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PREFACE

This report describes the development and application of a vehicle
emissions and fuel consumption model for mixed traffic at intersections
called TEXAS-II. Momentary speed, acceleration, and position information
from a modified version of the TEXAS Model for Intersection Traffic 1is wused
in TEXAS-II as 1input to the embedded EPA Modal Analysis Model to estimate
emissions and fuel consumption for light-duty vehicles. A new model, which
was developed around diesel and gasoline engine data provided by Southwest
Research Institute, estimates these factors for heavy-duty vehicles. Initial
work on the new model was performed by Hsin-Hsing Wu and Pramod Athalye in
1980 and further development was done by Charlambos Simeonidis and Steve
Beckel in 1981.

This study, dealing primarily with improved techniques for estimating
vehicle emissions sources at intersections, was part of a coordinated
research project to identify air pollution problems at intersections. The
field monitoring and dispersion modeling portion of the work was performed by
the Chemical Engineering Department and the Texas Transportation Institute at
Texas A&M Unilversity wunder the supervision of Dr. J. A. Bullin and is
described in Research Report 250-2F. Rod Moe coordinated the overall
research study and represented the Texas State Department of Highways and
Public Transportation with technical expertise and administrative support.

Mrs. Candace Gloyd handled the word processing for the report manuscript.
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SUMMARY

High concentrations of vehicular emissions at road intersections are a
health-related issue of concern, and the associated fuel consumption is a
matter of continuing economic interest. For use in this study, a computer
simulation model called TEXAS-II was developed at the Center for
Transportation Research, The University of Texas at Austin, to estimate with
respect to time and location the source of carbon monoxide, hydrocarbon, and
oxides of nitrogen emissions as well as the amount of fuel consumed by
individually-characterized vehicles as they pass through an intersection
environment which can be described accurately 1in terms of its geometric
features, traffic control, and traffic stream characteristics.

The TEXAS-II simulation model was run approximately 300 times in a
series of experiments designed to obtain quantitative estimates of the
effects of various traffic and intersection factors on emissions, fuel
consumption, traffic delays, and queue 1lengths. The resulting data were
utilized to build predictive models for emissions and fuel consumption at
intersections. The factors which were used for simulating the intersection
environment were (1) intersection size, (2) presence or absence of a special
left-turn lane, (3) pretimed signal control, (4) full-actuated signal
control, (5) all-way stop—sign control, (6) traffic volume, (7) left turns,
and (8) heavy-duty vehicles.

Traffic engineers and transportation planners can utilize the results of
this study in one of three ways. First, the predictive models can be applied
to calculate the expected source of emissions, fuel consumption, and traffic

performance parameters for any intersection situation that was included in



vi

the range of simulated conditions. Second, a series of tables can be used
for convenient look-up of these values, or finally,' the TEXAS-I1 computer
simulation program can be run to obtaln detalled data concerning any specific
intersection environment of practical interest. The values thus obtained can
serve as a basls for further emission dispersion studies or for direct
comparison of the effects of varlous intersection features on emission

sources, fuel consumption, vehicular delay, and queue lengths.



IMPLEMENTATION STATEMENT

A set of tables, based on an extensive series of simulation experiments,
1s presented for direct look-up of quantitative values for carbon monoxide,
hydrocarbons, and oxides of nitrogen vehicle emission sources as well as fuel

consumption per fifteen minutes at signalized intersections carrying mixed

traffic. Various geometric, traffic, and signal timing conditions are
included, and the tabular values may be used conveniently for evaluating and
comparing the effects of these factors for the overall intersection area or
for each intersection approach over a wide range of practical conditions.
Multi~term predictive models are provided for computing intermediate values
for conditions within the range of signalized intersection environments
simulated in the experiments. TEXAS-II, a new computer simulation model
which 1incorporates EPA's Modal Analysis Model for 1light-duty vehicle
emissions and fuel consumption estimates along with a heavy-duty vehicle
model developed in the study, can be run to evaluate quantitatively emissions
and fuel consumption for any practical geometric, traffic control (signals,
signs, or uncontrolled), and traffic mix environment of specific interest.
Output from the models is presented for buckets or segments along each lane,
for each approach, for the intersection proper, and for the overall
intersection system during a specified time interval 1in a tabular format
suitable for direct iInterpretation or for subsequent use with a dispersion
model. This quantitative information is especilally wuseful for i1dentifying
existing problem intersections and for evaluating practicable alternative

solutions.

vii
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CHAPTER 1. INTRODUCTION

PROBLEM STATEMENT

Vehicle emissions and fuel consumption at or near street intersections
are usually higher than on other street segments because the intersection
frequently causes vehicles to slow, stand, and accelerate. Pollutants
emitted from vehicles in the vicinity of intersections can sometimes
accumulate at certain points, and concentrations in the air can make
occupancy of these areas potentially dangerous to human health. Excessive
fuel consumption at intersections 1is also a major concern in traffic
engineering and in transportation economics as it relates to the conservation
of energy.

A practical means of estimating both the vehicle pollutants and fuel
consumption near intersections in quantitative terms is needed. Existing and
potential 1locations with excessive emissions and fuel consumption need to be
identified so that appropriate remedial and preventative measures can be
programmed.

Among the various emitted pollutants, carbon monoxide (CO), hydrocarbons
(HC), and oxides of nitrogen (NOx) are of most concern. Carbon monoxide is
so0 toxic that it can cause death within minutes in high concentrations.
Hydrocarbons, in the gaseous form, combine with oxides of nitrogen in the
presence of sunlight to form photochemical smog. Smog frequently causes
watering and burning of the eyes and adversely affects the human respiratory
system, especlally of those persons in marginal physical condition. Oxides
of nitrogen tend to combine with the hemoglobin in the blood and react with

moisture in the lungs to form dilute nitric acid. Even when the amounts of



NOx are minute, the effect on the human body is cumulative and therefore
undesirable after a long period of time [Ref 1]. HC and NOx, which sometimes
react in the atmosphere, can form oxidants and thus are difficult, if not
impossible, to monitor accurately with existing equipment and sampling
methods. Only CO concentrations can be measured practically by field
techniques at this time.

In order to predict the vehicle generated pollutant concentrations which
might exist at any selected location on or adjacent to a roadway, the source
of emissions must first be estimated. Vehicle source emissions can be
characterized by a time-dependent instantaneous rate with respect to location
along the roadway. The type and the amount of pollutants emitted from any
vehicle traveling along the roadway actually depend on the vehicle type, its
condition, and the performance of traffic at the location. Inherently,
vehicle emissions are displaced almost immediately from the instantaneous
point of deposit due to movement of the air around the vehicles traveling on
the roadway, wind, and thermal convection. For certain modeling purposes,
however, the emissions deposited along a highway lane or on a set of
intersection approach lanes in a short time period, before being dispersed
into the air or modified by reaction with other constituents in the air,
might be viewed collectively as a line source of pollutants in relation to
the overall intersection space [Ref 2]. The pollutants in this line source
may be further dispersed into the air, quickly or slowly, depending on the
localized meteorological conditions. Locations where the dispersed pollutant
concentrations exceed the primary or secondary ambient air quality standards
issued by the Environmental Protection Agency in 1971 [Ref 3] can possibly be

called pollution hot spots.



In this study, estimating the source of vehicle emissions 1in
quantitative terms is the major concern. Mixing and dispersion of pollutants
is the subject of related ongoing research which 1is wutilizing field
measurements of pollutants as the basis for developing improved models of
pollutant concentrations in or near road intersections. Fuel consumption,
which likewise varies with respect to time and location along the roadway, is
also addressed in this study since the estimation techniques are somewhat
similar and the subject is one of concern. Techniques for 1identifying the
intersection areas and conditions which result in various rates of fuel
consumption are presented in subsequent chapters.

The primary objectives of this portion of the overall research project
are to:

(1) develop a computer simulation model (TEXAS-II) which can predict
the time-dependent vehicle emissions and fuel consumption at
intersections on a more detailed basis than any of the currently
available techniques, and

(2) develop a series of predictive equations and look—-up tables which
will describe vehicle emissions sources and fuel consumption at
various locations in the intersection vicinity during a specified
time interval for various types of geometry, traffic control
systems, and traffic flow conditions.

This study concentrates on applying the TEXAS-II computer simulation
model in a series of designed experiments to obtain quantitative estimates of
vehicle emissions sources and fuel consumption on intersection legs and in
the intersection proper. The data resulting from some 300 runs of the model
have been used to build predictive models for emissions and fuel consumption
at intersections. These models can be wused to calculate estimates of
emissions, fuel consumption, vehicle delay, and queue 1length for the

situations which are included within the range of experimental values

utilized. A series of tables has also been prepared to allow convenient



look-up of the experimental values without calculation. The TEXAS-II model
can, of course, be executed to obtain detailed data concerning specified
intersection environments of practical interest. Efforts to coordinate the
predicted emissions with field measurements of pollutant concentrations are

described in Appendix I.

BACKGROUND AND SIGNIFICANCE OF STUDY

The Environmental Protection Agency (EPA) initiated an extemnsive series
of studies related to air quality 1in urban areas following the 1970
Amendments to the Federal Clean Air Act. These studies have addressed the
estimation of vehicle emissions and the associated traffic performance on
roadways, as well as the estimation of the pollutant concentrations by

modelling or by field measurement. In a 1972 report entitled Compilation of

Air Pollutant Emission Factors (referred to as AP-42 and revised in 1975)

[Ref 4], the dominant emission factors for various sources including various

highway vehicles were identified. The 1974 Automobile Exhaust Emissions

Modal Analysis Model (referred as the Modal Analysis Model and revised in

1977) [Ref 5] moved a step further by building mathematical models for the
instantaneous rate of emissions and fuel flow as functions of instantaneous
vehicle speed and acceleration. Only light-duty vehicles were modelled,
however. 1In 1981, a model called MOBILE-2 [Ref 6], revised from the 1978
MOBILE~-1 |[Ref 7], was presented to extend the methods and the emission
factors listed in AP-42 to predict the emissions of both light—-duty vehicles
and heavy~duty vehicles driving at steady speed or idling. No provision was
made in this model for transient state driving. The 1980 HIWAY-2 model [Ref
8], revised from the 1974 HIWAY model [Ref 9], was developed to predict the
concentration of pollutants emitted from vehicles. This model combined the

Gaussian Plume Equation, meteorological situations, and road geometries to



predict pollutant concentrations at receptors downwind from the roadway. The

1978 Carbon Monoxide Hot Spot Guidelines [Ref 10] combined the results of

previous studies to present a hand-calculation method for traffic englneers
to evaluate CO hot spots along the roadway or at an intersection. The
Intersection Midblock Model (IMM) [Ref 11] in 1978 was a computer program for

calculation of the procedures 1listed in the Carbon Monoxide Hot Spot

Guidelines. IMM integrated traffic engineering principles, the Model
Analysis Model, MOBILE-1, and HIWAY to predict vehicle emissions and CO
concentrations.

The revised federal Clean Air Act, in August 1977, accelerated the
studies on vehicle emissions by requiring the transportation agency 1in each
wajor urban area to implement continuous surveillance of pollution hot spots.
In responding, some agencies adopted or revised the EPA models. For example,
the New York State Department of Transportation modified IMM [Ref 12], and
the California State Department of Transportation develqped a series of
dispersion models: California Line Source Model in 1972 [Ref 13], CALINE-2
in 1978 [Ref 14], and CALINE-3 1in 1979 [Ref 15]. CALINE-3 was designed in an
attempt to represent the geometric roadway configurations better than
HIWAY-2. The TEXIN model [Ref 12], developed by the Texas Transportation
Institute in cooperation with the Texas State Department of Highways and
Public Transportation and the Federal Highway Administration in 1981,
incorporated the MOBILE~2 and CALINE-3 computer models with a set of
short-cut traffic and excess emission prediction techniques. Field
measurements of CO and test gas concentrations [Ref 16] were used to compare
the prediction of TEXIN with the predictions of IMM and others. TEXIN was
found better in comparisons with other models but the predictability was

still not precise.



