have lower values of time-to-collision and they apply 

large decelerations in order to avoid imminent crash events. This relationship can be used as 

the justification to use deceleration as a proxy measure for safety in the traffic stream. 

y = -3.94Ln(x) + 13.869

R2 = 0.9677
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Figure 6.1 Average Deceleration against Time to Collision 
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From the fitted curve in Figure 6.1 it can be seen that a TMTC value of 2 sec 

corresponds to an approximate deceleration of 11 ft/s2. It should be pointed out that AASHTO 

(2004) use a deceleration rate of 11.2 ft/s2 as a standard design value for a comfortable rate of 

deceleration while some traffic conflict studies (e.g. Sayed and Zein) use 2 sec as the threshold 

for demarking serious conflicts from potential conflicts. Therefore, it is possible for the drivers 

who applied with greater deceleration to have done so in order to avoid a dangerous situation.  

Deceleration rates from simulation were further studied for each driver type. A 

comparison of the TMTC and average vehicle deceleration by driver type presented in the left 

side of Figure 6.2 showed that poor alerted drivers applied 20% greater decelerations than 

perfect alert drivers. This may be due to the fact that a typical poor alert driver in the model was 

slow to respond to the braking leading vehicle and then the brake application started late when 

the preferred headway decreased significantly below the preferred headway value. It should be 

noted that the vehicle’s preferred distance, pd, in the simulation was computed as the product of 

the vehicle’s initial speed, ui, and the preferred time headway, tp,i,—i.e., ipi tupd ,⋅= . By looking 

at average deceleration rates, poor alert drivers are the most likely to be involved in serious 

conflicts and crashes than perfect alert drivers. Note that the modeling allowed a driver with 

poor alert characteristics to be more active and invest more effort in deceleration when the 

driver applied maximum deceleration in the previous time step. This means that such a driver 

was aware of the dangerous condition in the traffic stream and hence his or her attention to the 

potential for a collision increased. Considering deceleration as the measure of traffic safety, the 

simulation results presented in Figure 6.2 show that poor alerted drivers are more likely to be 

involved in serious conflicts and crashes than perfect drivers. 

Since the modeling used different preferred headway values in the driver aggression 

spectrum, a comparison of deceleration and the TMTC was also extended to include driver 

aggression. The simulation results presented in Figure 6.3 show that cautious drivers were the 

least likely to apply deceleration rates compared to average and aggressive drivers. Risk-taking 

behavior introduced in the model can be one reason for this variation. This means that cautious 

drivers chose to drive at larger preferred time headways than normal drivers, and hence had 

sufficient time to react to any braking actions of the leading vehicle. The situation is different for 

aggressive drivers who preferred shorter headways than normal drivers and hence tended to 

brake very hard to avoid any imminent collision whenever the leading vehicle braked abruptly. 

When comparisons were made at the TMTC threshold of 2 sec, the simulation results showed 

that the average deceleration values of 9 ft/s2, 10 ft/s2, and 13 ft/s2 were applied by cautious, 

normal, and aggressive drivers, respectively. The reason why cautious drivers brake at the 



 102

lowest value compared to other driver types may be attributed to the fact that they tend to adjust 

their response to the time-to-collision by maintaining large preferred headways. Hence, they 

may have sufficient time to react gradually to the braking leading vehicle, which may result in 

lower deceleration rates during dangerous situations.  
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Figure 6.2 Average Deceleration against Time to Collision Differentiated by Driver 
Behavior. 
 

The average decelerations segmented by lane are presented in Figure 6.3. Comparison 

of the deceleration rates by lane did not show a statistical discernable difference. Drivers in both 

lanes applied approximately equal amount of decelerations when they need to avoid a conflict. 

However, by looking at individual data points, vehicles in lane two had lower deceleration rate 

when the TTC was less than 2 seconds compared than vehicles in lane 1. An explanation of the 

higher decelerations on lane 1 which is the outside lane can be for vehicles yielding to vehicles 

that have changed lane in order to exit. Vehicles that are changing lanes in the simulation were 

modeled to take even short gaps when performing mandatory lane changing. 

0

2

4

6

8

10

12

14

16

18

20

0 1 2 3 4 5 6 7 8 9 10
ttc(sec)

m
e

a
n

 d
e

ce
le

ra
tio

n
(f

p
s^

2
)

LANE 2

LANE1

Log. (LANE 2)

Log. (LANE1)

0

5

10

15

20

25

30

0 1 2 3 4 5 6 7 8 9 10

ttc(sec)

m
e

a
n

 d
e

c
e

le
ra

tio
n

(f
p

s
^2

)

PCAR

TRUCK

Log. (PCAR)

Log. (TRUCK)

Figure 6.3 Mean Deceleration against Time to Collision Segmented by Lane. 
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Finally, the mean speeds of all vehicles that were in collision course examined and 

plotted against their corresponding values. Figure 6.4 depicts the relationship between mean 

speed of vehicles and TTC. Also superimposed in the figure is the mean deceleration profile.  

The results presented in Figure 6.4 shows that low TTC value had low average speeds at the 

same time during these conditions the mean decelerations were very high. This means that 

majority of the vehicles that were in dangerous collision course were already traveling at lower 

speeds than under potential collision courses.  This may comform to reality because under 

normal driving situation where vehicles are moving at higher speeds they decelerate slowly in 

order to maintain the safe following headway. However, in dangerous situation when the leading 

vehicles brakes abruptly or come to a complete stop, the following vehicle applies large 

decelerations. However, Figure 6.4 is constructed based on the average of vehicles speeds—

which means some of the vehicles were traveling faster than the average speed.   

 

0

2

4

6

8

10

12

14

16

18

20

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9

TTC(s)

M
e
a
n

 d
e
c
e
le

ra
ti

o
n

 (
fp

s
^

2
)

0

10

20

30

40

50

60

70

S
p

e
e
d

 (
fp

s
)

deceleration

mean speed

Log. (mean speed)

Log. (deceleration)

 

Figure 6.4 Average Speed and Mean Deceleration against TTC 

 

Therefore, the relationship between speeds and deceleration rates were further plotted 

in order to understand the clear pattern if any. A scatter plot depicting this relationship speeds 

and deceleration is presented in Figure 6.5. Although the data are scatter across the whole 
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range of decelerations, more than 85 % of the vehicles had deceleration between 2 ft/s2 and 10 

ft/s2.   The results displayed in Figure 6.5 can be mirrored from Figure 6.2. Less aggressive 

driver (cautious driver) applied were traveling with lower desired speeds than very aggressive 

driver and they also showed lower deceleration speeds. 
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Figure 6.5 Average Speeds against Mean Decelerations Segmented by Driver Type 

 

The safety effect of ‘poor’ alert drivers in the traffic stream was seen when comparing a 

stream of traffic with all ‘poor’ alert drivers against the results presented in the above 

paragraphs. Poor alert driver in the simulation showed high decelerations when the TTC was 

lower than 2.5 s. However, when TTC was greater than 2.5 the ‘poor’ alert drivers applied lower 

average deceleration rates than a stream of traffic composed of 20 % of ‘poor’ alert drivers. On 

the other hand, traffic flow that composed of all alert drivers did not produce significant high 

levels of deceleration for low TTC movements. Drivers who are inattentive or have poor alert 
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characteristics applied large decelerations when they were moving in close proximity to lead 

vehicles. This may be because they did not have sufficient time to decelerate smoothly to avoid 

colliding with the decelerating leading vehicles. This can be an explanation as to why ‘poor’ alert 

drivers in the model had high decelerations in low TTC values. In large TTC values, where the 

collision to the rear of the front vehicle is unlikely to occur these vehicles delayed to take full 

deceleration and hence can adjust the level of deceleration in the subsequent time steps. Note 

that, the modeling increases the responsiveness of ‘poor’ alert drivers in the subsequent 

decelerations assuming that they have already perceive the imminent danger and hence alerted 

to that particular dangerous move. Poor alert drivers also had operational effect since the traffic 

simulation that composed of all ‘poor’ alert drivers had lower the maximum flow of traffic 

(capacity) than the one presented in Chapter 5. 

Table 6.1 Effect of ‘Poor’ Alert Drivers in the Traffic Stream 

 Deceleration (ft/s2) 

TTC (s) 0% Alert drivers 50% Alert drivers 100% Alert drivers 

0.5 9.98 17.32 20.70 
1.0 9.92 12.32 14.64 
1.5 9.89 11.82 12.17 
2.0 9.29 10.61 11.17 
2.5 9.85 11.12 10.93 
3.0 9.69 10.04   9.71 
3.5 9.20   9.56   9.01 
4.0 8.59   8.78   8.63 
4.5 8.27   8.49   8.29 
5.0 7.37   7.63   7.33 
5.5 6.97   7.32   7.19 
6.0 6.49   6.68   6.57 
6.5 6.23   6.56   6.22 
7.0 5.71   6.01   5.83 
7.5 5.46   5.72   5.48 
8.0 5.25   5.35   5.17 
8.5 4.97   5.22   4.95 
9.0 4.68   4.84   4.67 

 

6.2 Modeling Likelihood of Crashes from Simulation 

The likelihood of crashes was later assessed using deceleration rates rather than time-

to-collision because the two parameters have been shown to be correlated, and the former can 

give some insight into the severity of the resulting crash.  The probability that a certain driving 

event has caused a driver to apply a definite amount of deceleration rate can be obtained from 

the distribution of decelerations. Considering the distribution function F(x) of vehicle 
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decelerations until the nth Poisson event given a Poisson distribution with a rate of change λ, it 

can mathematically be shown that 
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where )(⋅Γ is the gamma function for all 0≥x . Here the nth Poisson event is the occurrence of a 

certain large deceleration, which can indicate a vehicle maneuvering to escape an imminent 

dangerous situation.  Upon differentiating F(x), the corresponding density function f(x) of 

deceleration until the nth Poisson event is obtained as follows: 
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By letting n=α and λβ /1= , the density function becomes 
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which is a two-parameter Gamma distribution. 

Thus, the deceleration rates obtained from simulation were then fitted to the gamma 

distribution.  A gamma distribution with shape and scale parameters of 2.4 and 2.6 respectively 

was fit to the frequency distribution of simulated deceleration rates by comparing the fitted 

values.  Note that based on the shape of the frequency distribution, lognormal and Weibull 

distributions were also tried, but they did not fit the data.  Figure 6.6 displays the fitted 

deceleration density on top of the histogram of the simulated deceleration rates.  From Figure 

6.6 it is seen that the Gamma distribution didn’t accurately fit the data in low decelerations. 

Using the fitted distribution, the expected deceleration (the mean) was equal to 2.4 ft/s2 which is 

the shape parameter and the standard deviation was 1.5 ft/s2.  

From the two distribution plotted in Figure 6.6, it is difficult to discriminate any difference 

between the simulated and expected frequencies. Therefore, a Chi-square test was later 

invoked to test statistically the closeness of the deceleration rates obtained from simulation 

come to the ones expected to be obtained from the Gamma distribution under the null 
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hypothesis that the two distributions are the same.  The test statistic χ2 was computed as: 

∑= )E/ )E - (S( i

2

ii

2χ  where Si and Ei are the simulated and expected frequencies for bin i. 
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Figure 6.6 Frequency Distribution of Vehicle Decelerations. 

 

The Expected frequency was calculated from the cumulative distribution function (CDF), F, of as 

follows: )( lui xxFE −= where xu and xl are the upper and lower limits for class i. The Chi-

square test results are summarized in Table 6.2. The expected frequencies (Eis) are calculated 

from the empirical Gamma distribution. The Chi-square statistic was estimated to be 6.47 under 

the null hypothesis that simulated decelerations follow a two-parameter Gamma distribution with 

shape and scale parameters of 2.4 and 2.6, respectively. Since two parameters (scale and 

shape) were estimated from the simulated deceleration rates, the estimated Chi-square statistic 

was tested against the Chi-square distribution with 7-2-1 = 4 degrees of freedom. From the 

results presented in Table 6.2 it can be seen that the Gamma distribution with shape and scale 

parameters of 2.4 and 2.6 respectively adequately fit the distribution data because the 

Fitted curve 

Simulated data 
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corresponding p-value (with 4 degrees of freedom) was 0.13.  Using a p<0.05 rejection criteria 

there was a sufficient statistical evidence for failing to reject the hypothesis that the distribution 

of deceleration rates obtained from the model fits the two-parameter Gamma distribution 

 

Table 6.2  Chi-square test results for equality of distribution functions 

Deceleration (ft/s2) xi Oi Ei (Oi - Ei)
2/ Ei 

2 1 15 22 2.18 
4 3 56 47 1.62 
6 5 51 45 0.87 
8 7 30 33 0.31 

10 9 17 22 1.09 
12 11 14 13 0.02 
14 13 7 8 0.38 
16 15 3 4  
18 17 2 2  
20 19 1 1  
22 21 1 1  
24 23 1 0  
26 25 0 0  
28 27 0 0  
30 29 0 0  
32 31 0 0  
34 33 0 0  

Total  198 199 6.47 

 

The adequacy of fit of the simulated deceleration rates in Gamma distribution was 

further evaluated by using Kolmogorov-Smirnov (K-S) test. This test is an alternative to classical 

t-test which determines whether two probability distribution functions are identical based on a 

finite set of data. More importantly, K-S test is non-parametric and distribution free—i.e it 

doesn’t depend on the type of distribution being tested. This test is very sensitive to the 

differences in the estimated parameters of the empirical cumulative distributions functions near 

the center of distribution than at the tails. The test statistic, D is given by 

))(,
1

)((max

1 iiNi XF
N

i

N

i
XFD −

−
−= <<  where Xis are ordered data points and F is the theoretical 

cumulative distribution of the distribution being tested. The results of the test are presented in 

Table 6.3. The K-S test results showed that the maximum difference between the cumulative 

distributions, D, is: 0.0457 with a corresponding p-value of: 0.982. Therefore, it is apparent that 

the simulated decelerations and fitted decelerations have the same distribution function. 



