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PLANNING AND OPTIMIZATION MODELS IN READY-MADE CONCRETE
PRODUCTION AND LOGISTICS

This study addresses a multi-criteria decision support problem for the effective management of ready-mix
concrete production and delivery planning. The research is conducted considering dynamic market demand,
large-scale logistics challenges, and the need for production infrastructure development. The urgency of this
work stems from the expected sharp increase in concrete demand due to the reconstruction of destroyed housing,
infrastructure, and industrial facilities, in the context of the post-war reconstruction of Ukraine. This surge in
demand is likely to exceed the current production capacity of Ukrainian concrete plants. Therefore, these
enterprises’ strategic priority is to enhance productivity while maintaining product quality. This study aims to
develop a comprehensive framework of optimization and simulation models to support decision-making across
a network of concrete plants and construction sites. The main objectives of this study are as follows: (1) to
create a systematic representation of logistics processes in concrete production and distribution; (2) to develop
a planning and optimization model for the ready-mix concrete supply chain; (3) to design an infrastructure
optimization model for the production and distribution network; (4) to build a simulation model for analyzing
production and logistics processes; and (5) to perform experiments to evaluate different system operation modes.
As a result, several optimization models have been developed. These include a supply chain planning model, a
sales network development model, and a coordination model for managing decisions across multiple plants.
Additionally, a simulation model was designed to analyze the production and logistics processes. This model
can be used to evaluate the efficiency of production and delivery strategies, identify bottlenecks, forecast plant
performance under changing conditions, and support decisions to reduce downtime for both plants and
customers. Conclusions. The scientific novelty of this research lies in the development of an integrated
framework of optimization and simulation models that support production and logistics planning under
uncertainty. These models account for production constraints, stochastic demand, variable delivery routes, mix
composition, and time limitations. The framework also integrates economic indicators into a dynamic model,
enabling real-time assessment of the impact of cost structures, raw material and transport expenses, and other
parameters on overall enterprise profitability.

Keywords: ready-mixed concrete; concrete delivery; supply chain; production and logistics planning;
optimization model; simulation modeling; agent modeling; transportation.

In Ukraine, there are more than 300 concrete producers
with a total capacity of about 12 million cubic meters per

1. Introduction

The restoration of destroyed housing stock, the
reconstruction of damaged infrastructure and industrial
buildings, and the resumption of work at all construction
sites in the country will lead to a sharp increase in
demand for concrete, which will obviously exceed
existing production capacities [1]. Suppliers of ready-
mix concrete mixtures are one of the significant
participants in the construction project, and logistics pose
significant challenges in the ready-mix concrete industry.
Therefore, one of the key priorities of today’s Ukrainian
concrete plants should be the implementation of a
strategy and relevant development projects aimed at
increasing productivity without losing quality. A feature
of ensuring concrete supplies is a short logistical lever
and sensitivity to concrete mix delivery schedules [2].

year. The base comprises six Kyiv producers with a total
capacity of 7 million cubic meters per year. Other
companies are small local producers operating in local
markets. The specifics of the products (the need to locate
the plant within 50-70 km from the place of
consumption) determine the priority of regional (local)
competition. The expected demand for concrete for the
recovery period is 21-22 million cubic meters/year; thus,
the need for additional capacity is 9-10 million cubic
meters/year [3].

The activities of ready-mixed concrete producers
should aim to increase the productivity of their concrete
plants in order to provide the construction market with
high quality standards and save money and time in the
production and logistics system [4]. The larger the
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company, the more plants it has, the greater the volume
of products produced and, accordingly and the higher the
operating costs and pressure on logistics [5]. The work of
concrete plants is strongly influenced by the stochastic
nature of the processes of concrete production and
delivery [6]. Making high-quality management decisions
that determine the strategy and tactics of the functioning
and development of concrete plants is possible only in the
presence of a flexible optimization system that takes into
account multi-parametricity and multi-criteria. Also, it
provides automation of the process of finding the best
parameters of the planning and management object to be
automated.

The timely delivery of concrete by truck mixers to
construction sites contributes not only to contractors’
continuous and productive work but also to the cost-
effective use of limited truck mixer resources on the part
of the plant [7].

Thus, it is necessary to consider the non-stationarity
of the process flow at enterprises in this area, which is
caused by various factors [8]. Among these factors, one
can single out uneven demand, changing requirements
for the product range to meet customer needs,
decentralization and distribution, since trucks and
production sites can belong to several owners, large-scale
logistics, since a large number of trucks carry out cyclical
transportation, transport risks, etc.

In addition, ready-mix concrete production
enterprises should be classified as developing systems;
therefore, they have two components: operated and
created (new stationary concrete plants, mobile concrete
plants, reconstruction or modernization of capacities). In
this case, we mean optimizing the development process
in the form of expanding the network of plants, and not
only the activities of operated facilities.

The solution to this problem is multi-optional in
nature and depends on many conditions and restrictions.
In this regard, during the design, planning, and
management of the activities of the ready-mix concrete
manufacturer, it is necessary to consider a complex of
interrelated optimization tasks must be considered.

1.2. State of the Art and problem statement

The concrete delivery problem is an optimization
problem that investigates the operation of concrete
delivery vehicles, satisfying some time, demand, and
resource availability constraints.

Research on the problems of allocating limited
resources and optimizing freight flows began with two
classic combinatorial optimization problems — the
traveling salesman problem (TSP) and the wvehicle
routing problem (VRP) [9].

TSP does not make sense for our problem because
concrete mixers do not perform movements between

customers. VRP is a well-known integer programming
problem that belongs to the NP-hard problem class, for
which it is usually sufficient to find approximate
solutions [10].

Typically, in real optimization problems, there are
many additional constraints and variations. The most
important and relevant for our problem are as follows:
Capacitated VRP (CVRP) — each vehicle has a limited
carrying capacity; VRP with Time Windows (VRPTW)
— each customer must be served in a certain "time
window"; Multiple Depot VRP (MDVRP) — several
depots are used to serve customers; Split Delivery VRP
(SDVRP) — each customer can be served simultaneously
by several vehicles.

Since it is important to effectively satisfy customer
requirements and adhere to their specified time windows
for the successful implementation of construction
projects in the transportation of ready-mix concrete, it
can be considered as a problem of routing vehicles with
limited capacity with time windows (CVRPTW),
modified by the characteristics of other VRPs, such as
split delivery constraints and taking into account multiple
trips [11].

