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Abstract 
This dissertation presents a comprehensive modeling basis for analyzing the relationship 
between geometry and crash occurrence on interstates.  The analysis is based on three 
empirical papers in ISI indexed journals that investigate total crash frequencies on 1,153 
directional interchange and non-interchange interstate segments in Washington State, USA 
for the period 1999 to 2007. The conclusions and recommendations chapter includes 
insights from a fourth journal paper.  It is to be noted that the dissertation author is the first 
author on all four published articles. 

The first paper presents a random parameter negative binomial model of total annual 
interstate crashes by accounting for roadway segment heterogeneity in the analysis of 
marginal effects of roadway geometrics.  This paper published in Transportation Research 
Record, Journal of the Transportation Research Board of the US National Academy of 
Sciences shows by proof of concept that a comprehensive geometric database inclusive of 
travel lanes, shoulder widths, interchange information, horizontal and vertical alignment, in 
addition to average daily traffic, is useful as a statistical basis for estimation of crash 
frequencies.  Further, the article shows as proof of concept that the parameter 
heterogeneity is significant in random parameter interstate crash models, and that fixed 
parameter models are not sufficient. 

The second paper, published in Safety Science, outlines a plausible typology for 
comprehensive evaluation of traffic safety performance.  The presented typology integrates 
network-screening methods with pure outcome based methods, multivariate fixed-
parameter as well as multivariate random parameter extensions of the Highway Safety 
Manual safety performance functions.  The paper presents a comparative evaluation of 
these methods based on criteria including, the method's integrability with network 
screening techniques, data requirements, and model predictive performance. This paper 
shows the importance of an overall modeling architecture within which specific outcome 
type models need to be cast for crash model prediction. The findings from this paper 
suggest that the models estimated in this dissertation have promise in terms of significant 
updates to safety performance functions outlined in the American Association of State 
Highway Transportation Officials Highway Safety Manual document. 

The final paper, published in Accident Analysis and Prevention, extends the random 
parameter framework from the first paper to an analysis of 21 crash outcomes across four 
typologies including: a) total crashes by interchange type, b) severity, c) vehicle 
involvement by count, and d) collision type. The paper shows that segment specific 
insights can be improved for design policy and prioritization application via 
comprehensive characterization across multiple outcome types. 

In addition to the three major scientific contributions outlined above, the dissertation 
concludes by offering insights from the integration of these works, and by offering insights 
into future research directions.  In particular, recommendations on further research draw 
upon findings from a fourth published article, (in Analytic Methods in Accident Research). 



Útdráttur 
Þessi doktorsritgerð veitir yfirgripsmikinn grunn fyrir líkangerð til þess að rannsaka 
sambandið á milli vegstærða og slysatíðni á hraðbrautum. Greiningin er byggð á þremur 
birtum vísindagreinum (í ISI gagnasafninu) sem rannsaka slysatíðni á 1153 stefnubundnum 
hraðbrautarköflum, bæði með og án mislægra gatnamóta, í Washingtonríki í Bandaríkjum 
Norður-Ameríku fyrir tímabilið 1999 til 2007. Niðurstöðurnar og tillögurnar í lok verksins 
eru einnig byggðar á upplýsingum frá fjórðu vísindagreininni. Það ber að nefna að 
höfundur ritgerðar þessar er fyrsti höfundur allra greinanna. 

Fyrsta greinin kynnir neikvætt tvíkostalíkan með slembnum stuðlum fyrir heildarfjölda 
umferðarslysa á hraðbrautum þegar tekið er tillit til misleitni vegbúta við könnun á 
jaðaráhrifum vegstærða. Greinin sem birtist í Transportation Research Record, Journal of 
the Transportation Research Board, sýnir að hægt sé að nota vegstærðir eins og fjölda 
akreina, breidd vegaxla, upplýsingar um gatnamót, láréttar og lóðréttar hönnunarstærðir, 
auk árdagsumferðar á gagnlegan hátt til að meta fjölda umferðarslysa. Greinin sýnir einnig 
að það er tölfræðilega mikilvægt að taka misleitni vegbúta til greina og að betri niðurstöður 
fást með slembistuðlagreiningu en með líkani með föstum stuðlum. 

Önnur greinin, birtist í Safety Science, skýrir frá mögulegu kerfi til að velja líkön fyrir mat 
á umferðaröryggi.  Kerfið sem er kynnt tengir saman aðferðir sem byggjast á netgreiningu, 
einföldum samanburði slysatalna, fjölbreytugreiningum með föstum stuðlum og 
fjölbreytugreiningum með slembnum stuðlum sem eru viðbætur við Highway Safety 
Manual bókina. Greinin birtir samanburðarrannsókn á þessum aðferðum byggt á 
matsatriðum eins og möguleikum aðferðarinnar að tengjast við netgreiningu, gagnaþörf 
aðferðanna og spágetu. Greinin sýnir mikilvægi þess að hafa skýrt kerfi þar sem hægt er að 
velja hentug líkön fyrir slysaspá. Niðurstöðurnar benda til að líkönin sem eru metin í 
þessari ritgerð geti bætt líkönin í Highway Safety Manual bókinni. 

Síðasta greinin, birtist í Accident Analysis and Prevention, bætir við rannsókn þar sem 
líkanið er metið sérstaklega fyrir 21 mismunandi flokk umferðarslysa, þ.e. eftir a) 
heildarfjöldi slysa eftir gatnamóta tegund, b) alvarleika, c) fjölda ökutækja í slysinu, og d) 
tegund óhapps. Greinin sýnir að hægt er að bæta greiningu vegbúta með tilliti til 
umferðaröryggis og styrkja hönnunarferlið og forgangsröðun verkefna með því að kanna 
ekki bara heildarfjölda allra slysa, heldur einnig kanna líkön þar sem slysafjöldanum er 
skipt niður í slysaflokka. 

Í viðbót við þessar þrjár vísindagreinar þá lýkur ritgerðinni á samantekt sem byggist á 
heildrænu mati á niðurstöðum allra greinanna og þar sem bent er á leiðir til frekari 
rannsókna. Einnig, þá eru tillögur settar fram sem byggjast á niðurstöðum úr fjórðu 
greininni sem birtist í Analytic Methods in Accident Research. 
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1 Introduction 
1.1 Published Contributions 
This dissertation is an integrated compilation of three journal articles published in ISI 
indexed journals in the field of traffic safety.  The first paper involves the development of 
proof of concept advanced count models of traffic safety (also known as safety 
performance functions or SPFs in the research community), where, the proof of concept is 
motivated by the need to develop comprehensive predictive specifications for the 
estimation of annual crash occurrences.  The current literature is scant in the detailed and 
comprehensive development of advanced count models involving random parameters – 
more discussion on the random parameter aspect follows in a later section of this 
introduction.  Therefore, it can be said that an important contribution of this dissertation 
begins with the first paper serving as proof of concept showing that advanced count models 
such as the random parameter negative binomial model can be estimated with the 
appropriate techniques on comprehensive roadway geometric datasets.  This proof of 
concept is based on Washington State interstate data, provided generously by the 
Washington State Department of Transportation in the United States.  The results of the 
proof of concept modeling methods were published in Transportation Research Record, 
Journal of the Transportation Research Board, US National Academy of Sciences 
(Venkataraman et al, 2011). 

Following the publication of proof of concept, this dissertation posed the question of an 
overall modeling architecture for guiding the development of advanced count models to the 
realm of traffic safety problems in the interstate domain.  The domain of problems is 
significant in the interstate network – it ranges from problems relating to severity of a 
crash, to problems relating to collision type which in turn affects the severity of a crash, to 
problems relating to vehicle involvement which also affects the severity of crashes.  
Therefore, in addition to the need to estimating total crashes, the interstate domain poses 
challenges in terms of the types of geometric variables that can have an impact on severity 
occurrence, collision types and vehicle involvement types. 

Some guidance is then required to cast these models in a larger landscape of models – 
where, the models can then be viewed as substantive estimation alternatives applicable to 
the safety modeling domain.  Modeling alternatives then require a discussion of pros and 
cons, the benefits and challenges of the approaches, and their integrability with current 
procedures adopted in the Highway Safety Manual, which has been adopted in the US as 
the premier guide for development of safety performance functions by the practicing 
community.  The received applications from the HSM are used to predict safety levels and 
the associated costs of crash types, namely, via the severity dimension through estimations 
of fatalities, injuries and non-injuries.  The second paper that this dissertation has 
contributed provides guidance on the development of alternative methods for the 
development of detailed safety performance functions that are hopefully useful for future 
versions of the HSM.  The paper has been published in Safety Science, an ISI indexed 
journal (Venkataraman et al 2013).  The contribution of this paper therefore can be viewed 
as one that presents a framework for evaluating plausible alternatives to the received 
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applications in the safety domain.  Such a contribution, it is hoped, will be valuable for the 
safety community because, to-date, a discussion of methodological alternatives has been 
not presented in the published literature with respect to HSM type applications. There have 
been general discussions of frequency and severity related methodologies (see for example, 
Lord and Mannering 2010; Savolainen et al 2011), but these articles have not discussed in 
particular and in detail the pros and cons of various methods as they pertain specifically to 
applications in the HSM domain.  In this sense, it is hoped that the second paper contained 
in this dissertation carries a specific utility for both researchers and practitioners by casting 
the dissertation models in the larger context of an overall modeling architecture available 
to the research community. 

The third paper in this dissertation contains a detailed exposition of econometric 
specifications by severity type, collision type and vehicle involvement type.  This shows in 
detail, the architecture of advanced count models (also known as advanced SPFs) – 
specifically, which parameters are random, which parameters are fixed, how many 
simulations are required to estimate the parameters, what independent variables are 
required, and how the models vary (negative binomial versus Poisson) depending on the 
dependent variable type.  This detailed architecture also shows the distribution of 
parameters in positive-negative sign domain, indicating that heterogeneous effects due to 
roadway geometrics are plausible.  The current literature makes strong assumptions about 
the effects of roadway geometrics by fixing the sign and magnitude to be the same across 
all observations.  By demonstrating the importance of heterogeneity, the third paper 
underscores the value of a larger modeling architecture articulated in the second paper – 
why there is a need for a detailed roadmap of modeling alternatives within which random 
parameter models can be sufficiently evaluated.  The third paper presented in this 
dissertation is the first of its kind in the received literature, and has been published in 
Accident Analysis and Prevention (Venkataraman et al 2013). 

In addition to the three published papers that form the methodological core of this 
dissertation, the author provides in the conclusions and recommendations chapter further 
insights on research to be undertaken in the realm of random parameters.  Due to the 
highly flexible nature of the specifications, random parameters models have been shown to 
be effective in terms of capturing heterogeneity in means. That is, certain types of roadway 
geometrics such as interchange type (diamond versus clover leaf for example), can affect 
the random parameter means of roadway geometric variables such as shoulder widths.  
This indicates a hierarchical level of heterogeneity that has not been captured in the 
published literature.  This particular paper is a proof of concept that provides concrete 
directions for further research; however, this paper is not included in this dissertation 
because as a methodological extension, it lies outside the scope of what can be termed 
“random parameter models without heterogeneity in the means.” The author believes that 
heterogeneity in means random parameter models can themselves be substantive 
dissertative topics.  It is to be noted that this fourth paper has been published in the journal 
Analytic Methods in Accident Research (Venkataraman et al 2014). 

1.2 Conceptual Motivation 
This dissertation focuses on the development of advanced count models for analyzing the 
effect of roadway geometrics on crash occurrence.  In particular, attention is devoted in 
this dissertation to the class of highways termed as interstates.  The empirical dataset used 
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for this purpose is the interstate dataset from Washington State in the United States.  The 
interstate class of highways consists of divided freeways which are highways with most 
restrictive form of access control.  This means that access to the highway occurs only 
through dedicated on ramps, and access to local streets from the highway occurs only 
through dedicated off ramps.  On US interstates, it is also not uncommon nowadays to 
provide for multimodal access control.  In particular, for example, in Washington State, in 
urbanized areas, onramps and off ramps include bus only lanes or carpool and bus only 
lanes.  These access points are also dedicated, and may or may not overlap with single 
occupant vehicle access points.  For example, transit only interchanges exist in the 
Washington State interstate network.  The interstates network in Washington State consists 
of nearly 765 centerline miles of freeway, and by direction, over 1,528 miles.  Over 1,500 
grade separated interchanges exist on the interstate network, and much more than 1,500 
ramp junctions exist at these interchanges due to the fact that multiple ramps (on ramps 
and off ramps) can be located at a given interchange.  A total of seven interstates constitute 
the interstate network, with Interstate 5, Interstate 90 being the major north-south and east-
west connectors respectively.  

Given this interstate network background in terms of high-level roadway architecture, this 
dissertation is motivated by the need to explore the impact of variation in geometrics on 
the safety performance of the interstate network.  Prior work has focused on the impact of 
heterogeneous geometrics on safety performance of highways; however much of this work 
(see for example, El-Basyouny and Sayed 2010; Lord 2006;Lord and Miranda-Moreno 
2008) has used fixed parameter approaches in modeling safety performance.  The fixed 
parameter models assume the slopes of the geometric variables to be constant across 
observations, also known in the safety community as roadway segments.  It is 
unreasonable to expect constant slopes for geometric effects, since there is geometric 
heterogeneity in the network.  For example, two interstate segments may have the same 
number of lanes, the same shoulder widths, but different vertical and horizontal 
alignments.  Due to this variation in alignment, their crash propensities can be different.  In 
this example, we have two different geometric bases for analysis of crash propensities, due 
to the fact that the alignment components are different.  It is then reasonable to expect 
roadway segments with different geometric bases to have different slopes for the 
parameters (coefficients).  In a fixed slope model, this is not accommodated.   In a random 
parameter model, this can be accommodated by conditioning the slopes on the matrix of 
design variables being used to describe segments.  Distributions of parameters for 
coefficients can be generated and conditioned on the design matrix of the independent 
variables.  By this approach, parameter heterogeneity is due to the stochastic nature of the 
distributions used to generate the parameter values, and second, the heterogeneity is 
conditioned on the entire design matrix used in the model.  This approach is useful for the 
detailed assessment of crash propensities because, from a design policy standpoint, one is 
interested in the impact of joint design decisions, not one variable at a time.  A roadway 
segment has multiple design variables in its construction – shoulder widths, lane widths, 
number of lanes, vertical and horizontal alignment, and in addition, traffic flow.  The 
assessment of safety performance then needs to take into account the joint action of the 
entire design matrix composed of these variables.  This type of modeling architecture has 
not occurred to date on a level of application that involves the entire network.  It is 
therefore the aim of this dissertation to make original contributions to the literature in the 
development of a modeling architecture for the safety performance of interstate systems.  
Some recent work has focused on small scale examples of random parameter models (see 
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for example, Milton et al 2008; Anastasopoulos et al 2012).  However, the detailed 
evaluation of an interstate system has not occurred.  The interstate system is a useful 
empirical problem to study, because it conforms to the highest design standards in the 
United States.  Therefore, the heterogeneous effects in geometric design in the network 
should be expected to be at a minimum compared to that in functional classes built to 
lesser standards.  It is however known from empirical evidence that the interstate system 
carries the largest amount of vehicular traffic (nearly 2/3rds of the entire network load 
across functional classes), which raises the exposure to crashes.  In addition, interactions 
with environmental effects can heighten the impact of any design heterogeneity in the 
network.  It is for these reasons, and due to the existing gap in knowledge in the published 
literature on design heterogeneity impacts on interstate safety performance that this 
dissertation has chosen to study interstate safety at length.  The theoretical insights from 
the impacts of interstate design heterogeneity on safety performance can then be 
potentially transferred to the application of similar approaches to other functional classes.  
In particular, to aid this type of transfer, this dissertation also aims to analyze interstate 
safety in a multidimensional manner –from the analysis of crashes of varying severities, to 
the analysis of crashes of varying collision types, and to analysis of crashes that are 
geographically varied.  By compiling multidimensional insights, it is the aim of this 
dissertation to set forth a set of design related insights that can then inform design policy 
for engineers looking to accommodate design heterogeneity in the larger context of entire 
design matrices. 

The rest of this dissertation is organized as follows.  Chapter 2 begins with a literature 
review of relevant work, including recent work in the analysis of crash propensities using 
random parameter approaches and their limitations in terms of applications to date.  
Chapter 3 then discusses the overview of safety research as well as motivation for this 
research and its importance and also the theory of modeling methods used in the following 
chapters.  Chapter 4 then follows with an application of a random parameter model of total 
crashes for the entire Washington State network.  This chapter aims to show that the 
random parameter modeling of the entire interstate network is computationally feasible, as 
evidenced by the published paper in the Journal of the Transportation Research Board.  
Chapter 5 then describes the methodological framework for broader application of random 
parameter in a multidimensional sense addressing severities, collision types and 
geography.  This chapter includes the article published in Safety Science.  Chapter 6 then 
describes the results of application of this framework to the entire interstate network in 
Washington State, with a detailed discussion of 21 models.  This chapter includes the paper 
published in Accident Analysis and Prevention.  Chapter 7 concludes the dissertation by 
outlining important findings, in terms of conclusions and recommendations for further 
research.  In this chapter, a summary discussion is provided regarding heterogeneity in 
means structures for modeling the effects of interchange type on roadway geometric 
effects.  This is suggestive of a more in-depth modeling architecture for further research. 
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2 Literature Review 
Random parameter modeling of count data is a recent development in the traffic safety 
field.  An article by Anastasopoulos and Mannering (2009) appeared in the journal 
Accident Analysis and Prevention, outlining an argument in favor of the applicability of 
random parameter models for traffic safety frequency data.  The application of random 
parameter models in traffic safety begin with work done by Milton et al. (2008) when they 
analyzed severity data.  In their seminal paper, Milton et al. (2008) showed that with the 
proper combination of random and fixed parameters, severity data can be analyzed as 
frequencies, by aggregating severity counts at the segmental scale.  In the 2008 paper, this 
application is conducted for three levels of severity, namely, property damage only, 
possible injury, and injury (which was a combination of evident injury, disabling injury 
and fatal injury).  The Milton et al paper can be viewed as a mixed parameter application, 
in the sense that some parameters were fixed across observations and some were random.  
Milton et al also showed how to interpret the random parameters in the safety domain by 
using distributional densities to describe the proportion of segments with positive sign 
effects and the proportion with negative sign effects.  This particular application was very 
useful in setting forth a discussion of potential variations in geometric effects on safety 
outcomes.  Historically, since the early negative binomial applications (see for example, 
Miaou 1994; Shankar et al 1995), geometric slopes have been assumed to be fixed, which 
in hindsight turns out to be a restrictive assumption.  The practice of continuing to use 
fixed parameter models comes with two main arguments: a) ease of interpretation, and b) 
ease of computation.  Ease of interpretation in fixed parameters is due to the fact that 
elasticities are computed using the product of the parameter and independent variable at 
the mean value of the independent variable.  Furthermore, marginal effects which represent 
the partial derivative of the outcome with respect to the independent variable, are 
computed as the product of the parameter and lambda, the expectation.  Therefore, it is 
relatively straightforward to compute the marginal effects for a one unit change in the X 
variable.  In random parameter models, elasticities are computed on the basis of parameter 
draws, which makes it a bit more involved from a calculation perspective.  However, the 
difference in insights can be significant, especially if the signs vary across the sample, due 
to the nature of the distribution means and standard deviations of the random parameter 
(see Hong et al 2013) for an application. 

Count modeling involving random parameters since the Anastaspoulos paper has received 
some attention in the applied literature (see for example, El-Basyouny and Sayed (2009); 
Venkataraman et al 2011; Venkataraman et al 2013).  In these studies, the need for detailed 
data collection is emphasized, and the insights as a result prove the returns to investment in 
digital forms of highway information can be significant.  The safety literature in the 
meantime has received parallel attention to Bayesian methods and multivariate methods for 
modeling correlated frequencies. In modeling the multivariate aspects of safety outcomes, 
attention in the literature has focused on correlations across frequencies by severity.  A 
recent article forthcoming in the journal Accident Analysis and Prevention (Ye, Pendyala, 
Shankar and Konduri 2013) highlights such efforts.  The idea behind multivariate methods 
is that at the segmental level, severities are still correlated due to shared unobserved effects 
such as lane frictions, environmental effects and driver behavior effects that cannot be 
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measured.  Due to the correlations across outcomes, it is preferable to account for the 
correlation while estimating the parameters since accounting for the correlations would 
yield potentially efficient parameter estimates.  As a result, the statistically significant 
effects can be teased out to greater lengths due to efficiently estimated standard errors.  
However, in the multivariate domain, attempts at random parameter modeling have not 
occurred, in part due to computational issues and in part due to potential parameter 
identification issues. 

Recent advances in extensions of the random parameter approach have been evidenced in 
the traffic safety literature due to Xiong and Mannering (2013).  In their Transportation 
Research Part B article, the authors argue that a hybrid approach accommodating both a 
random parameter and finite mixture framework maybe of potential use in cases where a 
pure random parameter or a pure finite mixture approach is found to be restrictive.  For 
example, there can be homogenous subgroups within which parameter variation can follow 
a random parameter imposed distribution, but the organization of the subgroups can be 
following a finite mixture, or also called latent class models.  This approach assumes that 
the information provided by the hybrid model is superior to that imposed by a pure random 
parameter or latent class model.  However, it maybe that a pure random parameter model 
with adequately measured data can approximate any design matrix effect reasonably well, 
since subgroups are usually characterized by homogeneous design matrix vectors (such as 
identical horizontal curvature, vertical curvature, lane cross sections, and shoulder widths.)  
In this dissertation, the plausibility of a comprehensive geometrics based random 
parameter framework is explored.  Hence, it is useful to consider research efforts to date, 
that focused on comprehensive geometric considerations in the area of traffic safety. 

The first detailed attempt in the area of freeway crash occurrence modeling occurred in 
1995, due to an article by Shankar et al.  In their article which explored freeway crash 
frequencies on rural segments, the authors used geometric data relating to horizontal and 
vertical curvature, but not the extent where detailed horizontal and vertical curvature in 
terms of central angle, degree of curvature, vertical curve parameters such as parabolic 
parameters, as well as shoulder widths and lane cross sections.  The last two measures, 
relating to shoulder widths and lane cross sections were omitted from the study due to lack 
of variation in the 30-mile corridor.  Inter-segmental variation is therefore governed 
entirely by variations in traffic volume, environmental effects and horizontal and vertical 
curvature.  In the study, none of the geometric effects were found to be elastic, especially 
with respect to the continuous variables.  This however indicated the need for detailed 
geometric data, and the potential this type of data can have for capturing overdispersion 
that is pervasive in traffic crash frequency models.  In subsequent studies (Poch and 
Mannering 1996; Milton and Mannering 1998; and Shankar, Milton and Mannering 1997) 
applied detailed geometric information to a broad class of highways to study crash 
frequencies.  However, in all of these highly cited studies, the parameters were assumed to 
be fixed across observations.  The Shankar et al study in 1997 is the most comprehensive 
in terms of coverage of the network as a whole – in that study, the Washington State 
system of principal, minor and collector arterials maintained by the Washington State 
Department of Transportation was analyzed.  What was interesting from that study was 
despite the fixed parameter approach, the nature of overdispersion depended on the 
functional class of highways.  This was attributed to variations in unobserved 
heterogeneity across functional classes due to varying design standards and the interactions 
between design standards and traffic flow.  The other notable aspect of this study is that 
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underscores the importance of insights that can be gained from a complete coverage of a 
functional class system.  An early study by Miaou (1994) suggests this with specific 
attention to truck related crashes. 

The potential advantages of a complete functional class geometric dataset are numerous:  

• they prevent the occurrence of omitted variable effects, which can be significant if 
the omitted effects are correlated with variables in the model; furthermore, the 
greater the omitted variable effect, the greater the overdispersion that is estimated, 
which may not be representative of the true overdispersion; 

• a complete dataset maps the entire system with all observed geometric 
combinations. Combinations that may not meet sample size requirements in smaller 
focused studies may become statistically feasible groups for evaluation; 

• a comprehensive geometric dataset also helps identify the full range of statistically 
significant geometric effects, which can then be tested in future datasets containing 
environmental information; 

• some studies (see for example, Shankar et al 1995) have shown that the interaction 
between roadway geometrics and environmental effects can be significant.  This 
reasoning allows for a future effort to build on the comprehensive geometric basis 
to test for environmental interactions that can further capture the spatially 
distributed heterogeneities contributing to overdispersion; 

• and finally, a comprehensive geometric dataset also allows for adequate holdout 
samples for prediction related testing in terms of models developed on the rest of 
the sample. 

In addition to creating a comprehensive geometric dataset, one has to consider the effect of 
time and the variation in time of crash propensities.  To this end, it is useful to consider 
multiple years of crash histories.  Panel methods have been used in the safety literature to 
this effect.  In an early application (Shankar et al 1998) showed the usefulness of a random 
effects negative binomial for studying variations in crash histories using longitudinal data.  
Further, in 2003, Ulfarsson and Shankar used a negative multinomial model to study crash 
patterns on divided highways by accounting for multi-year correlations.  The advantage of 
using longitudinal histories is that it allows for: 

• correlating variations in crash frequencies due to variations in roadway geometrics, 
traffic flow and environmental effects; 

• since the environmental effects are often unmeasured, they contribute to 
heterogeneity in time, which is then represented as overdispersion potentially; 

• this presents a further argument for considering random parameter approaches 
because the distribution of the random parameters to capture segmental 
heterogeneity, potentially allows for omitted environmental effects to be captured; 

• a recent application of the random parameter approach to longitudinal crash data is 
discussed in the fourth chapter following the publication of research from this 
dissertation in Transportation Research Record (Venkataraman et al 2011) ), and 
subsequent work published in Safety Science (Venkataraman et al 2013). 
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3 Safety Research Overview and 
Theory of Modeling Methods 

3.1 Background 
Transportation safety can be defined as the safety of users of a transportation system.  In 
the traditional case, back before automotive transport became widely available, 
transportation safety involved the movement of people on foot, or via horse-drawn or 
animal-drawn carriages on land, via small handcrafted ships by water and railroad 
transportation spanning inland waterways and land via bridges.  In these eras, public health 
due to exposure to infections and diseases was as influential in the preservation of safety as 
the robustness of travel vehicles such as carriages and ships in terms of their ability to 
withstand adverse conditions.  Furthermore, in these eras, the condition of the pavement 
also mattered, since asphalt and concrete pavements were rare; yet, stone, macadam and 
dirt pavements were widely used.  Dirt pavements were highly susceptible to weather 
effects, and macadam pavements if poorly constructed contributed to poor drainage and 
therefore poor passing ability.  This in turn affected the safety of travelers due to their 
increased exposure to weather effects. 

Transportation safety in the modern era is much more diverse – it involves in the 21st 
century, travel by personal vehicle, commercial aircraft, high speed and low-speed rail, 
ships, non-motorized transport such as bicycles and pedestrian travel, and personalized 
guided transport such as personal rapid transit on land (individual travel cars for short-
length travel) as well as travel to outer space.  The majority of the focus on transportation 
safety in the practicing sense is currently on land-based travel as articulated by AASHTO. 
Land based travel in the US involves over 4 million miles of roadway; Europe in 
comparison has over 3 million miles of paved roads.  In the US for example, based on 
reported crashes, annually, 0.6% of crashes involve fatalities (see http://www-
fars.nhtsa.dot.gov/Main/index.aspx for e.g.), resulting in roughly 33,000 deaths. 

In the EU, nearly 40,000 deaths result from traffic crashes (see http://epp.eurostat.ec. 
europa.eu/statistics_explained/index.php/Road_safety_statistics_at_regional_level). A 
much larger number is injured in comparison (over 35%) involving various degrees of 
injury ranging from possible injury to evident injury to disabling injury.  These injury 
types commonly involve hospitalization and in some cases long-term medical care due to 
disabling injury.  The cost of traffic injuries is exacerbated by the associated cost to 
infrastructure, which is borne primarily by state agencies.  Property damage values that 
result in damage to fixed roadway hardware as well as vehicles amount to a substantial 
total due to the volume of such low-impact crashes (nearly 65% of all reported crashes).  
Therefore, state agencies have a high stake in managing roadway safety. 

3.2 State of the Practice in Safety Management 
Highway agencies have an organizational structure that includes travel safety as part of 
public works and planning simultaneously.  On the planning side, strategic vision is 
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created using national trends on fatalities, injuries and cost due to damaged infrastructure.  
In the public works side, safety management occurs through the development of 
engineering measures for specialized interventions once the trends are identified.  The 
application of safety practice is therefore an integrated method and involves staff resources 
to maintain an acceptable performance level.  Figure 3.1 shows the core organizational 
structure of the road safety management process.  It begins with raw data collectors such as 
the traffic police, and ends with safety implementers such as public works and enforcement 
agencies such as the traffic police and the court system.  Since, effective road safety 
management involves pre-emptive action as opposed to reactive action, emphasizing data 
based approaches is crucial to an understanding of the limitations of safety management in 
practice.  This is emphasized in recent work (see for example Sittikariya et al., 2009) 
where the impact of omitted variables, heterogeneity, and serial correlation is discussed.  
Traffic crash data is not fully reported, meaning a substantial portion of crash data is not 
reported, or mis-reported.  This problem has been called the problem of under-reporting 
(see for example, Yamamoto, Hashiji, and Shankar 2008).  Due to the problem of under-
reporting, minor impact, crashes such as property damage or possible injury are reported 
substantially less than injury crashes.  Depending on the type of model that is used to 
predict crashes or crash severity, the under-reporting problem can cause bias in parameters. 

A predominant number of agencies depend on the police or highway patrol to collect raw 
crash data.  Raw crash data usually involves the type of crash outcome (property damage, 
possible injury etc.), the number of occupants in the vehicle, the use of seat belts by 
occupants, the presence of alcohol or drugs, the type of vehicle (passenger car, truck, etc.), 
the location of the crash (usually to the nearest milepost), the gender of the driver and age 
of the driver, whether the driver is licensed actively, time of the crash, day of the crash and 
number of vehicles involved in the crash.  A few state agencies go beyond this minimum in 
collecting very rich information involving occupant detail in terms of gender and age, belt 
usage, environmental conditions at the time of the crash, roadway geometry at the crash 
location, and roadside and roadway location of the crash itself.  Prior research has shown 
that the extra information to be extremely useful (see for example, Ulfarsson and 
Mannering, 2004).  It is clear from this research that not collecting this information can 
lead to substantial omitted variable bias as suggested by Sittikariya et.al in their 2009 
paper. 

Raw data is collected by the highway patrol or state police, and therefore, serves as the 
very basis for all evidence based activities.  If raw data is poor, or incomplete, or mis-
reported, then, all measurements are in question as they regard the accuracy of crash data.  
The raw crash data is assembled electronically by a data group operating in a state agency 
and sorted by location of crash, time of crash within the day and day of crash.  Aggregate 
crash counts for the year are then created and correlated with the corresponding traffic 
volume measurements for the locations. 



11 

Transportation 
Data Group

State Police 
Reports

Transportation 
Planning and 

Programming Group

Public Works 
Group

Crash Prevention 
Measures

Crash Reduction 
Measures

Enforcement 
Group

Education Group

 

Figure 3.1. Core Operational Groups for Road Safety Management. 

 

Average daily traffic volume is the usual measure and this involves the nearest observed 
traffic count.  In many cases, the nearest traffic count is not near enough, and this creates 
exposure accuracy problems.  Since ADT is found to have the biggest impact on crash 
occurrence, ADT measurements are crucial.  ADT is also the primary variable used in state 
agency practice along with crash outcomes.  It is well known that ADT data is correlated 
with capacity data such as number of lanes for example.  Hence, it is preferable practice to 
include variables that are correlated with significant and influential factors such as ADT 
and length of segment.  Roadway geometrics such as horizontal curvature and vertical 
curvature are correlated with length, and their inclusion will limit omitted variable bias. 
However, in several state agencies, geometric measurement is not consistently available. 
Horizontal curvature can now be retrieved from Google maps, with however rough 
measurements of curve length and radius. Vertical curvature cannot be retrieved from 
Google maps.  Therefore, the minimum geometric effects such as number of lanes, 
curvature, and shoulder widths are approximate at best. 

Current state practice has evolved from the historical practice of using crash rates modeled 
as (number of crashes multiplied by million and divided by the product of segment length 
and ADT).  Crash rates have been found to be inconsistent measures of occurrence due to 
the fact that crash data is discrete in nature.  Since the last decade, it has become widely 
prevalent to use count regression models such as negative binomial models in state practice 
especially in the United States.  However, these models (see for example, Highway Safety 
Manual, AASHTO, 2010) have often been limited in their specifications, due in large part 
to the fact that main variables are only length and ADT.  Therefore, in the US, for 
example, the widely accepted models are suffering from omitted variable bias.  In addition, 
accurate predictions are unrealistic due to these limitations because model performance on 
local predictions can be poor. 
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Missing data – crash data are incomplete -- this means key information such as 
underreported severities are not counted.  Count models currently do not do a good enough 
job adjusting for this effect.  It is assumed that the observed count represents the actual 
count of crashes on a segment.  So, methods to account for this are required. 

Ranking of problem segments – this is a problem for a planning and programming groups 
in state agencies.  These groups need methods to accurately identify the top 5 to 10% of 
high crash locations so safety interventions can be used.  The Safety Analyst software tool 
in the US, is growing in popularity. This tool generally follows the procedures outlined in 
the HSM.  Within the Safety Analyst software exists a screening procedure that looks at 
the expected number of crashes for each segment.  This, arguably, is not a statistically 
reliable method, because the model relies primarily on ADT and length to determine 
expected counts.  Second, Safety Analyst relies on collection of data from random 
locations in the network to calibrate the models to local conditions (See Harwood et al., 
2002).  Shankar et al. (2006) show a method to prioritize locations on the basis of Bayesian 
techniques that use road geometry, ADT, and length variables.  This method appears to 
work reasonably well for the top 5 to 10% locations.  Another method known as the 
empirical Bayes method is used widely to develop models for prioritization.  It is claimed 
that this method is effective; however, the argument for full Bayes methods like the one 
used in Shankar et al. (2006) appears to be empirically more productive. 

 Heterogeneity – to limit heterogeneity in applied problems, proper segment definitions are 
necessary from a policy standpoint.  It appears for example, an interchange/non-
interchange segment definition is useful because it is consistent with state agency 
programming methods.  State agencies usually make decisions at the interchange/non-
interchange lengths for freeway projects.  So, heterogeneity in such cases involves 
interchange configuration (not all interchanges are alike), curvature effects on non-
interchange segments, weaving effects due to traffic flow merging, etc.  The best model to 
apply for such situations is the random parameter model.  Venkataraman et al. (2011) 
support the use of interchange/non-interchange segmentations. 

3.3 Research Motivation and Importance 
High level motivation for this research is very specific and as follows: 

• An integrated view of the influence of geometry on crash occurrence is missing, 
for example, what is the impact of shoulder width on evident injury crashes versus 
fatal crashes or impact of shoulder width on multi-vehicle crash occurrence versus 
single vehicle crashes? 

• Improved insight into crash occurrence can be gained if statistically significant 
effects are tabulated across multiple crash outcome types.  It is then possible to 
identify what geometries commonly affect crash outcome types, this means there is 
the possibility of non-constant geometry effects on crash occurrence. 

• Literature on non-constant effects of geometry is limited in particular, it is absent in 
insights on geometric hierarchy.  By geometric hierarchy, we mean, higher level 
design, such as interchange configuration, interchange spacing, etc.  Lower level 
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design is usually segment specific, such as horizontal curvature, vertical curvature, 
number of lanes, shoulder width, etc. 

This research is so important in the context of heterogeneity.  Traditional statistical 
modeling does not allow parameter estimates to vary across observations.  This implies 
that the effect of the explanatory variable on the frequency of crashes is constrained to be 
the same for all observations (for example, the effect of an exposure variable such as the 
number of vehicle miles traveled over the time period being considered is the same across 
all roadway segments).  However, because of unobserved variations from one roadway 
segment to the next (unobserved heterogeneity) one might expect the estimated parameters 
of some explanatory variables to differ across roadway segments.  Random-parameter 
models allow each estimated parameter of the model to vary across each individual 
observation in the dataset. These models attempt to account for the unobserved 
heterogeneity from one roadway site to another (Milton et al., 2008).  To allow for such 
random-parameters in count-data models, estimable parameters can be written as = +

 where 	is a randomly distributed term (for example a normally distributed term with 
mean zero and variance	 ).  These models have been applied to crash-frequency data by 
Anastasopoulos and Mannering (2009) and El-Basyouny and Sayed (2009).  Because each 
observation has its own parameters, the final model will often provide a statistical fit that is 
significantly better than a model with traditional fixed parameters.  From a statistical 
perspective, unobserved effects associated with a specific roadway entity sets up a 
correlation in the disturbances used for model estimation, which is known to adversely 
affect the precision of parameter estimates.  In a similar vein, there can be correlation over 
space, because roadway entities that are in close proximity may share unobserved effects.  
This again sets up a correlation of disturbances among observations and results in the 
associated parameter-estimation problems (Mountain et al., 1998; Sittikariya et al., 2009; 
Shankar et al., 1998; Ulfarsson and Shankar 2003; Lord and Persaud, 2000; Washington et 
al., 2003, 2010). 

Given this background, the random-parameters negative binomial regression is an 
important approach because it allows one to account and correct for heterogeneity that can 
arise from a number of factors relating to road geometrics, pavement and traffic 
characteristics, driver behavior, vehicle types, socioeconomic factors, variations in police 
recording accidents, time, and other unobserved factors.  The model assumes that 
parameters are randomly distributed with heterogeneous distribution.  The random 
parameter model uses quasi-random sequences such as Halton draws to speed up the 
estimation process.  The Halton sequence is based on an intelligent set of values of 
simulation draws in the sense that the sequences are efficiently spread over the unit interval 
in which draws are generated.  For each simulation, it is desirable to ensure the sequence of 
draws generated is the same for each segment; furthermore, it is desirable to maintain that 
sequence for multiple runs.  The main characteristic of a random parameter negative 
binomial model is that  is not fixed.  Since Xs are constrained to the observed dataset, the 
modeling objective is to maximize the information available from Xs.  As such, insights 
from the model should be limited to the range of values observed in the Xs.  One possible 
way to achieve this maximization objective is by varying the  across segments rather than 
fixing them to be constant across segments and years. 
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3.4 Theory and Model Variants Used in this 
Research 

3.4.1 Introduction 

Count models can be used for the analysis of traffic safety in many dimensions: for 
example, one can estimate count models of total number of accidents per year on a given 
freeway corridor.  Alternatively, one can estimate count models of specific types of 
accidents on a freeway segment.  For example, there are several common types of 
collisions known to occur on freeways – same direction, sideswipe, rear-end, overturn, and 
fixed object.  Head-on accidents are rare, but happen.  This may be due to drunk drivers 
going in the wrong direction, or drivers who are visually impaired due to which they may 
enter the wrong off-ramp.  Other types of count models of accidents on freeways can 
involve models of vehicle involvement: single-vehicle collisions, two-vehicle collisions 
and multi-vehicle collisions.  Multi-vehicle collisions involving over five vehicles are 
extremely rare, but result in high societal loss.  For cases like this, constructing count 
models that predict well is a challenge in the safety field.  No known model has been found 
to perform well for rare cases such as multi-vehicle collisions.  Another type of rare event 
is the count of fatalities.  Fatalities occupy less than 0.7% of all reported accidents.  Other 
commonly occurring severities include property damage only, possible injury, and evident 
injury outcomes.  Disabling injury accidents are less common.  Nevertheless, count models 
can be estimated for these types of severities as well.  Count models such as negative 
binomial in traffic safety analysis, have been extensively under recently for crash modeling 
purposes due to the well-known problem of overdispersion (for early examples of the 
overdispersion problem and application, (see for example, Engel J.,1984;  Lawless J.,1987; 
Miaou S.,1994; & Maher M., 1991).  Another study by Shankar et al. (1998) suggests that 
traditional applications of the NB distributions do not address the possibility that more than 
one underlying process may be affecting crash frequency likelihoods. 

Lord and Mannering (2010) overview these approaches in their review of methodological 
approaches for frequency modeling.  Nevertheless, the promise of these recent methods has 
not been fully exploited.  In particular, random parameters approaches have substantial 
promise on one dimension – in relation to the identification of heterogeneity that is 
segment specific.  One of the very first attempts to accomplish this involved studies by 
(Miaou 1994, and Shankar et al, 1995).  The authors use Poisson and negative binomial for 
evaluation of effects of roadway geometrics and environmental factors on rural crash 
frequency, in addition also modeled the frequencies of specific collision types.  The issue 
of heterogeneity continues to be a substantial methodological issue in the field of traffic 
safety. 

The history of count model starts from rate based models, where the rate is a count of 
events occurring to a particular unit of observation, divided by some measure of that unit's 
exposure.  Count models need some sort of mechanism to deal with the fact that counts can 
be made over different observation periods.  For example, the number of accidents is 
recorded for 50 different intersections.  However, the number of vehicles that pass through 
the intersections can vary greatly.  Fifteen accidents for 30,000 vehicles are very different 
from 15 accidents for 1,500 vehicles.  Count models account for these differences by 
including the log of the exposure variable in model with coefficient constrained to be one.  
The use of exposure is superior in many instances to analyzing rates as response variables 
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because it makes use of the correct probability distributions.  It should be noted that 
exposure is used to adjust counts on the response variable and that it is possible to various 
kinds of rates, indexes, or per capita measures as predictors.  Over the past decade, Poisson 
and Negative Binomial (NB) models have been used widely to analyze cross-sectional and 
time series count data, and random effect and fixed effect Poisson and NB models have 
been used to analyze panel count data. 

3.4.2  Poisson Regression Model 

Accidents for example, at an intersection may be considered to occur both randomly and 
independently.  Consequently, Poisson distribution maybe a reasonable description of the 
accident process.  This distribution has only one adjustable parameter, i.e., the mean event 
counts, which must be positive.  Therefore, the probability density function of observing 	accidents at segment  in time interval  can be expressed as ( | , ) = × ! . (3.1) 

A Poisson regression model may not be a reasonable description of the accident process 
because it has some potential inconsistencies.  A critical assumption of a Poisson process is 
that events are independent.  This means that when an event occurs, it does not affect the 
probabilities of other events occurring in the future.  Violation of this assumption implies 
that the Poisson regression will not be fully efficient, and the estimated standard errors will 
be biased and inconsistent.  Another problem associated with Poisson regression is the 
implicit assumption that there is no unobserved heterogeneity in the data.  However, a 
Poisson model is easy to estimate and involves fewer parameters (for example, no 
overdispersion parameter). 

3.4.3  Negative Binomial Regression Model 

The negative binomial regression model is useful when data are overdispersed, that is, 
when the variance of the data distribution is considerably larger than the mean. The 
probability mass function of observing 	accidents at segment  in time interval  can be 
expressed as 

( | , ) = ∝∝ ! ∝∝ ∝ ∝ . (3.2) 

The negative binomial model, like the Poisson model, is appropriate for modeling counts; 
however, it is not capable of handling excess zeroes well.  The NB model is relatively 
cumbersome to estimate compared to the Poisson model due to the alpha parameter and the 
gamma function in the probability mass function. 

3.5 Advanced Application of Sophisticated Count 
Models 

The random-parameters negative binomial regression is an important approach because it 
allows one to account and correct for heterogeneity that can arise from a number of factors 
relating to road geometrics, pavement and traffic characteristics, driver behavior, vehicle 
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types, socioeconomic factors, variations in police recording accidents, time, and other 
unobserved factors.  The structure of the random parameters model is based on the 
conditional mean.  The model assumes that parameters corresponding to some effect are 
randomly distributed but share the same distribution.  Then when inferring the random 
parameter model, a quasi-random sequence such as Halton draws is used, to speed up the 
estimation process.  The Halton sequence is based on an intelligent set of values of 
simulation draws in the sense that the sequences are efficiently spread over the unit interval 
in which draws are generated.  For each simulation, it is desirable to ensure the sequence of 
draws generated is the same for each segment; furthermore it is desirable to maintain that 
sequence for multiple runs.  To allow for random parameters in count-data models, 
estimable parameters are written as, = +  where	  is a randomly distributed 
term. 

 
In case of the random parameters version of the model, the log-likelihood is written as, 
 = ∑ ln (	 	)	 	∀ ( |	 	) , (3.3) 

where (.) is the probability density function of 	 . 
 
To begin with, a generalized representation of the conditional density function for crash 
counts for segment  at year  is as follows: 
 ( | , ) = ( , ),						∀ = 1,… , ; ∀ = 1,… , , (3.4) 
 
where (.) denotes a density function relating the mean crash occurrence rate in terms of 
the vector of estimable parameters	  and the observed variable  and effect vector .  
The mean rate is the “lambda” variable that is estimated in conventional negative binomial 
models, wherein “lambda” is used to characterize the density function P(.).  The variables 
in (1) are subscripted with both “i” and “t” to represent yearly observations of crash count 
“ ” and a vector of regional, directional, lighting, geometric and traffic attributes “ .”  It is 
noted that the total number of segments consistently observed is I for both directions of 
travel, and the total number of years of observation is T.  It is also noted here that this 
structure assumes a balanced panel.  This does not have to be the case if in some years, 
data is not complete, or if part of the data is missing.  Now, it is entirely possible that the 
subscript “t” can be dropped in cases where we are only incorporating a segment-specific 
effect (assumed to be the same across years for each segment), and hence representing the 
relevant parameter or variable with subscript “i” alone. 

Situations where this will occur involve independent variables that do not change over time 
– regional and directional variables.  Geometric variables may change over time, as can 
lighting variables and traffic volumes.  If the subscripts in  are removed so as to operate 
as	 , then it means the parameter effect is restricted to be the same across all segments 
across all years.  This representation is usually used in non-random parameter models such 
as the classical negative binomial.  It is noted here that the subscript notation can be 
applied to ancillary parameters such as the overdispersion effect as well – an unsubscripted 
overdispersion effect implies that unobserved heterogeneity is the same across all segments 
across all years.  One that varies over segments and years usually results in a random 
effects type structure. It can be noted, that naturally even though a full set of subscript 
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indices is used, , it is quite possible for some elements to remain the same across e.g. 
some time periods. 

The main characteristic of a random parameter negative binomial model is that  is not 
fixed.  Since Xs are constrained to the observed dataset, the modeling objective is to 
maximize the information available from Xs.  As such, insights from the model should be 
limited to the range of values observed in the Xs. One possible way to achieve this 
maximization objective is by varying the	  across segments and years rather than fixing 
them to be constant across segments and years.  Assuming a normal distribution for	  is 
one way to introduce a continuous variation in parameter randomness.  The likelihood 
function then gets modified in the sense that it is based on probabilities that are calculated 
from varying ′   instead of fixed	 ′   such that = + ∆ + 	 , (3.5) 

where the second term on the right hand side indicates heterogeneity in the mean of the 
parameter as a function of variables in  and the third term is a random deviation from the 
mean.  We note here that the subscripts are such that heterogeneity in the means explained 
by  indicates segment-specific variations in the parameter mean, while the unobserved 
heterogeneity denoted by  is assumed to exist at the yearly level for each segment.  The 
likelihood contribution of the ith segment to the sample likelihood is conditioned on the 
unobserved heterogeneity	  and denoted by: ( , … , | , … , , , , … , ) = ∏ ( , ). (3.6) 

To obtain the marginal density corresponding to segment , we integrate the conditional 
density with respect to the density function of 	as follows: = ℎ( )∏ ( , ) ,

 
(3.7) 

where ℎ( ) is the density function if .  The likelihood for segment “i” is as a result a 
non-closed form problem, since we have a distributional assumption for	 .  We can 
however approximate this integral through simulation using the relationship  

νit | , ∀ ≈ ∑ | .
 

(3.8) 

For the entire sample then, the log-likelihood is given by 	 = ∑ ln=1 , (3.9) 

and evaluating the first- and second-order conditions with respect to parameters, one can  
determine estimates of the effects of variables associated with segment crash counts.  The 
above-mentioned procedure is generally called simulated maximum likelihood and relies 
heavily in its approximation accuracy of the actual likelihood on the number of draws R.  
Draws are taken from a distribution such as the normal (for continuous variables) or 
uniform (for binary variables) and rejected until a draw from desired region is obtained.  
However, this process may require a large number of draws if the desired region lies close 
to the tails of the normal distribution. 
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Random parameter models are most flexible in that they account for heterogeneity through 
both the coefficients and the error term.  They are however, very cumbersome to estimate.  
Convergence is not guaranteed for the likelihood-based estimation.  The estimation is 
heavily reliant on the number of draws.  Larger the draws, better the accuracy.  However, 
with large draws, it can be difficult to obtain convergence due to data characteristics such 
as dummy variables mixed with continuous variables. 

3.6 Other models 
3.6.1 Univariate fixed parameter panel models  

Time series methods as they apply in this case would involve time histories of counts along 
multiple dimensions with techniques incorporating long run dependencies on annual or 
sub-annual prior histories.  The prior histories are used as independent variables in a 
regression framework to represent a pure outcome based functional relationship.  No 
geometric and traffic volume effects are used in this type of framework.  Such a framework 
is useful as an objective benchmark due to the explanatory power being retained by 
observed outcomes as opposed to roadway geometrics and traffic volume.  The time series 
approach therefore allows for baselining beyond just functional form identification—it 
allows for baselining of offsetting impacts of policy.  Time series analysis is therefore an 
important step in the establishment of benchmarks in both time and space.  In short, the 
time series approach allows for network-screening both in terms of space and time. 