 109

Table 6.3 Two-sample K-S test results for equality of distribution functions 

Smaller group D p-value Corrected 
Simulated: 0.0457 0.663  
Fitted: -0.0305 0.833  
Combined K-S 0.0457 0.986 0.982 

 
 

The goodness of fit was further evaluated by using q-q plot. A q-q plot is a plot of the 

quantiles (percentiles) of the first data set versus the quantiles of the second data set. It is 

similar to the probability plot. Figure 6.7 shows the q-q plot for simulated and fitted data. From 

the q-q plot shown in Figure 6.7 it can be seen that the two data have come from a common 

distribution although there are some small discrepancies as indicated by slight deviations from 

the theoretical line. 
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Figure 6.7 q-q plot for simulated and fitted data 

 

The implication of this result is that the probability of a vehicle to crash at the back of the 

front vehicle can be estimated from simulation based on the amount of large deceleration.  The 

question came to the amount of threshold that can be used in demarking serious conflicts 

(which can result in rear-end crashes) from potential conflicts.  Recent studies (e.g., Nakin 

1997) have shown that the average vehicle can reach a maximum deceleration of about 0.85g 

(g = 32.2 f/sec2).  At the upper end of the spectrum, studies showed that some small vehicles 

can have decelerations as high as 1.1g during an emergency situation.  Therefore, a 
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deceleration threshold of 0.6g (20 fps2) was assumed as the cut-off between near-crashes and 

serious conflicts and the probability of a near-crash in the model was estimated as 

)6.0Pr()Pr( gondeceleraticrashnear >==− . 

A variation in the likelihood of crashes (estimated by the probability of near-crashes) with 

traffic flow was assessed in the model by simulating the system using different arrival rates.  

The average traffic flow was estimated at the virtual detection point located near the middle of 

the road and conflict data were collected 500 ft upstream and downstream of the detection 

point.  The decelerations rates obtained from the simulation were fitted in the Gamma 

distribution and the Kolmogorov-Smirnov (K-S) test was used to test the hypothesis that the 

observed distributions came from the Gamma distribution as presented in the previous section.  

Table 6.4 summarizes the results of the simulation analysis of the amount of deceleration that 

was below 0.6g in different observation periods when the maximum difference between 

theoretical and simulated distribution had p-values of 0.85 and above.  The probability results 

are scaled per mile-minute of simulation.  The results presented in Table 6.4 shows that there 

are higher chances of a vehicle being involved in rear-end crash when the traffic is operating 

near the maximum flow. 

Table 6.4 Probability of Near-crash per Mile-Minute of Travel 

Avg. Flow (vph) Avg. Speed Density Pr(near-rash)/Mile/Min 

2200 40.19 53.97 0.000025 

2100 41.94 49.20 0.000349 

1920 43.97 43.98 0.000167 

1800 36.96 49.13 0.000120 

1620 29.93 63.02 0.000070 

1560 46.26 32.76 0.000057 

1500 32.56 38.05 0.000018 

1320 34.12 45.23 0.000002 

1200 39.54 43.85 0.000000 

  960 25.89 48.42 0.000000 

 

Closer examination of the traffic flow shows that the region with high probability of 

crashes is in the transition from free-flowing to congested traffic conditions where the traffic is 

synchronized. In this region the traffic flow is high but the average speed is fluctuating high and 

low. In real life situations, these crashes could typically be related to crashes occurring at the 
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onset of congestion and during congested peak traffic periods.  Simulation results further 

showed that rear-end crashes were unlikely during free-flowing conditions and very few were 

likely to occur in jammed traffic conditions. 
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CHAPTER SIX 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 General 

In this research a cellular based traffic flow model was used to simulate traffic flow 

model. The purpose of this research was to improve cell-based micro-simulations in order to 

identify safety indicators that can be used as proxies for conflict and crashes so that safety 

measures can be instituted at the early stages of facility designs using micro-simulation 

predictive methods. The research motivation was driven by the idea of developing micro-

simulation that can study safety of operation on highways.  After identifying limitation in the 

researches that applied Cellular Automata (CA) traffic flow model to study rear-end crashes, this 

work improved the model in order to account for driver behavioral variations in the simulation. 

Introduction of behavioral variations was necessary because previous safety researches 

revealed that factors related to driver errors are major contributing causes of traffic crashes.  To 

solve the underlying problem of this research, methodologies used in traffic conflict studies such 

as time-based proximal safety indicators were used. 

The proposed model is stochastic since random numbers were used to generated 

vehicle-driver attributes. Vehicles evolutions in the model are based on application of principles 

of rectilinear motions in longitudinal movements. Vehicles desires to change lane were 

implemented based on Gipps (1986).  Both time and space in the model are discretized. 

Simulation updates were performed in parallel.  The model is an extension of the previous CA 

model by incorporating relative speeds, inter-vehicle spacings, and field dependent driver 

variables in calculating vehicle accelerations.  In addition, the proposed model has different 

driver types differentiated by driver aggression and responsiveness in reacting to the leading 

vehicle actions.  The model also has two types of vehicles differentiated by lengths and 

acceleration capabilities.  It is assumed that vehicles are only affected by the action of the 

neighboring vehicles. Due to mechanical restrictions of the vehicle during motion, vehicles were 
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assumed to have large acceleration rates at low speeds and low acceleration rates at higher 

speeds. On the other hand, deceleration rates of the vehicle were maintained by assuming that 

vehicles decelerate differently in emergency and normal driving situations. The second 

kinematic equation was used to model the decelerations of vehicles under normal driving 

situation by assuming that the driver decelerate to maintain the preferred distance headway. 

The model was applied and tested in unidirectional two-lane traffic with on- and off-ramp. 

In the simulation both longitudinal and lateral movement of the vehicles were allowed. The 

model was developed and simulated in Visual C++ development.  The model was verified and 

calibrated using field traffic data. Data used for calibration were collected in California and 

maintained in the NGSIM database. Safety evaluations were finally investigated in the 

simulation by investigating time-based measures of safety indicators.  The crash was likely to 

occur in the model when the subject vehicle was about to reach the position of the leading 

vehicles should the two vehicles continued to move in their paths without any efforts to avoid 

collision. 

6.2 Conclusions 

Model evaluation was carried out by calibrating driving behavior using real life traffic 

data.  Calibration was done by adjusting driver parameters in the model while comparing vehicle 

speeds and spacings from the output of the simulation and field traffic data.  The calibrated 

model showed reasonable performance in replicating actual traffic flow.  A Theil’s inequality 

coefficient of 0.002 was obtained upon comparing simulated and actual spacing segmented by 

vehicle speeds. This proved that the model reproduced actual traffic behavior at a reasonable 

high level of fidelity. The Theil’s coefficient further showed that the systematic errors in the 

simulation were minimal and also the model had minimum unpredictability in replicating actual 

driver behavior. The robustness and capability of the model in measuring the within simulation 

and out-of-simulation goodness-of-fit was later assessed by MAPE statistic.  Based on statistical 

results, it can be surmised that the calibrated model was able to replicate the actual real world 

vehicle spacings as the MAPE statistic obtained was 9.9%. 

Correlations of average speed, flow, and density from the model reproduced basic 

features of the fundamental diagrams in conformity with data obtained from empirical studies 

(e.g., Hall et al. 1992).  Maximum flow observed in the simulation was about 2400 vphpln similar 

to what was observed in the field.  Correlation results further showed that the density at 

maximum flow is about 60 veh/mi/ln.  Moreover, the variations of speed and density, especially 

in the low density area, indicated a good degree of randomness of traffic behavior in the 
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proposed model. Further investigation of macroscopic characteristics showed that the 

simulation reproduced ‘synchronized’ traffic characteristics. 

Time-space trajectories of individual vehicles traced in the simulation showed that in low 

volume conditions the flow was almost free-flow where all vehicles were able to attain their 

maximum desired speeds. In high volumes flow both synchronized traffic and back propagating 

jam were observed. The speed of the back propagating jam was estimated to be -16.5 ft/sec. 

While the moving jam reached the position of the on-ramp, its size was found to increase 

significantly. 

The assessment safety results from the simulation model involved examining traffic 

safety indicators for all individual vehicles that were in collision path based on time-to-collision 

and deceleration rates.  The simulation results showed that the two parameters are correlated—

i.e., shorter time-to-collision was associated with a high deceleration rate.  The correlation 

function between these two variables was log-linear.  Driver behavior was found to contribute 

more to the probability of occurrence of serious conflicts and near-crashes.  A gamma 

distribution was fitted to the deceleration rate in order to determine the probability of near-crash 

events.  This means that if one can track the individual vehicle decelerations in the simulation, it 

is possible to estimate and evaluate the safety performance based on the threshold that can 

demark a serious conflict from potential conflicts.  A deceleration threshold of 0.6g (20 ft/s2) was 

used to differentiate a very serious conflict—one that is likely to result into a crash—to potential 

conflict.  Simulation results further showed that the likelihood of vehicles to be involved in 

crashes is highest when the flow is close to the maximum. 

Although the safety evaluation results obtained from this model are preliminary as they 

are not accurately validated, the proposed methodology can be a valuable tool in analyzing the 

safety of roadways during simulation. This can be done by collecting and relating proximal 

safety indicators and traffic operational variables. Time-measured safety indicators, traffic 

volume, speeds, driver types, and roadway type can all used as the determinants of the general 

safety of the traffic system during simulation. Through a closer investigation of these variables 

from simulation results it can be possible to evaluate the degree of operational and safety 

problems when designing a system rather than waiting until a traffic system implemented as it is 

traditionally practiced in traffic engineering field.  

6.3 Future Work  

Despite promising results obtained in this study, there are a number of pointers that 

warrant further study. The proposed model has several limitations that were not answered at 
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this time of study. Thus, further research is needed to ascertain the effect of other variables on 

traffic flow simulation should the safety simulation be used during planning and designing of 

transportation systems. 

First, only hypothetical crashes were studied and any momentum and energy changes of 

colliding vehicles were thus ignored.  Principles of physics show that when two vehicles collide, 

momentum and energy are passed from one to another.  Incorporation of the momentum 

changes for vehicles that are likely to crash in the model deserves further investigation.  In 

addition, effects of crashed vehicles on traffic streams were ignored. For instance, in real life 

situations, it is possible for wrecked vehicles to block the travel lane and create long queues 

which eventually disrupt the normal flow of traffic. 

 Second, the modeling assumed driver’s reactivity to traffic condition is only affected by 

inter-vehicle spacings and relative speeds between pairs of vehicles.  In reality, there are many 

factors that affect driver reaction besides ones used in this model. Thus, future work pertaining 

to this study is the introduction of more appropriate levels of driver behavioral and performance 

variations.  This will be achieved by modeling vehicle and driver units as independent agents on 

the road with different behavioral characteristics.  In addition, smaller time-steps (fractions of a 

second) will be used to increase the authenticity of driver reactivity to traffic states on the road. 

It should be noted that the minimum reaction time of drivers is 0.5 seconds; therefore inclusion 

of smaller time-step will enhance incorporation of driver reaction time in the model. Although this 

modification will make the underlying model continuous in time but there will be significant gains 

in terms of driver’s reactivity especially when decelerating in order to avoid a dangerous 

situation in the simulation. 

Third, safety results presented were not calibrated with field data. In order to verify 

safety results detailed data enriched with time-measured safety indicators are required in 

relation to the studied section. These data can be collected by video taping the movements of 

traffic on similar freeways and analyzing and later comparing conflict movements with simulation 

results. Alternatively, actual (historical) crash data collected on a simulated section of a highway 

can be compared to the safety results obtained from simulation. 

Lastly, the model presented in this work has geometric limitations which need further 

investigations. For instance the model does not have acceleration, deceleration lanes, 

curvatures, grades, etc. The absence of these geometric variables in the model could 

underscore its efficiency in replicating real world traffic operation.  These geometrics need to be 

incorporated in the model should the safety simulation applied as early as in planning and 

design stages of traffic engineering projects. 
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APPENDIX A:  MEMBER FUNCTION DEFINITIONS FOR CAR CLASS 
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Car::Car() 
// Constructor for the Car object. 
// The main use of this constructor is to initialize the different parameters 
// of the Car object. 
 
