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ABSTRACT

Aggregation of different variables into one road safe-
ty performance index is a popular concept in evaluating
road safety and comparing the performance of territo-
ries/entities. This paper presents the development of a
novel and innovative weighting methodology using grey
relational analysis. Based on the proposed model, ten hi-
erarchical road safety indicators were selected in terms
of a two-layered model with three categories related to
behaviour, safety and system. Grey weights are assigned
to the categorized indicators in each layer, and the grey
road safety composite indicator for each entity (21 se-
lected territories) is calculated by the weighted sum
approach. With relatively high weights, this systematic
methodology can serve the policy makers in targeting the
risk domains where improvements are needed. The re-
sults clearly illustrate effectiveness in addressing a large
number of indicators with hierarchical structures.
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1. INTRODUCTION

According to the WHO [1], one of the leading
causes (6 place) of death by injury are road traffic
injuries, with nearly 3,700 people killed every day.
Because of this basic problem, halving the number
of road accidents and injuries by 2020 was set as
a target endorsed by the Council of the European
Union in 2010 [2], the Decade of Action for Road
Safety launched in May 2011 [3], and the Sustain-
able Development Goals published in 2015 by the

United Nations [4]. In addition, as reported by the
WHO [1], 132 countries enacted funded national
strategies for road safety, and 109 countries set
national goals for the reduction of road deaths. In
Montenegro, one of the developing West Balkan
countries that is attempting to fulfil the rules and
regulations of the EU by relying on these EU and
UN programs, the National Coordination Board
and its government adopted the Strategy for im-
provement of road traffic safety 2010-2019 [5] and
the Action plan for Strategy [6] with the goal of
reducing fatalities by 50% and injuries by 30%
(compared with 2007) by 2019. Although most of
the countries that participate in the actions adopt-
ed by the EU and UN have road traffic laws that
meet the criteria of best practices for most risk
factors, at this point, the goal does not appear to
be achieved. A large increase in road safety was
recorded in the first years of the strategies, but the
number of 25,100 people killed in road accidents
in 2018 in the European Union [7] means a 21%
decrease in the number of road deaths compared
with 2010 when 31,500 road deaths were recorded
[8]. This fact indicates that the situation has not
improved in the last few years because there are
seemingly no effective prevention and sustainable
measures against it. Statistics from the USA and
EU generally show certain progress but stagnation
in recent years. However, data from Montenegro
show a deficiency in road safety performance.
One way to improve the road safety status is to
learn from more successful examples. To compare
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road safety level with others, a composite index
should be constructed that evaluates traffic safety
level on a territory and reflects all of road safe-
ty-related information. Recently, many authors
have addressed this challenging subject. No uni-
versal approach exists between countries, which
consequently results in a large number of methods
for index development and benchmarking of road
safety. An additional problem are the different
types of data collected by different countries, es-
pecially the undeveloped countries such as Monte-
negro, which do not have the same laws and do not
yield the same regulations as the developed coun-
tries. In this paper, grey weights are calculated
for each indicator within three categories and for
each layer of a two-layer hierarchy situation. The
composite indicator is determined by the weight-
ed sum approach. An illustrative example of the
application of this method is presented, namely,
a case study in constructing the grey road safety
composite indicator. The scores of the territories
and the weights assigned to each layer of hierar-
chy are analysed, followed by comparison of the
results with those from the one-layer situation.
The structure of this paper is described as fol-
lows. In the next section, examples from the liter-
ature that address the construction of a composite
index are presented. An overview of the theory
behind the applied weighting methodology is pre-
sented in Section 3. The selection of the used indi-
cators is briefly described following a presentation
of the data used in numerical examples, and final-
ly, in Section 5, the results of the novel method-
ology implementation are presented together with
the Montenegro case study. The paper ends with
conclusions and future research on this subject.

2. LITERATURE REVIEW

In this section historical evolution of address-
ing the construction of a road safety composite
index is presented and the diversity of approach-
es is shown. One of the first authors to this issue
was Al-Haji [9, 10],who suggested that for the as-
sessment of country road safety, a master-list of
indicators related to performance should be im-
plemented and subsequently classified into sever-
al main categories, followed by combining them
into one single value. One of the most important
research studies was the SafetyNet project with-
in which the theoretical assumption for road safe-
ty indicators was presented, although it did not

combine the indicators into one composite val-

e [11]. This project served as a base for further
research in this field and was a component of the
SUNflower project [12] in which the authors pro-
posed grouping of territories according to their safe-
ty level and assignment of weight to each of them
using principal component and factor analysis to
create an overall safety index.

