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MATHEMATICAL MODEL FOR DETERMINING THE DISTRIBUTION STRUCTURE
OF AUTOMATED CONTROL SYSTEMS

MATEMATHUYHA MOJEJIb BUSHAYEHHSA CTPYKTYPHU PO3ITIOAIJIEHHSA
ABTOMATHU30BAHUX CUCTEM YIIPABJIIHHS

According to the results of the work, a multi-level modular architecture with clearly defined
interaction interfaces is recommended for a machine-building enterprise, which provides flexibility,
scalability and efficient data flow. A methodology for creating an automated management system based
on the principle of multiple use of information has been developed. This approach contributes to more
efficient use of resources required for data collection, and also helps to avoid errors associated with
discrepancies in the use of different data for the same parameter. It is proposed that the use of a mod-
ernized document management system allows to increase the level of automation of processes in the
work of the personnel department and the labor department for wages.

Keywords: modeling, numerical methods, automation, mathematical modeling, aerospace and
rocket and space technology, competition, distribution.

B Yxpainui ma ceimi nabysaromv nonynapuocmi asmomamusosani cucmemu ynpaenints, ERP-
piwenns ma iHwi xopnopamusHi ingopmayiini niamegopmu. Ilosnopyukyionarvna ERP-cucmema
CYACUMb PYHOAMEHMOM OISl BUDIULEHHS KOMNIEKCHUX 3a0ay YNPAGLiHHA Mad CIMpameziuHo2o niamy-
6aHH3L, BUXOOAUU OANIEKO 3 PAMKU NPOCMOT A8MOMAMU3ayii NOBCAKOEHHUX Onepayiti Ha NiONPUEMCMEI,
Makux sk po3paxyHoK MamepianoHux eumpam abo KOHMpoib HANOBHEHOCMI CKA0I8. 3anposaddicents
ERP-cucmem na nionpuemcmeax € cgiouenusam nepexody 00 U020 piéHs po3eumky, addice 60HU Ha-
0ar0my MONCIUBICMb MAKCUMATLHO ePEKMUBHO Peanizy8amu NOMeHYian nNiOnpuecmMcmaa.

Y pobomi asmopamu Oocnidxceno npunyunu nody0osu egexmugHux mooeneti MoOepHizayii
ACY na nionpuemcmeax paxemo6y0y8anHs, 3a AKUM HPONOHYEMbCIL 3ACMOCYBAHHA MOOYIbHOI KOHYe-
nyii nobyoosu ACY. Ils xonyenyis 6azyemvcs Ha RPUHYUNI 8IOHOCHOT ABMOHOMHOCIE KOXCHO20 MO-
oy, sKa 3abesneyye ix camocmitiny pooomy. OOHOYACHO MOOYIT MONCYMb 83AEMOOIAMU OOUH 3 OOHUM,
nepeoaiouu HeobXiOHy inghopmayito 00 3a2anbHoi iHopMmayitinoi cucmemu, 0e 60HA NIOOAECMbCA AHA-
T3y, 00pobYyi ma cnpamo8yeEMvCs 00 IONOBIOHUX NIOPO30iNi6 0 NOOANLUIOZO BUKOPUCHIAHHAL.

3a pesynvmamamu npogedenux pooim 01 MaUUHoOY0iGHO20 NIONPUEMCINEA PEKOMEHA08ANHA
bazamopisnesa MoOYIbHA APXiMeKmypad 3 YimKo U3HAYeHUMU iHmepgheticamu 83aemooii, ujo 3abes3ne-
Yye eHyuKicmo, Macuimabosanicmes ma egpekmusHull nomix oanux. Pospobiena memoouxka cmeopenus
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ABMOMAMU308AHOT CUCEMU YRPABTIHHSA, KA TPYHMYEMbCA HA NPUHYURT 6a2amopas’0802o UKOPUC-
manns inpopmayii. Taxuii nioxio cnpusic egheKmusHIUOMY BUKOPUCHAHHIO PECYPCi8, HeOOXIOHUX O
300py Oauux, a Makox*c OONOMA2AE YHUKHYMU HOMUTOK, NO8 A3AHUX [3 PO3OINCHOCMAMU ) GUKODUC-
MAHHI PI3HUX OQHUX 011 OOHO20 | M020 CAMO020 napamempad. 3anponoHo8aHo, 3aCMOCy8aAHH MOOEPHI-
308aHOI cucmemu OOKYMeHmMOo0bi2y 00360JIA€ NIOSUWUMU PIBEHb A8MOMamu3ayii npoyecie y pobomi
8I00iy Kaopie ma 6i00LLy mpyoa 3a 3apobimHoi niamu.

