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Abstract. This research proposes a methodology to identify critical sections of highways where the location of speeding
control may be beneficial. The method relies on a spatial and statistical analysis of infrastructure risks, along with traffic
accident frequency and severity. A relevant feature of this methodology is related to its potential to be used in areas where
there are no detailed historical records about traffic crashes, which is common in Global South countries. We applied the
methodology to a rural road network in Colombia, where a recent law established that technical criteria should support
the location of speed cameras. The case study uses accident information from six years, and risk data from a road safety
audit carried out in the area under study. Even though historical records of accidents in the area were not fully available,
the methodology allowed prioritising speed camera installations in the zone and identifying the relevant variables to define
camera location. The relevant variables were the geometric characteristics of the road, traffic flows, risk factors, and prox-
imity to populated centres. The use of speed controls should be part of a road safety management system, which allows
defining camera location according to robust technical criteria.

Keywords: speeding control cameras, traffic crashes, statistical analysis, kernel density, highway safety, road safety.

Notations

ADT - average daily traffic;
FWI - fatalities and weighted injuries;
GDP - gross domestic product;
GIS - geographic information system;
ZIP - zero-inflated with Poisson.

Introduction

The consequences of traffic accidents are a public health
concern that requires investments and strategies for im-
proving road safety. The World Health Organization re-
ports that nearly 1.3 million people die every year while
20 to 50 million people suffer non-fatal injuries as a result
of traffic crashes (WHO 2015). Within the social costs
of accidents, the most important are economic losses to
victims, relatives, and community in general for medi-
cal treatment and productivity reduction. Such costs are
around 1 to 3% of the GDP of the countries. According to
the Global Status Report on Road Safety: Time for Action
(WHO 2009), about 90% of the deaths caused by traffic
crashes occur in low- and middle-income countries besides
having only 48% of the vehicles registered in the world.

The frequency and severity of traffic crashes increase
depending on elements such as the number and type of
intersections, vehicular flow, the presence of pedestrians
(Tulu et al. 2015), motorcycle and cyclist flows, land use,
type of road, and speed (Chen et al. 2016). Among these
factors, speeding is a crucial determinant of road safety
(Aarts, Van Schagen 2006; OECD 2006). Excessive and
inadequate speed is a critical problem in many countries,
often contributing to one-third of fatal accidents and an
aggravating factor in most of them.

Speeding increases the severity and the probability of
occurrence of accidents (GRSP 2008; Elvik 2009). Accord-
ing to Pikainas et al. (2004), decreasing speed by 10 km/h,
the number of accidents decreases by 20%, number of
killed - by 30% and the number of injured - by 40%.
Moreover, a study in Chile, CoNaSeT (2002) concludes
that an increase of 1 km/h of speed on the road increases
injuries by 5% and fatalities by 7%. On the other hand,
ETSC (1995) argues that each reduction of 1 km/h in the
average speed implies a decrease of 3% in the number of
accidents with injuries.

*Corresponding author. E-mail: gcoronell@uninorte.edu.co

Copyright © 2021 The Author(s). Published by Vilnius Gediminas Technical University

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unre-
stricted use, distribution, and reproduction in any medium, provided the original author and source are credited.


mailto:gcoronell@uninorte.edu.co
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3846/transport.2021.15117

200 G. Coronell et al. Location of speed control cameras on highways: a geospatial analysis

The influence of speed on the frequency and sever-
ity of crashes has justified the implementation of techno-
logical tools for controlling speed limits such as fixed and
mobile speed cameras. These should be located in areas
of high accident frequency and potential risk of occur-
rence. Therefore, a relevant aspect of these programs is to
make an adequate identification of these sites to optimise
resources and achieve greater effectiveness.

In most cases, traffic authorities justify the location
of speed cameras by the frequent occurrence of high im-
pact crashes or by requests from the community. That is,
they do not follow a systematic methodology based on
the historical frequency and severity of crashes and the
road and traffic characteristic to define their location. As
a consequence, in many cases, the use of speed cameras
is controversial and perceived as arbitrary (Delaney et al.
2005). The most frequent controversy is about the revenue
from fines because opponents claim that cameras aim to
raise revenue rather than to increase safety.