3.6.2 Multivariate fixed parameter panel models  

Multivariate fixed parameter negative binomial for example—will fail to account for 
regional and sub-regional effects in highway geometry as it affects safety outcomes.  Prior 
evidence from studies (Pfefer and Neuman, 1999; Pendleton, 1996; Kockelman and CRA 
International Inc., 2006) discusses improved safety information.  The studies imply that in 
the absence of improved safety information, heterogeneity effects can include not just true 
segment-specific or corridor specific effects, but also missing variable effects which may 
not be adequately captured via a fixed parameter approach.  Recent work in the analysis of 
crash likelihoods on interstates (Venkataraman et al., 2011) supports this expectation. 

3.6.3 Fixed and random effects models  

Fixed effects and random effects models have well known properties in the crash count 
context (see for example applications in Shankar et al., 1998).  A fixed effect model cannot 
be estimated using conditional likelihood methods if the independent variables do not vary 
over time.  A random effects count model can instead; however, there is no guarantee on 
convergence.  Given these limitations with models with known properties, the suggestion 
in the Highway Safety Manual (HSM) that local calibrations, be used to adjust baseline 
Safety Performance Function (SPF) parameters is questionable.  This is not to say that 
fixed and random effects count models are devoid of limitations either.  For a fixed effect 
model to work in the conditional and unconditional likelihood sense, it is preferable to 
have consistent average daily traffic (ADT) measurements every year for the subject road 
segments.  This poses somewhat unrealistic burdens on data collection.  On the contrary, 
random effects models allow conditioning on the observed crash counts through the error 
term, which allows for sporadic ADT measurements in the time panel.  However, the 
limitation with random effects models is that they assume strict exogeneity with the group 
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effects, which cannot be guaranteed with the ADT variable.  The second limitation of 
random effects models is that the underlying distribution of the overdispersion effect is 
sometimes likely to be inconsequential.  Typically, a beta distribution is assumed to 
incorporate group-specific overdispersion effects.  In spite of these limitations, random 
effects models have proven to be fairly effective in capturing time dynamics at the group 
level while providing some predictive power. 

3.6.4 Bayesian Hierarchical and Empirical Bayes (EB) models   

In Bayesian hierarchical (BH) models, the effect of road geometry is similar to random 
parameter approaches, in that heterogeneity due to road geometry can be explicitly 
accounted for.  This is a particularly insightful approach for the development of varying 
parameter methods in the long run; one that can enrich safety outcome coefficient 
estimation with local, regional, and sub-regional effects of road geometry.  Studies with 
BH models of crash severity (Shankar et al., 2006) have shown that their predictive power 
is substantially superior to classical safety performance models.  However, one downside 
of BH methods is the somewhat ad-hoc nature of the parametric assumptions in the 
construction of the models.  There are a number of studies using BH methods (see for 
example, Ahmed et al., 2011; Huang and Abdel-Aty, 2010; Ma et al., 2008; Qin et al., 
2005) that have shown promise despite the assumptions underlying model priors and the 
derivation of full conditionals for sampling of the posteriors. 

Empirical Bayes (EB) methods (see for example Harwood et al., 2003) can be broadly 
included in this category, even though they can be thought of as an approximation of fully 
Bayesian methods.  In the EB approach, assumptions of prior distributions of parameters 
are fixed, which sometimes can lead to poor posterior properties if the models were to be 
evaluated using BH methods.  These assumptions must be tested extensively to ensure that 
coefficients are robust to a variety of assumptions.  However, the BH approach is 
preferable since it accounts for uncertainties relating to the data, models, and parameters 
endogenously thereby requiring little pre-processing of data for safety performance 
evaluation (Carriquiry and Pawlovich, 2004).  Furthermore, from a safety effectiveness 
standpoint, BH methods seem preferable due to their ability to handle correlation structures 
effectively and distinguish between candidate countermeasures more precisely (see for 
example, Park et al., 2010; Washington and Oh, 2006; Yanmaz-Tuzel and Ozbay, 2010). 

3.7 Discussion and Conclusions 
Count models may have to be adopted when modeling different types of accidents for the 
purpose of identifying geometric, traffic and regulatory control elements at the intersection 
that affect accident occurrences.  While the Poisson regression model may be the foremost 
candidate model, it rarely explains the data due to several important constraints.  The NB 
model that induces unobserved heterogeneity and allows overdispersion in the data may 
sometimes be a more suitable model, as shown in the case, which involves all accident 
types. 

As illustrated in the case of specific accident types, there may be a preponderance of zero-
accident observations in the accident data.  The parent NB model may therefore be 
unsuitable and zero-modified count models may be necessary to explicitly model the 
production of zero counts.  However, since both modifications induce overdispersion, it 



20 

may be less than obvious whether to attribute this overdispersion to heterogeneity or to the 
excess zero observations. 

The random parameter count model is most flexible.  It allows for non-fixed coefficients 
across segments, while accounting for heterogeneity in the error term.  It is useful for 
modeling a wide variety of specifications. 
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4 Model of Relationship Between 
Interstate Crash Occurrence and 
Geometrics: Exploratory Insights 
from Random Parameter Negative 
Binomial Approach 

This chapter contains a journal article published in Transportation Research Record, 
Journal of the Transportation Research Board (Venkataraman et al 2011).  The article is 
discussed in the context of the dissertation and its proof of concept demonstration of the 
feasibility of random parameters models of count data for safety applications. 

Venkataraman, N. S., G. F. Ulfarsson, V. N. Shankar, J. Oh, and M. Park, 2011:  Model of 
relationship between interstate crash occurrence and geometrics: Exploratory insights from 
random parameter negative binomial approach.  Transportation Research Record: Journal 
of the Transportation Research Board, No. 2236, pp 41-48. DOI: 10.3141/2236-05. 

Abstract 
This paper proposes the use of a random parameter negative binomial model for the 
analysis of crash counts.  Using a nine year continuous panel of crash histories of total 
crash frequencies on interstates in Washington State for the period (1999-2007), a random 
parameter negative binomial model is estimated accounting for parameter correlations, 
panel effects contributing to intra-segment temporal variations as well as between-site 
effects.  Interstate geometric variables such as lighting type proportions by length, shoulder 
width proportions, lane cross section proportions, and curvature variables are used in the 
model specification.  Curvature variables include number of horizontal curves in segment, 
number of vertical curves in segment, shortest horizontal curve in segment length, largest 
degree of curvature in segment, smallest vertical curve gradient and largest vertical curve 
gradient in segment.  Segments were analyzed at the interchange/non-interchange level.  A 
total of 1,153 directional segments comprising of the seven Washington State interstates 
were analyzed, yielding a statistical model of crash frequency based on 10,377 
observations.  It was found that several curvature effects were random, meaning they 
varied from segment to segment.  For example, while number of horizontal and vertical 
curves in a segment were fixed parameters, the largest degree of curvature, as well as the 
smallest and largest vertical curve gradient variables were random parameters.  The 
logarithm of ADT, median and point lighting proportions were also found to be random 
parameters.  These results suggest that segment specific insights into crash frequency 
occurrence can be improved for appropriate design policy and prioritization insights. 
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4.1 Introduction 
Researchers worldwide have used a variety of statistical models to explain crash 
occurrence. Count models, such as the negative binomial (NB), have been used extensively 
until recently for crash modeling purposes because of the well-known problem of 
overdispersion (Engel, 1984; Lawless,1987; Miaou,1994;Maher,1991). Another study by 
(Shankar et al 1997) suggests that traditional applications of the NB distributions do not 
address the possibility that more than one underlying process may be affecting crash 
frequency likelihoods.  They proposed the use of the zero inflated Poisson and the zero-
inflated NB models, both of which seek to account for the preponderance of zero-crash 
observations, often found in crash frequency data.  There have been counterarguments to 
the use of zero-inflated models in studies (Lord et al 2007).  The evolution of count 
modeling since these studies were done has resulted in a recent emphasis on random 
parameter approaches, multivariate approaches, and other approaches that involve 
Bayesian methods (Ma et al 2008; El-Basyouny and Sayed, 2009; Anastasopoulos and 
Mannering, 2009; Malyshkina et al., 2009).  Lord and Mannering overviewed these 
approaches (Lord and Mannering, 2010).  Nevertheless, the promise of these recent 
methods has not been fully exploited.  In particular, random parameter approaches offer 
substantial promise in the identification of heterogeneity that is segment-specific.  
Heterogeneity, in conventional approaches such as the NB, has been exploited through the 
quadratic overdispersion form for various modeling objectives.  A few studies, for 
example, have specifically explored the relationship between highway geometrics, traffic-
related elements, and crash frequencies. Miaou (1994) and (Shankar et al 1995) were 
among the first to attempt to accomplish this in their studies.  They used Poisson and NB to 
evaluate effects of roadway geometrics and environmental factors on rural crash frequency, 
and also modeled the frequencies of specific collision types. Poch and Mannering used the 
NB to identify left-turn volume and total approaching volume as highly significant 
determinants of crash frequency at intersections (Poch and Mannering, 1996).  The early 
consensus was that, as a mix of Poisson and gamma distributions, NB models could 
account for the site-specific variations (Kulmala 1995, Shankar et al 1998).  This, however, 
rested on the treatment of heterogeneity as a fixed effect across segments.  The issue of 
heterogeneity continues to be a substantial methodological issue in the field of traffic 
safety.  The objective of this study was to shed further light on the effects of heterogeneity 
at the segment level in a divided Interstate freeway setting.  In particular, a data set with 
Interstate geometrics and a 9-year panel of crash counts for the period 1999 to 2007 was 
used to evaluate heterogeneity.  In such a long time period various factors change, e.g. 
traffic levels, vehicle fleet, construction and modifications of geometry. The use of a 
random parameter approach to investigate heterogeneity is therefore especially fruitful 
when dealing with such changes over time. A static approach, assuming constant effects 
from observed variables is less able to capture year to year variance in the data. The rest of 
this chapter is organized as follows.  A brief review of recent studies that relate to random 
parameter models is provided. It is followed by a discussion of the methodology, the 
modeling results from the estimation of the Interstate data set, and conclusions and 
recommendations. 

4.2 Relevant Modeling Literature 
The major limitation of fixed parameter NB models is that they cannot incorporate time 
variation or segment-specific effects, which results in an underestimation of standard errors 
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in the regression coefficients and in subsequently inflated t-ratios. Some studies have 
attempted to fix this problem by introducing a trend variable in the crash model (Shankar 
et al 1998).  If heterogeneity is present because of panel effects, however, this method still 
will not capture all the unobserved heterogeneity.  To account for this issue, Hausman et al. 
examined fixed- and random effects NB models for panel count data (Hausman et al 1984).  
The fixed-effects NB model does not allow for section-specific variation, but the random 
effects NB model allows for randomly distributed, section-specific variation (Shankar et al 
1998). In a similar study, researchers were able to identify 11 specific variables that 
significantly affected the safety of intersections through the random effects NB model 
(Chin and Quddus, 2003.). 

 

In the area of classical models that incorporate randomness into parameters of count data, 
Milton, Shankar, and Mannering showed the first documented application in the field of 
traffic safety (Milton et al 2008).  They examined the contribution of geometric and traffic 
variables to the occurrence of severity proportions at the segment level.  They illustrated 
the flexibility of a mixed logit structure by modeling the proportion of severity in relation 
to five major reported types, namely, property damage only, possible injury, evident injury, 
disabling injury, and fatality. The flexibility of the structure arose from the fact that several 
geometric variables were found to influence the severity proportion in a non-fixed manner.  
Individual, segment-specific variation in variable influence was found to be statistically 
significant.  The study also showed that segment effects need not always be unidirectional, 
with the exception of length and average daily traffic (ADT).  It was empirically 
determined, for example, that the frequency of vertical grade changes per mile was 
negatively associated with severities in some segments and positively associated with a 
severities increase in others.  The study showed that incorporation of randomness into 
parameter variation is a useful approach to uncover segment-specific, heterogeneity, 
although more studies need to be conducted in a variety, of empirical contexts to 
corroborate this finding into a generalizable, concept.  Whether the variation occurs in a 
continuous form (e.g., normal distribution) or in a discrete form (classes of variation), it 
remains an area for application of rich combinations of random parameter models.  The 
following studies are leading examples of the importance of accounting for segment-
specific heterogeneity. Anastasopoulos and Mannering used random parameter NB 
regression to account and correct for heterogeneity, which can arise from a number of 
factors that relate to road geometrics, pavement, and traffic characteristics, driver behavior, 
vehicle types, socioeconomic factors, variations in police recording crashes, time, and 
other unobserved factors (Anastasopoulos and Mannering, 2009).  Through their use of 
vehicle crash data, their findings provided factors related to pavement condition and 
quality, which were found to significantly influence vehicle crash occurrences, including 
the effects of friction, the international roughness index, pavement rutting, and pavement 
condition rating.  Geometric factors and their effect on vehicle crash frequencies, road 
segment length, median types and width, number of ramps and bridges, horizontal and 
vertical curves, and shoulder widths were all found to be statistically significant. The 
traffic variables of annual ADT and the percent of combination trucks in the traffic stream 
were both found to have significant impacts on crash frequencies.  El-Basyouny and Sayed 
used covariates to represent segment length, annual ADT, crosswalk density, business land 
use, and unsignalized intersection density.  They found the number of, lanes between 
signals to significantly influence crash frequencies (El-Basyouny and Sayed, 2009).  Their 
approach led to new insights into how the covariates affect crash, frequencies, and to 
account for heterogeneity as a result of unobserved, road geometrics, traffic characteristics, 
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environmental factors, and, driver behavior.  Inclusion of corridor effects in the mean 
function, could explain enough variation that some of the model covariates would be 
rendered non-significant, and the inference would be affected, as well.  Malyshkina et al. 
2009 used Markov switching count-data, models to provide a superior statistical fit for 
crash frequencies relative to standard zero-inflated models. The estimation helped in 
detailed study of individual roadway segments, which can lead to a better understanding of 
why some segments are considerably safer than others during some time periods.  Their 
study concluded that two state Markov switching count-data models are likely to be a 
better alternative to zero-inflated models to account for the excess of zeroes often observed 
in crash-frequency data. Washington et al. 2010, (Ulfarsson and Shankar, 2003), and 
(Sittikariya et al., 2009) underscored the importance of heterogeneity as a result of time-
varying effects. 

4.3 Methodology 
A generalized representation of the conditional density function for crash counts for i 
segments with t years of observation is as follows: ( | , ) = ( , )			for	 = 1,2, … ,1,153; = 1,… ,9 (4.1) 

The g(.) is a density function relating the mean crash occurrence rate in terms of the vector 
of estimable parameters	   and vector of observed variables	 	and	 .  The mean rate is 
the “lambda” variable that is estimated in conventional NB models, wherein “lambda” is 
used to characterize the density function P(.).  The variables in Equation 1 are subscripted 
with both i and t to represent yearly observations of crash count y and a vector of regional, 
directional, lighting, geometric, and traffic attributes x.  The total number of segments 
consistently observed was 1,153 for both directions of travel, and the total number of years 
of observation was 9.  This structure assumed a balanced panel, which need not be the case 
if, in some years, data were incomplete, or if part of them were missing.  Geometric 
variables may change over time, as may lighting variables and traffic volumes.  If, 
however, the subscripts in 	  are removed so as to operate as	  then the parameter effect 
is restricted to being the same across all segments across all years.  This representation 
usually is used in nonrandom parameter models, such as the classical NB. That the 
subscript notation can be applied to ancillary parameters, such as the overdispersion effect 
as well to an unsubscripted overdispersion effect, implies that unobserved heterogeneity is 
the same across all segments across all years.  One that varies over segments and years 
usually results in a random effects type of structure. 

The main characteristic of a random parameter NB model is that	  is not fixed. Because 
the x’s are constrained to the observed data set, the modeling objective is to maximize the 
information available from the x’s. As such, insights from the model should be limited to 
the range of values observed in the x’s. One possible way to achieve this maximization 
objective is to vary the  across segments, rather than fix them to be constant across 
segments and years.  Assume, for example, that normal distribution for  would be a way 
to introduce a continuous variation in parameter randomness.  The likelihood function then 
is modified in the sense that it is based on probabilities that are calculated from varying	 ′   
instead of fixed β’s such that = + ∆ + 	   (4.2) 
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where the second term indicates heterogeneity in the mean of the parameter as a function 
of variables in , and the third term is a random deviation from the mean.  This is a 
general form of describing parameter heterogeneity.  In particular, the vector delta includes 
parameters for exogenous variables that are found to be influence the beta vector 
systematically.  If heterogeneity in parameter means is not explicitly modeled as a function 
of exogenous variables, then the second term in Equation 2 disappears. All heterogeneity is 
modeled by using the third term as a distribution specific to the type of x variable used.  If 
x is a dummy, then the second term is modeled as a uniform distribution; if x is continuous, 
a normal or lognormal distribution may be used.  The third-term parameter vector gamma 
represents the lower triangular matrix, which includes the diagonals to represent both the 
scale and covariance matrix of the random parameters in the model estimated in this study.  
In this study, correlation between random parameters was allowed. In the more general 
form, if the second term is estimated and includes a vector z, then variables that enter z are 
preferably different from those that enter x.  The subscripts are such that heterogeneity in 
the means explained by a systematic combination of variables in  indicates segment-
specific variations in the parameter mean, whereas the unobserved heterogeneity denoted 
by	  is assumed to exist at the yearly level for each segment.  The likelihood contribution 
of the ith segment to the sample likelihood is conditioned on the unobserved heterogeneity 

 and denoted by ( , … , | , , ) = ∏ ( , ) (4.3) 

To obtain the marginal density, we integrate the conditional density with respect to the 
density function of	  as follows: ℎ( )∏ ( , )  (4.4) 

The likelihood for segment i is, as a result a non-closed form problem, since we have a 
distributional assumption for	 . This integral can be approximated, however, through 
simulation by using the relationship | , = 1,… ,9 ≫ ∑ |  (4.5) 

For the entire sample then, 	 = ∑ log1,153=1  (4.6) 

and by evaluating the first- and second-order conditions with respect to parameters, 
estimates of the effects of variables associated with segment crash counts can be 
determined.  The above-mentioned procedure is generally called the method of simulated 
maximum likelihood and relies heavily in its approximation accuracy of the actual 
likelihood on the number of draws R. Draws are taken from a distribution such as the 
normal (for continuous variables) or uniform (for binary variables) and rejected until a 
draw from the desired region is obtained. The normal distribution was chosen for 
continuous variables and the uniform distribution was chosen for binary indicator variables 
due to recommendations in the literature for using simulated maximum likelihood 
(Hensher and Greene, 2003; Train, 2003). The parameters of the distributions are estimated 
in the process. This process, however, may require a large number of draws, if the desired 
region lies close to the tails of the normal distribution.  To speed up the estimation process, 
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quasi-random sequences, such as Halton draws, are used.  The Halton sequence arises on 
the basis of a set of values of simulation draws, which involves sequences that are 
efficiently spread over the unit interval in which draws are generated. For each simulation, 
it is desirable to ensure that the sequence of draws generated is the same for each segment; 
furthermore, it is desirable to maintain the sequence for multiple runs. With the above-
described simulated maximum likelihood method, two types of random parameter NB 
structures were considered for the Washington State Interstate data set.  They differed on 
the relationship between heterogeneity in year t and year t-1. In an autocorrelated structure, 
there was one-lag assumption (AR(1),	 = , −1 +  where W is a diagonal matrix of 
coefficient specific autocorrelation coefficients, and  satisfies the earlier specification for 

.)  In theory, it is entirely possible that the lag may differ across segments; the one-lag 
model is therefore to be considered a benchmark model that assumes a restrictive, nonzero 
correlation structure.  It was determined that an unstructured correlation model appeared as 
a plausible alternative.  Although they pose convergence problems, such structures require 
evaluation across multiple states in terms of being considered viable alternatives to the 
one-lag, correlated, random parameter NB.  The random effects model (Shankar et al 1998, 
Chin and Quddus 2003) is a special case of the random parameter NB in which the only 
randomness is in the constant term. The above-mentioned generalized structure for the 
random parameter NB can be relaxed to accommodate sub-vectors of parameters that are 
to be fixed, as opposed to those that are random and correlated. 

4.4 Data Description 
The panel data in this research consisted of 9 years (1997 to 2007) of crash counts, 
geometric, and traffic volume data for Washington State’s Interstate system. Figure 4.1 
shows an Interstate and national highway map for Washington State.  The seven 
Interstates, namely, I-5, I-90, I-405, I-82, I-182, I-205, and I-705 were modeled in this 
study.  The remaining seven national highways were not used in this study, because data 
were not comprehensively available.  It can be expected, however, that the use of data from 
the national highways can yield richer insights on heterogeneity because of variations by 
functional class and environmental interactions. Environmental effects have been found to 
be significant contributors to crash occurrence likelihoods (Shankar et al 2004).  Another 
reason that the national highway system may yield more insight is because of the level of 
segmentation used in this study.  Because the study involves segmentation at the 
interchange and non-interchange levels, interchange density (and therefore segment length) 
can be a key heterogeneity factor in the influence of geometrics on crash occurrence.  A 
total of 1,153 directional segments were assembled on the basis of interchange and non-
interchange definitions. 

Interchange segments were defined by the farthest merge and diverge ramp limits for each 
direction.  As such, a single interchange can have different limits by direction.  Admittedly 
this is a simplistic definition of an interchange/non-interchange segment. One should use 
simulation and look at the extent of queues by direction to decide upstream and 
downstream interchange influence areas and estimate the optimal buffer size 
upstream/downstream of the furthest points that would lead to the strongest fit.  This is 
computationally beyond the scope of this dissertation and is therefore left for future 
research. Here this decision was made because the interchange/non-interchange approach 
is useful for policy level analysis, especially in terms of relating interchange spacing, 
mobility, and safety measures. Non-interchange adjacent segments can show the effects of 
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upstream interchange phenomena.  For this reason, the heterogeneity-based approach is 
useful since it allows for correlation between parameters.  

Non-interchange segments were defined as continuous travel segments between two 
interchanges.  Over a continuous period of 9 years, the 1,153 non-homogeneous segments 
yielded a balanced panel of 10,377 observations.  Table 4.1 shows the descriptive statistics 
for key variables used in the estimation of the correlated, random parameter NB of total 
annual crash frequency.  More than 100 variables were measured by visual scanning and 
integration with electronic information from the Washington Department of Transportation 
databases.  The variable list included lighting type, lane cross sections, shoulder widths, 
horizontal curve parameters, and vertical curve parameters.  As shown in Table 4.1, the 
total annual crash frequency had a mean of 10.69 and a standard deviation of 18.9, with a 
maximum of 388 crashes.  The percentage of observations with more than 10 crashes per 
year was 30.79%.  The mean of directional, per lane ADT was 6,529.78 with a maximum 
of 22,111.89 and a standard deviation of 8,391.396.  Directional, per lane ADT was a 
weighted (by length) measure of ADT to address cases where cross sections changed, or 
ADT itself changed within a segment.  In the estimated model, this measure was used in 
logarithmic form, which indicated that it was interactive with Interstate geometrics in a 
multiplicative manner.  Length was used in a logarithmic form as well, which indicated its 
multiplicative effect.  (The logarithmic forms of ADT and length yielded statistically better 
fits as well.) 

 

Figure 4.1. Washington State Interstate and Highway Map. 

In the current data set, the average segment length was 1.326 mi, with a maximum of 20.38 
mi.  The entire Interstate network was scanned visually for fixed roadway lighting and was 
measured in terms of proportion of segment length with a particular type of lighting.  The 
following categories were observed: no lighting, median side lighting, right-side lighting, 
both side lighting, point lighting, and tunnel lighting.  The median roadway lighting 
proportion had a mean of 0.12 and a standard deviation of 0.287, while the right-side 
roadway lighting had a mean of 0.097 and a standard deviation of 0.258.  In addition to 
these popular types, both-side roadway lighting had a mean of 0.005 and a standard 
deviation of 0.061.  Point roadway lighting had a mean of 0.011 and a standard deviation 
of 0.039.  No roadway lighting had a mean of 0.78 and a standard deviation of 0.0359.  
Segments with less than three-lane cross sections were few; two-lane length proportions 
had a mean of 0.52 and a standard deviation of 0.494.  Three-lane segments had a 
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proportion mean of 0.34 and a standard deviation of 0.462, while four-lane and five-or-
more-lane segments had proportion means of 0.13 and 0.002, respectively. 

Shoulder widths were measured on the Interstate network in increments of a foot, on the 
basis of available data from Washington DOT.  An assessment of the shoulder width 
densities indicated that point densities were significant for the following groups: 2 ft, 3 
to 4 ft, 5 to 9 ft, 10 ft, and >10 ft. These groups were developed using statistical estimation 
where the spacings within each group do not have significantly different coefficients but 
there is a significant difference between those groups. From a modeling standpoint, the 
lack of sufficient density at the 1-ft increment for shoulder widths created estimation 
problems.  By grouping shoulder widths in accordance with the clustering of densities, as 
mentioned above, a stable, estimable specification was feasible.  All shoulder width 
proportions ranged from 0 to 1.  The 2-ft, left-shoulder-width segment proportion had a 
mean of 0.17; the 3- to 4-ft, left-shoulder-width proportion had a mean of 0.199; the 5- to 
9-ft, left-shoulder-width proportion had a mean of 0.132; the 10-ft, left-shoulder-width 
proportion had a mean of 0.472; and the more-than-10-ft, left-shoulder-width proportion 
had a mean of 0.019.  The 2-ft, right-shoulder-width segment proportion had a mean of 
0.179; the 3- to 4-ft, right-shoulder-width proportion had a mean of 0.2065; the 5- to 9-ft, 
right-shoulder-width proportion had a mean of 0.119; the 10-ft, left-shoulder-width 
proportion had a mean of 0.463; and the more than 10-ft, right-shoulder-width proportion 
had a mean of 0.029. 

The number of horizontal curves in a segment had a mean of 1.805, with a maximum 
frequency of 37. (Incidentally, 1.45% of all segments had more than 10 horizontal curves.)  
Shortest horizontal curve-in-segment length in miles had a mean of 0.182 and a maximum 
value of 1.22, while the longest horizontal curve-in-segment length had a mean of 0.275 
and a maximum value of 2.40.  The shortest horizontal curve-in-segment length was 
defined as the length of the shortest horizontal curve in the case of more than one 
horizontal curve in a segment.  Likewise, the longest curve-in-segment length was the 
length of the longest horizontal curve in the segment.  If the segment had exactly one 
horizontal curve, the shortest and longest values would be identical.  The smallest 
horizontal-curve-in-segment central angle had a mean of 12.18° and a maximum of 98.43°, 
while the largest horizontal-curve-in-segment central angle had a maximum of 111.294° 
and a mean of 21.062°. 

The number of vertical curves in a segment had a maximum frequency of 30 and a mean of 
3.12; and 5.22% of all segments had more than 10 vertical curves.  The smallest vertical 
curve-in-segment gradient had a maximum of 7.43%, with a mean of 1.231%, while the 
largest vertical curve-in-segment gradient had a maximum of 10% and a mean of 2.777%.  
The upshot of using variables in a random parameter model was that, given the variable 
types (e.g., shortest and longest horizontal curves, smallest and largest central angles, and 
smallest and largest vertical curve gradients) it was expected that these variables would 
capture segment-specific heterogeneity with greater resolution than a conventional count-
of-curves variable.  Secondly, any heterogeneity not captured by these variables would be 
captured by the segment-specific variations in the marginal effects through the random 
parameter specification. 

≤
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Table 4.1. Summary statistics of crash, geometric and traffic variables for Washington 
State interstate segments. 

Variable Mean S.D. Min Max 

Number of crashes in a year 10.69 18.91 0 388 
Geometric characteristics     
Portion of segment with median roadway lighting 0.12 0.287 0 1 
Portion of segment with right-side roadway lighting 0.097 0.258 0 1 
Portion of segment with both-side roadway lighting 0.005 0.061 0 1 
Portion of segment with point roadway lighting 0.011 0.039 0 0.75 
Portion of segment with no roadway lighting 0.78 0.359 0 1 
Portion of segment with two lanes 0.52 0.494 0 1 
Portion of segment with three lanes 0.34 0.462 0 1 
Portion of segment with four lanes 0.13 0.331 0 1 
Portion of segment with five or more lanes 0.002 0.043 0 1 
Two-foot left shoulder width segment proportion 0.17 0.336 0 1 
Three and four-foot left shoulder width proportion 0.199 0.484 0 1 
Five-to-nine foot left shoulder width proportion 0.1321 0.597 0 1 
Ten-foot left shoulder width proportion 0.472 0.478 0 1 
Greater-than-ten foot left shoulder width proportion 0.0187 0.262 0 1 
Two-foot right shoulder width segment proportion 0.179 0.341 0 1 
Three and four-foot right shoulder width proportion 0.2065 0.489 0 1 
Five-to-nine foot right shoulder width proportion 0.119 0.560 0 1 
Ten-foot right shoulder width proportion 0.463 0.477 0 1 
Greater-than-ten foot right shoulder width proportion 0.02855 0.434 0 1 
Number of horizontal curves in segmenta 1.805 2.458 0 37 
Shortest horizontal curve-in-segment length in miles 0.182 0.193 0 1.219 
Longest horizontal curve-in-segment length in miles 0.275 0.277 0 2.402 
Smallest horizontal curve-in-segment central angle in degrees 12.176 14.690 0 98.426 
Largest horizontal curve-in-segment central angle in degrees 21.062 21.001 0 111.294 
Number of vertical curvesb 3.12 3.210 0 30 
Smallest absolute vertical curve gradient in percent 1.23 1.385 0 7.43 
Largest absolute vertical curve gradient in percent 2.78 2.075 0 10.00 
Other segment characteristics     
Segment length in miles 1.326 1.753 0.1 20.380 
Average daily traffic per lanec 6,529.78 8,391.396 458.23 22,111.89 
NOTE: Crash characteristics are based on 9-year panel from 1999 to 2007; SD = standard deviation; min. = 
minimum; max. = maximum.  
aRepresents a curve presence count. 
bIncludes curves not fully subsumed in segment. 
cWeighted ADT value. If one or more values exist in a segment because of change in cross section or change 
in total ADT, weighted value represents composite contribution by length proportion. 

 

4.5 Modeling Results 
Table 4.2 provides the modeling results of the NB model with correlated random 
parameters.  The off-diagonal matrix elements from the Cholesky decomposition were not 
provided because of space constraints; all off-diagonal elements, however, were 
determined to be significant.  The ADT-minimum gradient parameter correlation and 
point-lighting-proportion-minimum gradient parameter correlation were the weakest, with 
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estimated T-statistics of 3.016 and 3.356, respectively. It appears that the unstructured 
correlation matrix for parameters yielded the best likelihood.  The statistical model 
presented shows improvement over the baseline fixed parameter NB, with an improvement 
in likelihood from -29,146.43 to -26,311.44 (see Table 4.3).  It is premature to make a 
general statement as to whether a correlated random parameter model will yield likelihood 
improvements of the type noted in this study until future studies across multiple states are 
able to determine trends in random parameter modeling likelihoods.  Out of the 21 
geometric and traffic variables used in the model, six variables had random parameters that 
were significant, which meant that the standard deviations of the means were significant.  
The six variables were logarithm of ADT, point and median lighting proportions, largest 
degree of horizontal curvature in segment, and smallest and largest vertical curve gradients 
in segment.  Fixed parameter variables included logarithm of length, no lighting and right 
lighting proportions, all shoulder width proportions, number of horizontal curves in 
segment, number of vertical curves in segment, and shortest horizontal curve-in-segment 
length.  A detailed discussion of the variables mentioned above in terms of associated 
marginal effects is provided in the following section. 

4.6 Interpretation of Model Parameters 
The logarithms of length and ADT variables are positively signed, consistent with the 
expectation of higher crash frequencies with longer, lengths and higher ADTs.  In addition 
to their strong statistical significance, these variables retained the strongest elasticities, 
after accounting for panel correlation.  The elasticity of length was approximately 0.709, 
which indicated that a 1% increase in length contributed to a 0.709% increase in crash 
occurrence.  By comparison, ADT had an elasticity of approximately 0.916 at the 
conditional mean, with the consideration that it was a random parameter.  On the basis of 
the conditional mean, a 1% increase in ADT should contribute to a 0.916% increase in 
total annual crash frequency on Washington State Interstates.  Because the ADT parameter 
was random, its marginal effect could vary from segment to segment. The construct of the 
correlated model ensured that up to 1,153 marginal effects could occur.  The interchange 
effect was to result in a roughly 3% decrease in expected crash frequency.  Although this 
finding may appear counterproductive, once the urban/rural effect is controlled for, the 
offsetting magnitude is reasonable.  An urban segment, for example, was expected to 
experience a roughly 10.2% increase in crash frequency compared with rural segments.  
Overall, the net effect at urban interchanges might be a marginal increase in crash 
frequencies as a result. Another reason, is that due to the definition of interchange 
segments, some crashes related to it may be counted in the non-interchange section, e.g. 
upstream of the diverge point, and because the volume of the actual interchange segment 
will be less than the volume of the non-interchange segments on either side, due to 
diverging and merging traffic. 

Lighting proportion effects on crash occurrence need to be interpreted by lighting type 
proportion by length.  Lighting type proportion by length varied from 0 to 1 for all 
segments, and 1 represented 100% occupancy of the segment of a particular lighting type. 
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Table 4.2. Model Results for Correlated Random Parameter NB Estimation of Total 
Annual Crash Frequency on Interstate Segments in Washington State. 

     Constant 
     Parameter 

                                     Random 
                                     Parameter 

Variable Mean T-stat. Distribution Mean T-stat. Standard 
Deviation 

T-stat. 

Exposure and Context        
Constant -6.748 -58.981 —1 — — — — 
Logarithm of length 
of segment in miles 

0.791 90.291 — — — — — 

Logarithm of ADT — — Normal 0.914 93.599 0.045 42.059 
Interchange indicator 
(1 if segment is an 
interchange segment; 
0 otherwise) 

-0.039 -4.130 — — — — — 

Urban segment 
indicator (1 if 
segment is in an urban 
location; 0 otherwise) 

0.067 -5.338 — — — — — 

Lighting type by length proportion 
Point lighting segment 
proportion 

— — Normal 0.404 2.870 2.41 16.870 

Median continuous 
segment proportion 

— — Normal 0.520 8.837 0.212 15.150 

No lighting segment 
proportion 

0.274 4.611 — — — — — 

Right lighting 
segment proportion 

0.419 7.217 — — — — — 

Number of lanes by length proportion 
Three-lane cross 
section segment 
proportion 

0.418 27.390 — — — — — 

Four-lane cross 
section segment 
proportion 

0.971 56.658 — — — — — 

Five-lane cross 
section segment 
proportion 

0.953 10.319 — — — — — 

Left shoulder width by length proportion 
Three to four-foot left 
shoulder width 
proportion 

-0.351 -16.515 — — — — — 

Five-to-nine foot left 
shoulder width 
proportion 

-0.547 -31.264 — — — — — 

Ten-foot left shoulder 
width proportion 

-0.518 -34.420 — — — — — 

        
(Continued) 

                                                 

1 NOTE: Number of observations = 10,377. N/A = not applicable.  Parameter values are fixed across 
observations for variables with constant parameters or defined by distributions for variables with random 
parameters.) 
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Table 4.2 (Continued).  Model Results for Correlated Random Parameter NB Estimation of 
Total Annual Crash Frequency on Interstate Segments in Washington State. 

 Constant 
Parameter 

Random 
Parameter 

Variable Mean T-stat. Distribution Mean T-stat. Standard 
Deviation 

T-stat. 

Right shoulder width by length proportion 
Three to four-foot right 
shoulder width 
proportion 

-0.227 -10.387 — — — — — 

Five-to-nine foot right 
shoulder width 
proportion 

-0.406 -22.469 — — — — — 

Ten-foot right shoulder 
width proportion 

-0.353 -23.876 — — — — — 

Horizontal curvature 
Number of horizontal 
curves in segment 

0.030 12.671 — — — — — 

Shortest  horizontal 
curve-in-segment 
length in miles 

-0.200 -6.363 — — — — — 

Largest degree of 
curvature in segment 

— — Normal 0.053 20.529 0.044 17.891 

Vertical curvature 
Smallest vertical curve 
gradient in segment 

— — Normal 0.029 6.357 0.099 27.065 

Largest vertical curve 
gradient in segment 

— — Normal 0.008 2.500 0.004 3.426 

Number of vertical 
curves 

0.005 1.987 — — — — — 

Scale parameter for 
overdispersion  

18.140 33.201  

 

Table 4.3. Comparison of Model Fit Statistics. 

                                      Constant Random Parameter NB                         Parameter NB 
Log likelihood  -29,146.43   -26,311.44   
Akaike information 
criterion 

  
5.622 

   
5.080 

  

Bayesian information 
criterion 

  
5.640 

   
5.112 

  

Hannan-Quinn 
information criterion 

  
5.630 

 
                                      5.091 

 
The point lighting proportion variable had a mean of 0.582 and a standard deviation of 
2.873. This outcome suggests that, in 41.97% of the segments, an increase in point lighting 
proportion by length would be associated with fewer crash frequencies, whereas in 58.03% 
of segments, it would tend to be associated with higher crash frequencies. Median 
continuous lighting proportion appeared to have a larger counterproductive effect on crash 
occurrence; nearly 90.12% of segments were expected to have higher crash frequencies 
with an increase in median lighting proportion, whereas 9.88% of segments were expected 
to have fewer crashes with an increase in median lighting proportion by length.  It may 
appear odd that the presence of lighting can be linked with increased crash frequencies, so 
it is necessary to highlight here that the base category, is both-sides lighting, and having 
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lights on one side, median or right-side, is linked to higher crash frequencies than both-
sides lighting. Right-side lighting and no lighting were also expected to be associated with 
higher crash occurrences because of the increase in proportion by length. A 1% increase, 
for example, in right-side lighting proportion was associated with a 0.08% increase in 
crash frequencies, whereas an increase in the no lighting proportion had a much higher 
elasticity of 0.59%. 

The number of lanes proportion variable was to be interpreted with the two-lane cross 
section as the baseline.  A two-lane by direction cross section typically was observed in 
rural areas.  By comparison with this baseline, segments with three-lane directional cross 
sections were expected to have 56% higher crash frequencies; four-lane cross sections 
were expected to have roughly 171% higher crash frequencies, and five-lane sections were 
expected to have approximately 161% higher crash frequencies on an annual basis, when 
all other factors were controlled for. This was not inconsistent with expectation, because an 
increase in cross section is associated with an increase in volume as well as an increase in 
potential congestion-related effects.  Of note was that, after controlling for both fixed and 
random parameter effects, the marginal impacts of four- and five-lane directional cross 
sections were fairly close, which indicated a potential plateau effect on traffic safety. 

Shoulder width effects on crash frequency were to be viewed with 2-ft shoulder widths as 
the baseline.  In this respect, the marginal impact of 3- to 4-ft, left shoulder widths resulted 
in a 25% decrease in annual crash frequency, whereas 5- to 9-ft and 10-ft left shoulder 
widths were expected to result in a 35% to 41% decrease with respect to 2-ft, left shoulder 
widths.   This is an important finding and shows the value of increased shoulder widths, 
which certainly come at a cost, in terms of crash frequency reduction, and can further 
enable an agency cost-benefit analysis. More than 10-ft, left shoulder widths were 
practically nonexistent.   

Right shoulder widths appeared to have a slightly lower effect, compared with left shoulder 
width impacts in this regard.  With respect to 2-ft, right shoulder widths as the baseline, the 
marginal impact of 3- to 4-ft right shoulder widths was to result in a 18% decrease in 
annual crash frequency, whereas 5-ft to 9-ft, and 10-ft, right shoulder widths were expected 
to result in a 31% to 34% decrease with respect to 2-ft, right shoulder widths.  More than 
10-ft, right-shoulder-width proportions were insignificant.   

With respect to curvature variables, the discussion of fixed parameter effects is presented 
first.  The shortest horizontal curve-in-segment variable, while significant, was expected to 
result in a 16% decrease for every 1 mi increase in length.  Although the 1-mi increase in 
horizontal curve length may seem unrealistic, it provides a sense of the sensitivity of crash 
occurrence to a unit increase in the shortest curve in the segment.  From a design 
standpoint, this appears to be a variable of some utility, when engineers attempt to control 
for factors that predispose a segment to an increase in crash occurrence.  Variables that 
represented the number of horizontal and vertical curves were also fixed parameter effects.  
The marginal increase in crash occurrence as a result of the addition of a horizontal curve 
was expected to be about 4.44%.  Vertical curves, although statistically significant, had 
weaker effects on crash occurrence.  The increase in crash frequency with the addition of a 
vertical curve was expected to be about 1.57%. 

Random parameter effects from curvature variables are now discussed.  The largest degree 
of horizontal curve in the segment variable was associated with an increase in crash 
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frequency in 61.55% of the segments, whereas in 38.45% of the segments, it was expected 
to be associated with a decrease.  At the conditional mean, the average, marginal effect was 
to produce a 3.29% increase in expected crash frequency overall, when the largest degree 
of curvature was increased by 1°.  The minimum, vertical curve gradient in a segment was 
associated with an expected increase in crash frequency in 52.85% of segments. In 47.15% 
of the segments, it was expected to result in a decrease in crash frequency on account of a 
gradient increase.  At the conditional mean, on average, the effect of the minimum, vertical 
curve gradient was to result in an expected 1.07% increase in overall crash frequency.  By 
comparison, maximum, vertical curve gradient effects were almost uniformly 
counterproductive on crash frequency.  In 76.25% of segments, an increase in the 
maximum, vertical curve gradient (absolute value) was expected to result in an increase in 
annual crash frequency, with the conditional mean effect to be of 1% magnitude. 

4.7 Conclusions and Recommendations 
The developed model is a prototype tool that can be applied to recommend measures for 
safety improvements on Interstates. Because this model provides detailed information on 
what factors contribute to crash occurrence, it can be highly useful in project prioritization 
by isolating out the sites that are most vulnerable and in need of immediate safety 
upgrades.  Currently, the NB method is used by highway agencies, such as the Washington 
DOT, to predict crash occurrence and to determine location prioritization schemes.  On the 
basis of these data, the sites were marked as high crash and low crash corridors.  The 
biggest limitation, however, in making such predictions was the degree of uncertainty and 
randomness associated with crash occurrences and the decision-making process to classify 
locations.  The NB process with random parameters can account for this uncertainty and 
randomness and thus allow for increases in the credibility of crash predictions and the 
identification of high crash locations.  The proposed model, although exploratory, appears 
to have promise in its capacity to capture segment-specific heterogeneity. Heterogeneity is 
the key that underpins some parameters as random while others are plausibly fixed.  It 
appears that lighting, ADT, and curvature variables, which are all important policy 
variables, have heterogeneity effects, because policy applications are heterogeneous 
especially through lighting and curvature variables. 

The findings from the NB models indicate that lighting variables (e.g., point lighting, no 
lighting, and continuous lighting) have a counterproductive effect with respect to both side 
lighting as the baseline.  This is a trade-off research question that merits a detailed 
evaluation in terms of energy and safety costs.  It is estimated that crash occurrences can 
be expected to be higher when the both-side lighting proportion is not 100% by length. 

In the absence of such lighting, to account for societal costs through severity estimations 
can shed more light on the cost–benefit burden at key locations in terms of lighting policy.  
Cross-sectional capacity effects appear to taper off in terms of safety impacts as lane 
provision increases from three to four directional lanes or more.  This raises another trade-
off question to be asked in further studies: the cost–benefit burden of providing for added 
capacity as opposed to safety disbenefits.  The impact of shoulder width variables appears 
to shed the most light in terms of low-cost improvements.  The 5- to 9-ft shoulder width 
effect is close in magnitude to the 10-ft shoulder width effect, which suggests that shoulder 
widths can have an optimal safety effect in terms of cost–benefit in the 5- to 9-ft width 
range.  This has implications in terms of right-of-way acquisitions and resulting trade-offs 
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in terms of low-cost improvements and associated capacity opportunities.  The trade, for 
example, of a 6-ft shoulder width for a 10-ft shoulder width to accommodate a high 
occupancy lane without additional right-of-way acquisition is a sample question that the 
proposed model can enable decision makers to address. 

The proposed model also provides for decision insights into safety effects of particular 
geometries in segments for which new construction may be a restrictive option.  The 
finding, for example, on the random parameter curvature variables indicates that it is 
beneficial to focus on the shortest horizontal curve in segment, while emphasis is placed on 
the minimization of the largest degree of curvature in the segment.  Likewise, the finding 
from the vertical gradient variables indicates that policy caps on maximum gradients can 
be evaluated from a safety perspective as well. In concert with capacity evaluations on 
gradient caps, insights from the proposed model can complement policy guidelines for 
multidimensional design policy. 

Although the above-discussed conclusions show the promise of the proposed model, some 
caveats remain.  This research study provides a means to model crash frequencies on the 
basis of data collected from seven major Interstates in Washington State. Information on 
weather and human factors, however, was not included in this model.  Future research is 
recommended to include these dimensions into this model and test its robustness under the 
multiple criteria. Specifically, the weather information along the road (e.g., poor visibility, 
rain, snow) and human factors data (e.g., factors that range from road design and vehicle 
use to emotional and motivational determinants of behavior) for each segment should be 
used to further improve the model.  This additional amount of detail will come at a cost, 
both in terms of information collection and model estimation capabilities, because 
additional resolution in heterogeneity in data will also make convergence a big issue in the 
model estimation.  Electronic collation of the information and its aggregation to various 
segment levels are equally burdensome.  As agencies move toward the era of complete 
electronic management of network attributes, the proposed model structure will start to 
gather appeal, mainly as a result of its flexibility and ability to capture micro-scale 
variations in the interaction between the physical attributes of the network and the dynamic 
attributes such as ADT.  It is recommended that further research explore the interaction 
between dynamics, such as weather and human behavior, and the physical attributes, such 
as roadway geometrics. 
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5 Extending the Highway Safety 
Manual (HSM) Framework for 
Traffic Safety Performance 
Evaluation 

This chapter contains a journal article published in Safety Science, an ISI indexed journal, 
(Venkataraman et al 2014).  The article is discussed in the context of the dissertation and 
shows the importance of an overall modeling architecture within which specific outcome 
type models need to be cast for crash model prediction. 

Venkataraman N.S., Ulfarsson G., and Shankar V. 2014. Extending the Highway Safety 
Manual (HSM) framework for traffic safety performance evaluation. Safety Science, Vol. 
64, pp. 146-154, DOI:10.1016/j.ssci.2013.12.001.  

Abstract 
Traffic safety performance evaluation, especially in agencies charged with safety 
investments, has primarily followed the methods outlined in the Highway Safety Manual 
(HSM).  The HSM is a seminal start in ushering the field toward a systematic way of 
evaluating traffic safety. This paper presents a case for a more comprehensive framework 
to enable broader evaluation of safety performance based on a literature review of 
advanced methods. 

The presented framework integrates network-screening methods with pure outcome-based 
methods, multivariate fixed-parameter extensions of the HSM safety performance 
functions, and multivariate random parameter extensions. The paper suggests agencies 
should assess and choose methods for safety performance evaluation based on three 
criteria: 1) integrability with network-screening techniques, 2) data requirements, and 3) 
model predictive performance. 

This paper intends to help practitioners and researchers identify critical issues that underlie 
the establishment of comprehensive safety performance evaluation frameworks. To this 
end the paper discusses the pros and cons of the various methods, databases for the 
methods, and the importance of the methods for treatment of emerging databases such as 
roadside inventories.  The presented framework is intended to provide guidance to state 
agencies in selecting safety evaluation methods given organizational constraints. 

 

Keywords: traffic safety, crash frequency analysis, highway safety manual, safety 
performance evaluation 
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5.1 Introduction 
The objective of this chapter is to suggest a framework of methods for evaluating traffic 
safety performance using advanced methods, and then, casting the models of this 
dissertation in the context of this larger modeling architecture.  The framework and 
modeling architecture have been published in the journal Safety Science (Venkataraman et 
al 2013).  The established standard of practice provided by the Highway Safety Manual 
(HSM) (AASHTO, 2010) has been received well in both the practicing and research 
community due to the large body of work underlying its preparation in terms of data needs, 
model development, and implementation.  However, more needs to be done on several 
dimensions: a) there is a need for a framework that can evaluate safety policy and go 
beyond just functional form identification and parameter estimation in parsimonious 
models; b) there is a need for multidimensional evaluation of safety performance which 
has implications in terms of network-screening and identification of high collision 
concentrations, c) there is a need for multimodal evaluation of safety performance of 
highways where uniformity of modal traffic is in question (as in arterials and collector 
systems for example), and finally d) there is a need to incorporate the emerging complexity 
of methods that are oriented toward predictive applications. 

The literature has attempted to address these issues generally through applications (Abdel-
Aty et al., 2007; Ahmed et al., 2011; Anastasopoulos and Mannering, 2009; 
Anastasopoulos and Mannering, 2011; Carriquiry and Pawlovich, 2004; Savolainen et al., 
2011; Srinivasan et al., 2011; Venkataraman et al., 2011; Washington and Oh, 2006), and 
occasionally through comprehensive review work (Lord and Mannering, 2010).  Research 
approaches have been reviewed, their limitations highlighted, and avenues for future 
methodological development discussed based on emerging data sources (Mannering and 
Bhat, 2013).  This chapter attempts to integrate the insights from the literature and provide 
guidance to agencies, other practitioners, and researchers. 

The chapter is organized as follows: First there is a brief discussion of the methodological 
need for an integrated framework, followed by a discussion of the “business case” that 
agencies are faced with in the development of safety performance functions.  The chapter 
then discusses a framework that can integrate the business case with important 
methodological issues driven by model development needs and databases, as well as issues 
relating to integration of the roadside and the roadway for comprehensive evaluation of 
safety.  The chapter concludes with a discussion of the pros and cons of the methods and 
the potential for application to multidimensional and multimodal evaluation of traffic 
safety. 

