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Abstract

Priority intersections form a major element in road networks since significant portions of traffic
accidents and delays occur at them. Nevertheless, there is lack in studies directed to evaluate the
performance of these junctions and to understand driver behavior at them. Previous research has
acknowledged that priority junctions can be studied within the context of driver gap acceptance behavior
and has raised the importance of incorporating driver, vehicle, and trip attributes in gap acceptance
studies related to these junctions. However, limited effort has been directed to this subject. The
quantitative effects of driver, vehicle, and trip attributes were not evaluated and the reported results in
literature about the effects of other typical traffic attributes aer inconsistent.

In this study Binomial Logit Behavioral Models are developed for diver gap acceptance at
priority intersections. The study has investigated the effect of the main driver, vehicle, trip, gap, and
traffic attributes on driver gap acceptance behavior at T-intersections. Left turns form major road and
right and left turns from minor road are considered. Data needed to calibrate the models were collected
using field administered questionnaires and video cameras. More than thirty models are reported and
discussed in the study. Along with the basic traffic and delay attributes such as the gap size, the speed of
the approaching vehicle, the total delay imposed on the driver at minor road, and the traffic volume at
minor road the driver, trip and vehicle attributes such as driver age, sex and accident experience, trip
duration, and vehicle occupancy were found to be significant factors in explaining driver gap acceptance
behavior. The study has also concluded that binary choice models other than the binomial Logit could
provide an adequate framework for modeling driver gap acceptance process.

The results of gap acceptance analysis are applicable to different traffic engineering fields. As an
example, the study has demonstrated the applicability of the calibrated models to identify sight distance
requirements at priority intersections.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

The scarcity of space in urban areas and the high costs associated with the
extension of the available urban transportation systems make it important to study the
system users’ behavior in order to optimize the utilization of these systems to the
highest possible extent. In this regard, it is important to understand and be able to
predict human behavior in many situations including travel choice, car following, gap

acceptance and other driving behavior situations.

In the field of traffic engineering, much concern was devoted to the optimization
of operational conditions at signalized intersections as they form a major element in any

transportation system. Less effort has been directed to priority intersections
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(intersections working under priority rules, yield and/or stop signs or flashers) although
they form the most predominant type of intersections with considerable percentages of

wraffic accidents and delays occurring at them [Golias and Canellaidis (1990)].

Research on priority intersections aims to study driver behavior at these
intersections and to build models that can describe this behavior. These models can be
used to predict and evaluate traffic operations at this important type of intersections. It
was revealed earlier that gap acceptance concept is an appropriate framework for
analyzing gap acceptance at priority intersections [Kimber (1989), Kimber et al. (1986)

and Troutbeck (1984 and 1993)].

Pant and Balakrishnan (1994) have stated that the simplest form of gap acceptance
concept was originally explained by Adams (1936) and Raff and Tanner (1951).
Hughes (1989) stated that the Tanner’s study (1962) was considered as a pioneering
work in applying gap acceptance principles in traffic engineering. After this study,
many gap acceptance studies have been conducted. The main aim of these studies was
to demonstrate the ability of different statistical distributions to fit accepted gaps and to

build gap acceptance models (functions which describe driver gap acceptance behavior).

During the last few decades, many gap acceptance models have been developed
for the purpose of studying delay, capacity and accident risk at priority intersections
[Darzentas (1989)]. Consistent driver and probabilistic gap acceptance behaviors were
the predominant assumptions in these models, [Darzentas (1989) and Golias (1990)],
although step gap acceptance functions (acceptance probability is either zero or one)

were used in old models.
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1.2 DESCRIPTION OF GAP ACCEPTANCE PROCESS

Driver behavior at priority intersections is a decision making process. The
primary concern of the analyst is to understand how drivers make their decisions on
accepting or rejecting a given gap and which factors significantly affect and explain
these decisions. When a minor road driver arrives at a priority intersection he will, at
first, face a lag (time interval between his arrival at the intersection, and the arrival of
the first major stream vehicle) and he has to decide whether to accept or reject this lag.
If he accepts this lag, his decision making process will end at this point. If he rejects
this lag, he will wait and start observing and evaluating gaps occurring in the major
stream, one by one, till he accepts a gap that he believes is long enough for him to
execute his maneuver safely. Figures 1.1 and 1.2 illustrate the time space relationships

and the basic terminology that describes the gap acceptance phenomenon.

Obviously, gap acceptance behavior is affected by a wide variety of
characteristics and factors. These factors include driver, gap, traffic, vehicle, road,
trip, driver inter-influence (influence of the decisions taken by one driver on the
decisions taken by another driver), and even environmental characteristics and
attributes.  Hence, the process is expected to be difficult because driver does not know
the number and size of gaps that will be offered to him a priori, variables affecting the
decision may be hard to identify, utilities and probabilities for different options may be
hard to assess [Edwards (1987)]. Uncertainty and accident risk involved in the process

add more difficulty that indicates the importance of studying this phenomenon.



1.3 STATEMENT OF THE PROBLEM

One of the most important traffic engineering concerns occurs when vehicles
either cross or enter (merge) a stream of traffic at priority intersections. These
intersections are still by far the most common type of intersections in both urban and
rural areas [Bottom and Ashworth (1977 and 1978), Cheng and Allam (1992), Golias
(1990), Tracs (1987), and Troutbeck (1990)]. They are also the scene of considerable
traffic delays and numerous accidents [Golias and Kanellaidis (1990)]. Considerable
effort and interest were given to highway crossing problem at priority intersections.
However, most of this interest was centered mainly on the prediction of delay rather

than the behavior of drivers [Ashworth and Bottom (1977)].

Literature refers to driver decision of whether or not to enter the path of an
oncoming vehicle In a priority stream as "gap acceptance behavior”. This behavior
depends on numerous factors such as length of gap, type of intersection, speed and type
of oncoming vehicle, surrounding environment, time of day, and mostly on the driver
cognition of the situation [Darzentas (1989)]. Crucial factors affecting the operation
of priority intersections include the availability and duration of gaps in the major stream
and the acceptance of these gaps by minor stream drivers [May (1990) and Pant and
Balakrishnan (1994)]. Therefore, understanding driver gap acceptance behavior at
priority intersections is an essential element in estimating the operational measures of
these intersections like capacity and delay [Adebisi and Sama (1989)]. Studies of such

behavior have so far been in one of two general forms:



Queue acceptance studies that relate the number of minor stream vehicles

entering a gap to the length of that gap;

Gap acceptance studies that assess the probability of accepting a gap by a minor
road driver basically as function of gap length. In some cases, other
characteristics and attributes which affect driver behavior were also incorporated

[Adebisi and Sama (1989)].

Several studies of the second type have been conducted. The basic differences

among these studies were the underlying assumptions about driver behavior (consistent

or inconsistent), the mathematical distributions fitted to accepted gaps and the type of

the developed gap acceptance model (deterministic or probabilistic). Three basic driver

behavioral models have formed the basis for previous studies [Adebisi and Sama

(1989), Darzentas (1989), and Golias and Kanellaidis (1990)]:

a.