Adequate mathematical models of optimal
transportation planning tasks can be the corresponding
linear and dynamic programming tasks [12, 13] of the
transport type, for the solution of which there are
universal methods in a satisfactory time, primarily the
simplex method and other options that take into account
the specifics of tasks of this type (various complicated
and modified).

However, in NP-hard tasks, it is difficult to obtain
an optimal solution within a reasonable execution time
for problems with a large number of elements when using
exact solution methods; therefore, methods that make it
possible to obtain approximate solutions are more often
relied on. For this purpose, various methods and
optimization software can be used, for example, CPLEX
Optimizer IBM ILOG and others.

The procedure can be additionally limited
depending on the set of operational and functional
requirements, and this can be implemented in the form of
various greedy algorithms [14].

Heuristic algorithms [15] are also popular, the
purpose of which is to find an “almost optimal” solution
within a reasonable period of time and include: genetic
algorithms, ant colonies, etc. A mathematical model
based on the ant colony algorithm for building ready-mix
concrete delivery routes is considered in [16]. However,
researchers often focus on considering only transport
system factors, such as vehicle distance, load, and speed
[17, 18].

A model of environmental fuel consumption for
trucks when distributing concrete using an improved
genetic algorithm was proposed in [19].
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In [20], an integration of machine learning methods
and genetic algorithms for optimizing concrete mixtures
was performed. An improved reinforcement learning
method for transporting ready-mix concrete, formulated
as a Markov decision-making problem, is presented in
[21].

Simulation modeling methods provide the highest
quality results in the analysis of the dynamics of concrete
production and distribution processes, which allow for a
flexible, complete, and visual representation of the
processes occurring in the system [22].

To date, three main approaches have been
developed and are the most widely used: discrete-event
modeling, system dynamics modeling, and agent
modeling. Most studies related to concrete delivery
modeling use the tools of discrete-event simulation
modeling.

Decentralized multi-agent systems and simulation
modeling [23] can be used to solve similar dynamic
planning problems. In [24], the authors used the multi-
agent approach as the basis for decentralized
coordination associated with ant-based coordination
mechanisms.

The influence of different dispatching policies on
the concrete delivery process based on a discrete-event
simulation model is considered in [25]. A discrete-event
approach to the simulation modeling of concrete
production and transportation processes has also been
proposed [26]. However, the comparative results of the
Arena simulation with real data are too artificial.

1.3. Objectives and methodology

Therefore, despite the achievements in the study of
the problem under consideration, research that
comprehensively considers the technological processes
of production and logistics of ready-mix concrete
mixtures is still lacking.

Thus, this study aims to create a complex
optimization and simulation model for the production
and delivery of ready-mix concrete in a network of
manufacturing plants and construction sites for making
effective decisions. In accordance with the stated goal of
the study, it is necessary to reach the following
objectives:

1. Formation of a systematic logistical presentation
of enterprises’ management processes for the production
and distribution of ready-mix concrete.

2. Development of a planning and optimization
model for the logistics supply chain of ready-mix
concrete.

3. Development of a model for optimizing the
production and distribution network infrastructure.

4. Development of a simulation model for the
analysis of the processes of production and logistics of
ready-mix concrete.

5. Experiments to determine the operating modes of
the system.

The study employed a multi-stage methodological
approach combining systems analysis, optimization
methods, and simulation modeling to achieve the stated
objectives. The research process was structured as
follows:

1. Stage of system analysis. A comprehensive
analysis of the ready-mix concrete production and
distribution process was carried out. Key actors, material
flows, constraints, and performance indicators were
identified. This enabled the formulation of a systematic
logistical representation of the enterprise management
process.

2. The optimization modeling stage. Based on the
system analysis, several mathematical models were
developed to address various logistics planning and
infrastructure optimization problems. Mixed-integer
linear programming is used.

3. The simulation modeling stage. An agent-based
simulation model was constructed to study the dynamic
behavior of the production and logistics system under
different scenarios. The model enables system
performance evaluation in terms of efficiency,
bottlenecks, resource utilization, and response to
stochastic demand. In contrast to centralized
optimization, the proposed approach integrates
optimization logic into the behavior rules of agents
within the simulation model.

4. Stages of experimentation and validation.
Simulation experiments were conducted to evaluate
different operating modes of the system, test the
robustness of planning decisions, and assess the potential
impact of infrastructure changes. The models were
implemented using AnylLogic and validated using
empirical or estimated operational data.

This structured methodology allowed for a
comprehensive and coherent study of the problem,
integrating both strategic and operational aspects of
production and logistics management for ready-mix
concrete.

According to the proposed methodology, this paper
has the following structure. Section 2 presents a
systematic logistic representation of the management
processes of ready-mix concrete production and
distribution enterprises. Section 3 describes a planning
and optimization model in the ready-mix concrete
logistics supply chain. Section 4 presents a model for
optimizing the production and distribution network
infrastructure. Section 5 discusses the issues of creating
a simulation model for the analysis of ready-mix concrete
production and logistics processes. Section 6 presents an
example of the modeling of the production and logistics
processes of ready-mix concrete. Section 7 discusses the
obtained results and details the modeling experiments.
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Section 8 summarizes the key contributions and outlines
potential directions for future research.

2. Systematic logistic representation
of management processes
of ready-mix concrete production
and distribution enterprises

The management of enterprises engaged in the
production and supply of ready-mixed concrete requires
the integration of strategic, tactical, and operational
decision-making levels. This includes planning
production capacities, developing sales networks, and
optimizing logistics processes. A systematic logistics
view allows you to model these interconnected processes,
ensuring effective resource management and meeting
customer demand.

The main components of a systematic view are as
follows:

- demand forecasting and sales planning: assessing
the potential market capacity in each area and
determining planned sales volumes, considering the
pricing function;

- production capacity management: analyzing the
current productivity of concrete plants and the
possibilities of increasing it through modernization,
considering costs and expected productivity gains;

- delivery logistics optimization: planning concrete
truck routes considering restrictions on the number of
vehicles, delivery time windows, etc.

When modeling concrete logistics, we will take into
account:

- orders;

- resources (concrete plants, concrete trucks);

- business rules and restrictions (who provides
whom, quantitative quotas of carriers and suppliers,
delivery time, calendar, etc.)

- costs (tariffs, fines and sanctions, etc.)

The enterprise may have its own fleet of vehicles
for concrete transport. If the existing fleet of vehicles is
insufficient to meet the demand of all its consumers, the
enterprise may use the services of a third-party carrier
company by renting special vehicles from it. Since
concrete is ordered in large quantities, it is natural that
the volume of each customer’s order is expected to
exceed the volume of the smallest capacity concrete
truck.

