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Distributed Data Storing Based on Distributed Transaction Ledger

The primary trend in the development of modern information technologies is the migration of computations to the cloud,
making distributed computing the dominant strategy for information processing. In particular, this poses the challenge of
reliable distributed data storage. A well-known approach to solving the problem of distributed data storage is blockchain or,
more generally, distributed ledger technology. A key challenge of this technology is creating an effective mechanism for the
global numbering of registry records. The complexity of solving this problem results from the fundamental limitations of
distributed computing — the inability to accurately synchronize distributed computing processes and the limitations resulting
from the CAP theorem for distributed data stores. The authors attempt to circumvent the mentioned limitations based on the
hypothesis that such limitations can be overcome by considering both the network topology and narrowing the class of
distributed systems to distributed registers. The work is based on methods of modeling distributed computing, particularly the
model of space-time diagrams proposed by L. Lamport. This model allows us to introduce such a tool as logical clocks,
including Lamport's logical clock algorithm. Unfortunately, Lamport's logical clock algorithm allows assigning a common
timestamp to different events if they are concurrent. The paper proposes an algorithm that is a composition of Lamport's clock
algorithm and the wave algorithm, which is not only a logical clock but also assigns different timestamps to different events.
Thus, this algorithm provides a mechanism for the global numbering of entries of distributed ledger replicas. A problematic
issue remains gaps in the series of ledger entry numbers. Thus, the paper proposes an effective mechanism for the global
numbering of records of a distributed register and identifies a shortcoming of this mechanism. Further study is to identify
specific conditions in terms of network topology that would ensure the absence of the mentioned shortcoming.

Keywords: ledger, distributed ledger, network topology, distributed computation, logical clock, Lamport’s clock.
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Introduction

The exponential growth of data has necessitated innovative approaches to data storage and
management. While efficient for structured data, traditional centralized database systems face
scalability and security challenges as data volumes increase and distribution becomes critical [1].
Distributed data storage systems, on the other hand, offer scalability and fault tolerance but often
compromise on data consistency and reliability.

A fundamental challenge in distributed data storage systems is the CAP theorem, which states that it
is impossible to simultaneously guarantee Consistency, Availability, and Partition Tolerance for a
distributed system [2].

Here, we understand consistency as strong or weak consistency more precisely, we say strong
consistency whenever all nodes in the system see the same data at the same time; in contrast, if all
nodes will see the same data eventually but there may be delays then we say about weak consistency.

© Bepesoscbkuit O. B., Tepneubkuin M. B., 2024
This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0.
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Availability is understanding the system must always be available to process requests, even in the
face of failures.

Partition Tolerance means the system must continue to operate correctly even if a system part loses
the ability to communicate with its other parts.

The trade-off of these requirements forces system designers to decide which properties to prioritize.

Understanding the CAP theorem is crucial for designing and implementing distributed data storage
systems. By carefully considering the trade-offs involved, system architects can make informed
decisions about prioritizing these properties depending on their importance for their specific use case.

This research proposes a hybrid approach that combines the strengths of Acidic Database
Management Systems (ACID DBMS) and Distributed Ledger Technology (DLT) [3]. By integrating
the ACID properties of databases with the distributed and immutable nature of DLTSs, we aim to create
a robust, scalable, and secure distributed data storage solution [1].

Our approach is based on the assumption of a loss-free transmission of information in the system
[4].

We are not expecting the proposed approach to be the panacea for any system development context.
Moreover, one of our research goals is to prove that such an expectation is unjustified. But we hope this
approach is fruitful for special network topologies under some fairness guarantees.

In this paper, we demonstrate the grounds of our expectations.

1. Distributed Computation

A distributed computation is an information processing performed by at least two processing units
interacting via a network [1]. The key constraints on processing unit behavior are that each unit
performs some sequential computation, and that message passing is the only interaction between units .

Thus, a distributed computation is determined by a network, whose nodes perform local sequential
processes, by these local processes, and by features of the message-passing by processes. Below, we
give the mathematical model of a distributed computation presented by O. Barskyi, I. Illin, and A.
Zozulia on PhD Symposium of ICTERI 2024 Conference.

Typically, a processing unit that performs a particular local process of a distributed computation, is
identified with that process and is called a computation participant.

Considering that, one can classify distributed computation as follows [4].

1. The local behavior of each computation participant corresponds completely to the computation
specification, and each sent message will be eventually received.

2. The local behavior of a computation participant can violate the computation specification, but
each sent message will be eventually received.

3. The local behavior of each computation participant completely corresponds to the computation
specification but there is a nonzero probability of losing a message under transmission.

4. The local behavior of a computation participant can violate the computation specification and
there is a nonzero probability of losing a message under transmission.

Usually, we refer to case 1 as a reliable computation, case 2 as a computation with Byzantine
failures, case 3 as a computation with non-Byzantine failures [5], and case 4 as a general-kind
computation.

Note that non-Byzantine failures are rather associated with the unreliability of network equipment
than with incorrect behavior of computing participants. Therefore, we focus our attention on studying
case 1 in the paper.

Model of a Network [6]. As it is generally accepted, we understand a network [7] as an oriented or
unoriented graph with nodes that refer to participants and edges that indicate the possibility of
transmitting data directly from the source of the edge to the target of the edge. The standard constraints
for the network graph are that

e There is no loop in the graph. This means that there is no way to transmit data directly to itself.

o For any two nodes, there exists a route connecting these nodes. This constraint is referred to as

the connectivity.

Model of a Participant Behavior. The next key component of distributed computation is the set of
the computation participants' behaviors. However, if we have n participants in the computation it does
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not mean that each participant has unique behavior. As a rule, we can divide all participants into classes
of participants having the same behavior. Usually, the number m of these classes is less than n. The
references to these classes are called roles as usual. Of course, the number of roles can be equal to one.
For example, all participants of a distributed ledger have the same behavior which means the number of
roles is one.

Local behavior is a sequence of computation actions and two kinds of additional actions: sending
and receiving messages. These kinds of action provide interaction of the computation participants. So,
for modeling local behaviors of a distributed computation, one can use any model of single-process
computation extended with the mentioned two behavior primitives.

Events of a Computation. It is generally accepted that any action in a distributed computation is
atomic. This assumption provides the ability to consider an action as an event, that is, some
instantaneous change in the configuration of the system. According to L. Lamport [xx], the set of
computational events E is equipped with a partial order called a causal order or a "happen-before"
relation. The fact “an event e; has happened before an event e,” is denoted by e; — e,. This relation is
defined [8, Definition at p. 559] as follows:

1) if e; and e, are events corresponding to local actions of the same participant, which are neither
sending nor receiving events, and e, precedes e, in the local ordering of this participant’s events
thene; — ey;

2) if e; is a message sending event, and e, is the receiving event of this message then e; — e;

3)ife; = ey and e, = e3 then ey — es.

If both e; » e, and e, + e; are true, then events e; and e, are called concurrent. In this case, the
denotation e, || e, is used.

Logical Clock of a Computation. The concept of a logical clock was introduced for providing a
manner to order events of a computation [8]. Firstly, we need a set T of timestamps which are
surrogates of physical timepoints. The natural requirement is such a set should be a well-ordered set of
the order type w. It meansthat T = {t; < t; <...<tp_1 <tp <tps1 <...}

A logical clock is a function c: E — T such that c(e;) < c(e;) whenever e; — e,.

Let us discus a simple but important proposition.

Proposition. Let c: E — T be a logical clock then if c(e;) = c(e;) thene; |l e, forany e; + e, € E.

Proof. Indeed, there the following variants only for any e, e, € E:

1) e; — e, and e, — e is impossible because it contradicts to irreflexivity of the causal order.

2) e; » e, and e, » e; is impossible because it contradicts to c(e;) = c(e;) due to c(e;) <

c(ey).

3) e; » e, and e, — e; is impossible because it contradicts to c(e;) = c(e,) similarly to the
previous.

4)and only e; » e, and e, + ey i.e. e |l e, does not contradict to c(e;) = c(ey).

Qed.

Lamport’s clock algorithm. L. Lamport proposed the following algorithm to equip each
computational event with a timestamp for T = N where N is an ordinal of natural numbers. All
participants of this algorithm behave similarly. In other words, the role set of this algorithm is a
singleton.

Algorithm of Lamport’s clock.

Assume
p1,---,Pn(n = 2) be participants of a computation,
el denote the k-th event in the event sequence of the participant p;.
Ensure
a logical clock Lamport: E = N.
The algorithm requires to equip each participant p; with a counter ts; and initializes it by zero.

Behavior of p;.
Catch an event e.
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If e is an event corresponding to a local action of p; then c(e) « ts; and ts; < ts; + 1.

If e is @ message m sending event then c(e) « ts;, ts; « ts; + 1, add ts; to m and resend m.
If e is @ message m receiving event, then ts; « max(ts, ts;), c(e) « ts;, and ts; « ts; + 1.
Jump to the first line.

It is known that this algorithm computes a logical clock, and this clock referred to as Lamport
satisfies the following condition
Lamport(e) < c(e) foranyclock c:E - Nande € E. (1)
It is because of (see [Tel, p. 62])
Lamport(e) = 0 ifand only if there isno e’ € E such that e’ — e;
Lamport(e) =n > 0ifandonly if n = max(Lamport(e’)|e’ € P(e)) +1
where P(e) = {e’ € E V e' - ebutthereisnoe’’ € Esuchthate' - e" — e}.

2. Model of Distributed Ledger

Before considering a distributed ledger (DL), we construct the model of a ledger, which is
understood as a data store that allows only writing new data units and reading stored data units. In this
context, this store can be represented by a finite set S of pairs (timestamp, data,,;;) Where the
timestamp is a key. We do not fix a set of data units D and consider it as a model parameter. Also, we
restrict the set T of timestamp values by ordinals of the order type w. The concrete ordinal is selected
depending on the studied problem. It can be the ordinal of natural numbers with the natural ordering or
the ordinal of strings with lexicographic ordering [8]. For storing new data unit d, we choose the key

ts = min{ts’vVVx € D, (ts',x) & S} 2
and then write the pair (ts, d). Of course, formula (2) is suitable only for specifying a new key value,
and not for its calculation, the algorithm of which depends on the specific choice of the set T.

A distributed ledger (DL) is an information system that stores data across network nodes (belonging
to a set P) and allows only two types of transactions: writing new data and retrieving written data. It is
suggested that each node in the network has its ledger called a replica. It ies assumed that each node in
the network has its own ledger, called a replica. A distributed ledger exists physically only as a
collection of replicas, so the consistency of these replicas is important.

Replica consistency can be formalized as follows

Vts €T,p,q € P,xp,xq € D, (ts,x,) €S, — (ts,x4) € Sqg = xXp = X4 3)
In formula (3), S, and S, refer to the replicas owned by nodes p and q respectively.

Formula (3) does not require that replicas match for all nodes, it only requires that replica keys be
not only local but also global keys.

Of course, due to the CAP theorem [2], we cannot expect the existence of an algorithm to record
data to all local ledgers consistently. In more detail, DL nodes receive write requests and interact to
execute these requests by the nodes' local ledgers modifying consistently.

So, we need a method for assigning the correct timestamp to any request to write a new data unit.

More details, let py, ..., p, (n = 2) be nodes of a DL being studied, w}* be k-th request for writing
obtained by node p;, and e; be another event observed by node p; (if we need to consider several such
events, we use superscripts for these events distinguishing).

Of course, we can use Lamport’s clock algorithm to determine the local keys of each DL node.

This approach, of course, ensures the inequality Lamport(w)) < Lamport(w}) ifk < L.

But, if we order events w/ and w/, we can obtain Lamport(w{) = Lamport(w;) due to w/ || w;.

space 4

D2

p1
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Fig.1. Lamport's timestamp conflict

In Fig. 1 we illustrate Lamport's timestamp conflict. In this figure, the unlabeled circles correspond
to the events of sending/receiving notifications concerning timestamps. One can easily see those events
w and w? and wi and w3 of receiving requests for writing a data unit have the same Lamport's
timestamp equal respectively 0 and 3.

3. DL Timestamping Algorithm

The example from the previous section not only illustrates an anomaly in the Lamport clock
algorithm for distributed ledgers but also allows us to understand how to modify this algorithm to avoid
this anomaly.

The algorithm is applied if a wave algorithm is available for the network topology [6, 7]. Moreover,
the use of wave algorithms specific to a particular network topology can significantly change the
efficiency of the algorithm.

DL timestamping algorithm.

Assume:
P1, .-, Pn e NOdes of a DL where n > 2;
T =N x {1,...,n} be the timestamp set with the lexicographic order that turns it into a well-
ordered set of order type w
Ensure:
add a data unit with correct timestamp

Behavior of p;.
Catch an event e.
If e is a request for writing data unit d, then
ts « (Lamport(e),i)
write d with key ts
start wave by sending notification (ts, d)
If e is an event of notification receiving, then
if a message with ts from (ts, d) has received firstly, then write d with key ts
execute step of the wave algorithm adding Lamport’s timestamp to all necessary messages
If e is an event of other kinds, then ignore it.
Jump to the first line.

The proposed algorithm guarantees that timestamps for writing requests received by the same ledger
node are ordered by their arrival at this node. Due to Lamport's clock algorithm and the concurrency of
the writing requests obtained by different ledger nodes, we can conclude that Lamport's timestamps of
such requests can be equal.

Therefore, we add the identifier of the ledger node that has obtained a writing request to Lamport's
timestamp of this request. This addition allows us to avoid the anomalies of logical clocks like the
anomaly from the example.

Returning to the example, request event w) obtains the timestamp (0,1), event w? obtains the
timestamp (0,2), event wi obtains the timestamp (3,1), and event w} obtains the timestamp (3,2). In
other words, we have the following order of request events: w, w2, wi, wi. However, we must note
that the series of timestamp values has gaps. In the example, we do not have entries with timestamps
(1,1), (1,2), (2,1), and (2,2) between the entries with the timestamps (0,2) and (3,1) respectively.

4. Conclusion

The previous consideration demonstrated that, under the crucial assumptions of network reliability
and strict adherence to the algorithm by all participants in the distributed ledger, the composition of a
wave algorithm and Lamport's clock algorithm gives a viable mechanism for establishing global
numbering of ledger entries. This mechanism provides a crucial foundation for many distributed ledger
applications, offering a consistent and ordered view of the transaction history.
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However, the proposed algorithm, as outlined in the "DL Timestamp Algorithm™ section, exhibits a
significant drawback: it generates a series of timestamps with gaps. This gap, while not necessarily fatal
to all applications, can pose challenges in certain scenarios. For instance, in a distributed transaction
registry for a complex of ACID databases, consistent ordering and the absence of gaps in timestamps
are paramount for maintaining data integrity and ensuring the correct execution of transactions across
multiple nodes.

The presence of gaps in the timestamp series necessitates further investigation and refinement of the
algorithm. This leads to several key open questions.

1) Robustness against Network Failures: the current algorithm's behavior in the face of network
disruptions, both non-Byzantine (e.g., temporary network partitions) and Byzantine (e.g., malicious
attacks), needs thorough evaluation. In the context the following are interesting:

- Can the algorithm be modified to maintain its functionality and ensure consistent timestamping
even if such failures are present?

- What are the trade-offs between robustness and performance in such scenarios?

2) Algorithmic Complexity: assessing the computational complexity of the algorithm is crucial for
practical implementation. In the context the following are interesting:

- How does the complexity scale with the number of nodes in the distributed ledger network?

- Are there optimization techniques for reducing the computational overhead while maintaining
accuracy and consistency?

3) Physical Time Estimation: while the algorithm provides a logical ordering of events, it's essential to
understand the relationship between the generated timestamps and physical time; in other words

- Can we estimate the physical time of execution of a round of the algorithm with reasonable
accuracy?

This information is crucial for performance analysis, debugging, and potentially for applications that
require real-time constraints.

Addressing these open questions is crucial for further development and practical application of the
proposed global numbering mechanism.

Now let us outline some points for future research directions:

- Exploring alternative approaches to global numbering that may be more resilient to network
failures.

- Investigating techniques for minimizing the occurrence of gaps in the timestamp series.

- Developing analytical models to predict the performance and behavior of the algorithm in different
network environments.

By addressing these challenges and refining the proposed algorithm, we can pave the way for more
robust and efficient distributed ledger technologies with applications in various domains, from financial
systems to e-government systems.
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Po3noainene 30epiraHHs JTaHUX HA OCHOBI TEXHOJIOTII PO3MOALIICHOT 0
peecTpy

OCHOBHOIO TEH/ICHIIEI0 PO3BHTKY CYYacHHX 1H(QOpMamifHUX TEXHOJOTiH € MepeHeceHHS OOYMCICHb B XMapy, IO POOHTH
po3mnomiieHi OOYHCICHHS IOMIHYIOYOIO cTparericlo oOpoOku iHpopmanii. 30Kkpema, L€ CTaBHTh 3agady HamiiHOTO
po3moineHoro 30epiranus iHpopMariii. BitoMuMm miaxoaoM A0 BHUPIMICHHS MPOOJIEMH PO3MONUICHOTO 30epiraHHs JaHUX €
61oK4eitH a00, y OIIBII 3arabHOMY BHIIAJKY, TEXHOJIOTISI po3noaiieHoro peectpy. KimodoBoro npobiemoro miei TexHomorii €
CTBOpEHHsI e(h)eKTHBHOIO MeXaHi3My IJI00abHOT HyMepanii 3anuciB peectpy. CrilaqHiCTh BHPINIEHHS MPOOJIEMH € HACIIIKOM
(hyHDaMeHTaTbHUX OOMEXKEHb PO3MONUICHHX OOYHCIEHh - BIICYTHICTIO MOJIMBOCTI TOYHOI CHHXpPOHI3amii mpomeciB
PO3MOIIIEHOTO O0YHCIIEHHS Ta 00eMeKeHb, Mo € HacaiakaMu CAP TeopeMu Ui po3MONiIEHHX CXOBHII AaHUX. Buxomsun 3
TIIOTE3H IPO Te, IO TaKi 0OMEXEHHsI MOKYTh OyTH HMOJOJaHI IUIIXOM BpaXxyBaHHS SK 0COOIMBOCTEH TOIOJIOTIT MEpexi, TaK 1
3BY)KEHHSIM KJIacy PO3MOIIICHHX CHCTEM J0 PO3MOMUIEHUX PEECTPiB, aBTOPH HaMararoThcsl OOIMTH 3a3HadeHi 0OMexxeHHS. B
OCHOBI POOOTH JIeXaTh METOIU MOJEIIOBAHHS PO3IONUICHNX OOYHCIICHb, 30KpeMa, MOJeNb HPOCTOPOBO-YAaCOBHX Jiarpam,
3anpornonoBana JI. Jlemmoptom. Ils Momens 103BOJisi€ BBECTH TaKHil IHCTPYMEHT, SIK JIOTiYHI TOJWHHUKH, BKIIIOYHO 3
Iroput™MoM JioriuHoro roavHeuka JI. Jlemmopra. Hakams, anroputm noriuHoro roamuuHuka JI. Jlemmopra momyckae
NPUINCYBAHHS CNUIBHOI IIO3HAYKHU Yacy JJIs pi3HUX IOJii 32 YMOBH iX KOHKYPEHTHOCTI. B po6oTi 3anpomnaHoBaHO alropuTM,
SKUH € KOMITO3ULIEI anroputMy roamHHuka JI. Jlemmopra Ta XBHJIBOBOTO ANTOPUTMY, SKHH HE TUIBKM € JIOTIYHHM
TOJMHHUKOM, alie i MPUITICYE Pi3HI MO3HAYKU Yacy Pi3HUM HOMisSM. TakuM YHHOM, IIeH aJrOpUTM A€ MEXaHi3M III00anbHOL
HyMepallii 3amuciB peruiik po3MmoAiIeHoro peecTpy. [IpoOieMHNM NMHUTAaHHAM 3aIHIIA€THCSA HASBHICTH JIAKYH CEpell HOMEpPiB
3amuciB peectpy. OTxke, B poOOTi 3ampoNOHOBaHUH e(pEeKTUBHHI MeXaHi3M TI00aibHOI HyMepallii 3amuciB po3IOAiIeHOTO
peecTpy Ta BUSBICHHUH HEIOJIK OO MeXaHi3My. [loanbIiiM po3BUTKOM JOCII/DKEHHS € 3°SCyBaHHS CIElH(pIYHUX YMOB B
TepMiHax TOIOJIOTIT Mepexi, siki 3a0e3nedyBanu 6 BiJCYTHICTh 3a3HAYEHOT0 HEOMIKa.

Kniouogi cnoea: peecmp, posnodinenuil peecmp, mepedceéa Monono2is, posnoodinene oOUUCIEHHS, N02IYHUL 200UHHUK,
200unHuk Jlemnopma.
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IIporHo3yBaHHsI eEKOHOMIYHHMX MOKA3HMKIB 32 J0noMorow moxetai LSTM

AxTyanbHicTh. [IporHO3yBaHHSI €KOHOMIYHHX ITOKa3HHKIB, 30KpeMa IIiH Ha Ha(Ty, € KpUTUYIHO BKIUBHUM ISl PI3HUX TaITy3ei,
TaKWX SK eHepreTwka, (iHaHCH, BHPOOHMIITBO, TPAHCIIOPT Ta ypsIoBa IMoOJiTHKA. TOYHI MPOTHO3M CIPHUSIOTH NPHHHSATTIO
OOIPYHTOBAaHMX pillleHb Ta onTUMizalii pecypciB. B ymoBax BHcOkoi BONaTWiIBHOCTI LiH Ha HadTy TpaaumiiHi MeToan
nporuo3yBanss, Taki sk ARIMA, qacto He 3a0e3neuyroTh HaJeKHOI TOYHOCTI, TOMY BUKOPHUCTAHHS Cy4aCHHX METOJIIB, TAKHX
sk LSTM, € HeoOXigauM.

MeTo10 10CTiAKEHHS € MABUIICHHS TOYHOCTI MPOTHO3YBaHHS €KOHOMIYHUX TOKA3HUKIB, 30KpeMa LiH Ha HadTy Mapku Brent
3 BUKopuctanHsam mozeni LSTM Ta nopiBHsHHS ii TOYHOCTI 3 TpaauIiiHIME MeToaamu, 30kpema ARIMA.

Metonu nociaigxenHs. s gocmimkeHHs 0yiI0 BUKOPUCTAHO JIBa OCHOBHI METOIU MPOTHO3YBaHH: YacoBux psiniB: ARIMA Ta
LSTM. Byso npoBeneHo po3BiayBanbHUil aHAI3 AaHUX, MATOTOBKY JaHHX, MOOYIOBY MOJEJIeH, X HAIAIITYBaHHS Ta OLIHKY
3a poroMororo Merpuk MSE, MAE ta RMSE. [lani npo uinu Ha HadTy Mapku Brent 6ymu o6po6ieHi Ta HopMasti3oBaHi epes
HoJla4yero B MOJIEII.

PesyasTatn. Mozens LSTM nokasana 3Ha4yHO BHILY TOYHICTH IPOTHO3yBaHHs mopiBHsAHO 3 ARIMA. 3HaueHHs MeTpUK 1S
LSTM (MSE = 0.003, MAE = 0.055, RMSE = 0.055) cyTTeBo niepeBHIIyOTh BianoBiaHi 3HadeHHs ais ARIMA (MSE = 12.59,
MAE = 2.84, RMSE = 3.55). LSTM «pame o6po0iisic HemiHiliHI 3aIe)KHOCTI Ta BOJATHIBHICTH HaHHUX, MO poOUTH 1i
OINITUMAJIBHUM BUOOPOM ISl IOBIOCTPOKOBOTO MPOTHO3YBAHHSI.

BucnoBku. Bukopucranas LSTM s mporHo3yBaHHS €KOHOMIYHHX ITOKa3HHUKIB, 30KpeMa IiH Ha HadTy, € O1TbII e(heKTHBHUM
y HMOPIBHSHHI 3 TpaAULiHIMKU MeToaMH. MoJelb JEMOHCTPYE 3/1aTHICTh 0 TOYHOTO MOJETIOBAHHS CKJIAJHUX 3aJIe)KHOCTEH
Ta ajanTanii 10 BOJIATHIBHOCTI PHUHKY, L0 pOOUTH 11 HalIfHUM IHCTPYMEHTOM JJIsl IPOTHO3YBAaHHS B Cy4aCHUX YMOBaX.

Knrwwuoei cnosa: npocrosysannsa exonomiunux noxasnuxie, LSTM, ARIMA, yinu na nHagpmy, mawunne HaguanHs, 4acosi psaou,
BOJIAMUNLHICND.

SAx uutyBatu: bornapenko K. B., Crpinens B. €., llleuenko /1. O. [IporHo3yBaHHs eKOHOMIYHUX
MOKa3HUKIB 3a joroMoror mojaeni LSTM. Bichuk Xapxiscvkoeo HayioHanvbHo20 YHIGEpCUMemy iMeHi
B.H. Kapaszina, cepia Mamemamuyne moolemosanns. Inghopmayitini mexnonocii. Asmomamuzosani
cucmemu ynpaeninns. 2024, sun. 64. C.13-24. https://doi.org/10.26565/2304-6201-2024-64-02

How to quote: K. V. Bondarenko, V. Y. Strilets, D. O. Shevchenko, “Forecasting economic indicators
using the LSTM model” Bulletin of V.N. Karazin Kharkiv National University, series Mathematical
modelling. Information technology. Automated control systems, vol. 64, pp.13-24, 2024.
https://doi.org/10.26565/2304-6201-2024-64-02[in Ukrainian]

1 Betyn

[IporHo3yBaHHsI €KOHOMIYHHMX ITOKa3HUKIB TakWX, SIK I[IHW HAa HAa(Ty € BaKIMBHM aclleKTOM B
eKOoHoMIIIl, (iHaHcax Ta OaraTboX IHIKX rany3sx. L{iHa Ha HadTy BIUIMBAE Ha BapTICTh EHEPTOHOCIIB,
TPaHCHOPTY, BUPOOHHULTBA Ta 6araTboxX iHMMX cdep aisubHOCTI. TouHe MporHo3yBaHHA LiH Ha HAPTY
JorIoMarae TMiINpUEMCTBAM Ta ypsijiaM TpUAMaTH OOTPYHTOBaHI pilllEeHHs Ta IUIAaHyBaTh CBOi il
Hanpukian, mporao3yBaHHS I[iH Ha HAQTY Ma€ BaXJIMBE 3HAUCHHS TS
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1. IltanyBaHHS BUPOOHUIITBA CHEPTCTHYHUMH KOMIaHisIMU. EHepreTHaHi KOMITaHii BHKOPHUCTOBYIOTh
NpOTHO3M WLiH Ha HaQTy A TMJaHyBaHHSA oOCsAry BUAOOYTKYy Ta BHpoOHHUTBa. Lle momomarae
ONITUMI3yBaTH PECYpPCH Ta 3MEHIIIUTH BUTPATH.

2. YupasniHHA 3anacamu pecypciB. [IporHo3yBanHs pomoMarae e()eKTHBHO YHPABISATH CHPOBUHH,
o 3a0e3mnedye Oe3nepepBHICTh BHPOOHUIITBA.

3. IaBectuniiini crparerii. [HBECTOpHM BHKOPUCTOBYIOTH MPOTHO3M WiH Ha HadTy AJS Po3poOKH
CTpaTeriif TOpriBii Ta iHBeCTyBaHHSA. Lle mormomarae 3MEHITUTH PU3UKU Ta TiABUIIATH MPUOYTKOBICTH
IHBECTHUIIIH.

4. TlnanyBaHHS BUTpaT y TpaHCHIOpTHiiM Jorictumi. Kommanii, mo 3aiiMaloTbcs TpPaHCIOPTOM,
BUKOPUCTOBYIOTh MPOTHO3M LiH HA Ha(Ty AJS IUIAaHYBaHHSA CBOIX BUTpAT Ha manuBo. Lle momomarae
e(heKTHBHIIIEe PO3MOALIATH OIOKET Ta BCTAHOBITIOBATH IIHM Ha CBOT MTOCIIYTH.

5. ®opmyBaHHs O10/KETIB KOMIaHiH i kpail. [I[porno3yBaHHs jonomarae ypsiiaM IiiaHyBaTH 10XOTU
BiJl HATOra30BOr0 CEKTOPA, L0 € BAXKIUBUM AJIs1 POPMYBaHHS IEPKABHOTO OIOKETY.

TakuM 4YMHOM, TPOTHO3YBaHHSA ILiH HAa HAaQTy € KPUTUYHO BAXKIMBUM JUIA OaraThboX Trairysei
€KOHOMIKH Ta Ma€ 3HaYHUI BIUIMB HA MPUHHATTS PillleHb HA PI3HUX PIBHAX. BUKOpHCTaHHS CydacHUX
METO/iB IPOTHO3YBaHHs, TakuX siIk LSTM, 103Bosisie oTpuMyBaTH O1JIbII TOUHI Ta HAA1HHI TPOTHO3H, 11O
CIIpHSE TiABUINEHHIO €(PEKTHBHOCTI Ta CTabIILHOCTI poOOTH MiAMPHUEMCTB Ta OpraHizallii.

Memoro pOCHIKEHHS € TiABHINEHHS TOYHOCTI NMPOTHO3YBaHHsS IiH Ha HadTy Mapku Brent 3a
JIOTIOMOTOI0  PO3pOOKH BIIIMOBIIHUX MOJIEICH Ha OCHOBI METOMIB MIMOOKOIO HaBYaHHS, 30KpeMa
JOBroTpuBanoi koporkoctpokoBoi nam'sti (LSTM). Bukopuctanns LSTM o0yMoBiieHe HOro 31aTHICTIO
e(heKTUBHO 0OpOOIATH YacOBi PSIIU Ta BPaXOBYBATH JOBIOTPHUBAIIL 3aJI€KHOCTI y JaHHX.

Y po6oTi Takox Oyiia 3ailicHeHa cripo0a o0y I0BH MOJIENIi Ha OCHOBI aBTOPEIrPECiiHOT iIHTerpoBaHol
Mopeni koB3Horo cepeanboro (ARIMA). Oanak pesynbratu nokasand, mo ARIMA mae oOMmexeny
3IaTHICTH /IO TOYHOTO ITPOTHO3YBaHHS B YMOBaX BHCOKOI BOJNATHIILHOCTI JaHUX TIPO IIiHU Ha HaTy.

2 MojaenoBaHHS €eKOHOMIYHMX MOKA3HUKIB

Ilin wac mozemoBaHHsA a00 aHaJi3y MOKAa3HUKHM EKOHOMIYHMX CHCTEM DOIJISIAI0Th Y BHIJISIII
yacoBux psiaiB [1]. TIporHo3yBaHHS YacOBHX PSJIiB € BOKJIMBHM IHCTPYMEHTOM B aHAJi3i JaHUX, IO
JIO3BOJISE TIepen0adaT MaiOyTHI 3HAYCHHS HAa OCHOBI HAsSBHUX iCTOpMYHHMX naHuXx. Llew mimxim, mio
HIMPOKO BUKOPUCTOBYETHCS B OaraThox cdepax, TakuMX SK EKOHOMiKa, (iHaHCH, EHEepreTHKa,
METeOopOoJIOoTisl, BApOOHHUITBO Ta Oararo iHmmx. OCHOBHA MeTa IMPOTrHO3YBaHHS YaCOBUX PSJIIB MOJISATAE Y
CTBOpPEHHI MOJIEIT, sIKa MOKEe TOYHO Tepe0adaTy MaiOyTHI 3HAUEHHS PALY.

[Iporuo3yBaHHs YacOBHUX pSAIIB € KIYOBUM HAMPSMKOM JIOCTI/PKEHb B O0JIACTI MAaIIMHHOIO
HaBYaHHs, OCOOJNMBO 3 MOSBOIO IJIMOOKMX HEHPOHHUX Mepex, Takux sk LSTM. ocmimkeHHs
nokaszyioth, mo LSTM mMae 3paTHiCTh €()EeKTUBHO MOAETIOBATH YacOBi 3aJI€KHOCTI Ta BPaxOBYBaTH
JIOBTOTPUBAII 3aJIEKHOCTI Y IAHKX, [II0 POOUTH HOT0 OLIBIN ePeKTHBHUM Y TOPIBHIHHI 3 TPAIUIIHHUMH
Mmeroaamu, Takumu sik ARIMA [2].

LSTM (Long Short-Term Memory) — 1ie pi3HOBU PEKYPEHTHUX HEHPOHHHX MEPEX, pO3pPOOICHHU
JUI TIOJIOJIAaHHS TMPOOJeMU JOBIOCTPOKOBOI 3aJIEKHOCTI, fKa € XapaKTePHOI IS TPajHIliiHUX
peKypeHTHHX HeipoHHUX Mepex. LSTM 3matHa 30epiratu iHopMaliiro Ha JOBTi mepioau yacy, o
pooOuTH il eheKTUBHOIO JUTS 3a/1a4 POrHO3YBAaHHS YacoBUX psidiB [3].

Hocnimkenns [2, 4-6] nmokasywoth, 1m0 Mojeai LSTM mmMpoKko 3aCTOCOBYIOTBCS B PI3HHX Taly3siX,
BKITIOUat04Yn (PiHaHCH, OXOPOHY 37I0pPOB'sl Ta eHepreTuky. OCoOIMBO YCIIITHO BOHW BUKOPUCTOBYIOTHCS
JUTSL TIDOTHO3YBaHHS IiH Ha Ha(Ty 3aBASKK 3aTHOCTI BpaxOBYBaTH HEINIHIHHI 3aJI€KHOCTI Ta
BOJIATUJIbHICTH PHUHKY.

Mopens ARIMA (Autoregressive Integrated Moving Average) € KIacHYHHM METOJIOM
MPOTHO3YBaHHS YaCOBUX PsAAIB, 110 0a3yeThCs Ha aBTOpErpecii, iHTerparii Ta KOB3HOMY CEpPEeIHbOMY
[2,7,8]. ARIMA edexkTuBHa JUIs TNPOTHO3YBaHHS CTalliOHAPHUX YacOBUX PSAOIB 1 MIMPOKO
BUKOPHUCTOBYETHCS B EKOHOMETpUUHOMY MojesoBanHi [9, 10].

Opnak, momenb ARIMA Mae oOMEXKEHHS B YMOBaX BHMCOKOI BOJIATHMJIBHOCTI Ta HENIHIHHUX
3aJIKHOCTEH, 110 YaCTO CIIOCTEPIraroThCs B peallbHUX JaHUX PO LiHK Ha HadTy [11].

3riiHoO 3 OIIAAOM JIiTepaTypu, CydacHi IOCTIUKEHHS MiATBEPAKYIOTh, 1[0 METOAH TIJIHOOKOTO
HaB4aHHs, Taki sk LSTM, MaroTh 3Ha4HI IIepeBary nepe TpaauiiiHuMu MeToaMu, TakuMu ik ARIMA,
y 3a/la4ax MPOTHO3yBaHHS CKJIQJHUX 4acoBHX psfiB. Hanpukian, y crarti [12] po3risimaroTbes pizHi
rIMOOKI MOCTIIOBHI MOAENI Ta IX 3aCTOCYBaHHS AJIsl IPOTHO3YBaHHS YaCOBUX psAiB, BKitodarouu LSTM,
IO JIEMOHCTPYE iX eDEeKTUBHICTh Y TIOPIBHSHHI 3 TPAUIIHHUMH METOIAMH.
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Ile mociimKeHHS MiAKPECITIOE BAXKIIHBICT, BUKOPUCTAHHS TITMOOKUX HEHPOHHUX MEPEXK Y CYJaCHUX
3aJja4ax MPOrHO3YBaHHS, IO MATBEPIKYE OOTPYyHTOBaHICTh BUOOpY Metoay LSTM mist naHoi KypcoBoi
pobotwu.

3. Onuc JaHuX Ta po3BiTyBaJILHUI aHATI3

3.1 Ha6ip nanux ajis 10caizKeHHS

st HayKOBOTO TOCTiKEHHS OYII0 BUKOPHCTAHO JIATaceT, IO MICTUTH JIaH1 PO IiHN Ha HA( Ty MapKu
Brent. Jl>xepeno mataceTy — BIIKPUTHN apXiB iICTOPUYHUX IiH HA HAPTY, TOCTYITHUN 7151 3aBAaHTAKECHHS
3 Intepuerty (https://www.kaggle.com/datasets/mabusalah/brent-oil-prices).

HaraceTt oxormioe TpuBaiuii mepiof, mounHarouu 3 1980x pokiB, 110 103BOJISIE aHANTI3YBATH JUHAMIKY
3MiH I[iH Ha HaQTy mpotaroM Oaratbox pokiB. Lle 3abe3rmedye mOoCTaTHRO NAHUX MJISl TPEHYBAHHS Ta
TECTyBaHHS MoJielieil mporuo3yBaHHs. JlaHi 30MparoThesl MIOACHHO, 10 3a0e3Meuye BUCOKY TOYHICTh Ta
JISTAITI3aIli0 JUTSl aHANI3Y Ta MOOYI0BU MPOTHO3HUX MOJIEIICH.

KoskeH 3amnmc y garaceri CKIIaIaeThes 3.

— nata (Date): CTOBITYHK, III0 MICTUTB ATy CIOCTEpeKeHHs y hopmaTax "%d-%b-%y" abo "%b %d,
%Y".

— uina (Price): cTOBMYHK, 1110 MICTHUTSH 1iHY Ha HadTy Mapku Brent y BiINOBiTHUI 1€Hb.

Jani Oynu OuYMINEHI BiJ MPOIMYIIEHUX 3HAYCHb Ta NPUBEICHI O €auHOro (GopMaTy AaTu JJis
3a0e3neueHHst KOpEeKTHOCTI aHami3y. JlaTacet OyB BiZICOPTOBaHUII 32 TATOO, IO TO3BOJIMIIO MIPEICTABUTH
JIaH1 SIK TIOCTiIOBHICTh YaCOBUX PSIIB.

