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ABSTRACT

This report addresses an important need for fundamental understanding of bicycle-
automobile mixed-traffic. It presents models of (1) gap acceptance behavior and (2) bicyclist
behavior at the onset of a yellow traffic signal indication, in addition to analysis of (3) coordinating
traffic signals to provide (simultaneous) progression for both bicycles and automobiles.
Fundamental insights into mixed-traffic behavior are derived and applied to selected problems in
mixed-traffic engineering and operations.

Discrete choice (probit) models are developed for both motorist and cyclist gap acceptance
behavior. An important fundamental insight from these models is that both cyclists and motorists
(on average) require a longer gap when the gap is closed by a large vehicle (e.g. bus), and both
will accept a shorter gap when the gap is closed by a bicycle, relative to a gap closed by a
passenger car.

A methodology for determining an adequate clearance interval (normally consisting of part
yeliow change and part all-red clearance intervals) for bicycles is developed from a deterministic
model based on kinematic relations. A probability of stopping model is calibrated from
observations of actual bicyclist behavior. It was show to be a useful tool to evaluate clearance
intervals, because it reflects actual bicyclist behavior. Fundamental insights into bicyclist
behavior at the onset of a yellow signal indication are obtained from both models (e.g. the
reasons that bicycles may require longer clearance intervals, relative to automobiles, at
sufficiently wide intersections).

Finally, a conceptual foundation, consisting of three primary contributions, is developed for
analyzing bicycle-automobile mixed-traffic progression along signalized streets. The principal
considerations for bicycle progression are articulated. Several concepts and techniques that
provide improved (or alternative) multiobjective solutions are presented and analyzed. A
multiobjective formulation framework for solving the mixed-traffic design problem is proposed.
This framework formally incorporates the elements introduced as part of the first two contributions
and provides a way to handle the inherent competing objectives.






Executive Summary

Recent emphasis on alternatives to automobile transportation has brought to light
deficiencies in basic research performed in bicycle traffic science. This report addresses an
important need for fundamental understanding of bicycle-automobile mixed-traffic. Such
understanding allows engineers to mitigate traffic hazards to bicyclists through improved
facility design and operation. This report presents models of (1) gap acceptance behavior
and (2) bicyclist behavior at the onset of a yellow traffic signal indication, in addition to
analysis of (3) coordinating traffic signals to provide (simultaneous) progression for both
bicycles and automobiles. Fundamental insights into mixed-traffic behavior are derived and

applied to selected problems in mixed-traffic engineering and operations.

The study of gap acceptance behavior is of importance in reducing traffic .hazards
because a large percentage of bicycle-automobile crashes occur at intersections. Such study
is also important to the analysis of intersection capacity and delay. From roadside
observations, discrete choice (probit) models are developed for both motorist and cyclist gap
acceptance behavior. An important fundamental insight from these models is that both
cyclists and motorists (on average) require a longer gap when the gap is closed by a large
vehicle (e.g. bus), and both will accept a shorter gap when the gap is closed by a bicycle,
relative to a gap closed by a passenger car. In addition, the models show that cyclists making
a right-turn from a minor (stop-controlled) street accept relatively short gaps in automobile
traffic.

Several prior studies indicate that a disproportionate number of bicycle-automobile
crashes occur because the standard automobile clearance interval (consisting of part yellow
change and part all-red clearance intervals) may be too short for bicycles at some
intersections. A methodology for determining an adequate clearance interval for bicycles is
developed from a deterministic model based on kinematic relations. A probability of stopping
model is calibrated from observations of actual bicyclist behavior at the onset of yellow. This
model is shown to be a useful tool to evaluate clearance intervals, because it reflects actual

bicyclist behavior. Fundamental insights into bicyclist behavior at the onset of a yellow signal



indication are obtained from both models (e.g. the reasons that bicycles may require longer

clearance intervals, relative to automobiles, at sufficiently wide intersections).

Finally, a conceptual foundation, consisting of three primary contributions, is developed
for analyzing bicycle-automobile mixed-traffic progression along signalized streets. The
principal considerations for bicycle progression are articulated. Several concepts and
techniques that provide improved (or alternative) multiobjective solutions are presented and
analyzed. A multiobjective formulation framework for solving the mixed-traffic design problem
is proposed. This framework formally incorporates the elements introduced as part of the first
two contributions and provides a way to handle the inherent competing objectives. It is shown
that progression designs can be used to mitigate hazards to bicyclists in several ways,

including reducing the probability that cyclists arrive at an intersection near the onset of
yellow.
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1 INTRODUCTION

1.1 MOTIVATION AND PROBLEM DEFINITION

Recent emphasis on environmental degradation and fuel consumed by personal automobile
transport are two reasons to consider greater use of bicycles for transportation purposes.
Bicycles consume no fossil fuels in use and appear to be far less damaging to the earth’s
environment than automobiles. Traffic congestion in urban areas is another problem that many
believe can be partially alleviated by diverting some auto trips to bicycles. Bicycles have been
estimated to require from only one-twelfth to one-half (depending on the automobile operating
speed) of the roadway width to carry equal numbers of people per unit time as automobiles
(assuming average automobile occupancy in developed countries) (Lowe, 1989).

Some claim that bicycles make communities more "livable", by reducing noise poliution and
providing more opportunities for people to meet, greet, and talk to each other, than if insulated
from each other in cars. Bicycles also cost much less to purchase and operate than automobiles,
making them accessible to individuals across a wider income spectrum. As such, they provide an
affordable complementary mode to transit users in areas or time periods not served well by
transit. - Current awareness and interest in physical fitness also provides motivation for using
bicycles for transportation, hence efficiently combining exercise with otherwise unproductive work
commute or other travel time.

These and other reasons have prompted residents in the U.S. to organize and lobby
governmental agencies and officials for improvements in bicycle transportation systems. These
groups include national organizations such as the League of American Bicyclists and the Bicycle
Federation of America, state organizations such as the Texas Bicycle Coalition and local (city)
organizations such as the Cascade Bicycle Club in Seattle, Washington and the Houston Area
Bicycle Alliance in Texas. Due to pressure from organized citizens and recognition by public
agencies and officials, almost all states now have bicycle coordinators in their Departments of
Transportation and many cities have bicycle program managers on their staffs. The primary
national legislation affecting transportation, the intermodal Surface Transportation Efficiency Act
(ISTEA), reflects a very positive promotional aspect to bicycle transportation, by providing funding
and planning mandates for it. In addition, the National Bicycling and Walking Study calls for a
doubling of bicycle trips and a concurrent 10 percent reduction in total bicyclist injuries and deaths
in traffic crashes (FHWA, 1994).

Finally, one must consider the success of bicycles for transportation in various countries. In
addition to countries where bicycle use is predicated mainly on economic reasons, such as Cuba

and China, several economically prosperous countries (e.g. Japan, Germany, and The



Netherlands) successfully incorporate the bicycle as an important mode in their
transportation systems (Hook, 1994; Dutch Ministry of Transport, 1992).

There are also many drawbacks and obstacles (both perceived and real) to using bicycles for
transportation, especially in the United States. Though many U.S. citizens state a desire (or
willingness) to use bicycles for transportation (FHWA, 1994; Taylor and Mahmassani, 1996), the
percentage of those who actually do so is very low compared with the automobile. In 1992 there
were an estimated 4.3 million people in the U.S. who bicycled to work occasionally (BIA, 1994).
However, only 0.4 percent of work trips in the 1990 Census were reported to be by bicycle
(FHWA, 1994), and only 0.7 percent of all trips were made by bicycle in 1990, according to the
Nationwide Personal Transportation Study (FHWA, 1991). Some of the obstacles and drawbacks
to bicycle use include being slower than automobiles, not protected enough from accidents or bad
weather, physically demanding, not socially acceptable, not secure enough from muggings and
other attacks, not comfortable enough, and unable to carry énough cargo. These and other
reasons must be dealt with to increase the safety and modal share of bicycling and attain the
benefits described above.

Two main reasons seem to stand out as to why bicycle transportation is not more popular in
the U.S.: (1) long trip distances in most U.S. cities and (2) safety concerns or a lack of safe places
to ride a bicycle. The former reason will not be addressed in this work; suggested solutions
involve mixed land-use planning and development, and linking bicycle trips with transit trips for
longer distances (Lowe, 1989). The identification and provision of safe places for people to ride
bicycles to meet their mobility needs is the main motivation behind this study.

Safety concerns are real, not just perceived. In the late 1980’s and early 1990’s, about 875
cyclists were killed annually in the U.S. in crashes between bicycles and automobiles, compared
to about 34,000 automobile drivers and passengers (IIHS, 1991). Though vehicle-miles-traveled
statistics are much less reliable for bicycles than for autos, it is certain that the number of deaths
per mile traveled is significantly higher for bicyclists than for auto drivers/passengers. In addition,
many non-fatal bicycle accidents occur, but go unreported in State motor vehicle crash files
(Stutts et al., 1988; Rodgers, 1995).

Though some cycling accidents are caused by dogs, inanimate objects, and collisions with
other bicycles or pedestrians, reducing accidents involving autos and bicycles seems to warrant
more study at this time. There are two broad categories of solutions to this problem: (1) separate
bicycle and automobile traffic and (2) improve the traffic environment for bicycle-automobile
mixed-traffic. Though separation, using trails and paths, should probably be pursued whenever
possible, it has two major drawbacks as a comprehensive solution. First, separate bicycle paths

and trails almost always attract significant pedestrian use, thereby limiting bicycle speeds and




correspondingly, the transportation potential of the facility. Second, and most important, both the
spatial and economic requirements of separate full-fledged networks of bicycle facilities would be
prohibitive in existing urban areas. In addition, cycling to and from such separate facilities would
by necessity involve travel on shared right-of-way. Therefore, the environment for bicycle-
automobile mixed-traffic must be considered if bicycle transportation is to achieve its full potential
and maximum safety.

One can divide possible traffic environment improvements into two main categories: (1)
education and training for both cyclists and motorists on how to "share the road" and (2)
engineering, design, and operational changes to the physical roadway environment. The former
will not be addressed in this study. However, previous studies indicate that cyclist and motorist
errors are the apparent cause of a majority of bicycle/automobile accidents (Forester, 1983;
Hunter, 1994; Ardekani et al., 1995). Therefore, educational and training programs should be
looked upon to solve a portion of the mixed-traffic safety problem. Though the potential of such
programs is far from being exhausted, there has been and continues to be much more work in
that area than in the latter category of engineering, design, and operational changes (Stutts et al.,
1992). '

Subdividing further, one can make engineering, design, and operational decisions based on
(1) engineering judgment, (2) results of scientific studies, or (3) some combination of both.
Currently, the majority of these decisions are made mainly using engineering judgment in
combination with a few scientific studies; most of which are based on user surveys or analysis of
police report accident data. In fact, many published design guides (North Carolina DOT, 1994;
Oregon DOT, 1988; Florida DOT, 1982) rely heavily on engineering judgment. In addition, many
popular publications (Williams) and bicycle engineering courses (Sorton, 1993) base their "good
practice" recommendations to a large degree on engineering judgment. Relatively few scientific
studies have been performed to address these problems.

