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abstract

The expediency of using the inverted Floyd—Warshall algorithm for a
deeper study of factors of maximum influence on the occurrence and
development of fires in the war zones of Donetsk and Lugansk oblasts
is shown. It relates to the fact that fire is one of the important param-
eters of the monitoring system that affects the ecological situation in
the region. However, in the absence of a priori information about fires
and hostilities, the formation of a set of factors influencing the occur-
rence and development of fires in the region is a laborious process. The
primary assessment of a priori information allows generalising and
averaging the factors that influence the occurrence of fires in these re-
gions. The inverted Floyd-Warshall algorithm is a simple algorithm to
implement, although to eliminate errors in mathematical calculations
and to form adjacency matrices, a program code was developed in the
Python programming language. Using the built-in visualisation soft-
ware tools, a weighted oriented graph of factors influencing fires was
built; the weights of these factors, determined at the initial stage, are
also indicated on the edges of the graph. An adjacency matrix has been
compiled, which contains information about the presence or absence of
links between graph vertices. The factors of maximum influence on the
occurrence and development of fires in Donetsk and Lugansk oblasts
are determined, considering the specifics of the area and the results of
hostilities. The results of the algorithm confirmed that hostilities create
a fire hazard situation in the region. Due to the lack of a complete set
of data, it becomes almost impossible to obtain results of mathemati-
cal calculations that are more accurate, since open-source data cannot
provide errorless data on hostilities. For the same reason, the study area
is not divided into separate segments in order to obtain more accurate
results of mathematical calculations for each segment. Despite this, the
software implementation of the inverted Floyd—Warshall algorithm is a
universal method for solving the problem of finding and selecting fac-
tors of maximum and minimum influence on the occurrence of fires in
environmental monitoring issues.
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GEO&BIO. This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (CC BY-SA 4.0), which permits unrestricted reuse, distribution, and reproduction in any medium,
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BusHayeHHs QpaKkTOpiB MaKCMMATBLHOTO BIVIMBY
HAa BUHUKHEHHS MO)KeX B YMOBaX 00Me)XeHH s anpiopHOL
indopmanii y 30Hi 60i10BUX [1iit Ha cxoni YKpainm

Onbra bytenko, AnHa Tomumii

Pestome. 3 MeTO0 I/IMOIIOr0 BUBYEHHS (aKTOPiB MAKCMMA/IbHOTO BIUIMBY Ha BYUHMKHEHHS Ta PO3BUTOK
noxexx Ha tepuropii JJoHernpkoi Ta JlyraHcbkoi o6sacTell y 30Hi 60J0BUX [iif IOKa3aHO JOLUIBHICTD BU-
KOPUCTaHHsA iHBepTOBaHOro anroputMmy Pmoriga-Yopurena. Ile moB’s13aHO 3 TUM, 110 HOXKeXa € OTHUM
i3 B)X/IMBUX NapaMeTpiB CUCTEMU MOHITOPMHIY, 110 BIZIMBA€E Ha €KOJIOTiuHy cuTyalilo periony. OnHaxk,
B yMoBax Opaky anpiopHoi iHpopMalil mpo moxexi Ta 60itoBi fil popmyBaHHA Habopy axTopiB, 1[0
BIUIMBAIOTb Ha BUHMKHEHH: Ta PO3BUTOK IIOXKEX Y PerioHi, € TpyfoMicTKuM nponecoM. [leppunHa onjinka
anpiopHoi iHdopmauii 03BOJIAE y3aTra/IbHUTY Ta YCepeTHUTH (PaKTOPHM, 1[0 BIUIMBAIOTh HAa BUHUKHEHHSA
HnoXkex B obmacTsix. IuBeprosaumit anropurM Onoiifa- Yopiieia € IpOCTUM a/ITOPUTMOM IS peastisariii,
OfIHAK JI/I1 BUK/IIOYEHHS IIOMMIOK Y MaTeMaTMYHUX PO3PaxyHKaX Ta GOpMyBaHHI MaTpHIb CYMDKHOCTI
6yno po3pobeHO IporpaMHuUil Koj MOBOK IporpaMmyBaHHs Python. 3a jonmomororo BO6ymoBaHux mpo-
rpaMHUX iHCTPYMeHTIB Bisyasisauii mo6yfoBaHO 3BaXKeHMIT opieHTOBaHMIt rpad PaKTOpiB BIUIMBY Ha I10-
Kexi, Baru 1ux ¢$aKTopiB, BU3HaYeHI Ha TOYAaTKOBOMY eTalli, TAKOX BKasaHi Ha pebpax rpada. CknaieHo
MAaTpUII0 CyMDKHOCTI, 110 MicTITb iHpOpMaIliio IIpo HAABHICTD YU BiICYTHICTD 3B A3KiB MK BeplIMHAMMU
rpada. BusHaueHo pakTOpM MaKCMMaIbHOTO BIUIMBY Ha BUHVMKHEHHS Ta PO3BUTOK HOXKeX Y [loHenbkiit
ta JIyraHcpKill 06/1acTAX 3 ypaxyBaHHAM crelydiky MiclieBOCTi Ta BHACTIZOK 00/10BMX Aiil. PesympraTn
QITOPUTMY IiATBEPAWIN, IO BifICBKOBI Aiil CTBOPIOIOTH MOXKeXXOHeOe3IIeuHy CuTyario B perioni. Yepes
Bi[ICyTHICTb ITOBHOTO HAOOPY HaHMX OTPUMATH TOYHIII] pe3yIbTaT MaTeMAaTUYHIX OOUNCIIEHb CTAE TIPaK-
TUYHO HEeMOXIMBYIM, OCKIIbKM JaHi BIIKPUTHX JpKepesl He MOXKYTb HaJaTy TOYHI faHi Ipo 60iioBi Ail.
HocnifxyBaHa TepuTOpis 3 1ji€l IpUYNHM He PO3OUTa Ha OKPeMi CerMeHTI AJIsI OTPYMAHH Oi/IbII TOYHMX
pe3y/bTaTiB MaTeMaTUYHUX OOUMCIeHD [/ KOKHOTO cerMeHTa. HesBa)karoun Ha Ije IporpaMHa peaisa-
1ig inBepToBaHOro anroputmy Proiiga-Yopuenia € yHiBepcalbHIM METO/IOM BUPilIeHHA 3a/ladi IOIIYKy
Ta B160PY (PpaKkTOpiB MAKCMMAIBHOTO Ta MiHIMATbHOTO BIIMBY Ha BMHMKHEHH ITOXEX Y 3a/ja4aX eKOJIo-
FiYHOTO MOHITOPMHTY.

