
Pergamon 

Accid. Anal. and Prev., Vol. 29, No. 6, pp. 829-837, 1997 
0 1997 Elsevier Science Ltd 

All rights reserved. Printed in Great Britain 
OOOI-4575/97 $17.00 + 0.00 

PII: SOOOl-4575(97)00052-3 

MODELING ACCIDENT FREQUENCIES AS 
ZERO-ALTERED PROBABILITY PROCESSES: 

AN EMPIRICAL INQUIRY 

V. SHANKAR, J. MILTON and F. MANNERING* 

Department of Civil Engineering, 121 More Hall, Box 352700, University of Washington, Seattle, 

WA 98195, U.S.A. 

(Received 25 November 1996) 

Abstract-This paper presents an empirical inquiry into the applicability of zero-altered counting processes to 
roadway section accident frequencies. The intent of such a counting process is to distinguish sections of roadway 
that are truly safe (near zero-accident likelihood) from those that are unsafe but happen to have zero accidents 
observed during the period of observation (e.g. one year). Traditional applications of Poisson and negative 
binomial accident frequency models do not account for this distinction and thus can produce biased coefficient 
estimates because of the preponderance of zero-accident observations. Zero-altered probability processes such 
as the zero-inflated Poisson (ZIP) and zero-inflated negative binomial (ZINB) distributions are examined and 
proposed for accident frequencies by roadway functional class and geographic location. The findings show that 
the ZIP structure models are promising and have great flexibility in uncovering processes affecting accident 
frequencies on roadway sections observed with zero accidents and those with observed accident occurrences. 
This flexibility allows highway engineers to better isolate design factors that contribute to accident occurrence 
and also provides additional insight into variables that determine the relative accident likelihoods of safe versus 
unsafe roadways. The generic nature of the models and the relatively good power of the Vuong specification 
test used in the non-nested hypotheses of model specifications offers roadway designers the potential to develop 
a global family of models for accident frequency prediction that can be embedded in a larger safety management 
system. 0 1997 Elsevier Science Ltd. 
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INTRODUCTION 

A significant amount of research has been conducted 
on the applicability of Poisson and negative binomial 

(NB) distributions (Miaou, 1994; Shankar et al., 
1995; Poch and Mannering, 1996; Milton and 
Mannering, 1996) to predict accident frequencies (e.g. 

the number of accidents occurring on a roadway 
section over some specified time period). The Poisson 
model is appropriate when the mean and the variance 
of the accident frequencies are approximately equal 
and the NB model is appropriate when the data are 
overdispersed (i.e. the variance of the data is signifi- 
cantly greater than the mean, thus violating a basic 

property of a Poisson process). While previous acci- 
dent-frequency research has undoubtedly provided 
insight into the factors determining accident frequen- 

*Corresponding author. Tel: (206) 543 8935; Fax: (206) 543 
1543; e-mail: flm@u.washington.edu 

ties, it is important to realize that such traditional 

applications of Poisson and the NB distributions do 
not address the possibility that more than one under- 
lying process may be affecting accident frequency 
likelihoods. In fact, one may view accident frequen- 

cies as belonging to two states. One state is when the 
roadway section from which accident data is being 
gathered is inherently safe. In theory, no accidents 

will ever be observed when the roadway section is in 
this zero-accident state’. The second state is an acci- 

‘The zero-accident accident state may be an outgrowth of acci- 
dent severity and accident reporting. Because minor accidents may 
not be reported, the high number of zero-accident observations 
may be due to the fact that accidents occurring on a specified 
section of roadway may not have reached the level of severity that 
would almost guarantee that they be reported. There is also the 
possibility of ‘near misses’ that may indicate a potentially danger- 
ous roadway section even though no accidents have been recorded. 
It is important to keep these possibilities in mind when interpreting 
our forthcoming empirical results. That is, the zero-accident state 
may be truly a zero-accident state or an accident state without 
severe accidents or just near misses. 
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dent state where accident frequencies follow some 
known distribution (e.g. the Poisson or NB distribu- 
tion). Determining which state the roadway section 
is in is not straight forward because of the period of 
observation. For example, suppose accident frequency 
data are collected for a 1 year period and a given 
roadway section has no accidents reported. The road- 
way section could truly be in the zero-accident state 
or may be in the accident state and just happened to 
have zero accidents over the l-year observation 
period’. If such a two-state process is modeled as a 
single process that assumes that all sections are in 
the accident state (as is inherently assumed when 
applying traditional Poisson and NB distributions) 
the estimated models will be inherently biased because 
there will be an over-representation of zero-accident 
observations in the data, many of which do not 
follow the assumed distribution of accident frequen- 
cies. Such estimation can also erroneously suggest 
overdispersion in the data (i.e. indicating that a NB 
is appropriate when a Poisson distribution is correct) 
when the overdispersion is merely an outgrowth of 
an improperly specified model (i.e. modeling a dual- 
state system as a single-state system). 

