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Abstract: This article presents a realized application of a model and algorithm to optimize the
formation and use of a machine and tractor fleet of an agricultural enterprise in crop farming. The
concepts and indicators characterizing the processes of agricultural operations of the machine fleet
in the agrarian business are considered. A classification of approaches for optimizing the imple-
mentation of a complex of mechanized agro-technical operations is given. We systemize different
views on the problems under study and possible solutions. The advantages of the proposed model
and algorithm, as well as the problematic aspects of their information and instrumental support are
discussed. The problem of choosing the optimality criterion when setting the formal problem of
optimizing agricultural operations by a fleet of machines in the agricultural field is considered. A
modification of the economic and mathematical model for optimizing the structure and production
schedules of the machine and tractor fleet is developed. The model is applied in a numerical ex-
periment using real data of a specific agricultural enterprise, and the economic interpretation of the
results is discussed. We apply an approach for determining the economic effect of the use of the
developed model and algorithm. The possibilities for practical application of the obtained results of
the study are substantiated.

Keywords: scheduling; agricultural machinery; management; nonlinear model

1. Introduction

To increase the efficiency of agricultural production, it is important to optimally
distribute agricultural machines and tractors between agricultural operations when
performing the spring sowing campaign and harvest drive. The machine and tractor fleet
(MTF for short) performs one of the main tasks in agricultural enterprises, specifically,
the implementation of mechanized work according to certain, clearly established
agro-technical criteria, while complying with optimal quality parameters and minimum
cost requirements. The technical and economic efficiency of mechanized agricultural
production largely depends on the capacity and structure of the machine and tractor fleet
which is available to the agro-industrial enterprise. As a result, it becomes necessary to
design scientifically based integrated algorithms for determining the optimal quantita-
tive composition of the machine and tractor fleet of agricultural enterprises. The most
important stage in solving agricultural problems of optimal organization of production is
achieved with the help of computers and is described in modern scientific, practical and
operational research literature. It is the development of economic and mathematical
models that take into account the specifics of the agricultural production process, as well
as the most important interrelations between technical and economic factors [1].

The machine and tractor fleet is designed to ensure the execution of agricultural
works with the most acceptable agro-technical terms. Due to the universal nature of most
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agricultural machines, determining the optimal replacement schedule for the MTF and
assessing the economic effectiveness of the operations of machine-tractor aggregates of
different brands and formations should be carried out not for only individual crops, but
also comprehensively for the whole complex of crops that are cultivated on a farm. It is
necessary to consider the calendar dynamics and coincidence (parallelization) of different
technological and auxiliary processes in the agricultural production [1,2].

We must consider the key concepts needed to develop algorithms for optimizing the
formation and use of the MTF of an agricultural enterprise. Field cultivation, being one of
the main branches of crop production, involves production directly in the field, mainly of
annual spring and winter crops, such as grains, potatoes, industrial crops, etc.
Agro-technology is a set of technological operations that are performed in the cultivation
of a certain crop. Machine-tractor works are operations that are performed on a certain
field at specific time intervals in the implementation of a specific agricultural technology
(e.g., harrowing a field) using specialized machines and tools. There are specific interre-
lations and interdependencies between machine-tractor works which determine the
clearly defined chronology of their implementation and the intervals between them. An
agro-technical period of work (agro-term) is the normative period of work for the agri-
cultural operations (e.g., the agronomic period of chiseling from 5 April to 10 May).

A machine-tractor (MT for short) unit is a set of a certain number of units of agri-
cultural machinery, which are combined into one whole to perform an agricultural oper-
ation that has a mechanized character. The following combinations can act as a MT unit: a
tractor equipped with an agricultural machine; and a combine mounted with specialized
equipment (e.g., when pressing hay, one requires a tractor MTZ-82 equipped with a baler
PRF-750). For the uniformity and formalization of the problem, it can be assumed that the
equipment that performs some agricultural operation by itself, without combining with
other equipment (device), is still an aggregate of the type “self-propelled equipment
equipped by fictitious trailer equipment”. Based on this assumption, in the process of a
numerical experiment, the initial value of the number of such fictitious units is set to
some sufficiently large number (e.g., 10,000). The same unit can perform agricultural
operations in different parts of the field, but at the same time have different operational
characteristics (e.g., fuel consumption and production rates). The latter indeterminacy
can be determined by introducing digital twins of the agricultural machinery taking into
account the individual characteristics of specific pieces of equipment.

Natural and production conditions are a set of factors that determine the operating
conditions and efficiency of the MT unit operations. These factors include the space con-
figuration of the field, the conditions for the movement of the aggregates, the type of soil
in the field, the conditions of remuneration, etc. It should be noted that such conditions
can also be emulated using digital twins, including modules of neural network analysis,
econometric and simulation modeling, etc. The planned task is the mandatory minimum
volumes of gross harvest of agricultural crops established by the person making man-
agement decisions at the enterprise or by a higher management body. The MT unit
schedule is a formalized plan for the implementation of a complex of mechanized agri-
cultural works and provides the most rational distribution of the MT unit in time, en-
suring the fulfillment of the planned tasks.

The rest of this article is organized as follows. The related literature is surveyed in
Section 2. The problem setting is presented in Section 3. A mathematical model is de-
scribed in Section 4. A general schema for choosing the machine and tractor fleet and al-
gorithm is presented in Section 5. The numerical experiments are described in Section 6.
The computational results are discussed in Section 7. Future research directions are out-
lined in Section 8, and concluding remarks are given in Section 9. The computational
results obtained for the agricultural complex “Novy Dvor-Agro” are presented in Ap-
pendix A.
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2. Related Literature

The article [3] deals with production planning in agricultural systems with scarce
water resources in arid regions. The farmers’ profits were increased by reducing ma-
chinery transportation costs based on optimal schedules. Farm production planning and
machinery scheduling for perennial crops were introduced to maximize the net value.
The optimization method allowed for production planning, machinery scheduling and
crop rotation. The optimal machinery transportation routes were determined and the ir-
rigation water requirements were analyzed. The model yielded a mixed-integer linear
optimization that was assessed on two case studies.

The paper [4] presents an optimization method for farm management during a
planning horizon. The model features were the incorporation of crop rotations and the
consideration of crop impacts on the environment by environmental constraints. The
decision tool produces a crop rotation plan which maximizes profits while satisfying the
specified constraints and requirements. The proposed method was formulated as a
mixed-integer linear programming optimization. The authors of [4] investigated the im-
pact of various environmental constraints, aiming to limit the environmental impacts of
farm activities to below given levels. Some constraints were derived by adopting life cy-
cle assessment algorithms, which were illustrated using the agriculture system data
available from Luxembourg. The impacts of a variety of environmental constraints, in-
cluding greenhouse gas emissions, were investigated.