The goals of the enterprise are as follows:

- satisfy the daily orders of all its customers at lower
costs (minimization of the total cost of transportation);

- to optimize vehicle use.

Concrete producers usually have a regional
distribution (Fig. 1). A region is an area that includes a
set of customers (construction sites), a set of vehicles

(concrete mixers) owned or from the carrier’s motor
transport company (MTC), and one concrete plant.

Construction [ plant 2
Site1

.-/ Construction
Site 3
Construction
Site 2 Construction
Site 4

Concrete
plant 1

Construction
Site 5
Concrete
plant 3

Fig. 1. Example of regional representation
for a concrete plant network and a sales network

Systematic  logistic  representation of the
management processes of ready-mix concrete production
and distribution enterprises provides the basis for the
development of optimization and simulation models that
take into account the relationships between demand,
production capacities and logistical constraints. The
integration of modern digital technologies such as the
Internet of Things and Digital Twins [27] contributes to
increasing the efficiency and adaptability of such
systems, which is critically important in a dynamic
market and increasing requirements for the quality and
timeliness of concrete delivery.

3. Planning and optimization model
in the ready-mix concrete
logistics supply chain

A key role in managing flow processes in the ready-
mix concrete supply chain is played by issues of
optimization planning of concrete supplies and sales
based on demand forecasting, the impact of pricing
decisions / placement prices by supply areas, and plan-
fact analysis.

The goal of optimization planning is to maximize
the difference between total revenues and costs for
concrete distribution.

Assume that customers in the area can be served
only by a concrete plant tied to this particular area.
Vehicles can be either their own or belong to the concrete
plant. External from the carrier, a certain MTC. Each
vehicle can be used in any area. It starts its movement
from the MTC or the plant to which it is assigned and
must return there after visiting the last customer.

Some constraints that will be used in the model are
as follows:
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- one product (with further expansion of the model
to consider multiple types of ready-mixed concrete);

- each concrete mixer must leave the MTC empty
for loading to the concrete plant for loading;

- each vehicle must leave the loaded plant and
return empty to the plant or to its MTC;

- each vehicle visits only one customer at a time.

Possible vehicle movement options:

1. Initial movement from MTC to the concrete
plant. This is the first movement of a concrete mixer with
an empty container from the MTC (to which it belongs)
to the concrete plant to serve construction sites (which
are connected to it).

2. A round trip between the plant and the
construction site. This is a certain number of travel cycles
between the plant and construction sites.

3. Movement from one plant to another through a
construction site visit. Thus, the vehicle leaves the area
and never returns.

4. The final movement from the construction site to
the MTC. The final empty movement from the last
serviced construction site to the MTC to which the
vehicle is assigned.

Here, we present a mathematical model of the
distribution of concrete between the routes of vehicles
from the MTC that deliver them to the construction sites
in the service areas.

Let us define:

- R— multiple regions (a region is one concrete
batching plant and its associated customers);

- |, —multiple customers in the region re R ;

- V- all vehicles involved (both belonging to an
MTC and taken from external sources);

- Vyun <V —own vehicles;

- V.« €V — vehicles taken from external sources
(other MTC);
- A,—the MTC that the vehicle belongs to v ;

_NV,N

the MTC;
- d;— demand for concrete of the i ™ customer, m?;

v —number of concrete mixers available at

- Q, — vehicle v’s capacity, m*;

- Cyj— cost of servicing a vehicle trip v from the
plant j to the customer i ;

- Cyp;— cost of moving an empty concrete mixer v

from the MTC to the plant j;

- Cyip — cost of moving an empty concrete mixer v
from the last customer i back to the MTC;

- p;— concrete sales price to the client per unit
volume, UAH/m?;

- t,— total operating time (moving, loading,
delivery, return) of the vehicle v during the day;
- t;— estimated delivery time of concrete to the

customer i from the plant j;

- T;— maximum allowable time for the first
delivery to the customer i ;

- Pn;— fine for each violation of the delivery
deadline to the customer i ;

- T™ _ maximum permitted duration of vehicle
operation per day;

- M —alarge number, much larger than the number
of routes between the MTC, concrete plants and
customers.

Variables:

- Xyij €{0,5 —if the vehicle v visiting customer i
from the plant j;

- Y, €{0,1} — if the vehicle v does initial route
from the MTC to the factory j;

- Yo €{0,1} —if the vehicle v moves into the area
r,

- 2, €{0,1} - if the vehicle v leaves its MTC (i.e.
it is active);

- z,; €{0,1} — if the vehicle v returns empty from
the customer i back to the MTC;

- s,; €{0,1} — if the vehicle v delayed the first

delivery to the customer i .

Limitations:

1. Avehicle can leave the MTC no more than once
(i.e. either it is used in the route or it is not, in which case
it must leave the MTC):

Zyvrszv,zvsl, wWweV. (1)
reR

2. A vehicle can visit a region no more than once:
Yo <L WeVireR. (2
3. Meeting the demand of every customer:

ZQV-xvijzdi,Vielr,VreR- (3)
veV

4. If the vehicle serves at least one customer from
aplant j, it must take the following initial route from the
MTC to that factory:

Z Xyij 2 Yvi» VeV VjeR . 4)

iel,reR
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5. If the vehicle has finished delivery to the
customer i, it may be returned to the MTC: max Ot-z Z Pi-Qy - Xyij =
veViel,, jeR
1 .
Z;>— ) X, VWweViel, . 5
v M; Vi ' ©) —ﬁ'z Z Cvij'xvij+zcv0j'yvj+ (11)
! veV\iel,,jeR jeR
6. Link between visiting the area and serving o
customers in the area (if the vehicle serves at least one * Z Cvio " Zvi * Z Mi -Svi
iel,,jeR iel,,jeR

customer from the area):

Z ijng-yvr,VVEV,Vr. )
jeRiel,

7. Ensuring exit from the area after the visit (if the
vehicle has visited the area, it must then either return to
the MTC (empty from the last customer), or move to
another area because of the customer):

Vo €D 2+ D Yo WV VT, (7)

iel, r'#r

8. Limitation of the number of available concrete
trucks at the MTC:

Zyvj < NV’ Vv e Vext . (8)
JeR

9. Taking into account the penalty for delay in the
first delivery:

sy > (t; ~T)/M, WeViel,. 9)

Vi
10. Maximum duration of vehicle operation per
day:
t, <T™ WeV. (10)
Transportation per route is only considered for one
customer because each x.;; defines every single route.

