— Preliminary Communication | Received: 04-11-2023 | Accepted: 14-12-2023

Application of Spatial Network Analysis in
Road Accidents Based on Open Data

Maria ANGELOVA

Department of Geodesy and Geoinformatics, Faculty of Geodesy, University of Architecture,
Civil engineering and Geodesy, Sofia, Bulgaria
mangelova_fgs@uacg.bg (ORCID: 0009-0006-4133-632X)

Abstract. Performing spatial analysis based on a correct multifunctional geographically oriented model in the domain
of road accident is an important part of the overall transport system management. The aim of the paper is to
demonstrate a methodology for using a digital road model, defining optimal parameters for building a road graph
and georeferencing occurred events to determine a spatial autocorrelation index of road accidents, entirely using
open data. To achieve this goal, the foundation of international standardization laid down in /SO 19 100 — Geographic
information is used in combination with the method for spatial autocorrelation, extended for a network, practically
implemented through the capabilities of the Python programming language as an element of a Geoinformation
system of road accidents. Open-source data from the OpenStreetMap geoportal were processed, as well as real
archive data for 1,288 serious accidents on the territory of the city of Sofia, Bulgaria, and a spatial autocorrelation
coefficient was calculated to determine the dependence or independence of the number of road accidents between
individual areas with its accuracy and reliability. The result is the definition of a correct basis for carrying out spatial
analysis with the laying of a foundation for the subsequent study of various factors and the definition of a complex of
reasons, the establishment of which will lead to a reduction in traffic injuries.

Keywords: digital road model, road graph, network spatial autocorrelation, spatial weight, road accidents GIS

1 Introduction

Complex geographic-oriented modeling in the field of
transport, including modeling of road infrastructure ele-
ments, related spatial events, as well as statistical-math-
ematical modeling of the dependence between them, is a
challenge when it comes to solving several tasks. The up-
to-date modeling approach involves implementing the lo-
gic of international standardization in geoinformation re-
sources. Following the idea of synergy, once created based
on a conceptual model (Kunchev, Angelova 2023), the

physical model of the road infrastructure as an element of
a geographic information system (GIS) is multifunctional -
it can serve not only for logistical tasks, but also for an ad-
equate assessment of the state of road and roadside areas
and objects, identification of problem areas, as well as of
course, to analyze any type of processes that occurs on or
near the transport infrastructure.

In such a wide-ranging field as transportation and re-
lated road accidents, the applications of the digital road
infrastructure model and the possible analysis are volu-
minous. The research is focused on defining a correct
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SaZetak. Provodenje prostorne analize temeljene na ispravnom multifunkcionalnom geografski orijentiranom modelu
u domeni prometnih nesreca vazan je dio cjelokupnog upravljanja prometnim sustavom. Cilj je rada demonstrirati
metodologiju koriStenja digitalnog modela cesta, definiranje optimalnih parametara za izradu cestovnog grafa i
georeferenciranje nastalih dogadaja radi odredivanja indeksa prostorne autokorelacije prometnih nesreca, u
potpunosti koristeCi otvorene podatke. Da bi se postigao taj cilj, upotrebljava se temelj medunarodne normizacije
postavljen u ISO 19 100 — Geografske informacije u kombinaciji s metodom prostorne autokorelacije, proSirenom za
mrezu, prakticno primijenjenom kroz moguénosti programskog jezika Python kao elementa Geoinformacijskog
sustava prometnih nesre¢a. Obradeni su podatci otvorenog koda s geoportala OpenStreetMap, kao i stvarni arhivski
podatci za 1288 teSkih nesreéa na podrucju grada Sofije u Bugarskoj, te je izraunat Kkoeficijent prostorne
autokorelacije kako bi se utvrdila ovisnost ili neovisnost broja prometnica nesre¢a izmedu pojedinih podrucja svojom
to€noSéu i pouzdanoScu. Rezultat je definiranje ispravne osnove za provedbu prostorne analize s postavijanjem
temelja za naknadno proucavanije razli¢itih ¢imbenika i definiranje niza razloga Gije ¢e utvrdivanje dovesti do smanjenja
ozljeda u prometu.

Kljuéne rijegi: digitalni model cesta, cestovni graf, mrezna prostorna autokorelacija, prostorna tezina, GIS prometnih
nesreca

1. Uvod

SloZzeno geografski orijentirano modeliranje u po-
drudju prometa, uklju¢ujuéi modeliranje elemenata ces-
tovne infrastrukture, povezanih prostornih dogadaja,
kao i statisticko-matematic¢ko modeliranje ovisnosti me-
du njima, predstavlja izazov kada je u pitanju rjeSavanje
viSe zadataka. Suvremeni pristup modeliranju ukljucuje
primjenu logike medunarodne normizacije u geoinfor-
macijskim izvorima. Slijede¢i ideju sinergije, jednom
stvoren na temelju konceptualnog modela (Kunchev,
Angelova 2023), fizicki je model cestovne infrastrukture
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kao element geoinformacijskog sustava (GIS) multifunk-
cionalan - moZe sluZiti ne samo za logisticke zadatke, ve¢
i za prikladnu ocjenu stanja povrsina i objekata ceste i uz
ceste, identifikaciju problemati¢nih podrudja, kao i na-
ravno, za analizu svih vrsta procesa koji se dogadaju na
prometnoj infrastrukturi ili blizu nje.

U tako Sirokom podrudju kao $to su promet i pro-
metne nesree, mnogobrojne su primjene digitalnog
modela cestovne infrastrukture i moguée analize. Istra-
Zivanje je usmjereno na definiranje ispravnih temelja za
analizu s pomocu digitalnog modela ceste, temeljenog
na podatcima otvorenog koda; izradu cestovnog grafa s
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foundation for analysis using digital road model, based on
open-source data; building a road graph with an emphasis
on the needs and problems in its creation; systematization
and georeferencing of events (in particular road accidents)
based on international standards for linear referencing
and application of one of the many algorithms for analyz-
ing road accidents - spatial autocorrelation with reflection
of the network road nature, as well as the evaluation of the
analysis results with proven mathematical approaches.
The described processes, realized physically for the territ-
ory of the city of Sofia, Bulgaria, with open data from the
OpenStreetMap geoportal (OSM) and the software capab-
ilities of GIS Panorama and Python programming lan-
guage, will be considered in the development.

An important study on the topic of digital road model
is (Demidenko, el al. 2020), where the concept of an intelli-
gent transport system is considered as a complex of ser-
vices integrated in a unified geoinformation space, with an
emphasis on the physical vector representation of a road
graph. Fundamental developments in the field of analyz-
ing road accidents through a spatial autocorrelation are
(Anselin 1995), where the statistical method for local in-
dicators of spatial autocorrelation is introduced, the
foundations of the analysis are laid and the approach is
practically tested with a study of national conflicts in
countries in Africa; (Black 2010), where network spatial
autocorrelation is introduced, presenting an approach to
reduce its influence through modeling, emphasizing the
fact that it is the mathematical equivalent of the ordinary
statistical variant with the difference in the network
structure and the weights associated with it; (Black,
Thomas 1998), where factors are determined that charac-
terize the so-called "black zones" are subject to clustering
that can be established by the considered approach. Key
developments concerning the assessment of the accuracy
of the autocorrelation coefficient are (Samsonov 2021),
where calculations and visualizations of the results are
considered algorithmically in detail, and (Valchinov,
Kostadinov 2012), where the statistical foundations of the
correlation coefficient are laid.

2 Definition of a Correct Basis for Spatial Network
Analysis Using Digital Road Model

According to the unified approach of the series of
standards dealing with spatial information 1SO/TC 211 -
Geographic information/Geomatics, modeling of geospatial
products, processes and services is presented at 4 levels
- meta-metamodel, metamodel, application level and
physical level (Govorov 2008, Kunchev 2023). After the
first 3 steps in (Lipiyska, Angelova 2020, Kunchev, An-
gelova 2023) and (Angelova 2023) have been implemented,

the fourth one will be considered, as an element of it is
the definition of a correct basis for the needs of a com-
plete road accidents GIS.

It is important to introduce the concept of a digital
road model (DRM) as a set of information resources, in-
cluding digital information about objects of the trans-
port system, traffic conditions and a graph of the road
network (Demidenko et al. 2020). This concept is used as
a starting point in defining a foundation for the main
purpose of the road accidents GIS - the analysis of
events with the aim of reducing traffic injuries.

The individual components to achieve the final goal
will be considered - access, input control and systemat-
ization of open data, creation of a road graph with a de-
gree of detail sufficient to correctly transmit the
information about road accidents, georeferencing of
events and procedure for assigning them to the network
based on international standardization in the field.

2.1 Access to open data — scoping, filtering,
systematization, and input control

Two main sets of open-source vector data from
the OSM geoportal were used - the first represents
the different classes of roads within the selected ter-
ritory with the attribute information available for
them, and the second - the smallest available territ-
orial units for the territory of the city of Sofia in OSM -
the regions of Sofia-City Municipality. One of the cri-
teria for which the regions of the municipality were
chosen is the fact that their boundaries coincide with
the road arteries of the studied territory.

