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FOREWORD

This report is a preliminary step toward the accomplishment of the Interactive Highway Safety
Design Model (IHSDM), which is a Federal Highway Administration (FHWA) objective to
develop a highway safety evaluation tool. In particular, this research is a preliminary effort to
relate multi-vehicle accidents of at-grade intersections to highway design elements. The results
are of interest to those concerned with highway safety research for use by planners and
designers. Furthermore, the results are useful to researchers who will eventually improve,
validate, and finalize these intersection accident models.

Based on retrospective analysis, several statistical modeling techniques were tried. Besides using
statistical techniques (such as regression models, discriminant analysis, cluster analysis, etc.),
hard-copy accident reports were reviewed to determine the impact of design elements on
accidents. Finally, five preliminary accident models were developed for at-grade intersections:
(1) Rural, four-leg, stop-controlled; (2) Rural, three-leg, stop-controlled; (3) Urban, four-leg,
stop-controlled; (4) Urban, three-leg, stop-controlled; and (5) Urban, four-leg, signalized.

A. George Ostensen
Director, Office of Safety

and Traffic Operations
Research and Development

NOTICE

This document is disseminated under the sponsorship of the Department of Transportation in the
interest of information exchange. The United States Government assumes no liability for its
contents or use thereof This report does not constitute a standard, specification, or regulation.

The United States Government does not endorse products or manufacturers. Trade or
manufacturers’ names appear in this report only because they are considered essential to the
object of the document.
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1. INTRODUCTION

This technical report presents the results of statistical analyses of multiple-vehicle
accident experience for at-grade intersections. The objectives and scope of this research
and the- organization of this report are discussed below.

Research Overview

The objective of this research study was to develop statistical models for defining
the relationships between traffic accidents and highway geometric elements for at-grade
intersections. These models also incorporated the etfects of traffic control features and
traffic volumes on intersection accidents. It was hoped that these models could be used
in predicting the effects on accidents of specific geometric design decisions at
intersections. ‘

Several major technical tasks were performed during the research, including:

* A review of previously published and unpublished literature and ongoing studies
conceming the relationship between traffic accidents and intersection geometrics,
as well as between traffic accidents and highway geometric design features in
general.

+ A review of existing policies, guidelines, standards, and practices for design of
at-grade intersections.

*» A review of existing highway agency files containing geometric design, traffic
control, traffic volume, and accident data, including the data bases in the FHWA
Highway Safety Information System (HSIS). As a result of these efforts, the
data base of the California Department of Transportation (Caltrans) was found to-
be best suited for the investigation of relationships between intersection
geometrics and accidents and was used for developing stansucal models and
testing statistical approaches in this research

* Statistical models for relat1onsh1ps between traffic accidents and geometrics were
developed. Alternative modeling approaches were investigated based on various
assumptions about the distribution of accidents, including the Poisson, lognormal,
negative binomial, and logistic distributions. The goodness of fit of these various
alternative models and the role of geometric design variables in those models
were. assessed. Statlsucal models were developed for five specific types of
mtersechons

— Rural, four-leg, STOP-controlled intersections

— Rural, three-leg, STOP-controlled intersections
— Urban, four-leg, STOP-controlled intersections

|



e Urban, three-leg, STOP-controlled intersections
— Urban, four-leg, signalized intersections

» A pilot field study to collect data on additional geometric design variables and -
turning movement volumes was conducted at a sample of the urban, four-leg,
signalized intersections in California. Additional statistical analyses
incorporating these field data were conducted.

A review of hard copy policy accident reports was conducted to further
investigate the role of geometric design features in the causation of intersection
accidents. '

Scope and Organization of This Report

This report is organized into eight main sections and two appendixes, in addition to
this introduction. Each section is briefly described below.

Section 2 provides a brief overview of the literature related to modeling traffic
accidents. Advantages and disadvantages of the various statistical modeling approaches
are discussed.

Section 3 provides a review of available accident and roadway files of State
highway agencies, including the States in the HSIS. The section documents the reasons
for selecting the Caltrans data base for this work.

Section 4 provides details on the geometric design, traffic control, traffic volume,
and accident variables for intersections in the Caltrans data base. A description is
provided of the additional variables for which data were collected in the field for a
sample of intersections.

Section 5 presents and compares the results from various statistical models that
.were developed with Poisson, negative binomial, and lognormal regression. These
results were derived both from the Caltrans data base and from the new data collected
in the field.

Section 6 presents the results of alternative statistical approaches to accident
analysis for at-grade intersections. These alternative statistical approaches were
investigated to determine whether the ability of models for predicting the safety effects
of geometric design features of intersection could be improved.

Section 7 presents the results of a review that was conducted of hard copy police
accident reports for eight selected urban, four-leg, signalized intersections. The
objective of the hard copy police accident report review was to learn more about the
role of geometric design features in accident causation at intersections.



Section 8 presents the conclusions of the study.

Appendix A presents definitions of geometric design, traffic control, and traffic
volume variables from the Caltrans data base.

Appendix B presents the total multiple-vehicle acc1dcnt data frequencies for the five
types of intersections considered. ‘






2. LITERATURE OVERVIEW

This section of the report presents a brief overview of the status of previous
modeling of relationships between traffic accidents and highway geometric design
variables including previous studies of intersection accidents. The purpose of this
overview is to document those studies that have used nontraditional statistical
approaches to accident modeling to illustrate how those nontraditional approaches have
been applied to models for at-grade intersection accidents.

" In- past research, accident predictive models have often been developed with
accident rates (i.e., accident frequencies per unit of exposure) as the dependent variable
using simple multiple linear regression. In this traditional approach, the dependent
variable (accident rate) was modeled as a linear combination of highway-related
parameters, with or without interactions, under the assumption that the dependent
vanable follow a normal distribution. The results obtained from this approach have
generally been disappointing both in terms of the proportion of the variation in accident
rates explained by the models and the generally weak role of geometric design variables
as accident predictors. Part of the reason for the disappointing results of past research
may be that multiple regression is an inappropriate approach for developmg such
relationships.

There are several reasons for this concern. First, ‘accident rates often do not follow
a normal distribution. Traffic accidents are random, discrete events that are sporadic in
nature. Normalizing accident frequencies with exposure estimates, such as million
vehicle-miles of travel or million vehicles entering an intersection, to make accident rate
appear to be a continuous random variable does not change the fundamentally discrete
nature of accident data.

Second, accident frequencies for particular intersections or relatively small roadway
sections are typically very small integers, even if several years of accident data are
obtained for those intersections or roadway sections. In fact, it is not uncommon for a
substantial proportion of the sites in an accident study to have experienced no accidents
at all during the study period. Small integer counts, often zero or close to zero, do not
typically follow a normal distribution. In fact, the Poisson and negative binomial
distributions are ‘often more appropriate for discrete counts of events during a given
time period that are likely to be zero or small integer.

Finally, accident frequencies and accident rates are necessarily nonnegative.
However, there is nothing to constrain traditional multiple regression models from
predicting negative accident frequencies or accident rates, which confronts the accident
analyst trying to use the predictive model with a meaningless result.

Research to develop accident predicfive models published in recent literature has
moved away from approaches based on multiple regression and has begun to use
underlying distributional assumptions other than normal. As stated above, the Poisson

\
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distribution is appropriate for rare events like traffic accident counts where the number
of events in a given time pericd is likely to be zero or a small integer. Bonneson and
McCoy applied a regression model based on Poisson distribution in their effort to relate
traffic volumes at unsignalized intersections to accident frequencies.!” The authors
found that their model based on traffic volume explained a large proportion of the
vanab111ty n a001dcnts among intersections of similar geometry and traffic control.
Joshua et al. used multiple linear and Poisson regression models to describe the
relationship between accident involvements of large trucks and associated traffic and
geometric variablcs.(z) The authors concluded that the multiple linear regression model
did not adequately describe that relationship, but that the Poisson model appeared-to be
adequate for this purpose. In another study of heavy truck-tractor accident rates, a
Poisson regression model also was used by Blower et al.®)

Miaou and Lum investigated four types of regression models to evaluate the
relationship between truck accidents and highway geometric design elements. The
four models considered by the authors were two conventional linear regression models
(one was normal or additive; the other was lognormal or multiplicative) and two
multiplicative Poisson regression models (one using an exponential rate function; the
other, a nonexponential rate function). Miaou and Lum concliuded that of the four
models tested, the Poisson model with the exponential rate function provided the best
form of the relationship between truck accidents and highway geometric design
elements in their study. The authors also identified the inherent limitations in using a
Poisson model, which are discussed below.

One of the basic assumptions when choosing a Poisson model is that the mean and
the variance of the error distribution are equal. However, in many applications,
including the work that will be presented in this report, the data exhibit extra variation
(i.e., the variance is greater than the mean of the estimated Poisson model). This
situation is referred to as overdispersion. An alternative statistical model for addressing
error structures with overdispersion like that often found in accident data is the negative
binomial distributton. This approach has been used recently by several researchers,

including Hauer et al., Knuiman et al., and Miaou et al., Shankar et al., and Hadi,
et a] 56789

The performance of Poisson and negative binomial regression models was recently
compared by Miaou." The author applied these models to define a relationship
between truck accidents and geometric design of road sections. The author concluded
that, under moderate to high overdispersion in the data, the negative binomial model
provides a sensible approach to modeling accidents in that particular application.
However, under certain modeling estimation procedures, the regression coefficients are
quite consistent between the Poisson and the negative binomial approach. In any case,
Miaou suggests the use of Poisson regression as an initial step in the modeling effort,
with the negative binomial model then being applied where appropriate. A 1987 paper
by Lawless also examined the efficiency and robustness properties of the negative
binomial and mixed Poisson regression models when applied to count data that exhibit
extra variation. un



Most recently, Poch presented results of modeling four specific types of accidents
as a function of geometric design and traffic variables for intersection apprdaches.(m
The author concluded that the negative binomial model provided an appropriate choice
in identifying significant traffic and geometric elements affecting the four types of
accidents studied: total, rear-end, angle, and turning accidents.

The results of these studies reported in the literature indicate the appropriateness of
Poisson and negative binomial regression for development of predictive models for
at-grade intersection accidents. This research was performed at about the same time as
many of the studies discussed above were being published. During the research, various
modeling approaches, including Poisson regression, negative binomial regression, and
others, were tried as the research progressed and as the statistical software became more
readily available and user-friendly. The results obtained are presented in the remainder
of this report.






3. DATA BASE SELECTION

The first-major activity in the research was to identify one or more existing data
bases of geometric design, traffic control, traffic. volume, and accident data for at-grade
intersections that were suitable for testing the development of statistical models for
accident prediction. In order to be useful in the planned statistical analyses, the various
data files of géometric, traffic, and accident data needed to be linked togethcr by a
common location identification system, such as the milepost systems used by many
State highway agencies. ' ‘ :

The candidate data bases that were considered included the data bases available in
the FHWA Highway Safety Information System (HSIS). The five original States
included in the HSIS were Illinois, Maine, Michigan, Minnesota, and Utah, Of these
five States, only the Maine, Michigan, and Minnesota data bases included files of
intersection geometric design data. The Minnesota files appeared to be the most
complete, so the files of the other HSIS States were eliminated from further
consideration.

A review of data files from selected State highway agencies not included in HSIS
was conducted to determine which States had existing data files of intersection
geometric data. Candidate ﬁles from two States were 1dcnt1fled California and
Washington.

Thus, data files for three candidate States—California, Minnesota, and
Washington—were identified by the initial screening. The files available from these
three States were reviewed in more detail to make a final selection. This review
concluded that the files available from California were the most complete in terrns of
the range of geometnc traff1c and accident data available.

A primary disadvantage of the Minnesota accident data was that no data were
included in the accident file on the directions of travel of the vehicles involved in
particular accidents. This would limit the ability of the planned analyses to relate
accident experience to the geometric features of particular intersection approaches or to
any available turning movement data. A primary disadvantage of the data from
Washington was that at intersections where the minor road (or crossroad) at an
intersection was a roadway under local rather than State jurisdiction very few data were
available for accidents that had occurred on the minor road. In general, the Washington
data base includes accidents on a non-state-maintained crossroad only if they occur
within 6 m (20 ft) of the intersection. The California data base had neither of these
disadvantages; data were available on the directions of travel of accident-involved
vehicles and accident data on non-state-maintained crossroads were generally included
for distances up to 76 m (250 ft) from the intersection.

Two other disadvantages of the California data base were a concern, however.
First, some the available data on the traffic volumes on the minor-road leg of
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intersections that were not maintained by the State were known to be based on estimates
rather than actual counts, and there was concern that some of these estimates could be
out of data. However, unlike some other States, the traffic volume data for California
intersections were not incomplete. Average daily traffic (ADT) volumes were included
in the file for the major- and minor-road legs of each intersection, even though in some
cases these data were just estimates. Second, the California accident file did not include
any specific variable identifying whether specific accidents were or were not
intersection-related. Accidents that occurred within the curbline limits of the
intersection could be identified explicitly, but for accidents outside the curbline limits of
the intersection, there was no explicit identification of whether the cause of the accident
was related to the operation of the intersection. The geometric file did; however,
include a variable indicating the influence area of the intersection as a distance from the
intersection in either direction of travel along the major road [typically 76 m (250 ft),
but shorter in some instances such as between closely spaced intersections]. Thus, this
influence distance, together with the milepost system used to identify intersection and
accident locations, can be used to determine which acc1dcnts occurred within the
1nﬂuence area of each intersection.

Based on the factors discussed above, a decision was made that the California data
base was most suited to the planned analyses and that its disadvantages were less
serious than those of the other candidates considered. Copies of the data files were then
obtained from the California Department of Transportation (Caltrans) and processed-to
conduct the analyses that are described in the remainder of the report. Data were
available in the California files for a total of 19,940 intersections. The total accident
frequencies experienced by these intersections for the 3-year period from 1990 to 1992
were as follows: 38,260 accidents in 1990; 34,820 accidents in-1991; and 33,203 .
accidents in 1992. Since these analyses began, California has been selected, along with
North Carolina and Washington, for inclusion in the second stage of development of the
HSIS. Thus, California data comparable to the data used for this rcport will be
available to future analysts from the HSIS. :

10



4. DATA BASE DESCRIPTION

This section describes the geometric design, traffic control, traffic volume, and
accident history variables that were available in or were derived from the existing
California data base and, thus, were available for the statistical analyses. This section
also identifies the additional geometric design, traffic control, and traffic volume
variables that were derived from field studies for selected California intersections.

Variables Available in the Caltrans Data Base

Table 1 presents a list of all relevant geometric design, traffic control, traffic
volume, and other related variables from the Caltrans data base. Some of these
-variables were directly _aivailablc in the data base, while others were derived or
calculated from the available data (e.g., average lane width was calculated as the total
traveled way width divided by the number of lanes). The variables in table 1 were
selected for potential consideration in statistical modeling because it was postulated that
each of these variables could possibly have an effect on intersection accidents. The
results of statistical modeling to determine the effects of each of these variables on
accidents are presented in section. 5 of this report. Appendix A identifies each of these
variables as continuous or categorical and defines the units for each continuous variable
and the levels for each categorical variable. '

Table 2 identifies the accident descriptors that were derived from each intersection
from the existing computerized accident file provided by Caltrans. The descriptors were
based on three calendar years of accident data—1990 through 1992, inclusively. For
each intersection studied, the accidents of interest included those which occurred within
the curbline limits of the intersection and those which occur within the influence area of
the intersection, as defined by Caltrans [typlcally including 76 m (250 ft) a]ong each leg
of the intersection).

Additional Variables for Which Data Were Obtained in Field
Studies

A number of geometric design, traffic control, and traffic volume variables of
potential interest were not available in the existing Caltrans data base and, therefore, are
not listed in table 1. A set of additional variables whose effects on accidents it would
be desirable to examine was identified. A pilot study was conducted in which, for a
selected subset of intersections, these data were collected in the field. The pilot study
also provided an opportunity to verify, and where necessary update, the geometric and
traffic control data in the existing file and, for some variables, to provide greater detail
than was included in the existing file. For example, the existing Caltrans data, as
shown in table 1, appears to imply that both major road and both crossroad approaches
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Table 1. Variables Available in the Existing Caltrans Data Base

5 Geometric Design Features

Intersection configuration (i.e., three-leg, four-leg, multileg, etc.)

Number of lanes on major road ‘

Number of lanes on crossroad

Presence of median on major road (i.e., divided/undivided)

Median width on major road

Average lane width on major road

Shoulder width on major road

Design speed of majer road

Functional classification of major road

Presence of left-turn channelization on major road (i.e. separate left-turn lane)

Presence of left-lurn channelization on crossroad (i.e. separate left-turn lane)

Presence of right-turn channelization on major road (i.e., separate roadway for free
right turns)

Presence of right-turn channelization on crossroad (i.e., separate roadway for free
right turns) : ,

Presence of access control on major road (none/partlal)

Traffic

Control Features

Type of intersection traffic control (STOP sign, traffic signal, etc)

One-way vs. two-way operation on major road

Left-turn prohibition from major road

Left-turn prohibition from crossroad

Presence of mast arm signals on major road (sngnahzed intersections only)
Presence of mast arm signals on crossroad (signalized intersections only)
Signal timing (i.e., pretimed/semiactuatedfully- actuated)

Trafﬂc

Signal phasing (i.e., two-phase/multlphase)
Volume Data ‘

Average daily traﬂ‘ic (ADT) of major road (veh/day)

Average daily traffic (ADT) of crossroad (veh/day)

Other Related Data ‘

Rural/urban
Terrain
Presence of intersection lighting
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Table 2. Accident History Variables Derived from Caltrans Accident File

Total accidents for all 3 years combined

Total accidents in calendar year 1990
Total accidents in calendar year 1991
Total accidents in calendar year 1992

Total accidents for each calendar year by severity level:

— fatal accidents
— injury accidents
— property-damage-only accidents

Total accidents for each calendar year by location with respect to intersection:

— within curbline limits of intersection

— not within curbline limits, but on the major road within the influence area of the
intersection

— not within curbline limits, but on the crossroad within the influence area of the
intersection

Total accidents by calendar year and by accident type:

Single-vehicle non-collision accidents:

— ran-off-road

— overurned in road

— other single-vehicle non-collision accident

Single-vehicle collision accidents: .
— collision with parked vehicle
— collision with train’

— collision with pedestrian

— collision with bicycle

— collision with animal

— collision with fixed object

— other single-vehicle collision

Multiple-vehicle collision accidents:
— Head-on collision

—  Sideswipe collision..

— Rear-end collision

— Angle collision

— Right-turn collision

—  Left-turn collision {(or U-turn)
— Other multiple-vehicle collision
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always have the same left-turn and right-turn channelization. In fact, the two major-
road and crossroad approaches may differ in geometrics; therefore, data in the pilot ﬁeld
study were collected separately for each: of the four intersection legs.

A decision was reached to focus the pilot study on just one of the five types of
at-grade intersections that were addressed in the study—urban, four-leg, signalized
intersections. A target sample size of 200 intersections was selected for the pilot study.
In fact, the pilot field data were collected for a randomly selected sample of 198 of the
1,306 urban, four-leg, signalized intersections in the available sample.

Table- 3 identifies the geometric design, traffic control, traffic volume, and related
variables that were collected in the pilot field studies. As for the data from the existing
Caltrans file, Appendix A identifies each of these variables as continuous or categorical
and defines the units for each contmuous variable and the levels for each categorical
variable.
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Table 3. Variables Collected in Pilot Field Study of
Urban, Four-leg, Signalized Intersections

Geometric Design Features

Number of through lanes on each approach

Number of exclusive left-turn lanes on each approach

Number of exclusive right-turn lanes on each approach

Type of left-turn treatment on each approach

Type of right-turn treatment on each approach

Horizontal alignment of each approach

Approach grades on each approach [within 76 m (250 ft) of the intersection]

Presence of crest/sag vertical curve on each approach

Total through lane width on each approach (ft)

Total left-turn lane width on each approach {ft}

Presence of median on each approach (i.e., divided/undivided)

Type of median (if any) on each approach

Median width on each approach (ft)

Number of drlveways within 76 m (250 ft) of the intersection on each approach

Type of driveways cn each approach

Angle between intersecting approaches

Curb return radius (ft) in intersection quadrant to the right ot each approach (for
selected intersections with high pedestrian activity)

Traffic

Control Features

One-way vs. two-way operation on each approach

Presence of left-turn prohibition on each approach

Curb parking within'76 m (250 ft) of the intersection on each approach
Number of signal faces for each approach

Signal head mounting for each approach (i.e., post-mounted/mast-arm)
Left-turn phasing for each approach (i.e., presence of left-turn arrow phase)
Presence of pedestrian signals for crossing each approach

Presence of painted crosswalk for crossing each approach

Presence of advance warning signs (e.g., SIGNAL AHEAD) for each approach
Posted speed limit for each approach (mi‘h)

Traffic

Volume Data

Turning movement volumes for all approaches by 15-min periods for a 2-h morning

peak period (typically 7 to 9 a.m.) and'a 2-h evening peak period (typically 4 to
6 p.m.)
Level of pedestrian activity

Other Related Data

Presence of intersection lighting
Character of surrounding development
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5. STATISTICAL MODELING

This section describes the statistical modeling of at-grade intersection accidents, for
five selected types of intersections that was conducted during the research based on the
Caltrans data base. The discussion includes both the data preparation steps prior to. the
analysis and the analyses that were conducted for the five intersection types. The
statistical models for urban, four-leg, signalized intersections are further investigated
using additional data collected during the pilot field studies.

Data Preparation

The Caltrans data base, whose selection was described in chapter 3 of this report,
contains information on geometric design features, traffic control features, and traffic
volumes at over 19,000 intersections located 'on State highways in California. Total
accident frequencies at these intersections for the 3-year period from 1990 to 1992
were: 38,260 accidents in 1990; 34,820 accidents in 1991; and 33,203 accidents in
1992. A preliminary assessment was made of the types of intersections that were
present in sufficient numbers and had sufficient data available for statistical modeling of
accidents to be conducted. The selection of intersections, accident types, geometric and
traffic parameters, and volumes is discussed in the following sections.

Intersection Types

The Caltrans data base included data for a total of 19,398 intersections. These .
included rural and urban intersections, various intersection configurations (three-leg T
intersections, three-leg Y intersections, four-leg intersections, four-leg offset -
intersections, and multileg intersections), and intersections with various types of traffic
control (no control, two-way STOP control, four-way STOP control, yield control, and
signal control). After reviewing the number of intersections of each type that were
included in the Caltrans data base, a decision was reached to focus the analyses on
three-leg and four-leg intersections with both two-way STOP-control and signal control.
Only three-leg T intersections were considered because the available sample of three-leg
Y intersections was quite small. A total of 15,369 intersections was found within the
eight cells defined by these three factors (which is equivalent to approximately
79 percent of all of the available intersections). Next, intersections with major road
average daily traffic (ADT) below 400 veh/day or crossroad ADT below 100 veh/day
were deleted from the data base, resulting in a total of 11,165 intersections for
consideration. This was done both to eliminate extremely low-volume sites, which
typically have very few accidents and would be difficult to model reliably, and to
eliminate intersections with low ADTs that appeared in error. The intersection
breakdown in the Caltrans data base before and after eliminating the low-volume
locations is illustrated in table 4. The total number of accidents for the intersections in
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each of these cells was reviewed, and a decision was rcathd to ‘conduct statistical
modeling for data from five of the eight cells.

Rural, four-leg, STOP-controlled intersections
Rural, three-leg, STOP-controlled intersections
Urban, four-leg, STOP-controlled intersections
Urban, three-leg, STOP-controlled intersections
Urban, four-leg, signalized intersections

-l S

These five intersection types of interest are identified by the shaded portions in the
lower portion of table 4. Each of these five intersection types was considered
separately in the lognormal and loglinear modeling activities that are described in this
section.

Table 4. Intersection Distribution in Caltrans Data Base
by Type of Intersection

Four-leg intersections Three-leg intersections
STOP Signal STOP :
controlled controlled controlled Signalized Total
Number of intersections in Caltrans data base
Rural 2,281 103 5512 32 7,928
Urban 1,726 1,514 3,773 428 7.441
Total 4,007 1,617 9,285 460 15,369
Number of intersections in ADT ranges considered®
Rural | 2 4,590
Urban 411 6,575
Total 3,056 1,533 16,163 413 11,165

& Major road ADT above 400 veh/day; crossroad ADT above 100 veh/day.
The shaded cells are those for which-statistical analyses were performed.

Safety Measures of Effectiveness (Dependent Vari'ables)
The accidents analyzed for each intersection included:

« All acciden‘;s within the curbline lirnits of the intersection

+ All accidents that occurred on the major road within a specified influence area
defined by Caltrans [typically 76 m (250 ft) but shorter or longer in some cases]

« All accidents that occurred on the crossroéd- within 76 m (250 ft) of the intersection
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Table 5 presents the distribution of accidents by number of vehicles involved .
(single-vehicle vs. multiple-vehicle} for the five selected intersection types. The table
includes all intersections in each of the five categories, as well as for the intersections
in each group that were selected for inclusion in the analyses (see below).

The analyses performed in this research focused on multiple-vehicle accidents,
because single-vehicle accidents generally occur less frequently and are, therefore, more
difficult to model. The conceptual plan developed for the FHWA Interactive Highway
Safety Design Model (IHSDM) recommends that the frequency of single-vehicle run-
off-road accidents be predicted using an encroachment-based technique rather than a .
statistical model.

All of the modeling efforts in the research addressed total multiple-vehicle
accidents (for all accident severity levels combined).and fatal and injury multiple-
vehicle accidents. Property-damage-only (PDO) accidents were not analyzed separately
because of concerns about incompleteness of accident reporting. It might have been
desirable to evaluate PDO towaway accidents (accidents in which one or more .of the
involved vehicles was towed from the scene) or fatal-plus-injury-plus-towaway '
accidents, but unfortunately the California accident data do not explicitly identify
towaway accidents. In summary, the two dependent variables most extensively used in
the modeling effort were: :

* Total multiple-vehicle accidents of all severity levels that occurred dunng the
3- -year study period

,° Fatal and injury multiple-vehicle accidents in the 3-year period

Selection of Geometric and Traffic Parameters of Interest (Independent 3
Variables)

For each of the five categories of intersections mentioned above, a preliminary -
selection of geometric and traffic variables as candidate independent variables for the .
statistical modeling activities was made from among the variables included in the .
existing Caltrans data base (see discussion in section 4) based on engineering
knowledge and statistical criteria. A few of the candidate independent variables were
quantitative variables measured on a continuous scale (e.g., lane width or shoulder
width); however, most of the candidate independent variables wére categorical (i.e.,
having a finite number of discrete levels). Appendix A identifies whether each
candidate variable was continuous or categorlcal in nature and also identifies the levels
for each categorical variable. '
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Table 5.

