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ABSTRACT

Context. Effective solution of a number of application problems related to transportation, as a rule, depends on the solution of
two problems: the correct formation of the composition of the column of technique and the successful choice of the route of its
movement. Each of the problems is optimization, the methods of solving which are currently being worked out. Theoretical studies
of each of the individual problems and their practical applications indicate their interdependence, which has not yet been fully stud-
ied. Practical applications necessitate the development of a suitable scientific and methodological apparatus.

Objective. The purpose of this work is development of a method for solving a complex optimization problem of forming a col-
umn of vehicles and choosing the route of its movement on a non-stationary road network.

Method. The mathematical model of solving the optimization problem of complex formation of the composition of the column
of machinery and the choice of its route of motion is proposed. A heterogeneous set was used to describe the array from which the
vehicles were selected. A graph was used to describe the road network. As a criterion for the optimality of the complex problem is
the minimization of time spent on moving. The peculiarity of the model is to take into account the possibility of dynamically
changing the time weights of edges of the graph when implementing the movement of a column of machinery along the chosen route.
Based on the use of this model, a method is proposed, which provides a comprehensive choice of the composition of the column of
equipment and optimal routes of its movement on a non-stationary road network.

Results. The article proposes an algorithm that provides the solution of the optimization problem of complex formation of the
composition of machinery column and the choice of its route of motion in terms of time-fixed edges that describe the network of
roads. The features of application of the proposed algorithm are given. Using the developed software, the choice of technique from
an existing inhomogeneous array and the choice of a route on a graph with a non-stationary time weight of edges was investigated.
The example shows the imperfection of decisions regarding the complex formation of the column composition and the choice of its
optimal route of travel on a non-stationary network of roads obtained using classical methods.

Conclusions. Not taking into account the impact of a possible change in traffic conditions, as evidenced by a change in the time
weights of the edges of the graph describing the road network, on the composition of the column of machinery can lead to subopti-
mality of the obtained solutions using classical methods of forming the composition of the column and finding the shortest route in
the graph. The method proposed in this study can be used to obtain the optimum composition of the column and the route, taking
into account the change in road conditions during the movement of the column. The obtained results extend the possibilities of the
theory of discrete optimization and the theory of graphs.
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NOMENCLATURE

x; —symbol of a specific vehicle, i = Ln;

U, — conditional shortening of initial conditions con-
cerning available vehicles from among which the struc-
ture of a column of machinery for carrying out transporta-
tions of personnel and freights can be formed;

U, — conditional shortening of the initial conditions
regarding the tactical and technical characteristics of ve-
hicles from the composition of the column;

U; — conditional shortening of initial conditions in re-
lation to the studied graph of the road network;

K, — conditional shortening of the criterion on the
level of technical readiness of equipment from the com-
position of the column;

K, — conditional shortening of the criterion on the
number of vehicles in the column;

K3 — conditional shortening of the criterion on the
number of brands of vehicles in the column;

K4 — conditional shortening of the criterion for the
duration of the march;

O, — conditional shortening of restrictions on the level
of readiness of each vehicle at the stage of formation of
the column;

0, — conditional shortening of restrictions on the car-
rying capacity of vehicles;

O; — conditional shortening of restrictions on the vol-
ume of vehicle bodies;

O, — conditional shortening of restrictions on the pas-
senger capacity of vehicles;

Os — conditional shortening of restrictions on the con-
sumption of diesel fuel by vehicles from the composition
of the column;

Os — conditional abbreviation of the restrictions on
fuel consumption of one brand by vehicles from a compo-
sition of a column;

Oy — conditional shortening of restrictions on fuel
consumption of the second mark by vehicles from the
composition of the column;

Og — conditional shortening of restrictions on fuel
consumption of the third mark by vehicles from the com-
position of the column;

Oy — conditional abbreviated designation of restric-
tions on the power reserve on the motor resource;

0, — conditional abbreviated notation of restrictions
on the duration of the march;

O;; — conditional shortening of restrictions on the
level of readiness of vehicles when they arrive at their
destination;
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0O, — conditional shortening of restrictions on the

number of vehicles in the column;
O;3 — conditional shortening of restrictions on the

number of makes of vehicles in the column;
G — designation of the graph corresponding to the
road network.

INTRODUCTION

Today the issue of optimization of transport are ex-
tremely important in different fields of human activity, in
particular, in solving various tasks of logistics. Successful
implementation of many transportations depends signifi-
cantly on the timely arrival of the convoy of vehicles to a
specific destination. For the effective transportation of
various cargoes by land, various modern vehicle with
many features. Prior transportation planning and possible
optimization of the composition of the machinery column
with a wide range of factors. In the next step required is
the solution of the problem of determining the optimal
route of the technique column. There is quite an extensive
network of roads leads to a significant number of possible
routes that combine the place of its disposal destination.
This multivariate is observed even at small distances,
which need to be overcome. On the choice of the optimal
route may essentially influence the dynamics of develop-
ment of traffic situation. Due to the influence of predicted
and stochastic factors, the velocity of the column in sepa-
rate sections of the route varies significantly. Incorrect
consideration of a possible change in road conditions can
lead to incorrect formation of the structure of the column
of vehicles and the choice of route. And this can ensure
the timeliness of the arrival of the column at the destina-
tion. Consequently can occur the failure of certain tasks.
Therefore, the task of organizing the march (complex
solution of component problems) is relevant, and the
presence of variability, a large number of factors that
should be considered when dealing with it, their complex
interactions and influence the result, causes considerable
computational complexity of the problem and the need for
powerful computational tools and the development of
appropriate information technology to solve the problem.

The object of the research is to form the composition
of the machinery column and to choose the route of its
movement.

The subject of the research is the scientific and
methodological apparatus of complex optimization of the
composition of the column and the choice of the route of
its movement.

