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METHOD OF INFORMATION TECHNOLOGY FOR STRUCTURE ANALYSIS
OF URBAN NETWORK FIRE-RESCUE UNITS

The subject of this study is the process of analyzing the structure of the network of fire-rescue units of the city
in the context of optimizing their spatial distribution. The purpose of this work is to increase the objectivity of
decisions made while forming a city network of fire-rescue units by creating an information technology (IT)
method for analysis of its structure based on the use of spatially distributed data. Objectives: to find ways to
improve the level of fire safety, analyze existing approaches to the formation of a network of fire-rescue units,
considering the peculiarities of building and organizing a network, and adapt the classical problem of place-
ment; to propose a method for solving it to minimize the distance between the fire-rescue unit and the possible
place of fire while ensuring maximum coverage of the territory by fire service; and to develop IT structure for
its implementation based on the information flow model of the process of analyzing the fire-rescue units net-
work using a geospatial approach. The following results were obtained. The study of the classical location
problem and its adaptation to real problems arising from the analysis of the urban network of fire-rescue units
made it possible to represent it as a set of independent complete bipartite graphs. To search the location of
network nodes while solving an adapted problem, an IT method is developed, which, based on the p-median
model, combines the author’s methodology for studying information processes and methods of geospatial
analysis. Summarizing the requirements of the current legislation, a set of input and output IT data and a set of
operations have been formed. The representation of the IT structure in the form of a data flow diagram ex-
plains how the set of factors is processed and generalized when making decisions on the creation and / or im-
provement of the existing city fire department. Conclusions. The results of the bibliographic search confirm
the need to consider the spatial features of the area where it is planned to create a fire-rescue unit, as well as
the spatial configuration of the urban network of existing fire stations, to evaluate its effectiveness using an in-
tegrated indicator. This requires the development of specialized methods focused on the use of geo-information
systems for their implementation in decision support systems. Scientific and methodological support for IT has
been developed, which gives local authorities a tool for analyzing fire safety in the city to create and / or im-
prove the existing fire protection. An experiment to study the capabilities of the proposed method based on
volunteered geographic information on Kharkiv city showed the effectiveness of its use for solving classical
problems of placement, considering the accepted restrictions on the spatial availability of fire-rescue units. At
the same time, additional opportunities appear in the formation of options for improving the network of fire-
rescue units, considering their spatial distribution, workload, accessibility, and the resulting areas of coverage
/ non-coverage by the fire service. For example, the fire service coverage area of the existing structure of fire
stations has been assessed. During the regulated time, it reaches 70% of the Kharkiv city area, and depending
on the real road traffic, it can vary from 64.61% to 73.44%. It is illustrated that the creation of two additional
fire and rescue units in the northern and southern parts of Kharkiv will increase the coverage area by approx-
imately 5%, on average increasing it to 75.1%.

Keywords: p-median model; geospatial analysis; model of information flows of the process; IDEF0-model; da-
ta flow diagram; fire service coverage area.

in a fire is observed in the Republic of Belarus, where
an average of 8.5 people dies in every 100 fires [1].

Introduction

Since 1995, the International Association of Fire
and Rescue Services (https://www.ctif.org/) annually
summarizes statistical data on fires in 27-63 countries
worldwide, where 0.9 — 3.8 hillion people live. In the
surveyed countries, 2.5 — 4.5 million fires were recorded
annually, in which 17 — 62 thousand people died. At the
same time, a significant risk of being caught in a fire is
recorded in Cyprus, where on average; there were 8.0
fires for every 1000 people. A significant risk of dying

Note that in Ukraine from 2020 to 2022, on average, for
every 1000 people 2 fires are recorded, and on average
2 people die in 100 fires, which, compared to anti-leader
countries, characterizes optimistically the state of the
country's fire safety. However, in terms of regions of
Ukraine, the analysis of analytical data from the Insti-
tute of Public Administration and Research in Civil Pro-
tection (https://idundcz.dsns.gov.ua/statistika-pozhezh/)
shows the following results (Fig. 1). In 15 regions of
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Ukraine, the country's average risk of being caught in a
fire was exceeded (Fig. 1, a). For example, in the Kyiv
region, its average value for three years (from 2020 to
2022) is 4.5 (i.e., there are 4.5 fires for every 1000 peo-
ple), while in 2020 its value reached 5.0 and in 2022 it
reached 4.7. In 16 regions of Ukraine, the country's av-
erage risk of death in a fire was exceeded (Fig. 1, b).
For example, in the Khmelnytskyi region, its average
value for three years is 4.25 (that is, more than 4 people
die on average in 100 fires), while in 2021 its value
reached 4.65.
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Fig. 1. The indicators of integral territorial fire risks
for Ukraine (in some regions): a — the risk of being
caught in a fire; 6 — the risk of dying in a fire

The above statistics emphasize the need for a sys-
tematic increase in the level of fire safety in the country
through the development and implementation of
measures for the timely response to fires, the elimina-
tion of their consequences, and the prevention and pre-
vention of emergencies associated with fire.

