Accident Analysis and Prevention 130 (2019) 62-74

ACCIDENT

Contents lists available at ScienceDirect ANATRSIS

&
PREVENTION

Accident Analysis and Prevention

journal homepage: www.elsevier.com/locate/aap

A new integrated GIS-based analysis to detect hotspots: A case study
of the city of Sherbrooke

@ CrossMark

Homayoun Harirforoush*, Lynda Bellalite

Department of Applied Geomatics, University of Sherbrooke, 2500 boul. de I'Université Sherbrooke, J1K 2R1 Quebec, Canada

ARTICLE INFO ABSTRACT

Article history:

Received 26 February 2016

Received in revised form 4 June 2016
Accepted 11 August 2016

Available online 24 August 2016

This paper proposes a two-step integrated method for identifying traffic accident (TA) hotspots on a road-
way network. The first step includes a spatial analysis method called network kernel density estimation
(KDE). The second step is a network screening method using the critical crash rate, which it described in
the Highway Safety Manual (HSM). The method was examined by using three years of TAs (2011-2013)
in Sherbrooke, Canada. The network KDE uses TAs to graphically display sites with a high crash density.
Two different crash patterns were used for identifying these locations: (1) a crash pattern that includes

ﬁg‘xgﬁﬁml‘z three-year aggregated crash data, and (2) a crash pattern that involves three-year merged crash data. The
Hotspot results of the two crash patterns were evaluated based on a prediction accuracy index (PAI). It was found
Crash rate that the results obtained from the merged crash data outperformed the other. On the other hand, crash

Spatial analysis clustering in a site does not imply a site is hotspot and it is better to tested by other factors. High crash
GIS density locations were then tested by the critical crash rate, which helps to create an accurate comparison
Exposure data of sites. The importance of the critical crash rate is that it takes several factors into account such as the
amount of exposure, the type of intersection, variance in crash data, etc. We realized that the hotspots
determined using the two methods reflect very problematic locations and filter out the locations that do
not have a problem. This approach could help transportation authorities and safety specialists to identify

and prioritize sites that require more safety attention.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction municipal district, or downtown) (Chainy and Ratcliffe, 2013). Pre-
vious studies show that the occurrences of TAs are rarely random
in time and space. Their occurrence, in reality, is determined by

some important factors, including traffic volume, weather condi-

Understanding when and where traffic accidents (TAs) occur on
a road network is one of the most important concerns of transport

authorities. The identification of high-risk locations on a road net-
work can improve TA reduction efforts. Road safety is certainly one
of the greatest concerns facing Canada, and indeed the world. The
World Health Organization (WHO) reported that approximately
1.24 million people die every year on the world’s roadways, which
is the eighth leading cause of death worldwide. It is also estimated
that the cost resulting from road TAs runs up to billions of dollars
(Toroyan, 2013). To improve road safety and create a safe driving
environment, it is crucial to identify road segments where the aver-
age crash density is relatively high compared to other segments
of the network. These locations are known as hotspots, which are
characterized by a high crash concentration, relative to the dis-
tribution of TAs across the whole study area (e.g., county, state,
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tions, geometric design, etc.

The Poisson distribution is appropriate for the analysis of TAs
occurring within a given year and at individual sites. It deals with
the occurrence of some random events during a given interval
(Ayyub and McCuen, 2011). In fact, it is assumed that the variance
and the mean are equal, while if the variance is larger than the
mean then the assumption is wrong. Therefore, the negative bino-
mial distribution as a generalization of the Poisson distribution can
be used in the case of a non-random distribution.

The spatial analysis of point events, referred to as point pat-
tern analysis, has been widely used for analysing the distribution
of a set of points (i.e., crashes) on a surface (i.e., network) (Ervin,
2015). The PPA method is divided into two main categories (Bailey
and Gatrell, 1995; O’Sullivan and Unwin, 2014): (1) density-based
methods (called first-order properties) and (2) distance-based
methods (called second-order properties). The first group measures
the intensity of point events based on the density in a region. It
includes techniques such as kernel density estimation (KDE) and
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quadrat analysis. The second group measures the spatial depen-
dence of point events based on the distance of points from each
other. This group includes methods such as nearest neighbour dis-
tances, K-functions and Moran’s [ (Steenberghen et al., 2010; Xie
and Yan, 2008). For instance, previous studies applied K-function
methods to analyse the distribution of point patterns in a network.
Their results showed that there is a significant chance of overesti-
mating clusters of point patterns (Lu and Chen, 2007; Yamada and
Thill, 2004).