The data are accessed and bound by query, expor-
ted to one of the spatial data exchange formats -
GeoJSON, then imported into the GIS Panorama soft-
ware system. To be maximally usable, the data are sys-
tematized, indicating the correspondences between
the objects from the GeoJSON file and the specialized
classifier created for the needs of working with open
data from the OSM source. This process is discussed in
detail in (Angelova 2023). The use of the road classifier
can also be considered as an element of data input
control - this is the place to perform verifications of at-
tribute data type matching, establishing the pres-
ence/absence of mandatory data and metadata,
checking for uniqueness of external system identifiers,
as well as creating internal ones and others.

2.2 Topological connectivity of the input data

Working with any type of vector data requires to-
pological integrity, i.e. building a topological model to
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naglaskom na potrebe i probleme u njegovoj izradi; sis-
tematizaciju i georeferenciranje dogadaja (osobito pro-
metnih nesreéa) na temelju medunarodnih normi za
linearno referenciranje i primjenu jednog od mnogobroj-
nih algoritama za analizu prometnih nesreca - prostorna
autokorelacija s odrazom mreZne prirode cesta, kao i eva-
luacija rezultata analize s dokazanim matematickim pris-
tupima. Opisani procesi, realizirani fizicki za podrudje
grada Sofije s otvorenim podatcima s geoportala OpenS-
treetMap (OSM) i softverskim moguénostima GIS Panora-
ma i programskog jezika Python, bit ¢e uzeti u obzir.

Vazna je studija na temu digitalnog modela cesta
(Demidenko, el al. 2020), gdje se koncept inteligentnog
prometnog sustava razmatra kao skup usluga integrira-
nih u jedinstveni geoinformacijski prostor, s naglaskom
na fizickom vektorskom prikazu cestovnog grafa. Te-
meljna su postignuéa u podrudju analize prometnih ne-
sre¢a kroz prostornu autokorelaciju (Anselin 1995), gdje
je uvedena statisticka metoda za lokalne pokazatelje
prostorne autokorelacije, postavljeni temelji analize i
pristup prakti¢no ispitan studijom nacionalnih sukoba u
zemljama Afrike (Black 2010), gdje se uvodi mrezna pros-
torna autokorelacija, predstavlja pristup smanjenju nje-
zinog utjecaja modeliranjem, s naglaskom na ¢injenicu da
je to matematicki ekvivalent obi¢ne statisticke varijante s
razlikom u mreznoj strukturi i s njom povezanim tezZina-
ma (Black, Thomas 1998), gdje se utvrduju ¢imbenici koji
karakteriziraju tzv. "crne zone" podlozni grupiranju koje
se moZe uspostaviti razmatranim pristupom. Klju¢na su
dostignuéa u vezi s procjenom to¢nosti koeficijenta auto-
korelacije (Samsonov 2021), gdje se algoritamski detaljno
razmatraju raunanja i vizualizacije rezultata te (Valchi-
nov, Kostadinov 2012) gdje su postavljeni statisticki te-
melji korelacijskog koeficijenta.

2. Definiranje ispravne osnove za analizu prostorne
mreZe s pomocu digitalnog modela cesta

Prema jedinstvenom pristupu niza normi koje se bave
prostornim informacijama 1SO/TC 211 - Geografske infor-
macije/Geomatika, modeliranje geoprostornih proizvoda,
procesa i usluga prikazano je na Cetiri razine - meta-me-
tamodel, metamodel, razina aplikacije i fizicka razina
(Govorov 2008, Kunchev 2023). Nakon $to su provedena
prva tri koraka u (Lipiyska, Angelova 2020, Kunchev, An-
gelova 2023) i (Angelova 2023), Cetvrti ée se razmotriti, jer
njegov je element definicija ispravne osnove za potrebe
potpunog GIS-a prometnih nesreéa.

Vazno je uvesti koncept digitalnog modela ceste
(DMC) kao skupa informacijskih izvora, uklju¢ujuéi di-
gitalne informacije o objektima prometnog sustava,
prometnim uvjetima i graf cestovne mreze (Demidenko,
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et al. 2020). Taj se koncept upotrebljava kao polaziste
prilikom definiranja temelja za glavnu svrhu GIS-a pro-
metnih nesreéa - analizu dogadaja s ciliem smanjenja
ozljeda u prometu.

Razmotrit ¢e se pojedina¢ne komponente za posti-
zanje konacnog cilja - pristup, kontrola unosa i sistema-
tizacija otvorenih podataka, izrada cestovnog grafa s
dovoljnom razinom detalja za ispravan prijenos infor-
macija o prometnim nesre¢ama, georeferenciranje do-
gadaja i postupak njihove dodjele mreZi na temelju
medunarodne normizacije u tom podrudju.

2.1. Pristup otvorenim podatcima — odredivanje
opsega, filtriranje, sistematizacija i kontrola unosa

Upotrijebljena su dva glavna skupa vektorskih po-
dataka otvorenog koda s geoportala OSM - prvi pred-
stavlja razli¢ite klase cesta unutar odabranog podrudja s
dostupnim informacijama o atributima, a drugi - naj-
manje dostupne teritorijalne jedinice za podrudje grada
Sofije u OSM-u - regije op¢ine grada Sofije. Jedan od kri-
terija po kojem su odabrane regije opline ¢injenica je da
se njihove granice poklapaju s cestovnim prometnica-
ma proucavanog podrudja.

Podatcima se pristupilo i povezalo ih upitom, eks-
portiralo u jedan od formata za razmjenu prostornih po-
dataka - GeoJSON, a zatim ucitalo u GIS Panorama. Kako
bi bili maksimalno iskoristivi, podatci su sistematizirani,
uz naznaku podudarnosti izmedu objekata iz datoteke
GeoJSON i specijaliziranog klasifikatora kreiranog za po-
trebe rada s otvorenim podatcima iz izvora OSM. Taj je
proces detaljno razmatrala Angelova (2023). Koristenje
klasifikatora cesta takoder se moze smatrati elementom
kontrole unosa podataka - to je mjesto za provjeru po-
dudaranja tipova podataka atributa, utvrdivanje prisut-
nosti/odsutnosti obveznih podataka i metapodataka,
provjeru jedinstvenosti identifikatora vanjskog sustava,
kao i stvaranje nekih internih i drugih.

2.2. TopoloSka povezanost ulaznih podataka

Rad s bilo kojom vrstom vektorskih podataka zahti-
jeva topoloski integritet, tj. izradu topoloskog modela za
organiziranje prostornih odnosa izmedu znacajki (Pav-
lov, Dechev 2016). Nakon sistematizacije i provjere atri-
buta podataka potrebno je izvrsiti i metricku provjeru.
Prije izrade cestovnog grafa izvrSena je softverska kon-
trola metric¢kih podataka na razli¢itim vrstama cesta,
koje su vektorski objekti.

Kada se radi s razli¢itim vrstama vektorskih podata-
ka (poligoni, linija, toc¢ka), dostupni su mnogi parametri
koji se mogu provjeriti i prilagoditi, kao $to su zatvaranje
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organize the spatial relationships between features
(Pavlov, Dechev 2016). After the systematization and at-
tribute verification of the data, a metric verification
should also be performed. Before building the road
graph, software metric data control was performed on
the different types of roads, which are vector objects.

When dealing with different types of vector data
(polygons, line, point), there are many parameters
available that can be checked and adjusted, such as clos-
ing and not overlapping of polygon objects, presence of
endpoints, interior to polygon objects, duplicate objects
and others (ArcGIS 2010). In the control of linear objects,
the main components are checking for connectivity
within a specified tolerance and the presence of objects
of too small a length, which are generally parasitic. In
the specific case for the territory of the city of Sofia,
considering that the data ape open-source, 3 metric er-
rors were detected and corrected - 2 objects with too
small a length and 1 duplication of a point in one linear
segment.

2.3 Creation of a road graph — requirements
depending on the goals, problems during creation
and their solution

After the topological and attribute connectivity of
the network has been verified through the basic steps of
input control, the next step is the creation of a road
graph as an element of the DRM for the territory of the
city of Sofia. For this purpose, a software component
was used to build a graph structure with an input para-
meter of the five main classes of the road network avail-
able from OSM, with the total number of objects being
34,700. In the creation of the graph, a specialized classi-
fier was used, adapted to the needs of the road graph
and containing the necessary components, such as
edges, nodes, direction presented by arrows and others,
of course, attribute information and visual representa-
tion are available.

The algorithmization includes important paramet-
ers, some of which are:

- Semantics from which to derive the presence of one-
way traffic;

- Speed limit on the different types of roads. Here, the
possibility to derive the speed from semantics is
available, but in the open-source OSM there is no
such information for each road section, so the ap-
proach of generalization according to road types is
chosen. This approach does not take into account
local speed limits introduced by road signs; however
it should be noted that if more detailed section data
is available, it can be used to improve accuracy;

70

- Semantics to be assigned on the edges of the graph. A
key component in defining a graph is to assign to its
edges characteristics that apply to real road objects.
In this case, the name, direction, pavement, number
of traffic lanes, description of restrictions and width
are chosen. All available features can be selected, but
again consideration has been given to the availabil-
ity and completeness of the source data;

- Keeping the connection with the digital map. An im-
portant component is keeping the relationship between
the graph data with the source data. This is an issue ad-
dressed in international standardization and more spe-
cifically in the standard ISO 19 148 - Geographical
information - Linear referencing (ISO 2012). The standard
defines that in a network representation the topological
aspect is clearly differentiated from the spatial data set
and from its cartographic representation and is con-
tained in the graph structure of nodes and edges. This
approach is used both to simplify calculations and elim-
inate the need to use the large size of spatial data, and
when dynamic segmentation is needed with different
parameters, such as road pavement, speed limit, num-
ber of lanes, and others (INSPIRE Thematic Working
Group Transport Networks 2014). The connection of the
graph with the digital map is provided by the software
option "keep the connection with the map", the prin-
ciple of which is to assign an internal identifier or an
OSM unique identifier to the semantics of the edges.
After the automated creation of the road graph, soft-

ware topological graph control was performed. Its pur-

pose is to determine whether the structure of the graph
is correct - whether each edge has exactly two nodes
corresponding to the connectivity matrix, whether
there are no hanging nodes, intersection of edges
without a node (if, of course, the edges are on the same
level), and others. The result of this process is a correct
graph structure of the research territory (Figure 1).