Knwouogi cnoea: mooenosanus, yuceivti Memoou, asmomamusayis, Mmamemamuyte Mooemo-
BAHHS, AEPOKOCMIUHA MA PAKEMHO-KOCMIYHA MEXHIKA, KOHKYPEeHYIs, PO3N00Ji.

Problem’s Formulation

Automated management systems (AMS), Enterprise Resource Planning (ERP) solutions and
other corporate information platforms are gaining popularity in Ukraine and the world. A fully func-
tional ERP system serves as the foundation for solving complex management and strategic planning
tasks, going far beyond the simple automation of everyday operations at the enterprise, such as calcu-
lating material costs or controlling warehouse occupancy. The introduction of ERP systems at enter-
prises is evidence of a transition to a higher level of development, as they provide an opportunity to
realize the enterprise's potential as effectively as possible [1, 7]. Thus, the issue of introducing smart
technologies and their integration into various processes of rocketry enterprises is a relevant topic of
research.

Analysis of recent research and publications

As noted by Vatchenko O.B., Vatchenko B.S. and Cherevko O.L., Sebron D., Virole S. [3, 8],
the integration of remote access to electronic databases and the use of functional AMS tools within the
information and communication infrastructure forms one of the key factors promoting economic devel-
opment. This conclusion is justified by the possibility of increasing user mobility, which is provided by
remote access to AMS. The result of this process is an increase in labor productivity both at the individ-
ual level of individual employees and at the level of the enterprise as a whole.

The cost of software for automated enterprise management systems can vary significantly, pos-
ing a dilemma for the structure: to purchase a finished product or to create its own software solution. If
the choice is inclined to purchase a finished product, a new need arises to assess its cost. When making
such a decision, several key factors should be taken into account: the scale of the enterprise, the degree
of uniqueness of production processes and their diversity. The scale of the enterprise is determined, for
example, by the number of employees or the level of gross income. The larger the enterprise, the more
financial resources it can allocate to the purchase of software and payment for its implementation ser-
vices. The uniqueness and diversity of production processes also have a significant impact. Usually their
growth is associated with the expansion of the scale of production. This, in turn, increases the costs of
adapting a ready-made solution, often making it more profitable to choose in favor of creating your own
software that will more accurately meet the specific needs of the enterprise.

In the works of Nechepurenko and Trokhymchuk [2, 9], the justification of the analytical model
for the decision on the choice of software was investigated. On this basis, a decision-making matrix was
determined depending on the gradation of the size and uniqueness of the enterprise. Moreover, there are
three options for recommendations for enterprises: development of their own software; purchase of soft-
ware of relatively low or medium cost; purchase of high-cost software in a tabl. 1.

Table 1. Decision-making matrix depending on the gradation of size and uniqueness of the en-
terprise

Product uniqueness Enterprise size
Small Medium Large
High Purchasing software at Own development
- Own development
Average relatively low or aver- purchasing high-value
Low age cost Purchasing  average- g g

software

cost software
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Formulation of the study purpose

The purpose of the work is to build effective models for the modernization of AMS at rocketry
enterprises, for which the following were done:

o Optimal methods for document flow analysis were determined.

¢ Methods for dividing the designed AMS into separate functional modules were determined.

o A mathematical model for determining the rational structure of a distributed AMS was developed.

Presenting main material

Optimal methods of document flow analysis. The basis for the development of an automated
information processing and management system (AIPMS) is a compiled model of the existing infor-
mation processing and management system. The construction of such a model is carried out as a result
of the implementation of a diagnostic analysis of the organization and a detailed analysis of the existing
data processing system.

Diagnostic analysis is a set of studies to identify trends in the development of an automation object
and its control system, study typical management tasks, develop requirements and measures to improve
the information processing and management system. The results of the analysis of the object and the con-
trol system are recorded in special documents. A set of these documents is called a system specification.

The use of system specifications allows you to systematize the data obtained as a result of the
analysis and present them in a visual and convenient for further use form, simplify and facilitate the transfer
of work results from one specialist to another, ensure the interchangeability of performers, formalize the
procedures for introducing corrections and additions, and facilitate quality control of each stage.

To describe information flows between the units of an automation object, we will give it a def-
inition. Information flow is a combination of two concepts: an information flow scheme and an infor-
mation flow element.