A need exists for systematic and reliable scientific study, using theoretical, experimental, and
observational analyses to characterize  bicycle-automobile mixed-traffic. From this
characterization comes fundamental knowledge, techniques, and procedures to solve bicycle-
automobile mixed-traffic engineering and operation problems. In addition, certain "laws" of mixed-
traffic behavior can be identified and established to provide the foundation for a bicycle-
automobile traffic science, which should help solve further problems, and provide basic insight into
bicycle-automobile mixed-traffic. The contribution of this report lies in this area of theoretical,

experimental, and observational scientific studies of bicycle-automobile mixed-traffic.



1.2 RESEARCH OBJECTIVES

To more clearly frame the objectives and contributions of this research, one can distinguish
between traffic science and traffic engineering. Traffic science can be thought of as the set of
fundamental “laws” that characterize traffic. These laws can then be used to analyze situations
and solve problems in traffic engineering.

Naturally, the development of traffic science laws requires observing (large and diverse
sdmples of) real traffic. Many fundamental automobile traffic science insights or laws were
discovered through attempts to analyze a particular traffic situation or solve a selected traffic
problem. This will be the primary approach taken herein: to study various situations or problems
in traffic engineering involving bicycle-automobile mixed-traffic, attempt to characterize the
situation, and derive basic insights and underlying laws to serve as a basis for solving the
problem. These general insights might subsequently be applied to a variety of bicycle-automobile
mixed-traffic situations.

As part of this approach, previous studies of bicycle-automobile mixed-traffic will be used to
the extent possible. - In addition, existing automobile-only theories will be relied upon, when
appropriate, to provide a starting point for theories on mixed-traffic processes. Finally, previous
automobile-only studies might provide suggestions regarding observational and experimental
study procedures that can be used to collect and analyze data for mixed-traffic situations as well.

The main objectives of this research are to:

(1) Study and characterize individual choice behavior in bicycle-automobile mixed-traffic
situations, with particular attention to (a) bicyclé/rider unit behavior at the onset of a
yellow traffic signal indication and (b) gap acceptance behavior of cyclists (and
motorists) for a variety of mixed-traffic gap types.

(2) Investigate the implications of traffic control design for bicycle-automobile mixed-
traffic, with particular attention to arterial progression.

(3) Develop techniques and. procedures to help solve basic traffic engineering problems
associated with mixed-traffic situations, such as determining the duration of the
yellow change interval at an isolated intersection and determining cycle times,
offsets, and splits for arterial progression.

(4) Derive, from the above studies, applicable traffic science laws and fundamental
insights that contribute to the understanding of bicycle-automobile mixed-traffic.

(5) Develop an organizing framework for bicycle-automobile mixed-traffic science
principles and relations and their engineering implications, and articulate the results
of the report research and previous efforts in that framework.



1.3 ORGANIZING FRAMEWORK

Drawing from several traffic engineering texts (Pignataro, 1973; Garber and Hoel, 1988; May,
1990) and class notes from two graduate level transportation engineering courses taught at the
University of Texas at Austin (Dr. Randy Machemehl’s course - Advanced Traffic Engineering and
Dr. Robert Herman’s course - Advanced Theory of Traffic Flow), a framework for organizing
bicycle-automobile traffic science and engineering topics was developed. This framework is
shown in Figure 1.1. The level of detail in the framework outline is not intended to be complete
nor is each level developed to the same degree of completeness. The intent is to provide at least
a broad category for all topics, not to list all possible topics. Greater detail is given under selected
categories for illustrative purposes. The framework can be used to place the work presented in

this report, as well as past and future work that characterizes bicycle-automobile mixed-traffic.



Basic elements
A. Bicycle/Rider Characteristics
1. Static
a. Length
b. Width
c. Weight
2. Dynamic
a. Height
3. Operating
Perception-reaction
Speed
Turning
Braking
. Accelerating
B. Road (Geometric Design)
1. Cross section types
a. Wide curb lane
i. Width
b. Bikelane
i. Width
ii. - Markings
iii. - Atintersections
c. Separate paths
i. Width
i. Markings
iii. Atintersections
2. Vertical alinement
a. Speed, grade, distance
traveled relations
b. Maximum grade relations
3. - Sight distance
a. Stopping
1. Tangents
2. Vertical curves
3. Horizontal curves
4. Intersection

aoop

[]

4. Surface
a. Pavement type
b. Rumble strips
c. Drain grates
d. Detectors
e. Railroad crossings

Il. Traffic Flow
A. Models
1. Macroscopic
a. Speed, flow, density
relations
i. Bike-bike
ii. Bike-car
iii. Bike-pedestrian
2. Microscopic
a. Vehicle following
i. Bike-bike
i. Bike-car
iii. Bike-pedestrian
B. Shock waves
C. Gap acceptance

D. Queuing
l1l. Intersection Control
A. At-grade
1.  Uncontrolled
2. Yield
3. Stop
4. Signalized

a. Signal timing

B. Interchanges
IV. Highway Capacity and LOS
V. Intersection Capacity and LOS
VI. Networks

A. Arterial progression systems
VII. Computer Models

A. Simulation

B. Optimization

Figure 1.1. Organizing framework for topics in bicycle-automobile mixed-traffic science and
engineering.




Following is a brief but broad review of past work, placing it in context of the organizing
framework. Past work that directly impacts the topics researched for this dissertation will be
reviewed in greater detail in the appropriate subsequent chapters.

First is a brief overview of general references providing some information on bicycle traffic
science, much of which is based on engineering judgment and experience rather than systematic
scientific study. The Guide for the Development of Bicycle Facilities (AASHTO, 1991) contains
design guidance pertaining to basic element operating characteristics (item .A.3. in the organizing
framework), sight distance computations (item 1.B.3.) and cross section types (l'.B.1 .), along with a
few other topics. Dutch research and experience has been documented in English (CROW,
1993). This treatise is somewhat more detailed than AASHTO's, but the degree of transfer to U.S.
situations is unknown. Of particular interest, the Dutch have developed some macroscopic
relations (ll.A.1.) and a relation between speed and turning radius (I.A.3.c.). The Manual on
Uniform Traffic Control Devices has a chapter on markings and signage for bicycle applications
(FHWA, 1988). The Highway Capacity Manual has a short section on the impacts of bicycle traffic
on capacity (TRB, 1985). Whitt and Wilson (1990) present some detailed research into basic
elements, both static and operating, especially in the area of braking. Finally, several state design
guides provide some unique guidance on bicycle traffic topics (North Carolina DOT, 1994; Oregon
DOT, 1988; Florida DOT, 1982).

The following is a brief, non-exhaustive review of several individual studies whose results
may not have been completely distilled and used in the general references reviewed above.
Studies relating to the topics of this dissertation also fit this description, but they are reviewed later
in Chapters 2, 3, and 4. In the geometric design area (I.B.1.), McHenry and Wallace (1985) used
videotape to study bicycle-automobile mixed-traffic behavior in curb lanes of various widths.
Navin (1994) has researched both macroscopic traffic models (I1.A.1.) and highway capacity
impacts from bicycle traffic (IV.). Researchers have also analyzed geometric design, capacity,
and operating characteristics of bicycle interchanges (l1l.B.) in China (Liu et al., 1993; Wang and
Wei, 1993).

1.4 OVERVIEW ,

Chapters 2, 3, and 4 present the research completed for this dissertation. This research is
divided into three topics: gap acceptance behavior (Chapter 2), bicycle/rider unit behavior at the
onset of yellow (Chapter 3), and progression (Chapter 4). Each of these three chapters is a self-
contained study, with limited interdependence. The common link between the three is primarily
thematic in that each deals with a specific aspect of bicycle-automobile mixed-traffic. Most

essential introductory material on each topic is presented in the associated chapter. Finally,



Chapter 5 summarizes the overall contributions of the work, major limitations, and directions for

future work, while also providing some concluding comments.




2 GAP ACCEPTANCE BEHAVIOR

The focus of this chapter is the study of gap acceptance behavior in bicycle-automobile
mixed-traffic. Among other applications, gap acceptance models are used to quantify and analyze
intersection capacity and delay. The first section introduces this topic. The second section
contains most of the background review and presents the theory underlying the model, the model
structure, and the general specification of the gap acceptance behavior model. Next, the data
collection process is explained. The fourth section discusses some qualitative observations that
may or may not be reflected in the quantitative models. The next section presents important
summary statistics. The sixth section presents restricted models of only the mean and variance of
the critical gap distribution. The less restrictive final models, which incorporate attributes that
systematically impact gap acceptance behavior and attempt to capture serial correlation, are
presented in the next section. Finally, some concluding comments and a summary of
contributions are presented.

2.1 INTRODUCTION

Consider a vehicle crossing or merging with traffic of higher priority. A gap is defined as the
time between two successive vehicles in a traffic stream. A gap begins with the rear of the
leading vehicle and ends with the front of the next vehicle. A gap is accepted when the vehicle
operator on a minor street crosses or merges with the traffic on a major street. A gap is rejected if
the vehicle operator does not cross or merge. A /ag is defined by the moment the crossing or
merging vehicle arrives at the infersection until the first vehicle arrives. The lag is also a gap. ltis
usually the first gap that a vehicle faces. Exceptions to this normal case are discussed in Section
2.3 on data collectfon. Each vehicle faces a gap sequence that usually begins with the lag and
ends with the accepted gap. Gaps are numbered consecutively in the sequence, beginning with
the lag as gap number 1. There is little prior published work analyzing gap acceptance for
bicycle-automobile mixed-traffic. The situations illustrated in Figures 2.1, 2.2, 2.3, and 2.4 are of

importance in this area.
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Figure 2.1. Lateral maneuvers (lateral left-turn, lateral right-turn, and lateral straight movement) at

uncontrolled and two-way yield or stop intersections.
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Figure 2.2. Frontal maneuver for left-turns without signal arrows (frontal left-turn).
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Figure 2.3. Lane change maneuver.
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Figure 2.4. Parallel maneuver for right turning automobiles through bicycle traffic (parallel right-

turn).