2.4 Georeferencing of road accident data from
different sources according to ISO 19 148

When it comes to presenting networks in digital form
and performing spatial analyzes on them, an indispens-
able element is the georeferencing of objects and events,
considering the network structure, network limitations,
the specificity of derivation, as well as the nature of the
source data. One of the established methods in theory
and practice is the so-called linear referencing - a method
of data collection and location determination by using a
measured distance along a linear object through the Lin-
ear Referencing System (LRS) (ISO 2012). The main ap-
plications are twofold (Scarponcini 2002) - performing
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i nepreklapanje poligonskih objekata, prisutnost kraj-
njih to¢aka, unutrasnjost poligonskih objekata, duplika-
ti objekata i drugo (ArcGIS 2010). Prilikom kontrole
linearnih objekata, glavne su komponente provjera po-
vezanosti unutar odredenog dopustenog odstupanja
(tolerancije) i prisutnost objekata premale duljine, koji
su opcenito parazitski. U konkretnom slucaju za podru-
je grada Sofije, s obzirom da su podatci otvorenog izvo-
ra, otkrivene su i ispravljene 3 metricke pogreske - 2
objekta premale duljine i 1 dupliranje to¢ke u jednom li-
nearnom segmentu.

2.3. Izrada cestovnog grafa — zahtjevi ovisno o
ciljevima, problemi pri izradi i njihovo rjeSenje

Nakon $to je kroz osnovne korake kontrole unosa
provjerena topologija i povezanost atributa mreZe, slje-
dedi je korak izrada cestovnog grafa kao elementa DMC-
a za podrudje Sofije. U tu je svrhu upotrijebljena softver-
ska komponenta za izradu strukture grafa s ulaznim
parametrom pet glavnih klasa cestovne mreZe dostup-
nih iz OSM-a, s ukupnim brojem objekata od 34 700. U
izradi grafa upotrijebljen je specijalizirani klasifikator
prilagoden potrebama cestovnog grafa koji sadrzi po-
trebne komponente, kao $to su rubovi, ¢vorovi, smjer
prikazan strelicama i drugo. Naravno, dostupni su po-
datci o atributima i vizualni prikaz.

Algoritmizacija ukljucuje vazne parametre, ukljucu-
judi, izmedu ostalog:

- semantiku iz koje se izvodi prisutnost jednosmjer-
nog prometa;

- ograniCenje brzine na razli¢itim vrstama cesta. Ov-
dje je dostupna moguénost izvodenja brzine iz se-
mantike, ali u OSM-u otvorenog koda nema takvih
informacija za svaku dionicu ceste, pa je odabran
pristup generalizacije prema tipovima cesta. Taj
pristup ne uzima u obzir lokalna ogranicenja brzine
koja su uvedena prometnim znakovima, no treba
napomenuti da ako su dostupni detaljniji podatci o
dionicama, oni se mogu upotrijebiti za poboljSanje
tocnosti;

- semantiku koja se dodjeljuje na rubovima grafa.
Klju¢na je komponenta u definiranju grafa dodjela
njegovim rubovima karakteristika koje se odnose na
stvarne cestovne objekte. U tom se slucaju biraju na-
ziv, smjer, kolnik, broj prometnih traka, opis ograni-
Cenja i Sirina. Mogu se odabrati sve dostupne
znacajke, no opet se vodilo racuna o dostupnosti i
potpunosti izvornih podataka;

- odrzavanje veze s digitalnom kartom. Vazna je
komponenta odrzavanje odnosa izmedu podataka
grafaiizvornih podataka. To je pitanje kojim se bavi
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medunarodna normizacija, to¢nije norma ISO 19 148
- Geoinformacije - Linearno referenciranje (ISO 2012).
Norma definira da se u mreZznom prikazu topoloski
aspekt jasno razlikuje od skupa prostornih podataka
i njegovog kartografskog prikaza te je sadrzan u
strukturi grafa ¢vorova i rubova. Taj se pristup upo-
trebljava i za pojednostavljenje ra¢unanja i uklanja-
nje potrebe za upotrebom velike veli¢ine prostornih
podataka, te kada je potrebna dinamicka segmenta-
cija s razli¢itim parametrima, kao $to su kolnik,
ograniCenje brzine, broj traka i drugi (INSPIRE te-
matska radna skupina Prometne mreZe 2014). Pove-
zanost grafa s digitalnom kartom omoguéena je
softverskom opcijom "zadrzi vezu s kartom", ¢iji je
princip dodjela internog identifikatora ili jedinstve-
nog identifikatora OSM-a semantici rubova.

Nakon automatizirane izrade cestovnog grafa izvr-
Sena je softverska topoloska kontrola grafa. Svrha mu je
utvrditi je li struktura grafa ispravna - ima li svaki rub
to¢no dva ¢vora koja odgovaraju matrici povezanosti,
nema li viseéih ¢vorova, sjecista rubova bez ¢vora (ako
su, naravno, rubovi na istoj razini) i drugo. Rezultat je
tog procesa ispravna struktura grafa podrudja istraZiva-
nja (slika 1).

2.4. Georeferenciranje podataka o prometnim
nesrecama iz razlicitih izvora u skladu s normom
ISO 19 148

Kada je u pitanju prikaz mreZa u digitalnom obliku i
izvodenje prostornih analiza na njima, neizbjezan je
element georeferenciranje objekata i dogadaja, imajuci
u vidu strukturu mreZe, ogranienja mreZze, specifi¢-
nosti derivacije, kao i prirodu izvornih podataka. Jedna
od etabliranih metoda u teoriji i praksi je tzv. linearno re-
ferenciranje - metoda prikupljanja podataka i odrediva-
nja lokacije s pomoéu izmjerene udaljenosti uzduz
linearnog objekta putem sustava linearnog referencira-
nja (SLR) (ISO 2012). Glavne su primjene dvojake (Scar-
poncini 2002) - izvodenje linearne segmentacije dijela,
¢ime se omoguduje izraZavanje dinamicke prirode line-
arnih objekata, modeliranje njihovih promjenjivih ka-
rakteristika u razli¢itim dijelovima bez dijeljenja samog
objekta na zasebne dijelove i georeferenciranje dogada-
ja. Za trenutni razvoj zanimljiva je druga primjena.

Kako bi se izvrsio zadatak "referenciranja prostor-
nog dogadaja", treba se pridrZavati temeljnog koncepta
odredenog u normi linearnog referenciranja 15019 148 -
da bi se lokacija predstavila kao jedna pozicija, potrebne
su 3 komponente - linearni element koji se moZze izmje-
riti (primjerice strukturom grafikona s usmjerenim ru-
bovima i definiranim teZinama), linearnom metodom
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N ‘ 1.1 sofia_graph / sofia_graph [LINE]
B | number  [61453 | code [s562
\ Key |DmeRANCH
(\ ! Length 27,06 m
.";\ Name Link (oneway) vl
Layer [Rosd Graph _
voE«r[B-50

|Sm- Metric | Scale range = View

Code Name Value
9 Name Zname na mira square
50 Lane count 2
1052  Road type Tertiary
3196  Oneway yes
3215  Pavement asphalt
31002 Color B a2e682
32813  First node number 82066
32814 Last node number 84163
32816 Object D 311712
32817 Average Speed 70.00
32828 Map link 1

Fig. 1 Segment of a Road graph, created from open-source data from OSM.
Slika 1. Segment cestovnog grafa, stvoren iz podataka otvorenog izvora iz OSM-a.

linear segmentation of a section, thus allowing the dy-
namic nature of linear objects to be expressed, modeling
their changing characteristics in different sections
without dividing the object itself into separate parts,
and georeferencing of an event. For the current devel-
opment, the second application is of interest.

In order to perform the "spatial event referencing"
task, a fundamental concept laid down in the linear refer-
encing standard 15019 148 should be followed - to represent
the location as a single position, 3 components are needed
- a linear element that can be measured (for example by a
graph structure with directed edges and defined weights),
a linear method (absolute, relative or interpolative) and a
measured value on the linear object (ISO 2012). However,
such data are not always available, so the approach of
georeferencing events and objects in practice is extended
relative to the type of source data. For the physical per-
formance of the task, as an element of the systematization
of the data, functionalities have been introduced in the
road accidents GIS in order that the final result is available
regardless of the spatial indicator of the source data (abso-
lute coordinates, address, mileage, relative location to a
geographical object or other), and the end result is a
standardized representation of the location of the event in
accordance with international standardization.