Agricultural works can be performed by different sets of machines belonging to
different brands characterized by different sizes, prices and interchangeability. Machines
with different productivity result in uneven time and costs of performing work. Since
mechanized works and their implementation conditions differ, each set of machines will
be effective when performing one agricultural operation and less effective or completely
unprofitable when performing another. When first scheduling the implementation of a
complex of works, sets of machines can be assigned to specific operations in certain
agro-technical periods with a given composition of MT units that are available to the en-
terprise. The initial plan for solving an optimization problem, especially a nonlinear one,
largely determines the final result of the model calculations [5]. In this regard, the task is
to determine the distribution of mechanized works according to the methods of execution
(sets of machines) within a given fleet (possibly with the option of its replenishment), in
which all works are performed during the planned period in the best possible way in
accordance with the established optimization criteria. A technically and economically
feasible way of performing a specific list of works should be determined. In order to in-
crease the efficiency of the use of an MTF in an agricultural business, it is required to
determine its rational composition with the help of economic and mathematical model-
ing [6].

Field operation planning is critical for the efficiency of agricultural activities. This
planning problem was addressed in [7], where particular algorithms were developed
based on discrete event simulation and computer programming. The developed model
captured the equipment and tracks for the evolution of its movement across the field via
so-called state transition tables. The validity of the model was tested by comparing its
performance with empirical data collected from harvesting equipment.

In the paper [8], an asymmetric multi-depot vehicle routing problem for the
maintenance of a farm machinery was studied. To provide a door-to-door service for
farm machinery maintenance, a node service and arc service were used. Multiple con-
straints included the customer’s time window, maximum repair work duration, fleet size
and vehicle capacity. A mathematical programming problem was formulated with the
criterion to minimize total costs. A discrete firefly algorithm with compound neighbor-
hoods and presenting neighborhood procedures was developed to solve the problem
heuristically. Procedures with reduced computational complexity to evaluate the dura-
tion infeasibility were suggested. The computational results demonstrated that the pro-
posed algorithm performed better than CPLEX solver for most large instances. The algo-
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rithm was superior to others for solving benchmark instances of multi-depot vehicle
routing problems with specified time windows.

Olives are one of the most important agricultural products. However, the traditional
harvesting methods fail to fulfill the current need for olive harvesting mechanization. To
expedite the olive harvesting mechanization process, engineers have designed various
machines and types of equipment. The considered challenge is to select the best olive
harvesting machine to improve the economic conditions in agricultural production and
thereby maintain the product’s demand. The authors of [9] describe a decision support
system to aid decision making about olive harvesting machines. They evaluated six ag-
ricultural machines according to nine criteria to classify them into three groups: benefi-
cial, non-beneficial and target-based criteria. For these weighted criteria, the best-worst
method was applied. Due to having a target criterion in the selection problem, the deci-
sion matrix was normalized by the target technique. Using the proposed algorithms, the
best harvesting machine was selected. A dominance algorithm was developed to inte-
grate the resultant rankings of harvesting machines.

The authors of [10] describe a computer program developed for selecting agricul-
tural machinery for a group of farms. The computer program was based on
mixed-integer linear programming linked to several databases contained in spreadsheets.
The program selects the machinery set for an individual farm, which corresponds to the
low annual mechanization cost of the multiform through the specified time. The input
data include the variable and fixed costs for twelve years, the schedule of agricultural
operations, various combinations of equipment and the farm area. The program is capa-
ble of calculating the number of working days required for each tractor and is imple-
mented at a farm level in the different periods. The program allows studying the effect of
changing values on fixed and variable costs through time. A case in Guanajuato for farms
cultivating wheat and sorghum was used to demonstrate the model and program appli-
cation. The mechanization costs were reduced during the passage of time. The optimal
solution of the machinery park selected for the first year was not the same as that selected
through other years. For the machinery, the solution was below the quantity of tractors
available on the tested farms.

The introduction of intelligent machines with autonomous vehicles to agriculture
enables increases in efficiency and reduced environmental impacts. Innovative sensing
and actuating technologies with improved communication technologies provide poten-
tial advancements. A full exploitation of engineering advances requires the agricultural
machinery management process to be revisited. Traditional agricultural operations
planning algorithms for job-shop scheduling may be supplemented with better features.
The objectives of the review paper [11] were to outline the required advances in agricul-
tural machinery management to achieve sustainable operations in agriculture. Five key
management tasks in agricultural machinery management were selected that span the
various management phases. These tasks include capacity planning, task planning,
job-shop scheduling, route planning and evaluation. For each of these tasks, a definition
was provided and the related literature was discussed in [11].

Different precision agricultural technologies revolutionized the way farmers grow
crops. The paper [12] presented a wide overview of the modern management practices
including a soil preparation, crop fertilization, proper irrigation, pest management, dis-
ease management and storage of potato crop using these technologies. The authors of
[12] reviewed the environmental and economic aspects of the technology using major
research engines including Science Direct, Scopus and Web of Sciences. They discuss the
challenges faced by potato farmers in increasing yields, improving quality and reducing
production costs. The use of yield monitoring systems, precision planting, variable rate
application of inputs and remote sensing was discussed. They summarize the state of the
art in precision agricultural technologies. The review [12] highlighted the benefits of us-
ing precision agricultural technologies in potato crop management.
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The paper [13] addresses the problem of assigning agricultural machines in mul-
ti-machine navigation. Agricultural machines need to complete multiple agricultural jobs
together. To realize the management of agricultural machinery cooperation, studies on
job assignment based on the ant colony algorithm were conducted in [13]. A job assign-
ment model of agricultural machinery cooperation was established by combining dy-
namic job assignments. A job assignment process based on the ant colony algorithm was
established by considering the match between real supply and a real demand, the job
capacity of the agricultural machinery, and the job cycle and cost. The dynamic and static
job assignments of agricultural machinery cooperation based on the ant colony algorithm
were realized on MATLAB. Based on the static job assignment, the dynamic job assign-
ment was realized with different possible scenarios, including new jobs and malfunc-
tioning harvesters, thus laying a foundation for solving the scheduling problem under a
farmland job environment.

In farmland operations, multiple agricultural machines complete multiple jobs to-
gether. In the paper [14], studies on path conflict detection based on topographic maps
and time windows were conducted to solve the conflict-free path problem for agricul-
tural machinery in a farmland environment. The path preplanning was performed based
on a topographic map and the algorithm proposed by Dijkstra. The global path conflict
was detected based on the given time windows. The global path conflict detection algo-
rithm was simulated on MATLAB with the topographic map of Zhuozhou Farm (Chine).
The computational results showed that the path optimization and path conflict detection
of agricultural machinery can be realized based on the topographic map and time win-
dows. A conflict resolution strategy requiring the least time was obtained to achieve a
conflict-free path when using multiple agricultural machines.

Farmers are faced with the problem of increasing yields with limited resources. The
extensive use of agricultural machinery is one of the most efficient methods to achieve
this. Since agricultural machinery is expensive, it is economically impractical for
small-scale farmers. Instead, farmers can submit a usage request to an agricultural ma-
chinery company, and the company will dispatch their machines to farmers to provide an
operational service. This business model has shown promising benefits. The authors of
[15] developed a two-step dispatching algorithm for shared agricultural machinery for
specified time windows. At the first step, a spatiotemporal clustering algorithm was used
to cluster farmlands according to their location, time windows and crop strain. The
shortest route within each given cluster of farmlands was also determined. At the second
step, the shared agricultural machines were routed across the clusters to minimize the
dispatching costs. Both these steps were formulated as a mixed-integer linear program-
ming problem. The two-step heuristics based on CPLEX were proposed to solve the
problem. Computational experiments were conducted with large data from a real-world
agricultural machinery company. The computational results demonstrated the efficiency
and abilities of the developed algorithms.