The purpose of this work is to develop a method for
solving a complex optimization problem of forming a
machinery column and choosing the route of its move-
ment on a non-stationary road network.
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1 PROBLEM STATEMENT

Given:

— the aggregate (set) M = {xl;xz;...;xn} of vehicles
from which the composition of the column of machinery
for the carriage of personnel and cargoes may be formed,
@);

— the tactical and technical characteristics of each ve-
hicle of this totality, (U, ).

Also specify a network of roads that connects the de-
parture point (point A) to the destination (point B). The
mathematical model of the road network is a marked
graph G, whose edge weight is the length of the respec-

tive sections of the road, (U 3).

It is necessary to arrange transportation from point A
to point B so that:
— the duration of the march was minimal, ( Ky );

— coefficient of readiness of each vehicle is not less
than the permitted level, (O, );

— the total capacity of vehicles from the warchouse of
the column allowed to carry goods, (0,);

— the total volume of the bodywork of vehicles from
the warehouse allowed to carry the goods, (O );

— the total passenger capacity allowed to carry person-
nel, (Oy);

— the total fuel consumption of vehicles from the con-
voy did not exceed the amount of fuel available to march
by fuel type, ( Os,...,0%);

— the stock of motorsource was not less than the dis-
tance of transportation, ( Oy );

— vehicles arrived at point B with readiness not less
than specified, (O );

— the number of vehicles in the column was not
greater than the specified value, (O, );

— the number of vehicle brands in the column was not
greater than the specified value, (O,3).

However, it should be taken into consideration that
during the movement of the column, the motion time
along the individual edges can be variable. This condition
is determined by the influence on the time of movement
along a single edge of different conditions, such as cli-
matic (rain, ice, fog, etc.), man-made (blockage of the
roadway, its damage due to flooding of the terrain, etc.),
changes in the period of day (day, night), etc.

It should also be taken into consideration that the cal-
culation of the motion time along individual edges can be
carried out:

1) at the moments when the column is at a certain ver-
tex of the graph, and the calculation is made at those mo-
ments. This is a case where the decision on the further
route of traffic is made at the points of branching of roads
taking into account the situation due to the condition of
individual sections, which changes dynamically and the
data on which appear periodically;
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2) at the times when the column is at a certain vertex
of the graph, and for these moments the initial data on the
speed of movement that will take place when the column
enters the vertex are known in advance. This is a case
where a route decision can be made at the beginning of
the traffic, taking into account the well-known situation
regarding the state of the roads, which will change dy-
namically, but the data on which can be taken into ac-
count in advance.

2 REVIEW OF THE LITERATURE

The issue of forming the composition of a column of
vehicles for the efficient movement of goods has been
given attention in a number of works, in particular [1-4].

Thus, in [2] the method of tactical calculations for de-
termining the number of vehicles for transportation of
goods took into account the characteristics of cargo, load
capacity and speed of movement of vehicles, range of
movement, loading time, unloading, refueling, resting
drivers between trips (if applicable), as well as the timing
of the movement of goods.

The work [3] reflects the issues of predicting the ef-
fectiveness of the march of military formation by the reli-
ability of weapons and military equipment, as well as the
impact on the march effectiveness of the number of repair
units, the technical state of the equipment in terms of reli-
ability, the level of efficiency of repair bodies in carrying
out repairs and labor costs restoration of weapons and
military equipment.

In [4], a variant of the cargo transportation model for
finding the optimal route of transportation of goods from
one sender to several consumers is presented in the trans-
port network.

However, in the analyzed works [2—4] the require-
ments for the formation of the optimum composition of
the vehicle column, such as the level of readiness, the
stock of motorsource, the number of stamps and samples,
the availability of fuel for refueling, etc., were ignored.
These requirements were reflected in the author’s
work [1].

The choice of routes of movement of the transport
column for the effective movement of cargos, as well as
related problems, was given attention in a number of
works, in particular in [5—-17].

An approach to choosing the route based on “edgela-
bels” is given in work [5]. Its use makes it possible to
speed up the search for the shortest path by 500 times
compared to the standard Dijkstra algorithm over a large
graph. In work [6], an algorithm for selecting optimal
routes in a multimodal mode of a public transport network
is presented. Based on the results of this study, the ap-
proach to routing of transit hubs has been adapted to plan
public transportation. In the scientific work [7], the meth-
od of contraction hierarchy was used to find the shortest
path. In the study [8], based on the application of the
SHARC algorithm, the possibilities of finding the shortest
paths for arbitrary means of transportation in the conti-
nental scale transport network were presented. The prob-
lem of multimodal route planning has been investigated in
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a scientific paper [9]. In the research [10] a model for
estimating traffic delays of vehicles was presented, taking
into account arbitrary loads in the process of movement.
The study [11] provides route planning for military
ground vehicles on the battlefield. An algorithm [12] de-
veloped an algorithm for solving the problem of finding
the shortest paths in urban public transit routes, taking
into account the duration of transplants using the branch
and boundary method. In works [13—14], issues of the
application of geoinformation technologies in solving
logistics tasks in military affairs based on the application
of modern ArcGIS information systems [15-17] are ex-
plored.

In the author’s work [18], the problem of choosing the
optimal route of movement of the machinery column of
the border commandant rapid response was taken into
account, taking into consideration the peculiarities associ-
ated with the pre-installation and ensuring the reliability
of the initial data based on the use of spline functions
[19-21]; mathematical models of the studied problem for
three cases (discrete-stochastic, discretely-deterministic
and continuous-indefinite) are constructed, which depend
on the peculiarities of realization of column motion; Al-
gorithms for choosing the optimal route of movement of
the column of border command rapid response command
for each possible case are proposed.

However, despite the sufficient attention that was paid
to the authors, including the tasks of forming the optimal
composition of the column of technique and choosing the
route of its movement, the task of organizing a march that
organically combines both one and the other of these
tasks is not yet completely investigated. This is explained
by the imprecision of approaches to solving this problem.

