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a b s t r a c t

This study focuses on developing crash injury severity analysis models for a mountainous freeway sec-
tion. In addition to the data obtained from crash reports, real-time traffic and weather data were utilized.
The introduction of real-time data would benefit model applications on crash injury severity prediction.
Crash injury severity was classified as a binary outcome (severe and non-severe crashes) and random for-
est model was firstly estimated to select the most important explanatory variables associated with severe
crash occurrence. Four most critical variables (snow season indicator, steep grade indicator, speed stan-
dard deviation, and temperature) were chosen by the random forest model as inputs for the modeling
analyses. For the purpose of identifying actual relationships between severe crash occurrence and the
chosen explanatory variables and enhancing model goodness-of-fit, a total of three models were devel-
oped to analyze crash injury severity: (1) fixed parameter logit model; (2) support vector machine (SVM)
model with radial-basis kernel function to detect non-linearity; and (3) random parameter logit model
with unrestricted variance–covariance matrix to account for individual heterogeneity and also to inves-
tigate potential correlations between the explanatory variables. The three models were compared based
on the areas under the ROC curve (AUC) values and it was demonstrated that SVM model and random
parameter model provide superior model fits than the fixed parameter logit model. Findings of this study
demonstrate that real-time traffic and weather variables have substantial influences on crash injury
severity, which could be utilized to predict crash injury severity. Moreover, it is important to consider
possible non-linearity and individual heterogeneity when analyzing crash injury severity. In addition,
potential applications of the modeling results, limitations of this study have been discussed.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Traffic safety is a major concern in the transportation industry
since crash occurrence causes immense losses from the human,
economic, and social sides, especially the injury and fatal crashes.
Tremendous efforts have been dedicated by researchers and prac-
titioners to improve traffic safety. Among the various aspects of
traffic safety studies, crash injury severity analysis is a key part
as it unveils the relationships between crash injury severity and
various explanatory variables (including driver behavior, environ-
mental conditions, traffic flow, and geometry characteristics). This
kind of study is vital since professionals in roadway design, free-
way management, public health, enforcement, emergency and
trauma, policy, and education and awareness could benefit from
the results to reduce the occurrence of injury and fatality crashes
from different aspects. Savolainen et al. (2012) documented a re-
view study of the numerous methodological alternatives used in

the highway crash injury severity studies. From the review, it can
be seen that both advanced parametric models (e.g. random
parameter logit model, markov switching multinomial logit model)
and the emerging data mining techniques (e.g. neural network
models and support vector machine models) have been introduced
to address the crash injury severity issues.

In this study, we focus on traffic crash injury severity analysis
for a mountainous freeway section on I-70 in Colorado. In addition
to the traditional data obtained from crash reports and geometric
roadway characteristics inventory (RCI) databases, this study also
utilizes variables from real-time traffic and weather databases.
With the benefits of real-time data, critical microscopic contribut-
ing factors affect severe crash occurrence can be identified and the
results can be utilized to predict crash injury severity. Crashes
were classified as severe crashes (injury and fatality crashes) and
non-severe (property damage only) crashes in this study. Due to
data limitations, we were not able to further classify the severe
crashes by different levels of severity In order to accurately and
efficiently identify the crucial variables affecting crash severity,
multiple promising analytical techniques were applied. We
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compared traditional crash injury analysis approach (fixed param-
eter logit model) with innovative support vector machine (SVM)
model and sophisticated random parameter logit model. A random
forest model was firstly developed to rank the decisive explanatory
variables that affect crash injury severity. Then, three different
models were developed to analyze crash injury severity: (1) fixed
parameter logit model; (2) support vector machine model to ac-
count for possible non-linearity relationships; and (3) random
parameter logit model to account for individual heterogeneity.
Model comparisons have been made based on the areas under
the ROC curves (AUC). Finally, according to the modeling results,
potential applications of the modeling results and limitations of
this study have been discussed.

2. Background

Traffic crash injury severity analyses such as severe vs. non-se-
vere crashes or fatal vs. non-fatal crashes have natural discrete out-
comes. Binary logit models (fixed parameter) have been widely
employed to analyze crash injury severity (Farmer et al., 1997;
Bédard et al., 2002; Lee and Abdel-Aty, 2008). However, although
modeling procedures and result interpretations of fixed parameter
logit models are straightforward, it is not sufficient to describe
relationships between explanatory variables and the crash injury
severity outcomes. Extensions of the binary models (e.g. hierarchi-
cal logit model (Huang et al., 2008) and hierarchical probit model
(Yu and Abdel-Aty, 2014)) and other nonparametric models (e.g.
neural network models) were introduced to account for unob-
served heterogeneity and non-linearity.