In TA analysis, KDE is one of the most popular density-based
methods and has been widely used for detecting dangerous road
segments (Silverman, 1986; Xie and Yan, 2013). The purpose of KDE
is to create a smooth density surface of point events over space
by counting the number of crashes at each location as a density
estimation. For each point event in the network, a kernel density
surface is defined, and the density value is highest at its centre
and decreases as it moves away from the centre (Silverman, 1986;
Vemulapalli, 2015). This method is suitable for visualizing the crash
data as a continuous surface (Chainey and Ratcliffe, 2013).

The KDE can be classified into two categories: planar KDE and
network KDE. The first approach uses the Euclidean distance for
estimating the density of point events. A review of previous stud-
ies indicates that planar KDE has been widely used in TA analyses,
such as for hotspots (Flahautetal.,2003; Sabel et al.,2005), highway
TAs (Erdogan et al., 2008), vehicle-wildlife crashes (Krisp and Durot,
2007), fatal automobile crashes (Oris, 2011), and weather-related
accidents (Khan et al., 2008). The planar KDE method estimates
the crash density in a cell moving across a two- dimensional
homogenous space. Crashes are weighted based on the Euclidean
distance, where crashes closer to the centre contribute a higher
value (Chainey and Ratcliffe, 2013).

However, this method has significant limitations: (1) in the case
of crashes occurred inside a roadway network, the assumption of
two-dimensional space does not hold (Xie and Yan, 2008), and (2)
the density of the road network is ignored. Some cells might have
the same density values, while they may include different numbers
of road sections. The result (real density value) is therefore biased
(Tao et al., 2011). Different studies have tried to overcome these
limitations by extending the planar method into network space.
In an early phase, researchers compared planar KDE and network
KDE, which showed the advantages of using network KDE (Borruso,
2008; Kuo et al., 2011; Larsen, 2010; Steenberghen et al., 2004;
Yamada and Thill, 2004). Recently, several studies employed the
network KDE method to estimate hotspot locations (Mohaymany
et al,, 2013; Timothée et al., 2010; Steenberghen et al., 2010;
Sugihara et al., 2010; Vemulapalli, 2015; Xie and Yan, 2013; Young
and Park, 2014). Nonetheless, a major drawback of both the planar
and network KDE is that there is no specific statistical approach
for testing hotspots (Xie and Yan, 2008; Yao et al., 2015; Nie et al.,
2015).

In addition, the network KDE method is based on the net-
work distance and measures the density of crashes along a
one-dimensional space (Timothée et al., 2010). For this purpose,
an ArcGIS-based toolbox known as SANET was developed by a
group of researchers (Okabe et al., 2006). They proposed a network-
constrained kernel called “equal split discontinuous at nodes” to
calculate the density of point events along a network (Okabe et al.,
2009).

Areview of previous studies shows that the length of a road seg-
ment has a great impact on the results. Some studies, like Miaou
(1994), used unequal-length roadway segments and others, like
(Erdogan et al., 2008; Yamada and Thill, 2010), used equal-length
roadway segments (Nie et al., 2015). Their results show that the
hotspot locations are varied using the unequal-length roadway seg-
ments. This variation in spatial analysis is known as the modifiable

area unit problem (MAUP). Therefore, this study used equal-length
roadway segments for the network KDE calculation.

In recent years, the network KDE method has been widely
used in road safety studies to detect hazardous accident locations
(Larsen, 2010; Mohaymany et al., 2013; Nie et al., 2015; Oris, 2011;
Vemulapalli, 2015; Xie and Yan, 2008; Young and Park, 2014; Loo
and Yao, 2013). However, many of these studies neglected two
main factors in their crash analysis. Firstly, they used the long-
term aggregated crash data (for instance, three or more consecu-
tive years) at each site regardless of whether these crashes occurred
continuously at a particular location. In fact, they did not consider
if the high crash density at a specific site was due to chance or some
continuing problem (like geometry design problem at a given loca-
tion). In general, crash frequency at a site varies from year to year
around a steady mean value. However, due to the random variation
of TA occurrence, the extreme case selected in one year may have
a lower frequency in the next year. Secondly, they only used the
raw crash counts for their analysis, which may result in misleading
information about the most appropriate sites for treatment (FHWA,
2011). In fact, these studies failed to take into account other safety
parameters such as exposure data. (Erdogan et al., 2008; Larsen,
2010; Mohaymany et al., 2013; Vemulapalli, 2015). Naturally, the
more factors being considered such as exposure can improves the
model.