In view of this, the purpose of this work is to develop
a method for solving a complex optimization problem of
forming the composition of a column of machinery and
choosing the route of its movement on a non-stationary
road network.

3 MATERIALS AND METHODS

At the physical level, the formulated task of organiz-
ing the march consists in the complex solution of two
interrelated problems: problem 1 — selection of the appro-
priate composition of the machinery column; problem 2 —
choosing the appropriate route of its movement.

It should be noted that each of problems 1, 2 are
solved separately from each other. The corresponding
solutions are given in [1, 18].

The problem 1 is solved as a single-criterion optimiza-
tion problem of the form:

Initial data

Up,Up,Us. €))

Criterion
f(Ki.K5,K3)—>min. 2

The system of restrictions:

© Borovyk O. V., Rachok R. V., Borovyk L. V., Basaraba I. O., 2020
DOI 10.15588/1607-3274-2020-2-3

28

0,....,0y . (3)
Op . “)

In problems (1)—(4), single criterion was obtained by
the functional combination of three separate criteria

K;,K5,K5, which appeared in the direct formulation of
Problem 1, and restriction Ojy was obtained by trans-

formation of criterion Ky4.

The contents of the initial conditions, criteria and
restrictions are described in detail in work [1].
The result of solving problem 1 is a set

M, = {xl;xz;...;xm}, whose elements are specific vehi-
cles that are part of the column.
Herewith, m<n and M{ M .

Problem 2 is solved as a single-criterion optimization
problem of the form:
Initial data

M,;,U,,Us. (5)

Criterion

K4 —min. 6)

Problems (5)—(6) take into account the variability of
the edges of the road network graph, as well as the format
of such change — how it occurs, at what moments, at
which stage, the dynamic matrixes of the edges are
known.

The content of the initial conditions and the criterion
of problem 2 are described in detail in work [18].

The result of the solution of problem 2 is the path of

motion of the column V5 ={V1;V2;...;vs} — the set of

vertices through which the path of movement must pass.

Herewith, vy =4, v, =B.

The mathematical model of the problem under study
in the following notations can be represented as an opti-
mization problem of the following form:

Initial data

Up,Up,Us. ™
Criterion

K, — min. ®)
The system of restrictions

0,...,0, )
O1, (10)

Op2, an
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0. (12)

Find
M, ={x;x055%, ), (13)
V,=vasiv, ). (14)

In Problems (7)—(14), the restriction O;; is obtained
by converting the criterion Kj, restriction Ojp — the
criterion K», restriction Oj3 — criterion K3 problems
(h-4), M, ={x1;x2;...;xr} —  the
composition of the
V, = {vl;vz;...;v

expedient

column of machinery, and

z} — the expedient route of its motion.

The analysis of problem 1 in the form (1)—(4) and
problem 2 in the form (5)—(6) leads to the conclusion that
the solution of the studied problem in the form (7)—(14)
can be such that M, :{xl;xz;...;xr};t M, = {xl,xz, },

V,= {vlgvz;...;vz};t Vy = {vl;vz;...;vs}.

To solve the problem under study (7)—(14), we
consider that the speed of movement of the column along
the road network is a key factor that determines the time
required to overcome the distance between the start of the
route and the destination. Consider a possible approach to
its definition. When traveling on the road, this speed is
affected by a number of circumstances.

The first factor is the technical speed limitations of the
vehicles that are part of the column. The speed of
movement of the column may not exceed the minimum of
the maximum permissible speeds of movement of the
respective vehicles. The approach to determining this
velocity can be estimated from [18]. Considering this
factor in the model does not cause much difficulty. Let us

denote it as Vypin kor -

The second factor is the speed limits of the road sec-
tion. For each section of roads of all edges of the graph

G the speed limits are determined due to the features of
the section (its shape, type of pavement, angle of inclina-
tion, etc.). Of course, these restrictions are determined by
the appropriate restrictive signs. Limitations of this type
can be set as a function of the fraction of distance for each
edge of the road graph. In the general case, this limitation
may additionally depend on the time (the nature of the
coverage may be changed, road works performed, addi-
tional restrictive signs may be established), so its consid-
eration is the most difficult. To simplify, until we con-
sider such a time dependence and denote this restriction
v;j(x) , where: i, j — are the vertices of the graph joined by

an edge, x — is the coordinate that determines the position
on that edge (varies from 0 to L; — the length of the corre-
sponding edge).

The third factor is the global impact of weather, or
time of day. Adverse weather conditions (heavy rain,
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snow, fog) or dark time can significantly limit the speed
of the column. In particular, such an effect can be signifi-
cant when combined with low temperatures (ice may oc-
cur). Of course, weather influences can also have a local
character, then in addition to the time, the location of the
column should be additionally taken into account. How-
ever, for the sake of simplicity, we will now only consider
global weather effects that will only depend on the weath-
er. Let us denote this factor v ,,, (¢) .

Given these factors, the speed of the column can be
represented by the expression:

v, (£,) = MV o1 Vi (X):V pog ()

15)

Given the speed (15), you can calculate the passage
time of each of the edges that make up the route:

-_,l\

16
LV (r(x) 0 1o

The complexity of (16) is due to the necessity of tak-
ing into account in the integrand the dependence of #(x).
This dependence can be taken into account in the calcula-
tion (16) in the numerical method as a constant compo-
nent of 7; (the time of beginning of the passage of the
edge (i, j)), to which is added the accumulated fraction of
integration (16):

-

=T +|———d
= o ®

an

The residual travel time on the route is the sum of the
time intervals (16) that are spent moving all the edges of
the route

The approach taken to determine the speed of the col-
umn at any given time and time of the column allows you
to go directly to the description of the method of solving
the complex optimization problem of the formation of the
composition of the column and the choice of the route of
its movement under conditions of dynamic change of the
situation and taking into account the restrictions of the
speed mode.

The method algorithm is proposed as follows.