Accident Data Distributions in Caltrans Data Base

All intersections

Selected intersections®

Number of accidents

Percent of total accidents

Multiple-vehicle accidents

Single Multiple Single Multiple Fatal and Ratio
vehicle vehicle Total vehicle vehicle Total injury F&l/Total

Rural, four-leg, STOP-controlled (2,262 intersections) (1,434 Intersections)

1990 387 2,229 2,616 14.8 85.2 1,735 883 0.51

1991 359 2,003 2,362 15.2 84.8 1,543 795 0.52

1992 337 2,010 2,347 14.4 85.6 1,580 814 0.52

3 years 1,083 6,242 7,325 148 85.2 4,858 2,492 0.51
Rural, three-leg, STOP-controlled (5,491 intersections) (2,692 Intersections)

1990 931 2,496 3,427 27.2 72.8 1,714 778 0.45

1991 837 2,382 3,219 26.0 74.0 1,577 700 0.44

1992 858 2,362 3,220 26.6 73.4 1,578 712 0.45

3 years 2,626 7,240 9,866 26.6 73.4 4,869 2,190 0.45
Urban, four-leg, STOP-controlled (1,551 intersections) (1,342 Intersections)

1990 483 3,542 4,025 12.0 88.0 3,193 1,392 0.44

1991 430 3,070 3,500 12.3 87.7 2,782 1,332 - 0.48

1992 399 3,081 3,480 115 88.5 2,819 1,327 047

3 years 1,312 9,693 11,005 11.9 88.1 8,794 ] - 4,051 0.46
Urban, three-leg, STOP-controlled (3,680 intersections) (3,057 Intersections)

1990 854 4,682 5,536 154 84.6 4,199 1,762 0.42

1991 703 4,392 5,095 13.8 86.2 3,972 1,755 0.44

1992 664 4,155 4,819 13.8 -86.2 3,781 1,697 0.45

3 years 2,221 13,229 15,450 14.4 85.6 11,952 . 5,214 0.44
Urban, four-leg, signalized (1,448 intersections) : (1,306 Intersections)

1990 870 11,120 11,990 7.3 92.7 10,291 4,116 0.40

1991 788 10,159 10,947 7.2 92.8 9,431 3,980 0.42

1992 732 9,322 10,054 73 92.7 8,684 3,819 0.44

3 years 2,390 30,601 32,991 7.2 92.8 28,406 - 11,915 0.42
All Intersections (14,432) ' (9,831 Intersections)

3years | 9632 | 67005 | 76,637 | 12.6 87.4 58879 | 25,862 0.44

2 Intersections selected for analysis




To determine which of the candidate independent variables were suitable for use in
the statistical modeling activities, frequency tables were generated for each candidate
variable. When the available sample size for any given level of any particular variable
was too small, one of the following courses of action was taken: (a) the intersections in
that level were pooled with an adjacent level (where this made engineering sense) or (b)
the intersections in that level were deleted. After reviewing all levels of all categorical
variables, the process was repeated to ensure that all the sample sizes were now
sufficient for data analysis. Any further minor changes found to be necessary were then
made. If, for a particular independent categorical variable, all but a small number of
the intersections fall in a single category, then that variable had to be excluded from the
modeling effort because no effect can be determined unless a substantial number of the
intersections fall in each level.

Best Form for ADT Variables

ADT data weré available for both-major road and crossroad at each intersection.
Three alternative forms for incorporating ADT variables in the models were considered:

* Separate independent variables representing the major-road and crossroad ADT’s

* One combined variable representing the sum of the major-road and crossroad
ADT’s (equivalent to the total daily traffic volume entering the intersection)

* One combined variable representing the product of the ‘major-road and crossroad
ADT’s (representing the potential number of vehicle-vehicle interactions that may
occur at the intersection)

Each of these approaches has been postulated in previous research as representing the
most appropriate treatment of the ADT in statistical modeling.

Preliminary modeling efforts showed fhat the best results were obtained when the
major-road ADT and the crossroad ADT were treated as separate independent variables;
therefore, this approach was used throughout the statistical modeling activities in the
research.
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Accident Frequency Distributions

Prior to beginning the statistical modeling activities, the general shape of each
accident frequency distribution was assessed for each of the five intersection types of
interest. This was done visually by plotting the data for the 3-year totals and by
calculating basic statistics. For each of the five intersection categories, table 6 shows
yearly and 3-year total accident statistics (minimum, median, mean, maximum) for
multiple-vehicle accidents. Total accident counts, as well as fatal and injury accident
counts, are shown separately. Table 6 also shows the total number of accidents of each
type in each given year. Next, the frequency data are plotted separately for each type
of accident and each type of intersections in figures 1 through 5.

Similar statistics and frequency plots are shown in table 7 and figure 6,
respectively, for the sample of 198 urban, four-leg signalized 1ntcrsect10ns investigated
“during the pilot field study.

The plots shown in figures 1 through 6 highlight the different shapes of accident
frequencies. With large numbers of intersections with no or low accident experience,
the distribution tends to follow the shape of a Poisson distribution. This observation
clearly applies to rural, four- and three-leg, STOP-controlled intersections and to urban,
three-leg, STOP-controlled intersections. When the number of intersections with no or
low accident experience is relatively small, the distribution tends to follow the shape of
a lognormal distribution. This is clearly seen in the case of urban, four-leg, signalized
intersections (including the sample of 198 intersections) and a.lso in the case of urban,
four-leg, STOP-controlled intersections.
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Table 6. Annual Accident Statistics, 1990-1992

Total multiple-vehicle accidents . Fatal and injury multiple-vehicle accidents

Year Minimum Median Mean Maximum Total Minimum Median Mean Maximum Total

Rural, Four-leg, STOP-controlled—1,434 intersections

0.62 9 883

| X4

1990 0 1 1.21 14 1,735 0 0

1991 0 0 1.08 15 1,543 0 0 . 055 10 795
1992 0 0 1.10 19 1,580 0 0 0.57 - 8 814
1990-92 0 2 3.39 48 4,858 -0 1 1.74 27 © 2492
Rural, Three-leg, STOP-controIled—2,692 intersections g

1990 ) 0 0 0.64 15 1,714 0 0 029 10 778
1991 0 0 0.59 12 1,577 0 0 0.26 8 700
1992 -0 0 0.59 .20 1,578 0 0 0.26 9 712
1990-92 0 1 1.81 45 4,869 o . 0 0.81 21 2,190
Urban, Four-leg, STOP-controlled—1,342 intersections )

.1990 0 1 2.38 26 3,193 0 1 1.04 12 - 1,392
1991 0 1 2.07 18 2,782 0 1 0.99 9 - 1,382
1992 7 0 1 2.10 21 2,819. 0 0 0.99 12 1,327
1990-92 . 0 4 6.55 53 8,794 . 0 2 3.02. 23 4,051
Urban, Three-leg, STOP-controlled—3,057 intersections
1990 0 1 1.37 33 4,199 0 0 0.58 12 : 1,762
1991 0 1 1.30 31 3,972 0 ‘0 0.57 10 1,755
1992 . 0 1 1.24 31 3,781 0 0 0.56 17 1,697
1990-92 0 2 3.91 80 11,952 0 1 1.71 28 5,214
Urban, Four-leg, Signalized—1,306 intersections ]
1990 0 6 7.88 49 10,291 0 2. 3.15 22 4,116
1991 0 6 : 7.22 53 9,431 0 2 3.05 ' 20 ) 3,980
1992 0 5 6.65 57 8,684 0 2 292 . 20 - 3,819
1990-92 0 . 18 21.75 147 28,406 0 8 9.12 50 - 11,915 .
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Table 7. Annual Accident Statistics for Sample of

198 Urban, Four-leg, Signalized Intersections

Year Minimum Median Mean Maximum Total
Total multiple-vehicle accidents
1990 0 7 8.61 49 1,704
1991 0 7 8.15 36 1,613
1992 _ o . 6 7.74 36 1,533
1990-92 0 20 24.49 119 4,850
Fatal and injury multiple-vehicle accidents
1990 . 0 3 3.29 M 651
1991 0 3 3.39 16 671
1992 0 3 3.40 .‘12 674
1990-92 0 9 10.08 30 1,996
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Lognormal and Loglinear Regression Models

Several candidate analysis methods were investigated for application to the accident -
frequencies in the five types of at-grade intersections in this study. The analysis -
approach was driven by both the actual distribution of the accident frequencies and by
recommendations and practices in the field of accident data analysis (see chapter 2).
The frequency distributions of total multiple-vehicle accidents in the 3-year study period
are shown in figures 1 through 6 above. The percentages of mtcrsectlons with zero or
one multiple-vehicle accident in the 3-year period are: :

Percent of intersections
with O or 1 accident

Intersection type in 3-vear period
Rural, four-leg, STOP-controlled -~ 443
Rural, three-leg, STOP-controlled 661
Urban, four-leg, STOP-controlled | : 22.2
Urban, three-leg, STOP-controlled | 39.9
Urban, four-leg, signalized 3.4
Urban, four-leg, signalized - 1.0

(sample of 198 intersections)

For most types of intersections, a large proportion of the intersections experienced at
most one accident over the 3-year period. This observation is not true for urban, four-
leg, signalized intersections, where about 50 percent of the intersections experienced

19 or more multiple-vehicle accidents over the 3-year period, and only 10 percent of the
intersections had five or fewer accidents. Also, the pattern for urban, four-leg, STOP-
controlled intersections differs somewhat from the two extreme situations in that only
10 percent of the intersections experienced no accidents and about half of the
intersections experienced at least four accidents in the 3-year period.

Two general types of statistical models were applied to the accident data in this
study: (1) a lognormal regression model for all urban, four-leg intersections (both
STOP-controlled and signalized); and (2) a loglinear regression model—either Poisson
regression or negative binomial regression model—for all raral STOP-controlled (three-
and four-leg) and urban, three-leg, STOP-controlled mtcrsccuons These models are
presented next.

Consider a set of n intersections of a given class (e.g., rurél, four-leg, STOP-

controlled intersections). Associated with each intersection i, is a set of q parameters
X1 X3 oo Xl-q), describing the ge‘omctric design, traffic control, traffic volume, and
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other related characteristics of that intersection. Let the number of accidents occurring

at the ith intersection during a 3-year period be denoted by Y;, where i=1, ..., n. Next,

denote by Y; the actual observation of Y, dunng the 3-year pcnod that is, y =0 1,2,
.. and i=1, .

The objective of a statistical model is to provide a relationship between a function
of the expected number of accidents, E(Y;)=p, at the ith intersection and the q intersec-
tion parameters, Xj;, X, ..., X;,. This relationship can be formulated through a general
linear model of the form: : ' :

Function(u,) = B, + B, X, + .. + quiq 1)

where the regression coéfficients, By, B, Bs, ... By, are to be estimated from the data.
The estimation procedure used to obtain the regression coefficients is dependent on the
assumption made about the distribution of the Y.

Note: Throughout this report, all logarithms are natural logarithms and are denoted
by log in all equations.

Lognormal Regression Models

Lognormal regression models are based on the assumption that the natural
logarithm of Y; follows a normal distribution with mean p, and variance o> In other
words, it is assumed that Y; follows a lognormal distribution, a reasonable choice
whenever the data are inherently non-negative, suggesting that a model with positive
skewness is needed and the mean is relatively large. This model also ensures that
the cxpected‘number of accidents, remains positive.

In this case, the relationship between the expected number of accidents at the ith
intersection and the q predictor variables, Xl,...,Xq, can be written as:

logw) = By + BXyy + BXp + . + BXg - (2)

or altcrnatwcly, in the mult1pl1cat1ve form, as

i = f:KP(BO) EXP(BI 11) cxp(BZ 12) . exp(Bq 1q ' (3) \

where the log(number of accidents) is assumed to follow a normal distribution with
mean ; and variance o®. The coefficients, B, By, By, -- B, are the linear regression
coefficients to be estimated by ordinary least-squares method. This is the classical case
of a multiple linear relationship between the logarithm of the dependent variable and q
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independent predictor variables. For.the lognormal regressions, the usual normal-theory
tests of significance of the parameters and goodness-of-fit of the model measures apply.

Loglinear Regression Models

Inthe present study, two loglinear models were considered for application to
at-grade accident frequencies: the Poisson and the negative binomial models. Their
general forms are described below.

Poisson Model. When the average number of accidents at an intersection becomes
small, the assumption of a lognormal distribution is no longer valid. The Poisson model
then becomes a natural choice as it models the occurrence of rare discrete events well.
The relationship between the expected number of accidents occurring at the ith
tersection and the q intersection parameters, X;;, X, .-., Xiq, is assumed to be of the
form:

.
log(p) = By + Y BX;; (4)
. '1:1

However, the assumption is now made that the number of accidents, Y;, follows a
Poisson distribution with mean w,. That is, the probability that an intersection defined
by a known set of predictor variables, X, X, ..., Xjg, experiences y; accidents can be .
expressed as: ‘

P(Y; =y 1) = 1'e ™/y,! (%)

where y;! denotes the factorial of y;.

Note that the Poisson distribution has only one parameter, namely its mean, , with the
limitation that the variance, o, equals the mean of the distribution. Under the assump-
tion of a Poisson distribution, the regression coefficients, Bo, By, By, ... By, are estimated
by the maximum likelihood method. The assymptotic normality of maximum likelihood
estimates is used to obtain tests of significance of the parameters and goodness-of-fit
measures for the models. :

In the case of a Poisson distribution, the model coefficients are estimated by
maximum likelihood method. The likelihood function is the product of the terms in
equation (2) over all n intersections in the class of intersections of interest. This
function 1s viewed as a function of the parameters, p;, and through them, the parameters
B;. The parameters are estimated by maximizing the likelihood, or more usually, by
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rhaximizing the-logarithm of the likelihood (denoted by log likelihood). Equivalently,
the estimaticn can be done by minimizing the negative of the log likelihood. The log
likelihood is given by the equation:

log(L) = = Ty;log(w)-p-log(yN] (6)

The maximum value possible for the likelihood for a given data set occurs if the
model fits the data exactly. This occurs if the  are replaced by y; in (3). The
difference between the log-likelihood functions for two models is a measure of how
much one model improves the fit over the other. A special case of this was defined as
the deviance by Nelder and Wedderburn."?’ Specifically, they defined the deviance as
minus twice the log of the ratio of the likelthood for a model to the maximum likeli- -
hood. ~ For the Poisson, the deviance takes the form given in Equation (7):

D = 2[%yiln(yi/ui)—z()’rui)] (7
i= i=1

where the second term is identically zero in the usual case that the model includes a
constant or intercept term. The deviance so defined is measured from that of the
saturated model and so terms involving constants, the data alone, or a scale factor alone
are omitted. For a sample of n independent observations, the deviance for a model with
p degrees of freedom (that is, p parameters estimated including the mean or constant)
has residual (n — p) degrees of freedom. When the residual degrees of freedom of the
current model are approximately equal to the deviance, it is unlikely that further fitting
of systematic components is worthwhile. |

Since the deviance is effectively —2 times the log of the likelihood ratio, it has an
asymptotic distribution that is chi-squared with degrees of freedom equal to n — p,
where n is the number of intersections and p is the number of parameters estimated.
This result can be used to construct a goodness-of-fit test for the model. In addition, by
forming the ratio of the deviance to its residual degrees of freedom, an estimate of the
scale constant can be found. For the Poisson, this should theoretically be equal to one. -
Values substantially in excess of one reflect overdispersion of the data.

Negative Binomial Model. As mentioned above, a limitation of the Poisson
distribution is that the mean equals the variance of the distribution. Previous work in
the field of accident research has shown that this is not always the case. Suppose a
Poisson model is used for modeling accidents and the variance, or dispersion, of the
data exceeds the estimated mean of the accident data distribution. The data are then'
said to be overdispersed, and the underlying assumption of the variance being equal to
‘the mean for the Poisson distribution is violated. The negative binomial, which is a
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discrete distribution, provides an alternative model to deal with overdispersion in count -
data such as accident frequencies.

Unlike the Poisson distribution, the negative binomial distribution has two parame-
ters. As for the Poisson model above, the relationship between the expected number of
accidents occurring at the ith intersection and the q intersection parameters, X;;, Xj,, ...,
Xiq, is still taken to be:

Function(u)) = B, + B;X;; + B.X;; +... + quiq : ®

However, the assumption 1s now made that the number of accidents, Y, follows a
‘negative binomial distribution with parameters o and k (with @' <o < 1 and k 2 ().
That is, the probability that an intersection defined by a known set of predictor
variables, X;;, Xy, ..., X{o, experiences Y; = y; accidents can be expre;sed as:

| ek - 1) i . | .
Pr(Y; = y; oK) = Y ) “ .y, =012 O
yi! k - D! (1 + a)yﬁk

where y,! denotes the factorial of y;.

The mean and variance of the negative binomial distribution of accident counts can’
then be expressed in terms of the parameters ot and k as follows:

mean = E(Y) = p, = ko, and : (10)
variance = Var(Y) = ko + ko =, + p¥k . (11)

The term p, can be referred to as the Poisson variance function and p,’/k as the
extra component arising from combining the. Poisson distribution with a gamma
distribution for the mean to obtain the negative binomial distribution. The parameter k
is not known a priori, but can be estimated so that the mean deviance becomes unity or
the Pearson chi-square statistic equals its expectation (i.e., equals its degrees of
freedom).(”) ‘

As for the Poisson model, the model regression coefficients, 3y, B;, B, ... g are
estimated by the method of maximum likelithood. The asymptotic normality -of
maximum likelihood estimates is used to obtain tests of significance of the parameters
and goodness-of-fit measures for the models. The estimation of the model parameters
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can be done by minimizing the negative of the log likelihood. For the negative
binomial distribution, the log likelihood is given by the equation;

n

log(L) = ¥ y;logle/(1 + &)] - nklog(l + o) - (function of y, k) (12)
. i=1

Substituting o = p/k into the term log[o/(1+¢)] of Eq. (12),-givcs the function

H;
IJ]. +

log

=B, + BXy + BXy v+ BXyg (13‘)

The parameters o and k of the negative binomial distribution can thus be indirectly
estimated using a generalized linear model and, by means of equations (8) and (13), the
model regression coefficients By, B, B,, ... B, are obtained. The Statistical Analysis
System, SAS, provides a procedure, PROC G%NMOD (a generalized linear model
procedure) that can be used to estimate the regression coefficients by implementing
equations (11) and (13).05)

Treatment of ADT Variables in Lognormal and Loglinear Regression Models

In all models in this study, the natural logarithm of the major-road and crossroad
ADT variables was used. This parallels the approach taken by other researchers where
accident counts rather than accident rates are modeled. On the log-scale, the ratio of
accident counts over ADT becomes the difference between log(accident counts) and
log{ADT). The difference here is that it is assumed that the coefficient of log(ADT) is
not equal to one, but rather is a coefficient to be estimated through analysis. Thus, in
the lognormal and Poisson and negative binomial models described above, X, and X,
generally represent l0g(ADT o roag) and 10g8(ADT o ir00a), Tespectively. The -
multiplicative model relating the expected accident counts and independent variables can
thus be rewritten as: ,

o o _ (14)
function(p) = exp(Be)(ADT,ier rona ' (ADT P2 exp(BXpe . o exp(B, X))

: crossroad
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AccidentModeIing Results

The following sections present the modchng results separately for each of the ﬁvc
selected types of intersections:

* Rural, four-leg, STOP-controlled
* Rural, three-leg, STOP-controlled
* Urban, four-leg, STOP-controlled
* Urban, three-leg, STOP-controlled
* Urban, four-leg, signalized

Rural, Four-leg, STOP-controlled Intersections

The first step in the analysis of rural, four-leg, STOP-controlled intersections was to
select candidate independent variables for that particular group of intersections. Both
engineering judgment and sample size requirements for the levels of each candidate
variable were involved in the decision as to whether a particular variable was included
in the modeling effort. A small number of independent categorical variables were not
included in the full model because either all or nearly all intersections fell into one level
of that variable. The variables originally considered that were not included for these.
Teasons were:

« Major-road left-turn prohibition (all intersections had permitted left turns).
» Crossroad left-turn channelization (none of the intcrsections had left-turn lanes).

* Crossroad left-turn pr0h1b1t10n {none of the, 1ntcrsect10ns had left turns -
prohlblted) :

. Number of lanes on the crossroad (99.8 percent had two lanes).

Table § identifies the variables that were selected for modeling of rural, four-leg,
STOP-controlled intersections. This table also provides descriptive statistics for three
types of variables: (1) total and fatal and injury multiple-vehicle accident frequencies in
the 3-year study period (i.e., the dependent variables for the modeling effort); (2) all
independent continuous variables considered; and (3) all independent categorical
variables considered. Minimum, mean, median, and maximum values are given for the
first two types of variables. For categorical variables, the percent of intersections within
each level is given. ' ‘

Next, using all the continuous and categorical variables shown in table 8, a Poisson
regression model was fit separately to the data for total multiple-vehicle and fatal and
injury multiple-vehicle accidents. This model is referred to as the full model because
all the candidate independent variables are included in the model. The Poisson
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Table 8. Descriptive Statistics for Rural, Four-leg, STOP-controlled Intersections

Percent of
Parameter Level intersections Mininum Mean Median  Maximum
Total multiple-vehicle accidents; 1990 through 1992 combined . 0 3.4 2 48
Fatal and injury multiple-vehicle accidents; 1990 through 1992 combined 0 1.7 . 1 27
Major-road ADT (veh/day) 400 8,262 6,646 72,000
Crossroad ADT (veh/day) 100 630 351 9,585
Design speed of major road (mi‘h) 25 56 60 70
Outside shoulder width on major road (ft) 0 6.7 8 15
Average lane width on major road (ft) 8 12.0 12 15
Terrain Flat - 64
Rolling 26
Mountainous 11
Functional class of major road Principal arterial 27 1,434 intersections
Minor arterial 61
Major collector 12
Lighting No . 62
‘ Yes 39
Major-road left-turn channelization No left-turn lane 63
’ .- Painted left-turn lane 32
Curbed left-turn lane 4.5
Major-road right-turn channelization No free right turns 90
: 7 Provision for free right turns 10
Number of lanes on major road. 3 orless 83
' 4 or more ) 17
Crossroad right-turn channelization No free right turns 95
, Provision for free right turns 4.8
Presence of median on major road Divided o 19.
’ Undivided - 81
Access control on major road | . None 81

Partial 19

Conversion: 1 kmv/h = 0.621 mih; 1 m = 3.28 ft




modeling was performed with the GENMOD procedure of the SAS statistical software
package. This procedure fits generalized linear models as defined by Nelder and
Wedderburn and uses the maximum likelihood procedure to estimate the values of the
regression coefficients. The GENMOD procedure can be customized for a large number
of distributions, including the Poisson distribution. -

Generally, the analysis results for the full model found some independent variables
to be statistically significant at the 10 percent significance level and other variables to
be not statistically significant. To obtain the best estimates of the regression
coefficients for the independent variables that are statistically significant and the best
estimate of the goodness of fit of the model as a whole, the Poisson regression model
was fit again, including only those independent variables that were found to be
statistically significant in the full model (i.e., the independent variables that were found
to be not statistically significant were dropped). This model is referred to as the
reduced model.

The first three columns in table 9 show various model diagnostics for the full and
reduced Poisson regression models. The model diagnostics, which are shown separately
in table 9 for each type of accident considered, include both basic statistics and
goodness-of-fit criteria. The following model statistics are shown:

Model statistic : Explaﬁation
Basic Statistics

Number of intersections, n  Total samplc size in that category of intersections

Number of parameters in =~ Total number of independent variables, both categorical

model _ and continuous ‘
Parameters degrees of " Each continuous independent-variable has 1 degree of
freedom, p © * freedom; the number of degrees of freedom associated

with each categorical variable -equals the number of
levels minus 1. The intercept has one degree of
freedom. The sum of these dcgrces of freedom is
denoted as p. ‘

~k factor Only applicable to the negative binomial distribution.
The use of this factor results in a ratio of the deviance -
to its degrees of freedom of apprommatcly 1 (see
section. 5). :
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Model statistic Explanation
Criteria for Assessing Goodness of Fit

Deviance/(n - p) The deviance of the model containing all the parameters
(including the intercept) divided by its degrees of
freedom, n — p. This statistic (mean deviance) provides

~ a test for overdispersion and a measure of fit of the
model. Asymptotically, this value tends toward 1.

Pearson chi-square/(n — p)  The Pearson chi-square statistic divided by its degrees
‘ of freedom, n — p. This statistic provides another
measure of fit of the model. Asymptotically, this value
tends toward 1. This statistic is referred to as the
Pearson chi-square ratio in subsequent sections.

R? A goodness-of-fit parameter based on the ordinary
multiple correlation coefficient, ‘

Rzm- A goodness-of-fit parameter based on the Freeman-
Tukey variance stabilizing transformation of variables
discussed in Fridstrgm et al.(16)

Two goodness-of-fit measures, the mean deviance and the Pearson chi-square ratio
(the Pearson chi-square value divided by its degrees of freedom), were used to assess
the fit of the model. Generally, if the Pearson chi-square ratio is between 0.8 and 1.2,
this is an indication that the model can be assumed to be appropriate in modeling the
data. Table 9 shows that the Pearson chi-square ratio is approximately 3.0 for total
multiple-vehicle accidents and approximately 2.2 for fatal and injury multiple-vehicle
accidents, an indication that the model does not fit the data well. In addition, the mean
deviance 1s approximately 2.7 for total multiple-vehicle accidents and 2.0 for fatal and
injury multiple-vehicle accidents, an indication of overdispersion. Assuming that the
Poisson model is appropriate, then the mean deviance should be close to one. If the
mean deviance exceeds one, then the data are said to display extra vanation or over-
dispersion relative to a Poisson- model. That is, the variance in the data is in fact
greater than the Poisson model, in which the mean equals the variance, indicates. If the
mean deviance is less than one, the data are said to display underdispersion relative to a
Poisson model.

Two additional goodness-of-fit criteria are provided by R? and RzPT. These values
are each approximately 41 percent for the reduced and the full model, for total multiple-
vehicle accidents. The two R*-values are slightly lower at 34 percent and 32 percent,
respectively, for fatal and injury multiple-vehicle accidents.

40



Table 9. Model Diagnostics for Total and Fatal and Injury Multiple-vehicle

Accidents at Rural, Four-leg, STOP-controlled Intersections

Poisson regression

Negative binomial

Reduced regression

Full model model {reduced model)
Total Multiple-vehicle Accidents (3-year period)
Number of intersections (n) - 1,434 1,434 1,434
Number of parameters in model 14 10 8
Parameters degrees of freedom® (p) 18 14 12
k factor na na 0.7
Deviance/(n - p) . 2.74 2.73 1.01
Pearson chi-square/(n - p) o 3.01 3.00 1.01
R2 (%) . , 4087 40.79 38.16
R (%) ' 4135 41.29 4051
Fatal and Injury Multiple-vehicle Accidents (3-year period)
Number of intersections (n) 1,434 1,434 1,434
Number of parameters in model 14 10 9
Parameters degrees of freedom® (p) 18 14 13
k factor na na - 0.71
Deviance/(n - p) | 1.97 1.96 1,00
Pearson chi-square/(n - p} ‘ 2.15 2.14 1.04
R? (%) 34.20 34.07 32.17
Rt (%) - 32.02 32.03 31.35

? Includes one degree of freedom for the intercept.
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 In situations in which the use of a Poisson regression model appears to be
inappropriate because of overdispersion, negative binomial regression usually provides
an appropriate alternative approach. In addition to its mean, p, the negative binomial -
distribution includes another parameter, o, generally referred to as a dispersion
parameter, which allows the variance to exceed the mean of the distribution. Therefore,
the data were modeled using the negative binomial distribution.- The analyses were
performed using the SAS GENMOD procedure with the negative binomial distribution.
and the appropriate deviance functions and variance adjustment factor, k. 14) Only those -
independent variables that were used in the reduced Poisson model were included in the
negative binomial model. The significance of each regression coefficient was examined.
If a coefficient was not significant at the 10 percent level, the corresponding variable
was deleted from the model, and the negative binomial regression was rerun.

