ISSN 2522-9052

CyuacHi indopmariitai cuctemu. 2025. T. 9, Ne 4

UDC 004.9: 519.81

doi: https://doi.org/10.20998/2522-9052.2025.4.06

Volodymyr Bezkorovainyit, Anzhela Binkovska?, Valentyn Noskov?, Viktors Gopejenko*®, Viktor Kosenko®?

! Kharkiv National University of Radio Electronics, Kharkiv, Ukraine
2 Kharkiv National Automobile and Highway University, Kharkiv, Ukraine
% National Technical University "Kharkiv Polytechnic Institute”, Kharkiv, Ukraine

*ISMA University of Applied Sciences, Riga, Latvia

®>Ventspils International Radio Astronomy Centre, Ventspils, Latvia
® National University “Yuri Kondratyuk Poltava Polytechnic”, Poltava, Ukraine

ADAPTATION OF LOGISTICS NETWORK STRUCTURES
IN EMERGENCY SITUATIONS

Abstract. The subject of research in the article is the process of adapting topological structures of micrologistics networks
under the negative influence of the external environment. The goal of the work is increasing the efficiency of technologies
for rapid adaptation of logistics networks (LN) to the negative impacts of emergency situations by developing a mathematical
model of their multi-criteria optimization under conditions of incomplete uncertainty of input data. The following tasks are
solved in the article: analysis of the current state of the optimization problem in adapting topological network structures to
the negative impacts of emergency situations; development of problem statements for rapid adaptation of topological network
structures to the negative impacts of emergency situations; formalization of indicators for evaluating options for adapting LN
structures to the negative impacts of emergency situations; development of mathematical models of multi-criteria
optimization problems of topological structures under conditions of incomplete uncertainty of input data; development of an
algorithm for comparing network construction options for interval-based input data. The following methods are used:
systems theory, utility theory, combinatorial optimization, operations research, interval and fuzzy mathematics. Results. To
achieve the goal, the formulation of tasks for rapid adaptation and reengineering of topological structures of networks to the
negative impacts of emergency situations was developed; the formalization of indicators for evaluating options for adapting
topological structures of networks to the negative impacts of emergency situations was performed; mathematical models of
optimization problems of topological structures under conditions of incomplete uncertainty of input data were developed
according to the indicators of the given costs, efficiency and time of network adaptation. An algorithm for comparing network
construction options according to local and generalized criteria for interval-based estimates was proposed. Conclusions.
According to the results of the study, a solution to the scientific and practical problem of increasing the efficiency of
technologies for rapid adaptation of networks to the negative effects of emergencies is proposed by developing a
mathematical model of their multi-criteria optimization under conditions of interval certainty of input data. The results
obtained expand the methodological principles of automation of processes supporting the adoption of multi-criteria design
decisions when designing and adapting topological structures of micrologistics networks. They allow obtaining effective
solutions to the problems of the fastest possible restoration of supply using the means that remained after the onset of an
emergency and subsequent reengineering of the network construction option. The practical use of the results obtained will
allow reducing the time for restoration of supply in the event of damage to elements and infrastructure of logistics networks,
and by using the technology of selecting subsets of effective options with interval-specified characteristics, guaranteeing the
quality of design solutions and providing their more complete assessments.

Keywords: logistics network; topological structure; adaptation; mathematical model; decision making; multi-criteria

optimization; interval analysis; utility theory.

Introduction

The effectiveness of anthropogenic objects used in
various spheres of human activity is largely determined
by the quality of the corresponding logistics [1-3]. At the
same time, even in the absence of emergencies, logistics
networks (LN) operate in conditions of constant changes
in the nomenclature and volumes of supplies, multiple
senders and recipients of goods, the size of the territory
served, environmental restrictions, etc. At a certain stage,
existing supply networks become ineffective. Attempts
to adapt LN by solving traditional optimization problems
do not guarantee effective options for their construction.
The reason is the need to take into account the topology
of existing terminals and the possibility of using their
equipment in the construction options of the networks
being created. To take these factors into account, it is
advisable to use network reengineering technologies,
which involve a fundamental analysis of existing
construction options (types of transport, structure,
topology, parameters, technology) and radical redesign

[4]. In the process of systematic reengineering of LN, it
is necessary to solve a set of tasks of structural,
parametric, and topological optimization, taking into
account the connections between the variants of their
construction at all stages of their life cycles [5]. At the
same time, it is known that the most difficult from a
computational point of view are the tasks of optimizing
the structure and topology of networks [6].

In emergency situations (pandemics, tsunamis,
volcanic eruptions, military operations, etc.), existing
supply chains in such networks are disrupted, and new
problems and risks arise that significantly affect the
quality of logistics processes. At the same time,
traditional tasks of designing and optimizing logistics
networks become significantly more complicated [7]. In
particular, along with the traditional tasks of optimizing
the topological or functional structures of networks in
terms of cost-effectiveness and speed of delivery, new
tasks arise related to minimizing the time required to
restore supplies, ensuring the necessary levels of
reliability, survivability, etc. [8]. In practice, this is
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associated with significant changes in the structures,
topology, parameters, and technologies of network
operation [9]. Projects for the restoration, adaptation, or
reengineering of logistics networks in emergency
situations involve the development of action plans aimed
at the rapid restructuring of supply chains to reduce
dependence on changes in suppliers, hub networks, or
individual routes [10]. At the same time, when
conducting a comparative analysis of logistics
technologies, multi-criteria evaluation methods are used
[11,12].

To obtain effective options for building networks or
adapting their structures, it is considered expedient to
jointly solve the problems of their structural, parametric,
topological, and technological optimization based on a
set of functional and cost indicators [13]. The vast
majority of LN construction options generated during
their design are Pareto inefficient [14]. In the process of
network optimization, it is necessary to pre-select the
Pareto front among them and reduce the set of effective
options based on an analysis of the advantages between
their quality indicators [15]. To evaluate the effectiveness
of options from a set of acceptable ones, utility theory
and modern methods of expert evaluation are used: fuzzy
bipolar [16]; correlation of capabilities using fuzzy
numbers [17]; fuzzy soft choice [18]; lexicographic
optimization [19]. The quality of alternative options is
assessed by computer modeling with a certain margin of
error [20]. As a result, decisions on the best option for

building or adapting a network are made in conditions of
incomplete certainty of their assessments and the
relationship between potential effects and the costs of
achieving them. The use of fuzzy or interval mathematics
methods for ranking options for adapting LN to
emergency conditions or martial law, taking into account
the incomplete certainty of input data, requires the
formalization of operations for comparing assessments
according to local and general efficiency criteria [21, 22].