3HaueHHs 3MiHHOI Price Oysm HopMai30BaHi JIsl OAANIBIIOT0 BUKOPHCTAHHS Y MOJCISAX TITHOOKOTO
HABYaHHS, 1110 JI03BOJISE TOIIMIINATH MPOYKTHBHICTh Ta CTA0UIbHICTh MOZCIICH.

Buxopucranuii garacer 3a0e3medye TOCTATHIO KUTBKICTh JaHWX JJIsS TMPOBEACHHS aHali3y Ta
1106y10BH MPOTHO3HUX Mojieneii. Ioro 0CHOBHI XapaKTepHCTHKH, TaKi K TPUBAIHi MEpio MOKPUTTS,
HI0/ICHHA YacToTa AaHWX Ta MomnepenHs oOpoOka, J03BOJSAIOTh €(EKTUBHO BUKOPHUCTOBYBATH CydacHi
METO/IM MAITHHHOTO HAaBYAHHS JJIsl MPOTHO3yBaHHsI IiH Ha HadTy Mapku Brent.

3.2. Po3BinyBaJIbHUil aHAJII3 JaHUX

PosBinyBanbuuiil anaiiz ganux (EDA) € BaXJIMBUM €TaroM y MiATOTOBI JaHUX JUIS MOJICITIOBaHHS,
OCKIJIBKH BiH JIOTIOMAra€ 3p03yMiTH OCHOBHI XapaKTePUCTHKH Ta CTPYKTYpy AaHux [8].

st natacery 1iH Ha HadTy Mapku Brent criouaTky OyB o0y noBanuii rpadik yacoBoro psiny (puc. 1),
mo0 Bi3yani3yBaTH 3MiHY IiH Ha HadTy mpotsarom dacy. lle gomomarae imeHTH(]IKYBaTH TpEHIH,
CE30HHICTh Ta Oy Ib-5IKi aHOMAJIIT Y JTaHUX.

Brent Qil Prices Time Series
150-

100-
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: : :
1990 2000 2010 2020
Time

Pucynox 1. I'paghix wacosoeo psody yinu na Hagpmy
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Byno o0umcieHo OCHOBHI CTaTHCTUYHI ITOKA3HWKH, TakKi SK CepedaHe, Me[iaHa, CTaHIAapTHE
BIIXWJICHHS, MIHIMyM Ta MakCUMyM WiH Ha HadTy (Tabmn. 1). BoHN MoKa3yloTh pO3MOALT NaHHUX Ta iX
BapiaTUBHICTb.

Tabnuya 1. CmamucmuyHi NOKAZHUKU YAC0B8020 PAJY
Min 1st Qu. Median Mean 3rd Qu. Max
9,10 19,05 38,57 48,42 70,09 143,95

Byno mpoBeneHo aHaii3 Ha HAasBHICTh CE30HHOCTI Ta JJOBrOCTPOKOBHX TPEHIIB y HaHuX. i mboro
BUKOPHCTOBYBAJUCS METOJU JICKOMIIO3HIIII YaCOBUX PAJIIB, IO AO3BOJSIOTH BUIUIHTH TPEHJI, CE30HHY
CKJIAJIOBY Ta 3aJTUIIKOBI KOMIIOHSHTH (pHC. 2).

Decomposition of additive time series
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Pucynok 2. [lekomnosuyis uacogozo psioy

Byno no6ynoBaHo rpadik aBrokopessiiiinoi Gynkuii (ACF) 1i1st BUsSBIEHHS aBTOKOPEIALT Y TaHHX.
I'padik moka3zye, o MOTOYHI 3HAUEHHSI I[iH Ha Ha(Ty 3aexarh Bij MOMEPEaAHiX 3HaYeHb (puc. 3).

Series oil_prices

ACF

Lag

Pucynox 3. I'paghix asmoxopenayivinoi ¢ynuxyii
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Po3BigyBabHMIA aHATI3 JaHUX JO3BOJIUB TIUOIIIE 3pPO3YMITH CTPYKTYPY Ta XapaKTEPUCTHKH TATACETY
uiH Ha HapTy Mapku Brent. BusiBneHi TpeHIH, CE€30HHICTh Ta AaBTOKOPENALis 3a0e3MedylOTh LIHHY
iHpopMaLlilo AN MOAANBLUIOrO MOJACTIOBAHHS Ta NMpOrHO3yBaHHs. Buxopucranns EDA nomomarae
MiATOTYBaTH NIaHi 10 MoOymoBM eQeKTHBHUX MOJeNell MalTMHHOTO HaBdaHHS, Takux sk LSTM, mo
JTO3BOJISIE OTPUMYBATH OLIBII TOYHI MTPOTHO3H.

4 TloGynoBa i oniHka Mo/eJsieil MPOrHo3yBaHHS

4.1. Moaear ARIMA

Mogens ARIMA (Autoregressive Integrated Moving Average) € oaHi€l0 3 HaHOUIBII MOMUPEHHX 1
IIMPOKO BUKOPUCTOBYBaHUX MOJICIICH JUIS aHAIII3y Ta MPOTHO3YBaHHS YacOBHX PSIiB [7].

Bona noeanye Tpu OCHOBHI KOMIIOHEHTH:

— asroperpecito (AR): 1ieli KOMIIOHEHT nepeadayae, 0 3HAYCHHS YAaCOBUX PSIIB 3aJICKUTh BiJ
NoTepeIHIX 3HaueHb. MoJieNb aBToperpecii BKII0Yae napaMeTp p, SIKUi BKa3ye Ha KUTbKICTh TIONEepeIHiX
3HAYEHb, 10 BPaXOBYIOTHCS MIPHU MPOTHO3YBaHHI;

— imrerpartito (l): mei KOMIIOHEHT BKJIIOYAE DPI3HMIIOBAHHA, 100 3pOOHTH P CTAIlliOHAPHUM.
[MapameTp d Bka3ye Ha KUTBKIiCTh Pa3iB, AKi IOTPIOHO PI3HUIFOBATH PSII LIS OCATHEHHS CTaIllOHAPHOCTI;

— KkoB3He cepenHe (MA): el KOMIIOHEHT BPaxOBY€E TIOTIEPEIHI MMOXUOKM MPOTHO3YBaHH. Moienb
KOB3HOTO CEpeIHBOTO BKIIOYAE IMapaMmeTp ¢, SKUH BHU3HAYAE€ KiTBKICTh TOIMEPETHIX IMMOXHUOOK, IO
BUKOPUCTOBYIOTBCSI JUIsl KOPEKIIii TPOTHO3Y.

Mogens ARIMA 3a3Buuaii mozHauaetbest ik ARIMA (p, d, q), ne p — nopsaok aBroperpecii, d —
MOPSAZIOK iHTerpaiii, ¢ — MOPSAOK KOB3HOTO CepeaHBOro. Y poOOoTi 3HAUeHHS MapaMmeTpiB p, d, q Oynn
OTpUMaHi i3 BUKOPHCTaHHAM (GYHKIIT aut0.arima, sika aBToMaTH4HO iX Miaiopae.

Mopnens ARIMA Oyna HanamToBana 3 nmapamerpamu ARIMA (2,1,2). Ha 1i ocHOBI 3Mo/enb0BaHi
(bakTHYHi, TECTOBI Ta MPOrHO30BaHi 3HAUEHHS 11iH Ha HahTy Mapku Brent 3a octanni 60 nHiB (puc. 4).

ARIMA Forecast for Brent Oil Prices (Last 60 Days)
Best Model: ARIMA(2,1,2)
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Pucynox 4. Pesynomam npoeHo3ysants yinu Ha Hagpmy na ocrosi moodeni ARIMA

Jns ouinku ToyHOCTI mporHo3iB moxaemi ARIMA Oynu BHKOpHCTaHI TP OCHOBHI METPHUKH:
cepennbokBaapaTuyHa noxuOka (MSE), cepenns aOcomorna mnoxubka (MAE) T1a KopiHb
cepenHpokBaapaTnyHoi noxudku (RMSE). Bynu otpumani taki nmokasHuku sikocti mojeni ARIMA:

— MSE (Mean Squared Error): 12.59455;

— MAE (Mean Absolute Error): 2.84492;

— RMSE (Root Mean Squared Error): 3.54888.

Bucoke 3Hauennss MSE cBiguuTh mpo Te, 1110 MOMUJIKH MPOTHO3YBaHHS 3HAYHI 1 MOJENI CKJIaIHO
nepeadadaTH TOUHI 3HaUeHHS 11iH Ha HadTy. 3HadenHss MAE 2.84492 nokasye, o B cepeIHOMY MOJIETb
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MOMMJISIEThCS Ha 2.84 moyiapy HpH MPOrHO3yBaHHI HiHW Ha HadTy. 3HaueHHs RMSE 3.54888 takox
CBITYHMTH NIPO 3HAYHI TOMUJIKU MPOTHO3YBaHHS.

I'padik Ta METPUKH MOKA3YIOTh, 1110 Moeb ARIMA 3Moriia 4acTKOBO BIIOBUTH TPSHIIU Y TECTOBHUX
JAaHUX, aje ii MPOTHO3W He OyJiH AOCTaTHhO TOYHHMH, MIO ITiIKPECITIOE HEOOXIAHICTh BUKOPHUCTAHHS
O1UTBIIT OTYXHHUX METOMIB, TakuX sIk LSTM, m1st GiTbIr TOYHOTO MPOTHO3YBAHHS I[iH HA HAPTY.

Cepen MpUUMHHU HEJOCTATHBOT TpoayKTUBHOCTI Mojiemi ARIMA moxHa HaBecTH:

1. Lliam Ha HaTYy XapaKTEPU3YIOTHCS BUCOKOIO BOJIATHIIBHICTIO 1 MOXKYTh Pi3KO 3MIHIOBATHCS Yepe3
pi3HI (pakTOpH, TaKi K NOJTITHYHI Oi1, TPUPOIHI KaTaKIi3Mu a0 3MiHU ITONHTY Ta poro3utlii. ARIMA
MOJICIb MOXKE€ MATH TPYHOIIII 3 MPOTHO3YBAaHHSIM TaKHX Pi3KUX 3MiH.

2. ARIMA mopens € niHIIHOI MOJEIUTIO 1 He BpaxoBYe HEJiHIMHI 3aJIe)KHOCTI MK 3HAYCHHSIMH B
4yacoBHX psjax. [le Moxke Mpu3BecTH 10 MEHII TOYHHUX MPOTHO3IB Y BUIAIKAX, KOJIH JIaHi MAIOTh CKITaJIHi
HEJTiHIMHI 3aJIeKHOCTI.

3. ARIMA w™opens Bumarae, o0 AaHi Oyl CTamioHApHUMHU (MAlOTh IOCTIHHE CepefHe i
mucnepciro). He3Bakaroun Ha 3aCTOCYBaHHS PI3HUIIOBAHHS IS TOCATHEHHS CTaIlliOHAPHOCTI, MOJENI
MoKe OYTH CKJIaJTHO aJICKBATHO BpaxyBaTH JIOBIOCTPOKOBI TPEH/IU Ta CE30HHICTD Y IAHUX.

TakuMm umHOM, pe3ynbratd Mojaelni ARIMA neMOHCTPYIOTh OOMEXKEHHS JIIHIHHUX METOJIB s
MIPOTHO3YBaHHSI CKJIAJTHIX YaCOBHUX PSAIIB 3 BUCOKOK) BOJATHIHHICTIO Ta HENIHIHHUMHY 3aJIC)KHOCTSIMIL.

4.2. Mogeas LSTM

LSTM (Long Short-Term Memory) — ue pi3HOBUA peKypeHTHUX HeipoHHHX Mepex (RNN),
CIIEIiabHO PO3POOIEHUI U PO3B'sI3aHHS MPOOJIEMH JOBTOCTPOKOBOT 3AJIEKHOCTI, SIKA € XapaKTePHOIO
it tpanumiianx RNN. LSTM-mepexi 3aaTHi epeKTHBHO OOpOOJSITH 4acoBi psau, 30epiraiouu
iHpOpMaIlil0 Ha TPUBANIKII IEPioJ, 1110 POOHTS X ieaTbHUMU ISl IPOrHO3YBAaHHS YacoBUX psiiB [13].

Apxitekrypa LSTM:

1. Ocepenok mam'siti (Memory Cell) — ocHoBHu#t komnoneHT LSTM, sikuii 30epirae iHpopmariiro Ha
noeruii wyac. Ocepeok NaM'siTi KOHTPOJIOETBCS TPhOMa OCHOBHHMH TedTaMu (BOpOTamu), sIKi
JIO3BOJIAIOTH KEPYBATH MOTOKOM iH(pOpMAIIil uepe3 HeWPOHHY MEPEKY.

2. Teiit 3a0ytTst (Forget Gate) Bupiinye, siKky dacTuHy iHpopMarliii 3 ocepeaxy mam'sati moTpioHo
3a0yTu. Bxia 10 11poro reiiry — e koMOiHaIlisl ONEePEeIHLOr0 CTaHy MPUXOBAHOTO MIAPY Ta IOTOYHOTO
BXIJIHOTO CHTHAJTy, IKHI TTPOXOMUTh Yepe3 CUTMOIIHY (PYHKIIIFO aKTHUBAIIii:

fe = oWy = [he_q,x¢] + by).

3. Teiit BBeaenns (Input Gate) Bupimye, siky HOBY iH(opMaIlifo MOTPIOHO MOAATH IO OCEPEAKY
nam'sti. CKIagaeTbes 3 ABOX YAaCTHH: CUTMOIAHOTO INApy, KU BUPINIyE, SIKI 3HAYEHHS OHOBHUTH, Ta
TAHT€HCHOTO 111apY, SIKHI CTBOPIOE HOBI KaHAWATH HA J0JABaHHS JI0 OCEPE/IKY TaM'sTi:

ip = o(W; * [he—q, ] + by),
C; = tanh(W¢ * [he_q, x¢] + be).
4. Teiir Buxony (Output Gate) Bupitnye, sky dacTuHy iH(OpMaIil 3 ocepenKy mam'siti MOTPiOHO
BuBecTH. CUIMOTIHHI IIap BUPILIYE, 0 BUBECTH, & TAHTCHCHHUH Iap oOMexye 3HaueHHs Mix -1 Ta 1:
ir = o(Wy * [he—1,x¢] + b,
h; = o * tanh(Cy).
5. OnoBneHHs ocepeaKy mam'sti. HoBuit ctan ocepenky mam'ati popMyeThCs 3a JOIOMOTOI0 320y TTs
YaCTHHU CTapoi iH(opMallii Ta [oJlaBaHHSI HOBOI:
Co= fixCq +ipxCp
LSTM Moxe BHUKOPUCTOBYBaTHCS [UIs TPOTHO3YBaHHS YacOBHUX PsAIIB, OCKIJIBKH Ma€ Taki
0COOJIMBOCTI:
— 3aBIsAKd cBOil apxiTekTypi, LSTM Moxe 30epiraTi Ta BHKOPHCTOBYBAaTH iH(pOpMalioo 3
MOTIEPEIHIX KPOKIB Ha JIOBTMX BiACTaHIX Y YacOBUX pslax, IO A03BOJSE il eeKTHBHO MOJEIIOBATH
CKJIQ/IHI 4acoBl 3aeXHOCTI4

— Ha Bigminy Bia Tpagumiiaux RNN, LSTM MeHI cxuibHa 10 Mpo0ieMu rpaiieHTHOTO 3aTyXaHHs,
110 pOOUTS 11 GBI CTIHKOIO Ta e)EKTUBHOO MPH TPEHYBAHHI HA JIOBTUX YaCOBUX Psiliax;
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— LSTM moske amanTyBaTHCS IO PI3HUX THITIB JaHUX Ta CTPYKTYP YaCOBHUX PSAIB, IO POOUTH ii
YHIBEpCAILHUM 1HCTPYMEHTOM ISl TPOTHO3YBAHHS;

— 3aBJSKU CBOIH 3aTHOCTI 10 00poOKH HeniHiiHuX 3anexHocTel, LSTM mMoxe kpaiiie MOIeTIOBaTH
CKJIQJIHI TIPOIIECH Y YacOBUX psJiaxX, IO 3a0e3ledye TOYHINII MPOTHO3M MOPIBHAHO 3 JIHIHHUMH
MojensaMu, TakumMu sk ARIMA.

Takum guHOM, LSTM € MOTYXHIM IHCTPYMEHTOM I IPOTHO3YBAHHS 9aCOBUX PAIIB 3aBISKH CBOIN
3MaTHOCTI €pEKTUBHO 0OPOOIISITH JOBrOCTPOKOBI Ta HEJIIHIMHI 3aJIS)KHOCTI, 1110 pOOUTS 11 11€aTbHOTO IS
3aj7iay MPOrHO3yBaHHsI LiH Ha HadTy Mapku Brent.

IIpouec uanawmysanna cinepnapamempie € KPUTHIHHM e€TaroM mpu moOyxosi momemi LSTM,
OCKIJIBKH BiJI TPAaBUIILHOTO BUOOPY TilleprapaMeTpiB 3aI€KUTh TOUHICTh Ta epeKTHBHICTh Mozaemi [14].
OcHoBHI rinepmapaMeTpH, siKi moTpioHo HamamTyBatu a1t LSTM, BKiII0UatoTh KUTbKICTh OOKIB (units),
KUTBKICTB enoXx (epochs), po3mip maketa (batch size) Ta ontumizatop (optimizer).

Kinbkicts 6110kiB (Units) LSTM Bu3sHadae po3mip mpuxoBaHOTro mapy. bisbina KiTbKiCTh OJI0KIB MOXe
JIO3BOJIUTH MOJIETI 3aXOTUTIOBATH O1IBII CKIIAJAHI MATEPHH, ajie TAKOXK 301IbLIye OOUMCITIOBANIbHI BUTPATH
Ta pU3UK nepenaByanHs. [ianazon nepesipenux 3Hauens: 10, 50, 100 6mokis.

Kinbkicts emox (epochs) BusHavae, CKiIbKH pa3iB MOJIENb MPOiIe Yepe3 BeCh TPEHYBAIbHHUN HAOIp
JAaHUX. binpma KimpKicTh €MOX MOXKE TMOJIMIIATH TOYHICTH MOJEII, ajie TaKoXXK MOKE IMPU3BECTH JI0
nepeHaBuaHHs. Jliana3oH nmepeBipeHnX 3Ha4eHsb: Bix 1 10 2 emnox.

Posmip makera (batch size) BHM3Hadae KiTbKiCTh MPHUKIAJIB, IO BHKOPHUCTOBYIOTHCS IJISI OJTHOTO
OHOBJICHHS Bar TiJ Yac TpeHyBaHHA. MeHIW po3Mmip makera Moxe 3abe3meuuTH OinbIln cTabiinpHe
OHOBJICHHSI Bar, aJie 301bIye yac TpeHyBaHHsI. Jlianazon nepeBipeHux 3HaueHs: 1, 10.

Onrumizatop (Optimizer) Bu3Hayae MeTOJ OHOBJCHHS Bar MOJENTI IMiJ 4Yac TpeHyBaHHsA. Buobip
ONTHMI3aTOpa MOXE CYTTEBO BIUTMHYTH Ha IIBUAKICTh 30DKHOCTI Ta TOYHICTE Mojeni. [liama3on
nepeBipenux 3HaueHb: 'adam’, 'sgd’, 'rmsprop’, 'adagrad’, ‘adadelta’, 'adamax’, ‘nadam’, ‘ftrl'.

[Mpouec HamamTyBaHHS TilleprnapaMeTpiB BKIIOYaB iTepaTHBHE TECTYBaHHS PI3HUX KoMOiHAIin
rineprnapaMeTpiB Uil BU3HAYEHHs KpalliX HaJAIITyBaHb MOJENI IUIsl MPOTHO3YBaHHS IiH Ha HaTy
Mmapku Brent.

Jns noOynoBu Ta HaByaHHs mozaeni LSTM BukopucroByBaBcsi ckpunT Ha MOBI IporpaMyBaHHsT R
[15]. BukopucroByBanuch 6i6mioreku, Taki sk Keras, tensorflow, tidyverse, timetk.

Jns omiaku moxeni LSTM Oynu Bukopuctani Tpu ocHOBHI meTpuku: MSE, MAE ta RMSE. ¥V Tat6m.
2 HaBelIEHO 5 KpamMx pe3ylbTarTiB 3 i€l Tabmumi Uit pisHUX KoHQirypamiii monemi LSTM,
BiZIcOpTOBaHy 3a mokasHukoM RMSE:

Tabnuysa 2. Pesynomamu mecmysanns cinepnapamempis mooei

Units Batch size Epochs Optimizer MSE MAE RMSE
50 1 2 adam 0.003056 0.055120 0.055283
10 1 2 adam 0.004808 0.063459 0.069341
100 1 2 nadam 0.006688 0.077512 0.081778
100 1 2 adam 0.009115 0.090693 0.095471

Kparoro BusiBuiIacst MoJiesib 3 kondirypariero: Units: 50, Batch size: 1, Epochs: 2, Optimizer: adam,
3 HaitmMeHmuM 3Ha4eHHsAM RMSE 0.055283.

st owinky Ta po3yMinHs pobotu moaeni LSTM Oynu cTBopeHi Aekisibka rpadikis, siKi J0OMararTh
MPOAHANTI3yBaTH MPOIYKTHBHICTh MOJIENi, TOMIJIKH MPOTHO3YBAaHHS Ta BiAMOBIMHICTh (DaKTUYHHUX Ta
MPOTHO30BAHKX 3HAYCHb.

Kpusa BrpaTt mij yac HaBuaHHs (Training Loss Curve) mokasye, sik 3MEeHITy€eTbCs 3HAUeHHS QyHKIIIT
BTpAT IiJ] YaC HaBYaHH: MOJIET Ha KOXHii enoci. ['padik (puc. 5) 1eMOHCTpy€e 3MEHIIICHHS BTPAT, 110
CBITYMTH IIPO MOKPAILIEHHS MO i/l YaC HaBYaHHSI.
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Training Loss Curve - Units: 50 Batch size: 1 Epochs: 2 Optimizer: adam
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Pucynox 5. I'paghix kpueoi empam

I'padik pakTnuHUX Ta Mporuo3oBanux 3HaueHb (Actual vs. Forecasted Values) nmokasye nopiBHsSHHS
(hakTMYHMX 3HAYEHb IiH HAa HaTy Ta MPOrHO30BaHUX 3Ha4YCHb HAa ocHOBI Monem LSTM. Bisyamnizais
BKJItouae poruo3u Ha 100 nHiB Hazaxm (puc. 6), IO J03BOJISE OI[IHUTH TOYHICTh Ta BiIIIOBIIHICTH MOJIEII.

I'padix aBrokopemsuiit 3amumkie (ACF of Prediction Errors) moka3sye aBTOKOpENSIi0 MOMHIOK
MIPOTHO3YBAaHHS IS Pi3HUX JariB. BiH momomarae BUSIBUTH, YW iCHY€ aBTOKOPESAIS MiXK TTOMUJIKAMH
MPOTHO3YBaHHs, IO MOXXE€ BKa3syBaTH Ha Hemoniku wmojeni. Ha rpadiky (puc. 7) BugHO, IO
ABTOKOPEJIALIS TOMIJIOK IIBUIKO 3MEHIITYETHCS, 10 BKa3ye Ha XOPOIIY MOJEIb IPOTHO3yBaHHSI.

LSTM Forecast for Brent Oil Prices (Last 100 Days) - Units: 50 Batch size: 1 Epochs: 2 Optimizer: adam
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Pucynox 6. I'paghix npoenosysanns snauenv na 100 Onie Hazao



ISSN 2304 -6201 BicHnk XapkiBCbKOro HawjioHanbHOro yHisepcuteTy imeHi B. H. KapasiHa
cepist «MaTemaTiHe MoaentoBaHHs. IHhopmaLliiHi TexHonorii. ABTOMATM30BaHi CUCTEMM ynpaBniHHs», Bunyck 64, 2024 21

ACF of Prediction Errors - Units: 50 Batch size: 1 Epochs: 2 Optimizer: adam
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Pucynox 7. I'paghix asmokopunsyii 3a1umixie
Ha puc. 8 nokasanwuii rpadik nporHo3y 3HadeHb 1iH Ha HadpTy Ha 100 nHIB Buepen. Bin go3Bossie
OIIHWTH, K MOJENb Nependadac MailOyTHI 3HAYEHHS Ha OCHOBI iCTOpHYHUX MaHuX. [IporHo3m momeni
LSTM na mactymHi 100 1HIB 1EMOHCTPYIOTh BUCOKY TOYHICTD Ta BiAIOBITHICTh ()aKTUIHUM 3HAUEHHSM,
10 MiATBEPIKY€E €hEKTUBHICTD L€ MOJIENI [T 33]1a4 TPOTHO3YBaHHSL.

LSTM Forecast for Brent Oil Prices (Next 100 Days) - Units: 50 Batch size: 1 Epochs: 2 Optimizer: adam
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Pucynox 8. I'paghix npoenosysanus snauens na 100 Onie enepeo
6. AHaJi3 pe3yabTariB

[opiBusHHs npoaykTuBHOCTI Mojieneir ARIMA ta LSTM Oyno nmpoBeieHO I0 OCHOBHUM METpUKaM
MSE, MAE ta RMSE (Ta6m. 3).

Tabnuys 3. Hopiensanuns mooenett ARIMA ma LSTM

Mogean MSE MAE RMSE
ARIMA 12.59455 2.84492 3.54888
LSTM 0.003056 0.055120 0.055283

Mogens LSTM mae 3nauno menme 3HadenHs MSE (0.003056) mopiasiHO 3 Momemio ARIMA
(12.59455). Lle Bka3ye Ha Te, mo moxenb LSTM Mae 3HaYyHO MEHIII ITOMUIIKH TPOTHO3YBaHHS B
cepenabomy. Mogmenp LSTM Takoxk mae 3HauHo menmie 3HadeHHs MAE (0.055120) mopiBHsHO 3
monemno ARIMA (2.84492). 1le o3nauae, 10 B cepeJHbOMY IIOMMIIKM MPOrHOo3yBaHHs Mozeni LSTM e
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Habararo meamuMu. | 3Hagenas RMSE ms mozem LSTM (0.055283) € 3Ha4HO MEHIIUM TIOPIBHSHO 3
mozaemmio ARIMA (3.54888). Ockineku RMSE Hamae iHTepripeTOBaHE 3HAYCHHS IMOMHJIKA B THX K€
OJIMHHMIISIX, 1110 1 MPOTHO30BaHi 3HAYEHH:, MOXHA CKa3aTH, 1o Mojens LSTM e Giibin TOYHOTO.

Pesynbrat mMOpiBHSAHHSA MOAENEW MOKa3ylOTh, IO BUKOPUCTAHHS CYYacHHX METOMAIB TIHOOKOTO
HaBuaHHs, Takux sk LSTM, 3a0esnedye 3HaUYHO Kpally TOYHICTh i €QEKTHBHICTH MPOTHO3YBaHHS
MOPIBHAHO 3 TpaaulifHuMu Merojgamu, TakuMu sk ARIMA. lle migTBepmxye HEOOXiAHICTH
BUKOPUCTAHHS OUIbII MOTYXHHX 1 aJanTUBHUX MOZENEH sl CKJIAJAHUX 3aJad MPOTHO3YBaHHS Y
pealbHUX YMOBaX.

Ha ocHoBI mopiBHSIHHS MOJieNel Ta iX MPoAYKTUBHOCTI, Moaenb LSTM 3 HalkpammMu moka3HIKaMHU
TOYHOCTI Oyita oOpaHa sIKk OCTaTOYHA MOJIENb JJIs IPOTHO3YBaHHS IiH Ha HaTy Mapku Brent. Lleit BuGip
00yMOBIICHHI 3HAYHO BHUILOK TOYHICTIO MPOTHO3iB, 3JATHICTIO OOpOONATH CKIamHI HeNiHiiHI
3aJIeKHOCTI Ta aAaNTaIli€ro0 IO BUCOKOT BOIATUIBHOCTI puHKY. Bukopuctanus mogeni LSTM 3abe3mnedye
OimpIn HaiiiHI Ta TOYHI TPOTHO3H, IO € KPUTUIHO BAKIMBHUM IS IPUAHATTS OOTPYHTOBAHUX PIillIEHb y
PI3HHX rary3sx eKOHOMIKH Ta (hiHAHCIB.

7 BucHOBKH Ta pekoMeHAamii

Y po6oTi OyJ10 po3TIIHYTO MPOLIEC MOOYOBH Ta OIIHKK MOJIeNel AJis IPOrHO3yBaHHS 11iH Ha HaTy
Mmapku Brent 3 Bukopucrannsm mozaeneldi ARIMA ta LSTM. Ha ocHOBI mpoBeieHOTO aHai3y MOXHa
3pOoOUTH OCHOBHI BHCHOBKU:

e Mogens ARIMA, xo4a i € MOMyISIPHOIO Ta IMUPOKO BUKOPHUCTOBYBAHOKO JUISI MTPOTHO3YBaHHS
YaCOBHX PSAIB, IMOKa3aja HEAOCTATHHO TOYHI Pe3yJbTaTH IS MPOTHO3YBAaHHS I[iH Ha HapTy MapKH
Brent. OcnHoBHi oOmexenHst mozeni ARIMA BkmrodaroTh 1i JIIHIAHICTE Ta OOMEXKEHY 3/aTHICTh
00poOIATH CKIIAAHI, HETHIMHI 3aJIe)KHOCT] Y TaHUX.

e Mogens LSTM mokasana 3Ha49HO Kpalli pe3ybTaTH y MPOrHO3YBaHHI IiH Ha HA(Ty MOPIBHIHO 3
monemmo ARIMA. lle obymoBieno 3matHicTio LSTM MozemoBaT JOBrOCTPOKOBI 3aJIEKHOCTI Ta
CKJagHl TmaTepHH Yy dYacoBUX psgax. Mogens LSTM mpopeMoHCTpyBaja BHCOKY TOYHICTb
MPOTHO3YBaHHS, aJJallTaIliIo0 10 BOJATHILHOCTI PUHKY Ta 3IaTHICTH OOPOOIISATH HENiHIIHI 3a]1€KHOCTI.

TakuMm anHOM, Cy4dacHi MeTo U TIarboKoro HaB4aHHs, Taki sk LSTM, € 3HauHO 6inbin eheKTHBHUMUI
JUTSL TIPOTHO3YBaHHS IiH Ha HadTy Mapku Brent mOpiBHSHO 3 TpaAWIIHHUMH METOJAMHU, TAKHAMH 5K
ARIMA. Bucoka TOYHICTh MPOTHO3IB, 3IaTHICTh MOJCIIOBATH CKJIAJHI 3aJICKHOCTI Ta ajanTallis Jo
BOJIATMJIBHOCTI PUHKY poOiisiTe LSTM moTy>KHUM iHCTPYMEHTOM [UIsl HPOTHO3YBaHHS y PI3HUX Tamy3sax
€KOHOMIKHY Ta (iHAHCIB.

Ha ocHOBi npoBeieHOT0 JOCIIPKEHHsI Ta OTPUMAaHUX Pe3yJIbTaTiB MOXKHA 3alPOTIOHYBATH HACTYIIHI
PEKOMEHJIAIIIT 11010 MOAAJIBIIOT0 noKpateHHs Mozeai LSTM ajis nporHo3yBaHHs I[iH Ha HAPTY MapKu
Brent, a Takox HanpsSMKiB JIst MAHOYTHIX TOCTIKEHb:

1. [Mopanpiie mokpamieHHs Moaesi LSTM:

e [IpoBecTH OUTBII JeTalbHUI MOIIYK TileprapaMmeTpiB, BKIIOUYAIOUN OUIBIIUK Jiama3oH 3HaYCHb
Juts units, batch size, epochs Ta pi3Hi THIIM onTUMi3aTopiB. MOXXHa BUKOPHCTOBYBAaTH METOJIH, TaKi sIK
Grid Search a6o Random Search, ans aBTOMaTH3a11ii 1IHOTO TIPOIIECY.

e Jlogatu perynspusaniio (Hampukiaa, Dropout) mns 3amobiraHHs mnepeHaB4aHHIO Mojenm. Lle
JOIIOMO>KE 3pOOUTH MOJeIb OiIbII CTIKOIO Ta MOKPAIIUTH ii y3araJlbHEeHHS! Ha HOBUX JaHUX.

e BukopucToByBaTH OUIBII TPUBAJIHKA ICTOPUYHMN TEpioj AJs HABYAHHS MOJENi. 30iIbIICHHS
00csTy JTaHUX MOXKE TIOKPALIUTH TOYHICTH MPOTHO3YBaHHs, OCOOJIHMBO SIKIIO BKIIOYHTH JIaHI 3 Pi3HUX
PUHKOBUX YMOB.

e Brurountn nomatkoBi o3Haku (features), Taki Sk MakpOEKOHOMIYHI MOKa3HUKH, T€OTONITHYHI
nofii, ce30HHI akropu Toio. Lle Mojke JOMOMOrTH MOJIENI Kpalle PO3yMiTH KOHTEKCT i pOOUTH TOUHILI
MPOTHO3H.

2. HanpsiMk# 15t MaiOyTHIX HOCITIIKCHb:

e JlopiBHsaHHS 3 iHmMMH Mozensmu. IlopiBHsaTH nponyktuBHicTs Mogeni LSTM 3 iHmmmun
Cy4aCHUMH MOJEIAMU TIuOokoro HaBuaHHs, Takumu sk GRU (Gated Recurrent Unit) a6o Transformer
mozei. e Moxe 1omoMOorT 3HaWTH 111e OUIbIN e()EKTUBHI MiAXOIU J0 IPOTHO3YBaHHS.

e Po3pobutu ribpuaHi Mojaei, ki moeanyTs LSTM 3 iHIMMHU MeTojaMH MAaIlMHHOT'O HaBYaHHS
a00 €KOHOMETPHUYHUMHU MOJEIAMH. [10pUHI IiAX0IU MOXKYTh 3a0€3MeUUTH OLIBII TOYHI Ta CTA0UIbHI
MPOTHO3H.
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e AHaJli3 BIUIMBY 30BHIIIHIX (pakTopiB. JIOCHIIUTH BIUIMB Pi3HUX 30BHIIIHIX ()aKTOPIB HA TOUHICThH
MIPOTHO3YBAaHHSI, TAKHUX SK 3MIHU B PETYIATOPHIN MTOJITHUIN, TEXHOJIOTIYHI 1HHOBAIIi1, 3MIiHU B ITOTHTI Ta
npono3uilii Ha puHKY Hadth. Lle momomorke Kpare 3po3yMiTH, SIK MOJISNb Pearye Ha pi3Hi yMOBH.

e [lpamroBatu HajJ TOKpalleHHAM iHTeprnperoBaHocTi mozemi LSTM. lLle Bkirouae po3poOKy
METOJIIB JUIA TOSICHCHHS, SKi (DaKTOpPH BIUTMBAIOTH HAa TPOTHO3U, IO MOXE OYTH Ba)JIMBUM JUIS
MIPUHHATTS Oi13HEC-PillIEeHb.

e BrpoBaguTtu MOJETh y peajbHE CEpellOBHINC JJIsi TECTYBaHHS 11 MPOAYKTHBHOCTI B PEaIbHUX
ymoBax. Lle 703BONHTE OMIHUTH 11 MPAaKTUYHY MiHHICTH Ta €()EeKTUBHICTh Y IPUHHATTI PIIICHb.

Pexomenpamii mogo momanbmoro mokpameHHs mozeni LSTM Ta HampsMmkiB uis MaiOyTHIX
JOCHTIJDKEHb  JTO3BOJISIFOTH  320€3MEYMTH  MOJNANBIINKA  PO3BUTOK Ta BJIOCKOHAJCHHS METOJIB
NPOTHO3YBaHHS I[iH Ha HaTy Mapku Brent. BukopuctanHs nepeoBiX TEXHIK MAITHHHOTO HABYAHHS Ta
MIMOOKOTO aHai3y JaHWX JIOTIOMOXKE MiJABUIIUTH TOYHICTH MPOTHO3IB Ta 3a0e3MeUuTH SPEKTHBHI
IHCTPYMEHTH JAJIsl IPUHHATTS OOTPYHTOBAHMX PillleHb Y PIHAHCOBUX Ta €KOHOMIUHHUX Taly3sX.
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Forecasting economic indicators using the LSTM model

Relevance. Forecasting economic indicators, particularly oil prices, is critically important for various industries such as energy,
finance, manufacturing, transportation, and government policy. Accurate forecasts facilitate informed decision-making and
resource optimization. In conditions of high oil price volatility, traditional forecasting methods like ARIMA often do not provide
sufficient accuracy, making the use of modern methods such as LSTM necessary.

Objective. The objective of the study is to develop a model for forecasting Brent crude oil prices using the LSTM model and to
compare its accuracy with traditional methods, including ARIMA.

Research methods. Two main time series forecasting methods, ARIMA and LSTM, were used in this study. Exploratory data
analysis, data preparation, model building, model tuning, and evaluation using MSE, MAE, and RMSE metrics were conducted.
Brent crude oil price data was processed and normalized before being fed into the models.

Results. The LSTM model demonstrated significantly higher forecasting accuracy compared to ARIMA. The metrics for LSTM
(MSE = 0.003, MAE = 0.055, RMSE = 0.055) significantly outperform the corresponding values for ARIMA (MSE = 12.59,
MAE = 2.84, RMSE = 3.55). LSTM better handles nonlinear dependencies and data volatility, making it an optimal choice for
long-term forecasting.

Conclusions. The use of LSTM for forecasting economic indicators, particularly oil prices, is more effective compared to
traditional methods. The model demonstrates the ability to accurately model complex dependencies and adapt to market
volatility, making it a reliable tool for forecasting in modern conditions.