The information flow scheme is determined
by specifying the entry relations for each flow ele-

Document registration
01.08.2025

Incoming No. 234/1

Office / Secretary

v

Review of the document

Head of the enterprise 02.08.2025
Resolution imposed
Transfer to executor
Department of organizationa 02.08.2025
work A deadiine has been set

Completing the task
IT Department / Responsible 05.08.2025

employee A draft answer has beon propared
]
Coordination of the project
Legal department 06.08.2025
Corrections made
I}

Document signature

Head of the enterprise 07.08.2025
Signed
v
Sending
Office 08.08.2025
Departure No. 234/2

Fig. 1 Example of a document flow chart
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ment.

The elements of the information flow are
documents and their elements (indicators, details)
or operators (people, devices, units).

Two main parameters are determined in
the information flow: the direction of the flow and
the density of the flow. The direction of the flow
is given by the place of its entry and exit, and the
density is determined by the ratio:

AV
A= i
where AV — volume of information (in bytes,
number of documents or document lines), At —
the duration of transmission, reception, or pro-
cessing of a given amount of information.

The mathematical support of AIPMS is a
set of mathematical methods, models, algorithms
and tools that provide a formalized description,
analysis, optimization and decision-making in the
processes of managing an object or system based
on data processing (Fig. 1).

Here is an adapted table of the mathemat-
ical support of AIPMS for the IT department of
an enterprise, where the key tasks are data pro-
cessing, system administration, information secu-
rity, IT infrastructure support and process optimi-
zation in a tabl. 2.



Posmin 2. MozaemoBaHHS Ta ONITUMI3AIlisl B TEXHOJIOTIT KOHCTPYKIIIHHUX MaTepialliB

171

Table 2. Mathematical support of AIPMS for the IT department of the enterprise

Component

Content / description

Examples / Methods for the
IT Department

1. Mathematical models

Modeling IT processes, system
loads, IT infrastructure

Server availability model, SLA
models, network load models

2. Data processing algorithms

Analysis of logs, traffic, user
behavior, system monitoring

Log parsing, anomaly
detection, data aggregation, log
filtering

3. Optimization methods

Improving the efficiency of
servers, networks, backup
processes

Backup optimization, load
balancing, hardware resource
planning

4. Mathematical logic

Formalization of security
conditions, access rights,
automation of solutions

ACL rules, inter-event trigger
logic, security conditions in
scripts

5. Simulation methods

Virtual reproduction of failure
scenarios, cyberattacks, testing
IT policies

DDosS attack modeling,
redundancy scenarios, scenario
testing of access policies

6. Decision theory

Support for upgrade,
procurement, software/hard-
ware selection decisions

SWOT analysis of suppliers,
AHP for cloud service selec-
tion, cost-effectiveness matrix

7. Statistical methods

Performance analysis, incident
assessment, failure analysis,
trend detection

System response time analysis,
MTBF/MTTR, peak hour
detection

8. Queuing methods

Analysis of user request
handling, support services

Helpdesk queue theory,
incident response time optimi-
zation, staffing calculation

Based on this table, we can conclude that the specifics of AIPMS in the IT department are primarily:
e Focus on stability, continuity of work, automation of support.

¢ Large volume of technical logs, metrics, events from various systems.

¢ High requirements for information security and fault tolerance.

Table 3. Example of a matrix information model (type A)

. Human
Source —/ Supply Production Resources Accounting | Leadership

Consumer | department department Department
Supply Material Invoices Supply
Department B supply data B reports
Production Requests for Data on Production Production
Department | materials B staffing needs | reports plan
Human Personnel Accrual Human
Resources - data - information | resource
Department reporting
Accounting Payments to Cost Salary Financial

suppliers calculations | calculations B reporting
Management | Purchasing Production Order Budgetary

decisions orders guidelines -

More complex is the so-called matrix information model in a tabl. 3, which is compiled for each
subdivision of the automation object [4]. Matrix information model (type A) is a way of presenting
information flows in the form of a table (matrix), which displays the relationship between information
sources (who generates data) and information consumers (who uses them). In its simplest form:
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e matrix rows — information sources (departments, services, systems),

e matrix columns — information users,

o cell — type of information being transmitted (or document/data code).

The model allows:

o t0 see information flows between departments;

o to identify redundant or duplicate data;

o to optimize document flow and management system.

Methods of dividing the designed AMS into separate functional modules. Designing an
AIPMS using the modular principle is associated with the creation of software and information support
for the system from a certain set of relatively independent parts or data processing modules that have
informational relationships defined in such a way that each module does not receive information about
the internal content of other modules, except for that contained in the interface specifications.