Analysis of the current state of the issue

Nowadays, logistics activities are considered as a
set of measures related to the formation of balanced ratios
of material, information, financial, and other costs and
cover a variety of stages of their circulation from an
external source to the end consumer.

The work [23] presents the results of research on
theoretical concepts, methods, and methodological
approaches to managing the logistics activities of an
enterprise and its procurement activities in particular,
which lays the foundation for the development of
network optimization tools.

To improve the efficiency of existing logistics
processes, a variety of technologies have been developed
to date, the main ones being automation, optimization,
engineering, and reengineering.

The results of a comparative analysis of modern
technologies for improving logistics processes are
presented in Table 1 [24].

Table 1 — Comparative analysis of tools for improving logistics processes [24]

processes by designing business processes
for newly created logistics systems or
logistics chains, taking into account best
practices and the principle of optimality

Tool name Application objectives Implementation principles Similarities with reengineering
Automation | Accelerate delivery; reduce logistics Use of digital technologies to | Time reduction, process efficiency
costs through effective management of | increase the speed and improvement, safety, environmental
transport resources and reduction of efficiency of logistics friendliness, cost-effectiveness
fuel costs, vehicle fleet maintenance, processes.
insurance, and other operating expenses
Optimization | Improvement of various stages of the Selection of optimal steps for Improvement of performance
supply chain to minimize resource and | implementing logistics indicators, cost, time, quality,
time costs processes (routes, suppliers, etc.) | business process fragmentation
Engineering | Improvement of logistics business Building new logistics chains | Preparation of production processes

and processes

for normal production and product
sales, redesign of logistics processes,
combined in a single information
field

Reengineerin | Increasing the competitiveness of the
g enterprise, overcoming the crisis,
improving management efficiency,
improving, optimizing, engineering
business processes, reorganization

Eliminating unnecessary and
unproductive steps,
automating and standardizing
operations, introducing new
technologies and innovations.

Reduction of costs, increase in labor
productivity, increase in the speed of
order and service fulfillment,
improvement in product (service)
quality, reduction in staff

The choice of technology for improving logistics
processes depends on the objectives and available time,
material, and financial resources.

At the present stage, conditions have been created
for the transition to a strategy of innovative development
of logistics, which creates opportunities for processing
large amounts of data and expanding the prospects for
using the information and analytical centers of logistics
providers. When assessing the state and implementation
of innovations, the World Bank's Logistics Performance
Index is used, which is a unique benchmarking tool for a
comprehensive assessment of logistics systems [1].

In the absence of emergencies in stable conditions,
existing LM can maintain the efficiency of their
structures for a certain period of time. Natural disasters,
accidents, pandemics, and military actions cause
obstacles or interruptions in logistics processes and can
significantly affect the reliability and delivery times of
goods.

Work [8] examines the problem of designing a
logistics network in emergency situations with shared use
of resources. To optimize vehicle routes, a two-objective
model of mixed integer programming is proposed based
on cost and emergency response speed indicators.
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The problem of designing a humanitarian aid LM in
emergency  situations using the  robust-fuzzy-
probabilistic planning method is considered in [25],
which proposes a solution for the optimal location of aid
distribution centers, determining the optimal amount of
goods stored in them, and distributing goods and victims
between supply facilities.

The issue of optimizing the location of resources
and routing in emergency logistics after earthquakes is
discussed in [26]. It proposes a solution to reduce social
costs and risks for the logistics network by determining
the best locations for distribution centers, optimal
strategies for distributing emergency materials, and plans
for loading materials.

The results of research into problems in logistics
process management systems in Ukraine and proposals
for their solution under martial law are presented in [7].
When optimizing logistics processes, it is proposed to
focus on: their planning (forecasting) and adjustment,
taking into account security issues and risks [27];
regulating inventory management processes;
diversifying supply options; forming critical resource
volumes; adequately assessing the volumes of products
that can be sold;

The work [9] highlights the key problems faced by
enterprises in wartime and analyzes the impact of damage
to the logistics infrastructure on the cost of deliveries.
The proposed technology for adapting Ukrainian
logistics infrastructure to unpredictable events involves
four stages: market analysis and forecasting of possible
changes (researching market trends, conditions, and
forecasting possible changes in demand and supply
conditions); adjustment of logistics processes (control
and changes in delivery routes and storage technologies,
search for new suppliers); control of stocks, their security
and rationalization (refusal to accumulate and store
excess goods in warehouses for long periods);
identification of alternative supply options in cooperation
with other suppliers.

In modern logistics, macro- and micro-logistics
subsystems are distinguished [4]. Macro-logistics
systems are used for the interaction of several property
objects that are not related to the territorial distribution of
suppliers and consumers. Micro-logistics systems are
designed for the interaction of one or more enterprises
with the same economic interests or a single enterprise
[23]. In the transport micro-logistics of large companies,
global and local transport systems are distinguished.

The traditional task of optimizing global
transportation is to determine the best location for
terminals to minimize transportation costs or induced
costs [28]. Local transportation systems are used to
deliver goods from global network recipients to end
consumers. In these systems, cargo is delivered via a
network of circular routes.

In the traditional task of optimizing a global
transportation network, the following are considered
given: the location of the supply center, a set of recipients

I ={i: i=1n}, for each of which the location, supply

volumes, and transportation tariffs for the delivery of
goods are specified. It is necessary to determine the

optimal number u® and location of terminals and the
subset of recipients served by each of them in terms of

cost I ={i}, j=1u°

n n n
C=ZCJ'VJ']' +22djivji—>min, (1)
j=1 j=li=1 v

where C; — the costs of creating and using the j-th
terminal; vjj — Boolean variable (vj; =1,if the i-th

recipient is directly connected to the j-th terminal,
vij =0— otherwise); dj; — the expenses of delivering

goods from the j -th terminal to thei -th recipient.