“Fixed critical” gap concept which implies that there is a minimum critical lag
or gap, ‘t’, which is identical for all drivers in a population. A driver will
accept a lag or gap in the major stream only if it is equal to or greater than the

critical gap, ‘t’. In this case, gap acceptance function is a "step function”;

“Consistent driver” concept which implies that each individual driver, i, has his
own constant critical lag or gap, °g;’ , which is fixed for the driver but
distributed over the population. This pattern of behavior implies absolute
consistency for each individual driver although individuals may vary from each

other;



c. “Inconsistent driver” concept which implies that variability in gap acceptance

behavior exists within and between individuals as well.

A number of studies have been conducted to compare these models and to
examine their implications on predicting intersection operational measures like delay
and capacity. It was found that the resulting differences are significant and cannot be
easily ignored [Darzentas (1989)]. The "inconsistent driver” approach better represents
the actual driver behavior [Adebisi and Sama (1989), Chung et al. (1992), Hewitt
(1983), Hughes (1989), and Pant and Balakrishnan (1994)]. However, studies showed
that the "between driver” variances are much higher than the "within driver” variances
[Darzentas (1989)]. This can be the main reason for adopting the "consistent driver”
model by most of the studies specially those directed to capacity estimation [Darzentas

(1989), Golias and Kaneliaidis (1990), and Hewitt (1985)].

Most of the previous gap acceptance studies were mainly concerned about
establishing proper statistical distributions that will fit the accepted gaps. Functions
developed to explain the variation in driver gap acceptance behavior were limited to the
use of few quantitative variables which include gap length, driver delay, and traffic
volume. Many of the models developed so far relate the probability that a randomly
chosen driver will accept a certain gap to the characteristics of this gap, particularly its
length, [Mahmassani and Sheffi (1981)]. The effects of many other important factors
are either completely neglected or only qualitatively described. Few studies have
incorporated some of the variables other than gap length. Efforts in this field were

limited to works done by Adebisi and Sama (1989), Ashworth and Bottom (1977),



Bottom and Ashworth (1978), Daganzo (1981), Darzentas, et al. (1980), and Madanat
et al. (1994). It is important to stress that the above mentioned works were lap
oriented and limited in scope. Therefore, they do not represent actual driving

situations.

Ashworth and Bottom (1977) and Bottom and Ashworth (1978) have conducted
one of the most comprehensive studies regarding traffic and human factors that affect
driver gap acceptance behavior. They have studied "in between" driver variability by
video recording driver behavior at a given location for a prescribed time. They judged
driver sex and age and vehicle type based on video images only. Thirty experimental
drivers were also used to study human factors that affect gap acceptance behavior.
They found that driving behavior under real life situations is significantly different than
driving behavior under simulated conditions even for the same set of drivers who
participated in simulated and actual experiments. They also stated that "...
investigations into between subject differences were restricted by incomplete data which
resulted from factors such as the inability to interview observed drivers and the
difficulty in relating driving behavior to indices of driving experience”. They added,

“the results were not conclusive” [Bottom and Ashworth (1978), pages 721 and 731].

Darzentas et al. (1980) have studied the effects of age, sex, and speed on gap
acceptance behavior and on conflict involvement using experimental subjects located
standing at road-side and asked to assess the minimum gap that they would accept to
cross the main stream. Other researchers have studied the effects of variables that can

be extracted from videotapes like traffic speed and volume at major stream and driver



delay at minor stream. Other variables that can significantly affect driver gap
acceptance behavior were not studied at all. For example, Akcelik (1994) reported that
"... further research is recommended on the effects of heavy vehicles on arrival

headway distributions and on gap acceptance parameters”, [Akcelik (1994), page 506].

Moreover, effects of the few investigated variables (speed and volume at major
stream and delay and queue size at minor stream) as reported in previous research are
inconsistent and widely variant. Some researchers [Adebisi and Sama (1989), Ashton
(1971), and Hewitt (1983)] have concluded that gap acceptance behavior is significantly
affected by such variables. Other researchers like Pant and Balakrishnan (1994) and
Neudorff (1985) have concluded that such variables have no significant impact on

driver gap acceptance decision.

Therefore, it can be stated that understanding driver gap acceptance behavior is
essential for predicting and evaluating traffic operations at priority intersections.
Previous research has revealed that driver gap acceptance behavior is affected by
numerous driver, gap, traffic, road, vehicle, and environmental factors. However,
there is an apparent lack of the investigation of the effects of many of these factors.
Adebisi and Sama (1989), have reported that "It is worthwhile to note that driver
variables such as age, sex, and driving experience can influence driving behavior and,
hence gap acceptance characteristics. Apparently, the cited characteristics of drivers
have seldom been included in the analysis of gap acceptance data”. The same
researchers added that "incorporating such variables in gap acceptance models will

result in less unexplained variability” [Adebisi and Sama (1994), page 314].
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Reasons mentioned for neglecting such variables in previous studies include the
difficulty added to data collection procedures and the complexity introduced to the

development of capacity and delay models.

In summary it can be stated that previous research has failed in directions which

include:

a. Not considering some of the effects of many important driver factors (like
driving experience, education, and familiarity with site), vehicle characteristics
(like age, engine capacity and occupancy), trip attributes, and driver inter-

influence factors;

b. Failure to study the effect of driver factors under real life driving environment;

c. Inconsistency and wide variance of the reported effects of the few variables
(mainly volume and speed at major stream and delay and queue length at minor

stream) studied in previous research.

This research is initiated to investigate the effects of the main driver, gap,
vehicle, traffic, trip, and driver inter-influence factors and characteristics on driver gap
acceptance behavior at priority intersections. The research will be a pioneering work
that will investigate the effects of these variables under real life driving situation. Data
will be collected based on the simultaneous use of both of video recording and field

administrated interviews.
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1.4 RESEARCH HYPOTHESIS

It is believed that driver characteristics (age, sex, driving experience, education
level, familiarity with the area, and ability to estimate speed of the oncoming vehicle),
traffic characteristics (volumes at major and minor streams, speed of oncoming vehicle,
maneuver type, delay, and queue size at minor stream), vehicle characteristic (type,
age, engine capacity, and vehicle occupancy), gap characteristics (type and size), trip
characteristics (purpose and duration), and driver inter-influence factors (size of gap
accepted by the driver ahead, size of queue behind driver at the queue head, number
of gaps rejected by ahead driver, and number of vehicles entering ahead in the gap he
accepted) will affect driver gap acceptance behavior at priority intersections. Other
variables (excluded in this research for reasons to be explained later) like intersection
geometric factors (intersection type, number of lanes, ...), type of control (stop, yield,
priority rules), sight distance and visibility, road surface conditions and even
environmental (weather and light conditions) factors can also affect driver gap
acceptance behavior.  However, the effect of these excluded factors will be kept
common for all entities since similar sites will be studied. It should be stressed again
that this research does not intend to study the effect of intersection type and geometry
variables. The above stated hypothesis is formed based on literature review and an

understanding of the nature of the studied phenomenon.
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1.5 GOALS AND OBJECTIVES

This research is initiated for two main goals:

[.  Building behavioral models that will be used to investigate and analyze the possible
effects of the main driver, gap, traffic, vehicle, trip, and driver inter-influence
factors on driver gap acceptance behavior at priority intersections. To achieve this

main goal, the following objectives were considered:

a. Define and understand gap acceptance phenomenon at priority intersections,
select an applicable modeling framework, formulate the problem within this
framework and specify the main driver, traffic, gap, vehicle, trip, and driver
inter-influence factors and characteristics that are believed to affect driver gap

acceptance behavior at priority intersections;

b. Collect data required for calibrating behavioral driver gap acceptance models;

c. Calibrate and validate behavioral gap acceptance models.