The socio-economic situation stimulates the need for accelerated development of
agricultural production in the Russian Federation. Therefore, it is necessary to use more
new technologies to ensure uninterrupted high-quality operation of the machine and
tractor fleet. The paper [16] analyzes the dynamics of Russian Federation imports and
exports of agricultural machinery based on data from the Federal State Statistics Service
and the Ministry of Agriculture of the Russian Federation. The geographical structure of
exports and imports of the different types of a machinery and tractor fleet were exam-
ined. Against the background of the revealed trends in Russian exports and imports, it
was noted that the export of agricultural machinery should increase by 1.8 times by 2025.
It was predicted that the share of the Russian equipment of all major types (i.e., tractors,
combines, tillage equipment, and sowing equipment) would reach 80% by 2025. Other
types of equipment would exceed 50%.

It is important to design a service system with optimal locations of maintenance fa-
cilities to guarantee a rapid response to failures of busy agricultural machinery during
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harvest time. The paper [17] aims to optimize the location and relocation of hierarchical
levels of facilities consisting of maintenance stations and mobile service fleets over mul-
tiple periods of a harvest season to support the operation of agricultural machinery. The
authors of the paper [17] formulated a multi-objective covering location problem for the
hierarchical facilities that maximizes the total demand covered within response radii
while minimizing the modification to facility locations between different time periods.
The e-constraint algorithm uses lexicographic optimization to obtain a set of non-inferior
solutions that allow a decision maker to evaluate the trade-off between multiple decision
objectives. The algorithm was applied to a real-life problem to illustrate the effectiveness
of the decision model and algorithms. Based on the obtained computational results, the
optimal facility locations for a practical implementation were recommended. A sensitiv-
ity analysis of the selected parameters was applied. It compared the solution obtained
from the model with period-specific solutions that took no account of the changing loca-
tions of facilities between the time periods.

Optimal capacity planning is very important for improving the efficiency of agri-
cultural operations and reducing the operating cost for maintenance service providers
during the harvesting season. Many published studies present scheduling approaches
that do not account for downtime. However, the published methods are not applicable in
some fields of agricultural operations because of the high failure rate during a harvesting
season. Only a few studies include allocation methods and related models between
planning levels, especially for the uncertain demand in agricultural machinery mainte-
nance. The paper [18] includes a two-stage analytical algorithm that connects the data
between planning levels and aims to develop a dynamic capacity scheduling algorithm of
maintenance service for agricultural machinery fleets. The authors of the paper [18] de-
veloped a scheduling model and algorithm for agricultural machinery fleets based on the
time window of harvesting. A service mode and a dynamic covering model based on the
scheduling results were proposed, in which queuing theory was used to find the service
parameters. This research satisfies the needs of service providers to find an optimal bal-
ance between service quality and service costs. A real-life agricultural problem was de-
scribed to illustrate the applicability of the model and the effectiveness of the designed
algorithms.

The paper [19] is devoted to the dynamic facility location problem with respect to
the agricultural machinery maintenance network that is designed to ensure prompt and
reliable responses to agricultural machinery during a harvest period. A busy farming
season was divided into several time periods in which the problem was to determine
where to locate temporary maintenance stations. This problem was formulated as a
mixed-integer linear program to minimize the total service mileage between maintenance
stations and demand points. To solve the mixed-integer program, an algorithm based on
Benders decomposition was developed. The model and algorithms were illustrated by
application to of a real-world problem in China. The computation determined an opti-
mized facility location-allocation plan and demonstrated the advantage of implementing
contiguity constraints.

The paper [20] presents the potential for using software for optimization of ma-
chinery park equipment in sustainable agriculture. The developed algorithms enable se-
lection of agricultural equipment to perform planned agricultural works. Using this
software, the desired economic effects and advantages can be achieved, and the possible
risk related to the purchase of agriculture equipment can be minimized. Agricultural
producers more frequently rely on computer programmers to support their activity. The
frequently used software consists of different applications assisting current activity by
producing financial and reporting documents. The software enables producers to record
the operations performed, the inputs purchased, and the levels of agricultural produc-
tion. Computer programs for scheduling, planning and designing production are less
used. This is because there are more programs available for reporting and balancing than
for planning and scheduling. The use of applications belonging to the latter group may
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give farmers competitive advantages and help them to avoid mistakes in their decision
making. The increased availability of agricultural technology programs, whose basic
function is to select machinery park agricultural equipment, would allow producers to
carry out simulations and check the results of the planned decisions.

Summarizing the above survey, one can conclude that planning of the machine fleet
is important for sustainable agriculture. Its basic objectives are as follows: ensuring the
suitable selection of crops and crop rotations, planning fertilization, and controlling fer-
tilization and livestock density. The realization of these objectives and maintaining ap-
propriate production profitability is possible with suitably selected agricultural ma-
chines. One can assume that in the future, the significance of algorithms and programs
for the management and scheduling of agricultural machinery will increase.

3. A Statement of the Problem

In Belarus, an agro-industrial enterprise usually has its own machine and tractor
fleet, i.e., a fixed set of tractors, combines and agricultural machines of certain brands. In
accordance with the plans of the spring sowing campaign, the enterprise must perform a
set of interrelated mechanized operations of a given size and within the specified
agro-technical terms. The main tasks of the decision maker are formulated as follows:

e  Determine whether the available production capacity is sufficient to implement the
crop production plan.

e In the case of lack of production capacity, draw up a scientifically based plan for
expanding the MTF through the lease or purchase of new equipment.

e Draw up an optimal schedule for the implementation of a complex of field works, in
which the value of the total costs quoted will be minimal, taking into account the fact
that the depreciation depends on the planned operating time of each specific type of
equipment.

It is clear that the quality of the initial data plays an important role in the reliable
implementation of the optimization algorithms in practice. Today, in the context of the
digital transformation and intellectualization of agricultural production, it is possible to
automate the collection, storage and processing of primary data. A digital twin technol-
ogy can be used for this purpose. A digital twin of the machine and tractor fleet of an ag-
ricultural enterprise is a virtual copy of physical tractors, combines and agricultural
machines with all their technical characteristics.

A digital twin of the field contains information on the condition of the soil and crops,
updated in real time using a system of sensors and analysis of images obtained using
drones and other devices. A digital twin of the staff contains accurate information about
the number and qualifications of free and employed machine operators. A digital twin of
weather conditions provides data on temperature and its dynamics during the planning
period, as well as on the nature and intensity of precipitation. All these digital twins are
components of a single information system (a digital platform), which must necessarily
include a module for managing the operation of the machine and tractor fleet, a part of
which will be described in this article.

An important aspect in the modeling process is the fact that machine and tractor
units tend to fail from time to time. To take this factor into account in the developed
model, one can enter the so-called technical readiness factor. It can be enlarged, i.e., it can
relate not to a specific unit of technology, but to a group. For example, for tractors, this is
equal to 0.9, for combines, 0.85. The latter coefficient may be interpreted as follows: the
average harvester has a probability of 0.85 of being serviceable at some point in time.
However, in order to simplify this study, the coefficient of technical readiness for all types
of equipment is assumed to be equal to 1 in the developed and tested model.