{ 
 double randomValue;   
 int i;      
 randomValue= UniformRandomVariate(); 
 if(randomValue <= PCAR) 
 { 
  length=CAR_LENGTH; 
  type=CAR; 
  acceleration1 = PC_ACCELERATION1; 
  acceleration2 = PC_ACCELERATION2; 
  minimum_spacing = MIN_SEPARATION; 
 } 
 else  
 { 
  length=TRUCK_LENGTH; 
  type=TRUCK; 
  acceleration1 = TK_ACCELERATION1; 
  acceleration2 = TK_ACCELERATION2; 
  minimum_spacing = MIN_SEPARATION; 
 } 
 acceptable_gap = 50; //default acceptable gap 
 preferred_headway = 1; //default preferred time headway 
 randomValue= UniformRandomVariate(); 
 if (randomValue<=0.004) 
  desired_speed = 58; 
 else if (randomValue <= 0.020) 
  desired_speed = 60; 
 else if (randomValue <= 0.040) 
  desired_speed = 63; 
 else if (randomValue <= 0.052) 
  desired_speed = 65; 
 else if (randomValue <= 0.056) 
  desired_speed = 66; 
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 else if (randomValue <= 0.06) 
  desired_speed = 67; 
 else if (randomValue <= 0.214) 
  desired_speed = 68; 
 else if (randomValue <= 0.226) 
  desired_speed = 70; 
 else if (randomValue <= 0.274) 
  desired_speed = 71; 
 else if (randomValue <= 0.310) 
  desired_speed = 72; 
 else if (randomValue <= 0.327) 
  desired_speed = 73; 
 else if (randomValue <= 0.722) 
  desired_speed = 74; 
 else if (randomValue <= 0.758) 
  desired_speed = 76; 
 else if (randomValue <= 0.794) 
  desired_speed = 77; 
 else if (randomValue <= 0.851) 
  desired_speed = 78; 
 else if (randomValue <= 0.863) 
  desired_speed = 79; 
 else if (randomValue <= 0.867) 
  desired_speed = 81; 
 else if (randomValue <= 0.968) 
  desired_speed = 82; 
 else 
  desired_speed = 91; 
 if (randomValue < PROP_ALERT_DRIVER) 
  alertness = GOOD;  
 else 
  alertness = POOR;  
 if (desired_speed < 68) 
  aggressiveness= PASSIVE;  
 else if (desired_speed < 80) 
  aggressiveness = NORMAL;  
 else 
  aggressiveness = AGGRESSIVE;  
 desired_speed = (int)((desired_speed/FEET_PER_CELL)+0.5); 
 desired_speed_new = desired_speed; 
 if (aggressiveness == PASSIVE)  
 { 
  acceptable_gap = 3;   
  preferred_headway = 2.5;   
 } 
 else if (aggressiveness == NORMAL)  
 { 
  acceptable_gap = 2;   
  preferred_headway = 1.5;   
 } 
 else  
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 { 
  acceptable_gap = 0.8;   
  preferred_headway = 0.8;   
 } 
 brake=OFF; 
 changeLane = false; 
 changeLaneType = NONE; 
 yield = false; 
 merged = false; 
 changedDestination = false; 
 possible_crash = false; 
 initial_speed=(int)((INSERT_SPEED*1.47/FEET_PER_CELL)+0.5); 
 acceleration = 2; 
 final_speed= initial_speed; 
 avg_speed= final_speed; 
 prev_avgSpeed = avg_speed;       
 speed=avg_speed; 
 brakeAhead = OFF; 
 avoidedCrashing = false; 
 crashed = false; 
 
 for(i=0;i<NUMBER_OF_DETECTORS;i++) 
  detected[i]=FALSE; 
 lane_id_changed=FALSE; 
 lane_id=-1; 
 leadVehicle = NONE; 
 followVehicle= NONE; 
 forced_lane_change = FALSE; 
 lane_change_needed = FALSE; 
 yield=FALSE; 
}
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APPENDIX B:  MEMBER FUNCTION DEFINITIONS FOR ROADWAY CLASS 
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Roadway::Roadway(int &sm) // constructor for the class Roadway 
 
/* 
   This constructor initializes the number of vehicles that are there 
   on the road and the default road length. It also RESETS the variables that 
   are used at the DETECTORS. 
*/ 
{ 
 number_of_vehicles=0; 
 cells=80; 
 run = sm; 
 interval = 0; 
 tracked_vehicle_lane1 = NONE; 
 tracked_vehicle_lane2 = NONE; 
 conflicts = 0; 
 entrace_rate_lane1 = 10; 
 entrace_rate_lane2 = 10; 
 exit1_rate = 300; 
 exit2_rate = 500; 
 destinationCount=0; 
 for(int j=0;j<NUMBER_OF_DETECTORS;j++) 
 { 
   
  numberOfVehiclesLane1[j]=0; 
  numberOfVehiclesLane2[j]=0; 
  number_of_crashes_lane1[j]=0; 
  number_of_crashes_lane2[j]=0; 
  detector_count[j]=0; 
  detector_count_lane1[j]=0; 
  detector_count_lane2[j]=0; 
  sum_of_speeds[j]=0; 
  sum_of_speeds_lane1[j]=0; 
  sum_of_speeds_lane2[j]=0; 
  sum_of_spaceHeadway[j] = 0; 
  sum_of_spaceHeadway_lane1[j] = 0; 
  sum_of_spaceHeadway_lane2[j] = 0; 
  sum_of_inverse_speeds[j]=0; 
  sum_of_inverse_speeds_lane1[j]=0; 
  sum_of_inverse_speeds_lane2[j]=0; 
  flow[j]=0; 
  flow_lane1[j]=0; 
  flow_lane2[j]=0; 
  avg_speed[j]=0; 
  avg_speed_lane1[j]=0; 
  avg_speed_lane2[j]=0; 
  avg_density[j]=0; 
  avg_density_lane1[j]=0; 
  avg_density_lane2[j]=0; 
  std_deviation[j]=0; 
  std_deviation_lane1[j]=0; 
  std_deviation_lane2[j]=0; 
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  exit_speed = RAMP_SPEED; 
 } 
 sdMatrix0,sdMatrix1,sdMatrix2. 
  
 if (LANEWISE_DETECTOR==OFF) 
 { 
  for(int i=0;i<=100;i=i+5) 
   for(int j=0;j<=DMAX;j=j+20) 
   { 
    speedDensityMatrix0[i][j]=0; 
    speedDensityMatrix1[i][j]=0; 
    speedDensityMatrix2[i][j]=0; 
   } 
 } 
 else 
 { 
   
   
  for(int i=0;i<=100;i=i+5) 
   for(int j=0;j<=DMAX;j=j+5) 
   { 
     
    speedDensityMatrix0_lane1[i][j]=0; 
    speedDensityMatrix0_lane2[i][j]=0; 
   
    speedDensityMatrix1_lane1[i][j]=0; 
    speedDensityMatrix1_lane2[i][j]=0; 
   
    speedDensityMatrix2_lane1[i][j]=0; 
    speedDensityMatrix2_lane2[i][j]=0; 
     
     
   } 
    
 } 
 if (sm == 1) 
 { 
  for (int m=0; m<=270; m=m+10) 
  { 
   if (m == 270) 
    m = 264;  
   densityMatrix[m] = 0; 
   densityMatrix_crash[m] = 0; 
  } 
   
  for ( m=0; m<=150; m=m+5) 
  { 
   speedMatrix[m] = 0; 
   speedMatrix_crash[m]= 0; 
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  } 
  for ( m=0; m<=100; m=m+2) 
  { 
   relSpeedMatrix[m] = 0; 
   relSpeedMatrix_crash[m] = 0; 
 
  } 
 
 } 
 crash_count_lane10 = 0; 
 crash_count_lane20 = 0; 
 crash_count_lane11 = 0; 
 crash_count_lane21 = 0; 
 crash_count_lane12 = 0; 
 crash_count_lane22 = 0; 
 numberOfCrashes = 0;  
 numberOfSeriousConflicts =0; 
 numberOfConflicts = 0, 
 numberOfVehicles=0; 
 count_conflict = 0;   
}
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APPENDIX C:  ABSTRACT DATA DEFINITIONS 
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/*****************************************************************************/ 
//Declaration of the roadway and car classes. 
//prevent multiple inclusions of header files 
#ifndef ROADWAY_H 
#define ROADWAY_H 
const char BEEP = '\a';    
/*****************************************************************************/ 
//LOGICAL VALUES 
#define TRUE 1 
#define FALSE 0 
//LANE CHANGE DETAILS 
#define LANE_CHANGE TRUE   
//DISPLAY 
#define DETAILS FALSE   
// AVERAGE SPEED 
#define ALPHA 0.5 
// NOISE PROBABILITIES 
#define PNOISE 0.1        
#define CNOISE 0.5        
// LANE DETAILS 
#define NUMBER_OF_LANES 2   
#define LANE2 0      
#define LANE1 1     
#define LANE_USAGE 0.5    
// ROAD DETAILS 
#define ROAD_LENGTH 5280   
#define FEET_PER_CELL 2    
#define MIN_GAP 1    
#define EMPTY -1     
#define NONE -1      
#define DM 200 
#define VM 101 
#define VMAX (50*1.47/FEET_PER_CELL)   
#define V_EXIT (5*1.47/FEET_PER_CELL)   
#define RAMP_SPEED (30*1.47/FEET_PER_CELL)  
// VEHICLE DETAILS 
#define MAX_VEHICLES 40000      
#define INSERT_SPEED 40    
#define DMAX 260     
// VEHICLE TYPES 
#define CAR 1      
#define TRUCK 2      
#define LARGE_TRUCK 3    
// VEHICLE LENGTHS 
#define CAR_LENGTH 6    
#define TRUCK_LENGTH 15    
#define LARGE_TRUCK_LENGTH 7  
#define PCAR 0.9      
#define PMIDTRUCK 0.75     
#define PROP_ALERT_DRIVER 0.8  
#define POOR  0 
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#define GOOD  1  
#define DELAY 0.5  
#define OVER_REACT 0.0  
//LEVELS OF AGGRESSIVENESS 
#define PASSIVE  0 
#define NORMAL   1 
#define AGGRESSIVE  2 
#define PROB_PC 0.2    
#define PROB_PM 0.4  
#define PROB_PA 0.5  
#define PROB_GC 0.7 
#define PROB_GM 0.8  
#define PROB_GA 1.0   
// BRAKE LIGHTS ON/OFF 
#define ON 1         
#define OFF 0         
// TIME DETAILS 
#define NUMBER_OF_ITERATIONS (ENDDATACOLLECTION+10)    
#define TIME_PER_ITR 1      
#define TIME_STEP 60       
#define STARTDATACOLLECTION 901     
#define ENDDATACOLLECTION  7200    
#define NUMBER_OF_SIMULATION 1    
// EXIT DETAILS 
#define DISTANCE_TO_EXIT 500     
#define EXIT1 (int)(0.25*ROAD_LENGTH)   
#define EXIT2 (int)(0.75*ROAD_LENGTH)   
#define EXIT1_IN (EXIT1-100)     
#define EXIT1_OUT (EXIT1+100)    
#define EXIT2_IN (EXIT2-100)     
#define EXIT2_OUT (EXIT2+100)     
#define END ROAD_LENGTH        
#define STARTLANE1 0       
#define STARTLANE2 1       
#define START 0         
// DETECTOR DETAILS 
#define DETECTOR0 (int) (ROAD_LENGTH/8)   
#define DETECTOR1 (int) (ROAD_LENGTH/2)   
#define DETECTOR2 (int) (7*ROAD_LENGTH/8)  
#define NUMBER_OF_DETECTORS 3     
#define LANEWISE_DETECTOR ON     
#define COLLECT_DETECTOR_DATA TRUE    
// MANDATORY LANE CHANGE DETAILS 
#define MINDISTANCE 1000   
#define QUART_MIN_DISTANCE 500   
// INSERT RATES 
#define START_LANE1_RATE 10  
#define START_LANE2_RATE 10   
#define EXIT1_RATE 45    
#define EXIT2_RATE 45    
//PROPORTION OF EXITING VEHICLES 
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#define START_EXIT1 0.005   
#define START_EXIT2 0.005   
#define EXIT1_EXIT2 0.010  
// ACCELERATION/DECELERATION PARAMETERS. 
#define PC_ACCELERATION1 4   
#define TK_ACCELERATION1 3  
#define PC_ACCELERATION2 3   
#define TK_ACCELERATION2 2   
#define DECELERATION -8       
#define E_DECELERATION_CAR -16   
#define E_DECELERATION_TRUCK -12   
// NORMAL DECELERATION RATES 
#define NORMALDECELERATION1 -4  
#define NORMALDECELERATION2 -6  
#define NORMALDECELERATION3 -8  
// MAXIMUM DECELERATION RATES 
#define MAXDECELERATION1 -5   
#define MAXDECELERATION2 -4   
#define MAXDECELERATION3 -4   
// SPACE HEADWAY  
#define MIN_SEPARATION 5      
#define PP_SPACE    5   
#define PT_SPACE       15   
#define TP_SPACE       7   
#define TT_SPACE       10   
#define FREE_FLOW_GAP  150      
//COLLISION PARAMETERS 
#define TTC_THRESHOLD 5   
#define COLLECT_SAFETY_DATA TRUE  
#define DISTANCE_TO_DETECTOR 500  
#define ANALYSIS_LENGTH 250   
 
/*****************************************************************************/ 
//Car abstract data type definition 
 
 
class Car 
{ 
public: 
 Car();         
 double UniformRandomVariate();    
 double NormalDistributedSpeed(int m, int s) ; 
 ~Car();          
 int lane,         
  original_lane,      
  gap,         
  acceptable_gap,       
  effective_gap,       
  head,         
  old_head_position,      
  length,          
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  type,           
  speed,         
  initial_speed,       
  final_speed,       
  avg_speed,        
  relative_speed,       
  acceleration,       
  alertnessAcc,       
  acceleration1,       
  acceleration2,       
 
  desired_speed,       
  desired_speed_new,      
  driver_type,          
  destination,       
  old_destination,      
  brake,         
  brakeAhead,        
  prevAcc,        
  car_id,         
  start_itr,        
  end_itr,         
  detected[NUMBER_OF_DETECTORS],   
  lane_id,        
  lane_id_changed,      
  lane_change_needed,      
  forced_lane_change,      
  changeLaneType,       
  spacing,        
  new_spacing,       
  minimum_spacing,      
  considered,       . 
  forcedWait, 
  frontVehicle, backVehicle,    
  leadVehicle, followVehicle,    
  insert,         
  alertness,        
  aggressiveness;       
 bool brakeQuick,       
   willExit,        
   changeLane,       
   yield,         
   merged,        
   changedDestination,     
   brake_harder,       
   possible_crash,        
   avoidedCrashing,      
   crashed;        
 
 double preferred_headway,    
    avgSpeed,        
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    prev_avgSpeed;      
};  
 