Dealing with the possibility of dual-state phen- 
omena can be accomplished using statistical pro- 
cedures that explicitly recognize the existence of the 
two states as well as allow for the possibility that 
these two states may be influenced by different factors. 
The zero-inflated Poisson (ZIP) and the zero-inflated 
negative binomial (ZINB) models, both of which 
seek to account for the preponderance of zero-acci- 
dent observations often found in accident frequency 
data, are two approaches that have been applied in 
a variety of fields, including manufacturing (Lambert, 
1992), sociology (Land et al., 1996) and econometrics 
(Mullahy, 1986) to investigate such dual-state sys- 
tems. In the area of accident analysis, Miaou (1994) 
analyzed accident frequencies using the ZIP structure. 
His research began an exploration, by considering 
the ZIP structure, of the sources of overdispersion 
(i.e. from true overdispersion or overdispersion result- 
ing from modeling a dual-state system as a single- 
state process). However, a complete statistical 
approach that considers ZIP and ZINB and tests for 
the correct model structure versus traditional Poisson 

‘Examination of zero-accident frequencies is important 
because previous literature (Lambert, 1992) has shown that slight 
changes in unobserved accident-inducing factors can cause the acci- 
dent process to move back and forth between the zero-accident 
state in which accidents are non-existent (or of a low enough sever- 
ity so as to be unreported) and the accident state where accidents 
are possible but not inevitable (includes zeros as an outcome). This 
is an important concern that will be addressed in this paper. 

and NB models has yet to be applied in accident 
analysis research3. 

This paper explores a number of important issues 
in the application of zero-altered models to accident 
frequency analysis. Specifically, we will: 
(1) explore the conditions under which the ZIP and 

ZINB model are more appropriate than simple 
Poisson and NB models; and 

(2) distinguish between spurious NB overdispersion 
and a true ZIP or ZINB underlying process. 

The paper begins by first discussing the analysis 
methodology. Next, the empirical setting and findings 
are presented and this is followed by conclusions and 
recommendations. 

METHODOLOGY 

Dual-state count-data models, such as the ZIP 
and ZINB models, explicitly separate the true zero- 
state process from the parent count-data process and 
allow for different factors to influence both of these 
states. In the ZINB model4 (with an application to 
accident frequency analysis), this dual-state process 
is handled by letting Yi be the number of accidents 
on roadway section i in some specified time period 
and letting pi be the probability that roadway section 
i will exist in the zero-accident state. Thus 1 -pi is 
the probability that a zero-accident observation actu- 
ally follows a true NB distribution. Given this 

Yi = 0 with probability pi + ( 1 -pi) 
[ ,I & 

e 
(1) 

and 

Yi = k with probability ( 1 -pi) 

X 

[ 

r(e + k)u~( 1 -Ui)k 1 T(fl)k! ’ 
(2) 

where k is the number of accidents (positive numbers 
starting from one), 8 = l/a (with cc being the dispersion 
parameter), and ui = f3/(Q + Ai) with pi being the mean. 

sMiaou’s model (Miaou, 1994) is a ‘zero-truncated’ Poisson 
model. Heilbron (1989) and Mullahy (1986) provide additional 
examples of this approach. The idea behind this approach is that 
there is a binary process that determines whether the frequency 
count is zero or a positive integer. A traditional limitation in model- 
ing this binary process has been that covariates (variables affecting 
the binary probability) have not been considered. Work by Lambert 
( 1992) and Greene (1994) address this covariate issue by using a 
logistic specification. We follow the logistic specification approach 
in this paper and address the high number of zero-accident observa- 
tions by examining what portion of these zeros is due to hetero- 
geneity (i.e. ‘true’ overdispersion) and what portion of it is being 
generated by the dual-state nature of the process. 

