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The  objective  of this  study  is  to  develop  a safety  propensity  index  (SPI)  for both  signalized  and  unsignalized
intersections.  Through  the use of  a structural  equation  modelling  (SEM)  approach  safety  is  quantified  in
terms of  multiple  endogenous  variables  and  related  to  various  dimensions  of exogenous  variables.  The
singular  valued  SPI  allows  for identification  of  relationships  between  variables  and  lends  itself  well  to
a  comparative  analysis  between  models.  The  data  provided  by the  Highway  Safety  Information  System
(HSIS)  for  the  California  transportation  network  was utilized  for analysis.  In  total  22,422  collisions  at
unsignalized  intersections  and  20,215  collisions  at signalized  intersections  (occurring  between  2006
and  2010)  were  considered  in the  final  models.  The  main  benefits  of  the approach  and  the  subsequent
afety
ignals
tructural equations
raffic

development  of  an  SPI  are  (1)  the identification  of  pertinent  variables  that  effect  safety  at  both  intersection
types,  (2)  the  identification  of  similarities  and  differences  at  both  types  of  intersections  through  model
comparison,  and  (3)  the quantification  of  safety  in  the  form  of an  index  such  that  a  ranking  system  can  be
developed.  If further  developed,  the  adopted  methodology  may  assist  in  safety  related  decision  making
and policy  analysis.

© 2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

Creating a safer, more efficient transportation network is a
ain goal of transportation researchers across the world leading to

ountless studies that analyze different safety aspects as they per-
ain to transportation. In these studies the quantification of safety
a difficult and ambitious undertaking) is approached in a variety of

anners and has a vast array of applications. One such application is
he analysis of safety at roadway intersections. Intersection related
ollisions are of particular concern to transportation researchers
s they accounted for 47% of all vehicles involved in collisions and
8% of those involved in fatal collisions on United States roadways

n 2010 (NHTSA, 2012). Signalized intersections accounted for 25%
f total vehicles in collisions and 8% of vehicles involved in fatal col-

isions while unsignalized intersections accounted for 22% of total
ehicles involved and 20% of vehicles involved in fatal collisions
NHTSA, 2012).

∗ Corresponding author. +1 2158501886.
E-mail addresses: justin11@gwu.edu (J.P. Schorr), hamdar@gwu.edu

S.H. Hamdar).
1 Tel.: +1 202 994 6652; fax: +1 202 994 0127.

ttp://dx.doi.org/10.1016/j.aap.2014.05.008
001-4575/© 2014 Elsevier Ltd. All rights reserved.
Research in this study is aimed at quantifying and analyzing
safety at both signalized and unsignalized intersections by explor-
ing a comprehensive modelling framework that quantifies safety
in terms of multiple endogenous variables and considers the com-
bined effects of various exogenous variables on safety as well as
on one another. One such framework that allows for the inclusion
of these parameters is that of structural equation modelling (SEM).
The main benefit of this approach is the quantification of safety
in terms of a safety propensity index (SPI). The SPI is a singular
value that relates all exogenous variables to all endogenous vari-
ables and allows for the development of a ranking system in order
to understand and evaluate safety at intersections. Additionally, the
estimation of structural models for both signalized and unsignal-
ized conditions creates a powerful comparative framework from
which additional analysis can be conducted. This methodology has
been utilized by Hamdar et al. (2008) to examine aggressiveness
at signalized intersections as well as by Hamdar and Schorr (2013)
in order to compare and contrast safety in differing flow scenar-
ios (interrupted and uninterrupted). Within the SEM framework,

research in this study will explore further applications of the mod-
elling technique – and a refined analysis approach is proposed to
better understand and compare the factors affecting safety in both
driving scenarios.

dx.doi.org/10.1016/j.aap.2014.05.008
http://www.sciencedirect.com/science/journal/00014575
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Specific research goals to be accomplished throughout this study
re as follows: (1) to systematically identify the factors that affect
afety propensity at both signalized and un-signalized intersec-
ions in a given area; (2) to utilize existing public data repositories
Highway Safety Information System (HSIS)) to study the safety
mplications of changes in network geometry as an evolving sys-
em (in time and space); (3) to validate the formulated structural
quation model against alternative model structures estimated
sing the existing signalized and un-signalized intersection’s inci-
ent data; and (4) to analyze the validated model to compare the
esults obtained given the intersection type. The findings may  help
n understanding how better transportation system performance
an be achieved and strategies can be proposed to improve traffic
afety and operations.

. Conceptual framework and background

A great amount of effort has gone into assessing the differ-
nt factors that contribute to collisions at both signalized and
nsignalized intersections. Previous studies have utilized a number
f different modelling techniques for both analytical and pre-
ictive purposes. Throughout the literature safety is commonly
haracterized through a single endogenous metric such as colli-
ion rate (Vogt and Bared, 1998; Chin and Quddus, 2003; Wang
nd Abdel-Aty, 2006; Isebrands et al., 2010; Caliendo and Guida,
012; Wu  et al., 2013) or injury/collision severity (Abdel-Aty and
bdelwahab, 2004; Xie et al., 2009; Quddus et al., 2010; Jung et al.,
012) and expansions to this characterization often focus around
he categorical grouping of collisions by collision type (Wang et al.,
003; Kim et al., 2006; Bham et al., 2012). The “safety frame-
ork” is further defined through the identification and selection

f exogenous variables – which are typically related to one of the
ollowing categories: environmental conditions, geometric design,
raffic characteristics, driver demographics or vehicle characteris-
ics. Many studies examine a combination of two or three variable
ypes such as geometric design/traffic characteristics (Li et al.,
994; Poch and Mannering, 1996; Karlaftis and Golias, 2001; Wang
t al., 2003; Wu et al., 2013), driver demographics/environmental
onditions (Bham et al., 2012; Jung et al., 2012), or geometric
esign/traffic characteristics/environmental conditions (Kim et al.,
006; Quddus et al., 2010). While these studies examine the com-
ined effects of these variables on safety, the modelling framework
tilized does not allow for examination of the effects individual
ariables have on one another or for analysis to be conducted on

 dimensional level (geometric, environmental, etc.) as opposed to
ndividual variables – all of which are captured through the SEM
pproach.

An additional area of interest not explored in the studies men-
ioned above is the comparison and evaluation of safety at both
ignalized and unsignalized intersections. Comparison of how cer-
ain factors (such as lane width, average annual daily traffic (AADT),

edian width, design speed and the level of actuation/control) have
arying effects on safety at both intersection types can provide
dditional insights for future research and design.