/*****************************************************************************/ 
//Roadway abstract data type definition 
 
class Roadway 
{ 
public: 
 Roadway();           
 ~Roadway();           
 Roadway(int &);          
 double UniformRandomVariate();      
 void getCells();         
 void initializeRoad();        
 void printOutput();         
 void generateTraffic();        
 int insertVehicle(int,int);          
 void Insert(int);         
 int UpdatePosition(int);       
 int UpdatePosition1(int);       
 void moveVehicles(int);        
 void LaneChangeKinematic(int itr);     
 void findGap();          
 void findEffectiveGap();       
 void RelativeSpeed();        
 void findSpeed(int);         
 void findAcceleration(int);       
 int normalAcceleration(int);      
 void Acceleration(int);        
 int NormalDeceleration(int);      
// int MaxDeceleration(int);       
// int findDeceleration(int);       
 int findEDeceleration(int);       
 void simulate(int);         
 int minimum(int a, int b, int c);                
 int minimum(int a, int b);       
 int maximum(int a, int b);       
 void details();          
 void calculateAvgSpeed(int, int);     
 void writeToFile(int, int);        
 void detectorLanewise(int);       
 void timeSpace(int);        
 void findMatrix(float,float,int,int);    
 void writeMatrix();         
 void freeMemory();        
 void initializememory();       
 void destroyVehicle();       
// void Position();        
 void ClearCell(int, int, int);      
 double PreferredGap(int);       
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 void LaneChange(int);        
 void MinimumSpacing ();             
 void LeaderAndFollower();       
 void individualConflictData(int itr, int v);  
 void individualConflictData();      
 void correctConflictEvent(int , int, int, int);  
 void correctACrash(int g, int j);     
 void safetyIndicators(int itr);       
 void densityFrequency(int j, int d);    
 void speedFrequency(int j, int s);     
 void Frequency(int s, double d, int rs);   
 void writeFrequency();        
 void FrequencyOfCrashes(int s, int rs, double d);      
 void writeFrequencyOfCrashes();      
 int BackOfExitVehicle(int exit);     
 void YieldToExiting(int, int);      
 int ExitSpeed(int);         
 void InjectRate(int);       
 Car *vehicles[MAX_VEHICLES];      
private: 
 
 float vehicles_per_sec,         
    sec_per_vehicle,          
    flow[NUMBER_OF_DETECTORS],       
    flow_lane1[NUMBER_OF_DETECTORS],      
    flow_lane2[NUMBER_OF_DETECTORS],      
    avg_speed[NUMBER_OF_DETECTORS],      
    avg_speed_lane1[NUMBER_OF_DETECTORS],    
    avg_speed_lane2[NUMBER_OF_DETECTORS],    
    harmonic_speed[NUMBER_OF_DETECTORS],     
    harmonic_speed_lane1[NUMBER_OF_DETECTORS],   
    harmonic_speed_lane2[NUMBER_OF_DETECTORS],   
    avg_density[NUMBER_OF_DETECTORS],     
    avg_spaceHeadway[NUMBER_OF_DETECTORS],    
    avg_spaceHeadway_lane1[NUMBER_OF_DETECTORS],   
    avg_spaceHeadway_lane2[NUMBER_OF_DETECTORS],   
    avg_density_lane1[NUMBER_OF_DETECTORS],    
    avg_density_lane2[NUMBER_OF_DETECTORS],    
    sum_of_inverse_speeds[NUMBER_OF_DETECTORS],   
    sum_of_inverse_speeds_lane1[NUMBER_OF_DETECTORS],  
    sum_of_inverse_speeds_lane2[NUMBER_OF_DETECTORS],  
    std_deviation[NUMBER_OF_DETECTORS],     
    std_deviation_lane1[NUMBER_OF_DETECTORS],   
    std_deviation_lane2[NUMBER_OF_DETECTORS];   
    
 int number_of_vehicles,         
  vehicles_per_hour,         
  itr_per_vehicle,         
  count,            
  conflicts,           
  tracked_vehicle_lane1,         
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  tracked_vehicle_lane2,         
  old_count,           
  count_conflict,          
  lane1id,           
  lane2id,           
  cells,            
  destinationCount,         
  endOfRoad,          
  exit_speed,           
  insert_speed1,          
  insert_Speed2,          
  entrace_rate_lane1,          
  entrace_rate_lane2,         
  exit1_rate,           
  exit2_rate,          
  run,            
  interval,          
   
  crash_count_lane10, 
  crash_count_lane20, 
  crash_count_lane11, 
  crash_count_lane21, 
  crash_count_lane12, 
  crash_count_lane22, 
   
  //crash parameters 
  numberOfCrashes,  
  numberOfSeriousConflicts, 
  numberOfConflicts, 
  numberOfVehicles, 
   
  numberOfVehiclesLane1[NUMBER_OF_DETECTORS], 
  numberOfVehiclesLane2[NUMBER_OF_DETECTORS], 
  number_of_crashes_lane1[NUMBER_OF_DETECTORS],    
  number_of_crashes_lane2[NUMBER_OF_DETECTORS],    
  sum_of_speeds[NUMBER_OF_DETECTORS],     
  sum_of_speeds_lane1[NUMBER_OF_DETECTORS],   
  sum_of_speeds_lane2[NUMBER_OF_DETECTORS],   
  detector_count[NUMBER_OF_DETECTORS],    
  detector_count_lane1[NUMBER_OF_DETECTORS],   
  detector_count_lane2[NUMBER_OF_DETECTORS],   
  sum_of_spaceHeadway[NUMBER_OF_DETECTORS],   
  sum_of_spaceHeadway_lane1[NUMBER_OF_DETECTORS],  
  sum_of_spaceHeadway_lane2[NUMBER_OF_DETECTORS],  
  distanceToRamp,          
  individual_speed[NUMBER_OF_DETECTORS][1000],  
  individual_speed_lane1[NUMBER_OF_DETECTORS][1000], 
  individual_speed_lane2[NUMBER_OF_DETECTORS][1000], 
  speedDensityMatrix0[VM+1][DM+1],     
  speedDensityMatrix1[VM+1][DM+1],     
  speedDensityMatrix2[VM+1][DM+1],     
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  speedDensityMatrix0_lane1[VM+1][DM+1],   
  speedDensityMatrix0_lane2[VM+1][DM+1],   
  speedDensityMatrix1_lane1[VM+1][DM+1],   
  speedDensityMatrix1_lane2[VM+1][DM+1],   
  speedDensityMatrix2_lane1[VM+1][DM+1],   
  speedDensityMatrix2_lane2[VM+1][DM+1],   
  road[NUMBER_OF_LANES][ROAD_LENGTH+10];    
 float speedMatrix[150],        
   relSpeedMatrix[150],       
   densityMatrix[270],       
   speedMatrix_crash[150],      
   densityMatrix_crash[270],      
   relSpeedMatrix_crash[150];      
 
}; 
/*****************************************************************************/ 
#endif 
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APPENDIX D:  DRIVE PROGRAM 
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/*****************************************************************************/ 
//include files 
 
#include<iostream> 
#include<iomanip> 
#include<fstream> 
#include<string.h> 
#include<ctype.h> 
#include<time.h> 
#include<math.h> 
#include <direct.h> 
#include <stdio.h> 
#include "roadway.h" 
#include "cwindow.h" 
/*****************************************************************************/ 
using namespace std; 
 
const int MAXFILELEN = 80; 
 
void AppendFile(char* filename0, char* filename1, char* filename2, char* filename3) 
{ 
 ifstream file0, file1, file2; 
    ofstream file3; 
    char ch; 
 
 file0.open(filename0); 
 
    if (!file0) 
    { 
  cout << "Error opening file: " << filename0 << endl; 
  exit(EXIT_FAILURE); 
    } 
 
 
    file1.open(filename1); 
 
    if (!file1) 
    { 
        cout << "Error opening file: " << filename1 << endl; 
        exit(EXIT_FAILURE); 
    } 
 
    file2.open(filename2); 
 
    if (!file2) 
    { 
        cout << "Error opening file: " << filename2 << endl; 
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        exit(EXIT_FAILURE); 
    } 
 
    file3.open(filename3); 
 
 while (file0.get(ch)) // copies all characters (including newline chars) 
       file3.put(ch); 
 
    while (file1.get(ch)) // copies all characters (including newline chars) 
       file3.put(ch); 
 
    while (file2.get(ch)) // copies all characters (including newline chars) 
         file3.put(ch); 
  
 file0.close(); 
 file1.close(); 
    file2.close(); 
    file3.close(); 
 
}// end appendFile() 
 
void RemoveFiles() 
//this function removes files from the project folder 
{ 
 remove( "timeSpace2.txt" ); 
 remove( "timeSpace1.txt" ); 
 remove( "speedDensityFrequency.txt"); 
 remove( "FrequencyOfCrashes.txt"); 
 remove( "deceleration_TC.txt"); 
 remove( "safety-indicator.txt"); 
} 
void CombineDetectorData() 
//this combines 3 detector files into a single file 
{ 
 remove( "detectorAll.txt" ); 
    char filename0[MAXFILELEN], filename1[MAXFILELEN], filename2[MAXFILELEN], 
filename3[MAXFILELEN]; 
  
 // Assigns the file names 
 strcpy(filename0,"detector0Data.txt"); 
 strcpy(filename1,"detector1Data.txt"); 
 strcpy(filename2,"detector2Data.txt"); 
 strcpy(filename3,"detectorAllData.txt"); 
     // perform append operation 
     AppendFile(filename0, filename1, filename2, filename3); 
} 
/*****************************************************************************/ 
//MAIN PROGRAM 
int main() 
{ 
 int i = 1; 



 136

// cout <<" how many runs to be carried out?"<<endl; 
// cin >>n; 
 int sim = 1; // initialize run number 
// int terminate = NUMBER_OF_SIMULATION; // terminate simulation 
  
  
  
 //mkdir("C:\Test"); 
 RemoveFiles(); //remove the text files 
  
  
 //introductory message 
 cout<<"\t\t***************************************************\n"; 
 cout<<"\t\t*WELCOME TO THE CELLULAR AUTOMATA MICRO-SIMULATION*\n"; 
 cout<<"\t\t***************************************************\n"; 
 do 
 { 
  Roadway r(sim);  // object of class Roadway 
  
  //randomize the random number generator using current time 
  srand(time(NULL)); 
 
  //ask user for number of cells on the road 
  r.getCells(); 
 
  
 
  //simulate traffic movement on the road 
  r.simulate(1); 
  sim++; //increase the run number 
  i++; 
   
 } 
  while (i<=NUMBER_OF_SIMULATION); 
  
  CombineDetectorData(); 
 //termination message 
 cout<<"\n\n\n"; 
 cout<<"\t\t***************************************************\n"; 
 cout<<"\t\t*                    THANK YOU!!                  *\n"; 
 cout<<"\t\t***************************************************\n"; 
 return 0; 
} 
//END of MAIN 
/*****************************************************************************/ 
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APPENDIX E:  SAMPLE OUTPUT OF TRIAL AND ERROR PROCESS DURING 

CALIBRATION 
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SIMULATED SPACING   

SPEED S1 S2 S3 s4 s5 s6 s5 s6 s7 s8 s9 s10 Actual 

0 42.37 49.56 43.66 18.31 30.00 22.17 49.50 40.05 18.31 30.00 22.17 39.00 67.92
2 46.12 44.75 31.56 52.00 37.80 20.29 41.20 44.00 52.00 37.80 20.29 41.40 53.18
4 36.99 53.40 46.00 40.20 37.20 20.00 43.30 31.50 40.20 37.20 20.00 48.60 41.76
6 42.64 64.89 42.19 46.00 34.80 23.20 39.10 64.40 46.00 34.80 23.20 45.60 42.52
8 44.24 63.02 51.92 50.17 38.40 25.21 50.40 38.40 50.17 38.40 25.21 48.00 59.71