The payback period for revenues and expenses may
be different (for example, income from the sale of
concrete is received later than transportation costs). To
reflect this in the optimization, we introduce weight
coefficients: oo >0 — weighting factor for income; >0
— weighting factor for expenses.

That is, if revenues have less weight due to the risk
of late payments, we can put o <1. Or if the costs are
more important (because they are spent immediately),
then B we can put more.

The objective function maximizes the difference
between income and expenses.

Thus, it is a weighting of revenues and expenses in
the aobjective function using coefficients that reflect the
time value of money or differences in payback priorities.

4. Models for optimizing the production and
distribution network infrastructure

Next, we consider the model considering the
development of the sales network.
Let us define:

- S, — forecast of potential sales in the area r , m?;

- P, —planned sales volume in the area r , m?;

- m,(P,) — function of the average concrete price
in the arear as a function of sales volume P, ;

- E, - basic productivity of a concrete batching
plant in the area r during the period, m*/period;

- AE, —increase in plant productivity in the arear
in case of modernization, m?;

- ¢! —costs for implementing a plant development
project in the area r, thousands UAH;

- B™ — budget restrictions for the implementation
of plant development projects in the areas, thousands of

UAH.
Variable:

-k, €{0,1} - binary variable: k,=1- if a
modernization project in the area r is implemented
within the planned period, Kk, =0 — otherwise.

Main limitations:

1. Possible sales limitations (planned sales volume
cannot exceed the potential capacity of the area):

0<P <S,, Vr. (12)

2. Plant capacity limitations (you cannot sell more
than the plant capacity allows, even taking modernization
into account):

P <E, +AE, -k,, Vr. (13)
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3. Resource limitations for modernization project
implementation  (cannot exceed the development
budget):

(14)

pr pr

jeR

The objective function is to maximize the revenue
minus the investment costs for modernization:

max Z(nr(Pr)-Pr)—Z(c?r~k,)J. (15)

r r

Let's build a coordination model for making
decisions about the network of factories in the area
(previously we assumed that one factory serves the area).
This model allows us to determine from which factory
and in what volume to satisfy the demand of a specific
order, optimizing costs and considering resource and
logistics constraints.

Let us define:

- J—multiple concrete plants in the area;

- g; — available amount of raw materials at the
plant j, which can be used for additional production;

- 0 — raw material consumption rate for the
production of a unit of concrete (by components -
cement, sand, crushed stone, additives, water);

- p;— plant capacity j (maximum daily production

volume);
- ¢j— cost of a unit of concrete from the factory |

(including production cost);

- F; — fixed costs for launching / upgrading
/activating additional production at the plant j;

- tgj— estimated concrete production time d; for
the customer i from the raw materials available at the
factory j.

Variables:

- hj €{0,di} — planned delivery volume of a
customer order i from the factory j;

- 1;€{0,1} - if additional concrete production is

being activated at the factory j;
- u; {0,y - if the customer's order is fully

satisfied.
Limitations:
1. Meeting demand:

jed

(16)

2. Supply restrictions from each factory:

iel,
3. Limitation of plant capacity per day:

iel,

4. The delivery time should not exceed the
allowable period:

Minimize total costs (transportation, raw materials,
modernization):

(20)

min[ZZhij (c5+e)+ (1 F)

iel, jel r

A generalized procedure for assessing investment
costs for the modernization of production capacities
should take into account both the technical condition of
the existing assets and the strategic goals of the
enterprise. In the future, we plan to structure this as a
multi-step modular assessment based on the following
parameters for individual technological units: age (as a
percentage of their normative service life), condition
(according to technical audit data: satisfactory, worn,
critical), energy efficiency, and modernization potential.
As a result, we obtain a matrix of plant characteristics,
which can then be integrated into the modernization cost
function formulation.

Thus, we have considered a set of optimization
models that describe the dynamics of the characteristics
of concrete production and delivery links, considering the
influence of scenario conditions, constraints, and various
control parameters.

The presented optimization models form the basis
for determining the objective functions and constraints
on the behavior of agents in the logistics network
simulation model for the supply of ready-mixed concrete.
Each agent in our model acts according to local rules
formed on the basis of the corresponding parts of the
optimization model.

Such a model allows us to abandon the use of
centralized mathematical optimization methods (integer
programming or evolutionary algorithms), since the
optimal or approximately optimal solution is achieved in
the process of interaction of agents that respond to
environmental constraints, demand and available
resources. Thus, simulation modeling with built-in logic
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based on optimization models becomes a tool for solving
distribution, planning, and coordination problems in
dynamic logistics environments.

In contrast to centralized optimization, the proposed
approach integrates optimization logic into the behavior
rules of agents within the simulation model. This agent-
based mechanism allows the system to dynamically
adjust to changes in demand, available transport units, or
production  constraints, ensuring flexibility and
adaptability in decision-making.

Although the optimization is not performed in a
traditional centralized manner, the following ensures
computational efficiency and accuracy:

- local optimization rules derived from the
objective function structure and constraints of the
original models;

- dynamic adaptation of agents to environment
states, allowing near-optimal solutions to be achieved in
typical operational scenarios;

scalability of the approach, because the simulation
runtime grows linearly with the number of agents,
whereas the decision-making complexity per agent
remains constant or bounded.

5. Simulation model for the analysis
of ready-mixed concrete production
and logistics processes

To fully consider all interdependencies, constraints,
dynamics, and uncertainties, a simulation model was
created that covers all processes in the production and
logistics of ready-mix concrete.

The simulation model is developed in the AnyLogic
environment and consists of components, each of which
reflects a separate element of the dynamics of the
enterprise's behavior and concrete  distribution
infrastructure.

Figure 2 shows the structure of the agent simulation
model. The following are implemented in the developed
simulation model using the class of active objects
(agents), the following are implemented: concrete plant
(ConcretePlant); order (Order); construction site
(ConstructionSite); truck mixer (TruckMixer); supplier
of raw materials (Supplier); order for raw materials
(MaterialOrder); truck transporting raw materials
(Vehicle). Thus, we have a population in the required
number of all types of agents. Each agent has its own
variables and a mathematical model that describes its
behavior based on the provisions considered in this work.

In work [28], we described the technical and
operational model of concrete production and delivery.

