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ABSTRACT

Currently, Right-Turn-on-Red (RTOR) is a common practice of improving the
performance of right-turn vehicles at signalized intersections in the United States. Issues
reiéted to RTOR maneuver are met extensively in the operational process of signaliiéd
intersections. However, under given traffic, signal conditions and geometric
configuration, there have been no universal guidelines for describing major parameters of
RTOR operations and estimating RTOR capacity. In this research, efforts were made to
define the characteristics and major parameters of RTOR movement at signalized
intersections. Based on the literature revicw of pertinent studies on RTOR, both
mathematical modeling and simulation approach were employed to study the
characteristics of RTOR maneuver, and the relations between RTOR vehicles and other
variables of traffic, signal and intersection configuration. With applications of traffic flow
theory, statistical methods and the TEXAS simulation model, values of the major RTOR
parameters were identified in this study. Approaches for predicting RTOR capacity and
assessing RTOR operations were proposed under various traffic, signal and geometric
conditions. Applications of the key findings resulted from this study were demonstrated

and recommendations for future work on RTOR were also presented in the dissertation.
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CHAPTER 1

INTRODUCTION

1.1  Problem Definition

Signalized intersections are potential bottlenecks in an urban transportation
network. Improving the operating efficiency at signalized intersections has become an
urgent issue because streets are becoming more and more crowded. As one of the
measures of improving intersection operations, right-turn-on-red (RTOR) has been a
common practice at signalized intersections in the United States.

Numerous studies conducted on the impact of the implementation of RTOR call
an attention to the evaluation of RTOR operations and capacity. These studies are
reviewed in the next chapter. The findings of these studies suggest that RTOR can
provide significant savings in vehicle delay and fuel consumption [4, 5, 6, 28], and
considerably increase the capacity for right-turn movements without modifications to
signal timing or intersection geometry [12]. However, no record in the literature shows
that a universal guideline has been developed for the impact evaluation and capacity
prediction of RTOR operations.

As the most authoritative document on capacity analysis, the 1985 Highway
Capacity Manual [10] provides a guideline for the operational evaluations at signalized
intersections. This guideline, however, is limited in assessing RTOR operations and

capacity. The existing procedure requires users to identify the number of vehicles making
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RTOR before the analysis is performed. For a given approach at an intersection, the right-
turn volume is then reduced by the pre-determined RTOR volume in the capacity
analysis. RTOR volume may be determined from field observations for the operational
analysis of an existing intersection. However, the information on the maximum number
of RTOR vehicles which can be handled at an intersection is not available in most cases.
This situation has led to a need for an extensive study on the capacity implications of
RTOR at signalized intersections.

RTOR occurrence is related to various factors which can be categorized as
follows:

1. characteristics of signalized intcrsections, such as: lane allocation, sight
distance, signal timing scheme, and intersection location;

2. characteristics of traffic flow, such as: conflicting traffic volume and arrival
distribution, right-turn volume, and pedestrians demand;

3. characteristics of RTOR drivers, such as: gap acceptance, driving skill, trip
purpose, age and sex, etc.

RTOR capacity and operational performance vary as the factors of traffic,
geometry and signal timing scheme change at an intersection. The question arises as how

these factors affect RTOR operations and capacity.
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1.2 Objectives

This study is mainly concerned with the RTOR capacity at signalized
intersections. RTOR capacity is pertinent to RTOR operational performance which are
determined by traffic, signal and geometry conditions as well as by driver behavior at an
intersection. Limited by time and resources, only the most critical influential factors were
addressed in the study. For example, exclusive and shared right-turn lane cases were
considered separately as the lane allocation for right-turning movement is critical to
RTOR capacity. The characteristics of driver behavior were modeled by the three driver
types which partially reflect drivers’ age, sex, and driving skill.

The degree of saturation of the conflicting through traffic determines the
availability of the red signal time for RTOR movement in cross street, and therefore
determines the capacity of RTOR in the crossed approach. Thus, several effectiveness
measures were established to identify RTOR capacity and critical parameters under
various traffic situations.

Arrival distribution of the conflicting traffic affects the RTOR capacity. For
example, if a conflicting traffic has platoon arrivals and good progression, a shorter time
duration will be needed for queue discharging at the beginning of the green phase in cross
street. This may allow more RTOR maneuvers occurring at the beginning of the green
phase in cross street but less acceptable gaps will be available for RTOR vehicles during

the same phase. Similarly, the arrival distribution of right-turning traffic also influences
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the RTOR capacity in a shared lane case. The influences of arrival distribution are
addressed in the later chapters.

It is rational to assume that the RTOR capacity is more likely if the approach has
a longer red signal phase. This statement implies that signal timing scheme has certain
influence on RTOR capacity. To identify such an influence, the effects of signal cycle
length and cycle split were addressed in this study.

In addition, a new approach of predicting the RTOR capacity was developed.
With the results provided from this rescarch, traftic practitioners would be able to
evaluate the RTOR operations and its impact on signalized intersection capacity.

More specifically, the research was proposed to focus on the following three
aspects:

1. to study the major parameters significant to RTOR maneuver;

2. to define the RTOR capacity of an exclusive and shared lanes;

3. to provide the application procedurcs for the key findings of the study.

1.3  Limitations

As discussed previously, RTOR capacity is relative to many factors. Due to the
limitations of time and resources, some of the factors were not analyzed in the study. For
example, the influence of intersection location on RTOR capacity was not addressed as
the study focused on an isolated signalized intersection and the impact of adjacent

intersections can be reflected by traffic arrival distributions. The effect of sight distance
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was not analyzed separately as it is determinced by given intersection geometry. Similarly,
no evaluation was made on the interactions between pedestrians and RTOR vehicles as

no existing model was found capable enough to reflect such a complicated situation.
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CHAPTER 2

LITERATURE REVIEW

Many scholars and traffic practitioners have contributed to the current
understanding on RTOR. A literature search was L‘mdertaken to build the body of
information on the pertinent work performed on RTOR operations and evaluation.
Although RTOR capacity is the core of the study, the operational characteristics of RTOR
vehicles are pertinent to RTOR capacity. In this chapter, previous research on RTOR

applications, safety, operations and capacity is summarized.

2.1  RTOR Rules and Applications

The rules of RTOR govern the turn restriction range from the generally permitted
condition to the generally prohibited condition. The permissive rule allows drivers to
make RTOR after stopping and yielding to conflicting vehicles and pedestrians unless a
sign prohibits the maneuver. The prohibitive rule does not allow drivers make RTOR
unless a sign explicitly allows the turn.

The application of RTOR dates back as far as 1924 when New York City first
adopted the permissive rule as part of the city’s traffic regulations. The city dropped the
practice of permissive rule and replaced it with prohibitive rule in 1937. In the same year,
the state of California adopted the permissive rule. Following California’s lead, there was

a proliferation of the application of permissive rule in the western states. The permissive
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rule became known as “western rule”. Similarly, the prohibitive rule has been referred as
“eastern rule” since it was frequently found in the eastern half of the country [13].

The use of RTOR grew slowly in its early stage primarily because of the concern
over the safety issues. In 1975, the U. S. Congress passed the Energy Policy and
Conservation Act [7] which required each state to develop an energy conservation policy.
To be eligible for federal assistance, each state plan had to include certain features and
RTOR traffic law was one of them. The law was passed in every state without exception.
The National Committee on Uniform Traffic Laws and Ordinances approved a change in
the Uniform Vehicle Code to permit RTOR unless a sign is in place prohibiting such
turns [13]. Under this guideline, each statc could adopt either the permissive or
prohibitive RTOR rule which is applicable for that state.

In a state where permissive RTOR rule is a common practice at signalized
intersections, traffic and/or geometric conditions may require the prohibition of RTOR at
some locations. The Manual on Uniform Traffic Control Devices (MUTCD) [22]
suggests a “NO TURN ON RED” sign be considered if one or more of the following
conditions exist at a signalized intersection:

1. Sight distance to vehicles approaching from the left (or right, if applicable) is
inadequate.

2. The intersection area has geometric or operational characteristics which may
result in unexpected conflicts.

3. There is an exclusive pedestrian phasc.
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4. Significant pedestrian conflicts arc resulting from RTOR maneuvers.

5. More than three RTOR accidents per year have been identified for a particular
approach.

6. There is a significant crossing activity by children, elderly, or handicapped

people.

2.2  Benefits of RTOR Implementation

Many studies in the literature discussed the benefits associated with RTOR
implementation. The savings in time and energy were found as the most significant
advantages of RTOR. To allow RTOR also brings many other benefits, such as: increased
traffic capacity and improved level of service at signalized intersections, diminished need
for construction-related intersection capacity enhancement, smoother traffic flow on
roadway system, and reduced driver frustration. To address the major benefits of RTOR
implementation, the findings in time savings and environmental impact are reviewed

briefly in this section.

2.2.1 Time Savings

The most positive advantage relative to RTOR operations is the savings in both
vehicle delay and travel time. As a minimum, the time savings in vehicle delay occurred
to the right-turning driver at the head of a queue is equal to the time remaining on the

phase. Other vehicles back in the queue can also receive reductions in delay. Several
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studies had been performed and found that RTOR did provide right-turning drivers
significant time savings during peak periods as well as off-peak periods. For example,
Ray's analysis [29] showed that the average time saved per RTOR vehicle ranged from
6.1 to 21.0 seconds per cycle. As shown in Figure 2.1, he also found a strong relationship
between the amount of time saved by each RTOR vehicle and the length of red phase. To
determine the savings of travel time derived {rom RTOR operation, Ray conducted a field
study in the central business district of Berkcley, California. The study involved driving
through a 14-intersection circuit and twenty-four trips were made during the peak and off-
peak periods. At half of these intersections. right-turns were made only during green
phase, and at the other half of the intersections. right-turns were made on red indication
when gaps were available. The study suggested a 7% savings in travel time occurred with
an average savings of 0.16 minutes for the off-peak trips. The savings of travel time
during peak hour was 10% with the average savings of 0.13 minutes. Similarly, Chang
and others [4, 5] also reported a 12% decrease in travel time after the implementation of
RTOR in downtown Detroit.
The usage of RTOR and the delay savings for an average right-turner were also be
categorized by land use type. In a CBD area, RTOR usage is 12% with a 9% savings in
. delay. In an u;ban arca, RTOR usage is about 18% with a 31% savings in delay. In a rural
area, RTOR usage is 28% and the savings in dclay is about 39% for an average right-

turner [25].
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Another aspect of RTOR delay is that resulting from pedestrians and RTOR
vehicle interactions. Conflict with pedestrians may negate a potential RTOR maneuver
even though there is an acceptable gap in the conflicting traffic. This results in a
reduction in potential time savings for RTOR motorists. On the other hand, an aggressive
driver making a RTOR may cause delay to pedestrians crossing the intersection legally
during a green or walk phase. Ray collected data on delay imposed by pedestrians on
RTOR vehicles in his study [29]. He found that the average delay to the stopped RTOR
vehicles was 0.06 second which was less than the 0.08 second delay imposed on vehicles
making right turn on green. The interactions between pedestrians and RTOR vehicles

contributed to such a difference in delay.

2.2.2 Environmental Impact

The positive environmental impacts ol RTOR have been proven by many scholars
and professionals. Most of the studies focuscd on fuel savings and consumption, air
pollution, and reduction in exhaust emission by RTOR vehicles. Estimates of the
environmental benefits may vary widely depending on the assumptions made by
investigators and the environmental conditions under which the study was conducted.
Chang et al. [4, 5] reported a 6% decrease in fuel consumption. Lieberman [18] made a
comparison of a signal system between the cascs with and without RTOR. He found a 4%
decrease in fuel consumption and a 6% reduction in emissions. Clark et al. [6]

investigated the overall environmental impacts of implementing RTOR in South Carolina
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and Alabama. With approximately 1800 signalized intersections and 90% of the
intersections permit RTOR, Clark and others estimated that South Carolina would save
2.7 million gallons of fuel annually with a tremendous reductions in emissions: 5047 tons

of carbon monoxide, 332 tons of hydrocarbons and 104 tons of nitrogen oxides.

2.3 RTOR Accident Experience

The major disadvantage of RTOR is the potential increase in the number of
accidents involving both pedestrians and vehicles at signalized intersections. Generally
speaking, there are six types of accidents associated with RTOR operations [26]:

1. Cross traffic collision is tiie most common type of RTOR accident and occurs
when a RTOR vehicle collides with a vehicle moving on green phase in cross street.

2. Opposing left-turn collision is another frequent type of RTOR accident and
involves a RTOR vehicle and a vehicle making left-turn vehicle from the opposite
approach during a left-turn phase.

3. Rear end collision may occur between two RTOR vehicles when one of them in
the process of making a RTOR stops abruptly.

4, Pedestrian conflicts is a type of accident in which a RTOR vehicle hit a
pedestrian crossing an intersection legally during a green phase.

5. Two RTOR vehicles sideswipe is the type of accident which could happen
when two vehicles collided while making RTOR simultaneously from a dual right-turn

lane.
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6. A rear end collision may also occur between two through vehicles in the cross
street when one of them avoid hitting a RTOR vehicle and stops abruptly.

The safety issue has been a controversial topic since the implementation of the
RTOR law. Numerous studies were conducted during the 1970°s and contributed
significantly to the current understanding on RTOR safety. These studies can be
categorized into two groups which present opposite opinions on the safety issue relative
to RTOR maneuver.

McGee performed an accident analysis consisting of six separate studies
conducted in the states of Virginia and Colorado, and the cities of Denver, Dallas,
Chicago, and Los Angeles [24]. He found that RTOR accidents were very infrequent. At
the intersections permitting RTOR under the permissive rule, the percentage of RTOR
accidents to the total accidents occurring ranged from 0.4% to 3.0% with a weighted
average of 0.61%. At the three locations under the prohibitive rule, the percentage of
RTOR accidents to the total accidents occurring ranged from 2.7% to 3.3% with a
weighted average of 2.95%. McGee’s study also reported that the RTOR related accidents

were less severe than the average intersection accident as shown in Table 2.1.
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Table 2.1: RTOR Injury Accidents Versus All Intersection Injury Accidents

Total Intersection  Injury Total RTOR Injury
Study Intersection  Injury Accident RTOR Injury Accident
Accidents Accidents Percentage Accidents Accidents Percentage

Area ( each) (each) (%) (each)  (each) (%)
Colorado 35510 7870 22 80 11 14
Denver 7431 1555 21 50 2 4
Los Angeles 42424 22474 53 287 143 50
Virginia 478 86 18 16 1 6

( Source: [24])

Galin questioned the credibility of using the percentage of RTOR accidents over
total accidents at an intersection to evaluate the significance of RTOR safety [8]. He
suggested the uses of RTOR accident rate and RTOR utilization rate in a RTOR safety
analysis. RTOR accident rate was defined as a percentage of RTOR accidents over the
total right-turn accidents. RTOR utilization rate was defined as the percentage of RTOR
movements over the total right-turn movements. Using McGee’s data, Galin found that
RTOR was more dangerous than right turn on green and there was a trend towards an
increase in both intersection accidents and right-turn accidents after RTOR was

implemented.
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2.4  RTOR Operations and Capacity

The informational report by ITE Technical Council Committee provides the most
recent development on RTOR operations study [12]. Findings of the report were based on
the field observations at 50 urban and rural intersection approaches in five states:
Michigan, Florida, Maryland, Connecticut, and Arizona. Operational parameters such as
conflicts of making RTOR, degree of stopping, conditions of not making RTOR were
defined in the report. Four types of conflicts werc observed, and it was interesting to find
that the conflicts between RTOR vehicles and pedestrians were less than 5%. The
majority (66.3%) of the RTOR were made when there were no conflicts with both
crossing traffic and pedestrian flow. The committee also reported that 59.6% of the
RTOR vehicles stopped completely before making the turns, among them 31.5%
voluntarily stopped and 28.1% were forced to stop. Four major conditions for not making

RTOR were identified in the report and are shown in Table 2.2.