10 50.37 53.43 57.86 46.86 38.40 27.10 55.40 46.00 46.86 38.40 27.10 54.10 55.44
12 49.37 64.19 55.39 43.75 42.00 28.43 51.80 37.43 43.75 42.00 28.43 57.10 55.73
14 48.26 64.43 62.53 54.95 38.92 33.53 49.20 52.80 54.95 38.92 33.53 56.50 50.78
16 47.37 65.17 62.60 54.97 35.48 30.84 50.70 64.14 54.97 35.48 30.84 52.00 60.56
18 48.87 62.32 63.26 57.46 39.66 45.00 53.00 55.03 57.46 39.66 45.00 56.00 63.60
20 52.37 69.64 65.28 55.34 41.22 44.00 58.00 58.78 55.34 41.22 44.00 59.50 53.49
22 55.37 67.85 69.03 60.90 51.10 50.67 55.10 59.43 60.90 51.10 50.67 61.30 61.31
24 57.69 73.06 73.67 64.09 54.10 42.86 60.60 57.90 64.09 54.10 42.86 63.10 66.44
26 53.09 72.53 74.45 64.41 61.90 45.00 66.30 66.58 64.41 61.90 45.00 66.10 68.50
28 61.82 78.86 77.25 67.01 70.00 46.77 68.60 67.46 67.01 70.00 46.77 65.50 70.21
30 65.54 79.08 80.91 66.84 66.00 44.07 69.30 72.91 66.84 66.00 44.07 71.50 71.51
32 67.26 88.10 84.23 68.99 68.50 44.10 72.20 70.72 68.99 68.50 44.10 70.90 72.38
34 75.20 86.04 87.06 68.12 82.67 48.43 76.16 75.00 68.12 82.67 48.43 70.90 78.15
36 77.57 91.87 86.13 72.49 78.10 55.43 79.51 79.85 72.49 78.10 55.43 77.50 85.31
38 74.88 92.36 90.52 74.26 86.00 60.63 81.88 81.05 74.26 86.00 60.63 80.50 86.42
40 80.71 103.08 95.61 72.51 92.08 58.89 85.37 83.58 72.51 92.08 58.89 84.00 91.28
42 84.22 99.10 95.45 67.04 87.52 68.48 87.99 86.03 67.04 87.52 68.48 82.90 89.84
44 89.06 103.35 104.89 68.82 94.39 67.51 90.83 88.24 68.82 94.39 67.51 87.70 92.91
46 91.09 107.86 104.63 73.98 89.92 75.31 93.89 92.72 73.98 89.92 75.31 93.10 96.43
48 92.79 111.63 104.58 83.66 93.55 80.12 97.06 94.30 83.66 93.55 80.12 93.19 96.35
50 96.67 109.89 111.25 88.73 98.79 89.87 99.69 96.56 88.73 98.79 89.87 91.79 101.44
52 99.67 108.91 117.39 99.85 97.68 90.45 101.89 99.09 99.85 97.68 90.45 94.31 100.78
54 100.68 117.32 114.77 111.92 98.88 91.46 105.12 103.22 111.92 98.88 91.46 98.37 102.46
56 101.19 115.98 117.54 111.56 100.10 95.90 106.81 105.16 111.56 100.10 95.90 98.19 106.52
58 103.15 116.54 127.41 112.19 100.92 98.28 109.22 108.89 112.19 100.92 98.28 101.60 101.09
60 104.56 119.12 127.80 118.17 106.75 100.92 109.50 108.64 118.17 106.75 100.92 102.40 115.22
62 105.25 122.29 138.10 116.35 107.33 101.87 113.72 113.60 116.35 107.33 101.87 103.14 109.47
64 106.45 118.37 137.26 103.28 107.11 105.79 109.03 117.90 103.28 107.11 105.79 104.83 114.49
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66 105.56 119.13 137.67 100.04 108.82 103.59 108.45 117.53 100.04 108.82 103.59 103.99 101.40
68 105.37 119.85 151.37 103.26 108.09 103.28 110.16 109.30 103.26 108.09 103.28 104.35 103.84
70 104.50 124.88 145.13 103.12 106.22 104.52 111.93 110.50 103.12 106.22 104.52 103.28 106.87
72 102.77 121.65 136.11 93.36 104.18 102.08 112.55 111.20 93.36 104.18 102.08 101.46 89.85
74 99.82 132.13 133.56 101.20 100.57 99.38 101.30 107.26 101.20 100.57 99.38 98.24 80.28
76 97.96 131.44 131.92 84.00 96.83 98.64 103.20 107.10 84.00 96.83 98.64 95.68 71.29
78 94.33 128.29 130.64 68.00 95.42 92.09 103.40 106.48 68.00 95.42 92.09 92.87 104.96
80 87.98 122.42 126.24 86.50 92.24 94.00 100.40 98.25 86.50 92.24 94.00 86.44 107.16
82 85.45 110.71 120.80 83.20 90.65 84.38 99.87 96.00 83.20 90.65 84.38 85.28 100.89
84 84.61 114.43 96.50 84.00 85.86 82.26 102.57 105.00 84.00 85.86 82.26 84.76 56.56
86 86.11 98.86 118.00 84.00 87.15 85.50 100.27 94.00 84.00 87.15 85.50 85.67 86.87
88 87.42 107.00 128.00 83.00 88.80 86.89 94.20 107.00 83.00 88.80 86.89 87.50 96.00
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APPENDIX F:  SAMPLE OUTPUT FROM DETECTORS 
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 -LANE1-    
AVG_SPEED(miles/hour) HARMONIC_SPEED FLOW(veh/hr ) AVG_DENSITY(veh/mile) STD_DEVIATION 

0 0 0 0 0 
60.87 59.4 2.28E+03 44.23 17.94 
60.58 59.8 2.04E+03 40.04 17.39 
58.82 58.3 2.04E+03 39.51 16.56 
59.11 57.4 2.16E+03 45.13 17.72 
61.22 60.2 2.28E+03 44.27 17.6 
61.98 60.8 2.16E+03 40.37 18.13 
60.03 59.1 1.92E+03 38.16 17.3 
60.32 58.9 2.16E+03 41.9 17.74 
65.08 63.4 2.16E+03 44.2 19.47 
63.88 62.5 2.40E+03 44.52 18.64 

61 59.9 2.16E+03 40.62 17.75 
57.92 57 2.52E+03 48.13 16.51 
59.7 58.6 2.04E+03 37.21 17.46 

59.26 58.2 2.16E+03 40.86 17.15 
33.33 0 480 99.62 28.26 
33.11 27.4 1.44E+03 137.7 13.18 
32.85 24.7 1.68E+03 102.4 13.79 
59.18 57.2 2.64E+03 68.9 18.11 
59.73 58.8 2.40E+03 51.21 17.17 
62.4 60.5 1.80E+03 34.92 18.92 
57 55.8 2.28E+03 44.31 16.68 

59.86 57.5 2.40E+03 75.64 18.59 
54.71 52.7 2.28E+03 72.8 16.85 
57.76 56.4 2.40E+03 52.8 17.01 
43.01 37.3 2.16E+03 81.65 15.79 
51.29 49.6 2.40E+03 70.97 0 
56.36 53.8 2.28E+03 80.77 17.67 
46.77 45.1 1.92E+03 113.9 14.5 
44.9 43.4 2.16E+03 92.45 13.79 
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-LANE2- 

|AVG_SPEED(miles/hour) HARMONIC_SPEED | FLOW(veh/hr ) AVG_DENSITY(veh/mile)
STD_DEVIATION 

| 
62.59 62.6 120 35.2 275.1 
60.27 58.6 2.40E+03 49.76 18.05 
60.42 59.7 2.04E+03 42.82 17.15 
56.26 55 2.04E+03 43.24 16.66 
54.95 53.5 2.16E+03 43.96 16.48 
64.69 63.3 2.40E+03 44.26 18.97 
59.7 58.2 2.04E+03 39.27 17.82 

59.11 58.6 2.16E+03 35.1 16.65 
60.18 59.2 2.04E+03 37.15 17.45 
59.26 57.6 2.16E+03 41.5 17.78 
56.99 56 2.16E+03 38.82 16.43 
60.9 58.3 2.04E+03 42.34 19.16 

57.99 56.5 1.92E+03 44.6 17.36 
61.65 61 2.28E+03 37.52 17.55 
61.3 60.1 2.04E+03 41.98 18 

11.34 7.7 360 149.4 6.624 
30.71 28.6 1.68E+03 122 10.37 
24.08 20.9 1.20E+03 136.8 8.376 
42.5 37.7 2.04E+03 96.52 15.96 

64.15 61.7 2.40E+03 58.21 19.61 
63.16 61.5 2.28E+03 42.98 18.88 
60.03 58.2 1.92E+03 44.05 18.17 
41.19 28.8 1.32E+03 114.8 20.14 
42.34 34 2.04E+03 89.94 17.49 
55.06 53.7 2.04E+03 75.56 16.32 
20.71 19.5 1.08E+03 129.1 7.182 
4.082 4.08 120 176 1.17 
14.06 10.4 1.08E+03 135 9.089 
34.63 31.3 1.32E+03 124.1 12.33 
17.01 16.8 240 195.6 6.717 
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AVG_SPEED(miles/hour) HARMONIC_SPEED FLOW(veh/hr ) AVG_DENSITY(veh/mile) STD_DEVIATION 
0 0 0 0 0 

53.93 32.1 1.32E+03 45.73 23.27 
36.14 29.4 1.92E+03 85.16 15.37 
52.65 50.6 2.40E+03 72.93 16.51 
59.48 58.3 2.52E+03 54.19 17.23 
59.3 58.7 2.04E+03 46.27 16.71 

56.43 55.1 2.28E+03 55.3 16.55 
55.37 54.2 1.20E+03 66.5 16.58 
18.59 10.8 360 168.5 14.62 
19.86 10.7 600 137.5 13.41 
21.89 17.5 1.32E+03 94.9 10.57 
32.85 31.2 1.68E+03 70.8 10.2 
49.86 49.2 2.40E+03 60.14 14.23 
59.51 58.3 2.28E+03 47.1 17.38 
64.63 62.4 2.40E+03 66.08 19.54 
57.96 55.7 2.40E+03 65.27 18.16 
58.18 56.1 2.52E+03 57.81 17.77 
32.07 15.9 840 117.7 20.23 
35.37 33.4 2.16E+03 81.23 11.94 
52.72 50.9 1.92E+03 93.04 16.53 
45.03 43.5 2.40E+03 75.43 13.73 
53.95 51.6 2.40E+03 72.23 17.06 
32.13 30.6 1.56E+03 130.5 10.11 
53.85 50.4 2.28E+03 70.45 17.3 
57.99 55.6 2.52E+03 61.46 18.26 
20.14 12 600 180.8 13.15 
28.23 25.2 1.44E+03 112.3 10.78 
49.19 48.2 2.28E+03 74.64 14.35 
56.37 55.3 2.52E+03 58.24 16.29 
44.54 43.2 2.28E+03 74.31 13.53 
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AVG_SPEED(miles/hour) HARMONIC_SPEED | FLOW(veh/hr ) AVG_DENSITY(veh/mile) STD_DEVIATION 
69.39 69.4 120 30.34 338.1 
47.79 44.8 1.92E+03 72.58 15.62 
53.54 51.8 2.40E+03 64.47 16.42 
44.63 39 1.80E+03 73.74 17.27 
49.51 45.5 2.16E+03 61 17.1 
58.67 57.5 1.92E+03 43.82 17.06 
45.31 25.4 1.20E+03 74.79 21.53 
40.06 38.2 1.08E+03 104.2 12.89 
4.762 2.33 240 211.2 3.96 
9.524 8.37 480 176 4.453 
40.18 28.2 2.04E+03 90.48 16.74 
46.39 44.9 2.52E+03 57.39 14.14 
58.83 57.6 2.52E+03 56.06 17.16 
57.79 55.7 2.28E+03 53.14 17.64 
22.31 0 600 130.7 16.91 
35.93 29.7 2.04E+03 83.42 14 
51.06 48.9 2.28E+03 54.29 16.24 
41.89 38.8 1.68E+03 77.97 14.04 
16.05 7.12 600 155.3 11.74 
21.43 12 480 125.7 15.03 
11.27 10.3 840 112 4.319 
22.61 19.7 1.56E+03 109 8.639 
14.15 0 600 148.3 9.689 
20.41 14.4 1.56E+03 103.4 9.13 
41.42 40.2 2.16E+03 65.45 12.36 
49.06 43.9 2.04E+03 68.21 18.28 
31.46 30.3 960 96.88 9.834 
32.79 27.1 1.20E+03 119.5 12.93 
46.1 45.5 2.04E+03 80.86 13.2 
25 17 960 114.8 16.16 
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AVG_SPEED(miles/hour) HARMONIC_SPEED FLOW(veh/hr ) AVG_DENSITY(veh/mile) STD_DEVIATION 
19.05 19 120 114.8 0 
20.07 16.9 960 156.4 8.433 
35.27 28.1 1.56E+03 111.4 15.31 
46.26 45.3 2.04E+03 90.3 13.56 
53.2 50.1 2.28E+03 66.97 17.21 
51.3 48.9 2.04E+03 85.49 16.4 

36.56 35.8 1.92E+03 116.4 10.75 
35.37 33.7 1.92E+03 100.1 11.08 
43.69 43.1 2.16E+03 84.4 12.5 
40.96 40.3 2.28E+03 77.17 11.75 
34.83 32.4 1.80E+03 103.1 11.68 
16.73 11.9 1.20E+03 96.35 7.577 
23.23 20.5 1.56E+03 109 8.552 
42.4 37.6 2.16E+03 93.18 15.18 

46.51 45.6 1.92E+03 112.3 13.7 
33.33 27.4 1.44E+03 118.7 14.04 

24 22.8 1.68E+03 116.2 7.794 
33.92 33.3 1.68E+03 116.6 9.899 
36.11 33.9 1.56E+03 129.5 12.13 
41.16 37.4 1.44E+03 124.7 14 
35.01 33.1 1.80E+03 91.45 11.43 
53.74 49.9 2.40E+03 75 18.03 
50.27 48.7 2.28E+03 82.36 15.61 
53.3 52.2 2.04E+03 91.41 15.67 

25.97 25.4 1.32E+03 138.9 7.798 
40.89 35.8 2.28E+03 85.16 15.11 
52.08 48.7 2.16E+03 69.78 17.29 
41.92 38.3 1.92E+03 99.15 14.68 
54.28 52.6 2.28E+03 83.46 16.31 
53.92 51.4 2.28E+03 79.49 17.42 

     
     

|AVG_SPEED(miles/hour) HARMONIC_SPEED FLOW(veh/hr ) AVG_DENSITY(veh/mile) |STD_DEVIATION
0 0 0 0 0 

