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OPTIMIZATION OF TRANSPORTATION ROUTES IN A CLOSED LOGISTICS
SYSTEM

The subject of research in the article is the network of closed logistics. The goal of the work is the creation of mathematical models
and methods for solving problems of optimizing transportation routes in closed-loop logistics systems, taking into account many
topological and functional limitations. The following tasks are solved in the article: the development of a systemological model for
the problem of optimizing transportation routes in a closed logistics system; development of a mathematical model of the problem of
structural and topological optimization of a three-level centralized network of closed micro-logistics routes for global transportation;
development of a mathematical model for the optimization of ring transportation routes in a closed logistics system for local
transportation; development of methods for optimizing ring transport routes in a closed logistics system. The following methods are
used: methods of system theory, graph theory, methods of the theory of utility, optimization and research of operations. The following
results were obtained: the decomposition of the problem of optimizing transportation routes in closed-loop logistics systems at the
macro and micro levels was performed; a systemological model of the problem has been developed, which reflects the whole complex
of tasks that are solved at various stages of the life cycle of logistics systems. To improve the efficiency of closed-loop logistics
systems, a joint solution to the problems of network optimization for the transportation of direct product flows and return flows has
been proposed. A mathematical model of the problem of structural and topological optimization of a three-level centralized network
of closed micro-logistics routes for global transportation has been developed. To solve such problems, methods using directed
enumeration of options are recognized effective; a mathematical model of the optimization problem of the network of closed micro-
logistics routes for local transportation with the simultaneous transportation of the contents of the forward and reverse flows was
developed; To solve the problem of optimizing closed-loop micro-logistics route networks at the local transportation level while
simultaneously transporting the contents of the forward and reverse flows, modifications of the Clark-Wright methods are proposed,
as well as a method based on coordinate-wise optimization and insertion schemes; experimental studies of the proposed modifications
of the methods made it possible to obtain estimates of their temporal complexity. Conclusions: Practical use of the proposed
mathematical models and modifications of methods for optimizing closed-loop logistics systems by jointly solving problems for direct
and reverse flows will reduce the cost of implementing transport companies. The obtained estimates of the time complexity of the
optimization methods will make it possible to predict the costs of computing and time resources in their practical use for solving
optimization problems of closed-loop logistics networks.
Keywords: logistics network; direct and reverse flow networks; closed logistics; network optimization; systemological model.

Introduction information, cash flows is carried out [6-7]. Traditionally,

Profitability and environmental friendliness of
business processes and other anthropogenic processes is
largely determined by the quality of the corresponding
logistics. Traditionally, the logistics processes covered the
main stages of economic activity, starting from the
development of sources of raw materials and ending with
the delivery of products and services to the final consumer
[1]. Traditionally, the logistics processes covered the main
stages of economic activity, starting from the development
of sources of raw materials and ending with the delivery
of products and services to the final consumer. One of the
most important planning problems in supply chain
management (SCM) is supply chain network design
(SCND) [2]. A solution to optimize the supply chain of
SC (supply chain) needs to be sustainable and viable in
complex and uncertain external environment. In the light
of current trends in environmental safety, environmental
(green) logistics has emerged and is developing
rapidly in recent decades. [3—4]. It covers management
activities in the logistics cycle from the rational use of
natural raw  materials to waste management
activities. The methodology of environmental logistics is
aimed at reducing the level of risks of economic losses
caused by environmental degradation, as well as
improving the environmental and economic efficiency of
enterprises [5]. One of the directions of ecological
logistics is reverse logistics, in which the ordering and
systematization ~ of  reverse  commodity-material,

direct and reverse logistics tasks are regarded as
conditionally independent, which does not allow obtaining
globally effective solutions to the logistics problem as a
whole. The joint solution of direct and reverse logistics
problems gives rise to many new tasks that require
formalization and development of effective methods for
solving them.

Analysis of the problem and existing methods for
solving it

Macro- and micro-logistic systems are distinguished
in logistics [8]. Macrological systems form flows and
processes within the framework of the interaction of
several independent property objects, usually not related
to territorial distribution. Macro logistics tasks are solved
for international, transcontinental companies or
intermediary organizations.  Micrologistics solve the
issues of interaction of elements of one or several
enterprises assembled into a group of common economic
interests or an individual enterprise [9]. Transport micro-
logistics of a relatively large enterprise is divided into two
conventional systems: global and local transportation. In
the general case, the task of global transportation is the
task of optimal placement of intermediate cargo points
(warehouses, hubs, etc.) to minimize the cost of cargo
transportation [10].

