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Abstract 

Weather and Road Geometry in Microscopic Acceleration Modeling: Calibration and 

Numerical Analysis 

The increase in road traffic volumes leads to significant environmental and 

economic problems. It also gives rise to the growing demand for better traffic 

management strategies. Transportation researchers tried for decades to investigate the 

dynamics of traffic flow in order to optimize the movement of goods and people under 

different environmental conditions while reducing the environmental impacts and the 

economic losses due to congestion and traffic incidents. An important aspect missing 

from previous studies relates to the stochastic characteristics of the cognitive and 

psychological activities through which drivers process the dynamic information flux 

representing a given surrounding. Such activities include: perception, evaluation, 

judgment and execution. Moreover, most existing microscopic traffic models do not 

explicitly capture the interactions between individual drivers and external driving 

conditions. Recognizing these limitations in previous models, the objective of this thesis 

is to advance the state of knowledge in modeling longitudinal driving behavior while 

considering the surrounding environment’s impact (weather and road geometry) on 

drivers’ stochastic cognitive-based decision-making logic. 

In order to explore how a driver perceives the rapidly changing driving 

surrounding (i.e. different weather conditions and road geometry configurations) and 

executes acceleration maneuvers accordingly, this thesis adopts a prospect-theory (PT) 

based acceleration model that translates a subjective utility-maximization framework into 
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longitudinal driving behavior. The PT logic in the acceleration model is extended by 

considering the different effects of the external driving conditions while keeping the 

probabilistic nature of the human perception-judgment-execution process. After an 

extensive effort reviewing the external factors that might influence drivers' decision-

making, the major factors considered in this thesis include visibility level, road friction, 

curvature, gradient, median existence, lane width and shoulder width. By varying the 

values of those variables that parameterize external environmental characteristics, the 

probabilistic features of the longitudinal driving model with the corresponding 

acceleration probability density functions are presented.  

To better observe and study how drivers respond to different weather conditions 

and roadway geometries, driving experiments are carried out using a driving simulator-

based approach. Foggy weather, icy and wet roadway surfaces, horizontal and vertical 

curves, different lane and shoulder widths, etc. are simulated while having participants 

drive behind a yellow cab at speeds/headways they feel appropriate. The produced 

experimental data include accelerations, speeds, longitudinal and lateral coordinates of 

the subject vehicle and the lead vehicle. Results indicate that, in general, drivers do not 

tend to follow the lead vehicle too far behind until visibility distance is drastically 

reduced by fog; however, the ability to follow a lead vehicle is maintained throughout 

most of the range of visibility distances. The distance gap between the subject vehicle 

and the lead vehicle decreases only when fog resulting in visibility distance of 65.62ft 

(minimum value adopted). 
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After studying the driving trends observed in the different driving experiments, 

the extended PT acceleration model is calibrated using the produced trajectory data. The 

extended PT model parameters are able to reflect a change in the driving behavior when 

receiving different parameterized exogenous information. Two main parameters ψ and γ 

possibly reflecting external weather and road conditions – respectively - fluctuate 

considerably and do not change independently in each driving test. Some extreme values 

of these parameters ψ and γ are reached under “extreme” external conditions. To be more 

precise, two peak values of the hypothesized “weather parameter” ψ in dense fog 

condition of 65.62ft visibility distance and icy road surface are noticed. This shows a 

strong indication that in these extreme weather conditions; drivers put more weight on the 

weather impact and less weight on the road layout/geometry. Similarly, the hypothesized 

“road layout parameter” γ reaches its peak values in the cases of undivided road and 

narrow lane of 9ft. This result may indicate that drivers invest more attention and effort to 

deal with the roadway challenges compared to the effort to deal with the weather 

conditions. On the other hand, the calibration results suggest that drivers tend to 

underestimates the losses of a rear-end collision under adverse weather condition and 

overestimate the crash losses when traveling on the divided roads (metal barriers and 

Jersey barriers) and undivided road.  
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CHAPTER 1 INTRODUCTION 

This chapter presents an overview of the challenges and problems that surface 

transportation brings to us, and illustrates the growing demand for better traffic modeling 

in terms of capturing the external surrounding’s impact on driver behavior in order to 

improve transportation efficiency and safety. The objectives and description of the work 

in this thesis are also outlined. This is followed by a review of some environmental and 

road geometry factors that affect drivers’ judgment and decision-making in addition to 

the basic theories and typical models looking into longitudinal driving behavior in 

chapter 2. 

1.1 Background   

With the development of modern science and technology, the automobile has become 

indispensable in today’s society. The increase in vehicle-miles traveled on the roadway 

system drove researchers to look into the reasons behind the high number of road crashes. 

More than a million people are killed in road crashes each year worldwide (World Health 

Organization, 2004). The World Health Organization predicts that traffic injuries will 

increase to be the fifth leading cause of death by 2030. 32885 people died in motor 

vehicle traffic crashes in the United States in 2010 (NHTSA, 2011). It is estimated that 

the road traffic crashes cost the U.S. motorists almost $300 billion per year (Cambridge 

Systematics, 2011). Among the different types of road traffic crashes, rear-end crashes 

are the most frequently occurring type of collision, accounting for approximately 29 
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percent of all crashes (Najm, et al., 2003). Figure 1.1 displays a breakdown of the most 

prevalent types of crashes based on Najm, Sen, Smith, and Campbell’s analysis of the 

2000 GES light-vehicle crashes.  

Figure 1.1 The Most Prevalent Crash-Types Based on The 2000 GES Light-Vehicle 

Crashes Data (Najm, et al., 2003). 

In addition, traffic bottlenecks have been the focus of transportation 

improvements since they are widely spread in the traffic system and severely affect 

traffic efficiency. In general, a bottleneck can be caused by 1) on- and/or off-ramps, 2) 

road curves, 3) road gradients, 4) side clearance, 5) a result of roadwork, badly timed 

traffic lights, vehicular accidents, a decrease in the number of traffic lanes, and variations 

in lane widths. Some bottlenecks in the United States were identified for causing 

congestion on a daily basis. Table 1.1 presents a ranking of 24 bottlenecks in the United 

States based on the time delay they induce. As stated in this national study (American 
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Highway Users Alliance Study, 2004), most of these bottlenecks identified in Table 1.1 

are specific chokepoints and they severally impact the congestion levels in local area.  

Rank City Location 

Annual Hours of 

Delay (Hours in 

Thousands) 

1 Los Angeles 
U.S. 101 (Ventura Freeway) at I-

405 Interchange 
27,144 

2 Houston I-610 at I-10 Interchange (West) 25,181 

3 Chicago 
I-90/94 at I-290 Interchange 

("Circle Interchange") 
25,068 

4 Phoenix 
I-10 at SR 51/SR 202 Interchange 

("Mini-Stack") 
22,805 

5 Los Angeles 
I-405 (San Diego Freeway) at I-10 

Interchange 
22,792 

6 Atlanta I-75 south of the I-85 Interchange 21,045 

7 
Washington (DC-

Maryland-Virginia) 
I-495 at I-270 Interchange 19,429 

8 Los Angeles 
I-10 (Santa Monica Freeway) at I-5 

Interchange 
18,606 

9 Los Angeles 
I-405 (San Diego Freeway) at I-

605 Interchange 
18,606 

10 Atlanta 
I-285 at I-85 Interchange 

("Spaghetti Junction") 
17,072 

11 Chicago 
I-94 (Dan Ryan Expressway) at I-

90 Skyway Split (Southside) 
16,713 

12 Phoenix 

I-17 (Black Canyon Freeway) at I-

10 Interchange (the "Stack") to 

Cactus Road 

16,310 

13 Los Angeles 

I-5 (Santa Ana Freeway) at SR 

22/SR 57 Interchange ("Orange 

Crush") 

16,304 

14 Providence I-95 at I-195 Interchange 15,340 

15 
Washington (DC-

Maryland-Virginia) 
I-495 at I-95 Interchange 15,035 

16 Tampa 
I-275 at I-4 Interchange 

("Malfunction Junction") 
14,371 

17 Atlanta I-285 at I-75 Interchange 14,333 

18 Seattle I-5 at I-90 Interchange 14,306 

19 Chicago 
I-290 (Eisenhower Expressway) 

Between Exits 17b and 23a 
14,009 

20 Houston 
I-45 (Gulf Freeway) at U.S. 59 

Interchange 
13,944 

21 San Jose U.S. 101 at I-880 Interchange 12,249 
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22 Las Vegas 
U.S. 95 west of the I-15 

Interchange ("Spaghetti Bowl") 
11,152 

23 San Diego I-805 at I-15 Interchange 10,992 

24 Cincinnati 
I-75, from Ohio River Bridge to I-

71 Interchange 
10,088 

 

Besides safety and efficiency problems that traffic brings to the society, there are 

additional negative economic consequences that arise from road traffic congestion. 

Traffic congestion leads to the waste of a large amount of time, money and fuel. The 

congestion investigation found that in 2010, traffic congestion caused Americans living 

in urban areas to travel 4.8 billion hours more and to purchase an extra 1.9 billion gallons 

of fuel for a congestion cost of $101billion (Texas Transportation Institute, 2011). It also 

estimated that the national congestion cost will grow from $101 billion to $133 billion in 

2015 and delay will grow to 6.1 billion hours in 2015. The study also provides congestion 

numerical estimates for list of 15 urban areas. It is evident that Washington, D.C. had the 

most severe traffic congestion in the nation in 2010 (Table 1.2):on average, each auto 

commuter is held in traffic for 74 hours, more than 3 days out of every 365 days, burning 

extra 37 gallons of fuel and losing $1,495 in wages due to the congestion delay.  

Urban Area 

Yearly 

Delay 

Excess 

Fuel 

Congestion 

Cost 

Hours Gallons Dollars 

Washington DC-VA-MD 74 37 1495 

Chicago IL-IN 71 36 1568 

Los Angeles-Long Beach-Santa Ana 

CA 
64 34 1334 

Huston TX 57 28 1171 

New York-Newark NY-NJ-CT 54 22 1126 

San Francisco-Oakland CA 50 22 1019 

Boston MA-NH-RI 47 21 980 

Dallas-Fort Worth-Arlington TX 45 22 924 

Table 1.1 the Worst Physical Bottlenecks in the United States (American Highway Users 

Alliance Study, 2004). 
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Seattle WA 44 23 942 

Atlanta GA 43 20 924 

Philadelphia PA-NJ-DE-MD 42 17 864 

Miami FL 38 18 785 

San Diego CA 38 20 794 

Phoenix AZ 35 20 821 

Detroit MI 33 17 687 

  

 

How can we reduce traffic congestion? In order to reduce traffic congestion and 

improve the road capacity at bottlenecks, the transportation profession came to realize 

that approaches must be tailored to address each of the root causes of congestion. An 

estimation of how much each cause contributes to total congestion is clearly 

demonstrated in Figure 1.2: congestion might occur when bad weather and physical 

bottlenecks exists. In a matter of fact, all the traffic in the traffic network initially moves 

freely and smoothly. When the traffic density is large enough (moving from the free-flow 

region to the congestion region in the traffic fundamental diagram), if one vehicle 

suddenly brakes, the driver immediately behind it has to decelerate, so on and so forth. 

Soon the effects of traffic jam were evident after the propagation of the one single 

deceleration behavior passing through multiple vehicles. In this study of microscopic 

driving behavior, the researchers hope to model human driving behavior in different 

weather conditions and road layouts to see how these external factors might affect drivers’ 

decision–making in terms of acceleration and deceleration behavior. 

Table 1.2 Nationwide Congestion in 2010 (Texas Transportation Institute, 2011). 

*Note: Yearly delay, excess fuel, and congestion cost are all calculated for per auto 

commuter.* 
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Figure 1.2 National Summaries about the Sources of Congestion (Cambridge 

Systematics and Texas Transportation Institute, 2004). 

The transportation safety and efficiency is still a challenging problem given the 

fact that the United States government has invested a huge amount of money for 

transportation developments and improvements. Systematical understanding of the 

relationships between driver-vehicle-environment (DVE) elements is very necessary in 

order to improve transportation safety and efficiency. The driver operates the vehicles via 

control instruments. The vehicle influences the driver decisions through the speedometer, 

electrical warnings, and driving assistance systems. The surrounding environment is part 

of the corresponding equation through the weather conditions and the road geometric 

characteristics. Haddon (1970) studied these three entities and presented a useful matrix 

that identifies risk factors before a crash, during a crash and after a crash, in relation to 

the driver, vehicle and environment (Table 1.4). The Haddon Matrix is commonly used to 

analyze road safety problems in a systematic fashion. It is a two-dimension matrix: the 

first dimension is the phases of crash divided into pre-crash, crash, and post-crash. The 

second dimension is the three potential factors of injury: driver, vehicle and environment. 
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Special Events/Other

Workzone

Bad Weather

Traffic Incidents

Physical Bottlenecks
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The study of the influences of DVE entities on traffic modeling is still in progress. 

On the one hand, the impact of weather conditions and roadway layouts on traffic flow is 

insufficiently understood and insufficiently quantified in the microscopic modeling of 

driving behavior. On the other hand, a great deal of data relating to the characteristics of 

traffic flow are available, but have received little analysis with respect to weather 

conditions and road geometric design. Also, very little knowledge is available about how 

these external environmental changes impact longitudinal driver behavior. A large 

quantity of evidence exists about the likelihood of rear-end accidents during abnormal 

weather or at accident prone sections, but little quantitative modeling has been available 

to describe the driving behavior of pre-crash in such situations. Investigating the exact 

cause-effect relationships in the microscopic modeling of driving behaviors under 

different conditions might fill these blanks, since driving decisions/actions are the results 

of the interactions of the DVE actors. Different environmental conditions have been 

identified to have an impact on individual driving behaviors. Examples of different 

environmental conditions are weather–related factors (e.g., fog) and road geometry-

related factors (e.g., narrower lanes). It has been shown that reduced visibility has a 

substantial impact on traffic flow dynamics. It has been confirmed that the 

geometry of the road layouts also lead to changes in driving behavior. 

PHASES FACTORS 

DRIVER VEHICLE ENVIRONMENT 

PRE-

CRASH 

 Age 

 Gender 

 Sight 

 Hearing ability 

 Driving record 

 Alcohol use 

 Vehicle upkeep 

 Safety features 

present (airbags, 

rollover protection, 

etc.) 

 Aerodynamics 

 Speed capacity 

 Road shape 

(straight vs. 

winding, upgrade 

vs. downgrade) 

 Road surface 

conditions 

 Light conditions 
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 Years of 

experience 

 Level of 

distraction 

 Motives and 

attitudes 

 Size/type of vehicle 

 

 Weather conditions 

 Trees 

 Speed limit 

 Traffic 

CRASH 

 Familiarity of 

agent and 

environment 

  Seatbelt use 

 Equipment working 

 Handling ability 

 Speed 

 Geometrics and 

appurtenances or 

energy absorption  

POST-

CRASH 

 Emergency 

medical services 

 Incident detection 

and assistance 

 Pre-existing 

conditions/genetic

s 

 Participation in 

recommended 

therapies 

 Removal from 

scene 

 Fire/fume control 

systems 

 Repair capabilities 

 Design for ease of 

emergency access 

 Geometrics for 

ease of emergency 

access 

 Debris control and 

cleanup 

 Restoration of road 

and traffic devices 

 Damage to/loss of 

obstacle(tree, sign) 

 Time/space in 

hospital 

Table 1.3 Haddon Matrix (Haddon, 1970). 

 

Traffic models describing the longitudinal interactions of vehicles in a traffic 

stream are becoming increasingly important in Intelligent Transportation Systems to 

provide real time traffic information and to analyze roadways levels of performance. 

Various kinds of car-following models have been proposed to describe inter-driver’s 

acceleration relationships since the 1950’s (Chandler, et al., 1958). A number of inherent 

assumptions about driver behaviors in existing car-following models, however, impaired 

their validity in traffic flow simulation. One of the main possible improvements on 

existing acceleration models is the incorporation of the rarely taken into account external 

factors that may influence drivers’ decision making logic; such factors include weather 

characteristic and roadway conditions/geometries.  
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Prospect theory (PT) is commonly considered as one of the most useful 

descriptive theories of human decision-making. Hamdar et al. (2008) has put forward an 

acceleration model, which adopted PT to reflect the psychological and cognitive aspects 

of the decision making process. In this PT acceleration model, time is divided into 

different acceleration instances, and at each time instance, driver may accelerate, 

decelerate or keep his or her current speed. In other words, drivers make decisions on 

acceleration choices, and their choices are based on an evaluation result, gains and losses 

while following a lead vehicle ahead. This thesis builds on this acceleration model that 

translates this utility-based concept into longitudinal driving behavior. The presented 

model in this thesis extends the current PT logic by considering the effect of the external 

driving environment while keeping the adopted probabilistic nature of human judgment.  

1.2 Research Objectives  

The author’s objective is to explore how a driver perceives the dynamic changing driving 

surroundings (i.e. different weather conditions and road geometrical configurations) and 

executes acceleration maneuvers accordingly. Specifically, a microscopic acceleration 

model based on PT is enhanced to capture the impact of external environment on 

microscopic longitudinal driving behavior. Another objective of this thesis is to use a 

driving simulator to test individual driving behavior in different environmental situations 

and then use the data obtained from the driving experiments to calibrate the micro 

acceleration model. Furthermore, the author also wants to process the time stamped 

traffic data in such a way that the simulation data can be used in a calibration program. 

Through the implementation of Genetic Algorithm in a C++ program, 9 parameters 
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included in the PT acceleration model are calibrated. Based on the calibration results, the 

model performance and the features of longitudinal driving behavior are discussed. 

1.3 Thesis Organization 

After the background introduction and the investigation of the relationships between the 

driver, vehicle and environment entities, this thesis starts by reviewing the external 

factors that might influence drivers' decision-making when following a lead vehicle; the 

major factors considered in this study include visibility level, road friction, curvature, 

gradient, median existence, lane width and shoulder width. Additionally, some basic 

concepts related to microscopic traffic modeling and simulation are also reviewed in 

Chapter 2.  

Based on the review of the different studies presented in Chapter 2, Chapter 3 

describes the basic psychological concepts of the extended PT model. The author then 

expands the previously mentioned acceleration model (Hamdar et al., 2008) through 

introducing two families of subjective utility functions reflecting the changes in the 

perception of external stimulus in relation to weather and roadway geometry conditions. 

Lastly, some basic characteristics of the newly extended PT model are described. 

Chapter 4 attempts to build a simulation driving experiment to reveal the impact 

of the external factors (visibility distance and roadway geometry i.e.: grade, lane width, 

shoulder width and curvature) on drivers’ longitudinal driving behavior. 15 different 

driving tests were created via the STISIM Drive simulator. 
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The trajectory data collected from the driving experiments are firstly discussed in 

Chapter 5. By looking at the measures of average speed, time headway, maximum 

deceleration, minimum Time-To-Collision, maximum acceleration, and minimum 

distance headway of each data set, the general impact of those aforementioned external 

factors on human drivers’ longitudinal driving behavior are presented. The methodology 

of Genetic Algorithm adopted to numerically calibrate the extended PT acceleration 

model and the calibration results are discussed next. 

In Chapter 6, several conclusions with regard to drivers’ distinctive behavioral 

features are listed. The validity of calibrated PT acceleration is also discussed. Some 

future research anticipations and recommendations are finally presented based on the 

research methodology applied in this thesis and the calibration results obtained in chapter 

5. 
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CHAPTER 2 LITERATURE REVIEW 

Before embarking on the modeling and simulation aspects of the extended PT 

acceleration model, the author looked at the external factors that may impact drivers’ 

longitudinal driving behavior. In addition, some representative microscopic traffic 

models and simulation are presented and discussed in this chapter. Some basic 

terminologies about longitudinal driving behavior modeling are to be considered and 

applied throughout this study. 

2.1 Weather  

Multiple studies have focused on the statistical relationships between different traffic 

measures and surrounding weather characteristics. Firstly, visibility impairment, 

precipitation, and temperature extremes may affect driver behavior and vehicle 

maneuverability. Chen et al. (1995) found that weather and road surface conditions bring 

about some differences in car-following behaviors. Based on recorded traffic data, 

Ibrahim and Hall (1994) found that free-flow speed reduces 1.9 mph in light snow, 3.1 to 

6.2 mph in heavy rain, and 23.6 to 31 mph during heavy snow. Liang et al. (1998) 

conducted a study to find the visibility impact on speed. Through data collection, they 

found that average speed reduces 11.9 mph during snow events, and that the overall 

variability in average speed during snow events was nearly three times larger than in 

normal weather conditions.  
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Secondly, many studies have focused on the concepts and theories of car 

following to understand drivers’ car following behavior, their headway maintenance and 

how the choice of headway affects safety (Brackstone, et. al., 2009, Winsum, 1999). It is 

suggested that drivers’ car following behavior was seriously affected in dense foggy 

weather resulting from obscure scenery (Evans, 2004). Evans (2004) also observed that 

drivers tended to follow the lead vehicles much closer from the fear of losing a reference 

when driving in foggy weather. Hawkins (1988) noted a significant increase in distance 

headways when visibility distance was 150 m. Van Der Hulst et al. (1998) studied driving 

behaviors in fog with a visibility distance of 150 m. They noted that due to the difficulty 

in anticipation that the visibility reduction causes, drivers will increase time headway 

under low visibility conditions. They also found that drivers’ reactions to decelerations of 

the lead vehicle were very accurate even when visibility was reduced. Broughton et al. 

(2007) employed a high-fidelity driving simulator to measure the car-following behavior 

under three visibility conditions. Two distinctive driving styles were identified in their 

studies: laggers and non-laggers driving styles; the laggers stopped following the lead 

vehicle within visible distances and instead dropped back to some larger distance 

headway, accompanied by increases in speed variability, whereas the non-laggers 

remained in a true car following mode with a visible lead vehicle ahead of them. In other 

words, the lagger drivers tended to avoid lead-vehicle contact and to drive at their own 

slower pace while the non-laggers tend to ensure that lead vehicles remain visible. 

Hoogendoorn et al. (2010) also conducted a driving simulation experiment and suggested 

that fog led to a decrease in speed as well as in acceleration. A substantial increase in 

distance to the lead vehicle was also observed in the experiment.  
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Thirdly, the friction coefficient of the road surface is another important factor that 

influences vehicle’s maneuverability. Perrin and Martin (2002) analyzed traffic flow in 

Salt Lake Valley, Utah during winter. The results indicated that start-up delays on snowy 

pavement and wet pavement was 23% and 5% higher, respectively, than the delays 

observed on dry pavement. As friction and precipitation type are highly correlated, Wu et 

al. (2009) presented a novel car-following model according to the relationship between 

vehicle deceleration and passenger comfort levels. In this model, the friction coefficient 

between vehicles and road surface is considered and experiments of this model also show 

high compatibility with real-life observations. Wallman et al. (1997) found that average 

speed reduces by 10% to 30% in icy and snowy weather conditions respectively. Tanaka 

et al. (2010) studied the influence of different road surfaces through car-following 

platoon experiments and they discovered a significant difference in driving behaviors 

between icy and dry roadway surfaces. In addition, safe driving in adverse weather 

conditions also requires full detection of pavement markings. Retro-reflectivity of 

pavement markings varies as weather condition changes. Zwahlen et al. (1995) stated that 

obliteration of pavement markings heavily impacts drivers' detection distances and thus 

impact their perception and behavior. 

2.2 Road Geometry 

Roadway layout is another important aspect of the driving environment, and it includes 

lane and shoulder width, median existence, horizontal and vertical alignment. Also, these 

basic roadway design elements can affect drivers’ perception and therefore influence 

their driving behavior (Janssen et al., 2006). Several studies showed that accident rates 
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were associated with roadway design (Knuiman et al., 1993; Karlaftis and Golias, 2002; 

Polus et al., 2005). However, only few studies directly investigated the effect of a specific 

roadway design element on driving behavior (Martens et al., 1997; Stamatiadis et al., 

2007) through controlled manipulations. In this thesis, a roadway feature at a given 

candidate location is considered deficient if its value at that location is less than the 

recommended design value and criteria according to the AASHTO Green Book (2001). 

Based on the previously stated studies, the geometric roadway features that may 

influence drivers’ longitudinal driving behavior considered in this thesis include 

horizontal and vertical alignments, lane width, shoulder widths. and median existence,  

2.2.1 Horizontal Alignments 

Different road characteristics such as road curvature and gradient might affect car-

following behavior differently, as suggested by Rockwell (1972). Andueza (2000) 

developed a model to estimate vehicular speed on curves and tangents roads. The study 

found that drivers’ speed choice within horizontal curves highly depended on the 

roadway features before such curve. McLean (1981) collected free-speed data at 120 

curves with approach tangent sites on two-lane rural highways to examine the influences 

of rural road alignment on driver speed behavior. It was found that the observed 85th 

percentile car speeds were dominantly influenced by the desired speed. Additionally, 

typical studies have involved dividing roads into short segments in order to analyze 

driving behavior when road traffic crashes occur on each road section. Significant 

positive correlation has been identified between the road curvature and crash rates. A 
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number of different indicators have been adopted to study the impact of road geometric 

features on driving behavior. These indicators are summarized as follows: 

 Bend numbers per kilometer (Barker, et al. 1999, Shankar, et al, 1995, Shankar, et 

al, 1996)  

 Percentage of bend length to road length (Shankar, et al, 1996) 

 Maximum and minimum radius of curvature (Shankar, et al, 1996) 

 Cumulative absolute angle turned through per kilometer (Hughes, et al, 1996, 

Walmsley, et al. 1998)  

 Furthermore, Crashes on horizontal curves have been recognized as a 

considerable safety problem for many years. Zegeer et al. (1990) conducted a study on 

two-lane rural roads to determine how horizontal curve features affect roadway accidents 

and to asset geometric designs for safety upgrading. They concluded that through 

widening lanes or shoulders on curves, curve accidents can be radically reduced by as 

much as 33 %. Table 2.1 shows the predicted percent reduction in accidents resulting 

from the widening lanes and widening paved and unpaved shoulders. By reviewing the 

literature linking driver behavior to rural road curves, it is demonstrated that increased 

accident rates are associated with an increase in the degree of curvature (Leisch, 1971). It 

showed in past research that crash rates on horizontal curves were 4 times more than 

crash rates on the tangent sections (FHWA, 2000). Many early studies examined the 

relationship between specific levels of horizontal curve and accident rates. It is found that 

curves of radii less than (1) 1312ft (McLean, 1981; Choueiri and Lamm, 1987; and Krebs 

and Kloeckner, 1977), less than (2) 1968ft on rural two-lane roads (Choueiri and Lamm, 
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1987; Johnston, 1982), and (3) curves over 3 degrees (1910ft) (Cirillo and Council, 1986) 

tended to increase accident rates. Choueiri and Lamm (1987) conducted a literature 

review on the influence of horizontal curve radius on driving behavior and found that 

increases in curve radii will decrease the number of accidents. When the radii of highway 

curves are between 1,300ft and 1600ft, the gain in safety from this adjustment becomes 

relatively small. Figure 2.1 illustrates their conclusions. 