4The ZIP model derivation is similar and is not presented here. 
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Note that the dispersion parameter, a, relaxes the 
Poisson assumption that requires the mean to be 
equal to the variance by letting Var[YJ= 
E[Y,]{l +c&[Yi]} In Eqs. (1) and (2), the probability 
of being in the zero-accident state pi is formulated as 
a logistic distribution such that logit =Giy and 
Ai satisfies log(&) = H,/3, where Gi and Hi are covariate 
vectors, and y and /I are coefficient vectors that do 
vary across i. The covariates that affect the mean li 
of the accident state may or may not be the same as 
the covariates that affect the zero-accident state prob- 
ability (i.e. pi). Intuition suggests that the covariate 
vector Gi, which determines the likelihood of a zero- 
accident state, may differ from the covariate vector 
Hi, which determines the accident frequency in the 
accident state. Alternatively, these covariate vectors 
may be related to each other by a single, real-value 
shaped parameter z. In such a case, a natural parame- 
terization is logit =zB$, where Bi differs from 
Hi in that some covariates that were significant in 
the count model (i.e. in the vector Hi) may be 
excluded from the model determining the probability 
of the zero-accident state because they are insignifi- 
cant. Thus vector Bi can be equal to or a subset of 
vector Hi. Circumstances that may limit the vector 
of coefficients to be the equal across the zero accident 
and accident states will likely be dependent on the 
data being used to estimate the model. We will test 
for this equality in the empirical portion of the paper. 

Another concern in model estimation is the 
possibility of overdispersion in the data (i.e. the 
variance being greater than the mean) which is a 
phenomenon often encountered in the study of acci- 
dent frequencies. If a true dual-state process exists 
(i.e. suggesting that a zero-altered model is appro- 
priate) and the model is estimated as a single-state 
count model, overdispersion may be erroneously indi- 
cated (i.e. suggesting a NB is appropriate when a 
ZIP is actually the correct model). To see how this 
spurious overdispersion arises, note that the NB has 

Var[Yi]=EIYi]{l +crE[Yi]} (3) 

where c( is the overdispersion parameter. For the ZIP 
model, 

Var[Yi]=E[Yi] 
i 

l+ pi ~ EIYiI 
l -Pi I 

(4) 

Thus the term pi/( 1 -pi) could erroneously be inter- 
preted as a. When applying a zero-altered model, the 
problem then becomes one of distinguishing the 
underlying NB or Poisson distribution from the zero- 
accident probability alteration. A statistical test for 
this has been proposed by Vuong ( 1989). The Vuong 
test is a t-statistic-based test with reasonable power 
in count-data applications (see Greene, 1994). The 

Vuong statistic is computed as 

where fi is the mean with m=log[f,(.)/f,(.)] [with 
fi(.) being the density function of the ZINB distribu- 
tion andfi(.) is the density function of the parent-NB 
distribution], and S, and N are the standard deviation 
and sample size, respectively. A value > 1.96 (the 
95% confidence level for the t-test) for I’ favors the 
ZINB while a value < - 1.96 favors the parent-NB 
(values in between 1.96 and - 1.96 mean that the test 
is indecisive). To carry out the test, both the parent 
and zero-inflated distribution need to be estimated 
and tested using a t-statistic. This test can also be 
applied for the ZIP(z) and ZIP cases. 

EMPIRICAL SETTING 

To investigate the relationship of highway geo- 
metrics, regulatory control and traffic characteristics 
on accident frequencies, available data were collected 
for three major functional classes by geographic 
location. Data from principal and minor arterial 
highways in Western Washington of varying geomet- 
ric and traffic characteristics and data from collector 
arterials in Eastern Washington were used in this 
analysis. The Washington State Department of 
Transportation (WSDOT) supplied these highway 
data from its Highway Geometries databases. The 
Washington State Patrol (WSP) accident data files 
provided the accident history for each highway 
section. 

The limits of a section were defined by changes 
to any geometric or roadway variable (e.g. a new 
section would be identified when the shoulder width 
changed from 1.83 to 2.44 m). The section-defining 
information included changes to district number, 
urban or rural location, state route number, related 
roadway type, number of lanes, roadway width, 
shoulder width, presence of curb or retaining wall, 
divided or undivided highway, speed, average annual 
daily traffic, truck percentage, peak hour factors and 
vertical and horizontal curve characteristics. 

