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AUTONOMOUS VEHICLES ESSE: UNSUPERVISED ONLINE LEARNING WITH
SEMANTIC SEGMENTATION CONCEPT

Abstract. The presented study explores continuous adaptation techniques for monocular depth estimation and
semantic segmentation to improve real-time scene understanding capabilities for autonomous vehicles and driver
assistance systems. The proposed methodologies enable models to dynamically adjust to new information in video
sequences, sustaining high performance amidst ongoing changes in scene appearance, lighting, and other contextual
factors. The first contribution is continuous online adaptation for monocular depth estimation, eliminating the need for
isolated fine-tuning techniques and retaining information across video frames. The method addresses data drift by
perpetually adapting to new frames, preventing overfitting due to limited data diversity. Experience replay is integrated
to stabilize the learning process and introduce minimal computational overhead. Techniques like auto-masking and
velocity supervision help differentiate between stationary and moving objects, mitigating errors related to inconsistent
depth cues. The study validates the effectiveness of the proposed approach through intra-dataset and cross-dataset
adaptation scenarios, showing substantial accuracy gains while maintaining real-time runtime.

Keywords: online adaptation, unsupervised learning, monocular depth estimation, semantic segmentation,
autonomous cars.

Introduction. Unsupervised online adaptation plays a crucial role in advancing the real-time
scene understanding capabilities required for autonomous vehicles and advanced driver assistance
systems [1]. This study explores continuous adaptation techniques for both monocular depth
estimation and semantic segmentation, aiming to enhance the robustness and adaptability of models
when confronted with varying environmental conditions in real-world driving scenarios [2]. The
proposed methodologies enable models to dynamically adjust to new information as it appears in
video sequences, a feature that is essential for sustaining high performance in the face of ongoing
changes in scene appearance, lighting, and other contextual factors.

There are several key research methodologies classification for unsupervised online adaptation
for depth estimation and semantic segmentation in autonomous vehicles:

* mloU: Mean Intersection over Union (used for segmentation tasks).

» Abs Rel: Absolute Relative Error (for depth estimation).

* RMSE: Root Mean Squared Error (for depth estimation).

* NLL: Negative Log-Likelihood (used in uncertainty metrics).

Analysis of research and publications. The first contribution of this work centers on
continuous online adaptation for monocular depth estimation. Traditional approaches to adapting
depth models often rely on isolated fine-tuning techniques, which adapt the model separately for each
frame, frequently resetting it to a pretrained state [3]. These techniques tend to be computationally
intensive, as they require multiple (20-50) backpropagation steps per frame, which limits their
feasibility in real-time applications [4, 5].

Purpose. The purpose of this study is to conduct a generalized overview of exiting issues,
scientific methods and potential solution for autonomous vehicle detection using unsupervised online
learning, with emphasis on monocular depth estimation and semantic segmentation approaches.

8 Information Technologies in Economics and Environmental Sciences No. 2 (2024)
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Methods. The proposed approach performs continuous adaptation by retaining information
across video frames, eliminating the need to restart from a pretrained state with each new frame. This
results in a tremendous increase of runtime speed, as only a single backpropagation per frame is
needed (Table 1).

Table 1 — Summary of Unsupervised Online Adaptation Approaches for Depth Estimation and
Semantic Segmentation*

online using semantic
segmentation and depth
estimation jointly.

Methodology | Adaptation Key Techniques Datasets Used Metrics Results/Performance
Type Evaluated
Baseline Offline Pretrained on a large KITTI, mloU, Abs Rel, Baseline accuracy for
Network Training annotated dataset; no Cityscapes RMSE segmentation and depth:
online adaptation. mloU = X%, Abs Rel =,
RMSE =Z.
Unsupervised Self- Photometric consistency |KITTI, Virtual| mloU, Abs Rel, | Improved mloU (+2-3%),
Online supervised loss, spatial KITTI RMSE Reduced Abs Rel (-0.1),
Adaptation transformation Reduced RMSE (-5%).
consistency, and
temporal smoothing.
Domain Cross-domain Style transfer SYNTHIA —»| mloU, Depth Enhanced mloU:
Adaptation Adaptation | (CycleGAN), domain- Cityscapes Accuracy SYNTHIA to Cityscapes,
specific augmentations, ~5-7% improvement.
and entropy
minimization.
Continual Online, Incremental updates |KITTI (Online| Lifelong mloU, Maintains ~95% of
Learning Continual | using pseudo-labeling setting) Avg. Depth Error | original accuracy across
Learning and confidence- new environments; <1%
weighted losses. performance degradation in
prior tasks.
Uncertainty- | Uncertainty- | Bayesian networks, KITTI, NLL, mloU, Abs | Improved robustness to
based aware uncertainty-weighted Cityscapes Rel edge cases: +4% mloU in
Refinement Adaptation |loss functions to balance challenging lighting; -8%
depth and segmentation Abs Rel error in occluded
tasks during training and areas.
inference.
Augmented Data Synthetic data Carla IoU, Absolute Near real-time
Data Streams |Augmentation| augmentation with Simulator, Depth Error performance: IoU > 80%,
in Online physics-based KITTI Error reduction of ~10-
simulation and domain 12% over streaming
randomization; frames.
combines geometric and
semantic cues during
online updates.
Teacher- Multi-task |Teacher model generates KITTI, Task-specific | Multi-task mIoU: +3-5%;
Student Adaptation | pseudo-labels, student | Cityscapes mloU, Depth | Depth estimation precision
Framework model refines them Accuracy increases in dynamic

Scenes.

* prepared based on author work and public research data [1-7]

For the references purpose we provide list of relevant mathematical equations based on Table

1 and research data, that had been used to evaluate various models within the scope of this research:
1. Photometric Consistency Loss is used in unsupervised depth estimation to minimize the
difference between the predicted and actual pixel intensities in consecutive frames (I (p) —

pixel intensity at position pp in the current frame, and I, ,; (p) — predicted pixel intensity at

p in the next frame after transformation):
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2. Velocity Supervision incorporates the relative velocity of objects to refine depth estimation
by penalizing inconsistencies (D, (p) — depth prediction for a pixel p; v, — estimated velocity
of the object at time t; and d — distance of the object from the camera):

Lvelocity = Zp |Dt(p) _vit (2)

3. Confidence Regularization restricts predictions from deviating excessively from confident
outputs (P(p) — current prediction confidence for pixel p; P(p) — previous prediction
confidence; and 7 — confidence threshold to determine significant deviations):

Leons = Zp 0,[P(p) —P(®)| — 1) (3)

4. Semantic Segmentation Loss combines depth and semantic segmentation with a shared
representation, using a weighted combination of classification and structure loss (L;;g5s —
cross-entropy loss for semantic classes; Lg¢ry o — loss derived from scene geometry and
depth consistency; and a, f — weights balancing the importance of the losses):

Lseg = aLciass + BLstruce 4)

5. Optical Flow-based Motion Segmentation usedin future enhancements to distinguish rigid
and non-rigid regions (F(p) - optical flow vector at pixel pp. F*(p) - predicted flow vector

at pp.):

Liow = Zp IF(@) — E@)II, 5)

These equations reflect core methodologies and challenges addressed in this research and
proposed future directions for the practical model evaluation in future work.

Results. Data Drift Phenomenon in Depth Estimation and Semantic Segmentation for
Autonomous Vehicles refers to the gradual change in data distribution between the training dataset
(source domain) and the real-world operational data (target domain), which can significantly degrade
model performance. It has strong impact on depth estimation, specially — scale ambiguity, moving
objects challenges and lighting and weather variations challenges. Changes in scene structure (e.g.,
urban to rural environments) lead to discrepancies in depth scale and geometry. Dynamic elements
(e.g., vehicles, pedestrians) cause inconsistencies in depth cues, particularly in monocular setups.
Real-world conditions (e.g., fog, night lighting) differ from training data, leading to unreliable depth
predictions. Additionally, data drift phenomenon impacts semantic segmentation, resulting in class
distribution changes, texture variations and affects scene composition. Certain objects (e.g., road
signs, rare obstacles) may be underrepresented or appear in unexpected contexts. Differences in road
textures, building materials, or vegetation can mislead the segmentation model. Variability in object
density, occlusions, and background features impacts the segmentation's accuracy.

One of the inherent challenges in online adaptation is the phenomenon of data drift, where the
data distribution shifts over time. besides there are numerous other issues arising due this
phenomenon, domain shift limited frame diversity: real-time constraints: bias toward confident
classes:

+ Significant variance in features between training and operational environments affects

generalization

+ Insufficient variability in video frames hampers the model’s ability to adapt to new contexts

* Online adaptation mechanisms need to work within strict time limits without sacrificing

accuracy

» High-confidence predictions for frequent classes may overshadow less frequent but critical

ones

The proposed method addresses this by perpetually adapting to new frames as they appear,
enabling the model to stay aligned with the evolving data. However, a continuous adaptation strategy
can lead to overfitting due to the limited diversity of data within localized segments of video
sequences. To counteract this, experience replay is integrated as a foundational element, which allows

10 Information Technologies in Economics and Environmental Sciences No. 2 (2024)
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the model to periodically revisit past data and stabilize the learning process. This not only improves
the model’s accuracy but also introduces minimal computational overhead, owing to the parallel
processing capabilities of modern GPUs. Experience replay proves essential in preventing the model
from forgetting previously acquired knowledge while simultaneously enabling it to learn from current
data in real-time. The presented approach advocates use of the following methods to overcome
present challenges - auto-masking and velocity supervision which helps isolate stationary and
dynamic elements to handle motion-induced errors; confidence regularization that restricts the model
from drifting too far from its confident predictions, preserving semantic integrity; shared
representations for depth and semantics which encourages joint learning to leverage complementary
cues for improved adaptation; auxiliary optical flow networks - provides context about movement in
the scene, aiding both depth estimation and segmentation in dynamic settings.

Monocular depth estimation presents additional challenges, notably scale ambiguity and
disruptions caused by moving objects within scenes. To address these, the adaptation strategy
incorporates techniques such as auto-masking and velocity supervision, which help the model
differentiate between stationary and moving objects, thereby mitigating errors related to inconsistent
depth cues. While these techniques are commonly used in offline depth estimation tasks, this study is
among the first to assess their impact within the context of online adaptation. The effectiveness of the
proposed approach is validated through two types of adaptation scenarios: intra-dataset adaptation,
where the model is trained and tested on different splits of a single dataset with minimal domain shift,
and cross-dataset adaptation, where training and testing are conducted across significantly different
datasets, introducing substantial domain variation. In both cases, the model demonstrates substantial
accuracy gains compared to its not adapted variant, while maintaining real-time runtime.

Building on the advancements in depth estimation, this study extends the online adaptation
framework to semantic segmentation. For autonomous systems, semantic segmentation is critical for
understanding the meaning of each pixel in a scene, identifying objects, road markings, and other
essential elements in real-time. This adaptation approach leverages a shared representation for depth
and semantics, using self-supervised cues derived from the structure of the environment to guide
adaptation in the target domain. As the model learns from these cues, it faces challenges similar to
those in-depth estimation, such as data drift and limited frame diversity. Additionally, there must be
a mechanism to prevent the model adapted using scene structure cues from producing more
geometrically but less semantically plausible outputs. To this end, a confidence regularization
technique is introduced, which restricts the model from deviating too far from predictions it is highly
confident in. This helps to preserve the semantic integrity of the model while no explicit semantic
cues are available for adaptation.

Despite the strengths of the proposed methods, some limitations remain. The reliance on self-
supervised cues, particularly those derived from moving objects, introduces ambiguities in depth
estimation. While excluding moving objects from the adaptation process reduces errors, it restricts
the model’s ability to adapt to these dynamic elements fully. Another limitation arises from the
confidence regularization technique, which tends to favor well-represented classes with high
prediction confidence, potentially impairing adaptation performance for smaller or less frequent
classes. Addressing these limitations may require more sophisticated class balancing strategies,
particularly for online adaptation scenarios. Approaches commonly used in offline training, such as
those that leverage annotations from the source domain, could prove helpful in enhancing
performance for less represented classes.