This paper proposes a methodology to identify critical
road sectors where speeding controls through photo-radar
cameras would be beneficial. The method allows identify-
ing high-risk areas by considering information on deaths,
injuries, characteristics of the roads, the presence of ur-
banised areas, and existing risks. The analysis focuses on
rural roads and allows developing plans for speed man-
agement and accident control. The methodology is applied
to the road network of the Atlantic Department of Colom-
bia, located in northern Colombia with the Caribbean Sea
to its north.

1. Literature review

Appropriate policies and tools are required for speed limit
enforcement considering the influence of speed on the fre-
quency and severity of traffic crashes. According to Povey
et al. (2003), increasing the level of control, legal require-
ments and the perception of risk influence the behaviour
of the driver, encouraging them to stay within the im-
posed speed limits and, thus, decrease the occurrence and
severity of crashes. Nowadays, among the most used con-
trols are manual inspections with police regulator stations
and equipment for speed measurement, automatic con-
trols with the use of cameras, technologies in vehicles for
speed control based on regulations, and the imposition of
speed limits, penalties, and education programs. From the
above-mentioned controls, the automatic control is a strat-
egy that has a significant impact on both users and control
entities since it presents advantages such as the highest
probability of detection of violators and penalties, despite
the higher initial investment over that of manual controls
(GRSP 2008). Also, users perceive automatic control as
more objective control (Mékinen et al. 2003). Table 1
presents some case references in which the accident rates
were reduced by using cameras for speed control.
Despite the already proven benefits in reducing acci-
dents, these measures generate controversy in the com-
munity and some socioeconomic sectors, which consider
them as a mechanism whose primary objective is to raise
revenue rather than increase safety. In Chile, after the im-
plementation of photo-radars in the mid-1990s, they were

Table 1. Cases of accident rates reduction with the use of cameras for speed control

City/region/ country Reduction in crashes rates [%] Source
Kuwait 15 Aljassar et al. (2004)
Germany 51 Weber, Jahrig (2010)
Guangdong, China 32,5 He et al. (2013)

Flanders 8
De Pauw et al. (2014a, 2014b)

Belgium 29 (severity)

23 Carnis (2008)
France

19.7 Blais, Carnis (2015)
Spain 30 Novoa et al. (2010)
Washington, DC, US 17 DDOT (2013)
Paradise Valley, AZ, US 40 Turner, Polk (1998)
National City, CA, US 51 Berkuti, Osburn (1998)
Goids, Brazil 11.6

DNIT (2012)

Minas Gerais, Brazil 7
Victoria, Australia 41 Cameron et al. (2003)
South Wales, UK 51 Christie et al. (2003)
Cambridgeshire, UK 32 Hess, Polak (2003)

35 QOei (1996)
Netherlands

21 Goldenbeld, Van Schagen (2005)
Norway 22 Hoye (2015)
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subsequently banned as they were used to increase private
and municipal income rather than to improve road safety.
Paredes et al. (2006) concluded that the non-use of this
technology had increased human losses associated with
crashes. For the sample analysed, net costs are in the range
between 83 and 600 million dollars in present value of the
year of study.

In Colombia, the use of speed cameras dates from the
mid-2000s. In most cases, they were installed by private
companies at the discretion of local authorities, without
an objective criterion to define their location. The fact
that the private companies obtained a profit proportional
to the imposed fines caused people to distrust the system
since the cameras were perceived as a mechanism of cor-
ruption, not for safety. In response to the complaints, in
2017, a law was issued in which the Ministry of Transport
of Colombia is commissioned to regulate the location of
speed cameras.

Another controversy around speed cameras is about
their effectiveness of changing driver behaviour. For in-
stance, De Pauw et al. (2014a, 2014b) and Shim et al.
(2015) indicate that drivers abruptly slow down as they
approach the camera and increase speed after passing it to
resume their initial speed. This may increase the risk of ac-
cidents and move the problem to another place. Therefore,
it is imperative to define the installation of this tool from
objective analyses to ensure that they fulfil their mission of
reducing social losses due to traffic crashes. Speed cameras
should not be taken as an isolated solution, but as a policy
integrated within a complete traffic management system.