2.1. Random parameter logit model

More recently, random parameter logit models (also called
mixed logit model) have been widely used in injury severity anal-
yses. Compared to the fixed parameter models, random parameter
models allow parameters to vary across the population to account
for the unobserved heterogeneity (Hensher and Greene, 2003). Mil-
ton et al. (2008) utilized a random parameter model to investigate
the crash severities along with the frequency model. The model al-
lows some variables to vary across different roadway segments
and in this way the methodology could account for the unobserved
effects (roadway characteristics, environmental factors and driver
behavior). Gkritza and Mannering (2008) employed a mixed logit
model (model with both fixed and random parameters) to achieve
better understandings of the effects of safety belts usages in single-
and multi-occupant vehicles. The mixed logit models were used to
account for vehicle-specific variations of the independent vari-
ables’ effects on safety-belt use probabilities. The authors claimed
that this approach has its flexibility to capture individual-specific
heterogeneity. Anastasopoulos and Mannering (2011) compared
fixed and random parameter logit models to analyze crash injury
severity. A random parameter multinomial logit model was esti-
mated with simulated maximum likelihood approach and the ran-
dom parameters were applied at the individual observation level.
Results indicated that the random parameter models provided a
better model fit relative to the traditional fixed parameter models.
Kim et al. (2012) also utilized a random parameter model to ana-
lyze single-vehicle crash injury severity data in California. The pur-
pose of using random parameter model was to account for the
heterogeneous effects of age and gender.

However, abovementioned studies utilized random parameter
logit models in a relatively restricted approach: distributions of
the random parameters were assumed to be mutually indepen-
dent. Recently, Xiong and Mannering (2013) utilized a more gen-
eral approach to develop the random parameter model. The

random parameter vector was set to follow a multivariate normal
distribution with an unrestricted variance–covariance matrix. Cor-
relation effects of the guardian indicator on other explanatory vari-
ables were able to be captured. In this study, similar unrestricted
random parameter logit model would be used.

2.2. Support vector machine

Support vector machine (SVM), a newly introduced pattern
classifier based on statistical learning theory (Vladimir and Vapnik,
1995), has already been employed in various aspects of transporta-
tion research studies. Yuan and Cheu (2003) introduced SVM in
incident detection and they compared results from SVM models
with the multi-layer feed forward neural network (MLFNN) and
probabilistic neural network models. It was concluded that SVM
models provided a lower misclassification rate, higher correct
detection rate, and lower false alarm rate. Later on, Chen et al.
(2009) similarly constructed SVM models to detect traffic inci-
dents. Instead of building one SVM model, different SVM models
have been estimated and combined using various ensemble meth-
ods (bagging, boosting, and cross-validated). The authors utilized
ensemble methods to overcome the variability of a single SVM
and improve the model’s accuracy. Beside the incident detection,
SVM has been utilized in crash frequency studies. Li et al. (2008)
estimated safety performance functions for motor vehicle crashes
with support vector machine models. SVM models have been esti-
mated and compared to the traditional negative binomial models,
and the results demonstrated that SVM models provide better
goodness-of-fit than the negative binomial models. Yu and Ab-
del-Aty (2013) employed SVM technique to develop real-time
crash risk evaluation models. SVM model with radial-basis kernel
function was proved to be capable of capturing the non-linearity
relationships between crash risk and explanatory variables and
providing better prediction accuracy. As for the crash injury sever-
ity analysis, Li et al. (2011) investigated the feasibility of SVM mod-
els to analyze crash injury severity. SVM models were compared
with the frequently used ordered probit model; it was concluded
that SVM models outperformed the ordered probit models in mod-
el fit and more reasonable relationships between severity out-
comes and the explanatory variables were provided. In this
study, SVM models with radial-basis kernel functions (RBF) would
be utilized to analyze crash injury severity. Moreover, sensitivity
analyses would be conducted to investigate the effects of the
explanatory variables on injury severity.

3. Data preparation

Four datasets were used to form the database used in this study,
(1) I-70 crash data provided by Colorado Department of Transpor-
tation (CDOT), (based on the traffic data availability, crash data
from Jul, 2007 to Jul, 2009 and Aug, 2010 to Apr, 2011 were used),
(2) roadway geometric characteristic data obtained from roadway
characteristics inventory (RCI), (3) real-time weather data recorded
by 6 weather stations along the roadway segment under study, and
(4) real-time traffic data detected by 20 Automatic Vehicle Identi-
fication (AVI) detectors located on the east and west bounds of I-
70.

For each specific crash, the corresponding weather and traffic
data were identified and matched. AVI system on I-70 provides
average segment speed at 2-min interval; in order to decrease data
noise, raw data were aggregated into 6-min intervals. The mean,
standard deviation and coefficient of variation for the AVI speed
during the 6-minute intervals were calculated at the data aggrega-
tion step and used as explanatory variables in the crash injury
severity analysis to represent real-time traffic flow conditions prior
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