The choice of a 10 percent significance level or 90 percent confidence level reflects
a moderately restrictive approach in the selection of independent variables that might
significantly contribute to the variability in accidents. Many previous accident research
efforts have used the more restrictive 5 percent significance level, which would
generally include fewer independent variables in the predictive models. Thus, the
choice of a 10 percent level retained some variables that would not have been
significant at the 5 percent level. Since this step in the effort of identifying 31gn1f1cant
variables serves primarily as a screening step, this approach was considered appropriate.
While it was not considered appropnatc to include independent variables with
significance levels above ‘10 percent in the models presented in this report, the text of
the report identifies those independent variables that were found to have significance
levels between 10 percent and 20 percent This significance level, ¢, is indicated for
each such variable. -

The final model statistics for the negative binomial regression model are shown in
the last column of table 9. Of the 14 original independent variables considered, only 8
remain statistically significant in the final negative binomial model for total multiple-
vehicle accidents. A variance stabilizing factor, k, of 0.71 was needed to achieve a
mean deviance of approximately one, an indication that the data are neither.
overdispersed nor underdispersed relative to the model. The Pearson chi-square ratio
now equals approximately one, a value within the acceptable range of 0.8 to 1.2. These
two goodness-of-fit results provide an indication that the choice of the negative
binomial model appears appropriate. '

. The two additional measures of goodness of fit, R? and Ry, are approximately
38 percent and 41 percent, respectively, for total multiple-vehicle accidents. It should
be noted that despite the marked improvement of the negative binomial model over the
Poisson model, as shown by the reduced mean deviance and Pearson chi-square ratio,
the R? statistics vary only slightly between the full Poisson, the reduced Poisson, and
the negative binomial models; this illustrates that the use of R? statistics alone is
inappropriate in assessing the goodness of fit of a model.
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Of the six independent variables considered in the full Poisson model but not in the
final reduced negative binomial model, only one variable—lighting (a=0.12)—was not -
significant at the 10 percent but would have been at the 20 percent level.

The use of the negative binomial model had a similar impact on the results for fatal
and injury multiple-vehicle accidents. Of the 14 original independent variables consid-
ered, only 9 remain statistically significant in the final negative binomial model for fatal
and injury multiple-vehicle accidents. A variance stabilizing factor, k, of 0.71 was
needed to achieve a mean deviance of approximately one. The Pearson chi-square ratio
now equals approximately one, a value within the acceptable range of 0.8 to 1.2. These
two goodness-of-fit results provide an indication that the choice of the negative
binomial model appears appropriate. -

Of the five independent variables considered in the full Poisson model but not in
the final reduced negative binomial model, none that was not significant at the
10 percent would have been significant at the 20 percent level.

The two additional measures of goodness of fit, R? and R? , are approximately
32 percent and 31 percent, respectively, for fatal and injury multiple-vehicle accidents.
Again, it should be noted that despite the marked improvement of the negative binomial
model over the Poisson model, as shown by the reduced mean deviance and Pearson
chi-square ratio, the R? statistics vary only slightly between the full Poisson, the
reduced Poisson, and the negative binomial models.

Tables 10 and 11 summarize the regression results for the final negative binomial
model for total multiple-vehicle accidents and fatal and injury multiple-vehicle acci-
dents, respectively. Each table identifies the:

+ Statistically significant variables remaining in the final model.

~ « Chi-square statistic for each remaining variable; all of these chi-square statistics
are statistically significant at the 10 percent significance level or better.

* Levels of each statistically significant categorical variable.
» Direction of the effect if the effect was inverse to the expected direction.

* Value of the regression coefficient for each continuous variable or each level of
each categorical variable in the model. '

« Relative effect of a unit change in each variable on the expécted accident
frequency in a 3-year period (this is simply eP, where B is the coefficient given
in the table). ’

.+ Lower and upper 90 percent confidence limits of the regression coefficient.
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. ‘Table 10.

Negative Binomial Regression Results for Total Multiple-vehicle Accidents at
Rural, Four-leg, STOP-controlled Intersections

90% confidence limits®

Chi square Direction of
Independent variable® statistic®  Variable level effect® Coefficient  Relative effect? Lower Upper
Intercept -11.246 . -12.185 -10.317
Crossroad ADT (log) 386.95 - 0.586 1.80 0.535 0.637
Major-road ADT (log) 306.24 - - 0.797 222 0.720 0.875
_Number of lanes on major road 24.54 3 or less - ~ 0.463 1.59 0.311 0.615
) 4 or more - 0 :
Design speed on major road - 2253 0.013 1.01 0.009 0.018
Functional class of major road 11.46 Principal arterial - 0 ) .
Minor arterial - . 0.244 1.28 0.125 -0.362
Major collector - 0.241 1.27 0.055 0.427
Access control on -major road 8.98 None - 0.268 1.31 0.121 0.414
) Partial - 0 . ‘
Terrain 8.87  Flat 1 0.155 117 0.039 0.270
Rolling - 0 .
Mountainous A -0.101 0.90 -0.284 0.083
Major road left-turn channelization 5.37 No left-turn lane - 0.091 1.10 -0.021 0.203
Painted left-turn lane - ) 0 :
Curbed left-turn lane | 0.313 1.37 0.063" 0.567

NoTe: This analysis is based on the set of 1, 434 |ntersect|ons for which summary statlstlcs are shown in table 8.
2 All variables significant at the 90% confidence level or higher.
b Chi-square likelihood ratio statistic for testing the significance of the effect of the variable; with 1 degree of freedom for continuous variables; with

(p-1) degrees of freedom for categorical variables with p levels.

Direction of -effect:

I = Inverse of expected direction.
Relative effect of unit change in the variable on the expected number of accidents, equals exp(coefficient).
90% lower and upper confidence limits of the estimated coefficient.




Téble 11. Negative Binomia'll Regression Results for Fatal and Injury Multiple-vehicle Accidents at
'. Rural, Four-leg, STOP-controlled Intersections

. i L . 90% confidence limits®
Chi square Direction of Relative 2

Sy

_Independent variable® , statistic® Variable level effect Coefficient effect® Lower Upper
Intercept -11.116 ~12.201 -10.044
Crossroad ADT (log) 299.05 ' - 0.602 1.82 0542 - 0.661

. Major-road ADT (log) 16523 ‘ - 0.674 1.96 0.586 0.763
Number of lanes on major road - 2261 3orless - 0.509 1.66 0.333 0.685

' 4 or more - 0

" Design speed on major road 20.00 - 0.016 1.02 0.010 0.021

" Temain 18.74 Flat | 0.254 1.29 0.122 0.386

' Rolling | 0 .
Mountainous | : -0.185 0.83 -0.405 0.033
Functional class of major road 9.57 Principal artenal - 0
Minor arterial - 0.250 1.28 0.115 0.385
Major collector - 0.154 1.17 : -0.060 0.368
Major road left-tum channelization 7.36 No left-tum lane | -~0.045 0.96 -0.171 0.081
Painted left-tum lane | 0 )
Curbed left-tum lane | 0.424 1.53 0.148 0.703
Lighting . 6.36 No 7 - 0.191 121 ¢ 0.066 0.315
Yes - 0
Access control on major road 3.63 None - 0.190 1.21 0.026 "~ 0.354

Partial - 0

NOTE: This analysis is based on the set of 1,434 intersections for which summary statistics are shown in table 8.

@ All variables significant at the 90% confidence level or higher. .

b Chi-square likelihood ratio statistic for testing-the significance of the effect of the variable; with 1 degree of freedom for continuous variables; with {p-1) degrees of
freedom for categorical variables with p levels.

Direction of effect: | = Inverse of expected direction.

Relative effect of unit change in the variable on the expected number of accidents, equals exp{(coefficient).

90% lower and upper confidence limits of the estimated coefficient.




In each table, the independent variables are listed in decreasing order of their ability
to explain the variations in intersection accident frequencies as indicated by the chi-
square values, which represents the strength of the relationship of each variable to
accident frequency, taking into account all other variables in the model.

To predict the average accident frequency at rural, four-leg, STOP-controlled
intersections, one replaces the regression coefficients, BO, By [52, ﬁq, with the
estimated values found in the table, and the variables X, X,, ..., Xq, with their appropri--
ate values or levels. For example, the expected 3-year total multiple-vehicle accident
frequency can be estimated using the model presented in table 10 as:

Y = 26 (X% (X )07 exp(0.463X,) exp(0.013X,) exp(0.244X,) (15)
exp(0.241X,) exp(0.268X,) exp(0.155Xg) exp(-0.101Xy) exp(0.091X,,)
exp(0.313X,)) '

where

Y = expected number of total multiple-vehicle accidents in a 3-year period
X, = ADT of the crossroad (veh/day)
X, = ADT of the major road (veh/day)

= 1 if the major road has 3 or fewer lanes in both direction of travel combined;
0 if 4 or more o
X, = design speed on major road (mi‘h)

2
|

X5 = 11f the major road is a minor arterial; 0 otherwise

Xs = 1 if the major road is a major collector; 0 otherwise

X, = 1 if the major road has no access control; O if access control is partial
Xg = 1if terrain is flat; 0 otherwise

Xy = 1 if terrain is mountainous; 0 otherwise

X0 = 1 if no left-turn lane 1s present on the major road; 0 otherwise
X,q1 = 1 if curbed left-turn lane is present on the major road; 0 otherwise

Note that when the level of a categorical variable is 0, the multiplicative term in
Eq. (15) becomes e” = 1, and is therefore omitted from the model.

The relative effect of each variable, all other variables being held constant, can be .
calculated. by simply taking the exponent of the corresponding coefficient. For example,
the relative effect of having a major road with three lanes or fewer as opposed to
four lanes or more is exp(0.463) = 1.59. In other words, decreasing the number of
lanes on the major road from 4 or more to 3 or less, with all other factors being held
constant, would increase the expected number of accidents by a factor of 1.59 or by
59 percent. Similarly, intersections on major roads without access control were found
to have 31 percent more accidents than intersections on major roads with partial access
control. ‘
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The results of the negative binomial regression modeling shown in tables 10 and 11
show that most of the variables of interest have effects in the direction expected.
However, the observed effect of major-road left-turn lanes is not in the expected
direction since the results imply that intersections with left-turn lanes in a curbed
median have more accidents than intersections without left turn lanes. In addition, the
results suggest that intersections in flat terrain have more accidents that intersections in
rolling terrain which, in turn, have more accidents than intersections in mountainous
terrain. Such effects that are opposite to the direction expected can represent situations
in which a variable for which data are available is correlated with and serves as a
surrogate for another variable for which data are not available.

Figure 7 illustrates the influence of the major-road and crossroad ADT on the
annual number of accidents at rural, four-leg, STOP-controlled intersections with the
typical geometrics identified in the box at the upper right corner of the figure. Each
curve in the figure represents combinations of major-road and crossroad ADT that
would be expected to result in a specific annual number of multiple-vehicle accidents,
ranging from 0.5 to 5 accidents per year.

Rural, Three-leg, STOP-controlled Intersections

The statistical analysis approach used for rural, three-leg, STOP-controlled
intersections was identical to that used for rural, four-leg, STOP-controlled intersections
(see section 3). The median number of total multiple-vehicle accidents at any one
intersection was one accident in the 3-year study period with a maximum of 45 acci-
dents in the 3-year period. As shown in figure 2 and in table 58 in appendix B, -
approximately 66 percent of all 2,692 rural, three-leg, STOP-controlled intersections in
the study experienced either zero accident or one accident in the 3-year period. Thus,
the Poisson model appeared to be a logical choice for analysis of this data set.

The selection of independent variables was done in a similar fashion to that
described earlier in section 5. Table 12 identifies the variables that were selected for
modeling accidents at rural, three-leg, STOP-controlled intersections. As before, a small
number of independent categorical variables were not included in the full model because
either all or nearly all intersections fell into one level of that variable, The variables
originally considered that were not included for this reason were:

* Major-road left-turn prohibition (no intersections had left turns prohibited).

* Crossroad left-turn channelization (none of the intersections had left-turn lanes).

* Crossroad left-turn prohibition (none of the intersections had left turns
prohibited).

» Number of lanes on the crossroad (99-7,, percent had two lanes).
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Rural, Four-leg, STOP-controlled Intersections
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Figure 7. Number of Multiple-Vehicle Accidents per Year as a
Function of Traffic Volumes for Typical Rural, Four-leg,
STOP-Controlled Intersections
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Table 12. Descriptive Statistics for Rural, Three-leg, STOP-controlled Intersections

Percent of
Parameter Level intersections ~ Minimum Mean Median Maximum
Total multiple-vehicle accidents; 1990 through 1992 combined 0 1.8 1 45
Fatal and injury multiple-vehicle accidents; 1990 through 1992 combined 0 0.8 0 21
Major-road ADT (veh/day) 400 8,288 6,138 72,000
Crossroad ADT (veh/day) 100 . 487 210 10,001
Design speed of major road (mi/h) 25 53 © 55 70
Outside shoulder width on major road (ft) 0 57 6 15
Average lane width on major road (it) : 8 11.8 12 15
Terrain Flat 40 ’
Rolling 35
Mountainous 25
Functional class of major road Principal arterial 20 2,692 intersections
: Minor arterial 68
Major collector 12
Lighting ' , No ' 70
Yes 30.
Major-road left-turn channelization No left-turn lane 68
Painted left-turn lane - 30
7 Curbed left-turn lane - 2.1
Major-road right-turn channelization No free right turns 92
5 Provision for free right turns 7.7
Number of lanes on major road 3 or less : 88
4 or more 12
Crossroad right-turn channelization No free right turns 97
: Provision for free right turns 2.6
Presence of median on major road Divided ' ' 16
Undivided ] i 84
Access control on majorroad - - None 91
. Partial - 9.4

Conversion: 1 krmvh = 0.621 mi/h; 1 m = 3.28 ft




As shown in the table, 14 independent variables, both continuous and categorical,
were considered in the full Poisson regression model. Of these 14 variables, 8 were
found to have a statistically significant effect on accidents (both total and fatal and
injury multiple-vehicle) at the 10 percent significance level. A reduced Poisson model
was then rerun using only the eight statistically significant variables.

The first three columns in table 13 show the Poisson model statistics for both the
full and the reduced model. For either model, the mean deviance is relatively large
(approximately 2.1) for total multiple-vehicle accidents, indicating the presence of
overdispersion in the data. Thus the Poisson model, which ideally would yield a ratio
of one, appears to be inappropriate. This is further supported by the relatively large
Pearson chi-square ratio (the chi-square value divided by its degrees of freedom) of
approximately 2.6. The same conclusion can be drawn from the results for fatal and
injury multiple-vehicle accidents, although the fatal and injury accident data have a
smaller mean deviance and Pearson chi-square ratio (1.4 and 1.7, respectively) for both
the full and reduced models. -

Table 13. Model Diagnostics for Total and Fatal and Injury Multiple-vehicle
Accidents at Rural, Three-leg, STOP-controlled Intersections

Poisson regression

Negative binomial
Reduced regression

Full model model (reduced model)
Total Multiple-vehicle Accidents (3-year period) -
Number of intersections (n) 2,692 2,692 2,692
Number of parameters in model 14 8 5
Parameters degrees of freedom? (p) 18 12 8
k factor : : na na 0.70
Deviance/(n - p) 213 ) 2.12 1.01
Pearson chi-square/(n - p) 259 2.58 1.17
R? (%) _ 36.76 36.65 35.16
R2er (%) 36.71 36.68 36.26

Fatal and Injury Multiple-vehicle Accidents {3-year period)

Number of intersections (n) 2,692 2,692 2,692
Number of parameters in model 14 8 6
Parameters degrees of freedom® (p) 18 11 9
k factor na na 0.38
Deviance/(n - p) ' 1.36 1.36 1.00
Pearson chi-square/(n - p) 1.73 1.73 .. - 130
R2 (%) | 29.28 28.99 27.82
R%er (%) , - 26.41 - 2626 25.92

@ Includes one degree of freedom for the intercept.
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Because of the overdispersion described above, a negative binomial regression
model was then used with a variance adjustment factor, k, of 0.70 for total and 0.38 for
fatal and injury multiple-vehicle accidents, respectively. In each case, this approach
resulted in a mean deviance of approximately one. Also, the Pearson chi-square ratio
was considerably reduced from 2.12 to 1.17 for total multiple-vehicle accidents and
slightly less reduced from 1.73 to 1.30 for fatal and injury multiple-vehicle accidents.
Note that the changes in both R? and Rzl;-T were negligible for either type of accidents.
Of the original 14 independent variables considered for modeling, only 5 remained
statistically significant at the 90 percent confidence level for total multiple-vehicle
accidents. A slightly different set of six variables remained statistically significant at. .
the 90 percent confidence level for fatal and injury multiple-vehicle accidents.

Of the nine independent variables considered in the full Poisson model but not in
the final reduced negative binomial model for total multiple-vehicle accidents, only one
variable—terrain (o=0.13)—was not significant at the 10 percent level but would have
been at the 20 percent level. Of the eight independent variables considered in the full
Poisson model but not in the final reduced negative binomial model for fatal and injury
multiple-vehicle accidents, only one variable—crossroad right-turn channelization—
(=0.13)—was not significant at the 10 percent level but would have been at the
20 percent level.

Tables 14 and 15 summarize the regression results for the final negative binomial
model for total multiple-vehicle accidents and fatal and injury multiple-vehicle
accidents, respectively, The tables show that for rural, three-leg, STOP-controlled
intersections all of the independent variables evaluated had effects in the direction
expected. For example, these data show that intersections with no separate left-turn
lanes have 28 percent more accidents than intersections with left-turn lanes provided by
painted channelization. Intersections with left-turn lanes in curbed medians had
7 percent fewer accidents than intersections with left-turn lanes provided by painted
channelization. | :

Figure 8 illustrates the variations of the annual number of multiple-vehicle

accidents with major-road and crossroad ADT for rural, three-leg, STOP-controlled
intersections of the type specified at the upper right of the figure.
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Table 14.

Negative Binomial Regression Results for Total Multiple-vehicle Accidents at
Rural, Three-leg, STOP-controlled Intersections

90% confidence limits®

: Chi square Direction of Relative
Independent variable® statistic®  Variable level effect® Cosfficient effect? Lower Upper
Intercept -11.364 ~12.000 -10.736
Major-road ADT (log) 943.66 ' _ - 0.987 2.68 . 0.930 1.045
Crossroad road ADT (log) 333.82 - -0.429 1.54 0.389 0.469
Majbr-road left-turn channelization 19.86 No left-turn lane - 0.249 1.28 0.154 0.344
Painted left-turn lane - 0 :
Curbed left-turn lane - -0.071 093 -0.334 0.197
Functional class of major road 10.30 Principal arterial - 0
Minor arterial - : 0.201 122 0.098 0.304
Major collector - 0.196 1.22 0.030 0.363
Access control on major road 7.44 None ‘ ' - 0.242 127 - 0.096 0.387

Partial - 0

NOTE This analysis is based on the set of 2,692 intersections for which summary statistics are shown in table 12.
All variables significant at the 90% confidence level or higher.

® Chi-square likelihood ratio statistic for testing the significance of the effect of the variable; with 1 degree of freedom for continuous variables; with
(p-1) degrees of freedom for categorical variables with p levels.

° Direction of effect: | = Inverse of expected direction.

Relative effect of unit change in

the variable on the expected number of acmdents equals exp(coefﬁc:ent)

® 90% lower and upper confidence limits of the estimated coefficient.




Table 15. Negative Binomial Regression Results for Fatal and Injury Multiple-vehicle Accidents at
Rural, Three-leg, STOP-controlled Intersections

90% confidence limits®

€S

Chi square Direction of Relative
Independent variable® ‘ statistic® Variable level effect® Coefficient effect® Lower Upper
Intercept . B -11.592 ~12.315  -10.878
Major-road ADT (log) ' 650.23 : , - 7 0.953 - 259 0.888 1.020
Crossroad ADT (log) - 28217 ) - 0.439. - 1.55 - 0.396 0.483
Major-road left-turn channelization 10.34 No left-turn lane - 0.195 1.22 0.093 0.298
Painted left-turn lane - 0 :
Curbed left-turn lane - -0.034 0.97 —-0.296 0.223
Functional class of major road 8.60 Principal arterial - 0
' Minor arterial - 0.178 1.19 0.069 0.287
Major collector - © 0.258 1.29 0.077 0.438
Outside shoulder width on major road 5.68 ) - -0.022 0.98 -0.037 - -0.007
Lighting ' 4.07 No - 0.115 1.12 0.021 0.209
Yes - 0

NOTE ThlS analysis is based on the set of 2,692 intersections for which summary statistics are shown in table 12.
All variables significant at the 90% confidence level or higher. :
Chi-square likelihood ratio statistic for testing the significance of the effect of the variable; with 1 degree of freedom for contmuous variables; with
(p-1) degrees of freedom for categorical variables with p levels.
Direction of effect: | = Inverse of expected direction. -
Relative effect of unit change in the variable on the expected number of accidents, equals exp{(coefficient).
90% lower and upper confidence limits of the estimated coefficient.
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Figure 8. Number of Multiple-Vehicle Accidents per Year as a
Function of Traffic Volumes for Typlcal Rural, Three-leg,
STOP-Controlled Intersections . .
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Urban, Four-leg, STOP-controlled Intersections

The statistical analysis approach used for urban, four-leg, STOP-controlled
intersections was at first identical to that used for rural, four- and three-leg, STOP-
controlled intersections. The median number of total multiple-vehicle accidents at any
one intersection was four accidents in the 3-year study period with a maximum of 53
accidents in the 3-year period. As shown in figure 3 and in table 59 in appendix B,
only approximately 10 percent of all 1,342 urban, four-leg, STOP-controlled intersec-
tions in the study experienced zero accidents in the 3-year period. Thus, the Poisson
model was only a first attempt at modeling accidents in this data set.

The selection of independent variables was done in a similar fashion to that
described earlier. Table 16 identifies the variables that were selected for modeling
accidents at urban, four-leg, STOP-controlled intersections. As before, a small number
of independent categorical variables were not included in the full model because either
all or nearly all intersections fell into one level of that variable. The variables
originally considered that were not included for this reason were:

* Crossroad left-turn prohibition (only 4 percent of the intersections had left turns
prohibited; in addition, this variable showed a high negative correlation of -0. 73
with the equivalent variable on the major road). :

« Number of lanes on the crossroad (99.9 percent had two lanes).

‘As shown in the table, 16 independent variables, both continuous and categorical, were
considered in the full Poisson regression model.

The first two columns in table 17 show the Poisson model statistics for the full
model. The mean deviance is large (approximately 5) for total multiple-vehicle
accidents, indicating the presence of considerable overdispersion in the data. Thus the
Poisson model; which ideally would yield a ratio of one, appears to be inappropriate.
This is further supported by the large Pearson chi-square ratio of approximately 5.7.
The same conclusion can be drawn from the results for fatal and injury multiple-vehicle
accidents, although the fatal and injury accident data have a smaller mean deviance and
Pearson chi-square ratio (2.73 and 3.06, respectively) for both the full and reduced
models. Also, the two R%-values are relatively low at approximately 14.6 percent and
16.6 percent, respectively, for total multiple-vehicle accidents. These statistics are also
low (14.4 percent and 15.7 percent).for fatal and injury multiple-vehicle accidents.

Based. on these poor Poisson regression results and the shape of the accident data
distributions (see figure 3), a lognormal regression model was used next to model
accidents at this type of intersections. The natural loganthm of the accident counts was
modeled using the full set of 16 independent variables. All modeling was performed
using the SAS stepwise regression procedure. ‘ '
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Table 16. Descriptive Statistics for Urban, Four-Leg, STOP-controlled Intersections

Percent of
Parameter Level intersections Mininum Mean Median Maximum
Total multiple-vehicle accidents; 1990 through 1992 combined 0 6.6 4 53
Fatal and injury multiple-vehicle accidents; 1990 through 1992 combined 0] 3.0 2 23
Major-road ADT (veh/day) : 1,100 23,240 21,217 79,000
Crossroad ADT (veh/day) 100 1,255 900 16,940
Design speed of major road (mi/h) 25 50 50" 70
Outside shoulder width on major road (ft) 0] 7.2 8 15
Average lane width on major road (ft) 8 121 12 15
Terrain Flat 75
Rolling or mountainous 25
Functional class of major road Principal artenial 91 - 1,342 intersections
Minor arterial 7.7 -
Major collector 1.6
Lighting No 15
Yes 85
Major-road left-tum channelization . No left-tum lane . 44
: Painted left-turn lane 40
Curbed left-tum lane 16
Major-road right-tum channelization No free right tums’ 96
. . Provision for free right tums 4.2
Major-road left-tum prohibition Left tums permitted 97
) : Left tums prohibited 3.1
Number of lanes on major road 3orless - 31
4o0r5 61
6 or more 7.9
Crossroad left-tum channelization No left-tum lane 98 .
Painted left-turn lane 2.0
Crossroad right-tumn channelization "No free right tums 97
' Provision for free right tums 33"
Presence of median on major road Divided 55
_ Undivided 45
Access control on major road None 96
Partial 4.0




Table 17. Model Diagnostics for Total and Fatal and Injury Multiple-vehicle
Accidents at Urban, Four-leg, STOP-controlled Intersections

Lognormal regression

Poisson
regression Reduced -
(full model) Full model model

Total Multiple-vehicle Accidents (3-year period)

Number of intersections (n) ‘ 1,342 1,342 1,342
Number of parameters in model 16 16 8
Parameters degrees of freedom® (p) 20 20 10
Deviance/(n - p) : 5.02 1.00 1.00
Pearson chi-square/(n - p) - 5.74 1.00 1.00
R? (%) 14.57% 20.54% 20.58%
R% (%) : 16.62% na na
Root mean square error na ' 1.00 1.00

Fatal and Injury Multiple-vehicle Accidents (3-year period)

Number of intersections (n) 1,342 1,342 1,342
Number of parameters in model 16 16 8
Parameters degrees of freedom® (p) 20 20 10
Deviance/(n - p) 2.73 0.80 0.80
Pearson chi-square/(n - p) 3.06 0.80 0.80
R? (%) 14.44% 18.17% 18.06%
R%er (%) 15.69% na na
Root mean square error na 0.89 0.90

? Includes one degree of freedom for the intercept.

The last two columns of table 17 show the model statistics for the full and reduced
lognormal regression models. In this case, the root mean squared error has been added
as a measure of fit of the model to the data. This statistic provides an estimate of the
standard deviation of the error term (on the log scale).

The mean deviance and the Pearson chi-square ratio have each considerably
decreased, an indication that the lognormal model appears to provide a better-fit than
the Poisson model.- The R%-values have slightly increased to approx1mate]y 21 percent
for total multiple-vehicle accidents and to approximately 18 percent for fatal and injury
multiple-vehicle accidents. These measure of fit, however, are relatively poor compared
to those obtained for the previous types of intersections.

Of the original 16 independent variables considered for modeling, only 8 remained
statistically significant at the 90 percent confidence level for total multiple-vehicle
accidents. A slightly different set of eight variables remained statistically significant at
the 90 percent confidence level for fatal and injury multiple-vehicle accidents.
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Of the eight independent variables considered in the full but not in the final
reduced lognormal model for total multiple-vehicle accidents, only one variable—
outside shoulder width (a=0.13)—was not significant at the 10 percent level but would
have been at the 20 percent level. Of the eight independent variables considered in the
full but not in the final reduced lognormal model for fatal and injury multiple-vehicle
accidents, only one variable—crossroad right-turn channelization (0=0.15)—was not
significant at the 10 percent level but would have been at the 20 percent level.

Tables 18 and 19 summarize the regression results for the final negative binomial
model for total multiple-vehicle accidents and fatal and injury multiple-vehicle
accidents, respectively. The tables indicate that no statistically significant effect on
accidents was found for major-road left-turn channelization. The average lane width on
the major road was found to have an effect on intersection accidents in the expected
direction {i.e., for each decrease of 0.3 m (1 ft) in lane width on the major-road
approaches, multiple-vehicle intersection-related accidents increased by 9.1 percent].
Three of the variables evaluated had effects that were inverse to the direction expected:
- access control on the major road, crossroad right-turn channelization, and 1nterscct10n
lighting,

Figure 9 illustrates the variation of the annual number of mhltipleevehiclc
intersection accidents with major-road and crossroad ADT for urban, four-leg, STOP-
controlled intersections with the typical conditions specified in the figure.