Similar situations to those shown in Figures 2.1, 2.2, and 2.3, exist for motor vehicles
crossing or merging with bicycle traffic streams. More situations are possible when one considers
the fact that the vehicles defining the gap may be one bicycle and one motor vehicle. In general,
the vehicle attempting to cross or merge (the acting vehicle) can be either a bicycle or automobile
and the vehicles defining the gap (the gap vehicles) may be any combination of bicycles and
automobiles. Gaps defined by two automobiles are called auto-auto géps, and those defined by
two bicycles are called bike-bike gaps. Gaps defined by one bicycle and one automobile are
either bike-auto or auto-bike gaps. In these terms, the first vehicle type mentioned is the leading
or first gap vehicle, also termed the opening gap vehicle, because it "opens" the gap for the acting
vehicle. The second vehicle type defines the end of the gap or "closes" the gap, and is therefore
termed the closing gap vehicle. By definition, lags do not have an opening gap vehicle, only a

closing one.
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~ For lateral maneuvers (Figure 2.1) the gap vehicles can travel in either the near lanes, which
are the lanes closest to the acting vehicle (in which gap vehicles travel from the acting vehicle’s
right to its left), or the far lanes (in which gap vehicles travel in the opposite direction). On
multilane roadways, one identifies in which near lane (or far lane) the gap vehicle in question
travels. Gaps are defined in terms of consecutive gap vehicles, regardless of their travel lane. In
this study the major roadways all have only two lanes, one in each direction, so there is only one
near and one far lane. Hereafter, these are referred to as the near and far lane, respectively.

Figure 2.4 illustrates a situation that does not have an analogous motor vehicle scenario, if
driver behavior is such that the automobile movement is a right-turn through the bicycle traffic and
not a lane change/merge into the bicycle stream and then a right-turn. An attempt was made in
this dissertation to study this behavior, but only very limited data could be obtained.

Specific types of lane changing maneuvers on controlled access facilities (merging,
diverging, and weaving) are also typically analyzed using the concept of gap acceptance.
‘However, bicycle traffic in most countries is not sufficient to warrant these types of facilities, and
speed differentials would make mixed-use of controlled access facilities quite unsafe. Therefore,
these analyses are not pursued in this dissertation.

Detailed analysis will not be performed for paraliel or lane changing gaps, due to the large
amount of time it would take to collect enough data on these situations in Austin, Texas. The
Dutch bicycle design guide (CROW, 1993) states that lane changing in mixed bicycle-automobile
traffic "has not yet been theoretically or fundamentally researched". However, some guidelines
are provided in that document.

The principal emphasis of this analysis is gap acceptance behavior while attempting lateral
and frontal maneuvers. The primary analysis method employed is probit modeling of gap
acceptance behavior. In addition to capturing the effect of gap duration, probit modeling provides
a formal mechanism to identify and test the significance of other factors that might affect gap
acceptance behavior. These other factors include the vehicle operator's sex, type of bicycle, use
of a helmet, waiting time, number of rejected gaps, width of travel lanes, and presence or absence
of bikelanes. ’

Data was collected by videotape at unsignalized intersections. Three different sites were
used, allowing the study of factors that vary by site. Examples of these factors are intersection
geometry, lane width, and presence or absence of bikelanes. To minimize the data collection
time, the expected bicycle traffic volume also guided site selection.

The goal of this gap acceptance study is to begin to characterize gap acceptance behavior in
bicycle-automobile mixed-traffic. This study is not large enough nor does it have enough diversity

in sites and situations to be considered the “definitive” study. The magnitudes of all results must
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be treated with this in mind. Results are not "magic numbers" to be used in all mixed-traffic
situations. They are, however, useful in comparison to the auto-only numbers resulting from
previous studies. This comparison provides insights into mixed-traffic gap acceptance behavior.
Finally, the process used to study mixed-traffic gap acceptance behavior, also considers other
factors, such as cyclist's sex, presence or absence of bikelanes, and bicycle type, in terms of their
significance in the decision to accept or reject gaps.

2.2 BACKGROUND REVIEW AND THEORY FORMULATION

While the lateral and frontal gap acceptance situations (Figures 2.1 and 2.2) are similar for
bicycles and automobiles as the acting vehicle, the lane-changing situation (Figure 2.3) is
fundamentally different. Automobiles normally change lanes when the speeds of the three
significant vehicles (the acting vehicle and the two gap vehicles) are of similar magnitude or at
least the vehicle changing lanes has the capability to match or exceed the speeds of the vehicles
defining the gap. However, bicycles will probably be traveling slower than the vehicles defining
the gap they are entering. In addition, there are vehicular differences (e.g. no side- and rear-view
mirrors on most bicycles) and operator skill differences (such as in steering a straight line while
checking behind and to the side of the bicycle).

Gap acceptance for bicycle lane changing maneuvers is important when analyzing left-
turning situations for bicycles. Since bicycles typically travel on the far right-hand side of the curb
lane or in a bikelane, they often need to merge into a gap, to properly position themselves to make
a left turn in a vehicular manner. This occurs even if there is only one automobile lane for their
direction of travel. Characterizing the behavior in these situations can lead to an estimate of the
critical volume above which lane changing (and therefore, left-turning) becomes unsafe or
uncomfortable for bicyclists and creates a safety hazard for the traffic stream as a whole. This
lane-changing behavior may vary depending on the bicycle speed, motor vehicle speeds, and
other factors. Finally, cyclist behavior may sometimes be fundamentally different than pure lane
changing. In some cases it might be best described as lateral lane crossing.

The concept of a critical gap has proven to be very important in the study of gap acceptance.
The prevailing notion of the critical gap is that it is the minimum gap duration which will be
accepted by an individual vehicle/operator unit in a specific situation (Miller, 1971). This critical
gap varies across the population of interest. The early literature has often suggested the use of
some percentile of this distribution as the value for analysis and design purposes. In this study,
this value will be called the design critical gap. In much of the early literature, some confusion can

arise because the term “critical gap” was used to denote this design critical gap. The critical gap
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is a latent variable that cannot be measured directly, but must be inferred from discrete
observations of whether a given gap was actually accepted or rejected by a vehicle operator.

Researchers have used various techniques to estimate the critical gap distribution and
design critical gap values (Greenshields, 1947; Raff, 1949; Herman and Weiss, 1961; Solberg and
Oppenlander, 1966; Wagner, 1966; Mahmassani and Sheffi, 1981b; Garber and Hoel, 1988). For
the purposes of this study, it is not important to discuss the various estimation technigues.
However, the resulting design critical gaps are of interest, because they can provide a
comparative basis for the design critical gaps determined in this work. The design critical gap
was usually chosen to be some measure of the center of the critical gap distribution. Since the
critical gap distribution is approximately symmetric, design critical gaps determined by any
reasonable measure (e.g. mean, median, or mode) are approximately the same. Another
discrepancy  arises because some researchers measure the gap and others measure the
headway.

Design critical headways (measured as the median of the critical headway distribution) from
a large number of studies have been synthesized in the Highway Capacity Manual (TRB, 1985).
The manual gives basic design values dependent on the type of movement and the major street
speed. Adjustments from these basic values are given for right-turning curb radius and angle,
right-turn acceleration lane provision, the population of the area, and sight distance restrictions.
Applying the adjustments, one can find the ranges for the passenger car design critical headways,
assuming no restricted sight distances. They are:

(1) lateral right-turn: 4 to 6.5 seconds,

(2) lateral straight maneuver: 5 to 8 seconds,
(3) lateral left-turn: 5.5 to 8.5 seconds,

(4) frontal left-turn: 4.5 to 6 seconds.

For an average (2-lane) major street running speed of 30 mph in an urban area with
population over 250,000, with no restricted sight distances and right-turn curb radii less than 50 ft,
the design values given in the Highway Capacity Manual (TRB, 1985) are:

(1) lateral right-turn: 5.0 seconds, '
(2) lateral straight maneuver: 5.5 seconds,

(3) lateral left-turn: 6.0 seconds,

(4) frontal left-turn: 4.5 seconds.

Resuilts of individual studies show values close to these ranges. For instance, Solberg and
Oppenlander (1966) found design critical gaps for right-turns to be 7.36 seconds, 7.82 seconds
for left-turns, and 7.18 seconds for straight-through movement from two-way stop controlled minor
streets intersecting 2-lane major streets in Indiana.
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Smith (1976) reports the only published findings on motor vehicles accepting gaps in bicycle
traffic. Collecting data at the intersections of two-lane streets (with widths varying between 28 and
34 feet) for motor vehicles entering or crossing bicycle traffic streams, the following design critical

gap times were found:

(1) lateral straight maneuver!: 3.5 seconds,

(2) frontal left-turn: 2.6 seconds,

(3) parallel right~turn2: 2.0 seconds.

The design critical gap for crossing traffic (lateral straight maneuver) found in Smith’s study
(3.5 seconds) is less than those shown above from the Highway Capacity Manual (TRB, 1985) for
crossing motor vehicle traffic streams, as expected. Bicycles travel slower than motor vehicles,
so smaller gaps are probably acceptable to the acting drivers. In addition, bicycles offer.a lower
threat of accident damage (to the motor vehicle) should a collision occur. Therefore, it is probable
that motor vehicle drivers do not feel as threatened by entering the same time gap in a bicycle
traffic stream as they would in a motor vehicle traffic stream. The same arguments hold for the
lower frontal left-turn design critical gap value found by Smith (2.6 seconds).

Smith (1976) also collected data for bicycles crossing motor vehicle traffic traveling on a two-

lane street3 (2 x 14-foot lanes). He distinguished between moving and stopped bicycles and
reported the following design critical gap estimates:

(1) bicycles moving: 4.1 seconds,

(2) bicycles stopped: 4.6 seconds.

However, because of the difficulty in distinguishing between a moving and a stopped bicyclist
(since few stopped completely) and the similarity of the moving and stopped data, Smith pooled
the data together and computed a design critical gap of 4.4 seconds for bicycle crossing
maneuvers.

This value is lower than the low design value in the Highway Capacity Manual, shown above
for passenger cars (5.0 seconds), and is lower than all but one of the design motor vehicle critical
gap values reviewed by Smith and reported in his study. Intuition would suggest that bicycle/rider
units might desire longer gaps than car/driver units, due to vehicular acceleration capabilities and
risk of injury in an accident. Smith offers no explanation for this seemingly counter-intuitive

finding, nor does he compare it to the motor vehicle values reviewed in his study. One possible

1 1t is not clear if this indicates a car crossing a single stream of bicycle traffic or two- way bicycle
traffic, one-way in each lane of the two-lane street. :

2 Smith seems to treat this as a right turn through the gap and not a merging maneuver followed
by a right turn (see Figure 2.4).

3 It is not clear if this was two-way traffic or two lanes of one-way traffic.
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explanation is that the motor vehicle traffic in his study might have been traveling very slowly (as
might be the case on a college campus), though traffic speeds are not reported.

Opiela et al. (1980) analyzed the gap acceptance behavior of bicycles crossing two lanes (12
feet each) of one-way motor vehicle traffic. However, their results are not comparable to those
reported above, since they did not use a standard definition of an accepted gap. They measured
the accepted gap duration as the time elapsed from the instant the bicycle left the queuing point to
when the crossing was completed, not as the time between the successive mainstream vehicles
delineating the accepted gap. Rejected gaps were measured in the standard way. This may
explain why their estimate of a design critical gap of 3.2 seconds is quite low. In addition, they
noted that many cyclists accepted shorter gaps by not stopping before crossing.