II. Demonstrating the applicability of the developed gap acceptance models and the
derived results in Traffic Engineering and Highway Geometric Design fields. This

is (though important) is, however, a secondary goal of the study.

1.6 SIGNIFICANCE AND EXPECTED CONTRIBUTIONS OF

THE STUDY

The main contributions of this research included the following:



a. Addressing and investigating the quantitative effects of factors which were not

studied yet and which are expected to have significant influence on driver gap
acceptance behavior such as driver inter-influence factors, vehicle occupancy,

trip attributes and other variables believed to be studied for the first time:;

b. Evaluating the effects of the main driver characteristics (age, driving

experience, education level, ...) on gap acceptance behavior under complete

real life driving situation;

c.  Establishing a better understanding of the effect of the previously studied

variables on driver gap acceptance behavior;

d. Investigating the applicability of binary logit modeling framework to the

phenomenon of driver gap acceptance behavior at priority junctions.

1.7 SCOPE OF THE STUDY

a.

The scope of the study was limited as discussed below:

The effect of factors related to intersection geometry were not explored. This
was decided to keep equipment, personnel and data management requirements

within manageable limits;

Capacity and delay predictions using the developed behavioral gap acceptance

models were not demonstrated. The main aim of the research is to investigate
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the significance of the different modeled variables on driver gap acceptance
behavior and to demonstrate some other potential applications of the developed

models in traffic engineering discipline.

1.8 DISSERTATION LAYOUT

A summary of the subjects discussed in each chapter is given below:

Chapter 1: Introduction: This chapter includes a general description of gap
acceptance phenomenon, statement of the problem, research hypothesis and goals and

objectives of the study.

Chapter 2: Literature Review: This chapter presents the necessary definitions and
summarizes the basic findings of the extant literature regarding factors and attributes
that affect driver gap acceptance behavior along with their reported effects, data
collection methods, models applicable to gap acceptance phenomenon, and applications

of gap acceptance concepts

Chapter 3: Research Methodology: This chapter explains the main research phases,
steps, and tasks which were carried out in the research including problem formulation,
model selection, model variables, general considerations related to logit model

specification, calibration and validation, and the used statistical.



15

Chapter 4: Data Collection: This chapter covers data collection issues including
selection study sites, sample size, data collection arrangements and methodology,

questionnaire design, and data coding procedures and forms.

Chapter S: Preliminary Analysis of Gap Acceptance Data: This chapter presents
general descriptions and frequency analyses of the collected data including preliminary

statistical, average, and critical gap analyses.

Chapter 6: Model Validation and Calibration: This chapter forms the main body
of this research. It presents the behavioral gap acceptance models developed in the
research and the results of the statistical tests carried out to test and validate these
models along with the sensitivity analyses for the effects of the different modeled

variables on driver gap acceptance behavior at priority junctions.

Chapter 7: Applications of Gap Acceptance Analysis: This chapter demonstrates
some of the potential applications of the developed models and the derived gap

acceptance results in traffic engineering and highway geometric design fields.

Chapter 8: Summary, Conclusions and Recommendations: This chapter
summarizes the main conclusions derived from the study and the basic recommendation

for further study.



CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

This chapter presents the needed definitions and summarizes the basic findings of
the conducted literature review regarding factors and attributes that affect driver gap
acceptance behavior along with their reported effects, data collection procedures,
models applicable to gap acceptance phenomenon, and applications of gap acceptance

concepts and models.

16
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2.2 DEFINITIONS

For the clarity of the following presentation, the basic relevant definitions are

given bellow:

Gap: The elapsed time interval between arrivals of two successive vehicles in the
major stream [Adebisi (1982a), Adebisi (1982b), Cheng and Allam (1992), Golias and
Kanellaidis (1990), Neudorff (1985), Pant and Balakrishnan (1994), and Polus (1983)].
This definition applies regardless of the direction of travel or the lane each major
stream vehicle occupies, [Neudroff (1985)]. Akcelik (1996), Chin (1985) and
Robertson (1994) defined gap more specifically as "time elapsed between the rear
bumper of one vehicle and the front bumper of the following vehicle passing a given

point”.

Lag: Time interval between the arrival of a driver in the minor stream reaching first
to a stop line and ready to move into the intersection and the arrival of the front bumper
of the first vehicle in the main road [Adebisi (1982a), Adebisi (1982b), Cheng and
Allam (1992), Golias and Kanellaidis (1990), Hewitt (1983), Hughes (1989), Pant and
Balakrishnan (1994), Polus (1983), and Robertson (1994)]. In other words, lag is the
portion of the last gap in the major stream remaining when a vehicle at minor road
reaches the intersection point from which it is ready to execute the desired maneuver.

In this context lag is always a fraction of some gap [Adebisi (1982a)].

Critical Gap: There is no single identical definition of the term "critical gap",

[Madanat et al. (1994)]. Literature includes two main types of definitions; "time
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interval between two successive main road vehicles which the waiting driver at minor
road considers to be just adequate to allow him to execute his desired maneuver
safely”, [Hewitt (1983), Hewitt (1985) and Pant and Balakrishnan (1994)] and "the gap
size for which the number of drivers who accepted equals the number of drivers who
rejected” [Ashton (1971), Darzentas (1989), Madanat et al. (1994), and Polus (1983)].
The second definition was originally used by Raff (1950) [Madanat et al. (1994)]. The
first definition is slightly modified in some references as "the minimum gap into which
a vehicle will enter” [Hughes (1989) and Robertson (1994)], Raff (1950) had defined
critical gap as "the gap that the number of accepted gaps shorter than it equals the
number of rejected gaps larger than it. The Highway Capacity Manual [HCM (1994)]
defines critical gap as "the minimum time interval between vehicles in a major traffic
stream that permits side-street vehicle at a stopped controlled approach to inter the

intersection under prevailing traffic and roadway conditions in seconds”.

Accepted/Rejected Gap or Lag: Gap or lag that a2 minor stream driver uses (accepts)
to move into the major stream while rejected gap or lag is one which the minor stream

driver does not use [Robertson (1994)].

Gap Acceptance Behavior: The decision making process of whether or not to enter the

path of an oncoming vehicle [Darzentas (1989)].

Gap Acceptance Function: The function that defines the probability of accepting a

randomly selected gap by certain driver [Golias (1990)].
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Gap Acceptance Theory: The theory that deals with driver gap acceptance behavior

and it has two elements [Troutbeck (1993)]:

a. Measurement of the usefulness of a gap of (t) seconds long to an entering driver

measured by gap acceptance parameters (critical gap, move-up time);

b. Estimation of the frequency of acceptable gaps of duration, t, in the opposing

traffic stream.

Theory of Choice: A collection of procedures which define decision maker, available
alternatives, alternative attributes and characteristics, and the decision rule (mechanism
used by decision maker to process available information and decide at a unique choice)

[Ben-Akiva and Lerman (1985)].