KrouoBi cmoBa: eKoJoris, moXexi B Ipupopi, BIINB 60ITOBUX Aiil, MOHITOPUHT, (GAKTOPH, ANTOPUTM.

Appeca pna 3B’asky: A. Tomumit; HanjioHanpHuii aepoxocMiyamit yHiBepcutet iM. M. €. JKykoBcbkoro
«XAl», By Ykanosa, 17, Xapkis, 61070 Ykpaina; Email: a.topchiy@khai.edu; orcid: 0000-0003-0448-4543

Introduction

Fires are a key factor in damage to the natural landscape and ecosystems [Johnstone et al. 2016;
Molina et al. 2019; Zechuan et al. 2022]. Studies have shown that fires not only damage natural re-
sources and ecosystems, but also have a harmful effect on human life [San-Miguel-Ayanz et al. 2013;
Modugno et al. 2016; Arganaraz et al. 2017; Zechuan et al. 2022]. The annual increase in the number
of fires emphasizes the need to study the spatial distribution and factors influencing their occurrence
[Hering et al. 2009; Moreira et al. 2020; Twidwell et al. 2019; Zechuan et al. 2022]. The factors influ-
encing the occurrence of fires are studied in [Avila-Flores et al. 2010; Oliveira et al. 2012; Guo et al.
2015; Zechuan et al. 2022] and show that fires are the result of the interaction of many factors, the
weights of these factors are not the same in different ecosystems [Collins et al. 2015; Zechuan et al.
2022].

These factors covered four categories: climatic, topographic, vegetative, and anthropogenic [Gan-
teaume et al. 2013; Wu et al. 2021; Zechuan et al. 2022].

Climatic influence on the wind-water balance and fire heat exchange of forest combustible ma-
terials [Rollins et al. 2002; Xiao-Ying et al. 2013; Zechuan et al. 2022]. They also affect the moisture
content of combustible materials during forest fires [Sharples et al. 2009; Zechuan et al. 2022]. The
occurrence of fires is also closely related to climatic factors [Westerling et al. 2006; Zechuan et al.
2022]. In the context of the continuous development of the social economy and modern transport,
the number of factors causing fires increases significantly [Archibald et al. 2009; Penman et al. 2012;
Mundo et al. 2013]. One of the key factors is the human factor [Han et al. 2015; Guo et al. 2016; Guo
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et al. 2016; Zechuan et al. 2022]. The human factor affects not only the occurrence of fires, but also
their intensity, frequency, and distribution. The complexity and multiplicity of fire systems is due to
the combined influence of various factors in different ecosystems [Sturtevant et al. 2007; Miranda et
al. 2011; Wu et al. 2014; Zechuan et al. 2022].