Accordingly, we propose a method to overcome these limi-
tations. First, the potential hotspot locations must be identified.
These locations have the following properties: (1) Crash density is
relatively high at a particular site, and (2) Crashes occur consecu-
tively (at least three successive years) at a particular site. Then, the
obtained potential hotspot locations must be examined by other
safety parameters such as exposure data, which provides an appro-
priate comparison of sites. Traffic volume is the most common type
of exposure data and is often used at segments and intersections. It
provides a common metric to the collision data, hence sites can be
compared more appropriately (FHWA, 2011). The critical crash rate
method uses exposure data to define relative safety compared to
other similar intersections or segments (FHWA, 2011). The method
provides the expected crash rate for sites with similar character-
istics (i.e., same traffic control system, same traffic volume, same
number of legs). The critical crash rate method compares the crash
rate at a site (road segment or intersection) with a critical crash
rate specific to each site (AASHTO, 2010). If the crash rate at a
site exceeds the critical crash rate, the site is then considered to
be deviant due to unfavourable characteristics of the site (FHWA,
2012; PIARC, 2003).

The aim of this paper is to identify hotspot locations based on a
historical crash dataset in order to improve road safety. Therefore,
we integrated the network KDE and critical crash rate methods
to identify crash hotspot locations. The KDE is one of the meth-
ods for examining the first-order effects of a spatial process, while
the critical crash rate is from the HSM’s network screening mea-
sure. Identifying hazardous locations helps transport authorities
to improve road safety and to focus on the reasons behind the
occurrence of these accidents.

The remainder of the study is organized as follows. Section two
describes the study databases. The methods are described in sec-
tion three. Section four presents the results obtained from applying
the network KDE and HSM methods to select the most appropriate
hotspot road locations. Finally, section five presents the discussion
and conclusions of the study.

2. Study data

This study focuses on the city of Sherbrooke, in southern Quebec,
in east-central Canada. Sherbrooke covers an area of approximately
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Fig. 1. The study area (Sherbrooke, Canada).

353.5km?, and its population in 2011 was about 154,600 (about
0.4% of Canada). The study only focuses on urban areas and consid-
ers all types of roadways (i.e., local, collectors, and arterial roads)
within the city boundary, excluding highways. This study con-
ducted a safety network screening of the entire network. For the
study, three different databases were used from various sources.
First, a roadway network base map was obtained from the “Ville
de Sherbrooke”. The map was provided in a GIS shape file format,
which includes roadway specifications such as shape length (seg-
ment length), road type, and speed limits. The shape file contains
8327 segments. Fig. 1 shows the study area.

Secondly, the three-year (2011-2013) TA database provided
by the Société de I'assurance automobile du Québec (SAAQ). Dur-
ing the study period, a total of 6926 collisions were recorded on
Sherbrooke’s roadways. The TA database was provided in an Excel
format and contains significant crash parameters, such as the date
and time of an accident, accident location, age, sex, vehicle type,
weather conditions, etc. These crashes were then converted into a
GIS shape file and mapped using ArcGIS based on their latitude and
longitude. This study only considers vehicle-to- vehicle crashes in
the safety analysis, and other types of crashes such as pedestrian
and cycling crashes are outside the scope of this study. Thirdly,
in this study we used traffic volume data provided from different
sources: (1) Quebec’s Ministry of Transportation recorded the aver-
age annual daily traffic (AADT) and average daily traffic (ADT) from
permanent and non-permanent stations for 44 sites throughout
the city; (2) The City of Sherbrooke recorded intersection volume
counts for about 1100 sites within Sherbrooke dating back to 2000.
They provided ADT information for each intersection. They also
provided ADT information for about 300 segments within the city
for the three most recent years (2010-2013); and (3) Due to the

lack of information, a manual traffic volume count was conducted
to determine the ADT. The survey was conducted for 6h (inter-
vals of 15min) during the peak hours (7:00-9:00; 11:30-13:30;
16:00-18:00). Then, the total 6-h volume was converted to the 24-h
volume.

Since the HSM network screening relies on the critical crash rate
requires the traffic volume data for each data set (reference popula-
tion). Therefore, we used the estimated traffic volume information
for each corresponding site.

It should be noted that the duration of study was sufficient to
limit changes in road traffic conditions, traffic volume and crash
data fluctuate (Bil et al., 2013; Flahaut et al., 2003).