State of the Art

The reform of local governments gave the authori-
ties significant powers to make decisions independently
in the field of civil protection. First, this concerns the
issues of ensuring fire safety, progress in solving which
is associated with the formation and organization of fire

-rescue units [2]. The success of the functioning of the
local fire department, the timeliness of response to calls,
and its rescue capabilities directly depend on the availa-
bility of the required number of fire-rescue units, their
reasonable location, the availability of the required type
and number of fire and rescue vehicles, and the number
of personnel. [2, 3]. Determining how many and where
to place fire-rescue units in a given area is the most im-
portant issue that local governments face [2]. The opti-
mal solution is the one that minimizes the total losses
from a fire and the cost of the provided measures, which
is an economic compromise between the cost of damage
and the total costs of organizing and operating fire sta-
tions. However, such a simplified interpretation of the
placement problem is contradictory and does not
achieve all the goals of ensuring fire safety [4]. Howev-
er, fire rescue capabilities can be effectively improved
by the scientific layout of fire stations and forming the
respective network [5].

The results of the bibliographic search
(https://www.sciencedirect.com) confirm the existence
of two main approaches to the formation of the structure
of the network of fire-rescue units in the planning area:
one is based on a statistical assessment of the probabil-
ity of ignition and fire hazardous zones [6 — 9], and the
other is based on the analysis of the existing structure of
settlement and development [5, 10].

Over the years, cities have become much larger
and more functionally diverse, and their population is
constantly increasing. Large volumes, complex func-
tionality, and a high density of crowds characterize
modern urban buildings. During urban expansion, these
buildings may intersect with elements of industrial
zones (for example, factories, warehouses, etc.), border
on buildings of old and / or homestead buildings, may
closely adjoin each other, occupy fire-prevention pas-
sages, etc. At the same time, motor roads become more
winding and narrow, and it is increasingly difficult for
fire engines to get to the place of fire along them [6 — 8].
Therefore, old fire protection planning cannot meet the
demand of new cities, which has brought difficulties to
the layout design of urban fire protection.

The analytical hierarchy process is a common
evaluation method for fire hazardous zones in the layout
design of urban fire protection. The process of analyti-
cal hierarchy is a common method in the area evaluation
of fire zones. It allows you to assess which of the fire
risks is dominant, focus on its leveling, develop fire
prevention measures with a view to improving resource
allocation strategies and urban renewal, including the
redevelopment of old, worn-out, or low-populated urban
areas, and build an appropriate structure of fire services
[6, 7]. The fuzzy comprehensive evaluation method is
also a common method of determining fire probabilities
and fire zones and is used in the design of fire protec-
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tion. The main advantage of this method is that the qual-
itative data can be quantified, which makes the results
more intuitive and comparable [6, 8]. However, in con-
ditions where many fire risk assessments are qualitative
and difficult to quantify [9], an integrated approach is
needed to solve the problem of choosing a location for
fire stations.

The second approach is the most common (for ex-
ample, its main idea is implemented in Ukrainian Build-
ing Code B.2.2-12:2019 [10]). Very often, the location
of fire-rescue units and their equipment is determined
depending on the population of the city, considering the
area of departure, based on the length of the route [10,
11]. Therefore, as a criterion for optimal placement,
consider the time required for the fire service to respond
to a message about a fire and arrive at the place of its
occurrence [12 — 14]. This response time is not only
dependent on resources allocated to fire stations but also
on the spatial configuration of demand (i.e. number of
fires) and supply networks (i.e. relative spacing of fire
stations and network structure). Response time is a ma-
jor concern for all public emergency service agencies
[5, 13]. There is a correlation between the risk of life
loss and the response time to attend calls for fire emer-
gencies. According to estimates, Ukraine’s fire fatality
rate is 2 people per 100 fires [1]; therefore, devising
further initiatives to proactively diminish the potential
fire-related tangible and intangible damages seems nec-
essary [2].

Problems with existing systems

First, the complicated layout of urban geography
has laid many hidden fire hazards for the city and has
put forward higher requirements for the layout of urban
fire protection planning based on fire risk [6, 8, 9]. Sta-
tistical fixation of fire hazardous zones [9] together with
estimates of fire probabilities [5, 6, 8] are most often
used in the development of measures to prevent fires,
when choosing a place for a new fire-rescue unit in the
structure of an existing network. These data can be con-
sidered as one of the inputs for finding the Pareto-
optimal solution to achieve the maximum coverage of
the planning area with a certain (minimum) number of
fire trucks [5, 6].

Second, with rising urban populations and city ex-
pansions, the demand for more fire services consequent-
ly increases. It becomes critical to plan the location of
emergency facilities effectively to adequately service
the population and ensure the protection of lives and
infrastructure [11]. However, as noted in the studies [2,
15, 16], the solution to the problem of placement is sig-
nificantly complicated by the need to consider the road
infrastructure, traffic intensity on the roads, possible
traffic jams, obstacles (railway crossings, water obsta-

cles, the presence of road sections on which fire rescue
equipment is not will be able to move through the over-
all dimensions or technical characteristics), etc. As a
result, the effectiveness of the local fire department de-
pends on the level of coverage of the exit area, consider-
ing travel time, road infrastructure, and other realities
that firefighters face when responding to an emergency
[17 - 19].

The combination of these factors focuses on the
geographical nature of the task and requires taking into
account the spatial features of the area where it is
planned to organize a fire-rescue unit, as well as the
spatial configuration of the entire city network of avail-
able fire stations, the effectiveness of which is deter-
mined by several factors, including time, distance, set-
tlement structure, and building density [20-22]. In this
case, spatial optimization methods and geographic in-
formation systems (GIS) have become promising, as
they are successfully used in modeling the location of
public facilities and provide new opportunities to in-
crease the objectivity of decisions on the number of fire
stations and the choice of their location in a particular
area [8, 23, 24].