The subject of reverse logistics is the organization
of reverse flows [29-30]. Conditionally independent
solutions to direct and reverse logistics problems do not
allow for effective solutions to logistics problems. Their
joint solution generates a set of tasks for developing new
mathematical models and effective methods for their
study for closed logistics systems [6]. The task of
structural and topological optimization of a centralized
three-level closed LN is distinguished by the requirement
to take into account reverse flows from recipients to
collection centers (production, processing, or disposal).
In this case, for a set of elements (recipients, supply
centers, processing centers, terminals) with given
characteristics, it is necessary to synthesize an effective
structure in which the first level contains production and
processing centers, the second level contains terminals,
and the third level contains recipients.

The costs of a network with direct and reverse flows
consist of the sum of the costs of delivering the direct

flow from the supply center to the terminals Cgy , for
processing in forward and reverse flow terminals Cy,

Cno, for direct flow delivery from terminals to

recipients Cyc, for the delivery of return flow from
recipients to terminals Ccy , for the delivery of return
flow from terminals to the processing center Cyg :

CZCSN +CN1+CNC+CCN +CN2+CNR' (2)

In the case of coinciding delivery and processing
points, the objective function (2) for this task is presented
in the following form [6]:

n n n
C(X)zZCiXii +ZZCinij —)an . (3)

i=1 i=1 j=1
where ¢; — the costs incurred for the node formed on the

basis of the i -th network element; xij — Boolean variable
reflecting the presence of direct links between network
elements; Cjj — the costs of delivering the flow from

point i to point j.

The objective function (2), unlike (1), takes into
account the costs of delivering both direct and reverse
flows. The system of constraints that define the three-
level centralized structure assumes that [6]:
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— each recipient i, i =1,n must be connected to
. i n _
one of the network nodes: : Zj=1sij +Zi=jsij =1 for

all i, for which s;; =0, i=1,n or directly to the center
$; =0, i ZH ;
— each node must be directly connected to at least
.. i n . .
one recipient ijlsij +zi=jsij =1, for all i, for which

Sii =1, i =ﬁ X
— each recipient i connects to node j according to the
minimum cost indicator:

Sij Asj =1—>ij=arg min Vi j=1n;

I<i, j<n U
— each of the nodes j must be directly connected to
the center sj; =1—>s; =1, Vi, j=1n;
— the total number of connections in the network

Z?:lZir]:j Sij =n +Zi”zlsn :

An important characteristic of logistics networks is
efficiency, which reflects the time it takes to deliver
goods from the center to recipients. In [4], a model of the
LN structural-topological optimization problem is
proposed, in which the quality of its reengineering
options is evaluated based on the indicators of the given
costs and efficiency. Given the desire to minimize the
maximum delivery time of goods to recipients, the
criterion for maximizing efficiency can be presented as:

1(s) = TgN (S) + TN (S) +Tnc (9) —)miél, (@)
Se

where gy (S) —the time of transportation of goods from

the center to the most distant terminal; T\ (s)— the
maximum time for processing goods at the terminal;
Tne (S) is the maximum time for delivery of cargo from
the terminal to the recipient; S is the set of acceptable
options for network reengineering.

Determining the set of acceptable LN S =SY\s
options consists of removing from the universal set sY
a subset of options S that do not meet financial
C(s)<C™ or time z(s)<t* constraints (where C*
and z* are acceptable values for costs and delivery time)
[15]. The best option for building a network is selected

from the set of efficient (Pareto-optimal) options. The
procedure for selecting a subset of efficient LN

construction options S E =S consists of removing from

the set S<SY of admissible options a subset of

inefficient options §E c S. In this case, an option
sE e SE s called efficient if there is no option in the set
S of acceptable options for which the inequalities
C(s)sC(sE) and r(s)ﬁr(sE)wouId be true and at

least one of them would be strict [15]. For this purpose,
methods of pairwise comparisons are used, based on

Karlin's lemma, based on Hermeier's theorem,
evolutionary search [14].

The ranking of LN construction options and the

selection of the best among them s° e SE s carried out
on the set of effective options by maximizing their utility
using the relative priority scale [29], of the hierarchy
analysis method [32], the ELECTRE family of methods
[33], the PROMETHEE-GAIA methodology [34],
TOPSIS, VIKOR, SIR [35].

In a two-criteria problem, the option is selected
based on a generalized indicator [36]:

s =arg max P(s). 5)
seS

As a generalized assessment of the effectiveness of
the reengineering option P(s) in (5), itis proposed to use
the membership function of the fuzzy set “Best option™:

«Best optiony = {< s, P(s) >, (6)

where s e S is the network construction option specified
by a Boolean matrix; P(s) is the value of the total utility

function of the option, which evaluates the degree of its
membership in the fuzzy set (6).

Statement of research goals and objectives

Recent years have clearly demonstrated that
emergencies, pandemics, and military actions create
unpredictable challenges for existing logistics processes.
In particular, such conditions pose threats to employee
safety, can cause extensive damage to terminals and
transport infrastructure, and lead to significant instability
or complete disruption of supplies. In order to avoid
undesirable consequences, strategies for continuous
analysis and adaptation of LN are implemented, which
contributes to ensuring their uninterrupted and efficient
functioning. To implement the strategy of adapting LN to
external challenges, existing and new means of
improving supply networks, reducing risks, and
increasing the efficiency of logistics technologies are
used.

Based on the results of a review and analysis of the
current state of the problem of optimizing the topological
structures of logistics networks, it has been established
that [1-36]:

— the vast majority of LN optimization tasks are
multi-criteria and combinatorial in nature;

— input data is determined on the basis of forecast
estimates, and the evaluation of the functional and cost
characteristics of LN construction options is carried out
using analytical or simulation modeling with some
errors;

—fuzzy or interval mathematics methods are used to
account for the incomplete certainty of the parameters of
LN optimization task models. The use of fuzzy sets is
only possible in cases where the parameters or variables
are defined on the same universes. With interval data
representation, it is problematic to compare the
characteristics of LN;

— the process of selecting the best solution for
organizing LN is carried out by the decision maker (DM)
from among a small number of effective options;
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— existing mathematical models and methods for
optimizing global transportation LNs do not allow
solving problems with regard to their rapid adaptation to
the negative effects of external influences.