The initial technical and operational model of
concrete production and delivery has now been expanded
to the management and economic levels, including key

revenue and cost parameters. This allowed us to take into
account not only supply logistics but also the economic
efficiency of the enterprise, particularly through
indicators such as sales revenue, transportation costs,
costs of modernization, and use of raw materials. At this
stage, these parameters are integrated into the behavior
of the relevant agents in the simulation model.

R
Order \

[ Te—T"1

ConstructionSite Tﬁ TruckMixer Tﬁ

:
MaterialOrder j:; ﬁ
ﬂ# I

]_,\ Vehicle —‘

Supplier T/

Fig. 2. An agent simulation model structure
for analyzing concrete production
and logistics processes

ConcretePlant w

ConcretePlant agents make decisions on production
volumes, production costs, considering raw material and
resource costs, current productivity, and possible
modernization. They assess the feasibility of expanding
production based on available budget, raw material
volumes, transportation costs, and expected revenue.

For this, the ConcretePlant agent has the following
parameters:

- production price
(ProductionCostPerCubicMeter), which considers the
following into account: raw materials, electricity, and
equipment depreciation;

- basic price (CostPerCubicMeter): separately by
concrete type;

- factory expenses (dailyFixedCost), which takes
the following into account: security, personnel, energy
costs, rent;

- the cost of maintaining the plant’s fleet
(idleTruckCostPerHour), which allows the model to
show the economic inefficiency of large downtime, helps

to find "bottlenecks"” and stimulates schedule/route
optimization;
- cost of truck rental for transportation

(idleRental TruckCostPerHour).

Results that the ConcretePlant agent accumulates:
total revenue from all orders; average revenue per m*; net
profit, as the difference between revenue and costs.

ConstructionSite agents, customers, initiate a
demand for concrete (Order) with specified time and
volume constraints, which affects the profitability of
individual supply chains.
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These agents receive the following management
and economic level parameters:

- penalty for delay in the first delivery
(penaltyPerHourDelay), which is an incentive for other
agents to adhere to the schedule;

- the cost of order cancelation (orderCancelCost) if
the concrete is spoiled or the customer refuses to pay;

- a priority surcharge (prioritySurcharge), which is
an additional fee if the delivery must be made in a narrow
time window or before the standard deadline;

- remote delivery surcharge
(remoteDeliverySurcharge), when delivering over long
distances exceeding a given threshold.

- minimum order revenue
(minimumOrderRevenue), introduced to make it
economically sensible to deliver small batches;

- waiting fee at the site (waitingFeePerHour).

TruckMixer agents select the route and supplier
considering transportation costs and order fulfillment
times.

TruckMixer agents receive the
management and economic level parameters:
- fuel cost (fuelCostPerkKm);

- average fuel
(fuelConsumptionPerKm);

- driver cost (driverCostPerHour);

- maintenance  cost  per
(maintenanceCostPer1000km);

- depreciation cost per trip (depreciationPerTrip).

The overall calculation of economic efficiency is
modeled by accumulating revenue from completed
orders and total costs associated with production,
logistics, and modernization. Thus, the model allows the
assessment of the economic consequences of
management decisions made in conditions of limited
resources and variable demand, providing a practical
basis for supporting strategic and operational planning.

following

consumption

1000  km

6. Example of modeling of ready-mix
concrete production and logistics processes

In our example, the model simulates concrete
delivery to the Kharkiv region. The supply chain includes
three production facilities and 12 construction sites that
order random quantities of a given type of product every
1-2 days. Each concrete plant has a fleet of concrete
mixer trucks, the number of which can be changed at the
beginning of the simulation and during the process. Each
concrete plant uses a certain number of concrete mixer
trucks with different or the same volumes. When the
production department receives an order from a
construction site, it checks for the presence of residues
from the current orders. If the required quantity of the

given type is available, the plant sends a loaded truck to
the customer. Otherwise, the order waits in a line until
the plant produces a sufficient quantity of the product.

Fig. 3 shows the model after startup. Agents operate
in the space of the OpenStreetMap geographic
information system. The names of the initial locations of
production facilities and distributors are taken from the
database. The search engine of the geographic
information system is used to search for places on the
map and place agents there, making it possible to flexibly
form both a network of concrete plants and a distribution
network of construction sites.

In Fig. 4 a screen with the results generated for a
separate concrete plant is presented.

The infrastructure of the supply network, including
the number and capacities of concrete plants and the
number and types of concrete mixer trucks, is configured
based on the results of the infrastructure optimization
model before the simulation starts. This model
determines the most efficient allocation of production
resources and fleet sizes across facilities to minimize
transportation costs and maximize service level.

In the case study, we experimented with different
initial configurations of production capacities and truck
fleets, as defined by the infrastructure optimization step.
The simulation allows observing how the selected
infrastructure performs under stochastic demand.

Once customer demand (i.e., construction site
orders) is generated, the system assigns production tasks
and delivery vehicles using local agent behavior rules.
These rules are derived from the planning and
optimization model described in Section 3, which aims to
minimize delivery delays and ensure product freshness:

- each plant agent verifies the inventory and
production capabilities based on constraints similar to
those described in the optimization model;

- if afeasible delivery is possible, the assignment
is made immediately — otherwise, the order is queued;

- route creation and truck dispatching rely on
heuristics inspired by the objective function in the
optimization model.

Trucks move along real roads, and routes are
created when vehicles start moving in their directions. A
histogram of the volume of concrete produced and a
guantitative indicator of free trucks can be seen near each
concrete plant. Near the construction site, the quantitative
value of concrete delivered for the entire time and icons
of trucks waiting to be unloaded are visible. By clicking
on production and construction objects, you can switch
to viewing the simulation results.

Observing the modeling process, you can see the
main indicators of orders and production, current stocks
of materials and the dynamics of their consumption and
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Fig. 3. Monitoring concrete delivery logistics when a simulation model is run
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Fig. 4. Simulation results for the ConcretePlant agent

supply, concrete production in quantitative terms and in  time. 3D animation of a concrete shipment from the plant

the dynamics of production/shipment, the occupancy of
the concrete mixer fleet, the queue of orders from
customers, a list of cargo shipments to customers with an
indication of the status (on time/late), histograms of the
distribution of product waiting time and transportation

is shown.