Queue Acceptance: Acceptance of large gaps in major stream by two or more drivers

waiting on minor road in a queue [Cooper and Wennell (1978) and Neudorff (1985)].

Minor Road Capacity: In gap acceptance context, minor road capacity can be defined
as the steady-state expected rate at which minor road vehicles would enter priority

intersection given that queue at minor road is infinite [Cheng and Allam (1992)].

Move-up time: Time that the next vehicle on minor road takes to move up and replace
the ahead vehicle that has departed the minor road [Golias (1990) and Makigami and
Matsuo (1990)]. This parameter is important in determining the number of minor road
vehicles that can enter in a given gap and in predicting delay and capacity at priority

intersection.
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23 FACTORS AFFECTING DRIVER GAP ACCEPTANCE

BEHAVIOR

The size of the gap a driver will accept is dependent on his characteristics and
driving behavior. This gap is also affected by geometric features, type and speed of the
trailing vehicle forming the gap, size of the gap itself, driver ability to correctly
estimate the speed of trailing vehicle, driver frustration caused by delay, driver age and
sex, driving experience, car age and power, purpose and length of the trip, vehicle
occupancy, maneuver type, traffic flow rate at major stream, weather and pavement

surface conditions, and pedestrian activity at the intersection.

Many of the above mentioned factors are cited in literature as factors that can
affect driver gap acceptance behavior at priority intersections. However, literature has
failed to address the specific effects of the majority of these factors. Moreover, there is
considerable variance in the results reported on the effects of the few previously studied
variables  (specifically speed, volume and delay). Main studies conducted in the past
to analyze factors which influence driver gap acceptance behavior include, Adebisi and
Sama (1989), Ashworth and Bottom (1977 and 1978), Daganzo (1981), Daganzo
(1987), Darzentas et al. (1980), Gibs (1968) and Herman and Weiss (1961) (as stated
by Ashworth and Bottom (1987)), Madanat et al. (1994), and Pant and Balakrishnan

(1994).
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Conducted literature review showed that many factors affect driver gap
acceptance behavior at priority intersections. These factors can be categorized as

follows:

2.3.1 Driver Characteristics

Driver factors which affect gap acceptance behavior include driver age and sex.
[Adebisi and Sama (1989), Daganzo (1987), Darzentas et al. (1980), Darzentas and
Mcdowell (1981)]. Old and female drivers need longer gaps [Daganzo (1987),
Darzentas et al. (1980), and Darzentas and Mcdowell (1981)]). Figure 2.1 shows the
relationship developed by Darzentas, et al. (1980) between critical gap in seconds and
speed of oncoming vehicle (ft/sec.) for old (61-70 years) and young (16-40 years)
drivers. Adebisi and Sama (1989) and Bottom and Ashworth (1978) have mentioned
driver experience, “previous year mileage”, as a possible factor which can affect driver

gap acceptance behavior.

2.3.2 Traffic Characteristics

Literature has mentioned and discussed many traffic factors that can affect driver
gap acceptance behavior. Flow rate at main road is one main factor, [Adebisi (1982a),
Adebisi (1982b), Adebisi and Sama (1989), Ashton (1971), Chung et al. (1992), Hewitt

(1983), Kimber (1989), and Troutbeck (1993)]. Ignoring the influence of traffic
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volume at main road may lead to more than 100 % errors in the estimated values of
critical gaps [Adebisi (1982a)]. Relationship between circulating flow at a roundabout
and the critical gap and follow-up headway at the entrance as found in a study
conducted by Edward Chung et al. (1992) is shown in Table 2.1. Figure 2.2 shows the
relationship developed by Adebisi (1982a) between critical gaps and flow rate (vph) at
major stream for right turns merging in two-lane two-way major stream from one lane
one-way minor stream. However, results about the effect of major stream volume are
not in full agreement. Wohl and Martin (1967) showed that no significant difference
in gap acceptance behavior was observed for two average main stream volumes of 470

and 620 (vph).

Another traffic factor that affects driver gap acceptance behavior is delay or
waiting time at minor road. Driver critical gap will probably decrease as the amount of
time waited increases, [Adebisi and Sama (1989), Ashworth and Bottom 977,
Daganzo (1983), Hewitt (1983), Pant and Balakrishnan (1994), Troutbeck (1984), and
Velan and Aerde (1996)]. However, Pant and Balakrishnan (1994) have stated that
Ashworth (1971), and Maze (1981), have found that driver decision is not affected by
queuing delay. Similar result was reported by Darzentas and Mcdowell (1981) and
Neudorff (1985). Researchers have incorporated delay factor in different ways.
Mahmassani and Sheffi (1981) have used the number of gaps previously rejected by the
driver. They stated that this factor represents driver behavior better than delay.
Madanat, et al. (1994) and many other researchers have used delay as directly
measured in seconds. Madanat et al. stated that number of previously rejected gaps is

merely another measure of delay. They also stated that the latter represents the situation
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better. Furthermore, Madanat, et al. have modeled stop bar and queue delays
separately but they found that it is better to combine both in one variable termed "total

delay”.

Another traffic factor that affect driver gap acceptance behavior is the speed of
the oncoming vehicle [Adebisi and Sama (1989), Ashton (1971), Bates (1979),
Darzentas et al. (1980), Darzentas and Mcdowell (1981), Fitzpatrick (1991), Hughes
(1989), Pant and Balakrishnan (1994), Polus (1983), Tracz (1987), and Wohl and
Martin (1967)]. Again, reported effects of this factor are controversial. Some studies
indicated that critical gap length would increase as speed increases. Other studies
revealed a negative effect of speed on gap acceptance [Pant and Balakrishnan (1994)].
Some researchers indicated that it is the ability of minor stream driver to guess the
correct speed of the major stream vehicle that affects his behavior [Troutbeck (1984)].
In general, researchers [Ashworth and Bottom (1977), Bottom and Ashworth (1978),
and Darzentas et al. (1980)] have found that the minimum acceptable gap "critical gap”
decreases as oncoming vehicle speed increases. Figure 2.3 shows the relationship
between accepted gaps (time and distance gaps) and speed of the oncoming vehicles as
found by Bottom and Ashworth (1978). The relationship as found by Darzentas, et al.

(1980) was previously presented in Figure 2.1.

Maneuver type, queue size at minor road, arrival time of minor stream vehicle,
and pedestrian activity at priority intersections are other factors that affect driver gap
acceptance behavior. Higher critical gaps are to be expected for left turns compared to

right turns [Adebisi and Sama (1989), Daganzo (1987), Neudorff (1985), and Tracz
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(1987)]. Pant and Balakrishnan (1994) stated that the queue size at minor stream
affects driver decision to accept or reject a gap. However, Maze (1981) found that
queue size at minor road is not a significant factor in gap acceptance decision. Results
obtained by Maze are shown in Table 2.2. Cooper and Wennell (1978) also stated that
the gap acceptance behavior of a turning vehicle does not depend on the presence of

vehicles waiting behind it.

Arrival time of the minor stream vehicles was found to affect gap acceptance
behavior where drivers are reluctant to accept lags [Troutbeck (1984)]. In addition,
drivers accept shorter gaps during peak times compared to off-peak times [Neudorff
(1985)]. Level of pedestrian activity at priority intersection is another factor that
affects gap acceptance with long gaps accepted at higher pedestrian levels [Polus

(1983)].