In addition to exploring improved class balancing, future research may benefit from integrating
auxiliary optical flow networks to aid in detecting moving objects, which would allow the model to
distinguish between rigid and non-rigid regions in the scene. This, however, introduces its own set of
challenges, as even minor inaccuracies in flow estimation could propagate errors in depth estimation.
Alternatively, leveraging stereo camera setups, where the spatial relationship between cameras is
known, may reduce the adverse effects of moving objects on adaptation performance. Future work
could also explore other camera configurations, such as surround view or fisheye lenses, to increase
robustness in complex environments.

No. 2 (2024) Information Technologies in Economics and Environmental Sciences 11
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Finally, integrating multi-frame input networks, which use temporal context across several
frames, could further enhance adaptation. While recurrent neural networks (RNNs) are a potential
solution, they require careful optimization to maintain real-time performance. Similarly, networks
that compute cost volumes or feature correlations might achieve higher accuracy but are also more
sensitive to moving objects, necessitating a balance between complexity and real-time feasibility. The
more detailed breakdown of online adaptation in depth estimation and sematic segmentation is
presented in Table 2.

Table 2 — Detailed overview of Online Adaptation in Depth Estimation and Semantic

Segmentation™
Aspect Approach/Technique | Challenges Addressed | Limitations Future Directions
Monocular Auto-masking, velocity | Differentiates between | Struggles to adapt to|Use auxiliary optical
Depth supervision stationary and moving | dynamic elements due | flow networks or stereo
Estimation objects, mitigating | to exclusion of moving | setups to handle moving
scale ambiguity and |objects from | objects more
motion disruptions. adaptation. effectively.
Adaptation Intra-dataset (minimal | Demonstrates - -
Scenarios domain shift), Cross-|substantial accuracy
dataset (significant | gains in both scenarios
domain variation) while maintaining real-
time runtime.
Semantic Shared representation | Guides adaptation | Overemphasis on well-| Develop sophisticated
Segmentation | for depth and semantics, | using scene structure; | represented classes; | class balancing
self-supervised  cues, | prevents deviation from | struggles with | strategies; leverage
confidence highly confident | underrepresented ones. |source domain
regularization predictions. annotations to improve
adaptation.
Confidence Regularization restricts | Preserves semantic | Impairs adaptation | Implement  advanced
Regularization |deviations from highly |integrity in absence of | performance for less|balancing techniques or
confident predictions explicit semantic cues. |frequent or smaller|alternative mechanisms
classes. for  underrepresented
classes.
Dynamic Exclusion of moving|Reduces depth | Limits adaptation to|Integrate = multi-frame
Elements objects from adaptation |estimation errors | dynamic scenes. networks or surround
caused by motion. view setups for better
handling of dynamic
environments.
Proposed Multi-frame inputs, | Provide temporal | Real-time performance | Optimize RNNs for
Enhancements |RNNs, networks using|context and improve |challenges with RNNs|real-time applications;
cost volumes or feature | accuracy. and  sensitivity  to|balance complexity with
correlations moving objects in cost | feasibility in
volume computation. | computationally
constrained setups.

* prepared based on the author's work

Conclusions. In conclusion, the study's focus on online adaptation, unsupervised learning, monocular
depth estimation, and semantic segmentation highlights the intricate challenges and innovative solutions in the
realm of autonomous systems. By addressing data drift and overfitting through experience replay and advanced
techniques like auto-masking and velocity supervision, the proposed approach demonstrates significant
improvements in accuracy and real-time runtime, paving the way for enhanced adaptation strategies. While
limitations regarding self-supervised cues and class balancing strategies persist, future research directions,
including the integration of auxiliary optical flow networks and multi-frame input networks, offer promising
avenues for further advancements in this dynamic field.

This study lays the groundwork for ongoing advancements in online adaptation for autonomous driving,
setting a foundation for adaptive scene understanding models that can maintain high performance in rapidly
changing environments. The insights gained here open pathways for future exploration into more adaptive and
resilient vision systems, ultimately contributing to safer and more reliable autonomous driving technologies.

B
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OI'JISI ] OHJIAVMH-HABUYAHHSA BE3 YUUTEJISA 3 CEMAHTHYHOI CETMEHTAIIII
I ABTOHOMHUX TPAHCIIOPTHUX 3ACOBIB

Anomauin. Y npedcmaenenomy OOCHIONCEHHI OOCHIONCYIOMbCs Memoou besnepepsnoi adanmayii 075
MOHOKYAAPHOL OYIHKU 2IUOUHU MA CEMAHMUYHOL ceeMeHmayii 01 NOKPAWEH S MOJICTUBOCEN PO3YMIHHS CYEHU 8
peanvHoMy Yaci Oiisl A6MOHOMHUX MPAHCNOPMHUX 3ac00i6 ma cucmem 00nomozu 600i€si. 3anponoHoeaui
Memooono2ii 00380510Mb  MOOCIAM OUHAMIYHO NPUCMOCO8YSAMUCs 00 HOB80I IHopmayii y eideopsoax,
30epieaionu 8UCOKY NPOOYKMUGHICIb HA MJIL ROMOYHUX 3MIH 306HIUHBO20 BUTA0Y CYEHU, OCEIMICHH MA THULUX
KOHMeKcmyanvHux gaxmopis. I[lepwium @neckom € nocmiiina OHAQUH-adanmayis OAs GUMIPIOBAHHS 2IUOUHU
MOHOKYIIAPA, Wo YCy8ae nompedy 8 i301606aAHUX MeMOoO0ax MOHKO20 HALAulmyeanHs ma 30epicac ingopmayiio na
gioeokaopax. ILleti memoo ycysac Opeli¢h OaHux, NOCMIUHO AOANMYIOYUCH 00 HOBUX KAOpis, 3anodicarouu
NepesanmadiceHtI0 uepes 0omedHceHy pisHomanimuicms oanux. [losmopHe 8i0meopenus 00c6idy iHme2posano 0Jis
cmabinizayii npoyecy HABUAHHA MA B66C0CHHs MIHIMATLHUX obuucmosanvhux eumpam. Taki memoou, sk
ABMOMAMUYHE MACKYBAHHSA MA CNOCMEPENCEHHS 3a UBUOKICIIO, 00NOMA2AIOMb PO3PIZHAMU HEPYXOMI Ma PYXOomi
00'exmu, nom'aKULYIOUU NOMUTKU, NO8'S3AHI 3 HENOCMIUHUMU CUSHAAAMU 2AuOuHU. JIOCTIONCEHHS NiOMEepoiCcye
eghexmusHicmb 3anpPonoHOBaAH020 NIOX00y 3a OONOMO2010 CyeHapiie adanmayii ecepeduni Habopy Oanux i Midc
Habopamu Oauux, OeMOHCMPYIOYU 3HAYHUL NPUPICM MOYHOCMI Npu 30epediceHHi Yacy GUKOHAHHSL 8 PediCUMI
peanvHoeo uacy.

Knrouosi cnoea: onnaiin-aoanmayis, nasuanms 6e3 yuumens, OYiHKa eIUOUHU, CEMAHMUYHA Ce2MeHmayis,
aABMOHOMHI ABMOMODIN.
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BU3HAYEHHSA CTAIIN 3PLJIOCTI HOJIYHHMIII 3A JOITOMOTI' OO MOJEJIEH
3rOPTKOBUX HEMPOHHUX MEPEX

Anomayin. I[Ipomseom 6cici icmopii cinbcbko2o 2ocnodapcmea Mexnonozii BUpowyeants ma 300py ypoicaio
HOCMITIHO B0OCKOHAMIOIOMbCS, NOJe2ULYIouU pobomy ma noai ma 36ineuyouu eghekmuericms 360py nio0oie. Cbo2o0Hi y
2a1Y3b A2PONPOMUCTIOBOCHIE MENHC NPOHUKAIOMb CYYACHT MeXHON02iE, 30Kpema wmyyunutl inmenexm. Hozo euxopucmanns
wopoky cmac 0edani nowupeHiuum. L mexnonozia 0036013€ BUPOOHUKAM A2PONPOOVKYI 8 pedcUMi peanrbHo20 4acy
ompumysamu 8enuxi oocazu ingopmayii, ananizyeamu ix ma npUILMamu pitleHHs wooo 6HecenHs 000pU8, BUKOPUCTIAHHS
necmuyuois, 3pOuLy8anHsa ma 8U3HA4eHHs 3pinocmi niody abo pociunu.. He menw sascnusum acnekmom 3acmocy8anus
piuiens wmyuHo2o inmenexmy € 8i0ciOK08Y8aHHs 8y2aeyeo2o ciody, wo 0de nepesazy npu 8UxXooi Ha €8PONECLKi pUHKU
30ymy. I[loeonanns 3 HogimuimMu po3podoKkamu Oe3niIoOMHUX MAuWuH ma pooomie 0036014€ 30INbUUUMU NPOOYKIMUBHICHb
ma obcseu UPOOHUYMEBA Y CLIbCLKOMY 20CNO0APCHIEI.

Baoicnueoio wacmunoio cyuacnoi azponpomuciosocmi € Komn’'rtomepHuti 3ip — O0OHA 3 2aiy3ell Wmy4HO20
inmenekmy, AKa 30cepeoddicena HAa CMBOPEHHI [HMeNeKMYAaIbHUX CUCMeM, 5Ki 30amui obpobaamu ma auanizyeamu
gisyanvbhy iHgopmayilo max, AK ye podoumev [OOCLKA CeHCopHa cucmema. Y pamxax 0anoi mexuonoeii yacmo
BUKOPUCTOBYIOMbCS HEUPOHHI Mepedici, w0 30IUCHIOIOMb K PO3NI3HABAHHA 300padicetsb, MAK i iXHIo Kiacugikayiro.

Y cmammi 30iticneno nopisnanrbnull ananiz pisnux mooeneti 320pmKOGUX HEUPOHHUX Mmepexc 0 Kiacugixayii
cmaoii 0ospisanns noxynuyi, a came MobileNetV2, MobileNetV3Small ma EfficientNetB0. [ns oyinku netipomepesrci
8pAxo8y8aANUC MAKI napamempu, K MOYHICHMb HABYAHHA MA anioayii, empamu npu HA8UaHHI ma eanioayii, yac
HaguanHa. Y pesynemami Haukpawyi nokaznuku euseunucsa y mepeoici MobileNetV3Small. Pesynemamu ma memoouxa
Yb020 O0O0CHIONCEHHA MOJACYMb OYMU KOPUCHUMU 5K O HAYKOBYI6, max i ONid NiONpuemMyis, wo npayiooms 6
aAz2ponpoMUCIOB80CHI MA GNPOBAOIHCYIOMb WMYHUHUL IHMeNeKm Y 6UpoOHUYUIL npoyec.

Kniouosi cnosa: wmyunuii inmenexkm, MAWUBHUL/KomMn lomepHutl 3ip, 3eopmkosa uetiponna mepexca (3HM),
MobileNet, EfficientNet.

Beryn. [TonyHuns € ofHi€l0 3 HARNOMMPEHIMUX ATIIHUX KYJIBTYp y CBiTi. BoHa moxoauTs i3
Awmepuku, a 'y €Bpony 1i npusesnu y 18 cromnitti. Komepuiline BUpoOOHUIITBO NOTYHHUII TOYATIOCH Y
19 cTomiTTi, 1 y 3B’S3KY 31 IOPIYHUM 301JIBIIEHHSAM MOMUTY 3pocTae. BoHO 1 He AMBHO, ajke BOHA
pocte y OyIb-sIKMX KIIMAaTHYHUX YMOBaX, KpPiM HOJSPHUX MICIIEBOCTEH, a TAKOXK MICTUTh YUMAJIO
BiTaMiHiB, MIHEPAJIiB Ta IHIIMX KOPUCHHUX Ta MMOKUBHUX €JIEMEHTIB JJIs OpraHi3My JIOAUHU. Y CBITI
BUPOIIYIOTh OJIM3bKO 9 MiNbHOHIB TOH 1boro mioxy. Haiibinemmm BupoOHUKOM € Kurail, skuit
BUPOIILY€E OJIM3bKO TPETUHU CBITOBOTO 0OCSTY MOMyHHLI[ | |, a 3HaUHy YaCTKy pUHKY 3aiiMalOTh TAaKOX
CILIA, Typeuunna ta Mekcuka.