As the simulation progresses, agents react
dynamically to the current environment. When delays
accumulate or when demand grows beyond initial
capacity, the system ‘re-optimizes” through agent
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behavior adjustments (reallocating trucks, delaying low-
priority deliveries etc.). This reflects the ideas of
simulation-based optimization introduced in Section 5.
Furthermore:

- each truck tracks its travel time, delivery delays,
and wait time at construction sites, allowing the
evaluation of current planning decisions;

- production agents adapt batch production to
meet emerging demand profiles;

- in the background, the environment monitors
aggregate KPIs, which can be used to fine-tune the initial
infrastructure parameters.

Fig. 5 presents data on the routes of concrete mixer
trucks, where all time parameters are recorded, making it
possible to use this data in the future when forming
delivery schedules.

7. Discussion

Experiments were conducted to test and verify the
developed simulation model. Various graphs are formed,
including linear graphs of costs, and profit by days
(Fig. 6).

To evaluate the results, we present calculated data
for determining the profit of a concrete plant per month
(Table 1).

1. Monthly income:

Profit = sold m* x cost = 300 m*day x 30 days x 1400
UAH = 12 600 000 UAH.

2. Production costs:

Production costs = 300 x 30 x 800 =7 200 000 UAH.

3. Shipping costs (per 1 m?)

Shipping costs = 15 km x 2.5 UAH = 37.5 UAH/m3
Shipping costs per month = 300 m® x 30 days x 37.5
UAH =337 500 UAH.

4. Fuel and maintenance costs:

Fuel and maintenance costs = 50 routes/day x 30 days x
(250 + 15 x 6 x 1.5) UAH =1 125 000 UAH.
5. Drivers' salaries:

Drivers' salaries = 50 routes with a duration of 1.5h =75

h x 150 x 30 =337 500 UAH.
6. Fixed factory costs:

Fixed factory costs = 10 000 UAH x 30 =

300 000 UAH.

Thus, the monthly expenses are 9 300 000 UAH.

16.06.2025 07:13

8,000

6,000

4,000

2,000

0

Profit, thousand UAH: 1,328.27 4

10.06.2025 07:00

. Total costs, thousand UAH

14.06.2025 11:00

. Total income, thousand UAH

@ Profit, thousand UAH

Fig. 6. Costs, income, and profit in thousands of UAH

Table 1

Economic parameters of the production
and logistics system of the enterprise

Parameter | Value
Expenses
Production cost of 1 m?, UAH/m? 800
Delivery cost per 1 km per 1 m?, 2.5
UAH/km/m?
Fuel costs for 1 route, UAH 250
Hourly payment to the truck driver, 150
UAH/hour
Truck maintenance per 1 km, UAH/km 1.5
Daily fixed costs of the factory, UAH 10 000
Profits
Selling price 1 m?, UAH/m? 1400
Average delivery distance, km 15
Average delivery volume, m? 6
Daily production volume, m? 300

Concrete mixer truck routes

the plant

0.11
0.11
0.11
0.2
0.11
0.11
0.2
0.18
0.23
0.18
0.23
011
0.23
0.23

o Start of Start of Start of . .
Destination waiting Start of waiting return Traveltimeto  Travel ime to
point loading delivery unloading to the factory the construction site
Staryi Merchyk 85.29 101.21 101.44 0.0 0.23
Korotych 84.89 100.43 100.62 0.0 0.19
Korotych 83.3 100.47 100.67 0.0 0.19
Korotych 101.06 0.0 0.0 0.0 0.19
Korotych 83.91 100.84 101.03 0.0 0.19
Korotych 85.34 100.34 100.54 101.29 0.15
Manchenky 100.81 102.58 0.0 0.0 0.19
Korotych 84.03 100.65 100.85 0.0 0.19
Manchenky 86.34 0.0 0.0 0.0 0.23
Staryi Merchyk 84,51 0.0 0.0 0.0 0.18
Staryi Merchyk 85.99 0.0 0.0 0.0 0.23
Staryi Merchyk 83.21 101.48 0.0 0.0 0.11
Staryi Merchyk 84,93 0.0 0.0 0.0 0.23
Staryi Merchyk 102.57 0.0 0.0 0.0 0.23
Staryi Merchyk 84.7 101.23 101.46 102.58 0.23

Fig. 5. Routes of the plant's concrete mixer trucks and their time parameters

0.11
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The monthly profit is 3300 000 UAH. with
intensive daily production (300 m?®day), which is
realistic for an average stationary plant. This fully
coincides with the results obtained during the modeling
process.

These results match the simulated output and
demonstrate the economic feasibility of operating at this
production scale. The optimization models contributed to
minimizing transportation costs (337 500 UAH/month)
and balancing fleet use (50 routes/day), ensuring a
realistic and cost-effective distribution strategy.

The profit ratio between the customer price and the
productivity of the "last mile" logistics is defined as the
profit curve of the finished mixture. It illustrates the
compromise between the material margin, a price
indicator (UAH/m?), standardized by subtracting the cost
of raw materials from the product price, and the
productivity of the last mile logistics (m3/h). The
characteristic curve represents the point locus necessary
to achieve profit for a certain period. Such a graph has a
deep economic and logistical meaning and is a good
analytical tool. It is a graph where on the X axis is the
productivity of logistics (m*/h), on the Y axis is the
margin (UAH/m?).

This graph illustrates the trade-off: higher margins
are usually possible with lower wvolumes (fewer
customers nearby), and higher productivity is possible
with customers closer, but at a lower cost. Here, we can
see the optimum — the point where the profit is greatest.

We have also added contour lines of equal profit
(10, 15 and 20 thousand/h) — they will be hyperbolic.

Figure 7 shows an example of a productivity curve
obtained during the simulation for one of the plants.

3,000

=]
=]
[=]

Margin, UAH,

o 50 100 150
Productivity, m3ih
@ Ready-mix concrete profit curve

Isoline 10 000 UAH
@ Isoline 15 000 UAH
& I=zoline 20 000 UAH

Fig. 7. Profitability curve for one of the plants

By analyzing the graph, it can be noted that there is
no obvious linear relationship. However, there are
scenarios with high margins and high productivity, which
give maximum profit. There are points (orders) with low
productivity and high margin, and vice versa. This is a
typical sign that it is necessary to improve logistics or
optimize queues. Others, with high productivity but low

margin, give moderate profit. Isolines clearly show the
profit thresholds. Our points (orders) are mainly located
above the isolines, indicating profitability. The higher the
point on the graph (with the same productivity), the
greater the margin. The integration of optimization
models of agent behavior, economic parameters, and
analytical tools into a concrete production and delivery
enterprise model has significantly increased its applied
value and analytical depth. Thanks to the optimization of
agent decisions (regarding the distribution of orders and
logistics), the model allows simulation of realistic
interactions  between system participants under
conditions of limited resources and variable demand.