5.1.1 Methodological Motivation for the Framework 

A single safety performance function with modified intercepts may not be suitable for all 
highways, for example because the slope of the function may also need to vary based on 
conditions.  Alternatives to the modified intercept approach have been proposed, via 
adjustment of the slope parameters associated with the traffic volume variable.  The 
traditional safety performance function (SPF) consists of a length offset and an average 
daily traffic (ADT) parameter for various classes of highways (AASHTO, 2010).  Such an 
approach is still highly aggregate because each class of highways still contains numerous 
highways with varying geometrics and conditions.  Describing each class with a single 
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ADT effect carries with it unavoidable omitted variable effects that can bias the ADT 
parameter.  This has recently been discussed by Mannering and Bhat (2013) in their review 
of current research approaches. 

This becomes a significant problem if regional needs require localization of models, since 
the model is not sensitive to local effects in anything beyond ADT.  Model transferability 
comes into question, and “calibration” efforts are theoretically not justified due to the 
omitted variable bias effect.  This is because the omitted variable bias essentially causes 
model transferability to fail, which then leads to local estimation needs and independent 
model development.  Additional variables come at an expense, and this expense of data 
collection can limit transferability of multivariate models, although in terms of model 
behavior a richer variable specification is more robust to transferability due to its ability to 
capture heterogeneity between locations. To be practical, additional variables need to be 
readily collected in different areas so as to not lead to a new data collection burden for 
agencies.  

Against this backdrop, it is important to consider frameworks that can operate at the local 
level and which are sensitive to regional travel behavior, environmental and geometric 
effects, but at the same time, offer the opportunity to baseline predictions against HSM-
based parameters.  Contemporary practice begins with testing of the HSM-based 
parameters themselves as the baseline for the local or regional SPF development.  In this 
chapter, it is proposed that pre-baselining be incorporated into a broader framework where 
there is an opportunity to baseline against pure outcome-based methods.  This allows 
modelers to compare against a local empirical baseline that is not influenced by omitted 
variable bias, yet simultaneously offering the opportunity to evaluate the HSM parameters 
themselves for predictive power. 

Other benefits beyond the HSM can occur with a framework that is multivariate and 
accounts for differences in SPF behavior across roadway segments.  For example, it is has 
been suggested that due to the endogeneity between regulatory and advisory signing (such 
as speed limits) and driver behavior that social optimums in safety are unreachable 
(Delhaye, 2006).  The reachability of the social optimum issue is further compounded by 
heterogeneity in driver activity (as in how much drivers drive and how their choice of 
speed varies in concert with how much they drive).  It would be useful to have a 
framework that can provide evaluations of heterogeneous and endogenous driving-related 
issues, such as the above, by providing insight into the geometric basis accurately at a 
roadway segment level.  By doing so, it can perhaps guide the design of experiments to 
evaluate degrees of driving and speed choice effects. 

5.1.2  Background/Business Case  

Because of the limitation of existing SPF type methods, and poorer performance of pure 
history based methods that state agencies use, there exists a need for methods that are 
robust to: 1) time-varying effects of crashes over multiple years; 2) heterogeneity effects 
due to roadway geometry influences that vary by location and geography; and most 
importantly, 3) the impact of these factors on identifying sites with promise in terms of 
greatest safety improvement yield.  However, in the absence of multidimensional crash 
type categorization, the safety improvement yield is likely to be sub-optimal. 
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The importance of returns to investment in terms of modeling sophistication is underscored 
by the lack of portability of national models.  Several reasons exist for this lack of 
portability: a) heterogeneity in the impact of roadway geometrics and traffic volume on 
safety performance at the roadway segment level, b) mis-specification of the functional 
form, and c) driver behavior heterogeneity due local effects, land use influences, local 
operational aspects of roadway functional classes. 

The typical business case is rooted in some confusion about the form of network-screening 
that needs to occur in order to help characterize safety performance of roadways.  The 
HSM (AASHTO, 2010) recommends the sliding window and peak search methods as ways 
to identify roadway segments, for example for network-screening application using the 
thirteen performance measures.  In addition, the method of simple ranking is recommended 
for intersections and facilities (AASHTO, 2010).  These are outcome-based techniques that 
use the outcomes as variables to be modeled with the method of moments, empirical 
Bayes, or negative binomial regressions. 

In all of these cases, there are implicit assumptions on history sufficiency in terms of 
reported crashes and regression to the mean effects.  It is clear from the established 
literature that opportunities for a robust application of outcome-based techniques exist 
while accounting for either a regression to the mean effect or a local calibration of SPF 
issue. 

5.2 Proposed Framework of Methods 
Figure 5.1 shows the proposed framework of methods that integrate with the HSM 
recommended practice in a manner that provides opportunity for multiple benchmarks for 
traffic safety performance evaluation. 
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5.2.1 Outcome-Based Methods 

In the time-history of safety performance analyses, it is recommended that network-
screening methods, such as the sliding window or peak search methods, be evaluated 
against robust data mining techniques, such as supervised or unsupervised clustering, 
which can yield roadway segmentations as well as alternative definitions of segments, even 
for intersections.  Currently intersection definitions in the prominent safety literature 
appear to be restricted to the usual 250-foot boundaries in the neighborhood of an 
intersection.  The unsupervised or supervised clustering techniques would allow for a more 
robust ad-hoc measure which factors in the “true safety neighborhood” of an intersection 
by taking into account proximities of “intersection-related crashes,” as well as “intersection 
influence” type crashes which occur due to queuing effects further upstream or 
downstream of traditional intersection boundaries.  For such geographic clustering 
methods to provide this benefit, the data must contain accurate geographic locations of 
crashes, ideally geographic coordinates. 

 

Figure 5.1. A framework of methods for traffic safety performance evaluation. 

While studies in the literature have attempted some benchmarking (see for example, 
Hanley et al., 2000; Haselton et al., 2002) to analyze traffic crash reduction factors and 
speed limit effects on collisions, they have not been able to establish benchmarks against 
methods with proven statistical properties such as time series methods. Time series 
methods, as they apply in this case, would involve time histories of counts along multiple 
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dimensions with techniques incorporating long run dependencies on annual or sub-annual 
prior histories. 

The prior histories are used as independent variables in a regression framework to 
represent a pure outcome-based functional relationship.  No geometric and traffic volume 
effects are used in this type of framework.  Such a framework is useful as an objective 
benchmark due to the explanatory power being retained by observed outcomes as opposed 
to roadway geometrics and traffic volume. 

The utility of this approach is multifold: a) it provides insight into long-run dependencies 
that might in turn provide insight into necessary time histories for establishment of proper 
“lags.”  A lag is an outcome measure with a prior time mark, such as “year -1,” or “year -
2,” and so on.  It could also be a sub-annual time history of traffic crashes with long-run 
dependencies at a different scale. 

In short, the time series approach allows for network-screening both in terms of space and 
time.  Further, as an extension of the argument laid out before in terms of the viability of 
the framework to assess policy instruments, important legislative issues, such as bans on 
handheld devices and their effects on network level safety performance, are beyond reach 
with the current SPF approach. 

Jacobson et al. (2012) illustrate the usefulness of a time series type approach through an 
aggregate evaluation of time trends in crash rates due to bans on handheld devices.  In 
doing so, they isolate the effects on driving intensity groups (as in representations of 
driving exposure).  A particular argument that comes out of this study is that bans on 
handheld devices may influence driving density levels which in turn affect the denominator 
variable ADT measuring the computation of crash rates.  The time series approach 
therefore allows for baselining beyond just functional form identification—it allows for 
baselining of offsetting impacts of policy. 

Time series analysis is therefore an important step in the establishment of benchmarks in 
both time and space.  In the literature, there is little evidence or suggestion that network-
screening methods incorporate time intervals. Oh and Shankar (2011) examined multi-
scale approaches for the evaluation of parameters.  Their work indicates much needs to be 
done in identifying roadway segmentation matters in the identification of treatment effects, 
including in space and time.  Other roadway segmentation methods have been utilized in 
the recent history of safety research but without conclusive evidence on the 
appropriateness of a road segment definition technique that is applicable in time and space. 

Oh et al. (2006) looked at a method for identifying rear-end collision risks using inductive 
loop detectors.  Such methods can be broadly categorized as “pure outcome-based” 
techniques.  The continuous risk profile (CRP) approach (Hwang et al., 2008; Oh et al., 
2009b) is another extension of this category broadly speaking—however, with substantial 
limitations.  The CRP method, in spite of its significant improvement over the current 
methods in the HSM, assumes smoothness in risk functions, a limitation in identifying 
concentrations in a multidimensional manner.  Smoothness in risk is not guaranteed; in 
fact, not assuming smoothness in risk functions is preferable, exactly due to heterogeneity 
effects, which the presented approach emphasizes.  This shows the complexity of the 
benchmarking problem for comprehensive safety performance assessment, especially in 
the domain of policy evaluation. 
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As suggested in Figure 5.1, the time series models at the bottom left of the figure can serve 
as benchmarks with comparatively weaker omitted variable effects (any effect here would 
be primarily of the functional form or missing lag type, as opposed to a larger number of 
missing geometric and environmental effects in the traditional exogenous case).  It would 
then be useful to compare the HSM based “baseline SPFs” to evaluate the relative 
predictive power of traditional SPFs as recommended in the HSM. 

5.2.2  Fixed Parameter Count Methods with Fixed or Random 
Effects 

The baseline SPFs can be updated using univariate panel models (AASHTO, 2010) shown 
in the middle of Figure 5.1 to include time series effects captured by ADT measurements 
made available in contiguous individual years.  Keeping the length offset fixed, this would 
imply all the dynamics in crash histories is captured by the time history in ADT effects.  A 
fixed or random effect through a stochastic intercept or random error term will only help 
improve the spatial capture at the road segmental level.  This particular extension of the 
baseline SPF using a panel approach exposes the limitations of the baseline SPF that are 
suggested in the HSM approach. 

Fixed effects and random effects models have well known properties in the crash count 
context (Shankar et al., 1998).  A fixed effect model cannot be estimated using conditional 
likelihood methods if the independent variables do not vary over time.  A random effects 
count model can instead; however, there is no guarantee on convergence.  Given these 
limitations with models with known properties, the suggestion in the HSM that local 
“calibrations,” be used to adjust baseline SPF parameters is questionable. A simple random 
effect cannot fully capture heterogeneity across, e.g. all U.S. states given limited data on 
those states but yet with significant differences between them that remain unobserved. 
However a random effect approach will do a much better job of capturing some of this 
unobserved heterogeneity than fixed effects or a constant model with neither fixed nor 
random effects.  This is not to say that fixed and random effect count models are devoid of 
limitations either. For a fixed effect model to work in the conditional and unconditional 
likelihood sense, it is preferable to have consistent ADT measurements every year for the 
subject road segments. 

This poses somewhat unrealistic burdens on data collection. On the contrary, random 
effects models allow conditioning on the observed crash counts through the error term, 
which allows for sporadic ADT measurements in the time panel.  However, the limitation 
with random effects models is that they assume strict exogeneity with the group effects, 
which cannot be guaranteed with the ADT variable.  The second limitation of random 
effects models is that the underlying distribution of the overdispersion effect is sometimes 
likely to be inconsequential.  Typically a beta distribution is assumed to incorporate group-
specific overdispersion effects.  In spite of these limitations, random effects models have 
proven to be fairly effective in capturing time dynamics at the group level while providing 
some predictive power. 

The middle block of Figure 5.1 is broadly categorized as fixed parameter models.  As such 
fixed and random effects models are considered in this category as models with fixed 
parameters associated with ADT variables and roadway geometry, but with group-specific 
effects.  The multivariate extensions of the fixed and random effects approaches involve 
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the evaluation of crash likelihoods due to additional information from road geometry and 
environmental effects. 

Shankar et al. (2004) indicate that the contribution of weather effects to crash likelihoods 
can be significant.  It should be noted that weather is likely primarily a local effect and was 
investigated as such in the paper by Shankar et al. (2004). However, as the ability of 
additional information to capture likelihood information improves through modeling 
refinements, so does the data burden.  At the road segmental level, especially for the 
construction of fixed and random effects models, micro-weather measurements are 
necessary at the yearly or sub-yearly level depending on the scale of the outcome variable.  
Geometric effects typically do not change over time unless there are treatments, which 
refer to changes over “blocks of time,” as opposed to periodic changes at the yearly or sub-
yearly level. 

In summary, the multivariate fixed parameter models will serve as a substantial 
improvement over the baseline methods that account for accident modification using 
accident modification functions (AASHTO, 2010; Oh et al., 2009a; Zegeer et al., 2004). 

Still, a “limited specification” model—as in the form of a multivariate fixed parameter 
negative binomial for example—will fail to account for regional and sub-regional effects in 
highway geometry as it affects safety outcomes.  Prior evidence from studies (Pfefer and 
Neuman, 1999; Pendleton, 1996; Kockelman and CRA International Inc., 2006) suggests 
the need for improved safety information.  The studies imply that in the absence of 
improved safety information, heterogeneity effects can include not just “true segment-
specific or corridor-specific” effects, but also missing variable effects which may not be 
adequately captured via a fixed parameter approach.  Recent work in the analysis of crash 
likelihoods on interstates (Venkataraman et al., 2011; Venkataraman et al., 2013) supports 
this expectation. 

Further, recent studies explicate the need for studying the latent effects of road geometry 
on driver behavior.  For example, a study on driving compliance by Zhong et al. (2012) 
related to variable message signs (VMS) suggests that key influencers, such as driving 
style and familiarity with the road network, affect the degree of compliance, not just 
whether drivers comply or not.  Driving style is influenced by road geometry, and 
familiarity with the road network is potentially influenced by latent effects relating to 
expectations of design elements as the driver navigates a route. 

In fixed parameter cross-sectional models, the coefficients are fixed across road segment 
types and crash concentration densities.  This is a somewhat restrictive assumption, since 
studies have shown this to be not true, especially, when one considers the effects of 
variables on crash severity outcomes (Milton et al., 2008).  However, in order to fully 
understand the behavior of the coefficients and their effectiveness in predicting safety 
outcomes, it is important to baseline models with the fixed parameter assumption.   

The crucial aspect of this type of baselining of heterogeneity effects is that, heterogeneity 
has been found to be an influencer of time correlation effects on statistical estimates.  
Count density induced heterogeneity (for example, excess zeroes) versus unobserved 
heterogeneity in pedestrian crash distributions can be significant when multiple years of 
data are used (Shankar et al., 2003). When multiple years of data are used to estimate 
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statistical models of safety outcomes, the efficiency of the coefficients is diminished, and 
when heterogeneity is present, this efficiency is not well identified. 

The panel methods proposed in this approach will account for these effects in order to 
establish a more systematic baseline than pure outcome methods, as we proceed to 
methods that explicitly incorporate varying parameter approaches where annual average 
daily traffic (AADT) and road geometry are considered simultaneously. 

5.2.3  Varying Parameter Count Methods 

In the far right of Figure 5.1 there is a category of methods broadly classified as varying 
parameter techniques involving traffic volume and road geometry.  The functional form of 
such methods is the standard negative binomial model with length offsets, traffic volume 
variables, and road geometry main effects in linear or log-linear form. 

This form of a model is somewhat naïve, in that it will fail to capture all the heterogeneity 
present due to road geometry interactions.  In fact, in the absence of time-varying 
specifications, the capability of a naïve varying parameter approach in terms of its ability 
to capture temporal and spatial interactions’ heterogeneous impact on model parameters is 
in question. 

To offset these limitations, random parameter and Bayesian hierarchical methods can be 
explored.  In the random parameter approach, coefficients are assumed to absorb some of 
the heterogeneity due to road geometry influences, in addition to traffic volume effects.  
Prior published work (Milton et al., 2008; Shankar et al., 1995; Venkataraman et al., 2011, 
2013) indicates some evidence of the computational tractability of these models in a 
variety of safety settings.  Other examples include studies using methods to account for 
outliers that provided a superior fit in terms of a much smaller deviance information 
criterion (DIC) and standard deviations for the parameter estimates (El-Basyouny and 
Sayed, 2010a, 2010b).  A study by Shankar et al. (2006) examined 190 roadway sections in 
Washington State and provided findings related to both predictive reliability and 
programming efficiency issues. 

5.3 Discussion 
5.3.1 Data Considerations 

There have been questions in terms of the computational feasibility of advanced statistical 
approaches especially in datasets with rich time histories.  Random parameter models 
require a certain amount of a priori knowledge in their development and estimation, and 
are heavily influenced by the type of roadway segmentation used in building the datasets.  
Multiple roadway segmentation types (from homogeneous exogenous roadway 
segmentation to endogenous roadway segmentation as advocated by data mining 
techniques) create natural model testing templates. 

Multiple roadway segmentations provide for the evaluation of the effects of coefficients of 
road geometry and ADT due to “ad-hoc” scaling resulting from the roadway 
segmentations.  ADT in general is more stable but roadway geometry effects can vary 
depending on the relative spatial footprint of “high concentration densities,” versus 
standard homogeneous road geometry footprints.  So, there is a need to establish the 
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functional form of road geometry effects.  Some studies (Anastasopoulos and Mannering, 
2009, 2011) explore fixed and random parameter models while others (Malyshkina et al., 
2009) have used Bayesian inference methods to explore this.  In Bayesian hierarchical 
(BH) models, the effect of road geometry is similar to random parameter approaches, in 
that heterogeneity due to road geometry can be explicitly accounted for.  This is a 
particularly insightful approach for the development of varying parameter methods in the 
long run; one that can enrich safety outcome coefficient estimation with local, regional, 
and sub-regional effects of road geometry. 

Studies with BH models of crash severity (Shankar et al., 2006) have shown that their 
predictive power is substantially superior to classical safety performance models.  
However, one downside of BH methods is the somewhat ad-hoc nature of the parametric 
assumptions in the construction of the models.  There are a number of studies using BH 
methods (see for example, Ahmed et al., 2011; Huang and Abdel-Aty, 2010; Ma et al., 
2008; Qin et al., 2005) that have shown promise despite the assumptions underlying model 
priors and the derivation of full conditionals for sampling of the posteriors. 

Empirical Bayes (EB) methods (see for example Harwood et al., 2003) can be broadly 
included in this category, even though they can be thought of as an approximation of fully 
Bayesian methods.  In the EB approach, assumptions of prior distributions of parameters 
are fixed, which sometimes can lead to poor posterior properties if the models were to be 
evaluated using BH methods. However, it can be expected that in many cases adequate 
crash information is available to specify prior distributions. 

These assumptions must be tested extensively to ensure that coefficients are robust to a 
variety of assumptions. However, the BH approach is preferable since it accounts for 
uncertainties relating to the data, models, and parameters endogenously thereby requiring 
little pre-processing of data for safety performance evaluation (Carriquiry and Pawlovich, 
2004).  Furthermore, from a safety effectiveness standpoint, BH methods seem preferable 
due to their ability to handle correlation structures effectively and distinguish between 
candidate countermeasures more precisely (Park et al., 2010; Washington and Oh, 2006; 
Yanmaz-Tuzel and Ozbay, 2010). 

In general, data considerations for a path-based framework, as the one described in Figure 
5.1, tend to lead to a more exhaustive requirement than the one that is feasible in the 
modern data collection enterprise.  At a minimum in addition to ADT, the following 
roadway data will be required for the development and implementation benefits envisioned 
as part of this framework: 1) shoulder widths for the entire centerline mileage of the 
system; 2) lane cross-sections including auxiliary lane information, lane widths, approach 
lane configuration; 3) horizontal curvature information such as radius, central angle, and 
super-elevation (if available); 4) vertical curvature information such as beginning and 
ending grades, length of curve, and starting elevation of curve (if available); 5) interchange 
type and geometry; 6) overpass locations; 7) lighting types (continuous versus point versus 
tunnel versus both sides); 8) intersection types and geometry, e.g. information on oblique, 
right angle, T-intersections, and multi-way intersections; 9) speed limits; 10) median type 
and width if applicable. 

The Highway Safety Information System (HSIS) may not be self-sufficient to meet these 
information needs to the fullest.  Some evidence of this is available in recent research 
(Donnell et al., 2010) where California HSIS data was used for evaluating roadway 
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lighting effects. Safety outcome data in the form of crash severity, collision types, and 
vehicle involvement types will be required (Shankar et al., 2008). 

With the advent of wide-angle, vehicle-mounted, multi-camera roadside inventory 
collection systems, slope information and information on median widths (Shankar et al., 
1998; Shankar et al., 2004) especially, become available and are important in the 
construction of models for road segments with roadside encroachments.  The importance 
of non-traditional data types, such as roadside measurements, is emphasized in recent 
studies (Mannering and Bhat, 2013; Lord and Mannering, 2010; Savolainen et al., 2011; 
Washington et al., 2011). Roadside information is of special importance for the analysis of 
single-vehicle crashes and run-off-road events, such as fixed object crashes (Holdridge et 
al., 2005). 

Still, considering main effects alone in the form of roadway and roadside data in the 
specification of advanced models may ignore important interactions between the roadway 
and roadside factors.  For example, the inclusion of a horizontal curve in a segment may be 
associated with clear zone decision issues simultaneously and therefore shared unobserved 
effects between the roadway and the roadside (Chayanan, 2005).  One way to proceed is to 
explicitly model the simultaneity between the roadway and the roadside crash variables (as 
shown in Chayanan, 2005), or in addition, include the right-hand side variable effects 
incorporating roadway-roadside interactions.  The demand for data types useful for the 
incorporation of roadway-roadside interactions is discussed further below. 

5.3.2 Considerations of Interactions between the Roadway and 
the Roadside 

Interactions between the roadside and the roadway are considerations that need to be taken 
into account, e.g., by the development of interaction variables.  With the roadside 
inventory serving as a mediator of right-of-way constraints and associated trade-offs 
between mobility, safety, and accessibility; safety performance can now be viewed through 
a broader lens.  For example, in the absence of consistent roadside information on 
interstates, it would be infeasible to consider the impact of programmatic trade-offs in 
safety due to the introduction of median side high-occupancy vehicle (HOV) lanes (Abdel-
Aty et al., 2005; Abdel-Aty et al., 2007; Shankar et al., 1995).  In the case of median side 
high-occupancy vehicle (HOV) lanes for example, the demand for roadside-roadway data 
interactions would include clear before-after definitions of median width, lanes of travel by 
direction, median slope treatments, presence or absence of median barriers due to potential 
reduction of median widths after lane expansion, adjustments of alignment attributes such 
as horizontal curvature, and presence of roadside fixed objects such as overpass pillars or 
signboards.  The interactions become numerous as more design situations are 
accommodated.  By way of illustration, this example demonstrates the usefulness of 
roadway-roadside interactions in spawning a variety of analytical studies that go beyond 
the traditional main effects approach to HSM methodologies.  In some cases, the 
implications are substantial for broader safety management applications.  Schermers et al. 
(2011), in a report on roadway infrastructure safety management evaluation tools 
(RISMET), concluded that proper databases for comprehensive safety management should 
incorporate data needs relating to benefit cost analysis, road safety audits, road safety 
inspections, network screening, crash modeling, road protection scoring, hazardous 
locations analysis, and behavioral studies (inclusive of naturalistic and field operational 
tests).  Such a comprehensive approach, envisioned in concert with the methods suggested 
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in this chapter, provides potential for a large class of statistical models at various scales of 
analysis. 

5.3.3 Considerations of the Methods for Safety Policy 

With respect to the methods described in this chapter, the utility of these methods in their 
ability to extend a HSM type framework for the evaluation of safety policy arises.  The 
utility of the above-described methods is primarily in the area of design and operational 
policy as in the evaluation of design variables and their substantive effects on crash 
occurrence and severity, and operational variables such as speed limits. 

For such evaluation goals, the statistical methods described in this chapter can be used to 
derive elasticities of the independent variables, which would identify the expected increase 
in crash frequency due to a one percent increase in the value of the independent variable.  
If the variable of policy interest is an indicator variable, then, the expected change in crash 
frequency when the indicator variable takes a value of 1 from a baseline of zero is used to 
assess policy ramifications.  Marginal effects that show the first-order changes in the 
expected count due to a change in the independent variable are another means for policy 
evaluation.  However, two things are to be noted here: a) the class of models discussed in 
this chapter does not address severity explicitly at the level of crashes; rather, severity is 
addressed through the aggregate count of crashes classified by severity; and b) the data 
considerations for crash-level type richness become unrealistic at the frequency level of 
models as those described in this chapter. 

In frequency-level models, the independent variables do not typically include variables 
such as proportion of drivers driving under the influence of alcohol, or proportion of 
drivers who are unbelted.  The behavioral dimensions of frequency-level models are 
therefore limited.  Further, if one were to consider collecting this type of data, it would 
lead to unrealistic data collection needs (sampling behavioral data from every segment of 
the roadway for 1,000s of miles).  Crash-level data on the other hand offer rich conditional 
insight into the elasticity of behavioral variables such as driving under the influence or 
seatbelt use.  Further, the techniques used in crash level models are different and oriented 
toward discrete outcome models such as the mixed logit (see Milton et al 2008 for 
example).  There are other complexities that arise as well, such as those from interactions 
of behavioral and design type variables.  If one considers, for example, new vehicle-makes 
with advanced safety technologies, such as electronic stability control, and attempts to 
account for the interaction of that technology in the vehicle stream with the type of drivers 
who choose to own and operate these vehicles, then endogeneity issues arise through the 
behavior-design interaction realm.  These types of complexities are not accommodated in 
the framework proposed in this chapter.  A framework that can integrate both frequency-
level and severity-level elasticity type approaches is therefore required to provide for a 
comprehensive basis of both behavioral and design policy variables. 

5.4 Conclusions and Recommendations 
This chapter presents an extension to the HSM framework for traffic safety evaluation. The 
framework integrates network-screening methods with pure outcome-based methods, 
multivariate fixed parameter methods, and varying parameter methods for safety 
performance evaluation.  Limitations exist with each of the individual methods.  However, 
in relation to the opportunities for multiple benchmarking of methods, the advantages in 
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terms of methodological flexibility may outweigh the individual limitations.  Table 5.1 
summarizes the comparative assessment of the methods.  When viewed within the broader 
landscape of databases and the need for integrating roadside and roadway modeling needs, 
it is hoped this framework can provide a start for integrated guidance on a suite of methods 
for safety performance evaluation.  When it comes to method selection there is the overall 
trade-off between general methods which have a high level of acceptance and applicability 
but with statistical limitations or more sophisticated and less general methods that may 
bring more statistical robustness. Overall it is preferable to consider methods that have 
potential for time-tested belief in their effectiveness.  A method‘s eventual proof of 
robustness lies in its ability to provide accurate predictions.  A general approach with 
current acceptance but with poor predictive power may not be sufficient.  Prediction 
accuracy is a pre-requisite for determining the best approach, especially in out of sample 
validation tests. 
 
As displayed in Table 5.1, three main criteria are used to assess the various methods. First 
is the integrability with network screening techniques for road segmentation, in the form of 
road segment definitions from sliding window, peak search, clustering or other data mining 
techniques.  A high degree of integrability means the method is adaptable to multiple 
roadway segmentations and scale effects without substantial data manipulations and 
modifications.  For example, time series methods impose a high degree of history 
dependence.  As a result, roadway segmentation itself is influenced by the time-scale at 
which the history is determined.  Instead of segmenting roadways on the basis of annual 
counts, network-screening and other unsupervised roadway segmentations need to consider 
varying time-scales to generate counts.  This is a fairly significant imposition on the 
feasibility of time series methods if time constraints are significant. On the other hand, the 
other methods discussed do not in general have this imposition on roadway segmentations. 
 
The second criterion considers data requirements. While time series methods impose the 
most restrictive needs (for example, at least 30 consecutive intervals of measurement for a 
crash type for a road segment), Bayesian hierarchical (BH) methods enjoy a fair degree of 
adaptability in the presence of minimal data.  Classical fixed and varying parameter models 
are purely likelihood based and longer histories generally result in better models. 

Thirdly, in terms of predictive power, BH methods are expected to outperform all methods, 
but will do so at a cost.  The cost of properly identifying the priors, a requirement of BH 
methods, is fairly high since it results in the computation of multiple models, and therefore 
model selection becomes a significant issue.  However, within the BH architecture, 
methods are available to automate model selection under various BH priors.  In addition, 
quantification of uncertainties relating to the data, models, or the parameters is implicit in 
the construction of BH methods.  With the proper priors and full conditionals, BH models 
can be sampled with known techniques such as the Gibbs sampler. The scale of the model 
(national or local) and data availability at the chosen scale will also affect the cost. At a 
larger scale, with more underlying unobserved heterogeneity, it can be expected that BH 
methods will be more difficult in application than at a more accurately specified local 
scale. 
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Table 5.1. Comparative Assessment of Methods. 

Method Integrability with  
Network-
Screening 
Techniques 

Data 
Requirements 

Model 
Performance 

Reference  
to example usage 

Time Series 
Methods 

Reasonable degree 
of integrability for 
longer 
segmentations. Poor 
for shorter road 
segmentations due 
to presence of zero 
counts  

Rich histories 
required.  May 
result in sub-annual 
scales due to 
requirements of 30 
intervals or more 

Proven model 
performance.  
Convergence is 
reliable in the 
absence of too 
many zero counts.  
Strong predictive 
power  

Jacobson et al. 2012; 
Oh and Shankar,2011. 

Univariate 
fixed 
parameter 
panel methods 

High degree of 
integrability for all 
road segmentations 

Require at least six 
years of data for 
stable panel effects.  
Require time-
varying exogenous 
measurements 

Fixed effects 
models not 
estimable in the 
absence of time-
varying 
measurements.  
Poor predictive 
power   

AASHTO, 2010 

Multivariate 
fixed 
parameter 
panel methods 

High degree of 
integrability for all 
road segmentations 

Require at least six 
years of data for 
stable panel effects.  
Require time-
varying exogenous 
measurements 

Fixed effects 
models more 
problematic with 
geometric 
measurements due 
to time constancy.  
Marginally 
improved 
predictive power  

Cafiso et al., 2010; 
Chayanan, 2005; 
Zegeer et al., 2004; 
Ulfarsson and Shankar, 
2003; Shankar et al., 
1995; Poch and 
Mannering, 1996 
 

Multivariate 
varying 
parameter 
methods 

High degree of 
integrability for all 
road segmentations 

Panels just 
contribute extra 
observations to 
likelihood, so rich 
histories are not an 
issue 

Sensitive to local 
effects much 
more than fixed 
parameter 
methods.  Can 
accommodate 
distributional 
richness for 
improved 
localization of 
predictions 

Venkataraman et al., 
2011, 2013; 
Anastasopoulos and 
Mannering, 2009; 
Milton et al., 2008; 
Shankar et al., 1998 

Hierarchical 
Bayes 
methods 

High degree of 
integrability with 
road segmentations 

Can handle multiple 
years of data but 
not dependent on 
rich histories 

Models require 
very large 
samples for 
convergence 
testing in short 
segmentations.  
Provide high 
predictive power.  

Ahmed et al., 2011; 
Guo et al., 2010; 
Huang and Abdel-Aty, 
2010; Malyshkina et 
al., 2009; Ma et al., 
2008; Shankar et al., 
2006; Qin et al., 2005 

 

Finally, in terms of applicability of the methods described in Table 5.1, time series 
methods are applicable where substantial time variations of data are available, with 
segments or locales or regions reporting typically thirty or more consecutive time intervals.  
This would restrict the applicability of these methods to locations where time histories are 
rich and easily available.  As a result, time series methods are more likely to be of the form 
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of lagged endogenous variables rather than the form which includes geometric effects as 
well, since geometric measurements exceeding thirty consecutive intervals are rare at the 
annual level of measurement. 

The panel methods typically require variation in geometric effects for the effects to have 
utility in the model specifications.  The panel methods can therefore be applied to a variety 
of functional classes, and possibly in the case of roundabout locations and also locations 
with non-traditional geometric treatments.  Hierarchical Bayesian methods are versatile in 
that they can be applied to cases in which location hierarchy can be explicitly captured.  
This is possible within the traditional organization of the transportation system due to its 
hierarchical nature.  Consistency in measurement of hierarchy is necessary for the broad 
applicability of hierarchical techniques.  Recent developments in the application of 
traditional HSM methods for safety performance evaluation (see for example, Ragland and 
Chan, 2008; Srinivasan et al., 2011) have highlighted the need for heterogeneity-based 
techniques to account for regional and local road segmental effects.  There is a broader 
need for extending the heterogeneity-based random parameter methods to a 
multidimensional and multimodal setting to fully explore their feasibility for 
comprehensive safety performance evaluation.  Some studies highlight this need through 
an examination of the roadside (Sittikariya et al., 2009), weather (Shankar et al., 1995), 
centerline encroachments (Gårder, 2006), and collision types (Aoki et al., 2009).  Further, 
some intersection related studies involved Bayesian and hierarchical methods (Kim et al., 
2007; Lyon et al., 2005). 

The heterogeneity-based random parameter methods bring complexity since it is now 
possible for a design variable to have both positive and negative effects on traffic crash 
frequencies. The question becomes, how can the transport agency interpret the meaning of 
the variable in such a framework? To answer this with a specific recommendation, the 
agency researcher has to look at the context in which positive and negative values of the 
parameter occur.  The remaining observable design variable vector is then compared to see 
where the predominant negative effects are and where the predominant positive effects are.  
This can help determine which combination of observable design variables leads to 
productive safety outcomes and which combination of variables leads to counterproductive 
outcomes. 

Outcome dimensions are becoming an important consideration with advances in computing 
power.  Example studies highlighting this include the evaluation of underreporting on the 
outcome dimension, which may induce bias in inferences on a variety of factors 
(Yamamoto et al., 2008), and the employment of simultaneous equations (Ye et al., 2009) 
for collision types.  Related reference studies (Ulfarsson and Mannering, 2004; Ulfarsson 
et al., 2006) focus on injury severities and collision types.  On the multimodal side, 
Ulfarsson et al. (2010) examine pedestrian street-crossing behavior in combination with 
added jaywalking enforcement; a study by Wier et al. (2009) uses bivariate models to 
predict changes in vehicle-pedestrian injury collisions based on changes in traffic volume; 
while others focus on innovative techniques for baseline exposure quantification of 
pedestrians (Davis, 2000; Johansson and Leden, 2007; Pulugurtha et al., 2007; Raford and 
Ragland, 2003). 

In the overall context of safety performance evaluation, this chapter has its precedents but 
with a different focus.  Sgourou et al. (2010) looked at selected safety performance 
evaluation methods in regards to their conceptual, methodological characteristics.  When 
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combined with novel network-screening techniques (Chung et al., 2009a, 2009b; Chung et 
al., 2011; Geyer et al., 2008), the argument for a robust framework that exploits the 
comparative advantages of time series methods, fixed parameter panel methods, and 
varying parameter methods in concert with network-screening techniques becomes more 
compelling.  This chapter attempted to address this argument by describing one plausible 
framework.  

5.5 Acknowledgments 
The authors would like to express their gratitude to The University of Iceland Research 
Fund for their financial support and the Washington State Department of Transportation 
which provided data and support for this research. 

 



53 

 

6 Random Parameter Models of 
Interstate Crash Frequencies by 
Severity, Number of Vehicles 
Involved, Collision and Location 
Type 

This chapter contains a journal article published in Accident Analysis and Prevention, an 
ISI indexed journal, (Venkataraman et al 2013).  The article is discussed in the context of 
the dissertation and lays out specific advanced safety performance functions by outcome, 
collision, and severity type. 

Venkataraman, N., Ulfarsson, G. F., & Shankar, V. N. 2013. Random parameter models of 
interstate crash frequencies by severity, number of vehicles involved, collision and location 
type. Accident Analysis & Prevention, Vol. 59, pp. 309-318, 
DOI:10.1016/j.aap.2013.06.021. 

Abstract 
A nine-year (1999–2007) continuous panel of crash histories on interstates in Washington 
State, U.S.A., was used to estimate random parameter negative binomial (RPNB) models 
for various aggregations of crashes.  A total of 21 different models were assessed in terms 
of four ways to aggregate crashes, by: a) severity, b) number of vehicles involved, c) crash 
type, and by d) location characteristics.  The models within these aggregations include 
specifications for all severities (property damage only, possible injury, evident injury, 
disabling injury, and fatality), number of vehicles involved (one-vehicle to five-or-more-
vehicle), crash type (sideswipe, same direction, overturn, head-on, fixed object, rear-end, 
and other), and location types (urban interchange, rural interchange, urban non-
interchange, rural non-interchange).   

A total of 1,153 directional road segments comprising of the seven Washington State 
interstates were analyzed, yielding statistical models of crash frequency based on 10,377 
observations.  These results suggest that in general there was a significant improvement in 
log-likelihood when using RPNB compared to a fixed parameter negative binomial 
baseline model. Heterogeneity effects are most noticeable for lighting type, road curvature, 
and traffic volume (ADT). Median lighting or right-side lighting are linked to increased 
crash frequencies in many models for more than half of the road segments compared to 
both-sides lighting. Both-sides lighting thereby appears to generally lead to a safety 
improvement. Traffic volume has a random parameter but the effect is always towards 
increasing crash frequencies as expected. However that the effect is random shows that the 
effect of traffic volume on crash frequency is complex and varies by road segment. The 
number of lanes has a random parameter effect only in the interchange type models. The 
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results show that road segment-specific insights into crash frequency occurrence can lead 
to improved design policy and project prioritization. 

 

Keywords: Crash Frequency Aggregations; Heterogeneity; Random parameters; Roadway 
Geometrics; Crash Severities; Interchange. 

 

6.1 Introduction 
Several research efforts have occurred in the last decade in the field of traffic crash 
analysis typology.  Typological analysis (Wells-Parker et al., 1986; Gundy, 1990; Massie 
et al., 1993; Corbett, 2000; Summala, 2000; Kim et al., 2002; Corbett and Caramlau, 2006; 
Najim et al., 2007; Stradling et al., 2009; Council et al., 2010; Minikel, 2010) in the traffic 
safety area has typically been conducted to provide insight into human behavior such as 
speed-related crashes, alcohol-related crashes, or crashes with driving violations.  Najim et 
al. (2007) demonstrate multiple pre-crash scenarios for crashes involving at least one light 
vehicle such as a passenger car or light truck.  Corbett (2000) performed typological 
analysis of driver responses to speed cameras and Corbett and Caramlau (2006) added an 
exploration of gender differences.  Wells-Parker et al. (1986) develop a driving-tendency 
based classification for DUI offenders.  Kim et al. (2002) explored crash models of various 
classifications of motorcycle crashes.  Massie et al. (1993) classify collision scenarios to 
explore effect of crash avoidance technologies. Summala (2000) examined relationships 
between behavior, age and gender, with crash information such as speed controls and 
fatality rates.  Minikel (2010) evaluates street classifications and their relationship to 
bicycling safety.  Gundy (1990) evaluated the usefulness of crash classification whereas 
Council et al. (2010) and Stradling et al. (2009) develop classifications for speeding 
behavior. 

Count models, including the negative binomial and alternative models accommodating 
overdispersion, have been used extensively for crash modeling purposes. This is due to the 
well-known problem of overdispersion of traffic crash counts (Engel, 1984; Lawless, 1987; 
Miaou, 1994; Maher, 1991; Shankar et al., 1995; Shankar et al., 1997; Lord et al., 2007; 
Malyshkina et al., 2009).  The evolution of count modeling since these studies has resulted 
in a recent emphasis on random parameter approaches, multivariate approaches, and 
Bayesian methods (see for example, Ma et al., 2008; El-Basyouny and Sayed, 2009; 
Anastasopoulos and Mannering, 2009; Malyshkina et al., 2009; Lord and Mannering 
2010).  In spite of these methodological advances, the issue of heterogeneity remains as a 
substantial methodological issue in the field of traffic safety. Heterogeneity affects traffic 
crash analysis in two fundamental ways. The first is unobserved heterogeneity which 
occurs because of the problem that the variables cannot fully describe the differences 
between two or more roadway segments so they appear identical in the observed variables. 
The second is the omitted heterogeneity that occurs when a single variable is forced to 
have the same effect on all roadway segments through a fixed parameter. 

In a recent study (Venkataraman et al., 2011), the issue of heterogeneity was addressed 
with respect to the impact of roadway geometrics on total interstate crash frequency.  This 
was done by testing if variables describing the geometrics of road segments varied in their 
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impact on crash frequency for separate road segments.  The results indicate a road segment 
geometric feature, such as lighting or shoulder width, can in one location increase the 
likelihood of crashes, while at another location the same feature can contribute to safety 
benefits.  This can be useful in aiding public agencies to target safety improvements at 
location contexts where the expected outcome is a decrease in crash likelihood.  The 
findings emphasize the need for identifying the source of geometric-specific heterogeneity, 
rather than handling all the heterogeneity in terms of one single overdispersion parameter 
as is conventionally done in negative binomial models. 

Frequency models of crash outcome type can provide substantial insights into the effects of 
roadway geometry. For example, one can explore the influence of a particular geometry 
and if it is statistically significant in multiple outcome cases, such as crashes aggregated by 
severity type, or by number of vehicles involved, or crash type.  Furthermore it is possible 
to investigate which parameters are fixed across crash outcome types, and which are 
potentially random due to a persistent heterogeneity effect. 

The objective of this chapter is to shed further light on heterogeneity effects in roadway 
geometric features with respect to the type of traffic crash.  This is because the effect of a 
roadway geometric feature can be different, for example, for fatal injury crashes than 
property damage only crashes.  There are a number of other ways to classify traffic crashes 
than by severity. In this chapter several different such aggregations are tested to explore 
how heterogeneity in geometric features varies based on how crashes are aggregated. 

6.2 Methods 
This chapter uses the random parameter negative binomial model to account for road 
segment heterogeneity and crash count overdispersion. Although, negative binomial (NB) 
models have greater explanatory power in terms of relationship between site geometrics 
and crashes, their major limitation rests in that they cannot incorporate time variation or 
road segment-specific effects, thereby resulting in an underestimation of standard errors in 
the regression coefficients and subsequently inflated t-ratios.  Some studies (see for 
example, Shankar et al. 1998) have attempted to fix this problem, by introducing a trend 
variable in the crash model whereas Hausman et al. (1984) demonstrate a general approach 
to count data applications via fixed and random effects models, an application of which has 
been seen in the safety literature as well (Shankar et al., 1998; Chin and Quddus 2003). 

In the area of classical models, incorporating randomness in parameters of traffic safety 
counts, Milton et al., (2008), show the first documented application through an evaluation 
of geometric and traffic variables and their association with the occurrence of severity 
proportions at the road segment level.  Anastasopoulos and Mannering (2009) and El-
Basyouny and Sayed (2009) are other notable examples of modeling at the road segment-
corridor level. Washington et al. (2010), Ulfarsson and Shankar (2003), and Sittikariya et 
al., (2009) underscore the importance of heterogeneity due to time-varying effects. 

To begin with, a generalized representation of the conditional density function for crash 
counts  in the -th road segment in year  is as follows: ( | , ) = (∙), ∀ = 1,… , ; ∀ = 1,… , ; (6.1) 
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where (∙) is the density function of the appropriate count distribution.  The data vary with 
both time and space, thereby working to capture changes across road segments and over 
time.  In a negative binomial model this density is (Greene, 1997): ( | , , ) = ( )( ) !( )  (6.2) 

where the mean crash rate is = exp	( ),  is a vector of estimable parameters,  is 
a vector of observed variables describing each road segment in each year, such as lighting, 
geometric, and traffic characteristics,  is an overdispersion parameter.  The random 
parameter negative binomial model is introduced by adding a heterogeneity term and a 
random term to the estimable parameters: = + Δ + Γ , (6.3) 

where the first term, , is the mean of the random parameter, the second term introduces 
heterogeneity (  is a vector of observed variables inducing road segment-specific 
heterogeneity and Δ are estimable parameters on the heterogeneity variables), and the third 
term is a random deviation from the mean (Γ is an estimable diagonal covariance matrix 
capturing spatial and temporal parameter correlations,  are unobservable normally 
distributed random error terms with zero mean and variance one).  The likelihood 
contribution of the -th road segment to the sample likelihood is conditioned on the 
unobserved random heterogeneity  and denoted by: ( , Δ, Γ, | , … , , , , ) = ∏ (∙). (6.4) 

The likelihood for the -th road segment takes a non-closed form when integrating over .  
It is therefore necessary to approximate the resulting integral through simulation by 
drawing  Halton draws for the random heterogeneity.  Each draw is denoted with an 
index , , and is inserted into the likelihood function and its value calculated. From the 
series of simulated likelihood values the expected value of the likelihood unconditioned on 

 is found using the relationship (Greene, 2007), E ( , Δ, Γ, | , … , , , , ) ≈ ∑ ( , Δ, Γ, | , … , , , , ). (6.5) 

The above-mentioned procedure is generally called simulated maximum likelihood and its 
accuracy relies in the number of Halton draws R, (see Venkataraman et al., 2011, for a 
recent prior traffic safety application). 

The random parameters have a normal distribution, Φ , and to interpret the effect of each 
random parameter it is most straightforward to calculate the percentage of the density of 
the distribution of each random parameter that is positive, the so called positive parameter 
density: = Φ ( ) , (6.6) 
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which shows the percentage of road segments where a variable with a random parameter 
takes a positive sign and thereby increases the crash frequency in that model. 

The model development process is reliant on a stepwise reduction in random parameters.  
Once the standard deviation of a random parameter is found to be insignificant, then, the 
parameter is retained as fixed.  The determination of the right random parameter set is 
based on a small number of Halton draws (such as 10) so extensive testing of irrelevant 
variables can be conducted before increasing the number of draws. 

To evaluate statistical significance the t-statistic is used. High values of the t-statistic, 
especially for random parameters, are usually an indication that the models are specified 
reasonably well, given that the data is logically related to the event being modelled, here 
geometric information and crashes.  The good indication of a significantly high t-statistic is 
especially strong for random parameters because there are two parameters to be tested, the 
mean and the standard deviation.  Both are required to be significant in the models.  This is 
a fairly restrictive test.  Second, the models are not over-specified, in terms of having 
unnecessary or irrelevant variables included, because that would potentially lead to 
convergence problems.  For example, variables with small sample sizes can lead to 
empirical convergence problems with large number of draws.  This is one reason the 
models are tested to 30,000 Halton draws to ensure stability.  Over-specification is not as 
significant an issue as under-specification in random parameter models.  If a significant 
variable is missing, due to the fact that the estimation is done under correlated parameters, 
it is very likely that omitted variable bias will occur.  This point was also taken into 
consideration. 

6.3 Crash Frequency Aggregations 
As discussed in the introduction, the way crash frequencies are aggregated can matter in 
terms of explaining the effect of observed variables on crash frequency.  This is both due 
to unobserved heterogeneity in variables but also due to heterogeneity in terms of driver 
responses to roadway features.  This chapter proposes crash frequency aggregations that 
account for the major outcome categories of crash severity, number of vehicles involved, 
collision type, and geographical location and operational type. Within each of these 
categories, crashes are classified further as shown in Figure 6.1. 

Models are therefore developed for four different outcome types: 1) all injury severity 
classes based on the most severe injury in the crash (property damage only, possible injury, 
evident injury, disabling injury, and fatality); 2) for number of vehicles involved in the 
crash (one-vehicle to five-or-more-vehicle); 3) for various common collision types 
(sideswipe, same direction, overturn, head-on, fixed object, rear-end, and other); and 4) for 
basic location types (urban interchange, rural interchange, urban non-interchange, rural 
non-interchange). The interchange models in this work only include crashes on the 
mainline between the ramp merge/diverge points, not crashes on the ramps or at ramp 
intersections.  This results in 21 different models for crash frequency which are estimated 
and examined in this chapter. 

Figure 6.1 shows there can be interaction between the four major outcome types.  In 
addition, the four major outcome types can themselves be interpreted differently in terms 
of nested models.  For example, geographical location and operational type can include 
interchange types.  Non-interchange models can include finer resolutions such as non-high-
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occupant-lane segments versus high-occupant-inclusive segments.  Similarly, crash 
severity type can include finer resolutions in terms of driver injuries as opposed to most 
severe outcome of the crash.  In terms of number of vehicles involved, a different 
interpretation might be to involve vehicle types within the vehicle count nesting.  For 
example, one-vehicle categorization can include one-vehicle truck only, one-vehicle 
passenger car only, one-vehicle sports-utility vehicle only, etc.  As the number of vehicles 
included increases, the combination of vehicle types in the involvement also increases.  
The same logic can be applied to crash type as well, with vehicle types nested within crash 
types.  It is clear from the above discussion that the combinatorial possibilities from just 
the base of major categories of crashes presented in this chapter are significant.  While 
these are theoretical outcomes, practical limitations may determine the level of resolution.  
For example, if enough observations are not obtained in terms of head-on crashes 
involving trucks, then, that category cannot be an independent model. 

Multivariate model alternatives may be thought of, e.g. to simultaneously model the 
various injury severity type frequencies.  However, the main advantage of multivariate 
alternatives, especially in the literature (see for example, Ye et al., 2013), is that there are 
statistical efficiency gains.  Especially, when using severity types jointly, this advantage 
comes to the forefront in noticeable ways since improved efficiencies can help identify 
geometric effects accurately.  In the present case, the vast number of models estimated 
involves varying specifications in a random parameter form.  To incorporate these, while 
allowing for specifications unique to each element of the joint density, would make 
computation infeasible, and secondly, strong significance of the variables in the resulting 
models will indicate that efficiency is not lacking and that potential related effects have not 
been ignored. 

6.4 Data Description 
The data in this research consisted of panel data with nine years (1999-2007 inclusive) of 
annual crash counts on road segments which comprise Washington State’s interstate 
system in the United States, namely I-5, I-205, I-405, I-705, I-82, I-182, and I-90. The data 
also include roadway geometric variables describing each road segment during each of the 
years, and traffic volumes in each year for the road segments from the Washington State 
Department of Transportation (WSDOT). 
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Figure 6.1. Scheme of Major Aggregations of Crash Frequency. 