Parallel to the identification of the need to implement
speed controls, the question arises as to where to locate
them. It is essential to have speed reductions in strate-
gic sites to adequately evidence the decrease in accident
rates guaranteeing the success of these programs, justify-
ing the investment, and avoiding negative perceptions in
public opinion. In general, the methodologies reviewed
gave recommendations and considered criteria such as the
identification of areas characterised by historically high
accident crash rates, greater severity and a higher level of
risk identified by users or authorities. Other variables such
as the type of road and the environment, including the
surrounding land use, are also relevant.

The DfT (2007) through its programs for safer routes
has defined a methodology for the implementation and
use of cameras for speed control. The method defines cat-
egories of zones that allow for the establishment of priori-
ties and types of solutions (fixed, mobile, among others).
For selecting the potential locations of the cameras the
following need to be considered: an analysis of accident
data (recommended for a minimum period 3...5 years);
analysis of causes of collisions; review of signalling status;
existing infrastructure, and revision of the speed limits set
and speed 85 percentile data. The approach permits ana-
lysing the degree of compliance within limits established
in the study area; analysing the level of collisions by nu-
merical scales, and whether it is convenient to establish
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this solution or if another alternative is more cost-effective
from an engineering point of view. Li and Graham (2016)
analysed the effect of the reduction of accidents in the
sites where cameras were installed according to the cri-
teria defined above. Results show that injuries decreased,
particularly when compared with other locations without
a specific methodology.

In Chile, the method of the Ministry of Transport and
Telecommunications of Chile (ARISTO Consultores Ltda
2011) raises a simplistic analysis that later complements
with ex-post evaluations. This analysis considers infrac-
tions and databases of accidents with injuries and deaths
(3...5 years). Information is spatially located and aggre-
gated according to social costs associated with the conse-
quences of the crashes on people. This spatial analysis al-
lows for the identification of zones of higher concentration
(severity and frequency) that are prioritised according to
the defined costs. From the prioritisation and establishing
of relationships between accidents and infractions, differ-
ent options for physical improvement (changes in infra-
structure or geometry), operational (speed limits revision)
or safety (low-cost countermeasures) are analysed. Physi-
cal improvement on some selected locations are executed,
followed by an evaluation period of one year. The remain-
ing locations are included in the speed control program
with the use of cameras, followed by evaluations to moni-
tor the efficiency of the measures.

For identifying crash hot-spots, researchers have used
a wide range of statistical tools such as Poisson, Gamma,
binomial negative, ZIP and Bayesian models. Most stud-
ies focused on determining variables that determine the
frequency and severty of traffic crashes. Table 2 presents
some of the related studies.

This paper proposes a methodology that allows the
identification of zones with high accident rates where the
installation of cameras for speed control to reduce crashes
rates would be beneficial. The method is based on statis-
tical analysis and kernel type spatial concentration with
information on injuries, fatalities, and potential risks on
the roads of the studied area.

The proposed approach is particularly useful in areas
where there is not complete nor very detailed historic
crash information. This is a determining limitation to give
adequate support to policies and is a prevalent situation
in developing countries, where the quality of information
uses to be low due to lack of resources or technology, and
poor planning culture. The methodology is supported by
GIS tools and involves spatial statistical analysis for the
planning of a crash management system, providing ade-
quate technical assistance to define the location of controls
through mobile and fixed cameras.

2. Methodology

The method identifies critical areas with high crash rates
in which the location of cameras for speed control is rec-
ommended. The process is summarized in the six steps
detailed below.
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Table 2. Background of methodologies used for road accident analysis

Objective

Methodology Source

Apply spatiotemporal clustering technique to identify clusters of
injured pedestrians and investigate the influence of personal and
environmental factors on pedestrian injuries

Spatiotemporal clustering technique Dai (2012)

and logistic regression model

Investigate spatial techniques for quantifying road accident hot-
spots

Hot-spots, kernel, network analysis and | Anderson (2007)

census output area estimation

Develop a methodology to identify and prioritise high-risk areas
of deaths and injuries due to traffic accidents in urban areas

Martinez et al.
(2014)

Moran index, kernel and hot-spots
(urban areas — Colombia)

Estimate the areas with the highest density of road traffic
accidents with fatalities in peninsular Spain, in the period from
2008 to 2011, using GIS

Gomez-Barroso
et al. (2015)