This research separates itself from the aforementioned studies
y imploring the analytical SEM approach which lends itself to a
reater number and combination of exogenous measures. Further-
ore, through the use of SEM formulation endogenous variables

re grouped into different dimensions and their complex interac-
ions are formulated. This confirmatory (as opposed to exploratory)
pproach requires the modeller to postulate the links between vari-

bles based on hypotheses and previous empirical results (Golob
nd Meurs, 1986; Golob, 2001). Once these links have been pos-
ulated, the SEM approach establishes causal directional relations
etween variables and then the model is either accepted or rejected
s and Prevention 71 (2014) 93–105

based on its validity (Golob, 2001). When a model is accepted the
propensity for safety is captured though a latent scale and index
which are related to the observable variables through the SEM
formulation. The structure of the model and the SPI itself allows
for three major contributions: identification of variables that have
a significant effect on safety at both signalized and unsignalized
intersections; presenting the manner in which these variables and
their effects vary with intersection type; and assessment of the rel-
ative importance of different determinants (Hamdar and Schorr,
2013).

In contrast to explicitly simulating drivers’ behaviours (Hamdar
et al., 2008; Paleti et al., 2010), this paper will feature an empiri-
cal data-driven approach (Hamdar and Schorr, 2013) through the
HSIS data system. Although the SEM approach has been used to
examine safety under different interrupted and uninterrupted flow
conditions (Hamdar and Schorr, 2013) as well as at international
unsignalized intersections alone (Lee et al., 2008), a model that
compares different types of intersections will demonstrate the
benefits of the approach itself and provide a new perspective on
intersection safety. Comparing results with previous studies will
lead to additional insights into potential effects of certain variables
– though it is important to keep in mind that the research is fun-
damentally different and conducted in totally different geographic
locations.

The formulation of the structural model given the data avail-
ability and the corresponding limitations can be found in Section 3.
Section 4 provides the results of the factor analysis and the numer-
ical simulation as well as the model statistics. These numerical
results are discussed and the obtained models (signalized versus
unsignalized) are compared in Section 5. The concluding remarks
and the future research needs are provided in Section 6.

3. Statistical model

3.1. Available data and limitations

Data available through the HSIS for the California transportation
network was  utilized in this study. In order to build a comprehen-
sive and inclusive data set, all collisions (regardless of collision type
or severity) occurring at all intersections (regardless of the level
of control) between 2006 and 2010 were considered for analysis.
HSIS data was provided on a yearly basis in three separate data
sets; the Accident File (containing the variables for lighting, pre-
cipitation, collision severity, total injuries, total fatalities and the
number of vehicles), the Intersection File (containing the variables
for AADT, channelization, intersection legs, control/actuation level
and the number of lanes), and the Roadway File (containing the
variables for lane width, shoulder width, surface width, median
width, divided/undivided and design speed). Also contained in
the Accident File was  a variable stating where the collision had
occurred in relation to an intersection (regardless of the type or
level of control). Only collisions occurring in intersections or within
250 feet of an intersection were considered for analysis. Data sets
were merged on a year by year basis first by merging the inter-
section and roadway files through variables for route name and
milepost and then by merging this composite file with the acci-
dent file through the use of the same variables. For cases where
the collision occurred within 250 feet of the intersection, the colli-
sion was  assigned to the intersection where the absolute value of
the difference between the collision milepost and the intersection
milepost was  at a minimum. Merged data sets for each year were

then combined to yield the final set for analysis.

Once the master data set was  compiled collisions were clas-
sified as having occurred at either an unsignalized or signalized
intersection using the traffic control variable from the intersection
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Table  1
Total collisions by year.

Year Unsignalized Signalized Total Total Vehicles Total Injuries Total Fatalities

2006 5495 5262 10,757 21,767 7255 103
2007 5161 4870 10,031 20,183 6791 101
2008 4694 4186 8880 17,765 6297 97
2009  4148 3813 7961 16,006 5543 96
2010  3999 3581 7580 15,203 5349 66

45,209 90,924 31,235 463
2572 – – –

42,637 – – –
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Table 2A
Exogenous variable description.

Exogenous variable Description

Proposed main street characteristics dimension variables
X1 (ML lane width) Width of the main street lane (ft)
X2 (right shoulder width) Width of main street right shoulder (ft)
X3 (left shoulder width) Width of main street left shoulder (ft)
X4 (surface width) Width of entire main street surface (ft)
X5 (median width) Width of the main street median (ft)

X6 (divided)
Dummy variable corresponding to a
divided or undivided main street

Undivided X6 = 0
Divided X6 = 1

Proposed intersection characteristics dimension variables
X7 (XS lanes) Number of lanes on the cross street
X8 (ML lanes) Number of lanes on the main street
X9 (number of intersection legs) Number of Intersecting legs

X10 (ML  channelization)
Dummy variable corresponding to the
presence of either a left or right turn
channelization on the main street

No channelization, X10 = 0
Channelization, X10 = 1

X11 (XS channelization)
Dummy variable corresponding to the
presence of either a left or right turn
channelization on the cross street

No channelization, X11 = 0
Channelization, X11 = 1

Proposed environmental characteristics dimension variables

X12 (light)
Dummy variable corresponding to the
lighting at time of collision

Natural light or function street lamp,
X12 = 0

No lighting, X12 = 1

X13 (precipitation)
Dummy variable corresponding to the
precipitation at time of collision

No precipitation, X13 = 0
Precipitation, X13 = 1

Proposed traffic related characteristics dimension variables
X14 (design speed) Main street design speed (mph)
X15 (XS AADT) Average annual daily traffic on cross street.

(Thousands)
X16 (ML  AADT) Average annual daily traffic on main street.

(Thousands)

X17 (level of control or actuation)

For un-signalized intersections – level of
stop control/impedance

No control, X17 = 0
Yield sign, X17 = 1
Two  way  stop, X17 = 2
Four way stop, X17 = 3
Flashers, X17 = 4

For signalized intersections – level of
actuation
Total  23,497 21,712 

Missing data 1075 1497 

Collisions for analysis 22,422 20,215 

le. Each data set was vetted to ensure that no observation where
ne or more variables were absent or miscoded was considered for
nalysis. In total there were 22,422 collisions at unsignalized inter-
ections and 20,215 collisions at signalized intersections where all
ertinent data was provided (instances where one or more vari-
ble was absent are referred to as “missing data” in Table 1). A
reakdown of the number of collisions by year at both types of

ntersections is provided in Table 1 along with the total number of
ehicles, injuries and fatalities associated with the collisions con-
idered for analysis from each year.

The following Sections 3.2 and 3.3 present the formulation of
he SEM approach as previously explored by Hamdar et al. (2008)
nd Hamdar and Schorr (2013).

.2. Measurement models

Measurements models are specified in two sets of equations.
he first set (the exogenous measurement model) is represented
s follows:

 = �X(�) + � (1)

here X = vector of exogenous variables; �X = matrix of struc-
ural coefficients for relating latent exogenous variables to their
bserved indicator variables; � = vector of latent exogenous
onstructs; �1 = safety propensity associated with “main street
haracteristics dimension”; �2 = safety propensity associated with
intersection characteristics dimension”; �3 = safety propensity
ssociated with “environmental dimension”; �4 = safety propensity
ssociated with “traffic dimension”; � = vector of measurement
rror terms for observed variables.