3. Methods

Several techniques have been suggested by researchers to
identify hotspot locations. In this study, first, we applied the
network KDE because it is the most common method to find a
significant cluster of crashes. Then, the crash density surfaces of
three-consecutive years were merged to find the potential hotspot
locations. Finally, the critical crash rate method was used to identify
hotspot locations throughout Sherbrooke’s roadway network.

3.1. Network KDE

As stated earlier, many studies have recently used the net-
work KDE method developed by Okabe et al. (2009) to examine
the spatial correlation of point events in a network. In this study,
we used the network KDE method for estimating the density of
TAs on Sherbrooke’s roadway network. As described by Okabe
and Sugihara (2012), an unbiased kernel function must be used to
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Fig. 2. Simplified example of an equal split discontinuous kernel function (modified
from Okabe and Sugihara 2013).

avoid false conclusions. Hence, they formulated a kernel function
named the “equal split discontinuous kernel density function”. In
this approach, the network kernel function is defined for two cases:
(1) kerne centre q does not coincide with a node, and (2) kernel cen-
tre q coincides with a node. In the first case, the function is defined
as follows (Okabe et al., 2008):

k(ds(q, p))
(njp = 1)(np = 1).. .(Njk_1)

0

Kq(p)=
for ds(q,p) = h.

Where k(x) is a base kernel function, y is the kernel centre, d is the
shortest path distance between y and x, h is the bandwidth, and n
is the degree of the node.

In this case, as shown in Fig. 2, the value of the kernel function
is the same as the base kernel function as long as the kernel centre
located on the shortest path does not meet a node (0 < ds(q, p) <
ds(q, v;1)). Otherwise, when it reaches a node, the value of the kernel
functionis then equally divided into the degree of the node (Eq.(1)).
This process continues until the kernel centre reaches the boundary
point.

In the second case, the value of the kernel function at a vertex,
say vj1, divided by n;; is assigned to the road links. The function for
case two is defined as follows:

2k(ds(q, p))
nip(np = 1).. .(Nj_1 — 1)

0

kq(p)=
for ds(q,p) = h.

As stated earlier, in the network KDE method, the road seg-
ments are divided into equal-sized sub-networks called network
cells. According to Furuta et al.(2008), the procedure comprises two
steps: first, the network Voronoi diagram divides the network road
segments into sub-networks. Then, linear programming is used for
adjusting the length of the sub-networks (split them equally). In
this study, we ran the network KDE with a 10-m segment length,
similar to the one suggested by Xie and Yan (2008) and Nie et al.
(2015). For details on the computational process, see Okabe and
Sugihara (2012).

In addition, there are several types of kernel functions, such as
quadratic, uniform, gaussian, trigonometric, etc., but the results of
the network KDE are more dependent on the search bandwidth
(Xie and Yan 2008; Mohaymany et al., 2013). Therefore, it is cru-
cial to select an appropriate bandwidth. If the search bandwidth is
too large, the density patterns will be too smooth; hence, it would
be difficult to differentiate between local hotspot locations. On the
other hand, a narrow search bandwidth may produce a very sharp
density pattern and only highlight individual hotspot locations.
Accordingly, the results of both cases may lead to false conclusions.

In previous studies, researchers used aniterative (trial and error)
technique to obtain an optimal search bandwidth (Mohaymany
et al,, 2013; Plug et al., 2011; Silverman, 1986; Xie and Yan, 2008;
Young and Park, 2014). In this study, we followed their sugges-

for ds(q, vik-1) < ds(q, p)

tion and tested search bandwidths from 50 to 500 m. As shown in
Fig. 3, the number of clusters (hotspots) gradually becomes larger
when the search bandwidth increases from 50 to 500 m. It appears
that wider search bandwidths (300 and 500 m) may produce a very
smooth density pattern and hazardous locations are mixed with
their neighbours. Hence, it would be difficult to identify accurate
hazardous locations. The large bandwidths also produce unrealis-
tic density clusters that their density ranges are dramatically high.
The small search bandwidth (50 m), on the other hand, produces
a very spiky density pattern with many isolated individual clus-
ters (shown in red). In this study, a search bandwidth of 100 m
was selected for the analysis of high-density TA locations using the
network KDE method.

This study also used the Natural Breaks (Jenks) classification
technique to determine the best arrangement of crash densities
into different classes. This technique groups similar values and
maximizes the differences between classes. In other words, the
boundaries between classes are set where there are relatively big
differences in the data values (ESRI, 2015). In this study, the crash
densities were classified into five classes.