In the first stage, a set of corteges should be formed
that describes all possible routes that connect the starting
point to the destination in the road graph (Fig. 1). Thus, to
reduce the power of this set and, accordingly, the compu-
tational complexity of the problem, options are considered
without repetitive passage of nodes.

(18)
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Adjusting the optimal
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Figure 1 — Structure of the optimization algorithm

The construction of multiple routes without repeated
passage of nodes is carried out on the basis of the modi-
fied Dijkstra algorithm described in research [18]. Subse-
quently, for each of these corteges (routes), a search is
made of all possible options for constructing a column.

In such a search, the system of restrictions (9)—(12) is
checked. Those columns that do not have this constraint
system are not considered.

It should be noted that the implementation of individ-
ual restrictions is affected by the length of the route under
consideration. This is one of the factors that link the two
parts of the complex optimization problem under study.

For each variant of construction of the column, the re-
sulting maximum speed of its motion is determined by the
formula (15), as the speed of the vehicle with the worst
speed capabilities that is included in its column.

Taking into account this speed and other factors, for-
mulas (16)—(18) determine the time required to overcome
the route by the investigated composition of the column.
According to criterion (8) of minimum time, the best
combination of route and column composition is chosen,
which is the desired solution.

4 EXPERIMENTS
For the purpose of algorithmic-software implementa-
tion of the method described above, appropriate software
was developed. The XML format (Fig. 2-3) was used for
the convenience of describing the output data (vehicle
fleet and road network).
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<?xm] version="1.0" encoding="utf-8"7>
<head>
<graph name="1">
<rebro x="A" y="B" vaga="33,3">
<point 1="0" v="80" />
<point 1="10" v="100" />
<point 1="15" v="40" />
<point 1="20" v="8B0" />
</rebro>
<rebro x="A" y="cC" vaga="81,7">

<point 1="0" v="60" />
<point 1="11" v="100" />
<point 1="26" v="80" />
<point 1="45" v="40" />
<point 1="63" v="80" /=
<point 1="75" v="60" /=
</rebro>
=/graph=
{/hegd>p

Figure 2 — Fragments of file of road network description

Figure 3 — Vehicle fleet description file

The experimental studies considered the network of
roads described by the graph shown in Fig. 4. This graph
shows the weight of the edges that describes the lengths
of the corresponding road fragments.

Fig. 4 shows the location from which the column
(node A) and destination (node H) leave. Using the modi-
fied Dijkstra algorithm to find the shortest route allows
you to determine the optimum distance for the ABEH
route with a total length of 251.7 km.

However, when traveling on a network of roads at dif-
ferent speeds, the shortest route will not always provide
the minimum amount of time spent traveling.

146,7 D

95

G
Figure 4 — Road network graph

5 RESULTS

We will evaluate the results of determining the opti-
mal composition of the column in combination with op-
timizing the route of its movement from point A to point
H. In the first stage, we will determine the essential re-
quirements for the transportation of people and cargo. To
accomplish this, a large list of vehicles with significant
restrictions on the maximum speed of movement had to
be used in the formation of the column (Fig. 5).
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=2/ Convoy Route (E=5) F=R =
VEHICLES
Speed Mass Space  Volume Fuel consumption Stock  Timel — Time2
60 0 7 14 A-82 1500 27 3
€0 0 7 14 Ag2 2800 20 0
70 0 5 14 A5 2500 29 1
W 70 0 5 0 1 AGs 3500 25 5
Land Rover 60 5 5 1 12 DF 3800 22 2
Volkswagen Am, 70 12 5 3 10 A-95 3800 29 1
Volkswagen Am. 70 12 5 3 10 AG5 3200 25 5
GAZ-3307 50 45 2 14 20 A-B0 3200 30 0
UAZ-3303 60 10 2 8 12 AB0 2300 28 1
KrAZ-6322 50 100 3 25 40 DF 0 2 3
Md | [ Dete | [ load | [ Save Caicuiate
RESTRICTION - 05 Volums 31 DF 150 A% 115 w g
Tme 6 Mass 10 People 23 80 120 ASS 36
- ¥
L iz g RESULTS
Number of graph points 8
Opt. route=ABEH convoy=1110000101 Topt=5.437083h. L=2517
Optimal route {Deikstra) ABEH L=2517

Figure 5 — Optimization result with significant constraints

With such a convoy structure, restrictions on the max-
imum vehicle speed (50 km/h) make it impossible to real-
ize the high-speed potential of the roads themselves.
Therefore, the route obtained is the same as the shortest
route obtained using the Dijkstra algorithm. The weaken-
ing of the requirements for the carriage of people and the
volume of cargo reduces the composition of the column
and improves its speed from 50 km/h to 60 km/h (Fig. 6).

Improving the speed of the column leads to an im-
provement in the optimization score. Travel time de-
creased from 5.44 h to 4.87 h. However, with such an
increase in the average speed of the route (from 46 km/h
to 52 km/h), the route itself has not changed.

With further weakening of the traffic requirements as
a result of the optimization, the column remains the only
vehicle that has the best speed characteristics and which
meets the other requirements for the composition of the
column (Fig. 7).

With this composition of the column and improving
its speed characteristics (up to 70 km/h), there is a further
reduction of time to 4.43 hours. However, the most inter-
esting part is the change of route, which becomes differ-
ent from the shortest. This change is explained by the fact
that when moving from node E to node H, although the
length of the edge {EN} is smaller than the section
{EFH}, but the speed of movement on this edge is less.
At the low possible speed of movement of the column,
this advantage of the road section {EFH} was not realized
(Fig. 5-6). However, when it is increased to 70 km/h, this
variant of the route leads to an improvement in the time
frame for optimization. And despite the increase in the
distance of the route from 251.7 km to 272.7 km, by in-
creasing the average speed to 61.6 km/h, the resulting
time was reduced to an optimum value of 4.43 h.