Table 2.2: Conditions of not Making Right-Turn-on-Red

Condition Frequency Percent
(veh.) (%)
Chose not to Make RTOR 253 12.6
Blocked by Vehicles Ahead in Line 1167 58.1
Blocked by Cross Street Traflic 431 21.5
Blocked by Pedestrian Conflict 156 7.8
Total 2007 100

( Source: [12])
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Another important operational parameter for RTOR is the gap acceptance. Few
studies dealing directly with this subject can be found in the RTOR literature. Betz et al.
[2] investigated the vehicle performance under the permissive RTOR rule in 1966. They
collected RTOR gap acceptance data using time lapse photography at seven intersections
in the state of Arizona. As shown in Figure 2.2, 6.6 seconds was found as the critical gap
size that would have an equal chance of acceptance or rejection by an average driver
demanding a RTOR.

As Betz’s data revealed, many drivers were unaware of the Arizona’s permissive
RTOR law. Therefore, they conducted a before-and-after study to ascertain how the
introduction of a “RIGHT TURN ON RED AFTER STOP” sign would improve the
utilization of RTOR. As shown in Figure 2.3, the use of the information sign significantly
improved the acceptance of RTOR law for both in-state and out-of-state drivers.

With about 40% of the right-turn demand making the turns during red signal
phases, RTOR provided significant capacity increases for right-turn movements without
modifications to signal timing or intersection geometry [12]. However, the literature
addressing RTOR capacity is very meager with only few studies that can be found on this
subject. A recent study dealing with this subject, Luh and Lu [21] proposed an approach
to RTOR capacity computations using the Highway Capacity Manual (HCM) [10]. Luh
and Lu suggested that the operational characteristics were similar between RTOR at a
signalized intersection and the right-turns from a minor street at a stop-sign-controlled

intersection. To compare the potential capacities of these two types of right turns, they
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conducted a simulation evaluation using TRAF-NETSIM. Based on the results shown in
Figure 2.4, Luh and Lu concluded that the RTOR behavior in unsaturated red time is
similar to that of stop-sign-controlled right turns. Thus, the capacity computation method
for stop-sign-controlled right turns in chapter 10 of the Highway Capacity Manual [10]
was proposed to be used in RTOR capacity estimation.

Generally speaking, lane allocation for right-turning movement is critical to
RTOR capacity. Shared and exclusive right-turn lanes result in different opportunities for
RTOR drivers and should be considered separately. Luh and Lu argued that for a shared
right-turn lane, RTOR opportunities could only be utilized by the leading right-turning
vehicles arriving before a through or left-turning vehicle. They then concluded that the
RTOR capacity from a shared lane was the smaller value of the RTOR opportunities and
the number of leading right-turning vehicles in each phase. With a similar approach but
different formula, McShane et al. [26] proposed a probability approach for the estimation.
The use of the following equations was suggested in estimating RTOR capacity of a

shared right-turn lane:

P(n)=p"(1-p), n20 2-1)

E(n) = 1—_”—}; 2-2)
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where:

P(n) is the probability that » vehicles can make RTOR in the same cycle;
p is the percentage of right-turn demand in a shared lane;

n is a positive integer;

E(n) is the expected number of RTOR vehicles in a shared lane queue.

2.5 A Brief Review on Existing Traffic Simulation Models

As part of the literature review, the efforts were also made to review the major
traffic simulation models currently under application in the field of traffic engineering.
The findings of the review are briefly summarized as follows:

1. No specific concern to RTOR movements can be found from the PASSER II
[3] and the TRAF-NETSIM [32].

2. One can specify the lane control of "signal with right-turn-on-red” to simulate
RTOR movements in the TEXAS Model [30], but there is no automatic tabulation on the
number of RTOR vehicles processed during a simulation.

3. With the difference in coding, the RTOR vehicles can be modeled similarly to
permitted plus protected left turns in the TRANSYT-7F [33], but RTOR from a shared
lane can not be modeled at all in this program.

4. Although the HCS [11] can consider the RTOR from both exclusive and shared

right-turn lane, it does not have the capability of estimating the number of RTOR
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occurrences based on the total traffic volume and total right-turn volume at an
intersection.

With the guidelines in the 1985 Highway Capacity Manual [10], an analyst can
evaluate the capacity of a given intersection or a given lane group. However, the RTOR
volumes for individual approaches have to be determined prior to the capacity analysis.
The review on the RTOR literature indicates that more data and studies are needed to

gain better understandings on the characteristics of RTOR operations and capacity.
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CHAPTER 3

ANALYTICAL APPROACH AND EXPERIMENTAL DESIGN

3.1  Selection of Analytical Approach

The three fundamental approaches for studying traffic operations broblems are
field observation, mathematical modeling, and computer simulation [14]. Among them,
field observation can provide the on-line information about traffic operations at a specific
site during the observing period, and mathematical modeling can give analytic solutions
to the question of interest. However, most real world problems are too costly to be
defined by field observations, and too complex to allow realistic models to be evaluated
analytically.

A RTOR study belongs in this category simply because of the existence of various
influencing factors, such as, traffic condition, driver behavior, geometric configuration,
and signal timing scheme. As a technique, computer simulation is the one most widely
used in operations research and management science. It provides many advantages over
the other two approaches. In fact, computer simulation has been found to be a useful and
powerful tool for designing and operating transportation facilities by many researchers
and professionals. Computer simulation has been selected as the analytical approach for
this study, which makes it possible to conduct a comprehensive evaluation of RTOR for a

variety of traffic, signal conditions and intersection configurations.
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3.2  Selection of Simulation Model

The traffic flow through a signalized intersection is a dynamic and complex
.system involving many interrelated factors. It is desired to use a microscopic computer
simulation model because the evaluation of the effects of RTOR on intersection
operations requires a very detailed level of analysis. Based on a brief review of several
existing traffic simulation models, the Traffic EXperimental and Analytical Simulation
(TEXAS) model was chosen for the study. Developed by the University of Texas at
Austin, the TEXAS model is perhaps the most microscopic simulation program for
isolated intersections. It offers the advantage of a "controlled" testing environment and
leaves most parameters to analysts as required input. These parameters can be optionally
changed from the developer-supplied default values or user specified values. This feature
allows fine calibration of the model so it can replicate real world conditions as accurately
as possible.

Designed to evaluate isolated intersections operating under various type of
control, the first version of the TEXAS model was released in the late 1970's [15]. It
required a mainframe computer environment with extensive data input and output on
punch cards and magnetic tape. Extensive data input, including the coordinates of vehicle
paths, had to be calculated and coded individually. In 1986, version 2.0 of the TEXAS
model was released. It offered the flexibility of running the model on either a mainframe
computer or an IBM, or IBM compatible, microcomputer. This version simplified the

data input through an interactive format and incorporated an animated graphics screen
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display for viewing the simulation process. Version 3.0 of the TEXAS model has been
available since 1991. This latest release features the ability to simulate the operations at
diamond interchanges. It also has an improved output display and enhanced animation
graphics. The TEXAS model version 3.0 was used to examine the RTOR operations and

capacity in this study.

3.3  Structure of the TEXAS Model

In the TEXAS model, each driver-vehicle unit is treated separately throughout the
simulation period. At selected time intervals, the program calculates the desired speed,
actual speed, rate of acceleration or deceleration, destination, current position, relative
position and velocity of adjacent vehicles, critical distances which must be maintained,
sight distance, and the location and status of traffic control devices. The model works on
the concept of a simulated driver who is provided with this information and reacts by (1)
accelerating, (2) decelerating, (3) maintaining current speed, or (4) changing lanes. The
simulated drivers make decisions based on a priority logic under the premise that they
want to maintain a desired speed, but will also obey traffic laws to ensure safety and
comfort [16].

The TEXAS model simulates this complicated scenario through three primary
processors: geometry processor (GEOPRO), driver-vehicle processor (DVPRO), and
traffic simulation processor (SIMPRO). As one of the two pre-simulation processors,

GEOPRO calculates vehicle paths, identifies the points of conflict between intersection
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paths and the minimum available sight distance. GEOPRO requires the input of approach
data and lane information. DVPRO, another pre-simulation processor, creates random
driver-vehicle pairs to be simulated. Each of these pairs is randomly assigned a driver
class, vehicle class, and the sequential order in which it will enter the simulated
intersection. The input requirements for this processor include vehicular volume, number
of driver and vehicle classes, mean and 85th percentile speed, turning percentages,
minimum headway, and headway distribution. All these parameters must be specified for
each leg of the intersection under study. SIMPRO simulates the traffic behavior of each
driver-vehicle pair according to the momentary surrounding conditions including any
traffic control device indications which might be applicable. It also tallies a large
selection of performance statistics as output of the simulation. The data input
requirements for SIMPRO include warm-up time, length of simulation time, time
increment for simulation, parameters for the car following equations, type of intersection

control, and the information about signal phasing and timing.

3.4  Experimental Design

It is important at this point to consider the experimental design as this greatly
influences the choice of the proper technique for data analysis. Experimental design is the
sequence of steps initially taken to insure that the data will be obtained in such a way that
its analysis will lead immediately to valid statistical inferences. The design should be as

simple as possible and consistent with the requirements of the problem. Because a
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simulation is a computer-based statistical sampling experiment, appropriate statistical
techniques must be used in processing the experiments and analyzing the simulation
output. With a statistically designed experiment frame, a maximum amount of relevant
information can be available for a minimum expenditure of time and resources.

The options available in designing and analyzing simulation experiments depend
on the type of simulation at hand. Simulations may be either terminating or non-
terminating, depending on if there is a "natural” event that specifies the length of each
simulation run. A simulation for a particular system might also be either terminating or
non-terminating depending upon the objectives of the simulation. In the case of this
study, the traffic operation system at a signalized intersection is not a qualified
terminating simulation because the operation is essentially a continuous process, with the
ending conditions for a precedent period of time being the initial conditions for the
succeeding period of time. However, some of the general techniques for non-terminating
simulation do not directly apply to the study because of the time limitations in the
TEXAS model.

Basically, the experimental design for a simulation study involves such issues as
length of the warm-up period, duration of a simulation run, and number of independent
replications for each alternative. Brief discussions on these issues are given in the

following subsections.
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3.4.1 Warm-Up Period
Assume that a non-terminating traffic operation simulation, started with an empty
system, has been run for a certain period of time m. Let ¥, 1,, ..., ¥, be an output from a

single simulation run. Suppose that:

P sy)=F()>F()=P(Y<y) asi—> o @3-1)

where:

Y is the steady-state random variable of interest with a distribution function of F;
Y, is the ith realization of the random variable Y;

y is the value of the random variable Y in a specific situation;

P(Y, <y) is the probability that Y, is less than or equal to y;

E(Y) is the value of the distribution function given that ¥, =Y.

Then, the estimated steady-state mean p = E(Y) is generally defined as :

p = lim E(¥) (3-2)

where E(Y)) represents the expectation of Y.
Thus, the transient means converge to the steady-state mean. The most serious
consequence of the problem of initial transient is probably that E[Y (m)]# p for any m.

The technique most often suggested for dealing with this problem is called warming up
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the model or initial-data deletion [14]. The idea is to delete some number of observations
from the beginning of a run and to use only the remaining observations to estimate p. For
example, given the observations ¥, Y;, ..., Y, it is often suggested to use the ¥ (m,k)

defined by Eq.(3-3) as an estimate of p1. Here,

m

Fomk)= 3 —— (3-3)

Sam=k

where k is the warm-up period and 1 < k< m-1.

In general, Y (m,k) is less biased than ¥ (m), because the observations near the
"beginning" of a simulation run may not be very representative of steady-state behavior
due to the choice of initial conditions. It is desired to pick a warm-up period & such that
E[Y(m,k)]~p. The question is how to choose k? If k is chosen too small, then
E[Y (m, k)] may be significantly different from p. On the other hand, if k is chosen larger
than necessary, then some valid realizations will be wasted and the expanse of getting

enough samples will increase greatly.

3.4.2 Simulation Time
Because of the effects of initial conditions on the outcomes of a simulation, it is
expected that the steady-state system performance starts to occur after a certain period of

running time. As the simulation process goes on, the variance of the estimated
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performance measure decreases and will reach an acceptable level at some point of time.
This nature of a simulation process can be seen from Figure 3.1 which provides an
intuitive picture of the variance of a performance measure in a traffic simulation system.
As discussed in the previous subsection, the simulation time m has to be greater than the
warm-up period k. The question is how large m should be in order to get enough
representative observations with the minimum use of resources. To select a reasonable
value for m is not trivial because any extreme value (i.e., too small or too big) can bring
in some serious problems to a simulation. For example, a small m may not be able to
provide enough representative samples for the system, and a large m, on the other hand,

could result in the waste of time and resources.

3.4.3 Number of Replications

A very common mode of operation in many simulation studies is to make a single
run of somewhat arbitrary length, and then to treat the resulting simulation estimates as
the "true" model characteristics. These estimates are just particular realizations of random
variables that may have large variances because random samples from probability
distributions are typically used in simulation study. As a result, the estimates resulted in a
particular simulation run could differ greatly from the corresponding true characteristics
of the system. As shown in Table 3.1 and Figure 3.2, the estimated total right-turn
volume from any one of the replications varies randomly even though the same initial

conditions and simulation parameters were used in each run. But the average estimate
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Table 3.1: Right-Turn Volume Generated from Single Simulation Run

Simula. Run Run Run Run Run Run Ave.1-6
Time One Two Three Four Five Six Runs

(min) | (ph) | (ph) | Oph) | Gph) | Oph) | Oph) | (ph)
10 432 | 336 384 372 372 360 376

15 400 384 416 - 392 396 372 393

20 429 375 396 384 363 366 386
25 394 382 399 416 403 360 392
30 410 402 386 414 388 382 397

35 410 402 386 414 388 382 397

40 382 404 405 410 417 390 401

45 394 370 388 395 384 394 388

50 385 381 393 392 384 376 385

55 391 366 392 398 374 380 384

60 381 382 384 385 396 379 385

from all of the runs appears to have less variance and more stable performance as the
simulation time increases. The question is whether it can be proven that the average
estimate from different simulation runs is unbiased.