A typical example of the global transportation
problem can be the structural and topological synthesis of
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a three-level centralized transport and storage system at
the regional level in the following statement [11]. Given
the location of the supply center, a set of consumers of

products | ={i: i=41,n}, for each of which a location

on the transport network of the region is determined, the
volume of products ordered by each of them and the
transport tariff for its delivery. It is necessary to determine
the optimal number and location of distribution centers
(DC), as well as a subset of consumers served by each

DCI; ={i},j=1l°. In practice, there are two main

varieties of the problem:; if there are restrictions on the
places of possible placement of the DC and without
restrictions on the places of their possible placement. An
example of restrictions is the requirement for the location
of the DC only at the base or in close proximity to
consumers.

The objective function of this task is the reduced
costs of delivering products to consumers.

[ n_ |
C:ch +qumdijvij leidl'n, (1)
1 dy

i=1 j=

where n — number of product consumers; | — number of
DC; ¢,— volume of freight traffic to the i-th consumer;
r, — transport tariff for the i-th consumer; d; — distance
between the i-th consumer and the j-th DC; c;— the
costs given for the j-th DC; v; — boolean variable:
v; =1, if the i-th customer is served by the j-th DC,
V; =0 — otherwise.

To solve such problems with objective functions of
the form (1) — (3), methods for the synthesis of
geographically distributed objects with radial-node
structures that use the idea of directional enumeration in

the direction of increasing the number of nodes are quite
effective. [11-13]. Their temporal complexity is of

order O[n*], and the error in solving problems with the

number of consumers n <50 is less than 5%.

The wvast majority of practical problems of
optimizing local transportation are formulated as variants
of the traveling salesman task (ST) in terms of graph
theory, and among the methods for solving them, exact,
heuristic and metaheuristic are distinguished [14]. The
most effective accurate algorithms for solving the problem
of one or several salesmen without additional restrictions
are based on the branch and bound method [15-16].
Heuristic methods make it possible to find approximate
solutions of ST taking into account many practically
important limitations. They use various search schemes in
the vicinity of some basic solution. Among them, the
iterative two-phase method (algorithm) is one of the most
effective, including the steps of clustering and building
routes using, for example, the Clark-Wright algorithm.
Metaheuristic methods (algorithms) are based on
modeling self-organization processes and, thanks to the
use of special procedures (mutation, multi-start); allow
finding approximations of optimal solutions in an
acceptable time.

In the process of optimizing logistics structures,
environmental requirements for production, storage,
transportation and processing of waste products are
increasingly being taken into account. This requires
solving, together with traditional tasks, the problems of
optimizing the return flows from consumers to
the places of production or disposal of waste. Such tasks
are solved within the framework of green (reverse)
logistics [17, 18].

Competition conditions orient modern companies
towards the rapid development of new types of products,
which leads to changes in flows in all supply chains. With
relatively insignificant changes in flows, the problems of
adapting existing structures are solved, which requires
decision-making under conditions of uncertainty,
changing demand and other data [2, 19]. With significant
changes in flows, a decrease in the efficiency of existing
structures is observed, leading to the need for their
reengineering. With this in mind, technologies for
reengineering logistics structures should provide for a
joint solution to the problems of optimizing closed (direct
and reverse) route networks in terms of a variety of
functional, cost, environmental indicators and restrictions.
This determines the urgency of the tasks of optimizing
transportation routes in closed logistics systems, taking
into account the restrictions arising from the interaction of
oncoming flows.

The purpose of this article is to develop methods for
solving the problems of optimizing transportation routes
in a closed logistics system, taking into account many
topological and functional limitations. To achieve the
goal, the article solves the following tasks:

- development of a systemological model for the
problem of optimizing transportation routes in a closed
logistics system;

- development of a mathematical model of the
structural and topological optimization problem for a
three-level centralized network of closed micro-logistics
routes for global transportation;

- development of a mathematical model for the
optimization of ring transportation routes in a closed
logistics system for local transportation;

- development of methods for optimizing
transport routes in a closed logistics system.

ring

Results of the study

Closed logistics systems are objects consisting of
many geographically distributed elements (suppliers,
processors,  terminals, consumers), interconnected
by route networks. The structure of each of these
systems can be represented as a tuple < E,R > (where E —
a set of elements; R — a set of connections (routes)
between elements). Based on the set of acceptable
locations for the terminals of the system, each
of the structure <E,R>options can have different

topologies G™. Given this, each of the topological
implementations of the system s=<E,R,G>,

G=<G,,G,,G,> (where GeG" - topological
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implementation of the structure <E,R>; G, — elements’
topology; G, — connections’ topology; G, — routes’
topology) will correspond its own set of functional and
cost properties defined by some mapping [20, 21]:
¢:(E,R,G) > P.

Subsets of elements E', relationships between
elements R’ and topologies G’ on which it can be
implemented can be determined as a result of the analysis
of the purpose of creating the system, the conditions of its
functioning and its desired properties P’. On this basis,
subsets of elements, links, and topologies
E°cE',R°cR', G°cG’, are determined that ensure
the obtaining of required properties P’ (allowable cost
values, flow delivery time, etc.) with minimal costs when
meeting technological R, — R; and ecological R, < R;
restrictions

s’ =arg ma3<Q(s), R (s)cR, R (s)cR:, (2

where s — system building option; S* — a set of acceptable
options for building a system; Q(s) — evaluation of the
effectiveness of the s -th system design option.