3 Determination of Spatial Network Autocorrelation
Analyzing road accidents is a major task of road acci-

dents GIS. The current development considers a specific
case of defining a geographically oriented dependence
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between the number of road accidents in different loca-
tions considering the network nature of the transport
system, namely - spatial network autocorrelation. General
concepts in the field will be described, and then the
physical determination of the autocorrelation coefficient
for the regions of the Sofia City Municipality with real
open-source road accident data, as well as its statistical
reliability, will be presented step by step. For the physical
implementation, an author's script was created with the
capabilities of the Python programming language, which
is implemented directly in the GIS Panorama console or
as a separate application with a user interface.

3.1 Generalities of Spatial Network Autocorrelation

Spatial autocorrelation is known to be a correlation
between attribute values of the same type at different
locations (Odland 2020). A physical solution to this statist-
ical method is presented by Moran with the so-called
Moran's coefficient, or also found in the literature as
Moran's I. Moran considers two cases - local (representing
the correlation between the attribute values of a specific
cell with those surrounding it) and global (representing
the average local correlation between all cells) (Black
1992). The subject of analysis in the road accidents GIS is
the local case, as it is more practically applicable, and it is
also known that in the global case there is proportionality
to the average value of all cells in the local case.

Practically, the autocorrelation coefficient indic-
ates the presence or absence of linear dependence,
and its value allows to characterize the strength of the

1
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(apsolutnom, relativnom ili interpoliranom) i izmjere-
nom vrijedno$¢u na linearnom objektu (ISO 2012). Me-
dutim, takvi podatci nisu uvijek dostupni, pa se pristup
georeferenciranju dogadaja i objekata u praksi prosiruje
u odnosu na vrstu izvornih podataka. Za fizicku izvedbu
zadatka, kao element sistematizacije podataka, u GIS-u
prometnih nesre¢a uvedene su funkcionalnosti kako bi
kona¢ni rezultat bio dostupan bez obzira na prostorni
pokazatelj izvornih podataka (apsolutne koordinate,
adresa, kilometraza, relativna lokacija u odnosu na ge-
ografski objekt ili drugo), a krajnji je rezultat standardizi-
rani prikaz lokacije dogadaja u skladu s medunarodnom
normizacijom.

3. Odredivanje autokorelacije prostorne mreze

Analiza prometnih nesrea glavna je zadaca GIS-a
prometnih nesreca. Trenuta¢ni razvoj razmatra specifi-
Can slucaj definiranja geografski orijentirane ovisnosti
izmedu broja prometnih nesre¢a na razliitim lokacijama
s obzirom na mreznu prirodu prometnog sustava, od-
nosno - autokorelaciju prostorne mreZe. Opisat Ce se op¢i
koncepti u tom podrucju, a potom Ce se korak po korak
predstaviti fizicko odredivanje koeficijenta autokorelaci-
je za regije opéine grada Sofije sa stvarnim podatcima o
prometnim nesreama otvorenog koda, kao i njegova
statisticka pouzdanost. Za fizitku primjenu izradena je
autorska skripta s moguénostima programskog jezika
Python koja se ucita izravno u konzolu GIS-a Panorama ili
kao zasebna aplikacija s korisnickim suceljem.

3.1. Opcenite napomene o autokorelaciji prostorne
mreze

Poznato je da je prostorna autokorelacija korelacija
izmedu vrijednosti atributa iste vrste na razli¢itim loka-
cijama (Odland 2020). Moran je fizicko rjeSenje te statis-
ticke metode predstavio takozvanim Moranovim
koeficijentom, koji se u literaturi nalazi i kao Moranov 1.
Moran razmatra dva slucaja - lokalni (predstavlja kore-
laciju izmedu vrijednosti atributa odredene Celije s oni-
ma koje je okruzuju) i globalni (predstavlja prosje¢nu
lokalnu korelaciju izmedu svih ¢elija) (Black 1992).
Predmet je analize u GIS-u prometnih nesreéa lokalni
slucaj, jer je prakti¢niji za primjenu, a poznato je i da u
globalnom slucaju postoji proporcionalnost s prosjec-
nom vrijednosti svih ¢elija u lokalnom slucaju.

Prakti¢no, koeficijent autokorelacije ukazuje na prisut-
nost ili odsutnost linearne ovisnosti, a njegova vrijednost
omogucuje karakterizaciju snage odnosa izmedu istraZiva-
nih elemenata sa stajaliSta matematicke statistike. Cilj je
analize konstrukcija statistickog modela ovisnosti zadanog
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pokazatelja u svakoj teritorijalnoj jedinici i njenim su-
sjednim jedinicama, uzimaju¢i u obzir utjecaj odabranih
Cimbenika. Prisutnost statisticke vrijednosti koeficijen-
ta autokorelacije ukazuje na pojavu procesa koji odre-
duju grupiranje vrijednosti na susjednim lokacijama, a
dodavanje razli¢itih ¢imbenika u model dovodi do po-
vecanja toCnosti statistickog modeliranja (Eliseeva 2002,
Samsonov 2022).

Vrsta mreZe metode ukljuCuje odredivanje odnosa
izmedu vrijednosti atributa rubova mreze i sli¢nih vri-
jednosti drugih rubova. Tim se pristupom ostvaruju ci-
lievi GIS-a prometnih nesreca, a vrijednosti su atributa
broj prometnih nesrea u administrativnim jedinicama.

Teorije o tome i razli¢ite studije mogu se pronaci u
literaturi (Anselin 1995, Black, Thomas 1998, Black 2010,
Okabe, Sugihara 2012, Odland 2020, Samsonov 2022).

3.2. Koraci za odredivanje autokorelacije lokalne
prostorne mreze

Poznato je da je za izvodenje analize autokorelacije
prostorne mreZe potreban skup rubova i &vorova, skup vri-
jednosti atributa i skup vrijednosti teZina. S tim dostupnim
podatcima, izvodi se nekoliko koraka za njihovo racunanje,
prateislijed radnji definiranih u (Okabe, Sugihara 2012):

- Definiranje mreZnog prostora na odredenom teritoriju.
Takav je prostor definiran za podrudje Sofije, koris-
te¢i otvorene podatke iz OSM-a, nakon Cega je defi-
niran to¢an topoloski povezan cestovni graf;

—  Teseliranje mreze u mreZne Celije koje se ne preklapaju i
gusto ispunjavaju. Ovdje se upotrebljava pristup s po-
djelom po administrativnim jedinicama, dostupnom
iz otvorenih podataka i uvezenim kao poligonski
objekti. Vazne su vrijednosti atributa interni broj
sustava (Number) i identifikator OSM-a, pri Cemu su
obje vrijednosti jedinstvene (slika 3, stupci 5 i 2);

- Odredivanje reprezentativnih todaka mreze. Glavna je
svrha ovog koraka naknadno odredivanje prostor-
nih teZina izmedu teritorijalnih jedinica. Ovdje se
odabiru sredita mase mreznih Celija, a za svaki se
poligonski objekt "regije" ugradenim GIS-algorit-
mom generira srediSte mase. Kako bi se uzela u obzir
mreZna struktura i mreZna ogranicenja koja ona na-
mede (primjerice, jednosmjerni promet), centroidi
se dodjeljuju odgovarajuéem najblizem rubu mreZe
upotrebom nacela najkraée udaljenosti. Vazan je
element ofuvanje veza izmedu generiranih centro-
ida i poligonskih objekata, a to se postiZze pomoéu in-
ternih kljuCeva, priloZenih kao vrijednost atributa
objekata (slika 3, stupac 7).

- Odredivanje susjedstva mreznih Celija. Cilj je definirati
matricu susjedstva koja ée se koristiti za naknadna
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number
EpEEEEREESS SR REEBEGEE

TITI1IT4 1373 1376 1377 1378 1323 1924 1323 1326 1327 1328 13291330

Polygon number

mm Neighbor
=1 Non-neighbor

Fig. 2 Binary topological neighborhood matrix resulting from the algorithm.
Slika 2. Binarna topoloSka matrica susjedstva.

relationship between the researched elements from the
point of view of mathematical statistics. The goal of the
analysis is the construction of a statistical model of de-
pendence of the given indicator in each territorial unit
and its neighboring units, considering the influence of
selected factors. The presence of a statistical value of the
autocorrelation coefficient indicates the occurrence of
processes that determine the clustering of values in
neighboring locations, and the addition of various
factors in the model leads to an increase in the accuracy
of statistical modeling (Eliseeva 2002, Samsonov 2022).

The network variety of the method involves de-
termining a relationship between attribute values of
edges of a network and similar values of other edges.
This approach is used to achieve the objectives of the
road accidents GIS, with the attribute values being the
number of road accidents in administrative units.

A theoretical statement and various studies of the meth-
od can be found in (Anselin 1995, Black, Thomas 1998, Black
2010, Okabe, Sugihara 2012, Odland 2020, Samsonov 2022).

3.2 Steps to determine local spatial network
autocorrelation

It is known that to perform a spatial network auto-
correlation analysis, a set of edges and nodes, a set of
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attribute values, and a set of weight values are required.