Let X,, X,, ... be an output of a stochastic system from a single simulation run.
The X's are random variables that are neither independent nor identically distributed.
Thus, most of the statistical formulas can not be applied directly here. Assume that x,,,
X|35 -5 Xy, 1S @ realization of the random variables X, X, ..., X,, resulting from making

a simulation run of length m using the random numbers u,,, u,,, ......, where the ith
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random number used in the jth run is denoted as p ,. A different realization x,,, xy, ...,
x,,, of the random variables X, X, ..., X,, can be obtained from the second simulation
run by using a different set of random numbers u,,, u,,, ...... Suppose that the statistical
counters are reset at the beginning of each replication, where the statistical counter is a
memory unit in a computer to be assigned to record the values of x; during a simulation
process. The » independent simulation runs of length m result in the following

observations:

Xis Xpas ees Xy,

Yo Xpps e Xy

Xp1s Xpas eees X

Obviously, the observations from a row (i.e.,, same simulation run) are not
identically and independently distributed (IID). But those from a column (i.e., different

simulation runs) are IID observations of the random variable X, fori =1, 2, ..., m. Thus,

Xi/ . . .
X,(n) = Z'j;] % is an unbiased estimate of E(X).
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3.4.4 Methodology and Experiments

Based on the concepts discussed in the previous subsections, experiments were
conducted to determine the simulation parameters such as warm-up period &, simulation
time m, and number of replications n.

There are several approaches available to cope with the problems of unstable
behavior in a simulation system. The methods of replication/deletion, batch means,
regeneration, and spectrum analysis can be found in various applications. Among them,
the replication/deletion method is perhaps the most popular one and will be adopted in
this study. The details about the other three methods can be found in [14].

The procedures of the replication/deletion method are as follows:

1. Make » pilot runs with length m to find out the warm-up period £;

2. Estimate simulation time ¢ which is needed in order to get enough observations

for the defined performance measures;

3. Set the total length of simulationtom' =k +1¢;

4. Make »' new runs with length of m';

5. Delete the observations made in time period [0, £];

6. Calculate the performance measures and their confidence intervals based on

the observations made during the time period of [k, m'].

Let X, be the jth statistics observed in the ith run, where 1 <i<n',and 1 <j<m'".

Then, the most important statistical measures for the observations can be computed using

the following formulas:
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1. the sample mean for the ith run

5 il le’/’ (3-4)
m J=k+1
2. the grand sample mean for »’ runs
- n )?,
X(m)=2." (3-5)
i=1
3. the sample variance for »’ runs
2 X - ‘?)2
S2(n)y=Q) ——=— 3-6
=205 (3-8}
4. the (1-a) percent confidence interval for population mean p is
= S(n")
X(n)+t (3-7)

n'—],l—% '\/;

In order to examine the nature of the steady-state for the right-turning vehicles in

the traffic system being studied, the "right-turning volume processed" was identified as
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the performance measure in the experiments. In the TEXAS model, the warm-up period £
and total length of simulation time m' are bounded respectively by the ranges of 2 to 5
and 12 to 65 minutes. To find the reasonable values for k, m' and n', a number of
independent runs were conducted under the common traffic conditions with the warm-up
period, number of replications and length of simulation as the independent variables. In
order to minimize the effects of geometry and turning movements on intersection
operations, a standard 4X4 signalized intersection (Figure 3.3) with exclusive right-turn
and left-turn lanes was selected as the test configuration. The traffic conditions and
geometric parameters were held constant for all the pilot runs.

To choose the value of warm-up period £, four test levels were designed, ranging
from 2 to 5 minutes with an interval of 1 minute. Nine independent replications were
made for each test level. The results are shown in Table 3.2 and Table 3.3. Because the
case of k£ =4 minutes has the smallest standard deviation, the best choice of the warm-up
period would be 4 minutes. In order to get more detailed information on the relationships
between warm-up period and system behavior, it was intended to test the effects of £ with
a smaller increment. However, the outcome was not encouraging because the warm-up
period k has an integer format in the TEXAS model.

Due to the large number of runs required for the study, a shorter simulation time
and lesser replications are desired for reasons of practicality. Thus, the minimum values
for length of run and number of replications will be selected as long as the results can be

obtained with a certain level of precision. Corresponding to the variables of m' and »’,
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Simulation | Vol. Processed | Vol. Processed | Vol. Processed | Vol. Processed
Run fork=2min. | fork=3min | fork=4 min. for k=5 min.
(vph) (ph) (vph) (vph)
1 398.2 378.5 392.7 390.5
2 3752 372.0 3829 364.4
3 399.3 387.2 391.7 391.6
4 380.7 391.7 401.4 398.2
5 396.0 389.5 391.6 374.2
6 385.1 393.9 389.5 379.6
7 382.9 402.5 387.3 379.6
8 399.3 390.6 385.1 405.9
9 402.6 393.8 392.7 393.7
Table 3.3: Statistical Analysis on the Data in Table 3.2
Warm-Up Sample Median Trimmed Standard S.E.
Time £ Mean Mean Deviation Mean
(min.) (veh.) (veh.) (veh.) (veh.) (veh.)
2 391.03 396.00 391.03 10.03 3.34
3 388.86 390.60 388.86 8.96 2.99
4 390.54 391.60 390.54 5.35 1.78
5 386.41 390.50 386.41 12.95 432
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eleven test groups were defined for m' from 14 to 64 minutes (including 4 minutes of
warm-up period) with an increment of 5 minutes. Each group contains nine independent
test levels with »n' = 1, 2, ... 9. The sample means were calculated based on the output
from individual simulation runs. The results for four out of the nine levels are shown in
Table 3.4 for 6 < n' £ 9. As shown in'Figure 3.4, the performance measure tends to a
steady-state as the simulation time exceeds 45 minutes. The statistical data analysis
shown in Table 3.5 indicates that less variance can be found in sample mean, standard
deviation and standard error of mean when n > 8.

To test the stability of the estimated performance measure under various traffic
volume levels, further experiments were carried out for the alternative of #' = 8 runs and
m' = 49 minutes. Ten test groups ranging from 14 to 59 minutes were defined with an
interval of 5 minutes. Considering that right-turning vehicle behavior will be more critical
when the level of service (LOS) on the crossing street is D or worse, the Highway
Capacity Software (HCS) [11] was used to rate the critical crossing volume for a
predetermined intersection configuration. Because the left-turning movements from an
exclusive left-turn lane in cross street have no significant influence on right-turning
vehicles, the percentage of left-turns in the crossing traffic stream was set to zero and the
exclusive left-turn lane was removed from the intersection geometry. Although a U-turn
maneuver made from the left-turn lane in cross street could affect RTOR, it is neglected
in the simulation due to the low likelihood of occurring such a turn. Eight independent

runs were made for each of the ten test groups. The outputs are given in Figure 3.5 ~



Figure 3.8. The tests provide a positive evaluation on the simulation parameters being
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discussed.
Table 3.4: Experiments on Simulation Time and Replications
Simulation | Vol. Processed | Vol. Processed | Vol. Processed | Vol. Processed
Time m’ for Run 1-6 for Run 1-7 for Run 1-8 for Run 1-9
(min.) (ph) (vph) (ph) (wph)
10 376.000 375.429 375.750 376.000
15 393.333 387.429 386.000 390.222
20 385.500 386.571 384.375 384.333
25 392.333 391.286 385.250 385.111
30 397.000 391.429 389.000 382.889
35 397.000 394.000 390.375 390.111
40 401.333 399.143 396.250 397.000
45 387.500 386.857 386.500 386.889
50 385.167 386.286 387.000 386.222
55 383.500 383.000 385.750 386.778
60 384.500 386.429 386.750 386.778
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Table 3.5: Statistical Analysis on the Data in Table 3.4

Run Sample Median Trimmed Standard S.E.
Number Mean Mean Deviation Mean
(veh.) (veh.) (veh.) (veh.) (veh.)

1-6 389.38 387.50 389.54 7.46 2.25
1-7 387.99 386.86 388.14 6.12 1.85
1-8 386.64 386.50 386.78 4.89 1.47
1-9 386.58 386.78 386.59 5.17 1.56

Therefore, it is proposed to use 8 runs of 49-minute simulation including a warm-up
period of 4 minutes in the study.
7#3.5 Validation of the Resulting Errors

Suppose that 7' independent replications of simulation have been made and let X,
be the resulting sample mean obtained from the ith run. Then, by substituting the X,'s
into Eq.(3-5), X (n') can be computed as an unbiased point estimate for the population
mean p, and an approximate 100(1-a) percent (0 < a < 1) confidence interval for p is
given by Eq.(3-7). The confidence interval constructed by using Eq.(3-7) is called the
fixed-sample-size procedure [14].

The disadvantage of the fixed-sample-size procedure based on n' replications is
that the analyst has no control over the precision of X (n'). For fixed ', the half-length

will depend on Var(X), the population variance of X,'s. Therefore, it is important to



Approach RT Vol. (Veh./Hr.)

180

170 | a Run 1 0 Run?2 . Run 3
160 .| o Run4 A Run 5 A Run 6
150 + e Run7 o Run8 —x— Ave.
140 .
130 |
Iy . O o

Q
S R LIRS N
Ol B i
100 . . © 5 © : &
90 | a
80 5 ? ; ! f = ;

Simulation Time ( Min. )

Figure 3.5:  RT Vehicle Performance for Crossing Volume 850 vph



Approch RT Vol. (Veh./Hr.)

220
210
200
190

180 |

170
160

150

140
130
120
110
100

90

80

CxXwm = 1

[ el

Figure 3.6:

om 1O

<&

Run 1 ] Run 2 . Run 3

Run 4 A Run 5 A Run 6

Run 7 o Run8 —x— Ave.
O - ] °
H “ g
g, O g * - | Q
P X A
6 Al 6 [®) )
* *
O A A
]

25 30 35 40 45 50 55 60

Simulation Time (Min.)

RT Vehicle Performance for Crossing Volume 800 vph

59



Approach RT Volume (vph)

240
230 |
220
210
200 |
190
180
170
160 |
150
140 |
130
120
110
100 o
90

X > @

o Run 4 A Run 5 A Run 6

n Run 1 ] Run 2 . Run 3

° Run 7 o Run8 —x— Ave.
A
§ . 9 . 0 g
¢ A p &S Q g X
| |

Figure 3.7:

4 < — ~+—— e —+ e

15 20 25 30 35 40 45 50 55

Simulation Time (Min.)

RT Vehicle Performance for Crossing Volume 750 vph

|
|

60



Approach RT Vol. (Veh./Hr.)

210
200
190
180
170
160
150
140
130
120
110
100

90

.

O

10

Figure 3.8:

/

n Run 1 0 Run 2 . Run 3
o Run4 A Run 5 A Run 6

. Run 7 o Run8 —x— Ave.

[
0
u e A " & b
b i O u
s . % % Ty —u—g 8 8
e ~—»1§ / D] 0 : 5 >u<
o) at " 5 0
0
2 o) A & A

*

| | 1 | | | | | |
T I T T T T T

15 20 25 30 35 40 45 50 55

Simulation Time (Min. )

RT Vehicle Performance for Crossing Volume 700 vph

60

61



62

validate the resulting errors of the estimated mean p = E(XX) given the fixed number of
replications.

Assume that oo, = 0.05 and o, = 0.10. For the output from the 8 simulation runs
of 49 minutes, the precision of the estimate mean under various crossing volumes can be
calculated using Eq.(3-7). As can be found in Table 3.6, the average sampling errors are
only 4 and 5 vehicles per hour with the confidence of 90% and 95%, respectively. In the
worst case, it is believed with a 95% confidence level that the absolute error of estimating
right-turning volume would be less than 6 vehicles per hour for the approach being
observed. Obviously, the absolute error in the estimate of RTOR vehicles would be even
smaller. It can be concluded that this level of sampling errors is acceptable to the problem
of interest. Thus, the outputs resulting from the 8 simulation runs of 49 minutes can be

considered as the representative observations of the system being studied.

3.6 Summary

The major issues relevant to the analytical approach and experimental design have
been addressed in this chapter. First of all, discussion was given to the selections of the
analytical approach and the simulation model in Sections 3.1 and 3.2. The structure of the
TEXAS model was briefly described in Section 3.3. Then, the critical simulation
parameters such as warm-up period, length of simulation, and number of replications
were addressed in Section 3.4. Discussion was also given to the methodology and

validation of the simulation.
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Table 3.6: Data Analysis on ' =8 & m' = 49 for Various Crossing Volumes
Crossing 90% Half-Length 95% Half-Length
Volume | Confidence Interval Confidence Interval

(vph) (vph) (vph) (vph) (vph)

850 [110.36-117.39] 3.51 [109.49 - 118.26 ] 4.38

800 [121.76 - 129.24 ] 3.74 [ 120.83 - 130.17 ] 4.67

750 [139.31-147.94] 4.32 [ 138.24 - 148.01 ] 5.39

700 [ 129.78 - 137.72 ] 3.97 [ 128.80 - 138.70 ] 4.95

A number of independent experiments were made to select the reasonable values

for the crucial simulation parameters. As discussed in the previous section, the sample

mean resulting from 8 independent simulation runs of 45 minutes can be used to provide

the steady-state estimate for the performance measure of interest. Each replication is

terminated after 49 minutes (including a warm-up period of 4 minutes) and is begun with

the "same" initial conditions. The independence of replications is accomplished by using

different random number seeds for each run and by resetting the statistical counters at the

beginning of each trial.
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CHAPTER 4

RTOR OPERATIONS STUDY

The general parameters of the simulation process have been identified in the
previous chapter. In order to draw reasonable conclusions from the operations simulation
on RTOR vehicles, it is also important to study the characteristics of the TEXAS model,
and the basic traffic and geometric conditions under which the simulation studies are
conducted. In this chapter, the critical vehicular features of the TEXAS model will be
briefly illustrated first. Then, discussion will be given to the factors that are significant to
RTOR maneuver. Furthermore, specifications for the operational simulation will be
outlined. Finally, a RTOR operations study will be performed and the major operational

variables for RTOR movement will be defined.

4.1 Critical Vehicular Features of the TEXAS Model

The TEXAS model was designed to simulate the general case of an isolated
intersection with a multi-leg, multi-lane configuration and with a mixed traffic. Each
driver-vehicle unit is handled separately during a simulation process. Driver response is a
function of driver-vehicular characteristics, roadway geometry, traffic control, and the
action of other driver-vehicle units in the system. It is very important to know how the
model simulates the performances of driver-vehicle units so that the operations study on

RTOR can be performed appropriately and the simulation results can be interpreted



65

correctly. For this purpose, the critical vehicular features of the TEXAS model such as
driver-vehicular characteristics, acceleration model, deceleration model, and car-
following model will be briefly illustrated. More details about the TEXAS model can be

found in [15].