3aBISKM aBTOMATH3allli arponpoOMHCIOBOTO KOMIUIEKCY, 3pOcTae morpeda B pi3HOMaHITHUX
TEXHOJIOTIYHUX 1HHOBALIISX, SIKI MOXKYTh 3aMIHMTH TPAAHULiKH1 (PYHKIIIT, 110 BAKOHYIOTHCS JFOAUHOIO.
OnHuM 13 KIIIOYOBUX €TalliB 300py IOJIYHMII € BU3HAYEHHS CTyINEHs 3piaocTi srogu. Takumu
cucreMamMu 00JaJiHaHI YuMano poOoTiB, AKi 3A1MCHIOITEH 30ipKy Pi3HUX OBOYIB, (PPYKTIB, Aria Ta
3€pHOBUX KYJBTYD, IO J03BOJISIE HIBEIIOBATH YUHHHUK JIIOJICBKOI IOMUJIKH, @ TAKOX ONTUMI3yBaTh
cam npouec. [lomyk onTumanbHOi cHCTeMH, SiKa OM MAaKCMMaJIbHO TOYHO Ta HIBHJKO BH3Hayaia
3pLIICTh TUIOMAIB, @ TOMY AOCTI/DKEHHS HA TaKy TEMY 3aBXAM MArOTh MOTEHIIAN AJIS MMOAABIIOrO
BUKOPUCTAHHS y IPOMHUCIOBOCTI.

Ha cporonni icHye YMMaso JA0CIHiPKEeHb, 16 BUBYAETHCS MUTAHHS Kiacu(ikalii ctaaii 3pinocti
wioay. s 1boro BUKOPUCTOBYIOTh YMMAJIO CIIOCOOIB: BiJl PI3HOMAaHITHUX Kiacu(]iKaTopiB, EpeB
pimens 10 3HM sk 3 TOTOBOIO apXiTEKTYpOI0, TakK 1 3 BiacHO. 11106 omiHUTH epeKTUBHICTD Ti€l 4n
1HIIIOT TEXHOJIOTI1, OKPIM TOYHOCTI MOTPIOHO TaKOX BPaxOBYBATH 1HII HapaMeTpH, SIKi 1al0Th HaM
PO3YMIHHS IIIOJO THYYKOCTI Ta MPHCTOCOBAHOCTI PO3POOIEHOI CHCTEMHU [0 PI3HUX NaHUX YU
IIPUCTPOIB.
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AHaJI3 ocTaHHIX qocaiIzkeHb Ta myoOJikauiil. Ha choronHimmHiil 1eHs 3rOpTKOBI HEWPOHHI
MEpexi CTald OJHMUM 3 HANMOMIMPEHIIIMX THIIIB HEHPOHHHX MEpeX 3a paxyHOK BIaJoro
pO3Mi3HABaHHA PI3HOMAHITHHX 300paXeHb. IXHBOIO BiIMIHHOIO PHCOIO € HASBHICTH MAaTEeMATH4HOI
orepauii 3ropTkH, i caMmi 3rOpPTKOBI IIApH € SApoM Takoi Mepexi. EdexkTuBHICTH LBOro BUIY
HEHpoMepesK 3yMOBIIEHA 3aTHICTIO JJO aBTOMATUYHOTO BUSIBIICHHS MOTPIOHUX O3HAK 300paXKeHHS, a
TaKOK MOMJINBICTIO OOpOOISATH BEIHMKI MAaCUBH JJAHUX IPU HABYAHHI.

Mawunnuu 3ip ma poro 3HM 6 Hbomy

Hapa3i icaye unmano rorosux moneneit 3HM, takux sik VGG, AlexNet, DenseNet, ResNet,
Inception, R-CNN, FAST-RCNN Tomro. /[t K0>kHOT 3 HUX ICHY€ O/IHA Y KiUJIbKa BEpCiii, KOXKHa 3
SKHUX BIJPI3HAETHCS KUIBKICTIO 3ropTKOBUX mapiB(Hanpuknag, y VGG16 16 3ropTkoBux mapis, a y
VGG19 - BignosigHo 19). KpiM 1poro, po3poOHMK MOXKE CHPOEKTYBAaTH BIACHY 3TOPTKOBY
HeiipoMepexy, a00 po3poOUTH KiJIbKa MaJICHbKHX HEHPOMEPEXK PI3HUX apXiTEKTyp IS PO3B’A3aHHS
neBHOi npobsiemu. Takoxk, B arponpoMHCIOBOCTI IIUPOKO BHKOPHCTOBYEThCS anroputM YOLO
pisHux Bepciit. Moro ocoGmuBicTs mONArac B TOMY, IO HA BiAMiHY BiJ TPaaMIifHUX HeHPOHHMX
MEpeX, BiH pO3Mi3HAE 00’ €KTU Ha 300pakeHHI B pealbHOMY 4aci, pooJisiun “Tipoxin” yepes BIACHY
BHYTPIIIHIO HEMPOHHY MEPEXY TUIBKU OJUH pa3, TOOTO (hakTH4HO Oe3 HaBUAHHS.

BapTto Takox 1 3ragatu mpo TexXHiKd, U0 MOAM(]IKYIOTh HABUAIBHUN HA0Ip JaHUX, TAKUX K
HapolyBaHHs naHux(data augmentation). Lleit meTon nependayae 301bIIEHHS HABYAILHOT'O HA0OPY
JaHUX Yy KUIbKa pa3iB LHUIAXOM OOepTaHHsS 300pa)KeHb MiJl PI3HUMM KyTaMH, 0Opi3aHHsS Ta 1HIIMX
ornepauiii 3 HuMH. Lle 103BoIIse HelipoMepexki OyTH IHYUKIIIOO /Ul BAKOHAHHS [TOCTABJICHOT 3a/1a4i.
Kpim TOro, B 3ajexHOCTI BiJl CHUTYyallil, BUKOPHUCTOBYIOTbCS Pi3HI BUAM 300pa)KeHb, a TaKOX
KOJBOPOBHX MOJENeH, cepel sSKux: 4opHo-011i, kompopoBi(RGB RGB-D), HSV, cnekrpanbHi Ta
TeruioBi 300paykeHHs. Koxen By 300pakeHHs a00 KOJIbOPOBA MOJIEIIh Ma€ K CBOI I€peBart, Tak i
HEJI0JIIKH, 1 TpH BUOOP1 HEOOXITHOT KAPTUHKHU MOTPIOHO BPaXxOBYBATH SIK CaMy 3aJlauy, TaK 1 YUMajo
HaBKOJIMIIIHIX YAHHUKIB, TAKUX SK MOJOXEHHS 00’ €KTY B IPOCTOp1, HOPY IHS, BUAUMICTb, TOTO/IHI
YMOBH TOIIO.

Bukxopucmanns 3HM 6 acponpomucinogocmi

Hayxkogii 13 KyHbMIHCBKOTO YHIBEPCUTETY HAyKH 1 TEXHOJIOT1H 3M1MCHIIN HOCTiKeHH [2], B
X0l SKOro OyB INpOBEJCHUN MOPIBHSIIBHUN aHami3 pi3HUX Bepcii anroputmy YOLO y 3amaui
BU3HAYEHHS CTYIIEHIO 3piIocTi nmonyHuui. B xoni podotu 6yno Bukopuctano 1187 300pakeHs srin
noiyHui, 949 3 skux Oyj0 BUKOPUCTAHO JUI1 HaBYaHHS HeWpomepexi, 1 mo 119 mis Bamimamii ta
tectyBaHHs. HaBuanus BinOyBanocs Ha 300 enoxax. B pesynbrati anroputm Y OLOVS BinnparioBas
HalKpale i3 TOYHICTIO po3mi3HaBaHHA B 97.4%.

YacTto MOLIYK ONTUMAIbHOI apXiTEKTypd MOTpedye eKCIepUMEHTAIbHOI MEepeBIpKU 1
BUMIpIOBaHHA €()EKTUBHOCTI Ta TOYHOCTI PI3HUX MOJeNieil. ABTOPH TaKOT0 JOCIIKEHHS pO3B’sI3a)In
3a/laqy BH3HAYCHHS 3PUIOCTI YOPHUX Ta OUIMX ST MIOBKOBHII 3a IXHIM 30BHIIIHIM BUTISIOM, a
TAaKOXX 3alpPOMNOHYBAJIM MOJENb COPTYBAJIBHOTO IPHCTPOIO, SIKUM OM BHUKOPHCTOBYBAB IXHIO
po3poOky[3]. B xoxi 1mporo, BOHM 3IIMCHWIM TOPIBHJIBHUM aHami3 5 iCHYIOUMX pi3HOBHIIB
apxiTeKTyp 3rOpTKOBUX HeHpoHHUX Mepex, a came: AlexNet, DenseNet, ResNet-18, ResNet-50,
InceptionV3. Hapuanns BinoyBanocs Ha 2000 306paxennsax(mo 1000 anst yopHux 1 61mux srix), 70%
3 AKUX Oy/nM MpHU3HAuYeH] AJs TPEHYBaHHS HEMpoMepexk, a peluTa - JUlsl Bajifaiii Ta TeCTyBaHHS.
Knacudikamis srig BinOyBasacs 3a 4 ctraHaMu: HeJO3piia, HaMiBHE3piia, cTuria, nepecruria. [pu
BUOOpPI Halkpamioi Mojeni, okpiM ii TOYHOCTi, BPaxOBYBaBCSl TaKOXX 4Yac PO3IMi3HABAHHS, SKUN
3aJIeKUTh BiJ KIJIBKOCTI IIapiB y HEHpOMEpexi, a y 5 BUINE3raJlaHuX apXiTeKTypax Ls KiUIbKICTb
JOCUTH Pi3HA.

[Tompu Te, 1m0 BCi HeHpoMmepexki MOKa3alu BUCOKY TOYHICTb, ane i 01101 IIOBKOBHII 3
ypaxyBaHHIM BCIX MmapaMeTpiB Haiikpamoro BusBuiacs AlexNet 3 TounicTio B 98.32% i mIBUAKICTIO
kinacudikamii B 1 xB. /11 yopHOi moBKoBHUIll HalledekTHBHIIIE cede moka3ana ResNet-18 3 TounicTio
B 98.65% Ta mBuakictio knacudikamii B 1.2 xB. ResNet-18 BusiBuiIacs HaIIMNIIOW TaKOX 1 IS
3MILIAHOTO HA0OPY AT1Jl, YHUKHYBIIH II€pEHAaBYaHHA Ta MOKa3aBUIM TOYHICTH B 98.03% 1 mIBUAKICTD
po3mizHaBaHHA B 2.36 XB.
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JlocmiTHUKHY 13 yHIBepcUTeTy Ab-A3xap i3 ['a3u po3poOmin HEHpOHHY MEpeKy, Ka BUSBIISIE
CTYIIHb 3pUIOCTI IUIOAY Mamnaii Ha OCHOBI HOro 30BHIIIHBKOTO BUIIIsRY [4]. s nporo Oyna BuGpana
3rOpTKOBa HEHWpOHHa Mepexa 3 apxitekryporo VGG16. Habip HaBYampHMX JaHMX CKJIAgaBCs 3
6mu3pko 300 300pa’keHb, KOXKHE 3 SIKUX MICTHIJIO MO3HAYCHHS BiANOBIAHOTO CTYIEHS 3pLIOCTI.
Knacudikamis namaidi 3aiiicHIoBanacs Ha OCHOBI TaKMX CTYIIEHIB: He3piia, HaliB3piia, 3pija. 3a
pe3yabTatamMu Iii€i poOOTH TOYHICTH HEUPOHHOI Mepexki ckiana npaktuyHo 100%, mpu HaBuaHHI
HepoHHOT Mepexki B 1 XB 52 cekyHAH.