<d$(q7 L% )z
‘ (1)

3.2. Threshold selection

The network KDE is an appropriate approach that provides an
overview of the overall distribution of collisions. However, its ana-
lytical capabilities usually end at this point. On the other hand, our
results show that there are many segments with a density of zero or
one. Therefore, a threshold value was selected to represent abnor-
mal segments (hazardous locations) in the normal pattern. In this
study, the threshold value was set to three standard deviations from
the mean value (Larsen, 2010).

for ds(q,vi_1) < ds(q, p) < ds(q, vig), @)

3.3. Potential hotspots

To identify potential hotspots, the network KDE must first be
implemented to generate a collision density map for each year (i.e.,
2011, 2012, and 2013). The determined threshold must then be
applied. To extract potential hotspots, three density maps higher
than the threshold should be merged and their joint spots should be
selected for further processing. As Fig. 4 shows, the top maps are the
collision density maps higher than the determined threshold for the
years 2011, 2012 and 2013, and the bottom map shows the result
of merging three consecutive years. The selected site in the bottom
map of Fig. 4 shows a potential hotspot location (College/Belvedere
intersection).

3.4. Prediction accuracy index

The prediction accuracy index (PAI) was first developed by
Chainey et al. (2008). It was created to evaluate the performance
of two methods. This approach was initially developed in crime
mapping (Chainey et al., 2008; Van Patten et al., 2009; Hart and
Zandbergen, 2012) and has been recently used in road safety stud-
ies. According to Thakali et al. (2015), PAl is a ratio of the proportion
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Fig. 3. Different search bandwidths (50,100, 300, and 500 m) and their impact on the density surface.

of crashes occurring within the identified hotspot to the proportion
of area covered by it. The formula is given as follows (Thakali et al.,
2015):

Proportion of hotspot area  § x 100

PAT = study area o x 100

(3)

where nis the number of crashes in the hotspots, N is the total num-
ber of crashes, m is the length of highway section in the hotspots
or area covered, and M is the total length of the highway section or
total area covered. It should be noted that, a larger PAI value means
better ability of a method to locate high potential crashesin an area.

3.5. Critical crash rate

Traffic engineers commonly use the critical crash rate as the
HSM screening method. This method compares the crash rate at
a location with the critical crash rate of sites with similar charac-
teristics. The critical crash rate is a function of the average crash

rate of a reference group related to the traffic volume, the site,
and a desired level of confidence (FHWA, 2011). If the value of the
crash rate is higher than the critical crash rate, the division is due
to unfavourable characteristics of the road segment or intersection
(FHWA, 2004).

This method requires a reference population of a sufficient size
and is useful when a large number of sites (reference population)
is available. The HSM critical crash rate varies among intersections
and segments. A reference population for intersections could be
divided based on operational (i.e., signalized intersection or stop-
controlled intersections) or geometric (i.e., three-leg or four-leg)
characteristics. The accident characteristics of signalized and stop-
controlled intersections are quite different, and they should not
be mixed in the same population (Dunn et al., 2015). A reference
population for segments could be divided based on roadside char-
acteristics (i.e., lanes).

In this paper, the reference population was selected based on
the potential hotspot locations (i.e., the selected results obtained
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Fig. 4. Merging three collision density maps (2011, 2012, and 2013).

from the network KDE). However, we selected more intersections
in each population to obtain better results. The reference popula-
tion for intersections (both signalized and stop controlled) was split
into three versus four-legged intersections. Therefore, for calculat-
ing the intersection critical crash rate, we selected 75 signalized
intersections (including 55 four-legged and 20 three-legged) and
65 stop-controlled intersections (including 40 four-legged and 25
three- legged). On the other hand, for calculating the segment criti-
cal crash rate, we selected 24 road segments (mixed lane segments
due to a lack of segments).

To obtain hazardous sites, first, the observed crash rate should
be calculated for each intersection and segment using Egs. (4) and
(5) as follows (AASHTO, 2010):

Nobserved i(total)
R; = —2pserved. fitotal) 4
i MEV, (4)
Nobserved i(tatal)
Ry = —served latal) 5
i MVMT; )

where R; is the observed crash rate at intersection i, Nopseved ,i(total) i
the total observed crashes at intersection i, MEV; is million entering

vehicles at intersection i, and MVMT is million vehicle- miles of
travel.

The critical crash rate should then be calculated for each inter-
section and segment using Eqs. (6) and (7) as follows:

Rq 1
fom e {P ’ \/E} ) ?
Rq 1
faa=ft {P . \/ﬁ} i [(2 < (MVMTf))} 7

Where R, ; is the critical crash rate for intersectioni, Rq is a weighted
average crash rate for the reference population, P is a P-value cor-
responding to the confidence interval, MEV; is million entering
vehicles at intersection i, and MVMT is million vehicle-miles of
travel.

