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a b s t r a c t

Safety continuum plays an important role in the development of traffic conflict techniques. This study
proposes a shifted Gamma-Generalized Pareto Distribution (GPD) model to map the whole safety contin-
uum and then estimate crashes. Two important model parameters, the threshold and shifted value, are
discussed in detail. The threshold, which is mapped as the boundary to distinguish conflicts and normal
events, is estimated simultaneously with other four Gamma-GPD parameters by Bayesian approach. The
shifted value, which is introduced by shifted reciprocal mapping and mapped as the boundary to distin-
guish conflicts and crashes, is determined by a crash-based approach. The proposed model is applied to
estimate crashes related to lane change maneuvers on freeways, and the Bayesian approach is also com-
pared with the classical maximum likelihood estimation approach. More accurate and less uncertain esti-
mated crashes are obtained through the Bayesian approach, and this also shows the superiority of shifted
reciprocal mapping approach over the linear mapping approaches. Meanwhile, the estimated model
parameters show that the boundary to distinguish conflicts and crashes is consistent while the bound-
aries to distinguish conflicts and normal events might be varied across different segments.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In the development of traffic conflict techniques, the safety con-
tinuum plays an important role in extending road safety analysis
from crashes to serious conflicts and from serious conflicts to nor-
mal traffic events. Different from the use of crashes and serious
conflicts, the primary focus of which is exceptional and unsuccess-
ful events, analyzing the whole safety continuum provides ‘‘a com-
plete picture’’ of road safety situations and can improve the
understanding of mechanisms leading to crashes (Svensson and
Hydén, 2006). As stated by Archer (2005), the safety continuum
of traffic events is:

Theoretical concept inferred in relation to the use of proximal
safety indicators whereby all interactions are placed on the same
scale with safe passages at one extreme and accidents involving
fatalities at the other.

In order to describe the safety continuum, many hierarchy mod-
els have been proposed to represent the relationship between
frequency and severity of the traffic events, and examples include
distribution function in terms of nearness to a collision (Glauz and
Migletz, 1980), safety pyramid model (Hydén, 1987), and

diamond-shaped severity hierarchy model (Svensson, 1998). In
these models, traffic events are ordered from the safest to most
dangerous as: normal events (or undisturbed passages), potential
conflicts, slight conflicts, serious conflicts, and crashes. Many stud-
ies suggested that if a stable relationship between levels of safety
hierarchy could be established then the observations of non-crash
events would be used to estimate crashes, and the relationship
usually takes the form (Hauer and Garder, 1986):

k ¼
X

pi � ci ð1Þ

where k is the expected number of crashes; pi is the crash-to-con-
flict ratio for conflicts of severity level i; ci is the number of conflicts
of severity level i.

Although Eq. (1) provides a theoretical framework, the applica-
tion of this idea is limited because the required stability of crash-
to-conflict ratio is difficult to ensure. Moreover, some thresholds
to distinguish different severity levels are difficult to be objectively
determined. To overcome these limitations, Songchitruksa and
Tarko (2006) introduced the extreme value theory (EVT) for road
safety estimation. The EVT provides a single dimension to measure
the severity of traffic events, which fits within the safety contin-
uum framework and abandons the assumption of fixed crash-to-
conflict ratio. However, the proposed generalized extreme value
distribution mainly focused on the extreme events and the thresh-
old issue was still not well investigated.
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In this study, a shifted Gamma-Generalized Pareto Distribution
(hereinafter, shifted Gamma-GPD) is proposed to map the whole
safety continuum. According to the authors’ knowledge, it is the
first attempt that different severity levels of events are incorpo-
rated into a unique distribution, and the crashes estimated directly
from the distribution rather than relying on the correlation be-
tween crashes and event counts. During the modeling process,
the subjectivity of threshold determination is also eliminated.