To reduce the size of the mathematical model, we divided the planning period into a
number of time intervals, which are called periods of constant conditions in the sense that
during each such time period, the set of mechanized operations performed by the ma-
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chine and tractor fleet remains fixed. Note that one could assume that each working day
is a separate period of unchanged conditions, but in this case, the size of the model would
increase significantly and the calculations would become quite cumbersome.

The source for compiling a price matrix of one hour of operation of machine and
tractor units is the calculations made by the economists of the enterprise, which take into
account the entire list of resource costs, including the salary of the machine operator (as
well as the assistant machine operator, if any), deductions from wages, and the cost of
fuels and lubricants (but not including the depreciation of equipment, which is accounted
for separately in our model). The matrix of hourly productivity of agricultural machinery
can be obtained either on the basis of regulatory and reference documentation or from
aggregated data on the work of the MT unit in past periods.

4. A Mathematical Model

We next describe a mathematical model of the problem of optimizing the formation
and use of the MTF of an agricultural enterprise when performing a complex of mecha-
nized works in agricultural production.

4.1. Model Variables

We use the following variables in the mathematical model:

X= [xl- jkt] denotes the number of MT units in the combination of a tractor (or com-
bine) of grade j and an agricultural machine (implement) of grade k on the perfor-
mance of mechanized work i in the t-th period of constant conditions (i = 1,1, j=
1LLk=1Kt=1T);

Y = [yi jkt] denotes the operating time of an MT unit consisting of a tractor j (or
combine) and an agricultural machine (implement) of grade k on the performance of
work i during the working day (in hours) in the t-th period of unchanged conditions;

L= [lj] denotes the number of purchased tractors (or combines) of grade j;

R = [r] denotes the number of purchased agricultural machines (implements) of
grade k;

L° = [ljo] denotes the number of j-grade tractors (or combines) received by the en-
terprise under leasing agreements;

R® =[] denotes the number of agricultural machines (implements) of grade k,
received by the enterprise under leasing agreements.

4.2. Model Parameters

The following parameters are used in the mathematical model:

D, denotes the duration of the t-th period of unchanged conditions, during which,
according to the plan, it is necessary to perform the agro-technical work in question (in
working days);

Tmax denotes the maximum duration of the working shift, i.e., the longest possible
time that can be used for performing agricultural operations during the day by one
tractor or combine (in hours);

V; denotes the total volume of mechanized work of type i (in the relevant units of
measurement: tonnes, hectares, etc.);

I denotes the number of available tractors (or combines) of grade j;

ry denotes the number of available agricultural machines (implements) of grade k;

a; denotes the average annual costs for the purchase of a tractor (or combine) of
grade j;

b, denotes the average annual costs for the purchase of agricultural machinery
(tools) of grade k;

a) denotes the leasing payments for a tractor (or combine) of grade j (for one year);

by denotes the leasing payments on agricultural machinery (gun) of k grade (for
one year);
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fj is the annual normative fund of a tractor (or combine) of grade j (in hours);

P = [pl- jk] denotes the performance matrix of the MT unit as a part of a j-grade
tractor (or combine) and an agricultural machine (implement) of grade k when per-
forming mechanized work i;

U = [ujx] denotes a price matrix of one hour of MT unit operation consisting of a
tractor (or combine) of grade j and an agricultural machine (implement) of grade k
when performing mechanized work i;

C = [cijx] denotes a matrix of the cost of work i by the equipment of grade j with
an agricultural machine of grade k, taking depreciation into account.

The objective Function (1) with Equality (2) determine the total average annual cost
of performing the entire complex of mechanized works calculated in monetary units:

F(XYLTLORO)—
T
t=

1 J K K
ZZZZJCU,“ Yijke " Cije (X, Y) - Dt+Zl a]+2rk bk+Zl° ]9 +Zr,?-b,?—>min M
k=1

=1

where ¢;;,(X,Y) = w5 + a; - g;(X,Y) and the following equality hold

1

if Zzzyukt xl]kt Dt<f} jr

g (X.1) ={ GG i=TH  ©
lk if Z Yijke * Xijiee * De > fi - )
t=1

Ma

i=1k=1

where t denotes a coefficient that takes into account the intensity of an operation of the
equipment (tr >1 when agricultural machines (tools) are utilized in an intensive re-
gime). The economic meaning of the coefficient 7 is as follows. If the total actual output
of tractors (or combines) of this brand exceeds the normative time fund, then deprecia-
tion deductions should be adjusted upwards.

4.3. Four Conditions Restricted the Mathematical Model

The following conditions were used in the model.

Condition 1. For the available number of tractors (or combines):

ZL 1Zk 1x1]kt<l +l +lo j=1],t=1T.

At any time, the total number of j-grade tractors (combines) operating simultane-
ously on all agro-technical operations should not exceed their available number (includ-
ing those purchased in the current year).

Condition 2. For the acquisition of tractors (combines) with agricultural machines (implements):
{=1Z§:1x”kt <rt+n+rd, k=1K, t=1,T.

At any time, the total number of agricultural machines (implements) of grade k
operating simultaneously on all agro-technical operations should not exceed their avail-
able quantity.

Condition 3. For the output during the shift: Yijue < Tpax, i =1,1, j=1,], k=1,K, t =
LT

The number of hours worked by one tractor (or combine) should not exceed the
maximum allowable duration of the working shift. The total amount of work performed
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by the MT unit assigned to a specific mechanized work should not be less than the vol-
ume according to the plan. It is assumed that exceeding the plan is also possible.

Condition 4. For the economic content of variables: x;j € Z, Yijke € Ry, |j € Zy, 14 € Z,,
ez, r €Z,.

The number of tractors (combines), agricultural machines (implements) and lorries
should be expressed in an integer non-negative number (zero is also allowed). The
number of hours of operation during the shift of each tractor (combine) shall be ex-
pressed as a real non-negative number.

4.4. Remarks for Restricting a Possible Application of the Mathematical Model

We next provide the following remarks on the model.

Remark 1. The annual costs for the purchase of a tractor (or combine) of grade j are calculated
according to the following formula:

@ =2 6)

where A; determines the initial cost of purchasing a tractor (or combine) of grade j; and T; de-
termines the standard useful life of a tractor (or combine) of grade j.

Remark 2. The annual costs for the purchase of agricultural machinery (tools) of grade k are
calculated according to the following formula:

be =2, @
bk
where By, determines the initial cost of acquiring an agricultural machine (tool) of grade k; and t,,
determines the normative useful life of an agricultural machine (tool) of grade k.
The Formulas (3) and (4) are based on the linear method of calculating depreciation. One
should take into account that there are more approaches which may be more precise and can be used

if required.

Remark 3. If for some reasons the purchase of certain brands of tractors or other agricultural
machines is not possible or their parameters (price and service life) are not known, then the value of
the a; (by) for these brands is taken to be equal to some large number (for example, 10*°). Then,
due to the fact that the target function tends to a minimum, these brands will not be among those
recommended for purchase.