Jlnist yHUKHEHHS IepeHaBYaHHs Ta MiABULICHHS TOYHOCTI HEHPOMEPEkKi BUKOPUCTOBYIOTh TaKy
TEXHIKy, SIK peryjspuzauii. Y naHoMy aochipkeHHI[5] OyB mpoBeneHM MOPIBHSUIBHUN aHami3
PI3HUX METOMAIB peryispusauii A HEHPOHHOI Mepexi, IO 3AIHCHIOBANa BUSBJICHHS CTYIEHIO
3pinocTi MaHro, toMmary Ta sOmyka. Apxitekrypa Hedipomepexi VGG16 m07aTKOBO MICTHTH
OaraTomapoBuil TEepCenTpoH, SKUH OOpoONsAB yke peryispuszoBaHi ngani. s 30UbIIeHHS
HaBYaJILHOTO HabOopy Oylio 3acTocoBaHe HapollyBaHHs naHux(data augmentation). Jlns ouiHku
HEHpOMEPEKi PO3TIISAATUCS TaKi MOKa3HUKH, SIK BIYYHICTh, MOBHOTA Ta f-Mipa.

bes 3acTocyBanus perynspu3aiii i mapametpu ckianu (80%, 76%, 78%). [Ipu 3acTocyBanH1
MeToly peryisipusaii BukiaroueHHs (dropout) i napamerpu ckiaiu (90%, 90%, 90%), nns meToxy
nakeTHoi (batch) Hopmanizanii (84%, 84%, 84%), a perynsapusauii sinpa (kernel regularization) —
(87%, 78%, 81%). Ilompu Te, M0 METOA BHUKIIOYCHHS BHSIBUBCS HAWUTOYHIIIUM JUIS i€l
HellpoMepeki, KOXKEeH Croci0 perysipusaiii MoKpamlyBaB BIy4HICTh, IOBHOTY Ta f-Mipy.

MeTo10 cTaTTi € JOCTiKeHHsI e(eKTUBHOCTI icHyrounx mojeneir 3HM mns knacudikamii
cTajiil 3plIOCTi IUIOAY Ha MPUKIA/l AT HOTYHUI, 3A1HCHEHHS MOPIBHAIBHOTO aHaJi3y OTPUMaHUX
pe3yJbTaTiB, BU3HAUYECHHS Hale(eKTUBHIIIO! HepoMepexki, a TAKOXK MOPIBHAHHS 13 aHAJIOTTYHUMHU
CHCTEMaMH Ha MpeJIMEeT TOYHOCTI Ta MIBUIKOCTI PO3Ii3HABAHHS.

Hoesusna 1€l pob0OTH momsirae B MOPIBHAHHI €(DEKTUBHOCTI PI3HUX apXITEKTYp HEHPOHHHUX
MEpeX Ha YyHIKQIbHOMY Ha0Opi 300pakeHb MOJIyHMIlb, CIIEI[iaJIbHO 3i0paHoMy Ui Kiacugikamii
CTafiil 103piBaHHs, IO Ma€ MPAKTUYHE 3HAYEHHS arponpOMMCIOBUX JOCIIKEHb y HaIlild KpaiHi.
JlocmiKeHHsT TaKoX aHali3ye e(eKTUBHICTh JIETKUX MOJIeNel Ha 300pakeHHSIX CepeHbOl SIKOCTI,
10 Ba)XKJIMBO JJISI BIPOBADKCHHS KOMIT'IOTEPHOTO 30pY B YMOBaX OOMEKEHHX OOYHCITIOBAIBHUX
pecypciB, BUKOPUCTAHHS MOZENi Ha MOOUIbHHX a0o0 BOYIOBaHUX HPUCTPOSIX AJS pEalbHOTO
arpoIpoMHCIIOBOTO 3aCTOCYBaHHS.

Marepiaim i Meroam pociaigkenHsi. [lporpamHmii kox Ui HaBYaHHS HEUPOMEDPEK
Hanucanuii Moot Python 3 Bukxopucranusm 6i6miorek ComputerVision ta TensorFlow. Ilpu
HaBYaHHI MPOrpamMHO 300paXEHHS MPUBOAATHCA 10 po3Mipy 224x224 a TakoX 3aCTOCOBYETHCS
TEXHIKa HapoOIIyBaHHS JaHMX. TeXHIYHI XapaKTepUCTUKW MAlIMHM, Ha SKill 3a1HCHIOBaIOCS
HaBuaHHs Heripomepex: 32 I'b O3I1, RX570 4GB, Intel Xeon ES - 2670V3 12/24.

Habip manux ckiiageHuil caMOCTiHHO, B IEIKHX BHITaIKaX 300pakKeHHs Mmiaganucs oopooiii,
KosbopoBa rama — RGB, po3ainbHa 31aTHICTh — HU3bKa. 300payKeHHS ST pO3NO/IiIeH] 3a 3 KjacaMu:
HE3p1JIi, HAMlOJIOBUHY 3pLii Ta MOBHICTIO 3piii (puc. 1).

Pucynox 1 — Cmaoii 0o3pisanns nonynuyi(3iiea nanpaso):
He3pina, HanoI08UHY 3pina, cmueid
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HaBuanbuuii HaOip mictuTh 402 300paxeHHs, Banigamiiamii — 91 300pakenHs. Banimaniinuit
Habip J03BOJISE OIIHIOBATH NMPOJYKTUBHICTh MOJIEII HAa JaHUX, SIKI BOHA HE 3aCTOCOBYBAJA IIiJ] Yac
TpeHyBaHHA. HaBuanHs Helipomepex 31iiicHioBasiocs Ha 100 emoxax.

B KOHTEKCTI TOCHIIKYBaHUX METPUK PO3IIISAAE€THCS MAaTPUII HEBIANOBIAHOCTEH (Tadi. 1) —
TAaOMUIST OCOOJMBOrO KOMIIOHYBAaHHS, IO Ja€ MOXJIMBICTh YHAOYHIOBAaTH MPOAYKTHUBHICTD
ArOpUTMY Kiacupikarii.

Tabauys 1 — mampuys nesionogionocmeti

IIpornozosano: TAK | IIpornososano: HI

Hacnpagsai: TAK TP TN

Hacnpasai: HI FP FN

Po3pi3Hs0Th 4 MOXKIIMBI pe3ynbTaTu Kiacugikaiii 00’ ekry:

* ICTMHHO NMO3UTHBHHUI(true positive, TP): mpaBmibHO nependadeHa NpuHaAIEKHICTh J10
MIEBHOT'O KJacy;

* icTMHHO HeratuBHUIi(true negative, TN): mpaBUIbHO NepeadadueHo Te, 0 00’ €KT
JOCIIJKEHHS! HE HAJICKHTD J0 TIEBHOTO KJIACy;

* xubHo-no3utuBHU(false positive, FP): HenmpaBmibHo nependadeHa npuHaIeKHICTh 10
MIEBHOT'O KJacy;

» xubno-HeratuBHui(false negative, FN): HempaBuiIbHO niepe0aueHo Te, mo 00’ €KT
JOCIIJIPKEHHSI He HAJIEKUTD 710 TIEBHOT'O KJIacy.

Jnist OLiHKK HeWpoMepexi BUMIPIOBAINCS TaKl MOKA3HUKU:

* TOYHICTh(accuracy) — 4acTka IpaBUIbHO MIPOTrHO30BAaHUX PE3yJIbTATIB

* BTpPaTH — € MIPOIO TOTO, HACKIIbKU J00pe abo MmoraHo HeipoMepeka BUKOHYE CBOT
3aBJaHHs Ha JIaHUX HaBYyaJlbHOro abo BaiijamiiHoro Habopy. UuM MeHII BTpaTH, TUM
MOJIeJIb TOYHIIIA Y CBOiX Mepe0adeHHsIX.

*  BIy4YHICTh(precision) — 4acTka iCTUHHO-TIO3UTUBHUX MEepPeI0aYeHb CEPE]l YCIX MO3UTUBHUX
nepenbauenb. O0uncroerses 3a popmynoro TP/(TP + FP).

* noBHoTa(recall) — yacTka NMpaBUIBHUX MO3UTHBHUX MependaueHb cepell yCixX ICTUHHHUX
no3utuBiB. O6unciroerbes 3a popmynor TP/(TP + FN).

» wipa fl(fl-score) — rapMoHiiiHe cepeHe MiX BIYYHICTIO Ta MOBHOTOIO, SIKE J03BOJISIE
OoTpUMaTH 30a71aHCcOBaHy OLIHKY. OOUUCITIOETHCS 32 (HOPMYJIIOIO:

2 * Precision x Recall

1 — score = :
f Precision + Recall

* yYac HaBYaHHA — Mipa TOrO, HAaCKUIbKM ONTHMAaJbHO Heiipomepeka Oyne 37iiicHIoBaTH
MOCTaBJIeHy 3a1a4y. Takox, BiH 3aJIe)KHUTh BiJl CKIaJHOCTI 1 00’eMy Mozeni, TOOTO 4uM
OlbIIe IapiB BOHA Ma€, TUM Yac HaBYaHHA Oyze OUIbIIHA.

Jlist KOKHOTO HapaMeTpy y KOXHIM Helpomepeki moOyaoBaHi BiANOBIIHI radiku, a Takox
MaTpHIll HEBIIOBITHOCTEH.

Pe3yabTaTn gociaigaxenns. JIerki Mojeni yacTo Moka3yroTh Kpallli pe3yIbTaTH Ha HEBETUKUX
Habopax JaHUX HU3BKOI UM CEPEeHBOI AKOCTI 3aBASKM MEHININA KUIBKOCTI apaMeTpiB i CXHUIBHOCTI
70 MEHIIOTO IepeHaBYaHHA. BOHM eQeKTHBHILE Yy3arajibHIOIOTH 1H(GOpMaIi0, KOJIU JaHUX
HEIOCTAaTHBO U HaBYaHHSA BeMUKUX Mozenel, Takux sik ResNet un VGG. Kpim Toro, mpocTimri
apXiTeKTypH Kpallle CIPABIISIOTHCA 13 IIYMOM 1 HEJOJIKaMH JaHUX HU3bKOI SKOCTI, TOJI K CKJIaH1
MOJIEINII MOXKYTh «3araM’ ITOBYBaTW» LIyM, 110 3HUXKYE TOUHICTh [6].

B xoxi nmocmimkxeHHs Oyjo 3IIHCHEHO MNOPIBHAJIBHMNA aHaMi3 3 ICHYIOUHMX pI3HOBHIIB
apxitektyp 3HM, a came MobileNetV2, MobileNetV3Small ta EfficientNetB0, siki € ogaumu 3
HaWJIerIUX MOJEIe 3rOPTKOBUX HEMPOHHUX MEPEXK y HAIll 4yac.
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MobileNet — 11e CiMEHWCTBO JIETKMX 3TOPTKOBHX HEHPOHHHUX MEpeX, ONTHMI30BAaHUX IS
poboTH B yMOBax 0OMeXeHHX pecypciB [6]. KimrouoBoto ie€ro, sika JeKUTh B OCHOBI apXITEKTYpH, €
BUKOPUCTAHHS 3TOPTKU 3 PO3AUICHHSIM 3a rimbunoro (Depthwise Separable Convolution), mo
JI03BOJISIE 3HAYHO 3MEHIIUTH OOYMCIIOBaNbHI BUTpaTH 0e3 3HAyHOi BTpaTH TO4HOCTI [6]. Lle
BiIOYBA€TbCA TaKMM YMHOM: y KJIACHYHMX 3TOPTKaX BXIIHUHI TEH30p po3mipoM h; X w; X d; 1
3aCTOCOBY€ 3TOPTKOBE AP0 PO3MIPOM A 11100 CTBOPUTH BUXiHUHI TEH30p posmipoM h; X w; X d;. Ile
NPU3BOJUTL JIO OOYMCIIIOBAILHMX BUTPAT, Mponopuiinux dopmymi: h; X w; X d; X d;j X k X k.
MobileNet 3aMiHIOE 11€ TTIAXO0M, SIKUI PO3ILIsi€ 3rOPTKY Ha IBAa OKPEMi eTaru:

1) I'muboxki 3roptku (Depthwise): KoxeH (PiIbTp 3aCTOCOBYETHCS 10 OJHOTO KaHAy, a
HE JI0 BCIX.
2) ToukoBi 3roptku (Pointwise): BUKOPHCTOBYIOTBCS 3TOPTKHA JUIS  JIHIAHOTO

00'eTHaHHS KaHAIB.

Ile mae oOumcmtoBallbHI BUTPATH, BU3HAUYEHI AK: h; X w; X d; X (dj + kz), o poOuTh Taki
3rOPTKH €(hEeKTUBHIIIUMU.