For shoulder information, in cases where a sec- 
tion of highway contained curbs or walls, an indicator 
variable was used for identification because no shoul- 
der width data was maintained for these sections. 
Horizontal and vertical curve information was iden- 
tified by the geometric data supplied from the 
WSDOT highway geometric database. Vertical curves 
were identified by grade and the presence of an angle 
point or inflection point. Horizontal curves were 
identified by the length, radius, central angle, hori- 
zontal curve type and the direction of curvature. In 
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addition to the highway geometric data, the compu- 
terized state roadway inventory files were used as a 
source of traffic volume, truck percentage, peak hour 
factor, geometric and speed data. 

For model estimation, our data included a 2-year 
summary of accident data, from 1 January 1992, to 
3 1 December 1993.’ Tables l-3 present summary 
statistics for the different roadway functional classes. 

ESTIMATION ISSUES 

Estimation of the parameters y and /I was con- 
ducted using maximum likelihood procedures. The 
likelihood function for the previously-defined splitting 
[i.e. logit(pi)=Giy and log(E.,)=H$] is based on the 
following probability density function for the random 

‘A review of the data revealed that cross street information 
was not included at intersections. Because this presented a possible 
specification problem (omitted variable bias), highway sections 
containing intersections were not included in our sample. Also, 
roadway sections that had undergone construction during the study 
period were identified from construction accidents in the databases 
and excluded from the data base. 

variable Yi (accident frequency): 

P(yi)=(l -Pi> 

r(e+k)uf(l -UJk 

I-(fl)k! I + ZiPi (6) 

where Zi= 1 when Yi is observed to be zero and 
Zi =0 for all other values of Yi. The use of the 
indicator variable Zi makes maximization of the log- 
likelihood function easy and uniform across the entire 
sample. The log-likelihood function is then simply 
Ci log(p(Yi)). The log-likelihood function is esti- 
mated using the gradient/line search approach pro- 
cedure proposed by Greene ( 1996). 

Before proceeding to the estimation results, it is 
important to note that the derivation of ZIP and 
ZINB models assume that the events (in our case the 
annual frequency of accidents on defined roadway 
sections, Y=[Y,,... Y,]) are independent. In our case 
we use accident frequencies in consecutive years thus 
inducing some correlation among frequencies which 
would affect the efficiency of coefficient estimates. To 
investigate the potential impact of this, yearly data 
from 1993 were omitted and models were estimated 

Table 1, Summary statistics of key geometric and traffic variables for principal arterials in Western Washington 

Variable Description Minimum Maximum Mean SD 

Frequency 
Length 
Speed 
AADT 
Radius 
Degree of curve 

Tangent length 
Sharp curve 
Number of lanes 
Flat section 
Straight section 
Narrow center right section 

Annual number of accidents on roadway sections 
Length of section (in km) 
Posted speed limit (in km/h) 
Average annual daily traffic per lane 
Horizontal curve radius (in m) 
Degree of horizontal curvature [angle, in ‘, 
subtended by a 100 m arc, equal to 18,00O/(n x Radius)] 
Total length between horizontal curves (in km) 
(1 if z 6.56” of curve, 0 otherwise) 
Total number of lanes in section 
1 if section grade is O%, 0 otherwise 
1 if section has infinite radius 
(1 if -C 1.52 m, 0 otherwise) 

0 
0.016 

32 
251 

10.542 
0 

84 0.294 1.090 
18.26 0.097 0.223 
88 78.620 12.830 

26,415 4534.870 4255.480 
15,060.24 755.117 1005.959 

543.49 8.937 18.255 

12.928 
I 

1 
1 

0.081 0.400 
0.352 0.478 
2.618 0.990 
0.063 0.242 
0.498 0.500 
0.333 0.471 

Table 2. Summary statistics of key geometric and traffic variables for minor arterials in Western Washington 

Variable Description Minimum Maximum Mean SD 

Frequency 
Length 
Speed 
AADT 
Radius 
Degree of curve 

Tangent length 
Sharp curve 
Number of lanes 
Flat section 
Straight section 
Narrow center right section 

Annual number of accidents on roadway sections 
Length of section (in km) 
Posted speed limit (in km/h) 
Average annual daily traffic per lane 
Horizontal curve radius (in m) 
Degree of horizontal curvature [angle, in ‘, 
subtended by a 100 m arc, equal to 18,000/(7t x Radius)] 
Total length between horizontal curves (in km) 
(1 if > 6.56” of curve, 0 otherwise) 
Total number of lanes in section 
1 if section grade is O%, 0 otherwise 
1 if section has infinite radius 
(1 if < 1.52 m, 0 otherwise) 