2.3.3 Gap Characteristics

Availability and duration (size) of gaps occurring in major stream are the main
factors that affect driver gap acceptance behavior [Ashton (1971), Daganzo (1987),
May (1990), Neudorff (1985), Pant and Balakrishnan (1994)]. Almost all gap
acceptance models developed so far express the probability that a randomly selected
driver would accept a given gap as function of the characteristics of this gap

particularly its length [Mahmassani and Sheffi (1981)].
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Table 2.1:  Relationship between circulating flow, critical gap and follow-up time

at a roundabout.
Circulating flow (vph) Critical gap (sec) Follow-up time (sec).
450 3.96 2.64
900 3.35 2.46
1350 2.78 2.29

Source: [Chung et al. 992)]

Table 2.2: Relationship between queue size at minor road and median of

acceptance gaps.
Queue length (cars)
1-5 5.50
6-10 5.55
11-15 5.50
16-20 5.60
=21 5.58

Source: [Maze (1981)].
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2.3.4 Vehicle Characteristics

Vehicle characteristics which affect gap acceptance include; vehicle type [Bottom
and Ashworth (1978) and Daganzo (1987)], vehicle occupancy [Daganzo (1987)], and
engine capacity [Ashton (1971) and Bottom and Ashworth (1978)]. Vehicle type (truck
or passenger car, PC) also affects gap acceptance significantly [Fitzpatrick (1991)].
Bottom and Ashworth (1978) indicated that stronger vehicles accept shorter gaps and
that accepted gaps are longer where oncoming vehicle is commercial vehicle even when
the effect of speed is removed. In another study, Ashworth and Bottom (1977) found
that the within driver behavior of gap acceptance is mot affected by the type of
oncoming vehicle (commercial or PC) or by the size of the gap subsequent to the one

which the driver had accepted.

2.3.5 Intersection Characteristics

Literature has cited many intersection characteristics that can affect driver gap
acceptance behavior at priority intersections. These characteristics include site distance
and visibility [Adebisi and Sama (1989), Daganzo (1987), and Neudorff (1985)],
pavement condition [Ashton (1971) and Daganzo (1987)], road geometry [May (1990),
Pant and Balakrishnan (1994) and Tracz (1987)], and type of control [Daganzo (1987),
Pant and Balakrishnan (1994) and Polus (1983)].  Polus (1983) stated that type of
control can not, by itself, explain the differences in accepted gaps. Neudorff (1985)

stated that shorter gaps are accepted at intersections with restricted sight distance.
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2.3.6 Trip Characteristics

Troutbeck (1993) mentioned that some trip attributes might affect driver gap
acceptance behavior. He stated that drivers who are traveling short distances might be

more apprehensive about entering the intersection.

2.3.7 Driver Inter-influence Factors

It is expected that driver behavior can (to some extent) be affected by the behavior
of other drivers at the scene. Not much concern was devoted to identifying and
studying the effects of driver inter-influence factors on gap acceptance behavior. One
of such factors which has received some attention is the queue length behind the driver
ahead. However, results reported on the effect of this factor are inconsistent as

discussed in Section 2.2.2.

2.4 COLLECTION AND MEASUREMENT OF GAP

ACCEPTANCE DATA

2.4.1 Data Collection Methods

Gap data can be collected using certain types of automatic vehicle detectors,
laptop computers, audio tapes in combination with microcomputers, video tapes, or

stop watches [Robertson (1994)]. Over a number of years, interest in the use of time
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lapse cine films for the measurement of speed, headway, and delays has given way to
the use of video recordings [Dickinson and Waterfall (1984)]. Pant and Balakrishnan
(1994) used cameras to collect data on gap acceptance for 16 intersections. They
collected data for 5230 observations (vehicles). Seventy six percent of the collected
data was used for model building. The remaining 24 % was used for testing purposes.
Other researchers who used video cameras with zoom lens and built in digital clock
include Bottom and Ashworth (1977 and 1978), Madanat et al (1994) and Polus (1983
and 1985). The later has recorded intersection operation for 30 minutes and collected
data on 217 gaps to build a binary logit model for right merging maneuver ata T
priority intersection. Fitzpatrick (1991) has also used a video camera placed along the
minor road as shown in Figure 2.4 to maximize the length of the road that can be

filmed without jeopardizing the resolution of vehicles on the video tape.

2.4.2 Measurement of Critical Gap

By its nature, the critical gap of an individual driver is impossible to measure
directly, [Fitzpatrick (1991), Golias and Kanellaidis (1990), and Hewitt (1983 and
1985)]. Observations at a junction will show only the range within which the critical
gap of each driver must lie, between the length of the largest gap he rejected and the
length of the gap he eventually accepted, [Hewitt (1983 and 1985) and Fitzpatrick

(1991)].
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Figure 2.4 Setup for Data Collection Followed by Fitzpatrick
Source: [ Fitzpatrick, 1991 ]
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2.4.3 Typical Values of Critical Gaps

Previous gap acceptance studies mostly deal with single minor and major traffic
streams. Tables 2.3 through 2.5 present the results of some of those studies regarding
critical gap values observed at priority intersections other than roundabouts. Table 2.6
presents gap acceptance parameter values obtained for roundabout intersections by
different researchers. Table 2.7 shows gap values given in the 1985 and 1994 USA
Highway Capacity Manuals and in the 1977 Swedish Capacity Manual. Note that these

values are functions of the speed of vehicles on major stream.

2.4.4 Difficulties in Estimating Critical Gap
Difficulties in measuring and estimating critical gaps include:
a. Critical gap (by its nature) can not be measured exactly, [Hewitt (1983 and
1985) and Golias and Kanellaidis (1990)]. Its value for a given driver is

somewhere between the longest gap he rejects and the gap he eventually accepts,

[Hewitt (1983 and 1985)].

b. Driver reaction to lags is different than his reaction to gaps, [Hewitt (1983 and

1985) and Golias and Kanellaidis (1990)].
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Table 2.3: Some typical values for critical gaps in seconds.

Type of Maneuver at Minor Road Reference
3.0-40 - - Troutbeck (1984)
4.47 4.70 9.56 Ashworth (1971) (normal time
4.05 4.22 6.04 Ashworth (1971) (Rush hour)
35-45 40-50 50-6.0 NAASRA (1974)
5.5 5.8 6.6 May A. (1990)
- 45-8 — Wohl and Martin (1967)

Source: As given in the last column
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Table 2.4: Typical critical gap values obtained in different studies