Keywords: economic indicator forecasting, LSTM, ARIMA, oil prices, machine learning, time series, volatility.
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Mogaeasb kaacudikanii caM-noBiIOMJIeHb Y MeIMYHUX iHpopMamiiiHIX
CHCTEMAaX

AKTYaJbHICTb. Y Cy4acHUX MEIUYHHUX 1HPOPMAIIIfHNX CHCTEMAax IOJICHb TeHEPYEThCS 3HAYHA KIJIbKICTh TEKCTOBHX 3aIIHCIB
BiJ] MAIIi€HTIB, JIiKapiB Ta mepcoHaty. s AKicHOT poOOTH Taki CHCTEM MOTPEOYIOTh BOPOBAKEHHS MOJETICH 1 METO/IIB aHAI3Y
1 kmacugikamii TEKCTOBUX [aHWX, 30KpeMa BHSBICHHIO CIAMOBHX IIOBIIOMICHb 1 iX OJokyBaHHIO. Tomy po3poOka,
YIIOCKOHAJICHHS 1 BIPOBaKEHHS MOJieliel 1 MeToIiB Kiacu(ikamii criaM-TI0BiJOMJICHb € aKTyaJIbHUM 3aBJIaHHSIM.

MeTa nocaizKeHHsI: TOKPAIICHHS SIKOCTI MoJieeit knacugikarlii cnamM-moBiJOMJICHb, IO JTO3BOJHUTH 3 BUCOKO BIPOTiTHICTIO
BUSIBIIATH 1 (IIbTpyBaTH HeOakaHi NOBIIOMIICHHS Y MEUYHUX 1HQOPMALIHHAX CHCTEMaX.

MeToau gocaixKeHHsI: METOIM 0OpOOKH IPUPOIHOT MOBH, MOJISITFOBAaHHSI, MAaIlIMHHE HABYAHHSI, METOIM Kiacudikariii, MeToau
aHaJi3y AaHUX, CTATUCTUYHI METOIH.

PesyabTaTn. Bynun moOyzmoBaHi mozenmi kiacudikamii cram-MoBiTOMIEHb i3 BHKOPHCTAHHSAM TAaKHX METOMIB MAalIMHHOTO
HaBUYAHHS SIK MOJEJIb JIOTICTHYHOI perpecii, Moiess HaiBHOTO baeliciBChKOTO Kiacudikaropa Ta MOJENh OMIOPHHUX BEKTOPiB. [ist
HaBYaHHsS Mojenell Bukopucranux Habip SMS Spam Collection, momepeans0 MiArOTOBIEHUI 13 BHKOPHUCTaHHIM
CountVectorizer tTa TF-IDFVectorizer. Vci 3amporoHoBaHi Mojeni MOKa3ald BHCOKY TOYHICTH y Kiacudikaiii cram-
MOBiIOMJICHB.

BucHoBku: po3poOieHi Mozerni kiacudikaiii MOBiIOMICHh Ha OCHOBI MamIMHHOTO HaBuYaHHsA Ta NIp-migxomy ycminmrHO
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1 Beryn

VY cyyacHoMy iH(pOpMALIHHOMY CYCIIBCTBI 00pOOKa BEIMKUX OOCATIB TEKCTOBUX JAHUX CTAa€ BCE
OIMBII BaYKJIMBUM 3aBAAaHHAM Ui OaraThox Tamyseil, 3okpema y cdepi Meanmynux mociyr. HlogHs
TeHepy€eThCS 3HaYHA KIJBKICTh TEKCTOBUX TOBIIOMIIEHD Y MeAUHUX iHpopMamiitaux cuctemax (MIC),
BKITFOYAIOYH 3aITUTH MAI[IEHTIB, MEIWYHI 3aIMCH Ta pe3ybTaTH aHami3iB. [y eekTHBHOI poOOTH TaKuX
CUCTEM HEOOXIJIHO BIPOBA/DKCHHS aBTOMATH30BAaHWX METOJIB aHami3y Ta Kiacuikarlii TEKCTOBUX
JAHUX.

OpHuM 13 TOTY)KHHUX 1HCTPYMEHTIB ISl BUPIIIEHHS IIi€l 3a7a4i € MeToIu 00pOOKH MPUPOTHOI MOBH
(NLP), sixi 103BOJISIOTH HE TUTBKK KiacH(iKyBaTH TEKCTOBI MOBIJOMIICHHSI, ajie i BUABIATU criaM abo
iHIII HepeneBaHTHI AaHi. Ha BiqMiHy BiJ IITyYHUX MOB, TAKUX SIK MOBH IIPOTpaMyBaHHs Ta MaTeMaTHYHi
HOTAIlii, TPUPOTHI MOBH PO3BUBAIHCS B Mipy IMEPEXOQy BiJ MOKONIHHSA IO TOKOJIHHSA, 1 iX BaXKKO
BU3HAYUTH YITKUMHU npaBwiiamMu [1].

3acrocyBanHs NLP y mennunux indopMmamiiHUX cUCTeMax JI03BOJIS€ HE TUJIbKM aBTOMAaTH3yBaTH
00poOKy 3amuTiB, aje ¥ 3a0e3MeYuTH BHUCOKY TOYHICTH Ta INIBHAKICTH aHANI3y JaHWUX, IO CIPHSIE
TIOJIIIIIIEHHIO SIKOCTI MeAWYHuX mnociyr. l[Ipore, 3amummaeTscsi HU3Ka mpoOieM, IMOB'SI3aHUX 13
CHCIU(IKOI0 MEIUYHUX TEKCTIB, TaKMX SK CKJIAIHICTh MEIUYHOI TEPMIHOJOrII Ta HEOOXiAHICTh
BpaxyBaHHsS KOHTEKCTy. Lle mimkpeciroe akTyalbHICTh AOCHTIKEHb Yy Tairy3i Kiacudikailii TeKCTOBHUX
JlaHUX 3 BUKOpUCTaHHsIM NLP.

2 3anadvi 00poOKH NPUPOIHOTI MOBH

Cepen x1ro4oBuX Tipaifs y ramy3i NLP 11 MeaummnHan BaskKIiBe MicIe 3aiiMaroTh poOOTH, IPUCBIYEHI
ABTOMaTHYHOMY y3arajJbHEHHIO 200 BHOKPEMJICHHIO iHPOpMAIIii 3 eeKTPOHHUX MEANYHUX 3aIHCIB, 1110
CIpusie TIOKPAIICHHIO yIPaBRIiHHS JaHUMHU TatlienTiB [2]. NLP-mozeni B 1iux po0oTax mokasaid BUCOKY
TOYHICTH Y 3ajlauax aBToMarn3ailii 00poOKH pe3ynbTaTiB aHAIlI3iB Ta IPU3HAYEHB JTIKapiB.

Opniero 3 ocHoBHEX 3a1a4 NLP y MIC € knacudikariis TEKCTOBUX JaHHUX, TAKUX SIK 3AITATH MAII€HTIB
1 iKapchbKi pekoMeHanii. MeToan MallMHHOTO HaBYaHHS, SK MOKa3aHo y [3], JEMOHCTPYIOTh BHCOKY
e(eKTHBHICTh P KJ1acu(iKallii BEMTUKUX 00CSTIB TEKCTY, ajie HOTPEOYIOTh pETEIbHOI MATOTOBKU JaHUX
yepe3 CKIAAHICTh MEUYHOI TePMiHOJIOTII.

Hocnimxennst [4] 3ocepequny yBary Ha BHKOPHCTaHHI METOMIB OMOPHUX BekTopiB (SVM) i
OaitecoBux Kiacu(ikaTopis Il Kiaacu(ikalii MeIMYHUX MOBIIOMIICHbB, MTiJKPECIIOI0YH K IEPEBary 1ux
MiXO/iB, TaK 1 TPYTHOII, 3yMOBIIEHI HEOJJHO3HAYHICTIO METUIHOI MOBH.

OcraHHI HayKOBi JOCSTHEHHS, Taki SK [S5], mpoaeMOHCTpyBaJn €(EeKTHUBHICTH TPaHCHOPMEPHHUX
Mmozeieit, Takux sk BERT, s knacudikaiiii MeAMUHUX TEKCTIB 3aBASKH IXHIN 3aTHOCTI BPaXOBYBaTH
koHTeKCT. [IpoTe, mpobiiemu, OB'sA3aHi 3 00pOOKOI0 MEAUYHIX TEKCTIB, SIKi 9aCTO MICTAThH adpeBiaTypu
Ta cHelialbHI TePMiHH, 3TUIIAI0THCS aKTYaJIbHUMH [6].

Y po0oTi po3risiaeThes 3a0aua CTBOPEHHS MOJIeNi Kitacuikailii criaM-rmoBiIOMJICHb, SIKI HAIXOSATh
JI0 MEIMYHUX TH(HOPMAIIHUX CUCTEM, 13 BUKOPUCTAHHSAM METOJIB MAllIMHHOTO HAaBYaHHS, SIKi 100pe
3apeKOMEH/TyBaJIu ceOe B IbOMY HAIPSIMKY.

Memoio pobomu € TIOKpallleHHs SKOCTI MoJieel Kitacudikailii craM-T1oBiIOMIIEHb, 1110 J03BOJIHUTH 3
BHCOKOIO BIPOTiIHICTIO BUSIBIISITH 1 (QiNbTpyBaTH HeOakaHi MOBIIOMIICHHS Y MEIMYHUX 1HPOpMAIITHIX
cHcTeMax.

3 Metoau knacudikaii TEKCTOBUX JaHUX

Cepen MeTOIiB MAaIIMHHOIO HaBYaHHSA JJs PO3B’s3aHHA Kiacu(ikamii TEKCTOBHX JaHUX
3aCTOCOBYIOTH TaKi METOIH:

1. Meton omopHux BekTopiB (SVM) € oTHUM 3 HAWTOMYJISIPHIIINX METOJIIB MAalllTHHHOTO HaBYaHHS
Jutst Kinacugikaiii Tekcty. BiH npaiitoe muisixoM HOIIyKy ONTUMAabHOT TIePIUTONIUHH, KA HaWKpaIiM
YMHOM PO3IiIs€ OaHi y mpoctopi o3Hak. SVM noOpe crpaBisieThesi 3 HaOOpaMH JaHUX 3 BEJIMKOIO
KUTBKICTIO 03HAK Ta MOXKe €(DEeKTHBHO MPAIFOBATH 3 TEKCTOBHMH JIAHIMU;

2. batieciBchki MeToaM Kiacudikalii BAKOPUCTOBYIOTh TeopeMy balieca s IpOrHo3yBaHHsS Kjacy
TEKCTY Ha OCHOBi HMoBipHOCTed. Haiimommpenimmmy Bapiantamu 0al€ciBCBKHX METOJIB € HaiBHUI
OaiieciBebkuii kinacugikatop (Naive Bayes Classifier), sxuii BBakae, 110 BC1 03HaKH y TEKCTi HE3aJIeKHI
MIX c0000 mpu yMOBI Kiacudikarrii. Llei MeTon nmpocTuit y peasizaliii Ta 3a3Br4ail 100pe mpairoe s
HAOOPIB IaHUX 3 BEJIMKOK KIIBKICTIO 03HAK;

3. HeiipoHHi Mepexi € MOTYXKHUMH iHCTpyMEHTaMH i Knacudikamii tekcty. BoHH MOXyTh
e(eKTUBHO BUKOPHCTOBYBATHCS Ui BUPILNICHHS DPI3HOMAaHITHUX 3aBJaHb, TaKUX sIK Kiacuikais
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TOHAIBHOCTI, BHU3HAYEHHS CYTHOCTEW TOIIO. J[Ba OCHOBHHX THIM HEWPOHHHX MeEpEeX, SKi 4acTo
BUKOPHUCTOBYIOTBCS ISl KTacU(iKalii TeKCTiB:

— 3ropTkoBi HeipoHHI Mepexi (CNN) BHKOPHCTOBYIOTBCS AJISl aHai3y MOCHTIJOBHOCTEH NaHHX,
TaKMX SK TEKCT. BOHM 37aTHI aBTOMATUYHO BHUSBISATH BaXKJIMBI O3HAKW y TEKCTi, IO POOUTH iX
e(heKTUBHUMU 1)1 Kitacudikartii;

— pexypenTHi Heiporni mepexi (RNN) mpallioloTh 3 MOCHITOBHOCTSIMHU JOBUIBHOI JOBXKWHHU Ta
30epiratu iadopmamito mpo monepenni crand. Lle poduTts X HO0OpUM BHOOPOM IUIS aHAI3Yy TEKCTY,
OCKIUJTbKM BOHM 3/IaTHI BpaxyBaTH KOHTEKCT iH(popMarlii.

Hns mocnimkenHs Oymu oOpaHi Taki METOAM MAUIMHHOTO HaBYaHHS, SIK: JIOTICTUYHA PETpecisd,
HaiBHMM 0alfe€CiBCHKUX KJIACH(IKATOP Ta METO OTIOPHUX BEKTOPIB.

OCKUTbKH Yy JIOCHIJDKCHHI PO3TJISAAEThCS 3a7ada Kiacudikalii TECTOBUX MOBIJOMIICHb, TO IS
CTBOpEHHS e(heKTUBHUX MOJIEIICH BapTO 3aCTOCOBYBATH Takox JiekcuuHi MmeToau NLP. Jlekcnuni metoau
30cepe/KeHi Ha aHaui3i 1 00po0Ii okpeMux ciriB a00 TOKeHIB y TeKCTi. BoHM 6a3yr0ThCs Ha JIEKCHIHUX
BJIACTHBOCTSX MOBH, TAKUX SIK YaCTOTA BXXMBAHHS CJIiB, BU3HAYCHHS YAaCTHH MOBHU TOINO. JJ0 OCHOBHUX
JICKCUYHHUX METOJIIB BiTHOCSTH:

- Tokenizamito (tokenization) — mporec po3OHTTS TEKCTy Ha OKpeMi coBa ab0 TOKeHH. BinbiricTh
Mojienet 0OpOOKH TEKCTOBHX JaHWUX CIUPAETHCS Ha MONEPEIHhO BHOKPEMIICHI abo MO3HAadYeHi CoBa 3
TEKCTY, 10 aHaTi3yeThes [3];

- nemaru3arito (lemmatization) — nporiec mepeTBopeHHst ciioBa Ha oro 6a30By Gopmy abo jemy.
Hampuxian, cioBo "running" Oyme neperBopeHo Ha "run";

- creMiHr (stemming) — BiaciueHHs adikciB 3i CI0Ba, 3aTHMINAKOYH JIMIE HOro KopiHb. Hanpukian,
cioBo "beginning" mosxe 6yTu 3BemeHe a0 "begin”.

4 Po3podka Moaesieii kiaacupikamii cnaM-noBizomiieHn

4.1 36ip i monepeaHs 00podKka HAOOPY AAHUX

ITig gac 300py Ta 0OPOOKM MEAMYHUX NAaHUX JJs Kiacudikalii BAHHKAIOTH crerudidai mpooieMu,
MOB'sI3aHI 3 MEIUYHUMU TekcTaMu. Hampukitan, MeauyHi 1aHi 9acTo MICTSTh CHeIiali3oBaHi TepMiHH,
a0peBiaTypu Ta CKOPOYCHHS, IO YCKJIAQJHIOE aBTOMAaTHYHE pO3Mi3HABaHHSA Ta KIAacU(IKaIlio.
HeonHo3Ha4HICTE METUYHOT TEPMIHOJIOTII Ta 1i YYTIMBICTH JO KOHTEKCTYy BHMAarae OUThII peTeNbHOL
MoTIepeTHB0T 0OPOOKH, BKITFOYAFOYN JIEMATH3AIII0 Ta BUAICHHS CTOI-CIIIB.

s knacudikariii TEKCTOBUX JaHMX BaKJIMBHM €TaloOM € MiJAroToBKa AKiCHOTO HaObopy maHuX. Jlis
Kiacudikarii crnam-noizomieHb MoxkHa Bukoprctatd SMS Spam Collection Dataset [8], mo mictuts
3aIMCH TEKCTOBUX TIOBiJJOMJICHb, TTO3HaUeHUX sK "'criaM” abo "He cnam" (puc. 1).

vl v2
0 ham Go until jurong point, crazy.. Available only ..
1 ham OK lar... Joking wif u oni...

2 spam Free entry in 2 a wkly comp to win FA Cup fina. ..
3 ham U dunsay so early hor... U c already then say. ..

4  ham MNah | don't think he goes to usf, he lives aro__.

Pucynox 1 — @paemenm nabopy oanux

[1ixg yac nonepeanboi 0OpoOKH OyIM BUKOPUCTAHI:

— OUMILEHHS JaHWX — BUAAJICHHS HEMOTPIOHMX CTOBIIIB, BUJAJICHHS IyCTHUX 3aIlUCIB, MEpeBipKa
HasIBHOCTI MPOMYILEHNX 3HAYCHD;

— JeMaTH3allis — MPUBEJCHHS CIIiB JI0 TI0YaTKOBOI ()OPMH, BUJIAICHHS CTOI-CIIiB, TOKeHi3aris [7]
(po30UTTSI TEKCTY Ha CIIOBA), IEPETBOPEHHS TEKCTY B HIKHIH PETiCTp JUIst Y3TO/PKEHHS.

Takosx morepenHbo OyJia mpoaHali3oBaHa 30alaHCOBaHICTh MK KJIaCaMH, OCKIJIbKH HEPIBHOMIPHUH
PO3MOALNT TaHMX MDK KJlacaMHd MOKE BIUIMBAaTH Ha SIKICTb MOOynoBaHUX Monened. BusiBunocs, mo y
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Ha0Opi JAHUX CIOCTEPITaeThCsl HEPIBHOMIPHHUI PO3MOMT MK KitacaMu: 4825 TOBIOMIICHb TTO3HAYCHI
gk «ham» (He cnam) i 747 sk «spam» (cmam) (puc. 2).

0.8 1

0.6 4

0.4

0.2 A

0.0 -

E
2

spam

label
Pucynox 2 — Posnooin knacie

HepiBHOMIpHICTS PO3MOAiTY KIIACiB BpaxoBYBaiach ITiJ] 4ac OOYA0BH MOJIENEH Ta aHaNi31 X AKOCTI.

4.2 CTBopeHHs HA0OpiB 03HAK

Jnst moOynoBr Mozeneil MalmnHHOTO HaBYaHHs TEKCTOBI JaHi HEOOXiTHO MEPEeTBOPHUTH y YHCIOBI
BEKTOPH. Y JTOCIiKeH] Oy BUKOPHUCTaHi:

— CountVectorizer, sKuii MEPETBOPIOE TEKCT Y MATPUITIO KIIBKOCTEH, JIe KOXKEH CTOBICIb BiAMOBIIA€E
CJIOBY 3 TEKCTY, a KOXKEH PSIOK — JOKYMEHTY (TEKCTOBOMY IOBiIOMJICHHIO). KoKeH eleMeHT MaTpuili
BKa3ye€ KiJTBKICTh pa3iB, KOJH CIOBO 3yCTPIYAETHCS Y IOKYMEHTI;

— TF-IDF (Term Frequency-Inverse Document Frequency) — miaxin, SIKHii BPaxoBy€ He JIMIIIE
YacTOTY CJIOBa y JOKYMEHTI, ajie i Woro 3HauymiicTh y Habopi TekcTiB. BiH 3a0e3nedye Oinbll TOYHE
NpeCTaBICHHS TEKCTY JUIsl Kiacugikariii.

3a KOKHMM 3 METOJIB BeKTopH3alii Oyio MoOysoBaHO Hadip JaHWX JJIS HABYAHHS 1 TECTyBaHHS
Mojieser Kiacudikarii.

4.3 CTBopeHHs MoaeJiel kiaacugikanii Ta iX HAJTaITYBaHHS

Jnst xnacudikamii TekcToBuX naHux Oyio moOynoBaHO JEKijdbKa MOJENeH MallMHHOTO HABYAHHS:
MOJIeJb JIOTICTUYHOI perpecii, Monenb HaiBHOro baeiiciBchkoro kiacudikaropa Ta MOJENb OMOPHHX
BekTopiB (SVM). KoxxHa Moienb Oyiia HaBueHa Ha JIBOX Pi3HHMX Habopax o3Hak: 3 CountVectorizer Ta 3
TF-IDFVectorizer.

IIponec HamamTyBaHHS MOJEJeH BKIIOYAaB MiMOIp TilmepHapaMeTpiB, TaKUX SK peryJspu3ailiiHi
napameTpH JJIs JOTiCTUYHOI perpecii Ta mapametp sapa uist SVM. HanamryBanHs 3/iHCHIOBATIOCH 3a
JIOTIOMOTO0 KpOC-BaJIiiailii ab0 MOIIyKy 1O CITIIi.

5 Anani3 sikocTi mo6yroBanux Moaenei kiacudikaumii

Pe3ysbTrat Ha TECTOBOMY HAa0Opi JaHUX € OCHOBHOIO METPHKOIO OI[IHKH MPOJYKTHBHOCTI MOJIEI.
[IpoTe TakoX BaKIMBO OILIHIOBATH pE3yJbTaTH HAa HABUYAIBHOMY Ta BalliialiiiHOMy HaOopax mjs
NepeBipKH HAasBHOCTI NepeHaBYaHHs a00 HelmoHaBYaHHS. Po3Mip TpeHyBanbHOI 1 TecToBOT BUOipoK OyB
373311839 BinnoBigHO.

SIkicTe Mozenelt Ha TecToBoMy HaOopi Oyna OLiHEHa 3a MeTpukamu accuracy, precision, recall
(tabm. 1).
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Tabauys 1. Oyinku sskocmi mooeneil Kiacu@ixayii

Mopens Accuracy Precision Recall

Jloricrutina perpecis 3 0.98205 0.99038 0.86919
CountVectorizer

Jlorictuuna perpecis 3 TF-IDF 0.96628 0.99435 0.74261
HaiBuuii Baiiec 3 CountVectorizer 0.98586 0.95670 0.93248
HaiBuuii Baiiec 3 TF-IDF 0.96954 0.99453 0.76793
Metox onoptiiix BekTopis 3 0.98096 0.97641 0.87341
CountVectorizer

Meton onopuux Bekropis 3 TF-IDF 0.98749 1.0 0.90295

AHami3youn OTprMaHi 3HAa4YeHHS MOKAa3HMKIB MOXHA MO0AYWTH, IO MOJETh Ha OCHOBI METOIY
onopuux Bekropis 3 TF-IDF mae naiiBuimii mokaszuuk rounocti (98.75%) i precision (100%), nokazHuk
recall (90.30%) € omHUM 3 Kpamux NOPIBHSHO 3 IHIIUMU MOJICIISIMH.

VYci po3pobieni moaeni Oynu mepeBipeHi Ha pPO3Mi3HABAHHA CIIaMy ISl KOHKPETHUX TTOBiJOMJICHD
(puc. 3, 4).

Pucynok 4 — Buznauennss nogioOMIEeHHsL K CHAM
IIporecToBani Mozenmi MoOKa3anw 3HATHICTH 1O BipHOI Kiacupikarlii crmam-moBiZoMIIeHb. Ale,
OCKLTBKHY TIOYATKOBHX Habip MICTHB He30amaHCOBaHi KJIacH, TO TOYHICTh BU3HAUEHHS caMme criaMy Oye
3aJIeKaTH Bijl MOAIOHOCTI aHAJII30BaHUX MOBIIOMIICHb JI0 3pa3KiB HaBYaILHOrO HAbOpYy.

6 Po3poOka ajbTepHATHBHHUX MOjIeJIei

OCKiNbKH OTpUMaHi pe3yibTaTH IOKa3ald BHCOKY sIKiCTh Mojeseld kiacudikaiii, Oyno npuidHsaTe
pillICHHsS TaKOXK MOOYIyBaTH MOJIei Ha OCHOBI aHcamOieBux MetoniB Gradient Boosting Classifier ta
Random Forest Classifier.

Otpumani pesynsratu (puc. 3) cBimyats npo e, mo mozaeni Gradient Boosting Ta Random Forest
MaloTh JyX€ BHCOKY SIKICTh, ajie iXHi MOKAa3HWKH Pi3HATHCA B 3aJE€KHOCTI BiJ THITy BEKTOpH3aIlii
(CountVectorizer abo TF-IDF).

MopiBHsAHHA Gradient Boosting Ta Random Forest
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Random Forest 3 TF-IDF nmemoHcTpye Haikpaiii pe3yibTaTH 3 TOYKH 30pY TOYHOCTI, aie
MOPIBHIOKYHY PE3yJIbTaTH, MOXHA 3pOOUTH BUCHOBOK, 1[0 MOJIEIh HAa OCHOBI METO/Iy OMOPHUX BEKTOPIB
(SVM) 3 TF-IDF noxka3ye Tpoxu Kparii pe3yIbTaTH.

Gradient Boosting Ta Random Forest 3a3Bruaii kpaire mpaiioioTh Ha BEIMKAX HA0OpaxX JaHWX, TOMY
MOJIeJTh Ha OCHOBI MeToxy omopHux Bektopis 3 TF-IDF € HaitedexTuBHImOO 1151 3aa4i kinacugikarmii 3
HEBEJIMKOIO KUTBKICTIO CIIAaM-TIOB1IOMJICHB.

7 BUCHOBOK

VY pesynbTati A0CHiKCHHS OyJii MoOyIoBaHi MOjeNi Kiacudikailii Ha OCHOBI METOJ[IB MAllTHHHOTO
HaBUaHHSI, SKI MalOTh BHCOKI IMOKa3HUKW SKOCTi. Byno ycmimHo peanizoBaHo mporec kinacuikamii
TEKCTOBHX IIOBIIOMJICHh 3 BHKOPHCTAHHSIM MOJENCH Ha OCHOBI JIOTICTHYHOI perpecii, HaiBHOTO
BaeiiciBcbkoro knmacudikaropa Ta MeTOyA omopHuUX BekTopiB (SVM). 3acTocyBaHHS Takux
iHCTpyMeHTiB, sik CountVectorizer i TF-IDF, no3Bomuio TOYHO Ta MBUAKO NEPETBOPUTH TEKCTOBI JaHi
y YHCIIOBI O3HAKH, IO CHPHWSIIO MiABHIIEHHIO SKOCTI kimacudikarii. Ominka Mojenell 3a MEeTpUKaMH
AKOCTI TOKa3ana, M0 MEeTOJ OMOpHHMX BekTopiB y moemHanHi 3 TF-IDF memoncTpye HaiBuIry
e(heKTUBHICTb.

Mopneni Ha ocHOBI CountVectorizer manu uiy F1-Mipy B mopiBHSHHI 3 MozenssMu Ha ocHOBI TF-
IDF:

— F1-mipa g CountVectorizer: 0.9211;

— Fl-mipa gna TF-1DF: 0.8208;

— Cepenns TouHicTh nepexpecHoi Bamipaiii (CountVectorizer): 0.9769.

Lle cBigunth mpo te, mo CountVectorizer 3abe3mnedye OibII 30aMaHCOBAaHY MPOAYKTHBHICTH MiXK
MPEU3iHHICTIO Ta PEKOJIOM, IO MOXKe OYTH BKJIMBUM Y PealbHUX YMOBAX Il YHUKHEHHS HAIMipPHOTO
KUTBKOCTI IIOMHIIJIKOBUX TTO3UTHBHHUX a00 HETATUBHUX PE3yNbTaTiB.
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The spam-messages classification model in a medical information system

Relevance. In modern medical information systems, a significant number of text records are generated daily from the service,
doctors and staff. For high-quality work, such systems require the implementation of models and methods for analyzing and
classifying text data, in particular, detecting spam messages and blocking them. Therefore, the development, improvement and
implementation of models and methods for classifying spam messages is a relevant task.

Research objective: increasing the efficiency of the spam message recognition process in medical information systems;
developing and implementing spam classification models based on machine learning methods.

Research methods: natural language processing methods, modeling, machine learning, classification methods, data analysis
methods, statistical methods.

Results. Spam message classification models were built using such machine learning methods as the logistic regression model,
the national Bayesian classifier model and the support vector model. The SMS Spam Collection set, previously prepared using
CountVectorizer and TF-IDFVectorizer, was used to train the models. All proposed models showed high accuracy in spam
message classification and the ability to correctly determine the type of message.

Conclusions: The developed message classification models based on machine learning and nlp approach successfully generated
unwanted messages. The best model for quality indicators was the model based on the support vector method with TF-IDF
vectorization, after which it showed the highest accuracy value (98.75%) and high value of recall (90.3%) of classification.
Further improvements of the models and expansion of the training set can contribute to further improvement of the quality of
spam recognition.

Keywords: spam messages, medical information systems, machine learning, natural language processing, text data
classification.
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Detecting Telephone Subscribers with Abnormal Behaviour Through
Network Properties Analysis

Abstract. The use of telephone subscriber networks for fraud, sales of goods and services, and spam leads to annual financial
losses of billions of dollars worldwide. The problem was studied back in 1996 and is still relevant today, despite many
methods of counteraction and protection. Traditional methods, such as blocking lists and call frequency monitoring, are often
ineffective against spammers who bypass these systems by changing their behaviour patterns. Objective. The purpose of the
work is to study the use of subscriber network properties, such as clustering coefficients, centrality, and average shortest path
length, as criteria for identifying subscribers with abnormal behaviour in a dynamic telephone network. Research methods.
Modeling and numerical experiment. Results. The study shows that the global clustering coefficient is a sensitive measure for
detecting the presence of spammers in the network. Its value decreases significantly when spammers appear. When classifying
subscribers into normal and spammer using the Random Forest model, the most important properties are the local clustering
coefficient, average shortest path length, degree and centrality of the subscriber in the network. According to the telephone
network modeling data, it was found that with a measurement window size of 4 days, the classifier accuracy (F1 score) and the
accuracy of detecting spammers (TPR) reached values of 80%. Conclusions. Using the network characteristics of subscribers
has a positive effect on the accuracy of detecting subscribers with abnormal behaviour, but it takes time for spammers and
normal subscribers to become distinguishable by network characteristics.

Keywords: malicious phone calls, mobile call graph, telephone spam detection, telephone network, lognormal distribution,
degree distribution, clustering coefficient, average shortest path length
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1 Introduction

Malicious phone calls, encompassing both spam and scams, pose a significant global problem,
resulting in billions of dollars in financial losses each year. This issue has been a subject of study since
at least 1996 [1] and remains pressing today. Mobile phone spam involves the exploitation of
telecommunications networks to execute fraudulent or distracting activities. It is particularly
problematic for network providers and users, leading to substantial financial losses and damages. One
of the critical challenges in addressing mobile phone spam is the dynamic nature of malicious caller
behaviour, which frequently changes and adapts to detection efforts. Although various countermeasures
have been implemented, a comprehensive and effective solution to eradicate these activities has yet to
be developed. For example, countries such as the United States have introduced measures like the
National Do Not Call Registry [2] to mitigate the issue, with fines for violations reaching millions of
dollars [3].

© Danilevskyi M., Yanovsky V., 2024
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Numerous technical approaches have been developed to identify users with abnormal activity within
social and, specifically, telephone networks who engage in fraudulent activities or disturb normal users
through unsolicited advertisements [4-14]. One common method involves gathering reports from users
via mobile applications to generate "blacklists" of known offenders [15]. Another approach includes
tracking user behavioural characteristics, such as the number of calls, call timing, duration, and the
occurrence of international calls, to create user profiles based on these data points [1, 2, 16].
Additionally, methods of call content analysis — examining both spoken words [17] and the acoustic
properties of the voice [18] — have been employed to detect malicious subscribers. Topological features,
such as the degree of connectivity, the number of groups a user participates in, interconnections among
friends, and the average number of connections within a user’s community, have also been utilized in
identifying suspicious network users, as demonstrated by the authors of [19]. Another technique
proposed in [20] uses the Graph-Based Anomaly Detection (GBAD) system to represent call data as a
graph, thus enabling the identification of anomalous structures that deviate from the patterns of normal
users. In [21] and [22], neural networks were applied to detect users exhibiting anomalous behaviour.
Despite the diverse strategies for identifying malicious subscribers, the issue remains significant and
unresolved.

In this paper, we examined potential criteria for identifying subscribers with abnormal behaviour
within a mobile telephone network. A computer simulation was developed to replicate a dynamic
network of telephone subscribers. The modeling data were used to analyze various properties that
characterize subscriber behaviour within the network. Among the indicators evaluated were degree
distribution, clustering coefficient, betweenness centrality, average shortest path length, and others.
These modeling results facilitated the identification and assessment of network properties that define
phone user behaviour. The findings indicate that the global clustering coefficient is effective in
detecting the presence of spammers, while properties such as local clustering coefficient, average
shortest path length, degree, and betweenness centrality are crucial for subscriber classification.

This approach enables malicious users who may evade traditional spam filters based on call
frequency or block lists, including those who have remained inactive for extended periods, frequently
change numbers, or exhibit irregular behaviour patterns.

2 Modeling

In this study, we employ a modified version of the dynamic network model of telephone subscribers,
as compared to the model described in [27]. The network model consists of nodes representing
subscribers and edges representing calls or links between them. A link is established whenever two
subscribers engage in a call. The model accounts for variations in call frequency, with typical
subscribers making 5 to 7 calls per day, while users exhibiting higher calling activity, such as
spammers, may place between 200 and 300 calls daily. The network evolves dynamically over time,
with new connections forming and existing connections breaking based on ongoing and completed
calls. The dataset generated from the model provides information about calls over a period, enabling an
analysis of user properties. In this model, subscribers initiate calls to others on their contact list with a
probability defined by a model parameter. Normal users’ contact lists contain other normal telephone
subscribers such as family members, friends, colleagues etc. Spammers do not have such contact lists
and make random calls to a wide range of users. The number of calls follows a lognormal distribution
[23]. Additionally, the model assumes that subscribers cannot make or receive other calls during an
ongoing call. The duration of each call is determined by the probability of its termination at any given
moment, which is also defined by a model parameter.

The model parameters include the total number of subscribers, the parameters of the lognormal
distribution for simulating the daily number of calls, the duration of the experiment, the probability of a
call ending, the proportion of calls made to contacts from the contact list and their size.

In the numerical experiments, various network properties of subscribers, or network nodes, were
measured: node degree, local and global clustering coefficients, node centrality, average shortest path
length between subscribers, PageRank [24], and the average number of calls per day [25, 26]. The
degree of a node in a graph is defined as the number of edges connected to that node [25], indicating
how many other nodes are directly connected to it. The clustering coefficient quantifies how connected
a node's neighbours are in the graph [26]. This measure is expressed in two forms: the local clustering
coefficient and the global clustering coefficient. Both provide insight into the degree of clustering in the
network but at different scales. The local clustering coefficient of a node measures the proportion of
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pairs of a node's neighbours that are directly connected to each other, relative to the total number of
possible connections among those neighbours. In contrast, the global clustering coefficient measures the
general tendency of the network to form closely related groups or clusters. The average shortest path
length is defined as the average number of steps along the shortest paths between all possible pairs of
nodes in the graph [25].

The employed model enables the analysis of subscriber behaviours and interactions through key
network properties. By measuring network properties, we can identify patterns indicative of abnormal
behaviour. This approach offers valuable insights for detecting spammers or subscribers with abnormal

activity.

3 Detecting the presence of spammers within the network
Detecting the presence of spammers in a dynamic telephone network involves analyzing how their

behaviour influences key structural properties of the network. In this study, we simulated a dynamic
telephone network for one day, consisting of 10,000 subscribers, with 1% (100) of them being
spammers. Normal subscribers made 85% of calls to the people in their contact list, approximating real-
world network conditions as described in [27]. Meanwhile, spammers called randomly. Based on the
simulation data, two networks were created: one containing both normal subscribers and spammers (Fig

1.a), and the other consisting solely of normal subscribers (Fig 1.b).

@ normal subscriber

@ normal subscriber
® spammer

® spammer

a) b)

Fig. 1 Simulated telephone subscriber networks:
a) with spammers and normal subscribers, b) with normal subscribers

To detect the presence of malicious subscribers in the network, metrics such as node degree,
global and local clustering coefficients, and average shortest path length were utilized. Based on the
modeling data and the resulting networks, we constructed distributions for the analyzed metrics (Fig. 2)

and computed their statistical characteristics (Table 1).
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¢) local clustering coefficient. Blue color corresponds to the characteristics of a network without spammers, and
red color corresponds to a network with spammers.
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Table 1 — Characteristics of the studied networks

Network Degree Shortest path length Clustering (local) | cjystering

mean sd mean sd mean sd (global)
with spammers 8.12 27.06 3.48 0.39 0.28 0.20 0.02
without spammers 6.24 3.14 6.26 0.45 0.36 0.25 0.29
difference 1.88 - -2.78 - -0.08 - -0.28
23% - -80% - -28% - -1579%

The average degree is higher in the network with spammers (8.12) compared to the network without
them (6.24). These users tend to connect to a large number of other nodes, often through actions like
sending messages or making calls to numerous users, which increases their degree. A significantly
higher average degree or the presence of nodes with abnormally high degrees may indicate the presence
of spammers. However, not all of them may be active, and their behaviour can be difficult to distinguish
from that of normal subscribers based solely on node degree. The average shortest path length is
considerably shorter in the network containing spam entities (3.48) than in the network without them
(6.26). By establishing numerous connections, these subscribers create shorter paths across the
network, thereby reducing the overall shortest path length. This reduction suggests that the network is
becoming more tightly connected, but in a potentially anomalous way, indicative of spam-like
behaviour. The local clustering coefficient is slightly lower in the network with spammers (0.28)
compared to the network without them (0.36). Such subscribers tend to connect to many unrelated
nodes, resulting in a lower local clustering coefficient. This suggests that calls in the network are more
random and less structured, resembling a pattern typical of abnormal activity. The global clustering
coefficient is significantly lower in the network with spammers (0.02) compared to the network without
them (0.29). They disrupt clustering by establishing connections across the network in a broad, random
manner, which lowers the global clustering coefficient. A sharp decrease in this metric may serve as a
strong indicator of abnormal users in a network, as it reflects a breakdown in the natural clustering and
organization of the network.