One hypothesis examined in this research is that bicycle/rider units will have larger critical
gaps than car/driver units for all the aforementioned maneuvers due to slower acceleration
capabilities and the greater risk of injury in an accident. A variety of factors may affect the gap
acceptance behavior of both motorists and cyclists‘and therefore, their critical gaps. These
factors can be conveniently divided into four groups: (1) Inherent Gap Characteristics and
Surrounding Events, (2) Intersection Environment, (3) Acting Vehicle Maneuver, and (4) Individual
Vehicle/Operator Unit. There may also be interactive effects between the factors in different
groups.

The inherent gap characteristics and characteristics of surrounding events group
incorporates the factors that cause many of the possible differences between each gap
acceptance situation. Inherent gap characteristics include all factors associated with the gap,
such as the type of gap vehicles, the gap vehicle lane positions, and the speed of the gap
vehicles. Also included in this group are attributes associated with surrounding events that take

place during the duration of the gap, such as temporary sight distance blocks and any distraction
of the vehicle operator. Other factors included in this group are:

(1) Pedestrian crossings in and around the intersection ;
(2) Lag versus other gap acceptance; found significant by Wagner (1966), but insignificant
by Solberg and Oppenlander (1966) '
(3) A vehicle on the opposite side of the intersection from the acting vehicle (for lateral
maneuvers) .
(4) Behavior of gap vehicles (accelerating, decelerating, turning, etc.)
The intersection environment group contains all the factors associated with the intersection
and its environment that typically do not change for relatively long periods of time. A subset of the

factors in this group may introduce serial correlation in a data set due to a persistent constant
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unexplained effect for all the gap acceptance decisions made in the same intersection
environment. Examples of some of these factors include:
(1) Intersection geometry (grade, channelization, curb radii, etc.)
(2) Sight distance from the minor street
(3) Peak versus off-peak times; found significant by Wagner (1966)
(4) Speed and volume of traffic on major road
(5) Major street characteristics (grade, number of lanes, width, presence of bikelane, etc.)
(6) Minor street characteristics (grade, number of lanes, width, presence of bikelane, etc.)
(7) Weather conditions
(8) Minor street control (stop, yield, or none)
(9) Type of land-use surrounding the intersection
The acting vehicle maneuver group contains all the factors associated with the maneuver
executed by the acting vehicle. Factors in this group can also cause serial correlation in the same
manner as intersection environment factors. The factors included in this group are:
(1) Type (lateral right, lateral left, frontal left, etc.)
(2) Initial lane position of acting vehicle
(3) Final lane position of acting vehicle
The individual vehicle/operator unit group contains all the factors associated with a
vehicle/operator unit. This group of factors may also give rise to serial correlation due to a
persistent constant unexplained effect on each decision made by an individual vehicle operator.
Factors in this group include:
(1) Individual driver characteristics (gender, age, driving experience, etc.)
(2) Acting vehicle characteristics (type, acceleration capabilities, etc.)
(3) Whether the acting vehicle waited in a queue before entering
(4) Presence or absence of a queue of vehicles behind the acting vehicle
(5) Waiting time or number of gaps rejected after arrival at the intersection
Discrete choice modeling procedures have been applied to gap acceptance situations by
several researchers (Mahmassani and Sheffi, 1981b; Déganzo, 1981; and Palamarthy et al.,
1994). As pointed out by Daganzo (1981), these procedures allow estimation of individual gap
acceptance function parameters without the two problems Miller (1971) associated with most
other methods: (1) only the average critical gap across the population is estimated and (2) data is
lost, because only one gap per individual vehicle/operator unit is used to avoid overrepresentation
of cautious vehicle operators who reject more gaps than the average. ‘
Following is a development of the theory underlying the specification and estimation of

discrete choice models of gap acceptance behavior. Simple models are specified for which the
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mean and variance of the critical gap distribution are the only parameters. Restricted models are
specified under the assumption that all gap acceptance decisions are made independently, even
those by the same vehicle/operator unit. Enhanced specifications are also shown which
incorporate the systematic effects that some factors have on the critical gap and relax

assumptions to recognize the serial correlation that is common in gap acceptance data sets.

2.2.1 Formal Discrete Choice Theory Development
Consider the critical gap (duration) Tgym; for an individual vehicle/operator unit v facing the
gth gap in a sequence, while attempting a maneuver m in an intersection environment i. The
index g reflects the sequential number of the gap in the gap sequence. Typically, g=1 is the lag,
and g=Gymi is the accepted gap. Within a sampie there are | intersection environments, and for
each of these there are M; acting vehicle maneuvers. For each maneuver in each environment
there are Vi vehicle/operator units facing Gymi gap acceptance decisions. One can also think in

terms of a vehicle/operator unit v facing a gap acceptance decision situation, where the situation
is defined by the intersection environment i, the acting vehicle maneuver m, and any factors

associated with the gap g. Note that the four indices associate directly with the four groups of

- factors (or attributes) discussed above. Since Tgymj varies over gaps, vehicle/operator units,

maneuvers, and intersection environments, it can be modeled as a random variable, as follows:
Tgvmi = 1L + €gvmii (2.1)
where uis the mean critical gap over all vehicle/operator units and situations, and
£gvmi is @ stochastic disturbance (or error) term.
The gap acceptance decision rule is: if the actual gap duration dgymi is greater than the

critical gap then the gap is accepted, else it is rejected. An individual vehicle/operator unit's gap
acceptance decision can then be modeled as follows:

Ygvmi = (4 + &gvmi) — dgvmi- : (2.2)
If Ygvmi<O, the gap is accepted; otherwise, it is rejected.
Assuming the egymi are normally distributed across gaps (and surrounding events),

vehicle/operator units, acting vehicle maneuvers, and intersection environments, a mean and

variance (only) model of the sample’s critical gap distribution is specified by the following (probit)
choice probability function:

Pr(accepting) = Pr(Ygvmi<0) = Pr(u + egymi - dgvmi<0) =

dgymi —H 1
gvmi N u
Pr(egymi < dgvmi - b) = D T e —(D('o‘_'dgvmi —g], (2.3)
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where @( ) is the standard cumulative normal distribution and o2 is the total variance.

2.2.1.1 Systematic Effects and Components of Variation. In the mean and variance
only model specification (equation 2.3) no attempt was made to capture the effect of any of the
previously discussed factors that may impact the gap acceptance decision, and thus the latent
critical gap variable. Mahmassani and Sheffi (1981b) found that the "number of rejected gaps"
systematically impacted car/driver unit critical gaps. Palamarthy et al. (1994) tested several other
attributes for systematic effects, while modeling pedestrian gap ‘acceptance behavior. Using the
groups defined above, any systematic effects can be tested by including attributes in the
specification, as follows:
Tgvmi=Bo +
BgapXgap,gvmi + BintXint,i + BmanXman,mi + BvoXvo,vmi + BiaXia,gvmi + gvmi  (2.4)
where fo = the mean critical gap when all other attributes are zero,
Xgap = vector of attributes characterizing the gap and surrounding events,
Xint = vector of attributes characterizing the intersection environment,
Xman = vector of attributes characterizing the acting vehicle maneuver,
Xvo = vector of attributes characterizing the vehicle/operator unit,
Xija = vector of interactions between attributes from different groups, and
Bgap: Bint: Bman, Bvo, and Big are vectors of parameters to be estimated.
Replacing u in the choice probability expression (equation 2.3) by the above specification,
the following probit gap acceptance probability function is obtained (with the indices dropped):
Pr(accepting) =
q) d—(ﬁO +ﬁgangap + BintXint + BmanXman + BvoXvo +.BiaXia) )
c

(2.5)

Note that the model in equation 2.3 is a restricted version of this model, in which Bpg=p when all

the other f coefficients are set to zero.
The effects of any factors that impact the gap acceptance decision that are not captured in

the systematic variation of the mean critical gap are reflected in the random disturbance egvm;-

To capture serial correlation it is necessary to separate the total variance o2 of this disturbance

term into components by decomposing the disturbance, as follows:
€gvmi =€gap,gvmi T €vo,vmi T €manmi T €int;i , (2.6)

where ggap reflects the unexplained variation across gaps and surrounding events,
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gint ~ reflects the unexplained variation across intersection environments,
gman reflects the unexplained variation across acting vehicle maneuvers, and
syo  reflects the unexplained variation across vehicle/operator units.
The gap acceptance decision rule is then given by:
Yovmi :(u'*_ggap,gvmi *T€vo,vmi t€man,mi *€int,i >_dgvmi- 2.7)
Each disturbance component reflects the unexplained variation caused by the unobserved
factors in the corresponding group. There is one realization of eyg per vehicle/operator unit, so it

is constant across gaps in the sequence (within each individual vehicle/operator unit). Similarly,
the maneuver disturbances are constant within each maneuver and the intersection environment
disturbances are constant within each intersection environment. Each of the disturbance
components is independent of the others, since the factors in each group are independent of the
factors in the other groups.

It seems fairly reasonable to assume that eyg, Eman, and gint are normally distributed with
means of zero and variances ov2, crmz,, and 62, respectively. Daganzo (1981) assumed that any
deviations from normality for eyo are probably only of the second order. He did not explicitly
consider éman Or &nt, but they also should not have first order deviations from normality.

The across gap (and surrounding events) disturbance component, £gap. is assumed to be
indepéndently and identically normally distributed (iid normal) with a mean of zero and a variance
of 0'92. The independence and normality assumptions seem reasonable. However, different

variance magnitudes may be associated with different individual gap sequences, due to
differences in variations of vehicle operator aggressiveness, mood swings, tolerance to
distractions, etc. Using controlled experiments, Bottom and Asworth (1978), as reported in
Daganzo (1981), found that the within individual variance was moderately correlated with the
critical gap. Nevertheless, Daganzo (1981) assumed that deviations from the identity assumption
are quite likely only second order effects.

Since there is no covariation between the distufbanée components, the egvmj are normally
distributed with a mean of zero and variance o2 given by:
2= 0'92 + 6,2 + o2 + 62 (2.8)
where ogz is the variance across gaps (and surrounding events),
sz is the variance across individual vehicle/operator units,

om? is the variance across acting vehicle maneuvers, and
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05'2 is the variance across intersection environments.

Models specified to explicitly identify the variance components are called components of
variance models. The formulation of a components of variance model of gap acceptance
behavior is presented next.

2.2.1.2 Components of Variance Model. Both Daganzo (1981) and Palamarthy et al.

(1994) have formulated components of variance models of gap acceptance behavior. Such

models offer three main advantages in that they allow one to: (1) capture and test the significance

of serially correlated effects, (2) interpret the sources of variability correctly, and (3) obtain
efficient parameter estimates.