This determines the relevance of scientific and
practical tasks of developing effective mathematical
models and methods for solving multi-criteria problems
of rapid adaptation of logistics networks in conditions of
incomplete uncertainty of input data.

The aim of the study is to improve the effectiveness
of technologies for the rapid adaptation of LN to the
negative effects of emergencies by developing a
mathematical model for their multi-criteria optimization
in conditions of incomplete uncertainty of input data.

The object of the study is micro-logistics networks
in conditions of negative external environmental
influences.

The subject of the study is the process of adapting
the topological structures of micro-logistics networks in
conditions of negative environmental impact.

To achieve the goal, the following tasks are to be
solved:

— development of tasks for the rapid adaptation of
network topological structures to the negative effects of
emergency situations;

— formalization of indicators for evaluating options
for adapting LN structures to the negative effects of
emergency situations;

— development of mathematical models for multi-
criteria optimization of topological structures in
conditions of incomplete uncertainty of input data;

— development of an algorithm for comparing options
for building networks for interval-presented input data.

Statement of tasks for adapting
the topological structure of the network

The paper considers one of the most common three-
level micro-logistics networks in practice. Its structural
elements are: the cargo dispatch center F; a set of
terminals T that receive cargo from the center; and a
subset of cargo recipients C. The dispatch center F,
terminals T, and recipients C are connected to each other
by a centralized supply scheme.

The general task of adapting the topological
structure of a network that has been damaged as a result
of emergencies involves solving conditionally
independent tasks for global networks Pr; and local
transport networks Pr.

The adaptation of global transport networks Pry is
carried out by solving two problems:

— the fastest possible restoration of temporary
supply using the resources (terminal areas and
equipment, roads, vehicles) that have survived after the
emergency Prig;

— reengineering the network construction option
with the possibility of using the resources that remained
after the emergency Prio.

The task of restoring temporary supply as quickly
as possible Priy is proposed to be considered in the
following terms.

Given: a set of elements of the base network
(dispatching center F, terminals T and recipients C),

routes that remained intact after the emergency Pri;
transportation and handling costs at terminals.

It is necessary to determine the option for
connecting receivers to the surviving terminals at the
lowest cost of cargo delivery. The task of reengineering
the network construction option Pri2 is proposed to be
considered in the following formulation.

Given: the initial set of network elements; the
option of its topological structure that existed before the
emergency, represented by the locations of the center F,
terminals T and receivers C, connections between the
center, terminals and receivers; the costs of creating
(modernizing) and operating terminals, implementing
transportation, the cost of resources that can be reused (or
sold) after dismantling terminal equipment or vehicles;
the time required to restore or create a new terminal.

It is necessary to determine the best option for the
topological structure of the logistics network, evaluating
it in terms of network recovery time, cargo delivery time,
and the above costs.

The tasks of adapting the local transport network Pr;
boil down to the tasks of several traveling salesmen with
constraints (MTSPC — Multiple TSP with Constraint).

Formalization of indicators
for evaluating structural adaptation options

In emergency situations, some elements and
transport infrastructure of the LN may be disabled. At the
first stage, it is necessary to restore temporary cargo
delivery to terminals and recipients as quickly as possible
using the surviving elements of the network
infrastructure. The goal of problem Pry; is to find a
network configuration for delivering cargo to recipients
by connecting them to the surviving terminals T at
minimum cost. Given the incomplete certainty of the
input data (supply volumes, costs, transportation speed,
etc.), we will present them in intervals of the form

[wile[wi;w'], i=1np (where np —number of input
data types). Variables in target functions for different

network s e S construction options (where S — multiple
acceptable network construction options) will be

presented as interval values [x;(s)]e[x (s);x (s)],
i :L_nv (where ny — number of variables). Values of

local criteria characterizing the quality of the LN se€ S
construction variant we will denote

[kj ()] =[kj (s): ki (3], ] =1,m (where m —number of

local criteria) [36]. When forming the objective function
of the task Pri;, we will use the following notation:

I ={i: i=14n}- set of network elements (center,
terminals, receivers); s’=[si’j], i,jzl,_n — adjacency

matrix of the preserved network topology (sjj =1), if
there is a direct connection between elements i and j and
sjj =0 otherwise; i=1 — corresponds to the center;

s; =1 Vi=1,n —if aterminal is formed on the basis of

the i-th element); [¢;]=[c;;c/], i=1n— interval
representation of the given costs of operating the i-th
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terminal;  [cj]1=[cij; ¢if ], i,j=Ln — interval

representation of the costs of transportation between
elements i and j; S — set of permissible network
construction options.

Using the introduced designations, it is proposed to
represent the objective function of interval-represented
costs for this problem in the following form:

[k (s', )] =[C(s', 8)] =
= Z[c Isii +ZZ[CU]SU - m|n Y

i=1j=1

The time interval for delivery of cargo to the i-th
recipient consists of the time for delivery from the center
to the corresponding j -th terminal [t; j (s)], processing

of cargo there [tj(s)], and delivery from the j-th
terminal to the i -th recipient [tji(s)] . Given the desire to

minimize the maximum delivery time of cargo to
recipients, the target function of interval-presented
efficiency is proposed to be presented in the form [36]:

[ty ($)]+[t; ()] +

Htji ()i

At the second stage, it is necessary to solve the
problem of network reengineering with the possibility of
using the surviving infrastructure elements s’ and taking
into account the additional criterion of time for its
restoration k3(s',s)=7(s",s).