Although node degree is the most straightforward metric to calculate, its usefulness is limited when
spammers frequently change numbers. The shortest path length, while effectively distinguishing
between networks with and without spammers, is computationally expensive when calculated for all
pairs of subscribers. The local clustering coefficient is also sensitive to the presence of spammers but
exhibits larger standard deviations. In contrast, the global clustering coefficient is more sensitive and
computationally less expensive than the average shortest path length, making it the most suitable
indicator for detecting users with abnormal behavour in a telephone subscriber network.

To test the sensitivity of the global clustering coefficient to the presence of spammers, we simulated
their appearance in the network over time. The simulation was conducted with the same parameters as
before for a 15-day period, with spam-like activity occurring from the fifth to the eleventh day. Using
the obtained data, we calculated the global clustering coefficient for each day and plotted its dynamic
behaviour over time (Fig. 3).

e A
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Day

Fig.3 Dynamics of the global clustering coefficient with spammers (5-11 days) and without.

The dependence shown in Fig. 3 illustrates the high sensitivity of the clustering coefficient, with
changes of more than an order of magnitude observed, to the presence of spammers in the dynamic
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telephone subscriber network. Thus, this coefficient can serve as a clear indicator of abnormal activity
within the network. In studies such as [9] and [28], PageRank and the local clustering coefficient have
been employed to identify malicious users in systems like Skype and banking networks. These metrics
are calculated individually for each user and utilized in classifier models to detect such users. In
contrast, the global clustering coefficient can be used to assess the presence of spammer activity across
the entire network, before applying classifiers to individual subscribers.

4 Subscriber classification and network properties measurement window size

To classify subscribers and assess the effect of the subscriber properties measurement window size,
a numerical experiment was conducted with 10,000 subscribers, 1% of whom were spammers. Random
Forest was selected as the classifier due to its minimal requirements for input data distributions, its
tolerance for unnormalized or unprocessed data, and its ability to easily generate feature importance
values. 80% of the subscribers were included in the training dataset, while the remaining 20% were
used for testing. Given that the network of telephone subscribers is dynamic and evolves over time
based on subscriber activity, the properties of subscribers also change accordingly. To evaluate the
impact of the measurement period on network properties, we constructed seven classifiers, each trained
with subscriber properties measured over varying time windows, starting from 1 day and gradually
increasing the window size to 7 days. The results of subscriber classification and the importance of
subscriber properties for spammer identification are presented in Fig. 4.
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Fig. 4 a) classifier accuracy indicators; b) importance of subscriber properties;

Fig. 4.a. presents the accuracy metrics of the classifier. The F1 score is depicted as a blue curve, the
true positive rate (TPR) is shown as an orange curve, the false positive rate (FPR) is represented by a
green curve, and the false negative rate (FNR) is indicated by a red curve. Fig. 4.b. illustrates the
properties of subscribers and their relative importance within the classification model. The shortest path
length (avg_path_length) is shown as a blue curve, the node degree (degree) is represented by an orange
curve, node betweenness centrality (betw_centrality) is depicted as a green curve, PageRank is shown
as a red curve, the average number of calls per day (avg_calls_per_day) is represented by a purple
curve, and the local clustering coefficient (clustering) is shown as a brown curve.

The results of the classifier evaluation demonstrate that the accuracy of spammer detection reaches
acceptable levels, with an F1 score greater than 0.80 when the subscriber properties calculation window
is set to 4 days. Notably, the number of calls per day is a key distinguishing factor between spammers
and normal subscribers; however, it is the least important feature for classification, with its significance
diminishing as the window size increases. This can be explained by the fact that some spammers make
the same number of calls as normal subscribers, and conversely, some normal subscribers may call
excessively. In such cases, when classification based on call frequency is insufficient, network
properties provide additional discriminatory power. As shown in Fig. 4b, the three most important
properties for classification across all window sizes (1 to 7 days) are node degree, shortest path length,
and betweenness centrality. However, for window sizes up to 3 days, these properties, along with the
clustering coefficient, are not sufficient for effective spammer detection, as reflected in the lower F1
score and TPR. The F1 score and TPR reach values of 0.81 and 0.79, respectively, only when the
window size is 4 days, with the importance of the average shortest path length increasing. As the
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window size continues to grow, classifier performance improves, while the relative importance of the
local clustering coefficient decreases and the average shortest path length becomes more significant.

5 Conclusion

The identification of telephone subscribers engaged in malicious activities, such as spamming or
disturbing normal users, is an important issue in network security. This study explores the potential for
detecting the presence of spammers within a telephone subscriber network and classifying individual
subscribers. A distinguishing feature of this research is the use of network characteristics as subscriber
properties. The study employs a telephone network model to investigate these characteristics. It was
found that, to detect the presence of spammers without classifying individual subscribers, the global
clustering coefficient is a sufficient metric. This indicator demonstrated high sensitivity with its value
decreasing significantly from 0.29 to 0.02 following the emergence of spammers in the network.
Furthermore, the study examines the use of subscriber network properties for spammer identification
using the Random Forest machine learning model. The importance of network properties was evaluated
over seven measurement intervals, ranging from 1 to 7 days. Key properties identified as most
important for classification included the local clustering coefficient, average shortest path length, node
degree, and betweenness centrality. The study found that, with a measurement window of 4 days, the
classifier achieved F1 score of 80%, along with a high spammer detection rate (TPR). These findings
suggest that network characteristics significantly enhance model accuracy, although a certain period of
observation is required to effectively distinguish between spammers and normal subscribers.
Consequently, network characteristics are valuable for identifying dormant or evasive subscribers —
those who frequently change numbers, avoid detection through call frequency or blocklists, or remain
inactive for extended periods.
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AKTyaJbHicTb. BuxopucTanus mepexi Tene@oHHUX aOOHEHTIB 3 METOIO IIaxpaliCTBa, MPOJaXy TOBApiB Ta MOCIYT, CIaMy
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aHOMAJILHOIO MOBEIHKOIO B TUHAMIUHIH Tele(OHHIN Mepexi.

Metoau nocaigxenHsi. MoieOBaHHS Ta YHCENbHUA EKCTIEPHIMEHT.
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Research on survival strategies of artificial life in dynamic environment

This research seeks to develop evolutionary methods for constructing deep neural networks, offering potential improvements to
machine learning techniques by modeling adaptive architectures under selective pressures.

Purpose. The goal of the work is to explore the dynamics of neural complexity in artificial life agents exposed to progressively
challenging environments.

Research methods. We conducted a two-dimensional simulation to model populations of agents with evolving neural networks
and physical forms. The environment progresses from simple conditions to increasingly complex scenarios, including static
walls, moving obstacles, hazardous zones, and lethal poisons. Our approach builds on fundamental artificial life systems such as
Tierra, Avida, and PolyWorld. The neural architectures evolve based on principles inspired by the NeuroEvolution of
Augmenting Topologies. We apply the Tononi-Sporns-Edelman complexity measure to evaluate neural integration and
specialization, helping us understand how agents adapt their networks to achieve a balance between global coherence and
localized functionality.

Results. Research indicated that while complex environments can temporarily enhance neural sophistication, harsher conditions
often favor simpler, more prolific reproductive r-strategies. Effect, populations may create reflex-driven, stimulus-response
behaviors instead of developing complex neural structures.

Conclusions. These findings enhance our understanding of adaptive intelligence and guide approaches for designing scalable,
matching learning systems in robotics and deep neural network architecture development, contributing to the broader goal of
understanding how artificial intelligence should evolve. We propose utilizing a recursive genetic algorithm to optimize these
balance challenges, promoting long-term neural adaptation to dynamic environments.

Keywords: artificial life, neural complexity, evolutionary adaptation, dynamic environments, incremental complexity, open-
ended evolution, neuroevolution of augmenting topologies, r-strategy
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1. Introduction

Significant progress in deep neural network machine learning has led to revolutionary advancements
in technologies such as image recognition, natural language processing, and autonomous systems [1-3].
However, challenges like overfitting, poor generalization, LLM hallucinations, and high computational
demands persist, motivating the search for alternative methods of building intelligent multilayered neural
networks. The human brain, along with those of higher cetaceans, represents some of the most complex
intelligent systems evolved by biological processes, serving as inspiration for simulating the progressive
development of artificial neural networks in virtual biocenoses.

© Zachepylo M. O., Yushchenko O. H., 2024
This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0.
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The evolution of artificial life (ALife) models has played a crucial role in understanding adaptive
behaviors and the emergence of intelligence (noogenesis). Over the decades, researchers have explored
diverse systems simulating ecological and evolutionary dynamics. However, significant challenges
persist in modeling open-ended evolution, particularly in environments with increasing complexity.

The evolution of Alife models has been instrumental in advancing our understanding of adaptive
behaviors. However, previous studies have largely focused on adaptation and have not directly addressed
noogenesis within computational ecologies. Over the decades, pioneering systems like Tierra [4] and
Avida [5] have offered glimpses into open-ended evolutionary processes. Recent frameworks have built
upon foundational systems by exploring morphology, neural complexity, and multi-agent systems,
advancing our understanding of these aspects. However, despite these advancements, the challenge of
fostering truly open-ended complexity remains unresolved, particularly in dynamic, non-episodic
environments that progressively increase in difficulty over time.

This paper addresses a critical gap in ALife research: how does progressive environmental
complexification influence the trajectory of morphological, behavioral, and neural complexity in evolving
agents? Understanding these dynamics not only advances theoretical knowledge but also has broader
implications for designing adaptive artificial systems and improving our grasp of how intelligence might
arise in both natural and synthetic contexts. Our study differs from traditional RL setups that reset tasks
each episode and from static ALife environments that fail to provide long-term evolutionary pressure. By
exploring non-episodic, incrementally complex ecosystems, we aim to illuminate the factors that promote
or hinder the emergence of neural complexity and adaptive intelligence. While some studies set the
ambitious goal of achieving human-level intelligence [6], we do not aim to produce such outcomes,
recognizing this as an unreachable target for now given the current state of ALife research. Instead, we
seek to create conditions conducive to the gradual noogenesis of agent populations, offering insights into
why complexity sometimes stalls and what might be done to encourage it.

2. Literature review and problem statement

Foundational systems like Tierra [4] and Avida [5] revolutionized our understanding of digital
evolution, yet their static environments limited complexity growth. Subsequent studies, such as Karl
Sims’ evolving virtual creatures [7] and Framsticks [8] extended the exploration of morphology and
control. These works primarily focused on objectives like locomotion and simple foraging, without
addressing the complexities of open-ended ecosystem dynamics. PolyWorld [9] introduced evolving
neural networks to agents in a competitive environment, revealing adaptive behaviors but not exploring
progressive complexity. EcoSim [10], JaxLife [6], and multicellularity models [11] further diversified the
multi-agent interaction within However, these models often operated in environments that lacked
dynamic complexity, limiting insights into long-term evolutionary processes. Hamon et al. [12]
incorporated spatiotemporal dynamics in large multi-agent systems, advancing our understanding of
distributed interactions. POET [13] investigated paired adaptation in reinforcement learning, illustrating
flexibility in task evolution. However, both approaches depend heavily on episodic resets or predefined
objectives, restricting their applicability for studying open-ended noogenesis. Efforts by Auerbach and
Bongard [14] on how environmental factors can shape morphological complexity, while Giannakakis et
al. [15] extended this by highlighting the role of environmental variability in shaping plasticity
mechanisms, emphasizing adaptation over time. Notably, this study was not an ALife simulation but
rather focused on genetic algorithm optimization in embodied agents, which is important to differentiate.
Similarly, Canino-Koning et al. [16] demonstrated that changing environments promote rapid adaptation
in Avida, but these instructions-based grid systems differ from more ecology-driven models.

The neural complexity measurements in artificial life simulations were proposed by Yaeger and
Sprons [17] and studied over PolyWorld [18], [19]. However, these measurements were conducted in a
competitive yet static environment, limiting insights into dynamics under progressively complex
conditions.

Despite these achievements, a fundamental question remains unresolved: How does ongoing,
continuous environmental complexification, beyond simple predator-prey dynamics, impact the long-
term evolutionary dynamics of neural complexity and adaptive behavior? Does increasing environmental
complexity consistently drive the evolution of more sophisticated neural architectures, or do resource-
efficient strategies, such as simpler yet prolific adaptations, dominate under harsher conditions?
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This paper directly addresses this gap. We investigate the interplay between increasing environmental
complexity and evolving neural architectures, raising important questions about whether neural network
complexity always increases or if other strategies take precedence under harsher conditions.

3. Methods

This section provides an overview of our computational model, evolutionary procedures, and metrics
while highlighting additions to previously published work [20]. Our goal remains the simulation of open-
ended evolution of artificial creatures in a two-dimensional, progressively complex environment,
focusing on neural complexity and adaptive strategies.

3.1. Overview of the Evolution Model

Our model builds on the framework described in [20], which simulates a population of autonomous,
embodied agents (artificial “creatures”) in a two-dimensional arena. Each creature's characteristics
include a connected Physical Body with Neural Network Control. The physical body is represented as a
circular entity occupying continuous space, with physics-like rules for movement and interactions. Neural
Network Control is governed by an evolving neural network inspired by the NeuroEvolution of
Augmenting Topologies (NEAT) [21], with topology and weights subject to mutations. Reproduction is
asexual cloning with mutations. In this study, we introduce key updates to the model. Dynamic
Environmental Features: The environment evolves over time, incorporating new hazards, spatial
obstacles, and resource variability to provide incremental complexity. Additional Sensors: Beyond the
basic food sensor, wall sensor, bot sensor, and energy sensor described in [17], creatures now include
hazard zone sensors and poison sensors to better navigate increasingly complex environments. Refined
Mutation Mechanisms: Mutation probabilities have been recalibrated to include newly added sensors.

3.2. Neural Network Architecture and Complexity

Each creature’s control center is a neural network that processes sensory inputs and produces motor
outputs. Initially, creatures start with a minimal configuration, typically one food sensor, one energy
sensor, one neural node, and a simple pair of effectors (movement and rotation). Over evolutionary time,
mutations can add hidden nodes, extra sensors, and more elaborate connections, potentially increasing
behavioral sophistication.

We employ the Tononi—-Sporns—Endelman (TSE) [22] complexity measure as described and adapted
by Yaeger and colleagues [17], [19]. TSE complexity is designed to quantify the balance between
integration and segregation in a neural system. Integration refers to the degree of global information
sharing among all parts of the system, while segregation reflects how certain subsets of the system
maintain specialized, relatively independent patterns of activity. The TSE complexity measure captures
how a system’s overall integration changes when considering subsets of different sizes.

Consider a neural network composed of n nodes, represented as variables{X;...X,,}. The TSE

complexity Cy (X) is defined by comparing the full-system integration against average integrations
computed over all subsets of different sizes. Formally (3.1) [22]:
Cy (X) =2 [(k/m)1 (X)=(1 (X)) ]
k=1 (3.1)

where: X — the full set of variables (nodes);
I (X) - the integration of the full system;

I (X )— the integration computed over a subset X of size k ;
<I (Xk )> — denotes averaging over all combinations of subsets of size .

Integration |(X) can be viewed as a multivariate mutual information measure indicating how much
of the system’s entropy cannot be explained by treating variables as independent (3.2) [22]:

n
1(X)= 2 H(Xj)=H(X),
=1 (3.2)
where H (Xj) — the Shannon entropy [23] of a single node X
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H(X) —a joint entropy of the entire system.

By considering subsets of various sizes k , the measure Cy (X ) captures how integration scales and

is reduced when parts of the system are examined in isolation. If the system behaves uniformly at all
scales, integration values scale linearly, and complexity is low.

Direct computation of all subset combinations is often computationally prohibitive, particularly for
large networks. To address this, we employ approximation techniques described by Yaeger [19] and
utilize the hardware-accelerated implementation [24]. This implementation leverages JAX, a high-
performance library for numerical computation, to significantly speed up the estimation of integration
and  complexity = metrics.  The  corresponding code is  publicly available on
https://github.com/WorldThirteen/neural_complexity jax.

Under the assumption of Gaussian processes, the joint entropy of X can be computed via the
covariance matrix COV (3.3) [19]:

H(X) =1|n(2;re)” lcov,
2 (3.3)
where |[COV/| — the determinant of the covariance matrix of the n nodes’ activation patterns.

For our simulations, node activities are recorded during the last 5,000 timesteps of a creature’s life.
We derive complexity values from these data. By averaging complexity metrics over the population, we
gain insights into how environmental pressures influence the evolution of integrated yet specialized
neural structures.

This accelerated implementation of TSE complexity enables efficient computation even for large-
scale simulations, providing a rigorous framework to examine how creatures’ neural architectures balance
global coherence with local specialization in response to escalating environmental challenges.

3.3. Environmental Setup and Complexity Increments

The simulation world is a 2D continuous plane with finite dimensions (50,000 x 50,000 units).
Initially, this environment is relatively benign, containing only food resources placed at random. Over
time, we incrementally introduce complexity to assess how creatures adapt to different survival pressures:

Initial Environment: 500 creatures with minimal neural architecture start in the environment. Food
resources are distributed randomly. No hazards, walls, or moving obstacles are present.

Introduction of static walls: we introduce 50 static wall obstacles at random positions. Walls block
movement, forcing creatures to navigate around them. The presence of walls tests spatial navigation and
obstacle avoidance strategies.

Dynamic obstacles: we add 100 dynamic obstacles that move at a constant velocity (1.5 units/timestep)
and bounce off walls. These moving entities require creatures to predict obstacle trajectories and adjust
their paths accordingly.

Hazard zones: 100 hazard zones, each a circular area of radius 700 to 2,500 units, are introduced.
Entering a hazard zone drains 0.5 energy per simulation tick from a creature, imposing a continuous
penalty. Hazard zones test a creature’s ability to detect and avoid dangerous regions.

Poison elements: 1,000 poison entities, each with a radius of 90 to 120 units, move at a velocity of 2
units/timestep. Contact with poison is lethal, instantly removing the creature from the population. Poisons
represent a severe threat demanding rapid avoidance behaviors.

Environmental elements are updated periodically. For example, walls may randomly change position
once every 10,000 timesteps, and hazard zones regenerate every 25,000 timesteps. Visualization of these

complexifications can be visible in Fig. 3.1.

a - b c 'd

Fig. 3.1. Environmental elements: a — static wall; b — dynamic obstacle; ¢ — hazard zone; d — dynamic poison
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The experiment concludes when the population size drops to zero or the simulation reaches a
predefined timesteps limit, whichever comes first.

3.4. Simulation Dynamics

The simulation operates in discrete timesteps. During each tick, creatures perceive their environment
by reading sensor values and processing these through their neural networks. The resulting neural
computations translate sensory inputs into effector outputs, which determine actions such as moving
forward, rotating, or remaining stationary. Creatures consume energy continuously and through
movement, replenishing it by consuming food (50 energy units per food item). When a creature's energy
exceeds 200 units, it reproduces asexually, sharing energy with its offspring. Creatures die if their energy
falls below zero or if they collide with poisonous entities, at which point they are removed from the
simulation. Meanwhile, the environment evolves dynamically, with obstacles moving, hazard zones
regenerating periodically, and poison entities navigating the space.

3.5. Data Collection Protocol

We record data throughout the simulation to analyze evolutionary and behavioral outcomes.
Population size — we track the number of living creatures at regular intervals. Mean Lifetime — the average
lifespan of creatures is recorded over time. Lifetimes offer insights into survival strategies, reflecting how
creatures cope with environmental challenges. Neural Complexity Metrics — using the recorded node
activities, we compute the entropy-based complexity measures. These computations are performed offline
after the simulation to reduce computational overhead during runtime.

Each metric is saved for post-processing analysis. Visualizations such as population trends,
complexity graphs, and network structure diagrams are generated from these recorded data sets.

3.6. Analytical Methods

After the simulations conclude, we use Python-based tools for data analysis. Time-series analysis —
we plot population size, mean lifetime, and neural complexity as a function of simulation timesteps.
Abrupt changes at known complexity increments (walls, obstacles, hazards, poison) highlight correlations
between environmental complexity and evolutionary responses. Complexity computation — the
information-theoretic complexity of neural networks is calculated by analyzing node activity logs.
Shannon entropy and integration measures are computed for each creature’s neural data. We average
values over selected populations and compare complexity trends between simple and complex
environmental conditions. Comparative studies — we run multiple experiments under different parameter
settings or seeds. Comparisons across runs reveal consistent trends and confirm robustness. Qualitative
behavioral analysis — in addition to quantitative metrics, visual observations of creature behavior are
qualitatively analyzed. Behavioral patterns such as movement strategies, resource gathering, avoidance
of hazards, and interaction with the environment are closely monitored. These qualitative insights help
identify emergent behaviors, strategies, and adaptations that complement the numerical results.

4. Results

4.1. Population Dynamics Under Increasing Complexity

Figure 4.1 shows population size over time across the incrementally complex environment as a blue
line and simple static environment as an orange line. Initially, when conditions are simpler (0-200,000
timesteps), populations stabilize from the “primordial soup” phase, reflecting abundant resources and
minimal threats. Following the introduction of static walls at 200,000 timestep, the populations in
complex environments follow the same stabilization trend as populations in simple environments but
fluctuate more as creatures must navigate obstacles.
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Fig. 4.1. Population size over time

When dynamic obstacles appear at 400,000 timestep, the population size does not indicate a major
difference from the previous conditions.

The introduction of hazard zones at 600,000 timestep leads to more significant challenges. As
creatures enter these energy-draining regions, their lifespans shorten, reflected by declining population
numbers. These zones reward careful navigation and energy management strategies. By this point, the
population dynamics show broader oscillations, indicating a struggle between lineages that adapt and
those that fail compared to a simple environment that reached a stale state in population size by this time.

Finally, at 800,000 timestep, the environment becomes most lethal with the presence of poison
elements. Creatures that encounter poison are instantly removed from the gene pool, drastically increasing
selective pressure. The population size (Fig. 2), and the blue line have high fluctuations at a lower
threshold or show steep episodic declines as new hazards periodically reshuffle conditions. The result is
a population characterized by rapid turnover and intense evolutionary pressure.

4.2. Survival Strategies and Lifespans

To evaluate creature longevity, we tracked mean lifetimes across different environmental complexities
(Fig. 4.2, where the blue line indicates an environment with complexities and a simple static environment
is depicted as an orange line). In simpler conditions, creatures exhibited extended lifespans, capitalizing
on abundant resources and reproducing multiple times. The introduction of static dynamic obstacles
at 200,000 and 400,000 timesteps increased lifespans fluctuations.
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Fig. 4.2. Mean creature lifetime in population over time
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Hazard zones introduced at 600,000 timestep reduced mean lifetimes, with only a few lineages
evolving avoidance or energy-conservation behaviors. By 800,000 timestep, the addition of poison
elements led to the predominance of short-lived, fast-reproducing strategies, minimizing neural and
morphological investments. In contrast, in the simpler control environment devoid of these escalating
challenges, mean lifetimes remained consistently higher as creatures invested in stable, energy-efficient
behaviors, favoring long-term survival and reproduction.

4.3. Morphological and Neural Adaptations

Fig. 4.3, a depicts a representative evolved creature morphology under a complex environment. Over
many generations, body size and sensor placements can change, reflecting attempts to cope with walls,
obstacles, hazard zones, and poison. These lineages often sacrifice stability and complexity for speed and
agility, resulting in more streamlined morphologies optimized for quick bursts of foraging and immediate
reproduction before encountering lethal conditions.

e

Fig. 4.3. Visual representation of the evolved creature morphology in, circles are bodies, lines are sensors. Where
a — in complex environment, b — in simple environment

In contrast, creatures evolved under simpler conditions, illustrated in Fig. 4.3, b, often maintain more
moderate body sizes and sensor distributions. Without harsh selective pressures, these lineages can afford
slower, more energy-efficient foraging strategies. They do not need extreme agility and/or rapid
reproduction since they face fewer existential threats. From a neural architecture perspective, Fig. 4.4
compare the neural networks of evolved creatures in complex versus simple environments. Under a
complex environment (Fig. 4.4), neural networks may initially expand to incorporate sensors and
interneurons for threat detection. However, over time and under extremely lethal conditions, there is a
trend toward minimal networks that directly connect critical sensors (e.g., poison or hazard detectors) to
effectors for rapid avoidance maneuvers. These networks often remain shallow and specialized, favoring
direct stimulus-response paths instead of integrative, deeply hierarchical architectures. This pattern
resembles the emergence of direct reflex-like mechanisms, optimized for immediate survival in highly
selective environments.
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Fig. 4.4. Visual representation of the evolved creature neural network in a complex environment. The top row
contains sensor neurons, the bottom row contains effectors, the middle are processing neurons, and the lines are
synaptic links.

In simple environments, the neural networks of the creatures often become more elaborate. A sample
of such a network is depicted in Fig. 4.5. With less pressure to avoid lethal threats immediately, creatures
explore more sophisticated sensor integration, potentially leading to richer behavioral repertoires. These
creatures can afford neural complexity that does not yield an immediate survival advantage but may
improve long-term foraging efficiency or energy management.

2 ¢ | =N

()

Fig. 4.5. Visual representation of the evolved creature neural network in a simple environment. The top row
contains sensor neurons, the bottom row contains effectors, the middle are processing neurons, and the lines are
synaptic links.

4.4, Neural Complexity Trends

The mean population neural complexity over time is shown in Fig. 4.6, where orange lines are
simulations in a simple environment and blue lines are simulations within environments of grown
complexity. Simple environmental complexifications — static walls and dynamic obstacles briefly
stimulate neural complexity growth as creatures experiment with more intricate sensorimotor mappings
to cope with new obstacles. However, as the environment becomes more hostile (post-600,000 and
especially post-800,000 timestep), complexity does not continue to rise. Instead, simpler, more direct
strategies dominate, leading to a plateau or even a decline in complexity metrics right after high
instability.
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Fig. 4.6. Mean population Neural Complexity over time for simulation runs with complex and simple
environments

Figure 4.7, which presents longer simulation runs with matched initial seeds, confirms that complexity
is not guaranteed to increase simply by making the environment harder, even if more time is given for
the population to adapt. While both complex and simple conditions start similarly, the complex
environment lineages eventually diverge, often settling on less complex neural configurations.

T T T T
) ] (] =
— o @ o i
ol ol cl al ]
- - T | A
2.0 4 2 i =1 Iy 1, H i
El Sl %‘I-J 1 1 1 n |:
2 H, d BIL JV
£ LN g E o T £ i
S, Y WA pRnn ALY
£ 1 VAT “lq : I|5 i'l "f 1\] I l;
S el 7 L ahy Y o1 Vo
S : ey M '-il by A ahg Ryl ni‘.,
= o
1 1 I : wn [ I I | ™
= 104 | | v {1 ?' . T ! ¥ "
g1 | : : I T LS
I I ] | ey W Tyl
& 1 1 i 1 u-r 4 J I'”
@ I 1 ] I ’ [ t‘ A
= 051 i i : : LU T
' 1 1 ] I ¢y
: : : : === Complex Environment
: : : : Simple Environment
0.0 1 T T T . . T .
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Timesteps le6

Fig. 4.7. Mean population Neural Complexity over time for simulation runs with complex and simple
environments with the same seed

4.5. Generational Turnover and Reproductive Strategies

To understand how lineages maintain themselves under severe selection pressures, we examined the
generational patterns of births and deaths over time. Figure 4.8 shows a scatter plot of the generations of
newly born creatures per time window. In the complex environment, the high turnover rate is evident. As
the environment grows more lethal, lineages adopt rapid reproductive strategies, producing large numbers
of offspring in quick succession. This ensures that some descendants survive by sheer volume, even if
most die young and fail to evolve more intricate neural control systems.
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Fig. 4.8. Mean generation of born in its generation per simulation timesteps, complex environment, simple
environment

In a simpler environment, generation turnover is more gradual. Creatures reproduce at a moderate
pace, often retaining more complex neural networks since their survival is not constantly threatened. This
leads to more stable population structures and longer-lived individuals.

4.6. Summary of Findings

Across three repeated experiments under each setting, we found consistent trends. Under escalating
complexity (walls at 200,000, dynamic obstacles at 400,000, hazard zones at 600,0000, poisons at
800,000), we observe several trends. Population sizes fluctuate more widely, with pronounced crashes
following the introduction of deadly elements (Fig. 4.1). Mean lifetimes decrease significantly, especially
once hazard zones and poisons appear (Fig. 4.2). Morphologies shift toward lean, agile forms prioritizing
fast reproduction (Fig. 4.3, a), whereas simpler environments yield more moderate, stable morphologies
(Fig. 4/3, b). Neural architectures do not necessarily become more complex; instead, they often remain
or even revert to simpler stimulus-response patterns under lethal pressures (Fig. 4.4 vs. Fig. 4.5). Neural
complexity measures (Fig. 4.6, Fig. 4.7) show that complexity growth is not guaranteed in more
challenging environments. High generational turnover (Fig. 4.8) characterizes populations in harsh
conditions, reflecting a strategic pivot away from complexity toward rapid proliferation.

5. Discussion

The results of this study provide a nuanced perspective on the evolutionary trajectories of ALife
populations under incrementally increasing environmental complexity. While it is reasonable to
hypothesize that adaptation to complex environments would grant individuals with greater cognitive
capacity (i.e., higher neural complexity) an adaptive advantage, thereby driving a gradual increase in
population-wide neural complexity and fostering noogenesis, the findings suggest that this outcome is
not guaranteed.

Initial increases in environmental complexity (e.g., walls, moderate obstacles) occasionally
encouraged the emergence of diverse sensorimotor strategies and incremental neural complexity.
However, these trends were neither stable nor consistent. As environmental conditions became
increasingly lethal, populations often adopted strategies prioritizing survival through quantity rather than
quality. Organisms reproduced rapidly, had shorter lifespans, and exhibited simpler stimulus-response
neural networks. In essence, rather than evolving toward cognitively complex forms, evolutionary
lineages frequently gravitated toward r-strategist solutions characterized by high reproduction rates and
rapid generational turnover, as described by r/K selection theory in ecology [25]. This allowed
populations to persist despite constant existential threats.
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This phenomenon aligns with certain ecological and evolutionary principles observed in nature.
Darwin's concept of the "economy of nature™ [26] posits that evolution is not a linear progression toward
complexity but a process driven by immediate survival and reproductive needs. Many biological systems,
particularly in harsh environments, favor strategies that maximize short-term fitness. For instance, r-
strategists thrive in unpredictable or lethal conditions by producing numerous offspring quickly, often at
the cost of individual longevity or complexity. Analogously, our ALife populations exhibit similar
behaviors, demonstrating that increased environmental difficulty does not inherently lead to greater
complexity. On the contrary, the presence of critical threats often necessitated reductions in neural
complexity, reverting neural architectures to simplified, reflex-driven networks.

Neural complexity metrics derived from the Tononi—Sporns—Edelman (TSE) measure [22] indicate
that complexity can rise temporarily but often plateaus or declines under lethal environmental pressures.
While Yaeger L. and Griffith V. anticipated that increasing environmental complexity would drive higher
neural complexity in agents [18], our findings underscore the necessity of avoiding parasitic r-strategy
dynamics. The conditions must provide stable incentives for complexity — selective pressures that
consistently reward integrated, adaptive cognitive strategies over short-term exploitative tactics.

These insights suggest that complexity emerges most readily in balanced environments where agents
are pressured to adapt and explore richer behavioral niches without facing mortality rates so high that
reproductive quantity becomes the most viable strategy.

To promote progressive neural network development through adaptive control of artificial life in
dynamic environments, it is advisable to use recursive genetic algorithms [27] with several strategies.
Layered Challenges that Reward Complexity — Rather than introducing merely lethal elements, design
scenarios where certain high-value resources or safe zones can only be accessed through complex
behaviors or problem-solving. Complexity should be not only useful but necessary for stable survival.
Social and Cooperative Pressures — introducing tasks that require cooperation, communication, or social
learning may incentivize more integrated neural networks. Complexity may flourish if communication or
coordination among agents confers a clear survival advantage. Gradualism and Stability — providing
stable intermediate niches, where complexity pays off before lethal threats dominate, could help
complexity accumulate. Environments that ramp up difficulty more gradually might prevent populations
from collapsing into simple r-strategies. Penalizing Simplicity — another approach is to modify fitness
landscapes so that purely r-strategic solutions have diminishing returns. For example, increasing energy
costs or imposing metabolic trade-offs that only complex networks can efficiently navigate might nudge
the evolutionary trajectory toward complexity.

6. Conclusion

Diverse biological organisms have evolved distinct survival strategies, with intelligence being one of
them, albeit the most successful. The fact that evolution in terrestrial and aquatic environments has led to
the emergence of highly cephalized forms highlights the inherent patterns driving noogenesis.
Observations of instances where artificial neural networks exhibit excessive complexity during sustained
adaptation further support the arguments against traditional objections to Darwin's theory. These
objections often claim that the genetic basis for advanced cognitive abilities, such as mathematical skills,
could not have evolved prior to the existence of such cognitive needs.

To replicate simplified noogenesis within neural networks through adaptive control of artificial life,
future models must incorporate mechanisms capable of identifying and mitigating parasitic strategies—
those that enable populations to thrive without contributing to increased complexity. The use of recursive
genetic algorithms offers a promising approach, allowing for the dynamic adjustment of environmental
complexity to foster a sustained trend of neural network intellectualization. This iterative, feedback-
driven process mirrors the dynamics of natural evolution and holds significant potential for achieving
stable noogenesis in artificial life systems.

The practical significance of this study lies in the development of alternative methods for developing
and training multilayered neural networks, overcoming existing limitations such as overfitting, poor
generalization, high computational demands, and improving approaches to training autonomous robots.
These findings have direct applications in various fields, including evolutionary design methods and
solving complex practical challenges through adaptive, evolution-inspired learning systems.
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JocaigkeHHs cTpareridi BUKUBAHHS INTYYHOTI'O KUTTS Y THHAMIYHOMY
cepeaoBMIL

Ie mocmikeHHs CIpIMOBaHe Ha PO3POOKY €BOIOIIHHIX METOIB JUIs OOYIOBH INTMOOKMX HEHPOHHUX MEPEX, IPOIOHYIOYH
MOTEHIIHHI BIOCKOHAJICHHS METOJIB MAIIMHHOTO HABYAHHS IIIIXOM MOJCIIOBAHHS aJalTHBHUX apXiTEKTyp MiJ BIIMBOM
CEJICKTHBHOT'O THUCKY.

MeTta. MeTor0 po0OOTH € TOCIIIKSHHSI JMHAMIKA HEHPOHHOT CKJIQJIHOCTI y areHTIB MTYYHOTO KUTTH, SKi B3aEMOJIIOTH 13 Jieaari
CKJIaJIHIIIMMH YMOBaMH CEPEIOBHIIIA.

Metonu gocixkennsi. My IpoBeiy JBOBUMIPHY CUMYIILIIO JUIS MOJICITIOBAHHS MOITYJISILIH areHTiB 3 HEHPOHHUMH MEpexXaMu
Ta Gi3UIHUMU (POPMaMH, IO €BOJIOLIOHYIOTh. CepeoBHILe 3MIHIOEThCS Bil MPOCTUX YMOB 10 OUTBII CKIQIHUX CICHApIiB,
BKJIFOUAIOYM CTAaTHYHI CTiHH, PyXOMi MEpeIIKoau, HeOe3leuHi 30HM Ta cMepTelbHi oTpyTH. Ham minxin Oa3yeTbcs Ha
(hyHIaMEHTaTBHUX CUCTEMaX IMTYYHOTO KUTTH, TakuX sk Tierra, Avida Ta PolyWorld. HelipoHHi apXiTeKTypH €BOIIOIIOHYIOTH
Ha OCHOBI NpHHIMIIB, HaTXxHeHHNX NeuroEvolution of Augmenting Topologies. Mu 3acTocoByeMo Mipy ckiagHOCTI TOHOHI—
CrnopHca—EnenpMana st OIIHKH HEWPOHHOT iHTErpallii Ta creriaisaiii, o TomoMarae 3p03yMiTH, SIK ar€HTH aIalTYIOTh CBOT
Mepexi I JOCATHEHHsI OalaHcy MiXK INI00aTbHOI0 KOTEPEHTHICTIO Ta JIOKAI30BAaHOK (DYHKIIOHAIBHICTIO.

PesyabTaTu. JJoCIipKeHHS NOKA3alo, 110, X04a CKJIa HI CePeIOBHIIA MOXKYTh TUMYACOBO ITiIBULIYBAaTH HEHPOHHY CKIIA/IHICTB,
JKOPCTKIII YMOBH YacTO CHPHUSIOTH MPOCTIIINM, aje OUIbII MPOAYKTHBHHAM PENPONYKTUBHHUM I-CTpaTerisiM. Y pe3ynbTari
MOIYJISIIIT MOXYTh (POPMyBaTu pedIIeKTOPHI, CTUMYJI-pEaKIiiiHi TOBEIIHKOBI MOJEI, 3aMiCTh PO3BHUTKY CKIAJHUX HEHPOHHHUX
CTPYKTYD.

BucnoBku. 1i pe3ynpraT MOrmHOIIOIOTE HAallle PO3YMIHHS aJallTUBHOTO 1HTEJIEKTY i JOIOMaraloTh Y po3poOmi MiAXoaiB 10
CTBOPEHHs MacIITabOBaHMUX CHCTEM MAIIMHHOTO HaBYaHHsS Yy POOOTOTEXHIlli Ta PO3pOOL apXiTEeKTyp IIMOOKHX HEWPOHHHX
MEepex, IO CIPUSIE TOCSITHEHHIO MIUPIIO] METH PO3yMiHHS €BOJIOLIT IITYYHOTO iHTEIEKTY. MU IIPOIOHYEMO BUKOPHCTOBYBATH
PEKYpCHBHHMI TEHETMYHHMH aJrOpUTM JUI1 ONTHMI3alil IuX OajaHCiB BUKIIMKIB, IO CIPHUSE JOBFOCTPOKOBIiil HEWPOHHIH
ajanTarmii 10 JMHAMIYHUX CEPEeIOBHIIL.