Other studies have dealt mainly with street intersections where higher
vehicle emissions may be deposited and where more vehicle fuel may be
consumed. Patterson [Ref 17] utilized a queuing model and analyzed field
measured data to conclude that the emission profile peaked at the stop line
and fell off rapidly toward midblock because the time spent near the stop
line was much greater than the time spent near midblock. Ismart in 1982 [Ref
18] assumed that free—flowing vehicles generate cruise emissions and consume
certain amounts of fuel along the roadway; and that the vehicles which
experience stops, slowing, or idling produce excessive emissions and consume
excessive amounts of fuel only while in a queue. He also assumed that delay
is correlated with, queue length, emissions, and fuel consumption. With
these assumptions, he developed a series of equations to estimate emission
sources in relation to the average stop time per vehicle. This simplified
estimating technique for vehicle emission and fuel consumption applied only
to an isolated intersection. Evans in 1978 [Ref 19] summarized results from
a series of studies based on driving test vehicles in traffic and reported
that fuel consumption and HC emissions were generally linearly dependent on
the average ¢trip time per wunit distance. He stressed that the single
variable average trip time per unit distance could be used to quantify the
traffic conditions, including the influence of intersections, and could be
used to estimate fuel consumption and HC emissions.

Some effort has been devoted to applying the Modal Analysis Model in
evaluating the effect which traffic performance on road networks has on
emissions and fuel consumption. The Modal Analysis Model was derived from
analysis of second-by—second dynamometer test data within a speed range of O
to 60 mph for 170 automobiles in six American cities at varying altitudes.

The second-by-second speed profile of each light-duty vehicle passing a



selected source location along the roadway is needed for input to this model;
therefore, it can be conveniently linked to an appropriate traffic simulation
model to  predict traffic-generated emissions and fuel consumption.
Evaluation of the model indicates that it predicts CO and HC much better than
NOx. Haefner, et al., [Ref 2] 1indicated that the Modal Analysis Model
estimated actual CO and HC emissions within 13 percent but predicted NOx only
within 80 percent. They also pointed out that the model has been used
without basic revision since 1977. This 1s probably due to the fact that the
cost of obtaining adequate experimental data is high. Lieberman and Cohan
[Ref 20] indicated that acceleration could have a strong effect in increasing
vehicle emissions and fuel consumption. Deceleration generally increases CO
and HC but decreases NOx. In steady state driving, the emission rates of CO
and HC decrease with speed while the emission rate of NOx increases with
speed. Graffin in 1979 [Ref 21] reviewed the data that were used for
building the Modal Analysis Model and indicated that during acceleration CO
and HC were quadratic functions of relative engine power (the product of
vehicle acceleration and speed). He also pointed out that the emission rates
of CO and HC were constant for idle and deceleration and that NOx emissions
were a minimum during idling. These emissions increased linearly in
proportion to the relative horsepower. Cohen in 1977 [Ref 22] combined the
Modal Analysis Model and a revised HIWAY model with a microscopic simulation
model, UTCS-I (later referred to as NETSIM), to estimate the emission source
profiles of three classes of vehicles and the dispersion of CO in the
vicinity of intersections. The emission source profile and the pollution
concentration level were shown to be higher at the stop 1line and 1lower at
midblock. He indicated that vehicle emissions and fuel consumption were

probably higher at the stop line than at midblock due not only to the fact



that more time 1is spent near the stop line than at midblock locations but
also because higher rates of emissions and fuel consumption occur at the stop
line due to the nature of the vehicles being slowed, stopped, and
accelerated. Cohen and Euler in 1978 [Ref 23] indicated that fuel
consumption and HC and CO emissions were minimum at approximately the same
cycle 1length as delay in their NETSIM-based simulation study, and that fuel
consumption as well as HC and CO emissions were quadratic functions of
average speed.

Better estimation models for mixed traffic emissions and fuel
consumption at intersections were needed to improve the limitations in the

existing methodologies. These limitations included:

(1) Details of intersection geometry are not taken 1into account
adequately; therefore, their impact on traffic behavior cannot be
evaluated. For example, the curb return radius in NETSIM is a
fixed value in the program, its impact on right—-turning vehicles
cannot be studied. The angle of intersection for all intersection
legs is also a fixed value at 90 degrees.

(2) Only a limited number of individually-characterized vehicle types
are represented in the models. Three types of vehicles are
generally used in NETSIM.

(3) The models which relate emissions and fuel consumption to vehicle
behavior do not account directly for heavy-duty vehicles.

(4) The microscopic behavior of vehicles in the intersection area, and
their interactions, are not modeled 1in realistic detail. For
example, NETSIM, which was designed primarily for evaluating street
networks, simulates lane changes and left turns in accordance with
a predetermined probability distribution rather than on a
deterministic basis 1in relation to the surroundings at a given
time.

These improved models needed to be applied in a systematic study of the
complex interaction among traffic performance, geometry, traffic control

systems, emissions, and fuel consumption in a representative range of

practical intersection environments. To address these needs, a research



study for developing and applying an improved traffic simulation model was
proposed.

This research project was initiated in 1978 as part of a cooperative
research program between the Texas State Department of Highways and Public
Transportation and The University of Texas at Austin. The TEXAS-II Model was
developed under the study as an extension of the TEXAS Model for Intersection
Traffic [Refs 24-27]. The TEXAS Model for Intersection Traffic ¢an include
15 types of vehicles, each with different characteristics, and simulate the
traffic behavior of each vehicle deterministically so that a detailed
description of its instantaneous performance is produced.

In developing TEXAS-II, a post processor which combines the Modal
Analysis Model for light—-duty vehicles and an emissions and fuel consumption
model which was developed on this project [Refs 28-38] for heavy-duty
vehicles were added to the TEXAS Model for Intersection Traffic to estimate
the vehicle source emissions and fuel consumption for mixed-traffic along the
roadway and in the intersection area. The TEXAS-II simulation model is a
powerful new tool for investigating the effects of traffic and the specific

intersection environment on pollution sources and fuel consumption.

STUDY TECHNIQUES FOR EXPERIMENT DESIGN

Since the practical range of the geometry, traffic control, and traffic
stream characteristics (which are normally expected at intersections) is very
large, statistical techniques were used to design a series of experiments
using small samples to generalize a wide range of cases. Generalized
prediction models for vehicle emissions and fuel consumption were developed
using efficiently selected samples and statistical methods.

The statistical techniques that were used for experiment design include

analysis of variance, fractional replication design, and variance reduction.
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Analysis of variance was wused to analyze the variability in the observed
responses which could be explained by input factors or which could not be
explained at all. Therefore, each active and interactive effect of the input
factors could be assessed by its relative significance. Then, a prediction
model for each response could be built by combining only the significant
factors. Generally the prediction models are valid within the experimental
range or a little beyond. The technique of fractional replication design was
used to select the smallest number of experimental conditions which could
provide the 1information necessary for building models by the analysis of
variance technique. This technique is appropriate for use when a large
number of variable factors are being analyzed because only a small fraction
of all the possible combinations need to be used in the experiment. The
variance reduction technique could be used to reduce the variance of
simulation results and thereby to increase the precision of the estimates.
One such technique is the common random number technique which was used to
induce positive correlation between various experimental conditions and thus
make the resulting variance smaller than it would be with independent
sampling. With these techniques, a series of simulation experiments could be

designed and analyzed.

ORGANIZATION OF THE STUDY

In order to predict the traffic-generated emissions and fuel consumption
in the vicinity of an intersection, this research study applies the TEXAS~II
simulation model 1in a series of designed experiments to obtain quantitative
estimates of vehicle source emissions and fuel consumption on intersection
legs and in the intersection proper. The pertinent factors which generally
control the intersection environments and which are expected to have strong

influences on vehicle emissions and fuel consumption are identified in
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Chapter 2. The statistical techniques used for experiment design are
discussed in Chapter 3. The TEXAS-II simulation model as well as the
emissions and fuel consumption models for heavy-duty vehicles are discussed
in Chapter 4. The experiment design for two~phase pretimed signal-controlled
intersections and the results of simulation are discussed in Chapter 5. The
experiment design for full-actuated signal-controlled intersections and an
all-way stop sign controlled intersection and the results are discussed in

Chapter 6. Chapter 7 contains the summary, conclusions and recommendations.
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CHAPTER 2. FACTORS INCLUDED IN THE SIMULATION EXPERIMENT

SELECTING FACTORS FOR THE EXPERIMENT

Many factors act and interact to produce the intersection environment
which receives traffic-generated emissions and fuel consumption, and there
are numerous combinations of these causative influences which might result in
excessive accumulation of pollutants, fuel consumption, queues of traffic,
and delay. 1In order to determine the factors and combinations of factors,
which contribute significantly to the development of these undesirable
situations at intersections, several experiments can be conducted with
computer sSimulation. The TEXAS Model for Intersection Traffic [Refs 24-27]
has been chosen for execution of these experiments because of the fact that
this model, with recent improvements described 1in Chapter 4, produces
information about the instantaneous position, speed, acceleration, emissions,
and fuel consumption of each vehicle that traverses the intersection area.
The simulation process can be repeated as many times as necessary to yield
the relevant information about emissions and fuel consumption that will be
caused by traffic interacting with the intersection environment.

The scope of the experiment is concentrated primarily on the factors
which are related to isolated intersections in urban areas. Three classes of
causative influences are considered; these include geometric configuration,
traffic control, and traffic stream characteristics. The geometric
configuration determines the vehicle path as well as the vehicle speed and
acceleration, and thus defines the location of the source of emissions and
fuel consumption with respect to time. Traffic control influences the rate

of movement of traffic along each vehicle path. Traffic stream

13
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characteristics constitute the integral features of traffic composition and
movement with which pollutants and fuel consumption are associated. These
three aspects determine to a large extent the amount and location of the
vehicle emissions and full consumption that can be associated with the
intersection proper and with the approaches.

The specific factors 1in each class of causative influence that are
deemed pertinent will be discussed and selected for inclusion in the
experiment in succeeding sections of this chapter. The selected factors
should be independent of other factors, or else any observed difference
between estimated effects of vehicle pollution, fuel consumption, delay, or
queue length will be hard to explain. The independent variables will be
assigned different 1levels, and other related causative factors with fixed
values will be held constant for input to the simulation experiments.

Three equi-spaced levels of each selected factor will be described as
low, medium, and high in order to represent the factor variability. The
possible effects attributable to each factor will be explored in detail, and
whether the effect is linear or curvilinear will be detected. Traffic stream
characteristics can be defined for each intersection approach; therefore, the
number of possible combinations can be very large. In order to reduce this
number and still provide a reasonable range of traffic conditions for
analysis, the opposing approaches to each intersection will be assumed to
have the same traffic stream characteristics. Therefore, there are two
replications of approach statistics for each street. Because three levels of
each selected factor require more measurements than two levels, three levels
will be used only for the major experiment, which represents the most likely
occurring situations. Two additional experiments, which are auxiliary to the

major experiment, adopt only two levels for each of the selected factors.
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INTERSECTION GEOMETRICS

The geometric configuration of an intersection determines the paths
which can be used for vehicle and pedestrian movements within its boundaries.
Therefore, the geometric configuration defines to a large extent the capacity
of the 1intersection for handling traffic and the amount and spatial
distribution of vehicle emissions and fuel consumption. Thus, the statistics
related to these responses on an approach basis are also of concern. Eight
factors which may be used to characterize the important geometric and

operational features of an Intersection and its approaches are:

(1) Shape - The number of 1legs and the angles between the legs
generally define the shape of an 1intersection. For example, a
3-leg intersection can have the shape of a T, a Y, or any skewed
shape. Shape influences the distribution of turning traffic, e.g.,
the truncated street at a T 1intersection has higher turning
percentages than a continuing street. Most 4-leg intersections
have legs which cross at or near right angles.