With this data available, several steps are performed to

calculate it, following the sequence of actions defined in

(Okabe, Sugihara 2012):

- Defining network space in a given territory. Such a space
is defined for the territory of the city of Sofia, using
open data from OSM, after which a correct topolo-
gically connected road graph is defined;

- Tessellating the network into non-overlapping and densely
filling network cells. Here, the approach is used with a
division by administrative units, accessible from
open data and imported as polygon objects. Import-
ant attribute values are the system internal number
(Number) and the OSM identifier, both values being
unique (Figure 3, columns 5 and 2);

- Determination of representative points of the network. The
main purpose of this step is the subsequent determ-
ination of spatial weights between territorial units.
Here, the centers of the mass of the network cells are
selected, and for each "region" polygon object, a
centroid is generated by a built-in GIS algorithm. To
account the network structure and the network con-
straints it imposes (such as one-way traffic for ex-
ample), centroids are assigned to the corresponding
nearest edge from the network using the shortest
distance principle. An important element is the
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N |OSM Identifier |Name Neighbours Unigue number [Road Accident Count |Link to ohject
1 3759448 Vrabnitsa 1358, 1367, 1525, 1526 1530 18 3076
2 3759447] Vitosha 1362, 1365, 1366, 1376, 1377, 1527, 1528 1529 57 3075
3 3759439|Pancharevo 1359, 1366, 1524, 1529 1528 36 3074
4 3759438|Ovcha kupel  |1361, 1362, 1523, 1525, 1529 1527 28] 3073
5 3759436{Novi Iskar 1367, 1373, 1524, 1530 1526 27 3072
6| 3759432|Liulin 1358, 1361, 1523, 1527, 1530 1525 49 3071
7 3759431 |Kremikovei 1359, 1372, 1373, 1374, 1526, 1528 1524 19] 3070
8] 3759425|Bankia 1525, 1527 1523 5 3069
9 3759446 Vazrajdane 1358, 1361, 1362, 1369, 1373, 1375, 1377 1378 50 3068
10 3759445 Triadica 1362, 1365, 1375, 1378, 1529 1377 42 3067
11 3759444 Studentski 1360, 1365, 1366, 1374, 1529 1376 31 3066
12 3759443 Sredec 1360, 1365, 1369, 1374, 1377, 1378 1375 37 3065
13 3759442|5latina 1359, 1360, 1366, 1369, 1372, 1375, 1376, 1524 1374 41 3064
14 3759441 | Serdika 1358, 1367, 1360, 1372, 1378, 1524, 1526 1373 2| 3063
15 3759440)|Poduyane 1369, 1373, 1374, 1524 1372 36| 3062
16 3759437|Oborishte 1372, 1373, 1374, 1375, 1378 1369 35 3061
17 3759435 Nadejda 1358, 1373, 1526, 1530 1367 28] 3060
18] 3759434 Mladost 1359, 1360, 1374, 1376, 1528, 1529 1366 51 3059
19 3759433 | Lozenets 1360, 1375, 1376, 1377, 1529 1365 33 3058
20 3759430 Krasno selo 1361, 1377, 1378, 1527, 1529 1362 37 3057
21 3759429|Krasna poliana |1358, 1362, 1378, 1525, 1527 1361 31 3056
22 3759428 Izgrev 1365, 1366, 1374, 1375, 1376 1360 22 3055
23 3759427 |Iskar 1366, 1374, 1524, 1528 1359 36 3054
24 3759426{Ilinden 1361, 1367, 1373, 1378, 1525, 1530 1358 17 3053

Slika 3. Utvrdivanje broja prometnih nesreca za svaku teritorijalnu jedinicu s izlaznim podatcima s otvorenog portala.
Fig. 3 Determining the number of road accidents for each territorial unit with output data from an open portal.

ratunanja. Za svaki poligonski objekt, njegovi se su-
sjedi odreduju s pomocu topoloskog algoritma su-
sjeda, koji se zove i metoda $ahovnice. Prakti¢na
provedba svodi se na odredivanje zajednickih toca-
ka, a dovoljno je odrediti i samo jednu to¢ku (Samso-
nov 2021). Ta je metoda upotrebljena jer je prikladna
za teritorijalno-administrativne jedinice za koje je
sigurno da su topoloske veze ispravne. Za prakticnu
provedbu izradena je skripta u programskom jeziku
Python s pomocu koje se susjedstvo odreduje s po-
modu jedinstvenih brojeva poligonskih objekata i
njihovih geometrijskih poloZaja. Skripta sortira po-
ligone prema broju i stvara veze susjedstva, jer za
nesusjedne poligone vrijednosti su 0. Rezultat je ta-
kozvana binarna matrica susjedstva (slika 2) koja se
upotrebljava za konstrukciju matrice prostornih
tezina.

Nakon primjene metode odredivanja susjedstva do-
daju se identifikatori susjednih poligonskih objekata
kao atributi svake regije (slika 3, stupac 4).

Racunanje prostornih teZina izmedu svih susjednih parova
mreznih Celija. OpCenito, prostorna teZina karakteri-
zira snagu povezanosti izmedu teritorijalnih jedini-
ca, a uredeni je skup svih prostornih teZina u teoriji
dobro poznata matrica teZine. Proces definiranja
matrice teZine definira Odland (2020) kao jedan od
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najvaznijih, jer je funkcija teZine sredstvo utvrdivanja
hipoteze o odnosima izmedu istrazivanih lokacija.

U radu se koristi metricka teZina definiranu u (Oka-
be, Sugihara 2012):

oL
w.

" dipp)®

gdje je d|(p, p) najkraca udaljenost, a a i B pozitivne

konstante.

Upotrijebljena metricka teZina (1) funkcija je najkra-
¢e udaljenosti na mreZi u posebnom slucaju kada se

koristi reciprona vrijednost udaljenosti u kilome-
trima. U ovom modelu, glavna je ideja da bliZi objekti

imaju vedi utjecaj na rezultat, Sto je prakticki izraz

Prvog zakona geografije, koji definira (Tobler 2004) -
"'sve je povezano sa svim ostalim, ali stvari koje su bliZe po-
vezane su viSe nego udaljene”.

Za svaki se centroid (unaprijed dodijeljen njegovom
najbliZem rubu) odreduje najkraca udaljenost na
mreZi do svih centroida susjednih poligona. Zbog
prisutnosti matrice susjedstva ralunalni se resurs
smanjuje odredivanjem udaljenosti samo izmedu
susjednih éelija, a ne izmedu svih.

Rezultat fizitkog izvodenja s pomoc¢u Pythona pravo-
kutna je matrica najkraéih udaljenosti s dimenzijom
broja mreznih Celija, tako da je izmedu nesusjednih

@
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preservation of the connections between the gener-
ated centroids and the polygon objects, and this is
done by means of internal keys, attached as an at-
tribute value of the objects (Figure 3, column 7).
Determining a neighborhood of the network cells. The
goal is to define a neighborhood matrix to be used
for subsequent calculations. For each polygon ob-
ject, its neighbors are determined using a topologic-
al neighbor algorithm, also called the checkerboard
method. The practical implementation is reduced to
the determination of common points, and it is suffi-
cient to determine even one point (Samsonov 2021).
The method was used since it is suitable for territ-
orial-administrative units for which it is certain that
the topological connections are correct. For the
practical implementation, a Python programming
language script was created, through which the
neighborhood is determined using the unique num-
bers of the polygon objects and their geometric pos-
ition. The script sorts the polygons by number and
creates adjacency links, as for non-adjacent poly-
gons, the values are 0. The result is the so-called a
binary neighborhood matrix (Figure 2) to be used to
construct a spatial weights matrix.

After applying the neighborhood determination
method, the identifiers of the neighboring polygon
objects are added as an attribute of each region (Fig-
ure 3, column 4).

Calculation of spatial weights between all adjacent pairs of
network cells. In general, the spatial weight charac-
terizes the strength of the connection between ter-
ritorial units, and the ordered set of all spatial
weights is the well-known in theory weight matrix.
The process of defining a weight matrix is defined by
(Odland 2020) as one of the most important, as the
weighting function is a means of ascertainment a
hypothesis regarding relationships between the re-
searched locations.

The development uses the metric weight defined in
(Okabe, Sugihara 2012):

oL
w.

" d(pp) P

where d (p, p) is the shortest distance, and o and B
are positive constants.

The used metric weight (1) is a function of the
shortest distance on a network in the special case
where the reciprocal of the distance in kilometers is
used. In this model, the main idea is that closer ob-

@

jects have a greater influence on the result, which is
practically an expression of the First Law of Geography,
defined by (Tobler 2004) - "everything is connected to
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everything else, but nearby things are connected more
than distant”.

For each centroid (pre-assigned to its nearest edge),
the shortest distance on network to all centroids of
neighboring polygons is determined. Due to the
presence of the neighborhood matrix, the computa-
tional resource is reduced by determining the dis-
tances only between neighboring cells and not
between all.

The result of the physical execution through a Py-
thon script is a rectangular matrix of shortest dis-
tances with dimension the number of network cells,
such that between non-adjacent cells, the values are
0. Based on the distances, spatial weights of each cell
with each of its neighbors were calculated, using
formula (1). The result is a weight matrix with di-
mension the number of polygon objects, again the
relations of non-adjacent cells are assumed to be 0.
Georeferencing of road accident data. This step aims to
determine the total number of attribute values un-
der analysis. With real road accident data available,
each road accident can be georeferenced according
to the linear reference standard depending on the
availability of source data, and the result is a spa-
tially defined object that is attached to a graph edge
based on the shortest distance as needed.