4.1.1 Driver-Vehicular Characteristics

The driving task consists of receiving information from the roadway, other cars
and the environment, and of reacting to the various stimuli. Thus, the driver-vehicular
characteristics are dependent on the characteristics of human behavior and the traffic
stream. Although both the driver actions and traffic flow are highly stochastic, it is often
possible to represent stochastic data either by expected values or by worst cases. The
TEXAS model has defined 12 vehicle classes and 3 driver types to cover a wide range of
driver-vehicular characteristics. Table 4.1 provides the parameters of the ten major
vehicle classes in a traffic stream. Table 4.2 describes the additional driver characteristics
by type. The vehicle operation factor is used to characterize the relative maneuverability
of each type of vehicle. The vehicle operation factor with a value of 100 indicates the
average value of the maneuverability of all the listed vehicle types. A vehicle with a
higher operation factor has more maneuverability. The driver operation factor describes
the driver's relative aggressiveness and expected driving skill. Similar to the vehicle
operation factor, the driver operation factor with a value of 100 represents the

aggressiveness and driving skill of an average driver. The higher the driver operation
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factor, the more aggressive the driver. Both the vehicle operation factor and the driver
operation factor directly affect the maneuvers of accelerating, decelerating, and lane-
changing. The simulation model will generate each individually characterized driver-

vehicle unit as a random combination of these parameters.

Table 4.1: Driver-Vehicular Characteristics
Class1 | Class2 | Class3 | Class 4 Class 5
Item (Small | (Medium | (Large | (Mini- (Single
Car) Car) Car) Van) | Unit Truck)
Car Length (f7) 15 17 19 25 30
Vehicle Operating Factor 100 110 110 100 85
Max. Deceleration (ft/sec.’) 16 16 16 16 12
Max. Acceleration (f/sec.?) 8 9 11 8 8
Max. Velocity (fi/sec.) 150 192 200 150 160
Min. Turning Radius (f) 20 22 24 28 42
Aggressive Drivers (%) 30 35 20 25 40
Average Drivers (%) 40 35 40 50 30
Slow Drivers (%) 30 30 40 25 30
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Table 4.1: Driver-Vehicular Characteristics (Continued)
Class6 | Class7 | Class 8 | Class9 | Class 10
Item (Semi- (Full | (Recrea. | (Bus) (Sports
Trailer) | Trailer) | Vehicle) Car)
Car Length (f7) 50 55 25 35 14
Vehicle Operating Factor 80 75 90 85 115
Max. Deceieration (fi/sec.’) 12 12 12 12 16
Max. Acceleration (fi/sec.’) 7 6 6 5 14
Max. Velocity (ft/sec.) 160 150 150 125 205
Min. Turning Radius (ff) 40 45 28 28 20
Aggressive Drivers (%) 50 50 20 25 50
Average Drivers (%) 40 40 30 50 40
Slow Drivers (%) 10 10 50 25 10
Table 4.2: Additional Information of Driver Characteristics
[tem Driver Type 1 | Driver Type 2 | Driver Type 3
Aggressive Average Slow
Driver Operating Factor 110 100 85
Perception Reaction Time (sec.) 0.5 1.0 1.5
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4.1.2 Acceleration Model
A linear acceleration model has been adopted in the TEXAS model. The

equations developed for such a model are as follows:

a,=a,+st (4'1)
v, =V, +at+05st> (4-2)
I, =l+vt+ 0.5a,t* +0.167st> (4-3)
where:

a, = final acceleration in feet/sec.?;

a, = initial acceleration in feet/sec.?;
s = acceleration slope in feet/sec.®;

t = time in second;

v, = final velocity in feet/sec. ;

v, = initial velocity in feet/sec. ;

[, = final distance in feet;

/, = initial distance in feet.
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The acceleration model is applied for two cases. The first case involves
accelerating a driver-vehicle unit to some desired velocity from a stopped condition. Let
f, be the driver operation factor and v, be the desired velocity. The following statements

are true: a, =0, v, =0, and v ;= v,. Inthe TEXAS model, g, is defined as

a;,=17(32+0.08v,)f, (4-4)

Solving Eq.(4-1) and Eq.(4-2) simultaneously, it can be found that

§=— (4-5)

Therefore, a driver-vehicle unit can accelerate from a stop with an initial
acceleration given by Eq.(4-4) and an acceleration slope defined by Eq.(4-5). The driver-
vehicle unit will be at its desired speed when the acceleration reaches zero.

The second case involves accelerating a driver-vehicle unit from a non-zero initial
velocity to some desired velocity. Referring to Eq.(4-1) and Eq.(4-2), the following
statements are true: a, =0, v, = v, and v, = current speed.

Again, Eq.(4-4) relates the initial acceleration to the desired velocity, but it must
be modified to reflect the fact that the driver-vehicle unit is already moving before the

acceleration. The following equation is used to modify a;:
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a,’ =aq; (10 - L) (4'6)

vll

Solving Eq.(4-1) and Eq.(4-2) simultaneously for this case, the acceleration slope

is found as:

(4-7)

Therefore, a driver-vehicle unit can travel at a specified initial velocity, and
accelerate with an initial acceleration given by Eq.(4-4) and modified by Eq.(4-6). The
corresponding acceleration slope is defined by Eq.(4-7). The driver-vehicle unit will be at
its desired velocity when the acceleration reaches zero.

It should be noted that g, is not allowed to exceed the maximum acceleration
defined by the non-uniform acceleration theory. If the current acceleration is less than q,,
then an acceleration slope is calculated which brings the acceleration of the driver-vehicle
unit to a; within the perception-reaction time. A check will be carried out to ensure that
the acceleration slope does not exceed the maximum value for jerk which is an action of
rapidly accelerating a vehicle in a short period of time. As the velocity of a driver-vehicle
unit increases, the value of a, will decrease when desired velocity remains the same. If

the current acceleration is greater than ¢, then an acceleration slope is calculated which
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brings the acceleration to g, within one time increment, thereby ensuring that the

acceleration slope does not exceed the acceptable limits.

4.1.3 Deceleration Model
A linear deceleration model has been adopted in the TEXAS model. Similar to

Eq.(4-1) ~ Eq.(4-3), the equations developed for the model are as follows:

d,=d, +st (4-8)
v, =v,+dt+05st? 4-9)
I, =1 +vt+05d¢*+0167st’ (4-10)

where d, and d, are the final and initial deceleration in feet/sec.?, respectively.

The deceleration model is applied for decelerating a driver-vehicle unit from some
initial velocity to a complete stop. Referring to Eq.(4-8) ~ Eq.(4-10), the following

statements are true: v, =0, d, = d, ., where d_, is the maximum deceleration. Here,

max

Vi
d, . =267(-6.0- m)f,, 4-11)
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Solving Eq.(4-8) ~ Eq.(4-10) simultaneously, it can be found that

= Os(daz - dmaxz)

Vi

P (4-12)

Therefore, a driver-vehicle unit can decelerate to a stop from an initial velocity by
using the deceleration slope given by Eq.(4-12) and the maximum deceleration defined
by Eq.(4-11). The question is how far away from an intersection or a preceding vehicle
the deceleration to a stop must be initiated. The distance can be determined by

substituting Eq.(4-12) into Eq.(4-8) and Eq.(4-10):

d +2.0d
_ l =0, 42 i max _
lf ' 0 667v, (d: + dmax )2 (4 13)

It should be noted that d,_, is calculated for each driver-vehicle unit to ensure that
does not exceed the maximum deceleration rate for the vehicle. To summarize the
responses of acceleration and deceleration, a logical binary network for acceleration and

deceleration is given in Figure 4.1.
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4.1.4 Car-Following Model
Accelerating or decelerating a driver-vehicle unit in response to the action of a
leading driver-vehicle unit is called car-following. Eq.(4-14) was selected as the car-

following equation because of its superiority and flexibility. Here,

d=a v (4-14)

where:

d = deceleration in feet/sec.?;

o. = parameter for the generalized car-following equation, 0 < o < 10000;
v, = initial velocity of the driver-vehicle unit in feet/sec.;

p = parameter for the generalized car-following equation, 0.6 < u<1.0;

p = relative position of the driver-vehicle unit in feet;

A = parameter for the generalized car-following equation, 2.3 <A <4.0;

v, = relative velocity of the driver-vehicle unit in feet/sec.

If a following driver-vehicle unit is close behind the leading unit, the car-
following logic is used in lieu of the acceleration and deceleration models described in
the previous subsections. Six states of car-following have been identified in the TEXAS

model as shown in Figure 4.2.
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Case A: The leading driver-vehicle unit is going faster than the driver-vehicle unit
under examination. In this case, the relationships shown in Figure 4.2(1) are used in
determining the proper action for the following driver-vehicle unit. The key to this

diagram is the acceptable car-following distance which is defined as:

| = 17”—f— (4-15)
o

where:
I, = acceptable car-following distance in feet/sec.;
Ve = Velocity of the leading driver-vehicle unit in feet/sec.

As shown in Figure 4.2(1), three states are defined for case A:

1. If p > 1.2/,, then the following driver-vehicle unit accelerates to a desired
velocity defined by:
. p_lu
h= Ml"(m,l-o) (4-16)
Va = Viewus B 4-17)

5
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where f; is the factor used to modified the desired velocity. When p > 51, the
driver-vehicle unit is allowed to accelerate to its desired velocity v,.

2.1f 0.81, <p <1.21,, the driver-vehicle unit accelerates to Min.(v,, v,,,,). If p =
[,, then the driver-vehicle unit is‘ allowed to accelerate to v, .

3. If p < 0. 8, then the drivef-vehicle unit initials an intricate deceleration
maneuver which moves it back to the car-following distance and makes it travel at its

desired speed with zero acceleration.

Case B: The following driver-vehicle unit is going faster than the leading unit.
The relationships shown in Figure 4.2(2) are used in determining the proper action for the

following driver-vehicle unit. In this case, /, can be defined as:

/- 1.7V, +4.0v,°

4.
a 7, (4-18)

As shown in Figure 4.2(2), three states are defined for case B:

1. Ifp> 1.2

a’

then the driver-vehicle unit may accelerate to a factored desired
velocity defined by Eq.(4-16) ~ Eq.(4-17). When p > 5/, the driver-vehicle unit is
allowed to accelerate to its desired velocity v,.

2.If [, <p<121

a?

then the following driver-vehicle unit will reduce acceleration

or deceleration to zero within its driver perception-reaction time. This maneuver makes
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the following unit trail the leading unit at a steady velocity which is between /, and 1.2/,.
If p = [,, then the driver-vehicle unit is allowed to accelerate to v, .

3. If p <1

1

, then the driver-vehicle unit will decelerate according to the
generalized car-following equation.

In each of the six car-following states shown in Figure 4.2, appropriate tests are
performed in the TEXAS model to ensure that the acceleration/deceleration slope does

not exceed the tolerable limits.

4.2  Factors Significant to RTOR Operations

Although some of the traffic and geometric specifications for the study can be
determined based on the current practice of traffic engineering, it is still necessary to
discuss the critical parameters which significantly influence RTOR operations and
performance. The issues of traffic arrival distribution, signal change interval, and length

of right-turn lane will be addressed in this section.

4.2.1 Injected Headway Distribution

Headway is the time interval between the passage of successive vehicles going by
a fixed point on the roadway [31]. In this study, the injected headway is defined as the
time interval between the arrivals of vehicles per lane at an intersection.

The longitudinal distribution of vehicles in a traffic stream is measured as either

some unit of time per vehicle or some unit of space per vehicle [23]. The vehicle arrivals
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at an intersection are random when each vehicle is positioned by its driver independently
of other vehicles. Distributions associated with random arrivals are selected in the study
to reflect the randomness of the arriving traffic flow in the real world.

Empirically, the Poisson distribution has been used to describe random arrivals,
and the negative exponential distribution has been used to describe injected headway in
most of the traffic studies. But theoretically, the Poisson distribution is appropriate only
for describing truly random events [14]. In other words, it can provide satisfactory results
when traffic is light and when there is no disturbing factor such as a traffic signal.
However, when traffic becomes congested or when there is some cyclic disturbance to
arriving traffic, the Poisson distribution is no longer suitable for describing the behavior
of traffic flow. Similarly, the negative exponential interval distribution can be used only
under the conditions of random flow because it is derived from the Poisson distribution
function.

As reported in the literature, comparisons of theoretical values computed for the
Poisson distribution with headway evidence a close agreement for travel on four-lane
rural highways [31]. However, the Poisson distribution is less effective in describing the
actual headway patterns on other types of roadways. The major shortcoming of using the
Poisson distribution to describe the injected headway is that it predicts too many short
intervals comparing to field observations [20]. One approach of dealing with this
situation is to introduce a minimum allowable headway. It can be done by adding the

minimum allowable headway to the injected headway predicted by the negative
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exponential distribution. This results in the use of shifted negative exponential

distribution expressed in Eq.(4-19). Here,

-t

P(h=tf)=1-e ™ forr>1 (4-19)

where:

h represents the arrival headway length in seconds;

t represents a specified constant in seconds;

P(h > 1) represents the probability of a headway equal to or greater than #,

e represents the natural base of logarithms;

T represents the mean of the observed headway, 7'= 3600/Volume (sec./veh.);

T represents the minimum allowable headway in seconds.

The probability density for the shifted negative exponential injected headway is

given by the following equations:
P(t)=0,ift<rt; (4-20)

1 =%

P(t)= e I, ift>1. (4-21)
T
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Although the effects of different arrival distributions on RTOR performance will
be examined in the next chapter, it is proposed to use the shifted negative exponential
distribution as the base situation for the injected headway. Considering the traffic
characteristics and speed limit being simulated, a minimum injected headway of 1.5

seconds will be used in the RTOR operations study.

4.2.2 Traffic Signal Change Interval

Traffic signal change interval is defined as the period of time in a traffic signal
cycle between conflicting green intervals [31]. It is characterized by a yellow interval
sometimes followed by an all-red clearance interval. The yellow interval indicates that
the right-of-way is about to be assigned to a conflicting traffic flow, and the red clearance
interval provides additional time for drivers and/or pedestrians to clear the intersection
before the green indication is displayed to the conflicting traffic.

The duration of a change interval can be calculated for the vehicle to either stop or
pass through an intersection after perceiving the yellow signal indication. The ITE Traffic
Engineering Handbook [31] suggests the use of Eq.(4-22) to calculate the length of

yellow interval. Here,

\

Y=t g+ 26 (4-22)
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where:

y = length of yellow interval in seconds;

t = driver perception/reaction time, generally assumed as 1.0 second;

v = velocity of approaching vehicle in feet/second;

a = average deceleration rate, assumed as 10 feet/sec.?;

g = acceleration due to gravity, 32 feet/sec.’;

G = grade of approach in percent.