According to the incomplete certainty of the
requirements for the properties of the logistic
system, it is proposed to use the membership
function of the fuzzy set "the best option for
building the system" as an assessment of efficiency P(s)
(function of general utility) (2) [22, 23]. In this case, the
fuzzy set "the best option for constructing a
technological system" can be represented as a set of
ordered pairs:

«The_best_option_for_building_a_system»={<s,P(s)>}, (3)

where seS — system building option; P(s) — degree of
affiliation of the option seS to a fuzzy set "the best
option for building the logistic system™.

To quantify the effectiveness, we use the most
universal additive-multiplicative model based on the
Kolmogorov-Gabor polynomial:

P(5)= D Mi&i(8)+ D D Ay&i(s)g () +
| S
LiEi(8)E;(8)Ek(S)--

m

2.2

m m
i=1 j=

ik=j

where m — the number of particular criteria characterizing
the properties of the system; A;, A;; A, — weighting factors
of  particular  criteria  and their products;
A 20, &; 20, Ay 20, §g(s) - utility function of

particular criterion k (x), I=i,j,k.
It is proposed to use a modified gluing function as a

utility function of particular criteria, which has
advantages in the accuracy of approximation
of expert estimates and computation time in

comparison with the Gauss, Harrington and logistic
functions [22]:

— b — —
a(b+1)1-—= , 0<k(s)<ka;
b1+@

&(s)= “ (5)
— — bz — —
a+(l-a)(b,+1) 1—m , ka<k(s)<1,

b, + ———
l_ka

where ka,a — normalized coordinates of the gluing point,

0<ka<1, 0<a<1; b,b,— coefficients that determine
the form of the dependence on the initial and final
segments of the function.

The problem of optimizing transportation routes in
closed logistics systems as a meta-task consists of a set of
tasks that require the development of new mathematical
models and methods for solving them. The two-level
scheme of its decomposition includes complexes of tasks
at the macro and micro levels, and each of the tasks can be
considered as a converter of input data to output [21]:

Task! : In| — Out/, MetaTask ={Task' },
Task' ={Task'}, 1=1,2,i=16, (6)

where In', Out! — input and output data of the i-th task of
the I-th level.

Most of the macro-level tasks are optimization tasks
and are characterized by limitations reflecting the
specifics of the main stages of the system life cycle:

Task; — formation of requirements for the system and
statement of its optimization problem; Task; — system
design; Task; — system development planning; Task; —

modernization of the system; Taski - system

reengineering. At the micro level, the tasks of optimizing
the logistics system that arise at the stages of its pre-

project research, design and operation are solved: Task?
— selection of construction principles; Task. — structure
optimization; Task. — topology optimization; Task; —
optimization of the functioning technology; Task? -
optimization of parameters of elements and relationships;

Task — performance evaluation and choice of solutions.

The task of structural and topological synthesis of a
centralized three-level system of closed logistics is
characterized by the requirement to take into account the
reverse flows from customers to production or processing
centers (utilization). Let N be the number of points in the
closed logistics system for which location coordinates are
given, as well as their types (end-user, production,
processing or terminal). It is necessary to synthesize an
effective three-tier structure, in which the production and
processing centers are located on the first level, the
terminals on the second and the final consumers on the
third. The costs of the network with direct and reverse
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flows consist of the amount of the reduced costs for the
delivery of the direct stream from the production center to
the terminals C,, , for processing in the terminals to the

centers C,,,C,,, for the delivery of the direct stream
from the terminals to the final consumers C,, for the

delivery of the reverse stream from the final consumers to
the terminals Cg; , reverse flow delivery from terminals to

the processing center C,, in the form of [20]:
C=Cop +C +Cr +Cp + Gy + G (7

The mathematical model of this problem with the
objective function (7) for the case of territorial
combination of production and processing points can be
represented as:

C= Zn:Cixii +anzn:cij X; — min, (8)
= X

i-1 j-1

x; {01}, i,j=1,n;

X=[x1= Zn:xijzl,ijl,_n; (9)

Zn“zn:xij :2(n—1)+ixii,

i=Li=]

where ¢, — the given costs for a terminal located on the
basis of the i-th structural element; x; — element of a

matrix describing the relationships of network elements;
c; — the cost of delivering the flow from point i to point
j.

The constraint system in task (8) — (9) describes the
entire set of admissible three-level centralized structures
with forward and reverse flows.