Knrouogi cnosa: wmyune dcumms, HeUpoOHHA CKIAOHICMb, eOMOYiliHa adanmayis, OUHAMIYHI cepedosuwyd, NOCMYnosd
CKNIAOHICMb, HeOOMedICeHa eBONIoYIsl, HEeUPOeBONIOYIs POWUPIOBAHUX MONONO2IU, F-cmpamezis
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Prediction of the dynamics COVID19 epidemic process of using the Lasso
regression model

This study integrates machine learning and deep learning methods to predict the COVID-19 pandemic.

Relevance. The global outbreak of the COVID-19 pandemic has had a profound impact on public health systems and socio-
economic structures worldwide, highlighting the urgent need for effective forecasting tools to aid decision-making. The work
is devoted to the development of multi-model framework for epidemic forecasting by integrating advanced methods of
mathematical modeling and forecasting theory.

Goal. The purpose of the work was to analyze methods and algorithms for cumulative prediction of COVID-19 cases in order
to provide scientific support for public health decision-making.

Research methods. The research methods are based on modern theories of mathematical modeling, artificial intelligence,
epidemiological diagnostics, and forecasting theory, namely: Lasso regression, Long Short-Term Memory (LSTM) networks,
and LSTM-Attention models. The research details the processes of data preprocessing, model training, evaluation, and
visualization to maintain generalization and adaptability in the dynamic pandemic scenario.

The results. The application of Lasso regression model Long Short-Term Memory (LSTM) network for cumulative prediction
of COVID-19 cases was investigated to provide scientific support for decision-making. The research details the processes of
data preprocessing, model training, evaluation, and visualization to maintain generalization and adaptability in the dynamic
pandemic scenario. Additionally, a Multi-Scale LSTM-Attention (MSLA) model was proposed to extract multi-period features
from input sequences. These features are critical for addressing data non-stationary.

Conclusions. The task of developing a comprehensive multi-model COVID-19 prediction system by integrating machine
learning and deep learning techniques was solved. The system combines Lasso regression, Long Short-Term Memory (LSTM)
networks, and a novel Multi-Scale Cumulative Infection Prediction model based on an attention mechanism (MSLA),
significantly enhancing prediction accuracy and reliability.

Keywords: prediction, neural network, Lasso Regression Model, LSTM, COVID-19 prediction, Machine Learning, Deep
Learning, Multi-scale model, database.
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1 Introduction

The global outbreak of the COVID-19 pandemic has had a profound impact on public health
systems and socio-economic structures worldwide, highlighting the urgent need for effective
forecasting tools to aid decision-making [1]. As powerful data analysis tools, machine learning and
deep learning have demonstrated significant potential in epidemic forecasting [2]. This study aims to
construct a multi-model ensemble framework for epidemic forecasting by integrating methods such as
Lasso regression, Long Short-Term Memory (LSTM) networks, and LSTM-Attention models. The
framework is designed to capture complex patterns and temporal dependencies in epidemic data,
providing more accurate prediction results to support public health decision-making.

Based on epidemic data from China, this research first preprocesses and engineers a large volume of
data to ensure data quality and extract meaningful information. Subsequently, it employs Lasso
regression as a machine learning method, alongside LSTM and other deep learning models, to predict
epidemic trends. By comparing the performance of different models, this study adopts ensemble
techniques to improve prediction accuracy and robustness. The paper details the processes of model
training, evaluation, and result visualization and explores optimizing predictive performance by
adjusting model parameters and architectures. Through this study, we aim to provide a robust
forecasting tool for the public health sector, enabling a scientific and precise response to future public
health challenges.

2 Current Research on Prediction Methods

2.1. Traditional Prediction Methods

Traditional forecasting techniques primarily include the moving average method, exponential
smoothing, and the Autoregressive Integrated Moving Average (ARIMA) model. The moving average
method [3] predicts future infection counts by calculating the arithmetic mean of historical data. While
straightforward, it has limitations in capturing dynamic epidemic trends. Exponential smoothing assigns
higher weights to more recent data points, making it suitable for handling datasets with trends and
seasonal variations. The ARIMA model [4] integrates autoregressive, differencing, and moving average
techniques, making it particularly effective for analyzing non-stationary time series data. These
methods are generally employed for short-term forecasting and are often used in combination to
enhance prediction accuracy.

Despite advancements in technology and the increasing popularity of modern methods such as
neural networks and machine learning, traditional methods remain valuable. These approaches continue
to provide insights for predicting COVID-19 infection counts, especially in scenarios with limited data
or low complexity requirements.

2.2.Machine Learning-Based Prediction Methods

Machine learning-based methods for predicting COVID-19 infection counts have gained increasing
attention in recent years due to advancements in data science technologies. Machine learning methods
exhibit significant advantages in handling complex and nonlinear data compared to traditional statistical
methods. With their strong fitting capabilities [5], these methods can capture intricate patterns in the
spread of epidemics. They allow for the integration of various input variables, such as meteorological
data, holidays, and population mobility, to improve prediction accuracy. Furthermore, machine learning
models can automatically adjust parameters based on new data, adapting to changes in infection trends,
and generally provide higher prediction accuracy compared to traditional approaches.

Although machine learning algorithms can handle large datasets and automatically learn patterns,
they are typically restricted to panel data, limiting their ability to extract trends, causal relationships,
and long-term dependencies from time series data. Model accuracy requires further improvement.

2.3.Deep Learning-Based Prediction Methods
Deep learning methods have shown significant potential in predicting COVID-19 infection and
mortality rates [6], particularly in handling large datasets and capturing complex patterns. As epidemic
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data often take the form of time series, various time series neural network models have been widely
explored.

Long Short-Term Memory (LSTM) networks, a special type of Recurrent Neural Network (RNN),
effectively address the long-term dependency challenges in time series data. In COVID-19 infection
prediction, LSTMs capture trends and periodic features in time series, achieving accurate forecasts [7—
8].

Convolutional Neural Networks (CNNs), primarily used for image recognition, can also extract local
features from time series data in infection prediction. Combining CNNs with LSTMs further enhances
predictive capabilities [9].

These methods can be summarized as multivariate time series prediction problems with different
feature extraction techniques. However, their performance on data with varying periodicities remains
suboptimal.

Therefore, the task of prediction of the dynamics covid19 epidemic process of using the Lasso
regression model is a relevant problem.

3 Relevant Technical Principles

This paper focuses on the prediction of COVID-19 data, discussing the research background and
current state of the field. Different machine learning and deep learning prediction models are utilized,
and various ablation experiments are conducted based on real-world production scenarios.

3.1.LSTM Principle

Long Short-Term Memory (LSTM) networks [10] are a special type of Recurrent Neural Network
(RNN) designed to address the gradient vanishing or explosion problems encountered by traditional
RNNs when processing long sequences of data. LSTMSs introduce three key gating mechanisms—the
Forget Gate, Input Gate, and Output Gate—whose calculation formulas are given by (3.1), (3.2), (3.3),
and (3.4).

fe = o(Wrhe—q + Upx, + by) (3.1)
it = U(Wiht—l + Uixt + bl) (32)
Ci = tanh(Wyhe_q + Ugx; + by) (3.3)
Ct = ftOC—1 + it®C~t (3.4)

These three gates effectively maintain and update the internal states and outputs of the network,
allowing LSTMs to capture long-term dependencies in time series data. The detailed structure of the
LSTM is shown in Figure 1.
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Figure 1. LSTM Structure Diagram

The Input Gate is responsible for deciding how much new information should be added to the cell
state at the current time step. The Forget Gate determines what information should be discarded from
the cell state at the current time step. The introduction of these two gates allows LSTM to selectively
retain or forget information at different time points in the sequence.

3.2. Attention Mechanism
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Figure 2 shows the architecture of the encoder part of a Transformer model [11]. The core of this
architecture lies in its Multi-Head Attention mechanism, which allows the model to focus on different
pieces of information when processing sequence data, thereby capturing richer contextual relationships.

Output
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\
(> Add & Norm

Feed
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> Add & Norm

Multi-Head
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Input
Embedding

f

Figure 2. Attention Mechanism Diagram

The input data is first transformed into embedding vectors through the Input Embedding layer. This
process maps the features in the sequence to a continuous vector space to capture semantic relationships
between different time points. Subsequently, Positional Encoding is added to the embedding vectors to
provide positional information for each element in the sequence, as the Transformer model itself lacks a
sequence processing mechanism. Next, the data is processed through the Multi-Head Attention
mechanism, where multiple attention heads work in parallel. Each head independently calculates
attention weights, which are then combined to obtain a richer representation.

Applying the self-attention mechanism to the output of each time step in an LSTM (Long Short-
Term Memory) network can further improve the model's performance, especially when handling long
sequence data.

3.3. Lasso Regression

Lasso regression is a widely used regression method in machine learning [12]. It introduces an L1
regularization term to promote sparsity in the model coefficients, enabling automatic feature selection.
The basic principle of Lasso regression is to add a regularization term to the least squares objective
function, as shown in the minimization expression (3.5).

IY = XBII* + 411811 (3.5)

In this expression, Y is the vector of observed values, X is the feature matrix, g is the regression
coefficient vector, and A is the hyperparameter that controls the strength of regularization. The
introduction of the L1 regularization term forces the coefficients of some features to shrink to zero,
thereby achieving feature selection.

When performing Lasso regression, it is necessary to choose an appropriate regularization parameter
A. This can be done using cross-validation, for example, by using LassoCV or GridSearchCV for
hyperparameter tuning. During the feature selection process, as A increases, the coefficients of less
important features gradually become zero, while the coefficients of important features remain non-zero.
By observing the changes in coefficients for different @ (equivalent to 4), it is possible to determine
which features are important.

The advantage of Lasso regression in feature selection lies in its interpretability. Since it can set the
coefficients of irrelevant or redundant features to zero, the resulting model is more compact.
Additionally, Lasso regression is well-suited for high-dimensional datasets, as it can alleviate the curse
of dimensionality through feature selection.

4 Data Preprocessing and Visualization
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4.1. Data Preprocessing

Table 1 shows a portion of the data used in this study, which records the daily reported new and
cumulative confirmed COVID-19 cases, as well as new deaths in China (country code: CN) within the
World Health Organization's Western Pacific Region (WPR) from April 13, 2020, to April 21, 2020.
Each record includes the report date (Date reported), country code, country name, WHO region, the
number of new confirmed cases on that day (New cases), the total number of cumulative confirmed
cases (Cumulative cases), and the number of new deaths on that day (New deaths), reflecting the
development trend and statistical changes during this period.

Table 1. A Portion of the Raw Data

oo rpores | S | coumry | VHO | Mo Curle e e

eaths
2020/4/13 CN China WPR 115 83597 2 3351
2020/4/14 CN China WPR 99 83696 0 3351
2020/4/15 CN China WPR 49 83745 1 3352
2020/4/16 CN China WPR 52 83797 0 3352
2020/4/17 CN China WPR 27 83824 0 3352
2020/4/18 CN China WPR 356 84180 1290 4642
2020/4/19 CN China WPR 21 84201 0 4642
2020/4/20 CN China WPR 36 84237 0 4642
2020/4/21 CN China WPR 13 84250 0 4642
2020/4/22 CN China WPR 37 84287 0 4642
2020/4/23 CN China WPR 15 84302 0 4642

The dataset preprocessing mainly consists of the following steps:

Data Cleaning: Handling missing values is a crucial task during the data preprocessing phase, as it
directly affects the accuracy of subsequent data analysis and modeling. Therefore, this study adopts
interpolation methods, which are more suitable for estimating missing values. Linear interpolation is
used to fill in the missing data, which is particularly effective for time-series data or data with obvious
trends.

Outlier Detection: To ensure the quality of the data, outlier detection is performed to identify and
handle potential extreme values. A common method used is the standard deviation-based detection
approach. This method assumes that the data follows a normal distribution, and any data point that is
more than a certain number of standard deviations away from the mean is considered an outlier. After
the initial processing of the dataset, the mean and standard deviation of each column can be calculated
to identify all data points that deviate more than a specified number of standard deviations from the
mean. Once outliers are identified, they can be either deleted or replaced with other values (such as the
median, mean, or boundary values) depending on the specific situation.

4.2.Data Presentation

Subsequently, this study performs descriptive statistics on the collected data, as shown in Table 2.
The data covers 1,724 days of epidemic statistics, including daily new confirmed cases, cumulative
cases, daily new deaths, and cumulative deaths.

The data shows that, on average, approximately 57,645 new confirmed cases were reported daily,
with an average of about 37,676,665 cumulative cases. The average daily new deaths were around 70,
while the average cumulative deaths were about 49,697.
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In addition, the standard deviations for new cases and cumulative cases were 457,776 and
47,068,774, respectively, indicating significant daily fluctuations in case numbers. Similar trends were
observed for new deaths and cumulative deaths, but the magnitude of the fluctuations was smaller.

Table 2. Descriptive Statistics of COVID-19 Data in China

New cases Cumulative New Cumulative
cases deaths deaths
count 1724 1724 1724 1724
mean 57645 37676665 70 49697
std 457776 47068774 1095 53633
min 0 1 0 0
25% 23 102167 0 4848
50% 104 1716445 0 15630
75% 1464 99296718 19 121536
max 6966046 99380363 44047 122358

These statistics suggest that during the early stages of the pandemic, new cases and deaths were
relatively low, but as the pandemic progressed, these numbers surged, particularly during the peak of
the outbreak.

Moreover, the maximum number of new cases reached 6,966,046, and the maximum cumulative
cases totaled 99,380,363, reflecting extreme circumstances on certain days during the pandemic's peak.
The maximum cumulative deaths reached 122,358, highlighting the severe impact the pandemic had
on global health.

5 Prediction Models and Results Analysis

5.1. Problem Definition

Time series forecasting refers to the prediction of the unknown system states over time. This paper
primarily focuses on predicting the cumulative COVID-19 infection cases, which essentially involves
building an appropriate model based on collected daily case data to predict the number of new cases in
the future. Below is the definition of the cumulative infection case prediction problem.

Forecasting Problem Definition: For the multi-step prediction problem of COVID-19 cumulative
cases, assume that we have historical time steps of data observations for the new COVID-19 cases x =
(X1, X2, ..., X,) € RO*N.Where p represents the dimension of the features. Our goal is to predict the
target values for the next Q time steps y = (Yp41, Yp42, -, Ypr0) € RZ*N. The process of predicting the
cumulative number of infections can be represented as equation (5.1)

Yp+1, Yp+2, ey YD+Q = f(G, Xl'XZ’ ,Xp) (51)

5.2. Lasso Regression-based Cumulative Infection Prediction
From Table 3, we can summarize the Mean Absolute Error (MAE) and Relative Error (RE) of the
Lasso model for different prediction horizons in 2020. The data indicates that as the prediction horizon
increases, both MAE and RE also increase, suggesting that the prediction error of the Lasso model
grows as the forecast period extends. Specifically, the 3-day forecast has the smallest MAE and RE,
while the 30-day forecast has the largest MAE and RE.
Table 3. Summary of Lasso From 2020

Mean Absolute Relative Error
Error (MAE) (RE)

3 days 8575221.91 8.63%

Horizon
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5 days 8613817.86 8.67%
7 days 8651950.19 8.76%
10 days 8708268.21 8.84%
14 days 8781684.2 8.96%
21 days 8905424.0 8.96%
30 days 9055299.820 9.11%

Summary of Lasso Model Performance from 2020

—8— MAF
-E- RE
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Figure 3. MAE and RE as a Function of Prediction Horizon.

This trend is expected because longer-term forecasts typically involve more uncertainty and
variability, making accurate predictions more difficult. The increase in MAE indicates that the average
absolute difference between the predicted and actual values is growing, while the rise in RE shows that
the error percentage relative to the actual values is also increasing.

5.3. Prediction of Cumulative Infections Based on LSTM

Although traditional Lasso regression can also predict the future cumulative number of infections,
the error gradually increases as the prediction horizon expands, leading to a decrease in performance.
Meanwhile, both the MAE and RE of the Lasso model are relatively large, making it unsuitable for
accurate applications.

Therefore, this study uses the deep learning LSTM model for predicting cumulative infections.
Compared to the Lasso model, the LSTM model is capable of extracting trend features from the time
series and automatically quantifying these features, which can then be used to predict the number of
infections for a given future time horizon.

Table 4. LSTM Network Architecture Diagram

Laylgftl\\ll\l;;ke Network Layer Shape Meaning
InputLayer (None,LookBack,1) tim:enstg:)sas historical LookBack
Dense (None,LookBack,64) Non-linear Mapping
LSTM (None,32) LSTM Features
Dense (None,Horizon) Prediction Layer

In Table 4, the input layer receives historical data, where "None" represents any batch size,
LookBack indicates the number of historical time steps considered, and "1" means each time step has
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one feature, i.e., the number of infections. Next is a fully connected layer that maps the input data into a
3D tensor with LookBack time steps and 64 neurons. This is followed by an LSTM layer, a long short-
term memory network layer specifically designed to capture long-term dependencies in time series data,
with an output feature size of 32. Finally, there is a Dense prediction layer that maps the output of the
LSTM layer to the predicted results, where Horizon represents the number of future time points the
model needs to forecast. The overall design of the model enables it to effectively process and predict
time series data.

Table 5. Summary of LSTM From 2020

Horizon Mean Absolute Relative Error
Error (MAE) (RE)
3 days 3307105.52 1.2%
5 days 3260368.28 3.2%
7 days 3140938.28 3.27%
10 days 2619542.4 2.1%
14 days 984467.71 0.9%
21 days 993624.71 0.11%
30 days 1586796.86 1.6%

In Table 5, the MAE gradually decreases, indicating that the LSTM model achieves higher
prediction accuracy in the short term, with the error decreasing over time.

Regarding long-term predictive capabilities, the results for the 21-day and 30-day predictions show
relatively low MAE and RE values, which may indicate that the LSTM model has a certain advantage
in long-term forecasting, especially in the 30-day forecast where the RE is only 0.11%, demonstrating
the model’s high accuracy in long-term predictions.

Summary of LSTM Model Performance from 2020
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Figure 4. LSTM Model MAE and RE Trend with Varying Prediction Lengths.

Figure 4 shows the trend of MAE and RE for different forecast horizons. It can be observed that the
values fluctuate significantly, which may be closely related to seasonality or periodic patterns.

6 Prediction of Cumulative Infections Based on MultiScale-LSTM-Attention

From the previous sections, it can be observed that LSTM performs better than machine learning
methods. However, there are still fluctuations in LSTM predictions, which may be due to non-stationary
factors at different periods. Existing models often only consider fixed-length historical inputs and
extract overall time series trend features, ignoring the impact of different cycles within the data. These
cyclical factors are crucial for addressing non-stationarity. Traditional LSTMs only consider the overall
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30-day sequence, and some CNN-LSTM models can only consider a fixed number of days, failing to
account for changing days.

Therefore, building on the previous work in the sections, this section introduces a multi-scale LSTM
model with an attention mechanism to enhance the robustness of the model. Figure 5 shows the specific
structure of the Multi-Scale Long Short-Term Memory (LSTM) network. It is designed to capture
features at different time scales. The analysis of the figure is as follows:

Input Sequence: The input sequence at the top, denoted as X; — X, is processed by individual
LSTM units.

Multi-Scale Processing: The figure shows three LSTM layers at different time scales, labeled as
T=3,T=05,T=7.These layers process input sequences with varying lengths of time windows. The
T = 3 layer processes three consecutive inputs, T =5 processes five consecutive inputs, and T =7
processes seven consecutive inputs.

Feature Extraction: Each LSTM layer at each scale extracts features from its corresponding time
window, such as patterns, trends, or other important information in the sequence.

Output: After the lowest layer LSTM, there is an output layer that generates the final prediction or
classification result.

In summary, the advantage of the multi-scale LSTM model lies in its ability to simultaneously
capture both short-term and long-term temporal dependencies. By combining features from these
different scales, the model's performance is improved.

X X X; Xy Xs X X; X

ILSTM‘ ILS'I:M‘ |LS'J;M| |L.STM| ‘LSTM| |LSTM‘ |LSTM|

§ 4 @

’ . LSTP\;I =4 . ‘

| LSTM T=5 ‘
. ' ' ' v

| LSTM T=7

Figure 5. MultiScale-LSTM-Attention Model

7 Comparison of Results between LSTM and MSLA

LSTM demonstrated good performance in previous prediction results, and MLSA further improved
upon LSTM by adding multi-scale and attention mechanisms. To validate the effectiveness of MLSA
and the added modules, an ablation comparison was conducted.

Table 6. MAE Comparison between LSTM and MLSA

Horizon LSTM MLSA

30 days 927.66 786.4

In Table 6, for the 30-day forecast period, the prediction result from LSTM is 927.66, while the
prediction result from MLSA is 786.4, indicating that MLSA performs significantly better than LSTM.

Table 7. The results of the ablation experiments for the

MLSA model.
Module MAE
+Attention 803.4
+MultiScale-3 850.32
+MultiScale-5 845.33
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+MultiScale-7 820.34
+MultiScale-10 812.56
+MultiScale-14 810.73
+MultiScale-21 800.65

When evaluating the prediction performance of different modules, the Mean Absolute Error (MAE)
is used as the metric. MAE represents the average absolute difference between the predicted values and
the actual values; the lower the MAE, the higher the prediction accuracy of the model.

Figures 6 and Table 7 show significant differences in performance for each module over a 30-day
prediction horizon. First, the "+Attention" module achieved the lowest MAE value of 803.4, indicating
that the attention mechanism significantly improves prediction performance. Next, the MultiScale series
of modules demonstrated a trend of decreasing MAE as the scale parameter increased. Specifically, the
MAE decreased from 850.32 for MultiScale-3 to 800.65 for MultiScale-21, showing a consistent
downward trend. This suggests that larger scale parameters help improve the model's prediction
accuracy. However, even the optimal MultiScale-21 configuration did not outperform the +Attention
and MLSA models in terms of MAE. This result indicates that, although the MultiScale model can be
gradually optimized by adjusting the scale parameter, it does not provide higher prediction accuracy
than the +Attention/MLSA configuration in the current setup.

Comparison of MAE Scores for Different Modules
850.32 845.33

82034 81256 .73
500 803.4 810.73 80065 g6 4

'S

=

=]
L

Module Configuration

300 4

200 1

100

MAE Score

Figure 6. The ablation results of different modules

Based on the above analysis, if the goal is to select the most accurate prediction model, the
+Attention or MLSA models should be prioritized based on the MAE metric. Both of these models not
only offer the lowest prediction errors, but their performance is also entirely consistent, providing a
reliable choice for practical applications. Additionally, incorporating features from different scales
significantly improves prediction performance, especially when the scales align with non-stationary
cycles. For example, when the non-stationary cycle is 7, using a scale of 7 significantly enhances the
prediction performance.

8 Conclusions

This study successfully developed a comprehensive multi-model COVID-19 prediction system by
integrating machine learning and deep learning techniques. The system combines Lasso regression,
Long Short-Term Memory (LSTM) networks, and a novel Multi-Scale Cumulative Infection Prediction
model based on an attention mechanism (MSLA), significantly enhancing prediction accuracy and
reliability. Relying on COVID-19 data from China, the study carefully performed data preprocessing
and feature engineering to ensure data accuracy and adequate information extraction. The training,
evaluation, and visualization of the models were thoroughly documented, providing clear guidance for
future model optimization.
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The integration of the MSLA model allows this research to simultaneously account for multiple
periodic factors, effectively addressing the non-stationary nature of epidemic data. Experimental results
reveal that the MSLA model outperforms the traditional LSTM model in 30-day long-term predictions,
reducing the Mean Absolute Error (MAE) by 15.22%, offering more accurate scientific support for
public health decision-making.

Overall, this study not only provides an innovative and effective tool for COVID-19 prediction but
also offers valuable experience and methodology for addressing similar pandemics in the public health
field. As the pandemic continues to evolve, the methodology and framework presented in this study will
provide strong support for global epidemic monitoring and response, helping to mitigate the impact of
the epidemic on social economies and public health systems.

REFERENCES

1. Ciotti, M., Ciccozzi, M., Terrinoni, A., Jiang, W. C., Wang, C. B., & Bernardini, S. (2020). The
COVID-19 pandemic. Critical Reviews in Clinical Laboratory Sciences, 57(6), 365-388.
https://doi.org/10.1080/10408363.2020.1783198

2. Santosh, K.C. COVID-19 Prediction Models and Unexploited Data. J Med Syst 44, 170 (2020).
https://doi.org/10.1007/s10916-020-01645-z

3. Singh, R. K., Rani, M., Bhagavathula, A. S., Sah, R., Rodriguez-Morales, A. J., Kalita, H., ... &
Kumar, P. (2020). Prediction of the COVID-19 pandemic for the top 15 affected countries:
Advanced autoregressive integrated moving average (ARIMA) model. JMIR public health and
surveillance, 6(2), e19115. https://doi.org/10.2196/19115

4. Alabdulrazzaqg, H., Alenezi, M. N., Rawajfih, Y., Alghannam, B. A., Al-Hassan, A. A., & Al-Anzi,
F. S. (2021). On the accuracy of ARIMA based prediction of COVID-19 spread. Results in Physics,
27, 1045009. https://doi.org/10.1016/j.rinp.2021.104509

5. Heidari, A., Jafari Navimipour, N., Unal, M. et al. Machine learning applications for COVID-19
outbreak  management. Neural ~ Comput &  Applic 34, 15313-15348  (2022).
https://doi.org/10.1007/s00521-022-07424-w

6. Alakus, T. B., & Turkoglu, 1. (2020). Comparison of deep learning approaches to predict COVID-
19 infection. Chaos, Solitons & Fractals, 140, 110120. https://doi.org/10.1016/j.chaos.2020.110120

7. Shahid, F., Zameer, A., & Muneeb, M. (2020). Predictions for COVID-19 with deep learning
models of LSTM, GRU and Bi-LSTM. Chaos, Solitons & Fractals, 140, 110212.
https://doi.org/10.1016/j.chaos.2020.110212

8. Islam, M. Z., Islam, M. M., & Asraf, A. (2020). A combined deep CNN-LSTM network for the
detection of novel coronavirus (COVID-19) using X-ray images. Informatics in medicine unlocked,
20, 100412. https://doi.org/10.1016/j.imu.2020.100412

9. Shah, P. M., Ullah, F., Shah, D., Gani, A., Maple, C., Wang, Y., & Islam, S. U. (2021). Deep GRU-
CNN model for COVID-19 detection from chest X-rays data. leee Access, 10, 35094-35105.
https://doi.org/10.1109/ACCESS.2021.3077592

10. Yu, Y., Si, X., Hu, C., & Zhang, J. (2019). A review of recurrent neural networks: LSTM cells and
network architectures. Neural computation, 31(7), 1235-1270.
https://doi.org/10.1162/neco_a 01199

11. Han, K., Xiao, A., Wu, E., Guo, J., Xu, C., & Wang, Y. (2021). Transformer in transformer.
Advances in neural information processing systems, 34, 15908-15919.

12. Ranstam, J., & Cook, J. A. (2018). LASSO regression. Journal of British Surgery, 105(10), 1348-
1348. https://doi.org/10.1002/bjs.10895

13. Van Tinh, N. (2020). Forecasting of COVID-19 confirmed cases in Vietnam using fuzzy time series
model combined with particle swarm optimization. Comput Res Prog Appl Sci Eng, 6(2), 114-120.
https://crpase.com/archive/ CRPASE-Vo0l-06-issue-02-20802699.pdf

14. Song, J., Xie, H., Gao, B., Zhong, Y., Gu, C., & Choi, K. S. (2021). Maximum likelihood-based
extended Kalman filter for COVID-19 prediction. Chaos, Solitons & Fractals, 146, 110922.
https://doi.org/10.1016/j.chaos.2021.110922

15. Chen Guoxin (2024) Prediction of the dynamics covidl9 epidemic process of using the Lasso
regression model (master diploma) V. N. Karazin Kharkiv National University.



https://doi.org/10.1080/10408363.2020.1783198
https://doi.org/10.1007/s10916-020-01645-z
https://doi.org/10.2196/19115
https://doi.org/10.1016/j.rinp.2021.104509
https://doi.org/10.1007/s00521-022-07424-w
https://doi.org/10.1016/j.chaos.2020.110120
https://doi.org/10.1016/j.chaos.2020.110212
https://doi.org/10.1016/j.imu.2020.100412
https://doi.org/10.1109/ACCESS.2021.3077592
https://doi.org/10.1162/neco_a_01199
https://doi.org/10.1002/bjs.10895
https://crpase.com/archive/CRPASE-Vol-06-issue-02-20802699.pdf
https://doi.org/10.1016/j.chaos.2021.110922

ISSN 2304 -6201 BicHuk XapkiBCbKOro HawjioHanbHOro yHisepcuteTy imeHi B. H. KapasiHa
cepist «MaTemaTiHe MoaentoBaHHS. IHhopmaLjiiiHi TexHonoril. ABTOMaTM30BaHi CUCTEMM YNpaBNiHHs», BUNyck 64, 2024 65

Kauanos 3000y8a4 mpemvo2o (0C8iMHbO-HAYK0B8020) pisHA 8uwoi oceimu 3a cneyianrvHicmio 122
Cramnicias Komn'tomepni nayxu xageopu meopemuunoi ma npuxiaonoi ingpopmamuxu
AHnpapiioBuu Xapxiscokuii Hayionanvhui ynieepcumem imeni B .H. Kapaszina, maiioan Ceoboou, 4,

Xaprxis, Vkpaina, 61022
e-mail: staskachanov2000@gmail.com
https://orcid.org/0009-0002-6938-6717

Yensb [Nocinb 3000y8au Opyzoeo (macicmepcbko2o) pieHs euwjoi oceimu 3a cneyianvhicmio 122
Komn'tomepni  nayku, oceimuvo-npogpeciiinoi npoepamu "lngpopmamura” xageopu
meopemuunoi ma nPUKIaoHoi ingopmamuru
Xapxiscokuu nayionanvuuti ynigepcumem imeni B .H. Kapasina, matioan Ceoboou, 4,
Xaprkis, Vrpaina, 61022
e-mail: guoxin.chen@student.karazin.ua;
https://orcid.org/0009-0004-0502-3735

Mopo3oBa K.M.H., OOYeHm 3aKkiady 6uwoi oceimu Kageopu meopemuyHoi ma NPUKIAOHOI
AHacracist iHGhopmamuxu
I'ennapgiiBua Xapriscokuu nayionanvuuti ynisepcumem imeni B .H. Kapaszina, matioan Ceo6oou, 4,

Xapxie, Yxpaina, 61022
e-mail: a.morozova@karazin.ua
https://orcid.org/0000-0003-2143-7992

Pykkac 0.m.H, Ooyenm, npogecop 3axknady 6uwoi oceimu Kageopu meopemuyHoi ma
Kupuiio nPpUKIaOHol ingopmamuxu
MapxkoBu4 Xapxiscokuii nayionanvhui ynieepcumem imeni B .H. Kapaszina, matioan Ceoooou, 4,

Xapxie, Yxpaina, 61022
e-mail: rukkas@karazin.ua
https://orcid.org/0000-0002-7614-0793

IIporno3yBanHsi AMHAMiKH enmigeMiuHoro npouecy COVID19 3
BHKOpHCTaHHA Mojedai Jlaco perpecii

V pobori 3anpomnoHoBaHo 00’ €IHATH METOAN MAIIMHHOTO Ta TIMOO0KOT0 HaBYaHHs sl MporHo3yBauHs manaemii COVID-19.
AKTyanabHicTh. [Mo6anpHuit cnamax mangemii COVID-19 MaB Benukuil BIUIMB Ha CHCTEMHU 3I0POB’S Ta COIajbHO-
€KOHOMIYHI CTPYKTYPH B YCbOMY CBITi, IiJJKPECITIOIOYN HarajabHy MoTpedy B epEeKTHBHUX IHCTPYMEHTaX IPOTHO3YBAaHHS VIS
JOIIOMOTH B NPUUHATTI pimeHb. Pobora mpucssdeHa moOymoBi MyJIbTHMOJEIBHOI CTPYKTYPH JUIs NIPOTHO3YBAaHHS €IineMil
HIIIXOM IHTerpawii nepeoBUX METOiB MAaTEMaTHYHOTO MOJICIIIOBAHHS Ta TEOpil MPOrHO3yBaHHSI.

Meta. Metoro poGoTu Oyno mpoaHali3yBaTd METOAM Ta alTOPUTMH JUIs KyMYJSITUBHOTO MPOTHO3yBaHHs BHmaakie COVID-
193 MeTor0 HalaHHS HAYKOBOI MIATPUMKH JUTA IPUHHATTS pillleHb y cepi 0XOPOHH 310POB’ .

Metoau pocaimkeHHs. MeToau IociKeHHsT 0a3ylOThCS Ha CYYaCHHX TEOPisiX MAaTEMaTHYHOTO MOJENIOBAHHA, IITYYHOTO
IHTETIEKTY, eIiAeMiONOoTiYHOl IiarHOCTHKH, Teopii MPOTHO3YBaHHS, a came: perpecis Jlacco, Mepexki IOBrOCTPOKOBOL
kopoTtkouacHoi mam’siti (LSTM) i mogeni LSTM-Attention.

PesyasTaTn. Byno mocnimkeHo 3acrtocyBanHs Mopeni Jlacco perpecii Ta Mepexi JOBroCTPOKOBOi KOPOTKOYACHOT Iam’sTi
(LSTM) anst KyMyJISATHBHOTO TporHo3yBaHHs Bumankie COVID-193 MeToro HamaHHS HAyKOBOI MIATPUMKH ISl TPUNAHSATTS
pitieHb. B po6oTi JeTansHO OMKCaHO MPOIECH MONepeaHb01 00pOOKH JaHWX, HABYAHHS MOJIEN, OIIHIOBAHHS Ta Bi3yamizalii
JUTSL ATPUMKH y3araJlbHeHHS Ta aJalTHBHOCTI B TMHaMIYHOMY ciieHapii marmgemii. Kpim Toro, Oyna 3anmpornoHoBaHa MOJETb
Multi-Scale LSTM-Attention (MSLA) st BimydeHHst GaratonepiofHHX O3HAK i3 BXimHux mociigoBHoctei. Li dyHKIil €
KPUTHUYHO BKJIMBUMH ISl BUPIIIEHHS POOIEMH HECTalliOHAPHOCTI JaHUX.

BucnoBku. Bupimeno 3amaday po3poOku cuctemu mporHosyBanHs COVID-19 musxom iHTerpamii METOHIB MAalIMHHOTO Ta
raubokoro HaBuaHHs. Po3pobiieHa cuctema nmoenHye B codi perpecito Jlacco, Mepexi JOBrOCTPOKOBOT KOPOTKOYACHOT Imam’siTi
(LSTM) i HOBY GaraTomacmTaOHy MOZAENb KyMYJISTHBHOTO IIPOTHO3YBaHHS 3apaKeHHs Ha OCHOBI MexaHi3My yBaru (MSLA),
1110 3HAYHO MI/IBUIIYE TOYHICTH | HAIIHICTh IPOTHO3yBaHHSI.

Kniouogi cnosa: npoenosysanns, wuetiponni mepedci, Lasso Regression Model, LSTM, COVID-19, Mawunne nasuanns,
Tuboke nasuanns, Multi-scale model, 6azu oanux.
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Fractal properties of neural networks

The work is devoted to the research of neural networks’ properties, which have been extremely intensively used in various
applied directions recently. The study of their general and fundamental properties is becoming more and more actual due to
their wide application.

The key goal of the work is to investigate the reaction field of an artificial neural network in the space of all possible input
signals of a certain length. Based on the example of a simple perceptron, zones where the reaction field of the neural network
has a structurally complex nature are studied.

Research methods: To research an output signal field, software was developed, which allowed modeling and visualization of
the output signal field over the space of all input signals. The software also allowed changing of activation functions, weights,
and thresholds of each neuron, which made it possible to research the influence of all these factors on the structural complexity
of the output signal field.

As a result, the study established that, in general, within the space of input signals, there are shadow zones where the response
field of the neural network has a self-similar fractal structure. Conditions for the appearance of symmetry of such structures
were determined, the influence of activation functions, weights and thresholds of network neurons on the properties of fractal
structures was investigated. It was revealed that the input layer of neurons predominantly influences these properties.
Dependences of the fractal dimension of the structures on the neuron weights were obtained. Changes occurring with the
increase in the dimensionality of the input signal space were discussed.

The presence of shadow zones with a fractal output signal field is important for understanding the functioning of artificial
neural networks. Such shadow zones define regions within the input signal space where the neural network’s response is
extremely sensitive even to minute changes in input signals. This sensitivity leads to a fundamental change in output signals
with a slight change in input signals.

Keywords: artificial neural network, space of input signals, field of output signals, perceptron, artificial neuron, fractal
structures, fractal dimension.
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1 Introduction

The emergence of artificial neural networks begins with the work of Warren McCulloch and Walter
Pitts [1], in which they proposed the concept of an artificial neuron and artificial neural networks based
on electronic circuits. The artificial neuron itself was a simplified abstraction of the understanding of
the natural neuron’s functioning that existed at the time. Further development of these ideas led to the
creation of a perceptron in the 1960s by Frank Rosenblatt [2, 3], which is a classical neural network that
solves the problem of dividing signals into two classes. Initially, the perceptron sparked high hopes for
artificial intelligence, bolstered by Rosenblatt's statements at a conference [4] in 1958. However, it
quickly became clear that the perceptron struggled to discern certain patterns. A particularly significant
decline in interest in the perceptron occurred after the publication of M. Minsky and S. Papert’s book
[5], which criticized the single-layer perceptron.