Kernel density and nearest neighbour
(Spain)

Use GIS as a management system for accident analysis and

Kernel density and Poisson distribution | Erdogan et al.

inadequate development of land transport network often leads to
traffic congestion and accidents

determination of hot-spots in Turkey with statistical analysis (vehicular accidents — Turkey) (2008)
methods
Evaluate and delineate road accident hot-spot in a zone where the | Kernel density, Getis-Ord Gi’ Prasannakumar

and Moran’s I method of spatial et al. (2011)

autocorrelation (accidents - India)

Model to estimate the number of accidents, fatalities and injuries

Artificial neural network and a genetic
algorithm (Ankara, Turkey)

Akgiingor, Dogan
(2009)

Develop a method for identifying collision hot zones

Kernel density (critical zones in
Regina - Canada)

Young, Park (2014)

Show the usefulness of GIS and point pattern techniques for
defining road-accident black zones within urban agglomeration

Cluster techniques (grouping
tendencies — Belgium)

Steenberghen et al.
(2004)

Analyse the distribution of accidents on roads, identifying the
main sections where they occur, as a first step to develop a
monitoring system

Luna Gonzilez,
Chias Becerril
(1999)

Dynamic segmentation (grouping
tendencies - Mexico)

Examine the relationship between actual traffic accident location
and people’s perception of hazardous location using geographic
information system

Nearest neighbour index (distance Koike et al. (2000)

between accidents)

Explore factors associated with accident likelihood and severity

Bayesian logistic regression Theofilatos (2017)

Establish the empirical relationship between traffic accidents
and highway geometric variables, traffic characteristics, and
environmental factor

Classification and regression tree and
negative binomial regression model

Chang, Chen
(2005)

Explore the relationship based on crash data collected on rural
two-lane highways in China

Partial proportional odds model Ma et al. (2015)

Investigate the spatial variations in the relationship between the
number of zonal collisions and potential transportation planning
predictors

Geographically weighted Poisson
regression models to that of generalized
linear models

Hadayeghi et al.
(2010)

Compute spatial concentrations of point-based events on a
network to detect dangerous locations on the road of the city of
Brussels in Belgium

Monte Carlo simulation Steenberghen et al.

(2010)

Scrutinize the role of each group of vehicles in the likelihood of
accidents

Poisson and negative binomial Ayati, Abbasi

regression models (2011)

Step 1. Information gathering. The method relies on
spatial analyst and spatial statistics extensions commonly
available in any GIS platform. The required input informa-
tion includes geographical layers, in vector format or ras-
ter files in a grid format, describing the population in the
zone, road characteristics, accident records, and potential
risks on the highways.

Step 2. Severity factor for deaths and injuries. From
the georeferenced information of fatalities and injuries
in accidents, a severity factor should be applied for each
event to determine the equivalence between deaths and
injuries.

The product of this step is a new geographical layer
containing the spatial location of FWI. FWI represents the
sum of injuries and fatalities multiplied by an equivalency
factor. In practice, FWI represents an indicator of equiva-
lent injury events considering both, injuries and deaths.
FWI is a relevant variable for the spatial analysis that will
be implemented next.

Step 3. Kernel analysis. This step comprises an analy-
sis of accident and potential accident risk concentration
using the method of kernel density (Rosenblatt 1956), the
FWTI layer, and the potential accident risk layer. The ker-
nel estimator is a non-parametric interpolation method
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where each pixel has a specific density value (Buzai, Bax-
endale 2015). It consists of the calculation of a probabil-
ity density function, which generates a weighted sum of
the distribution of the variable to be analysed, capturing
the contribution or influence of the data. In the case of
analysis, it allows for obtaining global trends of the spatial
distribution of incidents generating a raster layer from the
accident and the potential risk information. The following
expression calculates the value of each pixel in the raster:

)= 2K ®
i=1

where: x is the pixel in which the density is estimated (it
is a random variable with a continuous probability dis-
tribution which has a random sample of n independent
observations x;, x,, x3, ..., X, (Rodriguez Ojeda 2014));
f (x) is the probability density function; # is the number
of observation; h is the bandwidth or radius of search, it
should tend to 0 to ensure that f (x) tends to the true den-
sity at the analyzed point; K is the weight function called
kernel that can correspond to a function of uniform type,
triangular or Gaussian, among others (in this paper, the
kernel function is based on the quartic kernel function
(Silverman 1998)).