The basic task of local transportation in a closed
micro-logistics system is the optimization of ring routes.
Various formulations of such a problem are variants of the
TS problem. Their characteristic feature is that the direct
flow (of goods, materials, components) can be delivered
to the points of the logistics network and the reverse flow
(containers, defective goods, waste) can be collected from
the points of the network by the same vehicle. This
feature requires changes in mathematical models and
methods for solving problems of optimizing ring route
networks.

The basic problem of optimizing a single ring route
in a closed micro-logistics system is considered in the
following statement. Asked: a lot of system elements
dispersed throughout the territory (delivery and pick-up

points) 1 ={i},i=1, n, their characteristics (matrix of
C=[¢],

correspondence matrix W =[w; ], i,j=1, n+1, where

distances  or  fares i,j=1,n+1,

n+1 — the number of the point in which the base is
located) and the characteristics of the vehicle used (speed,
cost of operation, carrying capacity, transported volume).
It is necessary to determine the route of detour

points R=[r; ], satisfying constraints and extremizing

selected performance criteria. The criteria used are
indicators of minimum financial costs, mileage, and time
to deliver the contents of the streams. The restrictions are
weight, volume of transported cargo, carrying capacity,
vehicle capacity.

Taking this into account, the mathematical model of
the basic task of optimizing the ring route in a closed-loop
logistics system by the criterion of minimum costs can be
represented as:

n+l n+1
PN AS min (10)
i=1 j=1
n+1 i - n+1 _
r=1,j=1n, rp=11=1n, (11)
i=1 =1
U —u;+nr,<n-1, i,j=2,n+1,i=j, (12)

n
Z, = an+l,j 12 =2 +AZ
=1
AZ, =W, W Z <2z Vk=1,n, (13)

where c; — cost of delivery of goods from point i to point

[

directly from point i to point j; r, =0, otherwise);

— boolean variable (r; =1,if the route passes

u; — auxiliary variables, u, >0, i=1, n+1; z;, — loading
(filling) a vehicle at the base; z, — loading (filling) of the

vehicle at the point k, k=1,n; W, — Weight (volume)

of cargo delivered from the base to the point k, k =1n;

w, .., —weight (volume) of cargo delivered from the point

k,n+1

k to the base, k=1,n; Az, — changing the loading of the

vehicle at the point k, k=1,n; z° — carrying capacity
(capacity) of the vehicle.

Constraints (11) — (12) correspond to the constraints
of the classical TS. They provide the connection of each
route point with only two other route points, the
requirement to start and end the route at the point n+1 and
ensure its isolation. New restrictions z, <z" vk =1,n
introduced in (13) exclude overloading of the wvehicle
delivering the contents of the direct and reverse flows. For
the classic transportation task, loading a vehicle in the
database with the contents of the direct stream

n
isz®=>w,,;, 2" <z". There is no reverse
j=1

n
flowz® =>"w
=1

=0. For the task of collecting reverse

j,n+l

n
flow content 2™ =>"w,
=

.1; =0, and the weight (volume)

n
of the reverse flow is 2@ =>"w, ,, <7".
j=1
In the task of optimizing the set of ring
transportation routes in a closed micro-logistics system, it
is necessary to determine the required number of vehicles
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p and detour routes R=[r;] that satisfy the restrictions

and extremize the selected performance criteria. As a
criterion, indicators of minimum financial costs, mileage,
time and the required number of vehicles for the delivery
of the contents of the streams are used. The restrictions are
weight, volume of transported cargo, length, time of the
route.

It is proposed to use an estimate of the delivery time
of the contents of a stream along routes z as an indicator
of the system’s responsiveness. Depending on the specific

formulation of the problem, the maximum z = max 7, or
1<l<p

p
weighted average time 7= 7w, , where 7, — maximum
1=1

delivery time of cargo along the | -th route; p — number

of routes; w,, | =1, p — specific gravity of the | -th route.
With this in mind, the mathematical model of one
route (10) — (13) is supplemented by a restriction for the

formation of P subsets of points, on the basis of each of
which a minimum cost route will be formed:

zl’i,n+lzzrn+l,j = p (14)
i=1 j=1

The problem to be solved with a fixed location of the
base can be considered as one of the TS modifications -
the task of an undetermined number of salesmen. For a
fixed location of the base and a given number of
substructures (depending on the type and detail of
restrictions), the formulated problem can be considered,
for example, as the task p of a salesman with a central

base.

When determining the search strategy for the optimal
number of routes, we will take into account that increasing
their number increases their total length and reduces the
load on the vehicles used. Thus, increasing the number of
routes increases the cost of delivering the contents of the
forward and reverse streams. When solving the problem, it
is necessary to determine the minimum number of routes

p that ensure the fulfillment of restrictions of the form
(11)-(14).

Taking this into account, the scheme of the proposed
method for solving the problem can be represented as
follows. To determine the minimum number of nodes

p = p,.,» enforcing restrictions (13): p., =on I —|
To synthesize a radial-ring structure by solving the
problem p = p,., salesmen with a central base.