A total of 1,153 directional road segments were assembled based on interchange and non-
interchange definitions (see section 4.4).  The use of directional road segments means that, 
crash, traffic, and geometric data varies by direction.  Interchange segments were defined 
by the farthest merge/diverge ramp limits for each direction.  The limits are determined on 
the basis of detailed WSDOT design drawings that show merge/diverge mileposts for each 
ramp at every interchange and these mileposts specify the beginning and end of an 
interchange segment. This definition can be questioned since research has not yet 
determined the accurate influence area upstream/downstream of interchanges and future 
research needs to investigate this topic further as it is computationally out of the scope of 
this work to perform that estimation. Here this decision has been taken to provide a 
straightforward policy level analysis and to provide a clear definition of an interchange 
segment.  Since the location of merge/diverge ramp limits can vary by directions, a single 
interchange will have at least two different segments, one for each direction.  Non-
interchange segments were defined as continuous travel segments between two 
interchanges. Non-interchange segments can introduce heteroskedasticity.  To a degree, 
this is mitigated by the use of length weighted observable variables, which in effect 
account for a method to weight the non-uniform errors due to unequal segment sizes. 
Given the high significance of the variables, even if heteroskedasticity is present, the 
significance levels are not expected to drop to trivial levels. Data was not missing for any 
year of the 1,153 road segments during the nine years, which leads to the panel data being 
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balanced, i.e. 9 observations for each road segment.  The total number is therefore 10,377 
observations of crash frequency by year and road segment. 

Table 6.1 shows the descriptive statistics for key variables used in the estimation of the 
random parameter negative binomial models.  WSDOT maintains a detailed database of 
roadway geometric information which was made available for this study.  The data 
included: roadway cross section information such as widths of traveled way, shoulders and 
auxiliary lanes, horizontal and vertical alignment data, average daily traffic information, 
geographic descriptors such as urban/rural, speed limits, as well as route-specific 
information such as increasing and decreasing milepost indicators for geometric features. 
WSDOT maintains a video library showing footage (side and front views) of interstates 
and state routes. Footage is recorded every two years for main routes, such as the 
interstates in this study.  This video library was used to confirm information from the 
electronic database such as roadway cross-sections, interchange types, and ramp limits.  
The video library was also used to develop new variables such as lighting data, presence of 
roadside features such as medians, and the presence of overpasses. In this work, the 
overpass definition is restricted to undercrossings. 

Table 6.1 lists the different geometric variable and crash statistics at the road segment 
level.  The geometric variable list is an exhaustive one including lighting type, lane cross 
sections, shoulder widths, horizontal curve parameters, and vertical curve parameters.  We 
also use vertical curvature parabolic parameters to determine if they have an influence on 
crash frequency.  The upshot of using variables as mentioned above in a random parameter 
model is that given the multitude of geometric variable types, one would expect these 
variables to capture road segment-specific heterogeneity with greater resolution than 
traditional dummy variable definitions.  The geometric variables are also presented and 
discussed in Chapter 4.4 but key data features are presented below for clarity. 

There are 21 different crash categorizations varying by crash outcome in this chapter and 
the distributional aspects can be substantially different.  For example, it is shown that out 
of an average of 10.69 crashes per segment per year, 6.68 crashes account for property 
damage only outcomes, while the distribution tapers off from 2.85 possible injury crashes 
to 0.04 fatal crashes per year. 

The mean number of one-vehicle crashes is 2.94 per year, while that for two-vehicle 
crashes is 5.89, and the number of five-or-more vehicle crashes is 0.11 crashes per year on 
the average across the 9-year panel.  In terms of collision types, rear-ends are the most 
common with an average of 5.266 crashes per year per segment, while head-on crashes are 
the rarest with an average of 0.009 crashes per year.  Head-on crashes are observed to 
occur when wrong-way driving result in a crash, for example, due to a driver driving under 
the influence of alcohol, or being visually impaired, or entering a reversible lane when 
entry for lane use is violated. 
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Table 6.1. Summary statistics of crash type, geometric, and traffic variables for 
Washington State interstate segments. 

Variable Mean S.D. Min Max 

Crash characteristics     

Number of crashes in a year 10.69 18.91 0 388 
Number of property damage only crashes in a year 6.68 11.94 0 221 
Number of possible injury crashes in a year 2.85 6.148 0 136 
Number of disabling injury crashes in a year 0.13 0.397 0 5 
Number of evident injury crashes in a year 0.98 1.611 0 31 
Number of fatal injury crashes in a year 0.04 0.217 0 2 
Number of one-vehicle crashes in a year 2.94 3.857 0 40 
Number two-vehicle crashes in a year 5.89 12.352 0 267 
Number three-vehicle crashes in a year 1.41 3.767 0 79 
Number four-vehicle crashes in a year 0.34 1.117 0 23 
Number five-vehicle crashes in a year 0.11 0.450 0 8 
Number of sideswipe crashes in a year 1.56 3.35 0 74 
Number of same direction crashes in a year 0.53 1.099 0 17 
Number of head-on crashes in a year 0.009 0.097 0 2 
Number of rear-end crashes in  a year 5.266 13.22 0 277 
Number of overturn crashes in a year 0.59 1.296 0 22 
Number of fixed object crashes in a year 1.99 2.94 0 34 
Number of other type crashes in a year 0.74 1.238 0 14 
Geometric characteristics     
Portion of segment with median roadway lighting 0.12 0.287 0 1 
Portion of segment with right-side roadway lighting 0.097 0.258 0 1 
Portion of segment with tunnel lighting 0.001 0.027 0 0.64 
Portion of segment with both-side roadway lighting 0.005 0.061 0 1 
Portion of segment with point roadway lighting 0.011 0.039 0 0.75 
Portion of segment with no roadway lighting 0.78 0.359 0 1 
Portion of segment with one lane 0.001 0.019 0 0.54 
Portion of segment with two lanes 0.52 0.494 0 1 
Portion of segment with three lanes 0.34 0.462 0 1 
Portion of segment with four lanes 0.13 0.331 0 1 
Portion of segment with five or more lanes 0.002 0.043 0 1 
Two-foot left shoulder width segment proportion 0.17 0.336 0 1 
Three and four-foot left shoulder width proportion 0.199 0.484 0 1 
Five-to-nine foot left shoulder width proportion 0.132 0.5966 0 1 
Ten-foot left shoulder width proportion 0.472 0.478 0 1 
Greater-than-ten foot left shoulder width proportion 0.019 0.262 0 1 
Two-foot right shoulder width segment proportion 0.179 0.341 0 1 
Three and four-foot right shoulder width proportion 0.207 0.489 0 1 
Five-to-nine foot right shoulder width proportion 0.119 0.56 0 1 
Ten-foot right shoulder width proportion 0.463 0.477 0 1 
Greater-than-ten foot right shoulder width proportion 0.029 0.435 0 1 

(Continued) 
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Table 6.1(Continued).  Summary statistics of crash type, geometric, and traffic variables 
for Washington State interstate segments. 

Variable Mean S.D. Min Max 

Number of horizontal curves in segment 1.805 2.458  0 37 
Minimum horizontal curve length in miles 0.182 0.193  0 1.2193 
Maximum horizontal curve length in miles 0.275 0.276  0 2.4021 
Minimum horizontal curve radius in feet 4076.73 5261.746  0 70,000 
Maximum horizontal curve radius in feet 6510.35 7823.842  0 70,000 
Minimum horizontal curve central angle 1217.59 1469.028  0 9842.6 
Maximum horizontal curve central angle 2106.17 2100.06  0 11,129.4 
Number of vertical curves 3.12 3.210  0 30 
Minimum vertical curve length in miles 0.11 0.115  0 1.117424 
Maximum vertical curve length in miles 0.21 0.185  0 1.268939 
Minimum vertical curve gradient in percent 1.23 1.385  0 7.43 
Maximum vertical curve gradient in percent 2.78 2.075  0 10 
Minimum vertical curve length in feet 575.16 605.744  0 5900 
Maximum vertical curve length in feet 1123.35 979.538  0 6700 
Minimum vertical curve rate of curvature, k 432.43 731.095  0 11,133.33 
Maximum vertical curve rate of curvature, k 1446.04 3421.252  0 60,000 
Minimum vertical curve parabolic parameter, a -9.52e-06 0.00001 -0.000103 0.0000496 
Maximum vertical curve parabolic parameter, a 0.00001 0.000017 -0.000056 0.000115 
Minimum vertical curve parabolic parameter, b -0.01066 0.0179 -0.0517 0.0554 
Maximum vertical curve parabolic parameter, b 0.01144 0.016784 -0.0452 0.0554 
Minimum vertical curve parabolic parameter, c 77.599 314.848 -562.13 801.9278 
Maximum vertical curve parabolic parameter, c 92.0368 314.356 -539.73 811.5778 
Other segment characteristics     
Segment length in miles 1.307 1.753 0.1 20.380 
Average daily traffic 13,058.64 8,391.396 9,16.45 44,223.78 

 

6.5 Model Results and Findings 
Since a total of 21 models were estimated, a summary of their overall log-likelihood at 
convergence and log-likelihood at starting values, which is a baseline negative binomial 
fixed parameter model.  Table 6.2 shows the relative improvement in likelihood due to 
random parameters varies from a high value of 0.124 for the urban non-interchange model 
to a low of 0.001 for disabling injury in terms of rho-squared, which is a measure of the 
relative improvement in likelihood from starting values to convergence.  When considering 
that the starting model is the fixed parameter negative binomial, a rho-squared of 0.124 
represents a non-trivial improvement, considering the degrees of freedom given up in 
estimating the off-diagonal elements for the correlations of the random parameters.  
Furthermore, when considering the full model results the significance of the standard 
deviations, as well as the contributions of the off-diagonal elements from the Cholesky 
decomposition indicate randomness in the parameters which should not be ignored and 
further favors the RPNB over the NB. 
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Table 6.2. Model estimation summaries. 

Model Number  
of Fixed 
Parameters 

Number  
of Random 
Parameters 

Log-L at 
Convergence 
of RPNB 
model 

Log-L  
for Fixed 
Parameter 
NB model 

Rho-
Squared 

Number  
of Obs. 

Property Damage 
Only Crashes 

16 6 -22,891.34 -25,127.33 0.089 10,377 

Possible Injury  
Crashes 

16 3 -16,077.37 -17,478.63 0.080 10,377 

Evident Injury 
Crashes 

8 2 -12,159.17 -12,535.29 0.030 10,377 

Disabling Injury 
Crashes 

8 1 -3,888.176 -3,892.541 0.001 10,377 

Fatality Injury 
Crashes 

4 0 -1,761.983 -1,763.838 0.001 10,377 

One-Vehicle  
Involved Crashes 

10 2 -19,023.34 -19,921.80 0.045 10,377 

Two-Vehicles 
Involved 
Crashes 

13 4 -20,410.21 -22,491.88 0.093 10,377 

Three-Vehicles 
Involved 
Crashes 

12 3 -10,380.03 -11,316.83 0.083 10,377 

Four-Vehicles 
Involved 
Crashes 

11 3 -4,949.760 -5,314.407 0.069 10,377 

Five-or-more 
Vehicles 
Involved Crashes 

5 2 -2,785.441 -2,898.346 0.039 10,377 

Sideswipe Crash 
Crashes 

11 1 -12,710.27 -13,364.79 0.049 10,377 

Same direction 
Crash  
Crashes 

8 1 -8,471.919 -8,717.768 0.028 10,377 

Head-on  Crash  
Crashes 

3 0 -549.1418 -550.6772 0.003 10,377 

Rear-end  Crash  
Crashes 

11 1 -17,780.28 -19,864.55 0.105 10,377 

Overturn Crash  
Crashes 

7 2 -8,751.492 -8,849.701 0.011 10,377 

Fixed Object 
Crash  
Crashes 

17 2 -16,111.49 -17,017.41 0.053 10,377 

Other Type Crash  
Crashes 

10 2 -10,485.17 -10,626.83 0.013 10,377 

Urban 
Interchange 
Crashes 

7 11 -6,956.392 -7,976.973 0.120 2,754 

Urban Non-
Interchange 
Crashes 

6 10 -6,878.783 -7,820.289 0.124 2,718 

Rural Interchange 
Crashes 

6 11 -4,128.975 -4,412.115 0.052 2,421 

Rural Non-
Interchange 
Crashes 

9 10 -5,434.075 -5,872.757 0.075 2,484 
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6.5.1 Model Performance by Crash Severity, Number of Vehicles 
Involved, Crash Type, and Geographical Location and 
Operational Type 

First, an examination of the improvements in the likelihoods of the random parameter 
models with respect to the fixed parameter counterparts indicates that the fixed parameter 
assumption can be rejected using a likelihood ratio test, accounting for parameter penalties.  
As a conservative threshold, a chi-squared threshold of 140.169 is exceeded at p = 0.005 
for a substantially large number of degrees of freedom (100).  Considering the degrees of 
freedom in the above table, and the smallest difference in log-likelihood multiplied by a 
factor of two, it is evident that the calculated chi-squared will exceed the chi-squared 
threshold of 140.169 for a p-value of 0.005 for all models. In fact, the fixed object model 
shows a chi-squared (based on LL) of 8.73, which exceeds the table value of 7.879 for 
1degree of freedom at p = 0.005. 

Among the interchange-specific models, the urban non-interchange random parameters 
negative binomial (RPNB) model shows the best improvement over the fixed parameter 
negative binomial baseline with a rho-squared of 0.124 while the rural interchange model 
shows the least improvement, in terms of a rho-squared of 0.052.  Among the severity 
models, the property damage only (PDO) model shows the best improvement over its fixed 
parameter baseline with a rho-squared of 0.089 while the disabling injury model shows the 
least improvement with a rho-squared of 0.001.  Among the number of vehicles involved 
models, the two-vehicle model performs the best with a rho-squared of 0.093, while the 
five-or-more-vehicle model performs the worst with a rho-squared of 0.039.  Finally, 
among the crash type models, the rear-end model performs the best with a rho-squared of 
0.105 while the overturn model performs the worst with a rho-squared of 0.011.  The 
specifications at the interchange level are models of total crash frequencies and therefore 
include heterogeneity across severities, crash types, and number of vehicles involved 
subsumed in the parameters.  Breaking these specifications down into sub categories by 
interchange level, and possibly by interchange type is beyond the scope of this chapter.  
Heterogeneous effects in interchange level parameters are worthy of further investigation 
based on the initial results discussed here. 

6.5.2 Model Interpretations and Findings 

The model results are discussed in terms of the nature of the various geometric variables in 
their association with the crash aggregation, the interpretation of random parameter effects, 
and fixed parameters.  The models include coefficients which were found statistically 
significantly different from zero at the 0.05 level or better with a few exceptions which are 
noted in the tables. A comparison between these model results and the fixed parameter 
negative binomial models showed that the signs on coefficients are the same as for the 
RPNB models.  However, the RPNB models allow a richer interpretation because they 
allow road segment-specific heterogeneity through the random parameters. 

Tables 6.3−6.5 show the positive sign density, P+β of the distributions of random 
parameters in the crash severity, number of vehicles involved, collision type, and the 
interchange level models. The results for the fixed parameter estimates are presented in 
Tables 6.6−6.8. The discussion is focused on the positive sign density, P+β, of the 
distributions of random parameters by crash aggregation and on the sign of the fixed 
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parameter values across models.  Further research is necessary to explore parameter 
elasticities and marginal effects. 

The interpretation of the parametric effects begins with an analysis of model results for 
crash severity outcomes. First note that fatal crashes did not result in random parameter 
models.  They were fixed parameter models, likely due to the fact there were too many 
zeroes and little heterogeneity remained for the consideration of random parameter models. 
It could be asked as to why the fatal crashes were not then combined with the disabling 
injury crashes. However, in this framework it is not appropriate to run a fatal/disabling 
model under one outcome type.  The reason is that the associations can be significantly 
different between the two severity types.  Second, the fatal crashes often involve more than 
one fatal injury (multiple occupants), and therefore involve a set of factors that are unique 
and different from disabling injury crashes. Fixed parameter fatal injury crash models are 
therefore estimated separately. 

In terms of the size of the random effects, the greatest number of random effects occur in 
the property damage only model, in some part due to the larger number of property damage 
crashes.  Property damage crashes have been known to have unobserved effects shared 
with possible injury outcomes (see for example, Shankar et al., 1996), and for this reason, 
some of the geometric random effects are also observed in the possible injury model.  
Median continuous lighting proportion by length of road segment and largest degree of 
curvature are found to influence possible injury crash frequency via random effects due to 
road segment-level heterogeneity.  The degree to which the effect varies in terms of sign is 
indicated by a lower percentage of positive values in the possible injury model. 

In the work by Milton et al. (2008), ADT was shown to have positive and negative effect 
but here it is unidirectional towards higher crash frequency. In the paper by Milton et al. 
(2008), the context is different from the present work.  The dependent variable was 
crossover crashes, on divided highways of much higher heterogeneity in effects – for 
example, narrow and wide median width effects.   Where medians are narrow, less ADT 
can be just as effective in contributing to crossover crashes, while higher ADT can reduce 
crossover crashes.  Here we are strictly discussing an interstate system with crashes of all 
types.  Crossover crashes are a part of total crashes.  But they are not analyzed separately 
as an outcome type.  It is therefore reasonable to expect a unidirectional ADT effect when 
using annual, system-wide data for an interstate system, despite the reality that very high 
ADTs, e.g. during peak-hours, are linked to congestion that lead to less severity potential at 
those times. 

Median continuous lighting proportion almost uniformly tends to increase property damage 
crash frequency; the increasing effect is estimated to occur in 62.1 percent of road 
segments.  This implies there are some productive effects of median side lighting for more 
severe injuries, such as possible injuries.  In a similar vein, it can be observed that right 
side lighting tends to influence evident injury frequencies through an increase in 67.5% of 
the road segments, whereas 32.5% of the road segments are expected to have a decrease in 
evident injury occurrences.  Other effects of lighting type have fixed parameters.  For 
example, median lighting proportions uniformly increase evident injury occurrences while 
no lighting and right side lighting proportions tend to increase property damage 
occurrences uniformly.  No lighting proportion is estimated to be associated with a 
decrease in disabling injury occurrences, perhaps a reflection of vehicle speed as well as 
that the distribution is shifted toward an increase in property damage occurrences. 
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Shoulder width effects are generally fixed parameters, and the results show that ten foot 
left shoulder widths are expected to almost uniformly decrease the occurrence of property 
damage outcomes.  A similar effect is also estimated for possible injury occurrences.  In 
comparison to ten foot shoulder widths, road segments with greater than ten foot left 
shoulder widths were not found to be statistically significant in any of the severity models.  
However, three-to-four foot and five to nine foot left shoulder widths were estimated to 
uniformly decrease the occurrence of property damage and possible injury outcomes, with 
the five to nine foot width effect being larger.  The effect of five to nine foot shoulder 
widths in a road segment is less negatively associated in comparison to the ten foot width 
effect, which indicates that 10-foot shoulders may not always be required if right of way 
limitations exist, and that a five to nine foot shoulder may suffice. The evident injury 
occurrence tapers off from two foot left shoulder widths to three to four foot left shoulder 
widths with larger widths not being significant. 

Right shoulder widths show a similar pattern of effect on higher severities in terms of two 
foot widths.  Evident injury occurrences are more likely to occur in association with two 
foot right shoulder widths.  Five to nine foot right shoulder widths tend to be negatively 
associated in property damage and possible injury occurrences in comparison to two foot 
right shoulder widths.  The effect’s size improves marginally with ten foot right shoulder 
widths.  This once again emphasizes the tradeoff gains in the consideration of shoulder 
width policies from a severity perspective. 
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Table 6.3. Positive sign density of the random parameter distributions for crash severity and number of vehicles involved models. 

Model Property 
Damage 
Only 

Possible 
Injury 

Evident 
Injury 

Disabling 
Injury 

One-
Vehicle 

Two-
Vehicle 

Three-
Vehicle 

Four-
Vehicle 

Five-
Plus 
Vehicle 

Logarithm of ADT 100% 100% 100% 100% 100% 100% 100% 100% 100% 
Logarithm of length 
of segment 

— — — — — — — — — 

Median continuous  
segment proportion 

99.9% 62.1% — — — 97.8% 72.1% 70.9% — 

Right-side lighting  
 segment proportion 

— — 67.5% — 100% 71.1% 65.3% — — 

Point lighting 
segment proportion 

— — — — — — — 60.1%* — 

Ten-foot left 
shoulder 
 width proportion 

0% — — — — — — — — 

Largest degree of  
curvature in 
segment 

84.1% 61.5% — — — — — — — 

Number of vertical  
curves in segment 

— — — — — — — — 68.8%* 

Smallest vertical 
curve gradient in 
segment 

49.9% — — — — 51.4% — — — 

Largest vertical 
curve gradient in 
segment 

65.5% — — — — — — — — 

          
* The parameter is significant at the 0.1 level or better. All other parameters are significant at the 0.05 level or better. 
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Table 6.4. Positive sign density of the random parameter distributions for crash collision type models. 

Model Sideswipe Same 
direction 

Rear-end Overturn Fixed 
Object 

Other 
type 

Logarithm of ADT 100% 100% — 100% 100% 100% 
Logarithm of length  
of segment 

— — — 99.4% — — 

Median continuous  
segment proportion 

— — — 14.6% — 30.6% 

Right-side lighting  
 segment proportion 

— — — — — — 

Point lighting 
segment proportion 

— — — — — — 

Ten-foot left shoulder 
 width proportion 

— — — — — — 

Largest degree of  
curvature in segment 

— — — — 63.5% — 

Number of vertical  
curves in segment 

— — — — — — 

Smallest vertical 
curve gradient in 
segment 

— — — — — — 

Largest vertical curve 
gradient in segment 

— — — — — — 
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Table 6.5. Positive sign density of the random parameter distributions for interchange and non-interchange level models. 

Variable Urban 
Interchange 

Urban Non-
Interchange 

Rural 
Interchange

Rural Non-
Interchange 

Two-lane cross section 
segment proportion 

— — 100% 99.99% 

Three-lane cross 
section segment 
proportion 

80.9% 71.7% 100% 99.99% 

Four-lane cross section 
segment proportion 

99.5% 81.2% — — 

Smallest  degree of 
curvature in segment 

59.8% — 2.1% 64.62% 

Minimum horizontal 
distance 

— 21.7% — — 

Smallest vertical curve 
gradient in segment 

68.5% 58.2% — — 

Largest vertical curve 
parabolic parameter, c 

69.2% 69.2% — — 

Largest vertical curve 
rate of curvature, k 

— — 50% — 

Largest vertical curve 
gradient in segment 

— — — 93.3% 
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Table 6.6. Fixed parameters for crash severity and number of vehicles involved models. 

Variable Property 
Damage 
Only 

Possible 
Injury 

Evident 
Injury 

Disabling 
Injury 

Fatal 
Injury 

One-
Vehicle 

Two-
Vehicle 

Three-
Vehicle 

Four-
Vehicle 

Five-Plus 
Vehicle 

Constant -9.29 -10.15 -4.89 -6.47 -7.03 -3.08 12.70 -19.83 -24.69 -24.68 
Urban segment indicator (1 if 
segment is in an urban location; 
0 otherwise) 

0.02 -0.14 — — — 0.16 — — — — 

Logarithm of length of segment — 0.66 
 

0.80 
 

0.93 
 

1.07 
 

0.83 
 

0.66 
 

0.56 
 

0.40 
 

0.67 
 

Logarithm of ADT — — — — 0.38 — — — — — 
No lighting segment proportion 0.68 — — -0.37 — — — — — — 
Median continuous lighting 
segment proportion 

— — 0.20 — — — — — — — 

Right-side lighting  segment 
proportion 

0.77 0.14 — — — — — — — — 

Two--lane cross section 
segment proportion 

— — -0.80 — — — — — — — 

Three-lane cross section 
segment proportion 

0.43 
 

0.58 
 

-0.50 
 

— 0.27 
 

0.41 
 

0.39 
 

0.52 
 

0.56 
 

— 

Four-lane cross section segment 
proportion 

— 1.26 — 0.57 0.92 0.76 1.01 1.25 1.25 — 

Five-lane cross section segment 
proportion 

0.65 1.09 — 1.37 — 0.82 0.78 — — 1.04 

Two-foot left shoulder width 
proportion 

— — 0.41 — — 0.38 0.50 0.52 0.50 0.60 

Three and four-foot left 
shoulder width proportion 

-0.20 -0.25 0.11 — — — 0.10 — — — 

Five-to-nine foot left shoulder 
width proportion 

-0.38 -0.57 — -0.16 — — — — — — 

Ten-foot left shoulder width 
proportion 

— -0.64 — — — — — — — — 

Greater-than-ten foot left 
shoulder width proportion 

— — — — — — 0.21 0.54 0.89 — 

(Continued) 
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Table 6.6 (Continued).  Fixed parameters for crash severity and number of vehicles involved models. 

Variable Property 
Damage 
Only 

Possible
Injury 

Evident 
Injury 

Disabling 
Injury 

Fatality 
Injury 

One-
Vehicle 

Two-
Vehicle 

Three-
Vehicle 

Four-
Vehicle 

Five-
Plus 
Vehicle 

Two-foot right shoulder width 
proportion 

— — 0.32 — — 0.17 0.38 0.47 0.57 0.77 

Three and four-foot right shoulder width 
proportion 

— — — — — — — — -0.26 — 

Five-to-nine foot right shoulder width 
proportion 

-0.34 -0.42 — — — -0.15 0.11 0.23 — — 

Ten-foot right shoulder width proportion -0.37 -0.51 — — — — — — — — 
Greater-than-ten foot right shoulder 
width proportion 

— — — — — — 0.33 0.30 — — 

Minimum horizontal distance -0.25 -0.27 — — — — -0.40 -0.34 -0.56 — 
Number of horizontal curves 0.03 0.05 0.04 — — 0.04 0.41 0.03 0.09 — 
Maximum horizontal curve radius — — — 0.00001 — — — — — — 
Smallest  degree of curvature — — — 0.10 — 0.12 — — — — 
Smallest  horizontal curve length (ft) — — — — — — — — — — 
Largest  degree of curvature — — — — — — 0.05 0.06 — 0.03* 
Largest horizontal curve central angle — — — — — — — — 0.00003 — 
Number of vertical curves 0.02 — — — — — — — — — 
Smallest vertical curve gradient — -0.003 — — — — — — — — 
Largest vertical curve gradient — 0.02 — — — — — — — — 

(Continued) 
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Table 6.6 (Continued).  Fixed parameters for crash severity and number of vehicles involved models. 

Variable Property 
Damage 
Only 

Possible
Injury 

Evident 
Injury 

Disabling 
Injury 

Fatality 
Injury 

One-
Vehicle 

Two-
Vehicle 

Three-
Vehicle 

Four-
Vehicle 

Five-Plus 
Vehicle 

Largest vertical curve 
length in miles 

— — — — — — — — — — 

Smallest vertical curve 
rate of curvature, k 

— — — — — — — — — — 

Smallest vertical curve 
parabolic parameter, a 

— — — — — — — — — — 

Largest vertical curve 
parabolic parameter, a 

— — — — — — — 5,315.25 8,537.08 — 

Largest vertical curve 
parabolic parameter, b 

— — — — — — — — — — 

Smallest vertical curve 
parabolic parameter, c 

— — — — — — — — — — 
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Table 6.7. Fixed parameters for crash collision type models. 

Variable Sideswipe Same 
direction 

Head-on Rear-end Overturn Fixed 
Object 

Other 
type 

Constant -13.71 -9.23 -9.73 -16.01 -0.86 -6.38 -4.70 
Urban segment indicator (1 if segment is in an urban location; 0 
otherwise) 

— — — — 0.22 0.06 0.10 

Logarithm of length of segment 0.45 
 

0.65 
 

— 
0.51 
 

— 
0.69 
 

0.88 
 

Logarithm of ADT — — 0.49 — — — — 
No lighting segment proportion — — — — — — — 
Median continuous segment proportion 0.31 — — 0.41 — — — 
Right-side lighting  segment proportion — — — — — 0.13 — 
Two--lane cross section segment proportion — — — — — — — 
Three-lane cross section segment proportion 0.40 0.60 — 0.37 — 0.32 0.38 
Four-lane cross section segment proportion 1.20 1.22 — 1.01 0.51 0.69 0.90 
Five-lane cross section segment proportion — — — — — 0.51 1.23 
Two-foot left shoulder width proportion 0.26 0.33 — 0.64 -0.45 0.49 — 
Three and four-foot left shoulder width proportion — — — — — — — 
Five-to-nine foot left shoulder width proportion — — — — — — — 
Ten-foot left shoulder width proportion — — — — — — — 
Greater-than-ten foot left shoulder width proportion — — — 0.67 — — — 

(Continued) 
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Table 6.7 (Continued).  Fixed parameters for crash collision type models. 

Variable Sideswipe Same 
direction 

Head-on Rear-end Overturn Fixed 
Object 

Other 
type 

Two-foot right shoulder width proportion 0.28 0.35 — 0.55 — 0.35 — 
Three and four-foot right shoulder width proportion — — — — — — — 
Five-to-nine foot right shoulder width proportion — — — — — — — 
Ten-foot right shoulder width proportion — — — — — — — 
Greater-than-ten foot right shoulder width proportion — — — — — — — 
Minimum horizontal distance -0.41 -0.46 — -0.60 — — — 
Number of horizontal curves 0.05 0.04 — 0.04 0.01 0.04 -0.01 
Maximum horizontal curve radius — — — — — — — 
Smallest  degree of curvature — — — — — — — 
Smallest  horizontal curve length (ft) — — — — — -0.00009 — 
Largest  degree of curvature — — — — — — — 
Largest horizontal curve central angle 0.00006 

 
0.00006 
 

— — 
0.00002 
 

0.00006 
 

0.00003 
 

Number of vertical curves — — 0.06* — -0.04 — 0.03 
Smallest vertical curve gradient — — — — — — — 
Largest vertical curve gradient 0.02 — 0.09 0.02 -0.03 — — 
Largest vertical curve length in miles — — — — — — -0.4           
* The parameter is significant at the 0.1 level or greater. All other parameters are significant at the 0.05 level or greater. 

(Continued) 
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Table 6.7 (Continued).  Fixed parameters for crash collision type models. 

Variable Sideswipe Same 
direction 

Head-on Rear-end Overturn Fixed 
Object 

Other 
type 

Smallest vertical curve 
rate of curvature, k 

— — — — — -0.00007 — 

Smallest vertical curve 
parabolic parameter, a 

— — — — — -1,201.39 — 

Largest vertical curve 
parabolic parameter, a 

3,843.39 — — 8,223.87 — 2,953.78 — 

Largest vertical curve 
parabolic parameter, b 

— — — — — -1.25 — 

Smallest vertical curve 
parabolic parameter, c 

— — — — — 0.0004 — 
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Table 6.8. Fixed parameters for urban, rural, interchange and non-interchange level models. 

Variable Urban 
Interchange

Urban Non-
Interchange

Rural-
Interchange

Rural Non-
Interchange

Constant -7.20 -7.22 -9.19 -8.49 
Logarithm of length of segment 0.75 0.49 0.59 0.74 
Logarithm of ADT 0.98 0.97 0.82 0.91 
Four-lane cross section segment proportion — — 5.35 2.02 
Five-lane cross section segment proportion — 0.44 — — 
Three and four-foot left shoulder width proportion -0.20 — -0.18 -0.56 
Five-to-nine foot left shoulder width proportion — — — -0.28 
Ten-foot left shoulder width proportion -0.35 -0.36 -1.43 — 
Greater-than-ten foot left shoulder width proportion 1.46 — -0.90 0.47 
Three and four-foot right shoulder width proportion -0.42 -0.38 0.58 -0.32 
Five-to-nine foot right shoulder width proportion -0.37 -0.30 0.46 — 
Ten-foot right shoulder width proportion -0.60 -0.48 0.71 0.26 
Greater-than-ten foot right shoulder width proportion -0.78 — 0.51 — 
Number of horizontal curves 0.11 -0.19 -0.026 0.03 
Minimum horizontal distance -0.37 — — -0.32 
Largest  degree of curvature in segment — — 0.23 — 
Largest vertical curve gradient — — 0.06 — 
Largest vertical curve parabolic parameter, c — — — 0.0002 
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In terms of capacity effects on crash severity frequencies, which mostly are found with 
fixed parameters, two lane road segments tend to be associated with a decrease in evident 
injury outcomes, in some part due to locational effects such as transition areas where two 
lane cross-sections precede expansions to three or four lane mainlines.  Comparatively, 
three lane cross-sections show an ambiguous effect on severity types, with estimated 
increases in property damage and possible injury crashes but a comparably strong decrease 
in evident injury outcomes and an increase in fatal outcomes.  The disbenefits are more 
noticeable as lane cross-sections increase to four lanes and five lanes or more, four and five 
lane cross-sections are positively associated with possible injury occurrences, and showing 
a respective increase in disabling injury outcomes while fatal outcomes tend to increase in 
four lane cross-sections.  Five lane cross-sections are also positively associated with 
property damage occurrences.  This is expected since larger cross-sections are associated 
with greater mixing effects such as lane changing, speed differentials and urban driving 
effects, even after accounting for average daily traffic (ADT). 

In terms of horizontal curve length, minimum horizontal curve length is associated with 
estimated decreases in property damage and possible injury occurrences, whereas the 
number of horizontal curves in a segment is associated with an increase in the expected 
number of property damage, possible injury, or evident injury occurrences.  Maximum 
horizontal curve radius is associated with an increase in disabling injury outcomes, which 
appears to indicate a behavioral tendency to drive faster.  Perhaps fatal occurrences would 
have been associated with the same effect as well but such an effect is not observed due to 
the observation and scale of this dataset (at the interchange level).  The finding that 
maximum horizontal curve radius is positively associated with disabling injury occurrences 
should be viewed with some caution as it may also apply potentially to the 
counterproductive effect of fatal occurrences in the fixed parameter fatal injury model 
although not statistically significant in this study.  The effect is in part capturing the 
asymptotic influence of near tangent or tangential road segment configurations.  The 
smallest degree of curvature is positively associated with disabling injury occurrences, 
with increase in degree of curve.  This implies that as the smallest radius of curve in the 
road segment decreases by the order of one-half, one-third, one-fourth and so on compared 
to a 5,730 foot radius, the corresponding increase in the estimated number of disabling 
injury outcomes is marginal for each step reduction. The number of vertical curves in a 
road segment is positively associated with an increase in property damage occurrences, 
while the smallest vertical gradient is associated with a decrease in possible injury 
occurrences.  Comparatively, the largest vertical gradient is associated with an increase in 
possible injury occurrences.  Other fixed effects relating to vertical curvature parabolic 
variables appear influential across the crash type spectrum more so than the injury 
spectrum.  The heterogeneity capturing effects of these variables seem to be most 
significant in the interchange level models, where they appear as random parameters as 
well. 

6.6 Conclusions and Recommendations 
This chapter presents an analysis of random parameter negative binomial models for 
various traffic crash aggregations. The aggregations are based on crash severity, number of 
vehicles involved, collision type, and geography and operational type.  A total of 21 
models were estimated.  The improvement in likelihood in 19 of the 21 models was due to 
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some parameters being random, and as a result contributing to a better likelihood compared 
to the baseline fixed effect negative binomial models. 

It was observed that the heterogeneity in parameters is strongest in the interchange type 
models for property damage only, with the number of random parameters ranging from 
four to six. 

Two models, namely the head-on collision type and the fatality severity model, had no 
random parameters, and furthermore followed the Poisson specification, meaning that 
overdispersion did not exist either.  Among the number of vehicles involved models, the 
two-vehicle and three-vehicle crash models have four and three random parameters each 
and correspondingly greater improvement in likelihood. 

Some other notable results come to light.  First, it appears that heterogeneity effects are 
most noticeable via the significance of the standard deviations of lighting type variables, 
curvature variables, and ADT.  None of the cross-sectional variables appear to have any 
heterogeneity effects in the crash severity, collision type, and number of vehicles involved 
models.  However, cross-sectional variables such as number of lanes do appear as random 
parameters in the interchange type models.  This may be attributed to the impact of 
auxiliary lanes at interchanges and near-interchange portions of road segments.  That 
curvature effects are also random in the interchange level models bears importance.  This 
is one plausible set of crash frequency aggregations and it is not comprehensive. For 
example, it does not include roadside crashes as an element.  Inclusion of a roadside 
element, along with the broad findings shown in this chapter, indicates that the pursuit of a 
geometric basis for crash frequency is more complex than previously thought. 

The richness of the geometry appearing to be significant for multiple crash type 
aggregations indicates that one type of aggregation at which comprehensive safety analysis 
can begin is at the level of interchange densities.  This is the scale at which this analysis is 
done, to be explicit about the separation of interchange and non-interchange road 
segments.  A broad and rich set of parameters at this scale of analysis indicates that the 
pursuit of a “common denominator” of defining geometric criteria for the evaluation of 
substantive safety as opposed to nominal safety is feasible, given this study as one 
example. 

While substantial insight has resulted in terms of exploring the estimated parameters for 
road geometrics and traffic volumes on the various crash outcome aggregations, complete 
insight needs to be developed via the determination of elasticities.  The elasticities of 
independent variables in a conventional negative binomial model are straightforward, 
being computed as the product of the estimated parameter and the variable mean.  
However, in a random parameter model, the mean itself has a distribution, which implies a 
plausible distribution of road segment-specific marginal effects needs to be determined.  
Another fruitful area for future research is the examination of finer resolution within the 
aggregations as mentioned earlier in this chapter.  This will of course be decided by 
available sample sizes.  However, the finer aggregations can also allow for more complex 
model development in terms of treatment of the random parameters. 
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7 Conclusions and Recommendations 
This chapter outlines the conclusions first in the form of global findings that span the 
various models in terms of commonalities in type of design effects, and also model specific 
findings that highlight variables that are statistically unique at a model specific level.  
Recommendations are then put forth in terms of extending this research methodology as 
well as in terms of applications for robust design policy. 

7.1 Global Findings 
To summarize, there were a total of twenty two models that were developed, and these 
models can be categorized as: a) total crash model, b) models of severity such as property 
damage only, possible injury, evident injury, disabling injury and fatality, c) collision type 
models such as rear-end, head-on, fixed object, sideswipe, same direction, overturn, other, 
d) vehicle involvement models such as single-vehicle, two-vehicle, three-vehicle, four-
vehicle and five-or-more, and finally e) geographic interchange models such as urban 
interchange, urban non-interchange, rural interchange and rural non-interchange. 

Among the 22 models, the urban non-interchange model showed the greatest improvement 
in likelihood compared to the fixed parameter counterparts, with rho-squared of 0.124, 
after adjusting for degrees of freedom.  The fixed object crash model had a total of 17 
parameters, which indicates a substantive degree of richness in association between 
roadway geometrics and a crash type that is quite specific, as in involvement with roadside 
features.  This particular finding underscores the importance of developing roadside 
inventories at the state agency level, because it is clear from the fixed object models 
developed in this study that, roadway geometrics are accounting for heterogeneity in part 
due to roadside effects at the segmental level.  Several other models have over ten 
statistically significant parameters.  The total crash model has 14 random parameters, while 
the property damage model has 6.  In addition, vehicle involvement models with the 
exception of the two vehicle model have between 2 to 3 parameters depending on the 
number of vehicles involved.  The two-vehicle model has four random parameters.  Multi-
vehicle crashes are more likely to occur in urbanized areas where congestion effects are 
frequent and pervasive.  The finding on random parameters capturing heterogeneity in 
vehicle involvement models is of immense value from a traffic management standpoint 
because roadway geometrics maybe capturing some of the unobserved interactions 
potentially with speed and flow profiles, as well as environmental effects.  This finding is 
therefore suggestive that active traffic management efforts should target safety 
simultaneously with mobility objectives so as to provide an efficient geometric basis for 
improvement strategies. 

The performance of models from a geographic perspective provides interesting insights.  
Especially when one factors in a high-level viewpoint as in the distinction between 
interchanges and non-interchanges, urbanized non-interchange model appear to capture 
statistical associations among roadway geometrics and total crash occurrence most 
efficiently in comparison to urban interchange, rural interchange or rural non-interchange 
models.  Recall, that specific interchange type models were not estimated, such as diamond 
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type etc. In this work, interchanges were classified as urban or rural and separate urban- 
and rural-interchange models were estimated. The urban non-interchange random 
parameters negative binomial (RPNB) model shows the best improvement over the fixed 
parameter negative binomial baseline with a rho-squared of 0.124 while the rural 
interchange model shows the least improvement, in terms of a rho-squared of 0.052.  The 
number of parameters that have statistically significant associations is comparable across 
this category of models (10 to 11).  What is interesting is that the rural models do not seem 
to show as much of an improvement over the fixed parameter baseline NB models, which 
suggests that parameter heterogeneity is limited in rural settings. This is likely due to 
geometric design consistency, a population of drivers that are more familiar with the road 
system, and also less conflict between vehicles due to less traffic.  

Among the severity models, the property damage only (PDO) and possible injury models 
show substantially better rho-squared values compared to the evident, disabling or fatal 
injury models.  This is suggestive of the fact that heterogeneity is not as significant among 
higher severities, especially with respect to roadway geometrics.  This finding is suggestive 
therefore of well-specified fixed parameter models in the higher severity domains, 
including evident, disabling and fatal injuries.  Comprehensive specifications can help 
limit the omitted variable effect that can potentially induce heterogeneity in parameters. 

7.2 Local, Crash Type Model Specific Findings 
Among the eight random parameters in the crash type models, with the exception of ADT 
and the length parameters, the remaining random effects are associated with lighting 
proportions such as median continuous, right continuous and point, ten foot left shoulder 
widths, largest degree of curvature, number of vertical curves, and smallest and largest 
vertical gradients in segment.  This is an important global finding in that lighting effects 
need to be factored into the design policy process alongside traditional variables such as 
shoulder widths and alignment variables.  The finding on the largest degree of curvature 
suggests that curve sharpness effects are significant design policy issues since degree of 
curvature is inversely proportional to curve radius.  Vertical curvature appears to influence 
heterogeneity in multiple forms across multiple dimensions of crash type.  The interesting 
global conclusion from this set of results is that both the smallest and largest vertical 
gradients in a segment matter.  Therefore, it is suggestive of design policy considerations 
for consistency in gradient application in the roadway design process.  The greater the 
consistency, the lesser the heterogeneity due to gradients and lesser the potential 
stochasticity in the parameters.  The global implication of the number of vertical curves 
variable is suggestive of heterogeneity due to vertical curve spacing.  The design policy 
implication is that consistency in curve placement is just as important as the curve 
parameters themselves.  Greater consistency may result in lesser curve placement 
heterogeneity, and while this may come at a cost due to topographic considerations, it is 
worth considering due to the global implications of the stochasticity of the vertical curve 
count parameter in multiple dimensions of crash type.   

The global finding on the interchange level models is interesting in that there are 
essentially two categories of random parameters: cross section related and curvature 
related.  It appears that heterogeneity at the interchange level is motivated in large part by 
the effect of cross section and curvature related variables on traffic flow, and therefore an 
association with safety.  This is especially notable in the urban context while in the rural 
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context, the effect of curvature related stochasticity is minimal.  The global implication of 
this finding is that at a higher level of design, i.e., at the interchange/non-interchange level, 
it is important to consider strategically consistency issues relating to curvature and cross 
sections in terms of capacity, and not so much, shoulder width effects.  What is particularly 
notable about the vertical curvature aspect is the importance of accounting for elevation 
consistency (as noted by the parabolic parameter “c,”), as well as the design speed 
parameter (as noted by “k”).  It should be noted that the above findings are in association 
with total crashes at the interchange/non-interchange level. 

What is also notable is the behavior of fixed parameters in the crash type models.  In all 
cases, cross section and shoulder width parameters (ten foot shoulder width being the only 
exception) are fixed, suggesting that geometric heterogeneity is not due to these effects.  
The literature is well established in terms of the effectiveness of shoulder width and lane 
cross sections on safety, and the basis for this has been fixed parameter models.  This study 
confirms the utility of using this basis for evaluation of safety benefits of cross sections 
and shoulder widths using fixed parameter models. 

7.3 Recommendations 
It is evident from this study that the common denominator variables such as cross sections 
and shoulder widths are not sufficient to capture heterogeneity in the geometric 
environment.  Common denominator variables are variables that are universally available 
in all state agency datasets.  However, variables such as lighting type and curvature are not 
available in all state agency databases.  This dissertation has shown that these variables are 
particularly useful in capturing heterogeneity in a multidimensional crash sense, and at 
higher level perspectives, such as the interchange/non-interchange level.  A natural 
recommendation that follows from this dissertation is that database standards be developed 
where measurement criteria are recommended for the inclusion of variables relating to 
lighting type and coverage, as well as detailed curvature information.   This is because 
lighting and curvature data are found here to be sources of heterogeneity.  Lighting type 
and luminaire type can cause heterogeneity. Luminaire types determine where they are 
placed on the roadway (median or right side).  Clustered luminaires are usually placed on 
the median side to provide lighting in both directions.  This can be because decision 
makers can sense a need to account for heterogeneous traffic effects.  Therefore, data 
standards that clearly define lighting type and curvature type in terms of super-elevation 
can help shed light on design contexts better. Development of a data standard that is 
inclusive of these extra variables can at a minimum, help address design heterogeneity in a 
more comprehensive manner. 

In terms of building upon the methodology shown in this dissertation, it is recommended 
that roadside effects be measured and evaluated for random parameter effects.  The 
literature is scant in the use of roadside effects even in fixed parameter models.  Therefore, 
it is imperative that roadside variables such as presence or absence of roadside features, 
length of roadside barriers such as guardrail, cable barrier, or tunnel walls, be measured 
and included in state agency databases.  Inclusion of the roadside variables will be 
substantially helpful in teasing out the parameter heterogeneity, which is now, on the basis 
of this dissertation, subsumed entirely in roadway variables.   
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The models in this dissertation are univariate outcome models – that is, an outcome is 
evaluated by itself, ignoring potential correlation with other outcomes types. For example, 
further research can look at multivariate outcomes in a random parameter perspective, due 
to the potential correlation between severities for example in a segment. The literature 
currently is beginning to enjoy a wealth of recent papers in the multivariate sense from a 
fixed parameter perspective.  Some models have been proposed in the Bayesian domain, 
but a lot remains in terms of comprehensive understanding of roadway and roadside effects 
in a multivariate outcome perspective. 