© Novikov A. O., Smyrnov V. M., Yanovsky V. V., 2024
This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0.
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For an extended period, neural networks remained outside of active scientific research. Interest in
this direction was reignited with the realization that neurons of forward-propagation networks with two
or more layers have extraordinary power. The situation changed in the 1980s due to the contributions of
John Hopfield [6, 7, 8], who proposed a new perspective on the architecture of neural networks and
introduced the ideas of feedback and self-learning algorithms for the first time.

Research on algorithms for linear classification continues even now. For example, the paper [9]
proposed a classification algorithm that combines the perceptron algorithm with the Helmbold and
Varmuth “leave one output” method.

An overview of existing error limits and new limits for the perceptron algorithm or the perceptron
core can be found in [11]. Discussion of the obtained limits go beyond standard margin-loss type
bounds, allow for any convex and Lipschitz loss function. The development of information technologies
in the 2000s showed a lot of applications of neural networks, such as voice and image recognition [12,
13, 14]. Nowadays, research in the field of neural networks has gained immense popularity [15].
However, the focus on practical applications of neural networks diverted attention from their intrinsic
properties, which are not studied enough.

This work delves into the structural properties of neural networks’ reactions using a simple two-
layer perceptron as an example. The primary focus of this article lies in exploring the properties of the
output words’ field within the space of all input words of a certain length. It is shown that within the
space of input words, under general conditions, there are shadow zones where the field of output words
has a fractal structure. The range of scales covered by self-similar fractal patterns is determined by the
input words’ lengths. The study also uncovers the influence of neuron activation functions and their
wights on the fractal dimension of these structures, pinpointing a more significant impact from neurons
in the first layer. Typical dependences between changes in the fractal dimension and neuron weights are
established.

The obtained results regarding the study on artificial neural network behavior’s fractal properties
hold theoretical and practical significance for enhancing the stability of neural networks and mitigating
the impact of minor input data changes that might otherwise obscure the correct output. Research in this
direction can open new prospects for neural networks development and provide deeper understanding
and improvement of their functionality.

2 Formulation of the problem

Let’s consider the properties of input word processing by a simple two-layer perceptron with two
inputs and one output. The input words that this perceptron will process are formulated in some finite
alphabet A = (a4, ...,a,). Thus, words in the alphabet 4 will be the inputs of the perceptron. One of the
main characteristics of input words, for example a,asa,a,, is their length |a,asa,a,| = 4 or the number
of letters in a word. After input sequences processing, we will receive a sequence in some alphabet as
the output word of the perceptron. For the sake of simplicity, let’s assume that the alphabet of the
output signals coincides with the alphabet A. Thus, after processing of two input words with a length of
n we will receive an answer or a word of length n in the alphabet A as an output of the neural network.
Next, we will explore how the neural network’s responses to all possible input words look like.

If we consider words of length = in the alphabet of k letters, then k™ words can be created. Then if
we take a unit segment and divide it into k™ segments of length kin one word can be assigned to each of
the segments. That is, we can enter specific coordinates — placing all words (sequences) in
lexicographic order and assigning them to segments of length kin starting from the first left one (see Fig.

2.1). From now on, we will use such coordinates to identify input words.
Then all input words which are applied to the input of the perceptron correspond to a unit square

divided into k™ x k™ squares with a side length of kln Each pair of input words supplied to the neural
network’s inputs has corresponding coordinates along the axis x and the axis y. The input word given to

the input v, defines the coordinate along the axis y and the word given to the input x, defines the
coordinate of the pair along the axis x. Thus, each pair of input words corresponds to one specific

square with a side length of kin All output words can be assigned to such coordinates in a completely
similar way. This unit square can be considered as an input word space of the perceptron with two input
channels. All output words can be visualized by assigning a specific “color” to each small square based
on a received response to the corresponding input words. Thus, the output word space of the perceptron
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will be represented as a painted unit square. If input words have infinite length, then each dot of the
square defines a particular input word, and its color represents a corresponding output word. The details
of such divisions are given in Appendix A.

Next, we will use A = (0,1,2...,9) decimal symbols as the alphabet. All neurons have certain weights,
which will change in different experiments. All activation functions will be step functions with values
defined in the alphabet A. It is vital to receive a network response in the same alphabet. Thus, we will
further consider perceptrons with different activation functions. We will be interested in the structure of
all output words over all input words of a certain length, as well as the rearrangement of output words
as the length of input words increases. In another words, we will explore the field of output words in the
space of input words.

01

) ) ) . , 00
00 o1 10 11 00 o1 10 11 X

Fig. 2.1. On the left is a division of the unit segment that corresponds to all words of length 2, for simplicity, in
the binary alphabet (0,1). Words are arranged in lexicographic order from left to right. On the right is a unit
square with the corresponding coordinates. Each small square corresponds to a certain value of input sequences
(x,y) of a certain length. Similarly, the unit segment is divided into a larger number of parts that correspond, for
example, to words of length 4 and the corresponding coordinates.

3 Perceptron model

To analyze the properties, a simple model of a two-layer perceptron was built (see Fig. 3.1). It
receives input words (x,y) and forms output words z which length matches with the length of the input
words. Each neuron of the perceptron weights w,, w, and a threshold or bias b that can be changed. As
discussed before, the values of the activation function correspond to the values of the alphabet A =
(0,1,2...,9). The domain of the activation function is all real number. Thus, the general activation
function that satisfies the necessary conditions is

if x<xq
a, if x<x<x

ai, Iif x<x<x;
a, if x3<x<x,

FQo) = ai, If xa<x<xs (1)
a;, if xs<x<uxg

ai, if xe<x<x;
ai, If x<x<xg
ai, if xg<x<x9
\ai,, if x9<x
where a;; € Aare the letters of the alphabet 4,
x; satisfy the conditions x; < x, < x5 < x, < x5 < x¢ < X, < xg < X and form ten subintervals.

X o

y d

Fig 3.1. The model of the perceptron, which is researched in the work.
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Each activation function is defined by a value x,, ..., x;, and a word a;, a;, ...a;,, in the alphabet A.
That is, with the given values x;, ..., x;,, We can create 101° different activation functions. It is clear that
only a small number of activation functions can be considered in the work. It should be noted that
activation functions of different neurons of the perceptron may be different. Additionally, for each
neuron, the activation function can divide its domain into intervals of different lengths depending on the
choice of weights and threshold of the neuron. Since the argument of the activation function can be
values from the interval [o; (w, + w,)9 + o], it is necessary to choose such values of weights, threshold,
and type of activation function that the intervals formed by the activation function are close to the
interval [o; (w, + wy)9 + a].

Using the developed application, it is possible to choose activation functions, weights, thresholds of
neurons, and the length of input words to study the corresponding perceptron response fields. A detailed
description of the software can be found in Appendix B.

4 Results of modeling

Fig. 4.1 shows the results of modeling with certain activation functions and neuron weights. On the
left is the response field for all input words of length 3, which demonstrates the complex geometric
structure of the response field. The part of the answers, which is marked with a blue square, is shown on
the right in 10 times enlarged view. Comparing the pictures, it is easy to see the complex, self-similar
structure of the answers, which persists as the length of the input words increases. Such structures
belong to fractal structures, which have been intensively studied in mathematics and physics (see, for
example, [16]). Fractal structures are characterized by a fractal dimension. Having already used this
self-similarity, it is possible to calculate the fractal dimension, for example, of black areas [17]. From
Fig. 4.1, we can see that the number of black squares is N = 556688 with a word length of 3.

wxT [143302045([%

I w_x2 [196543871 1%

wy2 15408374113

Activation Function
Intervals 1 00000000121 [1.000000072] (20000000 1] 3.000000072"] [4.0000000 2] 5.0000000/="] 6.00000007 7.0000000 = [8.0000000}%
w3 [1.50021657(1% Outputs 1 5 b E : 5 E 2 | s 2 | 2 | 6 £ 0

ol |oote3tenifs

0.3 (151930125 Intervals 2 0.0000000Z- (1.0000000 -3 | 2.0000000 5 3.0000000 3| 4.0000000 -+  5.00000003- 6.0000000++- 7.0000000 3 8.0000000-3-

s PEH OPE OBFPE OBEE OFE ORE OBFEE O E

Outputs 2

Intervals 3 0.0000000 2 (1.0000000-2- | 2.0000000 3 |3.0000000 % 4.0000000 -+  5.0000000-| 6.0000000+%- |7.0000000 = 8.00000003-
5 PR 5 5 5 5 5 5 5

Outputs 3 s EH [T H PH PH PH FEH BPH P E

02 0734426912
wyd 087726772

Color Randomization

T Hpe Randomize activation functions Randomize activation functions (same)
0.5555555 &
233 [&] |180 [ [106 [£ Randomize weights Randomize weights (same}
Randomize colors Randomize thresholds Randomize thresholds (same)

Randornize divider

Capture Screen |

Save results

Start Start

R G B
ZoomIn o [z s
Zoom Out Show area
Settings Global Settings Local
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Lowthreashoid
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X0
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Low threashold 0.0000000002-
High threashold 1.000000000[2-

¥0
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Results Global
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Results Local
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Fig 4.1. An example of a graphic display of output signals with set weights of synapses, for all questions of
length 3. On the right, in the upper corner, the activation functions of neurons are shown. Each neuron has its
own activation function. The area bounded by the blue square is 10 times enlarged and shown on the left. The

comparison of these images shows a self-similar structure on smaller scales. Such self-similarity extends to scales
of 107", the display of which is impossible for large n due to the limitation of the pixel size.

Thus, by counting the number of black squares N at different input word lengths L, we obtain a
linear dependence of In(N) on ln(%), as shown in Fig. 4.2. Such a linear dependence indicates the fractal
structure of the perceptron response field, the fractal dimension of which can be calculated as follows
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_ In(N,) — In(Ny)
F - —)
In(;-) — In(2)
2 1
where N; and N, are the number of black squares with sizes L, and L,, respectively.

That is, in this case, Dy = W ~ 1.805 is the fractal dimension of the set of a certain
MG0001) MG 1

answer, marked in black and shown in Fig. 4.1. Such self-similarity is observed for the scales, which
are determined by the length of the input words and covers the range of scales from 1 to win where n is
the length of the questions. That is, it occupies a gigantic range of scales. As the length of the words

increases, this range increases. Thus, the existence of fractal regions of responses in a simple perceptron
is shown.

2 4 6 B 10 12 14
In 1L
Fig. 4: Graph of the logarithm of the number of black squares N versus the logarithm of the inverse of the side
length of one square L. As you can see, a linear relationship is formed, which indicates the presence of a fractal
structure the fractal dimension of which is equal to the slope of this line.

It should also be noted that a fractal structure can occur when you select thresholds for the output
signals to be displayed that have several decimal places other than 0 that is not less than the length of
the output words. For example, if the output words have a length of 3, then a threshold of 0.5555 can be
used to create a fractal structure.

Otherwise, the fractality will disappear because when comparing the output signals with the
threshold, it is enough to compare only a part of the characters of the output word. For example, if the
threshold for displaying output signals is 0.5 and the length of the output words is 3, it is enough to
know only the first character of the output word to determine whether the signal exceeds the threshold,
which eliminates the need to determine the subsequent response characters. This leads to the
elimination of the sensitivity of the structure of the field of output signals to the length of words, which
leads to the elimination of fractality.

The presence of such fractal structures in the input word space is important, so changing even the
last letter of the input word drastically changes the answer. In other words, there are shadow zones of
input words in which the answer fundamentally changes when one last letter in the question is changed.
So, for example, if we use the binary alphabet of answers A = (Yes, No), then when changing the last
letter in questions of length 10, instead of the answer “Yes” we can get “No”. Such sensitivity will
always occur in shadow zones. By shadow zones we will understand the areas of input words, in which
the field of output words has a fractal structure. Such a sensitivity can be used for various purposes.
Similar shadow zones and fractal patterns of responses were observed for all tested activation functions.

Let us consider the question of what types of structures can be observed with different activation
functions and weights of the neurons. It is clear that it is impossible to model perceptrons with all
possible activation functions due to their gigantic number. Therefore, it is necessary to consider some of
them, based on theoretical considerations and observations for a number of selected activation functions
that were used in the simulation.

4.1 Effect of activation functions

The question then arises, what response patterns can be expected for different activation functions?
Let's start with the symmetry of the structures. It is easy to understand that if you use neurons that have
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the property of giving the same response when x is replaced by y, then the field of responses will be
symmetrical about the unit square diagonal. An example of a symmetrical structure is shown in Fig. 4.2.
In general, such symmetry is absent, as shown in Fig. 4.1. The condition when such symmetry is
present limits the properties of activation functions of the first layer neurons only. The activation
functions of the £, of the first and £, of the second neuron of the first layer must satisfy the condition

{f1(ﬂ)1x + wyy +b) = fi(wy + wyx + b)

f2(@1x + @y + b) = f,(&,y + @yx + b) @

which is satisfied by the equality of weights w, = w, and @, = @, regardless of the form of the
activation functions. But values of the weights may be different in the first and second activation
functions.

Thus, the symmetry of the structures about the diagonal is fulfilled when the weights of the first
layer neurons of both synapses are symmetrical. But there may be other solutions to this functional
equation, for special activation functions. An example of symmetrical fractal structures is shown in Fig.
4.3. This figure shows the fulfillment of criteria (2) and, accordingly, the lack of influence of the output
layer neuron (that is, its weights and activation functions) on the symmetry of fractal structures.

Now let's discuss the types of fractal structures that arise with various activation functions. During
the simulation, it was found that various fractal structures appear for all considered activation functions.
This means that the presence of shadow zones and the appearance of fractal structures corresponds to
the general case. It is clear that it is impossible to consider all cases of activation functions due to their
large number. Various fractal structures were obtained by changing activation functions. An example of
one of them is shown in Fig. 4.3. As a result of the simulation, it was found that the appearance and
fractal dimension of the structures depend on the choice of the activation function and may change.

Fig 4.3. An example of a diagonally symmetric self-similar fractal structure. The activation functions of the
neurons are different. The first is 6008234346, the second is 9883057840 and the activation function of the output
neuron is 6252371258 (see ratio (2)). The first neuron weights are w, = w,, = 0.233, the weights of the second
neuron are w, = w, = 1.348 and the third neuron weights are w, = 1.692, w,, = 1.076. The threshold of the
first neuron is ¢ = —0.463, the second ¢ = —1.339 and the third ¢ = —1.535. Condition (2) is fulfilled. This
structure has a fractal dimension Dy ~ 1.88. Shown on the right is a 10 times magnified portion of the fractal
structure drawn in the blue box on the left to demonstrate self-similarity of the output field.

All described properties are preserved even when choosing the same activation functions for all
neurons of the perceptron. The appearance of the fractal structures changes a little, but no qualitative
changes are observed.

Thus, the appearance and fractal dimension of the structures change when activation functions are
changed.
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Fig 4.3. Self-similar structure using other activation functions. Activation functions of the neurons are different
and defined by the words 2865111974, 2786803702 and 3460777549. Weights of the first neuron are w,, = 1.274
w,, = 0.088, the second neuron weights are w, = 0.588, w,, = 1.775 and weights of third neuron are w, =
0.823, w,, = 1.668. The threshold of the first neuron is ¢ = —0.686, the second o = —0.195 and the third ¢ =
—0.564. Fractal dimension D ~ 1.85. On the right is a 10 times magnified portion of the fractal structure drawn
in the blue square on the left to demonstrate self-similarity.

4.2 Effect of weights of the neurons

Let's consider how alterations of weight values affect fractal structures. It is natural to start with the
impact of weights on the symmetry of fractal structures. For instance, changing the weights of neurons,
such as those for the symmetric fractal structures mentioned earlier, can break the symmetry about the
diagonal. An example demonstrating the loss of symmetry due to alterations of the weight values w, of
only the first neuron is shown in Fig. 4.5. In the general case of weights and activation functions, such
symmetry of fractal structures is absent. Examples of the absence of symmetry under general conditions
are shown in Fig. 4.1 and Fig. 4.4.

Fig 4.4. In the first figure, a symmetrical structure is generated by a perceptron with activation functions of the
neurons defined by the words 6008234346, 9883057840 and 6252371258 and weights of the first neuron w, =
w,, = 0.233, the second w, = w,, = 1.348, and the third w, = 1.692, w,, = 1.076, and thresholds of the first
neuron ¢ = —0.463, the second ¢ = —1.339, and the third ¢ = —1.535. Fractal dimension of the symmetrical
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structure is D =~ 1.871 Further, the drawings are obtained by changing only values of the weight w,. of the first
neuron. In the following pictures the values of the weight w,, are 0.253, 0.273 and 0.293 respectively. Fractal
dimensions of the structures D are 1.966, 1.984 and 1.979 respectively. They show violation of the symmetry
when values of the weight w, of the first neuron change.

Moreover, changes in values of the weights of the neurons affect the fractal dimension of the
structures as well. Examples of such changes are shown in Fig. 4.4 and Fig. 4.5. The fractal dimensions
were found for the structures arising from different values of the weights, showing the dependence
between fractal dimensions and the weights of the respective neurons. In each case, only one weight of
a certain neuron changed. Figure 4.6 shows the corresponding dependencies. Considering the case of
different activation functions of the neurons (see Fig. 4.6, top row), the dependences on the input layer
neuron weights are symmetrical. In other words, altering the weights of either neuron results in identical
dependences. However, the effects of these neurons show different dependencies. The dependence on
the weights of output neuron of the perceptron is more intricate, causing a loss of symmetry in the
dependencies (see Fig. 4.6). If every neuron of the perceptron has the same activation function, the
dependence of the fractal dimension on the weights is simplified. In the lower row of Fig. 4.6 the left
side shows the dependence on the weight of any neuron in the first layer, while the right side shows no
changes in the fractal dimension with changes in weights of the output neuron. Consequently, the fractal
dimension of the structures within the shadow zones is notably more affected by the weights of neurons
in the first layer.

2.1 2.1
20 20
19 19
1.8 18
D D
1.7 1.7
1.6 1.6
15 15
14 14
1 1.5 2 25 3 1 1.5 2 25 3
w w
2.1 2.1
20
1.9
2.0
1.8
D D
1.7
19
1.6
1.5
14 1.8
1 15 2 25 3 1 1.5 2 25 3

w w

Fig 4.5. The dependence of the fractal dimension on the weights of the neurons of the perceptron. The upper row
corresponds to the situation when all activation functions of the neurons are different. The left section stands for
the dependence on the weights of the first and second neurons in red and blue, respectively, within the first layer.
The right section shows the dependency on the weights of the output neuron, where dependencies on weights w,

and w,, are red and blue, respectively. The lower row corresponds to the case of identical activation functions for
all neurons. On the left side is the dependency on the weights of any neuron within the first layer, while the right
side shows the dependency of the fractal dimension on the weights of the output neuron, which demonstrates its

weak influence on the fractal dimension of the structures.



ISSN 2304 -6201 Bulletin of V.N. Karazin Kharkiv National University
74 series «Mathematical modeling. Information technology. Automated control systemsy issue 64, 2024

5 Conclusions

Thus, in the general case, there are shadow zones within the space of input words in which the
response field of the perceptron has a fractal structure. Under certain conditions explored in the work,
fractal structures can be symmetrical about the diagonal of the unit square. Changing the weights of the
neurons of the perceptron within the first layer in a certain way can disrupt this symmetry while the
activation function and the weights of the output layer have no impact on the symmetry of fractal
structures. In the general case, such structures lack symmetry. The fractal dimension of the structures in
the shadow zones within the input word space depends both on activation functions of the neurons and
their weights. Changes in the weights of the neurons within the first layer affect this characteristic more
significantly, while, in the case of identical activation functions, the weights of the output neuron have a
weak influence on its value.

It is clear that similar fractality will occur in more complex neural networks with a larger number of
inputs. The main difference is in the large dimension of the space of questions and, accordingly, in the
impossibility of demonstrating fractality visually. The dimensionality of the space of input words aligns
with the number of input channels, impeding direct visual confirmation of fractality. In this case,
verifying fractal characteristics may require specialized data processing algorithms, enabling
determination of the fractal dimension without visualization. Such algorithms find application in the
study of complex systems such as strange attractors in nonlinear dissipative systems with high
dimensionality of the phase space [18]. The alternative approach of their determination involves
studying certain intersections between the space of input words and the response field, focusing on
these intersections of smaller dimensions.

6 Appendix A

Let's discuss some details of the location of the input words in the unit square and their coloring,
according to the received output words. For the sake of simplicity, we will use the binary alphabet A =
(0,1). In Chapter 2, we discussed the way to assign coordinates to every input of the perceptron. Now
we will discuss the changes that occur as the length of the questions increases. Figure 6.1 shows a
comparison of the location of two divisions with different sequence lengths.
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Fig 6.1. Examples of dividing a unit segment for different sentence lengths. The coordinates of the corresponding
segments are defined. Below, the length of sentences is 4. It is easy to compare the consistency of a smaller-scale
division with a larger-scale one. There are two examples of color palettes shown above that match the
corresponding source sentences below, regardless of sentence length.

Such coordinates ensure consistency between the smaller-scale division and the larger-scale one. For
instance, if we simplify the corresponding coordinates by truncating with n = 4, that is, discarding the
last letter, both segments and their coordinates would coincide with the truncation with n = 3.

Now let's discuss the visualization of responses to all possible input words. As suggested in Chapter
2, it can be achieved by using some color palette. Any of different palettes can be used for this task.
Thus, Fig. 6.1 shows two simple ways of coloring with two colors and 4 colors respectively and the
relationship of the palette with words. The color palette stays the same for any division of segments.
The color of a word is defined by the color above its position. Of course, it is possible to use more
detailed palettes with more colors, including a palette where each word has its own color. Also, in some
cases, when a specific sentence must be visualized, a specific color can be assigned to it.
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7 Appendix B

To conduct experiments with the perceptron model, we developed a software that allows a user to
perform the following actions:
setting parameters for the model of the perceptron;
calculating output values for different combinations of input signals of the perceptron;
setting parameters for graphical representation of results;
controlling the calculation process;
viewing the result of calculations in the form of a graphic representation of the output signals;
viewing the number of squares of a certain color and size to determine the fractal dimension
of the constructed image;
7. uploading the results to a file.

ok whE

The general view of the user interface is shown in Fig. 4.1. Before performing the calculations, all
the characteristics of the neural network must be set.

Thus, to set the values of the weights of each connection, the corresponding fields “w_x1”, “w_y1”,
“W_X27, “w_y2”, “w_x3”, “w_y3” must be filled in (Fig. 7.1). To set the threshold values of each
neuron, the corresponding fields “c_17, “c_2”, “c_3” must be filled in (Fig. 7.1).

w_x3 |1.73300000( 3

o_3 |-0.4550000(/%

w_y3 |1.95700000 5

Fig 7.1. Fields for setting the weights of each connection of the perceptron model (highlighted in blue), fields
for setting neuron thresholds are not highlighted.

The user can also define activation functions for each neuron. To do this, you need to set the values
of the ends of the intervals, in which the corresponding output characters will be set, and the values of
these output characters for each interval must be set as well. All these fields are filled in the upper right
corner of the interface (see Fig. 4.1).

The software allows the user to construct two images to compare the structure of the global signal
field and its parts. To do this, two separate modules were developed. Each of them has a picture box for
visual representation of the output field, a “Start” button for starting calculations, “Word length” field to
set the length of words, “Low threshold” and “High threshold” fields for setting the minimum and
maximum intensity thresholds of the output signals for display, fields “Low dots” and “High dots” for
displaying the number of squares painted with the corresponding color, fields “Min value” and “Max
value” for displaying the minimum and maximum values of the output signals (Fig. 4.1).

In addition, in the right module for displaying the results there are buttons “Zoom In" and "Zoom
Out" to zoom in and out the image, respectively, fields “R”, “G”, “B” to set the color to highlight the
part of the global field that is considered on the right, the “Show area” button to select the part of the
global field of output signals on the left that is shown on the right, and the “x0”, “y0” and “range” fields
to set the initial coordinates and the length of the side of the square within which the output signals of
the perceptron are calculated and displayed on the screen (Fig. 4.1).

To set the threshold and color for displaying signals that exceed and do not exceed the set threshold,
fill in the appropriate fields in the “Color” section (Fig. 7.2).
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Fig 7.2. Fields for setting colors for displaying low and high signals and a button for saving parameter values
and experiment results (highlighted in blue).

After setting all parameters and pressing the “Start” button, the program calculates the values of
output signals for all possible combinations of input signals with the specified length in a specified area
within the input signal space of the perceptron. The values of the output signals are calculated according
to the algorithm described in Chapter 3.

Intensities of the input signals are represented as numbers 0, a;a,asa,, Where a,, a,, as, a, are some
digits from 0 to 9. In this way, it is possible to analyze all possible values that are transmitted to the
inputs of the neural network. Since the neural network must work within a specific alphabet, for
simplicity of data processing we will choose the alphabet 4 = 0,1,2,3,4,5,6,7,8,9.

The neural network sequentially processes each symbol of the input. This means that the neuron,
which receives the signals X = 0, x;x,x3x, and Y = 0, y,y,y3v,, processes the symbols x; and y, on the
first iteration, then the symbols x, and y, are processed etc. Each connection of the perceptron has its
own weight. Let the signal X pass through the connection with the weight w,, and the signal Y — through
the connection with the weight w,, then the total intensity of the signals will be in the interval D =
[b,9(wy +w,) + b].

Since it is necessary to process the signal in such a way as to obtain a symbol from the alphabet 4 at
the output, it is necessary to select the proper activation function. This activation function is the theta-
function described in Chapter 3.

After processing all the symbols of the input signals in this way, a sequence of symbols of the output
signal will be received. That is, after processing the corresponding symbols of the signals X =
0,x;%,x3%, aNd Y = 0,y,y,y5y., We Will get the output signal Z = 0, z,z,2;2,. So, using this algorithm,
for each of the possible values of the input signals, the intensities of the output signals are calculated
and a matrix of the intensities of the resulting signals is created, where the columns correspond to the
values of the first input signal X, and the rows correspond to the values of the second input signal Y. In
the intersection of the corresponding column X,, and row Y,, the value of the output signal Z, , for the
inputs X,, and Y, is set:

le ZlZ Zln
ZZl ZZZ ZZn (3)
Ziy Zyz Zn
Matrix 3 is square, that is k = n:
le Z12 Zln
ZZl ZZZ ZZn (4)
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After calculations are completed, the matrix (4) of the output values of the perceptron is shown in
the form of a square image, in which each point stands for the intensity of the output signal for the
corresponding inputs. The specified accuracy of calculations (number of decimal places) is used to
construct the image. Each square of the given size is painted with one of the specified colors (Fig. 7.2),
depending on whether the signal is greater or less than the set threshold. For example, if you set the
word length to 3 and the threshold to 0.555, the output signals from 0.0 to 0.554 will have a color for
low signals, and from 0.555 to 0.999 will have a color for high signals. The greater the specified
accuracy of the calculations, the smaller the cell size, and therefore the greater their number in the
figure.

After calculating the output signals, the software also calculates the number of squares of the
corresponding color displayed on the image of the output field of the perceptron to determine the fractal
dimension of this field.

In addition, in the results section, the program displays the values of the maximum and minimum
signal in the field of output signals represented in the image, as well as the number of colored squares
with high signals to verify the calculation of the fractal dimension.
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PoboTy mpHCBSYEHO MOCITIIKEHHIO BJIACTHBOCTEH HEHPOHHMX MEpeX, SIKi HaJ3BHYaliHO IHTEHCHBHO BHKOPHCTOBYIOTBHCS
OCTaHHIM YacoM Y pI3HOMaHITHHMX IPHKIAaJHUX HaNpsiMKax. BuBueHHs 1X 3arajgpHUX Ta (yHIaMEHTAIBHUX BIIACTHBOCTEH
HaOyBae Bce OLTBIIOT AKTYAJbHOCTI Y 3B’SI3KY 3 IIMPOKHUM 3aCTOCYBAaHHSIM.

Merto10 poGoTH € BUBUEHHS II0JIS PEAKILii ITYYHOI HEHPOHHOI MEpexki Yy MPOCTOPi BCIX MOXKIMBUX BXiJHUX CUTHAIIIB MEBHOI
IoBXHMHU. Ha mpukmami mpocToro mepcenTpoHa OOCTIIKYIOTHCS 30HH B SKHX IMOJ€ peakiii HEWpOHHOI Mepexi Mae
CTPYKTYPHO CKJIaJHUHI THII.

Mertonu pocaimenH: [lns IOCTDKEHHS MONS BHUXITHUX CUTHANIB Oylo poO3poOJICHO MporpaMHe 3a0e3ledeHHs, SKe
JIO3BOJIMJIO MOJICTIOBAaTH Ta Bi3yali30BaTH IOJ€ BHUXIJHUX CHTHAIIB HajJ HPOCTOPOM BCIX BXIAHMX CHUrHamiB. Takox
nporpaMHe 3a0e3MedeHHs T03BOJIUIO 3MiHIOBATH (YHKIIIO aKTHBAIll, BArM Ta MOPOTH KOXXHOTO HEHPOHY, IO J03BOJIUIO
BUBYHTH BIUTUB yCiX IMX (AaKTOPIB Ha CTPYKTYPHY CKJIaHICTb ITOJISI BUXIHUX CUTHAIIB.

B pesyabTaTi O6yiio I0BeCHO, 1110, Y BUIAAKY 3arajJibHOTO TOJIOKEHHS, Y MPOCTOPi BXiHUX CHTHATIB iCHYIOTh 30HH TiHi B
SIKHX TI0JIE peaKilii HeMpOHHOI Mepexi Mae caMoroaiOHy (pakTanbHy CTPYKTypy. BU3Ha4eHO yMOBH MOSIBH CUMETpii TaKHX
CTPYKTYp, AOCIIKEHO BIUTMB (DYHKIIN aKTHBaIii, Bar Ta MOPOTiB HEHPOHIB MEPEkKi Ha BIACTHBOCTI (PpaKTATBHUX CTPYKTYP.
Buseneno, mo BXimHMIA map HEWPOHIB Ha IIi BIACTHBOCTI BIUIMBAE AOMIHYIOUMM 4rHOM. OTpHMaHi 3aJeKHOCTI (pakTapHOL
PO3MIPHOCTI CTPYKTYp Bia Bar HelipoHiB. OOroBOpeHO 3MiHH, SIKi BiOYBalOTbCS HPH 3POCTaHHI PO3MIPHOCTI MPOCTOPY
BXIJHUX CUTHAJIIB.

HasiBHicTh 30H TiHI 3 ()pakTalbHUM IIOJIEM BHXIJHHMX CHTHAJIB Ma€ BaXJMBE 3HAUCHHS JUI1 PO3YMiHHS (YHKIIOHYBaHHS
IITYYHUX HEWPOHHHX Mepex. Taki 30HM TiHI BU3HAYaOTh 00JIACTi BXiIHOTO MPOCTOPY CUTHANIB Y SIKMX PEaKiilo HeHPOHHOI
MepeXi HaI3BUYAHO UyTIMBA HABITh JI0 HE3HAYHMX 3MiH BXIJHUX CHUrHaIB. l]e MPUBOAUTE 10 MPHUHIMIIOBOT 3MiHH BUXITHUX
CHUTHAJIIB ITPY HE3HAYHII 3MiHI BXiJJHUX CUTHAJIB.

Kniouogi cnosa: wmyuna neiiponna mepesica, npocmip 8XiOHUX CUeHANi8, noie GUXIOHUX CUSHANIB, NepCenmpoH, WMYYHULL
HeupoH, hpaxmanvti cmpykmypu, pakmanvha posmipHicme.
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KepyBanns TpagikoM peajbHOro 4acy B KOMII'IOTEPHHUX Mepemxax

Y po6oTi pO3rISHYTO 3aadyy MOJCITIOBAHHS KPUTHYHHUX 32 9aCOM MEPEX 3 METOK JOCHIKCHHS e(EKTHBHOCTI Pi3HUX
METO/IiB yIpaBiiHHS TpadhiKoM peabHOro yacy.

AKTyanbHicTh. MoJIeTIOBaHHS MEPEX PEATbHOTO Yacy € aKTHBHUM HAIPSIMKOM JOCII/DKEHb B Tally3i KOMIT'TOTEPHHX HAyK Ta
iHpopMariitHo1 TexHouorii. JlocTimKeHHs B Lill Taly3i copsMOBaHI Ha Po3poOKy METOIIB Ta alTOPHUTMIB, SIKi JO3BOJSIOTH
3abe3neuyBaT e)eKTHBHY Mepenady AaHHX y pealsHoMy daci. PoOoTa mpuCBsiueHa MOJIENIOBAHHIO UYTIMBUX 32 YacOM
MepeX, BAKOPUCTOBYIOUH Pi3HI METOIU KEPYBaHHS Tpa(ikoM peasbHOTO Yacy.

Meta. Metoto poboTH Oyllo IpoaHai3yBaTH iCHYIOUM CTaHOAPTH MEPEXK PEajbHOTO 4Yacy, PO3poOUTH iMiTalliifHy MOzeib
Mepexi peabHOT0 Yacy Ta JOCHIANTH eeKTHBHICTD PI3HUX METO/IB yIPaBIiHHA TpadikoM pealbHOro Yacy.

MeTonu nocuinxkeHHss. MeToau T0CTiKeHHsI 6a3yr0ThCS HA CYYAaCHHUX TEOPisIX MATEMATHYHOTO MOJICTIOBAHHSI, IMITaIlITHOTO
MO/IeJTIOBaHHS, TeJIEKOMYHIKaIlIMHUX cTaHmaprax, a came Time-Sensitive Networking (TSN).

PesyabsTaTi. Byno perensHO npoaHai3oBaHO iCHYIOWI CTAHAAPTH MEpEeX peaibHoro yacy. JleranbHy yBary OyJio NpHaiIeHO
texHonorii TSN (Time Sensitive Network), mocmimkeHa mpobieMa JOCITHEHHS CHHXPOHI3AIl B TAKHX Mepekax, JOCIiIKeHi
pi3Hi MeToan GopMyBaHHA TpadiKy B MEepexki i epeBipeHi OTPUMaHi aHAITHYHI pe3yabTaTH Ha BIATOBIAHICTD Crierudikamii
TSN wmepexi. [ns moxpemoBaHHS Oyno BHKOpUCTaHO nporpamHe 3abesnmederHHs OMNeT-++. [l KOXKHOTO METOAY
dhopmyBanHs Tpadiky Oymu moOymoBaHi rpadiku HACKPI3HOI 3aTPUMKH B PI3HHX YMOBaX, IO CHEMU(IYHO AT MeEpex
peanpHOro Jacy.

BucnoBkn.B po6oti 0yno posrisiHyTo mepexi ctanmapty TSN, ski 103Bosse 3a0be3medyBaTd HaAIWHUNA 3B’SI30K B PEXHUMI
peanbHOrO Yacy Ta MiJABHIIYIOTh YHIBEPCAIBHICTh B mpoMucioBux Mepexax. Jias TSN Oyma mocmimkena mpobiema
JOCSITHEHHSI CUHXPOHI3allil NPUCTPOIB B MEPEXi, PO3MIISHYTI Pi3HI METOAM IUIaHyBaHHs TpadiKy, BCTAHOBJIECHA BaXKIIUBICTH
BUKOPHUCTAaHHS TEXHOJIOTil HAacKpi3HOi KomyTalii, po3poOieHa imiramiiina Momems Mepexxki TSN, peamizoBana
(HhYHKIIOHANBHICTE TaKOT MEpEeXi JUIs TUIaHyBaHHS Tpadiky.

Knwwuoei cnoea:.xomn’romeprni mepesci, mpagix, mepesci pearvrozo uacy, TSN, Hackpizha 3ampumka, Mepedicesull
npomoxon, Ethernet, nackpizna komymayis, eyson mepedci, gPTP, UDP, komymamop, cunxponizayis 4acy.
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1 Beryn

CporonHi B 4acu ri00aibpHOI iHIycTpiani3amii i TEXHOJIOTTYHOTO MPOPUBY BAXKKO YSIBUTH JKUTTS 0€3
PO3yMHOTO OyIWHKY, aBTOMOOILIS, KU CaMOCTIHHO OE3MeYHO MOXKE iXaTh 1 CYNMyTHHKAa Ha OpOiTi,
SAKUH aHalizye craH atMocepu B peasbHOMY dHaci. s sikicHOI poOOTH BCiX BY3JiB HEIOCTaTHHO
BEJMKOI MIBUAKOCTI Tepenadi NaHUX, BEUKY pOJb BiAirpae HagiifHICTH MEpEXi i KaHaNiB 3B’S3KY.
CrangapTHe MepexxeBe oOiamHaHHs [1] cydacHuX iH(GOpMAIiHIX TEXHOJIOTIH HE MOXKE 3a0e3MeUnTH
aBTOMATUYHY CHHXPOHI3AIlIO €JIeMEHTIB, aje KPOK 3a KPOKOM IHTErpamis HOBUX TEXHOJOTiH POOHUTH
IHAYyCTpifo iHPOPMALIHHNX MEpesK OUITBII BUCOKO TUHAMIYHOIO, THYYKOIO 1 mependadyBanoro. OmHi€0 3
takux TexHoJoriii € TSN (Time Sensitive Network) [2], sika 3a0e3neuye HamiiiHUH 3B’SI30K B
pealbHOMY dYaci Ta MiJBHUINYE YHIBEPCAIbHICTh B MPOMHUCIIOBHX Mepekax. Taki Mepexi >KOPCTKO
HAJIAIITOBaHI il BUKOHAHHS CIENU(IYHNX 3a/1a4, TOMY IS TIEPEeBipKU HOBUX (DYHKIIIN B peatbHOMY
Yyaci HEMOJXKJIMBE 1 TIOCTA€ 3a/1a4a CTBOPEHHS CUMYJIALIT y BipTyallbHOMY CEpEAOBUILI sl IEMOHCTpAIlii
CBOIX miepeBar i HemojiikiB. lle m03BoJISE TPOBECTH NOCTIKEHHS B KOHTPOJIBOBAaHUX yMOBax 0e3
HeOe3MeKn BTpYYaHHs B pealbHe CepeJOBHILE.