A red clearance interval provides additional insurance in case drivers and/or
pedestrians do not comply with right-of-way laws by the end of yellow signal indication.
Engineering evaluation is required to identify the need for a red clearance interval at a
specific location. The following formulae have been recommended by the ITE Traffic
Engineering Handbook [31] to determine the duration of the red clearance interval in the
following three cases:

1. if there is no pedestrian traffic, then

_w+l 423
r=— (4-23)
2. if there is a likelihood of pedestrian crossings, then
r= r (4-24)

v
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3. if there is a significant pedestrian traffic, or the crosswalk is protected by

pedestrian signals, then

_P+L
\4

r

(4-25)

where:

r = length of red clearance interval in second;

w = width of intersection in feet, measured from the near-side stop line to the

far edge of the conflicting traffic lane along the actual vehicle path;

L = length of vehicle, recommended as 20 feet;

v = speed of vehicle through intersection, feet/second;

P = width of intersection in feet, measured from the near-side stop line to the far

side of farthest conflicting pedestrian crosswalk along actual vehicle path.

From this discussion on yellow interval and red clearance interval, it can be drawn
that the approach of determining the traffic signal change interval varies depending on the
signal timing strategy and local practice. Calculations were performed to determine the
signal change interval for the standard 3X3 and 4X4 signalized intersections. Only Eq.
(4-22) and Eq.(4-23) were used for the calculations because no specific consideration was

given to the pedestrians conflicting with RTOR in the simulation runs.
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Assume that:

1. The width for the standard 3X3 and 4X4 intersections are 40 and 52 feet

respectively;

2. The 85% percentile approach speed of 31 mph (i.e., 45.47 feet/second);

3. The simulated intersection is located in a level terrain.

Then, the duration of the change intervals computed using Eq.(4-22) ~ Eq.(4-23)
are 4.59 seconds for 3X3 intersection and 4.86 seconds for a 4X4 intersection. For the
purpose of the simulation study on RTOR, a 5 second change interval was used in all

simulation runs.

4.2.3 Length of Exclusive Right-Turn Lane

For the purpose of operational simulation of RTOR, two types of intersection
geometry will be monitored to represent the cases with and without an exclusive right-
turn lane. There are 17 standard intersection configurations defined in the TEXAS model.
As far as RTOR is concerned, these intersection configurations can be grouped into two
categories based on the availability of an exclusive right-turn lane. Although the effects
of multiple conflicting through traffic on RTOR operations and capacity are discussed in
the next chapter, a standard 4X4 signalized intersection is used for the case with a shared
right-turn lane, a user specified 3X3 intersection is chosen to represent the case with an
exclusive right-turn lane. The schematic layout for the two types of intersections are

given in Figure 4.3 and Figure 4.4.



Figure 4.3:

Schematic Layout of A Standard 4X4 Intersection without RT Lane
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Figure 4.4:  Schematic Layout of A Standard 3X3 Intersection with RT Lane
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The blockage of right-turn lane affects the behavior of all right-turning vehicles.
Hence, to provide sufficient right-turn lane length is critical for ensuring the accuracy of
RTOR monitoring. As shown in Figure 4.4, the length of a right-turn lane consists of two
portions, i.e., the storage portion and the taper portion. For a right-turn lane with a full-
width of 12 ft and a taper rate of 8:1, the taper portion has a length of 96 feet if the
approaching speed is 30 mph. Given the existence of a right-turn lane, two types of
blockage would possibly happen if the right-turn lane is not sufficiently long. Type I
blockage can be defined as that through vehicles arriving at red indication block the
entrance to right-turn lane. Type II blockage can be identified as that right-turn vehicles
block through vehicles during a red phase. Obviously, the benefits of RTOR can be fully
utilized only if the length of right-turn lane meets certain design requirements. The
American Association of State Highway and Transportation Officials (AASHTO) [1]
recommends that neither the through lane nor right-turn lane be blocked.

Assume that:

A = average number of vehicles arriving during red phase;

A, = average right-turn flow rate as proportion of A;

N = number of vehicles which can be stored in the full-width portion of a right-

turn lane.
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The curves shown in Figure 4.5 were proposed for determining the minimum
storage length of a right-turn lane [19]. With the same rationale and greater design speed,
Figure 4.5 should provide more conservative storage length for right-turn lane when it is
used under a lower design speed. Considering a free flow rate of 1800 vphpgpl, the
maximum approach flow rate is 900 vph for a standard 3X3 signalized intersection with
two phases and a 50% cycle split. Assume that the cycle length is 60 seconds, then the
red phase faced by the approach being studied is about 30 seconds. Thus, the average
number of vehicles arriving during the red phase ¢, would be 7.5 vehicles. The minimum
lengths of right-turn lane suggested by Figure 4.5 are shown in Table 4.3. For the most
conservative design, i.e., using N = 14 as the constraint, the total length of an exclusive
right-turn lane would be 376 feet. Therefore, a length of 400 feet for right-turn lane is
sufficient to prevent the blockage from occurring and was used in the RTOR simulation

study.

Table 4.3: Minimum Length of RT Bay under Various Flow Rates

Item A=10% [ A, =20% | A, =30% | A, =40% | A, =50%
N Value (if A=7.5) 12.5 11.5 10.5 9 8.5
N Value (if A=8.0) 14 13 11.5 10.5 9
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Specifications for the Simulation Study

Based on the current practice of traffic engineering and the discussions given in

Chapters Three and Four, the specifications of the RTOR simulation study under a basic

environment can be defined as follows:

4.3.1

4.3.2

Parameters of Intersection Geometric Configuration
total number of legs: 4;

leg angle: 90 degree;

type of intersection: 4X4, 3X3;

length of inbound lanes: 400 feet;

length of outbound lanes: 400 feet;

width of lane: 12 feet;

lane utilization: shared or exciusive right-turn lane;

curb return radius: 25 feet.

Parameters of Traffic Characteristics

number of vehicle classes: 12;

minimum injected headway: 1.5 seconds;

percent of left turning vehicles: 0%;

percent of through vehicles to enter in median lane: 100% (for 3X3 only);

percent of right-turning vehicles to enter in curb lane: 100%;
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4.3.4

4.3.5
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speed limit: 30 mph;
mean speed: 29 mph;
85 percentile speed: 31 mph;

inbound headway distribution: shifted negative exponential.

Parameters of Driver Characteristics

driver classes: 3;

driver types: aggressive, average, and slow;

perception reaction time: 0.5, 1.0 and 1.5 seconds for each driver type

respectively.

Parameters of Signal Timing Scheme

type of intersection control: pre-timed signal;
type of lane control: signal with right turn on red;
cycle length: 60 seconds;

cycle split: 50 %;

yellow interval: 4 seconds;

all red-clearance interval: 1 second.

Parameters of Simulation Process
warm-up time: 240 seconds;

simulation time: 2700 seconds;
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time increment for simulation: 1.0 second;

number of replications: 8.

4.4  Operations Study on RTOR

The specifications defined in the previous section were used as the basis of the
operations study on RTOR. In this section, the critical RTOR operational variables such
as discharging headway of the through traffic in cross street, turning headway,

discharging time, and gap-acceptance for RTOR vehicles will be examined.

4.4.1 Discharging Headway of the Through Traffic in Cross Street

RTOR maneuvers occur when a green signal light has been taken away from the
RTOR approach and assigned to the conflicting traffic in cross street. The conflicting
queue in cross street starts to discharge at the moment. In most cases, RTOR can be made
only when the queue in cross street has been cleared. Thus, the discharging characteristics
of the through traffic in the cross street are important for RTOR movement.

The longitudinal arrangement of traffic may be represented by the headway
between successive vehicles. Headway is the time interval between the passage of
successive vehicles going by a fixed point on a roadway [31]. Empirically, the
Greenshields equation [9] for queue discharging has been used in most traffic studies.
Developed from the field observations, Greenshields suggested that an average

discharging headway of 2.1 seconds be used for passenger cars after the first five or six
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vehicles in the queue have been discharged. From Eq.(4-26), the saturated flow proposed

by Greenshields is about 1700 vplpgh. Here,

T=3.7+2.IN (4-26)

where:

N = number of vehicles in a queue;

T =time in second needed for discharging N passenger cars in a queue.

In the TEXAS model, it is assumed that the lead vehicle in a queue enters the
intersection immediately after the perception-reaction time which is defined as the total
time taken for a driver to recognize and react to a particular cue or stimulus in a driving
environment, Using the TEXAS model, Lin [20] studied the average discharging time for
the through traffic under various volume levels. With a cycle length of 60 seconds and a
cycle split of 50 %, the average discharging time for the through traffic in cross street is

shown in Figure 4.6.

4.4.2 Turning Headway
If a gap between the crossing traffic is large enough for accommodating more than
one RTOR, the headway between the successive RTOR vehicles can be an important

factor to RTOR capacity. Turning headway for RTOR vehicles can be defined as the time
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between completion of the turning movements of successive RTOR vehicles turning
through the same gap.

It is most common to measure headway from the front of one vehicle to the front
of the next. However, any point on the vehicle could be used in timing of headway, as
long as same point is used consistently for all vehicles. For measuring RTOR turning
headway, an imaginary line was identified at the beginning spot of the downstream in
cross street. The turning headway data was recorded whenever the end of a RTOR vehicle
passes through the defined imaginary line.

Simulation runs were conducted for finding the average headway of successive
RTOR vehicles. A saturated right-turn flow was used in order to get enough observations
of turning headway. With a total number of 2154 observations, an analysis of the turning
headway frequency was performed. As shown in Figure 4.7 ~ Figure 4.10, the average
turning headway for two, three, four and five successive RTOR are 9.4, 18.8, 28.2 and

37.3 seconds, respectively.

4.4.3 Discharging Time for RTOR Vchicles

The discharging time for i (i = 1, 2, 3, ..., n) RTOR vehicles has been defined as
the interval between the time of the first RTOR vehicle in a queue to start making the turn
and the time that the /th RTOR vehicle in the queue to complete its turn within the same
gap. Different from the approach of measuring the turning headway, the data of

discharging time was collected at the stop bar of the approach where RTOR movement
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starts and at the beginning spot of the downstream on the cross street where RTOR
movement completes. Based on a total number of 1782 RTOR observations, a regression
analysis was conducted to define the average discharging time for » RTOR vehicles. The
regression line for the average discharging time is shown in Figure 4.11 and the

regression equation is given by Eq.(4-27). Here,
t,=-4.17+881n (4-27)

where ¢, is the total discharging time for » RTOR vehicles turning right within
the same gap.

In the regression analysis, the standard deviations were found as 1.103 for the
constant and 0.2831 for the independent variable. The square of the correlation
coefficient (i.e., y %) is 99.6% which indicates that the regression equation well explains

the problem of interest.

4.4.4 Gap-Acceptance

An important concept for making RTOR is gap acceptance. The more complex
the movement being executed, the longer gap a driver needs to make the maneuver. In the
basic environment defined for the simulation, the required gap for RTOR movement

involves only one direction of flow on the cross street.
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A gap is used to describe the elapsed time between arrival of successive vehicles
at a specified point, and can be measured from the rear end of one vehicle to the front end
of the successive vehicle. The stop bar is typically selected as the point for measuring
arriving gaps. For the RTOR study, the crossing gap is specified as the elapsed time
between passage of successive through vehicles at the beginning point of the downstream
in the cross street. A gap is accepted if the vehicle being studied makes RTOR and
merges with the through traffic flow in cross street. The minimum acceptable gap is
dependent upon several factors, such as: (1) roadway geometry, (2) vehicle performance
characteristics, (3) driver behavior, (4) traffic conditions, and (5) weather conditions.

As different drivers will accept different minimum gaps under identical
conditions, the values of gap acceptance are usually expressed in terms of critical gaps. A
critical gap is defined as the median gap in which 50% of the drivers will accept and the
other 50% of the drivers will reject. Based on a total number of 879 observations of
through gaps, a critical gap of 5.15 seconds has been identified for RTOR movement as

shown in Figure 4.12.

The longer the gap in the conflicting traffic in cross street, the higher the
probability for a RTOR movement to occur. It is possible under a typical traffic condition
that more than one RTOR can be made when the crossing gap is very long. Taking this
possibility into account, it would be of interest to know the gap ranges within which
multiple RTOR may occur. Because of the nature of gaps, it seems reasonable to define
the required RTOR discharging time as the minimum gaps for multiple turns. For this

purpose, the histogram and cumulative frequency of the discharging time for one, two,
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three, and four consecutive RTOR maneuvers were studied and are shown in Figure 4.13

~ Figure 4.20.

4.5  Summary

In this chapter, illustrations were briefly given to the critical vehicular features
such as driver-vehicular characteristics, acceleration model, deceleration model, and car-
following model of the TEXAS model. The factors significant to RTOR operations were
then discussed in Section 4.2. Based on the discussions on the key inputs of geometry,
traffic and signal conditions, the shifted negative exponential distribution was proposed
for describing the injected headway. The calculations led to the use of a 5 second signal
change interval. Two types of blockages were defined and discussed regarding to the
length of an exclusive right-turn lane. A storage length of 400 feet is proposed for an
exclusive right-turn lane to ensure adequate length for RTOR occurrences.

By means of simulation, an operations study on RTOR was conducted in this
chapter. Observations were made to the major operational parameters of RTOR, such as,
turning headway, discharging headway, and gap acceptance. The average values of
turning headway for consecutive RTORs were obtained in Section 4.4.2. The average
RTOR turning headway was found as 8.65 seconds based on 2215 observations. The

average discharging time for one RTOR is suggested as 4.64 seconds with the regression
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equation given in Eq.(4-27). The study on gap-acceptance found that the critical gap for
RTOR is about 5.15 seconds. The minimum gaps required for multiple RTOR turns and

their cumulative frequency curves are also provided in this chapter.
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CHAPTER 5

RTOR CAPACITY STUDY

The operations study conducted in Chapter Four is very helpful in understanding
the major characteristics of RTOR maneuver. However, the knowledge of RTOR capacity
is of extreme importance in determining the operational strategies for signalized
intersections. In this chapter, the RTOR capacity and relevant concepts are defined first.
Then, a conceptual mathematical model for estimating RTOR capacity are drawn from
probability theory and several general assumptions. The TEXAS model is used to
estimate the RTOR capacity under typical traffic, signal and geometric conditions. To
provide a simplified prediction model for RTOR capacity, statistical methods and
software are used to develop a regression model based on computer simulation. The
discussions are focused on the analysis of output data and the characteristics related to
RTOR capacity at various levels of conflicting traffic volume in the cross street. The
simulation study was conducted to evaluate the effects of cycle length and cycle split on
RTOR capacity. I'inally, the effects of multiple crossing lanes, right-turn lane and

headway distribution are addressed analytically in the later sections of this chapter.

5.1  Definitions
RTOR is a type of movement with no signal protection at signalized intersections.

To study the characteristics of this type of maneuver can help to gain a better
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understanding on the problem of interest. For the purposes of conducting the RTOR

capacity analysis, the following terms are defined in this section.

5.1.1 RTOR Capacity

RTOR capacity is defined as the hourly maximum number of vehicles turning
right during red signal indications under prevailing roadway and traffic conditions. In the
current practice of traffic engineering, capacity can be measured on an approach or a lane
group basis. Due to the effects and variations of the conflicting traffic in cross street, the

RTOR capacity is defined at a lane group level which includes the right-turning vehicles.

