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a b s t r a c t

It is acknowledged that crash occurrence on segments and intersections could be affected
by multilevel factors. Omission of important explanatory variables could result in biased
and inconsistent parameter estimates. This paper contributes to the literature by examin-
ing the zonal effects which are always excluded or ignored in traffic safety research for seg-
ments and intersections. A grouped random parameters multivariate spatial model is
proposed to identify both observable zonal effects and unobserved heterogeneity at the
zonal level by considering the heterogeneous and spatial correlations. The proposed model
is evaluated by comparing it with its three counterparts: a fixed parameters univariate spa-
tial model without zonal factors, a random parameters univariate spatial model without
zonal factors, and a random parameters univariate spatial model with zonal factors. The
results indicate that the three random parameters models could consistently provide bet-
ter performance than the fixed parameters model and the models including zonal factors
outperform the models without zonal factors. Besides, the proposed model has the optimal
model performance compared with its counterparts, which validates the concept of adopt-
ing the multivariate modeling framework to identify the heterogeneous and spatial corre-
lations of zonal effects. The results confirm the significantly correlated heterogeneous
residuals in modeling zonal factors on crash occurrence on segments and intersections.
However, the spatial correlations of zonal effects on different types of road entities (seg-
ments and intersections) in adjacent zones are not statistically significant. Furthermore,
the proposed model provides more valuable insights about the crash occurrence on seg-
ments and intersections by revealing segment-/intersection-level factors together with
zonal factors.

� 2018 Published by Elsevier Ltd.

1. Introduction

To ensure efficient safety countermeasures, it is essential to understand the effects of exogenous factors on crash occur-
rence (Wang et al., 2015). Segments and intersections are two major parts of the road network that carry traffic demands. In
the previous literature, numerous traffic crash analysis models have been developed for the two types of road entities. The
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choice of appropriate analytical models and the selection of explanatory variables would be the two crucial elements to build
reliable relationships between safety and its contributing features. With various advanced statistical methodologies such as
spatial and temporal autocorrelation, finite mixture, latent class, random effects, random parameters, and multilevel
approaches, etc., the effects of segment-/intersection-level factors on the segment and intersection crashes have been rec-
ognized (Barua et al., 2016; Bhat et al., 2014; Castro et al., 2012; Fu et al., 2018; Huang et al., 2017; Lee et al., 2017; Liu
and Sharma, 2018; Ma et al., 2017; Osama and Sayed, 2017; Wang et al., 2018a; Xie et al., 2014). The segment-/
intersection-level factors refer to variables aggregated at the segment/intersection level including traffic data (e.g., average
annual daily traffic (AADT)), geometric data (e.g., number of lanes, road functional classification), etc. Beside the segment-/
intersection-level factors, the road entities should share certain zonal factors, which may affect driving behaviors, travel
modes, and further affect crash occurrence. In this study, the zonal factors indicate the information based on zones including
traffic data (e.g., vehicle miles travelled (VMT)), socio-demographic information (e.g., population, median household
income), etc. Although the crash studies based on zones have suggested that the zonal factors have significant effects on traf-
fic safety, only few studies have included zonal data for the segment/intersection safety analysis. Omission of important
explanatory variables at the zonal level may result in biased and inconsistent parameter estimates for crash analysis on seg-
ments and intersections (Mannering et al., 2016; Wang et al., 2017a, Cai et al., 2018). In addition to the observed factors from
zones, there should exist unobserved heterogeneity at the zonal level that would affect the crash frequency outcomes on the
segments (or intersections) in the same zones.

This study aims to investigate the observed and unobserved effects of zones on crashes of segments and intersections.
Toward this end, a grouped random parameters multivariate spatial model, which allows investigating the potential observ-
able zonal effects as well as unobserved heterogeneity at the zonal level on crash occurrence on segments and intersections.
In addition, the proposed model considers the potential correlation of zonal effects on crash occurrence on segments and
intersections due to the heterogeneous and spatial effects.

This paper is organized as follows: A brief discussion in earlier literature about spatial effects, zonal effects, and modeling
methodologies is provided in the next section. Section 3 introduces the grouped random parameters multivariate spatial
model to explore the zonal effects on crashes of both segments and intersections. Section 4 describes the collected data
for the empirical analysis of the proposed model. The model estimation results of the proposed model and three other coun-
terparts are presented in Section 5. Finally, the last section summarizes and concludes this paper.

2. Literature review

In the previous traffic safety literature, Poisson-based models (e.g., Poisson, negative binomial, Poisson lognormal models)
have been widely used and proven to be appropriate to deal with the non-negative crash count data. Nevertheless, the mod-
els assume that observations are independent from each other, which might violate the fact that crash data based on seg-
ments and intersections might share possible spatial correlation effects and zonal effects. A comprehensive literature
review about such effects in crash count modeling is presented in the following two subsections. In addition, the relevant
modeling methodologies are discussed.

2.1. Spatial effect

Road entities/traffic zones in close spatial proximity may possess common unobserved features, thereby inducing a spa-
tial autocorrelation between crash counts of road entities/traffic zones within neighborhoods. A vast body of studies has
shown that accounting for spatial autocorrelation can contribute to unbiased parameter estimation in identifying the exoge-
nous variables (Lord and Mannering, 2010; Mannering and Bhat, 2014). At both road entity- and zone-levels, two approaches
to incorporate spatial autocorrelation are considered: (1) spatial spillover effects (observed exogenous variables at one loca-
tion have impacts on crash occurrence at both the targeted and neighboring location) and (2) spatial error correlation effects
(unobserved exogenous variables at one location affect crash occurrence at the targeted and neighboring locations) (Cai
et al., 2016). Researchers have considered a spatially lagged dependent variable at neighboring locations for the spatial spil-
lover effects (LaScala et al., 2000; Ha and Thill, 2011; Quddus, 2008). On the other hand, several research efforts have accom-
modated for spatial error in the safety literature. In particular, the Bayesian spatial Poisson lognormal model with Gaussian
Conditional Autoregressive (CAR) prior for modeling spatial error correlation effects has been widely applied in road safety
analysis (Ahmed et al., 2011; Cai et al., 2016; Xie et al., 2014).

2.2. Zonal effect

Crash data are often characterized a multilevel (hierarchical) structure since there are many factors from different levels
can affect crash occurrence (Dupont et al., 2013; Huang et al., 2010; Mitra and Washington, 2012). At both segment- and
intersection-level, the crash data would be nested in various spatial units. Hence, it would be reasonable to claim that
the segments or intersections located in the same zone should share certain zonal factors, which may affect crash occurrence
through regional traffic regulations, driving behaviors, climate-related features, etc. (Heydari et al., 2016; Wu et al., 2017).
Omission of important zonal features may result in biased and inconsistent parameter estimates (Mannering et al., 2016;
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