Study (Analysis Method) Measured Gap
Greensheild (1947) (Greensheild | Crossing Average minimum acceptable
Method) time gap = 6.1 sec.
Raff (1950), (Raff Method) Crossing Critical lag = 5.9 sec.
Critical gap = 6.1 sec.
Bessell (1960), 2 intersections, { Crossing Critical gap = 5.8 sec.
(Bessell Method)
Gap accepted by S0 percent of
drivers
Radwan et al. (1980), multilane | Right wrn 6.73 sec.
divided highways, 6 intersections, | Through, one maneuver 7.90 sec.
(Logit Method) Through, two maneuvers | 7.20 sec.
Left turn, one maneuver 6.32 sec.
Left turn, two maneuvers | 6.60 sec.
Trucks, all maneuvers 8.40 sec.
Critical Gap Critical Lag |
Polus (1983), 2 intersections in Israel, | Right mm from minor to
(Raff Method) major, Yield 5.20 sec. 5.10 sec.
Right turn from minor to
major, Stop 7.47 sec. 7.55 sec.
Swudy Duration Stop Mean Delay for | Number of Mean Critical
(Analysis Method) Delay (sec.) Group Samples Gap (sec.)
Adebisi and Sama in <50 3.23 91 20.99
(1989), 2 intersections | 5.1 - 10.0 7.46 209 18.77
Nigeria, Africa, left 10.1 - 15.0 12.01 91 17.58
wrns, (CHOMP 15.1 -20.0 16.52 61 16.31
computer program) 20.1 -25.0 21.65 104 9.87
25.1 -30.0 27.53 66 10.46
30.1 -35.0 32.74 76 8.62
35.1 -40.0 37.78 48 8.29
40.1 - 60.0 26.66 42 6.78
> 60.0 75.85 16 5.32

Source: Fitzpatrick (1991)



Table 2.5: Median accepted gap values from major gap acceptance studies
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using probit analysis
Study Measured Median Accepted Gap (sec.)
Solberg and Oppenlander | Right Turn 7.36
(1966), 4 intersections Left Turn 7.82
Through 7.18
Cooper and McDowell (1977) Right Turn (UK) from minor | 4.6 without police
Effects of police presence and | road and merging with major | 5.7 with police
police activity (warning signs | road 5.3 without police activity
or police motorcycle parked in 5.9 with police activity
view) at 3 intersections
Approach Median accepted
speed Gap
(mi/h) (sec.) (fr)
Cooper, Smith, Broadie (1976), | Left Turn (UK) from minor | 17.5 6.86
side 150
1 intersection road and merging with the near | 22.5 6.69
221
stream 27.4 5.95
240
325 6.34
302
37.4 5.35
294
D= 38 +5VwhereDisinft
and V is in ft/sec.
Darzentas, Holmes, Mcdowell | Left Turn (UK) 6.58 sec. daylight
(1980), 1 intersection, 10 6.32 sec. twilight
evenings 5.62 sec. darkness
Site  Cars (sec) Goods (sec)
Wennell and Cooper (1981), | Left Turn (UK) 1 3.91 4.63
4 intersections 2 3.66 5.33
3 4.31 4.99
4 4.4]1 491

Source: [Fitzpatrick (1991)



Table 2.6: Gap acceptance

eter values obtained in different studies

Reference

T To A Notes
Grant (1969) 3.8 2.7 1.8 1
Armitage and McDonald (1974) 34 23 1.2 1
Armitage and McDonald (1974) 3.6 2.3 1.2 1,2
Ashworth and Field (1973) 3.3 3.3 0.0 1,3
Ashworth and Laurence (1978) 3.2 3.2 0.0 1,3
McDonald And Armitage (1978) 3.8 2.4 0.0 1
Horman and Turnbull (1974) 4.0 2.0 0.0 1
Horman and Turnbull (1974) 4.0 2.0 1.5
Avent and Taylor (1979) 3.5 2.1 2.2
Avent and Taylor (1979) 3.5 2.1 1.1 1
NAASRA (1982) 4.0 2.0 2.0
NAASRA (1982) 4.0 2.0 0.0 1
Notes:

1. two lane entries

2. Calculated from entry capacity and circulation flow data

3. Modified Tanner’s (1962) equation used

Definition of parameters:

T: Critical gap in major stream

To: minimum possible headway in minor stream (move-up time)

A: minimum possible headway in major stream (follow-up time)
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Source: [Troutbeck (1984)]



Table 2.7: Critical gap values used in USA and in Swedish Highway Capacity Manuals

Manual Gap (sec)
Secondary Approach Stream
Speed (mph) Sign Rightwrn | Straight | Left mrmn
Swedish Capacity 31 Yield 48 5.2 53
Manual (1977), Stop 55 5.8 6.0
based on 18 43 Yield 6.0 6.0 6.2
intersections Stop 6.5 6.5 6.8
56 Stop 72 7.0 7.5
Average running speed, major road (mph)
30 55
USA Number of lanes on major road
Highway Capacity 2 4 2 4
Manual (1985) Right - Stop (sec) 5.5 55 6.5 6.5
Right - Yield (sec) 5.0 5.0 5.5 55
Left - Stop (sec) 6.5 7.0 8.0 8.5
Left -Yield (sec) 6.0 6.5 7.0 7.7
Cross - Stop (sec) 6.0 6.5 75 8.0
Cross - Yield (sec) 5.5 6.0 6.5 7.0

Adjustments and modifications to critical gap (sec):
Right from minor street: curb radius > 50 ft or urn angle < 60 degree = -0.5 sec
Right from minor street: acceleration lane provided = -1.0 sec
All movements: population > 250,000 = -0.5 sec
Restricted sight distance = up to +1.0 sec
Source: [Fitzpatrick (1991)]

Critical gaps and follow-up times used in the USA 1994 Highway Capacity Manual for
Two-Way Stop-Controlled intersections

Vehicle Maneuver Critical Gap (t;) in seconds Follow-up
time , tr
(Sec.)
Two-Lane major road | Four-Lane major road

Left turn, major street 5.0 5.5 2.1

| Right turn, minor street 5.5 5.5 2.6
Through traffic, minor street 6.0 6.5 3.3
Left turn, minor street 6.5 7.0 3.4

Note: Values in the above table apply to major street approach speeds of 30 mph in average. The

values can still be used in other cases if no better data are available.

Source: [USA 1994 Highway Capacity Manual]



c. Drivers with multiple rejections will be over represented in the sample. Each
driver who rejects a number of gaps will be presented by as much times as the
number of gaps he rejected. While a driver who accepts the first gap/lag will be

presented in the sample only once [Hewitt (1985)].

2.4.5 Methods of Finding Critical Gap

Critical gap can be found using graphical methods [Adebisi (1982), Drew (1968),
Madanat, et al. (1994) and Salter (1976)] or analytical and empirical methods. In
graphical methods, critical gap is associated to the point of intersection of the two
curves representing number of rejected gaps greater than (t) and number of accepted
gaps less than (t) where (t) extends over the possible time length of the observed gaps
[Ashton (1971), Darzentas (1989), and Polus (1983)]. Graphical method is illustrated
in Figure 2.5. Despite of the simplicity of the graphical method, its findings show high

correlation with findings based on other analytical methods [Adebisi (1982a)].

Due to difficulties embedded in measuring the critical gaps, (see Section 2.3.4)
many analytical methods were developed to estimate this important parameter. Detailed
comparisons and comments on the main available critical gap estimation methods are
discussed by Hewitt (1985). A summary of these methods and the resulted mean
errors and standard deviations using each method are shown in Table (2.8). Hewitt

(1985) concluded that the maximum likelihood method gives the most accurate mean
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Figure 2.5: Graphical determination of critical gap

Source: [Adebisi (1982a)]
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and standard deviation but it is comparatively complicated. Although Ramsy-Roultledge

method is the simplest, it shows a comparable precision to other methods.