 

Total Amount of Lane or 

Shoulder Widening (ft) 

Percent Accident Reduction 

Total Per Side 
Lane 

Widening* 

Paved Shoulder 

Widening 

Unpaved Shoulder 

Widening 

2 1 5 4 3 

4 2 12 8 7 

6 3 17 12 10 

8 4 21 15 13 

10 5 * 19 16 

12 6 * 21 18 

14 7 * 25 21 

16 8 * 28 24 

18 9 * 31 26 

20 10 * 33 29 

Table 2.1 Percent Reduction in Accidents on Horizontal Curves with 8ft Beginning 

Lane Width as a Result of Lane Widening, Paved Shoulder Widening, and Unpaved 

Shoulder Widening (Zegeer et al., 1990) * Note: Values of Lane Widening 

Correspond to a Maximum Widening of 8ft to 12ft for a total of 4ft per lane, or a 

Total of 8ft of Widening* 



18 
 

 

Figure 2.1 Related Studies Illustrating the Relationship between Accident Rate and 

Radius of Curvature (Choueiri and Lamm, 1987) 

2.2.2 Vertical Alignment 

Looking at vertical curve studies, the road gradient is identified as an exogenous 

disturbance of longitudinal driving behaviors in an error-able car-following model (Yang 

and Peng, 2010). It is suggested that rear-end accidents were common at vertical curve 

locations where unfavorable sight conditions existed (Mullins and Keese, 1961). Lefeve 

(1953) investigated driver behavior on two lane rural highways with vertical curves, 

where the minimum sight distances were between 150 and 500ft. It was well observed 

that drivers invariably reduced the speeds as they approached vertical curves with short 

sight distances. It was also found that speeds at the vertical curves (regardless of the sight 

distance) appeared to be determined by present operating speeds. According to Mullins 
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and Keese's studies (1961), roadway accident rates were much higher on sag curves than 

on crest curves. The authors also noted that for both sag and crest curves, accident rates 

were much higher when vehicles entered the curve than when vehicles left the curve. 

Greater length vertical curves indicated lower accident rates than smaller length vertical 

curves (Hauer, 1999). It was also noted that accident rates at grade sections were much 

higher than accident rates at level sections; higher accident rates were observed at steep 

gradients than those observed at mild gradients; higher accident rates were observed at 

down-hill sections than those observed at up-hill sections (Glennon, 1985). 

2.2.3 Lane Width  

Research regarding the efficiency and safety implications of lane widths has been 

conducted for many years and remains of interest today. Harwood et al. (1990) suggested 

that the roadway capacity would drop when the width of traffic lanes is below 12ft. 

Specifically, 11ft-lanes have 3% less capacity than streets with 12ft lanes; 10-ft-lane 

streets have 7% less capacity than streets with 12ft lanes; 9-lane streets have 10% less 

capacity than streets with 12ft lanes. Behaviorally, it is found that drivers show improved 

lane keeping and more accurate steering behavior with decreased lane widths (Harwood, 

1990). Narrower lanes are perceived as less tolerant and less secure. This led drivers to 

adopt speed control to avoid dangerous or risky situations (Summala, 1996). De Waard 

(1995) noted that driving on a narrow lane requires greater mental effort than driving on a 

wide lane, because drivers need to keep vehicles within the lane. Higher speeds lead to 

high flow rates of information and also require more mental effort to processing the 

surrounding information. Yagar and Van (1983) noted for every foot of reduction in lane 
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width, there was a decrease in speed of 1.1mph. Likewise, Heimbach et al. (1983) found 

that during off-peak hours, if lanes narrowed by 1ft, speed would tend to reduce 0.6mph, 

when other factors are held constant. During peak hours, speed decreases by 1mph per 

foot of lane width. When lane width is 1ft greater, speed is estimated to be 2.9mph 

greater as stated by Fitzpatrick et al. (2000). Vey and Ferreri (1968) also found a positive 

relationship between lane widths and speeds: higher speeds were observed for 11ft wide 

lanes than those observed for10ft wide lanes.  

Besides the impact on individual driving behaviors and speeds, lane width also 

has an effect on roadway safety. It has been demonstrated that the use of narrower lanes 

will lead to more crashes if other roadway characteristics remain unchanged (Harwood, et 

al., 2000). Collisions increase as lane widths are reduced, but the relationship is not linear 

(Heimbach , et al. 1983). Karlaftis and Golias (2002) quantitatively assessed the effects 

of various highway characteristics on accident rates using an accident database. They 

found that lane width was one of the most important factors that impact accident rates on 

two-lane roadways. Hadi et al. (1995) developed negative binomial regression models to 

study the relationship between safety and various cross-sectional elements. The authors 

noted that increasing lane widths up to 3.7m (12ft) and 4.0m (13ft) would decrease 

accident rates for urban two-lane roadways and urban four-lane undivided roadways, 

respectively.  

2.2.4 Shoulder Width 

Paved shoulders enable drivers to stop for emergency and provide vehicles a recovery 

area for driver errors. Shoulder widths have an impact on driving behavior. Yagar and 
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Van (1983) found a small increase in driving speed on 2-lane rural roads if an emergency 

lane/hard shoulder was added. It is suggested that wider shoulders give drivers a sense of 

security and much space to correct their driving errors (Stamatiadis, et al., 2009). 

However, narrow lanes involving more mental concentration doesn’t guarantee positive 

effects of narrow shoulders on safe driving behavior through influencing drivers’ ability 

of maintaining safe lane position. In a study on safety relationships between geometric 

characteristics and crashes, Zegeer and Deacon (1987) concluded that crashes decrease 

with increasing lane width and shoulder width. It was also observed that lane width has a 

greater impact on crash rates than shoulder-width. After examining crash rates on two-

lane roads with three different shoulder widths of 2, 4, and 8ft, Rinde (1977, in Dewar 

and Olson, 2001) found that narrower shoulders led drivers to steer away from shoulders 

and drive closer to the center of the road, thus increasing the likelihood of head-on 

collisions. Likewise, Kraus et al. (1993) also found that narrow shoulders may create a 

dangerous condition where drivers don't have enough recovery area in case of lane 

deviation and therefore they increase the likelihood of off-road collisions. However, wide 

shoulders don’t mean safer situations to drivers. It has been shown that approximately 10% 

of fatal highway crashes are related to vehicles stopped on shoulders (Hauer, 2000). After 

analyzing data from 600 two-lane rural road sections in Alabama, Michigan, and 

Washington, Miaou (1998) identified that 1ft increase in shoulder widths would decrease 

approximately 9% run-off-the-road crashes. In a similar study for rural two-lane roads in 

Washington and North Carolina, Council and Stewart (1999) found that increasing the 

shoulder width by 1ft leads to a 5% to10% reduction in crashes at sections where daily 

traffic volume exceeds 5,000. Using three-year data from Minnesota and Washington 
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two-lane rural roads, Vogt and Bared (1998) suggested that a unit increase in shoulder 

width significantly impacted crash reduction.  

2.2.5 Median Existences 

In the United States, rural two-lane roads sometimes lack physical objects that separate 

opposing traffic streams. It has been confirmed that the existence of median on highways 

have substantial influence on traffic flow operations and traffic safety. Council and 

Stewart (1999) examined the safety differences between divided two-lane and undivided 

four-lane rural roadways. It was concluded that the existence of median barriers had an 

effect on crashes that was related to the traffic volume. Fitzpatrick et al. (2000) pointed 

out that the presence of medians suggested higher speeds than where no median existed. 

The speed on streets without medians was about 38 mph, and the speed was 42 mph with 

a raised median in urban areas. Tay and Churchill (2007) conducted a study related to 

drivers’ perception of median barriers. Specifically, speed data were collected on 

freeways in the City of Calgary, Alberta with different types of longitudinal median 

barriers. They found that drivers increased speeds since they perceived the barriers as a 

protective device. Another study conducted in Oregon suggested that crash rate will 

reduce if median barriers are used (Strathman, et al., 2001).  

The reviewing on the factors of weather and road geometry is to investigate 

drivers’ responses to reduced visibility from fog, different friction coefficients, different 

horizontal and vertical alignment, median types, and different lane and shoulder widths in 

real-world conditions. How drivers perceive their motion (the speed of the lead vehicle, 
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the relative speed between the lead vehicle and themselves and the space headway), 

driving surroundings, safety, and risk combine to impact the driving behavior and the 

objective measures of driving performance. The following section introduces a brief view 

on how drivers would make their driving judgment and decisions after processing the 

external information. 

2.3 Traffic Modeling 

This section gives an overview of different approaches that have been adopted in the past 

few decades in studying of traffic modeling. Generally, there are two main approaches 

towards the modeling of traffic flow. In the beginning, the modeling of traffic flow is 

presented mainly through the macroscopic perspective, and it deals with traffic flow 

phenomenon in terms of aggregate variables, namely, flow rate, speed and density. Later 

on, the availability of computers has led to more investigations in microscopic models. 

These microscopic models tracing the movement of each single vehicle and driver’s 

behavior are generally described by a set of stimulus-response relationships and if-then 

rules. 

2.3.1 Macroscopic Traffic Modeling 

The macroscopic modeling of traffic flows is initially based on a quadratic function 

relationship (Equation 2.1). Combining the law of conservation, the macroscopic 

modeling of traffic flows can demonstrate the time–space evolution of the traffic flow.  
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                                                      Equation 2-1 

 

Where: q= flow rate  

u= speed 

uf = free-flow speed 

kj = jam density 

Consider a small interval of road, between spot x1 and spot x2, the number of 

vehicles in this portion of roadway is always conserved. As such, at any point in time, the 

changes in the number of vehicles within the interval is given by the number of vehicles 

entering at x1 and leaving at x2, as illustrated by Figure 2.2. The coming flow at location 

x1 at time t is given by q(x1, t), and the flow out at location x2 at time t is given by q(x2, t). 

The flow density within the region ∆x is given by k(x, t). Since the number of vehicles on 

the roadway is conserved, the change in the total number of vehicles within the region, 

defined as the rate of change of the integral of the flow density over the road interval, is 

equal to the outwards vehicle flow at x2 subtracted from the inwards vehicle flow at x1. 

Mathematically, the conservation law can be expressed as follows: 
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Figure 2.2 Derivation of the Conservation Law 

 

The conservation equation (Equation 2.2) is an integral form representing the 

conservation property of traffic flow on roadways. By considering this equation as the 

integration interval becomes very small, we obtain a partial differential equation that 

governs the evolution of traffic flow:  

( , ) ( , )
0

q x t k x t

x t

 
 

 
                                           Equation 2.3 

Similar to the continuity equation in fluid dynamics, Equation 2.3 represents the 

assumption that between two counting stations on a given section of a roadway without 

extra entrances and exits, the number of vehicles in that section is always conserved. 

Aggregated traffic variables, flow q(x, t), speed u(x, t), and density k(x, t) that 

characterize the macroscopic traffic flow properties are all defined at every instant in 

∆x

k(x,t)q(x1,t) q(x2,t)

x1 x2
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time t and at every point of the roadway. The fundamental relationship can be expressed 

as: 

( , ) ( , ) ( , )q x t k x t u x t                                             Equation 2.4 

With the adoption of Equation 2.4 in Equation 2.3, the continuity equation can be 

easily solved. In addition, the conservation law allows us to write the flow rate in 

function of density as follows: 

( , ) ( ( , ))eq x t Q k x t                                       Equation 2.5 

Then, Equation 2.3 can be enhanced by adding a generation term z(x, t) that 

represents the number of vehicles entering or exiting the traffic flow on a roadway with 

entries and exits: 

( , ) ( ( , )) ( , )
( , )

k x t dQ k x t k x t
z x t

t dk x

 
 

                       Equation 2.6 

In Equation 2.6, the term z(x, t) represents the volume of traffic that enters the 

road at time t and at location x (a negative value for exiting traffic) and the term

( ( , ))dQ k x t

dk
 represents the derivative of the fundamental q-k function. Using the 

fundamental relationship (Equation 2.4) in the conservation law leads to the first dynamic 

traffic model in the 1950’s. This model was named after the people who first proposed it: 

the LWR- model (Lighthill, Whitham, Richards).   
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On the other hand, since the traffic flow is defined as a function of density, q(k(x, 

t)), the traffic conservation equation (Equation 2.6) will be wavelike, with a wave speed 

dependent on the relationship between the flow rate and the flow density, and Equation 

2.6 can be rewritten as: 

( , ) ( , )
0

k x t k x t
W

t x

 
 

 
                                           Equation 2.7 

Where W is the slope of the tangent at the corresponding point in the fundamental 

diagram of q-k. Through solving Equation 2.7, the following equation is obtained: 

( , ) ( , )( )k x t F x t x Wt                                                     Equation 2.8 

Where F(x, t) is an arbitrary function and this equation shows that inhomogeneity would 

spread along traffic stream at a constant speed W. This inhomogeneity may move forward 

or backward depending on the sign of W. Therefore shockwaves emerge. 

2.3.2 Microscopic Traffic Modeling 

In microscopic modeling, traffic is not modeled using aggregate variables such as density, 

flow rate or speed. The microscopic level of modeling deals with the interactions between 

individual drivers or vehicles and the infrastructure. In general, car following and lane 

changing are two main behaviors considered when modeling the dynamics of each 

vehicle as a function of the positions and velocities of the neighboring vehicles. Since 

this study focuses only on the longitudinal driving behavior when a vehicle follows a lead 

vehicle, the author will start with a review of car–following models. In this study the 
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author provide a summary of some typical car-following models’ formulation and 

limitations. The following notation will be used throughout the reviewing on microscopic 

modeling to describe the car-following behavior (Figure 2.3).  

Figure 2.3 Car-following Notation 

Brackstone and McDonald (1999) finished a comprehensive review of the 

historical development of car-following models. Car-following models have been 

extensively studied since the early 1950s. Almost all of the models are based on the 

principle that the motion of the following vehicle n+1 is governed exclusively by the 

motion of the preceding vehicle n. In particular, they assumed that the vehicle interval 

depends on safety considerations by which spacing or time headway between vehicles is 

a function of the relative speed between the lead vehicle and the follower. Pipes (1953) 

developed a car-following model that concludes that drivers control their speed to 

maintain a desired spacing. He derived an equation (Equation 2.9) by stating that the 

spacing between two vehicles increases linearly with speed and this spacing is assumed 

to be linearly dependent on speed. In Pipes’ model, the speed of the follower is calculated 

as: 

Follower

Vehicle n+1

Leader

Vehicle n

Xn+1

Xn

Direction
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1 1( ) ( ) ( )n n ndv t v t v t

dt 
  

                                      Equation 2.9 

When solving this differential equation, one immediately arrives at the fact that it 

is a steady state solution, where the motion of a long line of vehicles in the traffic stream 

is at the same speed. The steady state can be destabilized by the adoption of a lag in 

response, as done by Chandler, Hermann, and Montroll (1958) (CHM). This situation is 

of importance when a group of cars follow one another at very small velocity 

independent distances such as occurs frequently on highways during rush hours. It is 

proved that traffic stream becomes unstable when the product of the lag time and the 

proportionality parameter exceeds 1.5. The experimental data implies that a fluctuation in 

position of one vehicle would amplify down the line of vehicles. The fluctuation 

transition in traffic stream can also be explained as: the delay in drivers’ response time 

tends to destabilize initially stable system. Spontaneous disturbance in traffic stream is 

modeled through using a delayed reaction time in the CHM model. However, the 

applicability of the model is restricted by the fact that the dynamics is independent of the 

separation distance between the lead and the following vehicles. Consequently, vehicles 

may collide in this model. 

 This problem was overcome by car-following models developed by Gazis et al. 

(1961), Edie (1961), and Newell (1961) assuming that the following vehicle needs a 

reaction time to respond to changes in speed and position of the lead vehicle. In addition, 

a common feature of these car-following models(listed in Table 2.2) is the underlying 

assumption that the responses of the following vehicle are based on spacing and 

differential speed between the following and the lead vehicle.    
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Authors Car-following Model Algorithm 

Gazis, Herman, and Potts 

(1961) 
1( ) ( )na t c v t T   

 

Gazis, Herman and Rothery 

(1961) 
1 1( ) [ ( ) ( )]n n nx t T x t x t   

 

Edie (1961) 1 1

( )
( )

( )

m

n n l

v t T
a t cv

x t T
 

 


   

Newell (1961) 1 1 1( ) [ ( ) ( )]n n n nv t G x t T x t T     

 

Table 2.2 Selected Car-following Model Algorithms 

Where: an+1 =Acceleration, vehicle n+1 

xn+1=Position, vehicle n+1 

 xn=Position, vehicle n 

T=Reaction time 

t= Current simulation time 

v =Difference in speed 

1

m

nv 
=Speed, vehicle n+1  

vn+1=Speed, vehicle n+1 

c, m ,  =Model parameter, refer to (13) (14) (15) for the parameter values. 

Gn+1= Computational function, refer to (16) for some examples of functions G n+1.  

Actually, all of the car-following models presented in Table 2.2 are stemmed from 

the classical stimulus-response behaviorism, where each individual vehicle always 

accelerates or decelerates as a response of the lead vehicle’s stimulus. So the (n+1)
th 

vehicle’s dynamic equation can be summarized as follows: 

 1 1[Re ] [ ]n nsponse Stimulus                                        Equation 2.10 
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The car-following models of this type vary since the stimulus in each model varies. The 

stimuli adopted in these models are the speed of the vehicle, the relative speed and 

spacing between the n
th

 (the vehicle immediately in front) and (n+1)
th

 vehicle (the 

following vehicle). There are many different parameters acting in the term of stimulus 

and their values have been extensively studied over several decades. Among those the 

most typical examples of are: May and Keller (1967), Heyes and Ashworth (1972), 

Treiterer and Myers (1974), Ceder et al. (1976), Aron (1988), Ozaki (1993).  

It is also possible to update the velocities of the following vehicle in discrete time 

steps rather than solving the partial differential equation for their speeds. Gipps (1981) 

modeled the car-following behavior by setting the time step in an integration package 

while keeping the spatial as a continuum. The main assumption in his model is that each 

driver tries to maintain a desired speed with the consideration of a safe braking distance. 

Therefore, he derived a safe update scheme for the speed of the following vehicle 

(Equation 2.11). This discrete time modeling approach is much advantageous since no 

differential equation has to be solved.   

0.5

2
2 2 1

1 1

1
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( ) 2.5 (1 ) ; 

( ) min
( )

[2( ( ) ( ) ( ) )]

n
n n

n

n n

n
n n n n n n n

n

v t
v t a

V
v t

v t
b b b x t s x t v t

b





   
 



 
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 
   

      
 
 

Equation 2.11 

A more efficient car following model is developed by Nagel and 

Schreckenberg(1992),  which not only discretized the time unite, but also the space unite 

is discretized (Cellular Automata – CA- approach). Specifically, the road space is divided 

into a line of cells and each cell may be empty or be occupied by a vehicle at each time 
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step. The number of empty cells between two neighboring vehicles on the grid depends 

on how the driver controls the vehicle. The state of each cell is simultaneously updated at 

each discrete time moment t. The model also considers natural velocity fluctuations due 

to human factors or due to external factors. Then the state of a cell at time t+1 is a 

stochastic function of the states of the cells in its neighborhood. Therefore, this model is 

able to represent the spontaneous clustering in traffic stream (Figure 2.4) and to 

reproduce the empirical flow-density diagram (Figure 2.5) 

 

Figure 2.4 Left: Traffic Flow vs. Occupancy from Measurements in Reality. Right: 

Traffic flow vs. Occupancy from Simulation (Nagel and Schreckenberg, 1992) 
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Figure 2.5 Left: Space-time Lines for Cars from Aerial Photography. Each Line 

Represents the Trajectory of One Vehicle in the Spatiotemporal System. Right: 

Simulated Traffic at a Density of 0.1 Vehicle per Site, Sites Occupied by a Vehicle 

are Marked by the Integer Number of its Velocity (Nagel and Schreckenberg, 1992) 

Another class of car-following models called as psycho-physical models is 

developed on the assumption that drivers change their driving behavior at some 

thresholds or at some action points. If the following driver perceives the relative speed or 

spacing in certain range, then they will react accordingly, as shown in Figure 2.6. 

Representative examples of psycho-physical car-following models are the ones 

developed by Wiedemann (1974), Wiedemann and Reiter (1992) and Fritzsche (1994). 

The microscopic traffic simulation software PARAMICS has adopted Fritzsche’ 

algorithm. Another extensively used microscopic traffic simulation software VISSIM 

incorporated Wiedemann’s two psycho-physical models (Wiedemann, 1974) 

(Wiedemann and Reiter, 1992). However, these psycho-physical models all need 

extensive calibration work in order to obtain representative results, since they contains a 
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large number of parameters characterizing the driver and the surrounding traffic 

properties.  

 

Figure 2.6 Thresholds of Action Point for Psycho-physical Car-following Model 
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CHAPTER 3 MODEL FORMULATION 

This chapter starts with a presentation of the conceptual framework of the extended PT 

acceleration model. Next, the external factors of surrounding environment are 

hypothesized and formulated into the PT acceleration model. Section 3.3 expands on the 

earlier mentioned acceleration model (Hamdar et al., 2008) through introducing two 

families of subjective utility functions reflecting the changes in the perception of external 

traffic stimulus in relation to weather and roadway geometry conditions. Through the 

extended formulation, some basic concepts that the PT model implies and the main 

adopted implementation methods are described. The subsequent section attempts to 

differentiate the impact of external factors (visibility and roadway geometry i.e.: grade, 

curvature, lane width and shoulder width) on these subjective utility functions. Through 

sensitivity analysis in section 3.4, it is shown that the extended PT model can exhibit a 

change in driving behavior when receiving different parameterized exogenous 

information while incorporating stochastic cognitive dimensions compared to the original 

PT model. 

3.1 Acceleration Decision-making Conceptual Framework 

3.1.1 Overview of Traditional Models 

From a modeling perspective, traditional car-following models may not explicitly capture 

why drivers take certain actions under certain external conditions. Almost all of the car-

following models are based on the principle that the motion of the following vehicle n+1 
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is governed exclusively by the motion of the preceding vehicle n. In particular, they 

assumed that the vehicle interval depends on safety considerations by which spacing or 

time headway between vehicles is a function of the relative speed between the lead 

vehicle and the follower. Pipes (1953) modeled the car-following behavior by stating that 

drivers control their speed to maintain a desired spacing and the spacing between two 

vehicles increases linearly with speed. Forbes (1958) assumed that the following vehicles 

always maintain minimum time headways. His model also indicated that the movement 

of the following vehicle is only affected by the relative speed between the lead vehicle 

and following vehicle. In Gipps's model (1981), it is assumed that each driver tries to 

maintain a desired speed with the consideration of a safe braking distance when 

following the lead vehicle. Newell (2002) proposed a simple car-following model for a 

homogeneous highway in which a vehicle follows the same trajectory as its lead vehicle. 

These models do not explain changes in driving behavior in response to weather and 

roadway geometric features. Moreover, these models do not represent the stochastic 

cognitive decision making process for additional behavioral insights. Therefore, they are 

difficult to reveal the actual cognitive activities involved in the car-following process 

under different traffic environments. In the General Motor (GM) experiment (Chandler, 

et al., 1958; Gazis, et al., 1961), the drivers of the following vehicles knew they were 

being observed, and were also driving in specific testing environment (e.g. fixed test 

speeds, fixed test tracks, and limited time period of the day) where they followed the lead 

vehicle at a safe distance. These existing GM car-following models, to some extent, 

modeled driving tasks without focusing on the genuine perception-judgment-execution 

driving processes. In fact, besides the General Motor models, models developed by Helly 
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(1959), Rockwell and Treiterer (1968), Aron (1988) and Ozaki (1993) all derive from the 

classical Stimulus-Response Behaviorism, which does not capture the complexity of the 

drivers’ mental activities when following a lead vehicle. 

 Recognizing that the environment around us is always changing, it should be 

noticed that drivers actually always process dynamic information flux when driving on a 

roadway. Based on the previous work of longitudinal acceleration modeling, the first step 

in the extended PT model building process is to understand the core logic in this model.  