Objectives and novelty

Thus, the aim of this work is to increase the objec-
tivity of the decisions made when forming an urban
network of fire rescue units. The novelty of this study is
the creation of an information technology method for
analyzing the structure of an urban network of fire res-
cue units based on the use of spatially distributed data,
combining statistical estimates of the probability of ig-
nition and considering the existing structure of settle-
ment and city development to find ways to improve the
level of city fire safety. The subject of this study is the
process of analyzing the structure of the network of fire-
rescue units of the city in the context of optimizing their
spatial distribution.

1. Materials and methods of research

A network of fire-rescue units is a set of fire-
rescue units in the planning area, the number of which is
sufficient to ensure fire safety, guaranteeing the neces-
sary response to a fire emergency call and arrival for
liquidation at the place of its occurrence within a speci-
fied time. Based on the proposed definition, the network
structure is determined by the necessary and sufficient
number of fire-rescue units (M) and their spatial distri-
bution [2].

In accordance with the requirements of State
Standard-8767, the approximate number of fire-rescue
units depends on the number of basic fire and rescue
equipment, which is estimated depending on the popula-
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tion in the planning area. For example, in the general
case, for a settlement with a population of less than 1
thousand people, at least one fire truck is needed, which
means that one fire-rescue unit is organized [10]. The
estimated number of units thus obtained is finally cor-
rected in their spatial arrangement, considering the time
of arrival at the call site.

1.1. Problem statement

Let us assume that there is sufficient equipment to
extinguish all fires that have simultaneously occurred in
the planning area. In this case, the main task is to in-
crease the spatial accessibility of the population to the
fire service, which guarantees timely response to emer-
gencies, minimizes property losses, and reduces the
number of injuries and deaths [18]. At the same time,
from the condition of efficient use of resources, we as-
sume that the service areas of individual fire-rescue
units do not intersect (or their intersection is mini-
mized) [4].

Based on the “center-periphery” model proposed
by J. Von Thunen [25], we consider the fire-rescue unit
as a “center” designed to respond to a fire (in terms of
the “center-periphery” model — to “satisfy demand”). In
this case, the network of fire-rescue units is the union of
the M-th number of complete bipartite graphs of

type Kl,D|+1' each of which has negligibly little effect

on the other graphs of the network. In turn, the spatial
structure of a single graph KLDI+l formed by the set of

vertices U={u;|j=1(@i+1} (while i=1...1) with
coordinates (Xj,yj) and a set of edges (no loops)

E={ek|k=ﬁ}. Each edge of the graph e corre-
sponds to its length I >0 (ama ey =(ug,uj) while

j=2,(i+1) designation introduced Iy ; =1y ). Thus, for

any pair of vertices (1,j) (j=1) the spatial accessibility
function as a function of distance (length)
L((X1, Y1), (Xj,¥j)) can be found between the vertex 1

(«center») with coordinates (Xxq,y7) and an arbitrary
vertex j with coordinates (Xj,yj), and the task of plac-

ing the fire-rescue unit will take the following form [24,
25]:

1+1
arg minF(xy, y;) =arg min " L((x1, y1), (X}, ¥) » (1)
(x1.y1) (x1.y1) j=2

where L(-) — is a function of the distance between the
fire-rescue unit and the locations where a fire might
start.

Function (1) corresponds to the classical p-median
placement model [24, 26], minimizing the longest dis-
tance or travel time between the "points of demand" and
the "centre". In this case, the value of L(-) is regulated
by Building Code B.2.2-12:2019 and the relevant orders
of the State Service of Ukraine for Emergency Situa-
tions [2, 10], that is:

L((%1, yo), (X}, y) <A o)
for Vj=2,(i+1) while i=11.

The value A is selected from the condition of
providing the necessary response time to a fire message.
With an average speed of fire and rescue equipment
(25 ... 45 km/h) for cities and urban-type settlements, its
value is 10 min, and for rural areas, it is 20 min. Thus,
inequality (2) limits the real distance between the fire-
rescue unit and the places where a fire may start, direct-
ly affecting the coordinates (xq,Y1).

1.2. Fire-rescue units location selection

Finding the location of the “center” and perform-
ing an analytical search for its coordinates is possible
with multicriteria optimization of function (1) [26 — 28].
On the one hand, by solving a system of differential
equations of the form:

OF((x1.y1)) _
6)(1 '

OF(x1.y1) _
oy1

the goal of minimizing the maximum distance between
the fire-rescue unit and the possible place of fire is
achieved [26, 27]. On the other hand, the introduction of
constraint (2) makes it possible to exclude the situation
when only microdistricts adjacent to fire-rescue units
are covered by the fire service [28]. At the same time,
considering the network structure of fire-rescue units in
the planning area, finding the location of the “centers”
of p-median models — network nodes — allows covering
the maximum number of “demand points” by each “cen-
ter” [26]. When evaluating efficiency as an integrated
indicator, we can consider the area of coverage of the
planning territory by fire service. The necessity of
achieving the goals of optimization of function (1) in
the presence of constraints (2) leads to certain computa-
tional difficulties and requires the development of scien-
tific and methodological support for finding the M-th
number of coordinates ( ), for example, based on geo-
spatial analysis.