5.1.2 Discharging Time for Conflicting Queue

As shown in Figure 5.1, the signal phase during which RTOR occurs consists of
two different time periods. The first time period ¢, is used for clearing the conflicting
queue in the cross street, and the second time period ¢, can be used to process either the
through traffic from cross street or the RTOR flow from the approach under study.

Referring to the approach where RTOR occurs, the queue of the conflicting traffic
in the cross street is called conflicting queue in the study. The availability of the right-of-
way for RTOR maneuver is highly dependent on the behavior of its conflicting queue and
the random arrivals in the cross street. At the beginning of a green phase in cross street

and a red phase in the approach where RTOR occurs, the right-of-way will be mainly
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occupied by the conflicting queue first if the platoon exists. The amount of time needed
to clear a conflicting queue directly affects the time available to RTOR maneuver, and
therefore affects the RTOR capacity. The total discharging time of the conflicting queue
is observed during the simulation runs so that the availability of the signal time for RTOR

can be determined.

5.1.3 Blocked and Unblocked Gaps

A ready-to-turn RTOR vehicle is defined as blocked if it can not make the
maneuver because of the unavailability of the right-of-way at a signalized intersection.
Without signal protection, RTOR vehicles may be blocked due to the conflicting queue
discharge or unacceptable arrival gaps among the vehicles in the conflicting traffic. A gap
is considered as blocked gap if it can not be used by a ready-to-turn RTOR driver;

otherwise, it is considered as unblocked.

5.1.4 RTOR Utilization Factor

The RTOR utilization factor is introduced to study the driver behavior and gap
acceptance of RTOR movements at signalized intersections. The RTOR utilization factor
reflects the relationship between the total acceptable gap time for RTOR and the time
required for discharging conflicting queue during a simulation process. In other words,
the RTOR utilization factor characterizes the overall RTOR impedance by the conflicting

queue discharge and by the random arrivals of the conflicting traffic in cross street.
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5.2  RTOR Capacity under Basic Conditions

Although several models can be found in the literature for left-turn capacity
estimation, little has been explored for predicting RTOR capacity at signalized
intersections. Referring to the approaches used for developing the left-turn capacity
models, both mathematical modeling and simulation approach are applied in this study.
Obviously, a model which can truly represent the real world situation would be ideal.
However, the random characteristics of traffic flow and driver behavior might become the
obstacles of developing such a model. In this section, a conceptual mathematical model
for RTOR capacity estimation is deduced based on probability theory and several general
assumptions. For the purposes of simplifying the format of the prediction model and
demonstrating a more site sophisticated approach, the statistical methods are also used to
develop a regression model based on the computer simulation.

As far as RTOR capacity is concerned, the following two cases should be
considered in the modeling process: 1) RTOR from an exclusive right-turn lane; 2)
RTOR from a shared lane.

In the first case, all the vehicles entering the right lane of an approach demand the
same type of maneuver. Whenever there is an acceptable gap in the conflicting traffic, the
vehicle in the front of a right-turn queue will make the maneuver during a red signal
indication. Thus, the capacity of RTOR depends primarily on the volume and arrival
pattern of the conflicting traffic, the gap-acceptance behavior of drivers, and the signal

timing plan. The second case is more complicated due to the potential blockage by the
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through traffic in the shared lane. In order to gain some understanding to the RTOR
capacity with no geometric constraints, the study is first focused on case one in this
section and then expanded to case two in Section 5.6.

To simplify the format of the RTOR capacity model, a set of traffic, signal and
geometric parameters was chosen as the basic condition under which the RTOR capacity
is defined. The basic traffic stream is assumed to have a negative exponential distribution.
The basic signal condition includes a pre-timed signal timing plan with a cycle length of
60 seconds and a cycle split of 50%. The standard 3X2 intersection (referring to Figure
5.2) with an exclusive right-turn lane was chosen as the basic geometric condition. In
other w;fds, a single conflicting flow is considered in the basic environment. To estimate
the maximum number of RTOR maneuvers from an exclusive right-turn lane during the
observation period, an over saturated right-turn flow and a right-turn lane of adequate

length are always assumed in this section.

5.2.1 Mathematical Modeling

As discussed in Section 5.1, the duration of a red phase for the approach where
RTOR occurs can be divided as two separated portions. The first portion is used to
discharge the conflicting queue waiting at the upstream approach of the cross street.

Although the start-up lost time at the beginning of a green phase in the cross street can be
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used as a gap by an aggressive driver for making RTOR, it does not always happen from
the practical point of view. Thus, the focus of the mathematical modeling is to establish a
model for the RTOR occurring during the second portion of a red phase. With a regular
arriving condition in the conflicting trafficc RTOR movement can be treated as a
continuous random process. Due to the randomne;s of the event, the probability approach
is used in developing a conceptual RTOR capacity model. Assume the followings for the
modeling purposes:

1. Quor = RTOR capacity of an exclusive right-turn lane;

2. n = average number of RTOR occurring per gap, n=0, 1, 2, ..., k+1, where k is

an integer number;

3. g, = minimum gap required by a RTOR vehicle;

4. q. = flow rate of the conflicting traffic;

5. h, = average RTOR turning headway;

6. h, = average crossing headway of the conflicting traffic;

7. t = time duration of a gap in the conflicting traffic flow;

8. R = duration of the red signal time in a cycle;

9. t,= total discharge time for conflicting queue at the beginning of a green

phase;

10. N = total number of gaps in the conflicting traffic during an hour;

11. P(k+1) = probability of occurring (k+1) RTOR ina gap, 0 < P(k+1) < 1;
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12. 8, = ratio of the signal time available for RTOR maneuver after the

conflicting queue discharge to the signal cycle length, i.e., 8, = M

It is clear that the maximum number of RTOR occurring in an hour (or RTOR
capacity) is heavily dependent on the gap-acceptance function. In other words, the time
duration of a gap among the vehicles in the conflicting traffic plays an important role in
the modeling approach which was chosen. If the time duration of a gap in the conflicting
traffic flow is longer than zero but shorter than the minimum gap required by a RTOR
vehicle, i.e., 0 <t < g ., then, no RTOR can be made through that gap. If ¢ is between
& and g... + A, then, only one RTOR can occur. If ¢ is between g, + A and g, +
2h, then, there will be two vehicles making RTOR. Similarly, If ¢ is between g, + kA,
and g, + (k+1)h,, then, there will be £ + I vehicles making RTOR. Theoretically, there
could be zero to infinite number of RTOR occurring within one gap if it is seen as a
continuous random process. Therefore, from the probability point of view, the expected

number of RTOR occurring through a gap can be expressed as:

n= i(k+l)]’(k+l) (5-1)
k=0

Because the distribution of the arrivals in conflicting traffic is assumed as
negative exponential, then, the gaps among these arrivals after queue discharge are also

negative exponentially distributed. Thus, Eq. (5-1) can be written as:
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n= (k+1)Plg,. +kh <t<g. . +(k+Dh] (5-2)
k=0

That is:

n= g(k 1) {exp[=q, (g + K4 )] — eXP[=.(guin + (k + DI T}

(5-3)

— exp(_chmin)
I-exp(-q./)

If there are total of N gaps in the conflicting traffic during an hour, then,
N=—— (5-4)

The total number of RTOR occurring during an hour should be a function of the
following three measures: 1) the average number of RTOR per gap; 2) the total number
of arrival gaps among the vehicles in conflicting traffic during an hour; 3) the ratio of the

available signal time for RTOR after queue discharge to the cycle length. Thus,

o _ eXp(=4.8uin) 3600 R-1,
Qrror =nNJ, = T—exp(—q./1) X A X—& (5-5)
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Eq.(5-5) demonstrates the concept of using mathematical approach to predict
RTOR capacity under certain traffic and signal conditions. It describes the random nature
of RTOR maneuver and contains the major factors contributing to RTOR capacity. The
first term of Eq.(5-5) represents the characteristics of arrivals, such as arrival pattern, gap
size, in the conflicting traffic. The second term represents the total number of gaps among
vehicles in the conflicting traffic during an hour, and the third term represents the
contributions of signal timing, such as red signal duration, time required for clearing the
conflicting queue, and the cycle length, etc. The format of the mathematical model is
flexible and corresponds to the arrival distribution of the conflicting traffic in cross street.
However, like most of the mathematical models do, Eq.(5-5) requires the professional
judgment and empirical data when it is applied to a real world situation. From the
practical point of view, it seems unreasonable to assume that an infinite number of RTOR
can be made through a gap. At signalized intersection, the maximum gap size is
constrained by the signal timing plan and traffic conditions. Therefore, the maximum

number of RTOR through any gap should be finite.

5.2.2 Simulation Approach

As discussed in the previous subsection, mathematical modeling provides the
theoretical understanding to the problem of interest. However, it is always needed to
make some critical assumptions in order to reduce the gap between the theory and

practice. For a complex system with random characteristics, it is rather risky to assume
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that the mathematical model which established on certain assumptions may result in
realistic solutions. For this reason, a simulation approach is frequently used to solve
complicated problems.

With the TEXAS model and the simulation specifications defined in the previous
chapters, an eight-level experiment was set up to reflect the randomness of the traffic
volume in the cross streets. Under the basic traffic, signal and geometric conditions,
simulation runs were conducted under each of the conflicting traffic volume levels. The
effects of changing some of the major traffic, signal or geometric parameters are
discussed in the later sections to compare with the capacity under the basic environment.

With the same headway distribution, the heavier the conflicting traffic is, the
longer the total discharge time is required. As shown in Table 5.1, the total time required
to discharge the conflicting queue was observed during the simulation process. For
example, the average value of the total discharging time for clearing a conflicting queue
at 100 vph volume level is 198 seconds over a 2700-second of simulation time.

To examine the availability of the signal time for RTOR movement, total
acceptable gap time was also observed during the simulation runs. As shown in Table 5.2,
the total acceptable gap time for RTOR was obtained as 16 minutes 51.4 seconds (i.e.,
approximately 1011 seconds) for a conflicting volume of 100 vph in the first simulation
run. In Table 5.3, the percentage of signal time effectively used by RTOR vehicles was
calculated as the ratio of the total acceptable gap time for RTOR over the total simulation

time. Again, for the first simulation run under a conflicting traffic of 100 vph, the
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Table 5.1:  Total Discharging Time for Conflicting Queue

During 2700-Second Simulation Time

Conflict. | Run | Run | Run | Run [ Run | Run | Run | Run | Ave.
Volume | One | Two | Three | Four | Five | Six | Seven | Eight | Value
(vph) (sec.) | (sec.) | (sec.) | (sec.) | (sec.) | (sec.) | (sec.) | (sec.) | (sec.)

100 181 247 190 | 208 175 191 200 193 198

200 347 | 369 | 364 | 327 | 311 309 328 317 334

300 | 425 | 445 | 440 | 447 | 424 | 444 | 430 | 420 | 434

400 490 | 447 | 460 | 487 | 472 | 481 455 469 470

500 571 579 580 | 592 | 573 578 555 581 576

600 762 747 739 | 755 730 741 744 750 746

650 763 772 809 | 775 811 776 799 776 785

Table 5.2: Total Acceptable Gap Time for RTOR

Conflict. [ Run | Run | Run | Run | Run | Run | Run | Run | Ave.
Volume | One | Two | Three | Four | Five | Six | Seven | Eight | Value

(vph) | (sec.) | (sec.) | (sec.) | (sec.) | (sec.) | (sec.) | (sec.) | (sec.) | (sec.)

100 1011 | 1036 | 1074 | 1044 | 1128 | 1070 | 1064 | 1109 | 1067

200 821 866 | 830 [ 859 | 878 | 840 | 624 | 884 | 851

300 601 666 | 631 649 | 629 | 693 657 | 667 | 649

400 409 | 440 | 454 | 471 | 420 | 434 | 447 | 430 | 438

500 323 | 340 | 352 | 334 | 350 | 354 | 342 | 330 | 341

600 198 | 222 | 220 | 204 11 209 | 217 | 205 | 211

650 161 169 173 164 170 166 159 172 167




Table 5.3: Percentage of Signal Time Efficiently Used by RTOR Vehicles
Conflict { Run | Run | Run | Run | Run | Run | Run | Run | Ave.
Volume | One | Two | Three | Four | Five | Six | Seven | Eight | Value

ph) | (%) | (%) | (%) | (%) | (%) | (%) | (%) | (%) | (%)

100 374 | 384 | 39.8 | 38.7 | 41.8 | 39.6 | 394 | 41.1 | 395
200 304 | 32.1 | 30.7 | 31.8 | 32,5 | 31.1 | 30.7 | 32.7 | 31.5
300 223 | 247 | 234 | 24.0 | 233 | 25.7 | 243 | 24.7 | 24.1
400 152 { 163 | 16.8 | 174 | 156 | 16.1 | 16.6 | 159 | 16.2
500 120 | 12.6 | 13.0 | 124 { 13.0 | 13.1 | 12.7 | 122 [ 12.6
600 7.3 8.2 8.2 76 | 7.8 | 1.7 8.0 7.6 7.8
650 6.0 | 63 64 | 6.1 63 | 6.2 5.9 6.4 6.2
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percentage of signal time effectively used by RTOR vehicles was then calculated as:

1011/2700*100% = 37.4%.

The actual ratio of the gap time which has been used by RTOR drivers over the

total gap time after conflicting queue discharge is given in Table 5.4. The RTOR

utilization factor was defined as the percentage of the acceptable gap time for RTOR over

the percentage of the time after conflicting queue was discharged, where the percentage

of the time after the conflicting queue being discharged was defined as the ratio of the

difference between total green time and discharging time for conflicting queue over total

simulation time. For example, the total effective red time for an approach is 1350 seconds

with a simulation time of 2700 seconds and a 50% cycle split. As shown in Table 5.1, a

total discharging time of 181 seconds was observed for a conflicting volume of 100 vph
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Table 5.4: RTOR Utilization Factor under Various Conflicting Traffic Flows
Conflict | Run | Run [ Run | Run | Run { Run | Run | Run | Ave.
Volume | One | Two | Three | Four | Five | Six | Seven | Eight | Value
0 1.00 | 1.00 | 1.00 | 1.00 | 1.00 [ 1.00 | 1.00 | 1.00 | 1.00
100 086 | 094 | 093 | 092 | 096 | 092 | 093 | 0.96 | 0.93
200 082 | 0.88 | 0.84 | 0.84 | 0.86 | 0.81 | 0.81 | 0.85 | 0.84
300 065 | 0.74 | 0.69 | 0.72 | 0.68 | 0.77 | 0.71 | 0.72 | 0.71
400 048 | 049 | 0.51 | 0.54 | 0.48 | 0.50 | 0.50 | 0.49 | 0.50
500 042 | 044 | 046 | 044 | 045 | 046 | 043 | 043 | 0.44
600 034 | 037 | 036 | 035 | 034 | 034 | 036 | 0.34 | 0.35
650 028 | 029 { 032 { 029 | 032 | 0.29 | 0.29 | 0.30 { 0.30

in simulation run one. The percentage of the time after the conflicting queue being

discharged was then calculated as: (1350-181)/2700%100% = 43.3%. Thus, the RTOR

utilization factor can be calculated as the ratio of 37.4% over 43.3% and the value is 0.86

as shown in Table 5.4.