2. Theoretical framework

2.1. Generalized Pareto distribution

Let X1, X2, . . . ,Xn are independently and identically distributed
random variables with unknown distribution function
F(x) = Pr(Xi 6 x), then the distribution function of X over a threshold
u is:

FuðxÞ ¼ PrðX � u 6 xjX > uÞ ¼ Fðxþ uÞ � FðuÞ
1� FðuÞ ð2Þ

Pickands (1975) showed that, for sufficiently high threshold u,
the conditional distribution function Fu(x) could be approximated
by a generalized Pareto distribution (GPD), and the form is as
follows:

Gðx; u;r; nÞ ¼ 1� 1þ n
r
ðx� uÞ

� ��1=n

ð3Þ

where u is the predetermined threshold; r > 0 is the scale parame-
ter; �1 < n <1 is the shape parameter; the right hand is taken to
be 1�exp(�(x�u)/r) when n = 0.

2.2. Model extension and the safety implication

The application of extreme value distributions to road safety
analysis is based on safety continuum. This continuum is usually
mapped onto the continuum of separation time and/or space dur-
ing an encounter (‘‘a simultaneous arrival in a certain limited area’’,
Laureshyn et al., 2010) between two road users. Taking the post
encroachment time (PET) as an example, the smaller the PET the
more potential the event ends up with a crash, and a crash happens
when the PET 6 0.

Since the GPD distribution fits the observations over a thresh-
old, it needs to map the condition for crash occurring from the
left-hand tail (i.e., PET 6 0) to the right-hand tail. Negated map-
ping, which transforms the PET to negated PET as used in the study
of Songchitruksa and Tarko (2006), is the most direct way. As

shown in Fig. 1(a), after the mapping, negated PET P 0 indicates
a crash occurs. However, an issue on this linear transformation is
that severity differences between different PET levels are consid-
ered as the same. This is somewhat inappropriate because the
severity differences should be more sensitive with the decrease
of the PET, especially when the PET is less than a critical value
which distinguishes the normal events and the conflicts. In this
context, a non-linear mapping approach which can amplify the dif-
ferences between small PET values is needed. There are many non-
linear transformation forms (e.g., reciprocal, exponential, and log-
arithmic form), and the reciprocal form is used in this study be-
cause it can significantly enlarge the difference between small
PET values than others. Corresponding to the reciprocal form, the
shifted reciprocal mapping approach is proposed (see Fig. 2(b)).
The PETs at first are shifted by a value (d > 0) before the reciprocal
mapping, and then 1/(PET + d) P 1/d, which is PET 6 0, indicates a
crash occurs.

With the shifted reciprocal mapping approach, the risk of colli-
sion as well as the estimated crashes can be obtained. The risk of
collision R is defined as the probability of observing an event with
the shifted reciprocal PET equals to or is greater than 1/d, that is:

R ¼ Pr Z P
1
d

� �
¼ 1� G

1
d

� �
¼ 1þ n

r
1
d
� u

� �� ��1=n

ð4Þ

where Z is the shifted reciprocal PET; G(�) is the generalized Pareto
distribution. Therefore, for a long period of T, the estimated crashes
based on the observation period t is:

CT ¼
T
t
� R ð5Þ

where CT is the estimated number of crashes for the period of T.

2.3. Model parameters interpretation

It is noted that a new parameter shifted value d is introduced
besides the GPD parameter threshold u, scale parameter r, and
shape parameter n. Of these 4 parameters, threshold u and shifted
value d are of importance, not only for the model estimation but
also for their safety implications. Recalling the diamond shaped
safety hierarchy, as shown in Fig. 2, the full distribution of PETs
embodies the same information. The threshold u is mapped as
the boundary to distinguish conflicts and normal events, and the
conflicts are then taken as extremes to be fitted with GPD. 1/d,
which defines the tail region of GPD, is the boundary to distinguish
crashes and conflicts. The determination of threshold u and shifted
value d will be discussed in next section.
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Fig. 1. Mapping approach: (a) negated mapping; (b) shifted reciprocal mapping.
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