Exogenous variables are described in Table 2A, including how
hey are measured, and the associated variable name by which they
ill be designated in the next section.

The second set (endogenous measurement model) of equations
s summarized in Eq. (2):

 = �Y(�) + � (2)

here Y = vector of observed endogenous variables; �Y = matrix
f structural coefficients for latent endogenous variables to their
bserved indicator variables; � = vector of latent endogenous
ariable; � = vector of measurement error terms for observed
ndogenous variables. Endogenous variables are further described
n Table 2B.

The endogenous variables presented in Table 2B represent the
anner in which safety is quantified within the context of this

tudy based on the available data. Collisions which lead to a greater
umber of injuries or fatalities as well as those that have a higher
olice reported severity level or greater number of vehicles are

nherently indicative of a less safe driving environment. The use

f multiple endogenous measures creates a more comprehensive
afety framework and is one of the benefits of the SEM approach.
rawbacks to this quantification focus around exposure, occu-
ancy, and land use issues and are discussed in the results section.
Pre-timed, X17 = 1
Semi-actuated, X17 = 2
Fully actuated, X17 = 3

3.3. Structural model
A structural model relating the endogenous latent variables �
to the latent exogenous variables � can be expressed as:

� = �� + � (3)
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Table 2B
Endogenous variable descriptions.

Endogenous variable Description

Y1 (total injuries) Number of injuries per collision
Y2 (total fatalities) Number of fatalities per collision
Y3 (number of vehicles) Number of vehicles per collision
Y4 (severity) Police reported severity level (recoded)

Severity level 0: Y4 = 0
Severity level 2: Y4 = 1
Severity level 3: Y4 = 2
Severity level 4: Y4 = 3
Severity level 1 (corresponding to a fatality): Y4 = 4
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⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

played in bold in Table 3. Initial framework was revised based on
the findings of the factor analysis and consideration of the phys-
where � = vector of latent endogenous variables; � = matrix
f structural coefficients for relating latent exogenous variables
o latent endogenous variables; � = vector of latent exogenous
onstructs (�1, . . .,  �4 are as previously defined); � = vector of mea-
urement error terms for latent endogenous variables.

In the context of this study the objective is to estimate a singular
atent endogenous variable, the safety propensity index. As is such
he vector term � which represents all latent endogenous variables
an be defined by a singular value, �1 – the safety propensity index.
q. (3) is now presented in matrix form:

�1] = [ ı11 ı12 ı13 ı14 ] ∗

⎡
⎢⎢⎢⎢⎣

�1

�2

�3

�4

⎤
⎥⎥⎥⎥⎦

+ [�1] (4)

Note that in Eq. (4) � is now represented by the singular value �1
nd the matrix � takes the form [ ı11 ı12 ı13 ı14 ]. Similarly the
easurement equations, Eqs. (1) and (2), are expressed in matrix

orm in Eqs. (5) and (6) respectively:

X1

X2

X3

X4

X5

X6

X7

X8

X9

X10

X11

X12

X13

X14

X15

X16

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

˝1,1 0 0 0

˝2,1 0 0 0

˝3,1 0 0 0

˝4,1 0 0 0

˝5,1 0 0 0

˝6,1 0 0 0

0 ˝7,2 0 0

0 ˝8,2 0 0

0 ˝9,2 0 0

0 ˝10,2 0 0

0 ˝11,2 0 0

0 0 ˝12,3 0

0 0 ˝13,3 0

0 0 0 ˝14,4

0 0 0 ˝15,4

0 0 0 ˝16,4

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

∗

⎡
⎢⎢⎢⎢⎣

�1

�2

�3

�4

⎤
⎥⎥⎥⎥⎦

+

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

ω1

ω2

ω3

ω4

ω5

ω6

ω7

ω8

ω9

ω10

ω11

ω12

ω13

ω14

ω15

ω16

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(5)
X17 0 0 0 ˝17,4 ω17
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⎡
⎢⎢⎢⎢⎣

Y1

Y2

Y3

Y4

⎤
⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎣

�11

�12

�13

�14

⎤
⎥⎥⎥⎥⎦

∗ [�1] +

⎡
⎢⎢⎢⎢⎣

�1

�2

�3

�4

⎤
⎥⎥⎥⎥⎦

(6)

In addition to the three structural matrices �X (the matrix of ˝
values in Eq. (5)), �Y (the matrix of � values in Eq. (6)), and �; the
following four variance/covariance matrices need to be specified to
determine a general structural equation model:

(1) a Variance/covariance (VC)-matrix of latent exogenous vari-
ables (˚)

(2) a VC-matrix of error terms associated with model implied struc-
tural equations (� )

(3) a VC-matrix of measurement errors or observed exogenous
variables (	ω)

(4) a VC-matrix of measurement error terms associated with the
observed endogenous variables (	�)

Now that the model has been formulated and pertinent variables
have been identified, the model can be applied to the data for the
state of California.

4. Application to the data set

Factor analysis was performed using 17 exogenous variables
using the Statistical Analysis System (SAS) Software. This type of
analysis establishes relationships based on a mathematical func-
tion q(W,Z) connecting a variable X with the set of variables W and
Z (Hamdar et al., 2008). The measurable values of Y are known;
however the type of function q(.) that should be used and the vari-
ables to be included in this function are unknown. Accordingly, we
assume that a set of Y variables are related to a number of functions
that operate linearly:

Xn = ˛n1F1 + ˛n2F2 + · · · + ˛nmFm (7)

where X is a variable with known data,  ̨ is a constant that rep-
resents the loading, and Fj is a function qj(.) of some unknown
variables where j = 1, . . .,  m;  Fj is also referred to as a factor.

The output derived from this analysis is useful in the following
manner:

1. Un-rotated matrix:  deals solely with uncorrelated patterns. Each
pattern could potentially involve all (or nearly all) the variables,
and therefore may  lead to high loadings for several factor pat-
terns.

2. Pre-rotated matrix:  deals solely with correlated patterns.
3. Rotated factor matrix:  here the factor matrix covers both corre-

lated and uncorrelated patterns. From this particular patterns
can be hypothesized and patterns are easier to uncover and will
not include most of the variables.

The following table (Table 3) represents the rotated factor anal-
ysis for exogenous variables for unsignalized intersections. It is
important to note that the number of factors was reduced from four
to three based on consistently low factor scores for environmental
characteristics.

Factors scores approximately on the order of 0.1 were con-
sidered for analysis (Hamdar et al., 2008) and refined potential
dimensional placements are suggested by the factor scores dis-
ical relevance of the variables to the dimensions they are being
associated with: the Environmental Characteristics dimension was
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Table  3
Rotated factor pattern – unsignalized intersections.