Urban, Three—leg, STOP-controlled intersections

The statistical analysis approach used for urban, three- lcg, STOP-controlled
intersections was identical to that used for rural, four- and three-leg, STOP-controlled
intersections. The median number of total multiple-vehicle accidents at any 1 intersec-
tion was 2 accidents in the 3-year study period with a maximum of 80 accidents in the
3-year period. As shown in figure 4 and in table 60 in Appendix B, approximately
53 percent of all- 3,057 urban, three-leg, STOP-controlled intersections in the study
experienced two or fewer accidents in the 3-year period. Thus, the Poisson model
appeared to be a logical choice for analysis of this data set. :

The selection of independent variables was done in a similar fashion to that
describied in earlier sections. Table 20 identifies the variables that were selected for
modeling accidents at urban, three-leg, STOP-controlled intersections. None of the
variables considered for modeling were deleted due to small sample sizes. Although the
percentage of intersections in some levels are relatively small (e.g, 0.7 percent of
intersections had four or more lanes), the large number of intersections (3,057) in this
category justified the inclusion of these variables and their levels in the analysis.
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‘Table 18. Lognormal Regression Results for Total Multiple-vehicle Accidents at
Urban, Four-leg, STOP-controlled Intersections

6S

Chi square Direction of ‘ Relative 90% confidence limits®
Independent variable® statistic® Variable level i effect® Coefficient effect? . Lower ~ Upper
Intercept ' ‘ : 5073 -6.185 -3.961
M‘ajor-road ADT (log) 139.86 ' - 0.635 1.89 0546 0.723
 Crossroad ADT (log) 97.44 . - 0294 = 134 - 0245 - 0.343
Major-road left-turn pfohibitioh 33.60 Left turns prohibited - - -0.969 - 0.38 . -1.245 -0.694

: S i - Left turns permitted - o - : R T
Access control on major road 12.00 None | -0.518 0.60 -0.764 -0.272

. ' . ' Partial | 0 '
Average lane width on major road 14.27 . - -0.091 0.91 -0.130 -0.051
" Number of lanes on major road 1229 3orless - 0.340 1.40 0.119 - .0.560
- : 4or5 ’ - 0.087 +1.09 -0.097 - 0.271
6 or more - 0

Crossroad right-turn channelization 448 No free right turns , | -0.331 0.72 -0.589 -0.074

Provision for free right turns =~ - | 0 : -
Lighting ‘ 416 No , | ~0.175 084  -0316 - -0.034

) o Yes | 0 :

NoTE: This analysis is based on the set of 1,342 intersections for which summary statistics are shown in table 16.

@ All variables significant at the 90% confidence level or higher.

® Chi-square likelihood ratio statistic for testing the significance of the effect of the variable; with 1 degree of freedom for continuous vanables wnh (p- 1)
degrees of freedom for categorical variables with p levels.

Direction of effect:: | = Inverse of expected direction. :

Relative effect of unit change in the variable on the expected number of accidents, equals exp(coefticient).
90% lower and upper confidence limits of the estimated coefficient.
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‘Table 19.

Lognormal Regression Results for Fatal and Injury Multiple-vehicle Accidents at
Urban, Four-leg, STOP-controlled Intersections

90% confidence

. L : . limits®
Chi square Direction ) Relative
Independent variable? statistic® ~ Variable level of effect®  Coefficient effect? Lower Upper
Intercept -4.745 -5.835 -3.654
Major-road ADT (log) 11417 ' - 0573 177 0485  0.661
Crossroad ADT (log) 53.61 , - 0.216 1.24 0.167 0.264
Major-road left-turn prohibition 21.09 Left turns prohibited - —0.768 0.46 -1.043 -0.493
. ) Left turns permitted - 0
Access control on major road 797  None | -0.398 0.67 -0.629 -0.166
‘ . Partial I -0 : :

Average lane width on major road 1129 ~ . - -0.081 0.92 -0.120 - -0.041
Number of lanes on major road ) . 6.84 3or iess - 0.234 1.26 0.013 0.454

: 4or5 - 0.044 1.04" ~-0.142 . - 0.229

6 or more - 0 :
Outside shoulder width on major road 5.30 - -0.019 0.98 -0.032 --0.005
Crossroad right-turn channelization 3.29 No free right turns I -0.284 © 0.75 -0.542 ;0,027 7
) " Provision for free right turns | 0 -

NOTE This analysis is based

on the set of 1,342 intersections for which summary statistics are shown in table 16.

All variables significant at the 90% confidence level or higher.

® Chi-square likelihood ratio statistic for testing the significance of the effect of the variable; with 1 degree of freedom for continuous variables; with
(p-1) degrees of freedom for categorical variables with p levels.
Direction of effect: | = Inverse of expected direction.

9 Relative effect of unit change in the variable on the expected number of accidents, equals exp(coefficient).

¢ 90% lower and upper confidence limits of the estimated coefficient.




Urban, Four-leg, STOP-controlled Intersections

Major road characteristics:
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- No access control . ) )
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Figure 9. Number of Multiple-Vehicle Accidents per Year as a
.Function of Traffic Volumes for Typical Urban, Four-leg,
STOP-Controlled Intersections
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Table 20. Descriptive Statistics for Urban, Threé-Leg, STOP-controlled Intersections

Percent of )
Parameter Level intersections Minimum Mean Median Maximum
Total multiple-vehicle accidents; 1990 through 1992 combined 0 39 2 80
Fatal and injury multiple-vehicle-accidents; 1990 through 1992 combined 0 1.7 1 28
-‘Major-road ADT (veh/day) 5§20 - 25,657 23,400 97,000
Crossroad ADT (veh/day) 100 808 501 21,800
Design speed of major road (mih) 25 50 50 70
Outside shoulder width on major road (ft) 0 7.0 -8 15
Average lane width on major road (ft) 8 12.0 12 15
Terrain Flat 72
Rolling or mountainous 29 7 :
Functional class of major road Principal artenial 90 3,057 intersections
- Minor arterial 10 '
Lighting No 23
Yes 7
Major-road left-tum channelization No left-tum lane 50
’ Painted left-tum lane 36
_ ] Curbed left-turn lane 14
Major-road right-tum channelization No free right tums 97
Provision for free right tums 3.5
Major-road left-tum prohibition Left tums pemitted a7
Left tums prohibited 13
Number of lanes on major road 3 orless 32
: : 4or5 56
: 6 or more 12
Crossroad left-tum channelization No left-tum lane 99
) Painted or curbed left-tum lane 1.4
Crossroad right-tum channelization No free right tums . 97
Provision for free right tums 3.0
Crossroad left-tum prohibition Left tums pemitted 86
: Left tums prohibited 13
Number of lanes on crossroad 3orless 99
) 4 or more 0.7
Presence of median on major road Divided 61
Undivided 39
Access control on major road None 98
’ Partial 24




As shown in the table, 18 independent variables, both continuous and categorical,
were considered in-the full Poisson regression model. Of these 18 variables, 13 were
found to have a statistically significant effect on total multiple-vehicle accidents, and
11 variables were found to have a statistically significant effect on fatal and injury
multiple-vehicle accidents at the 10 percent significance level. A reduced Poisson -
model was then rerun using only the 13 and 11 statistically significant variables,
respectively.

The first three columns in table 21 show the Poisson model statistics for both the
full and the reduced model. For either model, the mean deviance is relatively large
(approximately 4) for total multiple-vehicle accidents, indicating the presence of
overdispersion in the data. Thus the Poisson model, which ideally would yield a ratio
of one, appears to be inappropriate. This is further supported by the relatively large
Pearson chi-square ratio (the chi-square value divided by its degrees of freedom) of
approximately 5.1. The same conclusion can be drawn from the results for fatal and
injury multiple-vehicle accidents, although the fatal and injury accident data have a
smaller mean deviance and Pearson chi-square ratio (2.1 and 2.5, respectively) for both
the full and reduced models. - :

Table 21. Model Diagnostics for Total and Fatal and Injury Multiple-vehicle
Accidents at Urban, Three-leg, STOP-controlled Intersections

Poisson regression

Negative hinomial

Reduced regression
Full-model model -1 (reduced model}

Total Multiple—vehicle Accidents (3-year period) ‘
Number of intersections (n) _ 3,057 3,057 3,057
Number of parameters in model - 18 13 ‘ 8
Parameters degrees of freedom® (p) - 22 17 . 10
k factor _ na ‘ na 0.98
Deviance/(n - p) 389 3.98 1.00
Pearson chi-square/(n - p} - 5.14 ‘ 5.14 1.13
R? (%) ‘ 17.58 17.48 ' 16.07
R%er (%) . 18.53 18.47 \ 17.64
Fatal and Injury Multiple-vehicle Accidents (3-year period) -
Number of intersections (n) " 3,057 3,057 T 3,057
Number of parameters in model 18 . -n 8
Parameters degrees of freedom® (p) 22 15 10
k factor S : na na ©0.81
‘Deviance/(n - p) 2.12 212 | 1.01
‘Pearson chi-square/(n - p) ‘ 2.45 245 1.07
R (%) | - 17.57 17.56 16.30
R2 (%) 16.93 16.84 16.38

2 Includes one degree of freedom for the intercept.
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Because of the overdispersion described above, a negative binomial regression -
model was then used with a variance adjustment factor, k, of 0.98 for total and 0.81 for
fatal and injury multiple-vehicle accidents, respectively. In each case, this approach
resulted in a mean deviance of approximately one. Also, the Pearson chi-square ratio
was considerably reduced from 5.14 to 1.13 for total multiple-vehicle accidents and
from 2.45 to 1.07 for fatal and injury multiple-vehicle accidents. Note that the changes
in both R? and RzPT were negligible for either type of accidents. For all regression
models and both types of accidents, the models produced relatively poor results based
on the two R*-values, all in the range of 16 to 17.5 percent.

Of the original 18 independent variables considered for modeling, only 8 remained
statistically significant at the 90 percent confidence level for total multiple-vehicle
accidents. A slightly different set of eight variables remained statistically significant at
the 90 percent confidence level for fatal and injury multiple-vehicle accidents.

Of the 10 independent variables considered in the full Poisson model but not in the
final reduced negative binomial model for total multiple-vehicle accidents, five variables
were not significant at the 10 percent level but would have been at the 20 percent level.
These variables were outside shoulder width (=0.16); number of lanes on major road
(o=0.17); crossroad left-turn prohibition (x=0.13); number of lanes on crossroad
(0=0.14); and access control on major road (0=0.15). Of the 10 independent variables
considered in the full Poisson model but not in the final reduced negative binomial
model for fatal and injury multiple-vehicle accidents, five variables were not significant
at the 10 percent level but would have been at the 20 percent level. These variables
were outside shoulder width (2=0.19); lighting (a=0.12); number of lanes on major road
(o=0.11); crossroad left-turn prohibition (@=(.12); and number of lanes on crossroad
(0=0.19). '

Tables 22 and 23 summarize the regression results for the final negative binomial
model for total multiple-vehicle accidents and fatal and injury multiple-vehicle
accidents, respectively. The tablés show an effect in the expected direction for the
presence of a median on the major road; intersections on divided highways appear to
have 15 percent fewer accidents than intersections on undivided highways. A concern
with the models developed is that the effect on safety of major-road left-tum
channelization is opposite to the direction expected. Other variables whose effects were
found to be opposite to the direction expected were crossroad right-turn channelization
and, in the models for fatal-and-injury accidents, access control on the major road.

Figure 10 shows the variation of the annual number of multiple-vehicle intersection

accidents with major-road and crossroad ADT for urban, three-leg, STOP-controlled
intersections with the typical conditions specified in the figure.
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Table 22. Negative Binomial Regression Results for Total Multiple-vehicle Acc1dents at
Urban, Three-leg, STOP-controlled Intersections

90% confidence limits®

. . Chi square Direction . Relative

Independent variable? statistic® Variable level of effect®  Coefficient effect® Lower Upper

Intercept -6.808 -7.604 -6.014

Major-road ADT (iog) 354.17 - 0.775 2.17 0.707 0.843

Crossroad ADT (log) 151.56 - 0.266 1.30 0.230 0.302

Major-road left-turn prohibition 33.61 Left turns prohibited - -0.478 0.62 -0.613 -0.343
Left turns permitted - 0

Crossroad right-turn channelization 29.68 No free right turns | -0.601 0.565 -0.796. -0.412
Provision for free right turns | 0

Major-road left-turn channelization 9.21 No left-turn lane - 0.012 1.01 -0.090 0.113

' Painted left-turn lane - 0 : o

Curbed left-turn lane | 0.192 1.21 0.086 0.298

Design speed of major road 7.00 - -0.006 0.99 -0.009 -0.002

Presence of median on major road 6.27 Divided - -0.160 - 0.85 —0.266 -0.055
Undivided - 0o -

Average lane width on major road 259 - -0.030 0.97 -0.061 0.001

NOTE This analySIs is based on the set of 3,057 intersections for which summary statistics are shown in table 20.
All variables significant at the 90% confidence level or higher.

b

(p-1) degrees of freedom for categorical variables with p levels.

Direction of effect: | = Inverse of expected direction.
Relative effect of unit change in the variable on the expected number of accidents, equals exp(coefficient).
90% lower and upper confidence limits of the estimated coefficient. "

Chi-square likelihood ratio statistic for testing the significance of the effect of the variable; with 1 degree of freedom for continuous vanables with
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Table 23. Negative Binomial Regression Results for Fatal and Injury Multiple-vehicle Accidents at
‘ Urban, Three-leg, STOP-controlled Intersections

90% confidence limits®

Chi square Direction Relative
Independent variable* statistic® Variable level - : of effect®  Coefficient effect? Lower Upper
Intercept -7.358 -8.239 -6.483
Major-road ADT (log) 29292 - 0.766 2.15 0.690 0.842
Crossroad ADT (log) 121.04 - 0.254 1.29 0.216 0.292
Major-road left-turn prohibition 26.76 Left turns prohibited - -0.458 0.63 -0.604 -0.312
: Left turns permitted - 0
Crossroad right-turn channelization 24.35 No free right turns | -0.575 0.56 -0.773 -0.380
Provision for free right turns | 0
Major-road left-turn channelization ~ 10.73 No left-turn fane - 1 -0.055 0.95 -0.163 0.054
Painted left-turn lane -~ | 0 ‘
Curbed left-turn lane - [ 0.194 1.21 0.085 0.304
Presence of median on major road 7.37 Divided - -0.187 0.83 -0.301 -0.074
Undivided - 0
Average lane width on major road 4.33 - -0.042 0.96 -0.076 -0.009
Access control on major road 3.02 None | -0.234 0.79 -0.461 -0.013
Partial [ 0

NoTE: This analysis is based on the set of 3,057 intersections for which summary statistics are shown in table 20.

2 All variables significant at the 90% confidence level or higher.

® Chi-square likelihood ratio statistic for testing the significance of the effect of the variable; with 1 degree of freedom for continuous variables; with
(p-1) degrees of freedom for categorical variables with p levels. .

¢ Direction of effect: | = Inverse of expected direction.

4 Relative effect of unit change in the variable on the expected number of accidents, equals exp(coefﬁment)

® 90% lower and upper confidence limits of the estimated coefficient. .




Crossroad ADT (vpd)

Urban, Three-leg, STOP-controlied Intersections

25
Major road characterisics:
- Left turns permitted
- No left-turn lane
- Design speed of 64 km/h (40 mith)
- Divided
20 - Average |lane width of 3.6 m (12 ft}
Crossroad characteristics: .
- No free right turns
Number of multiple-vehicle
accidents per year
15 .
n
b=
[ =
;
€.
1Q
5
0 . J
0 10 20 3Q 40 50 60 70 - 80 90 100 110
' Thousands
Major Road ADT (vpd)

Figure 10,  Number of Multiple-Vehicle Accidents per Year as a
Function of Traffic Volumes for Typical Urban, Three-
leg, STOP-Controlled Intersections
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Urban, Four-leg, Signalized Intersections -

Accident frequencies at urban, four-leg, signalized intersections are listed in
table 61 in Appendix B and their distributions are shown in figure 5, for both total and
fatal and injury multiple-vehicle accidents. A clear departure from the Poisson distri-
bution is visible in the distribution plots. Only 21 out of 1,306 intersections (or
1.6 percent) experienced zero accident in the 3-year study period. Approximately half
of all intersections in this category experienced 17 accidents or more in the 3-year
period, with a maximum of 147 total multiple-vehicle accidents. Given these high
accidents frequencies and the shape of the distribution for both types of accidents, a
lognormal regression model presented a logical choice. Thus, the statistical analysis
approach used for urban, four-leg, signalized intersections was identical to that
ultimately used for urban, four-leg, STOP-controlled intersections.

The selection of independent variables was done in a similar fashion to that
described earlier in section 5. Table 24 identifies the variables that were selected for
modeling accidents at urban, four-leg, signalized intersections. As before, a small
number of independent categorical variables was not included in the full model because
either all or nearly all intersections fell into one level of that variable. The variables
originally considered that were not included for this reason were:

+ Lighting (all intersection were lighted).

* Presence of major-road signal mast arm (a mast arm was present on all
intersections). . ,

* Major-road left-turn prohibition (no intersections had left turns prohibited).

- The natural logarithm of the accident counts was modeled using the full set of
19 independent variables listed in table 24. All modeling was performed using the SAS
stepwise regression procedure. '

‘Of the original 19 independent variables considered for modeling, only 8 remained
statistically significant at the 90 percent confidence level for total multiple-vehicle
accidents. A slightly different set of seven variables remained statistically significant at
the 90 percent confidence level for fatal and injury multiple-vehicle accidents. The
lognormal model was rerun using only the statistically significant variables to obtain the
regression coefficients, their 90 percent confidence intervals, and other regression
statistics. ’
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Table 24.  Descriptive Statistics for Urban, Four-Leg, Signalized Intersections

arm

Mast arm present 73

Percent of .
Parameter Level intersections  Minimum_ Mean Median Maximum
Total multiple-vehicle accidents; 1990 through 1992 combined - 0 218 - 18 . 147
Fatal and injury multiple-vehicle accidents; 1990 through 1992 combined 0 9.1 8 50
Major-road ADT (veh/day) 2,400 31,995 31,000 79,000
Crossroad ADT (veh/day) 101 - 8,061 5,501 48,000
Design speed of major road (mi/h) 25 51 50 70
Outside shoulder width on major road (ft) : : 0 7.0 8 15
Average lane width on major road (ft) 8 12.0 12 15
Terrain - Flat : 80 -
Rolling or mountainous o 20
Functional class ot major road Principal arterial 96 1,306 intersections
o o Minor arterial 4.1. :
Signal timing Pretimed 25
' Semiactuated 13
Fully actuated : 85
Signal phasing Two-phase ) 21
Multiphase : 79
Major-road left-turn channelization "No left-turn lane ' 47
: Painted left-turn lane- . : 40
Curbed left-turn lane 56
Major-road right-turn channelization - No free right turns 74
Provision for free right turns 26
Number of lanes on major road 3orless - 7.9
4or5 - 72
~ 6 or more ) 20
Presence of crossroad signal mast Mast arm not present 27
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Table 24. Descriptive Statistics for Urban, Four-Leg, Signalized Intersections (Continued)

, Percent of
Parameter Level intersections  Minimum -. = Mean Median Maximum
Crossroad left-turn channelization No left-turn lane 45

Painted left-turn lane 36
Curbed left-turn lane 19
Crossroad right-turn channelization No free right turns 70
Provision for free right turns 30
Crossroad left-turn prohibition Left turns prohibited 0.5
- Left turns permitted 97
Number of lanes on crossroad 3 or less’ 59
: 4or5 38
6 or more 3.0
Présence of median on major road Divided 83
o Undivided 18
Accéss control on major road None 94
: Partial .59




Table 25 presents the model statistics for the full and reduced lognermal models.
Although the lognormal models are significant at the 90 percent confidence level for
both types of accidents, the percent variance explained by the model is relatively low,
with an R%value of 25 percent for total multiple-vehicle accidents and approximately
24 percent for fatal and injury multiple-vehicle accidents. Also, the Pearson chi-square
ratios (0.72 and 0.70, respectively, for both types of accidents) are below the 0.8 to 1.2
range, indicating that the lognormal model might not provide the best fit.

Of the 10 independent variables considered in the full but not in the final reduced
lognormal model for total multiple-vehicle accidents, only one variable—number of
lanes on crossroad (0=0.20)—was not significant at the 10 percent level but would have
been at the 20 percent level. Of the 11 independent variabies considered in the full but
not in the final reduced lognormal model for fatal and injury multiple-vehicle accidents,
only one variable—average lane width on major road (o=0.18)—was not significant at
the 10 percent level but would have been at the 20 percent level.

Tables 26 and 27 summarize the regression results for the final lognormal model
for total multiple-vehicle accidents and fatal and injury multiple-vehicle accidents,
respectively. No statistically significant effect on accidents was found for either the
major-road or crossroad left-turn channelization variable. However, it should be noted
that major-road left-turn channelization could not be evaluated effectively because only
5 percent of the intersections had no left-turn lanes on the major road approaches. Only
two variables appeared to have effects in the direction opposite to that expected: access
control on the major road and major-road right-turn channelization.

Figure 11 shows the variation of the annual number of multiple-vehicle intersection
accidents with major-road and crossroad ADT for urban, four-leg, signalized
intersections with the typical conditions specified in the figure. As shown in the flgurc
typical accident experience at these intersections, in the range of data for which model
predictions appear valid, extends up to 12 multiple-vehicle accidents per year.
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Table 25. Model Diagnostics for Total and Fatal and Injury Multiple- -
vehicle Accidents at Urban, Four-leg, Signalized Intersections

Lognormal regression
Reduced
Full model model

Total Multiple-vehicle Accidents (3-year period)
Number of intersections (n) 1,306 - 1,306
Number of parameters in model 19 9
Parameters degrees of freedom® (p) T 23 ' 12
Deviance/(n - p) ' 0.72 0.72
Pearson chi-square/(n - p) 0.72 0.72
R? (%) 24.34 25.08
RZr (%) na . na
Root mean squared error 0.85 0.85
Fatal and Injury Multiple-vehicle Accidents (3-year period)
Number of intersections (n) 1,306 1,306
Number of parameters in model 19 : C 8
Parameters degrees of freedom® (p) ' 23 "
Deviance/(n - p) . 070 0.70
Pearson chi-square/(n - p) 0.70 © 070
R? (%) 23.49 24.31
R (%) na " na
Root mean squared error 0.84 0.84

? Includes one degree of freedom for the intercept.
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Table 26. Lognormal Regression Results for Total Multiple-vehicle Accidents at
Urban, Four-leg, Signalized Intersections

tL

Chi . ' L - , 90% confidence limits®.
square : Direction of Relative - .
independent variable? . statistic® Variable level effect® . . Coefficient effect®- . Lower Upper
Intercept - ' -3.744 -5.187 -2.300
Crossroad ADT (log) 62.13° - 0.234 1.26 0.185 1 0.282
Major-road ADT (log) 53.04 ‘ | - 0517 1.68 0.400 0.633
Signal timing " 59.70 Pretimed - 0.032 103 -0.290 0.354
Semiactuated - 0
- : Fully actuated - " .0.636 1.89 0.489 0.784
Access control on major road 6.73 None N -0.312 0.73 -0.510 -0.114
c ' "~ Partial | 0 S -
Signal phasing 8.67 Two-bhase - 0
: Multiphas_e - -0.221 0.80 -0.344 -0.097
Number of lanes on crossroad 4.14 3orless . - -0.134 0.87 -0.242 -0.026
4 or more . 7 - 0
Average lane width on major road 3.21 - -0.051 0.95 -0.098 -0.004
Number of lanes on major road 413 3 or less - -0.240 0.79 -0.471 -0.009
40r5 - -0.146 0.86 -0.272 -0.019
6 or more - 0 :
Major road right-turn 3.19 No free right turns | - -0.119 . 0.89 0228 - -0.009
channelization Provision for free : l .0
right turns

NoTE: This analysis is based on the set of 1,306 intersections for which summary statistics are shown in table 24,

2 All variables significant at the 90% confidence level or higher.

® Chi-square likelihood ratio statistic for testing the significance of the effect of the variable; with 1 degree of freedom for continuous variables; with (p-1)
degrees of freedom for categorical variables with p levels.

Direction of eftect: | = Inverse of expected direction.

Relative effect of unit change in the variable on the expected number of accidents, equals exp(coefficient).

90% !ower and upper confidence limits of the estimated coefficient.




Table 27. Lognormal Regression Results for Fatal and Injury Multiple-vehicle Accidents at
Urban, Four-leg, Signalized Intersections

90% confidence limits®

bL

: Chi square . _ Direction of
Independent variable® statistic® Variable level offect® Coefficient Relative effect® . Lower Upper
Intercept -5.845 . =7.200 -4.490
Major-road ADT (log) 65.14 - 0.574 1.78 0.457 0.692
Crossroad ADT (log) 54.94 - 0.219 . . 1.24 ‘ 0.170 0.267
Signal timing © 24.94 Pretimed - -0.073 0.93 -0.395 0.249
Semiactuated - 0 :
Fully actuated - 0.389 ) 1.48 0.242 0.536
Signal phasing 10.97 Two-phase - 0
' Multiphase - -0.247 : 0.78 -0.370 -0.124
Number of lanes on crossroad = - 541 3orless ’ - -0.1563 0.86 -0.261 -0.045
- 4 or more ) - : ) :
Access control on major road 4.84 ‘None - - ) ! -0.265 0.77 . -0.463 -0.067
’ Partial -. 1 0. '
Number of lanes on major road 4.85 3 orless - -0.186 0.83 -0.416 0.043
4or5 - -0.168 0.85 -0.293 -0.042
6 or more - 0
Design speed on major road a0 - 0.005 1.01 0.001 0.010

NOTE This analysis is based on the set of 1,306 intersections for which summary statistics are shown in table 24.
All variables significant at the 90% confidence level or higher.

b . Chi-square likelihood ratio statistic for testing the significance of the effect of the variable; with 1 degree of freedom for continuous variables; with (p- 1)
degrees of freedom for categorical variables with p levels. -

° Direction of effect: | = Inverse of expected direction.

Relative effect of unit change in the variable on the expected number of accndents equals exp(coefhment)

¢ 90% lower and upper confidence limits of the estimated coefficient.
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Figure 11.  Number of Multiple-Vehicle Accidents per Year as a
~ Function of Traffic Volumes for Typical Urban, Four-
leg, Signalized Intersections
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Urban, Four-leg, Signalized Intersections—Sample of 198 Intersections

A pilot field study was conducted at a randomly selected sample of 198 urban,
four-leg, signalized intersections. The objective of this pilot study was to collect data
for additional geometric, traffic control, and traffic volume variables (see section 4) and
then to determine whether the availability of the additional data would improve the
goodness of fit of the models. These intersections were randomly selected within four
strata, of approximately equal size, defined by major-road ADT. These four strata of
major-road ADT were:

20,000 veh/day or less.

20,000 to 30,000 veh/day.

30,000 to 40,000 veh/day.

*

over 40,000 veh/day.

In addition, all intersections with no left-turn lanes on the major road were selected
because there were only a limited number of such intersections. The sample was
limited to a geographic area that included two major metropolitan areas, one smaller
metropolitan area, and two adjacent smaller cities in California. |

Table 3 in section 4 identifies the geometric design, traffic control, traffic volume,
and related variables for which data were collected in the pilot field studies. Some data
were collected to confirm the existing data obtained from the Caltrans data base. Other
data were collected to expand the existing Caltrans data base. One advantage of the
pilot field study was that geometric data were collected separately for each of the four
intersection approaches; by contrast, the Caltrans data included combined data for both
major-road and crossroad approaches, which does not allow for the possibility that the
geometrics of these approaches might differ. In addition to collecting data for new
geometric and traffic control variables, turning movement volumes for all approaches by
15-min periods for a 2-h morning peak period (typically 7 to 9 am.) and a 2-h evening
peak period (typically 4 to 6 p.m.) were also recorded at all 198 intersections during the
summer of 1994.

Reevaluation of Statistical Medels for Sample of 198 Urban, Four-leg,
Signalized Intersections: The purpose of the field data collection was to reevaluate the
preliminary statistical model results obtained for the full sample of approximately 1,300
urban four-leg, signalized intersections (discussed in section 5 above). The following
approach was taken to model total and fatal and injury multiple-vehicle accidents at the
198 intersections:

1. Estimate model coefficients using the same 1ndependent variables as those used
in the model based on all 1,306 1nterscct10ns (i.e., Caltrans data).
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2. Estimate model coefficients using updated independent variables whenever
available (i.e., a combination of data obtained from the Caltrans data base and
data obtained from the field studies).