This procedure allows the representation of the vari-
ations in the geographical distribution of the parameters
under study (accident data and potential risk information)
defining areas of concentration and dispersion. Those ar-
eas allow for identifying patterns of spatial behaviour.
In this way, the value assigned to a pixel corresponds to
the calculation made on the number of entities found
around it according to a defined search radius. Therefore,
the points farthest from the analysed pixel will have less
weight and less density (Cardozo et al. 2010).

The products of this step are two raster maps. The first
raster layer contains a grid in which each cell corresponds
to the number of incidents per square kilometre. The sec-
ond raster layer contains a grid in which each cell contains
the number of risks per square kilometre.

Step 4. Standardization of critical areas. The kernel
density analyses, performed in the previous step, provide
an approximation of the areas where increased controls
are required to decrease the probability of accidents. How-
ever, it is necessary to prioritise the places in which to
intervene by identifying the highest risk areas. For this,
the two raster layers are normalised using equation:

X el — X

_ “pixel £
Zy = 2, @
where: Z,;; is the normalized pixel value; X,,;,.; is the ini-

tial value in the pixel result of the kernel analysis for each
type of data; X is the arithmetic mean of the initial pixel
values (kernel raster); o is the standard deviation of the
initial pixel values (kernel raster).

This step is done to compare and combine information
from the two data sources. This operation generates two
new raster layers, one standardised FWI and another one
of standardised risks. Those pixels with values greater than
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or equal to 1.96 (Z > 1.96), considering a 5% significance
level of 5%, correspond to the most critical points in the
map, assuming a normal distribution of the pixel values.

Step 5. Selection of critical zones. A combined analysis
of the information related to FWT and risks, previously
normalised, is performed in this step to allow prioritising
the critical areas. A new raster is created by intersecting
the two standardised layers generated in the previous step.
The outcome of this step is a new raster layer containing
the areas with statistical significance for FWT and risks.

Step 6. Identification of the location of the cameras. It
is proposed to locate the cameras in the zones identified in
the raster generated in Step 5, where there is statistical sig-
nificance due to the presence of risks and accidents. Those
areas where cameras are already installed will be excluded.

In case the required investment is very high and ex-
ceeds the allocated budget, a suggestion is to prioritise
near urban areas and in the sectors where the measured
velocity is above that allowed regularly. Alternatively, a
stepwise installation can be made by the investment plans
of the entity.

3. Case study

The methodology was applied to the rural roads network
of the Atlantic Department of Colombia. The Atlantic De-
partment has an area of 3386 km? and a population of
around 2.5 million inhabitants (DANE 2006). According
to the INMLCF (2015), Atlantic is among the ten depart-
ments with the highest number of traffic accidents in the
country with 229 deaths and 1928 injuries reported during
2016. Similar to the tendency around the country, about
41% of fatalities occur in the context of rural roads.

ArcGIS® (https://www.arcgis.com) was used to per-
form all the spatial analysis in this paper, but other similar
GIS tools may also be appropriated. The necessary infor-
mation of the study area is detailed below.

Municipal limits and road network. These geographic
files contain the political division and the rural highways
of the area, respectively. The road network layer (IGAC
2011) included information about length, the category of
the roads, and ADT. The municipal limits layer contains
polygons describing urban zones and populated centres
within the area of interest (CorMagdalena 2003). The
highway network of the Atlantic Department is comprised
of two categories according to the National Roads Insti-
tute (INVIAS 2015). The first category corresponds to the
principal arterial system: Route 25, Route 90 and Route
90A. The second is the collector road system. Figures 1
and 2 show the road network of the Atlantic Department
and their corresponding ADT (INVIAS 2015).