The article considers and analyses the causes of fires in relation to the ecological system of the Don-
bass region. Due to the technogenic congestion, the ecological situation of the Donbass has always
needed continuous monitoring, but in the conditions of hostilities, it can turn out to be catastrophic.
Thus, monitoring and determining the factors of maximum and minimum impact on the occurrence
of fires is an urgent task of environmental monitoring. Fire is one of the important parameters of the
monitoring system that affects the ecological situation in the region.

The hostilities have led to the fact that part of the a priori information about fires has been lost
and cannot be restored, the resumption of environmental monitoring is difficult due to active hostili-
ties, and is impossible at all in the occupied territories. In the context of a shortage of the initial data
set for analysis, the use of Earth remote sensing (ERS) data and methods of mathematical analysis
and mathematical modelling is relevant. In this paper, the factors of fire occurrence in the territory
of Donetsk and Lugansk oblasts are determined, based on which a graph with given weights and an
adjacency matrix are built. The purpose of this work is the software implementation of the inverted
Floyd-Warshall algorithm in the Python programming language to identify the factors of maximum
and minimum impact on the occurrence of fires in the eastern part of Ukraine due to active hostilities.

General theoretical data

Typically, the Floyd—Warshall algorithm is used in logistics problems to find the shortest distance
between individual delivery points. However, it can be adapted to find the factors of maximum in-
fluence by using its inverted form. In general, the Floyd-Warshall algorithm is a type of dynamic
programming—a technique that eliminates inaccuracies by considering the solution to be obtained
as interconnected solutions. This means that the solutions are formed from the solution obtained in
the previous step, and there is more than one possible solution.

The initial data set for the implementation of the Floyd—-Warshall algorithm is a matrix graph, and
the result is the shortest path of all graph vertices [Chairi et al. 2016; Triana 2018]. The Floyd—War-
shall algorithm compares all possible paths on a graph for each edge of all vertices. Suppose there is
a graph G with vertices V, each numbered from I to n. Suppose there is also a shortest path function
(1, v, k) that recovers the shortest path from u to v using only vertex 1 in k as an intermediate point.
The goal of using this function is to find the shortest path from each vertex u to vertex v through in-
termediate node I to k + 1. The shortest path from u to v is calculated by the formula that is the basis
of the algorithm:

d,,m=min(d, ™' +d, m5d, m, (1)

where u and v are the values of each element of the matrix, which are equal to the length of the
shortest arc connecting vertex u with vertex v.

m is the order of the matrix.

If the indicated vertices in the graph are not connected by an edge, then

do (u, v) = oo,

The process of determining the minimum distance using the Floyd—Warshall algorithm can be
broken down into the following steps:

1. At the first iteration, each cell of the matrix is compared with the largest element of the pair—the
distance between the two start points and the sum of the distance from the start point to the end point
(target point = first iteration) and the distance from the start point (start point = first iteration) until
the end point. In other words, W [u, v] > W [u, k] + W [k, v].
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2. The distance between the two start points is replaced by the sum of the distance from the start
point to the end point (target point = first iteration) with the distance from the start point (start point
= first iteration) to the end point (W [u, k] + W [k, v]).

3. If the first iteration fails, then the distance used is the distance between the two starting points
(W [u, v]).

4. The iteration process is performed until the last iteration (the number of iterations = the total
number of graph vertices) [Ayunita et al. 2017; Triana 2018].

Practical implementation of the inverted Floyd-Warshall algorithm for finding
factors of maximum influence on the occurrence of fires

At the initial stage, to implement this algorithm and build a weighted directed graph, an analysis
of the factors affecting the occurrence of fires in the territory of Donetsk and Lugansk oblasts caused
by the active hostilities was carried out. Given the lack of a priori information, these factors were gen-
eralised and averaged (Fig. 1, Table 1). Each factor influencing the occurrence and development of a
fire has its own weight [0, 1], where 0 is no effect, and 1 is direct effect (the weights are presented on
the edges of a weighted directed graph).