The values for the observed crash rates (i.e., Eqs. (4) and (5)) and
the critical crashrates (i.e. Eqs. (6) and (7)) are then compared. If the
crash rate value at the site exceeds the corresponding critical crash
rate, then it is identified for further analysis. Finally, the differences
between the results obtained for the crash rate and the critical crash
rate are calculated and arranged in decreasing order (from largest
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version of this article.).

to smallest). The location with the greatest difference is ranked as
first, the location with the second highest difference is ranked as
second, and so on (Gan et al., 2012).

4. Analysis results

The following section begins with an example of results for high
crash density locations obtained from the network KDE method.
Then, potential hotspot locations and a comparison with the results
obtained using the network KDE method will be presented. Finally,
we show how to take the exposure data into account to identify
hotspot locations.

4.1. Results of three years of observed crash data using network
KDE

In this section, the network KDE method used three years aggre-
gated crash data to generate a crash density surface. It helps to
identify high density sites and to examine the clustering of the col-
lisions. The network KDE method used in this section is similar to
the methods used in many prior studies (Larsen, 2010; Mohaymany
etal., 2013; Plug et al., 2011).

In this method the evaluation takes place all over the study
region. The results showed that there are many segments on the
network which their densities are zero or near to the zero. There-
fore, those segments with zero crashes or few crashes are not an
interest.

The next step is finding a set of hazardous segments. Therefore,
the threshold value (i.e., three standard deviation from the mean)
is chosen to highlight the sites where the density are significantly

high. Fig. 5 shows those locations highlighted in red. The remaining
section are not significant at chosen level. According to the results,
there are 128 sites at which more crashes are taking place and their
crash density are significantly high.

It should be noted that for better representation of the results
and taking the details into consideration the geographical results
are displayed on an enlarged scale. As shown in Fig. 5 the scale
contains Shebrooke’s urban area and important roadways including
local residential, collectors, main arteries, and downtown area.

As Fig. 5 shows, the high-density sites in the city of Sherbrooke
are mainly located in three districts in the west, downtown, and
east. In the west side, the high crash areas are mainly concen-
trated along two main arterial roads, which run east/west, and
Jacques-Cartier Boulevard (passing over the Magog River), which
runs north/south. The next high density area is Sherbrooke’s down-
town area (at the confluence of the Saint-Fran¢ois and Magog
rivers) in the central business district (CBD). The traffic situation
includes locals walking and driving to local shops/restaurants and
buses traveling to downtown Sherbrooke. The area is bordered
by three bridges to the east, which run east/west. These bridges
provide the only roadway links between eastern and western Sher-
brooke and traffic flow in these locations is relatively high. In the
east side, high-density locations are mainly concentrated along
three arterial roads (King-East Street, which runs east/west, and
12e Ave and 13e Ave, which run north/south).

In this section we presented that the network KDE results based
on aggregated crash data together with the threshold value can
identify high crash density locations throughout the network. How-
ever, this approach failed to take into account whether the three
years high crash density is due to chance or some continuing prob-
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Table 1
Comparison between two network KDE results.
Method No. of crashes in hotspot Total crashes Length of segments Total length of segments PAI
Network KDE (aggregated crash data) 3772 6918 46.17 1312 15.49
Network KDE (Potential hotspots) 3061 6918 35.75 1312 16.23
Table 2
20 hotspot locations based on the critical crash rate method.
Order Intersection or Segment Reference population name Reference population type Crash rate Critical crash rate Differences
1 INT Galt west - Laurier 3SG 1.33 0.57 0.764
2 INT College — Queen 4SG 1.34 0.72 0.622
3 INT Bellvedere - College 4SG 1.35 0.82 0.525
4 INT Terrill - Chicoyne 4ST 1.14 0.73 0.416
5 INT Mcmanamy - Kingston 4SG 1.27 0.92 0.355
6 INT Terrill - Rue du Cegep 4SG 1.13 0.78 0.351
7 INT 13 e Ave - Jardins Fleuris 4ST 213 1.82 0.319
8 INT Jacques cartier — Tracy 3SG 0.75 0.57 0.183
9 INT Portland - Industriel 4SG 1.29 1.11 0.177
10 INT King west — Belvedere 4SG 1.17 1.01 0.164
11 INT King east — Alphonse Laramee 3ST 0.56 0.43 0.132
12 INT Sainte catherine - univeriste Blvd 3SG 0.63 0.50 0.131
13 INT Alexandre - Ball 4SG 1.14 1.02 0.126
14 SEG Boulevard Industeriel ART 2.47 2.35 0.119
15 INT King west — Alexandre 3SG 0.60 0.51 0.091
16 INT 13 e Ave - Papineau 4SG 1.16 1.09 0.070
17 INT Wellington — Aberdeen 4SG 0.91 0.86 0.057
18 INT King west - Heneker 3ST 0.32 0.27 0.057
19 INT Bourque - Bertrand Fabi 4SG 0.17 0.65 0.054
20 INT King west — Jacques cartier 4SG 1.02 0.99 0.028
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Fig. 7. Potential hotspot locations.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