To determine the characteristics of the resulting
option, verify that all system restrictions are met (11)—

(13). To increase the number of routes, if necessary
p=p+1. To optimize the network of p routes, to
verify compliance with restrictions, to compare with the
option for p—1 routes and to choose the best option.
Continue the decision until all restrictions are met.

The solution of the salesmen p task with a central
base, depending on available resources, can be obtained
using two main approaches: by reducing it to the TS and
by forming p subsets of points with the subsequent
solution of the TS for each of them.

The essence of the first approach is to split a single-
ring structure into a multi-ring. For this purpose, it is
necessary to build a network for one salesman. To do this,
we introduce a fictitious item p-1  with

numbersn+2,n+3,n+p. We expand the matrix by
adding arow p-1 and a column p-1 to it. Unlike [24],
we will make the cost of transportation C =[c;] between
the points entered in this network equal:

Ci,n+j = Ci,n+l 1

i=1Ln+li=Ln+l, j=2,p,
C

Cn+i,j:Cn+l,j7 |:21p7 J=1,n+1, n+i,n+j:oo7

i,j=2,p. (15)

—

After solving the TS with an extended cost matrix
C =[c;] to obtain p routes, we combine all items with

numbers large than n, in one item with a number n+1
(13).

In the framework of the second approach,
modifications of the Clark-Wright method [14-15] and a
method using the idea of coordinate-wise optimization are
proposed.

The essence of the modification of the Clark-Wright
method consists in additional verification for each of the
points of the obtained ring routes of restrictions (13) on
vehicle loading. The proposed modification of the method
has a relatively low time complexity; however, taking into
account the constraints of the form (13) in it increases the
error of the obtained solutions. Table 1 shows the results
of an experimental study of the modification of the Clark-
Wright method for solving sets of 10 problems with
dimensions from 4 to 100 points (fig. 1).

Based on the results of the study, a polynomial time
complexity estimate is obtained for a modification of the

Clark-Wright method t[n] = 0,0004n” +0,094n+ 7,25 .

Table 1. The results of an experimental study of the time complexity of the modification of the Clark-Wright method

Task dimension, | Minimal decision time t(n) ,| Maximum decision time t(n), | Most frequent decision times t(n),| Average decision time
n ms ms ms t(n), ms
4 5 7 5 6,0
9 7 11 8 9,0
10 7 12 8 9,5
25 8 12 11 10,0
50 10 15 12 12,5
75 11 20 15 17,0
100 14 27 16 20,5
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Task dimension, n

Fig. 1. Dependences of the time for solving the problem by the modified Clark-Wright method on its dimension

The essence of modifying the method based on
coordinate-wise optimization is as follows. Fictitious
points p which play the role of auxiliary points are
located on the territory of the transportation. Subsets of
elements included in one route are formed according to
these points. The separation of points along the routes is
carried out on a territorial basis within the p sectors
relative to the base. As a criterion for assigning an object
to a k -th route, it is proposed to use the minimum of the

function, which for a symmetric matrix of costs has the
form:

k® =arg 1£nkipp {Cn+1,k +Ci +Ci,n+1}- (16)
Criterion (16) allows minimizing the cost of the
cycle "base - route point - base" for the point included in
the route.
The results of an experimental study of the
modification of the method based on coordinate wise
optimization are given in table 2 (fig. 2).

Table 2. Results of an experimental study of the time complexity of modifying a method based on a coordinate-wise optimization

scheme
n 40 60 80 100 120 140 160 180 200
t( n ) > C 0,055 0,138 0,211 0,324 0,456 0,621 0,818 1,038 1,291
1,4
12 t(n)=0,0135n°+0,0173n+0,0354
©
@
o 1
@
= 08
ab
S 0,6
=]
N N A
>~ 0,4
(1]
'_
0,2
0
40 60 80 100 120 140 160 180 200

Number of points n

Fig. 2. Dependences of the time for solving the problem modified on the basis of the coordinate-wise optimization scheme on its

dimension

According to the results of solving 100 tasks, the
average value of the relative error of the method using the

insertion scheme was ¢ =0,024, and its maximum value
was ¢, =0,168. Moreover, the relative error of 84% of
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the solutions did not exceed 5%. The method has
polynomial time complexity O [n°]. The accuracy of the

method can be improved by applying the multistart
procedure, which involves multiple solutions to the
problem with the choice of different places for the initial
placement of fictitious auxiliary points.

Conclusions

In the process of analyzing the problem of

global transportation has been developed. To solve such
problems, methods using directed enumeration of options
are recognized as effective. A mathematical model of the
optimization problem for the network of closed micro-
logistics routes for local transportation with the
simultaneous transportation of the contents of the forward
and reverse flows has been developed. To solve it,
modifications of the Clark-Wright methods are proposed,
as well as a method based on coordinate-wise
optimization and insertion schemes. Based on the results

of experimental studies of the proposed modifications of
the methods, estimates of their time complexity are
obtained. The obtained estimates will make it possible to
predict the costs of computing and time resources in the
practical use of methods for solving optimization
problems of closed logistics networks.