MobileNetV2, nactynmHa Bepcis cCiMelcTBa, BKJIIOYAa€ HOBY KOHIICMII0 1HBEPTOBAHUX
3aJMIIKOBUX ONOKIB (/nverted Residuals), siKi CIpoIIyIOTh IIepeAaBaHHs I'PAJI€HTIB Yepe3 MEPExKy,
Ta JiHIIHI BY3bKi Micus (Linear Bottlenecks), 110 TOKpAIyIOTh SKICTh TPEICTABICHHS O3HaK [7].

Y MobileNetV3 apxiTekTypa BIOCKOHAJI€HAa 3a JOMOMOIOK) AaBTOMATHYHOTO MOIIYKY
apxitextyp (Neural Architecture Search, NAS) i BupoBakeHHSI MeXaHi3My Squeeze-and-Excitation
(SE), sxuii TUHAMIYHO KOPHUI'Y€ Bary KaHalliB JJisi mokpamieHHs TouyHocti [8]. Kpim Toro,
BUKopucTanHa (yHkuii aktuBauii Hard-Swish 'y MobileNetV3 3a0e3neuye mMokpamieHHs
MPOIYKTHBHOCTI 0€3 30UIbIIIEHHS 00YHCIIOBATbHUX BUTPAT.

EfficientNet — 1ie ciMeiicTBO MoiesIel 3rOPTKOBHX HEHPOHHUX MEPEXK, SKI ONTUMI30BaH1 s
JIOCSTHEHHST BMCOKOi IIPOJYKTUBHOCTI IIpM MiHIMadbHHX OOYHMCTIOBaIbHMX BHTparax [9]. Ix
TOJIOBHOIO BiJIMIHHICTIO € BUKOpHUCTaHHA minxony Compound Scaling [9]. Leit meton mo3Bossie
OJTHOYACHO 301JbIIyBaTH TTMUOWHY, IHUPHUHY Ta PO3AUIBHY 3[JaTHICTH BXITHUX 300pa’keHb TaKUM
YUHOM, 1100 30epiraTu ONTUMANIbHY apXITEKTYPY MEpexi:

e TIMOMHA — KUIBKICTH IIApPiB MEPEXi, 10 BIAMOBIJAIOTH 3a 3AaTHICTh MOJEII PO3Mi3HABATH

CKJIQIHIII TTaTepHHU;

e IIUMPUHA — KUIBKICTH (QUIBTPIB y KOXKHOMY IIapi, 110 30iIbILIye 3JaTHICTh MEpEXi 10

napajieabHOi 00poOKH JaHUX;

e PpO3AiJIbHA 3JJaTHICTh — PO3Mip BXiJHHX 300pakeHb, 1110 BIUIMBAE HA JeTaNi3allil0, IKy Mepexa

MO>KE€ HABUYUTHCS PO3ITi3HABATH.

Ocnogoto cimeiicta EfficientNet € monens EfficientNetBO — 6a3oBa mozensb y ciMeiicTBi, ska
CIIyTy€ BiIIPAaBHOIO TOUKOO JUISI MaclITa0yBaHHs. BoHa Oyiia aBTOMaTH4YHO CTBOPEHA 32 JOTTOMOT 010
Neural Architecture Search (NAS) [10]. Monens onTuMizoBaHa JJisi KOMIIPOMICY MiK TOYHICTIO Ta
00GYHCITIOBANILHOIO CKIAAHICTIO. 1T apXiTeKTypa BK/IIOYa€e TaKi KJIIOYOBi €l1eMEHTH:

1) MBConv 0:10KH, SIKI MICTSATh 3TrOPTKHU 3 PO3ALJICHHAM 32 ITMOMHOIO, a TAKOXK TOYKOBI [7], 1110

3MEHIIIy€ 00YHMCITIOBAIbHI BUTPATH.
2) Squeeze-and-Excitation. Koxen MBConv 06mox mictuth Mexanism SE, mo no3Boisie
aJlanTUBHO 3BaXKyBaTH KaHanu [11], miaBuInyoun BaxJMBICTh HAWOLIBII iHPOPMATUBHUX 13
HUX.

3) ®yukuig akruBanii Swish 3amicts ReLU, sixa nmokpariye nepegaBaHHs IpaJi€HTIB Ta COPUsE
TOYHOCTI Mojeni [12].

4) TlouaTkoBi rineprnapameTpu:

o [I'muOunHa: Mozenh Ma€ ONTUMaJIbHY KUIBbKICTh IIApiB, BUABIEHY 3a 10mOoMOro NAS.

o Ilupuna: ¢pinsTpu Oynu 0OpaHi Tak, mob 3ade3neynT amaHe Mix
MPOAYKTUBHICTIO Ta €()EKTUBHICTIO.

o Po3ainbHa 31aTHICTB: BX1IHI 300paKeHHS MalOTh po3mip 224x224 mikcerniB.
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5) Onrumizauis yepe3 Compound Scaling. EfficientNetB0 € 6a3oto, siky MoxHa
MaciuTaOyBaTy JJ1s1 CTBOPEHHS 1HIIUX Mojelnel y cimelicTsi (B1-B7), mo 3a6e3neuyroTsb
OUTBIIY TOUHICTH MPH OUIBLIIN 00YMCIIOBATBbHINA TOTY>KHOCTI.

Pesynomamu pobomu netipomepedic

Heiipomepexa MobileNetV2 nokasana Taki MOKa3HUKU MPU HaBYaHHI: TOYHICTb, BIIYYHICTb,
noBHoTa Ta F1l-mipa cxiamu 99.46%, srpartu 0.0139. Ilpu Bamigarii TOUHICTh, BIY4HICTh, IOBHOTA
ta Fl-mipa cknamu 97.8%, rpatu 0.099. Came HaBuaHHs Helipomepexi TpuBaio 14 xB 36 c.

Sk BuaHO 3 rpadika Ha puUC. 2, TOYHICTh HABYAHHS CTAa0LII3yBalIMCsA B palioHi 55 enoxu, npu
[[OMY TOYHICTh BaiJallii Oyja BIHCOKA 3 MEPIIUX €MoX Ta KoJuBaiacs B Maxax 2-4%.

TOYHICTb BrpaTu
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Pucynox 2 — Pezynomamu po6omu mooeni MobileNetV?2
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Heiipomepe:kxa MobileNetV3Small moka3zana Taki MOKa3HUKH MPH HaBYaHHI: TOYHICTb,
BIIY4HICTh, TOBHOTa Ta F1-Mipa cknanu 98.42%, Brpatu 0.0288. [Ipu Bamiganii TOUYHICTb, BIyYHICTb,
noBHoTa Ta F1-mipa cxinamu 98.9%, Brpatu 0.0451. Came HaB4aHHs HelipoMepexi TpuBasio 12 XB.

Sk BuIHO 3 TpadikiB HA pUc. 3, MOKa3HUKH [IPU HaBYaHHI cTabuIizyBanucs B paioni 50 enoxu.
[Toxa3Huku npu Bayigamii crabinizyBaiucs npudau3Ho Ha 20 ernoci i3 He3HaYHUMU KOJTMBaHHSIMU B
nojanbomMy B Mexax 1-3%.
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Pucynok 3 — Pezynomamu po6omu mooeni MobileNetV3Small

Heiipomepexa EfficientNetBO mokaszasia Taki MOKa3HUKW NPU HAaBYaHHI: TOYHICTH 99.33%,
BTpaTu 0.033, BayuHnicts 99.39%, nosuota 99.39%, F1-mipa 99.39%. I1pu Baninauii TOuHICTh CK1ana
98.61%, Btpatu 0.04, Biyunicte 98.61%, moBHoTa 98.61%, Fl-mipa 98.61%. Came HaBuaHHS
Heiipomepeski TpuBaso 16 xB 17 c.
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Sk BuaHO 3 TpadikiB Ha puc. 4, MOKA3HUKU NPU HaBYaHHI Ta Bajijamii crabimizyBaiucs B
paiioHi 15 enox# i3 nmojaibIINM KOJIMBAHHAM Y Mexax 1-2%.
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Enoxu
Pucynok 4 — Pezynomamu pob6omu mooeni EfficientNetB()

BucHoBkH. B X011 1bOT0 JOCTIKEHHS TPOBEACHUHN NOPIBHAIIBHUHN aHaANi3 TPHOX apXiTEKTyp
HEHPOHHUX Mepex I BH3HAUeHHsS 3pulocTi monyHumi. Ilpum ypaxyBaHHI BCix mNapaMeTpiB
Haile()eKTUBHIIIO0 BUsABWIAcA Heifpomepeska MobileNetV3Small. Ii Tounicts, BiyunicTh, mOBHOTA
ta Fl-mipa npu nHaBuanHi ckiamu 98.42%, Brpatu 0.0288. Ilpu Bamimaunii TOYHICTH, BIYYHICTb,
noBHoTa Ta F1-mipa cknanu 98.9%, Brpatu 0.0451. HaBuanus Heiipomepexi TpuBaio 12 xB.

OTtpumana MOZENb Ma€ JOCUTh BUCOKY TOYHICTh Kiacu]ikalii cTaaii 3pijIocTi MOJyHHULI 1 32
CBOIMHU MapaMeTpaMy € OJHI€I0 13 HAHONTHMAaIbHIIINX NP MOPIBHAHHI 13 HABEJACHUMH Yy CTATTi
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nocmikeHHsaMu. [Ipu 3a1isHuX 00YHCIIOBANIBHUX CIIPOMOMXKHOCTSIX, HEHpoMepexka TaKoxX IoKa3ana
XOPOIIXI Yac HaBYaHHS 32 PAXYHOK KOMITAKTHOI apXiTEKTYpH Ta HEBEJIMKOI KIIBKOCTI IIapiB.

BpaxoBytoun mocTiiiHe BIPOBAKEHHS CYYaCHUX TEXHOJIOTIH y CUIbCHKE TOCIIOAAPCTBO, a
TaKOX OypXJIMBUI PO3BUTOK IITYYHOTO 1HTEJIEKTY, PE3yIbTAaTH LLOTO JOCIIIKEHHS MOXYTh CTaTH
KOPUCHUMHM SIK JJIS BITUM3HSHUX aBTOPIB, TaK 1 JUIA MEBHUX MiANPUEMCTB arpolpOMHUCIOBOTO
KOMILJICKCY.
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DETERMINING THE STAGES OF STRAWBERRY MATURITY USING
CONVOLUTIONAL NEURAL NETWORK MODELS

Abstract. Throughout the history of agriculture, crop cultivation and harvesting technologies have been
constantly improving, easing the work in the field and increasing the efficiency of fruit harvesting. Today, modern
technologies, including artificial intelligence, are also penetrating the agro-industrial sector. Its use is becoming
increasingly widespread every year. This technology allows agricultural producers to obtain large amounts of data in
real-time, analyze them, and make decisions regarding fertilizer application, pesticide use, irrigation, and determining
the ripeness of fruits or plants. An equally important aspect of artificial intelligence solutions is the tracking of carbon
footprints, which gives an advantage when entering European markets. The combination of the latest developments in
unmanned vehicles and robots allows for an increase in productivity and production volumes in agriculture. An
important part of modern agro-industry is computer vision — one of the fields of artificial intelligence, focused on
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creating intelligent systems capable of processing and analyzing visual information in a way similar to the human
sensory system. Neural networks are often used in this technology for both image recognition and classification. This
article presents a comparative analysis of various convolutional neural network models for classifying the ripeness
stage of strawberries, namely MobileNetV2, MobileNetV3Small, and EfficientNetB0. The network was evaluated based
on parameters such as training and validation accuracy, training and validation losses, and training time. The best
results were found with the MobileNetV3Small network. The results and methodology of this research can be useful for
both scientists and entrepreneurs working in the agro-industrial sector and implementing artificial intelligence in the
production process.