0 7 0.090 0.346 
0.016 15.376 0.090 0.300 

40 88 72.170 12.880 
187 11,016 1691.930 1 537.780 

10.843 6903.61 456.798 590.371 
0 528.39 26.640 45.039 

53.440 0.080 0.761 
1 0.492 0.500 
5 2.001 0.177 
1 0.132 0.339 
1 0.407 0.491 
1 0.746 0.436 
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Table 3. Summary statistics of key geometric and traffic variables for collector arterials in Eastern Washington 

Description Minimum Maximum Mean 

833 

SD 

Length 
Speed 
AADT 
Radius 
Degree of curve 

Tangent length 
Sharp curve 
Number of lanes 
Flat section 
Straight section 
Narrow center right section 

Annual number of accidents on roadway sections 0 
Length of section (in km) 0.016 
Posted speed limit (in km/h) 40 
Average annual daily traffic per lane 146 
Horizontal curve radius (in m) 0.600 
Degree of horizontal curvature [angle, in ‘, subtended 0 
by a 100 m arc, equal to 18,000/(~ x Radius)] 
Total length between horizontal curves (in km) 0 
( 1 if 26.56” of curve, 0 otherwise) 0 
Total number of lanes in section 1 
1 if section grade is O%, 0 otherwise 0 
1 if section has infinite radius 0 
( 1 if < 1.52 m, 0 otherwise) 0 

6 0.61 
14.368 0.154 
88 84.094 

10,438 982.778 
15,060.24 851.737 

2864.79 4.136 

22.88 0.128 0.614 
1 0.391 0.488 
4 2.061 0.345 
1 0.400 0.490 
1 0.430 0.495 
1 0.640 0.480 

0.279 
0.240 

10.163 
930.558 

1437.598 
46.287 

using 1992 data only. A comparison of coefficient 
estimates using a likelihood ratio test indicated no 
significant differences in coefficients (including the 

‘dispersion’ coefficient). Thus it can be concluded 
that serial correlation is not likely playing a significant 

role in our data. 

FINDINGS 

Results of the maximum likelihood estimation 
of the various models described previously are pre- 

sented in Tables 4-66. For the principal-arterial data 
from Western Washington, it was determined that 
the parent-NB specification best described the under- 

lying process (i.e. a single-state process), while for 
the minor-arterial data the ZINB specification proved 

to be more appropriate (i.e. a two-state process). For 
collector-arterial data from Eastern Washington, the 
ZIP(t) specification with constrained coefficients 
was found to be appropriate [i.e. constraining 
logit = ZBiP instead of allowing the coefficients to 
be estimated without an implied relation to the parent 
count distribution]‘. It is evident that with little design 

variability existing for principal arterials, which are 
typically designed to full standards, and moderate 
weather effects prevalent in Western Washington, 

zero-accident and accident states observed during the 
survey period seem to remain relatively stable for 

6The choice of variables was achieved through an exhaustive 
search of the data base in which variables providing significant 
improvements in the model’s log-likelihood function at con- 
vergence were chosen. Variable transformations (e.g. use of natural 
logarithms) were also explored but because there was no compelling 
empirical and/or theoretical evidence suggesting that they resulted 
in a superior model, such transformations were not included in the 
final specification. 

‘The appropriate model is determined statistically, using likeli- 
hood ratio tests. Thus there is no ambiguity as to which model 
should be used. For example, if the ZINB specification, used for 
minor arterials in Western Washington, had been replaced by the 
‘single parameter’ ZIP(r) the model, the model would be misspeci- 
fied because a statistically invalid constraint would have been used. 

roadway section lifetimes. Consequently, the likeli- 
hood of a zero-inflated process affecting accident 
frequencies is minimal. On the other hand, for minor 

arterials, which exhibit more design variability than 
principal arterials and are typically not constructed 

to full standards, some zero-inflated process effect is 
likely to occura. In comparison, collector arterials, 
which due to the low proportion of high-frequency 
counts seem less susceptible to residual overdispersion 
in the non-zero accident state, result in accident 
frequencies that are best represented by a ZIP(z) 
distribution. 