The development used real data from an open data
portal for road accidents [https://opendata.yur-
ukov.net/], which contains spatial information
about severe road accidents that occurred on the
territory of the city of Sofia in KML format with an
available text description. The data are processed by
exporting the geodetic geographic coordinates and
the available textual information. Structuring the
data includes transforming the coordinates into the
project coordinate system (the normatively estab-
lished Bulgarian geodetic system BGS2005, UTM
35N, EPSG 7800), extracting the date from the textual
data for its differentiation by query, adding the de-
scriptive part as an attribute field and importing it in
a GIS in a usable format. The available data contains
801 serious road accidents for 2013 and 487 for 2012.
Each road accident is assigned to a nearest edge
automatically via a Python script, after which the
total number of severe road accident for each area is
determined.

Determining the total number of attribute values for each
cell. The purpose of the step is to supply the last
component necessary for calculating spatial auto-
correlation — number of attribute data examined
for each region. For each territorial unit, the num-
ber of serious road accidents within its boundaries

1
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2012 "

2013

Slika 4. Termicka vizualizacija — broj prometnih nesre¢a za 2012. i 2013. godinu.
Fig. 4 Thermically visualization — number of road accidents for 2012 and 2013.

Celija vrijednosti 0. Na temelju udaljenosti, s pomocu
formule (1) izradunane su prostorne teZine svake éelije
sa svakim od njenih susjeda. Rezultat je matrica teZine
s dimenzijom broja poligonskih objekata, a ponovno se
pretpostavlja da su odnosi nesusjednih ¢elija 0.
Georeferenciranje podataka o prometnim nesrecama. Taj
korak ima za cilj odrediti ukupan broj vrijednosti
atributa koji se analiziraju. S dostupnim podatcima o
stvarnim prometnim nesre¢ama, svaka se prometna
nesrea moze georeferencirati prema linearnom re-
ferentnom standardu ovisno o dostupnosti izvornih
podataka, a rezultat je prostorno definiran objekt
koji je pridruZen po potrebi rubu grafa na temelju
najkrae udaljenosti.

U radu su se koristili stvarni podatci s portala otvore-
nih podataka za prometne nesreée [https://openda-
ta.yurukov.net/], koji sadrZi prostorne informacije o
teskim prometnim nesre¢ama koje su se dogodile na
podrudju Sofije u formatu KML s dostupnim tekstu-
alnim opisom. Podatci su obradeni izvozom geodet-
skih geografskih koordinata i dostupnih tekstualnih
informacija. Strukturiranje podataka uklju¢uje tran-
sformaciju koordinata u koordinatni sustav projek-
cije (normativno uspostavljeni bugarski geodetski
sustav BGS2005, UTM 35N, EPSG 7800), izdvajanje da-
tuma iz tekstualnih podataka radi njegove diferenci-
jacije upitom, dodavanje opisnog dijela kao polja
atributa i uvozedi ga u GIS u upotrebljivom formatu.
Dostupni podatci sadrZe 801 teSku prometnu nesreéu
za 2013. godinu i 487 za 2012. godinu.

Svaka se prometna nesreCa automatski dodjeljuje
najblizem rubu putem skripte u Pythonu, nakon ce-
ga se utvrduje ukupan broj teskih prometnih nesre-
¢a za svako podrudje.
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Odredivanje ukupnog broja vrijednosti atributa za svaku
Celiju. Svrha je ovog koraka osigurati posljednju
komponentu potrebnu za rafunanje prostorne
autokorelacije - broj ispitanih podataka atributa za
svaku regiju. Za svaku teritorijalnu jedinicu broj se
teskih prometnih nesre¢a unutar njezinih granica
utvrduje s pomocu algoritma unutarnje tocke kre-
iranog u Pythonu. Kao ulazni parametar upotrijeb-
liene su koordinate prometnih nesreéa, a za svaku
Hregiju” poligonskog objekta utvrdeno je je li tocka
interna svojim koordinatama u jedinstvenom koor-
dinatnom sustavu. Rezultat (broj nesreca za svaku
regiju) dodijeljen je kao vrijednost atributa svake re-
gije (slika 3, stupac 6, slika 4) i upotrijebljen je u racu-
nanju autokorelacije.

Racunanje lokalnog slucaja prostorne autokorelacije Mo-
ranovom metodom. Za odredivanje Moranovog indek-
sa upotrijebljene su formule iz (Black, Thomas 1998,
Black 2010, Anselin 1995) i (Okabe 2012):

n(x,, ?}i W, (x,- %)

paje: I Moranov indeks autokorelacije;

n - broj poligonskih objekata (teritorijalnih jedinica);
x, - vrijednost atributa ispitivanog indikatora za ak-
tualnu éeliju i;

1

T né& ' - empirijsko matematicko ocekivanje,
odnosno prosje¢na vrijednost atributa za sve mrez-
ne Celije.

Treba napomenuti da indeks i oznacava aktualnu
Celiju, a indeks j oznaCava njezine susjedne Celije.

I = (),

]
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is determined using a inner-point algorithm created
in Python. The coordinates of the road accidents
were used as an input parameter, and for each poly-
gon object "region" it was determined whether the
point is internal to its coordinates in the unified co-
ordinate system. The result (number of accidents for
each region) was assigned as an attribute value of
each region (Figure 3, column 6, Figure 4) and it is
used in the calculation of the autocorrelation.
Calculation of a local case of spatial autocorrelation by
Moran's method. To determine the Moran index, the
formulas from (Black, Thomas 1998, Black 2010, An-
selin 1995) and (Okabe 2012) are used:

nix,, Y)i w, (x,-%)
I! . i=l (2)

n

D)

where: I autocorrelation Moran's index;
n - number of polygon objects (territorial units);
x, - attribute value of the investigated indicator for
current cell i;

19
n ;r - is the empirical mathematical expect-
ation, or the average value of the attributes for all
network cells.
It should be noted that the index i denotes the cur-
rent cell, and the index j denotes its neighboring
cells. It is also assumed that i#jand w,=0.
The overall solution is performed using the built-in
Python script, and the result is the determination of
a Moran's autocorrelation index value for each ter-
ritorial unit (Figure 5, column 3). For code efficiency,
the denominator is only considered once since it is a

X =

constant value.

Assessment of the accuracy and reliability of the autocor-
relation coefficient. Typically, the null hypothesis ap-
proach is used to assess accuracy, in which a
comparison is made with a variable assumed to be
normally distributed (Anselin 1995, Okabe 2012,
Samsonov 2020). The null hypothesis states that the
analyzed variables are randomly and independently
distributed in the studied territories.

The formulas from (Black, Thomas 1998, Black 2010,
Anselin 1995, Okabe 2012, Leung et al. 2003) are used
to estimate the accuracy:

n
2w,
il

E[{I.]_ .}’I—.I' (3)
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55, =\ Dy, )

where: Ej - theoretical expected value;

w; - weighting coefficients from a weighting matrix;
n -number of all network cells;

Dy - variance of the coefficient.

The variance formula is derived in (Leung et al. 2003)
i (Anselin 1995).
The physical meaning of the theoretical expected
value is that if the empirically determined value of the
coefficient approaches it within the limits of the stat-
istical confidence probability, the values of the studied
variable are independent with respect to the neigh-
boring locations. As can be seen from the formula (3),
the expected value is a function of the weighting coef-
ficients and the number of studied areas and does not
depend on the studied variable. Values that exceed
more than 3 times the standard deviation (the so-
called rule of three sigma) indicate positive spatial
autocorrelation, and values that are 3 times below it
indicate negative autocorrelation (Odland 2020).
Indicators of "significance" are the z-value and cor-
responding to each z-value probability or p-value of
the coefficient (Samsonov 2020):

1= EU)

Z = (6)

O

The described formulas are algorithmized using the
Python programming language, and a list of Laplace
coefficients is created for Fisher's criterion. The res-
ults of the calculations, representing the accuracy
and reliability of the coefficient, are assigned as at-
tribute values to the "region" objects. For graphical
presentation, the hypsometric thematic visualiza-
tion with the autocorrelation index is used (Figure 6).
Interpretation of the results. For the interpretation of the
results, the statement of (Anselin 1995) can be used
that positive values of the index (with reliability ac-
cording to the rule of three sigma) inform about spatial
clustering of similar values (high or low), and negative
values of the index - about clustering of dissimilar val-
ues (for example, an area of high values surrounded by
areas of low values). It should be noted that, of course,
the values of the autocorrelation coefficient depend on
the chosen weighting model. In this case, a different
from the standard binary model was chosen, which re-
flects only the presence or absence of contiguity.

The analysis of the results determines that for 5 re-
gions out of 24 for both years there is the presence

| N 3 (Y
D(l) = ((n—l) glu;,}. - % (Z n;.!_) ) )

(n=1) (n+1) of spatial autocorrelation with z-value >1.96 and

1
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Takoder se pretpostavlja dajei#jiw,=0.
Cjelokupno rjesenje provodi se s pomo¢u ugradene
skripte u Python, a rezultat je odredivanje vrijed-
nosti Moranovog indeksa autokorelacije za svaku
teritorijalnu jedinicu (slika 5, stupac 3). Za u¢inkovi-
tost se koda nazivnik uzima u obzir samo jednom jer
je konstantna vrijednost.

Procjena tocnosti i pouzdanosti koeficijenta autokorelacije.
Obicno se za procjenu to¢nosti upotrebljava pristup
nul-hipoteze, u kojem se usporeduje s varijablom za
koju se pretpostavlja da je normalno raspodijeljena
(Anselin 1995, Okabe 2012, Samsonov 2020). Nul-hi-
poteza kaZe da su analizirane varijable nasumic¢no i
neovisno rasporedene po istrazivanim teritorijima.
Formule iz (Black, Thomas 1998, Black 2010, Anselin
1995, Okabe 2012, Leung i dr. 2003) upotrijebljene su
za procjenu tocnosti:

Eoo ' ®3)
nl ”_!