2.4.6 Classification of Observed Gaps
In gap acceptance studies, each data point (gap or lag) can be categorized as an
accepted gap/lag, a rejected gap/lag, or an untested gap (no minor stream vehicle exists)

[Robertson (1994)].

2.5 MODELING OF GAP ACCEPTANCE BEHAVIOR

2.5.1 Driver Reaction to Lags and Gaps

Response of minor road drivers to lags and gaps has been a controversial issue in
previous gap acceptance studies. Darzentas and Mcdowell (1981) and Pant and
Blakrishnan (1994) have cited that there is no significant difference in driver reaction to
lags and gaps. However, many other researchers like Golias and Kanellaidis (1990),
Hewitt (1983), and Hewitt (1985) have reported that drivers react differently to gaps and
lags and that these two values cannot be assumed to be equal. Researchers like Daganzo
(1981) and Polus (1983) have reported that the mean critical gap is significantly
smaller than the mean critical lag. This result can be related either to the fact that drivers
first tend to familiarize themselves with the situation and do not, usually, take

advantage of their lags though they are of appropriate length [Daganzo



41

(1981)], or to the impatience effect of driver delay after he rejects his lag [Ashworth

and Bottom (1977)].

Golias and Kanellaidis (1990) reported that the above mentioned result is due to
the incorrect assumption that gap and lag acceptance distributions are identical. The
assumption of having different critical gap and critical lag acceptance functions is closer
to actual driver behavior. A model that assigns to each driver (i ) a critical lag Ly
equals to a constant (A) times the critical gap (G;), i.e. (L;j = AxGjcanbea
reasonable representation of reality. The assumption that (A) takes a constant value
for all drivers is made for reasons of mathematical simplicity and it is believed that it
will preserve a satisfactory accuracy in highway analysis [Golias and Kanellaidis
(1990)]. Value of (A) depends on critical lag and gap acceptance distributions and on
the distribution of headways in major stream. Golias has given the following formula
to find (A) when critical gaps and lags are assumed to follow gamma distributions of

the form:

a

= ) Gt Where,
[(a)

2 (X)

o (X): Probability function that describes the distribution of accepted lags;

o, b : Parameters of gamma function;

I" (<) : Gamma function;

and when headways in the major stream are assumed to follow a negative exponential

distribution of the form:
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Where,

f(t) : Distribution of gaps in major stream;

g : Major stream flow in vehicles per second.

Values of (A) found by Golias and Kanellaidis under these assumptions and for

different levels of major stream flow (q) are given in Table 2.9.

In majority of the cases, researchers used lags and gaps combined because after
treating them separately they found that the estimated parameters and probabilities of
acceptance were similar for both of the lags and gaps [Darzentas (1989)]. Pant and
Balakrishnan (1994) have reported that critical gap values obtained by using gaps alone
were overestimated while the use of lag data alone has resulted in information loss.
Hewitt (1985) has reported that the advantage of methods based on all gaps over those
based on lags only is clear. He stated that “There appears to be no merit in using any

method based on lags alone”™.

2.5.2 Critical Gap Distributions

Assumption about the proper statistical distribution that can best fit accepted gaps
is one of the basic assumptions in gap acceptance studies. Many researchers indicated
that critical gap should be treated as a random variable and several probability

distributions were suggested [Madanat et al. (1994)]. These distributions included:



Table 2.8: Mean errors and Standard deviations of 100 estimates of mean critical

gap and its standard deviation

Method Time Whether | Statistics Statistics

Type of the for the for the

the used Distrib- | Estimated Estimated

gap ution is | Mean Standard

(Gap/Lag) | free or Deviation

not
Average | Standard | Average | Standard
error deviatio | error deviatio
n n

Raff Lags Yes -0.211 0.321 — -
Probit Lags No 0.029 0.308 0.04 0.40
Blunden | Lags Yes -0.138 0.287 -0.44 0.24
Mcneil Lags Yes -0.019 0.332 -0.04 0.60
Hewitt Lags Yes -0.079 0.306 -0.42 0.35
Drew Max. gap | Yes 2.720 0.638 2.66 0.84
Dawson | Max. gap | Yes 1.413 0.315 1.65 0.34
Ashworth | Allgaps | No -0.023 0.197 0.06 0.19
Miller All gaps Yes -0.544 0.168 -0.16 0.20
Maximum | All gaps No -0.011 0.173 -0.01 0.16
likelihood
Hewitt All gaps Yes 0.081 0.230 -0.09 0.20
Ramsey- | Gaps Yes -0.015 0.222 -0.02 0.20
Routledge | Accepted

Table 2.9: Values of (A) for different major stream flow rates

Source: [Hewitt (1985)]

q (veh./sec.)

0.15

0.18

0.19

0.20

Aa)

0.73

0.96

0.83

0.83
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simple negative exponential [Hughes (1989)], truncated normal and truncated Weibul
[Darzentas (1989)], Log and log normal [Cheng and Allam (1992), Chin (1985),
Bottom and Ashworth (1978)], normal [Bottom and Ashworth (1978), Daganzo (1981)
and Madanat et al. (1994)], and gamma distribution, [Ashton (1971)]. Some critical
gap estimation methods, like Ramsy-Routledge method mentioned in Table 2.8, have
the advantage of being distribution free and they make no assumptions about the form

of the accepted gaps distribution [Hewitt (1985)].

2.5.3 Gap Acceptance Models

Studies of gap acceptance behavior have so far been in one of two model forms

[Adebisi and Sama (1989)]:

a. Queue acceptance models which relate the length of each accepted gap in the

major stream to the number of minor stream vehicles that accept (enter into) the

gap;

b. Gap acceptance models that relate the length of gaps in main stream to the

probability of accepting those gaps by minor stream drivers.

Based on the three driver behavioral concepts discussed in Section 1.3, several
methods including empirical analyses and theoretical logit and probit models have been
used to develop gap acceptance functions at priority intersections [Pant and

Balakrishnan (1994)]. However, the majority of these methods have adopted the
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consistent driver concept, which shows to produce only minor errors in capacity and
delay estimates [Golias and Kanellaidis (1990) and Hewitt (1985)). The earliest and
simplest form of gap acceptance was originally explained by a step function of the form

expressed below, [Pant and Balakrishnan (1994)]. Similar step function was used by

Tanner (1962).
flg)=H(g-c)
O.forg<c
f(g)-{] forgzc
Where,

g: any gap in seconds;
C: critical gap in second;

f(g): probability of accepting a gap of length (g).

Discrete-Choice modeling techniques for predicting gap acceptance probabilities
were proposed and demonstrated by several researchers [Madanat et al. (1994)]. As
cited by Pant and Balakrishnan (1994), Solberg and Oppenlander (1962) have used
probit analysis for the statistical treatment of gap acceptance phenomenon. The probit
of the expected proportion accepting a gap (g) was expressed as [Pant and Balakrishnan

(1994)]:
1
Y= 5.0 +;(X—ﬂ)

Where,
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y: probit of proportion accepting gap (g);
X: logarithm of gap (g); (X = log (2));
p: mean;
o: standard deviation.
Probit modeling approach has been used by other researchers like Daganzo
(1981) and Mahmassani and Sheffi (1981). Maze (1981) has modeled gap acceptance

behavior using a binary logit model of the form:

1

Pe——

1+ eF(X)
where,

P: cumulative probability of accepting a gap;
X: variables affecting gap acceptance;

F(X): linear function in the attributes and factors that affect driver gap acceptance
behavior.