Rotated pattern Factor 1 Factor 2 Factor 3

Proposed main street characteristics dimension
Divided 0.89409 −0.32155 −0.00480
Median width 0.50038 −0.03742 0.15781
L  shoulder width −0.36566 0.17946 0.64001
R  shoulder width 0.30016 −0.13260 0.71369
Surface width 0.14481 0.90701 −0.02360
Lane width −0.04123 0.54832 −0.00981

Proposed intersection characteristics dimension
Intersection legs 0.00945 −0.01524 0.24839
ML  lanes 0.89016 0.35709 −0.00026
XST lanes 0.07189 0.01202 0.06498
ML  channel 0.41456 −0.18931 0.15056
XST channel 0.07567 −0.04361 0.11611

Proposed environmental characteristics dimension
Precipitation −0.03875 −0.01690 −0.04603
Light −0.13139 −0.04732 −0.00650

Proposed traffic related characteristics dimension
Stop control −0.03068 −0.02644 0.18669
ML  AADT 0.67156 0.13409 0.02911
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Table 4B
Unsignalized model statistics.

t-Values

Variables Value

L1/design speed 12.15
L1/stop control 38.18
L1/intersection legs 30.26
L2/ML AADT 95.90
L2/ML lanes 113.89
L2/ML channelization 37.78
L2/Median width 59.31
L3/XST AADT 48.81
L3/XST lanes 32.90
L3/XST channelization 38.81
L1/INDEX 1.33
L2/INDEX 7.57
L3/INDEX −1.71
INDEX/severity 0.00
INDEX/number of vehicles 14.59
INDEX/total injuries 25.34
INDEX/total fatalities 19.80

Error covariance terms

Variables Value

Design speed/ML AADT 5.60
Design speed/median width 1.23
Design speed/XST AADT −0.13
Design speed/intersection legs 0.15
Stop control/XST AADT 0.02
Stop control/ML AADT 0.33
Intersection legs/stop control −0.02
ML  AADT/ML channelization 1.15
XST AADT/XST channelization 0.07

Cronbach’s alpha

Set Value

Entire data set 0.509
Dimension L1 0.269
Dimension L2 0.710
Dimension L3 0.408
XST AADT 0.08227 0.03385 0.24277
Design speed 0.03531 −0.01615 0.23714

ropped based on the consistently low or negative factor scores, the
ariable surface width was dropped because it is redundant (shoul-
er width + lane width), and the variables for shoulder width were
ropped since they could not be considered in a relevant dimension.
ain line channelization and median width were considered with

he other main line characteristics based on the physical relevance
f the variables. The resulting final dimensions are L1 – intersec-
ions characteristics (design speed, intersection legs, stop control),
2 – main line characteristics (ML  AADT, ML  lanes, ML  channel,
edian width), and L3 – cross street characteristics (XST AADT,
ST Lanes, XST channel).

Several structures were then tested based on these new dimen-
ions ultimately leading to the statistically significant converging
odel (computed using the LISREL software) displayed in Fig. 1.
The results summarizing the model are presented in

ables 4A and 4B.
As suggested by Golob (2001), for models with large sample

izes (such as this, N = 22,422) Chi-squared tests often encounter

roblems. For this reason, the goodness of fit was  assessed based
n the root mean square error of approximation (RMSEA) (Golob,
001). For the model above, the RMSEA was 0.052 and the 90%

able 4A
nsignalized model measurement equations.

Equation Errorvar R2 value

Structural model
INDEX = 0.018 × L1 + 0.052 × L2 − 0.023 × L3 1.00 0.0026

Endogenous measurement model
Severity = 1.54 × INDEX −0.60 1.33
Number of vehicles = 0.049 × INDEX 0.21 0.011
Total injuries = 0.61 × INDEX 0.83 0.31
Total fatalities = 0.027 × INDEX 0.017 0.043

Exogenous measurement model
Design speed = 1.26 × L1 121.01 0.013
Stop control = 0.33 × L1 0.15 0.41
Intersection legs = 0.16 × L1 0.24 0.095
ML  AADT = 10.23 × L2 99.56 0.51
ML  lanes = 1.08 × L2 0.30 0.80
ML  channelization = 0.14 × L2 0.23 0.074
Median width = 7.73 × L2 276.63 0.18
XST  AADT = 1.42 × L3 3.56 0.36
XST  lanes = 0.086 × L3 0.066 0.10
XST  channelization = 0.10 × L3 0.060 0.15
confidence interval was 0.051; 0.053. The entire confidence interval
is around the threshold of 0.05 indicating that the model is statisti-
cally significant and has a good fit (Golob, 2001; Hu and Bentler,
1998). For further support, the standardized root mean square
residual (SRMR) has a value of 0.040; values less than 0.08 are
generally considered to indicate a good fit (Hu and Bentler, 1998).
Additional fit statistics such as Goodness of Fit Index (GFI = 0.97)
and Adjusted Goodness of Fit Index (AGFI = 0.96) indicated that the
model was  statistically significant as well. For an alpha of 0.05,
t-values greater than 1.96 or less than −1.96 are considered signifi-
cant. t-Values indicate that we  can be more confident in some paths
than others, and nearly all t-values in the model were significant.

The following table (Table 5) represents the rotated factor
analysis for exogenous variables for signalized intersections. It
is important to note that once again the number of factors was
reduced from four to three based on consistently low factor scores
for environmental characteristics.

Once again, bold values in Table 5 are indicative of refined
potential dimensional placements as suggested by the factor scores.
Keeping with the same procedure outlined above (utilizing factor
scores as well as relevance to sort the dimensions), the final dimen-
sions for signalized intersections are as follows: L1 – intersections
characteristics (design speed, intersection legs, level of actuation),
L2 – main line characteristics (ML  AADT, ML  lanes, ML  channel,

Median Width), and L3 – cross street characteristics (XST AADT,
XST lanes, XST channel).
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Fig. 1. Structural model – unsignalized intersections.

Fig. 2. Structural model – signalized intersections.
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Table  5
Rotated factor pattern – signalized intersections.