The following formulation allows one constant persistent unexplained effect for each

intersection environment, just as it allows one constant persistent unexplained effect for each

vehicle/operator unit. These effects are captured by o; and oy, respectively. Because acting

vehicle maneuvers are nested inside intersection environments, a different constant persistent

unexplained effect is allowed for each m,i combination. This effect is captured by op,.

Alternatively, one could nest intersection environments inside of acting vehicle maneuvers or one
could allow constant persistent unexplained effects for m,i combinations only. Other more
complex disturbance structures are also possible.

If a data set contains a sufficiently large number of gap decision observations associated
with each vehicle/operator unit, maneuver, or intersection environment, then serial correlation will

probably be present that can be captured by oy, om, or d, respectively. In data sets without

sufficiently large numbers of gap decision observations associated with each vehicle/operator unit,
maneuver, or intersection environment the associated components of variance cannot be
identified nor is serial correlation significant, so it is- reasonable to assume that all the
disturbances, egymi, are independent. A model making this assumption is hereafter called an
independent decisions model. '

For example, if there are typically only one or two gap decision observations per

vehicle/operator unit, then it will probably not be possible (or necessary) to estimate oy. In

addition, the total number of different vehicle/operator units, maneuvers, and intersection
environments must also be sufficiently large. The fewer intersection environments or maneuvers
for which data is collected, the less likely it is that oj or oy, can be identified, however it is more

likely that any constant persistent effect associated with an intersection environment or a

maneuver can be captured systematically.
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Within the same intersection environment i, for the same maneuver m, the covariance matrix
for individual vehicle/operator unit v is the covariance matrix for the vector of decision variables

associated with the gap sequence for vehicle/operator unit v (i.e. Ygymi, for g=1, ... Gymi):

0.2

O'v2 0'2
2 2 2

2 c, Oy o
Yymi =
(2.9)
2 2 2 2
Lo‘v O,° O, covee cenen c” |

The number of rows and columns is equal to the number of gaps in the gap sequence for
vehicle/operator unit v (Gymj). It is derived by the relationship between the disturbance terms (for

one i and one m):

o2 = (092+ cv2+ cm2+ 0’,2)4, ifg=handv=u,

Elegvenul

= oy2, if g#hand v=u, because gyo is the same for all gaps in the gap
sequence for individual v, and

= 0, if v#u, because gap acceptance behavior is independent across
vehicle/operator units, as long a vehicle operator is not following another or

a cyclist does not puil up side by side with an auto or another cyclist making
the same maneuver.

Next, one needs to obtain the covariance matrix for more than one maneuver in more than
one intersection environment. Because gmgn and gnt are persistent and constant across each
maneuver (m=1,..Mj} and each intersection environment (i=1,..l), respectively, it can be shown

that E[egymi¢nhun;l yields the (I x 1) covariance matrix

4 6m2 and o2 are included for the more general case of more than one intersection i and
maneuver m.
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XY

Where zYi is the (Mj x M,) covariance matrix

O'iz ZYZ
O'iz O'iz
2Y;
O-i2 o'iz 0'1"2 ............ EYI

environment i, given by:

2,

XY,

2
Om z'Yv2i
2 2
Om Om
Zvai
2 2 2
o‘m O'm O'm ......

(2.10)

associated with each intersection

(2.11)

2 ;i |

It should be noted that the independent decisions model is a restricted version of the

components of variance model where all the off-diagonal terms in the covariance matrix are

restricted to zero, and all the variance components are confounded.

2.2.1.3 Estimation of Components of Variance Model. To estimate the parameters in

equation 2.5 and the covariance matrix 2.10, it is important to note that the probability of an
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individual vehicle/operator unit accepting gap Gymi (while making a maneuver in an intersection

environment) is
Pr(Y1vmi>0, Y2vmi>0, Y3vmi>0, -.....,Y(Gvmi - 1)vmi>0; Y(Gvmi)vmi<0)
= Pr(lagvmiYgvmi < 0], g =1,.. Gymi)

=1 PregvmiYgumi < 0), (2.12)
g
where agvmi= 1, if gap g is accepted by individual v making maneuver m in intersection

environment i;
=-1,if rejected.5

Equation 2.12 is the likelihood function for the gap sequence. The likelihood function for the
sample is

HHHH Pr(agymiYgvmi < 0).6 (2.13)
i

m v g

For simplicity, the development will continue for the case of one maneuver in one intersection
environment. This development also applies to the case where observations from more than one
maneuver and intersection environment are present in the data, but om and oj are confounded
with oy and og. As proposed by Daganzo and Sheffi (1982), the probability of a gap acceptance

sequence is equivalent to the probability of selecting the auxiliary alternative Ug (=0) from a set of

(Gy + 1) alternatives where

Ugv =lagv¥gvl forg=1,.. Gy, (2.14)
Ugy =Uov=Ug=0 forg=0, and

equation 2.12 can be rewritten as
Pr(fagvYgvl < Uo, g=1... Gy). (2.15)

Using 2.15, the problem has been reduced to a decision problem with (Gy+1) alternatives,
where the chosen alternative is always Ug. In order to specify the model one also needs the

covariance matrix of U, Zy. Dropping the index v, equation 2.15 can be written in matrix notation

as

S The covariance term is deactivated for gaps g where no decision is made, to insure that gap g
does not influence the estimate. To do so, agvmj is set to 0. This is done for blocks (defined in

Section 2.3.2.1) and when a gap is accepted where g is less than the maximum gap number
accepted in the sample.

6 To handle gaps g where no decision is made agvmingmi is set to —999 so that gap g does not
influence the likelihood value.
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The dimension of Zj is (G + 1). Because vehicle/operator unit v accepts gap G, all elements
in row (and column) (G + 1) are negative, except for the diagonal (and first) element. All elements
(except for the first) in rows (and columns) 2 through G are positive (for rejected gaps). The

diagonal elements, except for row one, are all o2 (= 092+ ovz), because ag2 =1, forall g.

2.2.1.4 Estimation Process. Because the strict concavity of a multinomial probit log-
likelihood function cannot be established when the number of alternatives is more than two, there
are no efficient algorithms that guarantee a global maximum for the log-likelihood function. T<'>
help obtain satisfactory estimates, a two-step process is used. First, an independent decisions
model is estimated. Second, the resulting parameter estimates are used as initial values to

estimate the components of variance model. The starting point found in step one should be in the
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general neighborhood of the global optima, so the local optima found in this neighborhood in step
two is likely to be the global one.

In the two-step process, the SST software package (Dubin and Rivers, 1988) is used to
initially estimate the independent decisions model and to explore the data and many possible
attribute interactions, because it has a user-friendly interface for data manipulation. A maximum
likelihood multinomial probit (MNP) estimation program, which uses Monte Carlo simulation and
was developed at The University of Texas at Austin, is used to estimate the final independent
decisions and components of variance models (Lam, 1991; Palamarthy, 1994).

2.3 DATA COLLECTION

Data was collected by videotape at three different unsignalized intersections in Austin, TX.
Three different sites were used to allow the study of a variety of factors that vary by site, including
intersection geometry and presence or absence of bikelanes. The expected volume of bicycle
traffic also influenced site selection. The videotaping required two persons. One to operate the
camera and one to watch traffic and signal when to start taping. Taping commenced only when a
bicycle/rider unit was involved as either an acting or gap vehicle. Bicycle type, helmet use, and
rider's sex were verbally recorded, because they are not easy to visually distinguish on the tape.

Most of the video collection was done in the summer of 1994. Because of a lack of data with
bicycles as acting vehicles (only about 70 data points), more video collection was done in the
summer of 1996. The same intersections were used and site conditions were virtually identical to
those in 1994. The only identified changes were that a new pedestrian crosswalk was painted at
one site and that a city bicycle helmet ordinance, requiring all cyclists to wear helmets, was
instituted a few months prior to taping in 1996. However, only warnings were being given at the
time of taping, not fines. Possible effects of these two changes are tested. The videotaping was
done primarily between 9 a.m. and 1 p.m., with mostly sunny or partly cloudy skies and
temperatures usually between 80 and 95 degrees. Winds were often present, but usually below
10 mph. Videotaping was never done in the rain or with wet pavement.

2.3.1 Site Descriptions
All intersections are located within a mile of the University of Texas campus and therefore,
serve significant student bicycle traffic. Most of this traffic is assumed to be for transportation, not
recreation. Diagrams of the three sites are given in Figures 2.5, 2.6, and 2.7. These sites will
hereafter be referred to by the major land-use adjacent to them. Most of the key site

characteristics are evident from these diagrams. Those that are not are discussed below.
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The commercial site (Figure 2.5) is located in the middle of a large neighborhood about 1
mile north of the University of Texas. This neighborhood contains both homes and many two-
story condominiums and apartments, housing both students and working adults. The residential
site (Figure 2.6) is also located in this same neighborhood about a half mile north of the campus.
Its major street is a main artery for bicycle traffic to the campus. There is a small possibility of
traffic turning onto the major street from residences and other minor streets within close proximity
to this intersection. This activity is not in the camera view. The only possible indication of this
type of activity is if the vehicle is visibly accelerating. Besides this, neither of these two locations
seems to have significant sight distance restrictions or unique upstream or downstreém
characteristics that may affect gap acceptance behavior. Both have fairly level grades. These
two sites were videotaped at ground level. Therefore, the positioning of bicycles in the lanes on
the major street is somewhat difficult to discern. This is one reason why most of the data was
collected at the commercial/campus location.

The commercial/campus site is bordered on the north by the University campus, with a high-
rise private dormitory and small shopping mall on the southwest corner and a small private ground
level parking lot and parking garage on the southeast corner. Videotaping on the top floor of this
garage provided the best view of the intersection. This location has several unique features that
might impact gap acceptance behavior. First, the building on the southwest corner obstructs sight
distance down the near lane. Vehicles must pull well into the crosswalk to see. Second, if a bus
is parked in the intersection as indicated in Figure 2.7, then the effective width of that lane is
reduced by about nine feet. This may impact the shared use of that lane by autos and bicycles
and may impact lateral left-turning autos when a bicycle closes a gap.

Third, there is a bus stop about 200 feet upstream (west) of the intersection in the near lane.
If a bus is parked at this stop, sight distance is further restricted. This bus stop is not visible on
the videotape, so any impacts cannot be quantified. Fourth, there is a signal controlled
intersection about 400 feet west of the intersection. If an automobile is traveling in the near lane it
might have just turned onto the major street at this signal controlled intersection. Therefore, gaps
of over about nine to ten seconds may not have even had a closing vehicle in view of the acting
vehicle operator when the acceptance decision is made. This may be one reason why no gaps of
over 10 seconds were rejected. Again, this situation cannot be seen on the videotape. It should
have a negligible impact anyway, since it is expected that all gaps of this duration will be
accepted.