Hermans et al. [13] combined the indicators in
one performance indicator by assigning the weights
to each and used five weighting methods that were
applied to the road safety data from various coun-
tries. This effort resulted in a discussion of the
advantages and disadvantages of each, and finally
obtained one method that was justified. In 2008,
the European Commission and OECD published a
handbook for constructing road safety composite
indicators [14] and proposed the following weight-
ing methods: weights based on principal component
analysis, data envelopment analysis, analytic hierar-
chy process, benefit of the doubt approach, budget
allocation process, unobserved components model,
conjoint analysis and public opinion. These insti-
tutions also proposed different aggregation meth-
ods: additive (weighted sum approach), geometric
aggregation, and non-compensatory multi-criteria
aggregation. In their paper, Wegman and Oppe [15]
sought to outline the development of a benchmark-
ing standard, and they created a framework for
composing one safety index related to a set of the
following indicators: outcome indicator that rep-
resents the number of people killed and injured in
road accidents, indicator that represents the road
safety policy implementation quality, and a final in-
dicator related to the response to those implemented
policies.

Gitelman et al. [16] proposed a composition of a
road safety index by combining the basic indicators
using weights based on the statistical models. The
indicators used in the Gitelman paper were grouped
into those related to policy performance, final safe-
ty outcomes (fatality and injury rates), intermedi-
ate outcomes (rates of wearing seat belts, vehicle
fleet composition and driving under the influence
of alcohol) and characteristics of countries (motor-
ization and population). Pesic¢ et al. [17] introduced
the benchmarked traffic safety level index, the so
called BTSL, derived from safety performance in-
dicators (fatalities, seat belt use, driving under the
influence of alcohol, speeding) and three outcome
indicators (public, traffic and dynamic traffic risk).
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The BTSL results in a single value that enables a
defined safety level for a territory and comparison
with a similar value.

In their paper, Kuki¢ et al. [18] gave a critical
review of the methods for road safety comparison
and showed an example of selecting a relevant in-
dicator model that is based on final outcomes in the
chosen countries in Europe. Additionally, the paper
represented a map of the chosen EU territories ac-
cording to casualty risk. Tesi¢ et al. [19] composed
a road safety performance index that included a
limited number of indicators but still gave a qual-
ity comparison of as many entities as possible. The
Tesi¢ group used the indicators related to alcohol,
speed and protective systems and those related to
roads and management of trauma. Composition of
one road safety indicator is currently receiving in-
creased attention in the literature as well as the use
of various methodologies for that purpose. There-
fore, it is surprising that few studies in literature use
grey relational analysis in this effort.

Grey Relational Analysis (GRA) is a multidis-
ciplinary tool and it is successfully used in vari-
ous fields such as economics, management, deci-
sion-making, medicine, prediction, modelling, and
data processing, among others. With respect to road
safety, Lu and Wevers [20] used the grey relational
methodology for the evaluation of road safety in ur-
ban roads in the Netherlands and used GRA to rate
the scenarios of infrastructure, advanced driver as-
sistance systems and their combinations, which are
expected to be implemented to improve road safety.
Ma et al. [21] used a combination of the grey and
fuzzy theory to create three different sets of compos-
ite road safety indicators by considering judgment
attitudes: one related to regional roads, one related
to urban roads and one related to highways. René
et al. [22] applied the grey system with time series
to predict the expected number of accidents and re-
layed results to target the improvement that should
be performed and measures that should be conduct-
ed. Liu et al. [23] used grey relational analysis to
calculate the weights for the purpose of constructing
a fuzzy road safety indicator. The evaluation of the
road safety of China provinces was the goal of this
particular research. The authors used nine indicators
related to the frequency, severity and trend of traffic
accidents and applied a fuzzy comprehensive meth-
od to obtain the final score.

According to the above mentioned Road Safety
studies, where GRA was successfully implement-
ed, for computing of the composite indicator and
evaluating road safety of territory, related to this
particular research, a novel methodology integrat-
ing Grey Relational Analysis (GRA) is proposed.

3. METHODOLOGY
3.1 Grey relational analysis

Grey theory, first proposed by Deng [24] is an
effective method for the analysis of systems with
partially known and partially unknown informa-
tion. Grey theory operates with discrete data that
are classified as black (unknown data), grey (in-
complete data) or white (accurate data). In other
words, it can be said that grey models predict the
values of time series based only on the set of the
most recent data and can be understood as curve
fitting. GRA is normalization-based theory that
implies positive data values and normalization
data can be various. Standard normalization in
grey analysis is chosen and explained below. The
steps of the mathematical calculations in GRA are
derived as follows:

Step 1. Constructing a normalized matrix

When data are collected, they are placed in K cat-
egories and L layers. Each category of indicators
(k=1,...,K) form a matrix where indicators repre-
sent alternatives (i=1,...,m,) and territories repre-
sent attributes (j=1,...,n). The decision matrix can
be presented as follows:

Xi=xi(1),xi(2),...,xi()),...,xi(n) (1)
With different criteria in question, normalization
must be performed. Three standard methods of nor-
malization used in grey analysis are based on the
following criteria types: nominal the best, smaller
the better and larger the better. In this paper, the
third rule is used in order that larger assigned weight
represents greater significance of indicator:
xi(j)-minf-1xi(j)
max'j-1xi(j)-minf-1xi(j)

(2)
In addition, normalized matrix is derived as G:

a1(1) g1(2) gi(n)
22(1) g2(2) g2(n)
g (1)gmi(2)gmi(n)

gi(j)=

G=

3)

For the purpose of constructing the grey com-
posite indicators to evaluate the road safety of a
territory, the normalized matrix is separately con-
structed for each category of indicators.
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Step 2: Selecting the referent set

After normalization of all values as the first step,
the grey relational degree is calculated for each cat-
egory as described below.

The referent data set for the normalized matrix is
constructed. The referent set represents the virtual
ideal set and is formed from the ideal values of at-
tributes, maximum or minimum, depending on the
research goal. In a matter in which higher weight
represents a larger influence in a road safety situa-
tion, the reference set in this particular research is
constructed from the maximum values.

Go=(g01,802,...,80m);

Step 3: Computing the grey relational coefficient

When the referent set is formed, the grey rela-
tional coefficient is calculated by measuring the dis-
tance of each indicator value from the referent set as
shown in Equation 4.

Asin + PAax

Culi)= AOi(j)'*‘ppAnm
where:

“4)

Aoi(j)=gi(j)-gol
Amax = maxitimax'}-1 Aoi ( j)

. mk . .
Amin = mini=yminj=1 Aoi( j)

where p represents the distinguishing coefficient
[0,1] and usually takes on the value of 0.5 implying
a moderate distinguishing effect.

Step 4: Computing the grey relational degree

When m, is the number of indicators in each of K
categories and # is the number of territories (coun-
tries, regions, municipalities, etc.), the significance
of each indicator in each category can be calculated
via the following equation:

Fo,':%éfm(j) Q)

If the weights w(j) for the attributes are known,
then the grey relational degree can be calculated as
follows:

Ty = ggomwm (6)

where the sum of the attributes weights must equal
1. Moreover, the computed relational degree is nor-
malized with Equation 7 because it represents the in-
put weight for further analysis.

. Coi
Wgrey( i ) = Tmk :
> To

i=1

(7

3.2 Construction of the grey composite
indicator

The hierarchy of the indicator groups with L

K
layers and m® = ) mj number of indicators in the
k=1
[-th layer (/=1,...,L) as presented in Figure 1. The
calculated and normalized, grey relational degree
Wy, (i) Tepresents the input grey weight wD of the
given indicator 7 into the observed category k. When
the grey weights are derived within all categories,
the scores for each category and each municipali-
ty gD are obtained as the weighted sum of grey

weights and the corresponding indicator:

AR L)) (8)
i=1

These scores related to each category represent a
novel input matrix for the second iteration of GRA
(matrix Kxn), calculating the grey weight at the next
level w{*D. When all grey weights are obtained, the
grey composite indicator is constructed using the ad-
ditive model. The idea of the proposed model is to
derive the values of a particular indicator category of
a particular layer using the weighting sum approach
implying that the sum of weights at every level is
equal to 1. In addition, for any observed territory, if
A%) is a set of input factors (normalized values of
road safety indicators and the corresponding grey

0
Wk

Figure 1 — Indicators hierarchy for constructing GreyCI
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Figure 2 - Framework of the proposed methodology

weights) of the k-th category in the /-th layer, the
aggregated grey composite indicator is noted as in
Equation 9.

GreyCl= 25w,
L

ki EA(,{L)

)
DI FNED) M% 21%%9»
ket hedd el

where:

2 w}cl,)= 1; ki = 1,...,1(”>
k/eA(kiill)

The final result for each territory is given as:

gCI=1- GreyCI (10)

with the purpose that a larger result represents a
greater road safety level. The scheme of the pro-
posed methodology is given in Figure 2 .

3.3 Grouping territories

The municipality scores can be compared and the
one with the highest road safety level represents the
benchmark municipality. However, if it is known that
there are differences between territories, for policy
makers it is more important to compare these with

similar road safety backgrounds, identify the best-in-
class and learn from it [12]. In this study, the grouping
is made based on the methodology described in Chen
et al. [25]. The distribution of gCI is determined,
following the frequencies, cumulative frequencies,
percentiles and corresponding probit. The regression
model is developed regarding the gC/ and Y value as
dependent and independent values, respectively.

gCl=a+bY

(11)

where a and b are regression parameters. Using the
regression model, the critical value of gCI is cal-
culated as the class interval and the corresponding
percentiles and probit.

gCI'=a+bY"

(12)