Rotated pattern Factor 1 Factor 2 Factor 3

Proposed main street characteristics dimension
Divided 0.78651 −0.48282 0.09623
Median width 0.25463 −0.31381 −0.23676
L  shoulder width −0.66229 0.14615 0.00795
R  shoulder width −0.16323 −0.31720 0.08584
Surface width 0.14925 0.85716 −0.17744
Lane width −0.07229 0.35679 0.11549

Proposed intersection characteristics dimension
Intersection legs 0.08617 0.07984 −0.03446
ML  lanes 0.86951 0.34311 −0.07851
XST lanes 0.32422 0.27954 0.23967
ML  channel 0.02274 0.05842 0.59873
XST channel 0.10893 0.18444 0.45461

Proposed environmental characteristics dimension
Precipitation −0.04339 0.00303 0.00316
Light −0.08473 0.00465 0.04136

Proposed traffic related characteristics dimension
Actuation −0.05598 −0.06580 0.49270
ML  AADT 0.59755 0.19114 0.11352
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Table 6B
Signalized model statistics.

t-Values

Variables Value

L1/design speed 15.76
L1/actuation 16.92
L1/intersection legs −14.14
L2/ML AADT 91.31
L2/ML lanes 95.54
L2/ML channelization 19.03
L2/median width 15.60
L3/XST AADT 45.00
L3/XST lanes 73.25
L3/XST channelization 47.88
L1/INDEX −4.04
L2/INDEX 5.63
L3/INDEX 0.71
INDEX/severity 0.00
INDEX/number of vehicles 26.53
INDEX/total injuries 39.18
INDEX/total fatalities 14.98

Error covariance terms

Variables Value

Design speed/intersection legs 0.20
Design speed/ML AADT 12.86
Design speed/median width 14.31
Design speed/XST AADT −9.07
Actuation/ML AADT −0.15
Actuation/XST AADT −1.03
Intersection legs/ML AADT −0.32
ML  AADT/ML channelization 0.34
XST lanes/XST channelization 0.04

Cronbach’s alpha

Set Value

Entire data set 0.585
Dimension L1 0.020
XST AADT 0.18146 0.16931 0.08626
Design speed 0.00251 −0.09647 0.20300

Several structures were again tested based on these new dimen-
ions ultimately leading to the statistically significant converging
odel (computed using the LISREL software) displayed in Fig. 2.
The results summarizing the model are presented in

ables 6A and 6B.
Again, for models with large sample sizes (such as this,

 = 20,215) Chi-squared tests often encounter problems and good-
ess of fit was assessed based on the Root Mean Square Error of
pproximation (RMSEA) (Golob, 2001). For the model above, the
MSEA was 0.072 and the 90% confidence interval was 0.070; 0.073.
he entire confidence interval is under the threshold of 0.08 indi-
ating that the model is statistically significant and has a fair fit (Hu
nd Bentler, 1998). Moreover, the Standardized Root Mean Square
esidual (SRMR) has a value of 0.057 that is also less than 0.08 indi-
ating a good fit (Hu and Bentler, 1998). The Goodness of Fit Index
GFI = 0.95) and the Adjusted Goodness of Fit Index (AGFI = 0.93)
onfirmed the statistical significance of the model. t-Values were
ssessed in the same manner and as was the case for unsignalized

ntersections, nearly all t-value in this model were significant.

As mentioned by Hamdar and Schorr (2013), the exclusion of
ertain dimensions gives way to two main biases: over or under

able 6A
ignalized model measurement equations.

Equation Errorvar R2 value

Structural model
INDEX = −0.045 × L1 + 0.059 × L2 + 0.0075 × L3 0.99 0.0057

Endogenous measurement model
Severity = 1.16 × INDEX 0.53 0.72
Number of vehicles = 0.10 × INDEX 0.21 0.046
Total injuries = 0.82 × INDEX 0.28 0.70
Total fatalities = 0.0100 × INDEX 0.0071 0.014

Exogenous measurement model
Design speed = 3.00 × L1 101.04 0.082
Actuation = 0.47 × L1 0.26 0.46
Intersection legs = −0.068 × L1 0.12 0.036
ML  AADT = 13.37 × L2 119.13 0.60
ML  lanes = 1.13 × L2 0.59 0.69
ML  channelization = 0.040 × L2 0.071 0.022
Median width = 2.16 × L2 305.16 0.015
XST  AADT = 6.14 × L3 221.26 0.15
XST  lanes = 0.99 × L3 0.37 0.73
XST  channelization = 0.19 × L3 0.18 0.17
Dimension L2 0.564
Dimension L3 0.532

estimation of certain dimensions impact on the safety index and
over or under estimation of covariances between variables. While
this is not ideal, it is important to keep in mind that there are
biases associated with any type of statistical analysis. The utiliza-
tion of factor scores as well as the statistical significance of the
model and t-values works to alleviate the drawbacks inherent in the
approach. Furthermore, it can be noticed that R2 values are rather
low for a selection of the variables in both models. The authors
caution the interpretation of these values based upon the research
of Kvalseth (1985) and Helland (1987). Calculation and interpre-
tation of R2 values is straightforward when dealing with linear
least squares regression models with an intercept term, but this
is far more difficult for other modelling techniques (such as SEM)
(Kvalseth, 1985). While Helland (1987) points out that some statis-
ticians take the extreme notion that R2 values should be ignored
completely, Kvalseth (1985) offers the more practical suggestion
that these values be considered along with other goodness of fit
measures such as the RMSR or the standard error of prediction. For
these reasons the authors have investigated the various fit statis-
tics discussed thus far, and in an additional attempt to confirm the
results of the factor analysis and check the internal consistency of
the model, Cronbach’s alpha was  utilized (Cortina, 1993). The cut-
off for statistical significance is 0.7 (Reynaldo and Santos, 1999), a
threshold that all values are under indicating that the model may

be unstable. Sijtsma (2009) suggests that alpha is typically cal-
culated when variables are either dichotomous or have the same
scale (one popular application is using alpha for surveys involving a
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ikert scale) and even then only assesses the degree to which
ariables are inter-related. Given the high amount of variation in
he scales of the variables (for example design speed has a range
etween 25 and 65 while variables such as channelization are either
qual to 0 or 1 and those such as stop control vary between 0 and 4),
t is not surprising that some alpha values are below the well below
he cutoff (specifically in terms of the dimensions that contain the
esign speed variable) while others meet the requirements or are

ust slightly under them. Through the testing of alternative factor
nd model structures, the analysis of fit criteria and the observation
f t-values, error covariances and R2 values the models presented
bove are determined to be consistent. It is important to keep in
ind that the SEM approach lends itself to analytical models rather

han predictive models and the results obtained above are specific
o the area of analysis and cannot be applied universally across all
ntersections.

. Analysis of results

For both models, high values for the SPI are indicative of a decrease
n safety.  Observation of the endogenous equations in both mod-
ls demonstrates that as the SPI increases, so do the values of
ll endogenous variable. This result works to enhance the valid-
ty of the safety framework proposed in this study as the “safer
riving environment” features a lower severity level as well as
ewer injuries, fatalities and vehicles per collision. Consideration

ust be given to questions of exposure, occupancy, and land use.
n terms of exposure; since individual collisions are the observa-
ions in the data set, intersections with high collision rates are
epresented by repeated data lines with very similar exogenous
ariables. These repeated entries for intersections with increased
ollision rates imply that intersections that feature frequent severe
ollisions will have a higher safety index as compared to inter-
ections with as frequent less severe collisions as well as those
ith less frequent as severe collisions. Additionally questions may