Let us now study the impact on the result of solving
the complex optimization problem of reducing the speed
of movement of the column due to the worsening weather
conditions. To this end, the program implemented speed
limits from 10 to 12 hours to 20 km/h. The 70 parameter
is used to set the start time of the column exit.
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a2 Convoy Route [E=8E=R =
VEHICLES
Model Speed Mass  Space Volume Fuelconsumption Stock Tmel — Time2
UAZ-315195 60 0 7 0 14 AS2 1500 27 3
UAZ-315185 60 0 7 0 14 AS2 2500 30 0
VAZ-21230 70 0 5 0 14 AS5 2500 29 1
VAZ-21230 70 0 5 0 L AgGh 3500 25 5
60 5 5 1 12 DF aj00 28 2
70 12 5 3 10 A-95 3800 29 1
70 12 5 3 10 AS5 3200 35 5
50 45 2 14 20 ABD 3200 X0 0
60 10 2 3 18 ABD 2300 28 1
50 100 3 25 40 DF w0 27 3
AMd | [ Delete | [ Load | [ Sme | Calculate
RESTRICTION i 05 Vokume 4 DF 150 AZ2 15 T O
Tme 6 Mass 10 People 3 A80 120 A95 35
— .
LER A prasiH RESULTS

Number of graph poirts 8
Opt. route=ABEH convoy=0000110000 Topt=4,865105 h. L=251.7

Figure 6 — Optimization result with moderate constraints

a2 Convoy Route [E=8E=R =
VEHICLES
Model Speed Mass Space  Volume Fuelconsumption Stock  Timel — Time2
UAZ-315195 60 0 7 0 14 A2 1500 7 3
UAZ-315185 60 0 7 0 14 AS2 2500 30 0
VAZ-21230 70 0 5 0 14 AS5 2500 29 1
VAZ-21230 70 0 5 0 L AgGh 3500 25 5
Land Rover 60 5 5 1 12 DF B0 28 2
Veolkswagen Am. 70 12 5 3 10 A-95 3800 29 1
Volkswagen Am. 70 12 5 3 10 AS5 3200 35 5
GAZ-3307 50 45 2 14 20 ABD 3200 X0 0
UAZ-3303 60 10 2 8 18 A-BD 2300 28 1
KrazZ-6322 50 100 3 25 40 DF o 7 3
add | [ Deete | [ Load | [ Sae | Calcuiate
RESTRICTION - 5 Volume 3 DF 150 A8 115 W
Tme & Mass 10 People 3 A0 120 A95 35
— -
from A Where H RESULTS

Number of graph points &
Opt. route=ABEFH convoy=0000010000 Topt=4,431305h. L=272.7
Optimal route (Deikstra) ABEH L=2517

Figure 7 — Optimization result with slight constraints

Consider the impact of this factor in the formation of
columns for transportation of 3 people and cargo volume
of 3 m3. With such restrictions, as shown above, the col-
umn is formed of 1 car. We carry out the solution of the
optimization problem when changing the parameter “70”
from 4 to 12 hours (Fig. 8).

According to the calculation results, for the initial
time of 4 and 5 hours the results are identical and coincide
with the 0 hour variant (Fig. 7). This is explained by the
fact that it takes 4.43 hours to move the column and there-
fore the factor of influence of weather conditions is ex-
cluded (the column arrives at destination till 10 o’clock).
However, for the initial time of 6 hours, it begins to be
partially affected, and the restriction of the speed of the
last sections of the route leads to an increase in the time to
move almost one hour.

Most interesting is the effect of this factor at the departure
time of the column at 7 and 8 o’clock. Speed limitation at
the final stage of the movement eliminates the benefits of
detours at {EFH}, where good speed is ensured. There-
fore, the shortest route is optimal. At the departure of
the column from 9 to 11 o’clock, the speed limitation is
carried out at the initial sections of the route and the route
{ABEFH} becomes optimal again. However, different
periods of time from 5.09 to 5.8 hours are spent to over-
come it. The last optimization option in Figure 8 corre-
sponds to a 12-hour departure time when the weathering
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effect is complete. Therefore, the result obtained is the
same as the variants for TO values: 0, 4 and 5 hours.

#5/ Convoy Route [E=5ER =
VEHICLES
Model Speed Mass  Space Volume Fuelconsumption Stock Timel —Time2
UAZ-315135 60 ] 7 0 4 A% 1500 27 3
UAZ-315195 80 ] 7 0 14 AS2 2500 W0
VAZ-21230 70 0 5 0 14 AS5 2500 23 1
VAZ-21230 70 0 5 0 1 AS5 30 2B 5
L 60 5 5 1 12 DF 3800 228 2
\ 70 2 5 3 0 ASS 3800 29 1
0 25 3 0 A% 300 2B 5
50 5 2 4 20 AB0 3200 30 0
80 0 2 g 18 AS0 2300 29 1
50 00 3 2% 40 DF 300 7 3
Ad | [ Dee | [ loasd | [ Save Calculate
RESTRICTION g 05 Volume 3 DF 150 AS2 115 0 12
Tme 6 Mass 10 People 3 A8 120 AS5 35
\
Lo A - = RESULTS
Number of graph peints &
Opt. route=ABEFH convoy=0000010000 Topt=4,431305 k. L-272.7
Opt. route=ABEFH convoy=0000010000 Topt=4,431305 h
Opt route=ABEFH corvoy=0000010000 Topt=5,401074 h
Opt. route=ABEH convoy=0000010000 Topt=5.717087 h. L=25
Opt route=ABEH convoy=0000010000 Topt=556371 h. L=251,
Opt. route=ABEFH convoy=0000010000 Topt=5,608171 h. L
Opt. route=ABEFH convoy=0000010000 Topl=5,806308 h. L=272.7
Opt route=ABEFH convoy-0000010000 Topt-5,095594 h L-272.7
Opt. route=ABEFH convoy=0000010000 Topt=4.431305 h, L=272.7

Figure 8 — Optimization result when the initial column departure
time changes

Consider also the column option with moderate con-
straints that determine the formation of a column of two
cars. Fig. 9 shows the optimization results for TO values
from 4 to 12 hours. Similar to the previous variant, the
initial two cases show no influence of the speed limits
(the column manages to pass the route before the negative
influence of the weather conditions begins).