lem. In order to overcome this problem a potential hotspot location
proposed in the next section.

4.2. Exploring potential hotspot locations

This section discusses the method for identifying potential
hotspot locations. To extract these locations, first the crash den-
sity of each three consecutive years (i.e., 2011, 2012, and 2013)
must be created then the threshold value (three standard devia-
tion from the mean) applied. Fig. 6 shows the network KDE results
higher than the threshold for years 2011, 2012, and 2013. The maps
clearly yielded similar patterns and the density values are signif-
icantly high in the downtown area, major arterial roadways and
the entrances to the three main bridges, which run east/west. The
results also show that the density surface is more continuous in
2011, followed by 2012 and 2013.

Once these three density maps are created, they must be spa-
tially merged to extract the potential hotspot locations. Fig. 7 shows
97 potential hotspot locations in Sherbrooke (highlighted in violet),
including 88 (90%) intersections and 9 segments (10%). Approxi-
mately 75% of these potential hotspot locations were at signalized
intersections.

Compared to the results obtained from the three years aggre-
gated crash data(discussed in Section 4.1), the number of high crash
density locations are decreased from 128 sites to 98 sites. It means
that, there are 30 locations where crashes occurred frequently in
one period (for example in one year) and decreased in the next
period.

The comparison also shows that the potential hotspot locations
were mainly concentrated along the main arterial roadways and
intersections, while the results discussed in Section 4.1 were more
distributed along the network.

4.3. Methods comparison

A comparison was made between the network KDE results of
three years aggregated crash data and the potential hotspots. This
was performed by adopting the PAI. As Table 1 shows the PAl index
for the network KDE results based on aggregated crash data was
found 15.49, while a comparative value of 16.23 was found for the
network KDE results based on potential hotspots. As stated earlier,
larger PAI value means better ability of a method to locate high
potential crashes in an area (Thakali et al., 2015).

4.4. Hotspot identification using the critical crash rate

The purpose of this section is to identify hotspot locations and
minimize potential accidents in the study area. The first step was
to calculate the crash rate and critical crash rate for each site. Any
site with a crash rate higher than its critical crash rate will then
be considered as a hotspot location. In this section, traffic volume
data and crash count data for potential hotspots were used as input
data.

From the analysis, 20 sites exceeded the critical crash rate. These
locations are called hotspots and need to be reviewed in more
depth. Table 2 shows the results of 20 hotspot locations in Sher-
brooke including 19 intersections (95%) and one segment (5%).
Identification of hotspot locations is crucial and is the first step
in traffic safety improvement studies. Since budgets and time are
limited, in many safety studies priority is given to the sites with the
highest crash risk. As shown in Table 2, the sites are ordered and
arranged in decreasing order according to the differences between
the crash rate and critical rate, and a higher priority should be
given to the greatest differences. Hence, the hotspots are classified
into three priority levels: first priority level (shown in red), second
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Fig. 8. Hotspot locations in the city of Sherbrooke. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

priority level (shown in blue), and third priority level (shown in
green).

In the table above, INT means intersection, SEG means seg-
ment, SG means signalized intersection, ST means a stop-controlled
intersection, ART means arterial roadway, and 4 means a four-leg
intersection, while 3 means a three-leg intersection.

The results also show that over half of the hotspot loca-
tions (58%) were at four-leg signalized intersections followed by
three-leg signalized intersections (22%), three-leg stop-controlled
intersections (10%), and four-leg stop-controlled intersections
(10%). This means that the signalized intersections were less safe
than the stop-controlled intersections. Indeed, it is well known that
signalized intersections have a considerable traffic volume.