Traffic speed on the road network. A spot speed study
using a radar gun in the stations presented in Figure 3
(UniNorte 2013) was conducted to obtain speeds on the
road network. For the allocation of the speed of the roads
(Figure 4), the value corresponding to the operating speed
(85th percentile) was assigned to the arterial roads from
the field measurements.


https://www.arcgis.com
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Figure 1. Road network of the Atlantic Department
(INVIAS 2015)
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Figure 3. Speed checks on the highways
of the Atlantic Department

Dead and injured in road accidents. This layer con-
tains the georeferenced information of fatalities and inju-
ries in road crashes. Such information should be gathered
for at least three years to apply the methodology correctly.
The data of the case study involves information on injury
crashes (dead and injured) from 2007 to 2012, which was
georeferenced and is shown in Figure 5. The database
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Figure 2. ADT in the road network of the Atlantic Department
(INVIAS 2015)
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also contains information about the injured people (i.e.,
age, sex, marital status), characteristics of the vehicles in-
volved in the crash and conditions of the event (i.e., loca-
tion, time, type of crash and weather). It is important to
note that this layer contemplates accident data only on the
arterial routes. Local authorities do not have historical ac-
cident records in the collector road system.
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Potential hazards on the road. Unsafe or dangerous el-
ements must be georeferenced. These include the location
of curves, access-point density, road obstructions, poor
lighting, design inconsistencies, intersections with risks,
inexistent or poor signalling, visibility problems, pave-
ment in bad condition, and overturning hazards, among
others. The potential hazards on the whole road network
for the case study came from an inventory of risks on the
roads carried out as a part of a road safety audit (Uni-
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Figure 5. Deaths and injuries from 2007 to 2012
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Figure 6. Location of risks
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Norte 2013). The road safety audit was performed follow-
ing criteria defined by the iRAP Road Star Rating Index
(Harwood et al. 2010). The analysis makes it possible to
identify the risks encountered and proposing a subsequent
treatment. The information regarding the location of risks
is presented in Figure 6.

Location of existing cameras. This geographical layer
contains the current location of existing cameras. Con-
cerning the existing cameras in the study area, 15 are cur-
rently in operation, of which 4 are located on Route 90A,
3 are — on Route 90, 7 are — on Route 25, and only 1 is
located on a collector road. Figure 7 presents the location
of the cameras currently in operation.

The equivalence factor was taken from the study per-
formed by the CFPV (2013) where a fatal crash is equiva-
lent to 4 injury crashes. This relation was taken according
to the equivalence for the Colombian case but may be dif-
ferent in other contexts. The International Road Assess-
ment Program (iRAP) establishes a model based on the
visual inspection with a video recording of the road infra-
structure and takes encoded information of the character-
istics that determine the level of safety for the users (Veci-
no-Ortiz, Hyder 2014). These variables determine a road
safety rating. For the current analysis, only accidents with
consequences (fatalities and injuries) were considered.
However, if there is reliable crash information including
no-injury, it could be incorporated into the analysis.

4. Results and discussion

The kernel analysis was performed in ArcGIS® using a
search radius of 564 m. According to the work scale and
amount of data the size of the pixel used was 200 m.
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e — 11\

Legend
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Figure 7. Current location of cameras



206 G. Coronell et al. Location of speed control cameras on highways: a geospatial analysis

Figure 8 presents the kernel density analysis of FWI. There
is a definite trend in the occurrence of accidents in the
vicinity of urban areas. This result was expected, since a
higher amount of conflicts characterises these zones due
to the presence of pedestrians, motorcyclists, intersections
and, mostly, drastic changes in land use. Figure 9 shows
the result of the same analysis for the potential accident
risks detected on the road. Similar spatial distribution
patterns are observed at the scene of deaths and injuries,
noting that near urban areas there is a greater presence of
a risk of crashes. Both, arterial and collector roads, follow
the same tendency regarding accident risks.

Figures 10 and 11 present the maps produced by nor-
malisation with the areas that have statistical significance.
In the case of injury or fatality, the most critical areas are
in the vicinity of the urbanised areas of Route 25 and sec-
tors near Barranquilla (the Capital of Atlantic Depart-
ment) for Route 90 and Route 90A. Based on the risk
criteria, the critical areas identified are mainly in roads
linking municipal headwaters, which have a higher den-
sity near Barranquilla, located in the north-east corner of
the Atlantic Department.

The highest frequency of crashes and risks sectors is
shown in Figure 12. The map is generated from the in-
tersection areas between FWI and those with a potential
risk of accidents with high statistical significance. It can
be noted that critical sectors are in proximity to urban
areas. It is in these road sections that the implementation
of control measures is recommended with greater urgency
since they are likely to have the most significant impact
on increasing road safety. In Figure 12 it is also noted that
some of these critical areas already have speed controls.