The model results for the NB specification for 

principal arterial accident frequencies are presented 
in Table 4. An examination of this table indicates 
that all variables are statistically significant and of 
plausible sign’. The overdispersion parameter x is 

statistically significant (t-statistic of 37.714) indicating 
significant overdispersion in the data. As suspected 
previously, inherent overdispersion in the data is due 
to the parent NB process and this was validated when 
the ZINB specification failed to provide a statistically 
better fit (the Vuong statistic < 1.96, which corres- 
ponds to the 95% confidence limit of the t-test). 

The model results for the ZINB specification for 

minor arterial accident frequencies are presented in 
Table 5. The ZINB specification shown in this table 

was determined to be the appropriate model for 
describing annual accident frequencies on minor arte- 

*With their relatively higher proportion of high-frequency acci- 
dent counts in comparison to collector arterials, minor arterials are 
also likely to suffer from residual overdispersion suggesting a NB 
distribution. 

‘The interpretation of the signs of variables must be made in 
the context of the contemporaneous nature of the variables 
included in the model. For example, the finding that the coefficient 
for grade is negative (implying steeper grades are associated with 
lower accident frequency) may seem counterintuitive but one has 
to consider other geometric and traffic conditions that are likely to 
prevail, concurrently, at such roadway sections and the likely miti- 
gation (e.g. signing, etc.) that may be present. 
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Table 4. Negative binomial estimation of annual accident frequency for principal arteri- 
als in Western Washington 

Variable Coefficient (t-statistic) 

Constant 
Annual average daily traffic (AADT) per lane 
AADT indicator ( 1 if AADT per lane exceeds 2500 
vehicles; 0 otherwise) 
AADT (continuous) on long sections (>0.40 km) 
interaction 

-3.658 - 18.163 
0.922E-04 24.423 
0.399 7.899 

0.276E-04 

Truck volume as a percentage of AADT 
Grade in percent 
Steep grade indicator ( 1 if grade > 5%, 0 otherwise) 
Flat section indicator (1 if grade < l%, 0 otherwise) 
Grade-lane width interaction indicator ( 1 if flat sec- 
tion width with < 3.46 m lanes, 0 otherwise) 
Speed limit (in km/h) 
High speed indicator ( 1 if speed limit is 80 km/h; 0 
otherwise) 

-0.845E-02 -2.743 
-0.200E-01 -3.919 
-0.328 -2.363 
-0.961E-01 -3.634 

0.228 3.562 

-O.l77E-01 
-0.113 

Length of section (in km) 
Long-section indicator (1 if section length >0.40 km; 
0 otherwise) 
Section length-high speed interaction indicator ( 1 if 
section length > 0.40 km and speed limit is 80 km/h) 
Number of lanes 
Narrow lane indicator (1 if lane width is ~3.46 m; 
0 otherwise) 
Narrow shoulder indicator (1 if right shoulder is 
5 1.51 m in width; 0 otherwise) 
Degree of curve [degree of horizontal curvature- 
angle, in “, subtended by a 1OOm arc, equal to 
18,OOO/(?r x Radius)] 
Central angle (in “) 

2.949 
-0.556 

0.329 

0.258 
0.146 

0.147 

-0.504E-02 

Side friction factor (interaction between speed and 
radius) 

0.322E-02 
0.254 

Curve spacing indicator (1 if section has adjacent 
back-to-back curve; 0 otherwise) 
Roadside feature indicator (1 if feature is wall; 0 
otherwise) 

1.250 

0.231 

Straight section indicator (1 if straight section; 0 
otherwise) 
r (dispersion parameter) 

0.721 

1.541 

Number of observations 38,578 
Restricted log-likelihood (constant only) -24446.25 
Log-likelihood at convergence -21,658.64 

1.575 

-8.430 
-3.124 

64.429 
-4.381 

1.626 

19.580 
4.757 

3.564 

-2.023 

3.699 
2.157 

19.275 

6.218 

18.086 

37.714 

rials (the Vuong statistic of 5.23 indicated a high For collector arterial accident frequencies, a ZIP 

probability that a two-state process was present). model was first estimated but the likelihood at con- 