The search for a solution to the generated place-
ment problem (1) under constraint (2) is carried out as
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part of the information process of analyzing the struc-
ture of the fire-rescue units network. Based on the re-
quirements of regulatory documents [2, 10], we system-
atize the information flows of this process and, using the
author's research methodology [29, 10], we conceptually
represent it in the form of a set-theoretic model of in-
formation flows:

|_Pr=(V,0,Avy,Z,9), 3)

where V —a set of process inputs;
O — a set of process outputs;
Z — a set of documents regulating the process;
A — set of operations that implement the process.

Internal contents of sets V, O and Z models (3) are
disclosed in Fig. 2. In Fig. 2, in accordance with the
IDEFO methodology, the symbolic model (3) for clarity
and ease of perception of information flows while main-
taining the rigor and formality of the presentation is
shown in the form of a context diagram [30, 31]. Here,
as a means of implementing set operations, a GIS is
proposed that allows a person responsible for fire safety
to plan appropriate activities based on a spatial analysis
of data on a settlement [23, 32].

In model (3), the set V ={vy,Vv5,V3,V4} is con-
verted to set O={0¢,05,03,04,05} by stepwise imple-
mentation of set operations A ={a;,a,,as} in that or-
der [2, 15]:

Stage 1. Evaluate the existing network structure of
fire-rescue units.

Stage 2. Evaluate the scope of the fire service.

Stage 3. Select options for improving the network
of fire-rescue units.

This set transformation is defined by the function
of outputs y — displaying the view [29, 30]:

y:AxV 50,

(4)

z,- requirements of The
Building Code

z, - terms of reference for
fire safety analysis

which for a given time determines the output of the pro-
cess O(t) depending on the set of input data V(t) and
operations performed A(t).

For the network structure analysis process of fire-
rescue units, considering the rules formed in the work
[33], let’s open the internal content of the function
with a graph (Fig. 3), in which vertices correspond to
operations from the set A={a,},n=1...3, edges — to

possible transitions from operation to operation.
On Fig. 3 the weight of each edge is an indication
of an element of the set V={v,},m=1...4, which

defines the transition from performing a single opera-
tion a, to another, as well as to an element of the set

O={og},q=1...5 asaresult a, , necessary to perform

subsequent operations of the process. For example, at
the initial time t, the input of the operation a; of the

elements v; and v, allows to form outputs o, and o,
which are necessary for further operations a, and as.
Further, as the results of the operation a, outputs oj
and o4 are being formed by generalization of the input
v and output o ; at the same time o, enters the oper-
ation input a5 etc.

Vi,V2]01,02

Fig. 3. Graph representation of a function (4)

z3- fire safety improvement
criterion

0,- spatial distribution of
fire-rescue units

v- database on fire-
rescue units

Y

V,- statistics on fires

v3- road infrastructure
of the settlement

\4

v, - actual settlement
structure

» Analyze the network
structure of fire-
rescue units

0, - fire-rescue units
workload
05~ fire service coverage
areas "
04- areas not covered by the
fire service

v

\A 4

A

Responsible for the fire safety
of the settlement

05 - recommendations
for improvement
Geoinformation
system

Fig. 2. Context diagram of the process of analyzing the structure of the fire-rescue units network
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To normalize the internal content of the infor-
mation flows of model (3) when converting input data
into output data, a set of regulatory documents is re-
quired. They are defined by a set Z={z;,z,,z3}, and

the normalization rules are set by the update function ¢
[29, 30]

©:VxZ V. )

In accordance with mapping (5) at time t, the input
of the process V(t) depends on the input at the previous
time i of the set of regulatory documents Z(t). For each
element of the set V, the function ¢ defines the imple-
mentation v, = @(V,,2,), Where Y, eV, Vz,eZ
while m=1,...4; r=1...3.

Thus, depending on the initial input data, the con-
tent of regulatory documents, and the accepted set of
operations, when analyzing the structure of the network
of fire-rescue units, the values of inputs and outputs are
transformed discretely in time [29, 33]. These dynamics
can be easily and clearly explained using the Data Flow
Diagramming methodology.

Data Flow Diagramming is a visual modeling sys-
tem that allows the output data elements of the infor-
mation process to be presented due to an operation
(function) for processing external and internal data
flows [31, 33]. Simultaneously, the combination of for-
mal and visualization methods in the methodology pro-
vides a convenient tool for creating a set of graphical

analysis parameters

models — Data Flow Diagram (DFD), revealing the
mechanism for implementing the model (3). Based on
the Yourdon notation, the diagram for the 1_Pr process
combines data flows and sources of their receipt (Exter-
nal Entity and Data Store), shows the sequence of their
processing and transformation [31], taking into account
the requirements of the current legislation (Fig. 4).

The developed DFD, based on the proposed scien-
tific and methodological support, models, how in ac-
cordance with the request of local governments, a fire
safety analysis is carried out in a settlement to create
and/or improve the existing fire protection and reveals
the structure of information technology (IT) analysis of
network fire-rescue units.