It is interesting to change the optimal route for TO 6
and 9 hours. All variants affected by negative conditions
are subject to greater travel time values.

a2 Convoy_Route

E=8 Eo8 =
VEHICLES
Model Speed Mass Space  Volume Fuel consumption Stock  Timel — Time2

UAZ-315195 &0 ] 7 0] 4 A 3
UAZ-315185 50 ] 7 0 4 Am ]
VAZ-21230 70 ] 5 0] M A 1
VAZ-21230 70 ] 5 0 1 A 5
E 80 5 5 i iz DF 2
far 70 205 3 0 A 1

Am 70 25 3 0 AS 5

50 5 2 420 ABD ]

50 w2 g 18 A0 1

50 o 3 % 40 DF 3

Ad | [ Dete | [ lomd | [ Save Calcuiate
RESTRICTION - 05 i X o 12

I olume: 4 DF 150 A% 115
Tme 6 Mass 10 People 3 280 120 AS5 35
- ¥
Lo A e g RESULTS

Number of graph points 8

Opt. route=ABEFH convoy=0000110000 Topt=6,188363 h

Opt. route=ABEH convoy=0000110000 Topt=5,97506 h. L=
Opt. route=ABEH convoy=0000110000 Topt=5.943232h. L=
Opt. route=ABEFH convoy=0000110000 Topt=6,025162 h
Opt. route=ABEH convoy=0000110000 Topt=6,156773h. L=
Opt. route=ABEH convoy=0000110000 Topt=5.493438h. L=
Opt. route=ABEH convoy=0000110000 Topt=4.865105h. L=

Figure 9 — Changing the route for a column of 2 vehicles

6 DISCUSSION
The method of solving the complex optimization
problem of forming a column of machinery and choosing the
route of its movement on a non-stationary road network
proposed in this study allows to take into account the initial
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conditions and restrictions on the level of readiness of each
vehicle at the stage of forming a column, load capacity, body
volume and passenger capacity of vehicles, consumption of
different types of fuel by vehicles from the composition of
the column, the reserve of the course on motor resources,
duration of march, the level of readiness of transport which
means at the moment of arrival at the destination, the number
of vehicles and their brands a part of the column that best
approximates the studied problem to real conditions.

However, although the proposed method allows to solve
the problem under study, the question of choosing a
sampling step in the study of the mathematical model and
quantitative assessment of the reliability of the obtained
results remain relevant. In order to predict the impact of
changes in road conditions on the movement of the column,
it is advisable to consider the use of artificial intelligence
methods, in particular, neural networks.

CONCLUSIONS

Thus, the task of organizing the march, which provides a
complex solution to the problems of forming the composition
of the column of machinery and choosing the route of its
movement, is set out in the work, as well as its mathematical
model is formed.

Taking into account the peculiarities of the model, which
are determined by the influence of stochastic factors, the
method of complex choice of composition of the column of
technique and the optimal route of its movement is proposed.
Algorithmic software is also formed, which takes into ac-
count a considerable part of the features of the model.

The study looks at an example of using the proposed
method for a fragment of the horn network and shows a sig-
nificant relationship between the two partial problems, which
is amplified by the increase in the influence of the hundred-
host factor.

The application of the proposed method can allow avoid-
ing unreasonable decisions when organizing movements.

The scientific novelty of the obtained results lies in the
formalization of the problem of complex search for the com-
position of the column of vehicles and the route of its
movement, taking into account the dynamics of the change
of the road situation, the structure of the corresponding
mathematical model and the method of its solving. The re-
sults of computational experiments confirmed the interde-
pendence of partial problems of the studied complex prob-
lem. The proposed scientific and methodological apparatus
expands on the scientific toolkit of the theory of discrete
optimization and the theory of graphs.

The practical significance of the obtained results is to
increase the efficiency of logistic transportations by optimiz-
ing the composition of the column of machinery and routes
of its movement. The software-algorithmic implementation
of the proposed method allows to expand the functionality of
the respective software and hardware complexes.

The prospects for further research are to investigate
the effectiveness of the proposed mathematical model. It is
also promising to explore the possibility of using artificial
intelligence methods to predict the development of road con-
ditions.
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AHOTAIIA

AkTtyanbHicTb. EdexTuBHE BHpILICHHS DXy NPHUKIAIHUAX 3a0ad, IO CTOCYIOThCS IEPEBE3CHb, K MPABHIIO, 3AJICKUTH Bil
PO3B’sI3aHHS JIBOX 3a/1a4: KOPEKTHOro (hOpMyBaHHs CKJIaay KOJOHH TEXHIKH Ta BAAIOro BUOOpY Mapuipyty il pyxy. KoxHa i3 3agau
€ ONTHMI3aLiifHOI0, METOIM BUPIILICHHS SKUX HA JaHUH Yac ompanboBaHi. TeopeTHyHi DOCIiHKEHHS KOXKHOI 3 OKPeMHX 3amad i ix
MPaKTHYHI 3aCTOCYBaHHs BKa3ylOTh Ha 1X B3a€EMO3AJISIKHICTh 1 B3aEMOOOYMOBIICHICTS, 110 ILIe HE 10 KiHIs BUBYEHO. [IpakTu4Hi 3a-
CTOCYBaHHS OOYMOBJIIOIOTH HEOOX1THICTH PO3BHUTKY BiAIOBIAHOTO HAYKOBO-METOANYHOTO arapary.

Meta. MeToto poboTH € po3podka METOAy PO3B’sI3aHHS KOMIUIEKCHOI ONTUMI3aliiHOI 3aa4i (OpMyBaHHS CKIaqy KOJIOHHU TeX-
HIKH Ta BUOOpY MapmIpyTy i pyXy IT0 HeCTaI[iOHApHIIl Mepexi Jopir.