(2) Size - The number of lanes on each intersection leg and the
assoclated lane widths basically determine intersection size.

(3) Directional Operation and Parking - One-way or two—way operation
may be provided on the legs which constitute an intersection, and
parking may be eilther prohibited or permitted along one or both
sides of the roadway near the intersection. Usually, a one-way
street has higher capacity than a two-way street with the same
approach width.

(4) Specilal Lanes - Separate lanes for left or right turns may, or may
not, be provided.

(5) Curb-Return or Pavement-Edge Radii -~ Adjacent curb 1lines or
pavement edges along the legs at an intersection are usually
connected by an appropriate radius. These radii define the area
within the intersection which may be used by turning traffic.

(6) Sight Distance ~ The clear visibility distance which a driver has
avallable 1in the 1intersection area is determined by intersection
and approach geometrics within the traveled way as well as by the
location of sight obstructions near the traveled way.

(7) Alignment - Horizontal and vertical alignment of the lanes
approaching and leaving an intersection determine the geometry of
the vehicle paths which can be used within the intersection.
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(8) Channelization = Channelization 1is the separation or regulation of
conflicting traffic movements into definite paths of travel by
means of traffic 1islands or pavement markings. These treatments
are used at some intersections to facilitate the safe and orderly
movement of both vehicles and pedestrians.

In defining experiments for identifying potential pollution hot spots at
intersections, representative  geometric features must be selected.
Intersections with five or more legs are not commonly used because of the
complex vehicle paths within the intersection and the associated traffic
control problems. Intersections with only three legs are not as likely to
cause pollution problems; therefore, only four-leg intersections will be
considered. The simulation technique described herein can, of course, be
used to analyze emissions and fuel consumption from traffic using any
practicable intersection configuration.

As to Intersection size, the total number of lanes on each leg,
including both 1inbound and outbound 1lanes, might vary from two to ten or
more, but the usual range 1s from two—lane inbound to three—lane inbound and
from two-lane outbound to three—-lane outbound with or without a special
turning lane on the inbound approach. Lane width might vary from nine feet
to fourteen feet. Twelve feet 1s recognized as the standard lane width;
therefore, all lanes in the experiment will be twelve feet wide.

One-way streets are generally popular only in built-up areas of cities
such as the central business district where parallel and closely-spaced
street patterns exist. Most streets are designed for two-way use. Parking,
usually, 1s restricted for some distance away from the intersections.
Therefore, the geometrics selected for the experiment will be two-way streets
without parking.

The installation of separate turning lanes depends on the traffic

volumes and the type of control. Left-~turning traffic possibly has more
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effect on pollution than right-turning traffic as more potential conflicts
are encountered in making a left turn. Separate left-turn 1lanes will be
included 1in the experiment at signalized intersections only. Special
right—turn lanes will not be analyzed, but right-turn-on-red maneuvers will
be permitted.

Curb radii in wurban areas are usually smaller than the pavement edge
radii used in rural areas. The street development standards of most cities
provide curb return radii of 5 to 30 feet. With a l5-feet radius, most
passenger cars can make a right turn with little encroachment on adjacent
lanes, but higher speed of these vehicles, or larger vehicles at low speed,
will result in substantial encroachment. A curb return radius of 20 feet 1is
used in the experimental design for all geometric configurations.

Approaches to all intersections are considered straight, level, and
provided with safe stopping sight distance. No channelization is included in
the analysis.

Nine intersection types have been selected to cover the major factors
discussed above. They are identified in Table 2-1 and are shown as graphical
figures 1in Appendix A. Two factors from among the eight discussed above have
been chosen as the primary basis for selecting the nine representative
intersection types for inclusion in the simulation experiment. They are
size, and special lanes. These two factors reflect the geometric differences
of the nine intersection types by three associated levels for each factor.
Size 1is systematically increased by two lanes of width on the minor street
and on the major street. Special left-turn lanes are added to both the major
street and to the minor street from the basic 4 x 4, 6 x 4, and 6 x 6

intersection configurations.



TABLE 2~1. GEOMETRIC FEATURES OF INTERSECTION TYPES SELECTED FOR ANALYSIS

8T

INTERSECTION %gﬁgiggcgéoiAgégf SEPARATE LEFT~TURN LANE
TYPEX MAJOR STREET MINOR STREET MAJOR STREET MINOR STREET
1 4 4 No No
2 5 4 Yes No
3 5 5 Yes Yes
4 6 4 No No
5 7 4 Yes No
6 7 5 Yes Yes
7 6 6 No No
8 7 6 Yes No
9 7 7 Yes Yes

* All intersections are unchannelized, cross shaped, with 20-foot curb return radii, no sight
restrictions, two-way traffic, 12-foot-wide lanes and no parking.
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TRAFFIC CONTROL AT ISOLATED INTERSECTIONS

Traffic control determines the discharge rate and the volume of traffic
that each intersection approach can handle by assigning the right-of-way to
vehicles on each street or to those on selected approaches. Traffic control

at an isolated intersection may be one of the following six types:

(1) pretimed signals

(2) full-actuated signals,

(3) semi-actuated signals,

(4) all-way stop signs,

(5) stop signs only on minor streets, or

(6) yield signs only on minor streets.

Pretimed signal control exhibits a fixed sequence of green, yellow, and
red indications to approaching traffic during a pre-determined cycle time.The
duration and sequence of the signal indications do not respond to the actual
demand which desires to pass through the intersection at any given time.
Both cycle length and the duration of the green intervals for each phase are
adjusted to accommodate the heaviest anticipated traffic without excessive
delay. Usually, the adopted cycle time is within the range from 50 seconds
to 90 seconds for two green phases. If there are four phases, the usual
cycle time 1is from 90 seconds to 120 seconds. The number of phases depends
primarily upon total traffic demand and whether or not the volume of left
turns 1is heavy enough to require a separate left-turn phase for traffic on
the street. The yellow interval is set to allow drivers either to stop
safely before entering the intersection or to clear the intersection before

the signal turns red. The yellow time computed by the conventional technique
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[Ref 43] for each intersection is rounded to 4 seconds in each intersection
for consistency.

Because two-phase pretimed signals are widely used, this is selected as
the basic control type for the emission and fuel consumption experiments and
for comparison with the other types of control. The design of an experiment
for four—-phase operation 1is more complicated than the design for two—phase
operation. Four-phase signal control operation will not be considered in
this study. For two-phase pretimed signals, cycle time and green split are
determined by the design hourly volume on each street. The duration of cycle
time depends on the total traffic volume which will traverse the
intersection; the higher the total traffic volume, the longer the cycle time
should be. Frequent stops resulting from shorter cycle time will cause slow
speeds and excessive queue lengths for heavy traffic volumes. Short cycles
cannot handle heavy demand effectively. Green split is the division of the
cycle time into green time (including yellow time) for each movement so that
vehicles can be serviced equitably. The optimal value of green split for a
given traffic demand provides for handling all stopped vehicles and makes the
green times proportional to the traffic volumes on the two streets. Because
cycle time and green split of two-phase pretimed signals cannot always
accommodate moment-by-moment demands, variations about the optimal values
must be examined to see the impact of non—-optimal settings in practice. Each
factor of cycle time and green split will be set at three levels for the
major experiment. The middle value of cycle time is set at the estimated
optimal level for the expected volume; ten seconds shorter or longer are set
as low level or high level of cycle time, respectively. The medium level of
green split is set as the optimal value, and five percent shorter or longer

are set as low or high 1level of green split, respectively. If the lane
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volumes on the two intersecting streets are equal or nearly equal, the
optimal green share for each street is 50 percent. If the lane volumes on
the two streets are significantly different, consideration must be given to
the discharge rate of small queues of vehicles on approaches with lesser
volumes. The green time consumed by the first few vehicles entering the
intersection is longer than that needed by an equal number of following
vehicles. The ratio of the required green times should therefore reflect the
fact that the average headway needed by each vehicle on the street with the
lesser volume is higher than the corresponding headway on the other street.
The optimal green split for the wunequal traffic demand situation can be
determined by recognizing both the effects of starting time delays, cycle
time, and the lane volumes on each street.

If traffic demand fluctuates significantly at an intersection
traffic~ actuated control can be used to provide the duration of each green
phase and the sequence of green phases according to actual demand. Detectors
are deployed on the intersection approaches to measure instantaneous traffic
demand. The green phase of a basic actuated controller 1is composed of an
initial time interval and a series of extensions. The maximum green time for
each phase 1is preset. The initial interval should be set long enough to
permit all vehicles stored between the stop line and the detector to enter
the intersection. If no additional vehicles cross the detector, the phase
will be terminated at the end of a minimum assured green time. The minimum
assured green time is wusually the sum of an 1initial interval and one
extension that is called a vehicle interval. If a vehicle crosses the
detector during the vehicle interval, the remaining time in the interval is
cancelled and a new interval is added. Each such extension should allow an

approaching vehicle to travel from the detector to the intersection. By this
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means, the green phase is extended until either no more vehicles are detected
(gap—out), or the maximum green time is exceeded (max-out).

Actuated signal control includes two types, full-actuated and
semi-actuated. The full-actuated signal controller receives actuation
information from detectors deployed on all approaches. It assigns green
indications to approaches where there is demand and extends the phase wup to
the maximum green extension so long as gaps of excessive magnitude do not
occur in the approaching traffic stream. The semi-actuated signal controller
receives information from detectors deployed only on the minor street
approaches. The green rests on the major street if there is no demand on the
minor street. When the detectors indicate a demand, the green phase shifts
to the minor street after a minimum green time on the major street has
elapsed. Extension of the green on the minor street is accomplished as
described above for a full-actuated controller.

Since the full-actuated controller can respond to actual traffic demands
on both the major and minor streets, it will be used in the experiment to
study the effects of actuated control on emissions. At peak traffic demand
on both streets, this type controller behaves as a pretimed controller with
each green phase equal to the maximum extension. At lesser volumes, there is
no definite cycle time. Maximum green can be selected as the controlling
factor for the full-actuated signal to see its impact on emissions and fuel
consumption and to compare its effects with those for a pretimed signal. The
other operating characteristics of the full-actuated signal will be fixed
constants at their optimal values and discussed as follows.

The type and location of detectors determines the source of information
for an actuated controller and therefore affects the performance of the

control system. Inductance loop detectors are used extensively with actuated



23

controllers. There are two types of loop detector configurations: The
small-area detector, which is about 6 ft x 6 ft 1in size, senses vehicle
presence or passage over a short length of the traffic lane. It 1is usually
set back from the stop line to generate an early indication of an approaching
vehicle. A large area detector, about 6 ft x 15-40 ft in size, is often used
on special turning lanes to measure the presence of vehicles. It may provide
information which can be used to prevent false calls such as right turn on
red and left turn during a permissive conflicting period which otherwise
would be generated by a motion detector.