Table 5.5 summarizes the capacity study by using the average values of the

observed factors. For example, with the average value of 198-second total discharging

time for a conflicting flow of 100 vph, the total signal time available for RTOR after

discharging the conflicting queue is: 1350 - 198 = 1152 seconds. The percentage of the

signal time available for RTOR after the conflicting queue was discharged was then

calculated as: 1152/2700%100% = 42.7%. The total acceptable gap time in row 4 of Table
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Table 5.5: Summary of Capacity Study under Various Conflicting Volume

Statistics 0 100 | 200 | 300 | 400 | 500 | 600 | 650

(wph) | (vph) | (oph) | (vph) | (vph) | (vph) | (vph) | (vph)

(1) Total Observed Time | 2700 | 2700 | 2700 | 2700 | 2700 | 2700 | 2700 | 2700

(sec.)

(2) Total Time after 1350 | 1152 | 1013 | 916 | 880 | 774 | 604 | 565

Queue Discharged (sec.)

(3) Percentage of Signal | 50.0 | 42.7 | 37.5 | 33.9 | 32.6 | 28.7 | 22.4 | 20.9

Time after Queue

Discharged (%)

(4) Total Acceptable 1350 | 1067 | 851 | 649 | 438 | 341 | 211 | 167

Gap Time (sec.)

(5) Percentage of Total | 50.0 | 39.5 | 31.5 [ 244 | 162 | 126 | 7.8 | 6.2

Acceptable Gap Time
(%)

(6) Total No. of RTOR | 153 | 142 | 121 | 104 | 84 67 60 47

in Simulation (veh.)

(7) RTOR Capacity 204 | 189 | 162 | 139 | 112 | 89 80 63

(vph)

5.5 was computed as the product of the percentage of signal time efficiently used by
RTOR vehicles and the total observed simulation time. The average values of Table 5.3
was used to perform this calculation. The total number of RTOR was observed over a
simulation time of 2700 seconds and then converted to an hourly value as shown in the
7th row of Table 5.5. Obviously, this row represents the RTOR capacity under various
conflicting flow levels because an over-saturated right-turn traffic was simulated in all
runs.

As can be seen from the tables, the conflicting traffic volume in cross street has

significant effects on the performance measures of RTOR vehicles. Both the percentage
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of the time available to RTOR maneuvers and the RTOR utilization factor decrease when
the traffic volume in the cross street increases. This explains why the RTOR capacity
drops dramatically as the conflicting traffic volume increases. As being discussed
previously, if a RTOR vehicle is blocked at an intersection, it can be blocked either by the
conflicting queue or by the unacceptable gaps. The time duration for these two cases are
shown in Figure 5.3. The following observations were made from the results of the
computer simulation:

1. The RTOR capacity study shows that the signal time available to RTOR is
negatively correlated with the conflicting traffic volume in cross street. As shown in
Table 5.5, the percentage of the signal time that RTOR vehicles are blocked by the
conflicting queue increases non-linearly from 7.3% (i.e., 50% - 42.7%) to 29.1% (i.e.,
50% - 20.9%) as the crossing volume increases from 100 vph to 650 vph.

2. The percentage of the signal time that RTOR vehicles are blocked by
unacceptable gaps after the conflicting queue being discharged increases non-linearly
from 10.5% (i.e., 50% - 39.5%) to 43.8% (i.e., 50% - 6.2%) as the crossing volume
increases from 100 vph to 650 vph.

A regression analysis was performed to analyze the functional relationship
between RTOR capacity and its conflicting traffic flow. The data given in Table 5.6 was
used and a piece-wise linear function was developed in order to reduce the deviation of

the regression equations.
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Table 5.6: RTOR Capacity Resulted from Simulation Runs
Conflict [ Run | Run | Run | Run | Run | Run | Run | Run | Ave.
Volume | One | Two | Three { Four | Five Six | Seven | Eight | Value
(ph) | Gph) | ph) | (ph) | (ph) | (vph) | (ph) | ph) | (vph) | (vph)
0 203 | 204 | 205 | 205 | 205 | 200 [ 201 205 204
100 188 191 189 | 189 | 187 | 184 191 193 189
200 167 163 155 175 161 156 160 157 162
300 137 | 139 137 143 141 133 137 143 139
400 107 | 119 113 108 120 | 109 108 115 112
500 91 89 84 92 93 91 87 83 89
600 85 79 79 80 76 81 80 79 80
650 67 65 61 64 60 57 64 67 63

Assume that Q,,,, denotes the number of vehicles making RTOR and V,

represents the conflicting traffic volume to the approach where RTOR occurs. Then, the

following regression equations can be obtained from the simulation:

Quion = 206022V, if 0 < ¥, <300

Quron =183— 018V, if 300 <V, <650

(5-6)

(-7

The slopes of the piece-wise linear function in Eq.(5-6) and Eq.(5-7) present the

sensitivity of the conflicting traffic volume to the RTOR capacity. When there is no
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conflicting traffic, the simulation results show that the RTOR capacity is 206 vph
according to Eq.(5-6). This implies a 7.28-second RTOR turning headway given that the
effective green time for an approach is 25 seconds. In this case, the RTOR turning
headway resulting from the TEXAS model is longer than the right-turn headway found in
the literature. This is mainly caused by the lower tur.ning speed of RTOR vehicles and the
conflicts between RTOR vehicles and pedestrians.

The estimation of average RTOR capacity is shown in Figure 5.4 under the
conditions of single conflicting flow with 60-second cycle length and 50 percent cycle
split. Due to the stochastic nature of the traffic conditions and driver behavior, RTOR
capacity may vary from observation to observation. With unknown standard deviation of
the population, the student’s t distribution was applied for the analysis on confidence
interval. Although the numbers associated with RTOR capacity were rounded to the
nearest integer, the exact mean and standard deviation were used to calculate the
confidence interval. For example, in the case with a zero conflicting traffic, the exact
mean for the RTOR capacity was 203.5 and standard deviation was 2.000. Given that: n =

8,a=0.05and s  =2.365. The confidence interval can be obtained using Eq.(3-7)

n=l-=
with the lower bound as 201.712 and the upper bound as 205.288. The confidence
interval was then rounded up to [202, 205] for practical reason as shown in Table 5.7.
Under various conflicting flow levels, the ranges which the RTOR capacity may fall into

are given in Table 5.7 with a 95% confidence level.
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Table 5.7;

95% Confidence Interval for RTOR Capacity

Conflicting Mean Standard Deviation 95%
Volume of Sample Data Confidence Interval
(vph) (veh.) (veh.) (veh.)

0 204 2.00 [202-205]
100 189 2.78 [187-191]
200 162 6.65 [156-167]
300 139 3.45 [136-142]
400 112 5.18 [108-117]
500 89 3.73 [86-92]
600 80 2.53 [78-82]
650 63 3.52 [60-66]
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The regression analysis indicates that the RTOR capacity and its conflicting

traffic are linearly related. In the applications of statistics, correlation analysis is

considered as a useful aid in interpreting the result of a regression. Generally speaking,

for a regression equation Y = g+ bx, several terms can be used to evaluate the correlation

of a regression. The coefficient of determination y* was chosen for the analysis because it

is more interesting to find out how well the regression equations explain the problem of

interest. The coefficient of determination is the square of the correlation coefficient 7y,

and is defined as the proportion of the total sum of squared deviations in Y explained by

fitting the regression equation.
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The correlation analysis on the two regression equations suggests that Eq.(5-6)
and Eq.(5-7) can respectively explain 98.7% and 95.9% of the variations in the RTOR

capacity. The detailed information of the analysis is given in Table 5.8.

Table 5.8: Statistical Analysis on the Regression Equations
Predictor Eq.(4-6) Eq.(4-7)
Constant | Independent Variable| Constant | Independent Variable
Coefficient 206.475 -0.2215 183.49 -0.18131
Standard Deviation 3.373 0.01803 14.47 0.02649
Correlation 0.9935 0.9793
Coefficient of Determination 98.7% 95.9%

5.3  Effect of Cycle Length

The RTOR capacity discussed in the previous section was defined under the basic
traffic, signal and geometric conditions in which the cycle length was assumed as 60
seconds. Although the 60-second cycle length is commonly used at signalized
intersections, the simulation study was expanded to evaluate the cycle length being
changed from 60 seconds to 90 seconds. The other traffic, geometric and control
parameters remained the same as they were in the basic conditions. It is interesting to find
that the percentage of the signal time available for RTOR movement stays approximately
the same as it was in for the 60 second cycle length. With the definitions same as in Table

5.1, Table 5.9 indicates that changing the cycle length does change the total discharging
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Table 5.9: Total Discharging Time for Conflicting Queue (90-Second Cycle)

During 2700-Second Simulation Time

Conflict | Run | Run | Run | Run | Run | Run [ Run | Run | Ave.
Volume | One | Two | Three | Four | Five | Six | Seven | Eight | Value
(vph) | (sec.) | (sec.) | (sec.) | (sec.) | (sec.) | (sec.) | (sec.) | (sec.) | (sec.)

100 172 191 207 191 194 | 214 189 203 195

200 329 | 307 | 331 312 | 309 | 359 | 337 | 343 | 328
300 394 | 419 | 430 | 415 | 437 | 441 423 | 441 | 425
400 468 | 498 | 489 | 490 | 477 | 481 460 | 474 | 480

500 556 | 593 570 | 582 594 | 564 552 575 | 573

600 754 | 734 770 | 732 | 753 769 760 771 755

650 795 829 808 783 775 806 796 790 | 798

time for conflicting queue. However, the comparison between Table 5.10 and Table 5.3
suggest that the total acceptable gap time for RTOR does not change significantly as the
cycle length increased from 60 seconds to 90 seconds.

The summary of the capacity analysis and the 95% confidence interval on RTOR
capacity for the case with 90-second cycle length are given in Table 5.11 and Table 5.12
respectively. Table 5.13 provides the comparison of the mean values of the RTOR
capacity for 60- and 90-second cycle length. Although the magnitude of the changes on
RTOR capacity increases as the conflicting traffic volume exceeds 500 vph, the overall
comparison analysis indicates that the maximum capacity variation associated with the

change of cycle length is less than 16% (i.e., approximately two vehicles per ten signal
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Percentage of Time Available for RTOR (90-Second Cycle)

Conflict | Run | Run | Run | Run [ Run | Run | Run | Run | Ave.
Volume | One | Two | Three | Four | Five Six | Seven | Eight | Value
oph) | @) | @) | @) | ) | ) | 09 | ) | ¢ | %

0 50.0 [ 50.0 | 50.0 | 50.0 [ 50.0 { 50.0 | 50.0 | 50.0 | 50.0
100 38,6 | 384 | 398 | 387 | 41.8 | 39.6 | 394 | 41.1 | 39.7
200 31.8 | 32.1 | 30.7 | 31.8 | 325 | 31.1 | 30.7 | 32.7 | 31.7
300 253 | 247 | 234 | 240 | 233 | 257 | 243 | 247 | 244
400 17.5 | 17.1 16.8 | 17.1 15.7 | 16.1 16.6 | 17.5 | 16.8
500 12.0 | 13.4 | 129 [ 13.0 | 13.0 [ 11.9 | 11.7 | 123 | 125
600 7.5 8.4 8.0 7.8 7.8 8.7 8.2 8.1 8.1
650 59 5.6 6.2 5.8 5.8 6.0 52 5.8 5.8

Table 5.11:  Summary of the Capacity Study for 90-Second Cycle
Statistics 0 100 | 200 | 300 | 400 | 500 | 600 | 650
(vph) | (vph) | (vph) | (vph) | (vph) | (vph) | (vph) | (vph)
(1) Total Observed Time | 2700 | 2700 | 2700 | 2700 | 2700 | 2700 | 2700 | 2700
(sec.)
(2) Total Time after Cross | 1350 | 1155 | 1022 | 925 | 870 | 777 | 595 | 525
Queue Discharged (sec.)
(3) Percentage of (2) 50.0 | 42.8 [ 37.9 | 343 | 32.2 | 28.8 | 22.0 | 20.4
over (1) (%)
(4) Total Acceptable 1350 | 1074 | 854 | 661 | 491 | 331 | 211 | 152
Gap Time (sec.)
(5) Percentage of (4) 50.0 [ 39.8 [ 316 245 ) 182 [ 123 | 7.8 5.6
over (1) (%)
(6) Total No. of RTOR 152 | 137 | 117 | 103 84 67 52 40
in Simulation (veh.)
(7) RTOR Capacity 202 | 183 } 156 | 137 | 112 | 90 69 53
(vph)




Table 5.12:

(90-Second Cycle)

95% Confidence Interval for RTOR Capacity
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Conflict. Volume Mean Standard Deviation | 95% Confidence
(vph) (veh.) (veh.) Interval (veh.)
0 202 3.49 [199-205]
100 183 4.55 [179-186]
200 156 3.76 [153-159]
300 137 4.34 [134-141]
400 112 4.24 [109-116]
500 90 4.17 [86-93]
600 69 5.65 [65-74]
650 53 4.56 [49-57]
Table 5.13: RTOR Capacity Comparison between 60- and 90-Second Cycle Length
Conflicting Mean RTOR Mean RTOR Difference in
Volume Capacity for 60- | Capacity for 90- Percentage
Second Cycle Second Cycle
(vph) (vph.) (vph.) (%)
0 204 202 1.0
100 189 183 3.2
200 162 156 3.7
300 139 137 1.4
400 112 112 0
500 89 90 1.1
600 80 69 13.7
650 63 53 15.9
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cycles). Thus, it can be concluded that the effect of signal cycle length on RTOR capacity

is insignificant.

5.4  Effect of Cycle Split

Signal cycle split is one of the major parameters which influences the RTOR
utilization factor, and therefore influences the RTOR capacity. A cycle split of 50% was
assumed in the RTOR capacity study under the basic conditions. If the cycle split is
changed from 50% to 60%, then the percentage of a red phase time which is available to
RTOR vehicles will be reduced from 50% to 40%. The question is how this would affect
the RTOR capacity.

The simulation runs were conducted for both 40% and 60% cycle split under eight
levels of conflicting traffic volumes. For this study, the 40% cycle split indicates that
40% of the signal cycle is allocated to the approach where RTOR occurs. In other words,
the smaller the cycle split is, the longer the red signal duration will be given to the RTOR
approach. The RTOR capacities are given in Table 5.14 and Table 5.15 corresponding to
the 60% and 40% cycle splits, respectively.