Table 1. Factors affecting the occurrence and development of a fire
Tabnuys 1. ®akTop, U0 BIVIMBAIOTH HA BUHMKHEHHS Ta PO3BUTOK MOXEXi

Vertex number  Factor Vertex number Factor
0 Active fighting 5 Power lines (PL)
1 Wind speed 6 Gas facilities
2 Forest 7 Combined heat and power plant
3 Residential development 8 Human factors
4 Railway infrastructure 9 Fire

The adjacency matrix DO contains the values 0 and 1, which indicate whether there is a connection
between the vertices of the graph. Considering the weights of the weighted directed graph, the matrix
D1 is constructed based on the matrix DO.

00 ©0 0.3 0.8 0.6 0.7 0.9 0.9 0.4 1
00 00 00 0O 0O 0O 0O 00 o0 |
00 00 00 0O 0O 0O 0O 00 0o |
00 0200 o0 o0 03 © 03 03 1
D,=|00 00 00 00 00 00 00 oo oo ]
00 00 00 0O 0O 0O 0O 0O 0O |
00 00 00 0O 0O 0O 0O 00 0O |
00 00 00 0O ©O 0O 0O 00 0O |
0200 0 0302 02 02 04 o 1
00 00 0O 0O 0O CO 0O 0O ©O 0O

where for software implementation oo is replaced by the text value Inf.

Using formula (1), the factors of minimal influence on the occurrence and development of fires
were found, which are 0.2. The factors of minimal influence on the occurrence and development of
fires include the presence of a residential area around the source of fire, the human factor, the pres-
ence of railway infrastructure, the presence of power lines and gas facilities.

As stated above, an inverted Floyd-Warshall algorithm is used to find the maximum influence
factors. Thus, the final formula would be as follows:

(du,vm ) max — 1- du,mm (2)
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Thus, according to formula (2), the
factors of maximum influence on the
occurrence and development of fires are
0.9, which include active hostilities, and
the presence of active hostilities near gas
facilities and combined heat and power
plants brings a dangerous fire hazardous
situation for the region, which affects
the ecological condition as a whole.

The most important disadvantage,
which may lead to inaccurate calcula-
tion results, is that the territory of Do-
netsk and Luhansk oblasts should be di-
vided into smaller study areas, for which
the algorithm should be implemented
separately. In this case, for each smallest

Fig. 1. Oriented graph with weights for the factors influencing . e .
the occurrence and development of fires in the territory of area there is a possibility to determine
Donetsk and Luhansk oblasts caused by hostilities. more precisely all factors of influence on

Puc. 1. OpienToBannii rpad i3 Baramu 14 pakropis BIZIMBY Ha the occurrence and development of fires

BMHMKHEHHS Ta PO3BUTOK IOXKEX Ha TepuTOpii JJoHenbKoi Ta

- " ) . o in the region, considering the presence
HyFaHCbKOI obmacreit BHAC/III0K 60i10BIX ISV

of fire-hazardous infrastructure. By hav-
ing more accurate information on the battlefields in these truncated areas, more correct results can be
obtained, confirming the difficulty of research in a data-poor environment.

Conclusions

In the course of this work, a practical implementation of the inverted Floyd—Warshall algorithm
was carried out to identify the factors of maximum influence on the occurrence and development of
fires in Donetsk and Luhansk oblast caused by the hostilities.

The results of the algorithm implementation in Python confirmed that the military activities create
a fire hazardous situation in the region and are the factors of maximum influence on the occurrence
and development of fires.

The implementation of the algorithm has time and memory complexity, but the main advantage
is the ease of reconstructing the links between the vertices of the weighted oriented graph and the
simplicity of implementation.

Despite the simplicity of the mathematical implementation of this algorithm, the Python pro-
gramming language environment was chosen to eliminate calculation errors due to human error. The
more influencing factors are involved in the calculations, the higher the probability of error occur-
rence at each iteration step becomes. However, the implemented Floyd-Warshall algorithm using the
Python programming language is applicable for any number of factors, which makes the solution to
the problem universal.

The disadvantage of the solution of the specified problem is the large area of research, generalisa-
tion of influence factors on the occurrence and development of fires in the entire territory.

With limited a priori information, it becomes almost impossible to obtain more accurate results
from mathematical calculations, as open-source data cannot provide accurate battlefield data.

The study of factors influencing the occurrence of fires by various methods can be used as a tool
for predicting their occurrence. This is useful for building decision rules in an emergency.

The main application of the algorithm is in various networks including transport, but has wide
application for fire studies as well. For this reason, the inverted Floyd-Warshall algorithm was chosen
for this issue.
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