6.803 6.53 240 155.3 2.915 



 146

12.24 0 960 125.7 7.428 
15.74 13.4 840 121.6 6.345 
37.59 31.8 1.92E+03 80.92 15.28 
27.33 20.4 1.32E+03 137.6 12.99 
17.46 12 720 134.2 9.458 
18.37 0 960 145.7 7.742 
25.11 20.4 1.32E+03 80.44 11.21 
43.32 40.6 2.28E+03 72.59 14.27 
43.73 40.5 1.68E+03 111 14.85 
34.69 32.3 1.68E+03 127.4 11.49 
13.06 11.4 600 185.9 5.681 
14.51 12.9 720 176 5.479 
31.8 27.2 1.92E+03 103.5 13.06 

39.46 33 840 133.9 14.59 
29.54 25.4 1.68E+03 109.3 11.13 
38.73 35 1.80E+03 70.46 13.26 
33.69 30.3 2.04E+03 99.07 11.97 
36.64 34.9 1.80E+03 109.4 11.46 
12.76 9.87 960 134.5 5.871 
12.24 11.1 480 153 4.623 
26.35 24.8 1.32E+03 125.2 9.092 
25.17 18.9 1.44E+03 130.9 11.02 
43.99 41.8 2.16E+03 96.78 13.91 
43.38 42 2.04E+03 91.59 13.13 
37.33 36.4 1.92E+03 99.15 11.12 
51.3 50.4 2.04E+03 100.6 14.84 

29.35 20 840 144.4 13.17 
15.55 9.13 840 112 7.534 
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APPENDIX G:  SIMULATED AND FITTED DECELERATION DATA 
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Sim   Fitted Theoretical 
4 10 4 
4 10 14 
4 10 5 
4 10 10 
4 10 2 
4 10 5 
4 10 3 
4 10 4 
4 10 5 
4 10 7 
4 10 2 
4 10 4 
4 10 7 
4 10 4 
4 4 11 
4 6 4 
4 8 4 
4 10 2 
4 12 6 
4 10 14 
4 10 15 
4 10 2 
4 10 10 
4 10 3 
4 10 2 
4 10 5 
4 10 9 
4 12 7 
4 12 10 
4 12 4 
4 12 5 
4 12 2 
4 12 3 
4 12 9 
4 12 9 
4 12 7 
4 12 3 
4 12 6 
4 12 5 
4 14 4 
4 14 7 
4 14 7 
4 14 11 
4 14 10 
4 14 8 
4 14 2 
4 16 2 
4 16 15 
4 16 8 
4 16 8 
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4 18 8 
4 18 6 
4 20 9 
4 22 4 
4 8 4 
4 8 19 
10 8 5 
10 8 11 
10 8 13 
10 8 12 
10 8 7 
10 8 5 
10 8 16 
10 8 6 
10 8 3 
10 8 8 
10 8 15 
10 8 6 
10 8 4 
10 8 9 
10 8 5 
10 8 11 
24 8 6 
22 8 14 
20 8 2 
18 8 2 
18 8 3 
16 8 2 
16 8 1 
16 8 6 
14 8 8 
14 8 1 
14 8 7 
14 8 20 
14 8 6 
14 8 7 
14 6 4 
12 6 6 
12 6 2 
12 6 8 
12 6 10 
12 6 3 
12 6 2 
12 6 8 
12 6 11 
12 6 3 
12 6 6 
12 6 3 
12 6 2 
12 6 3 
12 6 5 
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2 6 2 
2 6 11 
2 6 8 
2 6 2 
2 6 8 
2 6 8 
2 6 2 
2 6 4 
2 6 4 
2 6 10 
2 6 4 
2 6 12 
2 6 9 
2 6 5 
2 6 10 
6 6 8 
6 6 2 
6 6 4 
6 6 2 
6 6 2 
6 6 2 
6 6 4 
6 6 2 
6 6 2 
6 6 6 
6 6 8 
6 6 12 
6 6 5 
6 6 4 
6 2 5 
6 2 4 
6 2 17 
6 2 4 
6 2 5 
6 2 10 
6 2 5 
6 2 8 
6 2 9 
6 2 6 
6 2 2 
6 2 8 
6 2 8 
6 2 1 
6 2 6 
6 2 2 
6 2 3 
6 2 3 
6 2 4 
6 2 4 
6 2 6 
6 4 8 
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6 4 3 
6 4 3 
6 4 11 
6 4 4 
6 4 3 
6 4 3 
6 4 3 
6 4 10 
6 4 7 
6 4 5 
6 4 10 
6 4 2 
6 4 14 
6 4 7 
6 4 6 
8 4 3 
8 4 3 
8 4 9 
8 4 7 
8 4 3 
8 4 3 
8 4 7 
8 4 13 
8 4 2 
8 4 10 
8 4 5 
8 4 8 
8 4 17 
8 4 5 
8 4 5 
8 4 4 
8 4 9 
8 4 9 
8 4 10 
8 4 3 
8 4 7 
8 4 7 
8 4 8 
8 4 6 
8 4 9 
8 4 10 
8 4 7 
8 4 9 
8 4 4 
8 4 2 
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APPENDIX H:  DECELERATIONS VS. TIME TO COLLISION  
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ttc deceleration mean speed   
     

0.5 17.32353 28.07843   
1 12.32283 28.93701   

1.5 11.82199 34.75393   
2 10.60944 36.92704   

2.5 11.12357 46.23673   
3 10.04408 48.07713   

3.5 9.560117 50.63343   
4 8.78327 51.5019   

4.5 8.486486 54.57915   
5 7.634503 54.55263   

5.5 7.317437 57.19225   
6 6.679058 56.52788   

6.5 6.558583 58.55313   
7 6.008359 59.29781   

7.5 5.722359 59.84767   
8 5.352794 59.81151   

8.5 5.218447 61.13107   
9 4.838832 62.52939   

     
Total 6.923127 56.2575   
     
ttc acc v   
     

0.5 17.32353 28.07843   
1 12.32283 28.93701   

1.5 11.82199 34.75393   
2 10.60944 36.92704   

2.5 11.99184 46.23673   
3 10.04408 48.07713   

3.5 9.560117 50.63343   
4 8.78327 51.5019   

4.5 8.486486 54.57915   
5 7.634503 54.55263   

5.5 7.317437 57.19225   
6 6.679058 56.52788   

6.5 6.558583 58.55313   
7 6.008359 59.29781   

7.5 5.722359 59.84767   
8 5.352794 59.81151   

8.5 5.218447 61.13107   
9 4.838832 62.52939   

     
Total 6.923127 56.2575   
     
     
     
     
ttc LANE 2 LANE1   
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0.5 16.84211 17.43373   

1 11.79592 12.44878   
1.5 10.05882 12.20382   

2 11.69231 10.29834   
2.5 12.1194 11.94382   

3 10.67368 9.820896   
3.5 9.858824 9.460938   

4 9.1625 8.617486   
4.5 8.981595 8.259155   

5 8.049793 7.408578   
5.5 7.865079 6.988067   

6 6.763889 6.631985   
6.5 6.647887 6.502222   

7 6 6.013817   
7.5 5.820809 5.649573   

8 5.533698 5.2   
8.5 5.114286 5.295359   

9 4.845327 4.833333   
     
Total 6.57069 7.139381   
     
     
ttc PCAR TRUCK   
     

0.5 17.29064 24   
1 12.216 19   

1.5 11.85185 9   
2 10.60944    

2.5 11.96721 18   
3 10.02778 12   

3.5 9.532544 12.66667   
4 8.776923 9.333333   

4.5 8.452242 12   
5 7.585185 11.33333   

5.5 7.343511 6.25   
6 6.642317 8.923077   

6.5 6.531293 7.866667   
7 6 6.363636   

7.5 5.703611 7.090909   
8 5.357082 5.1   

8.5 5.213235 5.75   
9 4.843522 4.5   

     
Total 6.916604 7.371429   
     
     
 
 
     
ttc POOR GOOD   
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0.5 18.43333 16.86111   

1 13.91549 11.70492   
1.5 15.0566 10.57971   

2 13.35417 8.686131   
2.5 15.1619 9.614286   

3 12 8.055556   
3.5 11.73684 7.809524   

4 10.5122 7.264286   
4.5 9.80083 7.34296   

5 8.926829 6.44382   
5.5 8.277778 6.420749   

6 7.836991 5.922131   
6.5 7.491525 5.931663   

7 6.617886 5.62585   
7.5 6.02807 5.557656   

8 5.464363 5.282609   
8.5 5.447273 5.103825   

9 5.177592 4.680756   
 0 0   
Total 7.981718 6.259002   
     
     
ttc cautions Average Aggressive  
     

0.5 12 17.17419 18.7619  
1 8.307692 11.74194 15.23636  

1.5 12.6 10.38806 15.74468  
2 10 9.112782 13.05882  

2.5 10.30769 9.659259 15.46392  
3 8.285714 8.021858 12.42169  

3.5 7.090909 7.938462 12.1037  
4 4.6 7.496503 10.83636  

4.5 6.153846 7.384083 10.10185  
5 6.444444 6.512 9.154639  

5.5 5.857143 6.463612 8.496503  
6 4.909091 5.980237 7.965517  

6.5 4.769231 6.089362 7.52988  
7 5.142857 5.694754 6.710098  

7.5 5.1 5.603604 6.050209  
8 4.380952 5.373585 5.362924  

8.5 3.733333 5.197279 5.375566  
9 3.85 4.785565 5.11938  

 0 0 0  
Total 5.920973 6.32468 8.194668  
     
     
     
     
acc ttc    
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2 6.851374    
4 7.448371    
6 6.951266    
8 6.259414    

10 5.473659    
12 4.446463    
14 3.800654    
16 2.981132    
18 2.837121    
20 1.901163    
22 1.991228    
24 1.741379    
26 1.612903    
28 1.717391    
30 1.541667    
32 1.084906    
34 0.5    
36 0.75    
38 0    

 6.416571    
 0    
     
acc v    
     

2 36.65445    
4 53.42292    
6 59.26707    
8 60.63285    

10 62.73189    
12 62.79159    
14 63.66667    
16 61.61321    
18 64.5303    
20 56.16279    
22 62.21053    
24 61.72414    
26 59.6129    
28 65.3913    
30 61.5    
32 55.43396    
34 56    
36 36    
38 0    
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APPENDIX I:  FREQUENCY DISTRIBUTION OF DECELERATIONS  
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-> intv = 30 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |          1       12.50       12.50 

          4 |          2       25.00       37.50 

          6 |          1       12.50       50.00 

          8 |          1       12.50       62.50 

         10 |          2       25.00       87.50 

         16 |          1       12.50      100.00 

------------+----------------------------------- 

      Total |          8      100.00 

 

______________________________________________________________________

_________ 

-> intv = 31 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         20        9.17        9.17 

          4 |         69       31.65       40.83 

          6 |         55       25.23       66.06 

          8 |         38       17.43       83.49 

         10 |         14        6.42       89.91 

         12 |         14        6.42       96.33 

         14 |          3        1.38       97.71 

         16 |          3        1.38       99.08 

         18 |          1        0.46       99.54 

         20 |          1        0.46      100.00 

------------+----------------------------------- 
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      Total |        218      100.00 

 

______________________________________________________________________

_________ 

-> intv = 32 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         13        6.63        6.63 

          4 |         49       25.00       31.63 

          6 |         60       30.61       62.24 

          8 |         33       16.84       79.08 

         10 |         19        9.69       88.78 

         12 |          7        3.57       92.35 

         14 |          9        4.59       96.94 

         16 |          1        0.51       97.45 

         18 |          1        0.51       97.96 

         20 |          1        0.51       98.47 

         26 |          1        0.51       98.98 

         32 |          2        1.02      100.00 

------------+----------------------------------- 

      Total |        196      100.00 

 

______________________________________________________________________

_________ 

-> intv = 33 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         18        8.41        8.41 
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          4 |         76       35.51       43.93 

          6 |         43       20.09       64.02 

          8 |         25       11.68       75.70 

         10 |         20        9.35       85.05 

         12 |         14        6.54       91.59 

         14 |         11        5.14       96.73 

         16 |          3        1.40       98.13 

         18 |          2        0.93       99.07 

         24 |          2        0.93      100.00 

------------+----------------------------------- 

      Total |        214      100.00 

 

______________________________________________________________________

_________ 

-> intv = 34 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         14        6.73        6.73 

          4 |         70       33.65       40.38 

          6 |         49       23.56       63.94 

          8 |         36       17.31       81.25 

         10 |         17        8.17       89.42 

         12 |          9        4.33       93.75 

         14 |          5        2.40       96.15 

         16 |          3        1.44       97.60 

         20 |          2        0.96       98.56 

         22 |          1        0.48       99.04 

         24 |          1        0.48       99.52 

         32 |          1        0.48      100.00 

------------+----------------------------------- 

      Total |        208      100.00 
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______________________________________________________________________

_________ 

-> intv = 35 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         24       13.71       13.71 

          4 |         50       28.57       42.29 

          6 |         46       26.29       68.57 

          8 |         25       14.29       82.86 

         10 |         13        7.43       90.29 

         12 |          7        4.00       94.29 

         14 |          4        2.29       96.57 

         16 |          2        1.14       97.71 

         20 |          1        0.57       98.29 

         22 |          1        0.57       98.86 

         28 |          1        0.57       99.43 

         32 |          1        0.57      100.00 

------------+----------------------------------- 

      Total |        175      100.00 

 

______________________________________________________________________

_________ 

-> intv = 36 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         20        9.80        9.80 

          4 |         65       31.86       41.67 
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          6 |         48       23.53       65.20 