3.1.2 Prospect Theory 

People make decisions under uncertainty on an every-day basis. In psychology, decision-

making research has progressed from the normative stage to the descriptive stage with the 

objective of understanding the mental processes adopted by different individuals under 

different conditions. Such development started when the expected utility theory (EUT) 

was first proposed by Daniel Bernoulli (1954). Von Neuman and Oscar Morgenstern 

(1949) then illustrated that the theory could be explained systematically by a set of 

axioms on preferences. However, researchers in the fields of psychology, marketing and 

economics found that the EUT is in violation of human decisions under uncertainty. In 

fact, people often did not make optimal decisions so they began to investigate how and 

why deviations occur. Prospect Theory, strengthened by Kahneman and Tversky (1979) 

(1992), has managed to explain away various violations of EUT. Van de Kaa (2004) 

summarized the following major differences that distinguish PT from EUT: 
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 Context-dependent preferences: Individuals' preferences depend on the context of 

the decision-making situation and the way choice alternatives are presented and 

how they perceive the choices (Tversky and Kahneman, 1992).  

 Reference dependency: The magnitude of gains and losses of each choice is 

always a relative value, in other word, the prospect of each choice is always 

relative to a reference point (Tversky and Kahneman, 1979). 

 Change-oriented framing: Outcome is defined as gains and losses. Individuals 

frame choices with regard to the expected change in the prospect rather than on 

the expected state of it; the carriers of utility are not states (owning or not owning 

the speed), but changes from getting the higher speed or giving it up (Kahneman, 

2000). 

 Loss aversion: People tend to avoid losses much more than to acquire gains of 

equivalent size (Kahneman, 2002). 

 Diminishing sensitivity: the marginal impact of a loss or a gain is dependent upon 

the   distance from the reference point. The changes in a variable have less impact 

the farther the variable is from the reference point (Kahneman and Tversky, 1979). 

 Non-linear weighted probabilities: There is a nonlinear probability weighting 

function showing that people tend to overestimate small probability events, but 

underestimate outcomes with large probabilities. "Over-weighting of small 

probabilities contributes to the popularity of both lotteries and insurance. Under-

weighting of high probabilities contributes both to the prevalence of risk aversion 

in choices between probable gains and sure things, and to the prevalence of risk 
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seeking in choices between probable and sure losses" (Tversky and Kahneman, 

1992). 

 In prospect theory, people make their decisions on alternatives based on prospect 

distributions (instead of objective probability distributions), exhibiting the properties of 

loss aversion and diminishing sensitivity to increasing gains and losses. Kahneman and 

Tversky (1979) defined the prospect (xi, πi) to be a function that yields outcome xi with 

subjective probability πi, where the sum of πi is not 1 (contrary to objective probabilities). 

As for car-following behavior, drivers normally decide to accelerate or decelerate based 

on their assessment of current status (value function of speed/acceleration) and the 

prospect of future events. 

Looking at the longitudinal driving behavior, drivers normally decide to 

accelerate or decelerate according to their assessment of current status and the prospect of 

future events. Specifically, based on personal experience and a combination of fast 

changing driving environments, they will dynamically develop cognitive representations 

of the external environment. The processed external and cognitive representation 

constitutes the basis for longitudinal driving judgments and decisions, which is defined as 

a value function UPT(an). The value function is a continuous, strictly increasing, S-inverse 

shaped function with one inflection point. At each acceleration instance i, drivers’ 

decisions are swayed by the composition of the prospects being offered (gains and losses) 

and by expectations of drivers making the decision. Cognitive preferences are presented 

jointly by the value function that evaluates the subjective value in terms of a reference 

point (current status), and by the decision weights that reflect drivers’ attitude towards 

risk. The value function possesses diminishing marginal value as the acceleration value 
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moves farther away from the reference point. This is referred to as diminishing sensitivity. 

UPT''(an) is positive in loss domain, and this implies convexity, which means that the 

influence of a speed loss from 40mph to 30mph is more significant than the loss from 80 

mph to 70 mph. In the gain domain, UPT''(an) is negative, which implies concavity of the 

value function UPT(an). For drivers, the increase of speed from 30mph to 40mph has 

much greater impact than a speed increase from 70mph to 80mph. Furthermore, the value 

function also reveals the cognitive characteristic that drivers treat gains and losses 

differently. The negative influence of each unit loss on driving judgments and decisions 

is larger than the positive influence of each unit gain, which can be seen as the value 

curve in the loss domain is steeper than the corresponding point in the gain domain. In 

addition, for the same speed variation, such as delta v equal to 10ft/s, the driver will feel 

more displeasure from a 10ft/s
2   

deceleration and less satisfaction from his or her gains in 

a 10ft/s
2 

acceleration. 

 In addition, a decision weighting function (prospect) denoted by w(pi), is adopted 

to reflect the probability distortion of every individual probability by either 

overweighting pi or underweighting it. At this stage, the weighting function is a strictly 

increasing function w(pi) [0,1] [0,1], and each probability pi has a decision weight w(pi) 

associated with it satisfying the conditions w(0)=0, w(1)=1, since it is assumed that 

individuals would not misjudge impossibility and certainty. Through personal experience 

and a combination of various driving environments, drivers dynamically develop 

cognitive representations about the external environment. The processed external and 

cognitive representation constitutes the basis for drivers’ judgments and decisions.  
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3.2 Model Formulation  

3.2.1 Model Overview 

By reviewing the external factors of weather and road geometry, the objective is to 

investigate drivers’ responses to reduced visibility, different road surface conditions, 

different horizontal and vertical curves, and different lane and shoulder widths in real-

world conditions. How drivers perceive the motion (the speed of the lead vehicle, the 

relative speed between the lead vehicle and themselves and the space headway), driving 

surroundings, safety, and risk combine to impact the driving behavior and the measures 

of driving performance. This section introduces how drivers would make their driving 

judgment and decisions after processing the external information. Driving decisions are 

made based on a driver’s current status and the perceived information obtained from the 

external environment. Therefore, a reasonable and realistic drivers’ decision 

representation should be dynamic and changeable instead of static and constant. Figure 

3.1 illustrates the dynamic relationships inherent in the proposed PT acceleration model. 

For every decision interval, drivers choose their acceleration based on different value 

functions representing diverse driving environments. The final utility reflects a speed-

acceleration status that the driver considers to be safe over the anticipation time period 

and that depends on changing traffic scenarios. The model calculates the state vector of 

the n
th

 vehicle at each time instance i:                

, , , ,[ , , ]n i n i n i n is x v a                                                        Equation 3.1 
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Where      is the position of the n
th

 vehicle (the following vehicle) at time instance i;       

and      represent the n
th

 vehicle's velocity and acceleration at time instance i, 

respectively. The state vector      is then applied to calculate the acceleration       .  

 

Figure 3.1 Schematic of PT Acceleration Model 

3.2.2 Evaluation and Judgment Process 

A set of model parameters U(an)={w
-
,   ,  ,         } incorporated in the extended PT 

model characterize the decision making circumstances. The extended value function 

adopted in this thesis is given by (Hamdar, et al., 2008): 
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              Equation 

3.2

 
Where: 

Upt(an) = The value function 

w
- 
= Weighing factor for the prospect theory value 

 = Exponent of the prospect theory value mainly reflecting road impact (hypothesis 1) 

a0 = Acceleration normalizing factor 

= Amplitude factor for the prospect theory value mainly reflecting weather influence 

(hypothesis 2) 

 If the surrounding conditions do not change, the value function (Equation3.2) is 

kept. If the surrounding conditions vary from the previous driving environment, the 

corresponding parameters in the value function would change accordingly to characterize 

the weather and road geometry features at that time. The overall utility for the n
th 

driver 

(the following vehicle) is obtained from a utility function defined as (Hamdar et al., 

2008): 

, ,( ) (1 ) ( ) ( , )n n i pt n n i cU a p U a p w k v v                                            Equation 3.3 

 Drivers exert acceleration or deceleration through sequentially evaluating the 

outcome of candidate acceleration prior to each time instance. If the following vehicle 
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chooses        as his or her acceleration at time instance i, the probability of crash 

involvement is calculated by the crash probability function (Hamdar et al., 2008):  

2

1

( ) 0.5 ( )
P

( )

n n n n n
crash

n n

v t a s t

v t

 


 

  
  

                                           Equation 3.4 

 In ideal conditions, the driver of a following vehicle can drive at his or her desired 

speed to follow the lead vehicle. Desired speed is the speed drivers would drive on a 

straight and level road section in clear day and without traffic disruptions. However, a 

driver’s real travel speed is restricted by those aforementioned external factors. 

Accordingly, drivers may accelerate or decelerate until they obtain the maximal utilities 

corresponding to the driving environment they are in exactly at that moment; if the 

surrounding conditions do not change, the utility function is kept. Therefore, drivers 

always evaluate to what extent they need to regulate their current speed to adapt to the 

new upcoming driving environment.  

3.2.3 Stochastic Modeling of External Factors 

3.2.3.1 Weather Conditions 

When in favorable weather condition, drivers usually use a relatively low acceleration 

rate to reach certain utility as they expect. In other words, in order to reach the same level 

of utility drivers driving in unfavorable weather conditions (e.g., poor visibility condition 

and slippery road surfaces) need to use higher acceleration to gain the same utilities as 

drivers in good weather condition. Parameter  incorporated in value function (Equation 

3.2) decides the utility levels of acceleration choice. Based on the fact, it is hypothesized 
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that   can be used as the weather influence parameter to characterize the impact of 

weather on drivers perceptions of the driving environment. For illustration reasons, four 

major types of weather conditions (clear, rainy, foggy, and snow) are considered in this 

model. Firstly, one of weather condition's major impacts on driving behavior is acted 

through the visibility distance. Let V denote the visibility level in daytime. On clear days, 

the value of visibility influential weight is full. On foggy days, drivers need longer 

observing time or the visual perception delay increases, which leads to the decrease of 

visibility weight. wci
4
(Vi) symbolizes that the following driver grades the visibility level 

of the driving scene to be level Vi in foggy condition i. Secondly, fog, rain, and snow lead 

to changes in the longitudinal friction coefficient, and this change directly affects speed 

and the safe spacing between the following and the lead vehicles. The friction 

coefficients in weather condition   denoted as        . The perception of friction is 

very subtle, except for in the case of wet and icy road surfaces. The road surface friction 

coefficient is set as an intermediate variable to quantify the minor impact of dry, wet and 

icy situations on longitudinal driving behavior.  

The author considers four main visibility ranges and two friction coefficients in 

clear, foggy, rainy and snowy weather conditions,   
                      }. 

Each weather condition    
  affecting the outcome of prospect n is valued by mapping 

function f(wci |             ), which translates the values of the observable 

variables                         into valuating parameter 
 
            Figure 

3.2 (A) shows four value functions representing four different weather conditions. For 

simplicity, Weather Condition 1 is assumed as clear day with full visibility. In moderate 

fog, reduced visibility distance would lower the level of the value function (Weather 
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Condition 2). Similarly, the level of the value function shrinks in dense fog (Weather 

Condition 3 and Weather Condition 4), which indicates that higher acceleration are 

needed in order to gain higher utilities. Similarly for different road surface conditions, 

Weather Conditions 1 is assumed to represent the dry road surface; Weather Condition 2 

represents wet road surface and Weather Condition 3 represents icy road surface. 

 

 Figure 3.2 (A) Value Function (Equation 2) Represents 4 Types of Weather 

Conditions (= 0.4, 0.5, 0.6, 0.7) 

3.2.3.1 Road-Geometry Conditions 

Drivers will predict the road geometrical configuration and regulate the speed and 

acceleration based on their subjective expectation about the geometric feature of the 

upcoming road sections. When the road is straight, a small acceleration rate is enough for 

the following vehicle’s expected gains in utility. However, when traveling on the road 

section where a horizontal or vertical curve exists, or when the travel lane or the hard 
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shoulder is narrower than the normal width, drivers need to invest more efforts to deal 

with the changes in geometry and their expectations in gains may decrease. The 

parameter  in value function (Equation 3.2) affects the utility distribution of acceleration 

choice, which is like a frequency-related parameter. Therefore in this thesis, it is 

hypothesized that parameter  can be used as the road impact parameter to characterize 

the influence of road geometry on drivers perceptions of the road conditions.  

Roadways are divided into a series of segments according to the roadway grade 

and curvature. The non-straight feature of a roadway is presented by a quadratic 

polynomial,    
       

    . The coefficients of x
2
 and x reflect how drivers think 

about the shape of a road. When drivers are on a curved section, greater value will be 

assigned to 1. When drivers assume that the road ahead will be a straight section, the 

coefficient of x is considered much greater. For road sections with an uphill (or a 

downhill) grade, similarly, the non-flat feature of a roadway is depicted by a quadratic 

polynomial:    
        

      as well. Drivers will tune the magnitude of  1 and  2 to 

reflect the roadway steepness. In addition, the lane width also affects drivers’ perception 

of roadway safety and the roadway space that can be used. In the extended PT model, 

driving on 12ft wide lane (standard lane width) is modeled as the driving task that is 

perceived as relatively easy, which is associated with a full weight of the lateral space. 

Driving on narrower lanes will be challenging in the light of to what extent the available 

lateral space affects drivers’ capability of handling later position and following the lead 

vehicle simultaneously. The lateral space weight will proportionally decrease as lane 

width decreases from 12ft to 11, 10 and 9ft. The fourth feature of road design considered 

here is shoulder existence/width. Paved shoulders enable drivers to stop for emergency 



48 
 

and provide vehicles a recovery area for driver errors, which therefore makes drivers feel 

more secure when traveling on the side lane. The missing of shoulder causes a lack of 

flexibility of driving behavior under space pressure, which corresponds to the lowest 

weighting value of  in the value function. When there is a paved shoulder, drivers are 

willing to follow the lead vehicle closely and their willingness is affected by the shoulder 

width. In sum, drivers need to tolerate the uncertainty associated with narrower lane and 

shoulder widths in order to arrive at their destination safely.  

According to the aforementioned hypothesis, Figure 3.2 (B) shows a family of 

value functions representing four different roadway geometric configurations. Road 

Condition 4 with lowest positive utilities implies road section ahead either has a sharp 

curve/steep grade, or the lane width / shoulder width are less than the standard values, 

which is 9ft and 0ft respectively. Road Condition 3 suggests that the curvature/gradient 

and lane width (10ft)/shoulder width (2ft) are less extreme than Road Condition 4. Road 

Condition 2 represents the roadway is either straight without grades or lane width and 

shoulder width are slightly narrower than standard ones, which are 11ft and 4ft, 

respectively. The normal circumstance that a roadway of 12ft lane and 6ft shoulder 

without horizontal and vertical curves is depicted by Road Condition 1. When driving in 

these four circumstances, the subjective utilities increase slightly as the road conditions 

improve from condition 4 to condition 1. In other words, an identical acceleration choice 

of these four value functions corresponds to 4 different utilities because roadway 

conditions influence drivers' expectations: the more curved/ steep/narrow the road is, the 

less utility a driver would expect. In hypothesis, when the road conditions get worse, the 

values of  decreases and the ranges of the utility curves shrink. 
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Figure 3.2 (B) Value Function (Equation 2) Represents 4 Types of Road Conditions 

( =3, 5, 7, 9) 

3. 3 Initial Analysis of Extended PT model 

The model analysis and assessment is described here with an emphasis on the 

assumptions and algorithms underlying how these external factors impact drivers' 

cognitive process and how drivers make their decisions based on the utility functions that 

reflect these external factors. According to the default values published by FHWA (2004) 

with respect to vehicular physical properties, the acceleration that a passenger car can 

achieve is set in the range of [-4.5, 3] m/s
2
 and it can be approximated to follow the 

Gaussian distribution, which is determined by the following moments (2): 

arg[max( ( ))]U a 
                                                  Equation 3.5 

2 1

''( )
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 
 

                                                    Equation 3.6 
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The extended PT acceleration model in different external conditions (Figure 

3.3(A) and Figure 3.3(B)) can control the acceleration choice-making in a reasonable 

scope. In Figure 3.3 (A), the weather condition improves from Weather Condition 4 to 

Weather Condition 1 as the relative speed and lead vehicle speed are fixed at 0m/s and 

20m/s respectively. The spacing is subtly altered from 10m to 40m. The figure shows that 

with increased visibility distance, a driver can obtain higher acceleration opportunities 

(value that maximizes the subjective utility increases). The decrease in the area enclosed 

by the utility curves manifests the utility-loss because of deteriorating weather conditions, 

especially in relation to the decrease in visibility distances. Figure 3.3 (B) illustrates how 

the roadway conditions influence drivers' total utilities as the road parameter γ varies 

from 3 to 7 with a 2 increment at each time. The speed of the lead vehicle increases from 

10 to 25m/s with a 5m/s increment (spacing and relative speed to the follower are fixed at 

20m and 0m/s). 

Figure 3.4 (A) and (B) show how the aforementioned external factors impact the 

acceleration choice stochastically. Figure 3.4 (A) displays different acceleration 

distributions in different weather conditions. It can be seen that a driver’s acceleration 

choice distributes in a wider range when visibility distance varies. This may indicate that 

more driving behavior disturbances are caused by weather related factors than by road 

geometry factors (Ibrahim and Hall, 1994; Broughton et al., 2007; McLean, 1981; 

Heimbach et al., 1983). While driving on a road with different curves and grades (Figure 

3.4 (B)),  (Equation 3.6) is much smaller when in different weather conditions; this 

means that the acceleration choice is more concentrated around the mean value  

(Equation 3.5). From a behavioral perspective, this observation may indicate that drivers 
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deal with the changes in roadway geometrical features more adroitly than the changes in 

weather conditions. 
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Figure 3.3 (A) Total Utilities for the Following Vehicle in Four Different Weather 

Conditions (Δv= 0m/s, Vlead=20m/s, Spacing = 10m, 20m, 30m, 40m). (B) Total 

Utilities for the Following Vehicle in Four Different Roadway Conditions (Δv= 0m/s, 

Spacing=20m, Vlead=10m/s, 15 m/s, 20m/s, 25m/s) 
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 Figure 3.4 (A) Acceleration Probability Density Corresponding to 3.3(A) (∆v= 0m/s, 

Vlead=20m/s, Spacing = 10m, 20m, 30m, 40m). (B) Acceleration Probability Density 

Corresponding to 3.3 (B) (∆v= 0m/s, Spacing=20m, Vlead=10m/s, 15m/s, 20m/s, 25m/s) 
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CHAPTER 4 DRIVING EXPERIMENT 

After studying the framework of extended PT model and how it logically depict decision-

making of longitudinal driving behavior, the model formulated in Chapter 3 needs to be 

calibrated using real-life data of driving behavior. Recent progress in electronic and 

computer technology has made possible the application of laboratory-based driving 

simulators to test driving behavior. Using a driving simulator is an alternative for on-road 

tests when researchers wish to use more controlled circumstances, or manipulate specific 

test conditions such as weather conditions and road geometric configurations. This 

chapter introduces the procedures related to the driving experiment set-up.  

4.1 Driving Simulator Study 

Driving simulators are useful tools for the studies of driving behavior and traffic safety. 

By providing feedback in the form of visual, motion, and audio cues to drivers, a driving 

simulator can give drivers the impression that they are driving an actual vehicle in the 

real world. By simulating vehicle motion based on the driver operations, the vehicle 

kinematic data can in turn be used to analyze drivers’ driving behavior.  

4.1.1 Classification of Driving Simulators 

A research at Volvo Technological Development classified driving simulators as low-

level, mid-level, and high-level simulators. Low-Level simulators are usually built on 

standard PC systems at a low cost. They can provide the user with a virtual reality 
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experience on standard desktop. Because of their low cost and convenience, low-level 

simulators are the most widely used systems. Mid-level driving simulators can have 

adequate fidelity, validity and realism; yet affordable compared to the high-level driving 

simulator. With proper configuration and harmonization of the visual, motion and cues, 

they can perform a wide range of driving scenarios and tasks. Currently, one of the most 

widely used mid-level simulators is the STISIM driving simulator. High-level simulators 

are the most advanced and thus, the most expensive. Some examples of high level 

simulators are the National Advanced Driving Simulator USA and the Toyota Driving 

Simulator in Japan. These high level simulators have sophisticated systems such as a 

dome with 360 degree projection screen for virtual environment presentation. They are 

also equipped with a full vehicle cab and a large motion platform which can mimic the 

driving conditions.  

To better employ driving simulator on the studies of the effects of external factors 

on driving behaviors and accident frequency, the researchers reviewed other researchers’ 

previous studies based on the driving simulators’ types they used.  

4.1.2 STISIM Simulator Hardware 

The STISIM Driving Simulator at Virginia Campus of the George Washington 

University can exhibit high-fidelity virtual driving environment for use in vehicle safety 

research and driving behavior analysis. Specifically, the simulator is composed of a full 

car base, including the original controls (throttle, break, steering wheel, blinkers, etc.), 

five PCs processing different parts of a simulation and three projectors. One of the PCs is 

inside the vehicle and used mainly for speedometer display. The 1
st 

PC from left of the 
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lab desk is used to run the dynamic model of the vehicle. The dynamic PC will overlook 

the controller and send dynamic data to the inside-display PC. The 3
rd

 PC is the central 

control of the simulator. It runs the simulation program STISIM, which accesses the 

dynamic PC and the other two side-display PCs via the local network. It also provides the 

central display of driving background. The others two PCs, 2
nd

 and 4
th

 are utilized to 

display the left-hand and right-hand screens, respectively. The three projectors are 

directly connected to the three display PCs, projecting the whole driving scenario in front 

of the vehicle. The driving simulator is also equipped with a system that replicates the 

sound of an engine. The sound varies when driving at different speeds, thus drivers can 

feel the differences when they accelerate or decelerate to sustain the desired speed for the 

given kinematic conditions. 5 different kinds of screen resolution options are available in 

the simulator as is showed in Figure 4.1. Based on the maximum resolution the 2
nd

, 3
rd

 

and 4
th

 PCs’ graphics cards can provide, STISIM Drive enables the screen resolution 

accordingly. In general, the maximum resolution should be adopted, which provides the 

best looking roadway scene and at the same time get rid of some visual anomalies 

resulting from lower resolutions. 

 

 

 

 

Figure 4.1 “Screen Resolution” options in STISIM Simulation 
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STISIM Drive covers various kinds of driving scenarios, including highway, 

urban roads, mountainous roads, plain roads, signalized intersections, non-signalized 

intersections and so on. It also provides a high-fidelity driving environment with traffic 

signs, roadway markings, roadway surfaces, urban landscape, rural scenery, buildings, 

trees, skies and weather. Therefore it allows researchers to do research on the impacts of 

weather conditions, including clear days and foggy days, wet, icy and dry road surfaces. 

In sum, STISIM Drive could be used in the following studies:  

 Determine the weather influence on driving behavior  

 Evaluate the impact of road geometric configuration design on driver behavior 

4.1.3 STISIM Software 

The simulator software was originally developed for the National Highway Traffic Safety 

Administration in the 1980’s. It is a product of Systems Technology, Inc. on low-cost 

techniques for creating laboratory test relevant to the psychomotor and cognitive 

activities of real world driving. The version currently in use of our studies is STISIM 

Drive Build 1.02.07. The vehicle dynamics program in use is VDANL Drive version 

6.0.30 and it allows for user-specifiable, realistic steering and speed control 

characteristics. In addition to these embedded math models, additional definitional files 

are developed with STISIM’s Scenario Definition Language (SDL). Therefore, driving 

tasks and scenarios can be easily created by specifying an arbitrary sequence of driving 

tasks, events, and performance measurement intervals with ASCII text commands. 

Researchers as the test designers will control what the driver sees and when they see it. 

The application of ASCII text commands to define test scenarios has two advantages: on 
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the one hand, it simplifies the specification of scenario attributes that relate to driver 

psychomotor and cognitive behavior; on the other hand, it permits the much more precise 

definition of road curvature, elevation, friction coefficient of roadway surfaces, lane 

number, lane width, shoulder width, interactive traffic volume, etc. Approximately ten 

thousand different events can be programmed in a simulation run.  

4.1.4 STISIM Simulator Output 

The third element of the SITSIM Simulator is simulation data storage. A wide array of 

data is produced by the simulator at each completion of the simulation run. The system 

creates both a summary file of the events that occurred during the simulation run and 

snapshots of the vehicle and driver performance. Researchers can specify what data to 

save based on a list of possible variables (the variables of interest in this study will be 

specified in Section 4.2.3) via SDL. The data that is selected will be saved in fixed length 

that will make it easier to import the data into MATLAB, Excel or other data analysis 

software.  

The general information stored in the simulation result file contains: the date 

when the test was run, the time of day when the simulation began, and the name of the 

simulation file that was used. Next, a complete list of various events that were run in the 

simulation will also be saved in the output file. In particular, in the user defined data 

blocks, the most important kinematic data about both the lead vehicle and the test vehicle 

are stored evenly collimated. The kinematic data block in this study was delimited by 

“Car-Following” in the output files. The interval between storage intervals can either be 

specified in seconds or feet (0.1 second is adopted in this study). Additionally, the data 
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collected in the output file are in the order that they are specified when those events were 

called. In general, the format for the data saved in output files is as follows: 

1. Date, Time, Driver ID, Name of the scenario file 

2. User defined data blocks 

3. Off road accidents, Collisions, Pedestrians hit, Speeding tickets, Red lights ran, 

Speed limit exceedances, and other driver errors 

4.2 Experiment Set-up 

Up till now, the author has introduced the critical parts of STISIM Drive and the 

simulator user's interface/environment. Now it is time to look into the specific steps that 

are required to actually execute a simulation experiment. 