The location of a small-area motion detector should be far enough back
from the intersection to give early indications and prevent the approaching
vehicle from stopping. But it cannot be too far back so that it causes
excessive numbers of vehicles between the detector and the intersection to
storé for discharge during the minimum assured green time. The setback is
suggested as 120 feet when approach speed is not higher than 30 mph [Ref 45].
Six vehicles can be stored from stop line to detector. The initial interval
is suggested as 10 seconds and the extension is 3.5 seconds. Therefore, the
minimum green time is long enough to discharge six vehicles.

All intersections 1in a street system are not signalized. Unsignalized
intersections may be controlled by all-way stop signs, two-way stop signs, or
yield signs. Others might operate without any control except the general
rules—of-the-~road.

All-way stop control is provided at each leg of an iatersection on which
the importance of the intersecting streets is equal; therefore, each vehicle
must stop before entering the intersection. This type of control is suitable
only at small intersections, such as 4 x 2, 4 x 4, and 4 x 2 (T). All-way

stop control is selected for this study because of its popular use at small
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intersections and its flexibility of serving traffic from low level to high
level.

Two-way stop control and yield sign control are used only at a minor
street to establish the legal superiority of the major street over the minor
street. Two-way stop control requires an absolute stop, but the yield sign
allows the driver to stop or proceed by his decision. Both types of control
work only for light traffic; therefore, the possibility of pollution hot
spots occurring 1s small and neither is considered in this study.

In summary, two~phase pretimed signals, two-phase fully-actuated
signals, and all~-way stop sign control have been selected for use 1in the
experiments. [Each 1s a factor which characterizes a certain type of traffic
control for comparison. Pretimed signals can serve all selected geometry
patterns. Full-actuated signals, without a separate left-turn phase, can
serve the intersections without special turning lanes, such as 4 x 4, 6 x 6.
All-way stop controls can serve small intersections with lesser volumes, such
as 4 x 4. The operating characteristics of traffic controls selected for the

experiments are summarized in Table 2-2.

TRAFFIC STREAM CHARACTERISTICS
Traffic stream characteristics constitute the integral features of

traffic flow on an approach, which includes the following eight factors:

(1) traffic volume,

(2) lane occupancy,

(3) speed distribution,
(4) Theadway distribution,
(5) turning distribution,

(6) traffic composition,



TABLE 2-2.

OPERATING CHARACTERISTICS OF TRAFFIC CONTROLS SELECTED

FOR ANALYSIS

CONTROL TYPE

OPERATING VARIABLES

CHARACTERISTICS

GEOMETRY SUTABLE FOR
THIS CONTROL TYPE

Pretimed
Signal

Cycle Time
Split
Yellow Time

Dependent on Volumes
Dependent on Volumes

Set as 4 Seconds

All Geometries
in Table 2-1

Full-Actuated

Maximum Green
Yellow Time
Initial Interval

Dependent on Volumes
Set as 4 Seconds

Set as 10 Seconds

4 x 4, 6 x 4,

Signal 6 x 6
Vehicle Extension Set as 3.5 Seconds
Detector Location Set as 120 Feet

All-way Stop First Come, First 4 x 4

Signs

Served Rule

T4
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(7) vehicle characteristics, and

(8) driver characteristics.

Traffic volume 1is the number of all types of vehicles entered on each
approach during a one hour period. Because traffic volume 1is directly
related to the amount of vehicle emissions and fuel consumption, traffic
volume must be used for the experiments. To cover the variation of traffic
volume on each day, the values at different levels are derived from the upper
limit, capacity. Capacity is defined as the maximum number of vehicles which
can be accommodated under prevailing conditions. Capacity is a function of
the type of traffic control. Stop sign control cannot process as many
vehicles as signal control. At two-phase signalized intersections, the lane
capacity is about 600 to 700 vehicles per lane, depending on other factors.
As an upper limit for experimentation, 600 vph 1s adopted as the lane
capacity of signalized intersections. All-way stop sign control generally
cannot process more than about 2500 vph with no trucks and no left turns at a
4 x 4 intersection. Therefore, the approach capacity of a 4 x 4 intersection
controlled by all-way stop signs with trucks and left turns is set as 500
vph. The values of low, medium, and high 1levels of traffic volume are
assumed at 0.5, 0.75, 1.0 of capacity, respectively.

Lane occupancy 1is the spatial distribution of traffic flow within the
lanes of each approach. Upon entry to the inbound lanes on an approach, lane
occupancy may be nearly uniformly distributed. After entry, lane occupancy
is distributed according to the turning movements and the through movements.
Therefore, the values of lane distribution wupon entry can be input as
constants and simulated by the model afterwards. The values of lane

distribution depend on the lane configuration. For two—lane approaches, they
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are assumed at 0.48, 0.52 from left to right. For three-lane approaches,
they are assumed as 0.32, 0.35, 0.33 from left or right.

Speed is a general indicator of the quality of service provided by a
transportation facility. Because traffic volume has an inverse relationship
with speed, speed cannot be chosen as an 1independent variable. The
instantaneous speed of each 1individual vehicle is simulated by the TEXAS
Model in response to 1its surroundings. The speed upon entry to each inbound
approach 1s assumed to be the speed which the driver would desire to achieve
in uninterrupted flow situations. The respective desired speeds for 300,
450, and 600 vph traffic volumes are assumed as 30, 28 and 25 mph.

Headway 1s the time interval between successive arrivals of vehicles
observed from a point along an approach. Generally, headways can be
represented by some form of probability distribution. Because traffic volume
also 1influences the type of probability distribution, headways are not
represented by a single distribution for the experiments. Arrival headways
on the inbound approach are described as a negative exponential distribution
when traffic volume is at the low or medium level. For the high level of
traffic volume, the shifted negative exponential distribution is used to
account for the practical impossibility of having less than a one-second
minimum headway.

Turning distribution is the percentage of turning movements and through
movements. Because U-turns are generally prohibited at intersections, only
left turns, through traffic, and right turns are considered. Because left
turns conflict directly with the opposing through traffic and have a stronger
effect on traffic delay and vehicle emissions, the amount of 1left turn
traffic 1s selected as a factor for the experiments. At signalized

intersections, the number of left turns which can be accommodated from the
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cross street 1s restricted by the opposing traffic volume and the number of
opposing lanes. The left-turn capacity at signalized intersections without a
special left—turn lane according to Lin [Ref 49] is presented in Table 2-3.
The three levels of left turns for experimentation are taken as O percent, 40
percent, and 80 percent of the capacity, respectively. These are also listed
in Table 2-3. The reason that 100 percent of left-turn capacity was not used
in simulation is basically to avoid the critical condition of a continually
building queue on an approach. At intersections controlled by all-way stop
signs, the amount of left turns can be expressed as a percentage of approach
volume because right of way to enter the intersection is not restricted by
the opposing traffic nor lanes. Right~turning traffic is not recognized
differently from through traffic with respect to causing delay if the curb
radius 1is not small. Therefore, for the experiments right turns are fixed at
a level of 100 vehicles per hour on each approach. Through traffic
constitutes the remaining approach volume less left turns.

Traffic composition is the percentages of all types of classified
vehicles. For the simulation experiments twelve types of vehicles are
classified; these include four types of passenger cars and eight types of
trucks. Passenger cars consist of sport, compact, medium, and large cars.
Large cars include pick-ups, vans, and recreational vehicles because of
similar characteristics. The eight truck classes are the eight possible
combinations of vehicle type (single unit or tractor-trailer), fuel type
(gasoline or diesel), and pay load condition (partial-load or full-load).
Buses are included as single unit trucks. The representative gross weights
of the eight types of trucks are listed in Table 2-4. Compared with cars,
trucks have a stronger effect on traffic delay and vehicle emissions because

of larger size and mass. Besides, the truck percentage generally varies more



TABLE 2-3.

LEFT-TURN CAPACITY AND LEFT-TURN VOLUMES

SELECTED FOR ANALYSIS

No. of Lanes on L
Opposing Approach 2 Lanes 3 Lanes
Volumes of Opposing
Approach (VPH) 600 900 1200 900 1350 1800
Left-Turn Capacity (VPH) 120 50 20 90 40 10
HIGH LEVEL 96 40 16 72 32 8
Left-Turn
Demand MEDIUM LEVEL 48 20 8 36 16 4
Volume, VPH
LOW LEVEL 0 0 0 0 0 0
TABLE 2-4. REPRESENTATIVE WEIGHTS OF TRUCKS SELECTED FOR ANALYSIS

Truck Type Single Unit Tractor-Trailer

Fuel Type Gasoline Diesel Gasoline Diesel
Loading Condition Partial Full Partial Full Partial Full Partial Full
Weight, 1b 15,000 20,000 15,000 20,000 30,000 72,000 30,000 72,000

62
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with respect to time. The truck percentages selected for use in the
experiments, for low, medium, and high levels are O percent, 5 percent, and
10 percent of the approach volume.

The proportions of the various passenger car types is based on a traffic
survey made for this study at Austin, Texas in 1979. The proportions of
trucks in various classes is based on a general consideration of truck
registration and usage data. According to registration and usage, the ratio
of single unit to tractor—trailer is about 3:1. Most single wunits are
gasoline powered, but most tractor-trailers are diesel powered. The
possibility of having partially-loaded or fully-loaded heavy vehicles is
assumed to be equal. This information is presented in Table 2-5. The
traffic compositions at different levels of truck percentages are listed 1in
Table 2-6.

Vehicle characteristics are the physical capabilities and limitations on
movement for each type of vehicle. Their values are relatively consistent
and are listed in Table 2-7. The operating characteristics indicate the
relative ease of maneuverability.

Driver characteristics classify the desires and reaction time of drivers
in which ambitious drivers requires less reaction time than slow drivers.
Different types of vehicles have different distributions of driver types,
e.g., sport cars have more ambitious drivers than the other types of cars.
Driver characteristics are held constant throughout each simulation run. The
proportions of drivers in each type of vehicle are listed in Table 2-7.

Three factors are chosen from the eight traffic stream characteristics
to use in the simulation experiments. They are: traffic volume, left turns,
and truck percentage. The traffic stream characteristics are summarized in

Table 2-8.



TABLE 2-5. PROPORTIONS OF PASSENGER CARS AND TRUCKS USED FOR ANALYSIS

PASSENGER CARS TOTAL
Sports Compact Medium Large
1.7% 24.5% 25.3% 48.57% 1007%
H—
TRUCKS
Single Unit Tractor-Trailer TOTAL
Gasoline Diesel Gasoline Diesel
PL1 FL2 PL FL PL FL PL FL
32.5% 32.5% 2.5% 2.5% 2.5% 2.5% 12.57% 12.5% 100%
PL = partial load

FL full load

3%



TABLE 2-6. TRAFFIC COMPOSITION AT DIFFERENT LEVELS OF TRUCK PERCENTAGE

TRUCK
LEVEL OF :
TRUCK PASSENGER CAR Single Unit Tractor-Trailer
Gasoline Diesel Gasoline Diesel

Percentage Sports Compact Medium Large PL1 FL2 PL FL PL FL PL FL
Low (0%) 24.5 25.3 48.5 0. 0. 0. 0. 0. 0.
Medium (57%) 23.3 24.0 46.1 1.6 1.7 0.1 0.1 0.1 0.1 0.6 0.7
High (10%) 22.0 22.8 43.7 3.3 0.2 0.3 0.2 0.3 1.2 1.3

PL

FL

partial load

full load

[A9



TABLE 2-7.