          8 |         31       15.20       80.39 

         10 |         20        9.80       90.20 

         12 |          5        2.45       92.65 

         14 |          4        1.96       94.61 

         16 |          2        0.98       95.59 

         18 |          2        0.98       96.57 

         20 |          2        0.98       97.55 

         22 |          3        1.47       99.02 

         24 |          1        0.49       99.51 

         26 |          1        0.49      100.00 

------------+----------------------------------- 

      Total |        204      100.00 

 

______________________________________________________________________

_________ 

-> intv = 37 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         21        9.46        9.46 

          4 |         76       34.23       43.69 

          6 |         76       34.23       77.93 

          8 |         20        9.01       86.94 

         10 |         17        7.66       94.59 

         12 |          5        2.25       96.85 

         14 |          1        0.45       97.30 

         16 |          2        0.90       98.20 

         18 |          1        0.45       98.65 

         20 |          1        0.45       99.10 

         24 |          1        0.45       99.55 

         26 |          1        0.45      100.00 
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------------+----------------------------------- 

      Total |        222      100.00 

 

______________________________________________________________________

_________ 

-> intv = 38 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         15        7.14        7.14 

          4 |         77       36.67       43.81 

          6 |         58       27.62       71.43 

          8 |         36       17.14       88.57 

         10 |         12        5.71       94.29 

         12 |          6        2.86       97.14 

         14 |          1        0.48       97.62 

         18 |          2        0.95       98.57 

         20 |          2        0.95       99.52 

         32 |          1        0.48      100.00 

------------+----------------------------------- 

      Total |        210      100.00 

 

______________________________________________________________________

_________ 

-> intv = 39 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         15        7.85        7.85 

          4 |         56       29.32       37.17 
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          6 |         66       34.55       71.73 

          8 |         25       13.09       84.82 

         10 |         14        7.33       92.15 

         12 |          4        2.09       94.24 

         14 |          6        3.14       97.38 

         16 |          1        0.52       97.91 

         18 |          2        1.05       98.95 

         20 |          2        1.05      100.00 

------------+----------------------------------- 

      Total |        191      100.00 

 

______________________________________________________________________

_________ 

-> intv = 40 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         20        9.01        9.01 

          4 |         90       40.54       49.55 

          6 |         67       30.18       79.73 

          8 |         24       10.81       90.54 

         10 |         13        5.86       96.40 

         12 |          6        2.70       99.10 

         14 |          1        0.45       99.55 

         20 |          1        0.45      100.00 

------------+----------------------------------- 

      Total |        222      100.00 

 

______________________________________________________________________

_________ 

-> intv = 41 
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-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         12        5.41        5.41 

          4 |         91       40.99       46.40 

          6 |         56       25.23       71.62 

          8 |         39       17.57       89.19 

         10 |         15        6.76       95.95 

         12 |          4        1.80       97.75 

         14 |          2        0.90       98.65 

         16 |          1        0.45       99.10 

         18 |          1        0.45       99.55 

         24 |          1        0.45      100.00 

------------+----------------------------------- 

      Total |        222      100.00 

 

______________________________________________________________________

_________ 

-> intv = 42 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         18        7.14        7.14 

          4 |        103       40.87       48.02 

          6 |         74       29.37       77.38 

          8 |         34       13.49       90.87 

         10 |         20        7.94       98.81 

         12 |          2        0.79       99.60 

         14 |          1        0.40      100.00 

------------+----------------------------------- 

      Total |        252      100.00 
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______________________________________________________________________

_________ 

-> intv = 43 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |          9        4.39        4.39 

          4 |         77       37.56       41.95 

          6 |         63       30.73       72.68 

          8 |         36       17.56       90.24 

         10 |          9        4.39       94.63 

         12 |          7        3.41       98.05 

         14 |          2        0.98       99.02 

         16 |          1        0.49       99.51 

         22 |          1        0.49      100.00 

------------+----------------------------------- 

      Total |        205      100.00 

 

______________________________________________________________________

_________ 

-> intv = 44 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         11        4.89        4.89 

          4 |         75       33.33       38.22 

          6 |         77       34.22       72.44 

          8 |         29       12.89       85.33 

         10 |         16        7.11       92.44 
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         12 |          9        4.00       96.44 

         14 |          1        0.44       96.89 

         16 |          1        0.44       97.33 

         18 |          1        0.44       97.78 

         20 |          1        0.44       98.22 

         24 |          1        0.44       98.67 

         26 |          2        0.89       99.56 

         32 |          1        0.44      100.00 

------------+----------------------------------- 

      Total |        225      100.00 

 

______________________________________________________________________

_________ 

-> intv = 45 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |          3        1.67        1.67 

          4 |         79       43.89       45.56 

          6 |         45       25.00       70.56 

          8 |         22       12.22       82.78 

         10 |         17        9.44       92.22 

         12 |          8        4.44       96.67 

         14 |          3        1.67       98.33 

         18 |          1        0.56       98.89 

         20 |          2        1.11      100.00 

------------+----------------------------------- 

      Total |        180      100.00 

 

______________________________________________________________________

_________ 

-> intv = 46 
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-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         10        6.29        6.29 

          4 |         54       33.96       40.25 

          6 |         46       28.93       69.18 

          8 |         25       15.72       84.91 

         10 |         14        8.81       93.71 

         12 |          5        3.14       96.86 

         14 |          2        1.26       98.11 

         16 |          3        1.89      100.00 

------------+----------------------------------- 

      Total |        159      100.00 

 

______________________________________________________________________

_________ 

-> intv = 47 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         20        8.55        8.55 

          4 |         78       33.33       41.88 

          6 |         62       26.50       68.38 

          8 |         39       16.67       85.04 

         10 |         19        8.12       93.16 

         12 |          8        3.42       96.58 

         14 |          5        2.14       98.72 

         16 |          1        0.43       99.15 

         18 |          2        0.85      100.00 

------------+----------------------------------- 
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      Total |        234      100.00 

 

______________________________________________________________________

_________ 

-> intv = 48 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         20        9.76        9.76 

          4 |         76       37.07       46.83 

          6 |         55       26.83       73.66 

          8 |         30       14.63       88.29 

         10 |         16        7.80       96.10 

         12 |          4        1.95       98.05 

         16 |          4        1.95      100.00 

------------+----------------------------------- 

      Total |        205      100.00 

 

______________________________________________________________________

_________ 

-> intv = 49 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         10        5.46        5.46 

          4 |         59       32.24       37.70 

          6 |         51       27.87       65.57 

          8 |         36       19.67       85.25 

         10 |         13        7.10       92.35 

         12 |          9        4.92       97.27 
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         14 |          2        1.09       98.36 

         16 |          3        1.64      100.00 

------------+----------------------------------- 

      Total |        183      100.00 

 

______________________________________________________________________

_________ 

-> intv = 50 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         20       11.24       11.24 

          4 |         55       30.90       42.13 

          6 |         56       31.46       73.60 

          8 |         22       12.36       85.96 

         10 |         17        9.55       95.51 

         12 |          4        2.25       97.75 

         14 |          2        1.12       98.88 

         16 |          1        0.56       99.44 

         20 |          1        0.56      100.00 

------------+----------------------------------- 

      Total |        178      100.00 

 

______________________________________________________________________

_________ 

-> intv = 51 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         24       10.08       10.08 
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          4 |         95       39.92       50.00 

          6 |         64       26.89       76.89 

          8 |         22        9.24       86.13 

         10 |         16        6.72       92.86 

         12 |          7        2.94       95.80 

         14 |          5        2.10       97.90 

         16 |          2        0.84       98.74 

         18 |          2        0.84       99.58 

         20 |          1        0.42      100.00 

------------+----------------------------------- 

      Total |        238      100.00 

 

______________________________________________________________________

_________ 

-> intv = 52 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         21        9.21        9.21 

          4 |         96       42.11       51.32 

          6 |         53       23.25       74.56 

          8 |         28       12.28       86.84 

         10 |         22        9.65       96.49 

         12 |          4        1.75       98.25 

         14 |          2        0.88       99.12 

         16 |          2        0.88      100.00 

------------+----------------------------------- 

      Total |        228      100.00 

 

______________________________________________________________________

_________ 

-> intv = 53 
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-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         23       12.11       12.11 

          4 |         54       28.42       40.53 

          6 |         59       31.05       71.58 

          8 |         23       12.11       83.68 

         10 |         19       10.00       93.68 

         12 |          7        3.68       97.37 

         14 |          2        1.05       98.42 

         16 |          1        0.53       98.95 

         18 |          1        0.53       99.47 

         28 |          1        0.53      100.00 

------------+----------------------------------- 

      Total |        190      100.00 

 

______________________________________________________________________

_________ 

-> intv = 54 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         11        5.29        5.29 

          4 |         80       38.46       43.75 

          6 |         62       29.81       73.56 

          8 |         35       16.83       90.38 

         10 |         15        7.21       97.60 

         12 |          3        1.44       99.04 

         16 |          1        0.48       99.52 

         20 |          1        0.48      100.00 
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------------+----------------------------------- 

      Total |        208      100.00 

 

______________________________________________________________________

_________ 

-> intv = 55 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         13        5.63        5.63 

          4 |         87       37.66       43.29 

          6 |         70       30.30       73.59 

          8 |         30       12.99       86.58 

         10 |         22        9.52       96.10 

         12 |          4        1.73       97.84 

         14 |          3        1.30       99.13 

         16 |          1        0.43       99.57 

         18 |          1        0.43      100.00 

------------+----------------------------------- 

      Total |        231      100.00 

 

______________________________________________________________________

_________ 

-> intv = 56 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         25        9.73        9.73 

          4 |         98       38.13       47.86 

          6 |         75       29.18       77.04 



 174

          8 |         31       12.06       89.11 

         10 |         19        7.39       96.50 

         12 |          2        0.78       97.28 

         14 |          3        1.17       98.44 

         16 |          3        1.17       99.61 

         18 |          1        0.39      100.00 

------------+----------------------------------- 

      Total |        257      100.00 

 

______________________________________________________________________

_________ 

-> intv = 57 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         14        8.33        8.33 

          4 |         72       42.86       51.19 

          6 |         42       25.00       76.19 

          8 |         24       14.29       90.48 

         10 |          8        4.76       95.24 

         12 |          4        2.38       97.62 

         14 |          2        1.19       98.81 

         16 |          1        0.60       99.40 

         32 |          1        0.60      100.00 

------------+----------------------------------- 

      Total |        168      100.00 

 

______________________________________________________________________

_________ 

-> intv = 58 

 

-> tabulation of acc   
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        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         15        8.57        8.57 

          4 |         58       33.14       41.71 

          6 |         53       30.29       72.00 

          8 |         28       16.00       88.00 

         10 |         15        8.57       96.57 

         12 |          2        1.14       97.71 

         14 |          3        1.71       99.43 

         26 |          1        0.57      100.00 

------------+----------------------------------- 

      Total |        175      100.00 

 

______________________________________________________________________

_________ 

-> intv = 59 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         12        6.35        6.35 

          4 |         61       32.28       38.62 

          6 |         53       28.04       66.67 

          8 |         35       18.52       85.19 

         10 |         17        8.99       94.18 

         12 |          7        3.70       97.88 

         14 |          2        1.06       98.94 

         16 |          1        0.53       99.47 

         32 |          1        0.53      100.00 

------------+----------------------------------- 

      Total |        189      100.00 
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______________________________________________________________________

_________ 

-> intv = 60 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         12        6.35        6.35 

          4 |         61       32.28       38.62 

          6 |         62       32.80       71.43 

          8 |         25       13.23       84.66 

         10 |         16        8.47       93.12 

         12 |          4        2.12       95.24 

         14 |          4        2.12       97.35 

         16 |          3        1.59       98.94 

         18 |          1        0.53       99.47 

         22 |          1        0.53      100.00 

------------+----------------------------------- 

      Total |        189      100.00 

 

______________________________________________________________________

_________ 

-> intv = . 