rise when considering that certain geographic areas feature higher
ehicle occupancy than others. The implication here is that simi-
arly severe collisions occurring in these areas may  have increased
atalities and injuries due to occupancy. Thinking of safety in abso-
ute terms means that the main goal is the reduction in the total
njuries and fatalities that occur in collisions, and as is such any
light bias of the model towards intersections featuring high vehi-
le occupancy does not necessarily constitute a deficiency. Still,
onsideration should be given to the rare multiple fatality colli-
ion that may  occur in an area where occupancy is not typically
s high. While these types of collisions could potentially skew
odel results, the robustness of the data set along with the 4 year

imeframe over which the data was collected both work to com-
at this issue. One final consideration needs to be made in terms
f the variable for design speed. It is important to make the dis-
inction between design speed, posted speed limits and operating
peeds; and while relationships between posted speed limits and
perating speeds can be defined with a level of confidence, the
ame does not hold true when comparing either with design speed
Fitzpatrick et al., 2003). While this is less of an issue in rural sett-
ngs where posted speed limits are generally higher; issues arise

hen considering urban settings that require significant engineer-
ng judgments as well as social and political considerations when
etermining the speed limit (Forbes et al., 2012). This discussion of
esign speed is continued further in the section on the signalized

odel.
In the following subsections analysis is conducted for signalized

nd unsignalized intersections independently and then the models
re compared to one another.
s and Prevention 71 (2014) 93–105

5.1. Unsignalized intersections

Descriptive statistics for endogenous variables in the unsignal-
ized structural model are provided in Table 7.

Endogenous variables influence the model both in magnitude
and variability and both must be examined in order to correctly
interpret the model. In terms of magnitude, endogenous variables
were averaged and this value was  input into the measurement
equations (Table 4A) to yield the average contribution that each
variable gives to the SPI (Table 7). Although high magnitudes may
indicate increased influence on the SPI, if the variable remains con-
stant throughout the majority of the data set than that influence
is somewhat reduced. To account for this, the standard deviation
is calculated and input into the equation to yield the change in SPI
from a one standard deviation change in each variable (Table 7).
Furthermore, to understand how frequently these changes occur
the coefficient of variation was  also calculated (Table 7). By exam-
ining both the magnitude that a change in each variable (deviation
contribution) as well as how frequently these changes occur (coef-
ficient of variation) the relative influence of each variable can be
better understood. Finally, covariance terms throughout the model
are explicitly stated in Table 7. While the signs of these terms
speak to how one variable “moves” with another in the dataset, the
magnitude of covariance terms cannot be interpreted in the same
manner. To interpret the magnitude, another measure (such as the
Pearson’s correlation coefficient) could be used, but due to the sam-
ple size and the vastly different scales featured by the variables;
such a measure does not allow for additional concrete insights.

Observation of the structural model for unsignalized intersec-
tions demonstrates that the model is characterized by positive
valued influences from the Main Street and Intersection Character-
istics dimensions and a negative valued influence from the Cross
Street Characteristics. Taking the absolute value of coefficients
(from Fig. 1) shows the largest influence on the safety index comes
from the main street characteristics dimension (0.052), followed by
cross street characteristics (−0.023) and main street characteristics
(0.018).

Starting with the intersection characteristics dimension, pos-
itive valued coefficients throughout the dimension indicate that
an increase in any of the variables will have an adverse effect
on safety. The diminishing effects of increased speed on safety
have been demonstrated by Haleem and Abdel-Aty (2010) and
the NCHRP (2009) and are a somewhat expected result as high
speeds crashes are inherently severe. Additionally, Greibe (2003)
and Abdel-Aty and Haleem (2011) have found that an increase in
the number of intersection legs leads to decreased safety. Once
again this result is consistent with expectation as increased com-
plexity forces the driver to make more decisions as they enter the
intersection. Finally, the only seemingly counterintuitive result in
this dimension is the decrease in safety that is associated with an
increased level of control. Greibe (2003) had similar results when
he found that speed reducing measures have a negative effect on
safety. Further discussion of this finding is provided in subsec-
tion on model comparison. High contribution values in Table 7 for
design speed and intersection legs demonstrate that they have the
highest average contributions and are among the highest deviation
contributions of any variable within the model. While both have rel-
atively low coefficients of variation, they remain among the most
influential variables in the model.

Moving to the cross street characteristics dimension, positive
valued coefficients throughout the dimension indicate that an
increase in any variable within the dimension will have a posi-

tive effect on safety. While the increase in safety with the increase
in cross street traffic may  be counterintuitive, the deviation con-
tribution from cross street AADT is among the smallest in the
model. Additionally, observations of covariance terms for cross
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Table  7
Analytical statistics for exogenous variables – unsignalized intersections.

Variable Average Standard deviation Coefficient of variation Average SPI contribution Deviation SPI contribution

Intersection characteristics dimension
Stop control 2.0096 0.5091 0.2533 0.1096 0.0278
Intersection legs 3.4938 0.5147 0.1473 0.3930 0.0579
Design  speed 53.7541 11.0728 0.2060 0.7679 0.1582

Main  street characteristics dimension
ML AADT 18.9018 14.2897 0.7560 0.0961 0.0726
ML  lanes 2.9541 1.2094 0.4094 0.1422 0.0582
ML  channel 0.5488 0.4976 0.9067 0.2039 0.1848
Median width 7.3117 12.6242 1.7266 0.0492 0.0849

Cross  street characteristics dimension
XST AADT 1.4997 2.3594 1.5733 −0.0243 −0.0382
XST  lanes 2.0056 0.2707 0.1350 −0.5364 −0.0724
XST  channel 0.0764 0.2656 3.4781 −0.0176 −0.0611

Covariance terms

Variable 1 Variable 2 Covariance Variable 1 Variable 2 Covariance

Intersection legs Stop control 0.05 ML AADT Design speed 2.21
Intersection legs ML  AADT −0.66 XST AADT ML  lanes −0.01
Intersection legs XST AADT 0.17 XST AADT XST lanes 0.1
Intersection legs ML  lanes −0.04 XST AADT ML  channel 0.12
Intersection legs XST lanes 0.01 XST AADT XST channel 0.15
Intersection legs Median width 0.18 XST AADT Median width 1.77
Intersection legs Design speed 0.33 XST AADT Design speed 0.85
Stop  control ML  AADT −0.39 Design speed ML  lanes −0.5
Stop  control XST AADT 0.28 Design speed XST lanes −0.09
Stop  control ML  lanes −0.07 Design speed ML  channel 0.47
Stop  control XST lanes 0.02 Design speed XST channel 0.11
Stop  control ML channel 0.01 Design speed Median width −1.37
Stop  control XST channel 0.01 ML lanes XST lanes 0.01
Stop  control Median width −1.12 ML lanes ML  channel 0.13
Stop  control Design speed 0.41 ML lanes Median width 8.72
ML  AADT XST AADT −1.03 XST lanes ML  channel 0.01
ML  AADT ML  lanes 11.05 XST lanes XST channel 0.01
ML  AADT XST lanes 0.37 XST lanes Median width −0.03
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ML  AADT Median width 65.72 

treet AADT indicate that as cross street AADT increases, so does
he complexity of the intersection (number of intersection legs and
oth main and cross street channelization) as well as the design
peed and stop control. Coupled with the low deviation contrib-
tions across the dimension, these covariance terms reinforce the
otion that model results are dominated by variables contained
ithin the other dimensions.