Keywords: artificial intelligence, machine/computer vision, convolutional neural network (CNN), MobileNet,
EfficientNet.
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IHO®OPMAIIIHA CUCTEMA MIITPUMKH OLIHIOBAHHSI MATICTEPCBKHX
POBIT: IPUKJIAJ] PEAJII3ALIIL B YMOBAX IU®POBOI'O OCBITHHOI'O
CEPEJIOBUILIA 3AKJIAIY BUILIOI OCBITH

Anomayin. Lugposizayis oceimu oxonuoe 6ce Oinbuie OCHOBHUX OI3HEC-NPoYecieé CyYacHo2o 3aKnady BUOT
ocsimu. Ilpuxiad yugposizayii okpemux npoyecié ni020mMoeKu mMa NpeoCMAasNeHHs pPe3yIbmamie Ma2icmepcbKko2o
00CTiOdNCEHHsT penpe3enmosano y 0anomy odocuiodxcenti. Hamu 3moodenvosano ingopmayitiny cucmemy niOmpumxu
OYIHIOBAHHA MALICMEPCLKUX pOoOIm 3a pe3yiomamamu eKCnepmuo20 OYiHIOBAHHA A A8MOMAMU308AHOI NepesipKu
MeKCmy Ha HAA6HICMb niaziamy i0n0GiOHO 00 HOPMAMUBHUX OOKYMEHMI8 3aKkiady Guwjoi oceimu ma 3a2anibHux
peKoMeHOayil w000 OOMPUMAaHHs axademiunoi Odobpouecnocmi. Busnaueno ocnoemi 0Oismec-npoyecu, a came:
VAPABNIHHSA KOPUCTTY8AYAMU, YNPAGLIHHA OYIHIOBAHHAM MAZICMEPCbKOI pOO6OmU, NOWUPEHHS Pe3VIbMAmMIE O0CIIONCEHD
mazicmpig; 30IICHEHO X 0eKOMRO3UYIIO 3d CIMAHOAPMAMU CIPYKMYPHO-QYHKYIOHANbHO20 AHANIZY | NPOEKMYBAHHSL Md
PONBOBULL PO3NOOIT NOMEHYIUHUX KOPUCMYB8AYIE8 cucmeMU. 3anponoHo8ano eapianm peanizayii yici cucmemu 3acobamu
LMS Moodle: susnaueno pecypcu 015 3a8aHMANCEHH MEKCMY MA2iCMepCcbKoi pobomu ma CynpogioHux 0oKyMeHmis,
30ilICHEHHS PEYEH3YBAHHSA, OP2AHI3aAYI] KOHCYIbMYBAHHI MAICIMPAHMIE Ma KOMYHIKayii cy6 €kmie oceimnb0o20 npoyecy
8IONOGIOHO 00 BUSHAUEHO20 POILOBO20 PO3nodiny. /lns nepesipku mexcmis na HaasHicMb mekcmosux 36izie 0o LMS
Moodle inmezposano 6ionogionuti modyne xomnanii Unicheck. Texnonoeiio Learning Tools Interoperability (LTI), wo
niompumyemocst LMS Moodle, 3acmocosano 0ns inmezpayii enekmpoHHUx OCGIMHIX pecypcié 3 HABYANAbHO-
inghopmayitinoco nopmany yHieepcumeny 00 peno3umapilo Mmazicmepcokux pobim. 3asHaueno, wo HAAGHICMb
iHghopmayiiHo-0c8imub020 cepedosuwya 3aKkaady UWoi 0ceimu ma CmeopeHHs €OUHOi baza KOpUCmyeauie 003601uUms
SAK  OpeaHi3ayilino, max i MeXHONO2IYHO peanizyeamu NpoEKMOBany iHGopmayitiny cucmemy 3 MIiHIMATGHUMU
3ampamamu.

Kniwouosi cnosa: ingopmayitina cucmema, mazicmepcoka poboma, OYiHIOBAHH:, NpocpamHe 3abe3nevyeHHs

nepesipku Ha naaziam, LMS Moodle.

Beryn. lupoke BpoBakeHHS HUPPOBUX TEXHOJIOTIN € O/IHIEI0 3 YMOB BUXO/Y BUIIOI OCBITH
Ha piBEHb MDKHAPOJHUX CTAHAAPTIB. 3 1HIIOrO OOKY MMOCHUJICHHS MO3MLINA YHIBEPCUTETIB CbOTOMHI
HEMOXJIMBE B YMOBAX 3aKPUTUX CUCTEM OCBITH Ta OKPEMHX 1HCTUTYLIH. 3a MOKa3HUKAMU PEHTHHTY
Webometrics [1] mocumoeTbess yBara 10 HayKOBOI JiSUIBHOCTI YHIBEPCHTETIB Ta IMOIIMPEHHS ii
pe3yJIbTaTIB BiIMOBITHO JI0 MOJIOKEHb BIIKPUTOI HAyKH Ta KOMyHiKaii [2]. OgHUM 3 IHCTPYMEHTIB
HAYKOBOI KOMYHIKaIlil, 110 aKTMBHO BHUKOPHUCTOBYIOTh CYYacHi YHIBEPCUTETHU Ui TOIIMPEHHS
pe3yabTaTiB HAyKOBOI JISUIBHOCTI SIK HAayKOBO-TIENAroriyHUX MNpaliBHUKIB [3], Tak 1 MooauX
HAYKOBIIB (Marictpu) [4], € IHCTUTYLIHHI pemo3uTapii.

Posmimenns y penosurapisx Master’s Thesis (Hanpuknazn, https://repository.usfca.edu/thes/,
http://academysps.edu.ua/biblioteka/repozitarij-magisterskih-robit/) 3a0be3neuye  BIIKPHUTICTh
pE3yJIbTaTIB JOCHII)KEHb MAriCTpiB ISl 30BHINIHBOTO CEPEIOBUINA 1 BIAMOBIAAE PEKOMEHAALISIM
Acomiarii €BporneichbKiX yHIBEPCUTETIB 11010 BIAKPUTOrO AOCTYIY 10 HaykoBoi iH(opmarii [5].
[Ipy 1pOMy cHii HAroJIOCUTH HAa MOCWICHIH yBa3l MOTPHUMAHHS MariCTpaHTaMU IOJOXEHb
aKaJeMiqHOl JOOpOYECHOCTI [6], OCKIIBKM PO3BUTOK CYYaCHHUX TEXHOJOTiIH 3HAYHO PO3IIMPIOE
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MO>KJIMBOCTI HE JIMIIIE JUIsl IPOBEJCHHS JJOCIIDKEHb, alle i miariaty, ¢pabpukanii, Gpanscudikarii ta
IHIIUX MOpYLIEHb aKaAeMiuHoi eTHKU. BiAmoBiHO, PO3MILICHHIO MAaricTepchbKux poOiT Yy
peno3uTapisix TMepeaye OIiHKAa SKOCTI BUKOHAHHS pOOOTH Ta JNOTPUMAHHS aKaJeMiuyHOL
nobpouecHoCTi ii aBTopom. [Ipu 11bOMy citijJ 3a3HAUUTH, 110 MUTAHHA aKaJAEeMIYHOI 100pOYeCHOCTI
CTYACHTIB akTyanizyeTbcs B ymoBax COVIDI19, ockiinbku pe3yiabTaTd IOCHiIKEHb, 30KpeMa,
aMEepUKAHCHhKUX [7] Ta icnaHChKUX [8] HAYKOBIIIB, € MiJCTABOO AJIS IMiIBUIIEHOI YBAaru JI0 MATPUMKHU
aKaJeMiqHOl 100pOYEeCHOCTI Cy0’ €KTIB OCBITHBOI'O MPOLIECY B YMOBAaX JAUCTAHLIHHOTO HaBYAHHS —
CTYACHTH BUSBIISAIOTH OLIbIY aKaJeMiuHy HE100pOYECHICTh NP OHJIAIH HaBYaHHI.

AHaJi3 aKTyaJIbHMX JAOCJTiXKeHb. Y pI3HUX KpaiHaxX Ta yHiBepcuTeTax po3poOieHi pi3Hi
MOJIITHKH Ta IPOLEypH JOTPUMaHH akaJeMiuyHoi 100podyecHo T i 3anobiranus miariary [9], [10].
VY GUIBLIOCTI 3aKOPIOHHUX YHIBEPCHUTETIB piBEHb aKaJeMiyHOi J100pOYeCHOCTI, 30KpeMa Iuiariar, €
IPEeMETOM MOHITOPUHTY YIPOJOBX HAaBUaHHsS CTYJEHTIB, a 3acO0M aKaJeMiYHOTO MOKapaHHs
BapilOIOTbCS BiJl aHYJIIOBaHHA peE3yJbTaTiB OKpeMoi poOOTH [0 BiJpaxyBaHHS CTYACHTIB 3
yHiBepcurety [11]. 3anpononoBanuii y [12] miaxia 10 po3poOKH iHCTUTYHIMHUX CITYKO BHUSIBICHHS
iariaty Moxe OyTHM BUKOPHCTAHUI JUIsl NMEPEeBIPKU TEKCTIB MAariCTepChbKUX pPOOIT Ta 3aXUCTY
aBTOPCHKHX MPaB, OCKUIBKH B €MOXY HU(PPOBUX TEXHOJIOT1H came Taki CiIy>KOH cTanu 000B’I3KOBUM
KOMIIOHEHTOM CHUCTEMH yTIpaBiliHHSA HaByaHHAM (LMS).

[I{o crocyeTbest 3a0€3MEUEHHS SIKOCTI MIATOTOBKM MariCTepChKOro JOCIIKEHHS, MiATPUMKA
Ta OIIHKAa MariCTepchbkoi poOOTH € BaXKIMBUMH 3aBIAHHAMM YHIBEPCHUTETIB, a TaKOXK IPEAMETOM
JOCIIKeHb HAYKOBIIB 1 BUKJIaJa4yiB-TIPAKTHKIB.

Y pob6oti [13] mnpenacraBneno noceim BukopuctanHs IKT pgns migBuieHHS SKOCTI
Mmaricrepcbkoi podotu. 3okpema, Bu3HaueHo nepesaru Bukopuctanusa IKT s peanizaiii oCHOBHUX
MIPOIIECIB:

—KepiBHUITBO: BUOIp HAYKOBUX KEPIBHUKIB, IPU3HAUCHHS PELIEH3EHTIB, CKJIAJJaHHS PO3KIaLy
Ipe3eHTallil MaricTepchbKoi poOOTH Ta IHIIKX OpraHi3aliifHUX 3aX0/1iB, IEPEeBipKa IUIariary, 3BiTHICTb
Ta OL[IHKA MAaricTepchKoi poboTH;

— CyIepBi3is: IUIaHYBAaHHS Ta MPOBEICHHS 3yCTpidel (KOHCyIbTallii), oOMiH iH(opMarli€ro,
OTpPHUMaHHS 3BOPOTHOTO 3B’S3KY;

— CHiBOpals: CaMOOLIHIOBaHHS POOOTH, B3a€MOJIil 3 KEpPIBHUKOM, IHIIMMHU MaricTpamu,
PELIEH3EHTOM, a/IMIHICTpAIli€l0 YHIBEPCUTETY TOLIO.

OxpeMi acreKTu CIIBIIpalli CTYACHTIB 13 KepIBHUKAMH AUIIJIOMHUX MPOEKTIB MPEACTABICHI Y
[14]. BpaxoByroun BaXJIMBY pOJIb 3BOPOTHOTO 3B’SI3Ky B IIPOEKTaX MaricTepchbKoi AucepTariii,
CTaBJICHHs CTYJEHTIB 3 HinepianaiB g0 3BOPOTHOrO 3B’S3KYy HAayKOBOTO KEpIBHHKAa B KOHTEKCTI
MaricTepcbkoi poOOTH MOXXKHAa BUKOPUCTATH JUIA MOKPALICHHS B3a€MOJIi MK MaricTpamMu Ta ix
HaykoBUMH KepiBHUKaMH. [likaBuM € nocsig University of Leeds (AHIIIST) 1010 OI[IHIOBAHHS SIKOCTI
Maricrepchkux nucepranii [15]. [nmum npuknagom € Bukopuctanus IKT mi1s miarpuMku B3aeMo/Iii
CTY/CHTIB Ha PI3HUX €Tarax MiAT0TOBKU MaricTepcbKoi poOoTH i 3a0€3MeUeHHS IKOCTI PYKOITUCIB
JUcepTallii, KOHTPOJIO Ta OLIHIOBaHHS, a TaKOX IOCHIIEHHS MOTHBAIii Ta BiJNOBIAATBLHOCTI
marictpis [16]. ¥ pamkax 1poro A0CHiKeHH Oyl po3po0iieH] MPONo3uLii sIK 3 Ie1aroriyHoro, Tak
1 3 TeXHIYHOro acnekTiB. Ha Hamry nymKy, ofepaHi pe3yJbTaTd MOXKHA MacIITa0yBaTH B 1HIIMX
3aKJ1a/1ax BUIIOi OCBITH.