With separate vectors of coefficients affecting the vergence was not significantly better than the ZIP 
zero-accident and accident states, both effects are with constrained zero-accident state coefficients 
found to be statistically significant and of plausible [ZIP(z)] model, suggesting that the ZIP(r) is the 
signs. However, it is interesting to note that flat appropriate form. The model results for the ZIP(z) 
roadway sections are found to positively affect both are presented in Table 6. The Vuong specification test 
the zero-accident and possible-accident states (i.e. showed that the dual-state process was justified (the 

increases the probability of no accidents and a higher t-distributed Vuong statistic was 22.806). However, 
number of accidents). While the coefficient on the it was noticed that when an NB specification was 
zero-accident state is 3.982 compared to 0.680 for the estimated on the same data set with the same set of 
possible-accident state, the marginal effect was found coefficients, the over-dispersion parameter o! was 
to be statistically insignificant. It is quite likely that found to be statistically significant (t-statistic of 4.95) 
this counter-intuitive same-sign effect of flat sections which seems to indicate the appropriateness of the 
arises because of high-frequency counts or zero counts NB distribution at first glance. However, when we 
on such sections. Interestingly from a design stand- examined alternate specifications such as the ZINB 
point, we can expect to see greater benefits for zero- model, the overdispersion parameter c( turned out to 
accident state sections with the flat section variable. be weak with the corresponding Vuong statistic being 
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Table 5. Zero-inflated negative binomial estimation of annual accident frequency for minor arteri- 
als in Western Washington 

Variable Coefficient (t-statistic) 

Zero accident probability state as logistic function 

Constant 
Annual average daily traffic (AADT) per lane 
Truck volume indicator (1 if double trucks percentage is ~4%; 
0 otherwise) 

1.244 6.158 
-0.650E-03 -3.213 
- 0.729 -2.290 

Narrow shoulder indicator (1 if right shoulder is < 1.51 m 
in width; 0 otherwise) 

- 1.702 -4.362 

Curve spacing indicator (1 if section has back-to-back adja- 
cent curve; 0 otherwise) 

-2.108 -4.774 

Flat section (1 if section grade = 0%; 0 otherwise) 3.982 3.311 
Straight section indicator ( 1 if straight section; 0 otherwise) - 1.387 -3.002 

Non-zero accident probability state as NB function 
Constant 
Annual average daily traffic (AADT) per lane 
Peak hour effect (continuous) as a percentage of AADT 
Truck volumeegrade interaction (AADT per lane as a con- 
tinuous variable on grades > 5%) 
Traffic volume-lane width interaction (AADT per lane as a 
continuous variable on lanes 3.51 m or less in width) 
Flat section indicator ( 1 if 0% grade; 0 otherwise) 
Degree of curve [degree of horizontal curvature-angle, in O, 
subtended by a 100 m arc, equal to 18,000/(~ x Radius)] 
Straight section indicator (1 if straight section; 0 otherwise) 
Side friction factor (interaction between speed and radius) 
Straight sectiongrade interaction (1 if grade z 3% on 
straight section; 0 otherwise) 
Grade-curve interaction (1 if degree of curve >0.82 and 
~6.56” on flat section; 0 otherwise) 
x (dispersion parameter) 

- 1.869 -5.989 
O.l42E-03 6.267 

-0.683E-01 -2.528 
-0.238E-03 -2.603 

-0.8688-04 -3.683 

0.680 5.650 
-0.314E-01 -2.883 

0.399 2.999 
1.212 2.258 
0.280 2.501 

-0.603 -2.500 

1.244 6.158 

Number of observations 
Restricted log-likelihood (constant only) 
Log-likelihood at convergence 
Vuong statistic 

11,591 
- 3862.894 
- 3592.810 

5.230 

marginally lower than the required 1.96-normally 
distributed bound. Table 7 shows the decision rule 
adopted in selecting the model for collector arterial 
frequencies using the Vuong statistic and the NB 
overdispersion parameter c( as criteria. Initial estima- 
tion using the ZINB-NB comparison indicated that 
the Vuong statistic was marginally < 1.96 while the 
overdispersion parameter (a) t-statistic was 1.70. Such 
a scenario is illustrated by the top left cell in the 
matrix shown in Table 7. It is evident then that with 
the overdispersion induced by the splitting mecha- 
nism, the overdispersion spuriously detected by the 
parent NB is diminished. Consequently an alternate 
specification such as the ZIP or ZIP(r) seems more 
plausible because it is evident that some simultaneous 
zero-altered process is at work. 

CONCLUSIONS AND 
RECOMMENDATIONS 

The intent of this research is to examine alternate 
count processes that could potentially explain acci- 
dent frequencies on roadway sections by separating 

true zero-accident state sections from possible- 
accident state sections. As evidenced, several variants 
of the ZIP/ZINB model are plausible and promising 
depending on the geographic and functional classifi- 
cation of the roadway section. This research has 
shown that by understanding the causality underlying 
accident frequencies on zero-accident versus possible- 
accident sections, roadway engineers have the oppor- 
tunity to isolate design control factors affecting zero- 
accident processes and positive accident processes. 