Thus, the proposed method, considering the statis-
tics on fires and their consequences for previous peri-
ods, considering the current settlement structure and the
existing road infrastructure of the settlement, allows us
to find a solution to problem (1) subject to constraint
(2), focusing on real volumes funding coming from lo-
cal budgets. The results, obtained when using the devel-
oped method when implemented in the relevant IT, will
make it possible to make informed decisions on the cre-
ation and/or improvement of the local fire department,
for example, in the context of reforming the State
Emergency Service, when the costs of maintaining it are
compensated by reducing property damage and prevent-
ing deaths due to fires during account of spatial optimi-
zation of fire-rescue units network elements.

orders
I—“ "Local governments i AN

Orders for analysis of |

1 fire safety in the locality

T

z- terms of reference |

for fire safety analysis | |
.

vy - database on X
fire-rescue units,

|

:{ 2| Efficiency criteria

z, - requirements |
of the Building Code

| z3- fire safety
improvement criterion

//

04- spatial distribution of
fire-rescue units

a,- evaluate the |
existing network |

0,- fire-rescue units workload

Vo- statistics on fires\ gtrycture of fire-rescue
units 1

v3- road infrastructure of the settlement

Database of cartographic
and geodetic funds

a, - evaluate the
scope of the fire
service

areas not covered
by fire service

fire service

-areasn ver
coverage 0,4 - areas not covered

by the fire service

0,- fire service

possible coverage area

| improvements )
04 - recommendations

V4- actual settlement structure

/ for improvement
as- select network \ &
" improvement

2 options

Fig. 4. Data Flow Diagram of the process as a structure of information technology for analyzing the structure
of the network fire-rescue units
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2. Results

Analyzing Fig. 1, a, we note that Kharkiv region is
in the top five areas of anti-leaders in terms of the risk
of being in a fire. According to statistics for 2022, the
risk of being caught in a fire is 2.7.

At the same time, according to the Institute of Pub-
lic Administration and Research in Civil Protection, for
ten months of 2023, Kharkiv region took fourth place in
the number of recorded fires: their number reached
4757, 2696 cases of which were registered in cities and
urban-type settlements. This represents 56.7% of the
total number of fires and exceeds the share of urban
fires in the country by 5.0%. It should also be noted that
in the first ten months of 2023 Kharkiv region exceeded
by 18.5% the average statistical value for Ukraine of the
number of deaths due to fires per 100 thousand popula-
tion — the region is among the top ten anti-leading re-
gions by this indicator. Of course, the distribution of the
number of fires is significantly influenced by the inten-
sity of hostilities within individual regions of Ukraine,
as well as by the movement of population and industrial

v, - database on fire-rescue units*

Coordinates
addresses axis X axis Y

Fire-rescue unit

Institution name

Kharkiv, Kholodnohirs'kyl
State Fire- Rescue Unit No. 3 [District, Poltavskyi Shliakh |49.98757865908651 |36.21146490628499
st, 50

Kharkiv, Shevchenkivs'kyl

State Fire- Rescue Unit No. 1 50.60333551359321 |36.58919522314417

District, Derevianko St, 3

Kharkiv, Shevchenkivs'kyi

50.01066547151642 36.219716715346514
District, Klochkivska St, 134

State Fire- Rescue Unit No. 17

Kharkiv, Kholodnohirs'kyi
District, Kandaurova St, 47
Kharkiv, Kholodnohirs'kyl
State Fire- Rescue Unit No. 32 [District, Prospekt

State Fire- Rescue Unit No. 6 49.99274889176084 |36.18821186185955

50.05912252598324 |36.19276851806694
peremohy, 55-g

State Fire- Rescue Unit No. 9, [Kharkiv, Kyivskly District,
Shevchenka St, 8

Kharkiv, Kylvskiy District,
Zoryana St, 52

Kharkiv, Saltivskyi District,

*according to the service https://kh.locator.ua/

49.99458685435394 |36.24846019919696
Holovne Upravlinnya DSNS

State Fire- Rescue Unit No. 27 50.04225588918355 |36.29423113718462

v,- statistics on fires

Coordinates
Data ddi - -
axis X axis Y
Kharkiv, Slobidskyi District,
49.931682419949354 |36.301365003676025
14.04.2018(Haharina St
Kharkiv, Shevchenkivs'kyl
02.08.2018| p 49.98873901057493  |36.22980679298234
District, Universytets'ka St, 12!
Kharkiv, Slobidskyi District,
16.07.2018| 49.9354421085226  |36.40955832179633
Plytochna St, 19
07.07 Teyrkuny

Mala Danylivka
27.1C

03.08

KHARKIV

Poxotylivka

Graphical representation of the input V;

capacity from the eastern regions to the west of the
country. However, the above statistics once again em-
phasize the need to improve measures to ensure fire
safety in Kharkiv region and, in particular, in Kharkiv
city.

To illustrate the effectiveness of the proposed ide-
as, let's analyze the network of Kharkiv city fire stations
using the developed method. Due to the authors' lack of
access to official statistics, we will rely on volunteered
geographic information (VGI). VGI is spatial data that
are gathered and shared by individuals to derive infor-
mation about the world. This type of information is very
valuable for scientists; numerous studies highlight the
effectiveness of using VGI during crisis events, and
have found intrinsic value for rescue teams, relief work-
ers and coordinators, as well as the affected popula-
tion [34].

Based on the VGI for the city of Kharkiv, data on
eighteen operating state fire-rescue units were summa-
rized, and an appropriate database was formed (in-

put vq) (Fig. 5).
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Owing to the lack of publicly available generalized
statistics on fires, in accordance with the VGI concept,
data from social networks and information portals were
analyzed to form the input v,, for example,

https://apostrophe.ua/, https://2day.kh.ua/,
https://kh.vgorode.ua/, etc. Considering the recommen-
dations of [2], the systematized information on fires in
the city for the period from 2018 to the beginning of
2022 (excluding the period of military actions) (Fig. 5).
Within the framework of the proposed method, ArcGIS
Online and its internal road network processing module
“Network Analyst” are recommended as a VGI pro-
cessing tool.