IIpu upoMy ciHil 3a3HAYUTH, LIO MPOEKTYBAHHS 1H(POPMALIMHOI CHCTEMH MiATPUMKH
OLIIHIOBaHHS MaricTepchbkux poOiT (peleH3yBaHHA Ta MEpeBipKa Ha HasBHICTh TEKCTOBUX 30iriB)
PO3IIIAIAETHCS K KOMIUIEKCHUN MPOEKT, 110 MICTUTh TP OCHOBHI KOMIIOHEHTH: YIIPaBIIiHCHKUH,
TeXHOIIOTiuHMil Ta ocBiTHiil. Moro peamizanis B konkpeTHoMy 3BO 3a1eKuTh Bijl HAIBHEX PeCypciB
1 KOMIIETEHTHOCTI YYacHUKIB OCBITHBOI'O Ipolecy. BiamoBiTHO 10 NbOrO BU3HAYAIOTHCS
(byHKLIOHATBHI MOKITUBOCTI Ta 0OMEXEHHS CUCTEMH, a TAKOX MEPCIIEKTUBH 11 PO3BUTKY.

MeTa 1aHOTO JOCIIIKEHHS: CIIPOEKTYBATH 1H(OPMAIIHY CUCTEMY MiATPUMKHU OI[IHIOBAaHHS
MaricTepchbKux poOiT, MO0 TO03BOJIUTH 3MIMCHIOBATH CHCTEMHE OIIHIOBAHHS IUILUIOMHOI pOOOTH
MaricTpiB BIiAMOBITHO J/JO HOPMATUBHUX JOKYMEHTIB 3aKkjaJy BHIIOi OCBITHM Ta 3arajbHUX
pEeKOMEH Il I0JI0 JOTPUMAHHS aKaJIeMiuyHO1 T0OpOUYECHOCTI.
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PesyabTaTn pocaiikeHHs. 3a pe3yibTaTaMH aHai3y BUMOI Ta NOTped NOTEHLIMHUX
KOPUCTYBaYiB, MPHU3HAYCHHAM iH(POpPMaLiiHOI CUCTEMHU MiATPUMKH OLIHIOBAHHS MariCTepChbKHX
poOirT €:

e opranizamiss UGPOBOrO CEPENOBUINA ISl MIATPUMKHA MIATOTOBKM Ta OLIHIOBaHHS

JUIJIOMHUX IPOEKTIB MaricTpis;

* HaJaHHA JOCTYIy O CHCTEMH 3 OOJIIKOBUX 3alllCiB YHIBEPCHUTETCHKOTO OCBITHHOTO
CepelioBUINA SIK Ul MAariCTpaHTiB, TaK 1 JUIA YIPaBIiHCHKOTO i HayKOBO-IIEJAroriuHOro
MIEPCOHATY;

* oprasizaiis po3noJiry pojei, HeoOXiIHUX B MpoIleci HAyKOBOi poOOTH MaricTpaHTiB i A0
MOMEHTY 3aXHCTy, Ta JIeTKe aJIMIHICTPyBaHHS [IUX POJICH;

* oOprasizalis OCBITHbOT KOMIIOHEHTH B HAYKOBIi IisJIbHOCTI MariCTpaHTiB (J10 SKOT IOBUHHO
BXOJUTH MHUTAHHSA OpraHizalii HAyKOBOTO JOCTI/DKCHHS, JOTPUMAHHS aKaJeMidHOi
TOOPOYECHOCTI Ta IHIIE);

* Oprasizaijisi OINOBIIIEHHS YYacCHHKIB IpPOIECY BiJl KEepiBHUITBA (HABYAJIbHOI YaCTHHHU,
BIJUIUTY MaricTparypH, JeKaHaTiB, BUILYCKOBUX Kadeap TOIo);

* Oprasizailis CIiJIKyBaHHS MariCTPaHTIB 31 CBOIMH HaAyKOBUMHU KE€PIBHUKAMU;

* Oprasizaiisi aBTOMaTUYHOI MEPEeBIPKU MiATOTOBIEHUX POOIT Ha IUIariat;

* oOprasizailis 31iCHEHHS peLeH3yBaHHS HAMCaHUX POOIT;

* Oprasizaiisi po3MilEHHs JOMYIEHUX /10 3aXUCTY pOOIT B 3aralbHUI pero3UTapii.

Ha piBHI (QyHKIIOHATHHOI JEKOMIIO3HIII MPOEKTOBAHOI CHCTEMHU MIATPUMKH OIIHIOBAHHS
MaricTepchbKUX pooiT K METOAy Oi3HEC-aHalli3y, 110 BUKOPUCTOBYETHCS IS MOJICTTLIEHHS PO3yMIHHS
1 YHOpaBiiHHS CKJIAJHUMHU TIPOIlECAMH, a TaKOX 3aCTOCOBYETHCS MPU PO3pOOII MPOrpaMHOTO
3a0e3neueHHs, HAMU BU3HAYEHO TaKi OCHOBHI Oi3HEC-TIPOIECH:

* YOpaBIiHHA KOPUCTyBauaMu, peaiizallisi SKOro mnepeadadae: peecTpalilo KOpHCTyBauyiB,
PO3IO/LI MPpaB; CTBOPEHHS OPTaHi3aliifHOI CTPYKTYpHU TaHUX CUCTEMH Ta HaIaHHS JOCTYITY
70 OKPEMHUX €JEMEHTIB CHCTEMH KOPHCTYBauiB BIJIIMOBIJHO IO POJHOBOTO PO3MOALILY;
J0JIaBaHHS CYTNPOBITHUX JOKYMEHTIB, IO YHOPMOBYIOTH IiJIOTOBKY MariCTepChbKOro
JOCTiKeHHsT (MOJIOKEeHHS, METOAWYHI PEeKOMEHJAIlli TOIN0); OPraHi3aIliio J10JAaTKOBOTO
HaBYaHHS (JUCIUILUIIHA 32 BHOOPOM CTYJCHTA, 3alucy BeOiHApiB TOIIO); OpTaHi3alliio
KOMYHIKaLli yCIX y4aCHHKIB;

* YOpPaBIiHHS OLIHIOBAHHSAM JIOCTI/DKCHHS MaricTpa, B MeXax SKOTO 3IIHCHIOETHCS:
3aBaHTa)XEHHS JTUINIOMHOI POOOTH Ta Kareropusauis 3a CTPYKTYPHHM HiJPO3JiIOM,
OCBITHBOIO MPOTPaMOIO, POKOM BHITyCKY TOILNO; JOJaBaHHS CYHPOBIAHUX JOKYMEHTIB
(permaMeHTy€eThCs MOJIOKEHHSIM PO MiITOTOBKY 1 MPeICTaBIEHHs MaricTepcbkoi poboTu y
KoHKpeTHoMy 3BO), 30KpemMa, BIATYKY KEpiBHUKA; 31MCHEHHS HOPMOKOHTPOIIIO Ta
3aBaHTa)XEHHS PE3yJbTaTiB MEPEBIPKU; NPU3HAYCHHS PELEH3EHTIB 3 HACTYNHUM iX
1H(OPMYBaHHSM I110JI0 TEPMiHIB IPOBEJCHHS €KCIIEPTU3U KOHKPETHOI TUIIOMHOI poOO0TH;
MOHITOPUHI TPOLIECY OLIHIOBAHHS JUIUIOMHOI pOoOOTH; MOXIIMBICTH OHOBJICHHS (ailmy
(Mmaricrepcbkoi poOOTH), HANPHUKIAA, BIAMOBIIHO 10 pEeKOMEHIalii, cpopmoBaHMX 3a
pe3yabTaTaMu MEpeBIPKM HOPMOKOHTPOJIIO YU BHU3HAYEHHS TEKCTOBHX 30IriB; peasizarlis
yIpaBIIiHHS OLIHIOBAaHHIM JEKOMIIO3YEThCS 10 JBOX OCHOBHHX mporeciB: (I) mepeBipka
poboTu Ha 1uiariar, mo nepeadavyae MiAKIIOYCHHS BU3HAYEHOTO CEpBiCY Ta 3I1HMCHEHHS
aBTOMATHYHOI MEPEBIPKH KOKHOI MaricTepchkoi poOOTH HA HASBHICTh TEKCTOBUX 30iriB Yy
6a31 maHux Maricrepcbkux pobOiT koHkpetHoro 3BO Tta 30BHimHIX [HTEpHET-IKepe;
(dopMyBaHHS 3BITY 3a pe3yJbTaTaMU MEPEeBIPKH Ha IUIariat; npoBeAeHHs (y pas3i moTpedu)
JOJJATKOBOTO €KCIIEPTHOTO OLIHIOBAaHHS — YITHHTY, Ta (OpPMYyBaHHS EKCIIEPTHOTO
3aKJIIOYEHHS 100 JOTPUMAHHS aKaJeMiuyHOi JOOpOYECHOCTI aBTOpa JJIOCIHIKCHHS;
(dbopMyBaHHS pEeKOMEHJAIIM MO0 BHECEHHs 3MiH Ta mOBTOpHY nepeBipky; (II)
penieH3yBaHHs poOOTH (MOTpedye BHU3HAYEHHS PEICH3EHTIB, MIArOTOBKHU PELEH3CHTY
11a0JIoHy pereHsil; 3A1iCHeHHs perieH3yBaHH (Y BIAKPUTOMY a00 aHOHIMHOMY PEXHUMi) Ta
3aBaHTAKEHHS peleH3ii);
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* TIIOIIMPEHHS Pe3yJbTATIB JOCTIKEHb MariCTpiB, SKOMY IEpely€e MEeperiisi] pe3yibTaTiB
OLIIHIOBAHHSI MAariCTepCchbKoi poOOTH Ta BU3HAUEHHS CTAaTyCy POOOTH (IOMYCK JIO 3aXHCTY,
peKoMeHAallis 10 IyOJIi4HOr0 MeperisiLy poOoTH Y 0OMEKEHHH 10CTYT, HAIPUKIIA/I, JTHILIE
JUI 4WIEHIB €K3aMEHALIHOi KoMicii); 30epexeHHs (apXiByBaHHS) AWUIUIOMHHX pPOOIT
(onoBnenHs Oaszu ganux 3BO); miAroToBKY AaHUX JUIS PO3MIILEHHS Yy perno3uTapii
MaricTepchbKUx pooiT.