4.2.1 Apparatus and Participants 

The STISIM Driving simulator is the main apparatus applied in this study. Driving 

performances of many subject populations have been studied in driving simulators (Lee, 

et al., 2005, Shechtman, et al., 2007). A total of 36 students and staff from the George 

Washington University, 26 male and 10 female, with varying driving experience 

participated in the simulator driving experiments. Upon the participants’ arrival in the 

laboratory, a questionnaire was completed by each participant including questions about 

their individual background and driving experience. Their average age was 24.8 years 

(std 4.02 years), ranging from 20 to 35 year. Every participant had a valid driving license 

of the United States and they had an average of 6 years of driving experience (std 4.50 

years). None of the participants had previous experience with the driving simulator or 
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reported any history of visual problems. Among 36 participants, 6 (1 female, 5 male) had 

road crashes in the past 5 years and one (male) refused to answer this question. 3 (1 

female, 2 male) of these 6 participants admitted that the crashes were caused by their own 

vehicles and the crash type was tailgating. The 4
th

 driver involved in a side-impact 

collision mentioned that the two involved parties had responsibilities. The 5
th

 participant 

had two crashes in the past 5 years: rear-end collision and side-impact collision. It was 

told that both of the crashes were caused by the other driver. The 6
th

 participant had a 

rear-end collision: the driver thought that both parties had responsibilities.  

In addition, each participant was briefed on the requirements of the driving test. 

They were instructed to drive as they normally would do except for the specific 

instructions about “follow the yellow cab”. The 26 males and 10 females were randomly 

assigned to two or three of the 15 programmed experimental scenarios that are presented 

in Table 4.4; each scenario in the end included at least 3 participants with 1 female and 2 

male. All the participants had to drive 5.5 minutes under each condition. The participants 

sat in a stationary vehicle equipped with normal steering, brake, accelerator and 

automatic transmission controls.  

4.2.2 Scenarios 

4.2.2.1 Generic Environmental Settings  

The simulation scenarios in our study consist of different weather conditions and road 

geometric configurations. In standard scenario, the test route is an 8000ft stretch of two-

way, two-lane roadway through a rural landscape. A series of metal median barriers with 
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the dimensions of 10ft long, 1.5ft wide and 1.5ft high are displayed in the middle of the 

roadway. The lane width and the shoulder width of the roadway in both directions in the 

standard scenario are 12ft and 6ft, respectively. Speed limit signs of 65 mph, white 

dashed lines as the lane markings and white solid line at edge were posted throughout the 

scenario. The stripes of lane marking are 10ft long and are separated by 10ft interval. The 

line width of the edge lines and lane markings are all 0.33ft. Without the loss of 

generality, the cross-slopes for the travel lanes of both sides are set to slope down 1 

percent from the center line to the roadway edge lines. In other words, the roadway edge 

line will be 0.12ft lower than the roadway center (
1

12( ) 0.12( )
100

ft ft  ). As for the 

cross-slope of shoulders on both sides, it is set to 2 percent grade sloping down from the 

center of the roadway to the roadway's outer edges. Just past the shoulders on both sides, 

there are 10ft wide fore-slopes that have 5 percent grade sloping downward.  

The weather condition for the standard scenario is programmable and is set as 

clear day with blue skies with no wind that may influence vehicle maneuverability. Next, 

the creation of surrounding landscape is completed through choosing various 3D objects 

from the library that the STISIM Drive provides. Houses, buildings, as well as trees along 

both sides of the roadway were programmed to simulate the rural settings. In particular, 

trees can be displayed within a certain area of the roadway by specifying a tree density 

(number of trees will be displayed within the area) and the area of the roadway scene 

where these trees will appear. In short, the events that are supported by STISIM Drive 

and are in use in the experiments are listed in Table 4.1. 
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Event  

Abbreviation 

Event Event Description 

A 
Approaching 

Vehicle 
Define oncoming traffic 

V Following Vehicle Define traffic in the direction of the driver 

BLDG Buildings display buildings 

BSAV Dynamic Data Begin saving dynamic data for the output file 

R Road Display a specific roadway 

C 
Road Horizontal 

Curve 

Add horizontal curves at desired location with 

desired length, curvature, and radius 

VC 
Road Vertical 

Curve 

Add vertical curves at desired location with 

desired length, curvature, and radius 

ES End Simulation Call the simulation to stop 

JBAR Jersey Barrier Add desired barriers as the road median 

FOG Fog Add a patch of fog to simulation scene 

SIGN Traffic Sign Display a roadway sign 

TREE Trees Display trees on the side of the road 

RSA 
Road Surface 

Attributes 
Change the current road surface attributes 

Table 4.1 Main Events Used in the Driving Experiments 

The traffic condition consists of multiple vehicles traveling on both directions of 

the road. Steady streams of oncoming vehicles were created throughout each simulation. 

There is also steady traffic flow traveling in the same direction as the driver in the center 

lane and side lane. In addition, one lead vehicle was programmed to travel on the side 

lane throughout the simulation of the standard scenario. A yellow cab was selected as the 

lead vehicle. In order to make the movement of the lead vehicle as generic as possible, 

the traffic data collected in the Federal Highway Administration’s Next Generation 

Simulation project (FHWA, 2005) were adopted to define the speed profile of the lead 

vehicle in this study. There were 3 data sets collected from 4:00 PM to4:15 PM (data set 

1), 5:00 PM to 5:15PM (data set 2) and 5:15PM to 5:30PM (data set 3) on 13
th 

of April, 
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2005. The NGSIM data were recorded at every 1/10 second and when selecting the speed 

data from the NGSIM data pool, the author always ensured that there were at least 5 

vehicles in front of the lead vehicle and at least 5 vehicles behind the lead vehicle, which 

guarantees that the traffic is just "car-following" pattern (preclude the lane-changing 

possibility). Finally Vehicle ID 482, Vehicle ID 1014 from data set 1, vehicle ID 606 

from data set 2, and Vehicle ID 100, Vehicle ID 306 from data set 3 were selected as the 

data samples in the studies. The speed-time relationships of these 5 vehicles are presented 

in Figure 4.2. Due to the limitation of the STISIM Drive, the simulator only allows the 

speed of the lead vehicle change 15 times during one single simulation. The lead 

vehicle’s speed in our simulation were linearly soothed (the speed of a vehicle can only 

be changed linearly in the driving simulator) according to the selected NGSIM data 

(Figure 4.2) as is showed in Figure 4.3.  
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Figure 4.2 Raw Data of Speed Profile Selected for the Lead Vehicle Based on 

NGSIM Data (FHWA, 2005) 

 

Figure 4.3 Speed Profile of the Lead Vehicle Defined in the Driving Simulator 
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Basically, a smooth acceleration process, traveling at a constant and relatively low 

speed, a smooth deceleration process, a sudden deceleration event, and traveling at a 

constant but relatively high speed are included in the speed definitions for the lead 

vehicle. Numerically, after the lead vehicle was first displayed on the screen with an 

initial speed of 30ft/s, it will travel at the speed of 30ft/s for 45 seconds. In the following 

15 seconds, the lead vehicle will smoothly accelerate till the speed of 63ft/s. The lead 

vehicle will start decelerating immediately and reduces its speeds to 31ft/s in 3 seconds. 

At time 68 seconds, it decelerates at a constant deceleration of 1.5ft/s
2
 for 3 seconds. 

Then the lead vehicle will travel at the speed of 22ft/s for 14 seconds. Again, the lead 

vehicle will accelerate for 5 seconds at 1.6ft/s
2
 to the speed of 30ft/s. Then it continues to 

travel at the speed of 30ft/s for 10 seconds. After that, the lead vehicle will decelerate for 

3 seconds at 3.33ft/s
2
 to the speed of 20ft/s. At 135 seconds, it restarts to accelerate at 

5.5ft/s to the speed of 31ft/s, which is maintained about 54 seconds. A sudden brake is 

adopted by the lead vehicle that reduced the speed to be 15ft/s. Afterwards, the lead 

vehicle will keep the current speed of 15ft/s for 20 seconds. It once again decelerates 

greatly within 6 seconds to the speed of just 2ft/s. After almost coming to a complete 

stop(v=2ft/s), the lead vehicle re-increases its speed to 10ft/s in 6 seconds and then it 

keeps the speed of 10ft/s for 12 seconds. Again, it suddenly reduces the speed to 2ft/s and 

increases to 9ft/s at the acceleration of 0.875ft/s
2
. The lead vehicle will accelerates from 

9ft/s to 25ft/s, which process lasts 5 seconds. The lead vehicle will decelerate its speed to 

9.1ft/s in 3 seconds. Lastly it increases its speed to 25ft/s and keeps traveling at 25ft/s till 

the end of the simulation. Figure 4.3 illustrates the speed profile of the lead vehicle. In 
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such experimental set-up, the vehicle type and motion path of the lead vehicle were 

always kept in the same fashion as in standard scenario.  

4.2.2.2 Test Variables 

Firstly, it is observed that median existence Council and Stewart (1999) and 

median types Tay and Churchill (2007) will influence drivers’ behavior and then 

influence traffic efficiency and traffic safety. Two different median types: metal median 

barrier and concrete median barrier (Figure 4.4) were used in the experiment. Undivided 

road was also tested in the studies (Figure 4.5). 

Secondly, the lane width of a roadway greatly influences the safety and comfort 

of driving as reviewed in Section 2.1. Although 12ft lane width is desirable on both rural 

and urban roadways, there are circumstances where much narrower lane widths are used. 

For instance, the use of 10ft lane is acceptable when the traffic volumes are low in some 

area. AASHTO Green Book (2001) notes that lane widths substantially less than 12ft are 

considered adequate for a wide range of volume, speed, and other conditions. Actually, 

lane width of 9ft, 10ft and 11ft are all in use depending on the road conditions (like cost, 

traffic demand, topographical constraints, etc.) In our experiment, lane width of 9ft and 

10ft for a long straight section of two-way-two-lane roadway were tested (Figure 4.6 and 

4.7). A standard lane width of 12ft will always be used in our simulation when testing 

other external factors (like visibility distances, friction coefficients of roadway surface, 

horizontal curves and vertical curves). Similarly shoulder widths at 0ft and 3ft were also 

tested in the experiment (Figure 4.8and 4.9).  
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 According to the literature review in Section 2.1, horizontal curve is one factor 

that leads to traffic accident. When the radius is smaller, the accident rate is higher 

(Choueiri and Lamm, 1987). It is shown that both curve angle and curve radius have 

impacts on traffic safety (Section 2.2.1). The transverse stability (includes slippage and 

overturn) happens before the longitudinal stability on a curve based on vehicle steering 

theory, so the radius value is decided by the transverse stability of vehicle. The minimum 

value is obtained by the transverse force which includes centrifugal force of vehicle 

running outboard road curve and the component force of vehicle weight paralleling 

pavement. The transverse force cannot exceed the maximum transverse friction that 

happens between the tires and the pavement surface and considers the comfort of drivers 

and passengers. When designing the roadway layouts in mountainous area (Figure 4.11), 

6 different horizontal curves were adopted. 3 smooth horizontal curves were used in the 

case of rolling terrain scenario (Figure 4.12). Roadway horizontal curvature consists of 

tangents (straight sections of road), curves (sections of roadway with a constant curvature) 

and spirals. The roadway will remain straight until the start of the curve is reached, and 

then will bend to the direction specified. The values of radius and deflection angle of 

horizontal curves used in the experiment are shown in Table 4.2 
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Figure4.4 Undivided Road 

Figure4.6 9ft Wide Lane  

10ft Wide Lane 

Figure4.7 10ft Wide Lane  

Figure4.8 No Hard Shoulders Figure4.9 3ft Wide Hard Shoulder 

Figure4.5 Jersey Barrier 
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 α1=10 degree α2 =20 degree α3=30 degree 

R1 =300m(984ft) 172ft 345ft 515ft 

R2 = 600m(1968ft) 344ft 687ft 1030ft 

R3 = 1000m(3281ft)                 572ft 1145ft       1716ft 
 

Table 4.2 Length of Horizontal Curve Section 

The Vertical Curve event in this simulator is used to examine the elevation impact 

of roadways on driving behavior. Two types of vertical curvatures (a constant grade and a 

vertical curve) were applied to create uphill or downhill sections of roadway that then 

levels off. The vertical curvature figure (Figure 4.10) illustrates the geometry of both the 

constant grade (segments 1-2 and 3-4) and the vertical curve (segments 2-3 and 4-5). 

Through specifying two parameters, the length of the vertical curve and the rate of 

change of grade in percent grade per foot (DelVC in Figure 4.10), a Vertical Curve event 

can be defined in STISIIM Drive. For crest vertical curve and sag vertical curve Equation 

4.1 and Equation 4.2 are used to identify a suitable vertical curve length.  

 

Figure4.10 Mountainous Areas Figure4.11 Rolling Terrain 
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Figure 4.12 Vertical Curve Calculations 
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Where: Lmin= Length of Curve, ft 

S= Sight distance, ft 

h1=height of eye above roadway (3.5ft) 

h2=height of object above roadway surface (2ft) 

A=Algebraic difference in grades, percent 

In the researcher’ experiment, the vertical curves applied in mountainous area and 

rolling terrain are defined as following: 

Design of Vertical Curve Section: 

Simple upgrade section: upgrade i=3%, vertical curve length VC=500ft 
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Simple upgrade section: upgrade i=4%, vertical curve length VC=300ft 

Simple upgrade section: upgrade i=5%, vertical curve length VC=200ft 

Simple downgrade section: downgrade i=-3%, vertical curve length VC=500ft 

Simple downgrade section: downgrade i=-4%, vertical curve length VC=300ft 

Simple downgrade section: downgrade i=-5%, vertical curve length VC= 200ft 

Stop sight distance: 150ft, upgrade i=4%, downgrade=-4%, vertical curve length VC= 134ft 

Stop sight distance: 400ft, upgrade i=4%, downgrade=-4%, vertical curve length VC= 963ft 

Stop sight distance: 400ft, upgrade i=3%, downgrade=-4%,vertical curve length VC= 843ft 

Table 4.3 Design of Vertical Curve Sections 

From the impact of the weather, it is confirmed that reduced visibility conditions 

are clearly a big factor in rear-end collisions. Much of the existing research focuses on 

traffic operations under adverse weather conditions (Section 2.1). In order to see the 

weather influence on longitudinal driving behavior, the current study utilizes the driving 

simulator-based method where fog is simulated as a distance dependent contrast 

reduction while having participants follow a lead vehicle in front of them. The speed 

feedback mechanisms of the lead vehicle were tested in order to determine how drivers 

react when driving in varying reduced visibility conditions. Fog density was uniform 

throughout each driving test and was adjusted to present 4 various sight distances for 

each of the 4 fog-related experimental scenarios (Figure 4.13, 4.14, 4.15 and 4.16). The 

different levels of fog were operationally defined as the mean distance at which drivers 

could just detect an object on a straight road. Based on previous studies, these four 

visibility distances selected are 65.62ft, 164ft, 328ft and 656.2ft, where the maximum 

visibility was 656.2ft and the foggiest condition had a visibility distance of 65.62 ft. 
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Road surface condition is one of the most significant factors that influence vehicle 

stability and driving behavior. Drivers often become more cautious or nervous when 

encountering unusual roadway surface conditions (like wet and icy conditions rather than 

dry pavement) and tend to feel they could not control their vehicle as well as they 

normally could. The Road Surface Attribute event in STISIM Drive is used to define 

different road surface conditions. In this driving experiment, two different road surface 

conditions were created to simulate wet and icy roadway surfaces. When driving on 

Figure 4.13 Visibility Distance 65.62ft Figure 4.14 Visibility Distance 164ft 

Figure 4.15 Visibility Distance 328ft Figure 4.16 Visibility Distance 656.2ft 



73 
 

normal roadway surfaces, the vehicle tires will have enough traction which is sufficient to 

respond to steering input. However, when the friction coefficient reduced to 0.2 (icy 

condition) and 0.4 (wet condition), drivers will find that the vehicle is harder to control 

and less responsive.  

The simulated roadway environment used in the present study consisted 

exclusively of a flat two-lane rural road marked with single white edge lines and 

separated by metal median barrier. All of the test variables are listed in Table 4.4. In all 

of the 14 scenarios (Plus a standard scenario), only one external factor was changed while 

the other conditions remained as in standard scenario.  

External Factors Items Specification 

Road Geometry 

Median 10ft long, 2ft wide, 3ft high concrete 

barrier 

10ft long, 1.5ft wide and 1.5ft metal 

barrier 

Undivided Road (Double Solid Yellow 

Line) 

Lane Width(LW) LW=9ft 

LW=10ft 

Shoulder 

Width(SW) 

SW=0ft 

SW=3ft 

Mountainous Area 

HC= 172ft 

HC=344ft 

HC=515ft 

HC=345ft 

HC=687ft 

HC=1716ft 

VC= 134ft 

VC= 200ft 

VC= 300ft 

VC= 500ft 

Rolling Terrain 

HC= 572ft  

HC=1030ft 

HC=1145ft  

VC= 500ft 

VC= 963ft 
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VC= 843ft 

Weather 

Visibility Distance 

(VD) 

VD=65.62ft 

VD=164ft 

VD=328ft 

VD=656.2ft 

Friction Coefficient 

(FC) 

FC=0.2 (icy condition) 

FC=0.4 (wet condition) 

 

Table 4.4 Test Variables in Each Driving Scenario  

4.2.3 Measurements 

Since the extended PT model is based on well-founded behavioral theory, the author 

postulate that it is capable of modeling the characteristics of driving behavior under 

different driving conditions. Furthermore the reliability of the microscopic traffic 

modeling requires a rigorous calibration process. Based on this consideration, 12 output 

data were selected from the output list in the STISIM Drive data file, which are listed in 

Table 4.5. At the completion of each simulation run, the program automatically took the 

data that was collected and stored it in a text file upon the completion of the run. This 

result is just a sketch of the actual data that is collected during the run and saved in the 

STISIM Drive data file. Each STISIM Drive data file may vary slightly depending on the 

scenario that was run. The process how the simulator generates the relating data is 

summarized as following:  

 The actual data from the simulation that was generated is broken into 4 separate 

parts, which allows the researcher to focus on a particular area of the simulation 

data. The four groups are event data, driver performance data, driver mistakes, 

and individual mistakes. In general, data of various external parameters will be 
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saved. Based on the scenario definitions, the simulation program will 

automatically take the event data to come up with a quick summary about each 

event.  

 Driver performance data (Third data block in the summary, identified as 

"Dynamic block") is collected throughout each simulation. Each kinematic 

parameter in the simulation will tell STISIM Drive to collect a different set of 

data that will be analyzed and the results will be presented in the simulation 

output file. The mean speed and deviation values are simply the average and 

standard deviation of the driver’s longitudinal velocity. 

Column Data Description 

1 Elapsed time since the beginning of the run (seconds).  

2 Acceleration of the driver (follower) (ft/s2). 

3 Velocity of the driver (ft/s). 

4 
Total longitudinal distance that the driver has traveled since the beginning of 

the run (ft) 

5 Driver’s lateral lane position with respect to the roadway dividing line 

6 Current roadway curvature (1/ft) 

7 Running compilation of the crashes that the driver has been involved in. 

8 
Minimum time to collision (seconds) between the driver and all vehicles in 

the driver’s direction. 

9 
Minimum range (ft) between the driver and all vehicles in the driver’s 

direction. 

10 
The distance down the road between the center of the driver’s vehicle 

(follower) and the leader. 

11 
The lateral position of the event object with respect to the roadway’s dividing 

line (Here 18ft indicates the leader is positioned at the center of the side lane). 

12 The leader’s forward velocity (ft/s) 

Table 4.5 Measurements
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CHAPTER 5 MODEL CALIBRATION AND EVALUATION 

The preceding chapter discussed a number of experiments on the impact of the external 

factors on longitudinal driving behavior. All experiments were carried out in the driving 

simulator, which provided the researchers the possibility to control the driving conditions, 

traffic situations, and driving task in a systematic way. This chapter firstly discusses the 

experiment data to evaluate the influences those weather-related and roadway geometry 

related factors have on driving behavior. The second objective of this chapter is to 

calibrate these parameters characterizing the external environment features and individual 

characteristics in the extended PT model that then best predict observed traffic data. In 

order to find the optimal values of those parameters, a Genetic Algorithm is employed to 

deal with the nonlinear acceleration model. The details of the calibration algorithm are 

presented in Section 5.2. Section 5.3 will present the results of estimates of these 

parameters in the extended PT model with regard to different weather conditions and 

roadway layouts. In the last section of this chapter, the author attempts to discuss to what 

extent the newly calibrated PT acceleration model is adequate in modeling individual 

longitudinal driving behavior under different conditions. 

5.1 General Discussion 

The average speeds were calculated for each group in the 15 experiment scenarios. The 

measurements of the choice of time headway and deviation of time headway were 

averaged over the whole experiment ride. Three deceleration periods in the experiments 

were analyzed: 1) when the lead vehicle decelerated from high speed to medium speed 



77 
 

(63ft/s to 30.5ft/s), from medium speed to relatively low speed (31ft/s to 15ft/s), and from 

low speed to extremely low speed (15.2ft/s to 1.88ft/s ). As for drivers’ reactions to 

accelerations, three acceleration periods in each experiment were selected to evaluate the 

following driver‘s response. All the statistical variables are analyzed by MANOVA test, 

which are showed in Appendix C, D and E. 

5.1.1 Choice of speed and time headway 

Car-following performance under the 15 different conditions was measured on a stretch 

of road during 5.5 minutes (Appendix C). It is found that, on average, participants chose 

a slightly lower speed when traveling on the road where the lane was 9ft wide and also in 

the case where hard shoulders do not exist. The average speeds under these two 

conditions were 23.92ft/s and 23.89ft/s, respectively. Likewise, the average speeds under 

wet and icy road surface conditions were also slightly lower than under other conditions, 

which were 23.94ft/s and 23.82ft/s. There was no obvious effect of fog on drivers’ 

average speed (average speeds in four different foggy conditions were all about 24ft/s) 

throughout each test. However, the standard deviations of speed in foggy conditions were 

greater than under standard condition, especially in cases of 65.62ft visibility distance 

and 164ft visibility distance, which indicates that poor visibility to some extent does not 

always confine drivers’ traveling speed but it does cause much more uncertainties and 

therefore leads to much more changes in drivers’ speed choices when following the lead 

vehicle. 

When looking at the longitudinal driving behavior, the distance to a vehicle ahead 

is one of the important safety margins that drivers have to maintain properly. Generally, 
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the distance to a vehicle ahead is expressed in terms of time headway that is defined as 

the distance gap between the preceding and the following vehicles divided by the 

following vehicle’s speed. Choice of time headway under different weather and roadway 

conditions also showed differences according to the experiment results. When traveling 

on the undivided roadway, the participants had the smallest time headway (4.71s). This 

means that, without additional objects/separations on the roadway, drivers feel much 

more freedom and less constraint to keep a short gap following a lead vehicle. It is well 

established that undivided roadways are less safe than divided ones. Therefore short time 

headways on undivided roadways may appear to explain why crash history on undivided 

roadways is relatively higher. The average time headway in foggy weather of 656.2ft 

visibility distance was 5.45 s which was less than those observed in other scenarios. This 

finding is consistent with the previous research’s conclusions that that drivers tend to 

follow a lead vehicle much closer for visible cues under poor visibility condition (Evans, 

2004). In addition, the time headway in rolling terrain is 10.14s that is the greatest in all 

experiment. This result suggests that following a lead vehicle on a stretch of road with a 

number of uphill and downhill requires much more effort dealing with the vertical 

alignment changes and drivers tend to “lose” the lead vehicle leading to increased time 

headways. 

5.1.2 Reactions to decelerations  

The control of longitudinal speed involves continuous information processing, situation 

judgment and decision making in response to potential hazards and critical changes in 

traffic circumstances. Drivers’ expectations and predictions about the new actions of 
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other road users and especially the lead vehicle immediately ahead are essential to be able 

to react properly and timely to corresponding changes and potential hazards. The 

possibility of an imminent crash is expressed as Time To Collision as most studies 

termed. Time To Collision (TTC) is defined as the ratio of the distance between the lead 

vehicle and the following vehicle and the speed difference of these two vehicles (Speed 

of the following vehicle minus the speed of the lead vehicle). According to the definition 

of TTC, it is evident that TTC shows the time available for the drivers to react to a 

potential threat, such as a sudden braking or deceleration of the lead vehicle. Through 

perceived information of TTC, drivers decide the time and intensity of their braking 

maneuvers. Untimely detecting or reacting to the decelerations of the lead vehicle may 

result in rear-end collisions. Also TTC is a time margin indicating that the lower the TTC 

is, the higher the risk of a rear-end collision is. It should be noted that when TTC is 

negative, the rear-end collision will never happen if these two vehicles keep their current 

speeds. Several threshold values of TTC are suggested in literature with respect to 

distinguishing safe approaching behavior from the ones that are considered unsafe. For 

instance, Hayward (1972) proposed that 4 seconds was a critical value at which a vehicle 

can have crash risk. In the studies of developing Rear-end Collision Avoidance Systems, 

Brown et al. (2001) suggested a TTC threshold of 3 s. A TTC threshold value of 2.6 s 

was also found in a study of the behavior of approaching a queue (Hogema and Janssen, 

1996).  

The maximum deceleration that was applied by the following vehicle in these 

deceleration episodes is also adopted as indicators of drivers’ attitudes towards potential 

rear-end collisions. More specifically, these three deceleration episodes selected for this 
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study are: at the 65s simulation instance, the lead vehicle started to decelerate for 9s at 

the deceleration of 4.6ft/s
2
. From simulation time 191s to 192s, a 1s deceleration process 

quickly happened where the deceleration is 16ft/s
2
. The third deceleration process 

selected as study subject is from time 212s to 218 where a relatively mild deceleration 

was applied by the lead vehicle. Planned comparisons were made between the choices of 

maximum deceleration of the following vehicle and the lead vehicle. During these three 

deceleration episodes, the maximum deceleration applied by the lead vehicle is 16ft/s
2
. 