 

-> tabulation of acc   

no observations 

 

. bysort intv: tab1 acc 

 

______________________________________________________________________

_________ 

-> intv = 30 

 



 177

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |          1       12.50       12.50 

          4 |          2       25.00       37.50 

          6 |          1       12.50       50.00 

          8 |          1       12.50       62.50 

         10 |          2       25.00       87.50 

         16 |          1       12.50      100.00 

------------+----------------------------------- 

      Total |          8      100.00 

 

______________________________________________________________________

_________ 

-> intv = 31 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         20        9.17        9.17 

          4 |         69       31.65       40.83 

          6 |         55       25.23       66.06 

          8 |         38       17.43       83.49 

         10 |         14        6.42       89.91 

         12 |         14        6.42       96.33 

         14 |          3        1.38       97.71 

         16 |          3        1.38       99.08 

         18 |          1        0.46       99.54 

         20 |          1        0.46      100.00 

------------+----------------------------------- 

      Total |        218      100.00 
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______________________________________________________________________

_________ 

-> intv = 32 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         13        6.63        6.63 

          4 |         49       25.00       31.63 

          6 |         60       30.61       62.24 

          8 |         33       16.84       79.08 

         10 |         19        9.69       88.78 

         12 |          7        3.57       92.35 

         14 |          9        4.59       96.94 

         16 |          1        0.51       97.45 

         18 |          1        0.51       97.96 

         20 |          1        0.51       98.47 

         26 |          1        0.51       98.98 

         32 |          2        1.02      100.00 

------------+----------------------------------- 

      Total |        196      100.00 

 

______________________________________________________________________

_________ 

-> intv = 33 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         18        8.41        8.41 

          4 |         76       35.51       43.93 

          6 |         43       20.09       64.02 



 179

          8 |         25       11.68       75.70 

         10 |         20        9.35       85.05 

         12 |         14        6.54       91.59 

         14 |         11        5.14       96.73 

         16 |          3        1.40       98.13 

         18 |          2        0.93       99.07 

         24 |          2        0.93      100.00 

------------+----------------------------------- 

      Total |        214      100.00 

 

______________________________________________________________________

_________ 

-> intv = 34 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         14        6.73        6.73 

          4 |         70       33.65       40.38 

          6 |         49       23.56       63.94 

          8 |         36       17.31       81.25 

         10 |         17        8.17       89.42 

         12 |          9        4.33       93.75 

         14 |          5        2.40       96.15 

         16 |          3        1.44       97.60 

         20 |          2        0.96       98.56 

         22 |          1        0.48       99.04 

         24 |          1        0.48       99.52 

         32 |          1        0.48      100.00 

------------+----------------------------------- 

      Total |        208      100.00 
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______________________________________________________________________

_________ 

-> intv = 35 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         24       13.71       13.71 

          4 |         50       28.57       42.29 

          6 |         46       26.29       68.57 

          8 |         25       14.29       82.86 

         10 |         13        7.43       90.29 

         12 |          7        4.00       94.29 

         14 |          4        2.29       96.57 

         16 |          2        1.14       97.71 

         20 |          1        0.57       98.29 

         22 |          1        0.57       98.86 

         28 |          1        0.57       99.43 

         32 |          1        0.57      100.00 

------------+----------------------------------- 

      Total |        175      100.00 

 

______________________________________________________________________

_________ 

-> intv = 36 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         20        9.80        9.80 

          4 |         65       31.86       41.67 

          6 |         48       23.53       65.20 
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          8 |         31       15.20       80.39 

         10 |         20        9.80       90.20 

         12 |          5        2.45       92.65 

         14 |          4        1.96       94.61 

         16 |          2        0.98       95.59 

         18 |          2        0.98       96.57 

         20 |          2        0.98       97.55 

         22 |          3        1.47       99.02 

         24 |          1        0.49       99.51 

         26 |          1        0.49      100.00 

------------+----------------------------------- 

      Total |        204      100.00 

 

______________________________________________________________________

_________ 

-> intv = 37 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         21        9.46        9.46 

          4 |         76       34.23       43.69 

          6 |         76       34.23       77.93 

          8 |         20        9.01       86.94 

         10 |         17        7.66       94.59 

         12 |          5        2.25       96.85 

         14 |          1        0.45       97.30 

         16 |          2        0.90       98.20 

         18 |          1        0.45       98.65 

         20 |          1        0.45       99.10 

         24 |          1        0.45       99.55 

         26 |          1        0.45      100.00 

------------+----------------------------------- 
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      Total |        222      100.00 

 

______________________________________________________________________

_________ 

-> intv = 38 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         15        7.14        7.14 

          4 |         77       36.67       43.81 

          6 |         58       27.62       71.43 

          8 |         36       17.14       88.57 

         10 |         12        5.71       94.29 

         12 |          6        2.86       97.14 

         14 |          1        0.48       97.62 

         18 |          2        0.95       98.57 

         20 |          2        0.95       99.52 

         32 |          1        0.48      100.00 

------------+----------------------------------- 

      Total |        210      100.00 

 

______________________________________________________________________

_________ 

-> intv = 39 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         15        7.85        7.85 

          4 |         56       29.32       37.17 

          6 |         66       34.55       71.73 
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          8 |         25       13.09       84.82 

         10 |         14        7.33       92.15 

         12 |          4        2.09       94.24 

         14 |          6        3.14       97.38 

         16 |          1        0.52       97.91 

         18 |          2        1.05       98.95 

         20 |          2        1.05      100.00 

------------+----------------------------------- 

      Total |        191      100.00 

 

______________________________________________________________________

_________ 

-> intv = 40 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         20        9.01        9.01 

          4 |         90       40.54       49.55 

          6 |         67       30.18       79.73 

          8 |         24       10.81       90.54 

         10 |         13        5.86       96.40 

         12 |          6        2.70       99.10 

         14 |          1        0.45       99.55 

         20 |          1        0.45      100.00 

------------+----------------------------------- 

      Total |        222      100.00 

 

-> intv = 41 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 
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------------+----------------------------------- 

          2 |         12        5.41        5.41 

          4 |         91       40.99       46.40 

          6 |         56       25.23       71.62 

          8 |         39       17.57       89.19 

         10 |         15        6.76       95.95 

         12 |          4        1.80       97.75 

         14 |          2        0.90       98.65 

         16 |          1        0.45       99.10 

         18 |          1        0.45       99.55 

         24 |          1        0.45      100.00 

------------+----------------------------------- 

      Total |        222      100.00 

 

______________________________________________________________________

_________ 

-> intv = 42 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         18        7.14        7.14 

          4 |        103       40.87       48.02 

          6 |         74       29.37       77.38 

          8 |         34       13.49       90.87 

         10 |         20        7.94       98.81 

         12 |          2        0.79       99.60 

         14 |          1        0.40      100.00 

------------+----------------------------------- 

      Total |        252      100.00 

 

______________________________________________________________________

_________ 
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-> intv = 43 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |          9        4.39        4.39 

          4 |         77       37.56       41.95 

          6 |         63       30.73       72.68 

          8 |         36       17.56       90.24 

         10 |          9        4.39       94.63 

         12 |          7        3.41       98.05 

         14 |          2        0.98       99.02 

         16 |          1        0.49       99.51 

         22 |          1        0.49      100.00 

------------+----------------------------------- 

      Total |        205      100.00 

 

______________________________________________________________________

_________ 

-> intv = 44 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         11        4.89        4.89 

          4 |         75       33.33       38.22 

          6 |         77       34.22       72.44 

          8 |         29       12.89       85.33 

         10 |         16        7.11       92.44 

         12 |          9        4.00       96.44 

         14 |          1        0.44       96.89 

         16 |          1        0.44       97.33 
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         18 |          1        0.44       97.78 

         20 |          1        0.44       98.22 

         24 |          1        0.44       98.67 

         26 |          2        0.89       99.56 

         32 |          1        0.44      100.00 

------------+----------------------------------- 

      Total |        225      100.00 

 

______________________________________________________________________

_________ 

-> intv = 45 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |          3        1.67        1.67 

          4 |         79       43.89       45.56 

          6 |         45       25.00       70.56 

          8 |         22       12.22       82.78 

         10 |         17        9.44       92.22 

         12 |          8        4.44       96.67 

         14 |          3        1.67       98.33 

         18 |          1        0.56       98.89 

         20 |          2        1.11      100.00 

------------+----------------------------------- 

      Total |        180      100.00 

 

______________________________________________________________________

_________ 

-> intv = 46 

 

-> tabulation of acc   
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        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         10        6.29        6.29 

          4 |         54       33.96       40.25 

          6 |         46       28.93       69.18 

          8 |         25       15.72       84.91 

         10 |         14        8.81       93.71 

         12 |          5        3.14       96.86 

         14 |          2        1.26       98.11 

         16 |          3        1.89      100.00 

------------+----------------------------------- 

      Total |        159      100.00 

 

______________________________________________________________________

_________ 

-> intv = 47 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         20        8.55        8.55 

          4 |         78       33.33       41.88 

          6 |         62       26.50       68.38 

          8 |         39       16.67       85.04 

         10 |         19        8.12       93.16 

         12 |          8        3.42       96.58 

         14 |          5        2.14       98.72 

         16 |          1        0.43       99.15 

         18 |          2        0.85      100.00 

------------+----------------------------------- 

      Total |        234      100.00 
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______________________________________________________________________

_________ 

-> intv = 48 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         20        9.76        9.76 

          4 |         76       37.07       46.83 

          6 |         55       26.83       73.66 

          8 |         30       14.63       88.29 

         10 |         16        7.80       96.10 

         12 |          4        1.95       98.05 

         16 |          4        1.95      100.00 

------------+----------------------------------- 

      Total |        205      100.00 

 

______________________________________________________________________

_________ 

-> intv = 49 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         10        5.46        5.46 

          4 |         59       32.24       37.70 

          6 |         51       27.87       65.57 

          8 |         36       19.67       85.25 

         10 |         13        7.10       92.35 

         12 |          9        4.92       97.27 

         14 |          2        1.09       98.36 

         16 |          3        1.64      100.00 
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------------+----------------------------------- 

      Total |        183      100.00 

 

______________________________________________________________________

_________ 

-> intv = 50 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         20       11.24       11.24 

          4 |         55       30.90       42.13 

          6 |         56       31.46       73.60 

          8 |         22       12.36       85.96 

         10 |         17        9.55       95.51 

         12 |          4        2.25       97.75 

         14 |          2        1.12       98.88 

         16 |          1        0.56       99.44 

         20 |          1        0.56      100.00 

------------+----------------------------------- 

      Total |        178      100.00 

 

______________________________________________________________________

_________ 

-> intv = 51 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         24       10.08       10.08 

          4 |         95       39.92       50.00 

          6 |         64       26.89       76.89 
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          8 |         22        9.24       86.13 

         10 |         16        6.72       92.86 

         12 |          7        2.94       95.80 

         14 |          5        2.10       97.90 

         16 |          2        0.84       98.74 

         18 |          2        0.84       99.58 

         20 |          1        0.42      100.00 

------------+----------------------------------- 

      Total |        238      100.00 

 

______________________________________________________________________

_________ 

-> intv = 52 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         21        9.21        9.21 

          4 |         96       42.11       51.32 

          6 |         53       23.25       74.56 

          8 |         28       12.28       86.84 

         10 |         22        9.65       96.49 

         12 |          4        1.75       98.25 

         14 |          2        0.88       99.12 

         16 |          2        0.88      100.00 

------------+----------------------------------- 

      Total |        228      100.00 

 

______________________________________________________________________

_________ 

-> intv = 53 

 

-> tabulation of acc   
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        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         23       12.11       12.11 

          4 |         54       28.42       40.53 

          6 |         59       31.05       71.58 

          8 |         23       12.11       83.68 

         10 |         19       10.00       93.68 

         12 |          7        3.68       97.37 

         14 |          2        1.05       98.42 

         16 |          1        0.53       98.95 

         18 |          1        0.53       99.47 

         28 |          1        0.53      100.00 

------------+----------------------------------- 

      Total |        190      100.00 

 

______________________________________________________________________

_________ 

-> intv = 54 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         11        5.29        5.29 

          4 |         80       38.46       43.75 

          6 |         62       29.81       73.56 

          8 |         35       16.83       90.38 

         10 |         15        7.21       97.60 

         12 |          3        1.44       99.04 

         16 |          1        0.48       99.52 

         20 |          1        0.48      100.00 

------------+----------------------------------- 

      Total |        208      100.00 
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______________________________________________________________________

_________ 

-> intv = 55 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         13        5.63        5.63 

          4 |         87       37.66       43.29 

          6 |         70       30.30       73.59 

          8 |         30       12.99       86.58 

         10 |         22        9.52       96.10 

         12 |          4        1.73       97.84 

         14 |          3        1.30       99.13 

         16 |          1        0.43       99.57 

         18 |          1        0.43      100.00 

------------+----------------------------------- 

      Total |        231      100.00 

 

______________________________________________________________________

_________ 

-> intv = 56 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         25        9.73        9.73 

          4 |         98       38.13       47.86 

          6 |         75       29.18       77.04 

          8 |         31       12.06       89.11 

         10 |         19        7.39       96.50 
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         12 |          2        0.78       97.28 

         14 |          3        1.17       98.44 

         16 |          3        1.17       99.61 

         18 |          1        0.39      100.00 

------------+----------------------------------- 

      Total |        257      100.00 

 

______________________________________________________________________

_________ 

-> intv = 57 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         14        8.33        8.33 

          4 |         72       42.86       51.19 

          6 |         42       25.00       76.19 

          8 |         24       14.29       90.48 

         10 |          8        4.76       95.24 

         12 |          4        2.38       97.62 

         14 |          2        1.19       98.81 

         16 |          1        0.60       99.40 

         32 |          1        0.60      100.00 

------------+----------------------------------- 

      Total |        168      100.00 

 

______________________________________________________________________

_________ 

-> intv = 58 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 
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------------+----------------------------------- 

          2 |         15        8.57        8.57 

          4 |         58       33.14       41.71 

          6 |         53       30.29       72.00 

          8 |         28       16.00       88.00 

         10 |         15        8.57       96.57 

         12 |          2        1.14       97.71 

         14 |          3        1.71       99.43 

         26 |          1        0.57      100.00 

------------+----------------------------------- 

      Total |        175      100.00 

 

______________________________________________________________________

_________ 

-> intv = 59 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         12        6.35        6.35 

          4 |         61       32.28       38.62 

          6 |         53       28.04       66.67 

          8 |         35       18.52       85.19 

         10 |         17        8.99       94.18 

         12 |          7        3.70       97.88 

         14 |          2        1.06       98.94 

         16 |          1        0.53       99.47 

         32 |          1        0.53      100.00 

------------+----------------------------------- 

      Total |        189      100.00 

 

______________________________________________________________________

_________ 
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-> intv = 60 

 

-> tabulation of acc   

 

        acc |      Freq.     Percent        Cum. 

------------+----------------------------------- 

          2 |         12        6.35        6.35 

          4 |         61       32.28       38.62 

          6 |         62       32.80       71.43 

          8 |         25       13.23       84.66 

         10 |         16        8.47       93.12 

         12 |          4        2.12       95.24 

         14 |          4        2.12       97.35 

         16 |          3        1.59       98.94 

         18 |          1        0.53       99.47 

         22 |          1        0.53      100.00 

------------+----------------------------------- 

      Total |        189      100.00 

 

_______________________________________________________________________________
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