Binary logit models were also developed by Fitzpatrick (1991) and Madanat, et
al. (1994). Many researchers as stated by Madanat et al. (1994) have indicated that
parameter estimates generated by logit models would not differ significantly from those
generated by probit models. Probit and logit models differ only in scale, [Matsos

(1985)].
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2.6 DISCRETE CHOICE MODELING

2.6.1 Theoretical Background

The increasing use of disaggregate analysis in general and logit models in
particular has led to a better use of the data, and indeed, to an improvement in the

statistical basis of model building in general [Bates (1979), and Daganzo (1979)].

Discrete choice models are used to analyze situations in which a decision maker is
faced with a finite and exhaustive set of mutually exclusive discrete choices. These
models operate at the level of individual decision maker and provide the researcher with
the probability with which any particular individual will take a given action [Genc
(1994)].  Various forms of probabilistic choice functions have been proposed and used
in different contexts. However, logit and probit functions have received greater
attention [Daganzo (1987)]. Specifically, logit model in its various forms has been used
for most individual discrete choice situations [Dickinson and Waterfall (1984) and

Hewitt (1983)].

Probabilistic choice models are used to estimate the probability, (P,;), that
alternative (a) is selected by decision maker (i) where, (P,j) is function of all factors
that influence the choice process [Fischer and Nijkamp (1987)]. Desirability of
choosing an alternative is usually based on the utility offered by that alternative. This

utility is commonly expressed as a linear additive function that takes the form [Borgers
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and Timmermans (1987), Fischer and Nijkamp (1987), Gerken (1991), Horowitz

(1981), Horowitz (1991) and Wintraud (1991)]:

Uai = Vaj +€ai-Vai =, Bk Xaki
k

where,

U,i - utility of alternative (a) to individual (i);
V,i - systematic (deterministic or representative) component of utility;
Bx : weight of the Kth antribute;

Xk :value of the Kth auribute which affects the choice of alternative (a) by individual
»;

€. - random component of utility which constitutes to unobserved attributes, imperfect
information, and taste variations.

The model given above is the general form of the Logit Model. There are,
however, two main approaches or assumptions in specifying Choice Model or in
formulating the Utility Function for each alternative [Ben Akiva and Lerman (1985) and
Manheim (1979)]. These assumptions are discussed in the following paragraphs based,

basically, on Manheim (1979).
i. Choice or Alternative Independent Utilities:

In this case, the Uitility Function is specified as “Choice Independent” in terms
that the Function will be identical for all choices and independent of the choice. In this

case the utility function takes the following form:
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Ua = Z BX‘
1

where, (a) stands for choice or alternative and X, stands for the ith agtribute which is
defined common for all choices. This means that none of the attributes is defined
specific to any of the available choices or alternatives. Instead, each alternative is
characterized by the same attributes and the same Utility Function although, the values
of attributes and consequently the values of Utilities will be different for each
alternative. The idea is that every attribute is given the same weight in the two Utility
Functions.  An example is a binary mode choice model (Bus and Air modes say) with
travel time used as an attribute for both of the modes. Using the above specification for
this example implies that the unit time (say an hour) has the same marginal effect on the
utility whether it is incurred on the Bus mode or on the Air mode since the coefficient

of the Utility Function of that attribute will be the same for both modes.

This Hypothesis is usually referred to as “Choice Abstract”, and can be invalid

for any of several reasons which include, [Manheim, (1979)]:

a. Some attributes are important and cannot be specified common for all of the
choices. For example, the availability of an auto is an attribute which is

specific to auto mode only in a Binary Choice Model for auto and transit;

b. It doesn’t allow for different weights to be given by the choice maker to an
attribute. For example the choice maker may give time incurred on air higher

weight than time incurred on bus.
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The Choice-Independent or “Choice Abstract” Model, however, has some
advantages which include the less number of coefficients (parameters) to be estimated
and the more efficient use of data in case if new similar alternatives (choices) may be
introduced in future. However, the last point does not apply for the gap acceptance case
since no more choices can develop. The only possible two choices are either to accept

or to reject the offered gap.

ii. Choice or Alternative dependent Utilities:

In this case the Utility Functions for different choices are different in terms that
attributes which are particular to a specific alternative or Choice are included in the
Utility Function of that choice only and not in the Utility Function of the other. The

Utility Function in this case takes the form:
U, = ZBaiXai

where, a stands for choice or alternative and i for the attribute.

If all attributes are specified as alternative dependent, the model will be
completely choice dependent and, if some are specified as alternative dependent and

some as alternative independent, the model will be partially choice-dependent.

Socioeconomic variables like age and sex basically reflect the differences in
preferences for the available alternatives as function of these variables, [Ben Akiva and

Lerman, (1985)]. For any given individual (a driver in this case) these variables are
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constants in effect and, it would make no sense to define these variables in both

alternatives because all that matters is their effect on the relative utility.

The choice of including these variables as alternative specific to either of the
choices is wholly arbitrary [Ben Akiva & Lerman (1985)]. Only the sign of the
corresponding coefficient will change by changing the choice to which they are
specified. The differences in utilities and consequently the choice probabilities will
remain unaltered. It should be noted that the above discussion applies for the typical
discrete choice cases (like mode choice example) in which each individual has a priori
known set of choices to select among them. For model calibration in these cases, data
for each individual are organized in C rows where C is the number of the available
choices or alternatives. In each data row the dependent variable is presented by the
observed choice while the independent variables are presented by a vector of attributes

which affect the choice.

Another approach which is more applicable for cases in which the decision maker
is faced by one choice at a time and he decides either to accept or reject that choice is
considered more appropriate to the studied gap acceptance phenomenon. The adopted
methodology of organizing data for the purpose of calibrating gap acceptance models in
this study is different in that each observation (the process of evaluating a gap and
rejecting or accepting that gap) is coded as an individual row of data. This implies that
different gaps evaluated by the same driver are treated as independent observations.
However, previous studies indicated that gap acceptance increases as delay increases,

[Adebisi (1989) and Madanat et al. (1995)]. Therefore different delay factors (delay in
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queue, delay at queue head, and the total delay) are included in this study. More
details about the gap acceptance phenomenon and the adopted methodology to organize
the data for the purpose of calibrating binary logit models for the phenomenon are

given in Chapter 4, Section 4.3.6.

As mentioned above, the utility derived from an alternative is used to measure the
desirability of decision maker to select that alternative. When the mentioned utility is
considered random, the model is termed “random utility model”. In such a model, it is
assumed that decision makers associate random utility values to alternatives and then
choose, as stated by utility theory, so as to maximize utility. As shown above, utility is
decomposed into a deterministic part (v,) and a random part (€,;) [Ben-Akiva and
Lerman (1985) and Wintraud (1991)]. The utility function is not known a priori and it
has to be specified and calibrated. The specification step consists of determining the
form of utility function which is usually a linear function including unknown parameter

vector B. The calibration step consists of finding the estimated values in vector §, i.e.,

finding the vector ,é using estimation methods like least squares and maximum

likelihood [Ben-Akiva and Lerman (1985) and Daganzo (1987)].
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