The practical use of the proposed mathematical
models and modifications of optimization methods for
closed-loop logistics systems through the joint solution of
problems for direct and reverse flows will reduce the cost
of implementing transport activities of companies.

optimizing transportation routes in the closed logistics
system, it was decomposed at the macro and micro levels.
A systemological model of the problem has been
developed, which reflects the whole complex of tasks that
are solved at various stages of the life cycle of logistics
systems. To improve the efficiency of closed logistics
systems, a joint solution to the problems of network
optimization for the transportation of direct product flows
and return flows of containers, waste, defective products
has been proposed. A mathematical model of the problem
of structural and topological optimization of a three-level
centralized network of closed micro-logistics routes for
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ONITUMI3ALISA MAPIIPYTIB NEPEBE3EHDb Y CUCTEMI 3AMKHEHOI
JIOT'TICTUKH

IIpeqMeToM [OCTI/PKEHHS B CTAaTTi € MEpeXi 3aMKHYTOI JioricTuki. MeTa poOOTH — CTBOPEHHSI MaTeMaTHYHUX MoJesed i MEeTOMIB
BUPIIICHHS 3aBJaHb ONTHMI3alii MapIIPYTiB IIepeBe3eHb Y CUCTEMaX 3aMKHYTOT JIOTiCTHKH 3 ypaxyBaHHIM MHOXXHHH TOHOJIOTIYHHX i
(YHKIIOHAIBHUX OOMEKEHb. Y CTAaTTi BUPIIIYIOTHCS HACTYIIHI 3aBIaHHS: PO3pOOKa CHCTEMOJIOTTYHOT MO TPOOIeMH ONTUMI3ALiT
MapIIpyTiB IepeBe3eHb y CHCTeMi 3aMKHEHOI JIOTICTHKH; pPO3po0OKa MaTeMaTHYHOI MoJeni 3agadi CTPYKTYPHO-TOIOJIOTiYHOL
onTuMi3amii TPUPIBHEBOI IEHTPaNi30BaHOI MEpeXki MapIIpyTiB 3aMKHEHOT MIKPOJIOTICTHUKH JIS TIIOOATbHUX MEepEeBE3eHb; PO3pOOKa
MaTeMaTHYHOT MOJEINi 3a/adi ONTHMI3allil KUTBIIEBHX MAapIIPYTIB MEPEeBE3eHb y CHCTEMi 3aMKHEHO! JIOTICTUKH JUIS JIOKaJbHUX
MepeBEe3eHb; PO3POOKa METOAIB ONTHUMI3alli{ KUTPIIEBUX MapIIPYyTiB MEPEBE3CHb Y CHCTEMI 3aMKHYTO1 JIOTiCTHKH. BUKOPHUCTOBYIOThCS
Taki MeTOAH: METOJH Teopil cucTeM, Teopis rpadiB, METOAN Teopii KOPUCHOCTI, ONTUMI3aMii Ta JOCHi/KeHHs oneparii. OTpuMaHi
Taki pe3yJbTaTH: BUKOHAHA JEKOMIIO3HMIis MPOOJIEMH ONTHUMi3alii MapuUIpyTiB HEepPeBE3eHb y CUCTEMax 3aMKHYTOI JIOTICTHKH Ha
MaKpo- i MiKpOpiBHi; po3po0IieHa CHCTEMOJIOTiYHA MOJIeb POOJIeMH, 110 BiJoOpakae Bech KOMILICKC 3aBJlaHb, [0 BUPILIYIOThCS Ha
PI3HMX eTarax >KUTTEBOTO LUKITY JIOTICTUYHHUX CHCTEM; JUIsl MTiIBUIICHHS e(peKTUBHOCTI CHCTEM 3aMKHEHOT JIOTICTUKH 3aIIPOIIOHOBAHO
CHiJIbHE PO3B’sI3aHHSA 3a/lad ONTHUMI3allii Mepex Uil TPAaHCIOPTYBaHHS MNPSIMHUX IOTOKIB HPOAYKIii Ta 3BOPOTHUX IOTOKIB;
po3poliieHa MaTeMaTHYHa MOJIeNb 33/1adi CTPYKTYpPHO-TOIOJIOT YHOT ONTHMIi3anii TpUpPiBHEBOI LIEHTPATi30BaHOI MEPEeXi MapIIPyTiB
3aMKHEHOI MIKPOJIOTICTHKH JUIS TJIOOATFHUX MepeBe3eHb. [Isi BUPIMICHHS TakWX 3aBAaHb €(eKTHMBHUMHU BH3HAHI METOIH, SKi
BHKOPUCTOBYIOTh CIPSIMOBaHWIA Iepedip BapiaHTiB; po3poOJeHa MaTeMaTHYHA MOJENb 3adadi ONTHMI3alil Mepexi MapHipyTiB
3aMKHEHOT MIKPOJIOTICTHKH JUIsl JIOKaJbHUX MEePEeBEe3CHb 3 OJJHOYACHHM TPAHCIOPTYBaHHAM BMICTY HPSIMOTO Ta 3BOPOTHOT'O MOTOKIB;
JUTSL pO3B’sI3aHHS 33124l ONTHMI3allil Mepek MapIIpyTiB 3aMKHEHOI MIKPOJIOTICTUKH Ha PiBHI JIOKAJBHUX TEPEBE3E€Hb 3 OJJHOYACHHM
TPaHCIOPTYBaHHIM BMICTY MPSMOTO Ta 3BOPOTHOTO MOTOKIB 3ampornoHoBani Moaudikarnii meronie Knapka-Paiita, a Takox meTomy
Ha OCHOBI CXEM MTOKOOPAWHATHOI OMTUMI3aIlii Ta BCTABKH; CKCTIEPUMEHTAIbHI AOCIIKCHHS 3alIPOMOHOBAHUX MOAM(DIKaIiif METOIiB
JO3BOJIMJIM OTPUMATH OILIHKM iX 4acoBoi ckiagHocTi. BucHoBKHM: IIpakTHyHe BHKOPHCTAHHS 3alPONOHOBAHMX MaTEeMaTHYHUX
Mozeneit i Mmonudikariii METOAIB ONTHUMI3ALIT CHCTEM 3aMKHYTOT JIOTICTHKHU 32 PaXyHOK CIIJIBHOIO PO3B’s3aHHS 3a1a4 AJIsl MPIMHX i
3BOPOTHHUX IOTOKIB JIO3BOJIMTH CKOPOYYBAaTH BUTPATH Ha peaiizallifo TPaHCHOPTHOI MisUTbHOCTI KoMIaHii. OTpuMaHi OI[iHKK 9acoBO1
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CKJIQJHOCTI METOMIB ONTHMI3allil O3BOJATH IPOTHO3YBATH BUTPATH OOUYHMCITIOBAIBHUX 1 YaCOBHUX PECypCiB NIPH iX NPAKTHIHOMY
BUKOPHCTAHHI JUIS pO3B’sI3aHHS 3aa4 ONTHMIi3amii Mepek 3aMKHEHOT JIOT1CTHKH.