A final observation is the improvement in the resolution of heterogeneity due to 
parameterization of the mean of the random parameters.  In this dissertation, the stochastic 
mean is not a function of any geometric effects.  It is possible that the mean itself can be a 
function of geometric effects, an area which can be explored further beyond this 
dissertation.  As an example, the author of this dissertation is currently exploring such 
modeling alternatives in the domain of interchange level models where interchange type 
and configuration is taken into account in terms of their influence on the random parameter 
means.  In an invited paper published in the journal Analytic Methods in Accident 
Research (Venkataraman et al 2014), the author demonstrates that interchange type (for 
example, diamond versus clover leaf) can have significant impact on the parameter means 
of roadway geometrics.  For interchange segments, the interchange type is a direct impact, 
whereas for non-interchange segments, both the upstream and downstream interchange 
types appear to have impacts.  Clearly, the upstream and downstream interchange types 
appear to have effects through the variations in configuration type, which in turn can 
induce variations in driver behavior.  The important finding is this research indicates there 
is more depth to the construction of random parameter models in the safety area.  As more 
and more information on design characteristics is collected, the randomness in parameter 
nature can be captured by hierarchical introduction of design detail, which confirms our 
expectation that parameter heterogeneity has an effect on the nature of the overdispersion 
effect in negative binomial models.  The stronger the random parameter models, the 
weaker the residual overdispersion effect. It is acknowledged that interpreting random 
parameter results is more complex than for fixed parameter and it requires some post-
analysis by the research team in order to assist design work. The guidance in this respect is 
that one has to look at the negative effects and positive effects of a parameter.  Then it is 
possible to recover these segments individually by looking at where the parameters are 
positive and where they are negative.  Then, investigate the observed data vectors (X 
matrix) for each of these segments to define the design context for each segment.  This can 
then help identify which design contexts are productive for safety.  This is a more powerful 
approach than considering one design variable at a time which is what the state of the art 
recommends. 
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Appendix A 
Table A.1. Heterogeneity in Means Random Parameter Negative Binomial Estimation of Interchange Crash Frequency in Washington State 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Constant -6.675 -44.225        
Logarithm of length of 
segment in miles 

0.669 36.361 — — — —    

Logarithm of ADT   0.931 62.084 0.047 29.636    
       Full-clover interchange 0.019 5.866 
       Single-point urban interchange 0.185 10.282 
       Part-diamond interchange -0.028 -4.717 
Urban segment 
indicator (1 if segment 
is in an urban location; 
0 otherwise) 

-0.047 -2.508 — — — —   
 

 

Lighting type by length proportion    
Right-side lighting 
segment proportion 

0.129 3.702 — — — —  — — 

Median continuous 
segment proportion 

— — 0.190 5.165 0.319 13.546    

       Directional interchange 1.198 16.806 
       Full-diamond interchange -0.441 -8.062 
       Part-clover interchange 0.639 10.866 
Number of lanes by length proportion    
Three-lane cross 
section segment 
proportion 

0.488 21.341 — — — —  — — 

Four-lane cross 
section segment 
proportion 

1.196 45.363 — — — —  — — 
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Table A.1 (Continued). Heterogeneity in Means Random Parameter Negative Binomial Estimation of Interchange Crash Frequency in 
Washington State 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Left shoulder width by length proportion 
Three to four-foot left 
shoulder width 
proportion 

-0.303 -9.277 — — — — — — — 

Five-to-nine foot left 
shoulder width 
proportion 

-0.538 -20.989 — — — — — — — 

Ten-foot left shoulder 
width proportion 

-0.617 -27.682 — — — — — — — 

Right shoulder width by length proportion 
Three to four-foot 
right shoulder width 
proportion 

-0.171 -5.162 — — — — — — — 

Five-to-nine foot right 
shoulder width 
proportion 

-0.433 -16.681 — — — — — — — 

Ten-foot right 
shoulder width 
proportion 

-0.522 -22.866 — — — — — — — 

Horizontal curvature 
Number of horizontal 
curves in segment 

0.048 6.933 — — — — — — — 

Shortest  horizontal 
curve-in-segment 
length in miles 

-0.126 -2.834 — — — — — — — 

Largest degree of 
curvature in segment 

— — 0.114 14.451 0.035 7.416    

       Single-point urban interchange 0.353 6.851 

       Part-clover interchange -0.098 -8.453 

       Part-diamond interchange -0.163 -6.224 
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Table A.1 (Continued). Heterogeneity in Means Random Parameter Negative Binomial Estimation of Interchange Crash 
Frequency In Washington State. 
 Fixed 

Parameter 
Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Vertical curvature 
Smallest vertical curve 
gradient in segment 

— — 0.041 5.309 0.006 2.177       

       Directional interchange -0.085 -7.128 

       Single-point urban interchange -0.540 -10.380 

       Part-diamond interchange -0.158 -6.363 

Largest vertical curve 
gradient in segment 

— — -0.045 -3.164 0.007 3.661    

       Semi-directional interchange 0.045 5.983 

       Single-point urban interchange -0.258 -8.169 

       Part-clover interchange 0.060 8.142 

       Part-diamond interchange 0.286 12.671 

Scale parameter for 
overdispersion  

16.846 0.643 26.197 

Log-likelihood for 
constant parameter 
negative binomial 

-13,754.78 

AIC 5.324 
BIC 5.349 
HQIC 5.332 
Log-likelihood at 
random parameter 
negative binomial 
convergence 

-12,610.3 

AIC 4.893 
BIC 4.958 
HQIC 4.916 
Number of 
observations 

5,175 
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Table A.2. Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation of Property Damage Only Accidents 
in Washington State 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Constant -8.593    -50.848          
Logarithm of length 
of segment in miles 

  0.673      32.963   — — — —    

Logarithm of ADT — — 1.075      64.040   0.044        25.104       
       Full-clover interchange 0.0176     5.155    
       Single-point urban interchange 0.194      9.735    
       Part-diamond interchange -0.026     -3.859    
Urban segment 
indicator (1 if 
segment is in an 
urban location; 0 
otherwise) 

— — — — — —    

Lighting type by length proportion    
Right-side lighting 
segment proportion 

0.139      3.462    — — — —    

Median continuous 
segment proportion 

— — 0.150      3.768    0.321 
        

12.263       

       Directional interchange 1.278     17.442    
       Full-diamond interchange -0.392      -6.509    
       Part-clover interchange 0.542        8.447    
Number of lanes by length proportion    
Three-lane cross 
section segment 
proportion 

0.490      19.106   — — — —    

Four-lane cross 
section segment 
proportion 

1.122      38.605   — — — —    
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Table A.2 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Property Damage 
Only Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Left shoulder width by length proportion 
Three to four-foot left 
shoulder width 
proportion 

-0.226    -6.052    — — — — — — — 

Five-to-nine foot left 
shoulder width 
proportion 

-0.486    -17.031   — — — — — — — 

Ten-foot left shoulder 
width proportion 

-0.525    -21.700   — — — — — — — 

Right shoulder width by length proportion 
Three to four-foot 
right shoulder width 
proportion 

-0.092    -2.451    — — — — — — — 

Five-to-nine foot right 
shoulder width 
proportion 

-0.375    -12.989   — — — — — — — 

Ten-foot right 
shoulder width 
proportion 

-0.456    -18.065   — — — — — — — 

Horizontal curvature 
Number of horizontal 
curves in segment 

0.040     5.256    — — — —    

Shortest  horizontal 
curve-in-segment 
length in miles 

-0.175    -3.337    — — — —    

Largest degree of 
curvature in segment 

— — 0.118       13.519   0.072       13.338       

       Single-point urban  interchange 0.298     5.272    
       Part-clover interchange -0.105    -8.133    
       Part-diamond interchange -0.158 -5.223    
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Table A.2 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of 
Property Damage Only Accidents In Washington State. 
 Fixed 

Parameter 
Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Vertical curvature 
Smallest vertical curve 
gradient in segment 

— — 0.040    4.768    0.004        2.651       

       Directional interchange -0.097    -7.652    
       Single-point urban interchange -0.601    -9.972    
       Part-diamond interchange -0.167    -6.140    
Largest vertical curve 
gradient in segment 

— — -0.018     -3.047    0.004       2.086       

       Semi-directional interchange 0.048     5.941    
       Single-point urban interchange -0.238    -6.806    
       Part-clover interchange 0.069     8.287    
       Part-diamond interchange 0.285     11.301    
Scale parameter for 
overdispersion  

20.309   1.279     15.882   

Log-likelihood for constant 
parameter negative 
binomial 

-11,810.98      

AIC 4.572      
BIC 4.598      
HQIC 4.581      
Log-likelihood at random 
parameter negative 
binomial convergence 

-10,889.72      

AIC 4.229    
BIC 4.293     
HQIC 4.251      
Number of observations 5,175 
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Table A.3. Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation  of Possible Injury Accidents In 
Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Constant -10.55    -37.716          
Logarithm of length 
of segment in miles 

0.547      17.858   — — — —    

Logarithm of ADT — — 1.187      42.293   0.050      18.401       
       Full-clover interchange 0.025     5.118    
       Single-point urban interchange 0.185     6.019    
          
Urban segment 
indicator (1 if 
segment is in an 
urban location; 0 
otherwise) 

-0.118    -3.599    — — — —    

Lighting type by length proportion    
Right-side lighting 
segment proportion 

0.112      1.969    — — — —    

Median continuous 
segment proportion 

— — 0.258     4.486    0.350            9.778       

       Directional interchange 1.103     10.891    
       Full-diamond interchange -0.453     -5.261    
       Part-clover interchange 0.721      7.905    
Number of lanes by length proportion    
Three-lane cross 
section segment 
proportion 

0.560      14.761   — — — —    

Four-lane cross 
section segment 
proportion 

1.334      30.809   — — — —    
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 Table A.3(Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation of Possible Injury 
Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Left shoulder width by length proportion 
Three to four-foot left 
shoulder width 
proportion 

-0.321    -5.445    — — — —    

Five-to-nine foot left 
shoulder width 
proportion 

-0.592    -14.330   — — — —    

Ten-foot left shoulder 
width proportion 

-0.799    -22.825   — — — —    

Right shoulder width by length proportion 
Three to four-foot 
right shoulder width 
proportion 

-0.259    -4.469    — — — —    

Five-to-nine foot right 
shoulder width 
proportion 

-0.471    -11.193   — — — —    

Ten-foot right 
shoulder width 
proportion 

-0.622    -17.217   — — — —    

Horizontal curvature 
Number of horizontal 
curves in segment 

0.079      6.812    — — — —    

Shortest  horizontal 
curve-in-segment 
length in miles 

— — — — — —    

Largest degree of 
curvature in segment 

— — 0.120     9.167    0.085        11.064       

       Single-point urban interchange 0.532      6.117    

       Part-clover interchange -0.165    -8.780    

       Part-diamond interchange -0.270    -6.679    
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Table A.3 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Possible 
Injury Accidents In Washington State. 
 Fixed 

Parameter 
Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Vertical curvature 
Smallest vertical curve 
gradient in segment 

— — 0.049     3.777    0.005     2.565       

       Directional interchange -0.066    -3.610    

       Single-point urban interchange -0.579    -6.222    

       Part-diamond interchange -0.109    -2.692    

Largest vertical curve 
gradient in segment 

— — -0.025    -2.752    0.007       2.351       

       Semi-directional interchange 0.023      1.989    

       Single-point urban interchange -0.325    -5.667    

       Part-clover interchange 0.105      8.519    

       Part-diamond interchange 0.250      7.343    

Scale parameter for 
overdispersion  

12.416    0.902  13.770   

Log-likelihood for constant 
parameter negative 
binomial 

-8,195.057      

AIC 3.175      
BIC 3.200      
HQIC 3.184      
Log-likelihood at random 
parameter negative 
binomial convergence 

-7,619.627      

AIC 2.964      
BIC 3.027      
HQIC 2.986      
Number of observations 5,175 
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Table A.4. Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Evident Injury Accidents In 
Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Constant -7.223    -23.214          
Logarithm of length 
of segment in miles 

0.800      17.722   — — — —    

Logarithm of ADT — — 0.719      21.626   0.060       15.041       
       Single-point urban interchange 0.103     2.198    
       Part-diamond interchange -0.064     -4.240    
          
Urban segment 
indicator (1 if 
segment is in an 
urban location; 0 
otherwise) 

— — — — — —    

Lighting type by length proportion    
Right-side lighting 
segment proportion 

0.290      3.778    — — — —    

Median continuous 
segment proportion 

0.151      2.256    — — — —    

          
          
          
Number of lanes by length proportion    
Three-lane cross 
section segment 
proportion 

0.320      6.833    — — — —    

Four-lane cross 
section segment 
proportion 

0.755      12.818   — — — —    
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Table A.4 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Evident Injury 
Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Left shoulder width by length proportion 
Three to four-foot left 
shoulder width 
proportion 

— — — — — —    

Five-to-nine foot left 
shoulder width 
proportion 

-0.272    -4.039    — — — —    

Ten-foot left shoulder 
width proportion 

-0.208    -3.935    — — — —    

Right shoulder width by length proportion 
Three to four-foot 
right shoulder width 
proportion 

— — — — — —    

Five-to-nine foot right 
shoulder width 
proportion 

-0.336    -5.049    — — — —    

Ten-foot right 
shoulder width 
proportion 

-0.202    -3.651    — — — —    

Horizontal curvature 
Number of horizontal 
curves in segment 

0.038     2.298    — — — —    

Shortest  horizontal 
curve-in-segment 
length in miles 

— — — — — —    

Largest degree of 
curvature in segment 

— — 0.129       6.817    0.051        4.186       

       Single-point urban interchange  0.197      2.714    

       Part-clover interchange -0.105    -3.569    
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Table A.4 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Evident 
Injury Accidents In Washington State. 
 Fixed 

Parameter 
Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Vertical curvature 
Smallest vertical curve 
gradient in segment 

— — — — — —    

       Directional interchange — — 

       Single-point urban interchange — — 

       Part-diamond interchange — — 

Largest vertical curve 
gradient in segment 

— — -0.012     -2.062    0.003      2.689       

          

       Single-point urban interchange -0.234    -2.926    

       Part-clover interchange 0.086      4.732    

       Part-diamond interchange 0.181      4.543    

Scale parameter for 
overdispersion  

6.964     0.959    7.260    

Log-likelihood for constant 
parameter negative 
binomial 

-5,673.105      

AIC 2.198      
BIC 2.217      
HQIC 2.205    
Log-likelihood at random 
parameter negative 
binomial convergence 

-5,530.135      

AIC 2.148  
BIC 2.184    
HQIC 2.161     
Number of observations 5,175 
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Table A.5. Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Disabled Injury Accidents In 
Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Constant -7.698    -10.580          
Logarithm of length 
of segment in miles 

  0.808       7.785   — — — —    

Logarithm of ADT — — 0.538     6.900    0.028     6.400       
       Full-clover interchange 0.026     1.407    
       Full-diamond interchange 0.018     1.575    
       Other type interchange 0.019     1.477    
Urban segment 
indicator (1 if 
segment is in an 
urban location; 0 
otherwise) 

— — — — — —    

Lighting type by length proportion    
Right-side lighting 
segment proportion 

0.605      3.453    — — — —    

Median continuous 
segment proportion 

0.332      2.053    — — — —    

          
          
          
Number of lanes by length proportion    
Three-lane cross 
section segment 
proportion 

0.176      1.984    — — — —    

Four-lane cross 
section segment 
proportion 

0.784      5.927    — — — —    
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Table A.5 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Disabled Injury 
Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Left shoulder width by length proportion 
Three to four-foot left 
shoulder width 
proportion 

— — — — — —    

Five-to-nine foot left 
shoulder width 
proportion 

— — — — — —    

Ten-foot left shoulder 
width proportion 

— — — — — —    

Right shoulder width by length proportion 
Three to four-foot 
right shoulder width 
proportion 

— — — — — —    

Five-to-nine foot right 
shoulder width 
proportion 

— — — — — —    

Ten-foot right 
shoulder width 
proportion 

— — — — — —    

 
Number of horizontal 
curves in segment 

0.066     2.044    — — — —    

Shortest  horizontal 
curve-in-segment 
length in miles 

— — — — — —    

Largest degree of 
curvature in segment 

— — — — — —    

       Single-point urban interchange — — 

       Part-clover interchange — — 
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Table A.5 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Disabled 
Injury Accidents In Washington State. 
 Fixed 

Parameter 
Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Vertical curvature 
Smallest vertical curve 
gradient in segment 

— — — — — —    

       Directional interchange — — 

       Single-point urban interchange — — 

       Part-diamond interchange — — 

Largest vertical curve 
gradient in segment 

— — — — — —    

          

       Single-point urban interchange — — 

       Part-clover interchange — — 

       Part-diamond interchange — — 

Scale parameter for 
overdispersion  

0.233    0.161    1.965    

Log-likelihood for constant 
parameter negative 
binomial 

-1,695.904      

AIC 0.659      
BIC 0.669      
HQIC 0.662     
Log-likelihood at random 
parameter negative 
binomial convergence 

-1,692.635      

AIC 0.659      
BIC 0.674      
HQIC 0.664      
Number of observations 5,175 
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Table A.6. Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Fatal Injury Accidents In 
Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Constant -7.612    -6.135           
Logarithm of length 
of segment in miles 

1.092      8.118    — — — —    

Logarithm of ADT — — 0.434     3.185    0.022       2.655       
       Part-clover interchange -0.043    -1.997    
          
          
Urban segment 
indicator (1 if 
segment is in an 
urban location; 0 
otherwise) 

— — — — — —    

Lighting type by length proportion    
Right-side lighting 
segment proportion 

— — — — — —    

Median continuous 
segment proportion 

— — — — — —    

          
          
          
Number of lanes by length proportion    
Three-lane cross 
section segment 
proportion 

0.434      2.066    — — — —    

Four-lane cross 
section segment 
proportion 

1.107     4.517    — — — —    
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Table A.6 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Fatal Injury 
Accidents In Washington State. 
 Fixed 

Parameter 
Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Left shoulder width by length proportion 
Three to four-foot left 
shoulder width 
proportion 

— — — — — —    

Five-to-nine foot left 
shoulder width 
proportion 

— — — — — —    

Ten-foot left shoulder 
width proportion 

— — — — — —    

Right shoulder width by length proportion 
Three to four-foot 
right shoulder width 
proportion 

— — — — — —    

Five-to-nine foot right 
shoulder width 
proportion 

— — — — — —    

Ten-foot right 
shoulder width 
proportion 

— — — — — —    

 
Number of horizontal 
curves in segment 

— — — — — —    

Shortest  horizontal 
curve-in-segment 
length in miles 

— — — — — —    

Largest degree of 
curvature in segment 

— — — — — —    

       Single-point urban interchange — — 

       Part-clover interchange — — 
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Table A.6(Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Fatal 
Injury Accidents In Washington State. 
 Fixed 

Parameter 
Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Vertical curvature 
Smallest vertical curve 
gradient in segment 

— — — — — —    

       Directional interchange — — 

       Single-point urban interchange — — 

       Part-diamond interchange — — 

Largest vertical curve 
gradient in segment 

— — — — — —    

          

       Single-point urban interchange — — 

       Part-clover interchange — — 

       Part-diamond interchange — — 

Scale parameter for 
overdispersion  

0.005      0.553     0.009    

Log-likelihood for constant 
parameter negative 
binomial 

-711.005      

AIC 0.277      
BIC 0.283     
HQIC 0.279      
Log-likelihood at random 
parameter negative 
binomial convergence 

-708.795      

AIC 0.277      
BIC 0.286     
HQIC 0.280      
Number of observations 5,175 
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Table A.7. Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of One Vehicle Involvement 
Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Constant -3.178    -14.480   — — — —    
Logarithm of length 
of segment in miles 

0.878      30.878   — — — —    

Logarithm of ADT — — 0.417       18.850   0.051        24.766       
       Full-clover interchange -0.011     -2.177    
       Single-point urban interchange 0.030      2.475    
       Part-diamond interchange -0.017     -2.889    
Urban segment 
indicator (1 if 
segment is in an 
urban location; 0 
otherwise) 

0.095      3.218    — — — —    

Lighting type by length proportion    
Right-side lighting 
segment proportion 

0.17 2     3.508    — — — —    

Median continuous 
segment proportion 

— — -0.044       -2.880   0.309      8.388       

       Directional interchange 0.864       8.182    
       Part-clover interchange 0.241       2.482    
          
Number of lanes by length proportion    
Three-lane cross 
section segment 
proportion 

0.490      16.672   — — — —    

Four-lane cross 
section segment 
proportion 

0.815      21.930   — — — —    
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Table A.7 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of One Vehicle 
Involvement Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Left shoulder width by length proportion 
Five-to-nine foot left 
shoulder width 
proportion 

-0.381    -9.204    — — — —    

Ten-foot left shoulder 
width proportion 

-0.327    -8.950 — — — —    

Greater than ten-foot 
left shoulder width 
proportion 

-0.504    -5.438    — — — —    

Right shoulder width by length proportion 
Three to four-foot 
right shoulder width 
proportion 

— — — — — —    

Five-to-nine foot right 
shoulder width 
proportion 

-0.327    -7.865    — — — —    

Ten-foot right 
shoulder width 
proportion 

-0.288    -7.570    — — — —    

 
Number of horizontal 
curves in segment 

0.044      4.433    — — — —    

Shortest  horizontal 
curve-in-segment 
length in miles 

— — — — — —    

Largest degree of 
curvature in segment 

— — 0.070       6.141    0.087         13.537       

       Single-point urban interchange 0.190      1.953    

       Part-clover interchange -0.027    -1.962    
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Table A.7 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of One 
Vehicle Involvement Accidents In Washington State. 
 Fixed 

Parameter 
Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Vertical curvature 
Shortest  vertical curve-in-
segment length in miles 

-0.386    -2.787    — — — —    

Smallest vertical curve 
gradient in segment 

— — 0.052       4.681    0.002       0.430       

       Directional interchange -0.105    -5.342    

       Single-point urban interchange -0.356    -3.699    

           

Largest vertical curve 
gradient in segment 

— — — — — —    

          

       Single-point urban interchange   

       Part-clover interchange   

       Part-diamond interchange   

Scale parameter for 
overdispersion  

14.209    1.592    8.928    

Log-likelihood for constant 
parameter negative 
binomial 

-9,134.546      

AIC 3.537      
BIC 3.560     
HQIC 3.545       
Log-likelihood at random 
parameter negative 
binomial convergence 

-8,865.529      

AIC 3.441   
BIC 3.487       
HQIC 3.457     
Number of observations 5,175 
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Table A.8. Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Two Vehicle Involvement 
Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Constant -12.684    -69.317   — — — —    
Logarithm of length 
of segment in miles 

0.565       26.364   — — — —    

Logarithm of ADT — — 1.452     77.683   0.039       20.131       
       Full-clover interchange 0.0354     10.772    
       Single-point urban interchange 0.169     7.852    
       Part-diamond interchange -0.038     -6.234    
Urban segment 
indicator (1 if 
segment is in an 
urban location; 0 
otherwise) 

-0.201      -8.658    — — — —    

Lighting type by length proportion    
Right-side lighting 
segment proportion 

0.390       8.919    — — — —    

Median continuous 
segment proportion 

— — 0.292      9.385    0.322        13.504       

       Directional interchange 0.903     13.920    
       Single-point urban interchange -1.081     -3.619    
          
Number of lanes by length proportion    
Three-lane cross 
section segment 
proportion 

0.539       23.711   — — — —    

Four-lane cross 
section segment 
proportion 

1.248       44.672   — — — —    
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Table A.8 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Two Vehicle 
Involvement Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Left shoulder width by length proportion 
Five-to-nine foot left 
shoulder width 
proportion 

-0.320    -11.224   — — — —    

Ten-foot left shoulder 
width proportion 

-0.509    -21.580   — — — —    

Right shoulder width by length proportion 
Three to four-foot 
right shoulder width 
proportion 

— — — — — —    

Five-to-nine foot right 
shoulder width 
proportion 

-0.187    -6.391    — — — —    

Ten-foot right 
shoulder width 
proportion 

-0.404    -16.179   — — — —    

 
Number of horizontal 
curves in segment 

0.046     5.474    — — — —    

Shortest  horizontal 
curve-in-segment 
length in miles 

-0.254    -4.309    — — — —    

Largest degree of 
curvature in segment 

— — 0.100      11.076   0.139     23.874       

       Single-point urban interchange 0.416      6.741    

       Part-clover interchange -0.078    -6.024    
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Table A.8 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Two 
Vehicle Involvement Accidents In Washington State. 
 Fixed 

Parameter 
Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Vertical curvature 
Shortest  vertical curve-in-
segment length in miles 

— — — — — —    

Smallest vertical curve 
gradient in segment 

— — 0.027      3.292    0.013        1.997       

       Single-point urban interchange -0.392    -6.295    

       Part-diamond interchange -0.110    -3.805    

           

Largest vertical curve 
gradient in segment 

— — 0.004       2.594    0.003        1.967       

       Semi-directional interchange 0.033      4.211    

       Single-point urban interchange -0.233    -5.773    

       Part-clover interchange 0.090      10.376    

       Part-diamond interchange 0.248      10.206    

Scale parameter for 
overdispersion  

19.230    1.108   17.354   

Log-likelihood for constant 
parameter negative 
binomial 

-10,627.15      

AIC 4.114       
BIC 4.137      
HQIC 4.122      
Log-likelihood at random 
parameter negative 
binomial convergence 

-9,717.613      

AIC 3.773      
BIC 3.832      
HQIC 3.794      
Number of observations 5,175 
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Table A.9. Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Three Vehicle Involvement 
Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Constant -19.711    -43.458   — — — —    
Logarithm of length 
of segment in miles 

0.564     13.118   — — — —    

Logarithm of ADT — — 2.001     43.446   0.061        15.035       
       Full-clover interchange 0.044       7.078    
       Single-point urban interchange 0.154       2.809    
       Part-diamond interchange -0.070     -5.452    
Urban segment 
indicator (1 if 
segment is in an 
urban location; 0 
otherwise) 

-0.280      -5.969    — — — —    

Lighting type by length proportion    
Right-side lighting 
segment proportion 

0.458       4.993    — — — —    

Median continuous 
segment proportion 

— — 0.374      6.379    0.274       6.031       

       Directional interchange 1.219     10.698    
       Single-point urban interchange -1.922     -2.486    
          
Number of lanes by length proportion    
Three-lane cross 
section segment 
proportion 

0.646       14.150   — — — —    

Four-lane cross 
section segment 
proportion 

1.429      25.386   — — — —    
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Table A.9 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Three Vehicle 
Involvement Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Left shoulder width by length proportion 
Five-to-nine foot left 
shoulder width 
proportion 

-0.321    -5.583    — — — —    

Ten-foot left shoulder 
width proportion 

-0.602    -13.200   — — — —    

Right shoulder width by length proportion 
Three to four-foot 
right shoulder width 
proportion 

— — — — — —    

Five-to-nine foot right 
shoulder width 
proportion 

-0.149    -2.691    — — — —    

Ten-foot right 
shoulder width 
proportion 

-0.551    -11.240   — — — —    

 
Number of horizontal 
curves in segment 

0.038      2.292    — — — —    

Shortest  horizontal 
curve-in-segment 
length in miles 

-0.222    -2.027    — — — —    

Largest degree of 
curvature in segment 

— — 0.131      7.147    0.162       14.494       

       Single-point urban interchange 0.570      3.616    

       Part-clover interchange -0.145    -5.858    
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Table A.9 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Three 
Vehicle Involvement Accidents In Washington State.  
 Fixed 

Parameter 
Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Vertical curvature 
Shortest  vertical curve-in-
segment length in miles 

— — — — — —    

Smallest vertical curve 
gradient in segment 

— — 0.037      3.569    0.012        2.137       

       Single-point urban interchange -0.412    -2.806    

       Part-diamond interchange -0.287    -4.733    

           

Largest vertical curve 
gradient in segment 

— — -0.017      -2.519    0.011        2.884       

       Semi-directional interchange 0.027      1.998    

       Single-point urban interchange -0.182    -1.983    

       Part-clover interchange 0.195      11.695    

       Part-diamond interchange 0.479      11.051    

Scale parameter for 
overdispersion  

8.103      0.592    13.693   

Log-likelihood for constant 
parameter negative 
binomial 

-5,591.884      

AIC 2.168      
BIC 2.189      
HQIC 2.175      
Log-likelihood at random 
parameter negative 
binomial convergence 

-5,170.751      

AIC 2.016    
BIC 2.074     
HQIC 2.037      
Number of observations 5,175 
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Table A.10. Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Four Vehicle Involvement 
Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Constant -23.490    -25.629          
Logarithm of length 
of segment in miles 

0.529       6.926           

Logarithm of ADT   2.293      24.779   0.053       8.242       
       Single-point urban interchange 0.1642    2.907    
       Part-clover interchange 0.0345     2.061    
          
Urban segment 
indicator (1 if 
segment is in an 
urban location; 0 
otherwise) 

— — — — — —    

Lighting type by length proportion    
Right-side lighting 
segment proportion 

         

Median continuous 
segment proportion 

— — -0.043   -2.465   0.440      4.997       

       Directional interchange 1.523       8.669    
       Full-clover interchange 0.808       2.924    
       Part-clover interchange 0.613      2.972    
Number of lanes by length proportion    
Three-lane cross 
section segment 
proportion 

0.421       4.319    — — — —    

Four-lane cross 
section segment 
proportion 

1.161       11.103   — — — —    

Three to four-foot left 
shoulder width 
proportion 

-0.505      -2.947    — — — —    
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Table A.10 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Four Vehicle 
Involvement Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Left shoulder width by length proportion 
Five-to-nine foot left 
shoulder width 
proportion 

-0.623    -5.658    — — — —    

Ten-foot left shoulder 
width proportion 

-0.639    -7.780    — — — —    

Right shoulder width by length proportion 
Three to four-foot 
right shoulder width 
proportion 

-0.736    -4.438    — — — —    

Five-to-nine foot right 
shoulder width 
proportion 

-0.617    -5.944    — — — —    

Ten-foot right 
shoulder width 
proportion 

-0.783    -8.997    — — — —    

 
Number of horizontal 
curves in segment 

0.096      3.433    — — — —    

Shortest  horizontal 
curve-in-segment 
length in miles 

-0.482    -1.999    — — — —    

Largest degree of 
curvature in segment 

— — 0.353       8.389    0.052     2.416       

       Semi-directional interchange -0.292    -4.414    

       Full-clover interchange -0.368    -3.729    

       Full-diamond interchange -0.297    -4.833    

       Single-point urban interchange 0.712      2.478    

       Part-clover interchange -0.494    -8.880    

       Part-diamond interchange -0.471    -4.660    
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Table A.10 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Four 
Vehicle Involvement Accidents In Washington State. 
 Fixed 

Parameter 
Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Vertical curvature 
Shortest  vertical curve-in-
segment length in miles 

— — — — — —    

Smallest vertical curve 
gradient in segment 

— — — — — —    

       Single-point urban interchange   

       Part-diamond interchange   

Largest vertical curve 
gradient in segment 

— — -0.134      -6.143    0.020     3.129       

       Semi-directional interchange 0.194      5.072    

       Full-clover interchange 0.253      5.263    

       Full-diamond interchange 0.171      4.528    

       Single-point urban interchange -0.810    -2.983    

       Part-clover interchange 0.221      5.186    

       Part-diamond interchange 0.343      5.590    

Scale parameter for 
overdispersion  

11.156    3.814  2.925    

Log-likelihood for constant 
parameter negative binom. 

-2,703.229      

AIC 1.051     
BIC 1.073      
HQIC 1.059 
Log-likelihood at random 
parameter negative 
binomial convergence 

-2,526.924      

AIC 0.994      
BIC 1.049      
HQIC 1.013      
Number of observations 5,175 
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Table A.11. Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Five-or-more Vehicle 
Involvement Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Constant -25.504   -18.891          
Logarithm of length 
of segment in miles 

0.596      4.464    — — — —    

Logarithm of ADT — — 2.396      17.830   0.059      5.468       
       Directional interchange 0.028       2.001    
       Part-diamond interchange -0.240     -2.057    
          
Urban segment 
indicator (1 if 
segment is in an 
urban location; 0 
otherwise) 

— — — — — —    

Lighting type by length proportion    
Right-side lighting 
segment proportion 

— — — — — —    

Median continuous 
segment proportion 

— — — — — —    

       Directional interchange   
       Full-clover interchange   
       Part-clover interchange   
Number of lanes by length proportion    
Three-lane cross 
section segment 
proportion 

0.430       2.702    — — — —    

Four-lane cross 
section segment 
proportion 

1.086      6.315    — — — —    

Three to four-foot left 
shoulder width 
proportion 

— — — — — —    
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Table A.11 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Five-or-more 
Vehicle Involvement Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Left shoulder width by length proportion 
Five-to-nine foot left 
shoulder width 
proportion 

-0.614    -3.066    — — — —    

Ten-foot left shoulder 
width proportion 

-0.540    -3.786    — — — —    

Right shoulder width by length proportion 
Three to four-foot 
right shoulder width 
proportion 

-0.527    -2.248    — — — —    

Five-to-nine foot right 
shoulder width 
proportion 

-0.720    -3.826    — — — —    

Ten-foot right 
shoulder width 
proportion 

-0.709    -4.651    — — — —    

Greater than ten-foot 
right shoulder width 
proportion 

-0.703    -1.998    — — — —    

Number of horizontal 
curves in segment 

0.130      2.693    — — — —    

Shortest  horizontal 
curve-in-segment 
length in miles 

         

Largest degree of 
curvature in segment 

— — 0.173       2.884    0.2041       5.674       

       Semi-directional interchange -0.209    -1.998    

       Full-clover interchange -0.266    -1.968    

       Part-clover interchange -0.224    -2.663    

       Part-diamond interchange -0.182    -2.666    
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Table A.11 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Five-
or-more Vehicle Involvement Accidents In Washington State. 
 Fixed 

Parameter 
Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Vertical curvature 
Shortest  vertical curve-in-
segment length in miles 

— — — — — —    

Smallest vertical curve 
gradient in segment 

— — — — — —    

       Single-point urban interchange   

       Part-diamond interchange   

Largest vertical curve 
gradient in segment 

— — -0.109     -3.204    0.001       0.105       

       Semi-directional interchange 0.120      1.986    

       Full-clover interchange 0.193      2.462    

       Full-diamond interchange 0.058      1.964    

       Part-clover interchange 0.181      2.915    

       Part-diamond interchange 0.733      2.905    

Scale parameter for 
overdispersion  

3.698      1.437     2.573    

Log-likelihood for constant 
parameter negative 
binomial 

-1,394.161      

AIC 0.545      
BIC 0.564      
HQIC 0.551      
Log-likelihood at random 
parameter negative 
binomial convergence 

-1,360.012      

AIC 0.538 
BIC 0.578      
HQIC 0.552      
Number of observations 5,175 
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Table A.12. Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Sideswipe Collision Accidents 
In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Constant -14.815    -48.729          
Logarithm of length 
of segment in miles 

0.599       17.938   — — — —    

Logarithm of ADT — — 1.529     48.760   0.034      12.166       
       Directional interchange 0.008     2.115    
          
          
Urban segment 
indicator (1 if 
segment is in an 
urban location; 0 
otherwise) 

— — — — — —    

Lighting type by length proportion    
Right-side lighting 
segment proportion 

— — — — — —    

Median continuous 
segment proportion 

— — 0.107     1.966    0.0003     2.014       

       Semi-directional interchange 0.246      2.165    
       Full-clover interchange 0.542      6.233    
       Part-clover interchange 0.326      3.380    
Number of lanes by length proportion    
Three-lane cross 
section segment 
proportion 

0.488       13.430   — — — —    

Four-lane cross 
section segment 
proportion 

1.242       30.021   — — — —    

Three to four-foot left 
shoulder width 
proportion 

— — — — — —    
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Table A.12 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Sideswipe Collision 
Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Left shoulder width by length proportion 
Five-to-nine foot left 
shoulder width 
proportion 

-0.191    -4.219    — — — —    

Ten-foot left shoulder 
width proportion 

-0.260    -7.227    — — — —    

Right shoulder width by length proportion 
Three to four-foot 
right shoulder width 
proportion 

— — — — — —    

Five-to-nine foot right 
shoulder width 
proportion 

-0.149    -1.988    — — — —    

Ten-foot right 
shoulder width 
proportion 

-0.709    -4.651    — — — —    

Greater than ten-foot 
right shoulder width 
proportion 

-0.245    -6.408    — — — —    

 
Number of horizontal 
curves in segment 

0.051      4.084    — — — —    

Shortest  horizontal 
curve-in-segment 
length in miles 

— — — — — —    

Largest degree of 
curvature in segment 

— — 0.052       3.892    0.171       18.635       

       Directional interchange 0.078     2.497    

       Semi-directional interchange -0.040    -2.420    

       Part-diamond interchange -0.193    -3.741    
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Table A.12 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of 
Sideswipe Collision Accidents In Washington State. 
 Fixed 

Parameter 
Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Vertical curvature 
Shortest  vertical curve-in-
segment length in miles 

— — — — — —    

Smallest vertical curve 
gradient in segment 

— — — — — —    

       Single-point urban interchange   

       Part-diamond interchange   

Largest vertical curve 
gradient in segment 

— — 0.051       6.516    0.003        2.922       

       Full-diamond interchange -0.048    -4.735    

       Part-clover interchange 0.018      2.537    

       Part-diamond interchange 0.073      2.153    

Scale parameter for 
overdispersion  

42.258    13.257   3.188    

Log-likelihood for constant 
parameter negative 
binomial 

-6,369.068      

AIC 2.467     
BIC 2.486     
HQIC 2.474      
Log-likelihood at random 
parameter negative 
binomial convergence 

-6,070.948      

AIC 2.360      
BIC 2.404     
HQIC 2.375      
Number of observations 5,175 
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Table A.13. Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Same direction Collision 
Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Constant -10.172    -24.054          
Logarithm of length 
of segment in miles 

0.766       13.998   — — — —    

Logarithm of ADT — — 0.964      22.141   0.036      7.875       
       Directional interchange 0.026     3.644    
       Part-diamond interchange -0.050    -2.496    
          
Urban segment 
indicator (1 if 
segment is in an 
urban location; 0 
otherwise) 

— — — — — —    

Lighting type by length proportion    
Right-side lighting 
segment proportion 

— — — — — —    

Median continuous 
segment proportion 

— — — — — —    

       Directional interchange   
       Full-clover interchange   

       Part-clover interchange   
Number of lanes by length proportion    
Three-lane cross 
section segment 
proportion 

0.912       13.682   — — — —    

Four-lane cross 
section segment 
proportion 

1.433       17.872   — — — —    

Three to four-foot left 
shoulder width 
proportion 

— — — — — —    
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Table A.13 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Same direction 
Collision Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Left shoulder width by length proportion 
Five-to-nine foot left 
shoulder width 
proportion 

-0.455    -5.598    — — — —    

Ten-foot left shoulder 
width proportion 

-0.455    -6.584    — — — —    

Right shoulder width by length proportion 
Three to four-foot 
right shoulder width 
proportion 

0.143      1.970    — — — —    

Five-to-nine foot right 
shoulder width 
proportion 

-0.358    -4.273    — — — —    

Ten-foot right 
shoulder width 
proportion 

-0.409    -5.573    — — — —    

Greater than ten-foot 
right shoulder width 
proportion 

-0.409    -3.064    — — — —    

 
Number of horizontal 
curves in segment 

0.053      2.552    — — — —    

Shortest  horizontal 
curve-in-segment 
length in miles 

— — — — — —    

Largest degree of 
curvature in segment 

— — 0.085      3.400    0.120  8.263       

       Semi-directional interchange -0.160    -2.428    

       Full-clover interchange -0.139    -2.187    

       Part-clover interchange -0.175    -4.935    
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Table A.13 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Same direction 
Collision Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Vertical curvature 
Shortest  vertical curve-in-
segment length in miles 

— — — — — —    

Smallest vertical curve 
gradient in segment 

— — — — — —    

       Single-point urban interchange   

       Part-diamond interchange   

Largest vertical curve 
gradient in segment 

— — -0.041      -2.841    0.073       13.357       

       Semi-directional interchange 0.058      1.966    

       Full-clover interchange 0.136      3.472    

       Part-clover interchange 0.154      6.610    

       Part-diamond interchange 0.130     2.755    

Scale parameter for 
overdispersion  

12.464    4.443    2.805    

Log-likelihood for constant 
parameter negative 
binomial 

-4,025.910      

AIC 1.562      
BIC 1.581    
HQIC 1.568     
Log-likelihood at random 
parameter negative 
binomial convergence 

-3,916.764      

AIC 1.525      
BIC 1.563      
HQIC 1.539      
Number of observations 5,175 
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Table A.14. Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Head-on Collision Accidents In 
Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Constant -12.409   -3.918           
Logarithm of length 
of segment in miles 

   0.861    4.464    — — — —    

Logarithm of ADT    0.829    2.481    —  — — —    
          
          
          
Urban segment 
indicator (1 if 
segment is in an 
urban location; 0 
otherwise) 

— — — — — —    

Lighting type by length proportion    
Right-side lighting 
segment proportion 

— — — — — —    

Median continuous 
segment proportion 

— — — — — —    

       Directional interchange   
       Full-clover interchange   
       Part-clover interchange   
Number of lanes by length proportion    
Three-lane cross 
section segment 
proportion 

— — — — — —    

Four-lane cross 
section segment 
proportion 

— — — — — —    

Three to four-foot left 
shoulder width 
proportion 

— — — — — —    
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Table A.14 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Head-on Collision 
Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Left shoulder width by length proportion 
Five-to-nine foot left 
shoulder width 
proportion 

— — — — — —    

Ten-foot left shoulder 
width proportion 

— — — — — —    

 
Three to four-foot right 
shoulder width 
proportion 

— — — — — —    

Five-to-nine foot right 
shoulder width 
proportion 

— — — — — —    

Ten-foot right shoulder 
width proportion 

— — — — — —    

Greater than ten-foot 
right shoulder width 
proportion 

— — — — — —    

 
Number of horizontal 
curves in segment 

— — — — — —    

Shortest  horizontal 
curve-in-segment 
length in miles 

— — — — — —    

Largest degree of 
curvature in segment 

— — -0.338 -1.902 0.269 3.237    

       Single-point urban interchange 0.639      2.765    
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Table A.14 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Head-on Collision 
Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Vertical curvature 
Shortest  vertical curve-in-
segment length in miles 

— — — — — —    

Smallest vertical curve 
gradient in segment 

— — — — — —    

       Single-point urban interchange   

       Part-diamond interchange   

Largest vertical curve 
gradient in segment 

0.119      1.980    — — — —    

       Semi-directional interchange   

       Full-clover interchange   

       Full-diamond interchange   

       Part-clover interchange   

       Part-diamond interchange   

Scale parameter for 
overdispersion  

2.968     4.532     0.655    

Log-likelihood for constant 
parameter negative 
binomial 

-247.6361      

AIC 0.098      
BIC 0.104      
HQIC 0.100     
Log-likelihood at random 
parameter negative 
binomial convergence 

-244.8835      

AIC 0.097     
BIC 0.106       
HQIC 0.100       
Number of observations 5,175 
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Table A.15. Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Rear-end Collision Accidents In 
Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Constant -15.646 -73.412        
Logarithm of length 
of segment in miles 

0.244 10.077 — — — —    

Logarithm of ADT — — 1.716 79.839 0.080 34.012    
       Full-diamond interchange -0.029     -11.707    
       Part-diamond interchange -0.065    -3.281    
          
Urban segment 
indicator (1 if 
segment is in an 
urban location; 0 
otherwise) 

— — — — — —    

Lighting type by length proportion    
Right-side lighting 
segment proportion 

— — — — — —    

Median continuous 
segment proportion 

— — 0.532 13.346 0.0201 2.865    

       Directional interchange 1.131       10.756    
       Semi-directional interchange -0.090     -2.417    
       Part-clover interchange -0.631     -4.638    
Number of lanes by length proportion    
Three-lane cross 
section segment 
proportion 

0.769 26.842 — — — —    

Four-lane cross 
section segment 
proportion 

1.530 44.188 — — — —    

Three to four-foot left 
shoulder width 
proportion 

— — — — — —    
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Table A.15 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Rear-end Collision 
Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Left shoulder width by length proportion 
Five-to-nine foot left 
shoulder width 
proportion 

-0.417 -12.032 — — — —    

Ten-foot left shoulder 
width proportion 

-0.867 -29.615 — — — —    

Right shoulder width by length proportion 
Three to four-foot 
right shoulder width 
proportion 

— — — — — —    

Five-to-nine foot right 
shoulder width 
proportion 

-0.518 -14.636 — — — —    

Ten-foot right 
shoulder width 
proportion 

-0.841 -26.535 — — — —    

Greater than ten-foot 
right shoulder width 
proportion 

-0.175 -3.181 — — — —    

Number of horizontal 
curves in segment 

— — — — — —    

Shortest  horizontal 
curve-in-segment 
length in miles 

— — — — — —    

Largest degree of 
curvature in segment 

0.135 15.324 — — — —    

       Semi-directional interchange   

       Full-clover interchange   

       Part-clover interchange   

       Part-diamond interchange   
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Table A.15 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Rear-
end Collision Accidents In Washington State. 
 Fixed 

Parameter 
Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Vertical curvature 
Number of vertical 
curves in segment 

0.088 11.896 — — — —    

Smallest vertical curve 
gradient in segment 

— — — — — —    

       Single-point urban interchange   

       Part-diamond interchange   

Largest vertical curve 
gradient in segment 

— — 0.014     1.991    0.016      4.973       

       Directional interchange -0.033    -3.281    

       Full-clover interchange 0.173      15.318    

       Part -diamond interchange 0.222      9.517    

Scale parameter for 
overdispersion  

9.776     0.380   25.705   

Log-likelihood for constant 
parameter negative 
binomial 

-9,597.850      

AIC 3.715      
BIC 3.734      
HQIC 3.722      
Log-likelihood at random 
parameter negative 
binomial convergence 

-8,612.715      

AIC 3.340      
BIC 3.377      
HQIC 3.353     
Number of observations 5,175 

 
 



140 

Table A.16. Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Overturn Collision Accidents In 
Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Constant -0.903      -11.301          
Logarithm of length 
of segment in miles 

— — 1.356      13.488   0.820        14.750       

          
       Directional interchange 0.641      2.336    
       Full-diamond interchange -0.399     -3.547    
       Part-diamond interchange 0.616       2.609    
Urban segment 
indicator (1 if 
segment is in an 
urban location; 0 
otherwise) 

0.207       3.759    — — — —    

Lighting type by length proportion    
Right-side lighting 
segment proportion 

— — — — — —    

Median continuous 
segment proportion 

-0.680      -4.642    — — — —    

          
          
          
Number of lanes by length proportion    
Three-lane cross 
section segment 
proportion 

— — — — — —    

Four-lane cross 
section segment 
proportion 

0.582       6.707    — — — —    

Two-foot left 
shoulder width 
proportion 

-0.602      -6.248    — — — —    
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Table A.16 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Overturn Collision 
Accidents In Washington State. 

  Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Left shoulder width by length proportion 
Five-to-nine foot left 
shoulder width 
proportion 

— — — — — —    

Ten-foot left shoulder 
width proportion 

— — — — — —    

 
Three to four-foot 
right shoulder width 
proportion 

— — — — — —    

Five-to-nine foot right 
shoulder width 
proportion 

— — — — — —    

Ten-foot right 
shoulder width 
proportion 

— — — — — —    

Greater than ten-foot 
right shoulder width 
proportion 

— — — — — —    

 
Number of horizontal 
curves in segment 

0.045      1.971   — — — —    

Largest  horizontal 
curve-in-segment 
central angle 

0.5E-04    4.754   — — — —    

Largest degree of 
curvature in segment 

— — — — — —    

       Semi-directional interchange   

       Full-clover interchange   

       Part-clover interchange   
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Table A.16 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Overturn Collision 
Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Vertical curvature 
Number of vertical 
curves in segment 

-0.050    -2.788    — — — —    

Smallest vertical curve 
gradient in segment 

— — — — — —    

       Single-point urban interchange   

       Part-diamond interchange   

Largest vertical curve 
gradient in segment 

— — -0.058      -3.761    0.106        12.755       

       Semi-directional interchange 0.069      1.981    

       Part-diamond interchange 0.053     1.999    

Scale parameter for 
overdispersion  

3.133     0.475     6.591    

Log-likelihood for constant 
parameter negative 
binomial 

-3,728.018      

AIC 1.445     
BIC 1.459      
HQIC 1.456     
Log-likelihood at random 
parameter negative 
binomial convergence 

-3,682.820      

AIC 1.431    
BIC 1.455      
HQIC 1.439      
Number of observations 5,175 
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Table A.17. Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Fixed Object Collision 
Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Constant -5.946     -26.757          
Logarithm of length 
of segment in miles 

0.689     21.200   — — — —    

Logarithm of ADT   0.669      28.796   0.060      25.615       
       Directional interchange -0.022     -2.170    
       Part-diamond interchange -0.043    -4.207    
          
Urban segment 
indicator (1 if 
segment is in an 
urban location; 0 
otherwise) 

— — — — — —    

Lighting type by length proportion    
Right-side lighting 
segment proportion 

         

Median continuous 
segment proportion 

— — 0.039     2.634    0.009       2.272       

       Directional interchange 1.160     7.692    
       Semi-directional interchange 0.182      2.141    
       Full-diamond interchange -0.345     -3.190    
Number of lanes by length proportion    
Three-lane cross 
section segment 
proportion 

0.685       21.353   — — — —    

Four-lane cross 
section segment 
proportion 

0.990       23.656   — — — —    

Five-to-nine foot left 
shoulder width 
proportion 

-0.615     -12.870   — — — —    
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Table A.17 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Fixed Object 
Collision Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Left shoulder width by length proportion 
Ten-foot left shoulder 
width proportion 

-0.541    -13.367   — — — —    

Greater than ten-foot 
left shoulder width 
proportion 

-0.644    -6.134    — — — —    

Right shoulder width by length proportion 
Three to four-foot 
right shoulder width 
proportion 

— — — — — —    

Five-to-nine foot right 
shoulder width 
proportion 

-0.472    -10.262   — — — —    

Ten-foot right 
shoulder width 
proportion 

-0.469    -11.124   — — — —    

Greater than ten-foot 
right shoulder width 
proportion 

-0.250    -3.236    — — — —    

Number of horizontal 
curves in segment 

0.061      5.269    — — — —    

Shortest  horizontal 
curve-in-segment 
length in miles 

         

Largest degree of 
curvature in segment 

0.090     7.552    — — — —    

       Semi-directional interchange   

       Full-clover interchange   

       Part-clover interchange   

       Part-diamond interchange   
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Table A.17 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Fixed 
Object Collision Accidents In Washington State. 
 Fixed 

Parameter 
Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Vertical curvature 
Shortest  vertical curve-in-
segment length in miles 

— — — — — —    

Smallest vertical curve 
gradient in segment 

— — — — — —    

       Single-point urban interchange   

       Part-diamond interchange   

Largest vertical curve 
gradient in segment 

— — 0.047       5.629    0.061     15.718       

       Directional interchange -0.037    -1.984    

       Full-diamond interchange -0.019    -2.236    

       Part-diamond interchange 0.110     4.209    

Scale parameter for 
overdispersion  

12.463    1.463    8.521    

Log-likelihood for constant 
parameter negative 
binomial 

-7,910.817      

AIC 3.064  
BIC 3.084      
HQIC 3.071      
Log-likelihood at random 
parameter negative 
binomial convergence 

-7,559.213      

AIC 2.933      
BIC 2.971      
HQIC 2.946      
Number of observations 5,175 
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Table A.18. Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Other type Collision Accidents 
In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Constant -4.747    -13.476          
Logarithm of length 
of segment in miles 

0.898       16.933   — — — —    

Logarithm of ADT — — 0.428      10.854   0.040      9.808       
       Directional interchange -0.049     -2.871    
       Full-clover interchange -0.046     -1.964    
          
Urban segment 
indicator (1 if 
segment is in an 
urban location; 0 
otherwise) 

— — — — — —    

Lighting type by length proportion    
Right-side lighting 
segment proportion 

         

Median continuous 
segment proportion 

— — 0.498      2.918    0.005      2.079       

       Semi-directional interchange -0.674     -3.042    
       Full-clover interchange -0.408     -2.301    
       Full-diamond interchange -1.071     -4.751    
       Part-clover interchange -1.027     -4.167    
       Part-diamond interchange -1.174     -2.445    
Number of lanes by length proportion    
Three-lane cross 
section segment 
proportion 

0.487     7.713    — — — —    

Four-lane cross 
section segment 
proportion 

1.015       14.622   — — — —    

Three to four-foot left 
shoulder width prop. 
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Table A.18 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Other type 
Collision Accidents In Washington State. 