The use of the modular design principle allows reducing the design of an AIPMS to the synthesis of
functionally independent individual parts (modules), which together perform the specified functions of the
system with the required efficiency. In this case, the internal content of the modules may be unknown.

Modular design of AIPMS has the following advantages:

o the process of developing and debugging software and information support for the AIPMS is
simplified;

o the subsequent modification of the system is simplified, since modular programs can be im-
proved by simply replacing individual modules that are functionally equivalent, but have the
best system characteristics;

e the organization of control programs is improved;

e opportunities arise for implementing advanced methods of development and automation of
AMS design.

The implementation of the modular design principle of the AIPMS assumes that each module

has the following qualities:

o functionality, i.e. the module must be a functionally complete, maximally independent set of
data processing operations; the module is accessed as a single entity, and the values of the
parameters called usually reflect the specifics of the module's functions;;

e coherence, i.e. the module must implement a set of interdependent functions that require the
same data; part of this data is usually hidden from the system as a whole;

¢ algorithmic, i.e. the module's functions are grouped on an algorithmic basis;

e sequence, i.e. the module must include several functions that are implemented sequentially,
with the output results of one function being the input for another, etc.; in addition, the mod-
ule's functions are usually interconnected in time.

Different ways of dividing the information and software of the AIPMS into separate modules

can be distinguished.:

o functional method — by the number of information and control connections between modules;

¢ resource method — by the available capabilities of the AIPMS hardware and software;

¢ elemental method — regarding the use of typical and standard elements of solutions;

o mixed method, which provides the methods listed above.

At the stage of technical design, during which general requirements for the system are formed,
functions or procedures performed by the system for processing input information, obtaining interme-
diate and output results are determined, tasks arise — statements and models for solving the problem of
dividing the information-logical model of the AIPMS into functional modules with a minimum number
of information connections. The initial data for the task are:

e many different types of input, intermediate and output data,

e many necessary procedures for data conversion.

In this case, the tasks belong to the same level of information processing and management.

The division of the information and software of the AIPMS into modules is reduced in this
formulation to the division of a set of tasks (data processing procedures) into disjoint subsets that have
a minimum number of common information elements.
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Mathematical model for determining the rational structure of a distributed AMS. When de-
veloping global AMS, there is a need to determine the rational structure of the system, the distribution
of functions implemented by the system between its nodes or levels. The functions assigned to the tech-
nical means of the AMS depend on the corresponding mathematical models and methods for their solu-
tion, as well as on the possibility of their implementation by a set of technical means. In turn, the set of
technical means is selected for a certain range of tasks to be solved, taking into account resource con-
straints when creating it and taking into account the fact that the tasks must be performed effectively.

It is under the definition of the AMS structure that we will understand the following operations:

o Selection of management tasks that rely on the technical means of the AMS.

o Selection of algorithms for their implementation in the system.

o Distribution of selected tasks by nodes (levels) of the system.

¢ Determination of the complex of technical means in the nodes of the AIPMS.

The chosen structure is considered rational if the overall efficiency of the AMS being developed
is maximized. To formalize the problem, we introduce a number of notations.

Let E — this is a set of management tasks. Each task will be assigned a number (index)
i=1,2,...,I. Let us denote M; a set of algorithms for solving the problem with number i, including solving
the problem without using technical means, M; = {k/k=1,2,..., ki}.

The matrix of connections between the tasks assigned to the designed system is denoted by
Aii =louil. Task i u i’ are considered related if to solve the problem with the number i’ information result-
ing from solving the problem with number is used i, herewith aii makes sense of the average flow of
information from the problem with number i to the problem with the number i’. If the tasks are not
related, then they are considered aji.

Let Q — a set of node numbers (levels) of the designed AMS, Q = {j/j =1,2,..., J}, a Iyl
matrix of specific costs for transmitting information from a node with number j to the node with the
number j' (yji= o, a yj; = 0).

Let us denote F many numbers of technical equipment, i.e. m={l/1=12,....L}, and m; —
value characterizing the resources of a technical means with the number I. In addition, we introduce the
following notations:

aij — efficiency of solving the problem with the number i, if it is solved using an algorithm
with the number k and is located at node number j;

mix— the need for hardware resources (e.g., machine time, memory, etc.) for problem number
i if it is solved using algorithm number i k;

cij— costs of purchasing, installing and operating a technical device with number 1, if it is lo-
cated in a node with number j;

K — capital costs for the purchase and installation of technical equipment;

Kik— the costs of developing and implementing problem number i if it is solved using algorithm
number i k.