From the previous step and the site of the current
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Figure 8. Spatial distribution kernel of FWI

cameras, the proposed location for the new cameras is
defined in Figure 13 since in those places there will be
expected a more significant impact in the control of the
speed. This methodology identifies 17 points for the loca-
tion of photo-radars, excluding critical areas where cam-
eras are already present. After an additional study of the
characteristics of each specific zone, presented in Table 3,
the analysis recommended that thirteen should be fixed
cameras while four should be mobile ones. In the case of
having budget constraints for attending all critical sectors,
priority should be given to the arterial routes, since they
are the ones with the highest flow of vehicles in the en-
trance/exit areas or within urban areas where the largest
number of accidents occurs. Also, areas with road hazards
due to geometric deficiencies must be considered as prior-
ities. Analysing the mobile cameras in the proposal, they
are all in sectors of high-risk and high-speed variance. It
is worth mentioning the case of mobile cameras on Route
25 which, in addition to being a section with high accident
rates and presence of risks on the road, has a very long
straight stretch of more than 15 km where vehicles tend
to exceed the limit allowed according to the records of the
performed assessment.

We compared our results with a ZIP model to validate
the location of the speed cameras. We selected the ZIP
model because the occurrence of traffic crashes by road
sections are events with a low probability; so it is usual
to find a greater number of zeros at count than expected
in a Poisson or negative binomial distribution. Accord-
ing to UCLA (2021), excess zeros can be modelled inde-
pendently. The ZIP model has two parts: a Poisson count
model, and a binomial or a binary logit model that is used
to predict excess zeros at roads. The ZIP model consid-
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ers that the independent variable y that is the number of
events in the period is estimated as follows Washington
et al. (2020):

yi=0
and its probability: p; + (1 -p; ) e M
Yi=Yy i
1—p. ) e M./
and its probability: <p’)—u’; (3)

y!

[ populated centers
A new cameras — proposed
— route 25
—— route 90
— route 90A

road 1 Santa Verénica-Baranoa

road 2 Baranoa-Isabel Lopez

road 3 Santo Tomds-Baranoa

Figure 13. Proposal for camera location

W= ePXi, (4)

where: y is independent variable; p; is the probability of
being in the zero state; p; is the expected numbers of
events per period (the most used relationship between p;
and the vector of explanatory variables is the log-linear
model); 3 is a vector of parameters to be estimated; X; is a
set of explanatory variables.
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This analysis was performed only over the arterial road Table 4. ZIP regression of the number of crashes
system because it is the only one that has FWI data avail-
able. The roads were divided into sections less than 1 km, Zero crashes | Poisson crashes
and the count of the number of accidents was made for Dispersion for negative 0.2261 (10.76) B
each section. Zero accidents were recorded in about 53% binomial ' '
of the sections. Two explanatory variables were significant: Constant 1.0160 (1.99) | 0.2525 (1.96)
speed [km/h] and the product length of the sectionx ADT Speed parameter 0.0075 (0.83) | 0.0171 (8.29)
[vehicle-km/day]. Table 4 shows the estimates of the ZIP Lengthx ADT N 0.0485 (13.89)

model (#-statistics in parenthesis).

- . Akaike information criterion 1383.7 3511.3
Figure 14 presents the overlapping between the FWI -
. . - L Number of observations - 315
zones with high statistical significance from our meth-
odology and the hot-spots obtained from the ZIP model. Note: t-statistics in parenthesis.