Remark 4. If the agricultural enterprise does not have the opportunity to conclude a leasing con-
tract for the supply of a specific brand of a tractor or other agricultural machinery, then the value of
a (bY) for these brands is taken to be equal to some large number (for example, 10°). Then, due to
the fact that the target function tends to a minimum, these brands are guaranteed not to fall into the
optimal plan.

Remark 5. The question of choosing a monetary unit in which all the cost parameters of the model
will be expressed is quite important. Given that the planning period in this task is one year, it is
possible either to make calculations in Belarusian rubles (BYR) and take into account the inflation
factor by multiplying all cost parameters by the projected price index, or to use in the calculations a
nominally more stable monetary unit, for example, USD or EUR. Note that this issue is important
only for determining the costs associated with the formation and use of the MT unit, but does not
affect the structure of the fleet and the schedule of mechanized work.
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Remark 6. An important role is played by the correct determination of the values of costs a;, by,
a? and bp. To select their correct values, the marketing service (a specialist or a subdivision re-
placing it) must conduct a study of the market for agricultural machinery. For this purpose, spe-
cialized catalogs, websites of manufacturers and distributors of tractors and agricultural machines,
as well as information from exhibitions, forums, etc. can be used.

It should be noted that at the current stage of development of economic science,
most seriously applied tasks in the field of economics are characterized by a large quan-
tity of input data and numerical parameters. Dealing with thousands of variables and
hundreds of constraints manually is extremely difficult. In this regard, there is a need to
employ specialized software products to solve optimization problems. However, even
this does not guarantee the desired results, since the vast majority of optimization pack-
ages are based on the use of the method of generalized reduced gradient or its analogues.
To apply this approach correctly, both the objective function and the functions involved
in writing constraints must be smooth. At the same time, in certain cases, in the process of
optimizing the use of the MTF of an agricultural enterprise in agricultural production,
there may be objects and processes in the description of which specialists have to use
discontinuous functions, i.e., functions that have breaks (of the first or second type).

The economic meaning of the gaps in the objective function can be interpreted as
follows. If the total actual output of tractors (combines) of this type exceeds the normative
output, then depreciation deduction should be adjusted upwards (by multiplying by the
corrective coefficient gy). For example, if the regulatory annual fund of the combined
operating time, according to technical requirements, is 900 h, and it has worked 1000 h,
then depreciation should be written off from the cost of finished products at an increased
rate, for example, 8% more than in a normal operation. It is especially important to use
this approach in intense agro-technical periods. The considered problem belongs to the
class of non-smooth optimization problems, since there are gaps of the first type in the
objective function. In this regard, it is required to select such tools that are able to suc-
cessfully solve problems of this type. At the present stage of development of specialized
software designed to solve optimization problems, there are a number of problems asso-
ciated with the processing of non-smooth functions. Algorithms and computer programs
that are capable of solving this kind of problem are usually distributed on a commercial
basis. Thus, not every agricultural enterprise can afford to purchase such a software
product and periodically allocate considerable funds for its renewal. Moreover, modern
software products, even the most powerful, have limitations on the dimensionality of the
problem being exactly solved.

To apply the above mathematical model to the optimization of the MTF of real or-
ganizations of the agro-industrial complex, the problem must be brought into a form that
can be solved by standard means, in particular, by the Solver package included in the MS
Excel environment or by a free version of software products such as GAMS (e.g., version
24.5). There are several ways to solve such problems. It is possible to divide a problem
with gaps into a finite number of sub-problems, each of which is considered at a contin-
uous scope of definition in the absence of gaps. Having solved each of the sub-problems,
it is possible to choose the best solutions obtained and it may be practically sufficient for
the original problem with gaps.

In the Equation (1), T denotes a given constant whose value is greater than 1. Note
that according to Equation (1), the coefficient of g; is a discontinuous function that de-
pends on the variables x;j; and ;. It is required to select a continuously differenti-
ated function §; of variables x;j,; and y;jx, that would accurately approximate the
change in the coefficient of g;. To do this, we transform the objective function so that it
becomes smooth, i.e., we eliminate the gaps of the first type. To construct such a function
g; we propose to use the following logistic function:
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v(z) = ©)

1+ exp(—z)
The graph of the Function (5) is shown in Figure 1.
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Figure 1. The graph of the logistic function.

Let f(X) denote a function that depends on the multidimensional array X. The
value of this function is denoted as y. Let h(y) denote a function dependent on the scalar
y (which describes the values of the function f(X)) given by the formula:

¢, ify<a,

h(y) = {d, ify>a. ©)

Ultimately, it is necessary to obtain a functional dependence of the form h[f(x)]. By
means of elementary transformations (compression, stretching and parallel transfer), it is
possible to select a function A(y) such that it can be used for the approximation of the
function g;. In the considered case, when the function g; is determined by Formula (4),
one can assume that

K T
fiX) = ZZYijkt'xijkt'Dt—fj'lj: j=1] (7)

I
i=1 1t=1

k=
where the parameters a, ¢ and d are equal to 0, 1 and g, respectively:
a=0, c=1, d=g, (8)

In this case, array X consists of variables x;j, and y;jy. According to Equations (7)
and (8), the Formula (4) can be written as follows:

g; = h[f;(0] )

In the next step, the task is, in some way, to approximate the discontinuous function
h(y) with the continuous function h(y) in order to be able to approximate the discon-
tinuous Function (4) by the following smooth function:

g; = h[f;(0] (10)

As a basis for the approximation of the function h(y), one can take the logistic
Function (5). Note that ¢(—o) = 0 and ¢(e) = 1. Moreover, with a sufficiently large
value of s, it can be assumed that ¢(—s) = 0 and ¢(s) = 1. For example, for s = 6, the
values of ¢(—s) and ¢(s) are already close enough to 0 and 1, respectively, as can be
seen from Figure 1, namely, ¢(—6) = 0.0025 and ¢(6) = 0.9975.

We take the value b > a. Then, based on the Function (5), we define the function
Y(y) such that P(a) = ¢(—s) and P(b) = ¢(s). Therefore, YP(a) = 0 and P(b) = 1. As
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a result, we build a linear function that corresponds to the values a and b of the values
of —s and s, respectively. Such a linear function is given by the following formula:
_2y—a-—b
~ b-a
In Function (11), the variable y acts as an argument. Substituting the Formula (11)
into the Equality (5), we obtain the desired function ¥(y) as follows:
1

1+ exp (_—Zyb—_aa— b s) (12)

z s (11)

Y@) =

Based on Function (8) (such that ¥(a) = 0 and (b) = 1), we construct the function
h(y) such that h(a) = ¢ and h(b) = d. To do this, one can build a linear function that
corresponds to the values 0 and 1 of the variables ¢ and d, respectively. Such a function
is determined by the following equality:

¥x=@d-)Y+c (13)

In Function (13), the variable ¥ acts as an argument. Substituting the Formula (12)
into the Equality (13), we obtain the desired function h(y) as follows:
2y—a—>b

d—c d+c-exp(—ﬂs)
+c=

1+exp(—%s) 1+exp<—%s)

R(y) = (d - () +c =

Thus, we obtain the following equality:

_ d+c-exp(—%s)

1+exp (—%s)

(14)

Note that in accordance with the above smoothing procedure used, Function (14) is
increasing, and the following conditions hold:
lim h(y) =¢, limh(y)=d, h(a) ~c, h(b)=d (15)
y—-—00 y—00
Therefore, Function (14) approximates Function (6). In such a case, the accuracy of
the approximation increases when the value of the parameter b decreases (recall that a
value of the parameter b must be greater than a value of the parameter a). In the case of
interest (i.e,, when performing Equalities (7) and (8)), by virtue of the Formula (14),
Equality (10) takes the following form:

2(Xis Xho1 X1 Yijie * Xijie " De = f; ;) = bs]
b

go + €xp [—

[_ 2(X L K Y o Yijke " Xijie " De — £ ;) — b s]
b

gj =

, J=1] (16)

1+ exp

In Equality (16), b denotes the step of the smoothing procedure and s is a scale
factor. It should be noted that in accordance with the above arguments, the accuracy of
the approximation increases with an increase in the value of the parameter s and a de-
crease in the value of the parameter b, where s >0 and b > 1.