Among all tests, the maximum deceleration (20.46ft/s
2
) is found in the standard scenario. 

In addition, maximum deceleration applied in the scenarios of undivided roads, dense fog 

and rolling terrain were also relatively high which all above 20ft/s
2
. Slamming on the 

brakes is a strong indication that drivers didn’t expect that lead vehicle will decelerate 

and they wanted to acquire much more sense of security through reducing their following 

speeds in a very short time. On the other hand, a much proper deceleration was applied 

by the following vehicle in the cases of narrowed lane of 9ft wide, divided road with 

Jersey barriers and icy surface. This revealed that drivers displayed an anticipatory 

response in these three conditions and accordingly they reacted to the decelerating 

behavior of the lead vehicle much reasonably. To state it differently, narrowed traveling 

lane, divided road and slippery road conditions may arouse drivers much more mental 

alertness. With relatively higher alertness to the driving circumstances, drivers presented 

more rational behavior and less aggressive behavior (larger decelerations). 

Figure 5.1 shows the minimum TTCs and maximum decelerations that drivers 

applied when the lead vehicle decelerated. One minimum TTC below 3 seconds is found 

among the 15 test scenarios, which is 2.93s in the situation of undivided Road. 9 
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minimum TTCs are within the range of 3s to 4s and 5 minimum TTCs beyond 4s. The 

minimum TTC on undivided road may indicate that drivers driving on undivided road 

tend to follow the lead vehicle much closer than drivers in the other conditions. This 

finding is accordance with the observation that minimum time headway also occurred in 

the case of undivided road. Furthermore, the second minimum TTC of 3.02 s occurs in 

the case of dense fog condition where visibility distance is just 65.62ft far. Consequently, 

the decelerations of the lead vehicle are more unpredictable. Following vehicles without 

context cues to judge or predict the lead vehicle’s deceleration maneuvers may lead to the 

lower TTC values in poor visibility conditions. The minimum TTCs also occur when the 

visibility distance is just 656.2ft and when driving on the road without hard shoulders 

(4.73s and 4.93s respectively). According to the definition of TTC, it is evident that the 

higher the TTC value is, the safer the approaching situation is. Therefore, the relatively 

higher TTCs under these two conditions indicate that drivers would like to increase the 

levels of caution. 
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Figure 5.1 Minimum Time-To-Collision and Maximum Deceleration of the 

Following Vehicle when the Lead Vehicle Decelerated during 65s-74s, 191s-192s and 

212s-218s 

5.1.3 Reactions to Accelerations 

 If the lead vehicle ahead accelerates, this provides the follower a good opportunity to 

increase his or her speed as well. In order to assess the risk associated with the 

acceleration maneuvers of the following vehicle, the maximum accelerations and 

minimum distance headway are adopted to see drivers’ attitudes towards gains and losses 

given the acceleration opportunity. The distance gap to a vehicle ahead has to be 

maintained properly in order to be able to stop in a timely manner if the lead vehicle 
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suddenly decelerates. It is usually considered that the closer the distance is, the more 

aggressive or confident the driver is. 

 Three different accelerations courses are selected: (1) The lead vehicle begins to 

accelerate at the simulation time of 50 s at an acceleration of 2.2ft/s
2
 for 15s, (2) during 

time between 135s to 137s, the lead vehicle increases its speed from 20ft/s to 31ft/s at an 

acceleration of 5.5ft/s
2
, (3) lead vehicle accelerates from a low speed of 9ft/s to the speed 

of 25ft/s in 5 seconds. The maximum accelerations that occur in any of these three 

acceleration episode in each scenario test is presented in Figure 5.2. Among all the 

experiments, the maximum acceleration of 11.03ft/s
2
exerted by drivers is found in the 

case of undivided road condition. This may indicate that the simple undivided road had 

less situational constraints on drivers’ acceleration choices. Drivers felt much confident 

and safe (no pressure from hitting on the median barriers) to use a high acceleration 

compared to drivers in other scenarios. Additionally, the maximum acceleration in 

mountainous areas and rolling terrains is also relatively higher compared to the other 

scenarios (6.17ft/s
2
 and 5.94ft/s

2
, respectively). This may be due to the fact that the 

corresponding drivers need larger accelerations to deal with the roadway layout changes 

in mountainous and rolling areas. The maximum accelerations under icy road surface 

condition and under the condition where the lane is 9ft wide are both 4.23ft/s
2
, which are 

the lowest ones among all cases; driving on icy roads and narrower lanes may require 

more efforts to cope with challenging road situations and thus drivers may become more 

conservative when selecting the corresponding acceleration rates. In 4 poor visibility 

conditions, the maximum accelerations applied are: 5.23ft/s
2 

(65.62ft visibility distance), 

4.27ft/s
2 

(164ft visibility distance), 4.58ft/s
2 

(328ft visibility distance) and 5.7ft/s
2 
(656.2ft 
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visibility distance). Drivers driving in reduced visibility conditions are less readily to 

riskily use a large acceleration rate when the lead vehicle is increasing its speed, since the 

ability to anticipate what is likely to happen is impaired in foggy weather. To state it 

differently, drivers’ uncertainty about future traffic circumstances augments in reduced 

visibility conditions and poor visibility conditions lead to risk aversion when drivers 

evaluate a possible gain.  

 

Figure 5.2 Maximum Acceleration and Minimum Distance Headway of the 

Following Vehicle When the Lead Vehicle Accelerated During 50-65s, 135s-137s and 

263s-268s 

On the other hand, the average acceleration of the lead vehicle during these three 

acceleration periods was 2.72ft/s
2
. According to the calculations over these three specific 

acceleration courses, the averaged maximum acceleration again occurs in the case of 

undivided road, which is 4.14ft/s
2
. It can be concluded that people driving on undivided 

roads may much likely adopt a risky driving style by using relatively large accelerations. 

Both of the averaged maximum accelerations on road without hard shoulders and on road 
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with narrower shoulders (3ft wide), which are 1.84ft/s
2
 and 2.005ft/s

2 
respectively, are 

lower than the lead vehicle’s acceleration rates(2.72ft/s
2
). This suggests that roadside 

threat due to no or not enough space to accommodate a vehicle in trouble may make 

drivers more alert and therefore accelerations usage is much lower.  

The minimum distance headways that the following vehicle kept during the three 

acceleration episodes are also presented in Figure 5.2. For drivers, maintaining a safe 

distance headway is a critical cognitive task. One minimum distance headway below 30ft 

is observed among 15 different scenarios (25.28ft on the undivided road). As stressed 

previously, the maximum acceleration in the approach of an accelerating lead vehicle 

also occurs in the scenario of undivided road. These two observations together confirm 

that drivers tend to adopt a reactive driving strategy that follow the lead vehicle closer 

and passively adopt aggressive maneuver to avoid potential hazards under high space 

pressure. The second minimum distance headway occurs in the moderate fog condition 

(656.2ft (200m) visibility distance). This observation again confirms previous research 

finding that drivers would increase the distance headways significantly when visibility 

distance was 150 m (Hawkins, 1988). The minimum distance headway in standard 

scenario, wet road surface, narrowed shoulder (3ft), and visibility distance of 328ft are 

close (all around 37ft). The minimum distance headways in the scenarios of mountainous 

areas and narrowed lane of 10ft wide are both around 38ft. The distance headway kept by 

the following vehicle in the testing scenarios of road without hard shoulders, rolling 

terrain, and road divided with Jersey barrier, are 39.1ft, 39.16ft, and 39.4ft respectively. 

Distance headways that above 40ft are observed in the cases of narrowed lane of 9ft wide, 

visibility distance of 164ft, visibility distance of 65.62ft and icy surface condition, which 
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are 42.19ft, 42.46ft, 42.47ft and 45.08ft, respectively. The observed relatively higher 

distance headway in the last four scenarios indicates that following vehicles in these 

situations are more conservative than driving in the other situations. The narrowed 

traveling lane, the poor visibility conditions cause by dense fog and the slippery road 

surfaces arouse drivers’ alertness, in order to reserve enough reaction space to any critical 

event. 

The average distance headway during these three acceleration episodes are also 

calculated in order to see drivers overall attitude towards an accelerating lead vehicle. 

The minimum averaged distance headway is observed on the undivided road, which is 

67.69ft. This result indicates that undivided roads tend to simulate drivers’ aggressive 

driving style as a lower distance headway is maintained. The second minimum average 

distance headway of 86.59ft occurs in the poor visibility condition where the visibility 

distance was just 656.2ft far. As stressed previously, drivers tend to maintain shorter 

distance headways in poor visibility condition for the fear of losing the reference cue. 

The largest average distance headway is observed on the divided road with Jersey 

barriers, which confirms the previous findings that the existence of road guide and 

separation facilities would subconsciously evoke drivers’ vigilance. The averaged 

distance headway in the dense fog condition where object can only be detected within the 

range of 65.62ft is also higher than the ones observed in the other scenarios (125.49ft). 

This is in accordance with previous research indicating that drivers would lag behind the 

lead vehicle in dense fog condition (41m visibility distance) (Broughton et al., 2007). The 

detailed statistical calculations regarding the drivers’ reactions to an accelerating lead 

vehicle is presented in Appendix F.  
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5.2 The Genetic Algorithm Calibration 

Two major challenges facing the calibration of the extended PT model are: (1) the PT 

acceleration model is based on a nonlinear utility function; (2) it is complex to solve for 

the utility maximization solutions with a stochastic choice among different acceleration 

alternatives. The Genetic Algorithm that relies on the rules of natural selection of 

evolution through the selection of the fittest “individuals” is used to seek the “optimal” 

solutions in this study. In order to find the optimal solutions that best characterize the 

external features, the Genetic Algorithm is implemented as a computer simulation where 

a population of abstract representations (chromosomes) of candidate solutions 

(individuals) to an optimization problem evolves toward better solutions. Some of the 

terminologies that Genetic Algorithms imported from biology are reviewed here: 

 Chromosome: An organized structure of DNA that carries genetic information. In 

this study, each chromosome represents a parameter set of the acceleration model 

and each member of the population has one chromosome, where the population 

consists of N such chromosomes. 

 Crossover (also called recombination): The process by which copies of 

chromosomes from each parent exchange genetic material to generate the child's 

chromosomes. 

 Mutation: The process by which genetic material within a chromosome changes, 

resulting in entirely new gene values. With these new gene values, the genetic 

algorithm might be able to lead to better solutions than previously ones. 
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The sample data that are collected from the driving simulator to calibrate the 

acceleration model include the trajectories of both the lead vehicle and the following 

vehicle. Suppose the PT model produces the same trajectory data of the lead and 

following vehicles under different environmental conditions, the model calibration is 

achieved through taking various lead-follower pairs as the inputs to produce the trajectory 

data obtained from the driving simulator. Hence, the dynamic data of the leading vehicle 

is adopted as the observed data and the data obtained from the driver is assumed as the 

simulated results from the PT acceleration model. 

5.2.1 Genes to Vary 

The genetic algorithm is advantageous to handle several optimization parameters. 

However, an excessive number of parameters will slow down and complicate the process. 

From the prospective of optimization function, the genes in the Genetic Algorithm are 

independent variables. There are two different sets of parameters included in the PT 

accelerations. One set is to describe the external environmental features and the other is 

to reflect the characteristics of drivers’ reactions in that specific situation. The related 

parameters in the acceleration model to calibrate are reviewed as below: 

 Gene ψ: Hypothesized weather impact on prospect value 

 Gene γ: Hypothesized roadway geometric influence on prospect value 

 Gene Wm: Weighing factor for negative values of the prospect theory 

 Gene Wc: Subjective crash weight, reflecting an individual’s subjective sensitivity 

to the losses that caused by an potential accident. 
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 Gene τmax: Maximum anticipation time horizon 

 Gene α: The following driver’s uncertainty about the leading vehicle’s speed 

 Gene β: Logit uncertainty parameter 

 Gene τcorr: Correlation Time of Intra-Driver Variability 

 Gene RT: Reaction time 

 Gene Gap: Error in estimating the gap distance 

 Gene Err: Error in estimating the speed 

5.2.2 Defining a Fitness Function 

A typical genetic algorithm requires a fitness function to evaluate the solution domain. 

Since the form of the fitness function directly influences the calibration results, three 

different errors are considered to evaluate the calibration result (Hamdar, et al 2008). 

First is a relative error which is defined as following:  
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                       Equation5.1 

Where < > represents the temporal average of a time series of duration ∆t and the 

duration time Z is defined as: 

                                              Equation 5.2 
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The relative error is much sensitive to small velocities than to large velocities 

because the measure is defined as the inverse of the empirical data. The second measure 

considered as the fitness function is an absolute error:  

 

    Equation 5.3 

It is noticeable that the second error defined in the fitness function is less sensitive 

to small deviations from the empirical data compared to the relative error, since the 

denominator (Equation 5.3) is averaged over the whole trajectory interval. In addition, 

the absolute error is more sensitive to large differences of the empirical data in the 

numerator. In short, the relative error (Equation 5.1) would overestimate deviations of the 

observed data and the absolute error systematically overestimates deviations of the 

observed data (at high speed). A mixed error is adopted to avoid these two extremes and 

it is defined as following: 

 

Equation 5.4 

 

5.2.3 Optimization Process 

Once fitness values have been calculated using the selected fitness function (Equation 

5.4), the population is ready for the selection step of the Genetic Algorithm. The mixed 
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error should be minimized by choosing a set of optimal model parameters. At every 

iteration, the proposed calibration methodology re-estimates optimal parameters by using 

series of rules regarding to gene selection, crossover and mutation. Once the evaluation 

and selection of the initial population is finished, the algorithm will iteratively perform 

the crossover, mutation, evaluation, and selection steps until the calibration converges to 

a solution, or until a maximum number of iterations are reached. 

Pairs of chromosomes are stochastically selected according to their fitness score 

and passed onto a new population. Because the more fit chromosome has a higher 

probability of selection, this new population is likely to contain multiple copies of the 

best fit chromosomes and no copies of the least fit chromosomes. In the crossover 

subroutine, once two chromosomes are selected, the crossover points are randomly 

selected. The two parent chromosomes then will be replaced by these two newly 

generated chromosomes in the current population. After the crossover is complete, the 

chromosomes in the existing population that were not replaced by offspring need mutate. 

Chromosomes are randomly selected to vary randomly based on a given probability. The 

first chromosome selected for mutation is copied into the first position in the current 

population. The randomly selected gene fragment on this copy is then muted randomly. 

The population now contains some new chromosomes resulting from crossover and 

mutation. The new members in the current population are evaluated in the same fashion 

as previously described. Additional runs are not performed for chromosomes survived 

from previous iteration. The fitness scores that are calculated when these chromosomes 

are first imported into the population will be maintained for the entire calibration process. 

Once the fitness scores of the new chromosomes in the population have been evaluated, 
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the selection, crossover, and mutation subroutines are called again sequentially. The 

iterating operations will stop until an optimal solution (less than 33% error) is found or 

stopping criterion has been met (10 000 runs).  

5.3 Discussion of the Calibration Results 

In this section, the whole calibration results are firstly presented based on the underlying 

logic of the calibration program that was described in previous section (Table 5.1). 76 

driving experiments in total are carried out on the driving simulator during the entire 

experiment. However, only 66 driving dynamic data are adopted in the calibration work. 

There were 3 overtaking behavior: one in the standard scenario and another two in the 

undivided road scenarios. Four road edge excursions occurred: two on 9ft wide traveling 

lane, one on 10ft traveling lane and one on the road with a narrower shoulder of 3ft. In 

addition, 3 rear-end collisions happened in the cases of mountainous areas, rolling terrain 

and heavy foggy condition of 65.62ft visibility distance. The corresponding mixed error 

of each calibration is listed in the last column of Table 5.1. The driving data obtained 

from female drivers are showed in red to differentiate them from the male-based results.  
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External Factors Specification 
PT parameters 

Ψ γ Wm Wc τmax α β τcorr RT Gap Err 

Road Geometry 

 

Standard Scenario 

8.1 0.2 9.8 54000 5.5 0.04 10.9 26 1.1 0.86 0.31 

9.2 0.1 9 100000 4 0 5 20 0.1 0.54 0.28 

9.2 0.2 2 118000 7.7 0.45 4.2 11 0.1 0.63 0.32 

12.6 0.1 9.1 100000 8.3 0.01 5.8 21 0.4 0.72 0.23 

Jersey Barrier 

2 0 2.7 74000 4.8 0.15 1.3 13 2.9 0.60 0.55 

3.8 0.1 3.9 125000 5.1 0.04 1 12 0.6 0.65 0.36 

6.1 0.2 2 121000 10 0.42 5 27 0.1 0.32 0.33 

8.9 0.3 9.4 91000 6.2 0.03 8.4 19 1.2 0.71 0.34 

9.8 0.3 8.3 97000 6.2 0.06 10.5 22 2.0 0.73 0.37 

Undivided Road 

6.6 0.2 8.9 54000 3 0.05 9.6 23 1.7 0.72 0.47 

7.3 0.3 9 88000 5.8 0.02 8.3 20 0.8 0.77 0.31 

8 0.2 9.8 57000 5.7 0.04 1.8 29 1.3 0.79 0.33 

9 0 0.3 112000 5.2 0.04 7.7 25 1.8 0.52 0.30 

12.6 0.2 9 54000 4 0.05 9.8 26 2.1 0.71 0.46 

Lane Width 9ft 

3.5 0.2 7.9 96000 3.9 0.08 10.9 29 2.6 0.66 0.86 

6.9 0.2 9.8 52000 4.6 0.06 1.7 15 2.1 0.80 0.57 

9.9 0.1 9.8 51000 4.4 0.04 1.8 14 2.5 0.73 0.31 
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14 0.1 9.9 54000 4.1 0.08 10.3 24 2.3 0.68 0.22 

Lane Width 10ft 

1.6 0.1 3.8 108000 7.8 0.01 3.4 14 0.4 0.75 0.29 

5.1 0.1 8.1 123000 8 0.03 10.5 23 1.4 0.83 0.31 

8.5 0 0.8 71000 7.6 0.02 5 23 1.0 0.75 0.28 

4.5 0 9.6 84000 4 0.05 10.3 24 12 0.70 0.22 

No Hard Shoulder 

2.6 0.1 3.7 57000 8.8 0.03 1.8 25 1.1 0.59 0.18 

6.1 0.1 9.9 55000 5.9 0.05 9.7 20 2.2 0.70 0.26 

6.7 0.2 1.6 68000 10 0.23 5 21 0.4 0.58 0.21 

9.8 0.1 9.9 50000 7 0.04 10.9 23 2.3 0.76 0.28 

Shoulder Width 3ft 

3.30 0.20 2.00 101000 10.10 0.44 4.10 24.00 4.00 
0.89 0.38 

6.5 0.1 4.1 61000 5.8 0.04 1.4 24 1.0 0.56 0.42 

7.2 0.2 2 78000 10.5 0.49 4.2 20 2.0 0.79 0.25 

9 0.3 9.5 56000 10.7 0.12 10.4 15 2.9 0.43 0.32 

Mountainous Areas 

9.7 0.2 9.9 51000 10.7 0.03 9.9 23 0.7 0.71 0.34 

9.8 0.1 9.4 89000 5.7 0.04 8.5 13 1.8 0.72 0.32 

9.8 0.1 9 51000 7.6 0.03 4.8 26 2.1 0.65 0.26 

14 0 2.6 83000 4.8 0.04 1.3 22 1.0 0.67 0.20 

14 0.1 5 53000 5.7 0.03 1.3 18 1.4 0.67 0.30 

Rolling Terrain 7.9 0.2 3.9 71000 4.2 0 2.6 27 2.8 0.81 0.32 
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9.3 0.2 1.9 129000 6 0 6 10 1.2 
0.54 0.21 

9.6 0.1 9.9 52000 4.2 0.08 2.3 17 2.8 0.78 0.43 

12.6 0.1 9.9 50000 3.4 0.06 10.4 23 2.1 0.81 0.86 

1.3 0.1 5.6 119000 3.7 0.49 3.4 25 23 
0.62 0.28 

Weather 

Visibility Distance 

65.62ft 

7.5 0.1 6.7 50000 7.1 0.03 1.7 29 8 0.82 0.32 

8.4 0.2 4 100000 10.6 0.04 2.4 21 6 0.75 0.70 

9.3 0.3 9.8 50000 5.3 0.03 4.7 11 14 0.56 0.21 

22.9 0.1 9.9 59000 4 0.06 10.7 26 21 0.84 0.59 

Visibility Distance 

164ft 

2 0.1 8.4 83000 6.2 0.02 2.5 28 5 0.78 0.25 

2.9 0.1 6.3 56000 7.2 0.05 6.7 24 29 0.76 0.46 

8 0.3 8.5 107000 10.7 0.02 9.5 21 4 0.66 0.24 

9.6 0.3 9.8 60000 6.4 0.06 3.2 19 29 0.68 0.48 

Visibility Distance 

328ft 

2.1 0.3 9.9 61000 7.2 0.03 5.5 20 9 0.77 0.27 

5.5 0.2 5.7 62000 4 0.07 5.3 18 28 0.66 0.61 

9.8 0.1 9.9 51000 4 0.06 10.5 16 21 0.80 0.30 

14 0.1 5.9 101000 5.6 0.04 1 21 18 0.78 0.40 

Visibility Distance 

656.2ft 

2.7 0.1 9.7 57000 5.3 0.04 10.9 12 18 0.59 0.25 

4.2 0.1 1.3 81000 7.5 0.02 2.1 14 5 0.78 0.30 
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5.4 0.1 9 57000 4.9 0.03 2.2 19 12 0.80 0.39 

5.7 0.2 1.7 110000 4 0.04 6 11 12 0.71 0.38 

Wet Surface 

6.7 0 0.4 87000 5.7 0.06 6.8 15 20 0.74 0.26 

7.2 0.2 6.1 78000 6.9 0.03 10.9 14 16 0.83 0.53 

8.7 0.1 9.8 95000 5.2 0.1 4.4 15 18 0.37 0.29 

8.8 0.3 9.4 53000 5.4 0.05 10.9 17 18 0.40 0.22 

12.6 0.2 9.2 88000 10.9 0.04 8.4 21 5 0.37 0.16 

       Icy Surface 

6.3 0.1 9.5 105000 5.7 0.05 5.2 24 18 0.67 0.33 

9.3 0.2 1.8 69000 8.2 0.31 4.2 28 1 1.25 0.26 

9.3 0.2 2 76000 10.4 0.21 5 27 1 0.58 0.18 

9.9 0.3 9.8 57000 6.2 0.04 10.6 16 17 0.57 0.19 

14 0.1 9.9 104000 5.5 0.04 8.9 23 27 0.78 0.26 

 

Table 5.1 Calibration Results of the Parameters in PT Acceleration Model 
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5.3.1 MANOVA Test 

In this thesis, all of the 9 parameters (Ψ, γ, Wm, Wc, τmax, α, β, τcorr and RT) will be analyzed 

mostly by means of multivariate analysis of variance (MANOVA). After the GA calibration 

(Table 5.1), only 44 effective calibration results are used out of 66 calibration results. It needs to 

be pointed out that any calibration results with an error beyond 33% are eliminated from the 

statistical calculation in this study. In the MANOVA test, the 44 results obtained from 15 

different test scenarios are regrouped into 3 major groups in order to see the external impact of 

the PT acceleration model: 1) Normal Conditions includes the scenarios of standard scenario, 

Jersey barrier, undivided road and rolling terrain; 2) Moderate Conditions includes the scenarios 

of 10ft lane width, 3ft shoulder width, wet road surface, 656.2ft visibility distance and 328ft 

visibility distance; 3) Extreme Conditions includes the scenarios of 65.62ft visibility distance, 

164ft visibility distance, mountainous areas, icy road surface, 9ft lane and road without hard 

shoulders. The table below shows 3 different driving conditions, in which the sample numbers 

are 11, 14 and 19 respectively.  

 Value Label N 

Case 

1 Normal Conditions 11 

2 Moderate Conditions 14 

3 Extreme Conditions 19 

Table 5.2 Experiment Sample 

We start with a presentation of descriptive statistics of parameters of the PT acceleration 

model regarding to longitudinal driving behavior. The descriptive statistics consists of mean 

values and corresponding standard deviations for the 9 parameters showed in Table 5.2.   
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Descriptive Statistics 

Parameters Case Mean Std. Deviation N 

Ψ 

Normal Conditions 8.0000 2.75209 11 

Moderate Conditions 6.5357 3.25874 14 

Extreme Conditions 9.0684 3.47947 19 

Total 7.9955 3.35295 44 

γ 

Normal Conditions .1636 .08090 11 

Moderate Conditions .1357 .10818 14 

Extreme Conditions .1421 .08377 19 

Total .1455 .09010 44 

Wm 

Normal Conditions 5.6727 3.75742 11 

Moderate Conditions 6.6714 3.97094 14 

Extreme Conditions 7.2211 3.26591 19 

Total 6.6591 3.59220 44 

Wc 

Normal Conditions 97181.8182 26407.64352 11 

Moderate Conditions 78071.4286 21585.12410 14 

Extreme Conditions 69052.6316 20416.42499 19 

Total 78954.5455 24618.91365 44 

α 

Normal Conditions .1373 .20421 11 

Moderate Conditions .0800 .12184 14 

Extreme Conditions .0716 .08235 19 

Total .0907 .13334 44 

β 

Normal Conditions 5.5182 2.66226 11 

Moderate Conditions 7.3786 3.22471 14 

Extreme Conditions 5.6684 3.50699 19 

Total 6.1750 3.26127 44 

τmax 

Normal Conditions 6.0091 1.94240 11 

Moderate Conditions 7.1286 2.34666 14 

Extreme Conditions 6.8053 1.99011 19 

Total 6.7091 2.09449 44 

τcorr 

Normal Conditions 21.9091 6.37894 11 

Moderate Conditions 17.7857 3.94537 14 

Extreme Conditions 21.7368 5.28984 19 

Total 20.5227 5.42813 44 

RT 

Normal Conditions 1.0909 .91919 11 

Moderate Conditions 1.4500 .73249 14 

Extreme Conditions 1.4000 .84525 19 

Total 1.3386 .82412 44 

 

Table 5.3 Descriptive Statistics of the Calibrated Parameters of the Extended PT 

Acceleration Model 
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The MANOVA test is applied to explore how independent variables (IVs, the changes of 

external factors) influence the response of the dependent variables (DVs, the changes of the 9 

parameters in each condition). Through MANOVA test, the following two questions can be 

answered: 

1. What are the main effects of the independent variables? 

2.  What is the importance of the dependent variables? 

Since we are interested in understanding the similarities and differences between the three 

different groups, the following hypothesis are considered. 