For detailed steps of the grouping see Chen et
al. [25]. To ensure that the grouping is statistically
significant (P<0.01), the analysis of variance is per-
formed with 95% level of confidence. Within each
group, the territory with the highest gC/ value can
be considered as benchmark territory.
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4. CASE STUDY
4.1 Selected indicators

Understanding and selecting factors that cause
road traffic accidents and constructing one reliable
indicator that reflects the safety situation are essen-
tial for valid scientific road safety evaluation. Ac-
cording to SafetyNet [26], the most important areas
of road safety are speed (% speeding), alcohol and
drugs (% driving under the influence of alcohol or
drugs), infrastructure (network density), protective
systems (% non-wearing seatbelt), vehicle (number
and vehicle age), visibility (% not using daytime
running lights), and trauma care (average response
time). Each of the mentioned items can be observed
as grey data, together with public and traffic risks
that represent the number of both, accidents and
fatalities per population and the number of acci-
dents and fatalities per motorization level [27].Oth-
er frequently used items are well-known indicators
such as the length of the road network, number of
inhabitants, number of registered vehicles, distance
travelled, etc. Depending on the choice of indicator,
the compared entities might have different evalua-
tion results. As mentioned previously, Al-Haji [10]
proposed classification of all road safety-related
indicators into three main groups that reflect safer
product, safer people, and safer system.

With respect to the literature and availability of
data, in this research three types of indicators pro-
posed by Al-Haji [9, 10] and Gitelman et al. [16]
are used, modified and classified into groups (see
Table 1). The first group of indicators is classified
as intermediate outcomes and reflects safer people.
Driving above the speed limit, under the influence
of alcohol and drugs and the use of a protective sys-
tem are chosen in addition to using a mobile phone
during driving. It should be noted that the indicators
reflecting behaviour should be the rates of people
wearing seatbelts, rates of driving under the influ-
ence of alcohol, etc., but in Montenegro, such data
are unavailable. Therefore, to address those be-
haviours, the number of violations recorded by the
police (data are collected from the Ministry of the
Interior) is considered, as suggested by Anti¢ et al.
[28]. To describe the municipality more correctly,
the number of violations is given as the rate per
thousand inhabitants.

The next group of indicators used in this research
reflects safer products and is referred to as the final
outcome of road safety: the fatality rate presented

in this work with public and traffic risks (number of
fatalities per ten thousand inhabitants and number
of fatalities per ten thousand vehicles, respective-
ly) and accident rate, also presented as public and
traffic risks (number of accidents with fatalities per
ten thousand inhabitants and number of accidents
with fatalities per ten thousand vehicles, respective-
ly). Cheng et al. [29] state that when accessing the
traffic safety level of the territories and performing
comparison, the number of fatalities per number of
vehicles should be considered first. However, in this
paper, all of the risk-exposure indicators are placed
into one category with no preference.

The third group of indicators of the dataset re-
flects safer systems. The characteristics of munic-
ipalities are used, such as road density, represent-
ed as the number of kilometres of roads per square
kilometre of territory, and motorization level,
which is represented by the number of vehicles per
thousand inhabitants. It should be mentioned that
some of the influential system indicators, such as
road conditions, trauma management, age of the ve-
hicle fleet, etc., were not included in the analysis
because they were unavailable for all the territories
under evaluation. The final list of the selected indi-
cators available for every territory is presented in
Table 1.

4.2 Data

The proposed methodology is implemented in
the Montenegro case study. Certain characteristics
are given as follows (all data are collected from the
Ministry of the Interior).

Road density and motorization rate, in 2016,
were 57.2 km/km?2 and 330 cars per 1,000 inhabi-
tants, respectively. In 2018, Montenegro recorded
a decrease of 50% in road deaths compared with
2010 and a decrease of approximately 20% com-
pared with 2011. By observing a longer period, it
can be noted that road safety is in fact at a low lev-
el, with various numbers of people killed in road
accidents every year. When translated into fatalities
per million inhabitants, Montenegro’s rate in 2018
is 77, compared with the European average of 49
and with the worst-performing EU countries, name-
ly, Romania (98), Bulgaria (88), Latvia (78) and the
neighbouring Croatia (77), [30].