KmrouoBi cioBa: noricTHaHa Mepeka; Mepexi HpsIMHX 1 3BOPOTHHX IIOTOKIB; 3aMKHEHA JIOTICTHKA; ONTHMI3allisl MEepex;
CHCTEMOJIOTIYHA MOJIENb.

ONTUMHU3AIUS MAPIIPYTOB NNEPEBO30OK B CHCTEME 3AMKHYTOM
JJOTHCTHUKHA

IIpeameToM ucciaeOBaHUS B CTAaThe SBISIOTCA CETH 3aMKHYTOH JTOTUCTUKH. Lles1b paboThl — co31aHne MaTeMaTHIeCKUX MoJeeil 1
METOJIOB pEIICHHS 33jad ONTHUMHU3ALUM MAapIIPyTOB IIE€PEBO30K B CHCTEMax 3aMKHYTOM JOTHCTHKA C Y4YETOM MHOMKECTBa
TOTIOJIOTHYECKUX M (YHKIMOHAIBHBIX OrpaHHMueHuil. B craTthe pemraroTcs cienyromiue 3aga4yd: pa3paboTKa CHCTEMOJIOIMYECcKOi
MOJIENU TPOOIEeMbI ONTHMHU3ALUH MapIIPyTOB MEPEBO30K B CHCTEME 3aMKHYTOH JOTHCTHKH; pa3paboTka MaTeMaTHYECKOH MOIEIH
3aJauyd  CTPYKTYpPHO-TONOJIOTHYECKOH ONTHUMHU3allMM TPEXYpPOBHEBOH IEHTPAIM30BAHHOM CETH MAapIIPyTOB  3aMKHYTOM
MHKPOJIOTHCTHKH IS TII00QJIBHBIX MEPeBO30K; pa3padoTKa MaTeMaTHIECKOH MOJIENHN 3a7a4i ONTHMHU3AIH KOJBIEBEIX MapIIpyTOB
MIepeBO30K B CUCTEME 3aMKHYTOH JIOTHCTHKH JUISl JIOKAIBHBIX ITEPEBO30K; Pa3pab0oTKa METOI0B ONTHMH3AINH KOJIBIIEBBIX MapIIPYTOB
MIEpEeBO30K B CHCTEME 3aMKHYTOH JIOTHCTUKH. VICIIONB3yIOTCS CIeayIone MeTOAbI: METOIBI TEOPHHU CHCTEM, TEOpHs rpadoB, METOIBI
TEOPUH TIOJIE3HOCTH, ONTHMH3AIMU U HccleqoBaHus onepanuid. [lomydeHs! ciegyiomnye pe3yJbTaThl: BHIIONHEHA JCKOMITO3HIHS
mpoOJieMbl ONTHUMHU3ALUE MapLIPYTOB IEPEBO30K B CHUCTEMaxX 3aMKHYTOH JIOTHCTHKH Ha MakKpo- M MHKPOYPOBHE; pa3zpaboTaHa
CHCTEMOJIOTHUYECKAsi MOZEINb MPOOJIEMBI, OTpaXKaloIas BeCh KOMIUIEKC 3aad, pelIaeMbIX Ha Pa3IMYHbIX 3Talax >KH3HEHHOTO LIUKIIa
JIOTUCTUYECKUX CHUCTEM; JUIS MOBBIIIEHHS 3((PEKTHBHOCTH CHCTEM 3aMKHYTOH JIOTHCTHKHU MPEUIOKEHO COBMECTHOE PEIIeHHUE 3a1au