Table 3. Registration of proposed cameras

Road . Camera
Road Characteristics of the sector -
type fixed | mobile
high accident rate, risks on the road and the presence of a populated centre 2 -
Route 25 risks in the road and differences in speed between the paths that converge 1 -
u
high-speeds for long, straight stretches and risks on the road - 2
Principal high accident rate and entrance to a populated centre 1 -
arterial high accident rate and entrance area to a populated centre 2 -
system Route 90 high accident rate, risks on the road and entrance area to a populated centre 3 -
risks in the road and differences in speed between the paths that converge - 1
Route 90A high accident rate and risks present on the road. 1 -
oute
risks in the road and differences in speed between the paths that converge 1 -
g’(;}[leer;tor gsr?t(elt {}erénica—Baranoa high-speed, presence of risks on the road and presence of school zone 1 -
gg:ii;—lsabel Lopez high-speed and presence of risks on the road - 1
Road 3: 1
Sto Tomas—Baranoa presence of risks in the way and entrance to a populated centre 1 -
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Although the number of hot-spots in the ZIP model is
higher than the ones proposed in our methodology, areas
with a critical rate of accident present high coincidence. A
similar pattern can be seen in Figure 15, which shows the
coincidence of the critical zones obtained from the ZIP
model and those from our methodology, but considering
FWI and potential risky zones.

Additionally, Figure 16 illustrates the results of spatial
autocorrelation analysis using the Moran index. The null
hypothesis is that variables follow a random distribution.
Given that the Moran index is greater than zero and the Z-
score is 30.59, the probability that this observed clustered
pattern could be random is less than 1%.

Some limitations of this methodology should be ac-
knowledged. It is worth mentioning the possible presence
of endogeneity, given that by not taking into account some
variables, the results can be affected, generating an error
greater than the one reported. Also, the method requires
information about the status of road infrastructure that
in many cases is not available for the entire study area. In
other cases, it is possible to obtain this information but
with relevant differences in the level of detail or reliability.
The method assumes that the precision in the location of
events is high, which does not always happen.

Significant Significant

o
il

Random

Clustered

Dispersed

Critical value
(z-score)

Moran’s index: 0.619617 Significance level
Z-score: 30.590866 [ (p-value)
p-value: 0.000000 0.01 [ <-258
0.05 [ -2.58..-1.96
0.10 [ -1.96..-1.65
.. [ -1.65..1.65
0.10 [] 1.65..1.96
0.05 [ 1.96..2.58
0.01 [N >2.58

Figure 16. Spatial autocorrelation report
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Conclusions

This paper proposes a methodology that allows for the
identification of critical areas in road safety where estab-
lishing speed controls with photo-radars in rural routes.
The method uses information from records of injuries,
fatalities, and accident risks obtained from road safety
audits. The approach considers relevant variables and can
be replicable to other areas of study for the reduction of
accidents.

The case study in Colombia lets us conclude that the
sectors with the highest risk and best inclined to establish
photo-radar controls on rural roads are in proximity to
urban areas. Also, sectors with a high frequency of acci-
dents and with the presence of risks on the road or char-
acterised by high-speed variance in short sections were
identified as critical. It is recommended to establish, in
some cases, fixed radars and, in others, mobile cameras.
The latter is useful to avoid strategic behaviours of driv-
ers who already know the location of fixed cameras and
who exceed the limits in other sectors where there are no
cameras installed.

The proposed methodology can be applied in a con-
tinuous way using the registries that the entities that
maintain databases of the accidents periodically provide
and thus to be able to carry out the tracking of statistics
to evaluate the effectiveness of the measures. In any case,
speed control measures and infrastructure interventions
must be accompanied by education and monitoring cam-
paigns for other offences, with particular emphasis on the
most vulnerable users (pedestrians, cyclists, and motorcy-
clists). It should be noted that not all problems are solved
only with speed controls, there are other risks on the road
that can be handled by the application of low-cost coun-
termeasures.

Speed controls should not be a stand-alone policy;
they should be framed within a management system of
road safety that allows for establishing a planning horizon
in the medium and long-term to measure the effectiveness
of the controls at the critical points from posterior evalu-
ations. These permit determining compliance with speed
reduction and accident objectives; identifying benefits
and costs generated by established controls and improv-
ing practice in the establishment and variables considered
for regulations in road safety that can be implemented in
the future with a greater probability of success.

The method is particularly useful in areas where histor-
ical traffic crashes information is lacking. For instance, in
developing countries, it is possible to find detailed records
regarding crashes for the arterial road system; however,
for the collector and local road systems, such information
is not always available. The proposed approach combines
information from different sources, including a road safety
audit, which can be done as part of the analysis.

Finally, this research, besides being applicable in any
context, can be enriched by the inclusion of additional
variables. The method can also be adapted to urban areas,
where there are higher conflicts and crashes density.
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