3. Estimate model coefficients using only additional variables for which data were
obtained during the pilot field studies. .

Accident frequencies at the 198 urban four-leg, signalized intersections are listed in
table 62 in Appendix B and their distributions are shown in figure 6, for both total and
fatal and injury multiple-vehicle accidents. A comparison of the distributions of the
1,306 and the sample of 198 intersections shown in figures 5 and 6, respectively, shows
the similarities between the two sets. This was expected since the 198 intersections
were randomly selected within major-road ADT strata. Only 1 of the 198 intersections
experienced no accidents in the 3-year study period. Half the intersections experienced
19 accidents or more. Since accidents at the full set of approximately 1,300 urban,
four-leg, signalized intersections were modeled using the lognormal distribution,
accidents at the sample of 198 intersections were first modeled using a similar
approach. However, due to the relatively small number of intersections, the negative
binomial model approach appeared to be a logical choice in this case.

The selection of independent variables was done in a similar fashion to that
described in section 5. Table 28 identifies the variables from the Caltrans data base that
were selected for modeling accidents at the 198 urban four-leg, signalized intersections.
‘The table shows the percent of intersections at each level of the categorical independent
vartables based on both the Caltrans data base and the updated data, when available.
These percentages are in good agreement, indicating that no major changes in the
geometric design, traffic control, and related variables have occurred between the two
time periods. A small number of independent categorical variables was not included in
the full model because either all or nearly all intersections fell into one level of that
variable. The variables originally considered that were not included for this reason
were: :

* Lighting (all intersection were lighted).

* Presence of major-road signal mast arm (a mast arm was present on all
intersections).

* Major-road left-turn prohibition (no intersections had left turns prohibited).
+ Crossroad left-turn prohibition (no intersections had left turnis prohibited).

* Access control on major road (191 of the 198 intersections had no access control
on the major road). ‘
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Table 28.- Descriptive Statistics for Sample of 198 Urban, Four-Leg, Signalized Intersections

Parameter Mininum Mean - Median Maximum
Total multiple-vehicie accidents; 1990 through 1992 combined 0 24.5 20 119
Fatal and injury multiple-vehicle accidents; 1990 through 1992 combined 0] 10.1 9 ) 30
Major-road ADT (veh/day) 7,300 30,563 29,516 67,384
Crossroad ADT (veh/day) 101 9,276 6,601 48,000
Design speed of major road (mi/h}) 25 51 50 65
Outside shoulder width on major road ({ft) 0] 71 8 15
Average lane width on major road (ft) 10 12.0 12 15

Percent of intersections

Caltrans Updated
Level data base data base
Terrain Flat 78
. Rolling or mountainous 22
Functional class of major road Principal arterial 93
Minor arterial 7
Signal timing Semiactuated 13
: ) Fully actuated 87
Signal phasing Two-phase 28
Multiphase 72
Major-road left-tum channelization No left-turn lane 15 13
Painted left-turn lane 33 31
Curbed left-turn lane 52 56
Major-road right-turn channelization No free right turns 75 64
Provision for free right turns 25 36
Number of lanes on major road 3 orless (1) 9 5
40r5 (2) 69 69
6 or more (3 or 4) 22 26
Presence of crossroad signal mast arm Mast arm not present 30 27
Mast arm present 70 73

Sample of 198 intersections

Conversion: 1 km/h = 0.621 mith; 1 m = 3.28 ft




Table 28. Descriptive Statistics for Sample of 198 Urban, Four-Leg, Signalized Intersections (Continued)

Percent of intersections

. Caltrans ~ Updated

Level data base data base
Crossroad left-tum channelization No left-turn lane ) 43 - 36
Painted left-tum lane 31 4
. Curbed left-turn lane 7 26 23

Crossroad right-turn channelization No free right tums 70 59 )

. Provision for free right tums 30 a4
Number of lanes on crossroad 3orless (1)* - 54 56
4 or 5 (2 or more) ’ ' 46 44
Presence of median on major road Divided - 79 - 65
Undivided . 21 35

6L

2 Number of lanes in Caltrans data base are both directions combined.

Number of lanes (indicated in parentheses) in updated data base are one direction only.




Table 29 identifies the new geometric variables for which data were collécted in the
field studies. The selection of these variables was based on both engineering judgement
and the distribution of the 198 intersections across the levels of the full set of new
geometric variables listed in table 3. Table 29 shows basic statistics (minimum, mean,
median, maximum) for the continuous variables and the percent of intersections at each
level of the categorical independent variables.

The 3-year accident counts were modeled using (1) the full set of 17 independent
variables obtained from Caltrans, listed in table 28; (2) the full set of 17 independent
variables obtained from Caltrans with values updated from the field studies when
available, listed in table 28; and (3) the full set of 20 independent variables obtained in
the field studies, listed in table 29. In all three cases, Caltrans traffic volume data
(major-road and crossroad ADT’s, on the log-scale) were used. All analyses were
performed using the SAS GENMOD procedure with the negative binomial distribution
and the appropriate deviance functions and variance adjustment factors, k. The
significance of each regression coefficient in the full model was examined. If a
coefficient was not significant at the 10 percent level, the corresponding independent
variable was removed from the model and the negative binomial regression was rerun.
In some cases, a second iteration of a reduced model had to be rerun to achieve
significance of all the remaining variables.

Of the original 17 or 20 independent variables considered for modeling, only a
small number were found to be statistically significant at the 10 percent level for total
multiple-vehicle accidents for each of the three sets of data. Generally, slightly
different sets of variables were statistically significant at the 10 percent level for fatal
and injury multiple-vehicle accidents. In each case, the negative binomial model was
rerun retaining only the statistically significant variables to obtain regression coeffi-
cients, their 90 percent confidence intervals, and other relevant regression statistics.

Table 30 presents the model statistics for the full and reduced negative binomial
models using the three sets of independent variables, for total and fatal and injury
multiple-vehicle accidents. As shown in table 30, the three sets of data lead to
comparable model diagnostics for either type of accident. The fit of each model,
however, is considerably improved over that obtained from the full set of approximately -
1,300 intersections (see table 30), where R2%-values were in the mid-10 percent to low
20 percent. In the present case, R*- and R*-values ranged consistently in the mid- to
high 30 percent for total multiple-vehicle accidents, and in the mid- to high 20 percent
for fatal and injury total-multiple accidents. For both types of accident, the Pearson chi-
square ratios ranged from 0.84 to 0.89 for the reduced negative binomial models, an
indication that these models provide an adequate fit to the data (values in the range of
0.8 to 1.2 are desirable). ' '

Of the 14 independent variables considered in the full but not in the reduced

negative binomial model (total multiple-vehicle accidents, Caltrans variables), 13 were
not significant at the 10 percent level in the full model. Of these 13 variables, none
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Table 29. Descriptive Statistics of New Field Variables for Sample of 198 Urban, Four-leg, Signalized Intersections

Percent of
Parameter Level intersections Minimum Mean Median Maximum
Total multiple-vehicle accidents; 1990 through 1992 combined (o] 24.5 20 119
Fatal and injury multiple-vehicle accidents; 1990 through 1992 combined 0 10° 9 30
Major-road ADT (veh/day) 7,300 30,563 29,516 67,384
Crossroad ADT (veh/day) 101 9,276 6,601 48,000
Average lane width on major road {ft) 9 12.8 12.5 15
Median width on major road (ft) 0 15.6 16.5 68
Number of driveways on major road o 238 3 10
Average lane width on crossroad (ft) - 8. 12.8 12.5 15
Median width on crossroad 0 5.1 0 35.5
Number of driveways on crossroad 0 3.0 3 9
Major-road left-tum channelization No left-tum lane 13,
- ) Painted or curbed left-tum lane 87 ‘
Major-road right-tum channelization No free right tums 64 Sample of 198 intersections
' Provision for free right tums 36
Approach grade on major road Grade 40
: Level 60
Curbed parking on major road None 55
. Parallel or angle 45
Number of lanes on major road® 1or2 74
3or4 26
Crossroad left-tum channelization No left-tum lane 36
Painted or curbed left-tum lane 64
Crossroad right-tum channelization No free right tums 59,
. Provision for free right tums 41
Approach grade on crossroad Grade 39
Level T 81
Curbed parking on crossroad None 49
Parallel or angle 52
Number of lanes on crossroad® 1 56°
2,3 0r4 44
Character development B/C/I 59
M/R/X 41
Skewness _ - Skewed 15
90° 85

Conversion: 1ft=3.28m

2 Number of lanes are one direction only.
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Table 30. Model Diagnostics for Total and Fatal and Injury Multiple-vehicle Accidents at a Sample

of 198 Urban, Four-leg, Signalized Intersections

Based on Caltrans

Based on Caltrans
geometric variables
with updated values

Based on all new
variables from field

Negative Binomial Regression geometric variables when available studies
Models Full Reduced Full Reduced Full Reduced
model model model model model model
Total Multiple-vehicle Accidents (3-year period) )
Number of intersections (n) ' 198 198 198 198 198 198
Number of parameters in model 17 3 17 6 20 5
Parameters degrees of freedom® (p) 21 5 20 9 21 6
k factor 0.34 0.34 0.32 0.32 0.32 0.32
Deviance/(n-p) 0.989 0.993 1.009 0.990 1.007 1.009
Pearson chi-square/(n-p) 0.868 0.888 0.869 0.838 0.863 0.868
R? (%) 41.31 31.88 39.75 37.56 40.11 36.28
"R (%) 4426 35.09 44,05 40.66 43.99 38.79
Fatal and Injury Multiple-vehicle Accidents (3-year period)
Number of intersections (n) 198 198 198 198 198 198
Number of parameters in model 17 4 17 2 20 4
Parameters degrees of freedom® (p) 21 6 20 3 21 5
k factor 0.27 0.26 0.27 0.27 0.26 0.26
Deviance/(n-p) 1.000 1.005 0.992 1.002 1.005 0.997
Pearson chi-square/(n-p) 0.899 0.886 0.872 0.865 0.870 0.865
R? (%) 32.43 26.58 33.41 24.51 34.57 28.44
Rz,_-,- (%) 34.76 28.65 34 .81 25.52 3542 29.28

2 Includes one degree of freedom for the intercept




would have been significant at the 20 percent level. However, one variable—signal
timing—was significant in the full model (0=0.03) but when considered in the reduced
model, was no longer significant at the 10 percent level (0=0.13). The outcome of the
models for fatal and injury multiple-vehicle accidents (using the original Caltrans
geometric variables) was similar to that for total multiple-vehicle accidents. Of the

12 variables that were not significant at the 10 percent level in the full model, none
would have been at the 20 percent. Again, signal timing was significant in the full
model (0:=0.05), but when considered in the reduced model, was no longer significant at
the 10 percent level (2=0.14), and was therefore excluded from the final model.

Of the 11 independent variables considered in the full but not in the reduced
negative binomial model (total multiple-vehicle accidents, updated Caltrans variables),
two that were not significant at the 10 percent would have been at the 20 percent level.
These variables were outside shoulder width (=0.15) and crossroad right-turn
channelization (0=0.17). In the full model for fatal and injury total multiple-vehicle
accidents. (using updated values for-the original geometric variables), 13 were not
significant at the 10 percent level, 2 of which would have been significant at the
20 percent level. These variables were major road left-turn channelization (0=0.15) and
number of lanes on major road (o=0.18). Two additional variables—signal timing and
design speed on major road—although significant in the full model (x=0.05 and 0.10,
respectively), were subsequently excluded during a second iteration of the reduced
model, with final a-values of 0.34 and 0.17, respectively. ’ |

Of the 15 independent variables considered in the full but not ir the reduced
negative binomial model (total multiple-vehicle accidents, new geometric field vari-
ables), four that were not significant at the 10 percent would have been at the |
20 percent level. These variables were median width on major road (=0.17), number
of driveways on major road (c=0.18), crossroad right-turn Channelization (0=0.12), and
approach grade on crossroad (®=0.14). In the full model for fatal and injury total
multiple-vehicle accidents (new geometric field variables), 14 were not significant at the
10 percent level. Of these, one—curbed parking on major road (o=0.19)—would have
been significant at the 20 percent level. Two additional variables—average lane width
on crossroad and crossroad left-turn channelization—although significant in the full
model (o=0.05 and 0.07, respectively), were subsequently excluded during a second
iteration of the reduced model, with final o-values of 0.12 and 0.21, respectively.

* Tables 31 through 33 summarize the regression results for the final negative. |
binomial models for total multiple-vehicle accidents, using the three sets of independent
variables, respectively. Similarly, tables 34 through 36 summarize the final negative
binomial regression results for fatal and injury multiple-vehicle accidents. While a
considerable number of geometric and traffic control variables were found to contribute
significantly to the variability in the 3-year accident counts for the full set of
approximately 1,300 urban, four-leg, signalized intersections, only a small number of
variables remained in the models for the sample of 198 intersections.

83



v8

Table 31. Negative Binomial Regressioh Results for Total Multiple-vehicle Accidents at Sample of
198 Urban, Four-leg, Signalized Intersections Using Caltrans Geometric Variables

90% confidence limits®

o . Chi square Direction - Relative -
Independent variable® statistic® Variable level  of effect® Coefficient effect? Lower Upper
Intercept | -5.775 -8.041  -3.511
Crossroad ADT (log) 32.15 — 0.258 - 1.29 0.185 0.330
Major-road ADT (log) - 2891 _ — 0670 195 0.466 0.875
Number of lanes on major road 6.97 3 or less — -0.500 0.61 -0.854 -0.138

: . 4orb5 — -0.287 0.75 -0.487 -0.090
6 or more — 0 ' ;

NoTe: This analysis is based on the set of 198 intersections for which summary statistics are shown in table 28.

2 All variables significant at the 90% confidence level or higher.

®  Chi-square likelihood ratio statistic for testing the significance of the effect of the variable; W|th 1 degree of freedom for continuous
variables; with (p-1) degrees of freedom for categorical variables with p levels.

¢ Direction. of effect: | = Inverse of expected direction.

4 Relative effect of unit change in the variable on the expected number of accidents, equals exp(coefficient).

¢ 90% lower and upper confidence limits of the estimated coefficient.




Table 32. Negative Binomial Regression Results for Total Multiple-vehicle Accidents at Sample of 198 Urban,
Four-leg, Signalized Intersections Using Updated Values of Original Geometric Variables

90% confidence limits®

Chi square C : . Direction o Relative

¢8

Independent variable® © _statistic®  Variable level of effect®  Coefficient effect? Lower Upper
Intercept - -7.740 -9.762 - -5713
Major-road ADT (log) : 66.07 - ' ' . - 0.909 2.48 - 0727 1.092
Major road left-turn channelization 12.70 No left-turn lane - 0.475 1.61 0.171 - 0.786
Painted left-turn lane - 0
Curbed left-turn lane - -0.176 0.84 . -0.367 0.014
Crossroad ADT (log) 9.82 . o 0.167 1.18 0.080 .  0.251
Crossroad Ieft-tufﬁ channelization 8.06 No left-turn lane | -0.332 0.72 -0.528  -0.136
Painted left-turn lane l 0
Curbed left-turn lane 1 0.005 1.01 -0.193 0.205
Signal timing ' 4.44 Semiactuated - 0 ,
' Fully actuated - 0.368 1.45 0.082 . 0.651
Number of lanes on crossroad 3.62 1 - . —=0.200 0.82 -0.368 -0.032
2 or more - 0

NoTe: This analysis is based on the set of 198 intersections for which summary statistics are shown in table 28.

@ All variables significant at the 90% confidence level or higher.

b Chi-square likelihood ratio statistic for testing the signiticance of the effect of the variable; with 1 degree of freedom for continuous variables; with
{p-1) degrees of freedom for categorical variables with p levels.

Direction of effect: | = inverse of expected direction.

Relative effect of unit change in the variable on the expected number of accidents, equals exp(coefficient).

90% lower and upper confidence limits of the estimated coefficient.
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Table 33. Negative Binomial Regression Results for Total Multiple-vehicle Accidents at Sample of

198 Urban, Four-leg, Signalized Intersections Using New Field Geometric Variables

90% confidence

limits®
Chi square Direction Relative

Independent variable® statistic® - Variable level of effect®  Coefficient .  effect® ~ Lower Upper
Intercept -7.206 -9.028 -5.379
Major-road ADT (log) 71.37 - 0.836 2.31 0.675  0.997
Crossroad ADT (log) 17.19 - 0.214 124 0.131 0294
Crossroad left-turn channelization 11.64 No left-turn lane | -0.394 0.67 -0.583  -0.205

Painted or curbed left-turn lane | 0 ‘
Major road left-turn channelization 6.11 No left-turn lane - 0.346 1.41 0114 = 0584

' Painted or curbed left-turn lane - 0. : o

Angle of intersection 3.25 Less than 90° | -0.234 0.79 =0,442 -0.021

90° : | 0 , :

NOTE This analysns is based on the set of 198 intersections for which summary statistics are shown in table 29.
All variables significant at the 90% confidence level or higher.

b Chi-square likelihood ratio statistic for testing the significance of the effect of the variable; with 1 degree of freedom for continuous variables; wrth
(p-1) degrees of freedom for categorical variables with p levels. .

¢ Direction of effect: | = Inverse of expected direction.

4 Relative effect of unit change in the variable on the expected number of accidents, equals exp(coefficient).

® 90% lower and upper confidence limits of the estimated coefficient.




L8

Table 34. Negative Binomial Regression Results for Fatal and Injury Multiple-vehicle
' Accidents at Sample of 198 Urban, Four-leg, Signalized Intersections Using
Caltrans Geometnc Variables

90%n confidence limits®

: ) . Chi square 7 ) Direction Relative

Independent variable® statistic® Variable level  of effect®  Coefficient effect? Lower Upper

Intercept - - : - -4.406 ' -6.617  -2.201

Crossroad ADT (log) 1810 — 0189 121 0.116 0.261

Major-road ADT (log) 14.28 R 0.470 1.60 0.266 - 0.674

Number of lanes on major road 5.22 3 or less - - -0.308 0.73 -0.659 0.045
. : 4or5 —_ -0.262 0.77 -0.453 -0.073

6 or more — 0 :
Design speed on major road 2.87 — 0008  1.01 0.0002  0.016

NOTE This analysis is based on the set of 198 intersections for whlch summary statistics are shown in table 28.

All variables significant at the 90% confidence level or higher.

® Chissquare likelihood ratio statistic for testing the significance of the effect of the variable; with 1 degree of freedom for continuous
variables; with (p-1) degrees of freedom for categorical variables with p levels.

¢ Direction of effect: | = Inverse of expected direction.

4 Relative effect of unit change in the variable on the expected number of accidents, equals exp(coefficient).

¢ 90% lower and upper confldence limits of the estimated coefficient.
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Table 35. Negative Binomial Regression Results for Fatal and Injury Multiple-vehicle
Accidents at Sample of 198 Urban, Four-leg, Signalized Intersections Using
Updated Values of Original Geometric Variables

90% confidence limits®

Chi square Direction Relative
Independent variable® statistic® of effect® Coefticient effect? Lower Upper
Intercept , S - L -5.977 . - -7.750 -4.211
Major-road ADT (log) , 427 L= 0642 1.90 0.480 0.804
Crossroad ADT (log) Co1822 . — 0.191 1.21 0.118 0.263

"NoTe: This analysis is based on the sét of 198 intersections for which summary statistics are shown in table 28.

2 All variables significant at the 90% confidence level or higher.
®  Chi-square likelihood ratio statistic for testing the significance of the effect of the variable; with 1 degree of freedom

for continuous variables; with (p-1) degrees of freedom for categorical variables with p levels.

¢ Direction of effect: | = Inverse of expected direction.
9 Relative effect of unit change in the variable on the expected number of acmdents equals exp(coefflcuent)
¢ 90% lower and upper confidence limits of the estimated coefficient.
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Table 36. Negative Binomial Regression Results for Fatal and Injury Multiple-vehicle
: Accidents at Sample of 198 Urban, Four-leg, Signalized Intersections Usmg
New Field Geometric Variables :

90% confidence

limits®
: . Chi square Direction Relative i y
Independent variable? _ statistic® Variable level of effect®  Coefficient effect® Lower Upper
Intercept ' , o -5.838 -7.614  -4.068
Major-road ADT (log) -41.01 ' - 0.625 1.87 0.465 0.786
Crossroad ADT (log) 15.37 - 0.185 1.20 0.108 0.262
Curbed parking on major road 5.57 None | 0.214 1.24 0.065 0.363
S " Parallel or angle 1 0
Angle of intersection 305  Less than 90° . | -0.224 0.80 -0.431  -0.013

90° | 0

NoTE: This analysis is based on the set of 198 intersections for which summary statistics are shown in table 29.

2 All variables significant at the 90% confidence level or higher.

b Chi-square likelihood ratio statistic for testing the significance of the effect of the varlable with 1 degree of freedom for contlnuous
variables; with (p-1) degrees of freedom for categorical variables with p levels.

Direction of effect: | = Inverse of expected direction.

Relative effect of unit change in the variable on the expected number of acudents equals exp(coefficient).

¢ 90% lower and upper confidence limits of the estimated coefficient.




A comparison of table 31 with table 26 (total multiple-vehicle accidents, sample
and full set of intersections) shows that only cne of the original Caltrans geometric
variables—number of lanes on major road—remained in the model. A possible
explanation for the small number of significant variables in the models when applied to
the sample of 198 intersections is the fact that the sample intersections may be fairly
homogeneous in their geometrics and therefore show little variability above that-
explained by traffic volumes. A comparison of table 34 with table 27 (fatal and injury
multiple-vehicle accidents, sample and full set of intersections) reveals similar patterns.

Substituting updated values for the original geometric variables, when available,
slightly improved the fit of the model for total multiple-vehicle accidents but reduced it
slightly for fatal and injury multiple-vehicle accident (compare columns 3 and 5 in:table
30). A comparison of the model in table 26 with that in table 32 (total multiple-vehicle
accidents) shows slight changes in the set of significant geometric design variables.
Major-road left turn channelization was substituted for major-road nght turn
channelization, and crossroad left-turn channelization was added. Table 35 shows that,
when modeling fatal and injury total-multiple accidents using the updated geometric
variables, only traffic volumes on both roads remained significant.

The models including the new geometric and traffic control variables obtained in
the field, shown in tables.33 and 36 (for total and fatal and injury multiple-vehicle
accidents, respectively), are disappointing because several of the geometric design
variables that were found to be statistically significant have effects on accidents in the
opposite direction to that expected.

Left-turn Accident Analysis at Sample of 198 Urban, Four-leg, Signalized
Intersections: Turning movement volumes were obtained for all approaches during the
field studies. An additional analysis was conducted to apply the previous approach to
specific types of accidents associated with specific turning movement combinations.
This approach focussed specifically on multiple-vehicle left-turn accidents. This
investigation was undertaken on the premise that models with better fit could be
obtained if models were developed to relate accidents involving particular intersection
turning movements to the traffic volumes and geometric elements associated with, those
turning movements. For example, Hauer et al. had reported success in relating
particular accident types to the related turning volumes, although no goodness of fit
measures for Hauer's models were reported.”” The left-turn accident analysis reported
here corresponds to Accident Pattern No. 6 in the Hauer et al. work, which includes
only accidents involving a vehicle turning left which collides with an opposing through
vehicle. -~ -~ T o

Dependent Variable: All multiple-vehicle left-turn accidents involving a left-
turning vehicle on a particular approach colliding with a vehicle from the opposing
approach were considered in the modeling approach. The following selection criteria
apply to these accidents:
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“» Ags before, the total number of accidents from the 3 years 1990 Lhrough 1992 was
considered (Caltrans data. base). :

* Left-turn accidents in the moming peak period were those between 6 and
10 a.m., which is centered on the period for which turning movement volumes
were counted (7 to 9 a.m.).

* Left-turn accidents in the evening peak period were those between 3 and 7 p.m.,
which is centered on the period for which turning movement volumes were
counted (4 to 6 p m.).

* Each approach to each mtcrsecuon was consudercd separatcly

« Each peak period was considered -separately.

* In total, left-turn accident data were available for 1,584 approach-by-peak-period
combination sites (198 intersections x 4 approaches x 2 peak pcriods).

The 3-year lcft-tum ac01dent experience at the 1,584 approach by-peak-period

observations is summanzed in table 37.

Table 37. Left-turn Accident Frequencies at a Sample of
198 Urban, Four-leg, Signalized Intersections

Number of Cumulative  Cumulative -
left-turn " Number of Percent of number of " percent
accidents*  approaches” approaches sites of sites (%)

0 1,335 84.28 1,335 8428
1 210 13.26 1545 = .. 9754
2 28 1.77 1573 99.31
3 5 0.32 1578 99.62
4 3 0.19 1,581 99.81
5 1 006 1582 99.87
8 1 0.06 1,583 99.94

16 T 0.06 1,584 100.00

~* Accidents involving a left-turn vehicle and opposing through vehicle for a
particular approach and peak period in the 3-year study period (1990
through 1992). ‘

® Each approach is treated as a separate observation in the moming and
evening peak periods.
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From these data, the average number of left-turn accidents per observation is 0.20 (322
left-turn accidents in 1,584 observations). Based on the accident data distribution
shown in the above table, a Poisson regression approach was a logical choice for
modeling left-turn accidents at these intersection. In addition, a logistic regression was
performed to assess which independent variables could discriminate between those
observations without left-turn accidents (84.3 percent) and those with one or more
accidents (15.7 percent). (More detail on log1st1c regression analysis is provided in
section 6.) :

Independent Variables: Based on the data collected in the field studies, the
following independent variables were selccted for mclusmn in thc regressmn models
(Poisson or logistic): N I ,

¢ Left-turn and opposing through movement counts. These were determined for a
2-h morning (7 to 9 a.m.) and a 2-h evening (4 to 6 p.m.) peak period based on
the turning movement counts (right, through, and left) collected in the field

* Other new and updated intersection geometric and traffic control variables from
the field studies which included, depending on the model used:

Poisson Regression Model:

* Left-turn volume (log)

* Opposing left-turn volume (log)
* Opposing through volume (log)

* Type of left-turn treatment

* Angle of intersection (skewness)
* Average left-turn lane width

* Left-turn channelization

* Opposing direction median width
* Opposing direction number of through lanes
* Protected left-turn phase

* Same direction number of lanes
* Signal head mounting

Logistic Regression Model:

* Left-turn volume (log)

* Opposing through volume (log)
* Opposing left-turn volume (log)
» Type of left-turn treatment

* Angle of intersection (skewness)
* Average left-turn lane width

+ Double left-turn channelization
¢ Left-turn channelization
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» Opposing direction number of through lanes
* Opposing direction median width

» Protected left-turn phase

* Signal head mounting

Although both regression approaches (Poisson regression and logistic regression)
produced models that were statistically significant at the 95 percent confidence level,
the fit of the models was extremely poor, with R*-values of approximately 4 to
5 percent. In both cases, left-turn and opposing through volumes (log) were significant
contributors to the small amount of variability in the data that.was explained by the
models. These results were disappointing because the concept of relating turning -
movement data to specific related accident types appeared to hold promise. The poor
results can probably be explained by the very small accident sample sizes that result
from restricting the analysis to particular accident types, on particular intersection
approaches, during particular times of the day.
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6. ALTERNATIVE STATISTICAL MODELING APPROACHES

Introduction

This section describes several statistical approaches that were investigated as
possible alternatives to the loglinear and lognormal regression analyses described in
section 5. The purpose of this investigation was to determine whether any of these
techniques might be more effective than loglinear or lognormal regression as a tool for
developing relationships between accidents and geometric features of at-grade
intersections or identifying particular geometric features that might have a role in such
relationships.