 Fixed 
Parameter 

Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Left shoulder width by length proportion 
Five-to-nine foot left 
shoulder width 
proportion 

-0.133    -1.663    — — — —    

Ten-foot left shoulder 
width proportion 

— — — — — —    

Right shoulder width by length proportion 
Three to four-foot 
right shoulder width 
proportion 

— — — — — —    

Five-to-nine foot right 
shoulder width 
proportion 

-0.219    -3.013    — — — —    

Ten-foot right 
shoulder width 
proportion 

— — — — — —    

Greater than ten-foot 
right shoulder width 
proportion 

-0.247    -1.517    — — — —    

Number of horizontal 
curves in segment 

— — — — — —    

Shortest  horizontal 
curve-in-segment 
length in miles 

— — — — — —    

Largest degree of 
curvature in segment 

— — — — — —    

       Semi-directional interchange   

       Full-clover interchange   

       Part-clover interchange   

       Part-diamond interchange   
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Table A.18 (Continued). Model Results For Heterogeneity in Means Random Parameter Negative Binomial Estimation Of Other 
type Collision Accidents In Washington State. 
 Fixed 

Parameter 
Normally Distributed Random 
Parameter 

Heterogeneity in Random Parameter Mean 

Variable Mean T-stat. Mean T-stat. Standard 
Deviation 

T-stat. Variable Mean T-stat. 

Vertical curvature 
Number of vertical 
curves in segment 

0.028  1.993    — — — —    

Smallest vertical curve 
gradient in segment 

— — — — — —    

       Single-point urban interchange   

       Part-diamond interchange   

Largest vertical curve 
gradient in segment 

— — -0.080    -4.275    0.043   6.384       

       Directional interchange 0.063      1.986    

       Full-clover interchange 0.134      1.987    

       Full-diamond interchange 0.072      3.844    

       Part-clover interchange 0.033      1.972    

       Part-diamond interchange 0.072      1.966    

Scale parameter for 
overdispersion  

9.929     2.506    3.961    

Log-likelihood for constant 
parameter negative 
binomial 

-4,668.218      

AIC 1.809      
BIC 1.824      
HQIC 1.814       
Log-likelihood at random 
parameter negative 
binomial convergence 

-4,615.085      

AIC 1.795       
BIC 1.833       
HQIC 1.808       
Number of observations 5,175 
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Table A.19a.  Total Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: Fixed 
Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Constant -6.552 -42.800 -6.729 -44.601 -6.673 -44.205 -6.675    -44.240    -6.675 -44.225 
Logarithm of length of segment 
in miles 

0.673 35.913 0.670 36.256 0.673 36.443 0.669    36.315    0.669 36.361 

Urban segment indicator (1 if 
segment is in an urban location; 
0 otherwise) 

-0.062 -3.277 -0.049 -2.606 -0.053 -2.795 -0.047      -2.522    -0.047 -2.508 

Right-side lighting segment 
proportion 

0.112 3.129 0.137 3.922 0.137 3.921 0.129        3.690    0.129 3.702 

Three-lane cross section 
segment proportion 

0.535 22.583 0.487 21.143 0.485 21.222 0.486        21.264    0.488 21.341 

Four-lane cross section segment 
proportion 

1.252 45.895 1.159 44.031 1.194 45.311 1.195       45.363    1.196 45.363 

Three to four-foot left shoulder 
width proportion 

-0.278 -8.303 -0.281 -8.597 -0.297 -9.086 -0.303     -9.260    -0.303 -9.277 

Five-to-nine foot left shoulder 
width proportion 

-0.568 -22.043 -0.530      -20.500    -0.529 -20.635 -0.534    -20.862    -0.538 -20.989 

Ten-foot left shoulder width 
proportion 

-0.596 -25.924 -0.611    -27.235    -0.610 -27.318 -0.617    -27.665    -0.617 -27.682 

Three to four-foot right 
shoulder width proportion 

-0.177 -5.272 -0.186      -5.567    -0.174 -5.235 -0.172 -5.196    -0.171 -5.162 

Five-to-nine foot right shoulder 
width proportion 

-0.508 -18.849 -0.437    -16.788    -0.434 -16.687 -0.433        -16.676    -0.433 -16.681 

Ten-foot right shoulder width 
proportion 

-0.537 -23.074 -0.545      -23.759    -0.519 -22.717 -0.523     -22.912    -0.522 -22.866 

Number of horizontal curves in 
segment 

0.066 9.382 0.052       7.479    0.051 7.302 0.048     6.967    0.048 6.933 

Shortest  horizontal curve-in-
segment length in miles 

-0.137 -3.036 -0.119       -2.658    -0.122 -2.737 -0.125        -2.802    -0.126 -2.834 

Scale parameter for 
overdispersion  

17.191 26.174 16.902     26.222    16.864 26.201 16.849    26.194    16.846 26.197 
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Table A.19b.  Total Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: Random 
Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Mean 0.915    60.074    0.937       62.532    0.930      61.240   0.931      62.092    0.931     62.084   
Standard Deviation of Mean 0.043     26.174    0.047       28.853    0.044  27.441   0.048       30.006    0.047       29.636   
Median continuous segment 
proportion 

          

Mean 0.160     4.239    0.166      4.506    0.182        4.893    0.193    5.251    0.190     5.165    
Standard Deviation of Mean 0.101 4.581    0.052     2.432    0.133       6.307    0.351     15.022   0.319       13.546   
Largest degree of curvature in 
segment 

          

Mean 0.111 14.050    0.111       14.019    0.109     13.525   0.114     14.542    0.114      14.451   
Standard Deviation of Mean 0.045     9.208    0.098       19.567    0.085      17.433   0.068     14.271    0.035      7.416    
Smallest vertical curve gradient 
in segment 

          

Mean 0.054     6.991    0.044        5.824    0.043      5.398    0.041       5.334    0.041      5.309    
Standard Deviation of Mean 0.059      9.754    0.019       3.363    0.023       4.077    0.013       2.323    0.007      2.177    
Largest vertical curve gradient 
in segment 

          

Mean -0.019    -3.382    -0.017      -3.117    -0.019        -3.225    -0.017      -3.209    -0.017     -3.201    
Standard Deviation of Mean 0.027      14.109    0.007       3.951    0.011        6.048    0.001      2.856    0.003     1.961    
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Table A.20a.  Property Damage Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Fixed Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Constant -8.573      -49.918    -8.605      -50.706    -8.600        -50.858   -8.604 -50.919    -8.593     -50.848   
Logarithm of length of segment 
in miles 

0.684       32.583    0.677       32.896    0.672        32.862   0.674        32.960    0.673       32.963   

Urban segment indicator (1 if 
segment is in an urban location; 
0 otherwise) 

— — — — — — — — — — 

Right-side lighting segment 
proportion 

0.137       3.347    0.152       3.766    0.139        3.469    0.140        3.479    0.139       3.462    

Three-lane cross section 
segment proportion 

0.494       18.988    0.490       19.013    0.491        19.122   0.489        19.064    0.490       19.106   

Four-lane cross section segment 
proportion 

1.110       37.732    1.113       38.166    1.122        38.594   1.121        38.551    1.122       38.605   

Three to four-foot left shoulder 
width proportion 

-0.220      -5.816    -0.209       -5.597    -0.222 -5.956    -0.224        -5.995    -0.226     -6.052    

Five-to-nine foot left shoulder 
width proportion 

-0.505      -17.435    -0.469       -16.357    -0.484        -16.932   -0.484        -16.946    -0.486     -17.031   

Ten-foot left shoulder width 
proportion 

-0.484      -19.356    -0.495       -20.347    -0.523        -21.581   -0.524        -21.636    -0.525     -21.700   

Three to four-foot right 
shoulder width proportion 

-0.128      -3.405    -0.111       -2.929    -0.091        -2.398    -0.0913       -2.423    -0.092     -2.451    

Five-to-nine foot right shoulder 
width proportion 

-0.427      -14.584    -0.399       -13.764    -0.373        -12.931   -0.375        -12.980    -0.375     -12.989   

Ten-foot right shoulder width 
proportion 

-0.443      -17.198    -0.456       -17.994    -0.456        -18.062   -0.456        -18.082    -0.455     -18.065   

Number of horizontal curves in 
segment 

.0444       5.772    0.037       4.754    0.040        5.251    0.040        5.292    0.040       5.256    

Shortest  horizontal curve-in-
segment length in miles 

-0.184      -3.494    -0.169       -3.227    -0.175        -3.342    -0.176        -3.362    -0.175     -3.337    

Scale parameter for 
overdispersion  

20.760   15.814    20.457      15.881    20.329       15.886   20.303    15.883    20.309     15.882   
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Table A.20b.  Property Damage Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Mean 1.072       62.948    1.075       63.715    1.075        64.017   1.075        64.088    1.075       64.040   
Standard Deviation of Mean 0.039       20.786    0.042       23.341    0.045        25.243   0.044        25.054    0.044       25.104   
Median continuous segment 
proportion 

          

Mean 0.198       4.872    0.144    3.611    0.140        3.524 0.158        3.967    0.150       3.768    
Standard Deviation of Mean 0.274 10.840    0.037       1.586    0.315        12.163   0.325        12.357    0.321       13.519   
Largest degree of curvature in 
segment 

          

Mean 0.115       12.894    0.117       13.365    0.118        13.496   0.118        13.586    0.118       14.451   
Standard Deviation of Mean 0.065       11.597    0.115       19.844    0.073        13.387   0.071        13.111    0.072       13.338   
Smallest vertical curve gradient 
in segment 

          

Mean 0.046       5.282    0.045    5.268    0.040        4.792    0.041        4.868    0.040       4.768    
Standard Deviation of Mean 0.014      2.117    0.018     2.890    0.020        3.230    0.005        2.623    0.004       2.651    
Largest vertical curve gradient 
in segment 

          

Mean -0.019      -3.007    -0.018      -2.851    -0.019        -3.044    -0.029       -3.012    -0.019     -3.047    
Standard Deviation of Mean 0.013       6.153    0.017       8.341    0.002        2.021    0.006        2.936    0.004       2.086    
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Table A.21a.  Possible Injury Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Fixed Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Constant -10.455    -36.540    -10.414      -37.017    -10.579      -37.471   -10.556       -37.702    -10.557   -37.716   
Logarithm of length of segment 
in miles 

0.539       16.919    0.546       17.658    0.540        17.423   0.545        17.810    0.547       17.858   

Urban segment indicator (1 if 
segment is in an urban location; 
0 otherwise) 

-0.126      -3.777    -0.128       -3.863    -0.119        -3.625    -0.118        -3.595    -0.118     -3.599    

Right-side lighting segment 
proportion 

0.105       1.962    0.122       1.973    0.124        1.998    0.111        1.803    0.112       1.919    

Three-lane cross section 
segment proportion 

0.637       16.188    0.574       14.948    0.550        14.466   0.562        14.788    0.560       14.761   

Four-lane cross section segment 
proportion 

1.360       30.449    1.358       31.125    1.318        30.246   1.335        30.817    1.334       30.809   

Three to four-foot left shoulder 
width proportion 

-0.255      -4.268    -0.292       -4.939    -0.324        -5.495    -0.319        -5.418    -0.321     -5.445    

Five-to-nine foot left shoulder 
width proportion 

-0.630      -14.922    -0.586       -14.040    -0.590        -14.262   -0.591        -14.296    -0.592     -14.330   

Ten-foot left shoulder width 
proportion 

-0.752      -20.894    -0.792       -22.532    -0.788        -22.394   -0.798        -22.808    -0.799     -22.825   

Three to four-foot right 
shoulder width proportion 

-0.243      -4.119    -0.263       -4.494    -0.261        -4.484    -0.259        -4.457    -0.259     -4.469    

Five-to-nine foot right shoulder 
width proportion 

-0.512      -12.045    -0.481       -11.385    -0.458        -10.869   -0.469        -11.146    -0.471     -11.193   

Ten-foot right shoulder width 
proportion 

-0.611      -16.454    -0.640       -17.628    -0.609        -16.752   -0.623        -17.263    -0.622     -17.217   

Number of horizontal curves in 
segment 

0.080       6.825    0.075       6.459    0.082        7.065    0.079        6.818    0.048 6.812    

Shortest  horizontal curve-in-
segment length in miles 

— — — — — — — — — — 

Scale parameter for 
overdispersion  

12.702     13.653    12.573       13.695    12.423       13.765   12.415       13.772    12.416     13.770   
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Table A.21b.  Possible Injury Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Mean 1.172       40.774    1.172       41.578    1.188        41.924   1.186        42.269    1.189       42.293   
Standard Deviation of Mean 0.045       15.643    0.048       17.510    0.050        17.998   0.050        18.234    0.050       18.401   
Median continuous segment 
proportion 

          

Mean 0.327       5.467    0.297       5.148    0.244        4.224    0.261        4.528    0.258       4.486    
Standard Deviation of Mean 0.007       2.208    0.312       8.947    0.329        9.507    0.327        9.169    0.350       9.778    
Largest degree of curvature in 
segment 

          

Mean 0.117       8.751 0.123       9.471    0.118        8.920    0.120        9.143    0.120       9.167    
Standard Deviation of Mean 0.034       4.273    0.167       20.245    0.129        16.294   0.033       4.373    0.086       11.064   
Smallest vertical curve gradient 
in segment 

          

Mean 0.036       2.664    0.041       3.177    0.051        3.950    0.048        3.748    0.049     3.777    
Standard Deviation of Mean 0.039       3.898    0.046       4.801    0.0004       2.052    0.006        2.636    0.0051     2.565    
Largest vertical curve gradient 
in segment 

          

Mean -0.029      -3.059    -0.024       -2.654    -0.026        -2.887    -0.025        -2.755    -0.025     -2.752    
Standard Deviation of Mean 0.029       9.614    0.011       3.886    0.014        4.877    0.005        1.916    0.007       2.351    
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Table A.22a.  Evident Injury Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: Fixed 
Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Constant -7.230      -23.017    -7.224      -23.194    -7.213        -23.052   -7.202        -22.927    -7.223     -23.214   
Logarithm of length of segment 
in miles 

0.765       15.489    0.800       17.723    0.804        17.537   0.765        15.369    0.800       17.722   

Median lighting segment 
proportion 

— — 0.150       2.236 — — — — — — 

Right-side lighting segment 
proportion 

0.248       3.223    0.293       3.815    0.210        2.700    0.279        3.609    0.290       3.778    

Three-lane cross section 
segment proportion 

0.336       6.736    0.320       6.824    0.334        7.032    .0318        6.373    0.320       6.833    

Four-lane cross section segment 
proportion 

0.761       12.549    0.756       12.839    0.716        12.282   0.776        12.700    0.755       12.818   

Five-to-nine foot left shoulder 
width proportion 

-0.279      -4.085    -0.273       -4.048    -0.283        -4.159    -0.271        -3.972    -0.272     -4.039    

Ten-foot left shoulder width 
proportion 

-0.242      -4.512    -0.210       -3.984    -0.221        -4.160    -0.241        -4.492    -0.208     -3.935    

Five-to-nine foot right shoulder 
width proportion 

-0.364      -5.336    -0.338       -5.067    -0.367        -5.350    -0.339        -4.984    -0.336     -5.049    

Ten-foot right shoulder width 
proportion 

—        —    -0.203       -3.677    -0.218        -4.030    —  — -0.202     -3.651    

Number of horizontal curves in 
segment 

N.A — 0.038       2.317    — — 0.038        2.233    0.037       2.298    

Number of vertical curves in 
segment 

0.015     2.222    — — — — —        —    — — 

Scale parameter for 
overdispersion  

7.014       7.077    6.968       7.263    6.985        7.148    7.027        7.063    6.964       7.260    
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Table A.22b.  Evident Injury Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Mean 0.719       21.243    0.720       21.617    0.721       21.793   0.716      21.187    0.719      21.626   
Standard Deviation of Mean 0.059       14.305    0.060      15.052    0.061        14.719   0.057      14.127    0.060     15.041   
Number of horizontal curves in 
segment 

          

Mean — N.A — — 0.058        3.233    — — — — 
Standard Deviation of Mean — — — — 0.069        5.283    — — — — 
Largest degree of curvature in 
segment 

          

Mean 0.135       6.909 0.12872     6.790    0.147       7.597    0.104        5.858    0.129       6.817    
Standard Deviation of Mean 0.054       4.466 0.0632     5.292    0.028        2.804    0.092        7.734    0.051       4.186    
Smallest vertical curve gradient 
in segment 

          

Mean — —    — — — — — — — — 
Standard Deviation of Mean —       —    — — — — — — — — 
Largest vertical curve gradient 
in segment 

          

Mean -0.012    -2.008    -0.011     -2.019    -0.013     -2.095    0.0126       -2.225 -0.012     -2.062    
Standard Deviation of Mean 0.010       2.263    0.054       11.235    0.003       2.692    0.011 3    2.003    0.003     2.689    
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Table A.23a.  Disabling Injury Accident Frequency Random Parameter Poisson Comparison Across Number of Halton Draws: Fixed 
Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Constant -7.703      -10.592    -7.700      -10.586    -7.698      -10.581   -7.698       -10.581    -7.698     -10.580   
Logarithm of length of segment 
in miles 

0.808       7.785    0.808       7.793    0.808      7.787    0.808       7.786    0.808       7.785    

Median continuous segment 
proportion 

0.329     2.033    0.332       2.052    0.332        2.053    0.332        2.053    0.332       2.053    

Right-side lighting segment 
proportion 

0.606      3.468    0.605      3.457    0.604        3.453    0.605       3.453    0.605       3.453    

Three-lane cross section 
segment proportion 

0.175       1.674    0.177     1.686    0.177        1.684    0.177        1.684    0.176     1.684    

Four-lane cross section segment 
proportion 

0.786       5.941    0.784       5.930    0.784        5.927    0.784      5.927    0.784      5.927    

Three to four-foot left shoulder 
width proportion 

—       —       —       —       —       —       —       —       —       —       

Five-to-nine foot left shoulder 
width proportion 

—       —       —       —       —       —       —       —       —       —       

Ten-foot left shoulder width 
proportion 

—       —       —       —       —       —       —       —       —       —       

Three to four-foot right 
shoulder width proportion 

—       —       —       —       —       —       —       —       —       —       

Five-to-nine foot right shoulder 
width proportion 

—       —       —       —       —       —       —       —       —       —       

Ten-foot right shoulder width 
proportion 

—       —       —       —       —       —       —       —       —       —       

Number of horizontal curves in 
segment 

0.066      2.042    0.066       2.040    0.066      2.043    0.066      2.043    0.066      2.044    

Shortest  horizontal curve-in-
segment length in miles 

—       —       —       —       —       —       —       —       —       —       

Scale parameter for 
overdispersion  

—       —       —       —       —       —       —       —       —       —       
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Table A.23b.  Disabling Injury Accident Frequency Random Parameter Poisson Comparison Across Number of Halton Draws: Random 
Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Mean 0.538      6.912    0.538      6.906    0.538      6.901    0.538       6.900    0.538      6.900    
Standard Deviation of Mean 0.027     6.254    0.028       6.326    0.028        6.390    0.028      6.395    0.028      6.400    
Median continuous segment 
proportion 

          

Mean —       —       —       —       —       —       —       —       —       —       
Standard Deviation of Mean —       —       —       —       —       —       —       —       —       —       
Largest degree of curvature in 
segment 

—       —               

Mean —       —       —       —       —       —       —       —       —       —       
Standard Deviation of Mean —       —       —       —       —       —       —       —       —       —       
Smallest vertical curve gradient 
in segment 

—       —           —       —         

Mean —       —       —       —       —       —       —       —       —       —       
Standard Deviation of Mean —       —       —       —       —       —       —       —       —       —       
Largest vertical curve gradient 
in segment 

—       —           —       —         

Mean —       —       —       —       —       —       —       —       —       —       
Standard Deviation of Mean —       —       —       —       —       —       —       —       —       —       
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Table A.24a.  Fatal Accident Frequency Random Parameter Poisson Comparison Across Number of Halton Draws: Fixed Parameters 
 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Constant -7.603    -6.124    -7.611      -6.134    -7.612      -6.135    -7.611     -6.135    -7.612 -6.136    
Logarithm of length of segment 
in miles 

1.091     8.100    1.092       8.116    1.092       8.118    1.092      8.118    1.093   8.119    

Urban segment indicator (1 if 
segment is in an urban location; 
0 otherwise) 

—       —       —       —       —       —       —       —       —       —       

Right-side lighting segment 
proportion 

—       —       —       —       —       —       —       —       —       —       

Three-lane cross section 
segment proportion 

0.434     2.065    0.434       2.066    0.434       2.066    0.434       2.066    0.435 2.066    

Four-lane cross section segment 
proportion 

1.108     4.517    1.107       4.517    1.107       4.517    1.107       4.517    1.107   4.518    

Three to four-foot left shoulder 
width proportion 

—       —       —       —       —       —       —       —       —       —       

Five-to-nine foot left shoulder 
width proportion 

—       —       —       —       —       —       —       —       —       —       

Ten-foot left shoulder width 
proportion 

—       —       —       —       —       — —       —       —       —       

Three to four-foot right 
shoulder width proportion 

—       —       —       —       —       —       —       —       —       —       

Five-to-nine foot right shoulder 
width proportion 

—       —       —       —       —       —       —       —       —       —       

Ten-foot right shoulder width 
proportion 

—       —       —       —       —       —       —       —       —       —       

Number of horizontal curves in 
segment 

—       —       —       —       —       —       —       —       —       —       

Shortest  horizontal curve-in-
segment length in miles 

—       —       —       —       —       —       —       —       —       —       

Scale parameter for 
overdispersion  

—       —       —       —       —       —       —       —       —       —       
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Table A.24b.  Fatal Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: Random 
Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Mean 0.433      3.175    0.434      3.184    0.434       3.185    0.434       3.185    0.435     3.186 
Standard Deviation of Mean 0.022       2.746    0.022     2.664    0.022       2.655    0.022        2.656    0.022     2.742    
Median continuous segment 
proportion 

          

Mean —       —       —       —       —       —       —       —       —       —       
Standard Deviation of Mean —       —       —       —       —       —       —       —       —       —       
Largest degree of curvature in 
segment 

—       —       —       —       —       —       —       —       —       —       

Mean —       —       —       —       —       —       —       —       —       —       
Standard Deviation of Mean —       —       —       —       —       —       —       —       —       —       
Smallest vertical curve gradient 
in segment 

—       —       —       —       —       —       —       —       —       —       

Mean —       —       —       —       —       —       —       —       —       —       
Standard Deviation of Mean —       —       —       —       —       —       —       —       —       —       
Largest vertical curve gradient 
in segment 

—       —       —       —       —       —       —       —       —       —       

Mean —       —       —       —       —       —       —       —       —       —       
Standard Deviation of Mean —       —       —       —       —       —       —       —       —       —       
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Table A.25a.  One-Vehicle Involvement Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton 
Draws: Fixed Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Constant -3.198      -14.701    -3.308      -14.513    -3.163      -14.430   -3.193      -14.468    -3.178    -14.480   
Logarithm of length of segment 
in miles 

0.883     31.065    0.883      31.052    0.878        30.897   0.878      30.921    0.878      30.878   

Urban segment indicator (1 if 
segment is in an urban location; 
0 otherwise) 

0.093       3.185    0.106    3.644    0.094        3.185    0.095        3.235    0.095       3.218    

Right-side lighting segment 
proportion 

0.184     3.724    0.165       3.306    0.172        3.503    0.170      3.466    0.172       3.508    

Three-lane cross section 
segment proportion 

0.487       16.485    0.502       13.656    0.491       16.709   0.488     16.618    0.490       16.672   

Four-lane cross section segment 
proportion 

0.793     21.221    0.793      19.250    0.816      21.941   0.819       21.946    0.815      21.930   

Greater than ten-foot left 
shoulder width proportion 

-0.543      -5.705    — N/.A -0.508       -5.488    -0.509       -5.404    -0.504     -5.438    

Five-to-nine foot left shoulder 
width proportion 

-0.373      -9.006    -0.381       -8.774    -0.382        -9.226    -0.367       -8.909    -0.381     -8.950    

Ten-foot left shoulder width 
proportion 

-0.341      -9.227    -0.267       -7.270    -0.330        -9.012    -0.328        -8.971    -0.327     -27.682 

Three to four-foot right 
shoulder width proportion 

— N/.A 0.029       2.585    N/.A N/.A N/.A N/.A N/.A N/.A 

Five-to-nine foot right shoulder 
width proportion 

-0.305      -7.335    -0.344      -7.628    -0.327      -7.866    -0.310       -7.478    -0.327     -7.865    

Ten-foot right shoulder width 
proportion 

-0.277      -7.231    -0.200     -5.225    -0.289       -7.599    -0.282       -7.437    -0.288     -7.570    

Number of horizontal curves in 
segment 

0.045       4.535    0.051       5.198    0.044       4.468    0.038        3.835    0.044       4.433    

Shortest  vertical curve-in-
segment length in miles 

-0.450      -3.229    -0.418       -2.958    -0.389      -2.813    -0.405      -2.930    -0.386     -2.787    

Scale parameter for 
overdispersion  

14.293    8.870    14.221    8.869    14.205    8.929    14.191  8.936    14.210     8.928    
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Table A.25b.  One-Vehicle Involvement Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton 
Draws: Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Mean 0.421       19.169    0.424     18.796    0.416       18.813   0.419       18.808    0.417     18.850   
Standard Deviation of Mean 0.051      24.667    0.052      25.021    0.052        25.059   0.051 24.527    0.051     24.766   
Median continuous segment 
proportion 

          

Mean -0.044      -2.880    0.1302     2.393    -0.045       -2.899    -0.040     -2.787    -0.044     -2.880    
Standard Deviation of Mean 0.082       2.240    0.281       7.693    0.307       8.346    0.032      1.983    0.309       8.388    
Largest degree of curvature in 
segment 

          

Mean 0.060      5.197 0.053       4.456    0.070        6.122    0.072        6.265    0.070      6.141    
Standard Deviation of Mean 0.054     8.536    0.060       9.334    0.087       13.556   0.031      2.509    0.087      13.537   
Smallest vertical curve gradient 
in segment 

          

Mean 0.050      4.464    0.049      4.158    0.051       4.640    0.055        4.944    0.052       4.681    
Standard Deviation of Mean 0.044      7.861    0.042       7.474    0.018       2.479    0.013      2.248    0.012     2.430    
Largest vertical curve gradient 
in segment 

          

Mean — — — — — — — — — — 
Standard Deviation of Mean — — — — — — — — — — 
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Table A.26a.  Two-Vehicle Involvement Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton 
Draws: Fixed Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Constant -12.582   -69.966    -12.569    -69.958    -12.632     -70.305   -12.655     -69.957    -12.685   -69.317   
Logarithm of length of segment 
in miles 

0.571     26.212    0.537       24.857    0.560       26.241   0.562        26.348    0.565      26.364   

Urban segment indicator (1 if 
segment is in an urban location; 
0 otherwise) 

-0.216      -9.166    -0.208      -8.855    -0.213       -9.147    -0.207        -8.912    -0.201     -8.658    

Right-side lighting segment 
proportion 

0.380       23.916    0.377       8.514    0.406        9.165    0.403       9.160    0.393       8.919    

Three-lane cross section 
segment proportion 

0.548     22.583 0.557      24.302    0.545       24.015   0.535        23.546    0.539       23.711   

Four-lane cross section segment 
proportion 

1.254     44.700    1.263      44.911    1.252       44.625   1.247      44.581    1.2479     44.672   

Three to four-foot left shoulder 
width proportion 

— — — — — — — — — — 

Five-to-nine foot left shoulder 
width proportion 

-0.326     -11.351    -0.342      -11.803    -0.320        -11.225   -0.315       -11.053    -0.320     -21.580   

Ten-foot left shoulder width 
proportion 

-0.537    -22.495    -0.531      -22.199    -0.543      -22.968   -0.511      -21.711    -0.509     -27.682 

Three to four-foot right 
shoulder width proportion 

— — — — — — — — — — 

Five-to-nine foot right shoulder 
width proportion 

-0.191    -6.520    -0.195      -6.641    -0.196        -6.729    -0.185    -6.330    -0.187     -6.391    

Ten-foot right shoulder width 
proportion 

-0.433      -17.154    -0.421      -16.706    -0.430       -17.156   -0.405       -16.240    -0.404     -16.179   

Number of horizontal curves in 
segment 

0.050     5.916    0.058       6.840    0.053        6.308    0.050       5.922    0.046      5.474    

Shortest  horizontal curve-in-
segment length in miles 

-0.257      -4.344    -0.241       -4.068    -0.229       -3.878    -0.251     -4.263    -0.254     -4.309    

Scale parameter for 
overdispersion  

19.424     17.342    19.494    17.303    19.278    17.351   19.235  17.352    19.230   17.354   
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Table A.26b.  Two-Vehicle Involvement Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton 
Draws: Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Mean 1.444     78.615    1.440      78.482    1.450       79.058   1.450       78.395    1.452      77.683   
Standard Deviation of Mean 0.040     21.331    0.041     21.880    0.042       22.403   0.038      20.038    0.039      20.131   
Median continuous segment 
proportion 

          

Mean 0.270     8.721    0.269       8.659    0.255        8.215    0.288        9.274    0.292       9.385    
Standard Deviation of Mean 0.122      5.101    0.134       2.401    0.054       2.154    0.258        10.909    0.322       13.504   
Largest degree of curvature in 
segment 

          

Mean 0.102       11.267 0.093       10.214    0.092     10.268   0.098       10.904    0.100       11.076   
Standard Deviation of Mean 0.160      25.731    0.123       20.554    0.048        8.530    0.137       23.707    0.139      23.874   
Smallest vertical curve gradient 
in segment 

          

Mean 0.032      3.599    0.025      3.093    0.025       3.112    0.028       3.399    0.027     3.292    
Standard Deviation of Mean 0.063       9.398    0.024       3.674    0.106       15.108   0.044        6.765    0.013      1.997    
Largest vertical curve gradient 
in segment 

          

Mean 0.012      2.344   0.019     2.403    0.016     2.868    0.014       2.665    0.024       2.594    
Standard Deviation of Mean 0.009       4.449    0.009       4.223    0.008      3.734    0.011        5.160    0.013     1.967    
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Table A.27a.  Three-Vehicle Involvement Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton 
Draws: Fixed Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Constant -19.374    -42.575    -19.476    -43.235    -19.693     -43.437   -19.741   -43.557    -19.712   -43.458   
Logarithm of length of segment 
in miles 

0.598      13.571    0.589      13.362    0.572     13.252   0.559      13.023    0.564     13.118   

Urban segment indicator (1 if 
segment is in an urban location; 
0 otherwise) 

-0.307    -6.342    -0.298      -6.147    -0.280       -5.937    -0.283      -6.041    -0.280     -5.969    

Right-side lighting segment 
proportion 

0.409      4.451    0.388      4.263    0.465       5.071    0.465      5.114    0.458       4.993    

Three-lane cross section 
segment proportion 

0.694      14.940    0.665      14.627    0.638        13.943   0.645      14.120    0.646       14.150   

Four-lane cross section segment 
proportion 

1.479      25.730    1.458       25.476    1.426       25.313   1.426      25.327    1.429     25.386   

Three to four-foot left shoulder 
width proportion 

— — — — — — — — — — 

Five-to-nine foot left shoulder 
width proportion 

-0.316     -5.524    -0.319     -5.648    -0.326        -5.589    -0.315        -5.525    -0.321     -5.583    

Ten-foot left shoulder width 
proportion 

-0.634      -13.667    -0.617      -13.236    -0.597       -13.069   -0.603       -13.239    -0.602     -13.200   

Three to four-foot right 
shoulder width proportion 

— — — — — — — — — — 

Five-to-nine foot right shoulder 
width proportion 

-0.232      -4.121    -0.172       -3.543    -0.144       -2.601    -0.1405    -2.563    -0.149     -2.691    

Ten-foot right shoulder width 
proportion 

-0.610      -12.212    -0.563      -12.687    -0.547       -11.130   -0.549       -11.207    -0.551     -11.240   

Number of horizontal curves in 
segment 

0.032     1.985    0.034      1.997    0.038       2.303    0.040        2.412    0.038       2.292    

Shortest  horizontal curve-in-
segment length in miles 

-0.239      -1.992    -0.219   1.973    -0.039      -2.171    — — -0.222     -2.027    

Scale parameter for 
overdispersion  

8.377     13.552    8.237       13.593    8.117      13.683   8.101      13.688      8.103     13.693   
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Table A.27b.  Three-Vehicle Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Mean 1.972     42.727    1.989     43.127    1.999       43.420   2.001      43.659    2.001     43.446   
Standard Deviation of Mean 0.057     14.082    0.058      14.157    0.059     14.433   0.061       14.946    0.061       15.035   
Median continuous segment 
proportion 

          

Mean 0.287      4.873    0.359    5.453   0.379       6.450    0.385     6.564    0.374      6.379    
Standard Deviation of Mean 0.377     8.199    0.277       5.721    0.283       6.321    0.242       5.283    0.274      6.031    
Largest degree of curvature in 
segment 

          

Mean 0.150       8.087 0.140       7.638    0.131        7.136    0.129       7.026    0.131       7.147    
Standard Deviation of Mean 0.167      14.442    0.168       14.524    0.158      14.220   0.136        12.398    0.162       14.494   
Smallest vertical curve gradient 
in segment 

          

Mean 0.034      2.248   0.034      2.561    0.037       3.363    0.038     3.467    0.038       3.569    
Standard Deviation of Mean 0.010       2.020    0.016     2.533    0.018       2.630 0.010     2.014    0.012       2.137    
Largest vertical curve gradient 
in segment 

          

Mean -0.015    -2.417   -0.019      -2.365    -0.017    -2.117   -0.016    -2.337    -0.017     -2.519    
Standard Deviation of Mean 0.090       20.348    0.066      3.951    0.047        2.473    0.055        2.856    0.011     2.884    
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Table A.28a.  Four-Vehicle Involvement Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton 
Draws: Fixed Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Constant -23.377  -25.276    -23.477    -25.563    -23.486 -25.597   -23.488 -25.627    -23.490   -25.629   
Logarithm of length of segment 
in miles 

0.501     6.326    0.521       6.810    0.525      6.878    0.528    6.924    0.528    6.926    

Urban segment indicator (1 if 
segment is in an urban location; 
0 otherwise) 

— — — — — — — — — — 

Right-side lighting segment 
proportion 

— — — — — — — — — — 

Three-lane cross section 
segment proportion 

0.389     3.905    0.421      4.312    0.422      4.316    0.421      4.321    0.421       4.319    

Four-lane cross section segment 
proportion 

1.121     10.401    1.167      11.090    1.164      11.097   1.161     11.101    1.161      11.103   

Three to four-foot left shoulder 
width proportion 

-0.515      -2.927    -0.499      -2.909    -0.515       -2.964    -0.505   -2.946    -0.505     -2.947    

Five-to-nine foot left shoulder 
width proportion 

-0.601    -5.358    -0.612      -5.548    -0.615      -5.583    -0.623    -5.660    -0.623     -5.658    

Ten-foot left shoulder width 
proportion 

-0.648    -7.584    -0.631      -7.649    -0.687    -8.182    -0.639     -7.782    -0.639     -7.780    

Three to four-foot right 
shoulder width proportion 

-0.756     -4.470    -0.731      -4.381    -0.751       -4.687    -0.735       -4.434    -0.736     -4.438    

Five-to-nine foot right shoulder 
width proportion 

-0.623      -5.902    -0.613       -5.873    -0.627     -5.908    -0.618      -5.947    -0.617     -5.944    

Ten-foot right shoulder width 
proportion 

-0.810      -9.018    -0.774      -8.875    -0.793       -9.005    -0.783      -8.998    -0.783     -8.997    

Number of horizontal curves in 
segment 

0.096       3.273    0.099       3.507    0.097        3.427    0.096       3.426    0.096     3.433    

Shortest  horizontal curve-in-
segment length in miles 

-0.481     -1.968    -0.474     -1.970    -0.482     -1.988    -0.482     -1.999    -0.482    -1.999    

Scale parameter for 
overdispersion  

11.809   2.791    11.376   2.885    11.179    2.894    11.160    2.925    11.157   2.925    
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Table A.28b.  Four-Vehicle Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Mean 2.284     24.538    2.289    24.701    2.283      24.231   2.293  24.777    2.293       24.779   
Standard Deviation of Mean 0.046     6.291    0.053      8.170    0.053       8.237    0.053       8.220    0.053      8.242    
Median continuous segment 
proportion 

          

Mean 0.042      2.011    -0.044      2.506    -0.043    2.466    -0.043     2.521   -0.043    2.465    
Standard Deviation of Mean 0.047     2.897    0.492      5.797    0.484        5.493    0.440        4.983    0.440       4.997    
Largest degree of curvature in 
segment 

          

Mean 0.376     8.565 0.358       8.498    0.381       8.718    0.353       8.396    0.353      8.389    
Standard Deviation of Mean 0.040     2.157    0.071       3.798    0.061       3.515    0.061      2.798    0.052     2.416    
Smallest vertical curve gradient 
in segment 

          

Mean — — — — — — — — — — 
Standard Deviation of Mean — — — — — — — — — — 
Largest vertical curve gradient 
in segment 

          

Mean -0.149    -6.508    -0.140      -6.399    -0.135       -6.199    -0.135       -6.158    -0.134     -6.143    
Standard Deviation of Mean 0.025     3.912    0.018       2.900    0.020       3.104    0.021     3.156    0.021     3.129    
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Table A.29a.  Five-or-more Vehicle Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton 
Draws: Fixed Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Constant -25.577  -18.974    -25.479  -18.890    -25.508   -18.896   -25.505  -18.890    -25.504 -18.891   
Logarithm of length of segment 
in miles 

0.589     4.403    0.594    4.446    0.596     4.463    0.596     4.464    0.596     4.464    

Urban segment indicator (1 if 
segment is in an urban location; 
0 otherwise) 

— — — — — — — — — — 

Right-side lighting segment 
proportion 

— — — — — — — — — — 

Three-lane cross section 
segment proportion 

0.427     2.679    0.431      2.705    0.430        2.699    0.430        2.703    0.430       2.702    

Four-lane cross section segment 
proportion 

1.070       6.196    1.086     6.311    1.086       6.311    1.086       6.316    1.086      6.315    

 
Three to four-foot left shoulder 
width proportion 

— — — — — — — — — — 

Five-to-nine foot left shoulder 
width proportion 

-0.612     -3.060    -0.612      -3.057    -0.614        -3.061    -0.615       -3.068    -0.614     -3.066    

Ten-foot left shoulder width 
proportion 

-0.517      -3.633    -0.539   -3.775    -0.539   -3.780    -0.540   -3.787    -0.540   -3.786    

Three to four-foot right 
shoulder width proportion 

-0.517      -2.200    -0.524      -2.237    -0.527      -2.248    -0.527      -2.248    -0.527     -2.248    

Five-to-nine foot right shoulder 
width proportion 

-0.714      -3.776    -0.719      -3.818    -0.719       -3.824    -0.720      -3.827    -0.720     -3.826    

Ten-foot right shoulder width 
proportion 

-0.680    -4.463    -0.709      -2.003    -0.709      -4.647    -0.709      -4.650    -0.709     -4.651    

Greater than ten-foot right 
shoulder width proportion 

-0.709    -2.015    -0.705      -2.003    -0.704     -2.000    -0.703     -1.997    -0.703    -1.998    

Number of horizontal curves in 
segment 

0.129      2.667    0.129       2.675    0.130      2.692    0.130      2.692    0.130     2.693    

Shortest  horizontal curve-in-
segment length in miles 

— — — — — — — — — — 

Scale parameter for 
overdispersion  

3.715    2.567    3.717     2.570    3.698      2.573    3.698    2.574    3.698     2.573    
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Table A.29b.  Five-or-more Vehicle Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton 
Draws: Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Mean 2.402     17.891    2.394      17.823    2.397     17.834   2.396    17.829    2.396     17.830   
Standard Deviation of Mean 0.052      4.790    0.058       5.382    0.059       5.445    0.059       5.477    0.059      5.468    
Median continuous segment 
proportion 

          

Mean — — — — — — — — — — 
Standard Deviation of Mean — — — — — — — — — — 
Largest degree of curvature in 
segment 

          

Mean 0.176       2.947 0.173       2.887    0.173        2.890    0.173        2.884    0.173       2.884    
Standard Deviation of Mean 0.197     5.556    0.203       5.624    0.203       5.651    0.204       5.675    0.204      5.674    
Smallest vertical curve gradient 
in segment 

          

Mean — — — — — — — — — — 
Standard Deviation of Mean 0.059      — — — — — — — — — 
Largest vertical curve gradient 
in segment 

          

Mean -0.114      -3.299    -0.108       -3.175    -0.109        -3.204    -0.109        -3.205    -0.109     -3.204    
Standard Deviation of Mean 0.040       3.611    0.028       1.984    0.033        3.292    0.032     3.173    0.031     3.105    
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Table A.30a.  Sideswipe Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: Fixed 
Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Constant -14.924    -49.428    -14.860     -49.274    -14.819      -48.749   -14.816    -48.729   

.59905203    
-14.815   -48.729   

Logarithm of length of segment 
in miles 

0.598       18.081    0.588       17.684    0.598       17.927   0.599      17.947          0.599     17.938   

Urban segment indicator (1 if 
segment is in an urban location; 
0 otherwise) 

— — — — — — — — — — 

Right-side lighting segment 
proportion 

— — — — — — — — — — 

Three-lane cross section 
segment proportion 

0.502       13.842    0.505       13.927    0.487       13.421   0.488       13.433    0.488      13.430   

Four-lane cross section segment 
proportion 

1.203     29.121    1.203      29.841    1.241        29.990   1.242        30.017    1.242       30.021   

Three to four-foot left shoulder 
width proportion  

— — — — — — — — — — 

Five-to-nine foot left shoulder 
width proportion 

-0.203      -4.498    -0.193      -4.289    -0.191        -4.213    -0.191        -4.223    -0.191     -4.219    

Ten-foot left shoulder width 
proportion 

-0.195      -5.435    -0.209       -5.854    -0.258       -7.151    -0.260        -7.226    -0.260     -7.227    

Three to four-foot right 
shoulder width proportion 

— — — — — — — — — — 

Five-to-nine foot right shoulder 
width proportion 

-0.164      -2.116    -0.098      -1.982    -0.150        -2.107    -0.150        -2.098    -0.149     -1.988    

Ten-foot right shoulder width 
proportion 

-0.174     -4.472    -0.192       -4.990    -0.243       -6.354    -0.245      -6.405    -0.245     -6.408    

Greater than ten-foot right 
shoulder width proportion 

-0.157      -2.075    -0.145      -1.967    -0.152      -2.066    -0.153  -2.075    -0.153 -2.077    

Number of horizontal curves in 
segment 

0.024      1.956    0.032       2.516    0.051        4.084    0.050       4.078    0.051       4.084    

Shortest  horizontal curve-in-
segment length in miles 

— — — — — — — — — — 

Scale parameter for 
overdispersion  

43.837   3.095    42.866    3.152    42.289      3.183    42.298   3.186    42.259   3.188    
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Table A.30b.  Sideswipe Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: Random 
Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Mean 1.537      49.108    1.530       48.990    1.529       48.770   1.529     48.764    1.529      48.760   
Standard Deviation of Mean 0.016      5.535    0.018       6.312    0.034      12.113   0.034      12.151    0.034     12.166   
Median continuous segment 
proportion 

          

Mean 0.118     2.017    0.104      1.982    0.106      1.934    0.107      1.967    0.107     1.966    
Standard Deviation of Mean 0.088      3.290    0.016      1.998    0.014        2.487    0.015       2.177    0.010     2.014   
Largest degree of curvature in 
segment 

          

Mean 0.062     4.450 0.064      4.702    0.053        3.938    0.052      3.896    0.052     3.892    
Standard Deviation of Mean 0.024     2.621    0.093       10.594    0.172        18.772   0.171        18.593    0.171       18.635   
Smallest vertical curve gradient 
in segment 

          

Mean — — — — — — — — — — 
Standard Deviation of Mean — — — — — — — — — — 
Largest vertical curve gradient 
in segment 

          

Mean 0.051       6.232    0.054       6.633    0.051       6.545    0.051       6.514    0.051      6.516    
Standard Deviation of Mean 0.019     5.195    0.016      1.998    0.013        3.406    0.015        2.235    0.023      2.922   
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Table A.31a.  Same Direction Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Fixed Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Constant -10.173    -24.086    -10.143    -23.928    -10.171   -24.076   -10.175     -24.082    -10.172   -24.054   
Logarithm of length of segment 
in miles 

0.787 14.311    0.761      14.159    0.767       14.008   0.766      14.008    0.766      13.998   

Urban segment indicator (1 if 
segment is in an urban location; 
0 otherwise) 

— — — — — — — — — — 

Right-side lighting segment 
proportion 

— — — — — — — — — — 

Three-lane cross section 
segment proportion 

0.912    13.572    0.926       13.778    0.909      13.657   0.910        13.646    0.912      13.682   

Four-lane cross section segment 
proportion 

1.421      17.713    1.443      17.849    1.431     17.871   1.431     17.869    1.433       17.872   

Three to four-foot left shoulder 
width proportion 

— — — — — — — — — — 

Five-to-nine foot left shoulder 
width proportion 

-0.458      -5.597    -0.482      -5.969    -0.452      -5.564    -0.453      -5.569    -0.455    -5.598    

Ten-foot left shoulder width 
proportion 

-0.459      -6.520    -0.445      -6.399    -0.455       -6.584    -0.455       -6.584    -0.455     -6.584    

Three to four-foot right 
shoulder width proportion 

0.041      2.338    0.042      2.254    0.0418      2.370    0.042     2.366    0.043     2.370    

Five-to-nine foot right shoulder 
width proportion 

-0.363      -18.849 -0.377      -4.513    -0.356       -4.256    -0.358       -4.270    -0.358     -4.273    

Ten-foot right shoulder width 
proportion 

-0.403      -5.461    -0.416      -5.680    -0.408      -5.559    -0.409      -5.569    -0.409     -5.573    

Greater than ten-foot right 
shoulder width proportion 

-0.410      -3.100    -0.425      -3.175    -0.407       -3.055    -0.408       -3.056    -0.409     -3.064    

Number of horizontal curves in 
segment 

0.048       2.251    0.053     2.593    0.053     2.526    0.053     2.548    0.053     2.552    

Shortest  horizontal curve-in-
segment length in miles 

— — — — — — — — — — 

Scale parameter for 
overdispersion  

12.768  2.782    12.577  2.793    12.446     2.808    12.452   2.808    12.465   2.805    
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Table A.31b.  Same Direction Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Mean 0.966     22.173    0.964      22.037    0.964      22.158   0.965        22.165    0.964     22.141   
Standard Deviation of Mean 0.040      8.483    0.014       3.036    0.038       8.119    0.037      8.094    0.036    7.875    
Median continuous segment 
proportion 

          

Mean — — — — — — — — — — 
Standard Deviation of Mean — — — — — — — — — — 
Largest degree of curvature in 
segment 

          

Mean 0.091     3.601 0.080     3.121    0.085        3.411    0.085        3.417    0.085       3.400    
Standard Deviation of Mean 0.124     8.104    0.017       8.614    0.125        8.546    0.125        8.597    0.120     8.263    
Smallest vertical curve gradient 
in segment 

          

Mean — — — — — — — — — — 
Standard Deviation of Mean — — — — — — — — — — 
Largest vertical curve gradient 
in segment 

          

Mean -0.044      -3.003    -0.043     -2.984    -0.041        -2.845    -0.041        -2.842    -0.041     -2.841    
Standard Deviation of Mean 0.060     10.684    0.024       4.551    0.073       13.440   0.075       13.658    0.073       13.357   
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Table A.32a.  Head-on Accident Frequency Random Parameter Poisson Comparison Across Number of Halton Draws: Fixed Parameters 
 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Constant -12.348   -3.905    -12.399   -3.917    -12.409   -3.918    -12.409    -3.918    -12.409  -3.918    
Logarithm of length of segment 
in miles 

0.845     2.630    0.859       2.670    0.860       2.673    0.860     2.673    .0860      2.674    

Logarithm of ADT 0.820      2.461    0.827 2.479    0.829        2.481    0.829        2.481    0.829       2.481    
Urban segment indicator (1 if 
segment is in an urban location; 
0 otherwise) 

— — — — — — — — — — 

Right-side lighting segment 
proportion 

— — — — — — — — — — 

Three-lane cross section 
segment proportion 

— — — — — — — — — — 

Four-lane cross section segment 
proportion 

— — — — — — — — — — 

Three to four-foot left shoulder 
width proportion 

— — — — — — — — — — 

Five-to-nine foot left shoulder 
width proportion 

— — — — — — — — — — 

Ten-foot left shoulder width 
proportion 

— — — — — — — — — — 

Three to four-foot right 
shoulder width proportion 

— — — — — — — — — — 

Five-to-nine foot right shoulder 
width proportion 

— — — — — — — — — — 

Ten-foot right shoulder width 
proportion 

— — — — — — — — — — 

Number of horizontal curves in 
segment 

— — — — — — — — — — 

Largest vertical curve gradient 
in segment 

0.122       1.916    0.119      1.981    0.119       1.980    0.119      1.980    0.119     1.980    

Scale parameter for 
overdispersion  

— — — — — — — — — — 
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Table A.32b.  Head-on Accident Frequency Random Parameter Poisson Comparison Across Number of Halton Draws: Random Parameters 
 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Mean —    —    —    —    —    —    —    —    —    —    
Standard Deviation of Mean —    —    —    —    —    —    —    —    —    —    
Median continuous segment 
proportion 

—    —    —    —    —    —    —    —    —    —    

Mean —    —    —    —    —    —    —    —    —    —    
Standard Deviation of Mean —    —    —    —    —    —    —    —    —    —    
Largest degree of curvature in 
segment 

          

Mean -0.320      -1.939    -0.333      -1.886    -0.338      -1.901    -.0338      -1.902    -0.338     -1.902    
Standard Deviation of Mean 0.241     2.908    0.264      3.202    0.269     3.233    0.269       3.236    0.269      3.237    
Smallest vertical curve gradient 
in segment 