In total, ten hierarchical indicators are used with-
in two layers. The indicators were normalized via
Equation 2 and the results are shown in Table 2.
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Table 1 — Road safety evaluation indicators

Indicator group | Id Indicators Description
I1 | Speed % speeding
12 | Alcohol/drug % driving under the influence of alcohol or drugs
Safer people
13 | Seatbelt % non-wearing seatbelt
14 | Mobile phone % using mobile phone while driving
IS | Public fatality rate Number of fatalities per ten thousand inhabitants
16 | Traffic fatality rate Number of fatalities per ten thousand vehicles
Safer product
17 | Public accident rate Number of accidents with fatalities per ten thousand inhabitants
I8 | Traffic accident rate Number of accidents with fatalities per ten thousand vehicles
19 | Road density Number of kilometres of roads per square kilometre of territory
Safer system
110 | Motorization rate Number of vehicles per thousand inhabitants

Table 2 — Normalized indicators of road safety in the case

study of Montenegro by municipalities

Mun. I 12 I3 14 15 16 17 18 19 110
AN 0.0000 0.0281 0.1865 0.1828 0.1582 0.0963 0.0650 0.1221 0.0461 0.4958
BR 0.6809 1.0000 0.5891 0.1470 0.0602 0.5249 0.0014 0.3201 0.1873 0.5050
BA 0.0537 0.2445 0.3922 0.0237 0.0253 0.0246 0.0029 0.0153 0.3879 0.1263
BP 0.2459 0.2336 0.1812 0.0483 0.0314 0.1283 0.0018 0.1428 0.3594 0.2099
BD 0.4227 0.8755 0.6474 0.3699 0.1687 1.0000 0.0053 0.4221 0.0548 0.2582
CT 0.0323 0.5160 0.4562 0.0482 0.0841 0.3407 0.0061 0.2205 0.4190 0.0000
DG 0.1344 0.2322 0.2334 0.1573 0.0728 0.3165 0.0068 0.3215 0.0755 0.0031
HN 0.3037 0.4650 0.3107 0.2984 0.0621 0.6033 0.0022 0.3912 0.0680 0.0872
KL 0.0836 0.1887 0.7017 0.0221 1.0000 0.5377 0.1949 0.7784 0.4791 0.0784
KO 0.1822 0.3391 0.8842 0.1449 0.0963 0.7621 0.0038 0.4439 0.2369 0.0673
MK 0.4204 0.1446 0.3566 0.0000 0.0802 0.2277 0.0210 0.3179 0.0186 0.1196
NK 0.0662 0.3480 0.2279 0.0392 0.0483 0.4342 0.0011 0.4693 0.4343 0.0019
PL 0.2366 0.1273 0.1199 0.0283 0.0421 0.0000 0.0138 0.0000 0.3148 0.0720
PV 0.2113 0.1635 0.1473 0.0181 0.0000 0.0857 0.0011 0.0613 0.5244 0.1711
PZ 0.0310 0.0608 0.0000 0.0381 0.5604 0.1675 0.4166 0.3595 0.3192 0.1235
PG 1.0000 0.3870 0.1812 0.2447 0.0359 0.6247 0.0000 0.4328 1.0000 0.6020
RO 0.0976 0.0000 0.0554 0.0135 0.0942 0.0845 0.0083 0.0787 0.2077 0.6912
SA 0.6304 0.0807 1.0000 0.0000 0.8965 0.4685 1.0000 1.0000 0.1491 0.6674
TV 0.0244 0.4433 0.8799 1.0000 0.1057 0.6337 0.0064 0.3238 0.0000 1.0000
UL 0.4001 0.6301 0.4685 0.0279 0.0652 0.5366 0.0040 0.3740 0.1231 0.5919
7B 0.3431 0.4925 0.6153 0.1732 0.2378 0.1979 0.1110 0.2279 0.1780 0.5022
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5. RESULTS

Using a set of ten hierarchical road safety indi-
cators in terms of final outcomes, the road users’
behaviour and basic territory information, 21 mu-
nicipalities of Montenegro are evaluated via one
composite index score. The relative weights for
all of the three mentioned groups of indicators and
the weights of each indicator in each group are ob-
tained in terms of the grey relational degree, known
as grey weights. Tuble 3 shows the final obtained
relative grey weights of ten indicators and three
indicator groups using multilayer and one-layer
approaches. The grey relational coefficient ob-
tained with Equation 4 can be observed as individual
grey weights for each municipality, and the grey
relational degree obtained with Equation 5 can be
observed as joint weights. Individual weights in
every group derived with both approaches range
from 0.3333 to 1. However, the average weights
that represent the final weights of indicators if a
multilayer approach is used, range from 0.4121
to 0.7202 in the behaviour group (I1-14) and from
0.3813 to 0.7883 in the safer product group (I15-18),
whereas in the third group (I9 and 110) the weights
are equal to 0.6349. If the one-layer approach is
performed, the grey weights range from 0.3858 to
0.6338 (I1-110).