The four alternative statistical approaches investigated were:

» Logistic regression analysis to relate geometric design features, traffic control
features, and traffic volumes of intersections to the probability of accidents at
those intersections. -

« Repetition of the loglinear and lognormal regression .analyses already performed,
but restricting the analyses to specific ranges of ADT.

* Discriminant ana]);sis of intersections based on pre-defined accident risk
groupings (e.g., no-risk, low-risk, high-risk).

* Cluster analysis of intersections based on their geometric similarities and
differences, followed by comparison of these intersection clusters based on
geometrics with intersection clusters based on accidents.

Logistic regression was first considered during the research as a screening tool that
might identify particular geometric design or traffic control features that should be
considered in further analyses. Thus, logistic regression was initially applied to the
California intersection data base prior to the loglinear and lognormal regression analyses
reported in section 5. However, it was also recognized that, beyond being merely a
screening tool, logistic regression could be effective in its own right as a modeling
approach to establish predictive relationships for accident probabilities.

The three remaining statistical approaches were identified after initial results of the
loglinear and lognormal modeling indicated that the geometric design, traffic control,
and traffic volume variables that were considered generally explained only 18 to
37 percent of the variation in intersection accidents. These additional approaches were
investigated as alternatives that might be effective in developing better predictive
models.

Technical discussions of these four alternative statistical approaches and their
results are presented below.
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Logistic Regression Analysis:

Logistic regression is a statistical technique for developing relationships that predict
the probability that a particular event will occur rather than the number of events that
will occur in a specified time period. As in any regression model, the dependent
variable (probability of occurrence of the event of interest) is predicted by a linear
combination of independent variables. In this application to the at-grade intersection
data in the California intersection data base, the event for which probabilities were
predicted was the occurrence of some particular number of intersection accidents and
the independent variables of interest were geometric design features, traffic control
features, and traffic volumes for the intersections in the data base.

Logistic regression was first envisioned in this research as a screening tool that
could be applied to determine whether particular independent variables appeared to be
useful as accident predictors. It was decided that logistic regression was likely to
provide a better screening t001 if it was applied to predict the probability that an
intersection was experiencing the consistent occurrence of accidents from year to year,
rather than just the probability of occurrence of a single accident. A dependent
variable, Y, was therefore derived for each intersection as follows: '

* Intersections with no accidents in the 3-year study pcrlod were assigned the value
Y=0.

* Intersections for which the number of accidents exceeded a set minimum in each
and every year of the 3-year study period were assigned the value Y=1. The
minimum number of accidents considered depended on the class of intersections
and was a function of the accident data distribution in that particular class.

* Intersections with accident frequencies ranging between these two groups (i.e.,
that experienced some accidents, but did not experience the specified minimum
number of accidents in each and every year) were not considered in the analysis.

A logistic regression model then uses the selected independent variables of these
two groups of intersections to predict the probability that the dependent variable (Y)
takes on the value 0 or 1. This method provides a quantitative tool to assess the
relative importance of intersection vanablcs in their ability to predict group membership
with a given degree of certamty
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Using the general 1ntersect10n notation used in section 3, the loglstlc regression
model can be written as follows: »

logit(p,) = log[p,/(1-p)1 = By + B, X,; + Bqul (16)
where |
p; = Prob(Y; = 1, given the set of g independent variables X]i, - Xy at intersection 1) |
and P, ... » By are the regressmn parameters to be estimated by the method of maximum
llkcllhood -

As in prev1ous modeling (see section 5), X, and X, represent the log(ADTmajor road)
and log(ADT, s0aa)> TESPECtively.

Once the regression coefficients, fy, ..., B, of Eq. (15) are estimated, one computes
the logit of the probability that intersection i will experience a predetermined number of
accidents by simply evaluating Eq. (16) at the values of the q parameters Xy;, ..., X;.
Let L be the resulting value of Eq. (16) The predicted probability, p;, is then computed
from the logit as: '

p; = exp(L)/[1+exp(L)] | (17

Logistic regression analysis was applied to four of the five classes of intersections.
The probability of accidents occurring at urban, four-leg, signalized intersections was
- not investigated using this approach due to the very small number of intersections (only
21 of the 1,306) that experienced no accidents in the 3-year study period. Based on the
observed distributions of total multiple-vehicle accidents (see appendix B), the following
minimum numbers of accidents in each year were used to defined the Y = 1 group:

rural, four-leg, STOP-controlled: 2 multiple-vehicle accidents
rural, three-leg, STOP-controlled: 1 multiple-vehicle accident -
urban, four-leg, STOP-controlled: 2 multiple-vehicle accidents
urban, three-leg, STOP-controlled: 2 multiple-vehicle accidents

A similar review of the distribution of fatal and injury multiple-vehicle accidents
determined that one fatal or injury accident in each year was the appropriate cut-off
point for all four classes of intersections.

For each intersection class and accident severity level, a stepwise logistic regression
analysis was performed using PROC LOGISTIC in SAS to identify those parameters
that significantly contribute to predicting the probability of one (or two) accidents
occurring consistently each year at an intersection.!”"18) All confidence levels were set
at 90 percent. The same sets of independent variables previously selected for use in the
full Poisson, negative binomial or lognormal models (see section S) were also used for
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these analyses. The logistic regression results and model diagnostics are shown in
tables 38 through 45 for total and fatal and injury multiple-vehicle accidents at the four
types of intersections.

The following information is provided in each table:

The independent variable and its levels, if the variable is catcgbrical.
The direction of the effect of the variable on the predicted probability.
The corresponding regression coefficient for use in Eq. (16).

The Wald chi-square statistic (ratio of the square of the coefficient over its
standard error estimate). :

The odds ratio, calculated as exp(coefficient). This value indicates the amount
by which the probability that an accident will occur increases for each unit

increase in the independent variable.

The number (and percentage of total) intersections falling into each of the two

.categories defined by the selected cut-off point.

The chi-square value, along with its degrees of freedom (df) and its significance
level (p) for each of two criteria: the -2 log likelihood statistic and the score
statistic.- A significant p-value (e.g., less than 0.05) provides evidence that the
regression coefficients are statistically nonzero.

The residual chi-square value with its degrees of freedom (df) and probability
level (p). The residual chi-square value is a measure of the variability in the
data that is not explained by the reduced model but could be explained by the
full model. A small residual chi-square value with a large p-value is desired.
The degrees of freedom are those associated with the parameters not retained in
the reduced model.

Three estimated measures of model fit: the corrclatién-bascd R-value, the
likelihood ratio R%-value, and the adjusted likelihood ratio R*value. A

discussion of the interpretation of these alternative RZ2-values is provided by
SAS.Y® o
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Table 38. Logistic Regression Results for Total Multiple-vehicle Accidents at
Rural, Four-leg, STOP-controlled Intersections

Direction Chi-square Odds
Independent variable? Variable level of effect® Coefficient statistic® ratio?
Intercept , -40.82 104.47
Crossroad ADT (log) L — 1.97 90.05 7.20
Major-road ADT (log) — 2.88 71.57 17.76
Number of lanes on major road 1 if 3 or less; O if 4 or more — 1.87 18.72 6.50
Terrain 1 if flat; O otherwise I 0.67 382 1.96
Regression statistics
Number of intersections with 0 accidents (% of total) 392 (27%)
Number of intersections with at least 2 accidents (% of total) 147 (10%)

Chi-square value for
a) the -2 log likelihood statistic
b) the score statistic

Residual chi-square

Estimated R? (comelation-based)
Estimated R? (likelihood ratio)
Adjusted R? (likelihood ratio)

370.41 with 4 df (p < 0.0001)
278.40 with 4 df (p < 0.0001)

10.88 with 13 df (p = 0.62)

63.59%
49.70%
72.01%

a o o

increase in the varnable.

Conversion: 1 km/h = 0.621 mi'h

All variables significant at the 90% confidence level or higher.

Direction of effect: | = Inverse of expected direction.

Wald chi-square statistic, with one degree of freedom, for testing the significance of the effect of the variable.
Odds ratio equals exp(coefficient). It indicates the amount by which the odds of an accident occurring increase for each unit




Table 39. Logistic Regression Results for Fatal and Injury Multiple-vehicle Accidents at Rural,
Four-leg, STOP-controlled Intersections

0ot

Direction Chi-square Odds
Independent variable® Variable level of effect® Coefficient statistic® ratio?
Intercept - | S 3211 135.31
Crossroad ADT (Iog) o - 1.54 113.26 4.68
Major-road ADT (log) — 1.82 66.07 6.16
Design speed of major road (mi/h) . — : 0.06 2739 1.07
Number of lanes on major road 1 if 3 or less; 0 if 4 or more — 1.34 13.16 3.81
Terrain 1 if flat; O otherwise | 0.94 12.06 2.56
“ Functional class of major road 1 if principal arterial; O otherwise — -0.93 10.50 0.39
- Major-road left-turn channelization 1 if curbed left-turn lane; O otherwise | 1.11 3.63 3.03
Regression statistics » ' B
Number of intersections with O accidents (% of total) 605 (42%)
Number of intersections with at least 1 accident (% of total) 175 (12%)
Chi-square value for . o
a) the -2 log likelihood statistic C 347.78 with 7 df (p < 0.0001)
b) the score statistic 280.14 with 7 df (p < 0.0001)
Residual chi-square = -+ =~ : - 9.53-with 10 df (p = 0.48)
‘Estimated R? (comrelation-based) 64.45%
Estimated R? (likelihood ratio) 35.97%
;Adjusted R? (likelihood ratio) 54.91%

ConverS|on 1 km/h =-0.621 mith

All variables significant at the 90% confldence Ievel or higher.

Direction of effect: | = Inverse of expected direction. ,

Wald chi-square statistic, with one degree of freedom, for testing the significance of the effect of the variable.

Odds ratio equals exp(coefficient). It-indicates the amount by which the odds of an accident occurring increase for each unit increase
in the variable.

a o & g




Table 40. Logistic Regression Results for Total Multiple-vehicle Accidents at
Rural, Three-leg, STOP-controlled Intersections

101

Coe e : : Direction Chi-square Odds
Independent variable® | - Variable level "~ of effect Coefficient statistic® ratio?
Intercept o - | . -30.89 . 27058
Major-road ADT (log) . - _ = 244 218.62 11.52
Crossroad ADT (log) o . — 1.03 . 107.30 2.80
Access control on major road 1 if none; O if partial o (I 1.00 10.10 271
Major-road left-turn channelization 1 if none; 0 otherwise | 0.71 12.28 - 2.03
Functional class of major road 1 if minor arterial; O otherwise — 0.51 6.37 1.66
Regression statistics
Number of intersections with 0 accidents (% of total) 1,174 (44%)

Number of intersections with at least 1 accident (% of total) 290 (11%)

Chi-square value for '

a) the -2 log likelihood statlstlc ' a 648.98 with 5 df (p < 0.0001)
b) the score statistic ' N 517.12 with 5 df (p < 0.0001)
Residual chi-square ' 6.61 with 12 df (p = 0.88)
Estimated R® (oorrelatuon based) . 47.21%

Estimated R? (likelihood ratio) o . 35.81%

Adjusted R? (likelihood ratio) 56.80%

2" All variables significant at the 90% confidence level or higher.

® Direction of effect: | = Inverse of expected direction.

: Wald chi-square statistic, with one degree of freedom, for testing the significance of the effect of the variable.

Odds ratio equals exp(coefficient). It indicates the amount by which the odds of an accident occurring increase for each unit
increase in the variable. :



Table 41.. Logistic Regression Results for Fatal and Injury Multiple-vehicle Accidents at Rural,
Three-leg, STOP-controlled Intersections

01

- Direction Chi-square Odds
Independent variable? Variable level of effect Coefficient statistic® ratio?
Intercept ' —2907 = 15956 ,
Major-road ADT (log) — 2.30 103.36 - 9.95
Crossroad ADT (log) = , , — 0.96 64.78 260
Functional class of major road 1 if principal arterial; O otherwise — -0.60 399 . 055
Presence of median on major road 1 if divided; O if undivided — -0.52 283 - 060
Regression statistics '
Number of intersections with 0 accidents (% of total) 1,625 (60%) .
Number of intersections with at least 1 accident (% of total) 103 (4%)
Chi-square value for -
a).the -2 log likelihood statistic 283.10 with 4 df (p < 0.0001)
b) the score statistic ' 252,26 with 4 df (p < 0.0001)
Residual chi-square o 9.17 with 13 df (p = 0.76)
Estimated R? (comrelation-based) - 39.26%
Estimated R2 (likelihood ratio) . 15.11%
Adjusted R2 (likelihood ratio) : 41.57%
2 All variables siénificant at the 90% confidence level or higher. 7
® Direction of effect: | = Inverse of expected direction.
¢ Wald chi-square statistic, with one degree of freedom, for testing the significance of the effect of the varlable
4 Odds ratio equals exp(coefficient). It indicates the amount by which the odds of an accident occurring increase for each unit

increase in the variable.



Table 42. Logistic Regression Results for Total Multiple-vehicle Accidents at
Urban, Four-leg, STOP-controlled Intersections

€01

Direction Chi-square  Odds
Indepéndent'variablea- _ Variable level of effect’ Coefficient statistic® ratio?
Intercept - I - - - ~19.50 35.05
Crossroad ADT (|og) S : » — 1.06 51.32 2.89
Major-road ADT (log) o : ‘ — 189 = 47.72 6.64
Major-road left-turn prohibition 1 if left turns prohibited; O otherwise — -3.43 30.73 0.03
Average lane width on major road (ft) ' — -0.30 6.05 0.74
Number of lanes on major road 1 if 3 or less; O otherwise : — 0.73 4.54 2.08
Crossroad right-tum channelization 1 if no provision for free right turns; O otherwise — -1.90 3.65 0.15
Regression statistics )
Number of intersections with 0 accidents (% of total) 138 (10%)
Number of intersections with at least 2 accidents (% of total) 344 (26%)
Chi-square value for ' '
a) the -2 log likelihood statistic 176.68 with 6 df (p < 0.0001)

| b) the score statistic . 160.10 with 6 df (p < 0.0001)
Residual ch|-square 9.50 with 13 df (p = 0.73)
Estimated R? (comelation-based) - 38.52%
Estimated R? (likelihood ratio) . , , 30.69%
Ad]usted R? (I|ke||hood ratio) . 43.96%
Al vanables significant at the 90% confidence level or higher.
®  Direction of effect: | = Inverse of expected direction.
: : Wald chi-square statistic, with one degree of freedom, for testing the significance of the effect of the varlable

Odds ratio equals exp(coefficient). It indicates the amount by which the odds of an accident occurring increase for each unit mcrease
in the variable. :

Conversion: 1m=2328 ft




Table 43. Logistic Regression Results for Fatal and Injury Multiple-vehicle Accidents at
Urban, Four-leg, STOP-controlled Intersections

Y01

Direction _ Chi-square Odds
Independent variable® Variable level of effect® Coefficient statistic® ratio®
Intercept -16.76 48.55
Major-road ADT (log) = . ' — 1.78 67.58 5.90
Major-road left-turn prohibition 1 if left turns prohibited; 0 otherwise — -2.52 21.26 0.08
Crossroad ADT (log) — 0.52 24.81 1.68
Average lane width on major road (ft) — -0.25 9.49 0.78
Access control on major road 1 if none; O if partial | -1.22 5.77 0.30
Number of lanes on major road 1 if 3 or less; 0 otherwise — 0.60 5.27 1.82
Reqression statistics
Number of intersections with 0 accidents (% of total) - 276 (21%)
Number of intersections with at least 1 accident (% of total) 315 (23%)
Chi-square value for -
a) the -2 log likelihood statistic 163.59 with 6 df (p < 0.0001)
b) the score statistic ) 143.39 with 6 df (p < 0.0001)
Residual chi-square - 9.32 with 13 df (p = 0.75)
Estimated R? (correlation-based) ‘ 26.13%
Estimated R? (likelihood ratio) 24.18%
Adjusted R2 (likelihood ratio) 32.29%
2 All variables significant at the 90% confidence level or higher.
® Direction of effect: | = Inverse of expected direction.
: Wald chi-square statistic, with one degree of freedom, for testing the significance of the effect of the variable.

Odds ratio equals exp(coefficient). It indicates the amount by which the odds of an accident occurring increase for each umt increase
in the variable.

Conversion: 1 m=3.28fi



‘Table 44. Logistic Regression Results for Total Multiple-vehicle Accidents at
Urban, Three-leg, STOP-controlled Intersections

coL-

. o _ E Direction Chi-square Odds
Independent variable? Variable level ~ of effect® Coefficient  statistic®  ratio®
Intercept ' " \ , , -23.82 120.93
Major-road ADT (log) — 243 152.65 11.41
Crossroad ADT (log) — 0.69 57.00 1.99
Major-road left-turn prohibition 1 if left turns prohibited; O otherwise . — -1.46 1188 023
Crossroad right-tum channelization 1 if no provision for free right turns; 0 otherwise | -1.93 18.27 0.15
Average lane width on major road (ft) ' — -0.19 558 083
Access control on major road 1 if none; O if partial | -0.89 330 o041
Outside shoulder width on major road (ft) .= -0.05 316 096
Crossroad left-turn prohibition 1 if left turns prohibited; O otherwise - -0.69 2.71 0.50
Regression statistics '

Number of intersections with 0 accidents (% of total) 659 (22%)

Number of intersections with at least 2 accidents (% of total) 372 (12%)

Chi-square value for 7

a) the -2 log likelihood statistic 461.88 with 8 df (p < 0.0001)
b) the score statistic ’ ’ 356.16 with 8 df (p < 0.0001)
Residual chi-square 13.83 with 13 df (p = 0.39)
Estimated R? (correlation-based) 39.23%

Estimated R? (likelihood ratio) 36.11%

Adjusted R?2 (likelihood ratio) 49.49%

2 All variables significant at the 90% confidence level or higher.

® Direction of effect: | = Inverse of expected direction.

¢ Wald chi-square statistic, with one degree of freedom, for testing the SIgnrflcance of the effect of the variable.
d

Odds ratio equals exp(coefficient). It indicates the amount by which the odds of an accident occurring increase for each unit increase
in the variable.

Conversion: 1 m = 3.28 ft
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Table 45.  Logistic Regression Results for Fatal and Injury Mulﬁple-vehicle' Accidents at

Urban, Three-leg, STOP-controlled Intersections

. Direction Chi-square Odds
Independent variable® o Variable level of effect® Coefficient  statistic®  ratio®
Intercept -21.90 115.80
Major-road ADT (log) — 2.05 126.91 7.74
Crossroad ADT (log) : — 0.68 7227 197
Major-road left-turn prohibition 1 if left turns prohibited; O otherwise — -1.30 31.10 0.27
Crossroad right-tum channelization 1 if no provision for free right turns; 0 otherwise | -1.42 16.11 0.24
Access control on major road 1 if none; O if partial ’ | -1.28 893 028
Major-road left-turn channelization 1 if curbed left-turn lane; O otherwise | 0.67 11.11 1.95
Presence of median on major road 1 if divided; O if undivided — -0.38 360 069

— -0.11 2.85 0.89

Average lane width on major road (ft)

Regression statistics .
Number of intersections with 0 accidents (% of total) 1,162 (38%)
Number of intersections with at least 1 accident (% of total) - 339 (11%)

Chi-square value for

a) the -2 log likelihood statistic 434.99 with 8 df (p < 0.0001)

b) the score statistic =~ . ' ~ 365.15 with 8 df (p < 0.0001)
Residual chi-square T : 8.36 with 13 df (p = 0.82)
Estimated R (oorrelation-based) 38.42% o
Estimated R? (likelihood ratio) - : 25.16%

Adjusted R? (likelihood ratio) - 38.32%

All variables significant.at the 90% confidence level or higher.
Direction of effect: | = Inverse of expected direction.

a o o

in the variable.

Conversion: 1 m = 3.28 ft

Wald chi-square statistic, with one degree of freedom, for testing the significance of the effect of the variable.
Odds ratio equals exp(coefficient). It indicates the amount by which the odds of an accident occurting increase for each unit increase




The interpretation of tables 38 through 45 is described below, using table 35 as an
example. The fitted model for total mulnplc-vehmle accidents at rural, four -leg,
STOP-controlled intersections can be written as:

logit(p) = ~40.82 + 1.97X, + 2.88X, + 1.87X, + 0.67X, (18)
where: | Xl = log(ADTcmssroad)

XZ = log(ADTmajor roa.d)

X; = 11if 3 or fewer lanes on the major road; 0 otherwise

¥
|

‘1 if terrain is flat; O otherwise

From the logit(p) value obtained in Eq. (18), the probability, p, of at least two accidents
occurring in a single year is then calculated by substituting that value into Eq. (17).

Thus, the values of the model coefficients given in tables 38 through 45 can be
used to compute the probability that at least a specified number of accidents will occur.
Tables 38 through 45 show that logistic models fit the data relatively well and, in
general, better than the lognormal or loglinear models developed in section 5. The
estimated likelihood R%values ranged from 31 to 50 percent for total multiple-vehicle
accidents. The R*-values are slightly lower for fatal and injury multiple-vehicle '
accidents, ranging from 15 to 36 percent. The slight improvement in model fit from the
loglinear or lognormal to the logistic models can be explained in part by the manner in
which the data for the modeling were selected. While all intersections were included in
the lognormal and loglinear models, from 36 to 66 percent of the intersections were
excluded from the logistic regressions depending on the selection criterion based on
accident frequencies. These discarded intersections represent the middle of the accident
frequency distributions. Restricting the analyses to the extremes of the accident
frequency distributions; as.was done in logistic modeling, may -explain the better fit of
these models. : ‘

The tables show that the major-road and crossroad ADT variables are statistically
significant in each of the logistic regression models developed. In addition, a number
of key geometric design variables are statistically significant including left-turn and
right-turn channelization and major-road lane and shoulder widths. However, as was
the case for the loglinear and lognormal models presented in section 5, several of the
geometric design variables in these models have effects that are in the opposite direction
to those expected. These could represent surrogatc effects of variables for wh1ch data
are not avmlable

Accident‘Ananses for Specific ADT Classes

One concern in all of the previous analyses of at-grade intersection accidents with
loglinear, lognormal, and logistic regressions discussed above.is that the traffic volume
variables (major-road ADT and crossroad ADT) have much stronger relationships to
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accident frequency than the geometric variables of interest and, therefore, account for
most of the variation in accident frequency explained by the statistical models. This
raised -a concern that the strong effects of the ADT variables could be masking less
strong, but potentially useful, relationships between geometric features and accidents.
An attempt was made therefore to examine the effect of geometric variables on acci-
dents in an analysis without including major-road and crossroad ADT as independent -
variables. This, however, is appropriate only if the variation of ADT is restricted to a
relatively narrow range, so as to keep the intersections homogenous with respect to
ADT. If this could be achieved, then one could repeat the loglinear and 'lognormal
analyses of at-grade intersection accidents that were performed and discussed in section
5, but without including the major-road and crossroad ADT’s as independent variables.

The key to structuring this analysis approach was in defining appropriate ADT
strata within which the loglinear and lognormal regression analyses could be performed.
Since both major-road ADT and crossroad ADT showed correlations with accident
occurrence, it was necessary to define cells of intersections with similar traffic volume
levels based on stratifications of both major-road ADT and crossroad ADT.

The following approach was applied separately to each of the five types of
intersections studied. Two-way contingency tables of intersections were constructed in
which each cell was defined by a range of major-road ADT and crossroad ADT. The
starting point for defining the ADT ranges for each cell was a review of the .
distributions: of major-road and crossroad ADT. In general, increments of 1,000 veh/day
were used for major-road ADT on rural highways and 5,000 veh/day on urban
highways. Increments of 100 veh/day for crossroad ADT were appropriate for all types
of intersections. Based on the number of intersections falling within these
predetermined ADT cells, a decision was made to focus the analyses on those portions
of the contingency tables that included a reasonably large number of intersections (e.g.,
over 200 intersections within relatively narrow ranges of the two ADT variables).

Table 46 summarizes the combinations of major-road and crossroad ADT ranges for
each of -the five types of intersections that appear to include enough intersections to
make a statistical analysis worthwhile. :

Within each group of intersections defined in table 46, the distributions of the
independent variables (i.e., geometric design and traffic control features) considered in
the full models (see section 5) were reevaluated. As in previous analyses; some
categorical independent variables onglnally considered for inclusion in the models had .
to be discarded because either all or nearly all intersections had the same level for that
variable.

Full models analogous to those obtained in section 5 (Poisson or lognormal) were
developed within each group of intersections shown in table 46 (for a total of 16
analyses). In all cases, the major-road and crossroad ADT (variables) were excluded
from the models. These regression analyses did not provide an improvement over those
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Table 46. Major-road and Crossroad ADT Classes Used in Modeling
Intersection Accidents '
Major-road ADT Crosstoad ADT
range ‘ range Number of
Type of intersection (veh/day). - (veh/day) intersections
Rural, four-leg, 21,000 to 5,000 100 to 500 334
STOP-controlled 5,000 to 10,000 ‘ 100 to 500 302
Rural, three-leg, 400 to 5,000 100 to 200 523
STOP-controlled 5,000 to 10,000 100 to 200 287
1,000 10 5,000 200 to 400 304
5,000 to 10,000 200 to 400 231
Urban, four-leg, 5,00 to 20,000 100 to 400 159
STOP-controlled 10,000 to 20,000 400 to 900 133
‘Urban, three-leg, 5,000 to 15,006 100 to 400 421
STOP-controlled 15,000 to 25,000 100 to 400 355
15,000 to 25,00 . 300 to 600 218
25,000 to 35,000 400 to 700 167
25,000 to 40,000 700 to 1,100 202
Urban, four-leg, 15,000 to 25,000 100 to 5,000 149
signalized 25,000 to 35,000 2,000 to 6,000 152
35,000 to 50,000 4,000 to 9,000 137

performed in section 5. The models generally explained less of the variation in accident
experience (i.c., had lower R%values) than the models developed in section 5, although
of course all of the variation explained was attributable to geometric design and traffic
control variables. In summary, the fit of the models, expressed as estimated R2-value,
ranged from a low of 6.4 percent to a high of 15.7 percent for total multiple-vehicle
accidents, and from a low of 2.8 percent to a high of 13.3 percent for fatal and injury
multiple-vehicle accidents. One exception to the general finding was in the models for
urban, three-leg, STOP-controlled intersections with a major-road ADT in the 5,000 to
15,000 veh/day range and a crossroad ADT in the 100 to 400 veh/day range. In this
case, the R%-value was estimated at 35 percent and at 31 percent for total multiple-
vehicle accidents and fatal and injury multiple-vehicle accidents, respectively.

These generally poor results are not surprising given that the two traffic volume
variables accounted for most-of the variation in accident frequency explained by the
statistical models in section'5. Once the variability in accident frequencies attributed to
traffic volume is removed from the data, geometric variables can explain only a
relatively small proportion of the remainder of the variation in accidents.
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Discriminant Analysis

Discriminant analysis is a statistical technique for predicting whether a particular
observation in a data set should be classified in one of two or more predefined groups
of data. This. classification is based on a linear combination of independent variables
that determine a discriminant “score” which serves as the basis for assigning the
observation to a particular group. Discriminant analysis was a third alternative
statistical approach that was tried to determine whether improved relationships between
geometric features and accidents could be discerned. As applied to the California
intersection data base, the predefined groups consisted of two groups of intersections:
those with no (or low) accident experience and those with high accident experience.

The goal of the discriminant analysis is somewhat similar to that of logistic
regression. In the latter, the objective of the analys1s is to develop a linear relationship
(logistic function) between the probability of an accident occurring at a given ‘
intersection and intersection geometric, traffic control, and traffic volume variables. In
discriminant analysis, the objective is to classify an intersection into one of several
groups (e.g., accident risk categories) by means of a discriminant function derived from
the independent variables measured at that intersection. In either case, the groups of
intersections need to be defined and the individual intersections classified into those
groups prior to the analysis.