 Homogeneous variance and covariance matrix 

        ,     ,…,       (      ), so as for the observed values in case 2 and 3. The 

dependent variables are normally distributed within groups 

 

The data structure of the MANOVA test is showed in the table below (Table 5.3), some 

of the calculations involved in the MANOVA test are also listed as follows. 

 

 

 

 

Table 5.4 Data Sample of MANOVA Test 

 

Level Mean:                                                                                                                 Equation 5.5 

Grand mean:                                                                                                                Equation 5.6 

 
Parameters 

Mean 
DV1 DV2 … DV9 

Case 
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IV2         …        ̅̅̅̅  

IV3         …        ̅̅̅̅  
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Sum of squares for total:     ∑ ∑ (    
  

   

 

   

 ̅                                                                           Equation 5.7 

Sum of squares for error:     ∑ ∑ (    
  

   

 

   

 ̅  
                                                                        Equation 5.8 

 

Sum of squares for factor A:                                                                                         Equation 5.9 

The first assumption of the MANOVA is that the covariance matrices of the dependent 

variables are the same across groups (determined by levels of the independent variable) in the 

population. Box’s Test is to test this null hypothesis (the observed covariance matrices of the 

dependent variables are equal across groups). In theory, this test examines whether the 

covariance matrices within each case (e.g., normal conditions, moderate conditions and extreme 

conditions) are sampled from the same population covariance matrices.  If the "Sig." value is less 

than .001 (P < .001) then the assumption of homogeneity of covariances was violated. However, 

in our test the p value of 0.163 suggests that the hypothesis of equal covariance matrices cannot 

be rejected.  So we have not violated the assumption (homogeneity of covariance) of MANOVA, 

and may feel confident in continuing (at least in respect to this assumption).  

Box's M 160.007 

F 1.148 

df1 90 

df2 3203.594 

Sig. .163 

Table 5.5 Box's Test of Equality of Covariance Matrices 

The Levene's Test is used to check for the homogeneity of variances.  If the 

resulting “Sig.” value of Levene's test is greater than some critical value (typically 0.05), then we 

    ∑        ̅  
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conclude the variances are not significantly different, which is what we want to see so that we 

can have confidence in the validity of the hypothesis of the homogeneity of variances.   

 F df1 df2 Sig. 

Ψ .847 2 41 .436 

γ .968 2 41 .388 

Wm 1.119 2 41 .336 

Wc .583 2 41 .563 

Α 7.500 2 41 .002 

Β 1.688 2 41 .198 

τmax .426 2 41 .656 

τcorr .899 2 41 .415 

RT .307 2 41 .738 

Table 5.6 Levene's Test of Equality of Variance   

The statistical software SPSS easily provides the statistic of Multivariate Tests. The table 

of Multivariate Tests shows the actual result of the MANOVA test. In order to determine 

whether the MANOVA is statistically significant, we need to look at the "Sig." column.  It is 

observed from Table 5.6 that the "Sig." values are all below .005, which means P <0.5%. 

Therefore, it can be concluded that the values of dependent variables are significantly dependent 

on which test scenario they were collected from. To state it differently, it can be reported that 

there was a statistically significant difference between the values of dependent variables under 

different conditions. Till now, the question proposed in the beginning of the MANOVA test can 

be answered: the results of the Multivariate Tests shows that the independent variables (External 

factors that controlled to change in the driving tests) do influence the values of those dependent 

variables then which will affect the performance of the extended PT acceleration model. 

Meanwhile, these tests further prove that the changes in the values of those dependent variables 

can be regarded as mainly caused by the control factors in the driving experiments and the 

influences from stochastic factors during the experiments can be excluded. 
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Effect Value F Hypo. df Error df Sig. 

Pillai's Trace .791 2.473 18 68.000 .004 

Wilks' Lambda .350 2.531b 18 66.000 .003 

Hotelling's Trace 1.453 2.584 18 64.000 .003 

Roy's Largest Root 1.079 4.078c 9 34.000 .001 

 Table 5.7 Multivariate Tests 

To determine how the dependent variables differ for each independent variable, some 

follow-up tests need to be done. By using SPSS, the MANOVA test is followed up with Tukey’s 

HSD post-hoc test, which is showed below. In this table, the mean difference and standard error 

show information that can be used to evaluate the likelihood of particular mean values being 

significantly different. For example, if a standard error based on one mean does not encompass 

the other one based on another mean, then the difference is most likely significant. Likewise, the 

confidence interval provides equivalent information. If the confident interval of a mean does not 

overlap the lower and upper bounds of the confident interval of another mean, then these two 

means are likely to be statistically significant. Choose p<0.1.The table below shows that: 

1. Mean Ψ are statistically significantly different between Extreme Conditions & 

Moderate Conditions (p=0.80) 

2. Mean Wc are statistically significantly different between Normal Conditions & 

Moderate Road Conditions (p=0.098), and Normal Conditions & Extreme Conditions 

with (p=.005) 

3. Mean τcorr are statistically significantly different between Moderate Conditions & 

Extreme Conditions (p=0.092) 
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DVs (I) Case (J) Case Mean Difference (I-J) Std. Error Sig. 
95% Confidence Interval 

Lower Bound Upper Bound 

Ψ 

Normal Conditions 
Moderate Conditions 1.4643 1.30742 .507 -1.7149 4.6435 

Extreme Conditions -1.0684 1.22940 .663 -4.0579 1.9211 

Moderate Conditions 
Normal Conditions -1.4643 1.30742 .507 -4.6435 1.7149 

Extreme Conditions -2.5327 1.14294 .080 -5.3119 .2465 

Extreme Conditions 
Normal Conditions 1.0684 1.22940 .663 -1.9211 4.0579 

Moderate Conditions 2.5327 1.14294 .080 -.2465 5.3119 

γ 

Normal Conditions 
Moderate Conditions .0279 .03690 .731 -.0618 .1177 

Extreme Conditions .0215 .03470 .810 -.0628 .1059 

Moderate Conditions 
Normal Conditions -.0279 .03690 .731 -.1177 .0618 

Extreme Conditions -.0064 .03226 .979 -.0848 .0721 

Extreme Conditions 
Normal Conditions -.0215 .03470 .810 -.1059 .0628 

Moderate Conditions .0064 .03226 .979 -.0721 .0848 

Wm 

Normal Conditions 
Moderate Conditions -.9987 1.45974 .774 -4.5483 2.5509 

Extreme Conditions -1.5483 1.37263 .503 -4.8861 1.7894 

Moderate Conditions 
Normal Conditions .9987 1.45974 .774 -2.5509 4.5483 

Extreme Conditions -.5496 1.27609 .903 -3.6526 2.5534 

Extreme Conditions 
Normal Conditions 1.5483 1.37263 .503 -1.7894 4.8861 

Moderate Conditions .5496 1.27609 .903 -2.5534 3.6526 

Wc 

Normal Conditions 
Moderate Conditions 19110.3896 9016.73564 .098 -2815.1637 41035.9429 

Extreme Conditions 28129.1866 8478.65916 .005 7512.0474 48746.3258 

Moderate Conditions 
Normal Conditions -19110.3896 9016.73564 .098 -41035.9429 2815.1637 

Extreme Conditions 9018.7970 7882.35235 .493 -10148.3322 28185.9262 

Extreme Conditions 
Normal Conditions -28129.1866 8478.65916 .005 -48746.3258 -7512.0474 

Moderate Conditions -9018.7970 7882.35235 .493 -28185.9262 10148.3322 

α 

Normal Conditions 
Moderate Conditions .0573 .05384 .542 -.0736 .1882 

Extreme Conditions .0657 .05063 .405 -.0574 .1888 

Moderate Conditions 
Normal Conditions -.0573 .05384 .542 -.1882 .0736 

Extreme Conditions .0084 .04707 .983 -.1060 .1229 
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Extreme Conditions 
Normal Conditions -.0657 .05063 .405 -.1888 .0574 

Moderate Conditions -.0084 .04707 .983 -.1229 .1060 

β 

Normal Conditions 
Moderate Conditions -1.8604 1.30094 .335 -5.0238 1.3030 

Extreme Conditions -.1502 1.22330 .992 -3.1249 2.8244 

Moderate Conditions 
Normal Conditions 1.8604 1.30094 .335 -1.3030 5.0238 

Extreme Conditions 1.7102 1.13727 .300 -1.0553 4.4756 

Extreme Conditions 
Normal Conditions .1502 1.22330 .992 -2.8244 3.1249 

Moderate Conditions -1.7102 1.13727 .300 -4.4756 1.0553 

τmax 

 

Normal Conditions 
Moderate Conditions -1.1195 .84564 .390 -3.1758 .9368 

Extreme Conditions -.7962 .79518 .580 -2.7298 1.1374 

Moderate Conditions 
Normal Conditions 1.1195 .84564 .390 -.9368 3.1758 

Extreme Conditions .3233 .73925 .900 -1.4743 2.1209 

Extreme Conditions 
Normal Conditions .7962 .79518 .580 -1.1374 2.7298 

Moderate Conditions -.3233 .73925 .900 -2.1209 1.4743 

τcorr 

Normal Conditions 
Moderate Conditions 4.1234 2.09921 .134 -.9812 9.2279 

Extreme Conditions .1722 1.97394 .996 -4.6277 4.9722 

Moderate Conditions 
Normal Conditions -4.1234 2.09921 .134 -9.2279 .9812 

Extreme Conditions -3.9511 1.83511 .092 -8.4135 .5112 

Extreme Conditions 
Normal Conditions -.1722 1.97394 .996 -4.9722 4.6277 

Moderate Conditions 3.9511 1.83511 .092 -.5112 8.4135 

RT 

Normal Conditions 
Moderate Conditions -.3591 .33465 .536 -1.1728 .4547 

Extreme Conditions -.3091 .31468 .592 -1.0743 .4561 

Moderate Conditions 
Normal Conditions .3591 .33465 .536 -.4547 1.1728 

Extreme Conditions .0500 .29255 .984 -.6614 .7614 

Extreme Conditions 
Normal Conditions .3091 .31468 .592 -.4561 1.0743 

Moderate Conditions -.0500 .29255 .984 -.7614 .6614 

 

Table 5.8 Multiple Comparisons 
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Figure 5.3 Mean Comparisons of Ψ 

 

 Figure 5.4 Mean Comparisons of γ 
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Figure 5.5 Mean Comparisons of Wm 

Figure 5.6 Mean Comparisons of Wc 
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Figure 5.7 Mean Comparisons of α 

 

Figure 5.8 Mean Comparisons of β 
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Figure 5.9 Mean Comparisons of τmax 

 

Figure 5.10 Mean Comparisons of τcorr 
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Figure 5.11 Mean Comparisons of RT 

5.3.2 Model Performance 

The macroscopic modeling of traffic flows is usually based on the fundamental 

relationship. Based on the model calibration results, by applying flow = speed * density, 

the fundamental diagrams of the traffic flow (equilibrium speed-flow-density relationship) 

as a function of the homogeneous states can be obtained for different conditions. The 

flow-density curve consists of two branches, the free flow branch and the congested 

branch. After obtaining the values of the parameters in PT model, through comparison of 

the fundamental diagrams, the performance of the microscopic model can be evaluated. 

Three equilibrium speed-flow-density relationships are  obtained when the model is used 

to model drivers’ longitudinal driving behaviors under three different driving conditions. 
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In this study, the free flow branches are kept intact and three distinctive congested 

branches are observed. 

 

Figure 5.12 Fundamental Diagram of the PT Acceleration Model under Normal 

Conditions with the Parameters from Table 5.9 

 

Parameters Calibrated Value 

Weather Impact Parameter 

Road Impact Parameter  

Asymmetry Factor for Negative Utilities 

Weighing Factor for Accidents Maximum  

Velocity Uncertainty Variation Coefficient  

Logit Uncertainty Parameter (Intra-Driver Variability)  

Anticipation Time Horizon 

Correlation Time of Intra-Driver Variability 

Ψ=8 

γ= 0.1636 

Wm = 5.6727 

Wc= 97181.8182 

α = 0.1373 

β = 5.5182 

τmax = 6.0091s 

τcorr=21.9091s 

Maximum Acceleration  

Desired Velocity   

Minimum Gap   

Acceleration Range Considered Near Interaction Point  

a = 1.5 m/s
2
 

v = 30m/s 

s. =3m 

a.= 1 m/s
2
 

 

Table 5.9 Acceleration PT Model Parameters and Their Typical Values under 

Normal Conditions. The parameters in the top part are the base model parameters; 
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the parameters in the lower part are secondary parameters needed for the 

numerical implementation.  

 

Figure 5.13 Fundamental Diagram of the PT Acceleration Model under Moderate 

Conditions with the Parameters from Table 5.10 

 

Parameters Calibrated Value 

Weather Impact Parameter 

Road Impact Parameter  

Asymmetry Factor for Negative Utilities 

Weighing Factor for Accidents Maximum  

Velocity Uncertainty Variation Coefficient  

Logit Uncertainty Parameter (Intra-Driver Variability)  

Anticipation Time Horizon 

Correlation Time of Intra-Driver Variability 

Ψ =6.5357 

γ = 0.1357 

Wm  = 6.6714 

Wc= 78071.4286 

α = 0.0800 

β = 7.3786 

τmax = 7.1286s 

τcorr=17.7857s 

Maximum Acceleration  

Desired Velocity   

Minimum Gap   

Acceleration Range Considered Near Interaction Point 

a = 1.5 m/s
2
 

v = 30m/s 

s. =3m 

a.= 1 m/s
2
 

 

Table 5.10 Acceleration PT Model Parameters and Their Typical Values under 

Moderate Conditions. The parameters in the top part are the base model 
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parameters; the parameters in the lower part are secondary parameters needed for 

the numerical implementation.  

 

Figure 5.14 Fundamental Diagram of the PT Acceleration Model under Extreme 

Conditions with the Parameters from Table 5.11 

 

Parameters Calibrated Value 

Weather Impact Parameter 

Road Impact Parameter  

Asymmetry Factor for Negative Utilities 

Weighing Factor for Accidents Maximum  

Velocity Uncertainty Variation Coefficient  

Logit Uncertainty Parameter (Intra-Driver Variability)  

Anticipation Time Horizon 

Correlation Time of Intra-Driver Variability 

Ψ =9.0684 

γ = 0.1421 

Wm  = 7.2211 

Wc= 69052.6316 

α = 0.0716 

β = 5.6684 

τmax = 6.8053s 

τcorr=21.7368s 

Maximum Acceleration  

Desired Velocity   

Minimum Gap   

Acceleration Range Considered Near Interaction Point 

a = 1.5 m/s
2
 

v = 30m/s 

s. =3m 

a.= 1 m/s
2
 

 

Table 5.11 Acceleration PT Model Parameters and Their Typical Values under 

Extreme Conditions. The parameters in the top part are the base model parameters; 
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the parameters in the lower part are secondary parameters needed for the 

numerical implementation.  

 The reliability of a microscopic traffic modeling requires a rigorous calibration 

process. When comparing to Figure 2.4, which used aggregate data, like flows, speeds 

and density, it is evident that the extended PT model are capable of reproduce the similar 

flow-density relationship by using the calibrated model parameters and micro-macro 

relationship. In other words, the behavioral-theory based model can present the dynamic 

nature of traffic stream in a stochastic fashion. Furthermore it can be observed from 

Figure 5.10, 5.11 and 5.12 that the capacities of the roadways are slightly dropped from 

the cases of normal to extreme conditions. In addition, it is also showed that in the 

congestion region, the equilibrium status of the flow-density curve will drop from normal 

conditions to moderate conditions and to extreme conditions. From the point of driving 

behavior, it is probably because that driving in normal conditions, disturbances caused by 

the normal conditions is less influential than that caused by moderate and extreme 

conditions.  

 On the other hand, based on the calibrated parameter values, it is noticed that the 

weather impact parameter Ψ will increase when the weather conditions get worse and 

road impact parameter γ will decrease when the road conditions get worse. Through a 

series of driving experiment, and subsequent parameter calibration, the hypotheses 

proposed in the PT model formulation part were found to be valid. Therefore, it can be 

concluded that the extended PT acceleration model’s cognitive architecture are capable of 

distinguishing two main types of information corresponding to different driving 

conditions: the weather-related information (visibility distances and road surface 
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frictions), and the road-related information (driving on undivided/divided road, lane 

width, shoulder width, horizontal and vertical curvature).  
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CHAPTER 6 CONCLUSIONS AND FUTURE RESEARCH 

In this thesis, longitudinal driving behavior in relation to different driving circumstances 

is modeled based on the widely-used psychological theory—prospect theory. The first 

two chapters of this thesis introduce the goals and objectives of this research, reviewed 

the external factors that may affect human driving behavior and summarizes the models 

proposed by different researchers to describe longitudinal driving behavior. Chapter 3 

modifies a newly developed model capable of incorporating the external surrounding’s 

impacts on driving behavior. In order to test the proposed expanded model, 15 driving 

experiments are designed and carried out based on the STISIM Drive simulator in 

Chapter 4. Throughout the test, 67 effective results are collected. The 67 car-following 

experiments conducted by 36 drivers are then used to calibrate the model using a Genetic 

Algorithm (Chapter 5). Based on the calibration results, the model performance and the 

features of longitudinal driving behavior are discussed. 

6.1 Findings and Conclusions 

It is known that road traffic efficiency and safety result from a series of factors including 

road-geometry factor, weather factors, vehicles and traffic dynamics factors. Based on 

this fact, several questions inspired the author to write this thesis, and these questions 

now can be answered based on the driving data and the calibration results presented in 

the previous chapters. The key findings and conclusions are listed as the following: 

Do weather and road conditions influence drivers’ longitudinal driving behavior? 
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After reviewing the impacts of the factors related to weather and road geometry 

conditions on driving behavior in chapter 2, it is found that the average speed, time 

headway, start-up delay and distance headway will changes under different conditions. 

The average speed reduces 11.9 mph during snow events; start-up delays on snowy 

pavement and wet pavement was 23% and 5% higher, respectively than the speeds 

observed on dry pavement; it is also discovered that there is a significant difference of 

driving behaviors between icy and dry roadway surfaces; drivers’ car following behavior 

was seriously affected in dense foggy weather resulting from obscure scenery; drivers’ 

speed choice in relation to horizontal curvature was also found to be highly dependent on 

the roadway features before such curve; drivers would reduce their speeds as they 

approached vertical curves with short sight distances; the speed will decrease 1.1mph for 

every foot of reduction in lane width; if an emergency lane/hard shoulder was added, 

there will be a small increase in driving speed on 2-lane rural roads; drivers would 

increase speeds if median barriers exist. 

Besides the influence on individual driving behaviors, these external factors also 

has an effect on roadway safety. Poor visibility conditions will increase the crash risk; 

slippery road surface is also a major road traffic safety hazard; using narrower lanes will 

lead to more crashes if other roadway characteristics remain unchanged; increasing lane 

widths up to 3.7 m (12ft) and 4.0 m (13ft) would decrease accident rates for urban two-

lane roadways and urban four-lane undivided roadways, respectively; through widening 

lanes or shoulders on curves, curve accidents can be radically reduced by as much as 

33 %; crash rates on horizontal curves were 4 times more than crash rates on the tangent 

sections; rear-end accidents were common at vertical curve locations where unfavorable 
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sight conditions existed; increasing the shoulder width by 1ft leads to a 5% to10% 

reduction in crashes at sections where daily traffic volume exceeds 5000 vehicles; the 

existence of median barriers had an effect on crash rates. 

How lane widths, shoulder widths, median types, horizontal and vertical alignments, 

visibility distances and friction of road surfaces affect drivers’ perception of the 

environment and their decision-making? 

After testing the 6 roadway-related factors, which are lane width, shoulder width, median 

existence, median type, horizontal curves and vertical curves, the researcher found that 

overall drivers’ average speed, time headway, TTC and distance headway will be affected 

by these factors. Although conclusive remarks cannot be made to each of the 15 scenarios 

regarding driving behavior, the test results of several scenarios showed the characteristics 

of driving behaviors to be either consistent with previous studies or consistent with its 

own when looking at the results from different perspectives. 

It has been confirmed repeatedly that undivided road will cause drivers to adopt 

an aggressive driving strategy: less safety margins (like time headway) were reserved by 

drivers and lager accelerations and decelerations could be observed when drivers reacted 

to an accelerating or decelerating lead vehicle. Conversely, traveling on the divided road 

(standard scenario and median type of Jersey barriers) made drivers more alert as they 

would not like to use excessive speeds following the lead vehicle. The narrower lanes 

were also found to be one of the influential factors that impact drivers driving style when 

following a lead vehicle ahead. The most extreme case of 9ft traveling lane would 

increase drivers’ attention to the following distance they were keeping. Since drivers 
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perceived the narrower traveling lanes to be less secure, the safety margins kept in this 

scenario were higher than the ones kept in other cases. Drivers driving on the road 

without hard shoulders would less likely follow the lead vehicle at a dangerously close 

distance, which also could be categorized as conservative driving style. Inadequate 

visibility distance might lead to two distinctive driving styles: to approach closely or to 

lag behind the lead vehicle. The visibility distance of 656.2ft was observed as a critical 

distance at which drivers tend to reduce their time headway to prevent the lead vehicle 

from leaving their vision range. On the other hand, the extreme short visibility distance of 

65.62ft will evoke drivers’ alertness. Consequently, drivers adopted a conservative 

driving style in dense fog. Compared to the driving data collected from the standard 

scenario, it was evident that driving on slippery road surfaces are much challenging and 

drivers became much vigilant than in the standard scenario. No apparent defensive or 

aggressive driving styles were observed when driving in mountainous areas (horizontal 

curves and vertical curves) and rolling terrains (vertical curves). 

How the external factors influence drivers’ cognitive activities? 

The extended PT acceleration model incorporates two parameters representing external 

environmental effect on driver’s utility estimation. More importantly, based on well-

founded behavioral theory, this model is also capable of modeling the characteristics of 

driving reactions under different driving conditions. From a fundamental point of view, 

PT acceleration model’s cognitive architecture distinguishes two main types of 

information corresponding to different value functions: the weather-related information 
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(visibility distances and road surface frictions), and the road-related information (driving 

on undivided/divided road, lane width, shoulder width, horizontal and vertical curvature). 

According to Figure 5.3, it can be observed that parameters ψ reflecting external 

weather impact increases as weather conditions gets worse. On the other hand, γ 

reflecting external road impact decreases when road conditions get worse. This result 

validates two preceding hypotheses in the modeling of external environment in PT 

acceleration model.  

The calibrated parameter Wc disclose differences in drivers’ safety attitude or 

crash sensitivity with respect to the leader’s speed estimations and acceleration selections. 

According to Figure 5.6, it is evident that crash sensitivity values are decreasing when 

external driving environment gets worse (e.g. impaired visibility distance, slippery road 

surface, winding roads, or ups and downs), which indicates that drivers driving in 

unfavorable weather and road conditions put less crash weight than under normal 

conditions. Psychologically, drivers tend to underestimates the losses caused by a rear-

end collision under extreme conditions and overestimate the crash losses when traveling 

under normal conditions. This result may explain why crash rates are higher when the 

weather or the road condition is unfavorable.  

6.2 Recommendations for Future Research 

All the experiments described in this thesis were conducted using a driving simulator. All 

the participants in the study faced the same traffic dynamics and each situation can be 

repeated with a small variation. Clearly, this research task could not have been carried out 
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on a real road. There is inevitably some inconsistency when the same people drive on the 

real road. Consequently, to what extent these findings are consistent with driver behavior 

in the real world need to be identified. One possible way to do this is to find the same 

layouts as established in the driving simulator in the real world to conduct driving 

experiment under the same weather condition and then to compare the traffic data from 

the simulator and from the real road experiments.  

The extended PT acceleration model is well-studied, in which various weather 

conditions and road layouts are differentiated. However when driving behind a vehicle, 

the following vehicle is not always reacting solely according to the lead vehicle 

immediately ahead. One possible future line of research is to explore the number of 

vehicles ahead that may impact the following vehicle’s prospect evaluation and decision-

making.  

In the thesis, all the experiments were conducted on a two-lane rural roads with 

moderate traffic where intersections, on- and off- ramps, and pedestrians do not exist. 

Further research is recommended in testing the PT model in mixed traffic conditions on 

highway of multiple lanes and urban roads with signalized and un-signalized 

intersections with a larger number of individual drivers in order to clarify the 

applicability of the model.  