The introduction of economic parameters (cost,
delivery costs, salaries, depreciation, etc.) made it
possible not only to take into account the financial
aspects of the activity but also to calculate key indicators
of economic efficiency. Additional analytical tools, in
particular the profitability curve of the ready-mix
concrete mix, made it possible to visualize the trade-offs
between margin and productivity of the “last mile” to
identify areas of efficient work and potential losses.
Thus, the model was transformed from a simple
simulation of the production process into a strategic tool
for supporting management decisions, capable of
assessing the impact of changes in market or operating
conditions on the economic feasibility of the ready-mix
concrete manufacturer.

The presented simulation-based  approach
demonstrated the applicability of agent-based modeling
for the planning and optimization of concrete delivery in
a regional construction supply chain. In comparison to
traditional static routing or linear programming models,
our framework introduces dynamic behavior, geographic
realism, and emergent properties in the delivery process.

Unlike most existing models that assume fixed
infrastructure and pre-planned schedules, our approach
combines infrastructure optimization with agent-based
decision-making under uncertainty. The integration with
real geographic data and use of dynamic demand
generation at multiple sites allows the adaptability of
logistics systems to be evaluated in near-real-world
scenarios.

In some studies, the distribution of ready-mixed
concrete is solely considered a classical vehicle routing
problem [12, 22]. In contrast, our work presents a digital
twin that encompasses the entire production and logistics
system, from concrete batching plants to the construction
site distribution infrastructure.

Many existing approaches [11, 16] rely on rigid,
discrete-event models limited to a fixed number of
production and consumption nodes. While such models
can be useful for analytical analysis, their applicability to
real-world, dynamic environments is restricted,
particularly in large-scale or variable systems.
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The proposed system is scalable and configurable,
allowing adaptation to different configurations of
production and distribution networks. The dynamic
adaptation of agents to changes in demand, resource
availability, and production constraints, which reflects
realistic ~decision-making conditions in logistics
operations, is a key advantage.

Another significant distinction of our model is the
integration of a geographic information system that
incorporates actual transportation infrastructure. This
enables precise travel times estimation for concrete mixer
trucks, unlike most existing studies that rely on abstract
networks or pre-defined distance matrices.

Moreover, unlike approaches [10, 15], in which
optimization problem formulations fail to capture the
complexity of real-world concrete production and
delivery or overlook critical practical constraints, our
method does not rely on centralized optimization
techniques such as integer programming or evolutionary
algorithms. Instead, near-optimal behavior emerges
through agent interactions that respond to environmental
constraints, demand fluctuations, and available
resources.

The proposed method allows decision-makers to
test various configurations of production capacities and
fleet sizes before implementation. The visibility into
truck utilization, line times, and delivery delays supports
better operational planning and resource allocation. In
particular, the ability to observe how infrastructure
constraints affect delivery performance is critical for
large-scale infrastructure planning under volatile
demand.

We recognize several limitations of this study. First,
the current model focuses on a single product type, with
plans to expand to include multiple concrete types.
Second, although routing is based on real maps, it
currently does not incorporate real-time traffic data,
which may affect delivery timing. Third, while the model
captures operational-level dynamics, it assumes that
production capacity can be increased without raw
material constraints —an assumption that may not hold in
all real-world scenarios.

8. Conclusions

Thus, a study of the multi-criteria decision support
task for the effective management of ready-mix concrete
production and planning its delivery to construction sites
was conducted. The tasks were implemented within the
research framework, which allowed the creation of a
comprehensive model of decision support and process
management in the production and logistics of ready-mix
concrete.

1. The system-based logistic representation of
management processes made it possible to cover all key

elements of the functioning of the concrete production
and delivery enterprise, which formed the basis for
building a complex optimization and simulation models.

2. The planning and optimization model in the
logistics chain made it possible to consider factors of
demand, delivery routes, time constraints, and production
capacities, which increased the validity of management
decisions. The optimization model allows a fairly
complete consideration of possible options for moving
vehicles in concrete logistics.

3. Optimization of the production and distribution
network infrastructure made it possible to identify
configurations that provide the best ratio between
operating costs, transport, and profitability under variable
system operation and modernization and development
project implementation scenarios.

4. The simulation model of production and logistics
processes allowed the reconstruction of real processes,
considering the developed optimization models,
stochastic factors, dynamic changes in demand, and
resource constraints, which made it possible to test
various strategies for managing the production and
logistics system of the enterprise.

5. Analysis of the modeling results showed a high
dependence of profitability on the interaction of margin
and productivity, which was visualized using analytics
tools, particularly profitability graphs. This allows not
only to assess current efficiency but also to see different
scenarios and predict the consequences of changes in
system parameters. The use of the proposed models led
to a reduction in average delivery delay by 18% and an
increase in fleet utilization efficiency by approximately
13% compared to baseline configurations without
optimization. In addition, the number of unfulfilled
orders was reduced by up to 30% in high-demand
scenarios.

In general, the combination of optimization,
economic approaches, and multi-agent simulation
modeling allowed us to create an adaptive and practically
oriented decision support system in the field of ready-mix
concrete production and logistics.

Although the case study is based on a Ukrainian
regional context, the proposed models are applicable to
various types of decentralized logistics systems, such as
cement or asphalt, involving batch production and time-
sensitive delivery.

Future research will be aimed at modeling possible
failures and breakdowns of technological equipment and
concrete mixers in order to find the optimal
supply/transportation cost balance in these conditions
and prevent production plan disruption or production
capacity underutilization.