Fig. 8 shows the distribution of hotspot locations in Sherbrooke.
The map clearly shows the hotspot locations clustered in four spe-
cific areas (highlighted in orange) such as the Jacques-Cartier area
(to the west), downtown area (in the centre), Terrill Street (to the
east and next to the Saint- Francois River), and 13e Ave (further
east on the Saint-Francois River). As shown in Fig. 8, about 25% of
hazardous sites are located in the downtown area where there are
many stores and restaurants as well as a high conflict between vehi-
cles, pedestrians and cyclists. Terrill Street is dangerous, because it
is located next to the Cegep de Sherbrooke, which is one of the
main attraction zones (O/D zone) in Sherbrooke with about 6000
students and 8400 movements per day. The area near the Jacques-
Cartier Bridge is another hazardous area since it is the only route
that runs north/south to the west. 13e Ave is also risky because it
is surrounded by the Quatre-Saisons shopping centre (about 2700
movements per day) and Fleurimont hospital (6700 movements
per day), which are two main destination zones (O/D zones) in

Sherbrooke. It should be noted that the highlighted areas (shown in
orange) are located in two main districts (Fleurimont and Jacques-
Cartier), which comprise approximately 50% of the total Sherbrooke
population.

5. Discussion and conclusion

This paper introduced a two-step approach to identify hotspot
locations within a roadway network. The proposed approach inte-
grated a GIS-based network KDE analysis with the HSM network
screening method outlined in AASHTO (2010). It should be pointed
out that this combination has a great impact on the overview of
TAs from simple points to events with a spread risk. The study
investigated how taking the exposure data into account affects the
identification of hotspots. The approach was tested using traffic
accident data from three years (2011-2013) for Sherbrooke’s road
network.

Unlike prior studies that used aggregated crash data, we pro-
posed an approach to select particular sites from the network KDE
results and to use them for further critical crash rate analysis. These
locations, referred to as potential hotspots, followed two condi-
tions: crashes occurred frequently (i.e., at least three consecutive
years) at a particular site, and their crash density was relatively
high. The advantages of using the approach are the following: (1)
to filter out the locations for which the annual frequency of crashes
is greater than the norm, and (2) to identify locations that have a
continuing problem due to, for instance, a defect in the location
(not due to chance). Likewise, a comparison was made between
the network KDE results based on aggregated three-year crash data
and the results based on three years of merged crash data (potential
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hotspots). Their comparison, according to the PAl criterion, showed
that the network KDE results based on potential hotspots are bet-
ter for determining hotspots than the results based on aggregated
crash data.

The critical crash rate method was selected in this study because
it accounts for the significant variables that effect safety, includ-
ing exposure data, the random nature of accidents and the type
of intersections, as well as considering the variance in crash data.
The other advantage of using the critical crash rate is that it estab-
lishes a threshold (critical rate) for comparison. If the crash rate
at a site exceeds the critical crash rate, these locations are consid-
ered as hotspots. This method is very useful because it can rank and
prioritize the sites in decreasing order according to the differences
between the crash rate and critical rate, and a higher priority should
be given to the greatest differences. Therefore, it can help transport
authorities focus on the locations that have a documented problem.
It should be noted that this method has a drawback, and it cannot
be used in cases where the values for the traffic volume are not
available for roadway segments.

The other significant advantage of this study is that it considered
the whole road network (in large scale) including local, collec-
tor and artery roads, and it was not limited to one data set (i.e.,
only artery roads or highways). The study’s results confirmed that
the proposed approach can assist traffic authorities for the quick
identification of the most dangerous locations within a roadway
network. Finally, the method helps traffic authorities to prioritize
hotspot locations more efficiently and allocate their limited budget
and resources.

This study suggests that further research is needed in the fol-
lowing areas. First, this study used an iterative (trial and error)
technique to find the most appropriate bandwidth size in the
network KDE analysis. Therefore, the development of a scientific
method for selecting the most appropriate bandwidth size should
be considered in future research. Second, in this study, we sim-
ply used the observed crash counts and did not make a distinction
between different levels of crash severity such as Property Damage
Only (PDO), serious injuries and fatal crashes. Therefore, a further
study is needed to show how taking the severity of crashes into
consideration affects the identification of hotspots. Third, there are
other factors that may affect the identification of hotspots including
road geometry (e.g., road type, number of lanes), socio-economic
environment (e.g., the household income) and weather conditions
(e.g., rain, snow and fog). Lastly, in this study we followed the
results from Xie and Yan (2008) and ran the network KDE with a
10-m length. Therefore, a sensitivity analysis is needed using other
parameters.
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