Analysis of the spatial distribution of fire-rescue
units (output o) shows that a significant part of them is

concentrated in the center of Kharkov. This correlates
with the conclusions of [35], where the areas of the
city's historical development are prone to fire hazard,
which determines the existing spatial distribution.

The workload of fire-rescue units (output 0,) was

assessed by the Getis-Ord Gi statistic as a function of
ArcGIS Online, which considers fire location statistics
in the context of neighboring locations, identifying sta-
tistically significant “hot spots”, fixing areas of potential
fire danger (red areas) in the city and determining busi-

O =

Legend

@) [FirezrescuelUnit/Ned
[FirezrescuelUnitINe26
O [FirezrescuelUnitiNe2]

est fire stations (Fig. 5). Thus, three fire-rescue units
turned out to be the busiest — State Fire-Rescue Unit
No. 3, State Fire-Rescue Unit No. 17 and State Fire-
Rescue Unit No. 9 “Holovne Upravlinnya DSNS” —
fire-rescue units in the center of Kharkiv with a charac-
teristic dense building and a large number of old build-
ings.

For a long-term planning perspective in the context
of the further expansion of the city [17], an assessment
was made of the availability of fire-rescue units and
areas of coverage / non-coverage by fire service (exits
03 and o4). Considering the constraint (2), the cover-

age areas are determined based on the travel time [14]
according to the actual road infrastructure of Kharkiv
(input v3) from each fire-rescue unit to nearby fire
points (Fig. 6).

Thus, it was found that the existing network of
fire-rescue units in Kharkiv serves an average of
243.54 km? of the city’s territory, which, in accordance
with the adopted efficiency criterion, constitutes 70% of
the fire service coverage zone. At the same time, urban
road traffic significantly affects the service area [16],
adjusting its value depending on the day of the week
and time of day (Table 1).

o Nemyshlianskyi|Department
‘oﬂ'the INational|[Emergency,
. ‘ﬂre;rescue

|:| Coverage area on Monday at 9:00 a.m.

|:| + % Coverage area on Thursday at 9:00 a.m.
D + % + - Coverage area on Sunday at 9:00 a.m.

Fig. 6. Output shaping 03 on operations a,
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Table 1
Coverage area of the fire service city’s territory,
considering road traffic, %

Week day at 9:00 a.m. a-{lé‘rn:r:)eop:.rr::).d at 10:00 p.m.
Monday 67.42 67.75 72.41
Thursday 65.11 64.61 73.12
Sunday 71.10 71.30 73.44

An analysis of the functional structure of city dis-
tricts not covered by the fire service showed that only
some of them belong to housing development, most of
them are landscape and recreational (for example, the
botanical monument ‘“Pomerki”, Zhuravlevsky Hydro-
park, Shcherbachevsky Bor, etc.) and industrial areas
(for example, Kharkov Bearing Plant, Kharkov Mechan-
ical Plant, Shevchenko Plant, etc.) (Fig. 7). This means
that when forming the output, recommendations for
improving the structure of the Kharkiv fire-rescue units
network will differ.

For landscape and recreational areas, where there
is practically no developed road infrastructure, all secu-
rity measures should be aimed not at fighting fires, but
at eliminating their root causes [6].

For industrial zones, it is promising to create vol-
untary fire brigades [13, 36], whose members are

o, - fire service coverage areas

Derhachi

Pisochyn

Pokotylivka

Vysokyl

Tayrkuny

Kulynychi

trained on the basis of the State Emergency Service,
which helps to reduce fire risks, increases the level of
information about fire safety, and stimulates a positive
attitude among the population. Members of volunteer
fire brigades are the first to be involved in providing
timely assistance directly at the enterprise. As employ-
ees, they have equipment, overalls and special
knowledge for prompt response to fires. A successful
example of the implementation of such an option for
improving the network of fire-rescue units can be con-
sidered the creation of a voluntary fire brigade at the
Kharkov Bearing Plant, which correlates with the find-
ings of the paper [36].

An option to improve the network of fire-rescue
units in the residential area is to create additional fire
stations in accordance with the real structure of the
city's settlement [11], considering the requirements of
Building Code B.2.2-12:2019. For example, to increase
the coverage area of residential microdistricts of the
city, it was proposed to create two additional fire sta-
tions. It is recommended that they be located in the
northern and southern parts of the city, in areas where
the existing fire departments cannot provide the neces-
sary fire service (Fig. 8). In this case, fire-rescue units
can serve an average of 262.71 km? of the city's territo-
ry, which would increase fire service coverage by 5.1%
and will cover 75.1% of the city's area.
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Fig. 7. Output shaping 04 on operations a,
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3. Discussion