Another line of research is the development and implementation of driver 

behavior profiles according to the driving test data and the survey data provided 

regarding the participants’ driving habits and their attitudes towards road safety. Through 

comparing collected trajectory data with the reported driving characteristics, some 
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similarities and divergences might be found. It is also recommended to discover ways to 

group drivers according to the corresponding socio-demographic characteristics to 

potentially predict their general decision-making under certain circumstances. 
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APPENDIX A 

Driving Behavior Questionnaire Used in the Driving Test: 

 

 

DRIVING BEHAVIORS 
QUESTIONNAIRE 

 

 

Driver No.____________ Gender: ____________ Age: __________ Date: 

_____________ 

 

(This information as well as all other information will be kept confidential.) 

 

Question 1: Which of these categories best describes your racial background? 

 

1. White 

2. African-American 

3. Asian or Pacific Islander 

4. Eskimo, Aleutian or American Indian 

5. Mixed 

6. Refused  

7. Other : ________________  

Question 2: How many years have you been driving? _____________ Years Driving 

  

Question 3: How often do you usually drive? 

 

1. Almost every day 

2. A few days a week 

3. A few days a month 

4. A few times a year 

5. Never 

Question 4: What kind of vehicle do you drive most often? Is it a car, van, minivan, or 

something else? 
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1. Car         2.  Minivan            3. Van             4. SUV     5. Others: __________ 

 

Question 5: What do you think that the roads you normally drive on are? 

 

1. More urban than rural 

2. More rural than urban 

3. About the same  

 

Question 6: Have you been in a vehicle crash in the past 5 years when you were the 

driver? 

 

1. Yes                                        2. No                                              3. Refused 

Question 7: Was the vehicle crash caused by your vehicle or the driver of the other 

vehicle, or both? 

1. Your vehicle 

2. Other vehicle 

3. Both 

4. Neither: ___________ 

Question 8: What type of vehicle crashes were you in? 

 

1. Tailgating 

2. Rear-end Collision 

3. Side-impact Collision 

4. Head-on Collision 

5. Other : ___________ 

Question 9: What is your opinion on the following statements? 

1. Strongly Agree            2 Somewhat Agree           3.Somewhat Disagree      4.Strongly 

Disagree 

 

1. The faster I drive, the more alert I am ( ) 

2. I often become impatient with slower drivers in traffic( ) 

3. I tend to get to my destination as fast as I can( ) 

4. I am so afraid of having a crash( ) 

 

Question 10: How do you characterize your driving habits? 

1. I tend to pass other cars more often than other cars pass me 

2. Others tend to pass me more often 
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3. About equal                 

 

Question 12: When traveling in heavy traffic, I tend to: 

1. Stay with the slower moving traffic 

2. Drive through traffic by switching between lanes 

3. Use the shoulder to pass 

 

Thanks for your assistance!!! 

  



139 
 

APPENDIX B  

Statistics of the Driving Behavior Questionnaires: 
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1 M 20 1 5 1 1 1 NO NA NA 2 1 2 4 1 2 

2 M 20 1 4 1 1 3 NO NA NA 2 2 3 2 3 1 

3 F 21 1 5 2 1 2 NO NA NA 3 2 3 1 3 2 

4 M 23 1 8 2 1 1 NO NA NA 1 1 2 4 1 2 

5 M 20  5 4 1 1 NO NA NA 2 1 1 2 1 2,3 

6 M 20 1 5 1 1 1 
YE
S 

1 2 4 2 4 3 3 1 

7 F 24 3 1 4 1 1 NO NA NA 2 3 1 1 1 2 

8 M 27 1 9 4 1 1 NO NA NA 2 4 1 1 3 1 

9 F 22 3 0.5 4 1 2 
YE
S 

1 1 3 2 4 2 1 1 

10 M 26 3 5 1 1 1 
YE
S 

1 1 3 1 2 1 3 1 

11 M 26 3 4 1 1 1 
YE
S 

1 1 2 3 1 4 1 2 

12 M 24 3 1 1 1 1 NO NA NA 2 3 2 1 1 2 

13 F 28 2 14 1 1 3 NO NA NA 2 4 4 2 3 1 

14 M 28 2 8 1 1 1 
RE
FU
SE 

NA NA 1 3 3 4 3 2 

15 M 35 1 17 2 1 1 NO NA NA 1 2 3 1 1 1 

16 F 28 1 13 2 1 3 NO NA NA 4 2 3 2 3 1 

17 M 23 1 3 2 1 1 NO NA NA 1 3 3 1 3 2 

18 M 23 5 5 2 1 2 NO NA NA 4 2 2 2 3 2 

19 F 32 3 2 3 1 2 NO NA NA 1 2 2 1 3 2 
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20 M 32 3 2 1 1 1 NO NA NA 2 2 2 1 2 1 

21 M 30 3 1 1 1 1 NO NA NA 2 4 3 1 2 1 

22 M 33 3 15 1 1 1 NO NA NA 1 2 4 2 2 2 

23 F 27 3 7 2 1 1 NO NA NA 4 1 2 2 3 2 

24 M 21 3 2 1 1 1 NO NA NA NA NA NA NA 3 3 

25 M 21 1 4 1 1 3 NO NA NA 2 1 3 4 1 1 

26 M 20 1 4 3 1 2 
YE
S 

3 3 2 1 3 1 3 2 

27 M 20 3 4 4 1 3 NO NA NA 2 1 2 1 1 1 

28 F 24 3 0.5 3 1 1 NO NA NA 3 3 4 1 2 1 

29 F 22 3 1 1 1 2 NO NA NA 2 4 2 2 2 1 

30 M 22 3 3 2 1 1 NO NA NA 1 3 2 1 1 1 

31 M 26 1 10 1 1 1 
YE
S 

2 2,3 1 1 1 4 1 2 

32 F 21 1 5 2 1 3 NO NA NA 3 2 2 2 3 1 

33 M 25 1 9 1 1 1 NO NA NA 2 2 2 3 1 1 

34 M 25 1 6 3 1 1 NO NA NA 3 2 1 2 1 2 

35 M 31 3 15 1 1 1 NO NA NA 4 4 4 4 2 1 

36 M 26 1 10 1 1 2 
YE
S 

1,2 2 1 1 1 4 1 2 



141 
 

APPENDIX C  

Mean and Standard Deviation of speed, speed difference between the following and lead 

vehicle, and Time Headway during the whole simulation run of each test.  

External 

Factors 
Specification 

Driver Performance 

Vave StdV DeltaVave StdDeltaV THave StdTH 

Road 

Layouts 

 

Standard 

Scenario 

24.24 15.46 -0.22 6.904 4.728 8.304 

23.93 9.240 -0.27 7.790 6.659 5.902 

23.78 10.66 -2.75 11.22 2.359 6.051 

23.91 10.41 -5.31 17.00 5.755 8.904 

Ave 23.97 11.47 -2.14 10.73 4.875 7.290 

Jersey Barrier 

23.99 10.49 -0.29 9.449 4.443 7.049 

23.78 10.03 -0.12 9.129 8.065 7.055 

24.05 10.31 0.340 9.248 6.923 8.824 

23.99 10.49 0.211 9.973 13.80 8.676 

24.52 12.09 -0.12 9.129 8.065 7.055 

Ave 24.06 10.68 -0.01 9.386 8.260 7.732 

Undivided 

Road 

24.17 10.98 -0.26 5.125 3.843 5.810 

24.28 9.972 0.045 9.752 7.070 7.753 

24.17 10.80 -0.01 6.254 4.470 6.379 

24.24 11.43 -0.22 7.235 3.227 6.647 

24.22 10.12 -0.24 7.839 4.974 6.311 

Ave 24.22 10.66 -0.14 7.241 4.717 6.580 

LW=9ft 

23.81 10.5 -0.25 13.31 8.008 8.783 

23.91 10.77 -0.19 8.362 6.355 8.022 

23.79 11.66 -0.35 9.390 4.316 6.548 

24.15 11.70 -0.22 8.114 5.386 6.814 

Ave 23.92 11.16 -0.25 9.795 6.016 7.542 

LW=10ft 

24.46 11.03 0.445 9.219 5.838 7.001 

24.01 10.09 -0.28 7.813 5.856 6.202 

23.94 11.38 -0.134 8.416 8.092 14.24 

23.92 9.792 -0.26 7.093 4.890 8.799 

Ave 24.08 10.57 -0.06 8.135 6.169 9.062 

SW=0ft 

24.13 10.06 -0.02 9.281 7.310 6.636 

23.72 10.57 0.004 8.719 7.319 8.698 

24.33 10.05 -0.08 7.803 6.146 7.500 

23.39 10.13 -0.22 5.387 4.34 6.024 

Ave 23.89 10.20 -0.08 7.797 6.279 7.215 

SW=3ft 23.67 11.67 -0.12 9.110 7.328 6.579 
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24.16 11.78 0.229 10.89 12.87 14.47 

23.38 11.88 -0.39 9.409 3.754 7.443 

23.69 10.07 -0.12 13.69 13.69 13.92 

Ave 23.73 11.35 -0.10 10.77 9.415 18.10 

Mountainous 

Areas 

23.91 10.19 0.155 7.388 4.047 6.859 

23.99 9.274 0.142 6.509 3.234 5.911 

24.04 9.550 0.167 7.036 5.176 6.925 

24.29 11.07 0.840 11.12 8.685 7.678 

24.07 9.895 0.155 7.388 4.047 6.859 

Ave 24.06 9.998 0.292 7.889 5.038 6.847 

Rolling 

Terrain 

24.20 9.4653 -0.13 8.5117 13.507 5.556 

24.21 12.157 -0.19 7.9186 12.222 10.28 

24.41 10.211 -0.01 10.301 12.177 11.089 

24.22 11.04 -0.35 9.5456 4.7874 8.8317 

24.41 11.052 0.197 8.7157 8.0013 6.5655 

Ave 24.29 10.785 -0.09 8.9986 10.139 8.4648 

Weather 

VD65.62ft 

24.19 10.739 -0.32 9.4261 8.8117 8.9518 

24.20 11.200 -0.93 10.036 11.286 9.2394 

24.12 12.123 0.242 6.0474 2.8391 5.2626 

24.25 10.895 -0.39 13.696 9.3452 8.4486 

Ave 24.19 11.239 -0.34 9.8016 8.0706 7.9756 

VD164ft 

24.18 11.147 -0.10 6.2663 5.2866 6.0856 

24.08 10.574 -0.17 9.8331 5.8803 6.5861 

23.953 12.892 -0.12 12.443 5.9972 7.8578 

23.79 9.4132 -0.54 8.4444 8.9521 6.2727 

Ave 24.00 11.006 -0.23 9.2467 6.5290 6.7005 

VD328ft 

24.03 10.150 -0.05 7.665 7.0589 6.6303 

24.30 9.7539 -0.33 11.265 6.3079 7.3302 

24.33 9.8973 0.297 8.0905 4.6726 6.2829 

24.13 10.375 0.121 9.1 7.0239 6.6003 

Ave 24.20 10.044 0.006 9.0302 6.2658 6.7109 

VD656.2ft 

24.43 10.056 -0.21 6.7688 4.8849 6.6528 

24.51 10.625 0.079 6.7942 4.0073 6.7847 

24.36 10.98 -0.03 9.672 6.651 7.912 

24.46 10.75 -0.02 8.265 6.279 7.422 

Ave 24.44 10.60 -0.04 7.875 5.455 7.193 

Wet Surface 

24.01 10.48 -0.28 5.326 2.667 6.527 

23.91 10.66 -0.097 8.090 6.733 6.257 

24.02 10.61 -0.273 7.7891 6.6861 6.0102 

23.68 8.881 -0.31 6.129 4.2056 6.6722 

24.06 10.93 0.284 11.88 10.220 7.6099 

Ave 23.94 10.31 -0.136 7.843 6.1027 6.6154 

Icy Surface 
24.01 10.48 -0.287 5.326 2.6674 6.5271 

23.91 10.66 -0.097 8.090 6.7339 6.2576 
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24.02 10.614 -0.273 7.789 6.6861 6.0102 

23.68 8.8817 -0.311 6.1291 4.2056 6.6722 

24.06 10.932 0.284 11.882 10.220 7.6099 

Ave 23.82 10.25 -0.208 7.8748 5.6781 6.931 

 

Multivariate Tests (p<0.005) 

Effect Value F Hypothesis df Error df Sig. 

Scenarios Pillai's Trace 1.943 1.745 84.000 306.000 .000 

Wilks' Lambda .069 1.932 84.000 262.766 .000 

Hotelling's Trace 3.972 2.096 84.000 266.000 .000 

Roy's Largest Root 1.684 6.135c 14.000 51.000 .000 

 

Levene's Test of Equality of Error Variance (P>0.05) 

 F df1 df2 Sig. 

AveSpeed 2.222 14 51 .019 

StdSpeed 2.543 14 51 .008 

TH 1.856 14 51 .055 

StdTH 7.620 14 51 .000 
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APPENDIX D 

Statistical calculations of following vehicle’ decelerations and the corresponding Time-

to-Collisions (TTCs) when the lead vehicle decelerated during simulation time 65s to 74s, 

191s to192s and 212s to218s. 

Standard Scenario MaxDec AveDec StdDec MinTTC AveTTC StdTTC 

Driver1 

65-74s -1.27 -0.06 0.87 15.06 -10.56 220.64 

191-192s 0.10 0.10 0.00 22.51 117.06 435.56 

212-218s -0.74 -0.17 0.53 15.90 213.98 2121.39 

Driver 2 

65-74s -20.46 -4.95 10.09 6.14 -17.83 191.25 

191-192s 0.10 -0.53 0.56 4.58 -4.95 0.27 

212-218s 0.08 0.15 0.04 22.66 8.09 445.61 

Driver 3 

65-74s -14.30 -3.02 4.11 9.11 23.68 9.06 

191-192s -1.00 -0.07 0.94 8.47 13.60 4.40 

212-218s -18.53 -2.83 5.78 6.45 0.34 26.48 

Driver 4 

65-74s -20.27 -3.61 8.02 3.97 -7.24 86.43 

191-192s 0.42 0.43 0.01 11.21 0.83 106.35 

212-218s -15.28 -2.31 4.65 9.32 -15.44 190.12 

Average -7.60 -7.60 -1.41 2.97 11.28 26.80 

Max & Min -20.46 - - 3.97 - - 

Jersey Barrier Decmin AveDec StdDec MinTTC AveTTC StdTTC 

Driver1 

65-74s -14.31 -3.10 5.88 3.68 0.81 70.97 

191-192s 1.63 1.67 0.03 3.76 15.22 18.66 

212-218s -17.66 -2.63 5.24 5.11 22.37 53.82 

Driver 2 

65-74s 0.19 0.41 0.05 12.10 -12.56 229.44 

191-192s 1.63 0.46 0.01 7.41 16.40 9.21 

212-218s -13.90 -0.95 2.80 5.43 7.28 4.62 

Driver 3 

65-74s -2.13 -1.41 0.73 15.56 14.97 92.36 

191-192s 0.51 0.63 0.04 9.62 36.12 36.92 

212-218s -9.89 -1.02 1.70 6.43 8.14 487.49 

Driver 4 

65-74s -0.27 -0.10 0.13 18.43 46.48 196.06 

191-192s 0.46 0.47 0.01 24.88 34.68 266.61 

212-218s -17.46 -4.20 6.10 11.23 17.88 12.29 

Driver 5 
65-74s 0.19 0.41 0.05 12.35 -12.87 230.91 

191-192s 0.44 0.45 0.01 7.02 15.55 9.19 
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212-218s -15.80 -2.63 3.42 4.27 7.20 4.62 

Average -5.76 -0.77 1.75 9.82 14.51 114.88 

Max & Min -17.66 - - 3.68 - - 

Undivided Road Decmin AveDec StdDec MinTTC AveTTC StdTTC 

Driver1 
 

65-74s -20.27 -3.73 7.52 9.81 6.79 144.19 

191-192s -1.09 -0.32 0.55 4.40 -13.91 67.74 

212-218s -17.34 -1.83 5.95 6.71 3.10 50.48 

Driver 2 
 

65-74s -20.37 -3.18 10.59 3.17 0.87 141.08 

191-192s -1.09 0.19 0.99 2.93 10.18 9.98 

212-218s -17.08 -2.31 5.28 5.58 13.42 46.52 

Driver 3 
 

65-74s -20.22 -2.74 7.57 7.93 25.32 193.64 

191-192s -1.09 -1.08 0.01 6.54 75.73 154.20 

212-218s -17.58 -1.86 5.75 4.97 -4.53 99.68 

Driver 4 

65-74s -1.40 1.12 1.09 6.01 -86.51 893.51 

191-192s -0.87 -0.82 0.02 9.46 4.04 72.87 

212-218s -17.94 -3.09 6.28 6.69 10.80 26.20 

Driver 5 

65-74s -15.43 -1.66 5.12 4.15 -1.22 0.06 

191-192s -1.92 -1.18 0.25 3.66 -2.88 0.27 

212-218s -17.64 -1.83 6.27 5.00 -1.46 0.43 

Average -11.42 -1.62 4.22 5.80 2.65 126.72 

Max & Min -20.37 - - 2.93 - - 

Lane Width 9ft Decmin AveDec StdDec MinTTC AveTTC StdTTC 

Driver1 

65-74s -1.34 0.01 1.18 12.36 -39.34 447.26 

191-192s -0.58 0.00 0.43 3.80 5.26 35.44 

212-218s -17.09 -1.65 5.84 5.51 -7.07 88.81 

Driver 2 

65-74s -1.54 2.96 1.41 12.06 170.22 1458.91 

191-192s -0.58 0.62 0.01 4.36 7.44 6.61 

212-218s -17.52 -3.02 5.52 7.39 10.39 23.40 

Driver 3 

65-74s -17.34 -3.34 6.04 12.77 -7.49 82.23 

191-192s -0.21 0.02 0.17 7.67 -48.10 167.09 

212-218s -16.54 -2.81 6.03 5.99 2.97 24.53 

Driver 4 

65-74s 0.62 1.15 0.15 11.34 -47.29 516.34 

191-192s -0.70 0.40 0.39 4.21 11.22 8.60 

212-218s -17.04 -2.29 5.65 4.77 -32.05 242.21 

Average -7.49 -0.66 2.73 7.69 2.18 258.45 

Max & Min -17.52 - - 3.80 - - 

Lane Width 10ft Decmin AveDec StdDec MinTTC AveTTC StdTTC 

Driver1 

65-74s 0.34 1.61 0.78 16.94 15.57 103.64 

191-192s -1.22 -1.14 0.13 4.62 9.79 4.91 

212-218s -16.14 -2.48 5.44 7.56 -1.25 223.59 

Driver 2 65-74s -19.87 -3.55 6.38 8.00 -7.11 74.92 
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191-192s -1.22 -0.32 0.05 6.63 0.24 48.84 

212-218s -13.94 -2.57 4.45 7.24 4.86 73.99 

Driver 3 

65-74s 0.45 0.50 0.06 12.65 2.82 130.13 

191-192s 0.12 0.12 0.00 11.76 -33.62 95.87 

212-218s -18.06 -3.16 5.86 7.85 10.20 59.16 

Driver 4 

65-74s -20.36 -3.68 8.27 4.49 -9.79 161.28 

191-192s -1.19 -0.37 0.88 5.22 5.43 3.58 

212-218s -17.01 -2.27 5.36 5.27 -26.98 296.85 

Average -9.01 -1.44 3.14 8.19 -2.49 106.40 

Max & Min -20.36 - - 4.49 - - 

No Harder Shoulder Decmin AveDec StdDec MinTTC AveTTC StdTTC 

Driver 1 

65-74s -1.17 0.21 1.06 13.19 9.24 87.11 

191-192s 0.13 0.13 0.00 12.65 39.26 34.21 

212-218s -6.84 -1.86 2.20 10.44 17.94 6.90 

Driver 2 

65-74s -19.83 -3.52 6.45 8.10 10.44 137.09 

191-192s 0.13 -0.26 0.04 5.96 10.44 104.05 

212-218s -15.94 -2.49 4.64 7.38 28.37 62.81 

Driver 3 

65-74s -1.33 0.58 1.08 7.13 6.37 82.65 

191-192s 0.78 0.86 0.03 4.93 10.88 5.85 

212-218s -8.28 -0.80 1.21 5.20 29.50 44.09 

Driver 4 

65-74s -1.17 0.53 0.75 14.66 19.52 131.13 

191-192s -0.54 -0.10 0.24 6.08 15.79 12.16 

212-218s -17.01 -2.79 5.31 7.06 -36.93 441.46 

Average -5.92 -0.79 1.92 8.57 13.40 95.79 

Max & Min -19.83 - - 4.93 - - 

Shoulder Width 3ft Decmin AveDec StdDec MinTTC AveTTC StdTTC 

Driver1 

65-74s 0.89 0.99 0.09 14.20 21.25 144.82 

191-192s 0.34 0.35 0.00 26.17 72.41 56.21 

212-218s -19.86 -2.72 7.89 4.76 0.02 80.74 

Driver 2 

65-74s 0.43 0.47 0.02 16.65 6.19 145.97 

191-192s 0.34 -1.15 0.01 8.04 15.26 7.06 

212-218s -0.62 -0.08 0.45 6.33 56.20 393.56 

Driver 3 

65-74s 0.09 0.10 0.01 22.12 -44.61 607.20 

191-192s -1.12 -1.11 0.01 5.92 9.88 6.60 

212-218s -0.71 0.81 0.46 6.66 53.89 104.27 

Driver 4 

65-74s -14.06 -0.33 3.43 4.68 -3.92 73.77 

191-192s -2.41 5.45 3.29 6.55 -6.92 39.78 

212-218s -13.42 -3.13 6.48 4.25 2.83 18.77 

Average -4.18 -0.03 1.84 10.53 15.21 139.90 

Max & Min -19.86 - - 4.25 - - 

Wet Surface Decmin AveDec StdDec MinTTC AveTTC StdTTC 
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Driver1 

65-74s -14.42 -3.89 5.78 4.70 -0.67 48.12 

191-192s -1.08 -0.29 0.48 3.94 24.70 52.62 

212-218s -13.67 -1.46 4.47 5.65 -4.13 62.30 

Driver 2 

65-74s -10.34 -0.97 2.97 10.74 28.70 172.24 

191-192s -1.08 0.83 0.01 35.36 -1092.14 3444.90 

212-218s -7.89 -1.04 1.00 5.47 11.66 4.62 

Driver 3 

65-74s -14.39 -3.07 6.14 7.78 15.66 156.78 

191-192s -1.13 -0.95 0.15 5.63 17.15 14.06 

212-218s -13.70 -2.15 4.98 9.79 3.63 72.57 

Driver 4 

65-74s -14.30 -3.09 3.92 9.11 -1.04 192.24 

191-192s -1.00 -0.07 0.94 8.47 13.60 4.40 

212-218s -18.53 -2.83 5.78 6.45 0.34 26.48 

Driver 5 

65-74s 0.80 0.99 0.09 18.63 146.78 1076.13 

191-192s 1.00 1.02 0.01 13.38 31.82 21.53 

212-218s 0.99 -1.46 0.11 6.57 37.46 278.78 

Average -7.25 -1.23 2.46 10.11 -51.10 375.18 

Max & Min -18.53 - - 3.94 - - 

Icy Surface Decmin AveDec StdDec MinTTC AveTTC StdTTC 

Driver1 

65-74s -11.22 -3.00 4.86 3.89 7.89 38.13 

191-192s 0.57 0.63 0.02 7.42 23.55 21.95 

212-218s -10.32 -2.13 3.23 6.32 0.50 68.09 

Driver 2 

65-74s -1.91 -0.54 0.90 4.53 10.14 72.51 

191-192s 0.57 0.37 0.01 4.30 36.17 72.21 

212-218s -7.71 -1.60 2.21 4.40 30.81 181.30 

Driver 3 

65-74s -7.43 -1.11 2.27 8.97 10.19 64.02 

191-192s 1.42 1.45 0.02 5.93 19.93 20.77 

212-218s -7.26 -1.34 2.99 8.74 29.01 41.15 

Driver 4 

65-74s -1.36 0.82 2.01 10.04 3.38 100.54 

191-192s -1.03 -0.78 0.26 5.35 65.71 196.05 

212-218s -7.56 -2.55 2.67 5.83 9.02 54.96 

Driver 5 

65-74s -10.05 0.29 2.07 11.46 -27.74 337.73 

191-192s 0.10 0.11 0.00 25.45 18.63 200.16 

212-218s -0.86 -2.13 0.16 9.13 22.48 11.91 

Average -4.27 -0.77 1.58 8.12 17.31 98.77 

Max & Min -11.22 - - 3.89 - - 

Mountains Areas Decmin AveDec StdDec MinTTC AveTTC StdTTC 

Driver1 

65-74s -1.28 0.01 1.27 6.22 12.63 67.34 

191-192s -1.09 -1.09 0.01 3.80 9.57 10.29 

212-218s -17.65 -2.36 6.19 3.50 2.76 201.00 

Driver 2 
65-74s -1.13 0.87 1.53 11.94 31.05 214.09 

191-192s -1.09 -0.24 0.24 5.14 34.30 109.70 
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212-218s -15.62 -1.88 5.72 5.31 12.59 45.53 