2 TIlocraHoBka 3amadvi. Orisia BitoMux pe3yJabTaTiB B 00J1aCTi 10CJTiIKEHHS.

MopenoBaHHS MepeX peajbHOr0 4Yacy € aKTHBHHM HAmnpsMKOM JOCHIUKeHb B raiy3i
KOMII'IOTEpHUX HayK Ta iH(opMariiaoi TexHomorii. JlocmipkeHHS B Il Tady3i cOpsMOBaHI Ha
PO3pOOKY METOIIB Ta aJTrOPUTMIB, SIKi JJO3BOJISIOTH 3a0e3MedyBaTy Mepeaady JaHuX Y pealbHOMY 4aci,
a TaKOXX BUKOPHCTaHHS YJOCKOHAJIEHUX METOIB 300py iH(hopMaii A MOKpalleHHs MPOLYKTHBHICTI
MepexkeBux cucteM [3]. OmHUM 3 BIJOMHX pE3yNbTaTiB MOJEITIOBAHHS MEpEeX PpEaNbHOTrO 4Yacy €
MepexeBuii crek mporokoiiB Ethernet AVB (Audio Video Bridging) [4], skuii Oyio po3pobiieHo 3
METOI0 3a0e3MedeHHs nepeadi ayaio- Ta BiJeoJaHuX y pealbHOMY Yaci 3 HU3bKUMH 3aTPUMKaMHU Ta
BHCOKOIO SIKICTIO OOCIyroByBaHHA. I[HIIMM BIiJOMHM pE3yJNbTaTOM € MOJIENh Nepefadi JaHuX
TTEthernet (Time-Triggered Ethernet), sika 6a3yeTbCs Ha MPUHIMIIAX CTPOrOTO YACOBOTO IUIAHYBAHHS
Ta JI03BOJISIE TIEpeIaBaTH JaHi 3 BUCOKOIO TapaHTIEI0 HAAIHHOCTI Ta TOYHOCTI y peajgbHoMy vaci. OHak
0o0uBi TexXHOMNOTIT € 0OMeXeHNMH 3a Cepor0 BUKOPUCTAHHS 1 HE MArOTh IHCTPYMEHTIB ISl TIepenadi
YHIBEpCAJIbHUX JaHHX.

3agaueto 1i€i poOdOTH MmoJsirana B MOJISIIOBAHHI KPUTHYHUX 338 YACOM MEPEK 3 METOIO JIOCIIIKCHHS
e(eKTHBHOCTI PI3HUX METOJIIB YIpaBIiHHA TpadikoM peanbHOro 4Yacy. Buxoasum 3 iCHyrOUMX
crangaptie TSN Oyso BH3Ha4eHO, L0 HACTYNHI MEpeXi MOBHHHI BIINOBIJATH MEBHUM KPHUTEPisM, a
came 1) J0CTaBKa JaHUX 3 HU3bKOI 3aTPUMKOIO Ta MIHIMAJIbHUM BIJIXHJICHHSM BiJl 3a1aHOTO Tpadika;
2) po3ainieHHs TpadiKy Ha TPYNH 3 PI3HUMH NPIOPUTETaMU; 3) CHHXPOHI3aIlis yacy B Mepexi; 4) 3axuct
BiJl MEpEKEBHUX KOIIi3ii Ta IepENOBHEHb.

Jlana 3aga4a 1oB’s13aHa 3 HACTYIIHUMU HayKOBHMH Ta TEXHIYHUMH 3aBIaHSIMH:

1. JlocnimpkeHHs MpoOaeMu JOCATHEHHS I00aIbHOT0 Yacy B MEPExKi.

2. Ornsg pi3sHMX METOAIB IUIaHYBaHHA Tpadiky, a came (GOpMyBaHHS 3 ypaxyBaHHSIM dHacy i
(hopMyBaHHS HA OCHOBI KPEIUTIB.

3. BwusHaueHHs HeoOXiHOCTI MpU3YNHHEHHS nepeaayi kajapis B TSN mepexi.

4. BcraHOBIIEHHS BaXKJIMBOCTI TEXHOJIOTIT HACKPI3HOI KOMYTAILii.

5. PospoOka imitamiiinoi momemi TSN wMepexi peanbHOro dYacy METOAOM MOIYJIBHOTO
MPOEKTYBaHHS 1 peasizalis ¢pyHkmioHanbHocTi TSN 1151 riiaHyBaHHs Tpadiky.

6. AHaii3 OTPUMAaHUX aHAJITUYHUX PE3YJIbTATiB Ha BiMOBINHICTE crierudikamii TSN mepexi.

3 Bukjaa 0CHOBHOro Martepiajy 3 o0IPYHTYBAaHHSIM OTPUMAHMX HAYKOBHX Ta MPAKTHYHUX
pe3yabTaTiB
3.1. Mepe:xi peaabHOro 4yacy
Komm'torepHa mepexka, sika MOXKe TapaHTyBaTH BiJNOBiAb MPOTSATOM BH3HAYEHOTIO MPOMIXKKY 4acy,
TaK 3BaHOTO «JIe/IJIaiHy», MOKHA KITaCU(IKYBaTH SIK MEPEXY pealbHoTo dacy [5]. IcHye nBa BakiMBHX
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dakropa s TOro, moO CHUCTEMa BIAMNOBiJala CBOIM TepMiHaM JOCTaBKM JaHMX: IETEPMIHI3M 1
oOMexkeHa 3aTpuMKa JUid 3B’s13Ky. JleTepMiHi3M o3Hayae, mo cucrtemMa B Oyab-sIKOMY BUMAIKy Oyxe
(dopMyBaTH OJHAKOBHUI pPe3yNbTaT AJsl OAHAKOBHX BXiTHMX AaHuX. OOMexeHa 3aTpUMKa O3HAYae, 110
ICHy€e BepXHS MeXa, Ky rapaHnTtoBaHo He Oyne mepesutieHo. [Ipore cranmaptauii Ethernet mpoTtokomn
HE MOXKE€ TapaHTyBaTH Hi JETEPMiHI3M, Hi OOMEXEHY 3a 9acOM 3aTPUMKY. Y BHUMAIKY, KOJIHU IEKiTbKa
3Bu4aiiHuX npuctpoiB Ethernet HagcuialoTe cepito makeTiB Ha OXWH 1 TOW caMHMi MOPT NpuiMaua,
MOK€ BUHHKHYTH HemependadeHa 3aTpUMKa, OCKUTBKMA MakKeTH CTaHyTh B Yepry, ad0 HaBiTh BTpaTy
MaHuX, AKmo Oydep dHeprdm He AOCTATHHO BENHMKHH. 3 METOI0 YHUKHEHHS MaHUX TpobieM Oymm
po3po0IieHi crieniabHi CTaHAApTH i 3a0e3MeueHHs JKOPCTKUX TapaHTiil AJsl Mepex peajbHOro Jacy,
AKki BUKOpHCTOBYIOTH Ethernet y ¢opmi oOmexeHOi 3aTpuMku abo TapaHTii MPOIyCKHOI 3AaTHOCTI.
Koxen 3 HUX Mae cBOi 0COONIMBOCTI 1 BUKOPHUCTOBYETHCS B PI3HHUX Tamy3sX. OCHOBHI CTaHAAPTH MEPEX
peanpHOro yacy BifoOpaxeHo Humxk4e (Tadui. 1) [6].

Tabnuya 1. OcHoeni cmanoapmu mepexc peaibHo20 Yacy

Crangapt Cdepa BukopucTaHHS

Ethernet/IP, OPC n .
UA, PROFINET POMUCIIOBI CUCTEMH aBTOMATH3AIli i
Profibus ABTOMaTH30BaHl CUCTEMU

30ip JaHMX 3 TPUCTPOIB, IO 3a0e3IMEUyIOTh KOHTPOJIb Ta
Modbus, HART | ympaBitiHHS TpOIecaMu, BKIFOYAIOYH BUMIPIOBAIbHI TPHIA M
Ta CEHCOPH

[lepenaua JaHUX MiX MIKpPOKOHTpPOJIEpaMHU B
ABTOMOOUIBHUX CHCTEMAX

Ilepemawa maHWX B peXUMi peaJbHOr0 dYacy Mik
EtherCAT MIPOMHUCIIOBUMH TIPUCTPOSIMH, III0 BHUKOPHUCTOBYE TEXHOIIOTIIO
«Master-Slave»

3a0e3neueHHs TOYHOCTI dYacy Ta TMepegadi JaHuX 3
00MEXEHOIO 3aTPUMKOIO Ta TapaHTOBAHOIO JIOCTABKOIO

CAN

TSN

Cepen BHIIle 3a3HAUYCHUX CTAHAAPTIB IS MOJANIBIIONO AOCHIKEHHs OyB oOpanuii crangapt TSN.
Januii cTaHIapT BUKOPUCTOBYETHCS SK B MPOMIUCIOBHX Mepekax (aBTOMAaTH30BaHI BUPOOHHYI JIiHil,
mamman 3 YITY, mennuHe oOnajHaHHA), Tak 1 B TEJIEKOMYHIKallilHUX Mepexkax (mepefada Bifeo i
ayJio), e BKpai BaXKIIMBO TepelaBaTH JaHi 3 BHCOKOIO TOYHICTIO 1 FapaHTOBAHOKO TOCTABKOIO.

3.2. Time Sensitive Networking (TSN)

Time Sensitive Networking (TSN) [7] — ue Busnauena cranmaptom IEEE 802.1Q texHosmoris mis
rapaHTyBaHHs JeTepMiHOBaHOro oOMmiHy mnakeramu B Ethernet. Texuomoris TSN mnepenbauae
[EeHTpalbHE YIPaBIiHHI, 3a0e3ledye TapaHTii JOCTaBKH [aHUX Ta MiHIMI30BaHy 3aTPUMKY 3a
JONOMOro0 1ianyBaHHs yacy. TSN e TexHomnoriero apyroro piBHA MepexxeBoi mozem OSI, Takum
YUHOM JlaHA TEXHOJIOTiss — e cranaapT Ethernet, a He craHaapT iHTepHET NMPOTOKONY. PimieHHs mpo
BiJIIpaBKy MakeTiB mpuitMaroTh MocT TSN i BUKOPHCTOBYIOTH BMICT 3aronoBka Ethernet, a ne IP-
aapecy. KopucHe HaBanTakeHHS kanpiB Ethernet moxe Oyt Oyap-SKMM 1 HISKUM YHHOM He
00MEKY€EThCSI IHTEPHET MPOTOKOIOM. 3aBIsKM 1boMy TexHodorisi TSN Moke BHKOPHUCTOBYBAaTHUCS B
Oynb-SIKOMY CEpelIOBUINI JIIsl TepeHoca OyJb-IKOTO KOPHUCHOTO HABAaHTAXCHHS IMPOMHUCIOBOTO
3aCTOCYBaHHSI.

OcuoBHuM noHATTAM TexHoiorii TSN € dopmyBanus Tpadiky (puc. 1). @opmyBanibHUK Tpadiky —
1Ie MEXaHi3M, SKHI CIpSMOBaHHUI Ha IMJIBUIICHHS SKOCTI 00CIYroBYBaHHS Ul OJHOTO a00 IEKIIbKOX
TUNIB TpadukiB y mepexi. Ha puc. 1 mpoaeMoHCTpoBaHO BUKOPHCTAaHHS KoMyTamii «30epertd i
nepeciaTi» MPOTH HACKPI3HOI KOMyTauii Ui HaJICWJIAHHS OJHOTO MAKeTy AaHUX BiJ By3na A 110 By3ia
B gepes nBa moctu Ethernet.
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Node A Node B

[/
Bridge A Bridge B
5, 5, N
7 7 7

Store and forward:

Node A
Bridge A | ] -

Bridge B | - -J | - J

Node B _‘ }‘

Time to transfer an Ethernet package from node A o B
Cut-through switching:

Node A
Bridge A | __ |
Bridge B | J

Node B —| [ ~|

Time to transfer an F.rh:rm:‘Lpnck.a\ge from node A o B

Puc. 1. @opmysanna mpagixy 6 TSN mepeorcax.

Texnonoris TSN ckiagaeTbcss 3 HaOOpYy CTaHAAPTIB, PO3POOJICHUX M MIATPUMKH BUMOT
peaNbHOro Yacy Ta rapaHTOBaHOI SIKOCTI 00cayroByBanus [8].

3.3. Cunxponizauis yacy

CraHOM Ha CHOTO/IHI peaJbHUI CBIT HE Ma€ TI00aIbHO Y3TOHKEHOTO Yacy 1 KOKEH BY30J B MEpEKi
BUKOPHCTOBYE CBiii BiacHUil (hi3MYHUI TOAMHHWK JJIs BUMIPIOBAaHHS MPOMIXKIB dacy. Uepes Te, 110
KOXKHUI TOJMHHUK Ma€ CBOIO MOXMOKY, Yac Ha TOJMHHUKAX HA PI3HUX By3JaX MEPEXi 3 4acOM MOXKe
BifpisHATHCA. [y BuUpilieHHS 1€l mpobiieMu HEoOXiMHO BHUKOPHCTOBYBATH METOIM CHHXPOHI3ALIl i
MEepioANYHO KOPHUTYBAaTH dYac Ha BCIX BY3JIaX Mepexi i KOPEKTHOI 1 3maromkeHoi poOoTH.
CunxpoHnizanis yacy HagBakiua B TSN mepexax, TOMy IO TOYHE BiJICTEKCHHS Ma€ BUpILIaJbHE
3HaueHHS B 1mx Mepexkax. [ TSN mepexx HeoOXxigHa peamizamis mnpotokony gPTP, skuit €
posmmpennsm cranaapty IEEE 802.1 AS [9], sxuit Bu3Hauae npotokos PTP abo Takox Bigomuii sk
IEEE 1588, BciMa By3mamu Juisi JOCSATHEHHs CHiIbHOI KoHIemniii vacy. Ilporokon gPTP (puc. 3)
BUKOPHUCTOBYE i€papXiuHy apxiTeKTypy, B sIKiii € onuH abo JieKijbKa TOJOBHHX BY3IiB i Oarato
3anekHuX. KopuryBaHHs 4yacy BifIOyBaeThCsl LUISXOM HAJICHUJIAHHS IOBIJOMJICHb CHHXPOHI3aIlli Bij
TOJIOBHOT'O By3J1a IO BCIX MiJUIETTUX.

Master clock

M
S

M M
r > Bridge I
S } S
A
M M
End station Bridge
S S
End station End station

Puc. 2. [Ipuxnao mepedxci, nobyoosarnoi 32iono npomorony gPTP, de
M — Ethernet nopm mae ponv 2onoenozo, a S — nioneznozo.
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s neMoHcTpallii HeoOXiZHOCTI CHHXPOHI3alii TOAMHHHUKIB Oylia 3MOJeIhOBaHA HACTyIIHA
KOMITIOTEpHA Mepeska (puc. 4), sKa CKIaJIaeThes 3 IBOX XOCTiB-IpKeped, siki Hancunarote UDP nani mo
JBOX XOCTIB-TIpUHMaUiB uepe3 JBa MOEJHAHUX MK CO00I0 KOMyTaTopa.

& @
mﬂ\x / sk

By

& \‘éﬂ

sourcel sink3

Puc. 3. Tononozis mepesrci 0na 8usagieHHs npodiemu 2100a1bHO20 YACy

B naniii Mepexi BCi By3iM MalOTh BHIQJKOBY HIBHIKICTH ApeH(y TOAWHHHKIB, SKa MEpPiOJHUIHO
3MIHIOETBCS 1 BCI TOAMHHUKN CHHXPOHI3YIOTHCS 3 4acoM MoayJist SWitch 1 (puc. 4).

sourcel
27.8 1 source?
== —— gwitchl

=

Clock time ta simulation time difference [us]

8.15e-2 8.208-2 8.25e-2 B.30e-2 £.35e-2 8.40e-2 8.45e-2
Simulation time [s)

Puc. 4. Jpeiich 200unnuxis 3 nepio0uuHow cuHXpoHi3ayico

Takox OyJsia BUMIpsiHa HACKPi3HA 3aTPUMKa MMAKETIB Ha MUIIXY BiJl XOCTa-DKEpelia /10 BIAMOBITHOTO
XOCTa-NpuiiMaya y pi3HUX BHUIAJKAX.

3.4.TlnanyBanus Ta popmyBanus Tpadiky

[MnanyBanus 1 GpopmyBaHHs Tpadiky rparoTh BakIUBY posib B TSN Mepexax, OCKUIbKA caMe TaK
TrapaHTYy€eThCS, MO KPUTHIHUHN Tpadik Oy/ie MaTH BHUIIUM MPIOPUTET HAJ iHIIUM TpadikoM i 3aranpHa
MPOAYKTHBHICTE MEpexki Oyze ONnTUMi3oBaHa BIATOBITHO IO BHUMOT SIKOCTI OOCIYTOBYBaHHS Pi3HUX
notokiB Tpadiky. Bymno po3risHyTO nBa Bax)IMBUX MeToia popMyBaHHS Tpadiky:

1. ®dopmyBanHs 3 ypaxyBanHsaM 4acy (Time-Aware Shaping).

2. ®opmysanHs Ha ocHOBI kpeauTiB (Credit-Based Shaping)ro

@opmMyBaHHS 3 YPaXyBaHHAM 4acy

Cranmapr IEEE 802.1Qbv [10] Busnauae crioci6 nepemaun TSN kaznpiB 3a po3KIJIagoM, T03BOJISIOYN
inmmm  Ethernet kampam mepemaBaTHics B iHTepBaiax, BiANOBIOHO TPIOPHUTETHOCTI maHux. Ile
3a0e3mneuye MOMKIIMBICTh TAPaHTYBATH OOMEXEHY 3aTPUMKY Iepejadi KpUTHYHHX 32 9acOM KaJIpiB, 110
BaxxuBO 175t TSN mMepex.

Hns nemoHcTpanii HeoOxinHOCTI hopMmyBaHHs Tpadiky 3 ypaxyBaHHsAM yacy B TSN mepexkax Oyina
3MO/IeIbOBaHa HACTYIHA Mepexa (puc. 5). BoHa cknamaeThesi 3 HACTYITHUX MOJIYIIIB: KITIEHT i cepBep €
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moxyisimu TSNDevice, TrafficGenerator i TrafficReceiver — StandardHost, a komyrarop — TSNSwitch.
KrieHnT cTBOproe BHCOKONpIOpUTETHI jAaHi, a reHeparop Tpadiky — QOHOBI JaHi 3 HHU3BKUM
npioputeToM. [lakeTn HaACKUIAIOTHCS KIIEHTOM 1 reHepaTopoM TpadiKy y BUNAIKOBI MPOMIKKH Yacy,
ajie KOMyTaTOpOM Yy MepeKi BOHW IMEePECHIIAIOTHCS TUTBKH 3TiHO BCTAHOBIEHOTO TpadiKy BITKPHUTTA
JIBEpEil.

S

5 tsnSwitch A

TrafficGenerator TrafficReceiver

Puc.5. Mepeswca ons oemoncmpayii popmysanns mpagpiky 3 ypaxy8anusam wacy

Ha niarpami Hmkue (puc. 6) MpoOAEeMOHCTPOBaHO pe3yiabTaT poboTH QopmyBada Tpadiky 3
ypaxyBaHHSAM 4acy — OOMEKEHHS IIBHIKOCTI Tepeaadi KajpiB 3BEpXy M0 3aJaHUX 3HAYCHb, a OTXKE 1
obMexenns mnepenadi Tpadiky. [IyHKTHpHOIO IHiHI€IO 300paskeHa MBUAKICTH M0 POOOTH (GopMyBada,
CYIUTFHOFO — TICIIS.

Shaper Incoming and Outgoing Traffic

50

A0

3

Data Rate [Mbps]

20

10

W pesteffort -« incoming
video — pubgaing
0 T T
(1] 0.2 0.4 0.6 0.8 1.0

Simulation Time [5]

Puc.6. Qopmysanns mpadixy 3 ypaxysanusam uacy

@®opMyBaHHS HA OCHOBI KpeaIuTIB

®opmyBaHHS TpadiKy Ha OCHOBI KPEIHTIB JOCSTa€ThCS 3a JOMOMOIOI ajJrOpUTMa PeryJroBaHHS
nmoToky Tpadixky B Mepexi. [ges anroputmy momisirae B TOMY, IO KOXHOMY TOTOKY Tpadiky
MPU3HAYAETHCS TIEBHA KIIBKICTh KPEAMTIB, 3a JOMOMOIOI SIKUX Jajdi BU3HAYAETHCSA CKUIBKH JaHUX
MOJKHa MepeAaTH 3a NEBHUN POMIXKOK Hacy.

Hins nemoHcTpanii po6ot popmyBaibHrKa Tpadiky Oyia BUKOpUCTaHA TaX caMa Mepexa, 1o 1 A1
dbopmyBanHs Tpadiky 3 ypaxyBaHHsM vacy (puc. 5). Ha miarpami Hmkde (puc. 7) mpoIeMOHCTPOBAHO
pe3yabTaT podotn hopMyBayda Tpadiky 3 ypaxyBaHHSAM 4acy — 0OMEXKEHHS IBUAKOCTI Iepeadi KajapiB
3BEpXy [0 33/1aHUX 3HAa4YEHb, a OTKe 1 0OMexkeHHs nepenaui Tpadiky. [IlyHKTHpHOIO JiHi€I0 300pakeHa
HIBHJIKICTH JI0 poO0TH GopMyBaya, CYILIEHOO — MICIIS.
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Shaper Incoming And Outgeing Traffic

®  besteffort  ---- server application
wideo —— traffic shaper

50

45

40

35

Data Rate (Mbps]

30

5

20

o0 02 0.4 06
Simulation Time [s]

ne 1o

Puc.7. opmysanns mpaghixy na ocnosi kpeoumis

3.5. Tlpu3ynuHeHHs mepenayi kajapis

Texnonoris npu3ynuHeHHs nepenadi kaapis (Frame Preemption) [11], ska Bu3HauYeHa B CTaHAAPTI
802.1Qbu [6], mae MOXITHBICTH MEPEXKI BU3HAYUTH JESKI KJIACH K MPIOPUTETHI, a BECh IHIIUIA Tpadik,
K TOW, mepenady SKOr0 MOXHA NpPU3YNUHHUTH. JlaHa TexHoNoris pa3oM 3 (parMeHTAli€lo ac
MOXJIMBICTH MOCTY NpHU3YNHHUTH mepeaady Ethernet kampy B Tomy BumMaaky, SKIIO HEOOXiTHO
BIJIIPAaBUTH TMAKeT BHIOTO Mpioputery. JlaHa TexHomoris qyxe BaximBa st 1SN mepex, Tomy 1o
KaJIpy, SKi MaOTh BUIIAN TMPIOPUTET, MOXKYTh MICTUTH KPUTHYHI O dYacy JaHi, SKi HEeoOXiTHO
JOCTaBUTH 3 MiHIMAJIBHOIO 3aTPUMKOIO.

Hns  ngemoHcTparii  QyHKOii TpU3YNMUHEHHS Tepenavi KaapiB 3MOAENbOBaHA MepeXa, sKa
CKJIQIA€ThCs 3 ABOX MoaystiB StandardHost B Tprox kKoHbiryparisx:

1) yepra FIFO — 6a3oBa koH]iryparis, sika He BUKOPHUCTOBYE MPIOPUTETHY 4Yepry ab0 (yHKILIO
NPU3YNUHEHHS Tepeiadi Kaapis;

2) mpiopuTeTHa Yepra — KOHQIryparlis, sika BHKOPHCTOBYE Yepry MPIOPUTETIB IS 3MEHIICHHS
3aTPUMKH BHCOKO MPIOPUTETHHUX KaJIPiB;

3) ¢yHkuis TpU3YNMHEHHS Tepenadyi KaJapiB — BUKOPHCTOBYE TPH3YMHMHEHHS ISl BHCOKO
MPIOPUTETHUX KAPiB ISl HU3bKOI 3aTPUMKH 13 3a0€3IeUeHHIM BEPXHBOT MEXKI.

Hnst xoxHOI 3 KOH(pirypamiii Oyjao BH3HAYEHO HACKpi3HA 3aTpUMKa JUIS TAKETiB OJHAKOBOL
JIOBXKMHH, sIKa JIOPIBHIOE CYMi yacy repejadi KaJpy, 3aTpUMII B 4yep3i Ta MKKaJpOBOMY TIPOMIXKKY.

VY Bunanky peanbHoro tpagdiky Ha 3aTPUMKY (DOHOBHX MAKETIB HE BIIMBAE Hi BUKOPUCTAHHS Yepru
NpiopuTeTiB, HI (QYHKLiS NPU3YNHMHEHHS Nepepadi KajapiB. 3aTpuMKa BHUCOKONPIOPUTETHHUX KaapiB
3HAYHO 3MEHIIIYEThCSI 32 PAXyHOK TOTO, IO TpadiK CHIBHO BIJIPI3HAETHCS 3a JIOBKUHOIO TIAKETIB.

Mean End-to-End Delay (12008 packets)

Mean end-to-end delay (realistic traffic)
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Puc.8. I'paghix nackpiznoi sampumku una eiopisky [0, 1]
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3.6. Hackpizna xomyraiis

Hackpi3na xoMyTalisi — 11e TEXHOJIOTis, SIka BUKOPHCTOBYETHCSI B CHCTEMax KOMYTallii MakeTiB AJs
nepecuianHs KajapiB B Mepexi [12]. Bona, Ha BimMiHy Big KoMyTalii 3i 30epiraHHsM 1 mepecuiaHHsIM
KaJIpy TUTBKH MICNIS 3aBEPIICHHS OTPUMaHHS, Mepedavyae moyaTok mporecy MepecuiiaHHs JI0 TOTO, K
Oyne orpuMaHo Bech Kaap. Jo mepeBar 1ii€i TEeXHOIOTii MOYKHO BiTHECTH 3MEHIICHHS HACKPi3HOL
3aTPUMKH TIEPECHJIAaHHS KaJpiB, OCKINBKM KOMYTaTOp MOYMHAE BiPABKY A0 MOBHOTO OTPUMAaHHS.
HemoikoM € BHITa 9acToTa MOMHJIOK, SKIIO ITOPIBHIOBATH 3 TIEPECHIIAHHSAM KaIpiB IICII 3aBEPIICHHS
OTpUMaHHS HOTO, TOMY IO JaHa TEXHOJOTis He Tepeadadae mepeBipKy Kaapy Ha HasBHICTH TIOMUIIOK
nepes NoYaTkoM MepecuIaHHs .

Juis anamizy naHoi TexXHOJoris Oysia 3MOJIeNbOBaHa Mepexka, IKa CKIAJA€ThCs 3 YOTUPHOX MOJYJIIB:
KirieHt i cepsep € momyasimu TSNDevice, a switchl i switch2 — TSNSwitch. [list MozxentoBaHHs B
Mepexi OyB BU3HaYeHUH HACTYMHUH Tpagik: HKepelo — KIIEHT; MYyHKT MPU3HAYEHHS — CepBep; THI
tpadiky — video; intepBan nepeaadi — 100 Mc; po3mip kopucHoro HaBaHTaxeHHs — 1200.

JletanpHO MpoaHai3oBaHi i BUHECeHI B jiarpamy (puc. 9) pe3ylbTaTh MOJEIIOBAHHS JUIS JTBOX
BUTIAAKIB — TEpECHIaHHsd Kaapy IICIs 3aBepIIeHHS OTPUMAaHHS WOTO 1 TEXHOJOTiS HaCKpi3HOIO
KOMYTaIlii.

End-ta-end delay
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Puc.9. I'paghix nackpiznoi sampumxu na eiopisxy [0, 1]

3.7. KombinoBaHi ¢pyHKUii B Mepexki peaibHOr0 yacy

Jns nemoHcTpanii komOiHOBaHNX QyHKIiH TSN Mepexi 3Mo/enbpoBaHa HACTYITHA TOIOJOTIs (puc.
10). Bona ckianaetbest 3 aBox komyraTopiB (TSN Switch), siki 3’eaHani Mixk cO000, YOTHPHOX XOCTIB-
mxepen (TSN Talker), siki HagcunaOTh 3allaHOBaHUK Tpadik 4oTUpboM XoctaMm npuiiMauam (TSN
Listener), ognoro reneparopa Ttpadiky (Traffic Generator), ogHoro mnpwuiimaua Ttpadiky (Traffic
Receiver) # ronmoBrHoro roaunHunka mepexi (MasterClock). ToBcTiMHU JiHISIME MO3HAYeHI KaHANU 3
MIPOITYCKHOIO CIIpOMOXHIcTIO B 1 ['6i1/C, a ToHKNME — 100 Mbit/c.

TSNTalkegl :

\ Masterwck Listener1 ’

|
A 7

TSNTalker2 ‘, TSNListener2
TSNsr,i N
1

E_.
TrafficReceiver

TSNTalker3

E T

TSNTalker4 TSNListenerd

¢ TSNListener3

Puc. 10. Tononozisi mooenrosanns TSN mepeorci

3a gonomororo mporpamuoro nakery CNC Cisco BU3HaUe€HHUH PO3KIIaa KepyBaHHS iIHTEpBAIaAMH IS
nepeaayi 3amiaHoBaHOro Tpadiky. 3 METO0 130JI0BaHHS 3aljlaHOBaHOro Tpadiky BiJ IHIIOTO i
rapaHTyBaHHS JOCTaTHBOI MPOIyCKHOCHOI 3maTHOCTi crammaprom IEEE802.1Qbv [9] BBoauThCs
3axucHa cmyra (GB). Bcei i yacoBi iHTepBaiy, 32 BAHATKOM 1HTEPBATiB IS 3aIUIAHOBAHOTO Tpadiky
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1 Tpadiky 3axucHOI CMyrH, HmpH3HauYeHi g nepemadi ¢poHoBoro Tpadiky. Jas KOXKHOrO IOTOKY
Tpadiky MK XOCTOM-IKEPENOM 1 XOCTOM-CIyXaueM Oyna po3paxoBaHa HACKpi3Ha 3aTpUMKa 3a
dopmyoro (3.1)

3aTPUMKA = Testination — Isource (3.1)

1€ Tgestination 1 Isource — L€ 9aCOBiI MITKH, OTpUMaHi MPH BUXOII 3 JpKepesda 1 BXOAl B ciyxaya
BigmoBimHO. BumiproBanHs 3atpuMku Oyio mposeneHo Ha 1000 makeTtax 3aruraHoBaHOTO Tpadiky B
HalTipmIoMy BHIIAAKY, TOOTO iHTEpBaJI HE3alUTaHOBAaHOTO Tpadiky mopiBHIOBaB 1 MKC, pe3ynbTar OyB
yCepeHCHUN 1 HaBeIeHUH y Ta0uili 2.

Tabnuysa 2. CepedHe 3HayeHHs 3aMpuUmMKU 018 3ANIAHOBAH020 MPAagiKy

Trafic 1 Trafic 2 Trafic 3 Trafic 4
Cepenne
3HAYEHHS 569 469 338 319
3aTPUMKH

OxpiM cHTyalii 3 HATipIIMM BHIIQAKOM, OYB MIPOBEACHUM psifl BUNIPOOYBaHb, B SIKMX 3MiHIOBaJIach
KUTBKICTh HE3aIUTaHOBAHOTO TpadiKy. AHAIIOTIYHO MONepeTHEOMY MOJISITIOBAaHHIO 3HAUYEHHS HACKPi3HOI
3aTpuMKH Oyio mpoaHamizoBaHo BigHocHO 1000 makeriB 3aruranoBaHoro Tpadixy. Ha ocHosi
OTpPHMaHUX JaHUX N0OymoBaHUH NiHiitHKI Tpadik (puc. 11), ne Bick X mpencTapisie iHTepBaNI nepeaadi
He3aIlIaHoBaHOTO Tpadiky, Bick Y BimoOpakae 3aTpuMKy Tpadiky.

—&— BE Traffic

900 4 Traffic 1
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— 8007 —e— Traffic 4
M
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> 700 4
8
@
(a]
2 600
v 5 )
E \—0—0—‘
2 500 -
w
[ 2 2 2 < ® - °
400 1

r———o — o — 9 —¢—9
300 4
1 Mxc 10 mxc 100 mkc 1 Mc 10 mc 100 mc
BE Traffic Transmission Interval

Puc. 11. Hackpizua 3ampumka 015 3an1aHo8anoeo i poHoeo2o mpapixy

Y Bumaaky, KoJu iHTEepBaJl HaACHUIIaHHS He3alulaHoBaHOTro Tpadiky nmepesuulye BinmiTKy B 100 Mkc,
3aTpUMKa HOro Ma€ MOCTiiHE 3HAYEHHS, TOMY IO KaHall JUIsl Iepeaadi JaHuX 3/1e0UThIIOTO MPOCTOIOE.
Sxmo 36inpmuTH 06car GoHOBOro Tpadiky, TO GauMMO, IO HACKPI3HA 3aTPHMKa 3pOCTaE Maibke 3
€KCIOHEHLIaTbHOI0 MBUAKICTIO. OMHAK 3aTPUMKa 3aIUIAaHOBAHOTO TpadikKy 3aJMILAETHCS TOCTIHHOIO B
Oynp-sikoMy BHUMaKy. HaBiTh B HalripmomMy BUTA/IKY, KOJIH KaHAN MTOBHICTIO 3aBAaHTaXCHUH IMakeTaMH
He3aIIaHoBaHOro Tpadiky, po3pobsieHa (QYHKIIOHAIBHICTh 3/aTHA HAJICKHUM YHHOM IUTaHYBaTH
Tpadik i 33J0BOJBHATH BUMOTH JIETEPMIHHOCTI MEPEXKi.

4 Conclusions

B poOoti Oysn0 neTtanbHO BUBYSHO iCHYIOWI CTaHAApPTU MEpEexX peabHOro vacy. s momanemioro
aHanizy OyB oOpanuii cranmapt TSN, sikuil m03Bojsie 3a0e3nedyBaTd HaAiWHHUHA 3B’S30K B PEXHMI
peanbHOro 4Yacy Ta IIJIBUIYE YHIBEpCAIBHICTH B NPOMHCIOBUX Mepexax. OkpiM mporo OyIo
JIOCSTHYTO HACTYIHUX pe3ysbTaTiB: 1) gociimkeHa npobieMa JOCATHEHHS TIJI00AIbHOIO 4Yacy B
MEpexi; 2) po3TIHYTI pi3HI METOAM IJIaHyBaHHS Tpadiky, a came GOpPMyBaHHS 3 YpaxyBaHHIM yacy i
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(dbopMyBaHHS Ha OCHOBI KPeIWTIiB; 3) BU3HaUeHA HEOOXiIHICTh MPU3YNMHMHEHHS mnepenadi kaapie B TSN
Mepexi; 4) BCTaHOBJICHA BaYKJIMBICTh BUKOPUCTAHHs TEXHOJIOTii HACKPi3HOI KOMyTalii; 5) po3pobiena
imitarifina mogens TSN Mepeki peaabHOro 4acy METOJIOM MOIYJIBHOTO MPOCKTYBaHHS 1 peaizoBaHa
¢yskmionanpHicTh TSN i 1utanyBanHA Tpadiky; 6) mOpoaHadi3oBaHi OTPHMaHI aHATNITHYHI
pe3ynpTaTH Ha BiAmoBigHICTh crierudikaitii TSN mepexi. Po3pobnena imiTariiiiHa MOAETh BiATIOBIAaE
OCHOBHMM BiacTHBOCTSIM TSN Mmepexi, a came: IeTepMiHOBaHICTh IepeAadi JaHWX; TrapaHTOBaHa
IPOITyCKHA 3/IaTHICTH; pE3epBYBAHHSA NPOITYCKHOI 3IaTHOCTI; 3a0e3medeHHs HU3bKOI 3aTPUMKH
nepenavi JaHuX; (YHKIIOHYBaHHA B peaJlbHOMY 4Yaci. B mporeci mMojemoBaHHS Oyi0 BHU3HAYEHO
pO3MONINT YacoBUX iHTEpBaNiB sl BCbOro Tpadiky Ha OCHOBI pO3KIALy YIPaBIiHHA BOPOTaMHU
nepecuianHs Tpagiky B Mepexi. Y pe3yabTaTi CUMYJILii JaHol Mepexi, 0yJI0 OTpUMaHO IOCHTh TOUHY
1 AeTanbHy XapaKTepUCTHKY 11 (YHKIIOHAIFHOCTI, a caMe MpOoaHali30BaHa HACKPI3HA 3aTpPUMKa I
pi3HUX TUMIB Tpadiky, IO BIACTUBO IUII Mepexki peaidbHOro vacy. [Ipeacrasneni iMitamiliHi Moy
TOYHO BifnoBinarTh crnenudikamisMm TSN s geTepMiHOBAHOTO 3B'S3KYy, a PO3pOOJICHA MOJEIb €
e(heKTHBHUM 1HCTPYMEHTOM BepHQiKaIlii s MOJaTbIIOr0 JOCHIHKEHHS (i3MIHOI MOIEN MEepexKi.
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Real-time traffic management in computer networks
The paper considers the problem of modeling time-critical networks in order to study the effectiveness of various real-time
traffic management methods.
Relevance. Real-time network modeling is an active area of research in computer science and information technology.
Research in this area is aimed at developing methods and algorithms for efficient real-time data transmission. The work is
devoted to modeling time-sensitive networks using various real-time traffic management methods.
Goal. The purpose of the work was to analyze existing real-time network standards, develop a simulation model of a real-time
network, and investigate the effectiveness of various real-time traffic management methods.
Research methods. The research methods are based on modern theories of mathematical modeling, simulation modeling, and
telecommunications standards, namely Time-Sensitive Networking (TSN).
The results. The standards of real-time networks were thoroughly investigated. Detailed attention was paid to TSN (Time
Sensitive Network) technology, the problem of achieving synchronization in such networks and various methods of traffic
generation were investigated; the obtained analytical results were checked for compliance with the TSN network specification.
OMNeT++ software was used for modeling real-time networks. End-to-end delay graphs were constructed for each traffic
generation method under different to conditions of real-time networks.
Conclusions. The paper considered TSN standard networks for reliable real-time communication and increase versatility in
industrial networks. The problem of achieving synchronization of devices in the TSN network was investigated, various
methods of traffic planning were considered, the importance of using end-to-end switching technology was established, a
simulation model of the TSN network was developed.