The presented results of the experiment using VGI
showed the possibility of using the developed method in
decision support systems when forming and improving
the network of fire rescue units. At the same time, in the
context of decentralization and implementation of the
reform of the State Emergency Service, the proposed
method provides additional tools for local governments.
Based on the requirements of regulatory documents [2,
10], considering fire statistics and the current network
configuration, the method combines information tech-
nology additional indicators, the need to consider which
is confirmed by studies in countries such as China [3],
Turkey [11], Australia [13], Canada [16], Chile [17],
USA [21], India [23], and others. In particular, it is
shown how the focus on response time [11], road traffic
[14, 15], and availability of fire service [18] affect net-
work improvement options. At the same time, consider-
ing the workload of fire stations helps not only to de-
termine their reasonable number in a given area but also
to justify the appropriate assignment of fire and rescue
equipment. Identification of areas of the city that are not
covered by the fire service makes it possible to strategi-
cally plan investments in infrastructure. The emphasis
on the functional zoning of these areas allows tailor-
made solutions, creating a network of integrated fire
brigades consisting of professionals and volunteers,
increasing the operational efficiency of emergency re-
sponse. An analysis of the population density, available
transport infrastructure, and road traffic makes it possi-

ble to identify ways to improve the dispatching policy.
At the same time, the assessments obtained in the study
show that with the help of the method within the infor-
mation technology, it is possible to process large
amounts of data, obtain valuable results, and adapt them
to the real needs of the city.

Conclusions

The tasks of placing certain objects occupy a sepa-
rate, actively developing direction, which, in addition to
the development of mathematical science, contributes to
the development of a new economic geography aimed at
finding factors and incentives to improve the quality of
life of the population [25]. In this regard, the classical
problem of the “center-periphery” placement [27] was
studied, the adaptation of which to the specifics of
building and organizing a network of fire-rescue units of
the city is aimed at minimizing the distance between the
fire-rescue unit and the possible place of fire while max-
imizing fire service coverage.

As a tool for solving the adapted location problem,
the methodology for studying information processes
was further developed by refining the set-theoretic
model of its information flows. Based on regulatory
documents [2, 10] and agreeing with the conclusions of
previous studies [9, 13, 23], a method for IT analysis of
the urban network structure of fire-rescue units is pro-
posed. It combines spatially distributed data from dif-
ferent sources and, considering the logic and dynamics
of their interaction, explains the sequence of their pro-
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cessing and presentation to support decision-making
when forming a network of fire-rescue units and finding
ways to improve it, based on a set of possible improve-
ment options.

The practical significance of the obtained results
comes from the development of the structure of the pro-
totype IT and its representation using data flow dia-
gramming, which makes it possible to move on to the
creation of information systems for analyzing the struc-
tures of fire-rescue units networks based on a set of spa-
tial data. It increases the objectivity of decisions made
when forming a city network of fire-rescue units.

The conducted experiment on studying the capabil-
ities of the developed method showed its effectiveness
in solving the classical problems of placing fire-rescue
units, considering the accepted restrictions on their spa-
tial accessibility.

Prospects for further research include correction of
the data obtained in accordance with the current statis-
tics of fires in the city, as well as considering the real
resettlement of citizens and the actual development of
the city.
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METO/] IHOOPMAIIMHOI TEXHOJIOI'TI AHAJI3Y CTPYKTYPH
MEPEXI IIOXKEXKHO-PATYBAJIBHUX YACTHUH MICTA