The term "task™ will be understood as a set of interrelated operations for information processing
and decision-making in the designed AMS. The selection of these tasks can be carried out, for example,
by the expert method, as mentioned earlier. The expert method can also determine the effectiveness of
solving tasks aikj, as well as other data necessary for building the model.

Thus, the task is to maximize the effect of the AMS structure being developed, which is deter-
mined by the efficiency of solving management problems in the relevant system nodes.

This effect depends on the choice of the level and algorithm for solving information processing
and management tasks, taking into account the costs of information exchange between tasks solved at
different levels and the costs of operating the system.

Let us introduce the following variables:

1, if problem i is solved at node numberj
Xikj = jalgorithm with number k(k — th method),
0, other
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_ (1,if the node with number j is equipped with technical means with number 1

X]j =
0, other
The task can be written in the following form:
[Zikgiryrey Piirywe * Xing * Xy = gy 0 * Xy = maxge ) (1)

e
b aik]-,when lk] = i,k,.,; 2
ijki,j’k, - _ai*i’ * y]-]-/,When lk] * i,k,j,. ( )
Size by determines the effectiveness of solving the problem i, located at node number j, if it
is solved in the k-th way, i.e. ay; if ikj =i’k’j’ and is equal to the cost of transmitting information from
node number j to node number j ' otherwise.
The limitations of the task here are as follows:
— each problem must be solved, and only in one node and in only one way, that is:
Y xig = 1= 1I), 3)
— total costs for the development of ACS, consisting of the cost of capital expenditures
for technical means and for the development and implementation of tasks, should not
exceed the given value K, i.e.

2o K * x5 + Xk Kik * Xigg < K, (4)
— the technical means used have certain resource limitations, i.e.
Yk Mik * Xig < Zymy * x5, (j = 1,]). (5)

The formulated problem is a nonlinear mathematical programming problem.
If the technical means are selected in advance and it is known that the problems are independent,
then criterion (1) will take the following form:

max Y(ikj} Aikj * Xikj- (6)
The restrictions will be as follows:
Z{k,j} Xikj = 1(i = 1,1); (7)
Xk Kik * Xy < Ky, me Ky = K — Xy kg = x5, (8)
Dlik Mik * Xigj < My, e mj = Y my * xy, 9)

Problems (6)—(9) can be reduced to a two-index problem if we introduce the variable x;. One-
to-one correspondence between sets of indices { f } u { ik } is established by the following relations:

L
f=k+b,bi= ) kyy,(i=11Lk=1k;).
p=1
In this case, the optimization criterion for the task will look like this:
Lirjy Grj * Xpj = max. (10)
The restrictions will look like this:
T xp = 1 (11)
T jyke * %y < Ko (12)
Lipymy * xpp <my,j = 1,]. (13)
If the tasks are dependent, then instead of criterion (10), a criterion of this type should be taken:
Lirjs iy bejgrjt * Xpj * Xprjr = max. (14)
Conclusions

Thus, to build effective models of modernization of AMS at rocket enterprises, it is proposed to
use the modular concept of building AMS. This concept is based on the principle of relative autonomy
of each module, which ensures their independent operation. At the same time, the modules can interact
with each other, transmitting the necessary information to the general information system, where it is
analyzed, processed and sent to the relevant departments for further use.
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For a machine-building enterprise, a multi-level modular architecture with clearly defined inter-
action interfaces is recommended, which ensures flexibility, scalability and efficient data flow (Fig. 2).

Top level Strategic Financial Project
(strategic planning module management management
management) module module
v h 4 v
Intermediate level Manufacturing Warehouse Quality
(tactical Execution Management Management
System Module Module
management
9 ) (MES) (WMS) (@ms)
A h 4
Lower level SCADA/PLC Maintenance Management
(operational Systems (CMMS)
management and
production
control) (

Fig. 2. Recommended scheme of interaction of functional modules of the automated manage-
ment system of a rocket manufacturing enterprise

The development of an automated management system methodology should be based on the
principle of multiple use of information. This approach will contribute to more efficient use of resources
required for data collection, and will also help to avoid errors associated with discrepancies in the use
of different data for the same parameter.

The use of a modernized document management system will increase the level of automation of
processes in the work of the human resources department and the labor and payroll department [5, 6, 10, 11].
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