Whatever approach is used, the weights are ad-
ditionally normalized with Equation 7 to satisfy the
condition that the sum of weights in each group
must be equal to one. Those weights can be used
by policy makers for planning the future measures.
The results show that in the overall safety score of
Montenegro, the most influential group of indica-
tors are those reflecting the behaviour because they
received the highest grey weight score of 0.3713.
Taking into account that the data are not true rates
but numbers of violations, the conclusion can be
made that non-wearing a seatbelt represents one
of the riskiest behaviours, with a grey weight of
0.2971. In addition, experts have eventually intro-
duced measures for each municipality according to
its own grey weights instead of those based on the
joint grey weights for the entire territory. In that
case, based on the results from 7able 3, the mea-
sures can be applied for wearing a seatbelt if they
are applied to the entire territory. However, if us-
ing only the grey weights of PG (Podgorica), the
experts can apply measures related to speeding if
accessing only the road safety of that municipality.
In summary, grey relational analysis can measure

the relative importance among indicators, implying
that those with higher grey weight values are more
significant than those with lower grey weights.

To better understand and make comparison
between the multilayer and one-layer results, the
grey weight of each indicator is calculated in such
a manner that all belong to one group and one lay-
er. The results are shown at the bottom of Table 3. It
can be concluded that the grey weights are smaller
in this way but only because of the condition that
the sum of all weights needs to be equal to one.
The order of indicator significance remained the
same. For example, among the behaviour indica-
tors, non-wearing a seatbelt remained the riski-
est. When calculated, the grey weights are further
combined with the municipality performances to
obtain one composite indicator and rank it.

Safer
system

Safer people Safer product

= Group weights Multilayer weights

One-layer weights

Figure 3 — Grey weights of indicators

Ranking is conducted in such a manner that the
municipality with a higher safety level occupies a
higher place. For Montenegro, Plav (PL) is ranked
first, followed by Mojkovac (MK), Danilovgrad
(DG) and Andrijevica (AN), as shown in Table 4. This
result is not a surprise given that those municipali-
ties are all small ones with low motorization levels
and no main roads on their territories. The worst per-
forming municipality is Podgorica (PG), which is
one of the largest in Montenegro with a high motor-
ization rate, population and road density. However,
the overall scores and ranks for the municipalities are
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Table 4 — Municipality scores

Two-layer weight analysis One-layer weight analysis
GreyCIl gCI Rank GreyCIl gCI Rank ot
AN 0.1267 0.8733 4 0.1387 0.8613 3 0.0139
BR 0.3463 0.6537 19 0.4310 0.5690 17 0.1489
BA 0.1423 0.8577 5 0.1447 0.8553 4 0.0028
BP 0.1718 0.8282 8 0.1693 0.8307 -0.0030
BD 0.2688 0.7312 16 0.4500 0.5500 18 0.3295
CT 0.1615 0.8385 7 0.2350 0.7650 11 0.0961
DG 0.1013 0.8987 3 0.1642 0.8358 6 0.0753
HN 0.1885 0.8115 12 0.2730 0.7270 12 0.1162
KL 0.3106 0.6894 17 0.4204 0.5796 16 0.1894
KO 0.2405 0.7595 13 0.3482 0.6518 14 0.1652
MK 0.0906 0.9094 2 0.1823 0.8177 8 0.1121
NK 0.2520 0.7480 14 0.2262 0.7738 10 -0.0333
PL 0.0766 0.9234 1 0.1008 0.8992 1 0.0269
PV 0.1539 0.8461 6 0.1498 0.8502 5 -0.0048
PZ 0.1801 0.8199 10 0.1967 0.8033 9 0.0207
PG 0.7323 0.2677 21 0.4727 0.5273 20 -0.4923
RO 0.1766 0.8234 9 0.1384 0.8616 2 -0.0443
SA 0.3822 0.6178 20 0.5873 0.4127 21 0.4970
TV 0.3221 0.6779 18 0.4552 0.5448 19 0.2443
UL 0.2540 0.7460 15 0.3482 0.6518 15 0.1445
7B 0.1815 0.8185 11 0.3231 0.6769 13 0.2092

slightly different when observing the indicators as
one group in one layer versus three groups and two
layers (see Table 4 and Figure 4).

To clearly illustrate the final aggregation of the
composite index, a numerical example for one mu-
nicipality (PG) is given. The example of calculating
gClI by the multilayer approach is shown as follows:

GreyCI(PG)=0.3713[0.2422 - 1 +0.2876 - 0.3870 +
+0.2971-0.1812+0.1731 - 0.2447] + 0.3031

[0.2435-0.0359 + 0.3225 - 0.6247 + 0.1560 - 0.0000 +
+0.2781-0.4328] +0.3256[0.500 - 1.0000 + 0.500 - 0.6020] =
=0.7323

gCI(PG)=1-GreyCI=1-0.7323 = 0.2677

The example of calculating the gCI of Podgorica
(PG) municipality if a one-layer approach is used is
given as follows:

GreyCI(PG)=0.0973-1+0.1106-0.3870+0.1221-0.1812 +
+0.0781 - 0.2447 4+ 0.0864 - 0.0359 +0.1119 - 0.6247 +
+0.0743 - 0.0000 +0.1052 - 0.4328 +0.1105 - 1.0000 +
+0.1036 - 0.6020 = 0.4727

gCI(PG) =1-GreyCI=1-0.4727 = 0.5273

In addition, to describe the differences between
scores, the divergence index is calculated as fol-
lows:

_ gC{glc}ngIz (13)
A larger divergence index indicates a larger dif-
ference between scores. For instance, the divergence
index of Podgorica (PG) is -0.4923 which means that
the score calculated with multilayer analysis deviates
from the score calculated with one-level analysis by
49.23%. To give a broad picture and to make com-
parisons between municipalities with similar back-
ground, grouping comparable municipalities and
comparison among them within a specific group is
conducted. Based on the gCI score, regression equa-
tion is determined as:

DI

gCI" =0.1480+0.1215Y"

(14)

with 95% confidence limits and P<0.001. Munic-
ipalities are grouped into five classes presented in
Table 5. To confirm that Equation 14 is statistically
significant (P=0.000<0.05), analysis of variance is

112

Promet — Traffic& Transportation, Vol. 33, 2021, No. 1, 103-116




Grdini¢-Rakonjac M, et al. Construction of Road Safety Composite Indicator Using Grey Relational Analysis

Table 5 — Groups of municipalities

Group State of territory Percentiles P* | Probit Y* gCr* Municipality Best in class
I Very highly safe territory 96.407 6.8 0.974 -
1I Highly safe territory 72.525 5.6 0.829 PL, MK, D%,? N, BA, PV, PL
. . BP, RO, PZ, ZB, HN, KO,
il Medium safe territory 27.425 44 0.683 NK. UL, BD, KL BP
v Low safety territory 3.593 32 0.537 TV, BR, SA TV
A% Very low safety territory <3.593 <32 <0.537 PG PG

conducted. The results are shown in 7Tuble 6 present-
ing acceptability and verification of the proposed

grouping.

Table 6 — Analysis of variance

Sum of af Mean P Sig. (P)
squares square
Between
0.378 4 0.095 50.883 | 0.000
groups
Within 0.030 | 16 | 0.002
groups
Total 0.408 20

6. DISCUSSION

According to the proposed methodology for
constructing one overall composite indicator, scores
and ranking of territory can be obtained, as well as
weights of the indicators included in the calculation.
Road safety of a territory can be monitored annu-
ally and by analysing the assigned weights, the ef-
fects of implemented measures can be monitored.
Comparison of the ranking based on the proposed

methodology and the traditional rankings, Fatality
Risk (FR, number of fatalities per 100,000 popula-
tion) and Accident Risk (AR, number of accidents
per 100,000 population) and RSDI value with the
equal weighting method (weights of the indicators
I1-I8 receive weights equal to 0.0833 and indica-
tors 19-110 receive the weight values of 0.1667) that
is proposed by Al-Haji [9], is presented in order to
grasp the insight among the rankings (see Figure 4).
Furthermore, the dashed lines in Figure 4 repre-
sent the deviation of the gC/ multilayer rank =+5.
It can be seen that relatively large deviations were
recorded of the traditional rankings for municipal-
ities BA, NK and PG. The ranks of municipalities
regarding one-layer and multilayer are similar to
some extent with the Parson's correlation of 0.9039
(see Tuble 7). However, when compared to the tradi-
tional rankings, large variations between the ranks
were observed when FR ranking is the matter and
the similarities were recorded in comparison with
AR ranking. The coefficient of correlation of the
proposed grey multilayer method and the popular-
ly and the usually used RSDI value has the highest
harmony degree of 0.9571. The following results

—t— FR —#— AR —o— Multilayer

0 T T T T T T T T —T— T T T T T T T — ]
PL MK DG AN BA PV CT BP RO PZ ZB HN KO NK UL BD KL TV BR SA PG

—o— One-layer ~—— RSDI

Figure 4 — Comparison of ranking based on different analyses
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Table 7 — Correlations between rankings of each method

Traditional approach Grey approach
FR ranking AR ranking RSP Orr;fl_kl?ggr Ng:ltli(lii}gr
FR ranking 1 0.3221 0.4234 0.3766 0.2883
AR ranking 0.3221 1 0.7675 0.8649 0.7571
RSDI 0.4234 0.7675 1 0.9455 0.9571
One-layer ranking 0.3766 0.8649 0.9455 1 0.9039
Multilayer ranking 0.2883 0.7571 0.9571 0.9039 1

Note: Correlations are significant at p<.05000 N = 21

justified the intention of designing the GRA-based
road safety performance index constructed of dif-
ferent variables at different layers.

When grouping of municipalities is conducted
(see Table 5), five classes are formed. Most munic-
ipalities were described as territories with medium
road safety level with BP as benchmark. There are
no territories described as very highly safe and only
one municipality in the last group is PG, which is at
the bottom of all ranks and it is characterized by a
large number of road accidents and road fatalities.