The comparison analysis summarized in Table 5.16 implies that the cycle split
affects the RTOR capacity in a negatively correlated way. That is, the RTOR capacity
decreases when the percentage of the cycle split increases. Due to the density of
conflicting traffic in cross street and the interaction between the traffic and driver

behavior, the variations of RTOR capacity ranged from -3.2% to -21.6% for the approach
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RTOR Capacity for 60% Cycle Split
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Conflict. | Run | Run | Run | Run | Run | Run [ Run | Run | Ave.
Volume | One | Two | Three | Four | Five | Six | Seven | Eight | Value
(ph) | (ph) | Gph) | ph) | Gph) | (ph) | (ph) | (vph) | Gph) | (vph)
0 175 178 172 178 186 180 176 179 178
100 160 164 158 159 156 168 157 159 160
200 131 140 142 138 135 133 139 138 137
300 115 107 111 114 108 104 109 105 109
400 99 83 95 87 91 84 93 89 90
500 77 77 84 80 76 79 81 77 79
600 71 77 73 71 75 79 72 68 73
650 60 61 59 63 61 60 63 61 61
Table 5.15:  RTOR Capacity for 40% Cycle Split
Conflict [ Run { Run | Run { Run | Run { Run { Run | Run | Ave.
Volume | One | Two [ Three | Four | Five | Six | Seven | Eight | Value
(vph) | (wph) | (wph) | (vph) | (vph) | (vph) | (vph) | (wph) | (vph) | (vph)
0 249 | 240 | 244 | 247 | 238 | 246 | 239 | 244 243
100 219 | 214 | 220 | 222 | 227 | 220 | 223 | 217 220
200 205 | 201 | 208 [ 210 | 196 | 196 | 203 | 200 202
300 174 | 164 | 184 | 168 | 176 | 173 171 176 173
400 147 | 149 | 144 | 141 148 | 147 145 144 146
500 121 121 119 | 120 | 124 | 120 117 | 123 121
600 109 97 104 97 108 99 95 101 101
650 83 71 80 68 73 71 69 75 74
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Table 5.16:  Effects of Cycle Split on RTOR Capacity
Relative  Difference
Conflicting | Capacity of RTOR [ with 50% Cycle Split
Volume 40% Split | 50% Split | 60% Split | 40% Split | 60% Split
(vph) (vph) (vph) (vph) (%) (%)

0 243 204 178 +19.1% -12.8%
100 220 189 160 +16.4% -18.1%
200 202 162 137 +24.7% -15.4%
300 173 139 109 +24.5% -21.6%
400 146 112 90 +30.4% -19.6%
500 121 89 79 +36.0% -11.2%
600 101 80 72 +26.3% -8.8%
650 74 63 61 +17.5% -3.2%

with 60% cycle split, and from 16.4% to 36% for the approach with 40% cycle split

comparing to the capacity with 50% cycle split.

5.5  Effect of Multiple Conflicting Traffic Flows

The capacity analysis conducted in Section 5.2 was undertaken under the
assumption of a single lane conflicting flow. It is more likely for a RTOR driver to face
two or more lanes of conflicting flow at a major intersection. Where the conflicting flow
occurs in more than one lane, there are two extreme cases representing the best and worst
conflicting flows to RTOR maneuver. Figure 5.5 describes the best case in which all the
vehicles approach the stop bar simultaneously in pairs. Obviously, the multiple

conflicting flows in this case can be treated as a single conflicting flow because of the
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Figure 5.5:  Multiple Conflicting Flows with Identical Arrival Intervals
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existence of the identical blocked and unblocked gaps. However, it is almost impossible
to have such an ideal conflicting flow in the real world situations. The worst case of the
conflicting flows is given by Figure 5.6 in which none of the vehicles in the same
direction arrives at the stop bar at the same time. Becéuse of the randomness of a traffic
stream, a real situation in the streets is between the two cases an;'l probably is closer to the
worst case than to the best case.

It is clear that the gap characteristics of multiple conflicting flows are more
difficult to analyze. Fortunately, a RTOR vehicle does not have to wait for a gap which
provides a clear right-of-way of the entire downstream approach of the cross street. In
fact, most RTOR vehicles only need to occupy the curb lane of the cross approach after
the turning maneuvers. In this case, the scattered arrival intervals in the cross street are
not as critical as the gaps among the vehicles in the most-right through lane of an
upstream approach. Thus, the characteristics of the traffic flow in that lane is of most
importance to the RTOR gap acceptance and therefore to the RTOR capacity. Given a
desirable intersection spacing, a driver who wishes to make lane change after RTOR
maneuver can have a chance to do so as he or she drives towards the next intersection.
From this point of view, the impact of multiple lanes of conflicting flow on RTOR
capacity is not significantly different from the effect of a single lane conflicting flow in
the most-right through lane in the cross street. However, the traffic law requires RTOR
vehicles yield to the through vehicles on cross street. In the case of which a through

vehicle in the second through (or median) lane changes to the curb lane as it approaches
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Figure 5.6:  Multiple Conflicting Flows with Scattered Arrival Intervals
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an intersection, RTOR driver has the responsibility to insure that an acceptable gap exists

before he or she makes the turn.

5.6 Effect of An Exclusive Right-Turn Lane

First, the effect of a right-turn lane will be discussed analytically by comparing
the case with an exclusive right-turn lane against the case with a shared lane. Then, the
development of a conceptual mathematical model for estimating the RTOR capacity of a
shared lane is discussed.

For the case with an exclusive right-turn lane, a vehicle entering the curb lane of
an upstream approach can make the right turn whenever there is an acceptable gap in the
conflicting traffic. In other words, the RTOR capacity is primarily determined by the gap
acceptance in this case. But for the case with shared lane, there is no guarantee that all of
the acceptable gaps in conflicting traffic can be utilized by the right-turn vehicles waiting
in the curb lane. In this case, there are three possible situations during a red signal
indication:

1. all the vehicles in the shared lane queue demand the right-turn movements;

2. the first vehicle in the shared lane queue is a right-turn vehicle; and

3. the first vehicle in the shared lane queue is not a right-turn vehicle.

Given that no exclusive right-turn lane exists, the capacity of RTOR is heavily
dependent on the type of movements that the drivers of the vehicles in the shared lane

desire to make. In situation 1., nothing is different from the case with an exclusive right-
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turn lane as far as RTOR capacity is concerned. In situations 2. and 3., there are N/
different combinations of the queuing sequences given that N vehicles are waiting in the
shared lane queue. The worst scenario would be the situation 3. in which no RTOR can
be made during the red phase of that signal cycle. The best scenario is that among all the
vehicles in the shared lane queue, the through vehicles are waiting at the end of the
queue. In this case, no RTOR vehicle is blocked by the through vehicles in the shared
lane during that signal cycle. The situation in the real world is always between the two
scenarios, and therefore the RTOR capacity will fall into a range with the worst scenario
as the lower bound and the best scenario as the upper bound. In other words, the RTOR
capacity ranges from zero to the one defined by Eq.(5-6) and Eq.(5-7), primarily
depending on the characteristics of the traffic entering the shared lane.

To describe the conceptual model for the RTOR capacity of a shared lane, a
mathematical approach similar to the one applied in Section 5.2 can be used. Assume the
basic traffic and signal conditions defined in Section 5.2 are still applicable in this
section. With a shared lane condition, the RTOR capacity is dependent on not only the
gap-acceptance function of the conflicting traffic in cross street, but also the possible
combinations of the movements that drivers desire to make from the shared lane. Similar
to the discussions in Section 5.2.1, the total number of RTOR occurring during an hour is
a function of the following four factors: 1) average number of RTOR per gap; 2) total
number of arrival gaps among the vehicles in conflicting traffic during an hour; 3) the

ratio of the available signal time for RTOR to the cycle length; 4) the probability of
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having k+1 (where £ is an integer) right-turn vehicles waiting at the front of the queue in
the shared lane. Suppose that:

P,;(i) = the probability of which the ith vehicle in the shared lane queue demands
a right-turn movement;

P(i&j&k) = the probability of having the ith, jth and th vehicles in the shared
lane queue as right-turn vehicles, where i #j , i # k,j # k, and i, j, k are non-zero integers.

With the same parameters defined in Section 5.2.1, a probability approach is used
to develop the RTOR capacity model for a shared lane. The RTOR movement is treated
as a continuous random process. Because of the shared lane condition, the number of
RTOR occurring in each gap depends on not only the crossing headway of the conflicting
traffic, but also the probabilities of having a right-turn vehicle in the front of the shared

lane queue. Thus, a modified version of the Eq.(5-1) can be expressed as:
n’=Z(k+1)-P(k+1)-1’R,(1&2&3&...&k+1) (5-8)
k=0

Based on the discussions in Section 5.2.1, the RTOR capacity of a shared lane

should be:

 =uNB, (5-9)

RTOR



145

3600 R-1,
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(4

1 = (k+1)- P(k+1)- Py (1&2&3&...& k+1)- (5-10)
k=0

where N is the total number of gaps in the conflicting traffic during an hour, and
9, is the ratio of the available RTOR signal time to the cycle length.

In Eq.(5-10), the P(k +1) reflects the influence of the headway distribution of the
conflicting traffic on the RTOR capacity. For example, if the conflicting traffic has a

negative exponential distribution, then:
P(k+)=Plg, +kh <t<g, +(k+Dh] (5-11)

The P (1&2&3&..&k+1) of Eq.5-10) is a function of the individual
probabilities of having k+/ right-turn ;/ehicles in the shared lane queue. The percentage
of right-turn demand in the total approach traffic plays an important role in this case.
P (1&2&3&...&k+1) can be easily calculated if the percentage of the right-turning
vehicles in the approach traffic is given. Assume that:

1. a two-lane approach with a shared lane has a% right-turning demand,

2. all of the right-turn vehicles enter the shared lane;

3. the approach volume has a 50% to 50% split into both the median lane and the

shared lane.
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Obviously, there will be 2a% right-turn vehicles in the shared lane traffic. Let
P,_(i) be the probability of which the ith vehicle in the shared lane queue demands a
right-turn movement. Then, P, (i) = 0.02a fori=1, 2, 3, ..., k+1. Since P_(i) and P,.(j)
are statistically independent for i, the following equations are true based on
probab%lity theory:

P.(i)y=20%

P,(1&2)= P, (1) P,,(2) = (20.%)

P,(1&2&3)= P, (1) P,(2)- P, (3) = 2o %)"

P (1&2&3&...&k+1)= P, (1)- P, (2)- P, (3)-- P, (k +1) = (20 %)**'

With the P(k+1) defined by the headway distribution of the conflicting traffic
and the P, (1&2&3&...& k +1) defined by the percentage of the right-turn vehicles in the
shared lane traffic, the average number of RTOR capacity from a shared lane can be

computed by using Eq.(5-10).

5.7  Effect of Headway Distributions

As discussed previously, the headway distribution assumed in the basic conditions
is shifted negative exponential. However, other types of distributions may fit field data
better at some locations. The effects of headway distribution on the RTOR capacity are

discussed in this section.
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With the same rationale discussed in Section 5.2, the format of the mathematical
model for RTOR capacity [referring to Eq.(5-5)] will change correspondingly if the
headway distribution of the conflicting traffic changes. The question is how does this
affect the estimated capacity of RTOR?

As defined in Figure 5.1, the two different time periods are applicable to any type
of headway distribution. During the time period ¢,, the headway distribution will
determine both the individual arrivals and the gaps between those arrivals. However, the
mean gap size will remain the same if no major change is made on the level of the
conflicting traffic volume in the cross street.

During the time period ¢,, discharging the conflicting queue has the highest
priority. The right-of-way is assigned to the cross street for clearing the conflicting queue
if the platoon exists. In other words, the duration of ¢, is primarily dependent on the
length of the conflicting queue. From queuing theory [17], the queue length is defined by:

L=\ (5-12)
where:

L is the average queue length in vehicles;

A is the average arrival rate in vehicles per second;

1, is the average waiting time in seconds in the queue.



148

During the accumulation of the conflicting queue, ¢, is mainly dependent on the
signal timing plan. It is necessary to study the sensitivity of the simulation output to the
headway distribution. Research on simulation [27] has found that simulation results are
insensitive to various types of statistical distributions as long as they have similar shapes.
As discussed in the previous sections, the RTOR capacity is primarily determined by the
total acceptable gap time in the conflicting traffic. This shows that headway distribution
is not very critical in affecting RTOR capacity. First, the gaps in conflicting traffic
depend on not only headway distribution, but also car-following characteristics and
signalization. Changing the statistical distribution of the traffic in cross street may result
in different sizes and combinations of blocked and unblocked gaps to RTOR vehicles.
But a long gap which permits N (where N is an integer) RTORs has essentially the same
effect as N short gaps each for making one RTOR. Therefore, the RTOR capacity will not
be significantly different as long as the mean gap sizes in the conflicting traffic have not

changed significantly.

5.8 Summary

In this chapter, RTOR capacity has been defined under the basic traffic, signal and
geometric conditions. Based on probability theory and several general assumptions, a
conceptual mathematical model was developed for estimating the RTOR capacity of an
exclusive right-turn lane. In order to define a simpler estimation process for the practice

of traffic engineering, computer simulation was applied and a piece-wise linear function
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relation has been found between RTOR capacity and its conflicting traffic in cross étreet.
The further study also indicates that the effect of cycle length on RTOR capacity is
insignificant, and a negative correlation exists between cycle split and RTOR capacity.
The characteristics of the through traffic flow in the most-right lane is of the most
importance to RTOR capacity. However, a RTOR driver has to insure that an acceptable
gap exists in the conflicting traffic when a vehicle in the second through lane decides to
change to the curb lane as it approaches an intersection. The effects of exclusive right-
turn lane versus shared lane operations were evaluated, and a conceptual mathematical
model was developed for estimating the RTOR capacity of a shared lane condition.

Finally, the effects of vehicle arrivals relative to the signal cycle were addressed.
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CHAPTER 6

APPLICATIONS

6.1  Background and Purposes

In previous chapters, the major characteristics of RTOR maneuver at signalized
intersections were identified through mathematical modeling and simulation assessment.
A set of typical traffic, signal and geometric conditions was pre-defined in the studies on
RTOR operations and capacity. However, the effects of changing the major traffic, signal
conditions and intersection configuration were also addressed in these studies. For
instance, among the major traffic parameters, the volume level and headway distribution
of the conflicting flow in cross street were treated as the major traffic variables pertinent
to RTOR capacity. The cycle length and cycle split of the signal timing scheme at an
intersection were assessed as the major signal variables in evaluating their effects on
RTOR capacity. The importance of intersection configuration to RTOR maneuver was
addressed in two aspects: 1) multiple conflicting lanes on the cross street; and 2) an
exclusive or shared lane in the approach where RTOR occurs. The efforts mentioned
above have led some universal findings significant to the characteristics of the RTOR
operations at signalized intersections. It is of most interest to interpret the key findings of
this research into the real world applications.

As discussed in the previous chapters, the findings of this study include two major

aspects of RTOR maneuver, that is, operations and capacity. The major parameters of
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RTOR operations can be defined with the results of the operations study. Similarly, the
RTOR capacity under various traffic and signal conditions can be estimated with the
products of the capacity study. However, the RTOR capacity and its effects on the
intersection operations are perhaps of the most importance from the practical point of
view of a traffic engineer. Therefore, the effort should be mainly focused on interpreting
and extending the key findings of RTOR capacity into the applications of intersection
analys