As with logistic regression, the outcome of discriminant analysis is not a predictive
model for accident counts at intersections. Rather, it is a mathematical rule to predict
whether an intersection is.likely to belong to one of two (or more) predefined groups,
However, discriminant analysis could be a useful approach to intersection analyses
because the results might indicate which geometric design variables are useful in
classifying the intersections into the high- and low-risk categories. Another concern is’
that the loglinear and lognormal regression analyses performed in section 5 have shown
that major-road and crossroad ADT’s account for a large proportion of the variability of
the data when predicting accidents. One could expect that by grouping the intersections
into risk categories that the ADT variables will still be major contributors in the
discriminant function. However, it might be possible that a clearer “line” could be
drawn between the extreme groups of no-risk and high-risk mtcrsecnons thus pr0v1d1ng
results of value to highway designers.

Similar to the logistic regression approach, a function (called the discriminant
function) was defined based on the accident frequencies of a specific type of
intersection. For example, intersections with no multiple-vehicle accidents in any of the
3 years were grouped into the low-risk category,; intersections with a minimum of 2 or
3 accidents in every single year were grouped into the high-risk category. All other
intersections were excluded from the analysis. The cut-off points for accident
frequencies were determined separately for each type of intersection using the same
criteria that were used earlier in section 6.
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Total multiple-vehicle accidents

» Rural, 4-leg, STOP-controlled: 0 vs at least 2 multiple-vehicle accidents per year.

» Rural, 3-leg, STOP-controlled: 0 vs at least 1 multiple-vehicle accident per year.

¢ Urban, 4- lcg, STOP-controlled: O vs at least 2 multiple-vehicle accidents per
year.

* Urban, 3-leg, STOP-controlled: O vs at least 2 multiple-vehicle accidents per
year.

Exception (due to high accident frequencies):

* Urban, 4-leg, signalized-controlled: 0, 1 or 2 multiple-vehicle accidents per year
vs at least 10 multiple-vehicle accidents per year.

Fatal and injury mulﬁp]e-vehicle accidents

* Rural, 4-leg, STOP- controlled 0 vs at least 1 fatal or injury multiple-vehicle
accident per year.

* Rural, 3-leg, STOP-controlled: 0 vs at least 1 fatal or injury multiple-vehicle
accident per year.

* Urban, 4-leg, STOP-controlled: O vs at least 1 fatal or injury multiple-vehicle
accident per year.

* Urban, 3-leg,- STOP-controlled: 0 vs at lﬁast 1 fatal or injury multiple-vehicle
accident per year.

Exception (due to high accident frequencies):

* Urban, 4-leg, signalized-controlled: O or 1 fatal or injury multiple-vehicle
accident per year vs at least 5 fatal or injury multiple-vehicle accidents per year.

The statistical approach is then to determine a rule—a discriminant function—that
will allow the classification of each intersection into one of the two risk groups on the
basis of the values of its geometric design, traffic control, and traffic volume variables.
Discriminant analyses were performed separately for total and fatal and injury multiple-
vehicle accidents for each of the five groups of intersections. The independent variables
considered here were those used in the previous logistic (section 6) or loglinear or
lognormal (section 5 regression analyses). All of the discriminant analyses were per-
formed using the PROC DISCRIM in SAS."? A test of homogeneity of the covariance
matrices within each of the low- and high-risk groups was performed prior to estimating
the discriminant function. In all cases, this test was significant at the 90 percent level,
and the within-group (rather than pooled) covariance matrices were then used to
estimate a discriminant function. :

The overall success or performance of the discriminant analysis is judged by
estimating the error rates of the model, or the probabilities of misclassification if the
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discriminant function were used to classify intersections other than those used in its
development. This is done by cross-validation where n-1 intersections are used to
define the discriminant function and the results applied to the nth intersection left out of
the analysis. This is done for all n intersections used in the analysis. An error is made
whenever an intersection is classified incorrectly, and the misclassification rate for each
of the two groups is the proportion of intersections in that group that are misclassified.
An overall error rate can be calculated as the total proportion of misclassified inter-
sections (i.e., low-risk into high-risk group and vice versa). Table 47 summanzes the
cross-validation results from the 10 discriminant analyses performed, separately for total
and multiple-vehicle accidents in each of the five intersection categories.

Table 47. Cross-validation Summary Results from Discriminant Analyses

Cross-validation:
Number of % misclassification in QOverall
intersections: low- and high-risk error

Intersection type low- vs high-risk group | groups rate (%)
Total Multiple-Vehicle Accidents
Rural, 4-leg, STOP-controlled 392 vs 147 9% and 20% 12
Rural, 3-leg, STOP-controlled 1,176 vs 293 12% and 39% 17
Urban, 4-leg, STOP-controlled 121 vs 328 41% and 11% 19
Urban, 3-leg, STOP-controlled 652 vs 361 21% and 29% 24
Urban, 4-leg, signalized 129 vs 176 64% and 5% 3o

Fatal and Injury Multiple-Vehicle Accidents

Rural, 4-leg, STOP-controlled 605 vs 175 11% and 37% 17
Rural, 3-leg, STOP-controlled 1,629 vs 103 4% and 64% - 8
Urban, 4-leg, STOP-controlled 251 vs 302 29% and 26% 28
Urban, 3-leg, STOP-controlied 1,154 vs 330 18% and 42% 24
Urban, 4-leg, signalized 176 vs 107 14% and 29% 20

For each analysis, the second column in table 47 presents the number of intersections in
each of the two risk groups as defined by the criteria listed above; the third column
shows the error rates in each of the two risk groups; and the final column presents the
overall error rate across both risk groups. - .

As shown in table 47, the rate of misclassifying intersections from the low-risk
group (i.e., no accidents) varies from 4 to 64 percent. Similar rates of misclassification
were estimated for the high-risk intersections, with rates varying from 5 to 64 percent.
The overall (i.e., combined) error rates range from 8 to 30 percent.

As mentioned earlier, one of the objectives of this approach was to determine

whether geometric vartables could significantly contribute in the separation of the low-
and high-risk intersection groups beyond the contribution provided by traffic volumes.
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In each discriminant analysis performed, major-road and crossroad ADT were the most
significant factors in the discriminant function. Table 48 highlights the small
contribution provided by the additional geometric design or traffic control variables that
were found to be statistically significant in each discriminant analysis. The measure
used is the average squared canonical correlation, which is a measure of separation of
the low- and high-risk intersection groups. The second column in table 48 shows the
average squared canonical correlation based on major-road and crossroad ADT variables
only. The last column shows the squared correlation obtained using all statistically
significant variables, including both the ADT variables and the additional geometric
design and traffic control variables that were considered. The improvement in
separation power provided by the additional geometric design and traffic control
variables is minimal in most cases, which confirms again the difficulty in developing
relationships between accidents and intersection geometrics. ’

Table 48. Stepwise Discriminant Analysis Results (0 or low vs high
numbers of accidents)

Average squared canonical correlation®

. | ADT variables All variables significant at
Intersection type only the 10% level
Total Multiple-Vehicle Accidents |
Rural, 4-leg, STOP-controlled 0.50 0.51
Rural, 3-leg, STOP-controlled 0.34 0.36
Urban, 4-leg, STOP-controlled 0.32 0.34
Urban, 3-leg, STOP-controlled 0.26 0.33
Urban, 4-leg, signalized - 0.34 0.45

' Fatal and Injury Multiple-Vehicle Accidents
Rural, 4-leg, STOP-controlled 0.32 : 0.36
Rural, 3-leg, STOP-controlled 0.14 0.15
Urban, 4-leg, STOP-controlled 0.22 ‘ 0.24
Urban, 3-leg, STOP-controlled - 0.18 - 0.21
“Urban, 4-leg, signalized 0.34 0.45

# measure of separation of intersection groups (i.e., low- and high-risk)

Cluster Analysis

A fourth alternative statistical approach that was investigated involved the
classification of intersections by means of cluster analysis. This statistical method
differs from the discriminant analysis discussed in section 6 in that no a priori group
identification (e.g., low- or high-risk) of the intersections is necessary. The purpose of
cluster analysis is to place intersections into groups or clusters based on similarities in

113



their geometrics, traffic control, and/or traffic volumes, based on the values of these
variables, so that intersections in a given cluster tend to be similar to each other in their
geometric design and other features, and intersections in different clusters tend to be
dissimilar. Thus, in the first step of this approach, accident data are not necessary and
the classification into clusters is based on the characteristics of the intersections alone.
In the event that the clustering procedure is successful, in the sense that some similari-
ties and dissimilarities among intersections can be found, then one could superimpose
the accident data (e.g., total multiple-vehicle accident frequency or fatal and injury
multiple-vehicle accident frequency) onto these clusters. This approach might show that
some of the intersections clusters (i.e., some combinations of geometric and traffic
control variables) are associated with either low- or high-accident frequencies.

There are many clustering algorithms available, each with their own specific
assumptions, strengths, and weaknesses discussed in the statistical literature and
associated software manuals. The analyses shown here were performed using the SAS
software (in particular, the PROC CLUSTER and PROC TREE procedures).?71%

An attempt was made to apply cluster analysis to the approximately 1,300 urban,
four-leg, signalized intersections for which traffic volumes, traffic control and geometric
variables are available in the Caltrans data base. The descriptive variables used were
those selected for use in the loglinear and lognormal regression analyses (see section 5). .
This approach was unsuccessful in two areas. First, no distinct groups were identified
by the analysis; second, the sample size of 1,300 intersections was too large to allow
the classification tree to be printed out conveniently. A 10 percent random sample from
among the 1,300 urban, four-leg, signalized intersections was then selected and the
cluster analysis repeated. Again, no clear groups of intersections similar in their
geometric and traffic volume and traffic control variables could be identified by this
method. : ' :

The classification tree of the sample of 130 intersections is presented in figure 12.
In this figure, each intersection is identified by its 3-year total multiple-vehicle accident
frequency printed on top of the figure. Ideally, distinct clusters of intersections would
be identified by groups of branches separated by large amounts of white space. As
shown in this figure, the page presents practically no white space, indicating that each
intersection represents its own cluster, showing no similarities between them. If one
were to draw a line at the (.9-value on the vertical axis (which represents the relative
distance between cluster centroids), then three clusters emerge, defined by the groups of
intersections separated by the two thin vertical white lines. However, the 3-year total
multiple-vehicle accident frequencies associated with each intersection (top line of
numbers on the figure) do not suggest that these three groups of intersections are
distinct in their accident experience. This result supports the lack of association
between intersection geometrics, traffic control, and traffic volumes and intersection
accident experience, which has also been evident in the other statistical analysis
approaches evaluated.
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7. REVIEW OF HARD COPY POLICE ACCIDENT REPORTS

This section describes a review of hard copy police accident reports for s¢lected
intersections that was undertaken as part of the accident modeling research. This
review was undertaken as part of the initial development of a technique by which
accident report data could be used to assess the role of geometric elements as a causal
or severity-increasing factor in traffic accidents. Intersection accidents were selected for
this initial development work because of the avmlabﬂu:y of the data base for California
1ntersect10ns developed in this research.

Hard Copy Police Accident Reports

Hard copy police accident reports are the actual reports completed by police
officers who conduct on-scene accident investigations. The computerized accident
records systems maintained by highway and police agencies contain data that are
extracted from the police accident report, but the police accident report also contains
useful data that are not entered into the computer. For example, most police accident -
reports contain a diagram of the accident scene and the trajectories and/or final resting
places of the involved vehicles. In addition, police accident reports include a narrative
description prepared by the investigating officer that may include his assessment of the
sequence of events in the_acCident, as well as the statements of the involved drivers and
witnesses. The term "hard copy"” is used because analysis of police accident reports is
usually conducted using paper originals or photocopies of the reports, rather than
microfilm copies or computerized data.

Objectives of Hard Copy Accident Report Review

The objective of the review was to provide a first step in the development of a
technique for reviewing hard copy police accident reports to assess the extent that
geometric elements caused, contributed to, or increased the severty of traffic accidents.
The technique eventually developed from this approach might be a useful complement
to statistical analyses of accident data and might even be effective in the development
of hypotheses about accident causation that could be tested in formal statistical analyses.
On the other hand, it was recognized that, in order to gain insights into accident
causation, it might prove necessary to go beyond merely reviewing hard copy police
accident reports and incorporate procedures such as making site visits to accident
locations, performing accident reconstructions, or conducting multidisciplinary on-scene
accident investigations. A diagnostic approach to accident investigation incorporating
such procedures was recommended at a recent FHWA workshop on development of the
THSDM accident analysis module.?” Thus, the review reported here is only the first
step of a broader evaluation that could be performed to learn more about nontraditional
methods for evaluating relationships between traffic accidents and geometric elements.
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Hard Copy Accident Report Review Approach

Because of the availability of the geometric, traffic volume, traffic control, and
accident data base for California intersections discussed earlier in this report, a decision
was reached to use selected intersections from this data base for the hard copy accident
report review. Eight intersections were selected from among the 198 urban, four-leg,
signalized intersections that were included in the field study discussed in section 5 of
this report. The eight intersections included four pairs of intersections with similar
traffic volume levels. Each pair includes two intersections with very similar ADT
levels on major road (i.e., the State highway) and the crossroad (usually not a State
highway). However, one intersection of each pair had relatively high accident
experience during the 3-year study period (1990-1992) and the other intersection had
relatively low accident experience during that same period. The pairwise experimental
design allowed us to consider whether geometric design elements can explain why one
intersection in each pair had so many more ac:01dcnts than the other, dcsplte their
similar ADT levels.

Table 49 summarizes the traffic volumes and accident experience of the selected
intersections. As shown in the table, the eight study intersections experienced a total of
253 accidents during the 3-year study period. Hard copy police accident reports for 242
of these 253 accidents were obtained with the assistance of the California Department of
Transportation. As in the previous analyses, the accident reports obtained included
accidents that occurred within the curbline limits of the study intersections, as well as
accidents that occurred up to 76 m (250 ft) from the intersection on each intersection
leg.

Three reviewers were selected to independently review each of the 242 hard copy

- police accident reports. Each of the three reviewers was an experienced traffic safety
researcher with a knowledge of past research results of geometric-safety relationships.
The reviewers were asked to work independently so that FHWA would have the benefit
of three different points of view concerning how such a review should be conducted. In
other words, the three reviewers did not use a standardized procedure, but developed
their own procedure. The questions that were asked of each reviewer, and the limited
guidance that was provided to each reviewer concerning the interpretation of those
questions, are summarized below. The reported results have been used to develop -
recommendations that will lead t0 a more standardized procedure for hard copy pohcc
accident report review. : : :
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Table 49. Characteristics of Intersections Selected for Hard Copy Police Accident Report Review

Number of lanes

ADT (veh/day) Major road Minor road Number of muitiple- | Number of hard copy

Intersection Site - vehicle accidents -police accident

pair number Major road | Minorroad 1 Right | Through | Left | Right | Through | Left (1990-92) reports obtained
o 2-40 21,200 6,200 o 2 1 1° 1 1® B 9
2-56 23,800 ‘ 4,700 0 2 1 0 2 1 30 230
2 2-41 29,500 25,000 0 2 1 1° 2 1 4 4
2-50 25,500 20,000 1 2 1 18 2 1 45 45
3 4-39 7 58,300 '3,500 0 4 1 o 1 0. 15 15
4-99 52,000 3,900 1 2 1 1° 2 1 43 40
4 4-04 42,000 9000 | o 2 1 1° 2 1 33 33
4-01 45,000 . 9,500 0 4 1 0 2 1 74 67
N Total 253 242

Right-tum lane on southbound minor-road approach only.

4

Right-tumn lane on westbound minor-road approach only.

Right- and left-tum lanes on eastbound minor-road approach only.




Each reviewer was asked to use his own best Judgement in a.nswermg the followmg
questions concerning the accident described in each report: :

+ Was the cause of the accident related to the presence of the intersection (i.e., did
this accident happen only because the intersection was there)? Generally, the
answer should be YES if the accident occurred within the curbline limits of the
intersection or if it occurred on an intersection approach and involved other
traffic that was influenced by the presence of the intersection. The answer
should generally be NO if the accident occurred outside the curbline limits of the
intersection and the vehicles involved were headed AWAY from the intersection,
or if a driveway was involved in the accident. The remaining questions were -
answered only for accidents that were classified as being related to the
intersection.

* Was the cause of the accident DEFINITELY RELATED to the operation of the
traffic signal at the intersection? POSSIBLY RELATED to the operation of the
traffic signal at the intersection? or, NOT related to the operation of the traffic
signal at the intersection? (select only one answer)

* Was the cause of the accident DEFINITELY RELATED to the geometric design
of the intersection or its approaches? POSSIBLY RELATED to the geometric
design of the intersection or its approaches? or, NOT RELATED to the
geometric design of the intersection or its approaches? (select only one answer)

* Did geometric features DEFINITELY CONTRIBUTE to increasing the severity.
of the accident? POSSIBLY CONTRIBUTE to increasing the severity of the
accident? NOT CONTRIBUTE to increasing the severity of the accident?

* Which geometric element(s) were most closely associated with the causation of
the accident? (please describe)

*« Were driver factors involved in the cause of the accident? Vehicle factors?
Roadway and environment factors? (select all that apply)

Examples of driver factors could include driver error or inattentiveness, disregard
for traffic control devices, violation of the rules of the road, driver condition
(e.g., fatigue, DWI), etc. Vehicle factors could include poor vehicle condition,
faulty equipment, mechanical defects, loading or cargo problems, vehicle size
and weight issues, etc. Roadway and environment factors could include
pavement surface condition (wet surface, ice and snow, potholes, etc.), limited
visibility (weather-related), influence of geometric design elements or traffic

- control devices, roadside design, etc.

In making these assessments, the reviewers had available a sketch of the layout of each
intersection and a short videotape recorded on each intersection approach, but detailed
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data such as signal head placements, signal timing, and sight distance were not
available.

Hard Copy Police Accident Report Review Results

This section summarizes the results of the review of hard copy._ pohce accident
reports for urban, four-leg, signalized intersections.

Relationship of Accidents to the Study Intersections

Table 50 summarizes the results of the review concerning the relationship of each
accident to the intersection being studied. For 212 of the 242 accidents (88 percent), all
three reviewers agreed on whether the accident was, or was not, related to the
intersection. The most common reason for finding that an accident was not related to
the intersection were: (1) the accident occurred outside the curbline limits of the
intersection and all of the involved vehicles were headed away from the intersection;
and (2) the accident occurred outside the curbline limits of the intersection and the
accident involved a vehicle entering or leaving an intersection approach at a driveway.

Table 50. Reviewers’ Ratings of Number of Accidents Related to
Each Intersection

Reviewer 1 Reviewer 2 Reviewer 3
Site ‘ Yes No - Yes No Yes No
2-40 9 0 9 | 0 9 0
2.56 19 11 18 10 18 10
2-41 3 1 4 0 4 0
2:50 36 g 36 79 38 7
4-39 11 4 10 5 1 4
4-99 27 13 30 10 30 10
4-04 26 7 26 7 28 5
4-01 50 17 52 15 54 13
Total 181 62 185 56 192 49
Percentage 745 255 76.8 232 79.7 20.3

A total of 170 of the 242 accidents were found by all three reviewers to be related
to the intersection. The evaluations presented below are all based on this set of 170
intersection-related accidents.

121



Relationship of Accidents to the Operation of the Traffic Slgnal at the
Intersection

Table 51 summarizes the reviewers’ ratings concerning a causal relationship
between the accident and the operation of the traffic signal. As shown in the table,
Reviewers 1 and 2 obtained very comparable results; they found that 90 and 85 percent
of the accidents, respectively, had a causal relationship to the operation of the traffic
signal. Reviewer 3, on the other hand, found that only 11 percent of the accidents had
a causal relationship to the operation of the traffic signal. This difference arose from a
difference in the definitions developed by each user. Reviewers 1 and 2 considered an
accident to be related to the operation of the signal if the sequence of events in the
accident was definitely or possibly influenced by the presence of the signal or if one or
more of the involved vehicles disobeyed the signal. In contrast, Reviewer 3 identified
the accident as related to the operation of the signal only if it appeared that the accident
was definitely or possibly related to a correctable signal problem such as misplacement
of signal heads, poor signal timing, or lack of a protected turn phase. The criterion
used by Reviewers 1 and 2 is recommended for future review efforts, because the
judgement made by Reviewer 3 concerning correctable signal problems seems better
suited to a field visit than to an office review.

Relationship of Accidents to Geometric Features of the Intersection-

Table 52 summarizes the reviewers’ assessments of the relationship of the accidents
to the geometric features of the intersections. Reviewers 1 through 3 found that 14, 5,
and 7 percent of the accidents, respectively, were definitely or possible related to the
geometric features of the intersections. Thus, there were only a very few accidents that
appeared to involve the geometric features of the study intersections as a causal factor.
For these few accidents, the geometric features that were noted as having some potentlal
role in accident causation at the intersections were: :

» Rear-end accidents resulting from left-turn lanes that were too short and from
which traffic backed up mto the through lanes.

e Left-turn accidents resu]ung from restricted sight distance due to the présence of
one or more opposing left-turn vehicles.

¢ Sideswipe and turning accidents resulting from wide curb lanes on an intersection |
approach which created confusion about the proper path to follow and tempted
some drivers to use the one wide lane as if it were two. The curb lane on an
intersection approach is the farthest lane to the right, adjacent to the roadway
curb.
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Table 51. Reviewers’ Ratings of Number of Accidents Related to the Operation of the Traffic Signal

Reviewer 1  Reviewer 2 . Reviewer 3

Definitely Pbssibly Not Drefinitely Possibly Not Definitely Possibly Not

Site related related related related related related related related related
2-40 .8 1 0 7 2 0 1 0 8
2-56 16 1 1 16 0 2 1 2 13
2-41. 0 0. 3 0 0 3 0 0 3
| 2-50 29 2 4 27 1 7 0 2 33
4:39 9 0 0 0 1 0 0 8
4-99 17 0 6 19 0 4 0 1 22
4-04 16 | 8 1 17 0] 8 2 0‘ 23
401 38 8 2 48 0 0 7 3 88
Total 133 20 17. 142 3 25 11 8 148

Percentage 78.2 11.8 10.0 83.5 1.8 14.7 66 47.37 ,

88.6

NoTE: Includes only accidents for which there was agreement that the accident was related to the intersection.
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Table 52. Reviewers’ Ratings of Number of Accidents Related to Geometric Features
of the Intersection '

Reviewer 1 Reviewer 2 Reviewer 3
Definitely Possibly Not Definitely Possibly Not Definitely Possibly Not
Site related related related related related related related related related
2-40 0 3 6 0 1 8 0 4 5
2-56 0 2 16 0 0 18 0. 0 18‘
2-41- 0 0 3 0 0 3 0 0 3
250 0 2 33 0 1 34 0 0 35
4-39 o 0 9 0 0 9 0 0 9
4-99 0 0 23 0 0 23 0 0 23
4-04 0 4 21 6 0 19 6 0 19
4-01 0 13 35 .0 0 48 1 0 47
. To_tal 0 24 146 6 2 162 7 4 159
Percentage 0.0 14;1 85.9 35 12 95.3 41 .24 93.5

“NoTE: Includes only accidents for which there was agreement that the accident was related to the intersection.




» Sideswipe and turning accidents resulting from short curb return radii which
caused some heavy vehicles making right turns to swing wide and come into
conflict with vehicles in adjacent lanes.

» Left-turning accidents that resulted from a horizontal curve on the opposing
approach which limited the drivers view on oncoming vehicles.

All three reviewers considered an accident to have a causal relationship to a geometric
feature if the accident occurred because the geometric feature was present or if the
accident might have been prevented if that feature had been redesigned.

Role of Geometrics in Increasing Accident Severity

Table 53 summarizes the role of the geometric features of the intersections in
increasing the severity of the accidents that occurred at the intersections. The three
reviewers were in agreement that geometric features had no severity increasing effect in
any of the accidents. The results appear to indicate quite definitely that geometrics had
no role in increasing accident severity at intersections, but this finding should not be
taken to indicate that geometrics might not have a role in-increasing accident severity at
other types of highway eléments.

Factors Involved in Accident Causat_ion

Table 54 presents the reviewers’ ratings of the tole of driver, vehicle, and roadway
and environmental factors involved in accident causation at the study intersections. The
three reviewers were in agreement that driver factors were involved in at least |
97 percent of the accidents reviewed and that vehicle factors were involved in 6 to
9 percent of the accidents. There were some differences between the reviewers in the
identification of roadway and environmental factors. Reviewer 1 identified a roadway
or environmental factor related to 74 percent of the accidents because this reviewer
noted a roadway factor in most cases in which the-accident was related to the operation
of the traffic signal. Reviewer 2 had used a definition of relationship to traffic signal
similar to that used by Reviewer 1, but then identified roadway and environmental
factors only for those accidents in which some roadway or environmental factor other
than the traffic signal was noted. Reviewer 3 used a similar criterion to that used by
Reviewer 2, but noted more accidents related to roadway and environmental factors
(23 vs. 6 percent). The approach used by Reviewers 2 and 3 appears more appropriate
because it eliminates a potential overlap between questions.
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Table 53. Reviewers’ Ratings of Number of Accidents for Which Geometric Features

Had a Role in Increasing Accident Severity

Reviewer 1 Reviewer 2 Reviewer 3
Definitely Possibly Not Definitely Possibly - Not Definitely Possibly Not
Site related related related related related related related related related
2-40 0 0 9 0 0 9 0 0 9
- 2-56 | 0 | 0 18 0 0 18 0 0 18
2-41 0. 0 3 0 0 3 0 0 3
250 0 0 35 0 0 35 0 0 35
4-39 .0 0 ] 0 0 9 0 0 -9
4-99 -0 0 23 0 0 23 0 0 23 .
4-04 0 0 25 0 0 25 0 0 25
4-01 0 0 48 0 0 48 0 0 48
Total .0 0 170 0 0 170 0 0 170
Percentage | 0.0 0.0 100.0 00 0.0 100.0 0.0 0.0 100.0

“NoTE: 'Includes only accidents for which there was agreement that the accident was related to the intersection.
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Table 54. Reviewers’ Ratings of Number of Accidents in Which Driver, Vehicle, and
Roadway and Environmental Factors Had a Role

Reviewer 1

Reviewer 2

Reviewer 3

Driver

Roadway and

Roadway and

Roadway and

Vehicle environment Driver Vehicle environment Driver | Vehicle | environment
Site - factors factors factors factors | factors factors factors | factors factors
2-40 8 1 9 9 1. 1 8 2 4
2-56 18 0 4 18 0 1 18 0 4
2-41 3 0 3 3 0 3 3 0 3
2.50 34 6 23 35 5 3 34 5 7
4-39 9 0 8 9 0 0 9 0 0
4-99 23 0 19 23 0 0 23 0 0
4-04 25 7 16 23 6 0 _23 -3 8
4-01 48 2 S 44 48 3 3 48 2 14
Total 71 68 16 126 168 15 n 166 12 40
Percentage 98.2 9.4 73.7 98.2 8.8 6.4 97.1 7.0 23.4

NOTE: Includes only accidents for Wthh there was agreement that the accident was related to the mtersectlon “Column percentages for
each reviewer add to more than 100% because many accidents involve more than one factor.




Findings and Recommendations

The bard copy police accident report review found that geometric features -
contributed to accident causation in only 5 to 14 percent of the accidents that occurred
at the set of eight urban, four-leg, signalized intersections. This helps to explain the
disappointing results of many of the statistical analyses presented earlier in the report.
If 85 to 90 percent of the accidents that occur at this type of intersection have no
obvious causal relationship to geometric features, it seems unlikely that statistical
techniques would discern relationships that are not evident when the data are examined
one accident at a time.

The hard copy accident report review did not lead to any specific insights
concerning why some intersections had many more accidents than other intersections
with similar traffic volume levels. This result seem inevitable given the low overall
level of causal relationships between geometrics and accidents.