          

Mean —    —    —    —    —    —    —    —    —    —    
Standard Deviation of Mean —    —    —    —    —    —    —    —    —    —    
Largest vertical curve gradient 
in segment 

—    —    —    —    —    —    —    —    —    —    

Mean —    —    —    —    —    —    —    —    —    —    
Standard Deviation of Mean —    —    —    —    —    —    —    —    —    —    
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Table A.33a.  Rear-End Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: Fixed 
Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Constant -15.992    -75.676    -15.595    -72.590    -15.634    -73.010   -15.645     -72.666    -15.646   -73.412   
Logarithm of length of segment 
in miles 

0.362     14.863    0.256       10.533    0.238        9.831    0.246     10.165    0.244       10.077   

Urban segment indicator (1 if 
segment is in an urban location; 
0 otherwise) 

— — — — — — — — — — 

Right-side lighting segment 
proportion 

— — — — — — — — — — 

Three-lane cross section 
segment proportion 

0.835      28.723    0.776       27.028    0.762       26.641   0.763       26.682    0.769       26.842   

Four-lane cross section segment 
proportion 

1.563      44.011    1.548      44.481    1.529       44.180   1.529       44.167    1.530       44.188   

Three to four-foot left shoulder 
width proportion 

— — — — — — — — — — 

Five-to-nine foot left shoulder 
width proportion 

-0.439     -12.516    -0.421      -12.099    -0.417     -12.055   -0.422      -12.186    -0.417     -12.032   

Ten-foot left shoulder width 
proportion 

-0.719      -24.314    -0.918      -30.936    -0.883       -30.111   -0.882      -30.032    -0.867     -29.615   

Three to four-foot right 
shoulder width proportion 

— — — — — — — — — — 

Five-to-nine foot right shoulder 
width proportion 

-0.715      -19.400    -0.520       -14.644    -0.511       -14.455   -0.517     -14.627    -0.518     -14.636   

Ten-foot right shoulder width 
proportion 

-0.676      -21.576    -0.903      -28.195    -0.857        -26.983   -0.855       -26.910    -0.841     -26.535   

Number of vertical curves in 
segment 

0.078     10.312    0.094      12.558    0.088     11.891   0.087        11.683    0.088      11.896   

Greater than ten-foot right 
shoulder width proportion 

-0.065      -2.192    -0.136       -2.469    -0.177     -3.231    -0.162       -2.954    -0.175     -3.181    

Largest degree of curvature in 
segment 

0.191      21.423    0.131       14.781    0.130        14.728   0.129      14.714    0.135      15.324   

Scale parameter for 
overdispersion  

9.839     25.616    9.839       25.704    9.780        25.706   9.783      25.701    9.776      25.705   
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Table A.33b.  Rear-End Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: Random 
Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Mean 1.740       81.845    1.714     79.164    1.716     79.479   1.718        79.139    1.716       79.839   
Standard Deviation of Mean 0.098     41.571    0.082       34.999    0.079      33.941   0.081        34.928    0.080     34.012   
Median continuous segment 
proportion 

          

Mean 0.440     10.856    0.579       14.559    0.537       13.461   0.532       13.319    0.532      13.346   
Standard Deviation of Mean 0.042     1.999    0.561       22.357    0.043        1.967    0.127      5.506    0.017       2.865    
Largest degree of curvature in 
segment 

          

Mean — — — — — — — — — — 
Standard Deviation of Mean — — — — — — — — — — 
Smallest vertical curve gradient 
in segment 

— — — — — — — — — — 

Mean — — — — — — — — — — 
Standard Deviation of Mean — — — — — — — — — — 
Largest vertical curve gradient 
in segment 

          

Mean 0.019     2.863    0.015   2.256    0.014      2.047    0.015      2.215    0.014      1.991    
Standard Deviation of Mean 0.130      36.011    0.014       4.298    0.017        5.382    0.047        14.489    0.016      4.973    
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Table A.34a.  Overturn Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: Fixed 
Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Constant -0.897     -11.282    -0.904       -11.310    -0.904       -11.300   -0.903       -11.301    -0.903     -11.301   
Logarithm of length of segment 
in miles 

— — — — — — — — — — 

Urban segment indicator (1 if 
segment is in an urban location; 
0 otherwise) 

0.209      3.799    0.208       3.771    0.207      3.760    0.207  3.758    0.207      3.759    

Median continuous segment 
proportion 

-0.696      -4.717    -0.683       -4.656    -0.680       -4.644    -0.679      -4.642    -0.679     -4.642    

Three-lane cross section 
segment proportion 

— — — — — — — — — — 

Four-lane cross section segment 
proportion 

0.589      6.792    0.584       6.720    0.583      6.708    0.582       6.707    0.582       6.707    

Two-feet left shoulder width 
proportion 

-0.620      -6.356    -0.606      -6.277    -0.602      -6.253    -0.602       -6.249    -0.602     -6.248    

Five-to-nine foot left shoulder 
width proportion 

— — — — — — — — — — 

Ten-foot left shoulder width 
proportion 

— — — — — — — — — — 

Three to four-foot right 
shoulder width proportion 

— — — — — — — — — — 

Five-to-nine foot right shoulder 
width proportion 

— — — — — — — — — — 

Ten-foot right shoulder width 
proportion 

— — — — — — — — — — 

Number of horizontal curves in 
segment 

0.045      1.977    0.046      2.001    0.045      1.970    0.045      1.971    0.045      1.971    

Longest  horizontal curve-in-
central angle 

0.542 
D-04     

4.466    0.562   
D-04     

4.683    0.568   
D-04     

4.747    0.568     
D-04     

4.751    0.569  
D-04     

4.754    

Number of vertical curves in 
segment 

-0.052      -2.932    -0.050  -2.773    -0.050      -2.787    -0.050  -2.788    -0.050  -2.788    

Scale parameter for 
overdispersion  

3.143       6.581    3.144       6.578    3.133        6.591    3.133         6.591    3.133       6.591    
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Table A.34b.  Overturn Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: Random 
Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of length of segment 
in miles 

          

Mean 1.336     13.308    1.352     13.430    1.356      13.486   1.356    13.486    1.356     13.488   
Standard Deviation of Mean 0.804      14.622    0.817      14.698    0.820        14.748   0.820      14.752    0.820     14.750   
Median continuous segment 
proportion 

          

Mean — — — — — — — — — — 
Standard Deviation of Mean — — — — — — — — — — 
Largest degree of curvature in 
segment 

          

Mean — — — — — — — — — — 
Standard Deviation of Mean — — — — — — — — — — 
Smallest vertical curve gradient 
in segment 

— — — — — — — — — — 

Mean — — — — — — — — — — 
Standard Deviation of Mean — — — — — — — — — — 
Largest vertical curve gradient 
in segment 

          

Mean -0.057     -3.697    -0.058     -3.754    -0.058      -3.760    -0.058      -3.760    -0.058     -3.761    
Standard Deviation of Mean 0.103     12.504    0.106      12.796    .0106        12.754   0.105     12.752    0.106       12.755   
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Table A.35a.  Fixed Object Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: Fixed 
Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Constant -5.928     -26.679    -5.932      -26.755    -5.943     -26.756   -5.943      -26.737    -5.946     -26.757   
Logarithm of length of segment 
in miles 

0.678     20.715    0.677     20.817    0.690      21.224   0.690       21.216    0.689      21.200   

Urban segment indicator (1 if 
segment is in an urban location; 
0 otherwise) 

— — — — — — — — — — 

Right-side lighting segment 
proportion 

— — — — — — — — — — 

Three-lane cross section 
segment proportion 

0.678      20.917    0.683       21.263    0.686      21.408   0.686      21.390    0.685     21.353   

Four-lane cross section segment 
proportion 

0.969     23.148    0.992       23.759    0.991       23.670   0.991       23.662    0.990     23.656   

Five-to-nine foot left shoulder 
width proportion 

-0.616     -12.774    -0.616     -12.885    -0.616       -12.894   -0.616       -12.891    -0.615     -12.870   

Ten-foot left shoulder width 
proportion 

-0.548     -13.478    -0.541    -13.399    -0.542      -13.396   -0.542      -13.389    -0.541     -13.367   

Greater than ten-foot left 
shoulder width proportion 

-0.638      -6.185    -0.650     -6.226    -0.645       -6.138    -0.645     -6.143    -0.644     -6.134    

Five-to-nine foot right shoulder 
width proportion 

-0.470    -10.225    -0.464      -10.107    -0.473        -10.289   -0.472  -10.278    -0.472     -10.262   

Ten-foot right shoulder width 
proportion 

-0.489     -11.506    -0.467       -11.074    -0.470       -11.149   -0.470      -11.140    -0.469     -11.124   

Greater than ten-foot right 
shoulder width proportion 

-0.199      -2.563    -0.225      -2.925    -0.252        -3.256    -0.250     -3.234    -0.250     -3.236    

Largest degree of curvature in 
segment 

0.091       7.570    0.091       7.669    0.090        7.554    0.090        7.552    0.090       7.552    

Number of horizontal curves in 
segment 

0.064    5.605    0.062      5.373    0.061      5.264    0.061     5.265    0.061      5.269    

Scale parameter for 
overdispersion  

12.557   8.484    12.488   8.527    12.459   8.521    12.468    8.519    12.464   8.521    
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Table A.35b.  Fixed Object Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Mean 0.668      28.735    0.666      28.765    0.669      28.805   0.669       28.779    0.669     28.796   
Standard Deviation of Mean 0.057     23.046    0.059       24.229    0.060      25.715   0.060     25.638    0.060       25.615   
Median continuous segment 
proportion 

          

Mean 0.092      1.983    0.056      2.911    0.037      2.601    0.038      2.619    0.039     2.634    
Standard Deviation of Mean 0.229     6.928    0.204       6.230    0.027      2.210    0.014       2.110    0.019     2.272    
Largest degree of curvature in 
segment 

          

Mean — — — — — — — — — — 
Standard Deviation of Mean — — — — — — — — — — 
Smallest vertical curve gradient 
in segment 

          

Mean — — — — — — — — — — 
Standard Deviation of Mean — — — — — — — — — — 
Largest vertical curve gradient 
in segment 

          

Mean 0.049     5.848    0.0457     5.449    0.047        5.621    0.047      5.620    0.047       5.629    
Standard Deviation of Mean 0.044     11.640    0.056     14.588    0.062   16.037   0.062       15.865    0.061      15.718   
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Table A.36a.  Other Type Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: Fixed 
Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Constant -4.745    -13.478    -4.733      -13.442    -4.747      -13.475   -4.747       -13.475    -4.747     -13.476   
Logarithm of length of segment 
in miles 

0.898       16.935    0.901       16.990    0.899        16.938   0.898       16.935    0.898      16.933   

Urban segment indicator (1 if 
segment is in an urban location; 
0 otherwise) 

— — — — — — — — — — 

Right-side lighting segment 
proportion 

— — — — — — — — — — 

Three-lane cross section 
segment proportion 

0.486      7.709    0.487    7.727    0.487       7.714    0.487       7.713    0.487      7.713    

Four-lane cross section segment 
proportion 

1.019      14.664    1.018      14.672    1.015       14.625   1.015       14.622    1.015      14.622   

Three to four-foot left shoulder 
width proportion 

— — — — — — — — — — 

Five-to-nine foot left shoulder 
width proportion 

-0.132      -1.969    -0.132    -1.961    -0.133      -1.961    -0.133      -1.962    -0.133     -1.963    

Ten-foot left shoulder width 
proportion 

— — — — — — — — — — 

Three to four-foot right 
shoulder width proportion 

— — — — — — — — — — 

Five-to-nine foot right shoulder 
width proportion 

-0.217    -2.995    -0.220       -3.025    -0.219        -3.014    -0.219        -3.014    -0.219     -3.013    

Ten-foot right shoulder width 
proportion 

— — — — — — — — — — 

Number of vertical curves in 
segment 

0.028     1.994    0.027      1.962    0.028        1.989    0.028        1.991    0.028       1.993    

Greater than ten-foot right 
shoulder width proportion 

-0.245     -1.961    -0.348     -2.529    -0.247       -1.987    -0.247       -1.966    -0.247     -1.987    

Shortest  horizontal curve-in-
segment length in miles 

— — — — — — — — — — 

Scale parameter for 
overdispersion  

9.924     3.963    9.947     3.955    9.928       3.962    9.929       3.961    9.929      3.961    
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Table A.36b.  Other Type Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: Random 
Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Mean 0.428       10.851    0.427      10.823    0.428      10.853   0.428      10.854    0.428     10.854   
Standard Deviation of Mean 0.040     9.892    0.040     9.935    0.040     9.810    0.040     9.808    0.040     9.808    
Median continuous segment 
proportion 

          

Mean 0.494     2.880    0.498      2.910    0.498      2.917    0.498      2.917    0.498     2.918    
Standard Deviation of Mean 0.272       4.086    0.059       2.900    0.011       2.018    0.003      2.047    0.005     2.079    
Largest degree of curvature in 
segment 

          

Mean — — — — — — — — — — 
Standard Deviation of Mean — — — — — — — — — — 
Smallest vertical curve gradient 
in segment 

          

Mean — — — — — — — — — — 
Standard Deviation of Mean — — — — — — — — — — 
Largest vertical curve gradient 
in segment 

          

Mean -0.079    -4.232    -0.080     -4.263    -0.080     -4.274    -0.080     -4.274    -0.080    -4.275    
Standard Deviation of Mean 0.043      6.478    0.043       6.509    0.043       6.403    0.043       6.392    0.043      6.384    
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Table A.37a.  Total Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: Heterogeneity 
in Mean of Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Full-clover interchange 0.010     3.093    0.024       7.495    0.020      6.186    0.019      5.901    0.0185     5.866    
Single-point urban interchange 0.174      9.353    0.204       11.211    0.184      10.219   0.184      10.212    0.0180   10.282   
Part-diamond interchange -0.017      -2.747    -0.020    -3.281    -0.025      -4.267    -0.027      -4.616    -0.0278   -4.717 
Median continuous segment 
proportion 

          

Directional interchange 1.102     14.685    1.408      19.095    1.287     15.412   1.199      16.788    1.198      16.806   
Full-diamond interchange -0.515      -9.180    -0.396      -7.192    -0.442      -8.015    -0.438       -8.003    -0.441    -8.062    
Part-clover interchange 0.924      14.818    0.566       9.577    0.561     9.484    0.639 10.875    0.639       10.866   
Largest degree of curvature in 
segment 

          

Single-point urban interchange 0.349       6.377 0.380     7.325    0.344       6.666    0.358     6.942    0.353     6.851    
Part-clover interchange -0.104      -8.623 -0.100      -8.607    -0.086      -6.734    -0.098     -8.464    -0.098    -8.453    
Part-diamond interchange -0.192     -7.033 -0.190      -7.207    -0.160       -6.048    -0.168     -6.406    -0.163    -6.224    
Smallest vertical curve gradient 
in segment 

          

Directional interchange -0.108     -8.558    -0.103      -8.548    -0.083      -5.100    -0.083     -6.942    -0.085     -7.128    
Single-point urban interchange -0.564    -10.613    -0.576      -10.796    -0.527      -10.133   -0.541     -10.415    -0.540     -10.380   
Part-diamond interchange -0.196      -7.275    -0.189     -7.440    -0.162       -6.464    -0.160     -6.438    -0.158    -6.363    
Largest vertical curve gradient 
in segment 

          

Semi-directional interchange 0.047      6.078    0.042     5.467    0.049      6.495    0.045        5.978    0.045       5.983    
Single-point urban interchange -0.224     -7.017    -0.285      -8.982    -0.256     -8.132    -0.257     -8.145    -0.258     -8.169    
Part-clover interchange 0.051       6.645    0.058      7.842    0.063      6.694    0.061     8.219    0.060      8.142    
Part-diamond interchange 0.272       11.581 0.289      12.774    0.282        12.379   0.288       12.718    0.286     12.671   
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Table A.37b.  Total Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: Correlation 
Between Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT 0.915    60.074   0.937       62.532    0.931        61.240   0.930       62.005    0.931 62.084 
Correlation with median 
continuous segment proportion 

0.160     4.239    0.166       4.506    0.182      4.893    0.194 5.266    0.190 5.165 

Correlation with largest degree of 
curvature in segment 

0.111 14.050   0.111    14.019    0.109 
        

13.525   0.111       14.118    0.114 14.451 

Correlation with smallest vertical 
curve gradient in segment 

0.054     6.991    0.045       5.824    0.043       5.398    0.043        5.607    0.041 5.309 

Correlation with largest vertical 
curve gradient in segment 

-0.019    -3.382    -0.017      -3.117    -.0193        -3.225    -0.017        -3.164    -0.045 -3.164 

Median continuous segment 
proportion 

0.160     4.239    0.166       4.506    0.182      4.893    0.194 5.266    0.190 5.165 

Correlation with largest degree of 
curvature in segment 

0.111 14.050   0.111    14.019    0.109 
        

13.525   0.111       14.118    0.114 14.451 

Correlation with smallest vertical 
curve gradient in segment 

0.054     6.991    0.045       5.824    0.043       5.398    0.043        5.607    0.041 5.309 

Correlation with largest vertical 
curve gradient in segment 

-0.019    -3.382    -0.017      -3.117    -.0193        -3.225    -0.017        -3.164    -0.045 -3.164 

Largest degree of curvature in 
segment 

0.111 14.050   0.111    14.019    0.109 
        

13.525   0.111       14.118    0.114 14.451 

Correlation with smallest vertical 
curve gradient in segment 

0.054     6.991 0.045       5.824    0.043       5.398    0.043        5.607    0.041 5.309 

Correlation with largest vertical 
curve gradient in segment 

-0.019    -3.382    -0.017      -3.117    -.0193        -3.225    -0.017        -3.164    -0.045 -3.164 

Smallest vertical curve gradient in 
segment 

0.054     6.991    0.045       5.824    0.043       5.398    0.043        5.607    0.041 5.309 

Correlation with largest vertical 
curve gradient in segment 

-0.019    -3.382    -0.017      -3.117    -.0193        -3.225    -0.017        -3.164    -0.045 -3.164 
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Table A.38a.  Property Damage Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Heterogeneity in Mean of Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Full-clover interchange 0.013      3.605    0.019       5.495    0.018      5.338    0.018     5.174    0.018     5.155    
Single-point urban interchange 0.197       9.595    0.192       9.573    0.196       9.855    0.192    9.638    0.194      9.735    
Part-diamond interchange -0.031      -4.458    -0.024    -3.614    -0.027       -3.923    -0.026      -3.800    -0.026     -3.859    
Median continuous segment 
proportion 

          

Directional interchange 1.050     13.531    1.095       14.570    1.255       17.162   1.239       16.956    1.278      17.442   
Full-diamond interchange -0.459      -7.440    -0.367      -6.058    -0.380        -6.307    -0.395     -6.566    -0.392     -6.509    
Part-clover interchange 0.492      7.465    0.483       7.522    0.544       8.489    0.552      8.623    0.542      8.447    
Largest degree of curvature in 
segment 

          

Single-point urban interchange 0.334      5.667    0.271       4.688    0.305       5.394    0.288      5.096    0.298     5.272    
Part-clover interchange -0.090     -3.741    -0.092     -7.079    -0.105       -8.142    -0.105       -8.168    -0.105     -8.133    
Part-diamond interchange -0.118      -7.033 -0.159      -5.222    -0.157     -5.190    -0.159     -5.253    -0.158     -5.223    
Smallest vertical curve gradient 
in segment 

          

Directional interchange -0.085     -6.183    -0.090      -6.986    -0.093      -7.289    -0.094       -7.410    -0.097     -7.652    
Single-point urban interchange -0.629      -10.449    -0.564      -9.362    -0.602      -9.987    -0.599        -9.926    -0.601     -9.972    
Part-diamond interchange -0.155    -5.281    -0.172      -6.237    -0.170        -6.216    -0.168        -6.165    -0.167     -6.140    
Largest vertical curve gradient 
in segment 

          

Semi-directional interchange 0.046      5.293    0.042       5.171    0.049       6.115    0.048       5.970    0.048       5.941    
Single-point urban interchange -0.240      -6.845    -0.238      -6.744    -0.241        -6.909    -0.234       -6.710    -0.238     -6.806    
Part-clover interchange 0.063     7.374    0.061      7.237    0.069    8.296    0.070       8.318    0.069      8.287    
Part-diamond interchange 0.295     11.244    0.285      11.201    0.288        11.376   0.284      11.264    0.285      11.301   
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Table A.38b.  Property Damage Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Correlation Between Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT 1.072      62.948   1.075     63.715    1.075      64.017   1.075     64.088    1.075       64.040   
Correlation with median 
continuous segment proportion 

0.198     4.872    0.144     3.611    0.140       3.524    0.158       3.967    0.150      3.768    

Correlation with largest degree of 
curvature in segment 

0.115     12.894   0.117     13.365    0.118       13.496   0.118      13.586    0.118     13.519   

Correlation with smallest vertical 
curve gradient in segment 

0.046      5.282    0.045       5.268    0.040       4.792    0.041    4.868    0.040      4.768    

Correlation with largest vertical 
curve gradient in segment 

-0.018     -3.007    -0.018      -2.851    -0.019       -3.044    -0.018      -3.012    -0.019     -3.047    

Median continuous segment 
proportion 

0.198      4.872    0.144      3.611    0.140      3.524    0.158      3.967    0.150      3.768    

Correlation with largest degree of 
curvature in segment 

0.115     12.894   0.117     13.365    0.118        13.496   0.118      13.586    0.118     13.519   

Correlation with smallest vertical 
curve gradient in segment 

0.046     5.282    0.045      5.268    0.040      4.792    0.041     4.868    0.040     4.768    

Correlation with largest vertical 
curve gradient in segment 

-0.018      -3.007    -0.018      -2.851    -0.019       -3.044    -0.018      -3.012    -0.019     -3.047    

Largest degree of curvature in 
segment 

0.115       12.894   0.117      13.365    0.118       13.496   0.118      13.586    0.118     13.519   

Correlation with smallest vertical 
curve gradient in segment 

0.046      5.282    0.045       5.268    0.040     4.792    0.041      4.868    0.040     4.768    

Correlation with largest vertical 
curve gradient in segment 

-0.018    -3.007    -0.018      -2.851    -0.019       -3.044    -0.018       -3.012    -0.019     -3.047    

Smallest vertical curve gradient in 
segment 

0.046      5.282    0.045      5.268    0.040       4.792    0.041       4.868    0.040      4.768    

Correlation with largest vertical 
curve gradient in segment 

-0.018     -3.007    -0.018      -2.851    -0.019        -3.044    -0.018      -3.012    -0.019     -3.047    
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Table A.39a.  Possible Injury Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Heterogeneity in Mean of Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Full-clover interchange 0.020       3.865    0.025       4.964    0.026       5.336    0.025      5.171    0.025      5.118    
Single-point urban interchange 0.159       5.081    0.184       5.981    0.190       6.194    0.185        6.000    0.185       6.019    
Part-diamond interchange -0.015      -2.555    — — -0.013     -1.996    — — — — 
Median continuous segment 
proportion 

          

Directional interchange 1.015      9.549    1.023       9.932    1.111       10.924   1.092      10.766    1.103      10.891   
Full-diamond interchange -0.516      -5.886    -0.485      -5.607    -0.436      -5.043    -0.457        -5.303    -0.453     -5.261    
Part-clover interchange 0.723       7.649    0.650      7.092    0.694        7.582    0.731       8.017    0.721      7.905    
Largest degree of curvature in 
segment 

          

Single-point urban interchange 0.485       5.495    0.505       5.761    0.545        6.297    0.527      6.039    0.532      6.117    
Part-clover interchange -0.151      -7.751    -0.161      -8.477    -0.161       -8.518    -0.166       -8.812    -0.165     -8.780    
Part-diamond interchange -0.283      -6.088    -0.280      -6.909    -0.229      -5.066    -0.271      -6.728    -0.270     -6.679    
Smallest vertical curve gradient 
in segment 

          

Directional interchange -0.057     -3.017    -0.058      -3.095    -0.068        -3.688    -0.064     -3.478    -0.066     -3.610    
Single-point urban interchange -0.523      -5.690    -0.548     -5.883    -0.589       -6.329    -0.576       -6.181    -0.579     -6.222    
Part-diamond interchange -0.137      -3.222    -0.125      -3.093    -0.112       -2.752    -0.109      -2.708    -0.109     -2.692    
Largest vertical curve gradient 
in segment 

          

Semi-directional interchange 0.026      2.143    0.022       1.963    0.021        1.966    0.023       1.930    0.023      1.889    
Single-point urban interchange -0.263      -4.562    -0.324     -5.615    -0.334        -5.828    -0.324      -5.642    -0.325     -5.667    
Part-clover interchange 0.100      7.816    0.102       8.200    0.103      8.328    0.105      8.503    0.105     8.519    
Part-diamond interchange 0.273       7.442    0.253     7.381    0.267      7.380    0.252        7.379    0.250      7.343    
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Table A.39b.  Possible Injury Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Correlation Between Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT 1.172      40.774   1.172      41.578    1.188       41.924   1.187      42.269    1.187      42.293   
Correlation with median 
continuous segment proportion 

0.327       5.467    0.297       5.148    0.244     4.224    0.261       4.528    0.258     4.486    

Correlation with largest degree of 
curvature in segment 

0.117       8.751    0.123     9.471    0.118      8.920    0.120       9.143    0.120      9.167    

Correlation with smallest vertical 
curve gradient in segment 

0.036       2.664    0.041       3.177    0.051      3.950    0.048      3.748    0.049       3.777    

Correlation with largest vertical 
curve gradient in segment 

-0.029      -3.059    -0.025      -2.654    -0.027        -2.887    -0.025      -2.755    -0.025     -2.752    

Median continuous segment 
proportion 

0.327       5.467    0.297       5.148    0.244     4.224    0.261       4.528    0.258     4.486    

Correlation with largest degree of 
curvature in segment 

0.117       8.751    0.123     9.471    0.118      8.920    0.120       9.143    0.120      9.167    

Correlation with smallest vertical 
curve gradient in segment 

0.036       2.664    0.041       3.177    0.051      3.950    0.048      3.748    0.049       3.777    

Correlation with largest vertical 
curve gradient in segment 

-0.029      -3.059    -0.025      -2.654    -0.027        -2.887    -0.025      -2.755    -0.025     -2.752    

Largest degree of curvature in 
segment 

0.117       8.751    0.123     9.471    0.118      8.920    0.120       9.143    0.120      9.167    

Correlation with smallest vertical 
curve gradient in segment 

0.036       2.664    0.041       3.177    0.051      3.950    0.048      3.748    0.049       3.777    

Correlation with largest vertical 
curve gradient in segment 

-0.029      -3.059    -0.025      -2.654    -0.027        -2.887    -0.025      -2.755    -0.025     -2.752    

Smallest vertical curve gradient in 
segment 

0.036       2.664    0.041       3.177    0.051      3.950    0.048      3.748    0.049       3.777    

Correlation with largest vertical 
curve gradient in segment 

-0.029      -3.059    -0.025      -2.654    -0.027        -2.887    -0.025      -2.755    -0.025     -2.752    
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Table A.40a.  Evident Injury Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Heterogeneity in Mean of Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Full-clover interchange 0.013      1.986    — — — — 0.012     2.884   0.019      5.866    
Single-point urban interchange 0.053     2.729    0.103       2.186    0.152        4.824    0.053       2.717   0.103     2.198    
Part-diamond interchange -0.061      -3.519    -0.063     -4.213    -0.064        -4.261    -0.058      -3.334     -0.064     -4.240    
Number of horizontal curves in 
segment 

          

Directional interchange 0.177      3.692    — — 0.176       3.615    0.187       3.949    — — 
Full-clover interchange — — — — — — 0.012       2.157   — — 
Single-point urban interchange 0.605      1.962    — — — — 0.606       2.554    — — 
Part-diamond interchange 0.019       2.202   — — — — 0.037        2.383    — — 
Full-diamond interchange — — — — -0.038       -1.976    — — — — 
Largest degree of curvature in 
segment 

          

Directional interchange -0.124      -2.164    — — -0.134      -2.331    -0.083        -2.475    — — 
Single-point urban interchange -0.140     -2.732    0.198       1.921    — — -0.202        -2.618    0.197      2.714    
Part-clover interchange -0.090      -3.023    -0.104       -3.519    -0.116       -3.934    — — -0.105     -3.569    
Part-diamond interchange — — — — — — — — — — 
Smallest vertical curve gradient 
in segment 

          

Directional interchange — — — — — — — — — — 
Single-point urban interchange — — — — — — — — — — 
Part-diamond interchange — — — — — — — — — — 
Largest vertical curve gradient 
in segment 

          

Directional interchange -0.062     -2.049    — — -0.069       -2.309    -0.083        -2.773    — — 
Single-point urban interchange -0.134      -2.047    -0.233      -2.915    -0.243       -3.293    -0.151      -2.185    -0.234     -2.926    
Part-clover interchange 0.083       4.374    0.085       4.647    0.083       4.490    0.039        2.993    0.086     4.732    
Part-diamond interchange 0.163       3.461    0.178       4.485    0.171       4.239    0.147       3.140    0.181       4.543    
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Table A.40b.  Evident Injury Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Correlation Between Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT 0.719       60.074   0.720       21.617    0.721      21.793   0.716      21.187    0.719      21.626   
Correlation with largest degree of 
curvature in segment 

0.135       6.909    0.127      6.790    0.147       7.597    0.104       5.858    0.129      6.817    

Correlation with number of 
horizontal curves in segment 

0.056       3.063     — — 0.058        3.233    0.058        3.216    — — 

Correlation with largest vertical 
curve gradient in segment 

-0.012     -2.008    -0.011     -2.019    -0.013       -2.095    -0.013        -2.225    -0.012     -2.062    

Largest degree of curvature in 
segment 

0.135       6.909    0.127      6.790    0.147       7.597    0.104       5.858    0.129      6.817    

Correlation with number of 
horizontal curves in segment 

0.056       3.063     — — 0.058        3.233    0.058        3.216    — — 

Correlation with largest vertical 
curve gradient in segment 

-0.012     -2.008    -0.011     -2.019    -0.013       -2.095    -0.013        -2.225    -0.012     -2.062    

Number of horizontal curves in 
segment 

0.056       3.063     — — 0.058        3.233    0.058        3.216    — — 

Correlation with largest vertical 
curve gradient in segment 

-0.012     -2.008    -0.011     -2.019    -0.013       -2.095    -0.013        -2.225    -0.012     -2.062    
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Table A.41a.  Disabling Injury Accident Frequency Random Parameter Poisson Comparison Across Number of Halton Draws: Heterogeneity 
in Mean of Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Full-clover interchange 0.027       1.425    0.026       1.409    0.026       1.408    0.026       1.407    0.026      1.407    
Full-diamond interchange 0.018       1.574    0.018       1.575    0.018        1.575    0.018        1.575    0.018       1.575    
Other interchange 0.019      1.452    0.019       1.478    0.019       1.478    0.019       1.478    0.019      1.477    
Median continuous segment 
proportion 

          

Directional interchange — — — — — — — — — — 
Full-diamond interchange — — — — — — — — — — 
Part-clover interchange — — — — — — — — — — 
Largest degree of curvature in 
segment 

— — — — — — — — — — 

Single-point urban interchange — — — — — — — — — — 
Part-clover interchange — — — — — — — — — — 
Part-diamond interchange — — — — — — — — — — 
Smallest vertical curve gradient 
in segment 

— — — — — — — — — — 

Directional interchange — — — — — — — — — — 
Single-point urban interchange — — — — — — — — — — 
Part-diamond interchange — — — — — — — — — — 
Largest vertical curve gradient 
in segment 

— — — — — — — — — — 

Semi-directional interchange — — — — — — — — — — 
Single-point urban interchange — — — — — — — — — — 
Part-clover interchange — — — — — — — — — — 
Part-diamond interchange — — — — — — — — — — 
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Table A.41b.  Disabling Injury Accident Frequency Random Parameter Poisson Comparison Across Number of Halton Draws: Correlation 
Between Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT 0.538     6.912    0.538     6.906    0.538      6.901    0.538      6.900    0.538     6.900    
Correlation with median 
continuous segment proportion 

—      —      —      —      —      —      —      —      —      —      

Correlation with largest degree of 
curvature in segment 

—      —      —      —      —      —      —      —      —      —      

Correlation with smallest vertical 
curve gradient in segment 

—      —      —      —      —      —      —      —      —      —      

Correlation with largest vertical 
curve gradient in segment 

—      —      —      —      —      —      —      —      —      —      

Median continuous segment 
proportion 

—      —      —      —      —      —      —      —      —      —      

Correlation with largest degree of 
curvature in segment 

—      —      —      —      —      —      —      —      —      —      

Correlation with smallest vertical 
curve gradient in segment 

—      —      —      —      —      —      —      —      —      —      

Correlation with largest vertical 
curve gradient in segment 

—      —      —      —      —      —      —      —      —      —      

Largest degree of curvature in 
segment 

—      —      —      —      —      —      —      —      —      —      

Correlation with smallest vertical 
curve gradient in segment 

—      —      —      —      —      —      —      —      —      —      

Correlation with largest vertical 
curve gradient in segment 

—      —      —      —      —      —      —      —      —      —      

Smallest vertical curve gradient in 
segment 

—      —      —      —      —      —      —      —      —      —      

Correlation with largest vertical 
curve gradient in segment 

—      —      —      —      —      —      —      —      —      —      
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Table A.42a.  Fatal Accident Frequency Random Parameter Poisson Comparison Across Number of Halton Draws: Heterogeneity in Mean of 
Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Part-clover interchange -0.043      -1.795    -0.043      -1.796    -0.043       -1.797    -0.043       -1.797    -0.043     -1.797    
Single-point urban interchange — — — — — — — — — — 
Part-diamond interchange — — — — — — — — — — 
Median continuous segment 
proportion 

— — — — — — — — — — 

Directional interchange — — — — — — — — — — 
Full-diamond interchange — — — — — — — — — — 
Part-clover interchange — — — — — — — — — — 
Largest degree of curvature in 
segment 

— — — — — — — — — — 

Single-point urban interchange — — — — — — — — — — 
Part-clover interchange — — — — — — — — — — 
Part-diamond interchange — — — — — — — — — — 
Smallest vertical curve gradient 
in segment 

— — — — — — — — — — 

Directional interchange — — — — — — — — — — 
Single-point urban interchange — — — — — — — — — — 
Part-diamond interchange — — — — — — — — — — 
Largest vertical curve gradient 
in segment 

— — — — — — — — — — 

Semi-directional interchange — — — — — — — — — — 
Single-point urban interchange — — — — — — — — — — 
Part-clover interchange — — — — — — — — — — 
Part-diamond interchange — — — — — — — — — — 
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Table A.42b.  Fatal Accident Frequency Random Parameter Poisson Comparison Across Number of Halton Draws: Correlation Between 
Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT 0.433      3.175    0.434     3.184    0.434      3.185    0.434      3.185    0.434     3.185    
Correlation with median 
continuous segment proportion 

— — — — — — — — — — 

Correlation with largest degree of 
curvature in segment 

— — — — — — — — — — 

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

— — — — — — — — — — 

Median continuous segment 
proportion 

— — — — — — — — — — 

Correlation with largest degree of 
curvature in segment 

— — — — — — — — — — 

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

— — — — — — — — — — 

Largest degree of curvature in 
segment 

— — — — — — — — — — 

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

— — — — — — — — — — 

Smallest vertical curve gradient in 
segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

— — — — — — — — — — 
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Table A.43a.  One-Vehicle Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Heterogeneity in Mean of Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Full-clover interchange -0.006      3.093    -0.014      -2.850    -0.010      -2.094    -0.011      -2.241    -0.011     -2.177    
Single-point urban interchange 0.026       1.974    0.024       2.192    0.030        1.979    0.026      1.991    0.030       2.475    
Part-diamond interchange -0.015     -2.523    -0.028      -2.755    -0.017      -2.897    -0.018       -2.977    -0.017     -2.889    
Median continuous segment 
proportion 

          

Directional interchange 0.805      7.710    0.703       6.522    0.864        8.179    0.870       8.277    0.864       8.182    
Full-diamond interchange — — -0.412      -4.307    — — — — — — 
Part-clover interchange 0.235       2.456    0.080      2.815    0.241        2.477    0.222        2.300    0.241       2.482    
Largest degree of curvature in 
segment 

          

Single-point urban interchange 0.186      1.980    0.194       1.964    0.192        1.970    0.183        1.985    0.190       1.953    
Part-clover interchange -0.023      -1.962    -0.024      -1.963    -0.027       -1.964    -0.025      -1.963    -0.027     -1.962    
Part-diamond interchange — — 0.042       1.965    — — — — — — 
Smallest vertical curve gradient 
in segment 

          

Directional interchange -0.097      -4.804    -0.125      -6.154    -0.105        -5.321    -0.113       -5.723    -0.105     -5.342    
Single-point urban interchange -0.332      -3.430    -0.344       -3.474    -0.357       -3.707    -0.339       -3.544    -0.356     -3.699    
Part-diamond interchange — — 0.004       2.115    — — — — — — 
Largest vertical curve gradient 
in segment 

          

Semi-directional interchange — — — — — — — — — — 
Single-point urban interchange — — — — — — — — — — 
Part-clover interchange — — — — — — — — — — 
Part-diamond interchange — — — — — — — — — — 
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Table A.43b.  One-Vehicle Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Correlation Between Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT 0.421     19.169   0.424      18.796    0.416        18.813   0.419        18.808    0.417       18.850   
Correlation with median 
continuous segment proportion 

-0.044      -2.880    0.130      2.393    -0.045       -2.899    -0.040     -2.787    -0.044     -2.880    

Correlation with largest degree of 
curvature in segment 

0.060       5.197    0.053       4.456    0.070        6.122    0.072      6.265    0.070       6.141    

Correlation with smallest vertical 
curve gradient in segment 

0.050     4.464    0.049       4.158    0.051       4.640    0.055     4.944    0.052       4.681    

Correlation with largest vertical 
curve gradient in segment 

— — — — — — — — — — 

Median continuous segment 
proportion 

-0.044      -2.880    0.130      2.393    -0.045       -2.899    -0.040     -2.787    -0.044     -2.880    

Correlation with largest degree of 
curvature in segment 

0.060       5.197    0.053       4.456    0.070        6.122    0.072      6.265    0.070       6.141    

Correlation with smallest vertical 
curve gradient in segment 

0.050     4.464    0.049       4.158    0.051       4.640    0.055     4.944    0.052       4.681    

Correlation with largest vertical 
curve gradient in segment 

— — — — — — — — — — 

Largest degree of curvature in 
segment 

0.060       5.197    0.053       4.456    0.070        6.122    0.072      6.265    0.070       6.141    

Correlation with smallest vertical 
curve gradient in segment 

0.050     4.464    0.049       4.158    0.051       4.640    0.055     4.944    0.052       4.681    

Correlation with largest vertical 
curve gradient in segment 

— — — — — — — — — — 

Smallest vertical curve gradient in 
segment 

0.050     4.464    0.049       4.158    0.051       4.640    0.055     4.944    0.052       4.681    

Correlation with largest vertical 
curve gradient in segment 

— — — — — — — — — — 
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Table A.44a.  Two-Vehicle Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Heterogeneity in Mean of Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Full-clover interchange 0.035     10.441    0.033       9.979    0.035       10.587   0.036        10.885    0.035     10.772   
Single-point urban interchange 0.171     7.935    0.176       8.151    0.166       7.720    0.174       8.111    0.169      7.852    
Part-diamond interchange — — -0.042       -6.887    -0.039       -6.258    -0.037        -6.008    -0.038     -6.234    
Median continuous segment 
proportion 

          

Directional interchange 1.006     13.957    0.919       13.747    0.859        13.227   0.875       13.530    0.903     13.920   
Single-point urban interchange -0.952     -3.169    -1.063      -3.576    -0.935        -3.103    -1.069        -3.575    -1.081     -3.619    
Part-clover interchange — — — — — — — — — — 
Largest degree of curvature in 
segment 

          

Single-point urban interchange 0.384     6.232    0.397       6.411    0.385       6.263    0.420        6.838    0.416       6.741    
Part-clover interchange -0.077      -5.897    -0.065       -4.976    -0.070       -5.392    -0.074       -5.669    -0.078     -6.024    
Part-diamond interchange — — — — — — — — — — 
Smallest vertical curve gradient 
in segment 

          

Directional interchange -0.016    -1.969    — — — — — — — — 
Single-point urban interchange -0.396      -6.222    -0.385      -6.095    -0.361       -5.695    -0.392      -6.272    -0.392     -6.295    
Part-diamond interchange -0.121     -4.064    -0.085       -2.928    -0.123        -4.216    -0.116      -4.005    -0.110     -3.805    
Largest vertical curve gradient 
in segment 

          

Semi-directional interchange 0.027       3.317    0.025       3.120    0.028        3.520    0.031       3.950    0.033      4.211    
Single-point urban interchange -0.236      -5.798    -0.241      -5.983    -0.237       -5.818    -0.244       -6.038    -0.234     -5.773    
Part-clover interchange 0.090       10.231    0.086       9.938    0.085       9.795    0.087        10.055    0.090       10.376   
Part-diamond interchange 0.254       10.279    0.232       9.675    0.255        10.452   0.248      10.264    0.248       10.206   

 
  



200 

Table A.44b.  Two-Vehicle Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Correlation Between Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT 1.444     78.615   1.440      78.482    1.450       79.058   1.449    78.395    1.452      77.683   
Correlation with median 
continuous segment proportion 

0.270     8.721    0.269       8.659    0.255       8.215    0.288        9.274    0.292       9.385    

Correlation with largest degree of 
curvature in segment 

0.102       11.267   0.093       10.214    0.092       10.268   0.098       10.904    0.100     11.076   

Correlation with smallest vertical 
curve gradient in segment 

0.032      3.599    0.025       3.093    0.025       3.112    0.028        3.399    0.027      3.292    

Correlation with largest vertical 
curve gradient in segment 

0.012       2.344   0.019      2.403    0.016      2.868    0.014     2.665    0.024       2.594    

Median continuous segment 
proportion 

0.270     8.721    0.269       8.659    0.255       8.215    0.288        9.274    0.292       9.385    

Correlation with largest degree of 
curvature in segment 

0.102       11.267   0.093       10.214    0.092       10.268   0.098       10.904    0.100     11.076   

Correlation with smallest vertical 
curve gradient in segment 

0.032      3.599    0.025       3.093    0.025       3.112    0.028        3.399    0.027      3.292    

Correlation with largest vertical 
curve gradient in segment 

0.012       2.344   0.019      2.403    0.016      2.868    0.014     2.665    0.024       2.594    

Largest degree of curvature in 
segment 

0.102       11.267   0.093       10.214    0.092       10.268   0.098       10.904    0.100     11.076   

Correlation with smallest vertical 
curve gradient in segment 

0.032      3.599    0.025       3.093    0.025       3.112    0.028        3.399    0.027      3.292    

Correlation with largest vertical 
curve gradient in segment 

0.012       2.344   0.019      2.403    0.016      2.868    0.014     2.665    0.024       2.594    

Smallest vertical curve gradient in 
segment 

0.032      3.599    0.025       3.093    0.025       3.112    0.028        3.399    0.027      3.292    

Correlation with largest vertical 
curve gradient in segment 

0.012       2.344   0.019      2.403    0.016      2.868    0.014     2.665    0.024       2.594    
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Table A.45a.  Three-Vehicle Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Heterogeneity in Mean of Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Full-clover interchange 0.034       5.448    0.043      7.012    0.044       7.150    0.043      7.042    0.044      7.078    
Single-point urban interchange 0.137      2.346    0.161       2.943    0.152       2.772    0.154        2.830    0.154      2.809    
Part-diamond interchange -0.063      -4.876    -0.072     -5.646    -0.068       -5.283    -0.070        -5.466    -0.070     -5.452    
Median continuous segment 
proportion 

          

Directional interchange 1.427       11.885    1.131       9.740    1.223      10.742   1.226      10.793    1.219      10.698   
Single-point urban interchange -1.854      -2.430    -2.016      -2.614    -1.947        -2.522    -1.895      -2.461    -1.922     -2.486    
Largest degree of curvature in 
segment 

          

Single-point urban interchange 0.584     3.480    0.592       3.751    0.564        3.556    0.558     3.561    0.570     3.616    
Part-clover interchange -0.150      -5.885    -0.150      -5.990    -0.144        -5.797    -0.146       -5.888    -0.145     -5.858    
Part-diamond interchange — — — — — — — — — — 
Smallest vertical curve gradient 
in segment 

          

Directional interchange — — — — — — — — — — 
Single-point urban interchange -0.443      -2.950    -0.419      -2.851    -0.404        -2.748    -0.398      -2.717    -0.412     -2.806    
Part-diamond interchange -0.198      -3.260    -0.295      -4.811    -0.298       -4.896    -0.287      -4.738    -0.287     -4.733    
Largest vertical curve gradient 
in segment 

          

Semi-directional interchange 0.025       1.989    0.019       2.247    0.028      1.964    0.029        1.965    0.027      1.998    
Single-point urban interchange -0.143     -1.960    -0.196      -1.958    -0.169        -1.970    -0.185      -1.999    -0.182     -1.983    
Part-clover interchange 0.205     12.014    0.193       11.494    0.196       11.699   0.196      11.765    0.196      11.695   
Part-diamond interchange 0.398       9.189    0.492       11.200    0.484        11.094   0.478      11.008    0.479     11.051   
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Table A.45b.  Three-Vehicle Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Correlation Between Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT 1.972     42.727   2.007     43.167    1.999        43.420   2.002       43.659    2.001      43.446   
Correlation with median 
continuous segment proportion 

0.287       4.873    0.382      6.471    0.379       6.450    0.385        6.564    0.374       6.379    

Correlation with largest degree of 
curvature in segment 

0.149      8.087    0.132      7.211    0.131       7.136    0.129       7.026    .0131       7.147    

Correlation with smallest vertical 
curve gradient in segment 

0.034       2.248    -0.017      -2.454    0.037      3.363    0.038        3.467    0.038      -2.519    

Correlation with largest vertical 
curve gradient in segment 

-0.015     -2.417   0.011      2.054    -0.017      -2.117   -0.016      -2.337    -0.017     -3.164 

Median continuous segment 
proportion 

0.287       4.873    0.382      6.471    0.379       6.450    0.385        6.564    0.374       6.379    

Correlation with largest degree of 
curvature in segment 

0.149      8.087    0.132      7.211    0.131       7.136    0.129       7.026    .0131       7.147    

Correlation with smallest vertical 
curve gradient in segment 

0.034       2.248    -0.017      -2.454    0.037      3.363    0.038        3.467    0.038      -2.519    

Correlation with largest vertical 
curve gradient in segment 

-0.015     -2.417   0.011      2.054    -0.017      -2.117   -0.016      -2.337    -0.017     -3.164 

Largest degree of curvature in 
segment 

0.149      8.087    0.132      7.211    0.131       7.136    0.129       7.026    .0131       7.147    

Correlation with smallest vertical 
curve gradient in segment 

0.034       2.248    -0.017      -2.454    0.037      3.363    0.038        3.467    0.038      -2.519    

Correlation with largest vertical 
curve gradient in segment 

-0.015     -2.417   0.011      2.054    -0.017      -2.117   -0.016      -2.337    -0.017     -3.164 

Smallest vertical curve gradient in 
segment 

0.034       2.248    -0.017      -2.454    0.037      3.363    0.038        3.467    0.038      -2.519    

Correlation with largest vertical 
curve gradient in segment 

-0.015     -2.417   0.011      2.054    -0.017      -2.117   -0.016      -2.337    -0.017     -3.164 
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Table A.46a.  Four-Vehicle Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Heterogeneity in Mean of Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Single-point urban interchange 0.182     1.964    0.162       1.980    0.163        2.597    0.164      1.965    0.164      2.907    
Part-clover interchange 0.027      1.986    0.035       2.078    0.035       2.067    0.034       2.056    0.035       2.061    
Median continuous segment 
proportion 

          

Directional interchange 1.338      7.467    1.578       8.904    1.534        8.712    1.524        8.674    1.523       8.669    
Full-clover interchange 1.005      3.635    0.839       3.035    0.808       2.923    0.808        2.924    0.808       2.924    
Part-clover interchange 0.315     2.510    0.654       3.158    0.615       2.980    0.612       2.966    0.613      2.972    
Largest degree of curvature in 
segment 

          

Semi-directional interchange -0.274      -4.098    -0.298    -4.493    -0.294        -4.437    -0.292      -4.411    -0.292     -4.414    
Full-clover interchange -0.444      -4.448    -0.384      -3.866    -0.368       -3.733    -0.368       -3.731    -0.368     -3.729    
Full-diamond interchange -0.337      -5.376    -0.305      -4.943    -0.299        -4.857    -0.298       -4.837    -0.297     -4.833    
Single-point urban interchange 0.711      2.588    0.705       2.442    0.707       2.457    0.712       2.477    0.712      2.478    
Part-clover interchange -0.458     -7.980    -0.499      -8.979    -0.496       -8.917    -0.494      -8.877    -0.494     -8.880    
Part-diamond interchange -0.477    -4.607    -0.476      -4.704    -0.474        -4.685    -0.471      -4.664    -0.471     -4.660    
Smallest vertical curve gradient 
in segment 

          

Directional interchange —      —      —      —      —      —      —      —      —      —      
Single-point urban interchange —      —      —      —      —      —      —      —      —      —      
Part-diamond interchange —      —      —      —      —      —      —      —      —      —      
Largest vertical curve gradient 
in segment 

          