As an indicator of efficiency, we will use the

intervals of the above costs for the network option
adapted according to the results of reengineering:

[k (s',9)] = Cls] =

n [ [a;j]1Q-sji)s; +Ibjlsjisj
9
Z::{[C ](1 SJJ)SJJ [d ](1 SJJ)SJJ}J’_ ()

42 a2 lejils i — min,
by [l [4;1,

costs for creation, modernization, dismantling, and the
cost of resources that can be reused after dismantling the
equipment of the j-th terminal in the new structure;
[eij] — intervals of costs for transporting goods from the
j -th terminal to the i-th recipient, i, j=1,n. Taking into
account one type of structure for estimating the delivery
time of cargo in this task, the ratio (8) can also be used.
In this task, it is also necessary to minimize the total
time for adapting the supply network [z(s',s)], which
consists of the time for construction or restoration of
terminals [7;(s)] and routes between terminals and

[ka(s',5)] = max {Z

II"IJ1

— min . (8)
seS

where [a;], jzl,_n — intervals of

recipients [7; (s)]:
[ks(s', $)]=[z(s',8)] =

i o (0
:zjzl[fj]'sj‘j+Zj:12i=j[rji]'sji_)r:'el?' ( )

Depending on external conditions and the defined
goal of network adaptation, various restrictions and
preferences for target functions (7) — (10) may be
established in practice.

Mathematical models
of structural adaptation problems

The tasks of restoring supply as quickly as possible
following an emergency situation Pri; and reengineering
network construction options Pri; can be solved in
practice using different combinations of local criteria
under various quality constraints.

The basic system of constraints defines a given type
of centralized three-level structure:

— each recipient must be connected to one of the
network nodes;

— at least one recipient must be directly connected
to each terminal;

— each terminal must be directly connected to the
center,

— each receiver connects to the terminal based on
the minimum delivery cost.

The generalized form of the multi-criteria problem
of adapting LN topological structures can be presented as
follows:

[l (5',9)] - min, k(s8] <k,
[kz(5',9)] > min, [y (9)]< ke, (12)
[kg(s8)] - min, [kg(s)] <k,
S ={s}=
[sijl sij €{0., i, j=1n, s3 =1
Z-n=-5ij >1, vj=1n;
ORI METELED JTT

sij=1—sp=1Vi= Ln;

(12)

s,,/\su_l—nj_arg m|n [e”]VI j=1n,

* * * . . -
where k; , ky, k3 — maximum permissible values of

indicators of cost, efficiency, and time required for
structure adaptation.

By changing the number of local criteria and the
values of restrictions on the maximum permissible values
of indicators of cost, efficiency, and time required for
adaptation, it is possible to obtain all the options for
adapting LN topological structures that are important in
practice.

To compare options seS when solving the
problems under consideration, generalized values [P(s)]

of their value are used, which determine their ordering:
{Vs,veS:s>=Vve[P(s)]>[PV)];
TV [P(S)] =[PV
s~V [P()]=[PWV)]

(13)
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In conditions of interval determination of input
data, it is proposed to select the adaptation option based
on a generalized indicator [36]:

s® =arg max [P(s)], (14)

seS

3 3 3
[P(S)]= 2 Al )+ 2 > A& (IS () +.... (15)

i=1 i=1 j=i
where 4, 4 — weight coefficients of local criteria and
their products 4; 20, 4 20; & (s) — utility function of

the local criterionk; (s) , I =i, j .

For the convenience of practical use of the model in
network optimization tasks, it is proposed to perform a
convolution of local criteria. Depending on the available
information, a linear or universal glue function can be
used to normalize the values of local criteria [21]:

5,-(bjl+1)(1—(bj1/(bj1+Rj(s)/RjajD,
OSRj(S)SEja;

i(s)= E(S)—EiaJ (16)

xaj +(1-a;)(bj, +1), kja <kj(s) <1,

where bjl,bjz — parameters determining the type of

dependencies (13) at the initial and final segments of the
function; K ja, aj —normalized values of the coordinates

of the points of the function's gluing, 0< Eja <1,
Ogajgl; Ej(s):[kj(s)—kj‘]/(k}r—kj‘) -
normalized value of the j -th criterion for the variant s.

Algorithm for comparing network construction
options for interval-valued input data

Ranking of LN adaptation options and selection of

the best s° € S among them is carried out on a set of
effective ones [37] according to the maximum value of
their utility [38]. To compare the interval-defined values

of local criteria [kj(s)], j=1m and the generalized

criterion [P(s)] (15), itis proposed to use the apparatus of

interval mathematics [39, 40]. It is proposed to compare
non-intersecting interval estimates by comparing their
centers (mean values) [41]. If the intervals of estimates
intersect, the selection of the best among them will be
determined by their mutual location [42]. To compare
intersecting intervals of estimates, we will use the

Hukuhara generalized difference estimate A QH B and the

comparison index y, g, Which determines the ratio

between hypothetical gains and losses based on the results
of the selection [43]. The proposed algorithm for
comparing network construction options for interval-
represented input data involves the following steps.

1. Start.

2. Input for options sj,s; €S of interval-defined
values of utility functions of local criteria
A=[£5(s); &5 (s)and B=[&](5); &5 (5], =1m
or generalized efficiency criterion (15).

3. Calculation of centers &, b, radii @, b and
intervals A and B.

4. Calculation for intervals Aand B and values of
the generalized Hukuhara difference and index 1(A,B).

5.1f 4>b, a_ <b~ and 1(AB)<0,then A= B

, otherwise A< B;gotop.9.
6.1f a>b, a >b~ and I(AB)>0,then A-B

, otherwise A< B;gotop.9.
7.1f4>b, a* <b* and 1(A,B)<0, then A>~B

, otherwise A< B;gotop.9.

8.1f a>b, a* > b* and I1(AB)>0,then A= B
, otherwise A< B;gotop.9.