5. A Schema and Algorithm for Selection and Use of a Machine and Tractor Fleet

In this section, we present a general schema for choosing a machine and tractor fleet
and a heuristic algorithm for optimizing the set of agricultural works.



Algorithms 2023, 16, 311

14 of 22

5.1. A Schema for Choosing a Machine and Tractor Fleet

Figure 2 presents a general scheme for constructing a set of models for the formation
and use of a MTF at the meso-level and micro-level of agricultural production. At the
heart of the work of the model complex at the meso-level, which covers a group of en-
terprises that are united by their geographical location and the dominant line of activity,
is the following provision. If one enterprise with a given set of resources is able to pro-
vide a certain economic result and maintain it at a constant level, then another enterprise
with the same set of resources and other characteristics being equal, has the potential to
achieve no less economic result than the first enterprise.

The formalization of the process of MTF functioning at the meso-level presupposes
an assessment of the comparative effectiveness of its use by a group of enterprises. To do
this, one should refer to the procedure for constructing and analyzing the Data Envelope
Analysis (DEA), which is based on fractional linear programming and duality theory.

1. Development of amethodology for information support of the
complex model

i1

2. Evaluation of the comparative effectiveness of the MTF use based on
the DEA methodology

4

3. Identification of reserves for reducing the cost of resources that
ensurethefunctioning ofthe MTF

I

4. Optimization of the MTF use in the agiicultural enterprse using

a modsd implemented inthe GAMS system

S. Construdion of a schedule for the implementation of materials and a
choice of aprocurement plan for new equipment

1

6. Calculation of annual cost savings associated with the operation of
the MTF

1

7. Determination of theincrease in the comparative efficiency of the
MTF used through theintroduction of the optimal composition

and scheduleof work of the MTF

Figure 2. A general schema for choosing machine and tractor fleets.

The optimization model developed in Section 4 is connected with stage 4 of the
scheme presented in Figure 2, which is a core of the whole optimization process for the
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MTF operations at the meso-level and micro-levels in the agro-industrial complex. Note
that there is an opportunity to improve this approach by adding into the model uncer-
tainty factors presented in most agricultural frameworks.

Ensuring the competitiveness of agricultural production in modern conditions is
impossible without an accurate and scientifically sound system of production organiza-
tion, an integral element of which is the planning of mechanized agro-technical work.
The existing models for optimizing the use of a company’s machine and tractor fleet in
field production are based on the mathematical apparatus of linear programming and
greatly simplify reality. Sections 3 and 4 examine the possibility of applying nonlinear
models to solving the problem of optimal planning of spring field operations.

In Section 5.2, special attention is paid to the heuristic algorithm for obtaining an
initial reference plan close to the optimal one and the algorithm for obtaining an integer
solution. The described heuristic algorithm can be successfully applied in practice in the
operational and production planning concerning the use of the available machine and
tractor fleet in the field. An example of calculations according to the proposed method-
ology for a specific agro-industrial enterprise is given Sections 6 and 7.

5.2. A Heuristic Algorithm for Optimizing the Execution of the Set of Agricultural Works

Note that the task of drawing up an optimal schedule of a complex of machine and
tractor works is not trivial. It requires a deep understanding of the essence of the simu-
lated process (object) and should take into account its individual features. Therefore, to
search for the initial plan, it is impractical to use a greedy algorithm [21] as this involves
making locally optimal decisions at each stage, assuming that the final solution will be
optimal. Although today there is no universal criterion for assessing the applicability of a
greedy algorithm for solving a specific problem, scientists have proved that it cannot
contribute to finding a global extreme value in a set of optimization problems, e.g., in
most scheduling problems. The desired algorithm may be iterative.

At the first step of the algorithm, it is rather logical to use a tractor (combine har-
vester) that can perform the considered mechanized work at the least cost. However, as
mentioned above, one cannot consider agricultural operations one by one and optimize
for each of them separately since operations constitute an interconnected set of works. In
addition, when attaching tractors to operations, it is impossible to take into account their
hourly productivity. This indirectly affects not only the fulfillment of constraints, but also
the value of the objective function. For example, an expensive (in the sense of the price of
one hour of work) combine harvester can perform a specific agricultural operation, albeit
at great cost, but faster than a cheap but low-productivity machine. As a result, the op-
erations may require fewer units of this brand, which may reduce the total costs.

Therefore, at the first step of the algorithm, for each tractor (j) and each mechanized
work (i), it is necessary to determine the value (called the preference coefficient) for fixing
a tractor brand for mechanized work. We denote the preference coefficient as k; . Since

when choosing the most suitable fixing option, we strive to minimize costs, it is clear that
it should be directly proportional to the hourly productivity and inversely proportional

to the price of one hour of a tractor (combine) operation: k; ~ P % .
’ i

We next pay attention to the fact that for the convenience of presenting information,
one can choose any unit of measurement in order to achieve the necessary scale. It should
be emphasized that in the calculation process, it is impossible to take into account the
units of measurement of quantities. They can be different for each operation (t/h, pcs/h,
ha/h, etc.), and this is of fundamental importance for the correct application of the de-
veloped algorithm. In order to ensure the compatibility of indicators in mathematical
modeling, a normalization procedure is often used. In this case, the following equality
may be used to determine the coefficients of respectability:
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To solve this problem heuristically, we propose the following iterative algorithm.
Step 1. Based on the given initial data, a matrix Hky H of the preference coefficients
is constructed.

Step 2. Determine the maximum element of the constructed matrix Hk i H .