Next, the crest of a small hill is located just west of the intersection. Vehicles traveling in the
far lane are negotiating a short upgrade while those in the near lane a short downgrade. This

does seem to impact bicycle speeds somewhat, but any difference was not quantified. Finally,
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bicyclists at this site usually use the motorcycle parking area for right turns. It seems to function
almost like an acceleration lane (or a bikelane) for lateral right-turning bicycles.

No attempt was made to measure the average automobile speeds at any location. The three
speed limits (not posted for the commercial/campus site, 30 mph for the residential site, and 35
mph for the commercial site) were not vastly different, and there did not seem to be much visible
difference in automobile speeds.

Note that two of the intersections are T-intersections, so straight through auto traffic is

impossible. However, some bicycles do travel straight to and from the sidewalk opposite the
minor street at the commercial/campus site.

_*
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Figure 2.5. Commercial site used to collect gap data at the intersection of Duval and 43" in
Austin, TX.
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Figure 2.6. Residential site used to collect gap data at the intersection of Speedway and 34" in
Austin, TX.
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Figure 2.7. Commercial/campus site used to collect gap data at the intersection of 24™ and Whitis
in Austin, TX.

2.3.2 Data Reduction

Data was reduced from the videotape into a spreadsheet database. Two assistants
performed this reduction, with the author providing training and help with individual data
interpretation problems. One assistant reduced all the 1994 videotapes in 1995. The other
assistant reviewed this data again in 1996, correcting for a few systematic errors. This assistant
then reduced the 1996 video. This process should ensure a fairly error free set of data. Further
error checking was conducted on the data set using spreadsheets and statistical software
packages. This process found the data to be relatively free of errors of inconsistency.

Vehicles performing a maneuver not consistent with the gap acceptance scenarios under

study (i.e., lateral and frontal maneuvers) were not used. For example, a few cyclists turned left
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from the left lane of the minor street onto the near lane of the major street. These cyclists were
riding the wrong way on both streets and therefore, did not fit any of the scenarios under study.

The data set consists of gap sequences. Each gap sequence involves one acting vehicle
and includes all gaps rejected by this vehicle. The accepted gap is included if it is less than 15
seconds. The gap sequence begins when the acting vehicle reaches the stop.bar (and is first in
the queue). Each gap within the gap sequence is a gap decision observation, with an associated
vector of data items, explained below. A gap sequence is recorded if either the acting vehicle is a
bicycle or at least one of the gap vehicles in the sequence is a bicycle. This produces a set of
data that has a mixture of bike-bike, auto-auto, auto-bike, and bike-auto gaps, while ensuring that
gaps involving bicycles as either gap vehicles or acting vehicles are well represented.

First, each data item in a gap decision observation vector is listed and explained. Then, the
rules used to measure gap duration are presented.

2.3.2.1 Data ltems. Following are the data items, organized according to the four
categories of factors explaining gap acceptance behavior, associated with each gap acceptance
decision observation:
(A) Data associated with the gap and surrounding events
(1) Gap duration
(2) Decision of the acting vehicle: accept or reject
(3) Opening and closing gap vehicle characteristics:
(a) type of vehicle: none, auto, bike, pedestrian, bus, motorcycle, or heavy truck
None is only used for a lag, because there is no opening gap vehicle. Auto
includes both cars and pickups.
(b) vehicle position: left, center, right, or bikelane
This data item is defined only for bicycles. If there is one lane, then right is
considered to be right of an imaginary 13 foot section from the center line (but not
in a bikelane). The 13 feet is the space assumed to be used by autos, with no
interference from bicycles that ride on the right. Within this space, the rightmost
6.5 feet is center and the leftmost 6.5 feet is left.
At the commercial/campus site there are data points where the initial
facility has two lanes (see Figure 2.7). Here, the left lane is left and the rightmost
4 feet of the right lane is right. This leaves the other 9 feet of the right lane as
center. These 9 feet are assumed to be used by autos with no interference from
bicycles.
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(c) location of the vehicle: near or far lane (only applicable for lateral left or lateral straight
' maneuvers)
(d) vehicle movement: left, right, or straight
(e) reason for slowing: pedestrians, congestion, turning, other, or not slowing
Indicates whether or not the gap vehicle reduces its speed as it approaches the
intersection. If the vehicle decelerates, the slowing is attributed to pedestrian
interference, congestion, turning, or some other cause.
(f) is the gap vehicle visibly accelerating?
(B) Data associated with the intersection environment
(1) Land-use around the intersection (residential, commercial, campus, or some combination)
(2) Posted speed limit on the major street
(3) Description of the initial and final facilities of the acting vehicle:
(a) presence of bike lanes
(b) number of auto lanes
(c) average auto lane width
(4) General characteristics: date and time
(C) Data associated with the acting vehicle maneuver
(1) Movement direction: left, right, or straight
(2) Type: lateral, frontal, parallel, or block
A block occurs when the acting vehicle cannot perform its desired maneuver because
it is physically blocked from moving for a period of time. A block is timed and
recorded as a gap decision observation, but is not used to estimate models, since
there is no choice to be made. Some block scenarios include: (a) pedestrians in the
crosswalk in front of the acting vehicle, (b) acting vehicle stopped before the
crosswalk to allow a pedestrian to enter and cross the crosswalk, (c) a frontal left-
turning vehicle has the right-of-way over an acting lateral straight or left-turning
vehicle, or (d) the vehicle at the opposite stop sign at a four-way intersection arrive
first, and therefore has the right-of-way. ’
(3) Initial and final facility positions of the acting vehicle: left, center, right, bikelane, or
sidewalk (defined same as above for gap vehicle positions)
(D) Data associated with the vehicle/operator unit
(1) Type of acting vehicle: bicycle, motorcycle, car (includes vans), or pickup truck (includes
small trucks, SUVs, and other off-road vehicles of similar capacity)
(2) If the acting vehicle is a bicycle:

(a) cyclist gender
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(b) type of bicycle (either (1) thin tires, (2) wide tires, or (3) 1 to 3 speeds)
(c) helmet use
(3) Cumulative lag/gap/block time while the acting vehicle is stopped at the intersection as the
first in the queue (seconds)
This cumulative time is only an approximation of the total time that the vehicle has
been waiting. Any time spent in a queue (other than in the first position) is not
included. However, there were not many instances of queues at the times the data
was collected. Also, the time each gap vehicle takes to traverse its own distance is
not included, since gap durations, not headways, are summed to obtain this value.
(4) Cumulative number of gaps/lags/blocks the acting vehicle has rejected to this point
(E) Miscellaneous data
(1) Did the acting vehicle ever come to a complete stop during the sequence?
(2) Angle of attack for frontal left-turning bicycle accepting a lag: sharp (approximately 90
degrees), moderate, or flat (approximately 45 degrees)

2.3.2.2 Rules for Measuring Gap Duration. Gap times (or durations) are used in this
study, not headways. The duration of a gap is measured from the time the rear of thé opening
gap vehicle passes the point of conflict (defined below) until the front of the closing gap vehicle.
Gaps are shorter than headways by the time it takes a gap vehicle to traverse its length. Gaps
are assumed to be more directly relevant than headways to the acting vehicle operator's decision
process, especially for long gap vehicles, like buses, or slow moving cars (as in some of our
locations). Gaps can also be adjusted to approximate headways, by using average vehicle
speeds and lengths. For cars travelling at 30 mph and bicycles travelling at 10 mph gaps will be
about 0.4 seconds shorier than headways.

The point of conflict is the intersection of the typical acting vehicle trajectory with the gap
vehicle path. This typical trajectory can be thought of as an “average” trajectory of a random
sample of vehicles (both autos and bikes) accepting very large gaps or the average "desired”
trajectory of a vehicle operator if there were no conflicts or interference from other vehicles.

The reference point for measuring the gap (or lag) is normally the point of conflict between
the acting vehicle and gap vehicle. It is assumed that this is closest to what the acting vehicle
operator will perceive, especially in light of the dynamic nature of gap duration in traffic streams
with non-uniform speeds, such as slow bikes with faster cars. The point of conflict reference is
also critical for lag measurement accuracy, even if the traffic stream has uniform speeds and

therefore, static gap durations.
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At a specific intersection for a specific maneuver, the typical acting vehicle trajectory (and
therefore, point of conflict) is the same for both autos and bikes. However, bicycles exhibit greater
variability around this trajectory than autos. To account for variation in the initial positions of the
acting vehicle (especially for bicycles), the point of conflict is determined relative to the actual
initial acting vehicle position.

An acting vehicle's (auto or bike) deviation from the typical vehicle trajectory in a specific
situation may reflect, in pan, its operator's aggressiveness. The operator may be attempting to
move the point of conflict to accept a "short" gap. Many other factors may also influence this
deviation, such as operator habit, vehicle operating characteristics, and foreign objects on the
roadway.

There is a need to define the starting reference points for measuring lag duration. If the
acting vehicle is confronted with a stop sign, the starting reference point is either: (1) when
stopped in a position to see gap vehicles and able to make the maneuver (i.e., point of adequate
sight distance) or (2) if it does not stop, at the point of adequate sight distance where it should
have stopped. If the acting vehicle is an auto turning right through a parallel bike gap, the starting
reference point is where the auto begins to turn right. If the acting vehicle is making a frontal left-
turn, the starting reference point is when the front of the acting vehicle enters the intersection
(defined by extension of the curbface). '

There is also a need to define the reference points when gap vehicles slow down as they
enter the intersection but do not reach the point of conflict, e.g. to make a right or left turn. In this
case, the reference point is when the gap vehicle's wheels start turning. This defines both the end
of a gap (or lag) and the start of next gap.

2.4 QUALITATIVE OBSERVATIONS

Throughout the process of videotaping, reviewing video, and discussing mixed-traffic gap
acceptance with colleagues assisting in the data coliection, a few important qualitative
observations were made. One observation was that cyclists' gap acceptance behavior was more
“erratic” than that of motorists. Cyclists sometimes used non-standard lane positions to begin and
end their movements, and their trajectories were much more varied.

This non-standard behavior seems to be due mostly to the fact that some cyclists do not
obey the rules-of-the-road, but take the shortest path (in continuous space) or a trajectory that
they perceive to be the safest. No attempt was made to quantify the proportion of cyclists that
engaged in various categories of non-standard behavior.. These behaviors seem to be the same
as some of those which education and training programs, such as Effective Cycling (Forester,
1993), advise against.
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These non-standard behaviors seem to fall into three broad categories. First, some
behaviors are both illegal and dangerous, such as running stop signs and riding on the wrong side
of the road. Second, some are just dangerous, such as turning and changing lanes without
sufficiently looking for other vehicular traffic. Finally, some are just annoying to other vehicle
operators, such as inconsistent lane positioning.