] N, 3t (S
D(l)=————— Gn—l] Zn}}. S — W, ) (4)
(n=1)(n+1) =1 m (Z )

Oy~ Du_,y ()

paje: Ey - teorijska ocekivana vrijednost;
w; - teZinski koeficijenti iz teZinske matrice;
n - broj svih mreznih Celija;

Dy - varijanca koeficijenta.

Formula varijance izvedena je u (Leung i dr. 2003) i
(Anselin 1995).

Fizicko je znalenje teorijske ocekivane vrijednosti
da ako joj se empirijski odredena vrijednost koefici-
jenta priblizava u granicama pouzdanosti statisticke
vjerojatnosti, vrijednosti proucavane varijable neo-
visne su u odnosu na susjedne lokacije. Kao $to je
vidljivo iz formule (3), oekivana je vrijednost funk-
cija tezinskih koeficijenata i broja proucavanih po-
drudja i ne ovisi o proucavanoj varijabli. Vrijednosti
koje prelaze viSe od 3 puta standardnu devijaciju
(tzv. pravilo tri sigme) oznacavaju pozitivnu pros-
tornu autokorelaciju, a vrijednosti koje su 3 puta is-
pod nje oznaCavaju negativnu autokorelaciju
(Odland 2020).

Pokazatelji su "znacajnosti" z-vrijednost i odgovara-
juda vjerojatnost z-vrijednosti ili p-vrijednost koefi-
cijenta (Samsonov 2020):

L 1= E(p)
oy, ©)
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Opisane formule programirane su s pomoéu Pytho-
na, a za Fisherov kriterij kreiran je popis Laplaceovih
koeficijenata. Rezultati racunanja, koji predstavljaju
to¢nost i pouzdanost koeficijenta, dodjeljuju se kao
vrijednosti atributa objektima "regije". Za graficki se
prikaz upotrebljava hipsometrijska tematska vizu-
alizacija s indeksom autokorelacije (slika 6).
Tumacenje rezultata. Za tumacenje rezultata moZe se
upotrijebiti tvrdnja Anselina (1995) da pozitivne vri-
jednosti indeksa (s pouzdano$¢u u skladu s pravilom
tri sigme) govore o prostornom grupiranju sli¢nih
vrijednosti (visokih ili niskih), a negativne vrijed-
nosti indeksa - o grupiranju razli¢itih vrijednosti (na
primjer, podrucje visokih vrijednosti okruZeno po-
drudjima niskih vrijednosti). Treba napomenuti da
vrijednosti koeficijenta autokorelacije, naravno,
ovise 0 odabranom modelu ponderiranja. U ovom je
slu¢aju odabran drugaciji od standardnog binarnog
modela, koji odraZava samo prisutnost ili odsutnost
kontiguiteta.

Analizom je rezultata utvrdeno da za 5 od 24 regija za
obje godine postoji prostorna autokorelacija sa z-vri-
jednoséu >1,96 i odgovarajuom p-vrijedno$éu<0,05.
Regije s uspostavljenom autokorelacijom su: 1377 s
jako izraZenom pozitivom za obje godine -0,43 od-
nosno 0,68; i 1529 sa slabom pozitivom za obje godine
-0,15 odnosno 0,17. Te su dvije regije susjedne, tj.
dostupan je indikator klasteriranja sa zajednickim
metrickim vrijednostima. Cimbenik dostupnosti in-
deksa tvrdnja je da te dvije regije imaju sli¢an broj
prometnih nesreéa kao i susjedne lokacije. Za regiju
1360 i 1525 utvrdena je jasno izraZena negativna
prostorna korelacija za obje godine (-0,52 i -0,45, od-
nosno -0,53 1 -0,96). Faktor takvog rezultata Cinjenica
je da je u 1360 viSe nego dvostruko vise prometnih
nesre¢a u odnosu na okolna podrudja, a u 1525 vise
nego dvostruko viSe prometnih nesreéa u odnosu na
okolna podrudja. Za regiju 1358 u obje godine jednom
je postojala sluCajnost s vjerojatno$éu pouzdanosti
granice (95%), jednom jaka negativna vrijednost, a to
se moze protumacditi kao dvije uzastopne godine s
negativnom autokorelacijom s rizikom pogreske od
5%. Taj negativni indeks pokazuje da postoji primjet-
na razlika u broju prometnih nesre¢a sa susjednim
regijama. Sli¢an se pristup moZe primijeniti na regiju
1362. Ti se prostorni rezultati mogu upotrebljavati za
odredivanje tzv. "crnih podrudja" s koncentracijom
prometnih nesreéa i kao temelj za naknadnu analizu
razli¢itih ¢imbenika za utvrdivanje kompleksa uzro-
ka vrijednosti indeksa autokorelacije.

U vise od 50% regija obje uzastopne godine pokazuju
da ne postoji prostorna autokorelacija, stoga se moze
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Unique number_|Road Accident Count |Moran's 1 [Expected value |Standard Deviation |7-test [Conclusion |Evalue
1358 15 -0.201 -0.044 0.088] -1.78|Random spatial distributed value 0.05
1359 19 -0.053 -0.024 0.063] -0.48|Random spatial distributed value 0.32
1360 8 -0.520 -0.049 0.101] -4.68|Negative spatial autocorrelation 0,00
1361 19 -0.026 -0.043 0.091] 0.19|Random spatial distributed value 0.43
1362 28 0.598] -0.051 0.118] 5.48|Positive spatial autocorrelation 0.00
1365 16 -0.157 -0.047 0.104] -1.06|Random spatial distributed value 0.15
1366 30 -0.250/ -0.046 0.098] -2.08|Random spatial distributed value 0.03
1367 26 -0.171 -0.022 0.053] -2.83|Negative spatial autocorrelation 0.00
1369 19 -0.082 -0.063 0.142] -0.13|Random spatial distributed value 0.46
1372 22 0,051 -0.034 0.088] 0.97|Random spatial distributed value 017
1373 25 -0.083 -0.039 0.071] -0.62|Random spatial distributed value 0.28
1374 28 0.019 -0.054 0.094] 0.79|Random spatial distributed value 0.22
1375 23 -0.006 -0.078 0.166] 0.43|Random spatial distributed value 0.34
1376 20 0.001 -0.042 0.096]  0.45|Random spatial distributed value 0.33
1377 34 0.638] -0.053 0.117] 5.90|Positive spatial autocorrelation 0,00
1378 23 0.220) -0.075 0.134] 2.20|Random spatial distributed value 0.02
1523 3 -0.029 -0,006 0.021] -1.11|Random spatial distributed value 0,14
1524 16 0.012] -0.011 0.021] 1.09)Random spatial distributed value 0.15
1525 29 -0.537 -0.030 0.063] -B.11|Negative spatial autocorrelation 0.00
1526 3 -0.167 -0.015 0.036] -4.17|Negative spatial autocorrelation 0.00
1527 11 0183 -0.021 0.047] -3.42|Negative spatial autocorrelation 0,00
1528 16 -0.055 -0.009] 0.022] -2.05|Random spatial distributed value 0,03
1529 37 0.148) -0.013 0.022] 7.22|Positive spatial autocorrelation 0.00
1530 16 0.004] -0.018 0.043] 0.51|Random spatial distributed value 0.31

Fig. 5a Presentation of Moran's coefficient for spatial autocorrelation of road accidents and its assessment of accuracy and
reliability as an attribute value of regions of Sofia for 2012.
Slika 5a. Prikaz Moranova koeficijenta za prostornu autokorelaciju prometnih nesre¢a i njegove procjene tocnosti i
pouzdanosti kao vrijednosti atributa regija Sofije za 2012. godinu.

Unigue number |Road Accident Count [Moran's I [Expected value |Standard Deviation |Z-test [Conclusion p-value
1358 17 -0.491 -0.044 0.088] -5.07|Megative spatial autocorrelation 0.0
1359 36 0.094 -0.024 0.063]  1.88|Random spatial distributed value 0.0
1360 22 -0.454 -0.049 0.101] -4.02|Negative spatial autocorrelation 0.0
1361 31 -0.052 -0.043 0.091] -0.10|Random spatial distributed value 0.5
1362 37 0.224 -0.051 0.118]  2.32|Random spatial distributed value 0.0
1365 33 -0.002] -0.047 0.104]  0.42|Random spatial distributed value 0.4
1366 51 -(.082) -0.046 0.098] -0.37|Random spatial distributed value 0.4
1367 2 0.172 -0.022 0.053]  3.68|Positive spatial autocorrelation 0.0
1369 35 0.116 -0.063 0.142]  1.26|Random spatial distributed value 0.1
1372 36 0,033 -0.034 0.088]  0.76|Random spatial distributed value 02
1373 32 0.011 -0.039 0.071]  0.70|Random spatal distributed value 0.3
1374 41 0.144 -0.054 0.094] 2.12|Random spatial distributed value 0.0
1375 37 0.169 -0.078 0.166] 1.49|Random spatial distributed value 0.1
1376 31 -0.056 -0.042 0.096] -0.15|Random spatial distributed value 0.5
1377 42 0.476 -0.053 0.117] 4.52|Positive spatial autocorrelation 0.0
1378 50 0.095 -0.075 0.134]  1.27|Random spatial distributed value 0.1
1523 3 -0.195 -0.006 0.021] -9.07|Negative spatial autocorrelation 0.0
1524 19 -0.044 -0.011 0.021] -1.56|Random spatial distributed value 0.1
1525 49 -0.961 -0.030 0.063] -14.90|Negative spatial autocorrelation 0.0
1526 27 0.111 -0.015 0.036|  3.45|Positive spatial autocorrelation 0.0
1527 28 -0.048] -0.021 0.047] -0.56|Random spatial distributed value 0.3
1528 36 0.034 -0.009 0.022] 1.93|Random spatial distributed value 0.0
1529 57 0.165 -0.013 0.022)  7.96|Positive spatial autocorrelation 0.0
1530 18 0.052 -0.018] 0.043]  1.64|Random spatial distributed value 0.1