Metoa. Y po6oTi 3amporoHOBaHa MaTreMaTHYHA MOJENIb PO3B’SI3yBaHHS ONTHUMI3aliifHOI 3a1adi KOMIUIEKCHOTO (GopMyBaHHS
CKJIaJly KOJIOHM TEXHIKH Ta BHOOpY 11 MapmpyTy pyxy. Jis ommcy MacuBy, 3 SIKOTO 3IIHCHIOETHCS BHOIpP TPAHCIOPTHHX 3acO0iB,
BHUKOPHCTAHO HEOJHOPIAHY MHOXHUHY. JIJIsl OmHCy Mepeski opir BUKopuctanuii rpad. B sKOCTi KpUTEPirO ONTUMAIIBHOCTI KOMILIEK-
CHOI 3aJa4i BUCTYIIa€ MiHIMi3allisl 4acy, KUl BUTpadaeThest Ha nepeMimieHHst. OcoOIMBICTIO MOZIEII € BpaXyBaHHS Y Hill MOXKITHBOC-
Ti JUHAMIYHOI 3MiHHM 4acoBUX Bar pebep rpady npu peasizauii nepeMilieHHs KOJIOHH TEXHIKH 1Mo oOpaHoMy Mapuipyty. Ha ocHoBi
BHUKOPHUCTAHHS JaHOI MOJETI 3alpOIIOHOBAHO METO, KU 3abe3nedye KOMIUIEKCHIH BUOIp CKIaay KOJOHHM TEXHIKH Ta ONTHMAlb-
HUX MapHIpyTiB ii pyXy Ha HecTalliOHAPHIH Mepexi TOpir.

PesyabTaT. Y CTATTi 3aIpONOHOBAHO AJITOPHTM, LIO 3a0e3reuye po3B’s3yBaHHs ONTUMI3aLiiHOI 3a1a4i KOMIUIEKCHOTO (op-
MYyBaHHs CKJIa[ly KOJIOHH TEXHIKH Ta BHOOpY il MapIIpyTy pyxy B yMoBax HedikcoBaHoi B yaci Baru pedep, sIKi OMUCYIOTh MEPEKY
nopir. HaBeneHo 0coGIMBOCTI 3aCTOCYBAHHS 3alPOIIOHOBAHOTO AITOPUTMY. 3 BUKOPHUCTAHHSAM PO3POOJICHOrO MPOTPaMHOTo 3a0e3-
MCYCHHSI JOCII/PKCHO BapiaHT BUOOPY TEXHIKH 3 HaSIBHOTO HEOJHOPIMTHOrO MacHBY Ta BHOOPY MaplipyTy Ha rpadi 3 HecTalioHap-
HOIO 4acoBOIO Baroo pedep. Ha npukiaji nokasaHo HEZOCKOHANICTh PillIeHb 110JI0 KOMIUIEKCHOTO (JOpMyBaHHS CKJIaady KOJIOHH Ta
BUOOPY ii ONTHMANBEHOTO MapUIPYTy PyXy Ha HECTalliOHApHIH Mepexi Topir, OTPUMAaHMX 3 BUKOPHCTAHHIM KJIACHYHHUX METOIB.

BucHoBku. HeBpaxyBaHHs BIUIMBY MOX/IHMBOI 3MiHH JOPO’KHBOT 0OCTaHOBKH, 110 IIPOSIBIISAETHCS 3MIHOIO B Yaci 4aCOBHX Bar pe-
Oep rpada, SKM OMUCYE MEPEXY JOPIr, Ha CKIaJ KOJIOHH TEXHIKM MOXKE NMPH3BECTH 0 HEONTHMAIBHOCTI OTPUMYBAHUX DIlIEHb 3
BUKOPHCTAHHSIM KJIACHYHHX METO[iB OopMyBaHHS CKJIaxy KOJOHH Ta IMOIIYKY HaHKOPOTLIOro Mapupyty B rpadi. s otpumaHHs
OINTUMAJIBHOTO CKJIaJy KOJIOHH Ta MaplIPyTy 3 ypaXxyBaHHSM 3MiHH B 4aci TOpPOKHbOI OOCTAHOBKH IPH PYCi KOJIOHH, MOXKHA BUKO-
pHCTaTH 3apPOIIOHOBAHHUN Y TAHOMY JOCIiLKeHHI MeToa. OTpUMaHi pe3ysibTaTd PO3LIMPIOIOTH MOXKIIUBOCTI TE€OPil AUCKPETHOI OI-
TUMi3awii i Teopii rpadis.

KJIIOYOBI CJIOBA: xoMIUIeKCHICTh, ONTUMI3alliliHa 3a1a4a, rpad), HecTaliOHAPHICTh, METO/.

VK 528.29

METO/, PELIEHUS KOMILIEKCHOM ONTUMHA3AIIMOHHOM 3AIAYA ©®OPMHUPOBAHUSI COCTABA
KOJIOHHbI TEXHUKH U BBIBOPA MAPIIIPYTA EE IBUKEHUS IO HECTAIMOHAPHOU CETH JOPOI'
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AHHOTANUA

AKTyaIbHOCTB. D(DPEKTUBHOE pEeLICHNE PsAa MPUKIAIHBIX 33124, KACAIOIUXCS MIEPEBO30K, KaK IPABHIIO, 3aBUCUT OT PEIICHUS
JBYX 3a]ja4: KOPPEKTHOTrO (pOPMHUPOBAHUSA COCTaBA KOJOHHBI TEXHUKH M yJa4HOTO BbIOOpa MapuipyTa ee aBrxkeHus. Kaxnas n3 3a-
Jad SBIISIETCS ONTUMU3AIMOHHON, METOBI PEIICHHUSI KOTOPBIX B HACTOSIIIIEE BPeMsl ONpeeneHbl. TeopeTHIeCKHe NCCIEeA0BaHNs Ka-
XKJIOM U3 OTAENBHBIX 33124 ¥ UX MPAKTHUECKHE MIPUMEHEHHS YKa3bIBAIOT Ha MX B3aNMO3aBUCHMOCTh M B3aHMOOOYCIIOBIEHHOCTD, YTO
eme He 10 KOHIA m3ydeHo. IIpakTudyeckue NpUMeHEHUs! 00yCIOBIMBAIOT HEOOXOAUMOCTh Pa3BHTHS COOTBETCTBYIONIETO HAay4YHO-
METOAMYECKOro anmnapara.