The final dimension is the main street characteristics dimen-
ion where positive valued coefficients throughout indicate that an

ncrease in any variable within the dimension will have an adverse
ffect on safety. A number of studies have identified increasing
ADT as a contributing factor to decreasing safety, and this is to
e expected as increased exposure will often lead to a decrease in

Fig. 3. Safer (left) and less safe (righ
ourtesy: Google Earth.
Median width ML  channel 0.82
Median width XST channel 0.01
ML channel XST channel 0.02

safety (Pirdavani et al., 2010; Greibe, 2003; Abdel-Aty and Haleem,
2011). The negative effect of increasing median width on safety has
also been identified in previous research by Haleem and Abdel-Aty
(2010) where they found that larger median widths are associated
with increased accident severity. The results for number of lanes
and channelization reinforce the analysis above postulating that
increased intersection complexity had an adverse effect on safety.

Coefficient values are used to identify some of the safest (Fig. 3
– Third Street and Alameda Blvd in Coronado) and least safe (Fig. 3

– El Campo Road and US 101 in Arroyo Grande) unsignalized inter-
section in the data set. There were 7 collisions that occurred in
the timeframe of this study at the safer intersection (involving an
average of 2 vehicles/collision, resulting in 0.29 injuries/collision

t) unsignalized intersections.
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Table 8
Analytical statistics for exogenous variables – signalized intersections.

Variable Average Standard deviation Coefficient of variation Average SPI contribution Deviation SPI contribution

Intersection characteristics dimension
Actuation 2.6921 0.6909 0.2566 −0.2578 −0.0662
Intersection legs 3.8903 0.3600 0.0925 2.5745 0.2382
Design  speed 51.2654 10.4901 0.2046 −0.7690 −0.1574

Main  street characteristics dimension
ML  AADT 33.5248 17.2571 0.5148 0.1479 0.0762
ML  lanes 4.2447 1.3704 0.3229 0.2216 0.0716
ML  channel 0.9215 0.2689 0.2918 1.3593 0.3966
Median  width 14.2738 13.7499 0.9633 0.3899 0.3756

Cross  street characteristics dimension
XST AADT 11.0601 16.0912 1.4549 0.0135 0.0197
XST  lanes 3.0184 1.1616 0.3848 0.0229 0.0088
XST  channel 0.6792 0.4668 0.6873 0.0268 0.0184

Covariance terms

Variable 1 Variable 2 Covariance Variable 1 Variable 2 Covariance

Intersection legs Actuation −0.03 XST AADT ML lanes 3.45
Intersection legs ML  AADT 0.02 XST AADT XST lanes 6.05
Intersection legs XST AADT 0.52 XST AADT ML channel 0.14
Intersection legs ML  lanes 0.04 XST AADT XST channel 1.11
Intersection legs XST lanes 0.05 XST AADT Median width 2.09
Intersection legs Median width 0.32 XST AADT Design speed −12.44
Intersection legs Design speed −0.16 Design speed ML lanes 0.07
Actuation ML  AADT 0.57 Design speed XST lanes −0.03
Actuation XST AADT −1.16 Design speed ML channel 0.36
Actuation ML  lanes 0.02 Design speed XST channel 0.19
Actuation ML  channel 0.07 Design speed Median width 14.07
Actuation XST channel 0.06 ML lanes XST lanes 0.54
Actuation Median width −0.3 ML lanes ML channel 0.03
Actuation Design speed 1.4 ML lanes XST channel 0.08
ML  AADT XST AADT 40.48 ML lanes Median width 3.2
ML  AADT ML  lanes 15.18 XST lanes ML channel 0.03
ML  AADT XST lanes 5.73 XST lanes XST channel 0.19
ML  AADT ML  channel 0.73 XST lanes Median width 0.27
ML  AADT XST channel 1.39 Median width ML channel −0.53
ML  AADT Median width 22.36 Median width XST channel −0.38
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nd having an average police reported severity level of 1.14) while
3 collisions occurred at the less safe intersection (involving an
verage of 1.96 vehicles/collision, resulting in an average 1.35
njuries/collision and having an average police reported severity
evel of 2.09). Looking at the characteristics of the intersections,
he safer intersection has a lower design speed (25 mph  as opposed
o 65 mph), less main street AADT (17,900 as opposed to 55,000),
nd fewer main street lanes (3 opposed to 4). The safer intersec-
ion additionally features much higher cross street traffic (9300 as
pposed to 500); which as discussed above was a counter intuitive
nding of the model. Clearly, the high design speed and compli-
ated geometry of the intersection on the right work to create an
nsafe driving environment.

.2. Signalized intersections

Descriptive statistics for endogenous variables in the signalized
tructural model are provided in Table 8.

Observation of the structural model for signalized intersections
emonstrates that the model is characterized by positive valued

nfluences from the main street and cross street characteristics
imensions and a negative valued influence from the intersection

haracteristics dimension. Taking the absolute value of coefficients
from Fig. 2) shows that the strongest influence is from the main
treet characteristics (0.059) followed by intersection characteris-
ics (−0.045) and then cross street characteristics (0.0075).
ML channel XST channel 0.03

Looking first at the main street characteristics dimension, pos-
itive valued coefficients for all variables indicate that increasing
values within the dimension will have an adverse effect on safety.
Chin and Quddus (2003) found that AADT had the largest influ-
ence on the number of collisions at signalized intersections and
also found an increase in accident frequency for median widths
greater than two  feet. Greibe (2003) also identified AADT as the
most important factor on safety; Abdel-Aty and Keller (2005) also
found AADT to be a major contributing factor on injury severity
for a number of different collision types occurring at signalized
intersections.