Step 3. For the selected tractor brand and the selected operation, we set the maxi-
mum possible duration of the working shift. After that, we calculate the preliminary re-
quired number of units of equipment. To do this, we use the following formula:

X;0;0 = Min ’ +1, LY (17)

where the upper index corresponds to the number r of iterations (beginning from r = 0).
The meaning of the Formula (17) is to round the estimated number of tractors
(combines) substantially. At the same time, the estimated number of fixed units of trac-
tors of the brand cannot exceed the total number of such tractors at the disposal of the
enterprise.
Then, it is possible to reduce the duration of the work shift to such a value that the
entire amount of work on this agricultural operation is completed as follows:

) (0
Yipjo = min Dl—a T nax (18)
“Xi00 " Piojo
Equation (18) takes into account the production limit during the shift.
Step 4. There are two possible cases for this step.

o If xy/0-¥iojo-Piojo-D=V;, then it is required to complete an analysis of the mecha-
nized work and go back to step 2. It is only necessary to remove from the matrix of
preference coefficients both the coefficient that was previously recognized as the
maximum and those coefficients that were in the same row. It is also necessary to
replace the value of the volume of mechanized work from 7; to ¥" =0.

o If x;9/0-Yi0j0 Piojo-D <V;, then one should go back to step 2 of the algorithm, first

removing the coefficient that was previously recognized as the maximum and re-

placing the value of the volume of the mechanized work by

VD =V = X070 Yiojo Piojo D -

The above steps of the developed algorithm must be repeated until the equalities
yim =y{m = =y{" are achieved at the last step .

We have compared the result of the above heuristic algorithm with the result that
can be obtained using the GAMS solver, which is one of the most advanced automated
optimization tools. The relative deviation of the cost of the complex of agro-technical
works from the optimal value found by the generalized reduced gradient method, for a
conditional example, was less than 1%. Such a low error indicates that the proposed
general schema and heuristic algorithm are of sufficiently high quality and suggests their
possible application in solving a class of similar optimization problems.
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6. Numerical Experiments and the Interpretation of the Obtained Results

We next apply the algorithm described in Section 5 for solving the problem of op-
timizing the composition and number of MTF used in a complex of mechanized opera-
tions in agricultural production to the agricultural enterprise “Novy Dvor-Agro”, which
is under the jurisdiction of “Grodno Azot” (Belarus).

To carry out the calculations, we considered the following characteristics of the MTF
of the enterprise: the current composition of the MTF; the number of pieces of equipment
involved in animal husbandry; the number of pieces of equipment requiring major re-
pairs; the amount of mechanized work required for the production of crop products; the
optimal agro-technical terms of the mechanized works; the production standards for a
mechanized work; the storage locations of equipment; and the average travelling dis-
tance from the equipment storage location to the places of work.

For the calculations, we used one of the powerful multidimensional optimization
tools known today, i.e., GAMS package (version 24.7). The MTF of the agricultural en-
terprise “Novy Dvor-Agro” is represented by a wide range of agricultural machines and
equipment. Firstly, we identified the MT units which are used, in accordance with the
technological needs, on livestock complexes and farms. The number of these machines is
objective in nature and can change as the technology of keeping animals changes.
Therefore, in the conducted experiment, it was set as a permanently fixed number
throughout the planning period in such a way that the set of equipment is involved in
both the crop and livestock production periods.

The composition of the MTF was optimized in the direction of crop production,
while tractors and agricultural machines that were constantly involved in animal hus-
bandry were not taken into account. Brief results of calculations performed using the
computer models developed by the authors in the GAMS environment are presented in
Table A1l (see Appendix A). As a result of the calculations, some agro-technical opera-
tions could not be performed under 100% optimal agro-terms with the specified cash
composition of the MTF, and shortages of specific machines were identified. At the same
time, the calculation was carried out for shift work conditions with shift durations of up
to 9 h in busy periods. In addition, the coefficient of technical readiness of the equipment
was taken into account: 0.85 for combine harvesters and 0.95 for the rest of the MTF
equipment.

A failure to perform agricultural work according to the optimal agro-technical terms
leads to significant decreases in the yield and quality of crops (up to 50% in the worst
case), which leads to significant increases in costs per unit of production and, as a result,
decreases in revenue and profit. Therefore, in the process of modeling, the initial and fi-
nal timings of mechanized work were considered as deterministic values. Considering
the specified cash composition of the MTF of the agricultural complex “Novy
Dvor-Agro” and the requirement to optimize the agro-technical terms, the percentage
completion of the required volume of mechanized works and the missing equipment are
presented in Table Al (see Appendix A).

7. Computational Results
In Table 1, it is shown that the farm lacks machines for certain operations as follows:

e  Cultivators and plugging during the spring field work;
e  Applications of mineral fertilizers and chemical weeding (throughout the year).

Table 1 also shows a selection of machines that are recommended to be purchased by
the farm. At the same time, an additional calculation was carried out for the two-shift
organization of the work of machine operators in intense periods.
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Table 1. Agricultural machines recommended to be purchased in addition to those available in the
MTF to perform operations according to optimal agro-technical terms.

Deficit in Vehicles (Units)
For Single-Shift Work For Two-Shift Work

Ty.pe of Equipment Brand (with a shift duration (with a shift duration of 7h
Equipment . . .
of up to 9 h during a per shift during a busy
busy period) period)
Tractor MTP-3522/3022 3 1
Cultivator KTICM-14 2 1
Sprayer OI-2300 2 1
Baler I1P®-1.8 1 0
Fertilizer
application PMYVY-800 1 0
machine
Rake MagnyumMKk18 1 0

The obtained results indicate that in addition to the equipment set that should be
purchased, there is a surplus of machines on the farm, which may not be used if there is
rational organization of labor and timely repair and maintenance of all equipment (see
Table 2). If the coefficient of technical readiness of machines were lower than the calcu-
lated value, then all equipment would be fully utilized for the production of agricultural
products.

Table 2. The equipment that remains unused under rational organization of the MT works.

Type of Equipment Equipment Brand Unit
Combine harvester K3C-10K 1
Loader Amkodor 1

In general, the agricultural enterprise “Novy Dvor-Agro” has a fairly balanced MTF,
which allows it to perform more than 80% of mechanized agricultural work at the opti-
mal agro-technical conditions. Nevertheless, as evidenced by the calculations, the farm
needs to purchase an additional number of energy-saturated MTZ-3022 tractors and
MTZ-3522 tractors (from one to three units). These tractors are needed, in particular, to
ensure the preparation of the soil for sowing spring crops. In addition, the enterprise
needs to purchase one (or even two) cultivators and sprayers. It is also advisable to pur-
chase one unit each of the following: a baler, a machine for mineral fertilizer application;
and a rake. When purchasing additional units of the equipment, one can buy either spe-
cific brands of machines specified in Table 2, or their analogues (either domestic or for-
eign).

8. Discussions and Future Research

As a part of the further development of the proposed model and algorithm for op-
timizing the formation and use of the machine and tractor fleet of an agricultural enter-
prise, it is possible to employ the mathematical method of mixed-integer linear pro-
gramming. It seems useful to develop an exact (or heuristic) algorithm that allows, on the
basis of the optimal plan of a nonlinear problem, to build a valid integer plan that is as
close as possible to the optimal one.

Of particular interest is the study of multi-criteria models for optimizing the ma-
chine and tractor fleet in agricultural production. As an alternative to the algorithm
proposed in Section 5, it is possible to develop algorithms based on new approaches and
models of schedule theory; see [22,23]. One of the most modern approaches for solving
the problem of scheduling operations for a system of machines in field farming are algo-
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rithms based on neural networks. In particular, frameworks such as Opta-Planner (based
on Java syntax) and Pyomo (Python syntax) have proven themselves well in agricultural
practice. However, in such cases, much depends on the initial data, and the obtained so-
lution quality, from the mathematical point of view, is not optimal in the strict sense.
Nevertheless, for practical purposes, this is often sufficient, and the lower accuracy of the
used algorithm is compensated by its simplicity and implementation speed.