Keywords: computer networks, traffic, real-time networks, TSN, end-to-end delay, network protocol, Ethernet, end-to-end
switching, network node, gPTP, UDP, switch, time synchronization.
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Computer modeling temperature and strength characteristics of an ultra-
supercritical loop-type steam turbine rotor

Relevance. A global trends have emerged involving the continuous increase in demands for efficiency and reliability of power
equipment, particularly ultra-supercritical steam turbines. Such turbines operate under challenging conditions of high
temperatures and pressures, which can lead to significant thermomechanical stresses in rotor. Computer modeling is ideally
suited to solving such problems. Therefore, research dedicated to strength calculations and determining the temperature
characteristics of blades in high- and medium-pressure cylinders is highly relevant. These studies enable engineers to ensure the
strength and durability of components in steam turbines.

Objective. To perform strength and temperature distribution calculations for the blades of high- and medium-pressure cylinders
in a loop-type steam turbine with ultra-supercritical initial steam parameters.

Results. Data on the temperature field distribution in rotor blades of high- and medium-pressure cylinders were obtained. Using
the results of the temperature calculations, the strength of the first rotor blades in the high-pressure cylinder was assessed under
the influence of uneven temperature distribution and rotor rotation. Cooling of the first-stage turbine blades is achieved through
convective heat exchange from the flow of cold steam from the last stage to the internal channels of the blades.

Conclusions. The results demonstrate the efficiency of the selected blade cooling method and the level of maximum stresses
within the blades. One of the notable features of the operating conditions for loop-type turbine blades is the uneven heating that
occurs both during transient and steady-state operating modes. Uneven heating leads to the formation of thermal stresses in the
blades, which negatively affects their lifespan. Moreover, the high temperature of steam with ultra-supercritical parameters can
significantly reduce the material's strength properties.

Keywords: mathematical modeling, finite element method, steam turbine, blade strength, blade cooling, computer simulation
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Turbine blades are the most expensive and complex parts of a steam turbine. Operating under extreme
qonditions, these blades are subjected to significant forces and impulse effects, which cause blade
uibrations and the possibility of resonance. Moreover, high temperatures in the working fluid negatively
affect the material strength, creating thermally induced stresses [1]. Blade loads are divided into static
and dynamic. Static loads remain constant during operation in steady-state mode and change slowly
during transient states, allowing inertial effects to be neglected. These include gas-dynamic forces on the
blade profile surface, centrifugal forces on rotor blades, and thermal fields [2]. Centrifugal forces cause
stresses and deformations in the blades. They can also lead to blade bending and twisting. Gas-dynamic
Borces also cause deformations and stresses in the blade’s profile section, affecting the object’s position
[3]. During the design of turbine blades, both static and dynamic strength calculations, as well as thermal
Kads, are essential. Static loads include gas-dynamic forces and non-uniform temperature fields, the latter
leading to blade deformations and cracking [4]. Long-term exposure to static and dynamic loads leads to
microscopic damage accumulation, resulting in the development and growth of defects, which may cause
Bracks and failure [5]. The physical mechanisms that determine damage are not fully understood, but
numerous models exist to evaluate blade efficiency and durability [6]. Static failure and high-cycle fatigue
giffer in their damage accumulation mechanisms. Thus, blade design must include calculations and
axperiments to verify not only static strength but also cyclic durability under high-cycle fatigue [7].
Environmental program requirements for reducing harmful emissions and rising fuel costs demand
significant improvements in the efficiency of steam turbines. This can be achieved by increasing the
initial temperature and pressure of steam and using intermediate reheating.

, Currently, achievable steam parameters are:
-Temperature: above 700°C;
A -Pressure: more than 30 MPa.

The application of such ultra-supercritical parameters allows turbines to achieve an efficiency of up
% 50% [8]. However, long-term operation of blade rows at these temperatures requires the use of
expensive high-temperature alloys or blade cooling methods. Using working steam as a blade coolant
reduces the overall efficiency of the turbine unit, but, according to estimates, the efficiency loss will be
Rgnificantly smaller than the efficiency gain achieved by using steam with ultra-supercritical initial
parameters [9]. Cooling systems are a standard feature in gas turbines and are becoming necessary for
steam turbines as well. The most accessible method, which avoids mixing the working fluid and coolant,
is internal or convective cooling [10]. This method is used to cool both working and nozzle blades [11].
©ther methods, which involve injecting cold gas into the working area, significantly reduce the overall
turbine efficiency and do not allow optimization of the cooling zone [12]. The convective method of blade
gooling is quite flexible and effective, offering many degrees of freedom. By selecting the shape and
number of channels and the parameters of the cooling gas, satisfactory temperature characteristics of the
blade material can be achieved [13]. However, the local nature of cooling can cause significant
famperature gradients, leading to premature wear of turbine components. Therefore, for new and
improved cooling system designs, a thorough study of the thermal state using modern numerical methods
¥ necessary [14].

1. Description of the object of research
K Figures 1.1-1.2 show longitudinal sections of new variants of high and medium pressure cylinders and
their additional elements. The flow parts of the high and medium pressure cylinders of the loop type are
limited by the upper contour lines 1 and the lower contour lines 2.
u
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[T <=
Fig. 1.2. Medium pressure cylinder of loop-type steam turbine

While the profile of the vanes is constant in all segments, the vanes of the upper and lower tiers are
located asymmetrically according to the flow direction. There is no edge fastening mechanism in the
blades; instead, a hard locking method is used. The geometric model of the rotor blade of the first and
last stage is presented in Figure 1.3.

0,000 X 0080y
I 200 0O 0000

00:0 0,060

Fig. 1.3. Three-dimensional geometric model of the rotor blade of the first and last stage

2. Solution methods
2.1. Basic equations
To determine the stress-strain state of an elastic body, the system of second-order elliptic partial
differential equations with respect to the displacement vector U is used
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where A and p are the Lame coefficients.

Let us introduce the differential surface tension operator from the classical theory of elasticity as
follows [22]

T"®U = 2p 2 + AndivU + p(n X rotU),
where n is outward unit normal to the surface.

The following boundary value problem is formulated for an unbounded three-dimensional body
weakened by a system of cuts S = U}}-; Sk, to determine U:

AU + (A + 1) o = 0, j=1.2,3, T*U(x) = X(x), x€S. )
J
Here X(x) is the given forces.

For the numerical analysis of the shell structure using ANSY'S Workbench, homogeneous volumetric
twenty-nodal finite elements of the SOLID186 type [15] were selected.

The SOLID186 element is a universal three-dimensional element (Fig. 2.1); quadratic approximation
of displacements is used here. The element is determined by twenty nodes having three degrees of
freedom: movement in the direction of the OX, OU, and OZ axes.

MNOPUVWX
Y AB
KLS
1 R
Q

3

MNOPUVWX

Fig. 2.1. Three-dimensional finite element SOLID186

Equations for the finite element are the equations of the theory of elasticity.

The advantages of the specified element are due to the fact that it can have an arbitrary spatial
orientation, be specified in the form of a tetrahedron, a pyramid and a prism. This element allows you to
model quite general geometric features of this structure, for example, sharp changes in thickness, the
presence of corner points, etc., take into account plasticity, creep, hyperelasticity, strengthening,
geometric nonlinearity [18]. Use of the selected element also allows you to take into account the
anisotropy of the material, residual stresses and temperature loads. A finite element mathematical model
of the rotor blade of the first and last stage was created, containing more than 1 million finite elements
with thickenings in places of expected local stress maxima and zones of sharp changes in geometric
parameters. Part of this model is shown in Fig. 2.2.
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Fig. 2.2. Finite element model of the scapula in the fillet region

In general, the surfaces of the blades were thickened, especially around the leading edge, where the
smallest size of the finite element was 0.075 of the base size, as well as the surface of the fillet rounding,
where the size of the finite element was 0.05 of the base size.

In addition, as a result of additional test calculations, the quality of the finite element model was
checked. The calculations showed that when the number of finite elements changes by 50 thousand, the
change in the measurement result does not exceed 0.1%.

Thus, the choice was made precisely on the model described above, which allows for high-precision
calculations and at the same time limits the requirements for the computing power of the equipment.

Modeling of the temperature state of the rotor blades of the first and last stages of the loop turbine was
performed using the ANSYS Fluent Academic Edition R19.3 software package. The computational
domain includes one rotor channel of the first and last stages of the high and medium pressure turbine
and consists of four subdomains: the first stage rotor channel, the last stage rotor channel, the first stage
blade cooling channel and the blade body. Numerical flow simulation was performed using a pressure-
based algorithm that solves the Navier-Stokes equation [15], supplemented by the two-parameter Menter
SST turbulence model [16], and the equation of state for water vapor according to the Peng-Robinson
method [17]. The temperature distribution on the blades was simulated by solving the coupled problem
of heat conduction and aerodynamics [15].

3. Numerical simulation of the temperature state of the blades
3.1 Simulation of the temperature state of the blades of the first rotor of the high-pressure
cylinder
Tables 3.1 and 3.2 show the boundary conditions for the computational domains. The blade surfaces
adjacent to the flow were assumed to be temperature and heat flux equal, while the others were assumed
to be adiabatic. The mass flow rate for the cooling channels was determined to be 2% of the mass flow
rate of the main flow in the last stage cylinder.

Table 3.1. Boundary conditions for blade channels

1st stage rotor 16th stage rotor
Total pressure at the inlet, MPa 34,9 111
Total temperature at the inlet, K 975,0 760,3

Outlet pressure, MPa 32,9 9,7
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Table 3.2. Boundary conditions for the cooling channel

Mass flow, kg/s 4.4
Total temperature at the inlet, K 760,3
Outlet pressure, MPa 9,7

On Figure 3.1, the temperature distribution on the blade surface is shown, while Figure 3.2 depicts
the temperature isolines in the mid-cross-section of the first-stage blade, including the cooling channels.
Figure 3.3 presents the isolines of the relative velocity of the main flow and the flow within the cooling
channels in the mid-cross-section of the first-stage blade. Figure 3.4 illustrates the temperature
distribution on the surface of the first-stage blade along the axial direction.

According to the distribution, the average surface temperature of the blade is 912.8 K, which is
62.2 K lower than the overall steam flow temperature.

contour-1
Static Temperature

9.59e+02
9.38e+02
9.16e+02
8.95e+02
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8.51e+02
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7.65e+02
7.43e+02
[k]

Fig. 3.1. Temperature distribution on the surface of the blades

contour-2
Static Temperature
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Fig. 3.2. Temperature isolines in the middle cross-section of the blade of the first stage
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Fig. 3.3. Relative velocity isolines in the middle cross-section of the blade of the first stage

960
T, K

940

920 ’

900 i

880

860

zZ,m
840

-0.015 -0.01 -0.005 0 0.005 0.01 0.015
Fig. 3.4. Temperature distribution on the blade surface of the first stage in the axial direction

3.2 Modeling temperature state of blades of the first rotor of medium pressure cylinder

The thermal state modeling of the rotor blades in the first and last stages of the medium-pressure

cylinder of the reheat turbine was performed similarly to the high-pressure cylinder [17].

Tables 3.3 and 3.4 present the boundary conditions for the calculation domains. On the surfaces of the
blades in contact with the flow, conditions of temperature and heat flux equality were applied, while
adiabatic conditions were set for other surfaces. The mass flow rate for the cooling channels was

determined as 2% of the mass flow rate of the main flow in the last stage of the cylinder.

Table 3.3. Boundary conditions for blade channels

1st stage rotor

10th stage rotor

Total pressure at the inlet, MPa 8,54 3,96
Total temperature at the inlet, K 973,2 834,0
Outlet pressure, MPa 7,88 3,53

Table 3.4. Boundary conditions for the cooling channel

Mass flow, kg/s 4.4
Total temperature at the inlet, K 834,0
Outlet pressure, MPa 3,53
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Figure 3.5 shows the external appearance of the modeled blades and the configuration of the cooling
channels within the first-stage blade.

= N

a) b)
a — appearance of the blades; b — configuration of cooling channels
Fig. 3.5. Appearance of blades, configuration of cooling channels

Figure 3.6 shows the temperature distribution on the blade surface, while Figure 3.7 displays the
temperature isolines in the midsection of the first-stage blade, which also includes cooling channels.
Figure 3.8 presents the isolines of the relative velocity of the main flow and the flow within the cooling
channels in the midsection of the first-stage blade. Figure 3.9 illustrates the temperature distribution along
the axial direction of the first-stage blade.

According to the distribution, the average surface temperature of the blade is 932.8 K, which is 40.4
K lower than the total temperature of the steam flow.
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Fig. 3.6. Temperature distribution on the surface of the blades
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Fig. 3.7. Isolines of temperature in the middle cross-section of the blade of the first stage
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Fig. 3.8. Isolines of relative velocity in the middle section of the blade of the first stage
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Fig. 3.9. Temperature distribution on the blade surface of the first stage in the axial direction

4. Strength Calculation of the First Rotor Blades and Analysis of Results

The dominant stresses in the rotor arise under the influence of centrifugal forces at a rotational speed
of 3000 rpm. These stresses also depend on the density of the material used, with higher density causing
higher stresses. As a result of preliminary calculations, a material with a density of 8160 kg/m* was
selected. The stress-strain state of the blades was determined based on calculations and is shown in Figure

4.1 as a distribution of equivalent stresses according to the von Mises criterion.
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Fig. 4.1 — Distribution of equivalent stresses in the blades according to the Mises?

Global maximum stress (Global) is 116.4 MPa, it is located almost near the attachment point at the
transition point of the fillet rounding into the main part of the blade at the exit from the crown, Fig. 4.2,
it is the most highly loaded part of the rotor.
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Fig. 4.2 — Localization of the global stress maximum

A similar location is observed for the next, localized stress maximum (L1), which is 98.8 MPa and is
also situated near the base of the blade, but only at the crown inlet, as shown in Fig. 4.3. The Global and
L1 maxima are interconnected and depend on the overall balance of the crown.
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Fig. 4.3 — Localization of the L1 stress maximum

This distribution includes the main maximum stresses in the rotor as well as its local maxima.
Additionally, due to the significant similarity of all the cylinder rotors, they will also contain these
maxima with minor numerical differences. The global maximum stress (Global) is 116.4 MPa, located
near the attachment point at the transition from the curvature of the blade fillet to the main part of the
blade at the rotor outlet.
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Based on the obtained data, a summary Table 4.1 was created, containing the calculation results for
the identified stress maxima.

Table 4.1. Maximum stresses of the first rotor

Global L1 L2 L3 L4 L5 L6
Values, MPa 116,4 98,8 102,6 90,4 72,3 69,1 66,3
Temperature, °C 464 464 464 464 695 695 695

Conclusion

Promising design of a new high-pressure cylinder (HPC) and additional stages of the intermediate-
pressure cylinder (IPC) for the K-300 series loop-type turbine with two-tier configuration has been
presented [19]. The new flow path is designed to fit within the dimensions of the existing turbine. Number
of innovative solutions, some of which are unprecedented in the global steam turbine industry, were
employed in developing the new flow path, including a special meridional contour shape. The design was
executed using a comprehensive methodology implemented in the IPMFlow and Ansys Workbench
software packages. This methodology incorporates gas-dynamic calculations of varying complexity
levels, as well as methods for constructing the spatial shape of blade paths based on a limited number of
parameterized values [21].

Numerical study was conducted on the thermal and stress-strain state of the rotor blades in the
high-pressure and intermediate-pressure cylinders of a state-of-the-art loop-type steam turbine with ultra-
supercritical steam parameters. Strength calculations were performed to determine the stress distribution
in the rotor blades, with the results indicating a sufficiently low level of maximum stresses. Numerical
modeling of the thermal state of the first rotor blades in the high-pressure and intermediate-pressure
cylinders of the loop turbine was also carried out. Cooling of the first-stage rotor blades was achieved by
extracting steam from the last-stage channel. It was determined that using 2% of the steam mass flow for
cooling reduces the average surface temperature of the first-stage blade by 62.2 K [20] for the high-
pressure cylinder and by 40.4 K for the intermediate-pressure cylinder.

Awarded for support of a grant from the National Academy of Sciences of Ukraine to research
laboratories/groups of young scientists of the National Academy of Sciences of Ukraine for research of
priority areas in the development of science and technology 2022-2023.
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KoM’ 1oTepHe MOe/IIOBAHHA TEMIIEPATYPHHUX TA MIIHICHUX XapPaKTEePUCTUK
POTOPY YJbTPACYNIePKPUTHYHOI MAPOBOI TYPOiHU METEJIbHOI0 THITY

AKTYyaJbHiCTh. Y CBITI 3’sBHJIach TCHJCHIIS, OB’ A3aHA 3 MOCTIHUM 3pPOCTaHHSAM BHUMOT 1O €(EKTUBHOCTI Ta HaTiHHOCTI
E€HEPTEeTHYHOTO OOJITHAHHS, 30KpeMa YIBTPACYIIEPKPUTHIHNX MAapoBUX TypOiH. Taki TypOiHH MPAIIOIOTh Y CKIAJIHIX yMOBaxX
BUCOKHMX TeMIlepaTyp i THCKIB, 1[0 MOXXE€ BHMKIMKAaTH 3Ha4Hi TepMOMEXaHIuHI HampykeHHs y poTopi. Kowmm iorepHe
MOJICNIIOBAaHHS iJiealbHO IIJXOOUTh JUIL PO3B’S3Ky MOAIOHMX 3amad. ToMy € aKTyaJbHHM JOCIHIJDKEHHS, IPHCBSYEHO
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Merta. [IpoBecT po3paxyHKH Ha MIIHICTh Ta PO3IIOILT TEMIIEPATyPH JIOTATOK IS IUTIHIPIB BUCOKOTO Ta CEPEAHBOTO THUCKY
HapoBoi TypOiHM METENBHOTO THUITY i3 YJIBTPa-CyNepKPUTHYHUMH TOYATKOBUMH APaMETPaMH MapH.

Pe3yasTarn. bymu oTpumani 1aHi mo po3noAiIeHHIO TEMIIEPAaTYPHUX IOJIiB Y JIOMIATKaX POTOpa HIITIHAPY BHCOKOTO Ta
CepeIHbOr0 THCKY. BUKOPHCTOBYIOUH pe3y/IbTaTH TEMIIEPATYpHOTO PO3PaxyHKy, Oy/I0 OTPHMAHO OLIIHKY MIIIHOCTI JIOIIAaTOK
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Hapy 3 OCTAHHBOTO CTYIICHS /10 BHYTPILIHIX KaHAJIIB JOMATOK.
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Self-Configuring Virtual Machine Environments Using Ansible Pull: A
Review of Approaches and Challenges

The automation of virtual machine (VM) configuration has become an integral part of modern IT infrastructure, ensuring
compliance with the high demands of scalability, reliability, and security. With the increasing adoption of cloud technologies,
there is a growing need for standardized approaches to infrastructure management that eliminate the limitations of traditional
methods, such as manual configuration or individual scripts. The goal of this research is to design an architecture for automated
VM self-configuration based on Ansible Pull in combination with tools like Terraform, Hashicorp Vault, and Git to ensure
flexibility, autonomy, and security.

To build the system, an analytical approach was used to evaluate existing configuration tools, model the architecture using Git
repositories, Terraform, and Vault, and experimentally implement cloud-init to initialize Ansible Pull at the VM level. The
proposed architecture automates the VM configuration process, ensuring scalability and reducing dependence on centralized
management servers. The implementation of Ansible Pull with a tagging system provides idempotent task execution, regular
updates, and maintenance of the desired system state.

It has been proven that combining Ansible Pull with Terraform, Git, and Vault ensures simplicity of implementation, flexibility
in scaling, and secure configuration management. The proposed approach is effective for dynamic environments requiring
frequent updates and aligns with modern DevOps practices.

Keywords: Ansible Pull, automation of the configuration, Terraform, Vault, self-configuring, DevOps, Ansible
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1 Introduction

In the modern world of information technology, process automation is a key factor in enhancing
efficiency and reducing operational costs. One of the primary tasks in this context is the automation of
virtual machine (VM) configuration, which constitutes a vital part of the infrastructure for most
organizations. Traditional methods of manual configuration are not only labor-intensive but are also prone
to human error, potentially leading to severe system failures.

Automation tools such as Ansible, Puppet, and Chef provide a means to simplify this process by
employing a declarative approach. Among these, Ansible stands out for its simplicity, idempotency
(ensuring consistent execution results), support for YAML files, and agentless architecture. These
features make Ansible an effective tool for managing large-scale server infrastructures in cloud
environments, such as AWS, Google Cloud, and Azure.

This study focuses on exploring the capabilities of Ansible Pull as a method for self-organizing virtual
machine environments. The emphasis is placed on configuration management, performance optimization,
and cost reduction when employing this approach. In addition to analyzing the advantages of Ansible
Pull, the paper examines key aspects of deployment process management, including comparisons with
similar solutions. The primary challenges associated with integrating Ansible into scalable environments
are identified, and strategies for overcoming these challenges are proposed.
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Thus, this work aims to establish a foundation for further research and the implementation of
automated solutions for virtual machine configuration in modern IT environments.

2 Analysis of the Problem of Self-Configuring Virtual Environments
2.1 Analysis of Modern Methods and Their Limitations

Traditionally, self-configuration is an automated process through which a system configures itself to
operate by following predefined instructions without requiring manual intervention. This process
includes:

. Installation and management of software dependencies.

. Creation and configuration of user accounts with appropriate access rights.
. Configuration of network settings and ensuring their security.

. Monitoring and ensuring compliance with predefined standards.

The goal of self-configuration is to minimize the risk of human error, accelerate deployment cycles,
and ensure the scalability and repeatability of the infrastructure configuration process. This is particularly
important for environments that require frequent updates or have complex distributed configurations.

Today, there are several tools and approaches to configuration automation, each with its own
advantages and disadvantages:

1. Custom Scripts:

. These are easy to create but poorly scalable and challenging to maintain in dynamic
environments. Updates often require manual intervention, increasing the risk of errors.

2. Configuration Management Tools (e.g., Puppet, Chef):

. These tools are powerful but often require the installation of specialized agents on each

node, complicating their use and increasing resource consumption.

3. Ansible Push:

. Ansible’s push model eliminates the need for agents, simplifying configuration
management. However, this approach can create bottlenecks when managing a large number of nodes
due to the centralized execution of commands.

4, Ansible Pull:

. Ansible Pull offers a decentralized approach where managed nodes retrieve
configurations from a Git repository. This approach ensures scalability and reduces dependency on a
central control node but comes with its own challenges:

. Dependency on Git: Any issues with the repository can halt configuration updates.
. Network Stability: Requires a stable SSH connection for initial setup and updates.
. Version Management: Ensuring consistent configurations across all nodes can be

challenging without proper control.

Thus, Ansible is not the only tool in the configuration automation space. Several other leading tools
predate Ansible’s release in 2012: SaltStack in 2011, Puppet in 2005, and Chef in 2008. A comparison of
the popularity of search queries among these tools is shown in Figure 2.1.

salt Chef Ansible == Puppet software

Fig.2.1 Comparing of the search requests Salt, Chef, Ansible ma Puppet popularity in Google.
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The choice of tools and methods for self-configuration depends on specific requirements such as
scalability, ease of use, and integration capabilities. With Ansible Pull, self-configuration becomes a
robust, scalable, and repeatable process that ensures the consistent provisioning of systems according to
desired specifications described in code. Storing configurations as code provides significant flexibility
and simplifies maintenance.

2.2 Ansible Pull Analysis: Advantages and Disadvantages

Ansible is a popular tool in the category of Infrastructure-as-Code (1aC) that enables automation of
deployment and configuration of IT infrastructure. Its agentless architecture, intuitive YAML syntax, and
scalability have made Ansible a top choice for organizations seeking to improve process efficiency.
Ansible developers create playbooks containing a series of tasks that can be automatically executed on a
set of hosts to achieve the desired infrastructure state.

As an automation technology, Ansible is based on the following principles:

»  Agentless Architecture. Ansible does not require installing software on managed nodes (except
in the pull model).

«  Simplicity. YAML-based playbooks allow easy creation and comprehension of automation
scripts. Ansible is also decentralized, using SSH with existing OS credentials to access remote machines.

»  Scalability and Flexibility. Its modular design allows for rapid scaling, supporting a wide range
of platforms and environments.

» Error-Free, Predictable, and Idempotent. Ansible files describe infrastructure as code,
ensuring the same outcome regardless of how many times the playbooks are executed. [1]

Ansible Pull offers a unique model for self-configuring environments, where managed nodes
independently fetch and apply configurations from a repository. This approach enables:

»  Avoiding dependence on a central control node.

»  Reducing risks associated with single points of failure.

«  Efficient operation in distributed infrastructure environments.

Ansible Pull is ideal for dynamic environments that require regular updates, meeting the demands of
modern agile systems. [2]

Ansible Pull utilizes a decentralized configuration management method where each node
independently fetches and applies updates from a central Git repository. This approach eliminates the
need for a centralized control server, enhancing system fault tolerance. Nodes periodically execute the
ansible-pull command to download and apply the latest playbooks. Additionally, playbooks can include
tasks to update Ansible Pull itself, increasing the autonomy of the process.

Red Hat, the developer of Ansible, provides tools to implement this model but not out-of-the-box
solutions. Automating the execution of ansible-pull requires the use of task schedulers such as cron jobs,
systemd timers, or similar tools [3]. This modular approach is characteristic of Ansible, offering flexible
tools rather than rigid solutions.

Advantages:

1. Autonomy: Each node fetches and applies its configuration independently, minimizing reliance
on a central control server and ensuring resilience against network disruptions or server downtime.

2. Scalability: Adding new nodes is simplified since the self-configuration process is integrated into
deployment.

3. Flexibility: Changes in the repository are automatically applied during the next execution cycle
of ansible-pull, ensuring prompt and consistent updates across all nodes.

4. Version Control: Git integration provides robust version management, allowing effective
collaboration, tracking changes, and reverting to previous configurations when needed.

5. No Single Point of Failure: Eliminating reliance on a central server reduces risks associated with
potential unavailability.

Disadvantages:

1. Network Dependency: Nodes require connectivity to the Git repository for updates. This can be

mitigated by setting up local repository mirrors or using caching mechanisms.

2. Lack of Centralized Management: Unlike the push model, task execution control is more

complex, requiring additional monitoring tools such as Ansible callback modules or third-party

systems like Prometheus or ELK Stack.
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3. Error Debugging: Error logs are stored locally on each node, complicating centralized

troubleshooting, especially in large-scale environments. Integration with centralized log collection

systems can address this issue.

4. Initial Node Configuration: For ansible-pull to work, each node must be pre-configured with

access to the Git repository and necessary dependencies. While this adds steps to configuration, it is

a common practice in decentralized systems.

5. Security Challenges: Granting nodes access to the Git repository can pose risks related to data

leakage or unauthorized access. Recommendations include restricting access rights, using SSH keys,

and secure communication channels (e.g., VPN).

Ansible Pull is a powerful solution for decentralized configuration management, offering autonomy
and flexibility. However, its implementation requires additional setup for monitoring, security, and
debugging. When properly configured, the system demonstrates high scalability and reliability.

2.3 Comparative Analysis of Existing Solutions

We compare popular configuration management systems such as Chef, Puppet, SaltStack, and Ansible
Pull based on key criteria: autonomy, flexibility, security, ease of updates, and scalability to highlight
their strengths and weaknesses.

Chef: Uses a pull model where nodes fetch configurations (cookbooks) from a central server. While
effective for managing complex configurations, its reliance on the Ruby programming language and the
need for a dedicated central server complicates setup and usage.

Puppet: Operates similarly, with nodes fetching manifests from a Puppet master. It supports scalability
and consistency but requires installing the Puppet agent and master, increasing complexity. Its domain-
specific language (Puppet DSL) reduces accessibility for teams unfamiliar with it.

SaltStack: Primarily uses a push model with a master-minion architecture. While SaltStack offers
significant scalability, its setup and usage are complex, though it is compatible with YAML.

Ansible Pull: Unlike the others, Ansible Pull eliminates the need for centralized servers or agents.
Nodes independently fetch configurations from a Git repository, making it lightweight and
straightforward. Its YAML-based approach and Git integration align with modern DevOps practices,
ensuring an intuitive process.

Key Comparative Insights:

. Autonomy: Ansible Pull ensures node autonomy, as each node independently manages
updates. Chef and Puppet also support autonomous operation but rely on central servers, creating a
potential single point of failure.

. Flexibility: Ansible Pull offers high flexibility with its Git-based workflow, facilitating
seamless integration with existing tools and processes. Salt is versatile but more complex to configure,
whereas Chef and Puppet require specialized languages or infrastructure, limiting flexibility in some
environments.

. Security: Chef and Puppet provide robust authentication and access control through
master-agent models. Ansible Pull leverages Git for security, requiring careful management of
credentials and repository access control. Salt also provides high security but is harder to configure in
pull mode.

. Ease of Updates: Periodic Ansible Pull synchronization with Git ensures quick and
consistent updates. Puppet and Chef support automatic updates but with potential delays. Salt’s push
model provides real-time updates but loses this advantage in pull mode.

. Scalability: Puppet and Chef scale well due to their master-agent architecture. Ansible
Pull is suitable for distributed systems as nodes operate independently. However, large-scale
deployments can strain Git traffic during updates, which can be mitigated through update scheduling.
Salt is efficient in push scenarios but less performant in pull mode.

Ansible Pull is an excellent choice for environments favoring lightweight, decentralized, and
straightforward self-configuration processes. It is especially effective where teams use Git, which was
adopted by approximately 93% of developers in 2023 [4]. However, environments requiring highly
centralized control or low-latency updates may benefit from solutions like Puppet, Chef, or Salt.
Ultimately, Ansible Pull is ideal for organizations seeking scalability, flexibility, efficiency, and seamless
integration with modern DevOps workflows.
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3 Description of the Self-Configuring Virtual Machine Environments solution

3.1 Architecture

After analyzing all possible approaches to architecture design, we propose a solution distinguished by
enhanced flexibility and efficiency.

The proposed architecture utilizes several Git repositories to organize and manage different aspects of
the system:

. Ansible Repository: Contains roles and corresponding configurations for automation.

. Ansible-Inventory Repository: Includes inventory files necessary for accurate system

configuration.

. Terraform Repository: Stores infrastructure-as-code (laC) definitions, enabling automated

infrastructure creation and management.

. Terraform-Modules Repository: Used for reusable modules to enhance scalability and code

reusability.

To manage secrets, Hashicorp Vault is integrated, providing a high level of security. EC2 instances are
configured to authenticate with Vault using AWS IAM roles, ensuring secure retrieval of secrets and facts
required for configuration processes.

This architecture ensures:

. Separation of responsibilities through specialized repositories.

. Secure handling of sensitive data.

. Scalability and flexibility through the use of Terraform modules.

An example of the proposed architecture is shown in Fig. 3.1.
V Vault
I

Pull secrets via AWS 1AM Vault Authentication method

A 1. Setup Git repositories

I
I
module "ec2-ansible-pull® {
source = "github.com"
instance_count =1 terraform apply {3
template_file = "ansible_pull"

\ 2. Install "initial tags" and run ansible-pull
EC2 Instance,

\
\ [e«]
@ Y systemd
\
ansible_pull.tpl ' 3. Install and configure a
\ systemd service and timer

terraform.git

with "daily tags"

Pull Ansible roles Pull Ansible inventory

terraform-modules.git

ansible.git ansible-inventory.git
Fig.3.1. The overall architecture of the Ansible Pull solution using Terraform, Ansible, Git, and Vault

When an EC2 virtual machine instance is created using Terraform, a cloud-init script embedded in
the configuration is executed during its launch. Cloud-init facilitates the connection between VM
deployment and configuration without requiring additional user intervention [5]. This script plays a
pivotal role in initializing the Ansible Pull model, retrieving secrets, and preparing the VM environment
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for automated configuration. The architecture seamlessly integrates with AWS services, delivering a
scalable and secure self-configuring solution.

Environment Configuration:

. Git Repository Setup: The ansible repository contains playbooks and roles, while the ansible-
inventory repository holds inventory configurations. The terraform and terraform-modules repositories
organize infrastructure code.

. Vault Setup: Vault is configured to securely store secrets, ensuring EC2 instances can
authenticate using AWS IAM roles [6].
Provisioning and Initialization:

. Terraform Deployment: Terraform creates EC2 instances and configures them using a cloud-
init script.

. Dependency Installation: Dependencies such as Git, Python, Ansible, Ansible Collections, and
Pip modules are installed.

. Repository Cloning: The ansible and ansible-inventory repositories are cloned onto the VM.

. Environment Preparation: The ansible-pull role prepares the environment by fetching the latest
updates and applying the necessary configurations.
Self-Configuration:

. The ansible-pull command is executed with specific tags to configure the VM based on its
purpose (e.g., database server).

. Following initial configuration, the Ansible Pull role sets up a systemd service to execute the
ansible-pull command daily with “daily” tags, ensuring configurations remain up to date.

3.2 Use Cases

Database Server Configuration: using database-specific tags, Ansible Pull installs and configures
database software, such as MySQL. Credentials and access permissions are securely retrieved from Vault,
and monitoring and logging systems are initialized. Daily pulls ensure configurations remain intact, and
security settings are consistently reapplied.

Application Server Configuration: application servers are configured to install runtime
dependencies, deploy application code, and set environment variables using secrets from Vault. Daily
execution of Ansible Pull ensures the application environment remains consistent and dependencies stay
updated.

General Maintenance: a daily system service verifies critical configurations such as SSH settings
and dependency versions, applies updates from the Ansible repository, and ensures the system maintains
its desired state without manual intervention.

This architecture allows organizations to establish a fault-tolerant and automated environment for
managing virtual machines, ensuring consistency, scalability, and security across their infrastructure.

3.3 Key metrics

Ansible Pull can be evaluated using several key metrics, including setup time, failure rate, and
maintenance costs. The setup time for Ansible Pull is minimal compared to traditional push-based
configuration management systems, as it enables nodes to autonomously fetch configurations without
requiring centralized orchestration. The failure rate is typically low, provided proper error-handling
mechanisms are included in the playbooks.

Ansible Pull avoids the network bottlenecks and scalability issues inherent in push models.
Maintenance costs are reduced because nodes are self-sufficient, decreasing the need for continuous
monitoring or administrator intervention. In contrast, Ansible Push requires a control node and is less
efficient in large-scale environments, where connectivity issues can disrupt processes. Such a control
node may lack centralization, complicating dependency unification and management.

Comparatively, tools like Puppet or Chef offer similar performance but often require more complex
setup and incur ongoing licensing or support costs. Research comparing Ansible, Chef, SaltStack, and
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Puppet in configuration management highlights metrics such as deployment speed, reliability, and ease
of use.

Roman Kostromin conducted a detailed analysis of these tools in heterogeneous distributed computing
environments, emphasizing that Ansible outperforms others in simplicity and agentless architecture,
reducing setup complexity and human errors. While Chef and Puppet excel in state management and
scalability, they demand higher configuration and maintenance effort [7]. Moreover, a 2022 study noted
that Ansible’s reliance on SSH infrastructure and its agentless nature make it a secure and efficient choice
for configuration management, particularly for small to medium-sized deployments, while Chef and
Puppet are more suitable for complex infrastructures with frequent configuration changes [8].
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Fig.3.2. Comparison of Node Configuration Time: Manual Setup, Ansible, and Parallel SSH Connections [8]

Ansible Pull is a streamlined, autonomous solution for self-configuring virtual environments,
particularly in scenarios where simplicity, scalability, and cost-efficiency are key priorities. Its
decentralized model reduces dependence on a central control node, providing enhanced resilience and
deployment flexibility.
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Self-Configuring Virtual Machine Environments Using Ansible Pull: A
Review of Approaches and Challenges

Relevance. Automation of virtual machine (VM) configuration is a key component of modern IT infrastructure, ensuring
scalability, reliability, and security. With the increasing adoption of cloud technologies, there is a growing demand for
standardized approaches to infrastructure management that overcome the limitations of traditional methods such as manual
configuration or standalone scripts.

Goal. To design an architecture for automating VM self-configuration based on Ansible Pull, integrated with tools like
Terraform, Hashicorp Vault, and Git, to ensure flexibility, autonomy, and security.

Research methods. The proposed system utilizes an analytical approach to evaluate existing configuration tools, models
architecture using Git repositories, Terraform, and Vault, and implements cloud-init to initialize Ansible Pull on VMs.

Results. The proposed architecture automates VM configuration processes, ensuring scalability and reducing dependency on
centralized management servers. Ansible Pull implementation with tagging supports idempotent task execution, regular updates,
and maintaining the desired state of the system.

Conclusions. Combining Ansible Pull with Terraform, Git, and Vault provides ease of implementation, scalability, and secure
configuration handling. The approach is effective for dynamic environments requiring regular updates and aligns with modern
DevOps practices.
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