One reason for these finding may be that all of the intersections studied had
relatively good geometrics, as they are located on the highway system operated by a
State agency with a substantial construction budget and a large professional staff. More
useful results might have been obtained with data from intersections operated by local
agencies with more varied professional staff capabilities and funding levels. However,
local agency data are much less accessible than state highway agency data and are not
included in existing national data bases such as the FHWA Highway Safety Information
System (HSIS). An equivalent data base of intersections maintained by local agcncws
would require a much grcatcr effort to assemble. -

Although the review of hard copy police accident reports found no indication of a
relationship between intersection geometrics and accidents, a review of this could well
provide useful results for some other highway features for whach there is a stronger
underlying relationship between geometrics and ‘accidents. Furf.hermore, a hard copy
accident report review could be a useful screening technique in setting directions for
future safety research. For example, the hard copy police accident review technique
used in this research may provide a useful tool for preliminary analyses in future
research to develop statistical relationships between geometric features and accidents.
This tool also may have appropriate applications to highway features other than
intersections. For example, one could envision conducting a preliminary review of hard
copy police accident reports for a small sample of locations before beginning a large
statistical evaluation. If the preliminary review found very few accidents with an
obvious relationship to the geometric feature(s) of interest, then the plans for the
statistical research should perhaps be reconsidered. If, on the other hand, the review
does find some role of geometric features in accident causation, a more detatled
diagnostic accident investigation, including site visits to accident locations, accident
reconstructions, or multidisciplinary on-scene accident investigations, might better define
those causal relationships, prior to or in parallel with statistical research.
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In order to serve this role, the hard copy accident report review technique will need
to be further developed and standardized. It is recommended that this technique be
considered in future research, either alone or in conjunction with more complete
diagnostic studies, as a precursor and/or as a complement to more traditional statistical
analyses of accident data.
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- 8. CONCLUSIONS

The following conclusions were reached as a result of the statistical analysis of
relationships between traffic accidents and geometrics of at-grade intersections conduct-
ed in this research.

1. Traditional multiple linear regression is generally not an appropriate statistical
approach to modeling of accident relationships because accidents are discrete, non-
negative events that often do not follow a normal distribution.

2. The Poisson, negative binomial, lognormal, and logistic distributions appear to be
better suvited to modeling of accident relationships than the normal distribution. In
all cases, the form of the statistical distribution selected for any particular modeling
should be chosen based on a review of the data to be modeled.

3. The choice between the Poisson and the negative binomial distributions should be
based on the overdispersion observed in the accident data. Overdispersion results
when the variance of the accident data exceeds the mean of the Poisson distribu-
tion. In the modeling of accidents for at-grade intersections, overdispersion was
commonly observed and, therefore, the negative binomial distribution was preferred.

4. Regression models to determine relationships between accidents and intersection
geometric design, traffic control, and traffic volume variables based on the negative
binomial distribution explained between 16 and 38 percent of the variability in the
accident data.

5. Models developed to predict total multiple-vehicle accidents generally performed
slightly better than did models for fatal and injury muitiple-vehicle accidents.

6. In general, the consideration of major-road ADT and crossroad ADT as separate
1ndependent variables provided better modeling results than consideration of a
single variable representing either the sum or the product of the two ADT variables.

7. In negative binomial regression models for three of five specific intersection types,
the major-road ADT and crossroad ADT variables accounted for most of the
variability in accident data that was explained by the models. Geometric design
variables accounted for a very small additional portion of the variability. The
geometric design features of at-grade intersections whose effects on safety were
statistically significant in negative binomial regression models included: presence of
a separate left-turn lane; provision of channelization for free right turns; number of
lanes on major road; average lane width on the major road; presence of a median
on the major road; outside shoulder width on the major road; and access control on
the major road. In some cases, however, the observed effects of these geometric
design variables on accidents were in the opposite direction to that expected.
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10.

11.

12,

For urban, four-leg, signalized and STOP-controlled intersections, the lognormal
distribution was found to be an appropriate choice for modeling of intersection
accidents. These urban intersections experienced many more accidents than the

~ other types of intersections evaluated and only a small number of them experienced

no accidents in the 3-year period. The Poisson distribution was not an appropriate
choice for modeling accidents at either of these two types of intersection. - The
negative binomial could have been used but, in all likelihood, would have had only
a slight effect on the regression coefficient -estimates. As in the models for thé-
other three intersection types, the major-road ADT and the crossroad ADT variables’
accounted for most of the variability in accident data that was explained by the
models. Geometric design features whose effects were found to be statistically -
significant included: major-road left-turn prohibition; access control on major road;
average lane width on major road; number of lanes on major road; crossroad right-
turn channelization; intersection lighting; design speed on major road; and outside
shoulder width on major road. Traffic control features that were significant at
signalized intersections were signal timing and signal phasing: In some cases,

- however, the observed effects of these geometric design and traffic control vanables

on accidents were in the opposite direction to that expected.

Field data were collected for a sample of urban, four-leg, signalized intersections, to
provide data on geometric design variables and turning-movement counts that were
not available from existing highway agency files. However, addition of these data
to the existing data set did not increase the proportion in variation in accidents
explained by the lognormal regression models.

An analysis was conducted to relate accidents involving collisions between left-
turning vehicles and opposing through vehicles to the corresponding turning move-
ment volumes and to geometric design and traffic control features related to left
turns. However, these models explained only about 5 percent of the varability in
the left-turn accident data. One reason that this modeling approach may not have
been successful is that the limitation of the analysis to particular intersection
approaches, and to particular times of the day for which tuming counts were
available, greatly reduced the sample size of accidents available for analysis.

Logistic regression was applied to develop models to predict the probability that an
intersection would experience a specified number of accidents as a function of
intersection geometric design, traffic control, and traffic volume variables. The
models obtained explained slightly more of the accident variability than the
lognormal or loglinear models. However, geometric design variables still accounted
for only a small portion of the variability in accidents data explained by the models.

Several other statistical modeling approaches, including modeling within specific
ADT classes, discriminant analysis, and cluster analysis, were investigated to see
whether models in which geometric design variables explain more of the variation
in accident data could be developed. However, none of these approaches provided
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. for a sample of eight urban, four-leg, signalized intersections found that only 5 to

14,

results that were preferable to those obtained from the negative binomial,
lognormal, and logistic regressions.

An evaluation, by three independent reviewers, of hard-copy police accident repotts
14 percent of the accidents had causes that appeared to be related to geometric
design features of the intersections. This finding confirms the results of the
statistical analyses, which indicated that geometric design features explain relatively

little of the variability in intersection accident data for at-grade intersections.

While the models presented in this report are the best that can be developed from

..the available data, they do not appear to be of direct use to practioners. The

models do not include effects for all geometric variables of potential interest to
highway designers, and some of the effects they do include are in a direction
opposite to that expected. Furthermore, the goodness of fit of the models-is not as
high as would be desired. Therefore, the models presented here are appropriate as
a guide to future research but do not appear to be appropriate for direct application
by practitioners.
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APPENDIX A

DEFINITIONS OF GEOMETRIC DESIGN, TRAFFIC CONTROL,
AND TRAFFIC VOLUME VARIABLES

This appendix presents definitions of the geometric design, traffic control, and
traffic volume variables considered in the statistical modeling of at-grade intersection
accidents. Table 55 presents the definitions of variables from the existing Caltrans data
base, while table 56 presents the definitions of vaniables that were collected for a
selected sample of 198 urban, four-leg, signalized intersections in the pilot field studies.
Each table identifies the variables that were considered and identifies whether each
variable was continuous or categorical in nature. Continuous variables are those with
quantitative values on a continuous scale. Categorical variables are those with a finite
number of discrete levels or categories. For each categorical variable, the tables in this
appendix also identify the levels or categories that were available for that variable. Not
all levels were considered in the statistical modeling; in some cases, because of sample
size considerations, a particular category had to be excluded from the analyses or
merged with adjacent categories. This process is described in section 5 of the main text
of this report.

—_
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Table 55,

Definitions of Yariables Available in the Existing
Caltrans Data Base

Variablse Variable type  Range of values/levels
Geometric Design Features
Intersection configuration Categorical Three-leg T intersection
Three-leg Y intersection
Four-leg intersection
Four-leg offset intersection
Multi-leg intersection
Nurmber of lanes on major road (both Categorical. Range: 2 to 8 lanes
directions of travel combined)
Number of lanes on crossroad Categorical Range: 2 to 8 lanes
Presence of median on major road Categorical Divided
Undivided
Median width on major road (ft) Continuous ~ Range: 0 to 99 1t or more
Average lane width on major road (ft) Continuous Range: 8 to 15 ft
{computed as total traveled way width
divided by total humber of lanes) : :
Outside shoulder width cn major road (i.e,, Continuous Range: 0 to 15 ft
shoulder width on right side of road)
Design speed of major road (mi/h) Categorical less than 30 mi/h
30 mi/h
35 mi/h
40 mi/h
45 mi/h
50 mi/h
55 mith -
60 mi/h
65 mi/h
greater than 65 mi/h
Functional classification of major road Categorical Principal arterial
Minor arterial
Major collector
Minor collector
Local
Presence of left-turn channslization on Categorical No left-turn lane
major road Painted left-turn lane
Curbed left-turn lane -
Presence of left-turn channelization on Categorical No left-turn lane
crossroad ' ' Painted left-turn lane
. Curbed left-turn lane
Presence of right-turn channelization on Categorical Provision for free right turns
major road No provision for free right turns
Presence of right-turn channelization on Categorical Provision for free right turns
crossroad Nc provision for free right turns
Presence of access control on major road Categorical None
Partial

Conversion: 1 km/h = 0.621 mi/h; 1 m = 3.28 ft
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Table 55. Definitions of Variables Available in the Existing Caltrans Data Base

{(Continued)
Variable Variable type  Range of values/levels
Trafflc Control Features )
Type of intersection contro! Categorical No ¢ontrol -
Two-way STOP control
Four-way STOP control
YIELD control
Signal control |
One-way vs. two-way o"peration on major Categorical Two-way operation
road One-way operation
Left-turn prohibition from major road Categorical Left turn permitted
. ‘ S Left turn prohibited
Left-turn prohibitioh from crossroad Categorical Left turn permitted
’ ) Left turn prohibited
Presence of mast-arm signals .on major Categorical Mast-arm signal present
road . T No mast-arm signals
Presence of mast-arm signals on - Categorical Mast-arm signal present
crossroad ' No mast-arm signals
|| Signal timing Categorical Pretimed
: . Semi-actuated
Fully actuated
Signal phasing Categorical Two-phase
Multiphase
Traftic Volume Data
ADT of major road (veh/day) Continuous Range: 400 to 97,000 veh/day
ADT of crossroad (veh/day) Continuous Range: 100 to 48,000 veh/day
Other Related Data ,
Ruralfurban Categorical Rural
Urban
Terrain Categorical Level
Rolling
‘ ‘ Mountainous
Presence of intersection lighting . Categorical Intersection lighted

. Intersection not lighted

Conversion: 1 km/h = 0.621 mi/h: 1 m = 3.28 ft
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Table 56.

Definitions of Additional Variables Obtained in Pilot Field Study

Variable

Variable type

Range of values/levels

Geometric Design Features

Number of through lanes on each
approach ‘

Number of exclusive left-turn lanes
on each approach

Number of exclusive right-turn lanes
on each approach

Type of left-turn treatment on each
approach

Type of right-turn treatment on each -

approach

Horizontal alignment of each
approach (based on curves
within 76 m or 250 ft of the
intersection)

Percent grade on each approach

Direction of grade on each
approach (for each approach with
a moderate or steep grade)

Crest/sag vertical curve on each
approach

Total through lane width on each
approach (ft)

Total left-turn lane width on each
approach (ft)

Presence of median on each approach

Type of median on each approach

Categorical

Categorical

Categorical

Categorical

Categorical

Categorical

Categorical

Categorical

Categorical

Continuous

Continuous

Categorical -

Categorical

Range: 1 to 4 lanes
Range: 0 to 2 lanes
Range: 0 to 2 lanes

No left-turn lane
Painted left-turn lane
Curbed left-turn lane

No right-turn treatment

Separate right-turn roadway
without exclusive turn lane

Separate right-turn roadway with
exclusive turn lane

‘Exclusive right-turn lane without

separate right-turn roadway

Tangent o

Gentle curve (radius over
2,000 ft)

Moderate curve (radius from 500
to 2,000 ft)

Sharp curve (radius less than
500 ft)

Level (less than 2% grade)

Moderate grade (2% to 4%
grade}

Steep grade (over 4% grade)

Upgrade
Downgrade

None :
Crest vertical curve on approach
Sag vertical curve on approach

Range: 8.5 to'59.5 ft
Range: 8 to 25 ft

Divided

Undivided

No median

Raised median (curbed)
Depressed median
Flush median

Conversion;: 1 m=328ft
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Table S6. Definitions of Additional Variables Obtained in Pilot Field Study

{(Continued)
Variable Variable type Range of values/levels o
Median width on each approach (ft) Continuous Range: 0 to 99 ft or more
Number of driveways within 76 m Continuous - "Range: Oto 10
(250 ft) of intersection on each - :
approach
Categorical No driveways

Type of dnveways on each approach

Angle between ihter_séotion app.roaches

Commercial

Industrial

Residential

Combinations of above types

Continuous Range: 45° to 90°
Traffic Control Features
One-way vs. fwofway operation on Categorical Two-way operation
each approach ~ One-way operation
Presence of left-turn prohlbltlon on Categorical, Left turns permitted
each approach o Left turns prohibited
Curb parking on. right side of 'roadway Categoncal No curb parking
within 250 ft of intersection on each _ Parallel parking
approach Angle parking
Number of signal faces for each Continuous Range: 2to 8
approach
.Signal head-mounting for each - Categorical Post-mounted signals
approach ‘ Mast-arm signals
Left-turn phasing for each approach Categorical No separate left-turn phase
Protected left-turn phase
Protected left-turn phase with left
turns permitted on green ball
Presence of pedestrian signals for Categorical Pedestrian signals present
crossing each apptroach g Pedestrian signals not present
Presence of painted crosswalk for Categorical Crosswalk marked
crossing each approach Crosswalk not marked
Presence of advance warning signs Categorical Advance waming signs present
(e.g., SIGNAL AHEAD) on each Advance waming signs not
approach . . present
Posted speed limit for each approach Categorical Range: 15 to 55 mith
(mi/h) : g

‘Conversion: 1 kmvh = 0.621 mi/h; im=

3.28 ft
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Table 56. Definitions of Additional Variables Obtained in Pilot Fietd Study

(Continued)

Range of values/levels

Variable " . Variable type
Traffic Velume Data :

Turning movement volumes from each Continuous
approach per 15-min period in o
morning peak hour (typically 7 to
9 a.m.) and evening peak hour
(typically 4 1o 6 p.m.)

Level of pedestrian activity for each | Categorical
intersection as a whole

Through volume range:
0 to 807 vehicles

Left-turn volume range:
0 to 215 vehicles

Right-turn volume range:
0 to 326 vehicles

Low (almost no pedestrian
activity)

Medium (pedestrian activity with
some frequency)

High (pedestrian activity during
every signal cycle)

Other Related Data
Presence of intersection lighting Categorical

Character of surrounding development Categorical

None
Continuous street lighting
Lighting at intersection only .

Central business district

Outlying business district

Industrial district

Mixed commetrcial and
residential development

Residential development

Other
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- APPENDIX B

TOTAL MULTIPLE-VEHICLE ACCIDENT DATA DISTRIBUTIONS

Table 57. Total Mu]tiple?_vehicle Accident Daté Distribution at

Rural, Four-leg, STOP-controlled Intersections

Number of i Cumulative Cumulative
accidents Number of Percent of number of percent of
in 3 years intersections intersections intersections intersections
0. 392 273 392 273
1 243 16.9 635 443
2 206 14 4 841 58.6
3 142 9.9 983 68.5
4 107 75 1,090 76.0
5 60 4.2 1,150 80.2
6 . 50 35 1,200 83.7
7 45 31 1,245 86.8
8 35 2.4 1,280 89.3
9 28 2.0 1,308 21.2
10 20 1.4 1,328 92.6
11 18 1.3 1,346 93.9
12 19 1.3 1,365 95.2
13 10 0.7 1,375 95.9
14 8 0.6 1,383 96.4
15 11 0.8 1,394 972
16 5 0.3 1,399 97.6
17 2 0.1 1,401 97.7
18 6 0.4 1,407 98.1
19 3 0.2 1,410 98.3
" 20 4 0.3 1,414 98.6
21 6 0.4 1,420 99.0
22 2 0.1 1,422 99.2
23 1 0.1 1,423 99.2
24 1 0.1 1,424 99.3
25 3 0.2 1,427 99.5
26 2 01 1,429 99.7
27 2 0.1 1,431 99.8
30 1 01 1,432 999
34 1 0.1 1,433 99.9
4B 1 0.1 1,434 100
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Table 58.

Total Multiple-vehicle Accident Data Distribution at

Rural, Three-leg, STOP-controlle

d Intersections

Number of - Cumulative Cumulative
accidents Number of Percent of number of percent of
in 3 years intersections intersections intersections intersections
0 1,174 43.6 1,174 43.6
1 605 225 1,779 66.1
2 331 12.3 2,110 78.4
3 186 6.9 2,296 85.3
4 107 4.0 2,403 89.3
5 69 2.6 12,472 91.8
6 54 2.0 2,526 93.8
7 33 1.2 2,559 951
8 18 07 2,577 957
9 25 0.9 2,602 96.7
10 20 0.7 2,622 974
11 11 04 2,633 a97.8
12 7 0.3 2,640 98.1
13 12 04 2,652 g98.5
14 5 02 2,657 98.7
15 6 0.2 2,663 989
16 7 0.3 2,670 9g.2
17 4 0.1 2,674 993
18 2 0.1 2,676 99 4
19 1 0.04 2,677 994
20 2 0.1 2,679 99.5 .
21 3 0.1 2,682 99.6
22 2 0.1 . 2,684 99.7
23 1 0.04 2,685 99.7
24 1 0.04 2,686 99.8
25 1 0.04 2,687 Q9.8
28 1 0.04 2,688 99.9
29 1 0.04 2,689 999
33 1 0.04 2,690 g9g.9
37 1 0.04 2,691 100
45 1 0.04 2,692 100
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Table 59. - Total Multiple-vehicle Accident Data Distribuﬁoh at

~ Urban, Four_'eleg,, STOP-controlled Intersections

Number of , Cumulative Cumulative
accidents Number of Percent of number of percent of
in 3 years _ intersections intersections intersections intersections
0 138 10.3 138 103
1 160 119 298 22.2
2 137 102 435 324
3 144 107 579 43.1
4 103 7.7 682 508
5 77 57 759 56.6
6 - 82 6.1 841 62.7
7 77 5.7 918 684
8 " 42 3.1 © 960 715
9 63 4.7 1,023 76.2
10 44 3.3 1,067 795
11 43 3.2 1,110 82.7
12 23 1.7 1,133 - B44
13 " 37 2.8 1,170 87.2
14 21 1.8 1,191 88.7
15 24 1.8 1,215 90.5
16 14 1.0 1,229 91.6
17 18 1.3 | 1,247 92.9
18 15 1.1 1,262 94.0
19 10 0.7 1,272 94.8
20 9 07 1,281 95.5
21 9 0.7 1,290 96.1
22 8 0.6 1,298 96.7
23 7 0.5 1,305 -97.2
24 4 0.3 1,309 975
25 3 0.2 1,312 978
26 4 0.3 1,316 98.1
27 3 0.2 1,319 98.3
28 2 0.1 1,321 98.4
29 1 0.1 1,322 98.5
30 3 02 1,325 98.7
31 3 0.2 1,328 99.0
32 1 0.1 1,329 99.0
- 33 1 0.1 1,330 99.1
34 1 0.1 1,33 99.2
35 3 0.2 1,334 99.4
36 1 0.1 1,335 995
37 1 0.1 1,336 995
"398 1 0.1 1,337 99.6
45 3 0.2 1,340 99.8
49 1 0.1 1,341 999
53 1 0.1 1,342 100
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Table 60.

Total Multiple-vehicle Accident Data Distribution at

Urban, Three-leg, STOP-controlled Intersections

Number of Cumulative Cumulative
accidents Number of Percent of number of percent of
in 3 years intersections intersactions intersections intersections
0 €59 216 659 216
1 560 18,3 1,218 39.8
2 407 133 1,626 532
3 294 9.6 1,920 62.8
4 236 7.7 2,156 705
5 177 58 2,333 76.3
6 161 53 2,494 81.6
7 93 30 2,587 846
8 93 30 2,680 877
9 62 20 . 2,742 89.7
10 65 2.1 2,807 91.8
11 42 1.4 . 2,849 93.2
12 47 1.5 2,896 94.7
13 20 07 2,916 95.4
14 26 0.9 2,942 96.2
15 19 06 2,961 96.9
18 . 18 0.6 2,979 975
17 11 04 2,990 97.8
18 6 0.2 2,996 98.0
19 9 0.3 3,005 98.3
20 7 02 3,012 98.5
21 2 0.1 3,014 98.6
22 5 0.2 3,019 98.8
23 3 0.1 3,022 98.9
24 3 0.1 3,025 93.0
25 2 0.1 3,027 99.0
26 1 0.03 3,028 99.1
27 4 0.1 3,032 99.2
28 1 0.03 3,033 99.2
29 2 0.1 3,035 99.3
30 3 0.1 3,038 994
31 1 0.03 3,039 994
33 1 0.03 3,040 994
34 2 0.1 '3,042 9985
35 1 0.03 13,043 99.5
36 1 0.03 3,044 99.6
37 4 0.1 3,048 99.7
38 1 0.03 3,049 59.7
40 1 0.03 3,050 99.8
42 3 0.1 3,053 99.9
44 1 0.03 3,054 999
57 1 0.03 3,055 99.9
80 2 0.07 100

3,057
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Table 61, Total Multiple-vehicle Accident Data Distribution at
Urban, Four-leg, Signalized Intersections

Number of Cumulative Cumulative
accidents ~ Number of Percent of number of percent of
in 3 years intersections intersections intersections intersections
0 21 1.6 21 1.6
1 23" I ‘ . 44 34
2 33 25 77 5.9
3 22 1.7 99 7.6
4 33 25 132 10.1
5 29 2.2 161 12.3
B 32 2.5 193 14.8
7 43 - 3.3 236 18.1
8 46 3.5 282 21.6
9 - 43 a.3 325 24.9
10 43 - 3.3 368 28.2
11 36 2.8 404 30.9
12 46 3.5 450 345
13 55 4.2 505 38.7
14 36 2.8 541 414
15 36 2.8 , 577 442
18 32 2.5 ‘ 609 46.6
17 a3 2.5 642 492
18 40 3.1 682 52.2
19 35 2.7 717 549
20 36 2.8 " 753 577
21 22 1.7 775 59.3
22 25 1.9 800 61.3
23 23 1.8 823" 63.0
24 21 1.6 844 64.6
25 37 2.8 881 67.5
26 22 1.7 903 69.1
27 21 1.6 924 70.8
28 18 1.4 942 72.1
29 28 2.1 970 74.3
30 19 1.5 989 757
Ch| 27 2.1 1,016 77.8
32 14 1.1 1,030 78.9
33 15 1.1 1,045 80.0
34 21 - 16 1,066 81.6
35 16 1.2 1,082 B82.9
36 21 1.6 1,103 845
37 11 0.8 1,114 85.3
38 12 0.9 1,126 86.2
39 12 0.9 1,138 87.1
40 13 1.0 1,151 88.1
41 10 0.8 1,161 88.9
42 9 07 1,170 89.6
43 10 0.8 1,180 90.4
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Table 61. Tofal Multiple-yehicle Accident Data Distribution at Urban, Four-leg,
Signalized Intersections (Continued) )

Number ot c : Co Cumulative - Cumulative
accidents " 'Numberof Percent of number of ' percent of
in 3 years intersections intersections intersections intersections
44 7 0.5 1,187 . 90.9
45 9 07 1,196 91.6
46 6 0.5 1,202 920
47 5 04 1,207 92.4
48 7 05 1,214 93.0
49 -3 0.2 1,217 93.2
50 7 0.5 1,224 93.7
51 5 04 1,229 94 .1
52 2 02 1,231 94.3
53 4 0.3 . 1,235 94.6
54 .5 04 1,240 94.9
55 6 0.5 1,246 95.4
56 2 0.2 - 1,248 95.6
57 2 0.2 1,250 958.7
58 3 0.2 1,253 959
59 2 0.2 1,255 96.1
60 2 0.2 1,257 - 96.3
61 2 0.2 1,259 96.4
62 4 0.3 1,263 96.7
63 3 0.2 © 1,266 96.9
64 4 0.3 1,270 97.2
65 4 0.3 © 1,274 976
66 . 1 0.1 1,275 97.6
67 5 0.4 1,280 98.0
69 2 0.2 1,282 98.2
70 2 0.2 1,284 ‘ 98.3
71 1 0.1 1,285 98.4
72 2 0.2 1,287 98.5
73 2 0.2 1,289 98.7
74 2 0.2 1,291 98.9
78 1 0.1 1,292 98.9
79 3 0.2 1,295 1992
80 1 0.1. 1,296 89.2
84 3 0.2 1,299 89.5
. 89 1 0.1 " 1,300 99.5
90 1 R | 1,301 99.6
92 1 0.1 1,302 89.7
‘85 1 -0.1 1,303 89.8
119 1 0.1 1,304 99.8
129 1 0.1 1,305 89.9
147 B 0.1 1,306 100

146




Table 62. Total Multiple-vehicle Accident Data Distribution at a
Sample of 198 Urban, Four-leg, Signalized Intersections

Number of . Cumulative Cumulative

accidents Number of Percent of number of percent of

in'3 years intersections intersactions intersections intersections
0 1 05 "1 0.5
1 i 05 2 1.0
2 7 35 9 4.6
3 2 1.0 11 5.6
4 6 3.0 17 8.6
5 3 15 20 10.1
6 4 2.0 24 12.1
7 3 1.5 27 13.6
8 3 15 30 152
9 6 3.0 36 18.2
10 4 2.0 40 20.2
11 8 4.0 48 242
12 5 25 53 26.8
13 7 35 60 30.3
14 10 5.1 70 354
15 9 45 79 399
16 8 4.0 87 43.9
17 . 3 1.5 90 455
18 5 25 95 48.0
19 4 2.0 99 50.0
20 6 3.0 105 53.0
21 1 05 106 53.5
22 8 4.0 114 57.6
23 3 15 117 59.1
24 3’ 1.5 120 60.6
25 4 2.0 124 62.6
26 3 1.5 127 64.1
27 1 05 128 64.7
28 3 15 131 66.2
29 4. 2.0 135 68.2
30 2 1.0 137 69.2
31 5 25 142 71.7
32 3 1.5 145 73.2
33 2 1.0 147 . 74.2
34 1 0.5 148 74.8
35 4 2.0 152 76.8
36 2 1.0 154 77.8
37 2 1.0 156 78.8
38 3 1.5 159 80.3
39 2 1.0 161 81.3
40 3 1.5 164 828
41 4 20 168 84.9
42 2 1.0 170 85.9
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Table 62. Total Multiple-vehicle Accident Data Distribution at a Sample
of 198 Urban, Four-leg, Signalized Intersections (Continued)

Number of Cumulative Cumulative
accidents Number of Percent of number of percent of
in 3-years intersections intersections intersections intersactions
- 43 3 15 173 87.4
44 1 05 174 87.9
45 1 0.5 175 88.4
- 47 1 05 176 88.9
48 3 15 179 S04
© 49 1 05 180 80.9
50 1 0.5 181 s14 -
51 2 1.0 183 924
53 1 05 184 §2.9
54 1 05 185 934
55 2 1.0 187 944
58 1 05 188 950
62 1 0.5 183 95.5
64 1 0.5 190 96.0
66 1 0.5 191 96.5
70 1 0.5 192 97.0
71 1 05 193 97.5
74 2 1.0 195 98.5
79 1 0.5 196 99.0
84 1 05 197 99.5
119 1 05 198 100
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