VEHICLE CHARACTERISTICS

AND DRIVER CHARACTERISTICS

VEHICLE TRUCK
TYPE
PASSENGER CAR Single Unit Tractor-Trailer
Gasoline Diesel Gasoline Diesel

VEHICLE 1 2
CHARACTERISTIC Sports Compact Medium Large PL FL PL FL PL FL PL FL
Length (feet) 14 15 16 18 32 32 32 32 60 60 60 60
Operating

Characteristics 115 90 100 110 85 80 80 75 70 65 75 70

Factor
Maximum Uniform

Deceleration 14 13 13 8 7 5 7 5 6 4 6 4

(ft/sec?)
Maximum Uniform

Acceleration 14 8 9 11 7 6 6 5 4 3 5 4

(ft/sec?)
Maximum Velocity 205 120 135 150 |100 85 |100 85 95 75 | 100 80

(ft/sec)
Minimum Turning

Radius (feet) 20 20 22 24 42 42 42 42 45 45 45 45
DRIVER TYPE Proportions of Driver Classes (7)
Aggressive 50 30 35 25 40 40 40 40 40 40 40 40
Average 40 40 35 45 40 40 40 40 40 40 40 40
Slow 10 30 30 30 20 20 20 20 20 20 20 20
1 PL = partial load 2 FL = full load

133
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TABLE 2-8.

SUMMARY OF TRAFFIC STREAM CHARACTERISTICS
USED FOR ANALYSIS

TRAFFIC STREAM STATUS IN
CHARACTERISTICS EXPERIMENT GENERAL FEATURES
1. Traffic Variable At two-phase signalized intersections,
Volume Factor 300, 450, 600 vph of lane volume have
been chosen as low, medium, and high
levels, respectively.

At all-way stop signs-controlled inter-
sections, 250 and 500 vph have been
chosen as low and high levels of approach
volume, respectively.

2. Lane Constant From left lane to right lane excluding
Occupancy the special left-turn lane, C.48, 0.52
for two-lane approaches and 0.32, 0.35,
0.33 for three-lane approaches have
been chosen.
3. Desired Constant At signalized intersections, desired
Speed speeds are 30, 28, 25 mph at 300, 450,
600 vph lane volumes, respectively.

At all-way stop-signs-controlled inter-
sections, desired speed is 30 mph at
approach volumes of both 250 and 500
vph.

4. Headway Constant Negative exponential distribution is used
Distribution for headways at 300 and 450 vph lane
volume, and shifted negative exponential
distribution is used at 600 vph lane
volume.
5. Turning Variable Left turns, see Table 2-3. Right turns
Distribution Factor are fixed at 100 vph on each approach.
6. Traffic Variable
Composition Factor See Table 2-6.
7. Vehicle o Constant See Table 2-7.
Characteristics
8. Driver Constant

Characteristics

See Table 2-7.
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SUMMARY

The factors of Intersection geometry, traffic control, and traffic
stream characteristics which can best characterize the various intersection
environments of the 1solated intersection and which may most iInfluence the
amounts and locations of vehicle emissions and fuel consumption have been
selected for the simulation experiments. Intersection size which 1is the
number of lanes on each Intersection leg and the presence or absence of a
special left-turn lane are used to represent the major features of
intersection geometry which might influence the driver's maneuvering along
the vehicle path. Pretimed signals, full-actuated signals, and all-way stop
signs are selected to represent the more commonly-used. types of traffic
control which affect traffic behavior. Cycle time and green split for the
pretimed signal and maximum green for the full-actuated signal are selected
to define the effects of signal operation on vehicle emissions and fuel
consumption. As to traffic stream characteristics, volume, left turns, and
truck percentage are 1Incorporated to represent these effects in the
simulation experiments.

Three separate experiments will be designed to evaluate the relative

effects of these various factors in different traffic control environments.
The largest experiment 1nvolves pretimed signals, another utilizes

full-actuated signal control, and finally all-way stop control 1s examined.
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CHAPTER 3. EXPERIMENTAL DESIGN FOR DEVELOPMENT OF PREDICTION MODELS

STATISTICAL TECHNIQUES USED FOR DESIGN OF EXPERIMENTS

A series of experiments has been used to quantify the effects of several
traffic and intersection factors on selected responses and to identify the
significance of these effects so that the pertinent factors can be combined
to build prediction models for estimating queue lengths, delays, emissions,
and fuel consumption at intersections. The responses 1include total
emissions, total fuel consumption, average delays, and queue lengths for the
total intersection system, for each leg, or for more detailed geometric
{bucket on approach) configurations during a 15-minute time period.

Statistical techniques which can either increase the precision of the
predictive models or reduce the experimental cost have been considered in the
design of the experiments. The techniques which have been utilized include:
(1) fractional replication design, which can reduce experimental cost by
defining the minimum required sample size, (2) variance reduction, which can
possibly increase the precision of the experiments, and (3) analysis of
variance, which can help identify the significant effects which are needed
for building the prediction models.

In designing an experiment, the expected effects of selected factors
must be evaluated. These include the main effects and the interactive
effects. A main effect is thought of as making a direct contribution to the
response of each factor. The change in magnitude of a response due to one
unit of change in the factor is computed by the difference between levels of
the factor averaged across all levels of the other factors. An interactive

effect 1is clagsified as first order, second order, third order, etc.;
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respectively referred as a two—factor interaction, three—-factor interadtion,
four-factor interaction, etc. In this study, only the first-order
interactive effect, 1i.e., the two-factor interaction, has been considered.
Therefore, the term interactive effect hereafter indicates only the
first-order interactive effect. An interactive effect indicates that the
main effect of one factor is not constant in magnitude across the levels of
the other factor. If a factor 1is found to interact significantly with
another factor, the net effect of the factor is the sum of the main effect
and the interactive effect.

The significance of each effect is weighed according to its contribution
toward explaining the variation in the response. Sum of squares (SS) is used
to quantify the explained variability for each effect. Mean square is the
quotient of the sum of squares divided by the associated degrees of freedom.
The F-test statistic is obtained as a quotient by dividing the mean square of
the effect by the mean square of the error term. The significance of the
effect is evaluated by determining the probability of occurrence of an F
statistic of this size due to chance alone. If not significant, this effect
will not be incorporated into the predictive model. The confidence 1level
used in the following experiments has been raised intentionally high, 0.95 or
higher, to guarantee the incorporation of effects with higher confidence and
to incorporate fewer, but necessary, variables into the predictive model for

simplicity.

ANALYSIS OF VARIANCE

Analysis of variance (ANOVA) can be used to identify the significance of
main effects and interactive effects, and thereby aid in building a
predictive model. ANOVA allows a direct evaluation of the selected factors

as to their influence on the observed variations in response. The ANOVA
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model is a linear combination of effects which deviate from the grand mean.
The grand mean of each response, U, is the average of all measured values.
If effects caused by some factors deviate significantly from MU, these effects
are added in order to predict the response at that condition. The simplest
example of the ANOVA model for a factorial experiment which contains all

desired effects 1is:

Y = U+s8 +t +u + ¢ (3-1)
ijk i j ij ijk
where Y = response Y due to effects of factors S
ijk i
and t at its kth replicate
h|
s , t = main effects of the ith level of factor
i 1
s, and the jth level of factor t, respectively
u = 1{interactive effect of factors s and
i]
t at their ith and jth levels, respectively
€ = kth error term within treatment combinations,
1jk
2
NiD(o, 0 )

With this model, three hypotheses are tested:

(1) The means at all levels of factor s are equal
(2) The means at all levels of factor t are equal
(3) The difference between levels of factor s is the same at all levels
of factor t
The F-test can be used to identify which effects can be dropped from the

prediction model without affecting it significantly.
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The above ANOVA model can be generalized into a matrix form and solved
by multiple regression techniques. Especially when many factors are

incorporated, the matrix form is preferred for analysis.

The matrix form is illustrated below.

Y = X T (3-2)

where Y = measured response
n = number of measurements
X = position coefficients (dummy variables)
m = number of effects
T = effects
After transformation,
X'Y = X'T <« X'XT
the desired effect vector T is solved as

-1
T = (X'X) X'Y

and the sum of squares of T is

s§s of [T] = T'X'Y

The X matrix must be designed as purely orthogonal so that the sum of squares
for each effect, or source of variability in the experiment, is independent
of every other effect. Thus, the sum of squares for each effect can be
computed individually and an F-test can be made for each effect
independently.

The first column of the X matrix Is one, but the construction of the
other columns depends on whether the experiment is a two-level factorial or a
three-level factorial. Because a two—level factor has only one degree of

freedom to estimate one effect, this effect must be assumed to be 1linear.
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The dummy variable in each column used to represent the position of each
effect is +1 for the high level and -1 for the low level. Mathematically,
the linear effect 1is defined as one half of the difference in response
between the high 1level and the 1low level. If the linear effect 1is
significant, the response will be predicted by adding the linear effect when
the factor is at the high level. When the factor is at the 1low level, the
linear effect will be subtracted.

A three-level factor has two effects - linear and quadratic. The linear
effect 1is the 1linear trend of response between high and 1low levels;
therefore, the position coefficients at low, medium, and high levels are -1,
0, +1, respectively. The quadratic effect shows whethervthe response at the
medium level deviates from the linear trend. The position coefficients of
the quadratic effect at 1low, medium, and high levels are +1, -2, +1,
respectively. The notations for linear effects and quadratic effect are L
and Q.

The interactive effect of a two-level factorial has only one degree of
freedom to estimate one effect, symbolized as LL. But, the interaction of a
three-level factorial has four degrees of freedom and four effects,
symbolized as LL, LQ, QL and QQ. These four effects describe the
interactions between any combination of linear effects and quadratic effects.
The position coefficient of each interactive effect is the product of the
position coefficients of the two 1interacted factors. For example, the
position coefficient of LQ when the Eirst factor is at the high level and the
second factor is at the medium level is (+1) x (-2) = =2.

The predictive models after analysis of variance for a two-level

factorial and a three—~level factorial are shown as follows:
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Two-level factorial

n n-1 n
Y = u+ C€C L + ¢ T C C x LL (3-3)
i=1 L i 4=1 j=i+1 L L ij
i i J

Three-level factorial

n
Y = u+2Z (C L +C Q)
i=1 L i Q i
i i
n-1 n
+ I z (c xC xLL +C xC xLQ
i=1 j=i+l L L ij L Q 1]
i J i j
+C xC xQ +C xC xQ ) (3-4)
e L ij Q Q i]
1 ] 1 J
where Y = predicted response
H = grand mean
n = number of factors
i, j = notation for i-th, j-th factor
c = position coefficients (dummy variables)
L, Q = linear and quadratic effects

interaction effects

LL, LQ, QL, QQ

These ANOVA models can be transformed from discrete levels to a
continuous basis for more convenient use in prediction. TIn this sgtudy, any
value within the specified ranges of volume, left turns, truck percentages,
cycle length, or cycle split can be interpolated directly or extrapolated
slightly, The interpolation or extrapolation is actually an interpolation or

extrapolation of the position coefficient which is related to each factor.
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The form of 1interpolation and extrapolation for the linear effects and for
the quadratic effects are a straight line and a  parabolic curve,

respectively. The formula for interpolation and extrapolation are listed as

follows:
A - A
w = m (3-5)
(A -a)/2
h 1
where w = transformation of any value for factor A
A, A,A = values of low, medium, and high levels,
1 m h respectively
Z = W (3-6)
L
2
z =3 -2 (3-7)
Q
where z = position coefficient for interpolated or

extrapolated factor

L, Q = linear and quadratic effects, respectively

For each interactive effect, 1its interpolated or extrapolated position
coefficient is the product of the related position coefficient for each of
the two interacted factors.