Driver 3 

65-74s -1.01 1.06 1.55 12.44 9.69 154.65 

191-192s -0.87 -0.05 0.30 6.00 2.56 48.63 

212-218s -16.52 -2.39 5.52 5.35 14.90 89.02 

Driver 4 

65-74s 0.63 1.69 0.46 15.97 5.70 103.94 

191-192s -0.62 0.87 0.53 3.79 517.63 1685.66 

212-218s -17.94 -2.49 5.69 4.47 22.41 145.18 

Driver 5 

65-74s 0.61 1.66 0.67 14.60 -0.69 163.06 

191-192s 1.64 1.68 0.03 8.40 12.83 4.28 

212-218s -12.51 -2.36 4.62 8.40 -4.18 69.07 

Average -5.63 -0.33 2.29 7.69 45.58 207.43 

Max & Min -17.94 - - 3.50 - - 

Rolling Terrain Decmin AveDec StdDec MinTTC AveTTC StdTTC 

Driver1 
 

65-74s -1.29 -0.28 1.15 13.46 5.23 103.85 

191-192s 0.52 0.53 0.01 12.58 -0.62 79.79 

212-218s -0.94 0.00 0.89 5.86 13.89 14.41 

Driver 2 
 

65-74s -1.15 0.20 1.29 16.71 -6.98 174.52 

191-192s 0.52 -0.47 0.47 9.41 18.23 64.52 

212-218s -16.75 -4.20 5.94 4.65 0.37 34.88 

Driver 3 
 

65-74s 1.51 1.66 0.11 15.98 19.68 113.27 

191-192s 0.73 0.74 0.01 8.33 9.01 0.47 

212-218s -18.63 -4.28 6.61 5.09 8.22 17.45 

Driver 4 
 

65-74s 0.59 1.04 0.51 17.14 108.91 790.36 

191-192s -0.12 0.16 0.09 8.14 19.27 11.00 

212-218s -8.56 -0.61 2.08 12.69 -72.00 663.49 

Driver 5 

65-74s -20.02 -3.43 6.57 4.45 2.57 101.19 

191-192s -1.11 -0.50 0.30 3.48 9.09 6.69 

212-218s -15.75 0.00 5.07 4.88 15.81 174.04 

Average -5.36 -0.63 2.07 9.52 10.05 156.66 

Max & Min -20.02 - - 3.48 - - 

Visibility Distance 65.62ft Decmin AveDec StdDec MinTTC AveTTC StdTTC 

Driver1 
 

65-74s -1.05 -0.19 0.70 23.64 18.39 181.17 

191-192s -1.57 -0.25 0.78 4.28 10.20 14.37 

212-218s -17.36 -1.66 6.35 4.50 17.34 70.53 

Driver 2 
 

65-74s -0.08 -0.05 0.02 26.25 32.40 212.17 

191-192s -1.57 0.38 0.01 17.19 286.52 757.38 

212-218s -18.66 -0.26 6.25 3.02 14.52 105.64 

Driver 3 
 

65-74s 0.66 0.79 0.08 16.39 25.70 577.59 

191-192s 0.14 0.14 0.00 7.87 16.43 8.33 

212-218s -19.10 -3.54 7.71 3.03 4.00 13.12 

Driver 4 65-74s -20.30 -3.11 10.48 6.10 -0.09 95.47 



149 
 

 191-192s -1.07 -0.46 0.32 3.14 20.01 31.35 

212-218s -16.31 -1.90 5.29 6.67 4.19 97.10 

Average -8.02 -0.84 3.17 10.17 37.47 180.35 

Max & Min -20.30 - - 3.02 - - 

Visibility Distance 164ft Decmin AveDec StdDec MinTTC AveTTC StdTTC 

Driver1 
 

65-74s -20.06 -3.75 6.12 5.99 -9.84 303.43 

191-192s -1.08 -0.67 0.23 4.09 9.79 6.84 

212-218s -18.56 -3.27 6.77 6.09 -9.24 41.79 

Driver 2 
 

65-74s 0.80 0.93 0.06 9.46 -25.98 358.90 

191-192s -1.08 0.11 0.00 8.84 52.76 153.64 

212-218s -16.36 -2.38 5.11 10.56 -27.07 353.56 

Driver 3 

65-74s -1.51 1.57 0.99 3.73 1.26 92.76 

191-192s 0.07 0.10 0.03 7.60 69.70 141.13 

212-218s -19.13 -4.12 7.50 3.72 7.74 19.73 

Driver 4 

65-74s -0.63 0.21 0.21 14.66 26.78 175.31 

191-192s 0.04 0.21 0.12 11.96 42.71 39.46 

212-218s -0.96 -0.90 0.03 5.18 10.82 3.87 

Average -6.54 -1.00 2.26 7.66 12.45 140.87 

Max & Min -20.06 - - 3.72 - - 

Visibility Distance 328ft Decmin AveDec StdDec MinTTC AveTTC StdTTC 

Driver1 

65-74s -15.77 -1.10 2.76 13.13 5.10 111.71 

191-192s -1.08 -1.07 0.01 6.33 160.04 563.46 

212-218s -12.50 -1.60 4.65 9.09 -4.36 81.35 

Driver 2 

65-74s 1.05 1.29 0.15 13.54 29.84 163.34 

191-192s -1.08 -0.52 0.01 10.47 62.94 98.82 

212-218s -17.44 -2.82 5.31 5.63 5.52 17.28 

Driver 3 

65-74s 0.18 0.20 0.01 10.84 10.98 137.40 

191-192s -1.07 -1.07 0.01 4.74 -3.72 52.04 

212-218s -0.75 0.00 1.43 4.92 0.40 170.46 

Driver 4 

65-74s 0.39 0.46 0.04 17.99 87.28 624.11 

191-192s -1.02 -0.33 0.28 4.47 25.01 40.57 

212-218s -16.99 -1.14 6.63 7.00 6.46 127.02 

Average -5.51 -0.64 1.77 9.01 32.12 182.30 

Max & Min -17.44 - - 4.47 - - 

Visibility Distance 656.2ft Decmin AveDec StdDec MinTTC AveTTC StdTTC 

Driver1 

65-74s -14.63 -3.33 4.63 5.84 3.91 131.70 

191-192s -0.82 -0.81 0.01 16.63 18.93 1.69 

212-218s -0.61 0.26 0.91 22.56 15.35 2.35 

Driver 2 

65-74s 0.83 1.42 0.29 10.42 10.76 111.95 

191-192s -0.82 0.10 0.59 11.02 11.53 0.38 

212-218s -0.52 0.15 0.75 18.70 -24.61 361.09 
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Driver 3 

65-74s -20.24 -3.51 7.49 4.73 23.45 7.98 

191-192s -1.00 -0.97 0.02 7.54 7.68 0.09 

212-218s -0.62 -0.29 0.44 20.69 129.30 733.72 

Driver 4 

65-74s -1.01 0.11 0.20 10.89 8.70 90.23 

191-192s 0.51 2.18 0.63 28.21 48.14 20.68 

212-218s -0.64 -0.13 0.61 15.15 22.61 5.48 

Average -3.30 -0.40 1.38 14.36 22.98 122.28 

Max & Min  -20.24 - - 4.73 - - 
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APPENDIX E  

Statistical calculations of following vehicle’ accelerations and the corresponding distance 

gaps when the lead vehicle accelerated during simulation time 50s to 65s, 135s to 137s 

and 263s to 268s. 

Standard Scenario Max Acc Ave Acc Std Acc Min Gap Ave Gap Std Gap 

Driver1 
 

50-65s 1.15 0.87 0.15 259.42 302.85 41.66 

135-137s 1.10 1.04 0.07 258.61 259.74 1.09 

263-268s 1.83 0.86 0.68 62.96 75.39 10.96 

    Driver 2 

50-65s 5.24 2.75 1.84 58.77 93.32 21.95 

135-137s 0.41 0.30 0.17 45.40 49.68 3.86 

263-268s 2.61 1.46 0.90 39.18 51.77 10.86 

Driver 3 
 

50-65s 8.71 1.98 3.01 142.52 201.34 45.20 

135-137s 2.12 0.70 0.73 156.80 166.09 6.85 

263-268s 1.39 0.67 0.66 45.06 59.06 11.95 

Driver 4 
 

50-65s 3.08 1.74 0.83 62.81 99.07 27.88 

135-137s -0.36 -0.85 0.20 77.03 79.92 3.08 

263-268s 3.01 1.24 0.97 37.56 49.25 10.16 

Average 2.52 1.06 0.85 103.84 123.96 1.09 

Max & Min 8.71 - - 37.56 - - 

Jersey Barrier Max Acc Ave Acc Std Acc Min Gap Ave Gap Std Gap 

Driver1 

50-65s 3.29 2.52 0.44 106.09 166.36 31.45 

135-137s -0.71 -0.91 0.05 39.45 41.97 2.85 

263-268s 1.79 1.18 0.46 42.27 33.65 9.58 

Driver 2 

50-65s 0.40 0.18 0.08 194.00 229.45 39.55 

135-137s 0.38 0.12 0.41 128.01 130.47 2.65 

263-268s 1.81 0.74 0.57 67.84 87.35 15.02 

Driver 3 

50-65s 1.52 0.98 0.47 176.35 200.95 26.99 

135-137s -1.01 -1.03 0.01 117.73 119.53 1.94 

263-268s 2.24 0.71 0.88 46.95 60.41 11.84 

Driver 4 

50-65s 0.84 -0.45 0.36 356.14 393.75 40.80 

135-137s 2.66 2.39 0.14 225.81 239.69 9.39 

263-268s 0.74 -0.60 1.11 89.76 104.21 13.60 

Driver 5 

50-65s 0.40 0.18 0.08 194.00 229.45 39.55 

135-137s 0.38 0.12 0.41 128.01 130.47 2.65 

263-268s 1.18 0.53 0.53 66.53 81.68 13.28 

Average 1.06 0.44 0.40 131.93 149.96 17.41 

Max & Min 3.29 - - 39.45 - - 

Undivided Road Max Acc Ave Acc Std Acc Min Gap Ave Gap Std Gap 
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Driver1 

50-65s 2.39 1.26 1.21 148.41 209.20 45.26 

135-137s 11.03 2.32 3.08 76.90 83.22 4.78 

263-268s 7.38 1.81 3.52 43.77 53.00 8.35 

Driver 2 

50-65s 7.97 1.90 2.77 36.87 66.62 20.71 

135-137s 0.01 -0.37 0.10 25.28 39.36 3.99 

263-268s 6.36 3.07 2.84 33.78 43.76 7.38 

Driver 3 

50-65s 3.75 1.56 0.99 103.09 151.31 39.68 

135-137s 0.88 0.17 0.71 58.89 61.62 2.90 

263-268s 3.68 1.70 1.47 37.73 49.24 9.60 

Driver 4 

50-65s 2.21 0.69 0.94 137.43 201.16 59.36 

135-137s -0.14 -0.19 0.05 98.27 102.90 4.22 

263-268s 3.33 0.87 1.23 57.04 78.51 10.84 

Driver 5 

50-65s 3.53 0.78 1.73 71.65 115.49 35.38 

135-137s -0.81 -0.98 0.04 51.53 52.71 1.08 

263-268s 10.54 2.21 3.89 34.78 40.89 5.07 

Average 4.14 1.12 1.64 67.69 89.93 17.24 

Max & Min 11.03 - - 25.28 - - 

Lane Width 9ft Max Acc Ave Acc Std Acc Min Gap Ave Gap Std Gap 

Driver1 

50-65s 2.72 1.01 0.58 267.70 317.18 42.59 

135-137s 1.31 0.25 0.45 58.16 62.20 3.81 

263-268s 2.95 0.93 1.63 50.24 55.28 5.00 

Driver 2 

50-65s 0.35 -0.52 0.43 160.22 270.61 98.30 

135-137s 0.12 0.10 0.03 91.03 96.64 4.73 

263-268s 1.94 0.90 0.83 60.68 74.66 11.73 

Driver 3 

50-65s 1.57 0.73 0.57 101.99 136.46 34.60 

135-137s 3.78 3.30 0.51 96.12 97.43 1.31 

263-268s 6.18 2.36 2.19 44.13 54.30 7.89 

Driver 4 

50-65s 1.87 0.48 1.11 42.19 144.50 89.23 

135-137s 8.12 3.45 4.16 57.71 58.75 0.79 

263-268s 5.39 1.62 1.62 97.89 49.53 9.06 

Average 3.03 1.22 1.18 94.01 118.13 25.75 

Max & Min 8.12  - -  42.19 - - 

Lane Width 10ft Max Acc Ave Acc Std Acc Min Gap Ave Gap Std Gap 

Driver1 

50-65s 2.91 1.83 0.61 140.96 230.66 71.78 

135-137s 0.20 -0.02 0.13 68.50 74.99 5.45 

263-268s 1.00 0.41 0.49 59.88 75.14 13.15 

Driver 2 

50-65s 1.52 1.17 0.18 131.04 152.20 23.78 

135-137s -0.03 -0.57 0.24 69.94 72.48 2.79 

263-268s 1.27 0.73 0.45 57.73 64.19 6.87 

Driver 3 

50-65s 0.53 0.10 0.42 232.83 271.01 41.17 

135-137s 0.42 0.18 0.10 56.23 61.51 4.58 

263-268s 3.10 1.24 1.24 38.65 49.15 10.90 

Driver 4 

50-65s 3.71 1.52 2.01 66.46 104.15 27.69 

135-137s 0.61 -0.79 0.37 80.89 82.67 2.01 

263-268s 2.78 1.25 1.11 90.55 53.61 11.02 
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Average 1.50 0.59 0.61 91.14 107.65 18.43 

Max & Min 3.71 - - 38.65 - - 

No Hard Shoulder Max Acc Ave Acc Std Acc Min Gap Ave Gap Std Gap 

Driver1 
 

50-65s 1.59 0.78 0.65 82.71 174.03 71.76 

135-137s 0.16 -0.37 0.41 123.82 129.41 5.02 

263-268s 1.06 0.26 0.47 63.59 77.09 12.33 

Driver 2 

50-65s 4.23 2.03 1.42 80.58 119.26 26.01 

135-137s 2.66 0.15 0.89 63.20 70.46 5.78 

263-268s 2.96 0.54 0.83 53.68 66.63 11.79 

Driver 3 

50-65s 1.42 0.42 0.63 141.49 188.84 46.79 

135-137s 2.68 1.02 0.73 95.32 100.13 4.06 

263-268s 1.44 0.27 0.37 39.10 37.00 1.94 

Driver 4 
 

50-65s 1.17 0.41 0.68 184.80 259.69 64.18 

135-137s 0.90 0.68 0.17 110.86 114.70 3.55 

263-268s 1.78 0.71 0.76 58.96 70.77 10.72 

Average 1.84 0.58 0.67 91.51 117.33 21.99 

Max & Min 4.23 - - 39.10 - - 

Shoulder Width 3ft Max Acc Ave Acc Std Acc Min Gap Ave Gap Std Gap 

Driver 1 

50-65s 2.27 1.64 0.32 237.97 356.87 76.02 

135-137s 0.29 0.14 0.10 99.09 107.62 6.58 

263-268s 1.17 0.96 0.10 73.40 81.94 8.21 

Driver 2 

50-65s 0.50 0.28 0.06 95.85 302.20 48.84 

135-137s 0.53 0.52 0.02 82.64 88.14 4.65 

263-268s 1.76 0.22 0.62 37.68 52.90 13.47 

Driver 3 

50-65s 0.73 0.36 0.31 187.92 511.92 27.59 

135-137s 1.76 1.64 0.10 122.49 158.26 4.59 

263-268s 0.24 -0.34 0.22 52.61 61.86 9.96 

Driver 4 

50-65s 4.19 0.78 2.12 44.29 70.65 25.77 

135-137s 1.55 1.29 0.07 38.14 40.57 2.50 

263-268s 9.07 2.07 3.55 37.80 46.21 8.42 

Average 2.01 0.80 0.63 92.49 156.60 19.72 

Max & Min 9.07 - - 37.68 - - 

Icy Surface Max Acc Ave Acc Std Acc Min Gap Ave Gap Std Gap 

Driver 1 

50-65s 2.50 1.53 0.83 146.86 87.94 32.32 

135-137s 1.59 0.93 0.21 79.60 83.07 3.25 

263-268s 1.89 0.76 0.92 131.74 42.39 10.05 

Driver 2 

50-65s 2.68 1.12 1.26 67.97 122.89 41.46 

135-137s 2.58 0.91 0.66 70.24 75.64 4.61 

263-268s 3.10 0.91 1.38 131.54 46.53 12.85 

Driver 3 

50-65s 4.23 0.86 1.96 83.37 111.31 26.90 

135-137s 0.17 -0.19 0.43 88.47 94.28 4.89 

263-268s 3.83 1.18 1.33 133.65 44.88 9.92 

Driver 4 

50-65s 3.42 1.12 1.21 95.37 215.31 88.00 

135-137s 1.24 0.41 0.42 72.96 79.50 6.32 

263-268s 2.11 0.73 0.49 45.08 67.23 10.96 

Driver 5 50-65s 1.84 0.26 0.67 85.93 163.91 71.30 
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135-137s 0.63 0.59 0.02 228.74 233.75 4.20 

263-268s 0.83 0.36 0.39 69.32 84.84 13.46 

Average 2.18 0.77 0.81 102.06 103.56 22.70 

Max & Min 4.23 - - 45.08 - - 

Wet Surface Max Acc Ave Acc Std Acc Min Gap Ave Gap Std Gap 

Driver1 
 

50-65s 5.57 1.95 1.74 45.84 58.51 7.27 

135-137s 8.28 2.61 3.50 37.11 40.91 3.38 

263-268s 8.45 3.30 3.64 38.01 51.71 10.17 

Driver 2 

50-65s 0.98 0.35 0.39 80.73 138.63 57.36 

135-137s 2.08 0.68 0.99 96.36 103.98 6.06 

263-268s 1.84 0.66 0.74 63.95 79.08 13.09 

Driver 3 

50-65s 2.07 1.80 0.16 60.50 82.42 18.30 

135-137s -0.16 -0.81 0.19 43.71 37.31 3.75 

263-268s 1.92 0.65 1.04 38.19 48.79 10.30 

Driver 4 

50-65s 8.71 1.97 3.00 142.52 200.88 45.32 

135-137s 2.12 1.23 0.73 164.82 172.15 5.71 

263-268s 1.39 0.65 0.66 45.03 58.31 11.59 

Driver 5 

50-65s 1.22 1.17 0.02 440.95 494.53 33.86 

135-137s -0.53 -0.90 0.13 83.52 85.67 2.43 

263-268s 1.76 0.44 0.67 48.74 62.22 12.23 

Average 3.05 1.05 1.17 95.33 114.34 16.05 

Max & Min 8.71 - - 37.11 - - 

Mountainous Areas Max Acc Ave Acc Std Acc Min Gap Ave Gap Std Gap 

Driver 1 

50-65s 3.94 2.78 0.82 104.26 158.14 36.47 

135-137s 1.59 1.44 0.13 56.42 59.37 2.68 

263-268s 6.08 0.95 1.85 141.51 39.91 10.88 

Driver 2 

50-65s 3.13 1.87 1.29 69.08 142.20 52.99 

135-137s 0.34 -0.80 0.39 38.22 40.95 2.93 

263-268s 6.17 2.34 2.72 45.36 45.52 7.23 

Driver 3 

50-65s 4.78 1.36 2.45 104.90 177.58 52.62 

135-137s 3.00 1.11 0.57 84.32 88.34 3.50 

263-268s 4.04 2.27 1.40 38.25 49.02 8.50 

Driver 4 

50-65s 1.78 1.27 0.62 160.06 248.31 75.94 

135-137s -0.75 -0.90 0.04 66.86 70.60 3.96 

263-268s 1.10 0.18 0.58 143.18 53.71 10.65 

Driver 5 

50-65s 2.58 2.14 0.33 125.30 240.68 79.08 

135-137s 0.97 0.17 0.44 151.09 57.01 4.88 

263-268s 2.20 1.67 0.54 45.27 46.76 9.19 

Average 2.73 1.19 0.95 91.61 101.21 24.10 

Max & Min 6.17  - -  38.22 - - 

Rolling Terrain Max Acc Ave Acc Std Acc Min Gap Ave Gap Std Gap 

Driver1 

50-65s 2.21 1.97 0.15 211.82 277.56 44.73 

135-137s 1.36 -0.26 1.11 83.13 85.73 2.79 

263-268s -0.39 -0.60 0.12 68.66 73.97 5.98 

Driver 2 
50-65s 2.59 1.01 0.86 131.02 201.89 62.96 

135-137s -0.43 -0.88 0.18 125.80 129.22 3.41 
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263-268s 1.20 -3.42 5.60 69.64 92.54 21.67 

Driver 3 

50-65s 1.93 0.83 0.53 157.35 274.09 88.44 

135-137s -1.00 -1.01 0.00 99.95 102.59 1.48 

263-268s 1.12 0.71 0.15 39.16 62.60 3.64 

Driver 4 

50-65s 0.84 0.55 0.25 240.01 326.59 72.39 

135-137s 0.44 -0.15 0.21 111.24 113.80 2.74 

263-268s 0.92 -0.65 2.05 71.93 92.99 15.93 

Driver 5 

50-65s 5.94 2.28 1.55 188.46 225.78 31.48 

135-137s 4.46 1.56 1.34 58.00 60.26 2.43 

263-268s 0.19 0.00 0.10 46.92 62.48 12.80 

Average 1.43 0.13 0.95 113.54 145.47 24.86 

Max & Min 5.94  - -  39.16  - -  

Visibility Distance 65.62ft Max Acc Ave Acc Std Acc Min Gap Ave Gap Std Gap 

Driver 1 

50-65s 1.67 0.82 0.57 414.44 467.42 48.65 

135-137s 1.66 1.03 0.29 42.47 45.86 3.11 

263-268s 2.36 1.35 0.99 45.95 45.94 8.71 

Driver 2 

50-65s 0.63 0.21 0.30 461.00 486.55 28.94 

135-137s -0.14 -0.24 0.06 55.77 61.09 4.53 

263-268s 0.70 -0.02 0.42 42.93 53.03 10.29 

Driver 3 

50-65s 5.23 1.80 1.91 52.40 72.83 12.48 

135-137s 2.71 -0.02 1.20 51.95 53.88 2.16 

263-268s 4.74 2.31 1.94 65.73 79.01 9.88 

Driver 4 

50-65s 1.61 1.26 0.18 168.91 345.45 113.37 

135-137s -0.01 -0.24 0.09 52.88 59.24 5.16 

263-268s 0.91 -0.04 0.44 51.53 60.82 9.67 

Average 1.84 0.68 0.70 125.50 152.59 21.41 

Max & Min 5.23  - -  42.47  - -  

Visibility Distance 164ft Max Acc Ave Acc Std Acc Min Gap Ave gap Std gap 

Driver1 

50-65s 2.68 1.35 1.28 138.95 158.31 15.90 

135-137s 2.15 0.08 1.06 101.11 105.85 4.21 

263-268s 4.27 1.66 1.93 73.15 86.69 11.08 

Driver 2 

50-65s 2.34 1.30 0.82 170.59 263.45 63.25 

135-137s 0.13 -0.32 0.37 78.35 82.07 3.58 

263-268s 2.37 0.77 1.02 42.46 56.41 12.13 

Driver 3 

50-65s 4.18 2.26 1.53 66.66 185.84 78.60 

135-137s 1.00 0.46 0.24 90.82 94.99 3.70 

263-268s 0.20 -0.28 0.16 68.90 78.89 10.37 

Driver 4 

50-65s 0.43 0.29 0.10 201.97 285.40 71.68 

135-137s -0.45 -0.78 0.14 152.13 157.33 4.59 

263-268s 1.11 0.13 0.40 60.93 74.72 12.58 

Average 1.70 0.58 0.75 103.84 135.83 24.31 

Max & Min 4.27 - - 42.46 - - 

Visibility Distance 328ft Max Acc Ave Acc Std Acc Min Gap Ave gap Std gap 

Driver1 

50-65s 1.38 0.14 0.79 147.26 186.34 39.94 

135-137s 1.14 0.61 0.16 111.80 114.57 2.80 

263-268s 2.64 1.70 0.64 54.22 63.38 7.63 



156 
 

Driver 2 
 

50-65s 1.54 0.63 0.63 105.57 235.71 96.65 

135-137s 0.63 -0.31 0.56 66.93 72.27 4.60 

263-268s 3.23 1.08 1.25 45.64 57.33 10.46 

Driver 3 

50-65s 0.38 0.27 0.04 102.31 168.85 61.98 

135-137s 1.67 -0.11 0.84 53.97 56.94 3.10 

263-268s 2.32 1.29 1.05 37.91 46.58 8.25 

Driver 4 

50-65s 0.88 0.65 0.16 261.07 350.46 69.89 

135-137s 1.05 1.00 0.03 116.14 117.43 1.49 

263-268s 2.73 0.89 1.35 56.44 65.48 8.77 

Average 1.63 0.65 0.63 96.61 127.94 26.29 

Max & Min 3.23  - -  37.91  - -  

Visibility Distance 656.2ft Max Acc Ave Acc Std Acc Min Gap Ave Gap Std Gap 

Driver1 

50-65s 4.77 1.47 2.03 85.20 127.58 34.75 

135-137s 0.91 -0.68 0.55 62.50 64.40 2.12 

263-268s 6.70 2.57 2.73 36.84 49.49 7.62 

Driver 2 

50-65s 3.79 1.17 2.06 61.30 100.65 25.50 

135-137s 2.62 0.47 1.62 123.00 84.10 1.00 

263-268s 1.27 0.73 0.18 83.93 95.72 10.47 

Driver 3 

50-65s 1.99 0.52 0.76 158.01 240.33 71.80 

135-137s 0.87 0.40 0.24 79.39 82.85 3.33 

263-268s 4.46 1.75 1.59 45.27 48.09 10.38 

Driver 4 

50-65s 0.18 0.17 0.01 120.86 158.75 41.92 

135-137s 1.43 0.20 0.63 76.55 79.30 2.82 

263-268s 1.88 1.06 0.81 106.25 48.61 10.44 

Average 2.57 0.82 1.10 86.59 98.32 18.51 

Max & Min 6.70  - -  36.84  - -  
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