Hens. Lensto paboTs! ABiIsAETCA pa3padOTKa METOIa PEIIeHHs] KOMIUIEKCHON ONTUMU3ALOHHON 3a1a4n GopMHUpoBaHUs cocTaBa
KOJIOHHBI TEXHHKH M BBIOOpa MapLIpyTa ee JBIKSHUsI 110 HECTallMOHAPHON CETH JIOPOT.

Mertoa. B pabore npesiokeHa MateMaTH4YecKasi MOJENb PELICHNS ONTHMH3AIMOHHON 33a7a4il KOMIUIEKCHOTO (OPMHPOBAHUS
COCTaBa KOJIOHHBI TEXHUKHU U BHIOOpA €€ MapIupyTa JBIKEHUs. [l omucaHus MaccHBa, C KOTOPOTO OCYIIECTBIISETCS BBIOOP TpaHC-
MOPTHBIX CPEJCTB, HCIOJIB30BAHO HEOJHOPOAHOE MHOXKECTBO. [IIIs1 ONMCAHUsI CETH JOPOT HCHONB30BaH rpad. B xadecTBe kputepus
ONTHMAIPHOCTH KOMIIJIEKCHOHM 3a/laddl BBICTYNAeT MUHHMH3AIMS BPEMEHH, KOTOpPOE TPAaTHTCS Ha mnepemenieHne. OcOOCHHOCTHIO
MOJIEJH SIBISIETCS Y4eT B HEil BO3MOXHOCTH JUHAMHYECKOTO M3MEHEHUs] BpEeMEHHOTr0 Beca pedep rpada mpH pean3aniy IepemMe-
IIeHHs] KOJIOHHBI TEXHUKH I10 BHIOpaHHOMY MapuipyTy. Ha ocHOBe HCIONIB30BaHUS JAaHHON MOJENH IPEIJIOKEH METOM, KOTOPBI
obecrieyrBaeT KOMIUICKCHBIA BBIOOpP COCTaBa KOJIOHHBI TEXHUKH M ONTUMAIBHBIX MaplIpyTOB €€ JABH)KEHHS MO HEeCTallMOHAPHOM
CETHU JI0pOT.

Pe3yabTaThl. B crathe nmpemiokeH aaropuT™M, o0eCIeYHBaONIMN pelIeHHE ONTHMHU3ANMOHHON 3aa4l KOMIIEKCHOTO (hOpMH-
POBaHMs COCTaBa KOJIOHHBI TEXHUKH M BbIOOpA e€e MaplLIpyTa ABMXKCHHS B YCJIOBMAX HE(QUKCHPOBAaHHOIO BO BPEMEHH Beca pedep,
KOTOpBIE OMHUCHIBAIOT CEeTh Jopor. [IpuBeneHs 0cOOCHHOCTH IPUMEHEHNS IPEAN0KEHHOT0 anroputMa. C HCIOIb30BaHUEM pa3pabo-
TaHHOTO TIPOTPAMMHOTO 00ECTICUeHHUs HCCIIEI0BAaHO BAPHAHT BBIOOpA TEXHUKH N3 UMEIOIIETOCS HEOTHOPOIHOTO MaccuBa M BEIOOpa
MapIIpyTa Ha rpade ¢ HecTalMOHapHEIM BpEMEHHBIM BecoM pebep. Ha nprmMepe nokazaHo HECOBEPIIEHCTBO PEIICHUH KOMIUIEKCHO-
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ro opMHUpOBaHKs COCTaBa KOJIOHHBI U BEIOOpA €€ ONTUMAIIFHOTO MapIIpyTa IBIKCHHS HA HECTAI[MOHAPHONW CETH JOPOT, TOIyUYCH-
HBIX C UCITOJIb30BaHUEM KIIACCUYCCKUX METOJIOB.
BoiBoabl. Heyuer BiHsHUS BO3MOXXHOTO W3MCHEHUsSI TOPOKHOW OOCTAHOBKH, YTO TMPOSBISICTCS M3MECHCHHUEM BO BPEMEHHU Bpe-
MEHHOTO Beca pedep rpada, KOTopoe ONUCHIBAET CETh JOPOT, HA COCTAB KOJIOHHBI TEXHUKH MOXET MPUBECTH K HEONTUMAIbHOCTH
MOJTy4aeMbIX PELICHHUI C UCIIOIb30BAHHEM KIACCHYECKHX METOHOB (hOPMHUPOBAHUS COCTABa KOJOHHBI U MOMCKA KpaTdaiiiero Map-
mpyTa B rpade. s moaydeHns: ONTUMaIFHOTO COCTaBa KOJIOHHBI M MapUIpyTa C Y4€TOM H3MEHEHHS BO BPEMEHH JIOPOKHOM 0bcTa-
HOBKH TIPY JIBWKEHUH KOJIOHHBI, MO’KHO HCIIOJIb30BaTh MpEJiaraeMblii B TaHHOM HCCIICIOBaHUN MeTOA. IloryueHHbIe pe3yabTaThl
PaCIIMPSIIOT BO3MOKHOCTH TEOPUHU TUCKPETHOM ONTHMHU3AIMU M TEOPUH rpadoB.

KJIFOYEBBIE CJIOBA: KOMILIEKCHOCTB, ONITUMH3AIIMOHHAS 33/1a4a, rpad), HECTAIHOHAPHOCTh, METO/.
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