Bicyclists were rarely blocked by pedestrian traffic. In all but very large pedestrian group
crossings, cyclists seemed able to safely maneuver through pedestrian gaps. This was not the
case for auto drivers. Automobiles however, occasionally blocked cyclists.

While performing lateral left-turns, several (acting) automobiles arrived in their destination
lane at the same time as the bicycle that was closing the gap in that lane, e.g. they arrived at the
point of conflict at the same time. This was possible only because the bicycle was (or moved) far
enough to the right for the auto and bicycle to briefly travel side by side. This did not seem to
cause the bicycles any major incon\./enience or safety problems, although we have no definitive
way of ascertaining this. This allowed the autos to accept some very short gaps. The effect of a
bicycle closing the gap is tested in the probit models discussed later. All three sites had major
roadway space that seemed to effectively act as a bikelane, perhaps because of this, almost all
cyclists ran the stop sign at fairly high speeds and did not appear to check very carefully for traffic
when turning right.

2.5 SUMMARY STATISTICS

In this section, some of the more important summary statistics are presented. Statistics are
based on either gap sequences (i.e. individual vehicle/operator units) or gap decision
observations (i.e. gap acceptance decisions), whichever is most appropriate. First, some general
statistics are given. Next, statistics relating to gaps where automobiles are the acting vehicles are
presented, followed by those for bicycle acting vehicles.

2.5.1 General Statistics

The entire sample consists of 306 gap sequences, which contain a total of 618 gap decision
observations. Of these, 555 gap decision observations were collected in 1994. Sixty-three
additional gap decision observations on bicycle acting vehicles were collected in 1996. Five of the
gap decision observations are for one gap sequence with a motorcycle acting vehicle and 48 are
blocks, none of which are used to estimate gap acceptance models. This leaves 565 gap
decision observations with which to estimate discrete choice models.

Table 2.1 shows the segmentation of the sample gap observations (and gap sequences) by

acting vehicle and maneuver. The large number of lateral left-turns is due to the fact that two of
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the three sites are T-intersections, and the major flow at the intersection at which most data was

collected is a lateral left-turn.

TABLE 2.1. SEGMENTATION OF GAP DECISION OBSERVATIONS BY GAP AND VEHICLE
TYPE, WITH SEGMENTATION OF GAP SEQUENCES IN PARENTHESES.

Acting Vehicle
Maneuver Bicycle Automobile” Total
Lateral left 62 {(38) 318 (140) 380 (178)
Lateral right 26 (24) 63 ( 41) 89 ( 65)
Lateral straight 11 ( 8) 19 ( 3) 30 (11)
Frontal left 40 (29) 19 ( 15) 59 ( 44)
Parallel right (n/a) (n/a) 7 (7 7 (7
Block 5 (n/a) 43 (n/a) 48 (n/a)
Total 144 (99) 469 (206) 613 (305)

* Automobile includes both cars and pickups.

Seventy-seven percent of all the gap decision observations were collected at the
commercial/campus site, 13 percent at the commercial site, and 10 percent at the residential site.
Finally, no gap greater than 9.4 seconds was rejected, and no gap less than 0.9 seconds was
accepted.

2.5.2 Automobile Acting Vehicle

In this study, automobile refers to both cars and pickup trucks, as previously defined. The
statistics in the section pertain to the major four maneuvers, whereas those presented later, in
conjunction with the discrete choice models, are for lateral left-turns oniy.

Only seven parallel right gap decisions were coliected. These were from seven different gap
sequences, so each auto/driver unit accepted the lag. No parallel right gaps were rejected. The
gap duration (in seconds) for each of the accepted gaps was 1.1, 4.6, 3.4, 2.9, 11.6, 13.2, and
4.3. As discussed earlier, this is a very interesting gap acceptance scenario, which has no
counterpart in traffic made up entirely of automobiles. Unfortunately, not enough data was
collected to analyze this situation. This would be an excellent topic for future research, since
many in the field believe that numerous auto-bike accidents or near accidents occur in this
situation. In fact, the 1.1 second accepted gap seems very short, especially if the cyclist was

traveling at a relatively high speed or was not prepared for a potential right-turning automobile.
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The rest of the data for automobile acting vehicles consists of 199 gap sequences, which
contain 462 gap decision observations, 43 of which are blocks. The remaining 419 gap decision
observations require a decision by the motorist to accept or reject; 39 percent are accepted. The
average gap sequence contains only 2.1 gap decisions per vehicle/operator unit, and the longest
sequence contains eleven gap decisions.

Table 2.1 shows that 318 of the gap decision observations (76 percent) are lateral left-turns,
with 4.5 percent frontal left-turns, 15 percent lateral right-turns, and the remaining 4.5 percent are
lateral straight movements. Lateral straight maneuvers are severely underrepresented due to the
use of T-intersections. Lateral right-turns and frontal left-turns are underrepresented because of
the flow patterns at the study intersections.

Figure 2.8 shows that the sample consists mostly of cars, with 323 cars (which include vans)
and 96 pickups (which include small trucks and sport utility vehicles). Seventy-seven percent of
the 419 gap decision observations were collected at the commercial/campus site, 10 percent at
the commercial site, and 13 percent at the residential site. No gap greater than 9.4 seconds was
rejected, and no gap less than 0.9 seconds was accepted.

Figure 2.8. Automobile vehicle types (419 gap decisions).

Table 2.2 shows that the majority of the sample motorists stopped before making their
maneuver, while the majority of cyclists did not. This agrees with the popular notion that cyclists
tend to run stop signs far more often than motorists. However, motorist behavior is far from

perfect, with about a quarter of all motorists disobeying the stop sign. Of course, one does not
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legally have to stop before making a frontal left-turn, so this statistic is meaningless from a
compliance standpoint.

TABLE 2.2. PERCENTAGE OF GAP DECISIONS MADE BY VEHICLE OPERATORS WHO
EVENTUALLY STOPPED. (NOTE: ONLY THREE MOTORISTS ATTEMPTED LATERAL

STRAIGHT MANEUVERS.)
Percent Stopping
Maneuver Bicyclists Motorists
Lateral left 45% 76%
Lateral right 8% 67%
Lateral straight 55% 100%
Frontal left 13% 21%
Total 29% 73%

Additional statistics are presented later along with the discrete choice models of lateral left-
turning motorist gap acceptance behavior.

253 Bicycle Acting Vehicle

The data for bicycle acting vehicles consists of 99 gap sequences, which contain a total of
144 gap decision observations, five of which are blocks. The remaining 139 gap decision
observations, used to estimate the models presented in Section 2.7, require a decision by the
cyclist to accept or reject; 61 percent are accepted. The average gap sequence contains only 1.4
gap decisions per bicycle/rider unit. The longest sequence contains eight gap acceptance
decisions, but it is the only sequence with more than four.

Table 2.1 shows that 62 of the gap decision observations (45 percent) are lateral left-turns,
with 29 percent frontal left-turns, 19 percent lateral right-turns, and the remaining 7 percent are
lateral straight movements. However, the percentages of gap sequences of the three most
prevalent maneuvers are more evenly distributed, due to the fact that a much higher percentage
of cyclists accept lateral right-turn lags and a somewhat higher percentage accept frontal left-turn
lags, than accept lateral left-turn lags. Lateral straight maneuvers are underrepresented due to
the selection of T-intersections.

Figures 2.9 and 2.10 and Table 2.3 show that the sample is mostly male, most ride wide-tire
mountain-type bicycles, and most do not wear helmets. These percentages are similar to those
found in the study of bicyclist behavior at the onset of yellow, presented in Chapter 3.
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Female
15%

Based on gap decisions Based on gap sequences

Figure 2.9. Bicyclist gender.

Beater
16%

Thin-tire

Wide-tire . | 20% Wide-tire
68% '

Based on gap decisions Based on gap sequences

Figure 2.10. Bicycle types. Wide-tire is a mountain bike, thin-tire is a thinner tire road or racing

bike, and beater is a zero to three speed bike (e.g., stunt bike or old bike with no gears).
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TABLE 2.3. HELMET USE. NOTE: IN 1994 NO ORDINANCE REQUIRED HELMET USE,
BUT IN 1996 A CITY HELMET ORDINANCE HAD BEEN RECENTLY VOTED IN AND
PUBLICIZED, BUT FINES WERE NOT BEING ISSUED FOR ANOTHER FEW WEEKS.

Based on Gap Decisions

Based on Gap Sequences

1994 1996 Total 1994 1996 Total
Helmet 28% 20% 25% 28% 22% 25%
No helmet 72% 80% 75% 72% 78% 75%

Seventy-three percent of the 139 gap decision observations were collected at the
commercial/campus site, 24 percent at the commercial site, and three percent at the residential
site. No gap greater than 6.7 seconds was rejected, and no gap less than 1.8 seconds was
accepted.

Table 2.2 showed that a majority of the sample cyclists did not stop at the stop sign before
making their maneuver. In addition, the initial and final lane positioning of cyclists making
maneuvers is of interest. Figure 2.11 shows that the majority of cyclists (70 percent) quickly finish
their maneuver in a perceived “safe” area (i.e., sidewalk, bikelane, or the right side of -the curb
lane). Many of the 30 percent in the left and center of the travel lane probably also moved to the
right, but were out of the camera field before doing so.

: Sidewalk
‘ 11%

Bikelane
16%

Figure 2.11. Final position of bicycle acting vehicles.

For the intersections studied, unless on the sidewalk, a cyclist cannot be in an illegal or

unsafe lane position if intending to go straight (i.e., a cyclist can be left, right, center, or in a
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bikelane). However, making a lateral left-turn from the right is unsafe at all three sites and illegal
at the commercial/campus site, where there is a left-turn lane. A bicyclist should merge to the left
before turning left. Seventeen of the 38 lateral left-turns were made from this unsafe initial
position. A similar proportion (10 of 29) of the frontal left-turns made by cyclists were also made
from an unsafe position, in this case on the right side of the lane or from a bikelane. As expected,
almost no lateral right-turns (1 of 24) were made from an unsafe initial position, since most cyclists
prefer to travel on the right side of the curb lane. Finally, one cyclist started from a sidewalk.
Sidewalks are often found to be an unsafe initial position (Forester, 1983). To conclude, a high
percentage (40 percent) of cyclists making lateral and frontal left-turns put themselves in an
unsafe initial position.

Of the 29 cyclists who attempted frontal left-turns, 20 of them accepted the lag. The
trajectory of these 20 cyclists is of interest. By modifying their trajectories they can effectively
move the point-of-conflict with oncoming traffic to accept shorter (or reject longer) gaps than if
they had proceeded according to the typical vehicle trajectory. Figure 2.12 shows that 55 percent
(11 of 20) did so possibly to accept shorter (than average) gaps, and five percent did so possibly
to reject a longer (than average) gap, without having to stop. This data was not collected for
automobiles, so no direct comparison is possible. Since bicycles are smaller and more
maneuverable than automobiles, one could suspect that cyclists might take greater advantage of
this behavior.