Fig. 5b Presentation of Moran's coefficient for spatial autocorrelation of road accidents and its assessment of accuracy and
reliability as an attribute value of regions of Sofia for 2013.
Slika 5b. Prikaz Moranova koeficijenta za prostornu autokorelaciju prometnih nesreca i njegove procjene tocnosti i
pouzdanosti kao vrijednosti atributa regija Sofije za 2013. godinu.
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Slika 6. Hipsometrijska tematska vizualizacija prostorne autokorelacije prometnih nesreca u opéini Sofija za 2012. i 2013. godinu.
Fig. 6 Hypsometric thematic visualization of spatial autocorrelation of road accidents in Sofia Municipality for 2012 and 2013..

pretpostaviti da je broj prometnih nesrea u njima  prostorne mreze prometnih nesre¢a na njoj moZze se sa-
rasporeden nasumicno i neovisno o susjednim loka-  Zeti za prostornu analizu razli¢itih dogadaja, a posebice
cijama. U tri regije postoji varijacija izmedu pozitiv-  prometnih nesreca.

nog i negativnog koeficijenta za obje godine, pri Rezultat se moZe promatrati s dva aspekta - realiza-
Cemu koeficijent ima nisku vrijednost <0,2 (to sure- cija pilot projekta prostorne analize dogadaja putem
gije 1367, 1526 i 1527). S obzirom na nisku vrijednost ~ modela prostorne autokorelacije na mrezi, koji je u stup-
koeficijenta mogu se postaviti razli¢ite hipoteze s  nju dovoljnom dovrSenosti za primjenu u analizi pro-
predmetom naknadne analize. metnih nesreca; te apel za poduzimanje mjera za
Gornje su tvrdnje sa stupnjem pouzdanosti izratuna-  omogucéavanje pristupa prostorno definiranim otvore-
ne kao zadnja komponenta razvoja (slika 5, stupci 4, nim podatcima u strateski vaznoj sferi kao $to je promet i
5,6, 7 i8). Ovdje treba uzeti u obzir temeljno pravilou s njim povezane prometne nesreée na podrudju Republi-
matematickoj statistici da nije od primarne vaznosti ke Bugarske kao element smanjenja ozljeda u prometu.
apsolutna vrijednost koeficijenta, ve¢ stupanj njego- Kao buduénosti moZe se provesti ispitivanje vrijed-
ve to¢nosti i pouzdanosti, $to je Cinjenica rezultata. nosti dogadaja s razli¢itim teZinskim modelima, funkci-
Kao i kod svakog prostornog statisti¢kog modela, tu-  jom heterogenih parametara, ¢ime se otkrivaju korisni
macenje rezultata ovisi o toCnosti, pouzdanosti i  odnosi. Kao element istraZivanja, postavke se procjene
potpunosti izvornih podataka. Treba napomenutida  to¢nosti mogu prosiriti, a hipoteze testirati za razli¢ite
su podatci arhivski (iz 2012. i 2013. godine) te da nji-  vrste distribucija kako bi se objektivnije procijenio re-
hov izvor ne jamci njihovu potpunost i istinitost. Ta-  zultat. Vrijeme se takoder moZe dodati kao komponenta
koder, prou¢avana su podru¢ja razli¢itih povrSina. U analize. Nadalje, analize se mogu predstaviti kroz razli-
tom pogledu, s obzirom na dinamiku upravljanja  ¢ite vrste grafika i ugraditi u mreznu aplikaciju, kao $to
prometnim sustavom, ni rezultati njihove analize  je GIS Web Server, za pristup informacijama Sirokom
nisu dovoljnog stupnja relevantnosti, $to je i razlog  rasponu korisnika, kao i aZuriranje informacija u gotovo
neizvodenja dubinske analize. Glavni je cilj istrazi- stvarnom vremenu iz razli¢itih izvora, ukljucujudi i od
vanja bio pokazati metodologiju izvodenja prostor- institucija koje upravljaju prometom. Funkcionalnosti

ne analize prometnih nesreca. sustava pruZaju moguénost upravljanja i objavljivanja u
gotovo stvarnom vremenu, ukljuéujuéi periodi¢ne
4. Zakljutak i prijedlozi za daljnji rad automatizirane analize informacija o prometnim nesre-

¢ama i drugim dogadajima. Rezultat toga je da se upo-
Kao opéi zaklju¢ak, metodologija za prikaz cestovne  trebom GIS web-usluga (kao $to su WFS, WMS i drugo)
mreZe kroz graf i odredivanje indeksa autokorelacije  svim proizvodima i uslugama moZe slobodno pristupiti.
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correspondingly p-value <0.05. The regions with es-
tablished autocorrelation are: 1377 with a strongly
pronounced positive for both years -0.43 and 0.68, re-
spectively; and 1529 with a weak positive for both
years -0.15 and 0.17, respectively. The two regions are
adjacent, i.e. a clustering indicator with common met-
rics is available. A factor in the availability of the index
is the claim that the two regions have a similar number
of road accidents as the neighboring locations. For re-
gion 1360 and 1525, a clearly expressed negative spatial
correlation is established for both years (respectively
-0.52 and -0.45 and -0.53 and -0.96). A factor in this res-
ult is the fact that in 1360 there are more than twice as
many road accidents compared to the surrounding
areas, and in 1525 more than twice as many road acci-
dents as compared to those surrounding it. For the re-
gion 1358 in both years there was once a randomness
with a confidence probability of the limit (95%), once a
strong negative value, and this can be interpreted as
two consecutive years with a negative autocorrelation
with a risk of error of 5%. This negative index shows
that there is a noticeable difference in the number of
road accidents with the neighboring regions. A similar
approach can be applied to region 1362. These spatial
results can be used to determine the so-called "black
areas" with a concentration of traffic accidents and as a
foundation for subsequent analysis of various factors
to establish complex of causes for the autocorrelation
index values.

In more than 50% of the regions, both consecutive
years show that there is no spatial autocorrelation,
therefore it can be assumed that the number of road
accidents in them is distributed randomly and inde-
pendently of the neighboring locations. In three of
the regions, there is a variation between a positive
and a negative coefficient for both years, with the
coefficient having a small value <0.2 (this are 1367,
1526 and 1527). Given the small value of the coeffi-
cient, various hypotheses can be made with the sub-
ject of subsequent analysis.

The above statements are with a degree of reliability
calculated as the last component of the development
(Figure 5, columns 4, 5, 6, 7 and 8). Here, the funda-
mental rule in mathematical statistics should be
considered, that the absolute value of the coefficient
is not of primary importance, but its degree of ac-
curacy and reliability, which is a fact of the results.
As with any spatial statistical model, the interpret-
ation of the results is a function of the accuracy,

reliability, and completeness of the source data. It
should be noted that the data is archival (from 2012
and 2013), and its completeness and veracity are not
guaranteed by its source. Also, the studied areas are
of different area. In this regard, considering the dy-
namics in the management of the transport system,
the results of their analysis are also not of a sufficient
degree of relevance, which is the reason of not car-
rying out in-depth analysis. The main goal of the re-
search is to demonstrate a methodology for
performing spatial analysis of road accidents.

4 Conclusion and Suggestions for Further Work

As a general conclusion, a methodology for representing
a road network through a graph and determining a spatial
network autocorrelation index of road accidents on it can be
summarized to spatially analyze various events, and in partic-
ular road accidents.

The result can be considered in two aspects - the
realization of a pilot project for spatially analyzing
events through the spatial autocorrelation model on a
network, which is at a degree of completion sufficient to
be implemented in the analysis of road accidents; and
the appeal to take action to provide access to spatially
defined open data in a sphere as strategically important
as transport and related road accidents on the territory
of the Republic of Bulgaria as an element of reducing
traffic injuries.

As a future development, an examination of event values
with different weight models, a function of heterogeneous
parameters, can be performed, thereby discovering useful
relationships. As a research element, the accuracy estima-
tion setup can be extended, and hypotheses tested for dif-
ferent types of distributions to evaluate the result more
objectively. Time can also be added as a component of
the analysis. Also, analyzes can be presented through
various types of graphics and implemented in a web-
based application, such as a GIS Web Server, to access in-
formation from a wide range of users, as well as update
information in near real-time from various sources, in-
cluding from the institutions managing the transport.
The functionalities of the system provide an opportun-
ity to manage and publish in near real-time, including
periodic automated analysis of information about road
accidents and other events. As a result, using GIS web-
services (such as WFS, WMS and others), all products
and services can be freely accessed.
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