Of considerable interest is an approach based on simulation modeling. Such models
include a number of parameters (e.g., the productivity of machine and tractor units, the
price of 1 h of work, the available amount of workable equipment, etc.) in the mathe-
matical model in the form of random variables with a known probability distribution. A
suitable probability distribution can be selected on the basis of the criteria of agreement
known from mathematical statistics based on the analysis of retrospective data (if any).
Alternatively, the probability distribution may be proposed by experts on the basis of
their knowledge and ideas about the subject area.

Using the Monte Carlo method, it is possible to estimate the expected value and
range of fluctuations in the key endogenous variables of the mathematical model, as well
as the objective function, which allows using a more balanced approach to the justifica-
tion of management decisions related to the management of a complex of mechanized
works in field farming.

Interesting for further study is also the case of non-determinate deadlines for
mechanized agricultural work. The delay of a certain operation may lead to crop losses
and potential profits from the relevant agricultural products. However, at the same time,
this may lead to resource savings. For example, it may not be necessary to purchase ad-
ditional equipment for such operations as they are performed by the existing MT aggre-
gates, albeit in violation of the deadlines. Which of these scenarios is preferred is the
question that the modified optimization model must answer.

9. Conclusions

In the course of this study, we developed the following method for optimizing the
formation of the MTF of an agricultural enterprise for its subsequent use in field farming.

e At the first stage of this method, primary data on the functioning of the MTF of the
agricultural enterprise are collected and processed. For example, calculations of the
planned production rates and the cost of implementation of the MTF must be carried
out. In addition, the permissible values of exogenous variables must be determined.
In particular, the agro-terms of mechanized field work, and the available number of
tractors and combines in the MTF are determined. It should be emphasized that with
the exception of one loader and one combine harvester in the agricultural enterprise
“Novy Dvor-Agro”, all the machinery and equipment on both farms are fully in-
volved in the production process. Therefore, it is necessary to update the existing
equipment in time when 100% wear is reached.

e At the second stage, in order to develop reserves for improving efficiency on the
basis of the economic and mathematical models presented above, the composition
and structure of the MTE, as well as the schedule of its work during the planning
period, are optimized. In the absence of an initial plan in the form of a current
schedule for the work of the MTF, a heuristic algorithm for building an initial plan
suitable for launching a model complex can be applied at this stage.

e At the third stage, a numerical solution obtained in the GAMS system is brought
into the line with the integer requirement and checked for compliance with the
constraints of the mathematical model. If necessary, the optimal plan is adjusted.

e At the fourth stage, on the basis of the modified optimal plan, a schedule for the
implementation of the MT works for the planning period is constructed.

e The fifth stage consists of a comparison of the total costs for the agricultural opera-
tions of the MTF of the enterprise before and after optimization, with a breakdown
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into separate cost elements. The economic effect of the introduction of the proposed
algorithm is estimated.

The developed method for optimizing the formation and use of the MTF of an ag-
ricultural enterprise in field cultivation that is proposed within the framework of this
study can be successfully applied in managing the agro-industrial complex at the mi-
cro-level and meso-level. The process enables decision makers to optimize the schedule
of the MTF for a given period, to draw up an optimal plan for the purchase of new
equipment in terms of their total costs, and to identify unused equipment. The proposed
model and algorithm can improve the comparative efficiency in the use of an enterprise’s
MTE. Optimization ensures a reduction in the cost of material resources, resulting in in-
creased profitability of agricultural production.
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Appendix A. Computational Results Obtained for the Agricultural Enterprise “Novy
Dvor-Agro”

Table A1l. The percentage completion of the required mechanized work utilizing the specified cash
composition of the MTF of the agricultural enterprise “Novy Dvor-Agro”, optimal agro-technical
terms, and missing equipment.

Percentage Number of
. Unitof  Required . Execution Composition of Units that can Required Unit
edvzill::nlzed Measure- Volumes of Agricultural Terms with Available Unit be Used Units  Deficit
ment Works MTEF (Actual)
Begining Ending
Application of . G150 15 February 31 March G0 I;)/I;é—géég 3 3
. o a . : - 4
mineral fertilizers A busy period of 20 days PMY-1,8 2 3 1
Loading of 19,250 20 March 100.0
organic fertilizers
Application of
organic fertilizers 16,800 20 March 1000
MTP-3022+ 2 3
KIICM-14 1 3
20 March 30 April MTP-3022+ 3 3
KOH-2,8;
Soi L AK-2,8 3 3
oil cultivation ha 4200 63.1 MTP 1523+
2 2
harrow
A busy period of 15 days KPC-6+harrow 2 2
MTZ-1221+ 2 2
KIIC-4+60pona 1 1
MTP-3522+ 2 4 2
. ) PPO-8-40; PH-8 4 4
Tillage ha 2450 20 March 30 April 82.4 MTZ-82+ 1 1
PLH-3-35 1 1
Sowing of grain | . 2650 25 March 100.0

rapeseed
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Chemical 25 April 30 June POCA 2 2
protection works ha 5400 A busy period of 20 days 57.0 MTZ-82+ 3 X
OH-2300 1 3 2
Mowing ha 2600 15 March 25 June 100.0
Turning ha 3000 15 March 25 June 100.0
Selection of green
mass with t 31,900 18 May 100.0
grinding
Hay pressing ha 230 24 May 100.0
Application of ha 5800 25 August 1 October 100.0
mineral fertilizers
Loading of t 20,000 100.0
organic fertilizers
Application of
. . t 18,000 25 August 100.0
organic fertilizers
MTP-3022+ 2 2
KIICM-14 1 2 1
MTP-3022+ 3 3
KOH-2,8; 3 3
Soil cultivation ha 3800 25 August 1 October 70.3 AK-2,8
MTP 1523+ 2 2
KPC-6+harrow 2 2
MTP-1221+ 2 2
KPC-4+ harrow 1 1
Tillage ha 1750 25 August 1 October 100.0
Sowing of grain 2420 1 September 100.0
rapeseed
POCA 1 1
Chemical
. ha 4400 12 September 27 October 63.2 MTZ-82+ 2 2
protection works
OI11-2300 1 2 1
Mowing ha 2550 1 September 25 September 100.0
MTP-82+ 8 8
GVB-6.2;
. Evrotop-881;
Turning ha 3000 1 September 25 September 93.7 Volt(f770; 7 8 1
BBP-7.5;
MagnyumMk18
Selection of green
mass with t 30,000 10 September 100.0
grinding
Hay pressing ha 300 5 September 100.0
MTE-3022+ 2 2
KUNH-870; 9 0y
Straw pressing ha 1250 1 August 8 September 88.7 GALLAZ651
MTEF-82+ 7 7
PRF-1.8 6 7 1
Grain harvesting ha 2500 20 July 100.0
Rapeseed ha 200 27 June 100.0
harvesting
Rapeseed ha 200 27 June 100.0
harvesting
Seed cleaning of -} 150 15 July 100.0

various herbs
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