9. End.

For interval values ac[a ;a*] and be[b™;b"]

rules for performing basic interval arithmetic operations
are presented in the following form [41]:

[a]+[b]=[a" +b;a" +b™], a7

[a]-[b]=[a” -b";a" —b7], (18)

[a]-[b] = min{a?bi, ai- b*, a* -bi, at-b'}; (19)
max{a_ -b~,a” -b*, a"-b”,a"-b"}

[a]/[b]=[L/b*;1/b7], 0 ¢[b]. (20)

We will present the interval values of the j-th
characteristic of the LN construction variants s;,s; € S as

intervals A=[£](51); &7 (5)] and B=[&](5); &} (51)]
through their centers and radii A=[4; @] and B =[6; b]
where 4, 6, a, b — centers and radii of intervals A & B:

d=[a"+a']/2,a=[a"-a"]/2,

b=[b~+b"]/2, b=[b"-b"]/2. (21)

Then, the generalized Hukuhara difference for the
interval values of the characteristic A=[4; a] and

B=[b; b] A o B and the comparison index y g can
be determined by the relation [44]:
infa”-b;a"-b"}
A~ B= min{a a } _
g max{a —b;a" - b" (22)
= (@-bia- by

7aB =(@-Db)/(@-b). (23)
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The proposed use of utility functions (16) in
optimization problems (14) changes the problems of
minimizing local criteria k;(s) — mig to problems of

Se

maximizing  &;(s) > max. Taking this into account,
seS

under the condition of a positive average gain 4 > b, the
following situations of intersection of intervals are

possible [44]: at <b™ and
atand b.

Situation 1: a~ <b™ - the ratio of losses in the
worst case to the average gain is:

I3(AB)=(a —b7)/(A-b)=1-ypp <0. (24)

Situation 2: a~and b~ — there are no losses in the
worst case:

1,(AB)=(a —b7)/(A-b)=1-ya5 >0. (25)

a <b™, aand b,

Situation 3: a* <b* — the ratio of losses to the
average gain in the worst case:
13(AB)=(a" —b")/(a-b)=1+ya5 <0. (26)

Situation 4: atand b* — there are no losses in the
worst case:

14(AB)=(a" —b")/(A-b)=1+ypp >0. (27)
The values of indices |(A,B) (24)-27 indicate the

ratio of possible losses and gains when choosing A> B

based on the comparison results & > b.

The proposed algorithm allows comparing network
construction options for interval-presented input data both
according to each of the local criteria (7) —(10) and
according to the general criterion of efficiency assessment

(15). Its use will allow obtaining both optimistic and
pessimistic values of network characteristics when solving
problems of its adaptation to conditions caused by the
consequences of emergency situations.

Experiment results

Let us consider an example of ranking a set of
options when solving the problem of adapting the
topological structure of LN at the reengineering stage in
conditions of interval certainty of input data in the
following formulation.

The specified characteristics of effective network
adaptation options set S* ={s;}, =18, which are
evaluated according to three local criteria: reported costs,
million c.u. [k (s’, s)] = min (9); efficiency (maximum

S

delivery time), hours [k, (s', s)] = min (8); time to adapt
S

the supply network, days [k3(s’, s)] = min . The interval
S

values of the utility functions of local criteria &;(s;)

&i(s), i=18, j=1.3, obtained using formula (16),
are given in Table 2. The ratio of preference between
local criteria is given by the values of their weight
coefficients: 44, =0,3; 4, =0,2; 43=0,5.

It is necessary to rank the set of effective network
adaptation ~ options  sj >Sj >...> Sgaccording  to

indicator (15) and determine the best s° e SE among
them.

For the given interval values of the utility functions
of local criteria, we calculate the values of their centers

and radii &; (5;), & (1), =18, j =13 (21) (Table2).

Table 2 — Values of utility functions of local criteria for network construction options

s | EE) | O | &) | &6 | &6 | g6 | &6) | &6 | &) | 86 | &6 | &)
si | 0865 | 0908 | 0,887 | 0022 | 0722 | 0794 | 0,758 | 0,036 | 0452 | 0475 | 0464 | 0,012
s, | 0522 | 0538 | 0530 | 0,008 | 0,836 | 0878 | 0857 | 0021 | 0479 | 0493 | 0486 | 0,007
s | 0837 | 089 | 0,866 | 0029 | 0614 | 0626 | 0620 | 0006 | 0,771 | 0,786 | 0,779 | 0,008
s, | 0503 | 0513 | 0508 | 0,005 | 0578 | 0618 | 0598 | 0,020 | 0852 | 0937 | 0,895 | 0,043
Ss | 0629 | 0679 | 0654 | 0025 | 0651 | 0677 | 0,664 | 0013 | 0,687 | 0,714 | 0,701 | 0,014
S | 0,761 | 0,784 | 0,772 | 0011 | 0,712 | 0,783 | 0,748 | 0,036 | 0541 | 0573 | 0557 | 0,016
s7 | 0464 | 0487 | 0476 | 0012 | 0652 | 0,698 | 0,675 | 0,023 | 0563 | 0574 | 0,569 | 0,006
ss | 0557 | 0613 | 0585 | 0,028 | 0625 | 0,656 | 0,641 | 0016 | 0,711 | 0,747 | 0,729 | 0,018

To determine the total value of the options [P(s)],
we will use the additive component of the ratio (15). The
obtained values of the intervals [P(s)], their centers
[P(s)], and radii [P(s)] (21) are given in Table 3. Let us
determine for the estimates of options [P(s;)] and
[P(s;)], i=17 situations of intersection of their
intervals (24) — (27), calculate the values of the
coefficient 7; ., (23) and indices 1j(P;, Pyq), j=14

(24) — (27) (Table 3). Analysis of the results obtained for
the situations of intersection of intervals, values of the

coefficient y; ;.1 (23) and indices 1;(P;, P;,1) indicates

the disorderliness of the set
consideration. In particular:

—when comparing options s, > Sz, situations 1 and
Il(PZ'PS) = 0,982 >0
I3(P,,P3)=1,018 >0, which does not correspond to

conditions (24) and (26), respectively;
—when comparing options s; > Sg, situations 1 and

|1(P2,P3) :0,915>0
I3(P;7,Pg)=1,085>0, which does not correspond to

of options under

3 occur, for which and

3 occur, for which and
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conditions (24) and (26). The results of their ranking
using the proposed algorithm based on comparison
indices and the characteristics of the ordered set of
options are given in Table 4. The values of all comparison

indices for situations 2 and 4 that occurred,
(P, Piig) >0, i=17,j=2,4, correspond to the

preference conditions s; > s;,i =17, | = 2,8 (25), (27).