ONTHMH3ALMH CeTeH Ul TPAHCIOPTHPOBKH IPSMBIX IOTOKOB HMPOAYKIMH M OOpaTHBIX ITOTOKOB; pa3paboTaHa MaTeMaTHYecKas
MOJIeNIb 3a/laud CTPYKTYPHO-TOINOJOIMYECKOM ONTUMM3AaLUM TPEXYpPOBHEBOH IIEHTPaJIM30BAHHOW CETH MapLIPyTOB 3aMKHYTOM
MHKPOJIOTHCTHKA IS TJIOOANBHBIX IepeBo3oK. s pemeHns Takux 3agad 3()(EKTUBHBIMHU NPHU3HAHBI METOIBI, HCIIOIB3YIOLINE
HaIpaBJICHHBII Tepebop BapHaHTOB;, pa3paboTaHa MaTeMaTH4ecKas MOJENb 3aJayd ONTUMHU3ALUN CETH MapLIPyTOB 3aMKHYTOI
MHKPOJIOTHCTHKH ISl TOKAJBbHBIX IEPEBO30OK C OJHOBPEMEHHON TPAHCIOPTHUPOBKON COAEPKHMOTO IPSIMOTO U 0OpPaTHOTO MOTOKOB;
JUI PEIIeHHs 3afadyd ONTHMH3AIMK CeTeH MapHIpyTOB 3aMKHYTOH MMKPOJIOTHCTUKH Ha YpPOBHE JIOKAIBHBIX MEPEBO30K C
OJHOBPEMEHHOH TPAHCIIOPTUPOBKON COAEPKUMOTO MPSIMOTO M 0OPaTHOTO MOTOKOB MPEAJTIOKEHBI MoAnGHKauu MeTonoB Kiapka-
Paiita, a Taxke MeToJa Ha OCHOBE CXEeM ITOKOOPAWHATHOM ONTHMHU3AlUM M BCTAaBKH; AKCIHEPHMEHTANBHBIC HCCIECJOBAHUI
MIPE/UTOKEHHBIX MOAW(HKAIMH METOJIOB IO3BOJHMJIM IOJIYYUTh OIEHKM WX BPEMEHHOH ciokHOCTH. BeiBoasl: Ilpaktmueckoe
HCIIOIb30BaHME NPEATIOKEHHBIX MaTeMaTHUeCKUX Mojieleld 1 MoauduKanuii MEeTOI0B ONTHMH3AIMH CUCTEM 3aMKHYTOH JIOTHCTHKA
32 CYET COBMECTHOTO peIIeHWs 3afad Uil NPSIMBIX M OOpaTHBIX ITOTOKOB ITO3BOJIMT COKpamlaTh 3aTpaThl Ha pealn3aluio
TPAHCIOPTHON JesATeIbHOCTH KommaHui. IlomydeHHBIE OILIGHKM BpPEMEHHOW CIOXHOCTU METOJOB ONTHMHU3AIMU I103BOJIAT
MIPOTHO3MPOBATH 3aTPAThl BEIYHCIUTENBHBIX U BPEMEHHBIX PECYPCOB NPH HX NPAKTHYECKOM HCIIOIB30BAaHUH IS PEUIeHHs 3agad
ONTUMM3ALUH CETEH 3aMKHYTOU JIOTUCTUKU.

KnroueBble cjI0Ba: JIOTHCTHYECKAs CETh; CETH NPSIMBIX M OOPATHBIX MOTOKOB; 3aMKHYTasl JOTHCTHKA; ONTHMHU3AIUI CETeH;
CHCTEMOJIOTHUYECKAsI MOJIEIb.
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