Semi-directional interchange 0.182       4.811    0.202       5.219    0.195        5.105    0.194        5.072    0.194       5.072    
Full-clover interchange 0.285     5.873    0.266       5.495    0.254      5.283    0.254       5.267    0.253     5.263    
Full-diamond interchange 0.190     4.964    0.177       4.689    0.172      4.562    0.171       4.533    0.171      4.528    
Single-point urban interchange -0.847      -3.140    -0.799     -2.931    -0.806      -2.964    -0.810        -2.982    -0.810     -2.983    
Part-clover interchange 0.222      5.135    0.226      5.311    0.222     5.215    0.222       5.193    0.221      5.186    
Part-diamond interchange 0.357      5.607    0.344       5.602    0.344       5.612    0.343       5.594    0.343      5.590    
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Table A.46b.  Four-Vehicle Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Correlation Between Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT 2.284     24.538   2.289     24.701    2.292      24.776   2.293       24.777    2.293      24.779   
Correlation with median 
continuous segment proportion 

0.0415     2.011    -0.044      -2.506    -0.112      -2.091    -0.043      -2.521    -0.043     -2.465    

Correlation with largest degree of 
curvature in segment 

0.376       8.565    0.358        8.498    0.354       8.427    0.353        8.396    0.353       8.389    

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

-0.149      -6.508    -0.140      -6.399    -0.135       -6.188    -0.135       -6.158    -0.134     -6.143    

Median continuous segment 
proportion 

0.0415     2.011    -0.044      -2.506    -0.112      -2.091    -0.043      -2.521    -0.043     -2.465    

Correlation with largest degree of 
curvature in segment 

0.376       8.565    0.358        8.498    0.354       8.427    0.353        8.396    0.353       8.389    

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

-0.149      -6.508    -0.140      -6.399    -0.135       -6.188    -0.135       -6.158    -0.134     -6.143    

Largest degree of curvature in 
segment 

0.376       8.565    0.358        8.498    0.354       8.427    0.353        8.396    0.353       8.389    

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

-0.149      -6.508    -0.140      -6.399    -0.135       -6.188    -0.135       -6.158    -0.134     -6.143    

Smallest vertical curve gradient in 
segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

-0.149      -6.508    -0.140      -6.399    -0.135       -6.188    -0.135       -6.158    -0.134     -6.143    
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Table A.47a.  Five-or-more Vehicle Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton 
Draws: Heterogeneity in Mean of Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Directional interchange 0.026     1.971    0.028       1.967    0.028       1.997    0.028       2.003    0.028      2.001    
Part-diamond interchange -0.243      -2.065    -0.240      -2.060    -0.240       -2.056    -0.240       -2.057    -0.240     -2.057    
Median continuous segment 
proportion 

          

Semi-directional interchange —      —      —      —      —      —      —      —      —      —      
Full-clover interchange —      —      —      —      —      —      —      —      —      —      
Part-clover interchange —      —      —      —      —      —      —      —      —      —      
Largest degree of curvature in 
segment 

          

Semi-directional interchange -0.219      -1.960    -0.210       -1.971    -0.209      -1.999    -0.209      -1.998    -0.209     -1.998    
Full-clover interchange -0.253      -1.987    -0.264    -1.958    -0.266      -1.972    -0.266      -1.966    -0.266     -1.968    
Part-clover interchange -0.226      -2.691    -0.223      -2.648    -0.224     -2.665    -0.224      -2.663    -0.224     -2.663    
Part-diamond interchange -0.170      -2.618    -0.179      -2.656    -0.181      -2.664    -0.182       -2.666    -0.182     -2.666    
Smallest vertical curve gradient 
in segment 

          

Directional interchange —      —      —      —      —      —      —      —      —      —      
Single-point urban interchange —      —      —      —      —      —      —      —      —      —      
Part-diamond interchange —      —      —      —      —      —      —      —      —      —      
Largest vertical curve gradient 
in segment 

          

Semi-directional interchange 0.130     1.980    0.120       1.978    0.120       1.978    0.120       2.526    0.120      1.986    
Full-clover interchange 0.180       2.292    0.192       2.445    0.193     2.462    0.193     2.462    0.193     2.462    
Full-diamond interchange 0.059      1.999    0.058       1.959    0.058       1.961    0.058       1.965    0.058      1.964    
Part-clover interchange 0.185     2.992    0.181       2.911    0.181       2.917    0.181       2.915    0.181      2.915    
Part-diamond interchange 0.735      2.887    0.732     2.903    0.733       2.904    0.733       2.906    0.733      2.905    
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Table A.47b.  Five-or-more Vehicle Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton 
Draws: Correlation Between Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT 2.402      17.891   2.394      17.823    2.397      17.834   2.396      17.829    2.396     17.830   
Correlation with median 
continuous segment proportion 

— — — — — — — — — — 

Correlation with largest degree of 
curvature in segment 

0.176     2.947    0.173     2.887    0.173      2.890    0.173      2.884    0.173     2.884    

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

-0.114    -3.299    -0.108      -3.175    -0.109     -3.204    -0.109     -3.205    -0.109    -3.204    

Median continuous segment 
proportion 

— — — — — — — — — — 

Correlation with largest degree of 
curvature in segment 

0.176     2.947    0.173     2.887    0.173      2.890    0.173      2.884    0.173     2.884    

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

-0.114    -3.299    -0.108      -3.175    -0.109     -3.204    -0.109     -3.205    -0.109    -3.204    

Largest degree of curvature in 
segment 

0.176     2.947    0.173     2.887    0.173      2.890    0.173      2.884    0.173     2.884    

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

-0.114    -3.299    -0.108      -3.175    -0.109     -3.204    -0.109     -3.205    -0.109    -3.204    

Smallest vertical curve gradient in 
segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

-0.114    -3.299    -0.108      -3.175    -0.109     -3.204    -0.109     -3.205    -0.109    -3.204    

 
  



207 

Table A.48a.  Sideswipe Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Heterogeneity in Mean of Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Directional interchange 0.011      2.140    0.062       2.312    0.018     2.161    0.028       2.109    0.028      2.115    
Median continuous segment 
proportion 

          

Semi-directional interchange 0.034       2.567    0.146       2.101    0.242       2.124    0.246        2.159    0.246     2.165    
Full- clover interchange 0527     5.881    0.509      5.806    0.544       6.254    0.542      6.231    0.542     6.233    
Part-clover interchange 0.405      4.223    0.347       3.638    0.325      3.373    0.326      3.382    0.326      3.380    
Largest degree of curvature in 
segment 

          

Directional interchange 0.103       3.145    0.085       2.654    0.074       2.356    0.079        2.515    0.078     2.497    
Semi-directional interchange -0.016      -2.194    -0.115      -2.521    -0.140       -2.408    -0.140      -2.419    -0.140     -2.420    
Part-diamond interchange -0.188      -3.839    -0.188      -3.850    -0.193        -3.755    -0.192      -3.739    -0.193     -3.741    
Smallest vertical curve gradient 
in segment 

          

Directional interchange — — — — — — — — — — 
Single-point urban interchange — — — — — — — — — — 
Part-diamond interchange — — — — — — — — — — 
Largest vertical curve gradient 
in segment 

          

Full-diamond interchange -0.047    -4.583    -0.049  -4.829    -0.048    -4.752    -0.048        -4.734    -0.048   -4.735    
Part-clover interchange 0.025      2.145    0.011      1.974    0.038      2.526    0.018        2.533    0.018     2.537    
Part-diamond interchange 0.089      2.732    0.087       2.678    0.073       2.159    0.073      2.152    0.013       2.153    
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Table A.48b.  Sideswipe Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Correlation Between Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT 1.537     49.108   1.530       48.990    1.529    48.770   1.529    48.764    1.529     48.760   
Correlation with median 
continuous segment proportion 

0.118     2.017    0.104     1.982    0.106    1.964    0.107       1.967    0.107      1.966    

Correlation with largest degree of 
curvature in segment 

0.062      4.450    0.064       4.702    0.053      3.938    0.052      3.896    0.052     3.892    

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

0.051      6.232    0.054      6.633    0.051        6.545    0.051      6.514    0.051     6.516    

Median continuous segment 
proportion 

0.118     2.017    0.104     1.982    0.106    1.964    0.107       1.967    0.107      1.966    

Correlation with largest degree of 
curvature in segment 

0.062      4.450    0.064       4.702    0.053      3.938    0.052      3.896    0.052     3.892    

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

0.051      6.232    0.054      6.633    0.051        6.545    0.051      6.514    0.051     6.516    

Largest degree of curvature in 
segment 

0.062      4.450    0.064       4.702    0.053      3.938    0.052      3.896    0.052     3.892    

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

0.051      6.232    0.054      6.633    0.051        6.545    0.051      6.514    0.051     6.516    

Smallest vertical curve gradient in 
segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

0.051      6.232    0.054      6.633    0.051        6.545    0.051      6.514    0.051     6.516    
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Table A.49a.  Same Direction Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Heterogeneity in Mean of Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Directional interchange 0.025       3.476    0.024       3.283    0.026     3.667    0.026      3.655    0.026     3.644    
Part-diamond interchange -0.047      -2.270    -0.047      -2.430    -0.050       -2.481    -0.050       -2.489    -0.050     -2.496    
Median continuous segment 
proportion 

          

Semi-directional interchange — — — — — — — — — — 
Full- clover interchange — — — — — — — — — — 
Part-clover interchange — — — — — — — — — — 
Largest degree of curvature in 
segment 

          

Semi-directional interchange -0.159      -2.430    -0.165      -2.483    -0.159       -2.423    -0.159    -2.424    -0.160     -2.428    
Full- clover interchange -0.171     -2.704    -0.122       -1.961    -0.141       -2.217    -0.141     -2.207    -0.139     -2.187    
Part-clover interchange -0.179      -5.061    -0.180       -5.043    -0.175       -4.927    -0.175       -4.922    -0.175     -4.935    
Smallest vertical curve gradient 
in segment 

          

Directional interchange — — — — — — — — — — 
Single-point urban interchange — — — — — — — — — — 
Part-diamond interchange — — — — — — — — — — 
Largest vertical curve gradient 
in segment 

          

Semi-directional interchange 0.154     2.553    0.059     1.978    0.058       1.965    0.058       1.964    0.058     1.966    
Full- clover interchange 0.153      3.919    0.125       3.161    0.138       3.505    0.137       3.486    0.136      3.472    
Part-clover interchange 0.161       6.865    0.153      6.567    0.154      6.621    0.154        6.599    0.154      6.610    
Part-diamond interchange 0.111       2.201    0.124     2.668    0.129       2.715    0.129      2.734    0.130     2.755    
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Table A.49b.  Same Direction Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Correlation Between Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT 0.966      22.173   0.964       22.037    0.964      22.158   0.965       22.165    0.964      22.141   
Correlation with median 
continuous segment proportion 

— — — — — — — — — — 

Correlation with largest degree of 
curvature in segment 

0.091      3.601    0.080      3.121    0.085       3.411    0.086       3.417    0.085      3.400    

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

-0.044      -3.003    -0.043     -2.984    -0.041       -2.845    -0.041       -2.842    -0.041     -2.841    

Median continuous segment 
proportion 

— — — — — — — — — — 

Correlation with largest degree of 
curvature in segment 

0.091      3.601    0.080      3.121    0.085       3.411    0.086       3.417    0.085      3.400    

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

-0.044      -3.003    -0.043     -2.984    -0.041       -2.845    -0.041       -2.842    -0.041     -2.841    

Largest degree of curvature in 
segment 

0.091      3.601    0.080      3.121    0.085       3.411    0.086       3.417    0.085      3.400    

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

-0.044      -3.003    -0.043     -2.984    -0.041       -2.845    -0.041       -2.842    -0.041     -2.841    

Smallest vertical curve gradient in 
segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

-0.044      -3.003    -0.043     -2.984    -0.041       -2.845    -0.041       -2.842    -0.041     -2.841    
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Table A.50a.  Headon Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Heterogeneity in Mean of Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Full-clover interchange —      —      —      —      —      —      —      —      —      —      
Single-point urban interchange —      —      —      —      —      —      —      —      —      —      
Part-diamond interchange —      —      —      —      —      —      —      —      —      —      
Median continuous segment 
proportion 

          

Directional interchange —      —      —      —      —      —      —      —      —      —      
Full-diamond interchange —      —      —      —      —      —      —      —      —      —      
Part-clover interchange —      —      —      —      —      —      —      —      —      —      
Largest degree of curvature in 
segment 

          

Single-point urban interchange 0.642       2.822    0.639       2.778    0.639        2.766    0.639       2.765    0.639       2.765    
Smallest vertical curve gradient 
in segment 

          

Directional interchange —      —      —      —      —      —      —      —      —      —      
Single-point urban interchange —      —      —      —      —      —      —      —      —      —      
Part-diamond interchange —      —      —      —      —      —      —      —      —      —      
Largest vertical curve gradient 
in segment 

          

Semi-directional interchange —      —      —      —      —      —      —      —      —      —      
Single-point urban interchange —      —      —      —      —      —      —      —      —      —      
Part-clover interchange —      —      —      —      —      —      —      —      —      —      
Part-diamond interchange —      —      —      —      —      —      —      —      —      —      
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Table A.50b.  Headon Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: Correlation 
Between Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT — — — — — — — — — — 
Correlation with median 
continuous segment proportion 

— — — — — — — — — — 

Correlation with largest degree of 
curvature in segment 

-0.320      -1.939    -0.333     -1.886    -0.338      -1.901    -0.338      -1.902    -0.338     -1.902    

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

— — — — — — — — — — 

Median continuous segment 
proportion 

— — — — — — — — — — 

Correlation with largest degree of 
curvature in segment 

-0.320      -1.939    -0.333     -1.886    -0.338      -1.901    -0.338      -1.902    -0.338     -1.902    

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

— — — — — — — — — — 

Largest degree of curvature in 
segment 

-0.320      -1.939    -0.333     -1.886    -0.338      -1.901    -0.338      -1.902    -0.338     -1.902    

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

— — — — — — — — — — 

Smallest vertical curve gradient in 
segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

— — — — — — — — — — 
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Table A.51a.  Rear-End Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Heterogeneity in Mean of Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Full-diamond interchange -0.033     -13.337    -0.029      -11.575    -0.028      -11.386   -0.028       -11.418    -0.029     -11.707   
Part-diamond interchange -0.087      -9.964    -0.064      -7.527    -0.064       -7.560    -0.065        -7.657    -0.065     -7.720    
Median continuous segment 
proportion 

          

Directional interchange 1.837      16.110    0.771      7.113    1.103      10.480   1.121     10.679    1.131       10.756   
Semi-directional interchange -0.331      -5.113    -0.032      -2.963   -0.079      -1.984    -0.086        -1.966    -0.060     -2.417    
Part-diamond interchange -0.857      -5.863    -0.616      -4.468    -0.652      -4.795    -0.650       -4.784    -0.631     -4.638    
Largest degree of curvature in 
segment 

          

Single-point urban interchange — — — — — — — — — — 
Part-clover interchange — — — — — — — — — — 
Part-diamond interchange — — — — — — — — — — 
Smallest vertical curve gradient 
in segment 

          

Directional interchange — — — — — — — — — — 
Single-point urban interchange — — — — — — — — — — 
Part-diamond interchange — — — — — — — — — — 
Largest vertical curve gradient 
in segment 

          

Directional interchange -0.093      -8.929    -0.030      -2.964    -0.029       -2.880    -0.034      -3.410    -0.033     -3.281    
Full- clover interchange 0.112       9.777    0.158      14.043    0.176    15.583   0.174    15.373    0.173      15.318   
Part-diamond interchange 0.285      11.897    0.223       9.516    0.222      9.511    0.224      9.575    0.222     9.517    
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Table A.51b.  Rear-End Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Correlation Between Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT 1.740    81.845   1.714     79.164    1.716    79.479   1.718       79.139    1.716      79.839   
Correlation with median 
continuous segment proportion 

0.440     10.856   0.579     14.559    0.537    13.461   0.532       13.319    0.532      13.346   

Correlation with largest degree of 
curvature in segment 

— — — — — — — — — — 

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

0.019     2.863    0.015     2.256    0.014        2.047    0.015      2.215    0.014      1.991    

Median continuous segment 
proportion 

0.440     10.856   0.579     14.559    0.537    13.461   0.532       13.319    0.532      13.346   

Correlation with largest degree of 
curvature in segment 

— — — — — — — — — — 

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

0.019     2.863    0.015     2.256    0.014        2.047    0.015      2.215    0.014      1.991    

Largest degree of curvature in 
segment 

— — — — — — — — — — 

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

0.019     2.863    0.015     2.256    0.014        2.047    0.015      2.215    0.014      1.991    

Smallest vertical curve gradient in 
segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

0.019     2.863    0.015     2.256    0.014        2.047    0.015      2.215    0.014      1.991    
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Table A.52a.  Overturn Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Heterogeneity in Mean of Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of Length           
Directional interchange 0.647     2.392    0.642      2.344    0.640       2.334    0.641        2.337    0.641       2.336    
Full-diamond interchange -0.386      -3.432    -0.397       -3.529    -0.398      -3.543    -0.399       -3.546    -0.399     -3.547    
Part-diamond interchange 0.606      2.599    0.606       2.572    0.616        2.609    0.616       2.607    0.616      2.609    
Median continuous segment 
proportion 

          

Directional interchange — — — — — — — — — — 
Full-diamond interchange — — — — — — — — — — 
Part-clover interchange — — — — — — — — — — 
Largest degree of curvature in 
segment 

— — — — — — — — — — 

Single-point urban interchange — — — — — — — — — — 
Part-clover interchange — — — — — — — — — — 
Part-diamond interchange — — — — — — — — — — 
Smallest vertical curve gradient 
in segment 

— — — — — — — — — — 

Directional interchange — — — — — — — — — — 
Single-point urban interchange — — — — — — — — — — 
Part-diamond interchange — — — — — — — — — — 
Largest vertical curve gradient 
in segment 

          

Semi-directional interchange 0.071       1.969    0.068      1.977    0.069        1.981    0.069       1.980    0.069       1.981    
Part-diamond interchange 0.051      1.979    0.051       2.249    0.053       1.998    0.053      1.998    0.053      1.999    
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Table A.52b.  Overturn Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Correlation Between Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of Length 1.336      13.308   1.352       13.430    1.356       13.486   1.356      13.486    1.356     13.488   
Correlation with median 
continuous segment proportion 

— — — — — — — — — — 

Correlation with largest degree of 
curvature in segment 

— — — — — — — — — — 

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

-0.057      -3.697    -0.058      -3.754    -0.058       -3.760    -0.058       -3.760    -0.058     -3.761    

Median continuous segment 
proportion 

— — — — — — — — — — 

Correlation with largest degree of 
curvature in segment 

— — — — — — — — — — 

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

-0.057      -3.697    -0.058      -3.754    -0.058       -3.760    -0.058       -3.760    -0.058     -3.761    

Largest degree of curvature in 
segment 

— — — — — — — — — — 

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

-0.057      -3.697    -0.058      -3.754    -0.058       -3.760    -0.058       -3.760    -0.058     -3.761    

Smallest vertical curve gradient in 
segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

-0.057      -3.697    -0.058      -3.754    -0.058       -3.760    -0.058       -3.760    -0.058     -3.761    
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Table A.53a.  Fixed Object Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Heterogeneity in Mean of Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Directional interchange -0.022     -2.197    -0.024      -2.322    -0.022      -2.187    -0.022      -2.179    -0.022     -2.170    
Part-diamond interchange -0.041     -4.025    -0.045      -4.415    -0.043       -4.211    -0.043       -4.201    -0.043     -4.207    
Median continuous segment 
proportion 

          

Directional interchange 1.039     6.886    1.1375    7.562    1.164       7.713    1.162       7.700    1.160     7.692    
Semi-directional interchange 0.197      2.309    0.191       2.226    0.181        2.127    0.182        2.138    0.182      2.141    
Full-diamond interchange -0.391      -3.578    -0.357      -3.286    -0.345     -3.189    -0.346      -3.192    -0.345    -3.190    
Largest degree of curvature in 
segment 

          

Single-point urban interchange — — — — — — — — — — 
Part-clover interchange — — — — — — — — — — 
Part-diamond interchange — — — — — — — — — — 
Smallest vertical curve gradient 
in segment 

— — — — — — — — — — 

Directional interchange — — — — — — — — — — 
Single-point urban interchange — — — — — — — — — — 
Part-diamond interchange — — — — — — — — — — 
Largest vertical curve gradient 
in segment 

          

Directional interchange -0.033     -1.968    -0.031      -1.966    -0.037      -1.979    -0.037     -1.981    -0.037    -1.984    
Full-diamond interchange -0.019    -2.199    -0.016    -1.983    -0.019     -2.239    -0.019     -2.235    -0.019    -2.236    
Part-diamond interchange 0.096     3.601    0.117     4.488    0.111       4.218    0.110     4.189    0.111     4.209    
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Table A.53b.  Fixed Object Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Correlation Between Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT 0.668       28.735   0.666      28.765    0.669      28.805   0.669        28.779    0.669      28.796   
Correlation with median 
continuous segment proportion 

0.092      1.983    0.056     2.911    0.037        2.601    0.038     2.619    0.039     2.634    

Correlation with largest degree of 
curvature in segment 

— — — — — — — — — — 

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

0.049       5.848    0.046      5.449    0.047        5.621    0.047       5.620    0.047      5.629    

Median continuous segment 
proportion 

0.092      1.983    0.056     2.911    0.037        2.601    0.038     2.619    0.039     2.634    

Correlation with largest degree of 
curvature in segment 

— — — — — — — — — — 

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

0.049       5.848    0.046      5.449    0.047        5.621    0.047       5.620    0.047      5.629    

Largest degree of curvature in 
segment 

— — — — — — — — — — 

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

0.049       5.848    0.046      5.449    0.047        5.621    0.047       5.620    0.047      5.629    

Smallest vertical curve gradient in 
segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

0.049       5.848    0.046      5.449    0.047        5.621    0.047       5.620    0.047      5.629    
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Table A.54a.  Other Type Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Heterogeneity in Mean of Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Directional interchange -0.049      -2.837    -0.047     -2.770    -0.049      -2.867    -0.049      -2.870    -0.049     -2.871    
Full-clover interchange -0.046      -1.969    -0.047      -1.965    -0.047       -1.964    -0.0465     -1.964    -0.0465   -1.964    
Median continuous segment 
proportion 

          

Semi-directional interchange -0.665      -3.002    -0.672     -3.020    -0.674   -3.041    -0.673     -3.042    -0.674     -3.042    
Full-clover interchange -0.421    -2.336    -0.412      -1.981    -0.408       -2.300    -0.408       -2.300    -0.408    -2.301    
Full-diamond interchange -1.075    -4.749    -1.070     -4.748    -1.071       -4.750    -1.071       -4.750    -1.071     -4.751    
Part-clover interchange -1.035    -4.179    -1.007    -4.064    -1.026  -4.161    -1.027      -4.165    -1.027     -4.167    
Part-diamond interchange -1.180    -2.460    -1.173      -2.437    -1.173       -2.443    -1.173     -2.444    -1.174     -2.445    
Largest degree of curvature in 
segment 

          

Single-point urban interchange — — — — — — — — — — 
Part-clover interchange — — — — — — — — — — 
Part-diamond interchange — — — — — — — — — — 
Smallest vertical curve gradient 
in segment 

          

Directional interchange — — — — — — — — — — 
Single-point urban interchange — — — — — — — — — — 
Part-diamond interchange — — — — — — — — — — 
Largest vertical curve gradient 
in segment 

          

Directional interchange 0.060      1.960    0.059       1.967    0.063       1.971    0.063       1.984    0.063      1.986    
Full-clover interchange 0.132      1.965    0.135      1.974    0.134       1.988    0.134     1.987    0.134       1.987    
Full-diamond interchange 0.072     3.830    0.072       3.861    0.072        3.845    0.072        3.844    0.072       3.844    
Part-clover interchange 0.032     1.996    0.031      2.435    0.033       2.505    0.033       1.999    0.033      1.972    
Part-diamond interchange 0.071      1.995    0.072       1.966    0.072        1.966    0.072        1.966    0.072       1.966    
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Table A.54b.  Other Type Accident Frequency Random Parameter Negative Binomial Comparison Across Number of Halton Draws: 
Correlation Between Random Parameters 

 200 Draws 1,000 Draws 10,000 Draws 20,000 Draws 30,000 Draws 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT 0.428       10.851   0.427       10.823    0.428        10.853   0.428        10.854    0.428       10.854   
Correlation with median 
continuous segment proportion 

0.494     2.880    0.498     2.910    0.498      2.917    0.498      2.917    0.498     2.918    

Correlation with largest degree of 
curvature in segment 

— — — — — — — — — — 

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

-0.079    -4.232    -0.080      -4.263    -0.080        -4.274    -0.080        -4.274    -0.080     -4.275    

Median continuous segment 
proportion 

0.494     2.880    0.498     2.910    0.498      2.917    0.498      2.917    0.498     2.918    

Correlation with largest degree of 
curvature in segment 

— — — — — — — — — — 

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

-0.079    -4.232    -0.080      -4.263    -0.080        -4.274    -0.080        -4.274    -0.080     -4.275    

Largest degree of curvature in 
segment 

— — — — — — — — — — 

Correlation with smallest vertical 
curve gradient in segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

-0.079    -4.232    -0.080      -4.263    -0.080        -4.274    -0.080        -4.274    -0.080     -4.275    

Smallest vertical curve gradient in 
segment 

— — — — — — — — — — 

Correlation with largest vertical 
curve gradient in segment 

-0.079    -4.232    -0.080      -4.263    -0.080        -4.274    -0.080        -4.274    -0.080     -4.275    
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Table A.55a.  Interchange Type Heterogeneity in Random Parameter Means for Interstate Accident Severities. 
 Property Damage Possible Injury Evident Injury Disabling Injury Fatal Injury 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Full-clover interchange 0.018     5.155    0.025       5.118    —    —    0.026     1.407    —    —    
Full-diamond interchange 0.194      9.735    0.185       6.019    0.103       2.198    0.018     1.575    —    —    
Part-clover interchange —    —    —    —    —    —    —    —    -0.043    -1.797    
Other interchange —    —    —    —    —    —    0.019      1.477    —    —    
Median continuous segment 
proportion 

          

Directional interchange 1.278      17.442    1.103    10.891    —    —    —    —    —    —    
Full-diamond interchange -0.392      -6.509    -0.453      -5.261    —    —    —    —    —    —    
Part-clover interchange 0.542      8.447    0.721       7.905    —    —    —    —    —    —    
Largest degree of curvature in 
segment 

        —    —    

Single-point urban interchange 0.298    5.272    0.532       6.117    0.197        2.714    —    —    —    —    
Part-clover interchange -0.105     -8.133    -0.165       -8.780    -0.105      -3.569    —    —    —    —    
Part-diamond interchange -0.158     -5.223    -0.270       -6.679    —    —    —    —    —    —    
Smallest vertical curve gradient 
in segment 

        —    —    

Directional interchange -0.097     -7.652    -0.066      -3.610    —    —    —    —    —    —    
Single-point urban interchange -0.601     -9.972    -0.579       -6.222    —    —    —    —    —    —    
Part-diamond interchange -0.167      -6.140    -0.109       -2.692    —    —    —    —    —    —    
Largest vertical curve gradient 
in segment 

        —    —    

Semi-directional interchange 0.048      5.941    0.023     1.889    —    —    —    —    —    —    
Single-point urban interchange -0.238      -6.806    -0.325       -5.667    -0.234      -2.926    —    —    —    —    
Part-clover interchange 0.069     8.287    0.105      8.519    0.086      4.732    —    —    —    —    
Part-diamond interchange 0.285      11.301    0.250      7.343    0.181       4.543    —    —    —    —    
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Table A.55b.  Interchange Type Correlation Between Random Parameters for Interstate Accident Severities. 
 Property Damage Possible Injury Evident Injury Disabling Injury Fatal Injury 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT 1.075       64.040   1.187       42.293    0.719       21.626   0.538      6.900    0.434      3.185    
Correlation with median 
continuous segment proportion 

0.150       3.768    0.258     4.486    —    —    —    —    —    —    

Correlation with largest degree of 
curvature in segment 

0.118       13.519   0.120     9.167    0.129       6.817    —    —    —    —    

Correlation with smallest vertical 
curve gradient in segment 

0.040      4.768    0.049     3.777    —    —    —    —    —    —    

Correlation with largest vertical 
curve gradient in segment 

-0.018     -3.047    -0.025      -2.752    -0.012       -2.062    —    —    —    —    

Median continuous segment 
proportion 

0.150       3.768    0.258     4.486    —    —    —    —    —    —    

Correlation with largest degree of 
curvature in segment 

0.118       13.519   0.120     9.167    0.129       6.817    —    —    —    —    

Correlation with smallest vertical 
curve gradient in segment 

0.040      4.768    0.049     3.777    —    —    —    —    —    —    

Correlation with largest vertical 
curve gradient in segment 

-0.018     -3.047    -0.025      -2.752    -0.012       -2.062    —    —    —    —    

Largest degree of curvature in 
segment 

0.118       13.519   0.120     9.167    0.129       6.817    —    —    —    —    

Correlation with smallest vertical 
curve gradient in segment 

0.040      4.768    0.049     3.777    —    —    —    —    —    —    

Correlation with largest vertical 
curve gradient in segment 

-0.018     -3.047    -0.025      -2.752    -0.012       -2.062    —    —    —    —    

Smallest vertical curve gradient in 
segment 

0.040      4.768    0.049     3.777    —    —    —    —    —    —    

Correlation with largest vertical 
curve gradient in segment 

-0.018     -3.047    -0.025      -2.752    -0.012       -2.062    —    —    —    —    
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Table A.55c.  Fixed Parameter Estimates for Interchange Type Heterogeneity in Random Parameter Models for Interstate Accident Severities. 
 Property Damage Possible Injury Evident Injury Disabling Injury Fatal Injury 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Constant -8.593      -50.848    -10.557      -37.716    -7.223        -23.214   -7.698       -10.580    -7.612 -6.136    
Logarithm of length of segment 
in miles 

0.673       32.963    0.547       17.858    0.800        17.722   0.808        7.785    1.093   8.119    

Urban segment indicator (1 if 
segment is in an urban 
location; 0 otherwise) 

— — -0.118       -3.599    — — — — — — 

Median continuous segment 
proportion 

— — — — — — 0.332        2.053    — — 

Right-side lighting segment 
proportion 

0.139       3.462    0.112       1.919    0.290        3.778    0.605        3.453    — — 

Three-lane cross section 
segment proportion 

0.490       19.106    0.560       14.761    0.320        6.833    0.176     1.684    0.435 2.066    

Four-lane cross section 
segment proportion 

1.122       38.605    1.334       30.809    0.755        12.818   0.784       5.927    1.107   4.518    

Three to four-foot left shoulder 
width proportion 

-0.226      -6.052    -0.321       -5.445    — — — — — — 

Five-to-nine foot left shoulder 
width proportion 

-0.486      -17.031    -0.592       -14.330    -0.272        -4.039    — — — — 

Ten-foot left shoulder width 
proportion 

-0.525      -21.700    -0.799       -22.825    -0.208        -3.935    — — — — 

Three to four-foot right 
shoulder width proportion 

-0.092      -2.451    -0.259       -4.469    — — — — — — 

Five-to-nine foot right shoulder 
width proportion 

-0.375      -12.989    -0.471       -11.193    -0.336        -5.049    — — — — 

Ten-foot right shoulder width 
proportion 

-0.455      -18.065    -0.622       -17.217    -0.202        -3.651    — — — — 

Number of horizontal curves in 
segment 

0.040       5.256    0.048 6.812    0.037 2.298    0.066       2.044    — — 

Shortest  horizontal curve-in-
segment length in miles 

-0.175      -3.337    — — — — — — — — 
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    Table A.56a.  Interchange Type Heterogeneity in Random Parameter Means for Interstate Accidents by Vehicle Involvement. 
 One-Vehicle Two-Vehicle Three-Vehicle Four-Vehicle Five-or-more 

Vehicle 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT           
Directional interchange — — — — — — — — 0.028      2.001    
Full-clover interchange -0.011     -2.177    0.035      10.772    0.044       7.078    — — — — 
Single-point urban interchange 0.030       2.475    0.169       7.852    0.154       2.809    0.164       2.907    — — 
Part-clover interchange — — — — — — 0.035        2.061    — — 
Part-diamond interchange -0.017     -2.889    -0.038      -6.234    -0.070        -5.452    — — -0.240     -2.057    
Median continuous segment 
proportion 

          

Directional interchange 0.864       8.182    0.903      13.920    1.219       10.698   1.523        8.669    —      —      
Full-clover interchange — — — — — — 0.808        2.924    —      —      
Single-point urban interchange — — -1.081      -3.619    -1.922        -2.486    — — —      —      
Part-clover interchange 0.241       2.482    — — — — 0.613       2.972    —      —      
Largest degree of curvature in 
segment 

          

Semi-directional interchange — — — — — — -0.292      -4.414    -0.209     -1.998    
Full-clover interchange — — — — — — -0.368       -3.729    -0.266     -1.968    
Full-diamond interchange — — — — — — -0.297      -4.833    — — 
Single-point urban interchange 0.190       1.953    0.416       6.741    0.570      3.616    0.712       2.478    — — 
Part-clover interchange -0.027      -1.962    -0.078      -6.024    -0.145        -5.858    -0.494      -8.880    -0.224     -2.663    
Part-diamond interchange — — — — — — -0.471      -4.660    -0.182     -2.666    
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Table A.56a (continued).  Interchange Type Heterogeneity in Random Parameter Means for Interstate Accidents by Vehicle Involvement. 
 One-Vehicle Two-Vehicle Three-Vehicle Four-Vehicle Five-or-more 

Vehicle 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Smallest vertical curve gradient 
in segment 

          

Directional interchange -0.105      -5.342    — — — — —      —      —      —      
Single-point urban interchange -0.356      -3.699    -0.392      -6.295    -0.412        -2.806    —      —      —      —      
Part-diamond interchange — — -0.110      -3.805    -0.287      -4.733    —      —      —      —      
Largest vertical curve gradient 
in segment 

          

Semi-directional interchange — — 0.033       4.211    0.027       1.998    0.194        5.072    0.120      1.986    
Full-clover interchange — — — — — — 0.253      5.263    0.193     2.462    
Full-diamond interchange — — — — — — 0.171       4.528    0.058      1.964    
Single-point urban interchange — — -0.234       -5.773    -0.182      -1.983    -0.810        -2.983    —      —      
Part-clover interchange — — 0.090       10.376    0.196       11.695   0.221       5.186    0.181      2.915    
Part-diamond interchange — — 0.248       10.206    0.479      11.051   0.343       5.590    0.733      2.905    
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Table A.56b.  Interchange Type Correlation Between Random Parameters for Interstate Accidents by Vehicle Involvement. 
 One-Vehicle Two-Vehicle Three-Vehicle Four-Vehicle Five-or-more 

Vehicle 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT 0.417       18.850   1.452      77.683    2.001       43.446   2.293       24.779    2.396     17.830   
Correlation with median 
continuous segment proportion 

-0.044      -2.880    0.292       9.385    0.374        6.379    -0.043      -2.465    — — 

Correlation with largest degree of 
curvature in segment 

0.070       6.141    0.100     11.076    .0131        7.147    0.353        8.389    0.173     2.884    

Correlation with smallest vertical 
curve gradient in segment 

0.052       4.681    0.027      3.292    0.038       -2.519    — — — — 

Correlation with largest vertical 
curve gradient in segment 

— — 0.024       2.594    -0.017       -3.164 -0.134       -6.143    -0.109    -3.204    

Median continuous segment 
proportion 

-0.044      -2.880    0.292       9.385    0.374        6.379    -0.043      -2.465    — — 

Correlation with largest degree of 
curvature in segment 

0.070       6.141    0.100     11.076    .0131        7.147    0.353        8.389    0.173     2.884    

Correlation with smallest vertical 
curve gradient in segment 

0.052       4.681    0.027      3.292    0.038       -2.519    — — — — 

Correlation with largest vertical 
curve gradient in segment 

— — 0.024       2.594    -0.017       -3.164 -0.134       -6.143    -0.109    -3.204    

Largest degree of curvature in 
segment 

0.070       6.141    0.100     11.076    .0131        7.147    0.353        8.389    0.173     2.884    

Correlation with smallest vertical 
curve gradient in segment 

0.052       4.681    0.027      3.292    0.038       -2.519    — — — — 

Correlation with largest vertical 
curve gradient in segment 

— — 0.024       2.594    -0.017       -3.164 -0.134       -6.143    -0.109    -3.204    

Smallest vertical curve gradient in 
segment 

0.052       4.681    0.027      3.292    0.038       -2.519    — — — — 

Correlation with largest vertical 
curve gradient in segment 

— — 0.024       2.594    -0.017       -3.164 -0.134       -6.143    -0.109    -3.204    
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Table A.56b(continued).  Interchange Type Correlation between Random Parameters for Interstate Accidents by Vehicle Involvement. 
 One-Vehicle Two-Vehicle Three-Vehicle Four-Vehicle Five-or-more 

Vehicle 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Ten-foot left shoulder width 
proportion 

-0.327 -27.682 -0.509 -27.682 -0.602 -13.200 -0.639 -7.780 -0.540 -3.786 

Three to four-foot right 
shoulder width proportion 

N/.A N/.A — — — — -0.736 -4.438 -0.527 -2.248 

Five-to-nine foot right shoulder 
width proportion 

-0.327 -7.865 -0.187 -6.391 -0.149 -2.691 -0.617 -5.944 -0.720 -3.826 

Ten-foot right shoulder width 
proportion 

-0.288 -7.570 -0.404 -16.179 -0.551 -11.240 -0.783 -8.997 -0.709 -4.651 

Greater than ten-foot right 
shoulder width proportion 

N/.A N/.A N/.A N/.A N/.A N/.A N/.A N/.A -0.703 -1.998 

Number of horizontal curves in 
segment 

0.044 4.433 0.046 5.474 0.038 2.292 0.096 3.433 0.130 2.693 

Shortest  vertical curve-in-
segment length in miles 

-0.386 -2.787 -0.254 -4.309 -0.222 -2.027 -0.482 -1.999 — — 
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Table A.56c.  Fixed Parameter Estimates for Interchange Type Heterogeneity in Random Parameter Models for Interstate Accidents by 
Vehicle Involvement. 

 One-Vehicle Two-Vehicle Three-Vehicle Four-Vehicle Five-or-more 
Vehicle 

Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Constant -3.178    -14.480    -12.685    -69.317    -19.712      -43.458   -23.490      -25.629    -25.504 -18.891   
Logarithm of length of segment 
in miles 

0.878      30.878    0.565       26.364    0.564      13.118   0.528    6.926    0.596     4.464    

Urban segment indicator (1 if 
segment is in an urban location; 
0 otherwise) 

0.095       3.218    -0.201      -8.658    -0.280       -5.969    — — — — 

Right-side lighting segment 
proportion 

0.172       3.508    0.393       8.919    0.458        4.993    — — — — 

Three-lane cross section 
segment proportion 

0.490       16.672    0.539       23.711    0.646        14.150   0.421        4.319    0.430       2.702    

Four-lane cross section segment 
proportion 

0.815      21.930    1.2479     44.672    1.429      25.386   1.161       11.103    1.086      6.315    

Greater than ten-foot left 
shoulder width proportion 

-0.504      -5.438    — — — — — — — — 

Three to four-foot left shoulder 
width proportion 

— — — — — — -0.505      -2.947    — — 

Five-to-nine foot left shoulder 
width proportion 

-0.381     -8.950    -0.320       -21.580    -0.321        -5.583    -0.623      -5.658    -0.614     -3.066    
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Table A.57a.  Interchange Type Heterogeneity in Random Parameter Means for Interstate Accidents by Collision Type. 
 Sideswipe Same Direction Headon Rear-End 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT         
Directional interchange 0.028       2.115    0.026      3.644    —      —      —      —      
Full-clover interchange — — — — —      —      —      —      
Full-diamond interchange — — — — —      —      -0.029        -11.707    
Single-point urban interchange — — — — —      —      —      —      
Part-diamond interchange — — -0.050       -2.496    —      —      -0.065       -7.720    
Median continuous segment proportion         
Directional interchange — — — — —      —      1.131        10.756    
Semi-directional interchange 0.246      2.165    — — —      —      -0.060        -2.417    
Full- clover interchange 0.542      6.233    — — —      —      —      —      
Full-diamond interchange — — — — —      —      —      —      
Part-clover interchange 0.326       3.380    — — —      —      —      —      
Part-diamond interchange — — — — —      —      -0.631       -4.638    
Largest degree of curvature in segment         
Directional interchange 0.078      2.497    — — —      —      — — 
Semi-directional interchange -0.140      -2.420    -0.160        -2.428    —      —      — — 
Full- clover interchange — — -0.139      -2.187    —      —      — — 
Single-point urban interchange — — — — 0.639        2.765    — — 
Part-clover interchange — — — — —      —      — — 
Part-diamond interchange -0.193        -3.741    — — —      —      — — 
Smallest vertical curve gradient in segment         
Directional interchange — — — — — — — — 
Single-point urban interchange — — — — — — — — 
Part-diamond interchange — — — — — — — — 
Largest vertical curve gradient in segment         
Directional interchange — — — — —      —      -0.033      -3.281    
Semi-directional interchange — — 0.058      1.966    —      —      — — 
Full- clover interchange — — 0.136       3.472    —      —      0.173       15.318    
Full-diamond interchange -0.048    -4.735    — — —      —      — — 
Single-point urban interchange — — — — —      —      — — 
Part-clover interchange 0.018      2.537    0.154       6.610    —      —      — — 
Part-diamond interchange 0.013        2.153    0.130      2.755    —      —      0.222      9.517    
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Table A.57a(Continued).  Interchange Type Heterogeneity in Random Parameter Means for Interstate Accidents by Collision Type. 
 Overturn Fixed Object Other Type 
Variable Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT       
Directional interchange 0.641        2.336    -0.022      -2.170    -0.049       -2.871    
Full-clover interchange — — — — — — 
Full-diamond interchange -0.399       -3.547    — — — — 
Single-point urban interchange — — — — — — 
Part-diamond interchange 0.616       2.609    -0.043       -4.207    — — 
Median continuous segment proportion       
Directional interchange — — 1.160      7.692    — — 
Semi-directional interchange — — 0.182       2.141    -0.674       -3.042    
Full- clover interchange — — — — -0.408     -2.301    
Full-diamond interchange — — -0.345     -3.190    -1.071       -4.751    
Part-clover interchange — — — — -1.027      -4.167    
Part-diamond interchange — — — — -1.174      -2.445    
Largest degree of curvature in segment       
Directional interchange — — — — — — 
Semi-directional interchange — — — — — — 
Full- clover interchange — — — — — — 
Single-point urban interchange — — — — — — 
Part-clover interchange — — — — — — 
Part-diamond interchange — — — — — — 
Smallest vertical curve gradient in segment       
Directional interchange — — — — — — 
Single-point urban interchange — — — — — — 
Part-diamond interchange — — — — — — 
Largest vertical curve gradient in segment       
Directional interchange — — -0.037     -1.984    0.063       1.986    
Semi-directional interchange 0.069        1.981    — — — — 
Full- clover interchange — — — — 0.134        1.987    
Full-diamond interchange — — -0.019     -2.236    0.072        3.844    
Single-point urban interchange — — — — — — 
Part-clover interchange — — — — 0.033       1.972    
Part-diamond interchange 0.053       1.999    0.111      4.209    0.072        1.966    
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Table A.57b.  Interchange Type Correlation Between Random Parameters for Interstate Accidents by Collision Type. 
 Sideswipe Same Direction Headon Rear-End 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT 1.529     48.760   0.964     22.141   — — 1.716    79.839   
Correlation with median continuous segment proportion 0.107      1.966    — — — — 0.532    13.346   
Correlation with largest degree of curvature in segment 0.052     3.892    0.085     3.400    -0.338   -1.902   — — 
Correlation with smallest vertical curve gradient in segment — — — — — — — — 
Correlation with largest vertical curve gradient in segment 0.051     6.516    -0.041   -2.841   — — 0.014    1.991    
Median continuous segment proportion 0.107      1.966    — — — — 0.532    13.346   
Correlation with largest degree of curvature in segment 0.052     3.892    0.085     3.400    -0.338   -1.902   — — 
Correlation with smallest vertical curve gradient in segment — — — — — — — — 
Correlation with largest vertical curve gradient in segment 0.051     6.516    -0.041   -2.841   — — 0.014    1.991    
Largest degree of curvature in segment 0.052     3.892    0.085     3.400    -0.338   -1.902   — — 
Correlation with smallest vertical curve gradient in segment — — — — — — — — 
Correlation with largest vertical curve gradient in segment 0.051     6.516    -0.041   -2.841   — — 0.014    1.991    
Smallest vertical curve gradient in segment — — — — — — — — 
Correlation with largest vertical curve gradient in segment 0.051     6.516    -0.041   -2.841   — — 0.014    1.991    
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Table A.57b (Continued).  Interchange Type Correlation Between Random Parameters for Interstate Accidents by Collision Type. 
 Overturn Fixed Object Other Type 
Variable Mean T-stat. Mean T-stat. Mean T-stat. 
Logarithm of ADT 1.356     13.488   0.669      28.796    0.428     10.854    
Correlation with median continuous segment proportion — — 0.039      2.634    0.498     2.918    
Correlation with largest degree of curvature in segment — — — — — — 
Correlation with smallest vertical curve gradient in segment — — — — — — 
Correlation with largest vertical curve gradient in segment -0.058      -3.761   0.047      5.629    -0.080    -4.275    
Median continuous segment proportion — — 0.039      2.634    0.498     2.918    
Correlation with largest degree of curvature in segment — — — — — — 
Correlation with smallest vertical curve gradient in segment — — — — — — 
Correlation with largest vertical curve gradient in segment -0.058      -3.761   0.047      5.629    -0.080    -4.275    
Largest degree of curvature in segment — — — — — — 
Correlation with smallest vertical curve gradient in segment — — — — — — 
Correlation with largest vertical curve gradient in segment -0.058      -3.761   0.047      5.629    -0.080    -4.275    
Smallest vertical curve gradient in segment — — — — — — 
Correlation with largest vertical curve gradient in segment -0.058      -3.761   0.047      5.629    -0.080    -4.275    
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Table A.57c.  Fixed Parameter Estimates for Interchange Type Heterogeneity in Random Parameter Models for Interstate Accidents by 
Collision Type. 

 Sideswipe Same Direction Headon Rear-End 
Variable Mean T-stat. Mean T-stat. Mean T-stat. Mean T-stat. 
Constant -14.815     -48.729    -10.172    -24.054   -12.409  -3.918   -15.646    -73.412   
Logarithm of length of segment in miles 0.599      17.938    0.766       13.998   .0860      2.674    0.244       10.077   
Logarithm of ADT — — — — 0.829       2.481    — — 
Right-side lighting segment proportion — — — — — — — — 
Three-lane cross section segment proportion 0.488       13.430    0.912       13.682   — — 0.769       26.842   
Four-lane cross section segment proportion 1.242        30.021    1.433       17.872   — — 1.530       44.188   
Three to four-foot left shoulder width proportion  — — — — — — — — 
Five-to-nine foot left shoulder width proportion -0.191       -4.219    -0.455     -5.598    — — -0.417      -12.032   
Ten-foot left shoulder width proportion -0.260       -7.227    -0.455      -6.584    — — -0.867     -29.615   
Three to four-foot right shoulder width proportion — — 0.043      2.370    — — — — 
Five-to-nine foot right shoulder width proportion -0.149       -1.988    -0.358      -4.273    — — -0.518      -14.636   
Ten-foot right shoulder width proportion -0.245      -6.408    -0.409      -5.573    — — -0.841     -26.535   
Greater than ten-foot right shoulder width proportion -0.153 -2.077    -0.409      -3.064    — — -0.175      -3.181    
Number of horizontal curves in segment 0.051        4.084    0.053     2.552    — — — — 
Shortest  horizontal curve-in-segment length in miles — — — — — — — — 
Number of vertical curves in segment — — — — — — 0.088      11.896   
Largest vertical curve gradient in segment — — — — 0.119     1.980    — — 
Largest degree of curvature in segment — — — — — — 0.135      15.324   

 
 
 
 
 
 
  



234 

Table A.57c (Continued).  Fixed Parameter Estimates for Interchange Type Heterogeneity in Random Parameter Models for Interstate 
Accidents by Collision Type. 

 Overturn Fixed Object Other Type 
Variable Mean T-stat. Mean T-stat. Mean T-stat. 
Constant -0.903       -11.301    -5.946      -26.757   -4.747    -13.476   
Logarithm of length of segment in miles — — 0.689       21.200   0.898      16.933   
Urban segment indicator (1 if segment is in  
an urban location; 0 otherwise) 

0.207       3.759    — — — — 

Median continuous segment proportion -0.679       -4.642    — — — — 
Three-lane cross section segment proportion — — 0.685      21.353   0.487      7.713    
Four-lane cross section segment proportion 0.582        6.707    0.990      23.656   1.015      14.622   
Two-feet left shoulder width proportion -0.602        -6.248    — — — — 
Five-to-nine foot left shoulder width proportion — — -0.615      -12.870   -0.133    -1.963    
Ten-foot left shoulder width proportion — — -0.541      -13.367   — — 
Greater than ten-foot left shoulder width proportion — — -0.644      -6.134    — — 
Five-to-nine foot right shoulder width proportion — — -0.472       -10.262   -0.219    -3.013    
Ten-foot right shoulder width proportion — — -0.469       -11.124   — — 
Greater than ten-foot right shoulder width proportion — — -0.250      -3.236    -0.247    -1.987    
Number of horizontal curves in segment 0.045       1.971    0.061       5.269    — — 
Longest  horizontal curve-in-central angle 0.569D-04    4.754    — — — — 
Number of vertical curves in segment -0.050  -2.788    — — 0.028      1.993    
Largest degree of curvature in segment — — 0.090       7.552    — — 

 

 

 