The application of ANOVA technique generally assume that the response
values are normally distributed and have constant variances over the
experimental ranges., The estimated responses of TEXAS-II model are verified

to satisfy these two assumptions. The tests are listed in Appendix G.
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FRACTIONAL REPLICATION DESIGN

Fractional replication design can be used to identify the minimum number
of experimental conditions needed for estimating adequately the effects of a
large number of variable factors and their interactions. The cost of
implementing a full-factorial design in such situations might be prohibitive,
even though the results might be somewhat more precise than those from a
partial factorial design. Since many factors contribute to emissions and
fuel consumption at intersections, several thousand runs of the TEXAS Model
would be required for a full factorial experiment. A fractional replication
design was therefore utilized for the model-building process.

In this type of design, each experimental condition is referred to as a
cell. Each cell is identified by a series of 1level indicators for each
factor, e.g. the first factor might be at high level, the second at low
level, the third at low level, etc., until the n—-th factor is specified by a
level indicator. For example, if the notation of each cell is (10001 . . .),
there are n digits corresponding to n factors. Each digit represents a
level. For a two—level factor, 1 and O represent the high and low levels,
regpectively. For a three-level factorial, 2, 1 and O represent high, medium
and low levels, respectively.

For a factorial experiment with 1 purely two-level factor or with 1
purely three-level factor, the number of possible experimental conditions is
21 or 31, respectively. If one lets 1 = 10, it becomes apparent that the
possible number of cells quickly becomes impractical to handle as 210 = 1,024
and 310 = 59,049.

Fractionation is accomplished by dividing all the possible cells into

several blocks through a designated screening process and selecting only one

block for actual experimentation [Refs 50-54]. Each block contains an equal
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number of cells and is expected to provide the same results as any other
block. Because a fractional part cannot possibly include all features of the
whole, the effects estimated from the fractional replication design contain
only a portion of all the possible effects which might be identified from a
full-factorial experiment. The critical aspect of fractional replication
design 1is, therefore, to select the cells for experimentation in such a way
that all the effects needed for building an adequate model will be included.

Defining contrast is a technical expression that indicates which effects
are counfounded with blocks in a confounded factorial design [Ref 50].
Several different defining contrasts may be chosen as bases for fractional
replication design. For any selected defining contrast, the level indicator
of each cell 1in a full-factorial design is multiplied by the corresponding
level indicator of each factor in the defining contrast. Second, all the
products are summed. Third, the sum of products is divided by the factor
level (2 or 3), and finally the remainder is taken as the identifying value.
For example, if the factorial is 25 with factors A, B, C, D and E, and the
defining contrast is ABC, the identifying value for cell (10110) is 0. For a
two—~level factorial two differeant blocks may be defined by two identifying
values, O and 1. For a three-level factorial, there are three identifying
values, 0, 1 and 2.

When several defining contrasts are selected, the number of blocks, N,
into which the factorial design can be divided is calculated as the number of
the factor level (2 or 3) raised to the power of the number of defining
contrasts, b. For example, N = 2b or 3b. Two defining contrasts can divide a

two-level factorial into four blocks. But for a three-level factorial, two

defining contrasts can make nine blocks.
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If defining contrasts are not selected properly, the desired main and
first—-order interactive effects will be confounded‘ or aliased with each
other.

Each selected defining contrast and the product of the defining
contracts must be maintained as fourth or higher order interactive effects.
Otherwise, the desired effects cannot be estimated because some effects will
be either confounded or aliased with each other. In fractional replication
design, confounding makes it 1impossible to estimate the effects which are
confounded by blocking. If, for example, Effect A is selected as a defining
contrast in a 25 factorial, each selected cell has many level combinations
with the other four factors, but there is only one level of A. Therefore, it
is 1impossible to estimate the effect of Factor A since there is not another
level with which to compare it. If both Effect A and Effect B are selected
as defining contrasts, neither Effect A, nor Effect B, nor their product
Effect AB, can be estimated.

The alias of any effect, in fractional replication design, is actually
another effect which 1is being explained by the same amount of numerical
variability in the selected experimental cells. The aliased effects cannot
be identified in fractional replication design due to the fact that the cells
which can indicate the difference in effects will not be selected for
evaluation. For example, Effect A is aliased with Effect BC if the defining
contrast 1is ABC. This aliasing results from the fact that the position
coefficients for the selected cells that are used to compute the effects are
the same. Since high—-order interactive effects are not of concern, no
problem is presented by the fact that the desired effects are aliased with
the high-order interactive effects. As long as the defining contrasts and

their products can be maintained as fourth—-order interactive effects or
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higher, the desired effects will not be aliased with each other. For
example, when the defining contrast in a 25 factorial is ABCDE, the alias of
A 1s BCDE and the alias of AB 1is CDE. No main effects or first-order
interactive effects are aliased with each other in this situation as the
defining contrasts have been properly selected.

However, the loss of information which is due to defining contrasts and
their products is 1increased when the number of defining contrasts is
increased. Therefore, a limit for fractionmation exists. Beyond that limit,
the desired effects must either be confounded or aliased with each other.
The 1limit 1is reached when no more defining contrasts can be added without
thelir product equalling or exceeding a fourth—order; or higher-order
interactive effect. The number of defining contrasts which constitutes the
limit is always the same, but which defining contrasts are used is a matter
of cholice. The actual defining contrasts used in the experiment described
herein are listed in Chapters 5 and 6.

The limit of fractionation for commonly-used factorials is 1listed in
Table 3-1. From the measurements required and the degrees of freedom for the

error term, some 1mplications which were considered in the design of the

experiments described herein are

(1) Two-level factorlals require fewer measurements and cost less than

three-level factorials. If a medium 1level has been proved
unnecessary, a two—level factorial instead of a three-level should
be used.

(2) 1f a three-level factorial 1is definitely needed, or if it is
desirable to investigate whether the medium 1level 18 needed, a
larger-size, three-level factorial can be used with the same
numbers of observations to estimate more effects and waste less
degrees of freedom on the error term than 1if a smaller size
factorial is used. Therefore, if the number of factors 1s flexible

10
in the formation of the experiment, a 3 factorial 1is the most
economical design of the three-level factorials.



TABLE 3-1.

CHARACTERISTICS AND LIMITATIONS ASSOCIATED WITH FRACTIONATION
OF FULL-FACTORIAL EXPERIMENT DESIGNS

gype of Full 25 26 2? 28 29 210 u 35 36 37 38 39 310

actorial

Smallest Usable

Portion of Full 1/2 1/2 1/2 1/4  1/4 1/8 1/73  1/3 1/9 1/27  1/81 1/243

Factorial

Number of

Observations 16 32 64 64 128 128 81 243 243 243 243 243

Required

Number of .

Effects* 16 22 29 37 46 56 51 73 99 129 163 201

Replications ?f Number of Degrees of Freedom in Error Term

Fach Observation
1 0 10 35 27 82 72 30 170 144 114 80 42
2 16 42 99 91 210 200 111 413 387 357 323 285
4 48 106 227 219 466 456 273 899 873 843 809 771

* The number of effects, including the grand mean, main effects, and interactive effects which can

be analyzed are, for a

Two-level factorial

Three-level factorial = 1 + (2)(No. of factors) + (4)(No. of lst-order interactions).

1 + (1)(No. of factors) + (1)(No. of lst-order interactions), and for a

8%
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(3) The number of degrees of freedom in the error term of each
factorial experiment is determined by the replications of each
observation. If the degrees of freedom for the error term goes to
zero in the fractional replication design, this design cannot be

5
used. (e.g., The 2 factorial has only one replication of each
observation and zero degrees of freedom in the error term.)
Statistics related to the whole intersection system provide only

one replication and also belong to this case. For this situation,
6

a 2 factorial is the most economical design. As to the approach
statistics, there are two replications for both the major street
and the minor street, and there are four replications if both

5
streets have the same traffic input. Then the factorial 2 can be
6
considered to replace the 2 design.
For factorial experiments with less than five factors, a full factorial

should be designed since a fractional replication design will not produce the

desired results.

VARIANCE REDUCTION BY BLOCKING WITH COMMON STREAMS

A simulation experiment has the advantage of being able to control fully
the experimental environment so as to reduce the experimental error and
increase the precision of results. I1f the mean square of error is reduced by

some technique, more effects appear to be significant in the analysis of

variance for a given level of significance, or higher confidence 1levels can
be wused for the significance test. Both increase the precision of
prediction.

Random variations in the factors being considered is a major source of
experimental error. One method to reduce the experimental error is to
conduct all the experimentation in the same environment. A common random

stream which defines the randommness of factors in a simulation model provides

the same experimental environment; therefore, the variance of the estimated
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difference can be smaller than that resulting from the use of different
random streams [Ref 59}.

Additional variance reduction can sometimes be achieved by grouping the
selected cells into several homogeneous blocks. In this technique, all the
cells in each block are processed by using common random streams so that the
uniformity within the block 1s enhanced. If the averages of blocks are
different from each other, the variability between blocks is explained by the
differences between the block averages. Therefore, experimental error is
reduced by the blocking effect.

Because the error term in the analysis of variance is assumed to be
normally distributed, independence between experimental conditions should be
maintained in order to justify this assumption. In simulation experiments,
use of a non-overlapping random stream can represent independence.
Therefore, the experiments described herein which relate to traffic
performance at intersections have been designed to reduce variation and
maintain independence simultaneously. This 1is possible because each

intersection has several individual approaches.

In the TEXAS Model, each inbound approach to the intersection 1s a
source of traffic. Each driver-vehicle unit on each approach is characterized
by several random variables such as headway, direction of travel, vehicle
type, etc. The headways between wunits on each approach are generated
successively; then all remalnaing attributes are assigned in a defined
order to each unit according to time of entry into the system.

The random stream of approach headways which was generated for use in

the experiments with  the TEXAS Model utilized a unique sequence of random
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numbers which was produced from the same seed number. To insure independence
and reduce variance, this continuous sequence of numbers was divided into
four sections: two sections of equal length followed by two longer sections.
The equal-length sections were used for blocking headway-descriptor data into
common streams in order to reduce variance. The final two long sequences of
random numbers were used to maintain independence 1in replicates of the
approach traffic. The number of sections needed for variance reduction was
the number of approaches which were blocked for common streams times the
number of blocks. The length of each generated section of ramdom  numbers
needed to be long enough to characterize the largest traffic wvolume which
might be included in any cell of the experiment. Because.the required cell-
by-cell traffic volume was different, several buffer zones were used between
sections to guarantee that the traffic on each approach which had been
blocked into a common stream in each section, utilized the assigned sequence
of numbers as expected. These buffer zones were input into the TEXAS Model
as traffic on dummy approaches with the volumes designed to make up the
difference in actual volume used in each cell and the length of random
numbers in each section. Each of the replicate approaches, for independence,
utilized successively a non-overlapping sequence in the final long section of
random numbers. Buffer zones were used to guarantee that the sequence
utilized for each of the approaches in each cell did not overlap with any

other. This idea 1s depicted in Fig 3-1.

SUMMARY

In designing the experiments needed to develop the predictive models for
estimating queue lengths, delays, emissions, and fuel consumption,
statistical techniques analysis of variance, fractional replication design

and variance reduction have been utilized. Analysis of variance was used to
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Fig 3-1. Variance reduction design with common traffic streams for any
three-level factorial experiment with three blocks.



identify the significant effects which can be attributed =to vaiiovus

experimental factors and indicate which factors should be included in the
predictive model for each response. Fractional replication design was used
to select the minimum number of experimental conditions which would produce
acceptable results for each response. Variance reduction by blocking common
random numbers within the fractional replication design was used to enhance

the precision of results with a minimum number of simulation runms.