In studying the effects of highway geometries, 
regulatory control and traffic characteristics on safety 
using the ZIP/ZINB variants, surprising insights such 
as the same-sign effects of design variables on the 
accident and zero accident states were found. Such 
insights have significant potential in altering tradi- 
tional design approaches which assume uni-direc- 
tional impacts of design variables on accident 
likelihoods. 

Another interesting point of note was that the 
NB distribution (Shankar et al., 1995; Milton and 
Mannering, 1996) can spuriously indicate overdisper- 
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Table 6. Zero-inflated negative Poisson (z) of annual accident frequency for collector 
arterials in Eastern Washington 

Variable Coefficient 

Zero accident probability state as logistic function and 
non-zero accident probability state as Poisson function 
(vectors of regressors constrained to be the same) 

Constant 
Annual average daily traffic (AADT) per lane 
Train truck volume (as a percentage of AADT) 
Truck volume (as a percentage of AADT) 
Low volume indicator (if AADT per lane is ~250 

-4.525 -8.213 
0.255 6.596 
0.821E-01 3.530 

-0.215E-01 -2.643 
-0.576 -2.448 

vehicles; 0 otherwise) 
Length of section (in km) 
Number of lanes 
Curve radius (in m) 
Sharp curve indicator (1 if degree of curve is 
26.56”; 0 otherwise) 
Short curve indicator (1 if curve length is 
co.16 km; 0 otherwise) 
Curve spacing-sharp curve interaction (1 if curve 
spacing is 20.80 km and degree of curve > 6.56”; 
0 otherwise) 

0.312 
0.325 

-0.924E-04 
-0.589 

-0.237 

0.978 

Curve spacing indicator (1 if section has back-to- 
back adjacent curve; 0 otherwise) 
Grade (in %) 

2.058 

Flat section (1 if grade < 1%; 0 otherwise) 
High speed-cross-section interaction ( 1 if speed 
limit >72 km/h on a two-lane cross-section; 0 
otherwise) 

0.288 
0.138 
0.416 

Three lane section indicator ( 1 if cross-section has 
three lanes; 0 otherwise) 
5 

0.359 I .522 

-0.382 - 3.022 

Number of observations 15,629 
Restricted log-likelihood (constant only) - 3602.458 
Log-likelihood at convergence - 3286.572 
Vuong statistic 22.806 

(t-statistic) 

7.901 
4.540 

-6.841 
- 5.688 

- 2.472 

1.803 

6.287 

3.028 
2.139 
3.515 

Table 7. Decision rule for model selection under ZINB-NB com- 
parisons using the Vuong statistic and overdispersion parameter 

criteria 

NB Overdispersion 
parameter G( (r-statistic) 

<2 >2 

Vuong statistic for < Il.961 ZIP(r) or ZIP NB 
ZINB-NB variant as 
comparison alternative to NB 

>1.96 ZIP(r) or ZINB(T) or 
ZIP variant ZINB variant 

sion when the underlying process actually consists of 
a zero-altered splitting mechanism. The ZIP/ZINB- 
variant decision rules seem to be reasonably reliable 
in examining the potential for alternate mixing 
distributions. 

The models shown in this research demonstrate 
significant flexibility in specification offered by the 
splitting mechanism and the z parameter. However, 
research in this paper has only shown limited variants 
of the specification. A more thorough examination 
of accidents on a national level where environmental 
and geographic conditions vary significantly may 

reveal other unique insights on when zero-altered 
processes may be simultaneously at work with parent 
count processes. Furthermore, the models shown in 
this paper are limited to non-intersection roadway 
sections. An examination of intersection accidents 
could shed light on intersection characteristics that 
lend some locations to inherent positive accident 
likelihoods and build on earlier findings provided by 

Poch and Mannering ( 1996). 
Finally, it must be acknowledged that the poten- 

tial for ZIP-variant applications is unlimited especi- 

ally when we consider the issues of railroad crossing 
safety and inter-modal safety. The advantage such 
distributions offer from a specification standpoint 

provides highway engineers the opportunity to inves- 
tigate the interaction between intermodal mobility 
and safety. 
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