7. CONCLUSION

Evaluation of road safety is the core of road
safety management, and to prevent traffic accidents
an understanding of the factors that cause them is
essential. Currently, road safety experts show great
interest in finding one fair approach to evaluate and
compare road safety situations on different territo-
ries. Many tools and statistical and mathematical
methods were used to accomplish that goal, but
few have used grey relational analysis. Because the
GRA is successfully applicable for a smaller number
of entities and because many of the factors causing
traffic accidents are characterized by incomplete,
imperfect or complex information, we proposed the
use of GRA to calculate the weights for aggregation
of one overall solid road safety composite indicator.

The main contribution of this paper is a method
for calculating the grey weights of both one-layer
and multilayer sets of indicators. First, the indica-
tors should be selected and categorized. There is
no unique number of layers and categories, which
is an advantage and a deficiency because absolute
freedom is given to the researcher in choosing data
for a particular subject of research. To analyse the
influence of the selected factors on traffic accidents,
the relative significance of each is determined with

the grey relational degree. A numerical example in
this paper is applied to a case study of Montenegro
with the most used indicator categories: behaviour,
exposure and system indicators. The Montenegro
behaviour-related indicators used in this paper are
violations related to speeding, drinking and driving,
non-wearing a seatbelt and phone use while driv-
ing. The exposure indicators used are the numbers
of fatalities per population and vehicles as well as
the numbers of accidents with fatalities per popu-
lation and vehicles. Road density and motorization
level are used because they are related to the system
indicators. Data were normalized and the relation
degree was calculated representing the grey weights
for aggregation. Generally, these weights can be use-
ful for policymakers, because they can show leaks
in road safety chain and the places where additional
effort is needed. Finally, the composite indicator is
calculated for a one-layer indicator framework and
a multilayer indicator framework. The results show
that behaviour-related indicators received the highest
grey weights, highlighting that it is the most import-
ant issue that experts should address in the future ef-
forts and emphasis that non-wearing a seatbelt while
driving represents a behaviour particularly problem-
atic when observing the whole territory. In addition,
the proposed methodology gives policy-makers an
opportunity to address road safety in micro level,
observing only one territory. In that matter, by high
weights assigned to speed indicator in PG municipal-
ity, for example, the experts may conduct measures
and campaigns in order to increase the number of
people who respect speed limit.

Based on the results the rank of the territories
can be established. Different ranking positions occur
when different numbers of layers are used. However,
the order of significance of each indicator remains
the same. The correlations between the rankings
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obtained by the different methods were observed.
The analysis shows that the ranking of territories of
road safety based on the composite indicators and
traditional rankings are not identical. The ranking
derived with the proposed methodology received
the highest correlation value when compared with
the RSDI ranking, which is a similar type of anal-
ysis.

Given that the GRA is normalization-based
methodology, the calculated results might vary
based on the type of normalization, which is the
largest shortcoming of this method. Therefore, fur-
ther research should investigate the normalization
method that best fits the data representing road safe-
ty. Because road safety data represent a key issue in
the construction of a composite indicator, sensitive
analysis should be implemented, and the need exists
to define the standardized categories of indicators as
well as the indicators themselves that can best de-
scribe the level of road safety of territories and are
also applicable to underdeveloped countries with a
lack of data.
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KREIRANJE KOMPOZITNOG INDIKATORA
BEZBEDNOSTI SAOBRACAJA
KORISCENJEM SIVE RELACIONE ANALIZE

REZIME

Agregatni indeks (indikator) bezbednosti saobracaja
predstavlja popularni koncept ocene stanja i poredenja
nivoa bezbednosti na odredenim teritorijama/entitetima.
U ovom radu je predstavljena nova, inovativna metod-
ologija otezavanja (ponderisanja) indikatora pomocu
sive relacione analize. Deset hijerarhijskih indikatora
bezbednosti saobracaja je grupisano u dva nivoa i tri
kategorije koje se odnose na ponasanje vozaca, bezbed-
nost voznje i sistem bezbednosti. Sivi tezinski koeficijenti
su dodeljeni svim kategorisanim indikatorima na svim
nivoima a zatim je, aditivnom agregacijom, izracunavan
sivi kompozitni indeks bezbednosti saobracaja za svaki
entitet (21 posmatranu teritoriju). Izlozena metodologija

moze, dodelom relativno velikih tezinskih koeficijenata,
da ukaze donosiocima odluka na domene bezbednosti
koje bi trebalo unaprediti. Rezultati jasno oslikavaju efek-
tivnost primene velikog broja hijerarhijski rasporedenih
indikatora.

KLJUCNE RECI

bezbednost saobracaja; kompozitni indikator,
metodologija za otezavanje koeficijenata; siva relaciona
analiza; sivi tezinski koeficijenti; studija slucaja.
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