An affordable series of experiments which would yleld acceptable results
was designed with these techniques. Detalls of the designs and the resulting

predictive models are presented in Chapters 5 and 6.
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CHAPTER 4. TEXAS-II ~ A SIMULATION MODEL FOR PREDICTING VEHICLE EMISSIONS
AND FUEL CONSUMPTION AT AN INTERSECTION

STRUCTURE OF THE SIMULATION MODEL

To quantify the effects of intersection geometry, traffic control, and
traffic flow on air pollution and fuel consumption, the TEXAS-II simulation
model has been developed to compute estimate of vehicle emissions and fuel
consumption on a microscopic basis. TEXAS-II 1is a modified and extended
version of the TEXAS Model for Intersection Traffic [Refs 24-27]. It
includes a post processor which wutilizes data concerning the individual
vehicle characteristics and the time rate of movement of each vehicle through
the intersection, which are produced by the TEXAS Model, as the basis for
estimating emissions and fuel consumption.

The TEXAS Model for Intersection Traffic can simulate the instantaneous
behavior of each individually-characterized driver-vehicle unit as it
approaches, passes through, and departs from an intersection. At any time, a
unit may either maintain or change speed or maintain or change 1lanes
depending on the relative positions and movements of neighboring units and
the effects of applicable traffic control devices. The premise is that each
simulated driver will attempt to maintain safety and comfort while sustaining
desired speed and obeying traffic laws. This model is suitable for a single
multi-leg, multi-lane, mixed-traffic intersection operating wunder any
conventional type of control.

The post processor which 1is now incorporated into TEXAS-II [Ref 64]

includes a group of regression models which can predict the instantaneous

55
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vehicle emissions and the fuel consumption for various types of vehicles
operating under different conditions. The Environmental Protection Agency
(EPA) models for 1975 1light-duty vehicles operating at low altitude are
utilized [Ref 5], but the models which estimate the behavior of heavy-duty
vehicles were developed as part of this study [Refs 36-38] with experimental
data supplied by Southwest Research Institute [Refs 28-35] Development of the

models for heavy~duty vehicles is described in Appendix H for the convenience

of the reader.

THE TEXAS MODEL FOR INTERSECTION TRAFFIC

The TEXAS Model for Intersection Traffic includes three data processors:
GEOPRO (Geometry), DVPRO (Driver-Vehicle) and SIMPRO (Simulation) for
describing, respectively, the geometric configurations, the stochastically
arriving traffic, and the behavior of traffic in response to the applicable
traffic controls. SIMPRO integrates all the defined elements and computes
deterministically the response of each driver-vehicle unit.

GEOPRO defines the geometry of the intersection in the computer. It
calculates vehicle paths along the approaches and within the intersection.
The number of intersection legs, together with their associated number of
lanes and lane widths, define the Intersection size and the location of any
special lanes. The azimuth for each leg and the associated coordinates
define the shape of the intersection. The allowed directional movements of
traffic on the inbound approaches and the allowed movements on ougbound lanes
define the directional use of the intersection.

DVPRO utilizes certain assigned characteristics for each class of driver
and vehicle and generates attributes for each individual driver-vehicle unit;
thus, each unit is characterized by inputs concerning driver class, vehicle

class, desired speed, desired outbound intersection leg, and lateral lane
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position on the inbound leg. All these attributes are generated by a uniform
probability distribution, except for the desired speed which is defined by a
normal distribution. Each unit is sequentially ordered by queue-in time as
defined by the input of a selected headway distribution. The total number of
driver-vehicle units which must be generated by DVPRO is determined by the
product of the input traffic volume, in vehicles per hour, and the minutes of
time to be simulated.

SIMPRO simulates the traffic behavior of each wunit according to the
momentary surrounding conditions 1including any traffic control device
indications which might be applicable. Upon entering the inbound approach
lane, the entry velocity of each unit is set so that the thicle will neither
exceed a selected desired speed nor collide with the unit immediately ahead
of it. If the unit ahead is accelerating, or is traveling at its desired
speed, the entering wunit will enter the approach at its own desired speed.
If the unit ahead is decelerating, the speed of the entering unit is set to a
value which is less than its own desired speed. If there is no leading unit
on the inbound lane, the unit enters with its desired speed.

After entry, the unit is checked moment by moment as to whether or not
it is in a car-following situation. If it is not, the magnitude of required
acceleration or deceleration which 1s appliable at any given instant is
calculated by linear interpolation between extreme values which are set for
each vehicle class with respect to the desired speed and to zero speed.
Maximum required acceleration and deceleration occur at or near zero speed,
and zero acceleration occurs at the maximum speed that each type of vehicle
can attain. If the unit is in a car-following situation, the speed and
acceleration of the wunit interact with the speed and position of the unit

ahead. Current and relative speeds and positions of all adjacent vehicles
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are thus utilized in determining the behavior of each driver-vehicle unit in
the simulation model.

When car following or traffic control makes it necessary for a wunit to
accelerate or decelerate, the logic in SIMPRO provides for accelerating to
the desired speed, accelerating to the speed of the unit ahead, decelerating
to follow the unit ahead, or decelerating to the desired speed within the
available distance.

As the unit proceeds along the inbound approach lane, the location and
the status of traffic control devices are checked moment by moment. The
indication of the traffic control devices will apply to the unit as soon as
the unit comes into the influence area of the device.

If stop signs control the intersection, SIMPRO lists the units stopped
before the sign according to their arrival times and then releases them in a
first-arrived-first-served sequence. If there are simultaneous arrivals on
adjacent intersection legs, the unit to the right gets priority for earliest
release.

If pre—timed signals control, each unit responds to the signal
indications which appear in a defined sequence and are of a specified
duration for each'phase. Each unit will attempt to go on a green indication
after checking for intersection conflicts. If the unit 1is in the leading
position and has cleared intersection conflicts, the unit will enter the
intersection. If a leading unit has stopped before the unit being examined,
or if the leading unit is decelerating, the unit being examined will begin to
stop. When the signal indication 1is red, each arriving unit will stop;
however, a right-turn-on-red option is provided.

If control is by an actuated signal controller, the sequence and

duration of each indication 1is selected 1in response to the information
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received by the controller from the detectors. The logic for driver response
to signal indications 1s, of course, the same as that described for the
pretimed signal. A detector actuation is defined by the time interval when
the front bumper of a unit has crossed the start of the detector but the rear
bumper has not crossed the end of the detector. Actuations may continue the
phase or allow the phase to change when a maximum time interval for that
phase has elapsed or a sufficiently large gap occurs.

A unit is allowed to change into an adjacent lane if less delay can be
expected. The geometric path of the lane-changing unit is a cosine curve.
Each unit is processed incrementally in time from its entry onto the inbound
lane to the end of the outbound lane. The length of each approach is
specified. The instantaneous traffic behavior of each unit including speed,
location, and time are written onto a tape by the TEXAS Model for subsequent
use in the emission processor (EMPRO). Statistics about delays and queue
lengths are also gathered by the TEXAS Model for evaluating the performance
of traffic at the intersection.

Delay statistics include the average of total delay and the average of
stop delay incurred by each vehicle processed. Each delay is summarized by
left—turn, right—turn, and straight movement and by the total of these three
permitted directional movements on each inbound approach. Total delay is the
difference between travel time for a vehicle through the system and the time
it would have taken the vehicle at its desired speed. Stop delay is the time
spent by a vehicle which has a velocity 1less than 3 feet/second. Delay
statistics show the overall influence of the intersection environment on
traffic passing through the intersection. Comparison of the delays
experienced by traffic making various directional movements indicates the

interaction among traffic flows on the intersecting streets. Queue-length
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statistics 1include average queue length and maximum queue length. Both are
measured in units of vehicles, not feet. Average queue length and maximum

queue length are the averages taken for each inbound lane over any selected

time interval.

EMISSION PROCESSOR FOR TEXAS-II

The emissions processor, referred to as EMPRO, incorporates models to
predict the instantaneous vehicle emissions of Carbon Monoxide (CO),
Hydrocarbons (HC), Oxides of Nitrogen (NOx), and fuel flow (FF) for both
light—duty vehicles and heavy-duty vehicles. EMPRO utilizes information from
SIMPRO about the instantaneous speed and acceleration of each vehicle to
compute instantaneous vehicle emissions and fuel consumption at points along
the vehicle path. For evaluation purposes, each lane on each approach is
partitioned into a series of buckets, and the emissions and fuel flow are
accumulated on a bucket basis to show the spatial variation of emissions and
fuel consumption with respect to time. The intersection proper is treated as
one bucket, but it collects the emissions and fuel consumption values
generated by vehicles crossing it from all approaches. The length of buckets
on each inbound or outbound lane can be specified by the user as input data
to EMPRO. In this study, the bucket is set as a 100-foot section of a lane,
therefore, each inbound or outbound lane is partitioned into eight buckets as
all approaches are 800 feet long. The EPA emission and fuel consumption
models for light-duty vehicles are expressed directly as functions.of vehicle
performance (speed and acceleration), but the emission and fuel consumption
models for heavy-duty vehicles referenced herein are expressed as functions
of engine performance (engine torque and engine speed). EMPRO incorporates a
subprogram to convert engine performance into vehicle performance for

heavy-duty vehicles in order to estimate emissions and fuel consumption.
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Emissions and Fuel Consumption Models for Light-Duty Vehicles

The emission models for CO, HC, NO and CO developed by EPA for

X 2
light—-duty vehicles [Ref 5] are presented in quadratic form of speeds for
steady state, and in quadratic form of speeds and accelerations for transient

states. The fuel consumption model is expressed as a linear function of the

amounts of HC, CO and CO emitted. The emission models are formulated as

2
follows:
Steady State
2
(V) = s +SV+5SsYV
1 2 3
L = instantaneous emission rate (grams/second)
V = speed (MPH)
S = coefficients (listed in Table 4-1)
Transient State
2
L(V,LA) = b +bV+bA+DbAV+ DV
1 2 3 4 5
2 2 2 22
+bA +bVA+DAV+DAV
6 7 8 9

A = acceleration or deceleration (MPH/second)

b = coefficients (listed in Table 4-1)

In the Modal Analysis Model, vehicles are classified into 18 groups by model
year from 1957 to 1975 and by operating altitude as low or high. The 1975
low altitude group, which provides the most current information available for
this study and matches the terrain situations of many American cities, was
selected for use in the TEXAS~II model. The models and coefficients for
estimating the emissions of CO, HC, NO and CO for the 1975 low altitude

X 2
group of automobiles are listed in Table 4-1. An evaluation of the models



TABLE 4-1.