Table 3 — Meanings of the total values of the options, their centers, radii, and the results of their comparison

5; P (s) P*(s) P(s) P(s) Situations Vil Iy I I3 Iy
5 0,630 0669 | 0,650 | 0,020 2,4 0,118 0,882 | 0882 | 1118 | 1,118
s, | 0563 0584 | 0574 | 0,011 1,3 0,018 0982 | 0982 | 1,018 | 1,018
53 0,759 0787 | 0773 | 0,014 2,4 -0,234 1234 | 1234 | 0766 | 0,766
s, | 0693 0746 | 0720 | 0,027 2,4 0,235 0,765 | 0,765 | 1,235 | 1,235
S5 0,662 0696 | 0679 | 0,017 2,4 -0,105 1,05 | 1,105 | 0895 | 0,895
S 0,641 0679 | 0660 | 0,019 2,4 0,082 0918 | 0918 | 1,082 | 1,082
57 0,551 0573 | 0562 | 0,011 1,3 0,085 0915 | 0915 | 1,085 | 1,085
Sg 0,648 0688 | 0,668 | 0,020 - - - - - -
Table 4 — Values of quality assessments of options and indices of their comparison on an ordered set

5; P (s) P*(s) P(s) P(s) | Situations | Vi1 Iy P I Iy Ranking
3 [ 0759 | 0787 | 0773 | 0014 2,4 -0,234 | 1,234 | 1,234 | 0,766 | 0,766 1

4 | 0693 | 0746 | 0,720 | 0,027 2.4 0235 | 0,765 | 0,765 | 1,235 | 1,235 2

s [ 0662 | 0696 | 0679 | 0017 2.4 -0,273 | 1273 | 1,273 | 0,727 | 0,727 3

ss | 0648 | 0688 | 0668 | 0,020 24 0125 | 0875 | 0875 | 1,125 | 1,125 4

S | 0641 | 0679 | 0660 | 0,019 24 -0,048 | 1,048 | 1,048 | 0,952 | 0,952 5

5 | 063 | 0669 | 0650 | 0,020 24 0118 | 0882 | 0882 | 1,118 | 1,118 6

S | 0563 | 0584 | 0574 | 0011 24 -0,043 | 1,043 | 1,043 | 0,957 | 0,957 ’

s; | 0551 | 0573 | 0562 | 0,011 - - - - - - 8

In this case, the specified ordering of the set of
effective options for reengineering the topological
structure of LN for the interval-specified values of their

total value index [P(s)] (15):

S3 >S4 >S5 >Sg >S5 =S =Sy =57 (28)

will fully correspond to the ordering by the values of the
interval centers 13(s,~), i=18 (21).

Considering this, the best option in the process of
reengineering the topological structure of LN based on
the interval-specified values of the indicators of the
above costs (9), efficiency (8), and network adaptation
time (10) is the option s° = s3, that has sufficiently high
values of local utility functions for all indicators.

Conclusions

Based on the results of the analysis of the problem
of optimizing the topological structures of logistics
networks, it has been established that: the vast majority
of optimization tasks are multi-criteria and
combinatorial, and their input data is determined on the
basis of forecast estimates or mathematical modeling
with some errors; existing mathematical models and
methods for optimizing global transportation networks

do not allow solving problems while taking into account
their rapid adaptation to the negative effects of external
influences. This has led to the relevance of scientific and
practical tasks for the development of effective
mathematical models and methods for solving multi-
criteria problems of rapid adaptation of logistics
networks in conditions of incomplete uncertainty of input
data.

Based on the results of the study, a solution to the
scientific and practical problem of improving the
effectiveness of technologies for the rapid adaptation of
networks to the negative effects of emergencies was
proposed by developing a mathematical model for their
multi-criteria optimization in conditions of interval
certainty of input data. To achieve this goal, the
following were developed formulations of problems of
rapid adaptation and reengineering of network
topological structures to the negative effects of
emergency situations; formalization of indicators for
evaluating options for adapting network topological
structures to the negative effects of emergency situations;
Mathematical models were developed for optimizing
topological structures under conditions of incomplete
uncertainty of input data based on indicators of induced
costs, operational efficiency, and network adaptation
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time. For the practical use of the developed models, an
algorithm for comparing network construction options
based on local and generalized criteria for interval-based
estimates has been proposed.

The developed problem formulations, mathematical
models, and algorithm expand the methodological
foundations for automating the processes of supporting
multi-criteria project decisions in the design and
adaptation of micro-logistics network topological
structures. They allow obtaining effective solutions to the
problems of the fastest possible restoration of supply

using the means that have remained after the onset of an
emergency and the subsequent reengineering of the
network construction option.

The practical application of the results obtained will
make it possible to reduce the time required to restore
supplies in the event of damage to elements and
infrastructure of logistics networks, and, through the use
of technology for selecting subsets of effective options
with interval-specified characteristics, to guarantee the
quality of project decisions and provide more complete
assessments of them.
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AnanTauisi CTPYKTYP JOTiCTHYHHX MEPeX B YMOBaX HAA3BUYAWHUX CUTyaliil
B. B. Beskoposaitauii, A. b. binpkoBcbka, B. 1. Hockos, B. I'omeenko, B. B. Kocenko