Bicycle
—_——— — — — — -
Sh?;p/ - -
( [ /modera}e -
Auto X ®.
I/~ flat
7] an
( X - marks the point of conflict

used to measure the gap

duration

Figure 2.12. Number of cyclists (in parentheses) accepting frontal left-turn lags and their

associated trajectories.

Additional statistics are presented later along with the discrete choice models of bicyclist gap

acceptance behavior.
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2.6 RESTRICTED MODELS — INDEPENDENT DECISIONS, MEAN AND VARIANCE ONLY
In this section, mean and variance only models are estimated for different population
segments assuming independent decisions. Simultaneous estimation is performed using the

following specification:
I
Zin— Y 6it;)
i=1
I
> (6i01)

i=1

Pr(accepting/l mutually exclusive segments) = (I) , (2.18)

where 8i =1, if the observation is in population segment i;
=0, if not,
| = the total number of mutually exclusive segments,

o = the standard deviation of the critical gap distribution for segment i, and

Ui =the mean of the critical gap distribution for the segment i.

Because all gap decisions are assumed independent, only the total variance (ci)2 is
estimated for each segment i. The following segmentation variables define the 16 segments for
which estimation was attempted:

(1) Acting vehicle stops or does not stop (rolls),

(2) Acting vehicle maneuver: lateral left, lateral right, lateral straight, or frontal left, and

(3) Acting vehicle type: bicycle or automobile.

Seven segments were not included in the final model, due to low numbers of gap decision
observations.

Models are estimated simultaneously to allow one to test for significant differences between
segments, using the log-likelihood ratio test by estimating both restricted and unrestricted models.
Because of the restricted nature of these models and the small number of gap decision
observations, they are intended primarily for exploratory purpose. Inferénces from these tests or
the magnitudes of the parameter estimates are only suggestive. Nevertheless, they allow initial
order-of-magnitude comparisons to previous study results and provide a contrasting basis to the
less restrictive models presented later.

Consider the operator’s decision to stop or not (roll). First, one should note that rolling is
legal for frontal left-turns, but illegal for all lateral maneuvers. For this reason it would be equally
(or maybe more) appropriate to estimate the frontal left model With “stops” and “rolls” combined.

However, in this sample the low number of “stops” would probably not have much impact.
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Second, as expected, bicycles are much more likely to disobey the stop sign. Third, rolling
behavior obviously occurs most often on the lag. Occasionally the lag is short enough that the
behavior persists to the next (second) gap and sometimes even to the third and fourth gaps.

The implemented data reduction scheme marks all gap decisions in the sequence as
“stopped”, if the vehicle ever stopped. The vehicle might have been rolling during the first few
gaps, but was forced to stop because it could not accept an early gap, not because it wished to
obey the stop sign. (No vehicle in the sample rolled for more than the first three gaps before
either accepting the next gap or stopping.) This illustrates one way in which stopping behavior is
not independent of the gap duration and other attributes associated with the lag and early gaps.
Stopping behavior is a decision that depends not only on the operator's aggressiveness and
adherence to traffic law, but also on some of the same factors as the gap acceptance decision,
and is therefore an endogenous variable. This variable is also subject to selectivity bias, because
some vehicle operators will be forced into stopping against their wishes. If included in a model, it
would cause endogeneity bias. By segmenting based on this variable, endogeneity bias is

circumvented.

2.6.1 Analysis and Discussion
Table 2.4 and Figure 2.13 present the estimates of the means and standard deviations (only)
for the‘ critical gap distributions for different population segments, estimated over all the gap
acceptance situations present in the segment’s data. Table 2.5 presents models for the same

segments for lag acceptance situations only.
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TABLE 2.4. ESTIMATED MEANS AND STANDARD DEVIATIONS OF THE CRITICAL GAP
DISTRIBUTIONS ASSOCIATED WITH VARIOUS SEGMENTS.

Stop Standard

Acting Vehicle | Vehicle | or Roll [ Mean t- Deviation | {_gtat.1 # of

Maneuver Type (sec) | statistic! | (seconds) obs3
Lateral left Auto Roll 3.5 6.8 3.0 5.8 76

Lateral left Auto Stop 6.4 7.6 2.1 5.7 242
Lateral left Bike Roll 4.5 6.4 14 8.6 34
Lateral left Bike Stop 6.0 6.1 0.9 7.0 28
Lateral right Auto Roll 3.0 5.5 1.2 8.9 21
Lateral right Auto | Stop 54 5.2 1.7 4.6 42
Lateral right 2 Bike Roll 21 5.2 1.0 5.3 24
Frontal left 2 Auto Roll 3.2 7.2 0.7 7.0 15
Frontal left 2 Bike Roll 4.6 5.9 0.8 5.9 35

Log-likelihood (final) = -114.21

1 Some t-statistics may be overestimated due to the relative flatness of the log-likelihood function
around the maximum.

2 Only two lateral right-turning cyclists stopped. For frontal left-turns, only five cyclists and four
motorists stopped. Therefore, none of these three segments are included.

3 In this case, observation (obs) denotes a gap acceptance decision.

Bike lateral left stopped

Bike lateral left rolling

2 s.d. mean 2s.d.

Auto lateral keft stopped

1s.d. mean 1s.d. 2s.d.

Auto lateral left rolling

0 2 4 6 8 10 11
Critical gap (seconds)

Figure 2.13. Estimated critical gap distributions associated with lateral left-turn segments,
showing the intervals containing the central 95 percent of the critical gaps in each segment

(except for auto lateral left rolling).
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The estimated standard deviations seem reasonable relative to the estimated means and the
summary statistics from the sample. For example, in the motorist sample, all gaps less that 0.9
seconds were rejected and all greater than 9.4 seconds were accepted. From this, the range of

“indecision” would be 8.5 seconds wide, which agrees well with the estimated range of critical

gaps for lateral Ieft-turning7 motorists who stop shown in Figure 2.13.

One possible systematic effect which can easily be (and often is) accounted for is the
difference in the mean critical lag and the mean critical gaps for the rest of the gaps in a
sequence. As expected, comparing Tables 2.4 and 2.5 gives evidence that the mean critical lag
may be greater than the rest of the mean critical gaps for the same segment, reflecting the fact
that operators require time to become familiar with the intersection environment. However, the
general nature of the conclusions in this section will not change if they are based on all gaps or
just lags, with the exception of the variances for automobile lateral right-turns. Therefore, only the
distributions over the entire population of gap acceptance situations (Table 2.4) will be discussed
further.

7 By far the most prevalent motorist maneuver.
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TABLE 2.5. ESTIMATED MEANS AND STANDARD DEVIATIONS OF THE CRITICAL LAG
DISTRIBUTIONS ASSOCIATED WITH VARIOUS SEGMENTS.

Acting Vehicle Stop Standard
Maneuver Vehicle | or Roll | Mean t- Deviation t-stat.1 # of
Type (sec) | statistic! | (seconds) obs3
Lateral left Auto Roll 4.7 7.7 2.7 4.3 54
Lateral left Auto Stop 8.5 8.6 1.6 7.7 58
Lateral left Bike Roll 5.2 6.8 2.1 9.9 28
Lateral left Bike Stop 7.3 7.3 0.2 2.7 9
Lateral right Auto Roll 2.9 5.2 0.9 6.9 20
Lateral right Auto Stop 6.4 41 0.6 5.6 20
Lateral right 2 Bike Roll 2.3 9.6 0.5 4.2 22
Frontal left 2 Bike Roll 4.6 6.4 1.5 8.0 26

1 Some t-statistics may be overestimated due to the relative flatness of the log-likelihood function
around the maximum.

2 Only two lateral right-turning cyclists stopped. For frontal left-turns, only five cyclists and four
motorists stopped. Therefore, none of these three segments are included.

3 In this case, observation (obs) denotes a gap acceptance decision.

Of interest is how the models compare with previous models and a priori theories. The
automobile mean critical gap estimates are comparable to the critical gap design values given in
the Highway Capacity Manual (TRB, 1985), summarized in Section 2.2. The estimated mean
critical gaps for automobiles fit into the lower end of the Highway Capacity Manual ranges, as
expected for low speed streets. In addition, the lateral left-turn mean critical gap for automobiles
is greater than that for a frontal left-turn, which is in turn greater than that for a lateral right-turn.
As expected, this trend is similar for bicycles.

The fact that the estimated automobile mean critical gaps while facing mixed-traffic are on
the low side of the standard ranges, also agrees with Smith’s (1976) findings (reported earlier)
that autos require lower critical gaps when facing bicycle-only traffic than when facing auto-only
traffic. The estimated mean critical gaps of rolling vehicles are less than the estimated means of
vehicles that stop. This is in agreement with Smith (1976), Opiela et al. (1980), and the a priori
theory.

A log-likelihood ratio test shows a highly significant difference between lateral left-turning
automobiles that roll or stop. The final log-likelihood value for the restricted model (rolling and
stopping parameters restricted to be equal) is —125.26, so the chi-squared test statistic is 22.1
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with one degree of freedom. The statistic is computed from (-2 x [-125.26 + 1'1 4.21]). A chi-
squared statistic of 3.84 is significant at the 0.05 level. Lateral right-turning automobiles show a
marginal significant difference (at the 0.10 level) in the mean critical gap of rolling versus stopped
vehicles. There is no significant difference between the means for rolling and stopped lateral left-
turning bicycles.

The estimated mean critical gap for lateral left-turning bicycles which stop is comparable to
(and not statistically different than) that for automobiles. The difference for rolling vehicles is
marginally statistically different (0.10 level). This is preliminary evidence against the hypothesis
that bicycles require longer gaps than automobiles. However, as discussed earlier for similar
results found in limited studies by Smith (1976) and Opiela et al. (1980) this could be due to the
fact that auto speeds are very low. It also may also be attributed partly to the familiarity of the
cyclists with the intersections under study or that most of the cyclists are college students and are
at a risk-taking time in their lives. In addition, bicyclists around college campuses may feel overly
protected (compared to their feelings in other environments), because of special treatment or
large numbers. Finally, cyclists may take advantage of the fact that on streets with wide lanes,
they can pause in the middle of the street much as pedestrians do on a median when crossing
wide streets. Even if this result is true for the study intersections and cycling sample, it may not
apply to all intersections or cyclists.

Though not significantly different, the lower mean critical gap for rolling bicycles (versus
rolling automobiles) making lateral right-turns may be due to the presence of a bikelane or other
free space in which to turn. Finally, the higher mean critical gap for frontal left-turning cyclists

relative to motorists is expected (and significantly different at a 0.10 level). This difference may be

magnified (or caused) by the subset of cyclists who turn left from the right side of the lane.

Results of the significance tests may be due only to the low number of observations. Also,
only the seven comparable segment pairs were tested. For example, there is no good reason to
test the diffe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>