INSTANTANEOUS EMISSION AND FUEL CONSUMPTION MODELS FOR PASSENGER CARS

(AFTER REF 5)

INSTANTANEOUS EMISSION MODELS

Steady State Model: L(V) = Sl + SZV + S3V2
L = Instantaneous Fmissions Rate (gram/second)
\Y = Speed (mph)
Transient State Model: L(V,A) = B, + BV + B,A+ B, VA + B V2 + B A2 + B V2A + B VA2 + B V2A2
’ 1 2 3 4 5 6 7 8 9
A = Acceleration or Deceleration (M/Hz)
COEFFICIENTS FOR EMISSION MODELS
State Cco HC NO co
X 2
Sl 1.16557780E - 01 5.38159910E -~ 03 1.46895620E + 00 2.65079990E - 03
Stecdy S2 -4.62989880E - 03 -1.45500000E - 04 7.06690180E - 03 -3.53700020E - 04
S3 6.98999940E - 05 1.99999980E - 06 1.61370010E - 03 2.34000040F - 05
Bl 2.15785210E - 01 8.06840140E - 03 2.28404900F + 00 1.08160000E - 02
B2 -1.25777980E - 02 -4.00200020E - 04 -2.62799000E - 02 -1.22500000E - 03
B3 5.14772980E - 02 9.00400100E - 04 6.55900840E -~ 02 -7.35400010E - 04
Tr ient B4 -2.34259990E - 03 6.50000000E -~ 05 5.39221990E - 02 5.39399920E - 04
ansient | gg 1.67800000E - 04 6.60000020E - 06 2.12890000E - 03 4.44000030E - 05
B6 -1.57559990E - 03 -7.35699900E - 04 -1.65571990E - 01 -3.29720000E - 03
B7 2.82299940E ~ 04 8.98000000E - 05 3.02321020E - 02 5.26600050E - 04
B8 1.25299990E - 04 -3.00000010E - 07 -9,.01000020E - 05 3.11999970E - 06
B9 4 .85000060E - 05 -6.00000020E - 07 -4.12700000E -~ 04 -8.40000030E - 06

INSTANTANEOUS FUEL CONSUMPTION MODEL

FF

0.866 x HC + 0.429 % CO + 0.273 = CO

2

9
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indicates that 1in steady-state driving the emissions of CO and HC decrease
with speed while the emissions of NO and CO increase with speed. The fuel
consumption rate in steady-state diiving siays almost constant in the speed
range up to ten mph and then increases with speed. In transient state
driving, acceleration has strong effects to increase the emissions and fuel
consumption. The effect of acceleration is higher when speed is higher. Use
of the coefficients for the 1975 low altitude group of vehicles can produce

negative values for emissions and fuel flow. In the TEXAS-II Model, all such

negative values are automatically set to zero.

Emission/Fuel Consumption Models for Heavy-Duty Vehicles

A series of models (see Table 4-2) for estimating instantaneous values
of emissions and fuel consumption for heavy-duty vehicles powered by gasoline
or diesel engines were developed for incorporation into a data post processor
called EMPRO in the TEXAS~II Model. This process is described in detail 1in
Ref 38 and summarized in Appendix H for convenience. Rational approximations
of vehicle dimensions and operating characteristics are combined with
empirical data on engine performance to produce the models.

A conversion subprogram in EMPRO computes the instantaneous engine brake
horsepower needed to produce the speed and acceleration specified 1in the
output from the TEXAS Model and then converts this to the required torque,
engine speed, and gear ratio of the truck being simulated. The required
engine brake horsepower 1is the product of vehicle speed and the total
propulsive force. The total propulsive force is the sum of the resistance
force plus the net force needed to accelerate the mass of the vehicle. The
resistance force includes frictional resistance in the vehicle as well as air
resistance. The total resistance force can be estimated as a function of

vehicle mass, speed, and maximum frontal cross section. The net accelerating
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TABLE 4-2., TINSTANTANEOUS EMISSION AND FUEL CONSUMPTION MODELS
FOR GASOLINE AND DIESEL TRUCKS

EMISSION AND FUEL CONSUMPTION MODELS FOR GASOLINE TRUCKS1

HC = 6.526E - 03 + 1.088E - 08 * ABS(TRQ) * RPM + 4.153E - 11 * TRQ
* TRQ * TRQ * TRQ ~ 5.46E - 09 * ABS(TRQ) * TRQ * TRQ
CO = 10.0%*(-2.636 + 3.190E - 05 % TRQ % TRQ + 4.257E - 02 * SQRT(RPM)
- 2.205E - 06 * ABS(TRQ) * RPM + 1.659E - 10 * TRQ # TRQ % TRQ
% TRQ)
NO = 10.0%*(-1,702 + 2.505E - 02 % SQRT(ABS(TRQ)) - £.991E + 02/RPM
- 3.815E - 10 * TRQ * TRQ * TRQ * TRQ + 8.504E - 03 % ABS(TRQ))
FF = -1.301 + 7.409E - 06 * ABS(TRQ) * RPM + 7.105E - 02 % SQRT(RPM)
+ 3.555E - 10 * TRQ * TRQ * TRQ * TRQ
EMISSION AND FUEL CONSUMPTION MODELS FOR DIESEL TRUCKS®
HC = -1.183E - 02 + 3.459E - 05 *# RPM - 7.560E -~ 06 % ABS(TRQ) - 4.833E
- 09 = RPM * RPM
CO = 3.069E - 02 - 1.107E - 03 % ABS(TRQ) + 2.212E - 07 * ABS(TRQ)
* RPM + 1.103E - 05 * TRQ * TRQ
NO = 2.602E - 02 - 2.035E - 04 #* ABS(TRQ) + 4.024E - 07 * ABS(TRQ)
* RPM + 6.591E - 04 % SQRT(ABS(TRQ))
FF = -2.898E - 02 + 3.726E - 03 * ABS(TRQ) + 8.097E - 06 % ABS(TRQ)

% RPM + 8.467E -~ 04 * (ABS(TRQ) + RPM) - 1.180E - 01 * SQRT(ABS
TRQ))

Units = grams/second

Where TRQ

Engine torque in foot-pounds

RPM

Engine speed in revolutions per minute
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force 1s the product of vehicle mass and acceleration. The required
instantaneous propulsive force can be approximated by assuming representative
values for the weight of the truck, its maximum frontal cross section, and
its 1instantaneous acceleration. Enginé speed can be related to vehicular
speed by appropriate gear ratios. Then, torque is calculated by dividing the
required engine horsepower by the engine speed. These calculated engine
speed and torque values are used for the estimation of emissions for
heavy-duty vehicles through correlation with data on representative truck
engines obtained by Southwestern Research Institute [Refs 28-35].

Diesel trucks and gasoline trucks generally have different vehicle
weight and capacity of pay load. The respective weights of full-load and
partial-load for each type of truck that have been assumed for this study are
listed in Table 2-4. The breakdown of trucks by class, weight, and fuel type
is 1listed in Table 2-5. The maximum frontal cross—sectional area of
single-unit and tractor-trailer trucks are assumed to be 60 and 95 square
feet, respectively. These values are set in EMPRO as representative default
values for this investigation.

EMPRO computes quantitative estimates of €O, HC, NO , and fuel
consumption and accumulates them 1in the form of summary st:tistics. The
statistics are tabulated according to bucket, lane, leg, total intersection
system and vehicle class for any user-selected time interval. Small buckets
and short time intervals can be chosen to help minimize the effects of
displacement, dispersion, or reaction of pollutant sources when modeling
concentrations at selected locations in or near the intersection system.
Bucket statistics show the 1longitudinal variation of emissions and fuel

consumption along each inbound and outbound lane. Lane statistics are the

sum of all buckets along a lane and show the transverse variation in
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emissions and fuel consumption on each intersection leg. Approach statistics
are the sum of all lane statistics, regardless of direction, on each leg.
Total intersectlon system statistics dare summed about all approaches and the
intersection proper area. Both approach statistics and 1intersection
statistics are used to analyze the significant effects of the selected input
factors on emissions and fuel consumption. The number of buckets in a total
intersection system is quite large; therefore, it is difficult to generalize
effects. Only one bucket statistic will be used to demonstrate that the
source of emissions and fuel consumption can be predicted in detail by the
model. Specific cases can be analyzed readily by running the TEXAS-II Model.

Five examples 1listed in Table 4-3 are presented to indicate the
influence that signal timing, traffic lane volume, percent trucks, and left
turns can have on the vehicle emissions and fuel consumption estimates
produced by EMPRO. The values for emissions and fuel consumption are larger
near the 1intersection than elsewhere on the indicated inbound and outbound
lanes. The maximum values generally occur in bucket No. 1 on the inbound
lane. Emissions and fuel consumption in the intersection proper, indicated
as bucket No. O in Table 4-3, are attributed to through traffic and right
turning in the indicated inbound lane only. Emissions and fuel consumption
on the outbound lane are contributed by the through traffic on the indicated
inbound 1lane as well as the traffic turning right into this outbound lane
from the cross street. Right turns in all five cases are fixed at-100 vph on
each approach. Graphs of emissions and fuel consumption along the buckets

are presented in Fig 4-1 to Fig 4-4.



EMPRO EMISSIONS AND FUEL CONSUMPTION EXAMPLE PROFILES ALONG RIGHT LANE OF

A 4 x 4 INTERSECTION (GRAMS/15 MINUTES)

TABLE 4-3.
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- 400
LEGEND: CO Emissions
Case 1. [I1 300 vplph
No Trucks
Case 3. [] 600 vplph
3 No Trucks
- 320
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Fig 4-1. Carbon monoxide emissions in 15 minutes into 100-ft long buckets in
right-hand lane through 4 x 4 intersection.
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BC Emissions

Ll

-2 -1 0 1
Intersection

BUCKET NUMBER

2

4 5 6 7 8
Inbound

Fig 4-2. Hydrocarbon emissions in 15 minutes into 100-ft long buckets in

right-hand lane through 4 x 4 intersection.
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~ 20
LEGEND:
case 1. [ll. 300 vplph
No Trucks
@ Case 3. [l 600 vplph
= No Trucks
2
& case 4. M 300 vplph
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% - 15 (See Table 4-3)
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Fig 4-3. Oxides of nitrogen emissions in 15 minutes into 100-ft long buckets
in right-hand lane through 4 x 4 intersection.



GRAMS OF FUEL CONSUMPTIONM, FF, DURING 15 MINUTES

1500
LEGEND:
case 1. Il 300 vplph
No Trucks
Case 3. [l 600 vplph
No Trucks
1200 case 4. ML 300 vplph
5% Trucks

{(See Table 4-3)
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Fuel Consumption

Inbound

Fig 4-4. Fuel consumption in 15 minutes into 100-ft long buckets in
right-hand lane through 4 x 4 intersection.
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EFFECT OF START-UP AND SIMULATION TIME ON MODEL RESULTS

The results from a time—dependent simulation process are generally used
to describe the behavior of a system that 1s operating in a stable condition;
such is the case in this study. In running the TEXAS-II simulation model,
the intersection system starts void of traffic and accepts vehicles which
arrive on the inbound lanes according to a  statistical frequency
distribution. Each vehicle then progresses through the system in response to
its momentary surroundings. Until the system loads with vehicles, the
pattern of traffic flow is not stable, and the summary statistics produced by
the model are not representative of the desiréd condition. The time needed
for start—up, or for filling the empty system, is a function of the
intersection geometry, the type of traffic control, and the pattern of
traffic passing through the system. Analysis of the summary statistics from
the TEXAS Model for intersection environments like the ones used 1in this
study indicated that after about five minutes of simulated real time, stable
traffic flow conditions existed in the system. Therefore, for all simulation
experiments in the study, five minutes of start—-up time were run before any
summary statistics were gathered by the TEXAS-II Model.

Variability in intersection traffic flow occurs with respect to time.
In order to include this variability in a simulation process, intersection
operations must be simulated for a sufficient amount of time to allow a full
range of traffic events to occur. Several tests of a 4 x 4 intersection
operating under various traffic conditions indicated that the summary
statistics for the TEXAS-II Model after fifteen minutes of simulated real
time were virtually the same as those after sixty minutes. A fifteen minute
simulation time, following a five-minute start—-up time, was therefore used

for all the simulation experiments in this study.
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SUMMARY

The instantaneous emissions of CO, HC and NO as well as fuel
consumption can be estimated on a microscopic Dbasis byx using an extended
version of the TEXAS Model For Intersection Traffic called TEXAS-II. The
TEXAS-II Model combines the emission models and fuel consumption models
developed by EPA for light—-duty vehicl<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>