Contribution of authors: optimization model of
planning in the logistics supply chain of ready-mix
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MOJIEJII INIAHYBAHHS TA ONTHMI3AIIIL Y BAPOBHUIITBI
TA JOI'ICTHII T'OTOBOI'O BETOHY

M. C. Byzaescokuii, FO. A. Ilempenko

Jocaimkyerbest OaraTokpuTepiaibHe 3aBAaHHS MiATPUMKA TPUUHSTTS PIllIeHb ISl €PEKTUBHOTO YIPaBIiHHS
BHUPOOHHUIITBOM T'OTOBOT'O OETOHY Ta IJIAHYBaHHSAM HOT0 JOCTaBKH 0 OyiBENbHIX MaJAHIUKIB B yMOBaX TUHAMIKH
PUHKOBHX BHMOT, MAacCIITaOHOI JIOTICTUKH, OOMEXEHb Ta PO3BUTKY BHPOOHHYOI CHCTEMHU TOIMIO. AKTYaJbHiCTH
JOCHIDKEHHS TIOB’S3aHA 3 THM, IO BiTHOBJICHHS 3HUINEHOTO JKUTIOBOro (OHIY, BimOyHOBa MOIIKOMKEHOL
iHQPACTPYKTYpH Ta TPOMHUCIOBHX OYIiBENb, BiIHOBJICHHS pOOIT Ha BCiX OymiBEeNbHHUX MalTaHUYMKaxX KpaiHd
Mpu3Bene 1O PI3KOro 3pOCTaHHA TONHWTY Ha OCETOH, IO BOYEBHAb Oyae IEpeBHINYBaTH ICHYIOYi BHUPOOHMUUI
moTykHocTi. ToMy, OTHMM 3 KIIIOYOBHX MPIOPUTETIB YKPATHCHKUX OCTOHHHMX 3aBOMIB BXKE CHOTOIHI Ma€ CTaTH
peaiizamis cTpaTerii Ta BiJNOBIIHUX TIPOEKTIB PO3BUTKY, IO CIPSIMOBAHI HA IiJBUINEHHS MPOIYKTHBHOCTI 0Oe3
BTpaTd sKOCTi. MeTOI JIOCTI[UKCHHS € CTBOPEHHS KOMIDIEKCY ONTHMI3allifHUX Ta IMITaIliifHOl Mopenei
BHPOOHHUIITBA Ta IOCTABKH TOTOBOTO OETOHY y MEpeXi 3aBOAIB-BHPOOHHKIB Ta OymiBeNbHHX MalIaHYMKIB IS
TIPUHHATTSA e()eKTUBHUX pillleHb. 3aBJaHHsA: GOPMYBaHHS CHCTEMHOTO JIOTiCTUYHOTO TIOIAHHS ITPOIIECIB yIIPaBIiHHA
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I IITPUEMCTBAMU 3 BUPOOHUIITBA Ta PO3IOJIICHHS TOTOBOIO OCTOHY; pO3p00Ka MOJIENTI TUIAaHYBAaHHSI Ta ONTHAMI3aIlii
B JIOTICTHYHOMY JIAHIIOT'Y TIOCTA4YaHHSI TOTOBOT'0 OETOHY; po3po0Ka Mozieni onTuMizamnii iHppacTpyKTypH BUPOOHNYO1
Ta PO3MOAUTFYOI MEpEXi; PO3poOKa IMITAIIHOI MOJENi aHalli3y MPOIeCciB BUPOOHUIITBA Ta JIOTICTUKUA TOTOBOTO
0eTOHY; MPOBE/ICHHS EKCIIEPUMEHTIB II0JJ0 BU3HAYCHHS PeXMMIB (DyHKIIOHYBaHHS cucTeMHd. OTpUMaHi HACTYITHI
pe3yabTaTi. Po3po0iieHO KOMIJIEKC ONTHMI3alifHAX MOJENed: MOIeNnb IUIaHyBaHHS B JIOTICTHYHOMY JIAHIIOTY
MOCTa4YaHHS TOTOBOrO OETOHY, MOJAENb 3 YpaXyBaHHSIM pPO3BHUTKY 30yTOBOi Mepexki, MOAENb KOOpAWHALIi s
VXBaJCHHS pINICHHS IIOAO0 MEpexi 3aBofiB y perioHi. Po3poOieHo iMiTaliiiHy MOIENs aHaii3y IPOLECIiB
BUPOOHMITBA Ta JIOTICTUKU TOTOBHX OETOHHMX CyMIIIEH, 3a JOMOMOTOI0 SIKOI MOXKJIMBE BHPILIEHHS LIJIOTO Psay
3aBJllaHb, Cepel AKX OILiHKa PalioOHaBHOCTI Ta e(heKTHBHOCTI OpraHizalii BUPOOHHITBA Ta JOCTABKH TOBAPHOTO
0CTOHY, BU3HAYCHHS BY3bKHX MiCIlb BUPOOHHYHMX Ta JIOTICTUYHHX MPOIIECiB, MPOrHO3YBAHHS MOKA3HUKIB MisTTBHOCTI
OETOHHMX 3aBOJIiB, 3 YpaXyBaHHSIM 3MiHH YMOB BHPOOHHIITBA, ()OPMYBaHHS JaHHX JUIS NMPUHHATTS PIlIEHb OO
CKOpOYEHHSI Yacy MPOCTOIO 3aBOAY Ta KiieHTa Toumio. BucHoBkH. HaykoBa HOBHM3HA JOCIIKEHHS IIOB’s3aHa 3
BUPILIIEHHSM aKTyaJIbHOI IPOOJIEMH MMiArOTOBKH Ta TIaHyBaHHsI BAPOOHUYMX Ta JIOTICTUYHUX il B Mepexki OETOHHUX
3aBOJIIB Ta iX KJII€HTIB, IUISIXOM CTBOPEHHS! KOMIUIEKCY ONTHUMI3alliHHUX Ta IMITAI[IIfHOI MOJeNeH, siki BpaXxOBYIOTh
BUPOOHHYY, TPAaHCIIOPTHY i €KOHOMIYHY MiJICUCTEMH MiANPUEMCTBA, BPAXOBYIOTh CTOXACTHYHUWI MOIHT, 3MiHHI
MapIIpyTU JOCTaBKU, PEIENTYPy CYMIllli Ta YacOBi OOMEXCHHS BHPOOHMIITBA, a TAKOX IHTETPYIOTh CKOHOMIYHI
MOKa3HUKH y JWHAMIYHy MOJENb, IO JI03BOJISIE OLIHIOBAaTH BIUIMB CTPYKTYPH BHTpaT, BapTOCTi CHUPOBHHH,
TPAHCIIOPTHUX BUTPAT Ta 1HIIMX MapaMeTpiB Ha 3arajbHUIA NPUOYTOK MiIIPHEMCTBA B PEXKUMI PETLHOTO Yacy.

KarwuoBi caoBa: roropuii OeroH; JocraBka OETOHY; JIaHIFOI IOCTaBOK; IUIAHYBaHHS BUPOOHMITBA Ta
JIOTICTHKH; ONTUMI3alliiiHa MOJIeNIb; IMiTalliiiHEe MOJICITIOBAHHS; areHT; TPAHCIIOPTYBAHHSL.
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