Moving to the intersection characteristics dimension, the signs
of the coefficient values indicate that increasing the design speed
or the level of actuation will have a positive effect on safety while
increasing the number of intersection legs will have an adverse
effect. The increase in safety for an increased level of actuation is
consistent with the findings of Chin and Quddus (2003) who found
a 5% reduction in collisions when comparing adaptive to pre-timed
signals. Coupled with the main street variables for number of lanes
and channelization, the influence of the number of intersection
legs once again indicates that there is a decrease in safety with an
increase in intersection complexity. The variable for design speed
presents the only counterintuitive result as high speeds are gen-

erally associated with decreased safety, but the opposite appears
to be suggested by the model. This result is likely a function of a
large number of urban intersections in the dataset. Urban inter-
sections often feature complicated geometry and higher AADT as
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Fig. 4. Safer (left) and less sa
ourtesy: Google Earth.

ompared to their rural counterparts that are often less travelled
nd contain simple geometry. Furthermore, as discussed previ-
usly design speed does not necessarily correlate with the posted
peed limit and more importantly, with the operating speeds of
he vehicles – specifically in urban settings (Fitzpatrick et al., 2003;
orbes et al., 2012). Additionally, Fitzpatrick et al. (2003) notes that
hile between 37% and 64% of vehicles on rural roadways were

t or below the posted speed limit, this range dropped to 23–52%
or an urban/suburban setting. Thus, one potential explanation for
his finding is that when considering the large number of urban
ntersections along with the manner in which posted speed limits
re determined in these settings, intersections with higher design
peeds are better able to accommodate the tendency of drivers to
xceed these posted speeds. Wang et al. (2003) had similar findings
n terms of the effects of increasing speed, but also offers caution
s to interpreting that result. As was the case for the unsignalized
odel, the deviation contribution from intersection legs is among

he highest in the model; again with a low coefficient of variation.
bservation of covariance terms between both design speed and

ntersection legs and actuation and intersection legs indicates a
egative valued relationship; and positive valued relationship is
bserved in the covariance between design speed and actuation.
hese relationships offer additional insights into the counterintu-
tive effects of design speed on safety – as it further reinforces the
otion that the dimension is dominated by the variable for inter-
ection legs which has significantly higher average and deviation
ontributions than both design speed and actuation.

The final dimension is the cross street characteristics dimen-
ion where positive valued coefficients indicate that increasing the
alue of variables within this dimension will have an adverse effect
n safety. Low deviation contributions from variables within the
imension indicate that these variables are among the least influ-
ntial in the model.

Coefficient values were used to identify some of the safest
Fig. 4 – Chumash Hwy  and State Street Route in Santa Barbara)
nd least safe (Fig. 4 – Venice Blvd and S Robertson Blvd in Los
ngeles) signalized intersections. The safer intersection had 5 col-

isions within the timeframe of this study (involving an average
f 2.4 vehicles/collision, resulting in 0.4 injuries/collision and hav-
ng an average police reported severity level of 1) while the less
afe intersection had 14 collisions (involving an average of 2.14
ehicles/collision, resulting in 1.0 injuries/collision and having an
verage police reported severity level of 2.36). Looking at the char-
cteristics of the intersections, the safer intersection features less
egs (4 as opposed to 5), less main street lanes (4 opposed to 6) and
ess main street AADT (18,000 opposed to 62,804). Additionally, the

afer intersection has a higher design speed (65 mph) than the less
afe intersection (40 mph). From this, it appears the complicated
eometry of the highly travelled intersection on the right works to
reate the unsafe driving environment.
ht) signalized intersections.

5.3. Model comparison

The first interesting observation is the fact that the best mod-
els for both signalized and un-signalized intersections contained
the same variables and have the same structure. Hamdar and
Schorr (2013) performed a similar analysis for interrupted and
uninterrupted flow segments and determined that the models
for differing flow conditions had different structures. Consistent
structure between the two  models indicates that while the fac-
tors effecting safety vary with flow condition (Hamdar and Schorr,
2013); this is not the case when comparing different types of sig-
nalization. This consistency is a possible explanation for why the
number of collisions at signalized and unsignalized intersections is
nearly identical both on a national level (NHTSA, 2012) and within
the data set.

In terms of the individual variables, the influence within the
main street characteristics dimension is almost the same in both
models – increasing the value of each variable influences safety
in the same fashion and in approximately the same proportion in
both models. Observation of the intersection characteristics dimen-
sion demonstrates that the only commonality is that increasing
the number of intersection legs will decrease safety in both mod-
els. Increasing the design speed or level of actuation/control for
unsignalized intersection will negatively influence safety, while an
increase in those variables will have a positive effect on safety
in the signalized model. Comparing the results for actuation and
control is a difficult task given the non-encompassing nature of
the variables – specifically actuation. As pointed out by Nittymaki
(2001), there are multiple aspects to signal control (maximizing
safety while minimizing delay and environmental impacts) making
it difficult to consider them all together and leading to a situation
where cause–consequence relationships are impossible to explain.
Exacerbating this issue is the fact that data from the HSIS does not
speak to cycle length, permissive left turns or signal coordination
for pre-timed signals (for actuated signals these characteristics are
inherently highly variable based on the signals response to traf-
fic conditions, Zheng and Recker, 2013). To a lesser extent there are
similar difficulties associated with the interpretation of stop control
as land use issues can play a role in the sense that there may  be an
increase in the number of 4-way stops when comparing urban areas
to their rural counterparts. Observation of covariance terms for
actuation and control with that of intersection legs indicates a neg-
ative valued relationship between actuation and intersection legs
and a positive valued relationship between stop control and inter-
section legs. Similarly, for the unsignalized model, design speed
and intersection legs have a positive valued relationship while the

opposite is true for the signalized model. Coupled with the fact that
an increase in the number of intersections legs is one of the main
indicators of a decrease in safety for both models, these covari-
ance terms provide additional insights into the differing impacts of
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ncreasing the level of actuation and stop control. The limitations
f these variables along with these associated correlations make it
ifficult to draw comparative conclusions about the effects of flow
onditions at both types of intersections. This was also a finding of
reibe (2003) who points out that internal correlations of variables
ssociated with traffic flow make it difficult to identify the safety
ffects of one explanatory variable since it may  be influenced by
thers in the model. For the cross street characteristics dimension,
ncreasing values for all variables has an adverse effect on safety for
ignalized intersections and a positive effect for unsignalized inter-
ections. Referring to Tables 7 and 8, this discrepancy between the
odels is likely a result of the substantial increase in the average

mount of cross street AADT (as well as an increased average num-
er of cross street lanes and channelization) in the signalized data
et as compared to the unsignalized one.

. Concluding remarks

This study features the development of a safety propensity index
or both signalized and unsignalized intersections through the use
f a structural equation modelling approach. Data sets provided by
he HSIS for the California transportation network were vetted and
2,422 collisions at unsignalized intersections and 20,215 collisions
ccurring at signalized intersections occurring between 2006 and
010 were considered for analysis. Through the use of a factor anal-
sis (performed using the SAS software), pertinent variables were
dentified and possible dimensions were postulated. Several struc-
ures were then tested before statistically significant models were
chieved using the LISREL software for both intersection types. A
umber of checks were carried out to validate the models signif-

cance and the results were then analyzed. The manner in which
ach variable and dimension effects safety at both types of intersec-
ions was outlined and the models were then compared to provide
dditional insight.

The statistically significant results produced in this study are
pecific to the analyzed network. Future research should examine
he application of this method to a different transportation net-
ork (especially signalized versus unsignalized intersections) as

t is unclear whether or not the model structure and coefficient
alues would remain consistent. Furthermore, additional consid-
rations should be given to the impacts of land use as identified
hroughout this paper. Though a universal model would be difficult
o achieve, the continued application of the conceptual and quan-
itative framework utilized in this study provides an opportunity
or researchers to gain new perspectives on safety.
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