Ceimnana lanmuna, Apmem Heuaycoe

IIpeameTom 1oCIiPKEHHS CTATTI € MPOLEC aHANI3Y CTPYKTYPH MEpPEeXi MOKEKHO-PATYBAIBHUX YaCcTH MICTa B
KOHTEKCTI ONTuMi3amii IX MpocTOpOBOro po3TamryBaHHs. MeTol0 CTaTTi € IMiABUIIEHHS 00’ €KTHBHOCTI pillleHb, 110
npuiiMaloThess pH (OpMYBaHHI MICBKOI MEpeXi MOXKEKHO-PIATYBAIBHUX YACTHH, IUIIXOM PO3POOJICHHS METOAY
inpopmamniinoi TexHomnorii (IT) ananmizy ii cTpykTypH 3a IMPOCTOPOBO-PO3MOIIICHAME TaHUMU. 3aBAAHHSA: IS 110-
LYKy OUISXiB MiJBUIIEHHS PiBHSI MOXKEKHOI OE3MeKn MicTa MpoaHalli3yBaTH 1CHYIOYI MiIXOJH 10 (GOpMYyBaHHS Me-
PEXi MOXKEKHO-PATYBAIFHUX YaCTHH; 3 YpaXyBaHHSIM OCOOJIMBOCTEH MO0y JOBU Ta OpraHizamii Mepexi alantyBaTu
KJIACHYHY 3a7[ady PO PO3MIIICHHS; 3allPOIIOHYBATH METO ii PO3B’sA3KY JUIs MiHIMI3allii BiZICTaHI MiX MOXKEKHOIO
YaCTHHOIO Ta MOXJTUBHM MiCIIEM BUHUKHEHHsI [TOXKEXI1 IpH 3a0e3NeueHH] MaKCUMaJIbHOT 30HH OXOIUIEHHS TEPUTOPil
MIOKEKHUM cepBicoM; po3podutr cTpyktypy IT mist #toro peanizauii Ha 6a3i Mozeni iHGoOpMaIiiHUX MOTOKIB HPO-
Liecy aHaJlizy Mepexi MOKEeKHO-PATYBaJbHUX YaCTHH 3 BHKOPHCTAHHSIM T'€ONPOCTOPOBOro miaxoxy. Orpumano
Taki pe3yabTaTh. JocnipkeHHs KiTacHYHOI 3a7a4i Mpo po3MillleHHs Ta 11 ajanTanis JO pealbHUX 3aBAaHb, sIKi BH-
HUKAIOTh MPU aHaji31 MICBKOI MEpexi MOXKEKHO-PATYBAIBHUX YaCTHH, HAJaJdH 3MOTY IOAATH MEPEXy SIK CyKYII-
HICTh HE3aJEeXHUX ABOJONBHUX rpadis. s momyky Micus po3TallyBaHHS BY3JIB MEpeXi NMpH pO3B’s3aHHI ajiar-
TOBaHOI 3a/1avi po3podieHo Merox IT, mo, 6a3yrounch Ha P- MeAiaHHIN MOJENI, MTOETHYE aBTOPCHKY METOIOJIOTII0
JIOCITIKCHHS 1H(GOPMAIliifHUX MPOIECIB Ta METOJIA TEOMPOCTOPOBOrO aHANI3Y. Y3arajibHIOIOUH BUMOTH 3aKOHOAB-
cTBa, c(hOPMOBAHO MHOKMHH BXiJHUX 1 BUXigHUX nanux i T 1 MHOkuHY 11 onepauiid. [Toganus crpykrypu IT y
BUIIISAJI JliarpaMy MOTOKIB JTaHUX MOSICHIOE, K OOpOOJSIOTh Ta y3arajbHIOIOTh CYKYIHICTh (hakTopiB npu (opmy-
BaHHI pillleHb [TPO CTBOPEHHS Ta/ab0 yOCKOHAJICHHSI HAsBHOI TIO)KEKHOI OXOpOHU MicTa. BucHOBKH. Pe3ynbratu
6i6uiorpagivHOro MOIIyKY MiATBEPKYIOTh HEOOXIAHICT YpaxyBaHHs IIPOCTOPOBHUX OCOOJIMBOCTEH MICLIEBOCTI, 1€
IUIAaHYIOTh CTBOPIOBATH IMOXKEKHO-PIATYBAJbHY YaCTHHY, a TAKOXK MPOCTOPOBY KOH(QITYypallifo Mepexi HasBHHUX I10-
KESKHUX JIETNO MicTa 3 OLIHIOBaHHIM ii e()eKTUBHOCTI 3a IHTErpOBaHMM MOKa3zHUKOM. lle morpedye po3polbieHHs
CrielianizoBaHuX METO/IiB, OPIEHTOBAaHMX HAa BHUKOPHCTAaHHS reoiH(OpPMAalLidHUX CHCTEM Ul BIPOBA/DKEHHS X Y
CHCTEMH NIPUHHATTA pillieHb. Po3pobiieHo HaykoBo-MeToauuHe 3abe3neuenns s [T, sike Hamae opraHam MicleBo-
rO CAMOBPSIYBaHHs IHCTPYMEHT JUIsl aHaJIi3y NOXKEXKHOI Oe3MeKH MicTa 3 METOK CTBOPEHHSI Ta/ab0 yIOCKOHATIEHHS
HasIBHOT MOXKEXKHOI 0XOpoHH. [IpoBelieHri eKCIIepUMEHT 0 JAOCHIDKEHHIO MOXKIIMBOCTEH 3aIPOIIOHOBAHOTO METO-
Jly Ha OCHOBI JI0OpOBLJIBHOI reorpadivHoi iHpopMaii o M. XapKoBy MiATBEPIUB e€(PEKTUBHICTh HOTO BUKOPHCTAH-
HS JUIs1 PO3B’s3aHHS KJIACHMYHHUX 3aJad PO PO3MIILEHHSA 32 YMOBH NPUHHATHX OOMEXEHb Ha MPOCTOPOBY JOCTYII-
HICTh MOXEKHO-PATYBAJbHUX YacTH. BHU3HAUEHO I0AATKOBI MOXJIMBOCTI MO YJOCKOHAJCHHIO MEPEeXi MOKEKHO-
PATYBAJIbHUX YaCTH 3 YPaxXyBaHHAM iX MPOCTOPOBOrO PO3IOALTY, 3aBaHTaXKEHOCTI, JOCTYIHOCTI Ta OTPUMAHUX 30H
OXOIUICHHS / HEOXOIUICHHS MTOXKEXKHUM cepBicoM. Hampukian, 3aiiCHEHO OI[IHIOBaHHS 30HH OXOIUICHHS MOXKEXHUM
CEepBICOM HASBHOIO MEPEXKEIO MTOXKEKHO-PATYBAIBHUX YaCTUH. 3a perylaMeHTOBaHUM vac 1 3HaueHH: csarae 70% Bix
wiomi XapKoBa Ta 3aJEXKHO B PeaJbHOr0 JOPOXKHBOrO Tpadiky MoXe KOIMBaTHCS B Mexax Big 64.61% no
73.44%. TlpoinrocTpoBaHoO, 0 CTBOPEHHS IBOX JOJATKOBUX MOXKEKHO-PATYBAILHUX YaCTHH HA MIBHOYI Ta MiBJHI
MicTa XapKoBa Ja€ 3MOry 30UIBIINTH 30Hy OXOIUIEHHS Maibke Ha 5%, B cepeqHboMY 30inprytoun ii no 75.1%.

KawuoBi cioBa: p-meniaHa Mojelnb; reompoCTOPOBHIA aHali3; Mojeidb 1H(GOPMALIHHMX IMOTOKIB IPOLECY;
IDEFO-Mozensb,; aiarpaMa MoTOKIB JaHUX; 30HA OXOIUICHHS MOXKEKHUM CEPBICOM.
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