AnoTtauis. [IpeameTom IOCTIKEHHS B CTATTI € MPOIIEC aamnTalii TOMOJIOTIYHIX CTPYKTYP MIKPOJIOTICTHYHUX MEPEX B
YMOBaX HETaTHBHOTO BIUIMBY 30BHIIIHBOTO cepemoBHIIa. MeTa po6oTH — € MiABHIICHHS ¢(peKTUBHOCTI TEXHOJOTIH IIBHIKOL
amanTanii JoricTnaanX Mepex (JIM) 10 HeraTMBHUX BIUIMBIB Ha3BHYAWHUX CHTYAIlill IUITXOM PO3POOKH MaTeMaTHIHOI MOJIENi
ix GaraTokpuTepiasbHOT ONTHUMI3alii B yMOBaX HETIOBHOT HEBU3HAYEHOCTI BX1THUX JaHUX. Y CTAaTTi BUPINIYIOThCS TaKi 3aBAAHHS:
aHali3 Cy4YacHOro CTaHy NpoOJeMH ONTHMi3auii NMpU ajganTaiii TOMOJOTIYHMX CTPYKTYP MEpEeX A0 HEraTUBHUX BIUIHBIB
HaJI3BUYaHHUX CHTYyAallili; pO3pOOIEHHs MOCTAHOBOK 33/1a4 IIBHU/KOI aJanTallil TOMOJOTIYHUX CTPYKTYp MEPEX IO HEraTHBHHX
BIUTMBIB Ha/[3BUYAWHHUX CUTYaIliif; (hopMati3anis MOKa3HUKIB OLIIHKY BapiaHTIiB aganTamii ctpyktyp JIM 10 HeraTHBHUX BIUIUBIB
HaJ3BUYalHHUX CUTYaIliif; po3poOIeHH MaTeMaTHIHNX MOJIENeH 3a1a4 GaraToKpUTepialbHOT ONTHUMI3allii TONONOTIYHHUX CTPYKTYP
B YMOBaxX HENOBHOI HEBM3HAYEHOCTi BXiNHHUX IAHHUX; PO3POOJCHHS aNrOpUTMY MOPIBHSHHS BapiaHTIB MOOYIOBH MEpeX Ui
IHTepBAJIbHO IMOJAHUX BXiJHHUX JAaHUX. BHKOPHUCTOBYIOTHCA Taki METOMHU: TEOpii CHCTEM, TEOpPii KOPHCHOCTI, KOMOIHATOPHOL
omnTUMI3alii, MOCTIPKEHHS Omepaliid, IHTepBaJbHOI Ta HEUiTKOI MaTreMaTHKH. Pe3yabTaTu. s IOCATHEHHS MeTH OyIo
PO3pO0OJIEHO MMOCTAHOBKH 3a/1a4 MIBUIKOI afanTaiii i peiH)KUHIPHHTY TOIOJIOTIYHUX CTPYKTYP MEpEX 10 HeraTHBHUX BIUIMBIB
HaJ3BUYaHNX CUTYaliil; BUKOHAHO (hopMai3alilo MOKa3HUKIB OLIHKHM BapiaHTIB afamnTallii TOMOJOTIYHUX CTPYKTYpP Mepex 10
HETaTHBHHX BIUIMBIB HAJ3BMYailHUX CHUTYyauiil; po3po0aeHO MaTeMaTHYHiI MOJIENi 3aa4 ONTUMI3allii TOMOJIOTIYHUX CTPYKTYp B
yMOBaX HEMOBHOT HEBU3HAYCHOCTI BXiIHUX JaHHUX 32 MIOKa3HUKaMH HaBe/ICHUX BUTpPAT, ONEPATHBHOCTI i yacy aganTanii Mepexi.
3anpoIroHOBAHO aJIrOPUTM MTOPIBHIHHS BapiaHTiB OOYI0BH MEPEXkK 3a JOKAJTbHUMH 1 y3aralbHEHUM KPUTEPIsIMU ISl iIHTEpBaIbHO
MOJaHHUX OLiHOK. BUCHOBKH. 32 pe3ynbTaTaMu AOCHIIKEHHS 3alIPOIIOHOBAHO PIlIEHHS HAYKOBO-TIPAKTHIHOI 3a/1a4i MiABUIICHHS
e(eKTHBHOCTI TEXHOJOTIH IIBHIKOI ajamnTamii MepeX J0 HETaTWBHHX BIUIMBIB HAJ3BHYAWHUX CUTYyalildl OUITXOM PO3POOKH
MaTeMaTHIHOI MoJeNi IX OaraTokpHTepiaJbHOI ONTHMI3amii B yMOBaxX iHTEpBaJIbHOI BU3HAYEHOCTI BXiTHUX maHWX. OTpuMaHi
pe3yabTaTH  PO3LIMPIOIOTH METOMOJIOTIYHI 3acaiy aBTOMATH3alil MPOIECiB MIATPUMKH NPUHHATTS OaraToKpUTepialbHUX
NPOEKTHUX PIllIeHb TPHU MPOEKTYBaHHI Ta afanTalii TOMONOTIYHHX CTPYKTYP MEpeX MIKpOJOTiCTHKH. BOHM 103BONSIOTH
OTpUMyBaTH e(eKTHBHI pIlIeHHS 3a/a4 MaKCHMAaJbHO MIBUJIKOTO BiIHOBJIEHHS MOCTA4aHHS 3 BUKOPHCTAaHHSAM 3aco0iB, IO
30eperyucs micis HacTaHHS HA/J3BHUYAHOI CHTYyallii Ta MOJANbLIOr0 PeiHKUHIPUHTY BapiaHTy MoOyIoBH Mepexi. [IpakTiune
BUKOPHUCTAHHS OTPUMaHHX PEe3yJbTaTiB J03BOJIUTH CKOPOUYYBATH Yac BiTHOBJICHHS MOCTAYaHHsS MPH YIIKOHKEHHI €IEMEHTIB Ta
IHQPACTPYKTYPH JIOTICTHYHUX MEPEXK, a 3a PaXyHOK BHKOPUCTAHHS TEXHOJIOTI] BUALIICHHS MiIMHOXHAH ¢()EeKTHBHUX BapiaHTIB 3
IHTEepBaJIBHO 33JAHUMH XaPaKTEPUCTHKAMHU — FapaHTyBaTH AKICTh MPOEKTHUX PIIEHb TA HAJAaBaTH iX OUIBII MIOBHI OIIHKH.

Kiaw4oBi cjioBa: JOricTHYHa Mepexa; TOMOJIOTIYHA CTPYKTYPa; afanTawis; MaTeMaTH9Ha MOZEIb; MPUHHATTS PilliCHb;
GaraTokpuTepianibHa ONTUMI3aLlisl; IHTepBaIbHUI aHAIII3; TEOPis KOPUCHOCTI.
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