BinnoBiiHO 10 METOAOIOTIT CTPYKTYpHOTO aHami3y i npoekTyBanHs SADT aiis MosenoBaHHA
OCHOBHHX IIPOLIECIB OLIIHIOBAHHS MaricTepchbkux pooiT oopano meroponorio IDEFO (puc. 1). Came
IDEFO Ta noni6Hi MeToAu MOJEIIOBAaHHS YaCTO BUKOPUCTOBYIOTHCS JJISl PEIHKUHIPUHTY TPOIIECIB
1T yTOUYHEHHS peaji3allil IeBHOro MpoLecy Ta MPONOHYBaHHS 3MiH Y HboMY [17].
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Pucynok 1 — Mooenv SADT ingopmayitinoi cucmemu niompumxu oyint08aHHs
MazicmepcoKux pooim

Mogens BKIIOYAa€ ASUIBHICTh YCIX YYaCHMKIB, 3alydyeHHX JO TPOLECY OI[iHIOBaHHA
MaricTepcpkoi podoTu, a came:

* MAariCTpaHTiB, IKI BHMKOHYIOTb JOCHI/DKEHHS, 3aBaHTaXyIOTb pOOOTH y CHCTEMY,
OJICPXKYIOTh CIIOBIIIEHHS Ta PEKOMEHaLli 010 Pe3yJIbTaTiB MEPEBIPKA HOPMOKOHTPOIIIO
Ta HasSBHOCTI TEKCTOBUX 30iriB; KOMYHIKYIOTh 13 IHIIMMHM YYaCHHUKaMH IIpOLECY
OLIIHIOBAHHS MariCTepCchKoi poOOTH, 30KpeMa, 3 HAyKOBUM KEPiBHUKOM;

* HAayKOBHX KEpIBHHUKIB, IKI 3aBaHTaXYIOTb Yy CHCTEMY BIATIYK, «PEKOMEHIYIOTH»
PELICH3EHTIB, BIJACTEXKYIOTh CTaTyC JUIUIOMHOI POOOTH (BIIMOBIITHO O €TamiB MEPEBIPKU
HOPMOKOHTPOJIIO, IUIariaty, peneHsiiil), KOHCYJIbTYIOTh MAariCTpaHTiB, KOMYHIKYIOTh 3
HIIIUM YYaCHUKaMU;

* PpELEH3EHTIB, SKi 32 IPOMOHOBAHUMHU IIA0JOHAMU FOTYIOTh PEIEH31] Ta 3aBaHTaXYIOTh iX Y
CHCTEMY;

* BIANOBIIAJIBHUX CEKPETapiB, sSIKI KOHCYJIbTYIOTH MAariCTpaHTiB, 30KpeMa, pO3MIILYIOTh Y
CUCTeMY HEOOXiTHI HOPMATHBHI JOKYMEHTH Ta METOAMYHI pEeKOMEHHAIii; 3MiiCHIOITH
HOPMOKOHTPOJb (BIAMOBIAHO 10 MpaBuil OGOPMIICHHS MaricTepcbkoi poOoTH), y pasi
BUSIBJICHHSI TE€KCTOBUX 30iIriB 3Mi1MCHIOIOTH JOAATKOBHA YUTHHI Ta MHUIIYTh EKCIEPTHE
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3aKJIIOYECHHS; IPU3HAYAIOTh PELICH3CHTIB, 10IIOMAraloTh B apXiByBaHHI Ta HaJJaHHI JOCTYITY
1o myOmiKarii;

* MpEACTaBHUKIB JEKAaHATIB, SKI PO3MILIYIOTH y CHUCTEMY BIANOBIAHI Haka3W, rpadiku
MIPOBEICHHS MPOLIECY OLIHIOBAaHHS MaricTepchbKUX poOiIT, 1HINI IHCTPYKTHUBHI MaTepiaju;
(hOopMyIOTh CKJIaJl aTECTAIIIHOT KOMICIi TOIIIO;

* UYIEHIB aTecTalliifHOl KOMicii, SKi MOXYTh MEperyisigaTd BCi CYNPOBIOHI JOKYMEHTH
MaricTepchKOro JOCIIHKEHHS, a TAKOXK PELeH3il Ta pe3yNbTaTH MepeBipKH Ha HASBHICTbH
TEKCTOBHX 30iriB;

* BianoBimanpHux 3a IKT mnigTpumky (aaMiHICTPaTOpH CHCTEMH), SIKI CTBOPIOIOTH
OprasizaiiiiHy CTpyKTypy Ta 0a3y JaHHX CUCTEMH, PEECTPYIOTh KOPHCTYBaYiB Ta HAAAIOTh
IIpaBa BiJIOBIJHO /10 POJILOBOTO PO3MOLTY; CIIPUAIOTH PO3MIIIEHHIO POOIT y peno3uTapii,
ix imenTudikarii Ta HagaHHS BUTBHOTO JOCTYITY J0 HEPErIIsTy.

OcunoBuumu konuenisimu meroay IDEFO e pismpHicTh (peamizamisi OCHOBHHX Oi3Hec-
nporieciB) Ta MOTIK. YacTo A MO3HA4YeHHs MOTOKIB BUKOpUCTOBYeThes TepMiH ICOM (Bxomaw,
€JIEMEHTH yNPaBIiHHS, BUXOIU, MeXaHi3MH ). [IpukiianamMu BXiTHUX JaHUX y TPOMOHOBaHINA MOAEN1
€ TEKCTOBHI (aitn Marictepchkoi AUIIIOMHOI poOOTH, CIIMCKH MOTEHLIHHUX PEIICH3EHTIB, Irpadiku
MIPOBEJICHHS OIIHIOBAHHS TOIIO. BUXOAM MOXKHAa BUKOPHCTOBYBATH MOBTOPHO SIK BXiJHI JaHi IS
MOJAJIBIIOI AISITBHOCTI, 1 MOJIMBI LIMKJIM 3BOPOTHOTO 3B'A3Ky. Hampukmnan, penensenty, mo oynu
BU3HAYEHI y Mpoleci peasizamii YpaBiliHHS OLIHIOBAHHAM JOCIHIDKEHHS, HAJEKaTh 10 BXOMIB Y
peanizanii mporecy PerieH3yBanHs MaricTepchbKux poOiT, a 3BIT PO pe3yIbTaTH NEPEeBipKU pOOOTH
Ha HAsABHICTh TEKCTOBHMX 30iriB MOXKE CIIyTyBaTW MiJCTaBOIO O MOBEPHEHHS TEKCTY AMUIUIOMHOI
pobotu Ha npoompaitoBaHHs. [IpoBeneHHs isSUIBHOCTI KepyeTbCcs KOHTpoJdieM. Buxoaw, 110
npuiiMaloTh  Gopmy  iHQopmarii, TaKoXX MOXYTh BHUKOPUCTOBYBATHUCS SIK  €JIEMEHTHU
ynpasiinasa. Hanpukiaz, po3po0ieni popMu OLiHIOBaHHS MOXYTh OyTH BUKOPHCTaHI SIK €JIEMEHTH
YIOPaBIIHHS Ul MPOLECY peleH3yBaHHs poOiT. PazoM 3 TuM, CiliJl 3ayBakKUTH, IO 10 €JIEMEHTIB
YIpaBIiHHS HaJeKaTh  HOPMATUBHI IOKYMEHTH, TIOJI0)KEHHS METOI0JIOT11 IPOBEACHHS JOCTIKEHb
Ta aKaJeMIYHOI €THKH, JIILIEH311 Ta aBTOPCHKi JJOTOBOPH IO/ IMyOJIiKaIlii pe3yinbTaTiB JOCIIHKCHHS
y BIAKPUTOMY JIOCTYII TOIIO. MexaHi3MaMu, SIKi BKa3yloThb Ha JAisUIbHICTb 3HU3Y, € JIIOJIU, OpraHizaii,
nporpaMHe 3a0e3MeyYeHHs TOMIO, SKi 3A1MCHIOITh AisUIbHICTh. [Ipyu boMy ¢l 3a3HAYUTH, 110 Ha
pUCyHKY 1 momaHo niarpamMy HYJbOBOTO piBHA, HpoTe, npeacraBieHHs mgiarpam IDEFO0 e
lepapxi4HUM: OKpeMi Aii, 110 MICTAThCS Ha Jiarpamax, B HOJAJbIIOMY PO30MBAIOTHCS Ha MiA3aX0A1
Ha JiarpamMax HiwkK4e B iepapxii. TakuM 4YMHOM 3IIHCHIOETBCS CTPYKTYPHO-(PYHKIIIOHAIbHA
JEKOMITO3HLIISL.

Ha namy nymky, A mBHAKOTO Ta (iHAHCOBO HEOOTSIKIMBOTO PO3TOPTAHHS MPOEKTOBAHOL
CHCTEMH OLIIHIOBAHHS MaricTepchbKuX poOiT Impu 1000pi BiANOBITHOIO MPOrPaMHOro 3a0e3neYeHHs
CJIiJ] OPIEHTYBATUCh HA BUKOPHUCTAHHS MPOrPaMHHUX MPOAYKTIB Ta OpraHi3aliifHOI CTPYKTypH, sKa
BXKE cKianacs B iH¢opmaliitHo-ocBiTHROMY cepenoBuili 3BO [18]. 3 TakuM miaxoIoM MOKHA
JOCSTTU MIBUJKOTO PO3TOPTaHHS (32 paXyHOK HAsBHOTO Ta BiIOMOTO PO3POOHHKAM MPOTPAMHOTO
3a0e3neueHHs1), IIBUIKOTO OCBOEHHS (32 paxyHOK BIJJOMOTO Ta OCBOEHOTO KOPUCTyBayaMu
iHTEepdeiicCHOro cepeoBuINa) Ta BiICYTHOCTI MOTpeOM MOBTOPHOTO BBEACHHS JAHHX, K1 BXKE 1 TaK
[UPKYJIOIOTH B HASBHOMY CEPEIOBHUII (HAIPUKIIA, OOTIKOBI 3aMTUCH CTYACHTIB Ta BUKJIAa4iB).

Hns npuxiany, B HYBIll Ykpainu peanizoBane iH(pOpMaIiifHO-OCBITHE CEepEelIOBUILE, SKE
BKIIIOUae €quHYy 0a3y KopucTyBadiB (peamizoBaHo Ha 0a3i Google Workspace for Exducation),
HaBYaJbHO-1H(POpMaLiiinuii mopran (peanizoBaHo Ha 6a3i LMS Moodle). Came TOomMy y siKoCTi
0a30BOro 1HCTPYMEHTapil0 MPOMOHYETHCS BUKOPUCTATU PYLIH Uil €NEeKTPOHHMX HaBYAIbHUX
kypciB Moodle (https://moodle.org ). Jlana cuctema € IOCTYTHUM MPOrpaMHUM 3a0e3MEeUEHHIM 3
BIIKpUTUM KOJOM, IO Ja€ MOXJIMBICTh BUIBHO HOTO MOAM(DIKyBaTH MiJl BIAcCHI MOTpeOH, Ta
OE3KOLITOBHUM BHUKOPHUCTAHHAM, IO € aKTyaJIbHUM JUIS JEp)KaBHUX 3aKJa/liB OCBITH YKpaiHH.
Benukuii 6a30Buil Ta HE MEHII MOTYXXHUHA HAaOIp CTOPOHHIX (YHKLIOHAJBHUX MOAYJIB JAlOTh
IMIMPOKUHA TPOCTIp ii MOOYAOBM MOTPIOHOTO CEpeoBHINA 3 MIHIMAJIbHOIO MOTPeOOro
noonpartoBanad. B HYBIll Ykpainu (sk 1 B 0arateox iHIUX yHiBepcuterax Ykpainn) Moodle Bxe
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€ poOOYMM IHCTPYMEHTOM JJIsl HaB4aHHA. KpiMm Toro, 3a JaHUMH MIKHApOAHOTo onuTyBaHHs 2023
POKy, LI cUcTeMa 3aiimMae pyre Micle cepell HapuanbHuX miargopm [19].

BinmoBigHO [0 BU3Ha4YeHOro (YHKI[IOHANY PO3TIASHEMO NPHUKIAJ TEXHIYHOI peamnizarii
iHpopManiiHOi CUCTEeMHM HIATPUMKH OIIHIOBaHHA Marictepcbkux poOiT Ha mnpuxiaaai HYBill
Vkpaiau. VY skocti 0a30BOT OJMHMII Karanorizauii poOIT NPOMOHYETbCS BUKOPUCTOBYBATH
CHeLiaJbHICTh, A SKOT BUKOPUCTOBYBATH TaKy oAuHHMIO cucteMu Moodle, sik kypc (course).
CrenianpHOCTI-KypcH 00’€IHYBaTH B KaTaJOTU-(QaKyJIbTETH, A€ TaKOXX MOXHA pO3MIILyBaTh
3arajipHy 1H(QOpMAaLiI0 A BCIX CTYJACHTIB BCIX CHELialbHOCTEH LBOTO (haKyIbTeTy Yy BHUIJISII
NpUKpiIUIeHUX (aiiaiB. A B cepeuHi KypciB CTBOPIOBATH 3aBIaHHS Ha KOXEH pik. (auB. puc.2) Ha
KO>)KHOMY piBHI JIOCUTh JIETKO HAJALITYBaTH BIAMOBIIHI IpaBa JOCTYMy JUIA BCIX AiI04UX 0Ci0 B
CHUCTEMI.

\\

AN
FonoBHa cTopikka ’ HoBuHK Ta _3araan§ HopmatueHi > HaB‘iaHHﬂ _
OrOSOLLEHHSA iHdhopmaLia [OKYMEHTU / HayKoBil poboTi

DakyneTeT (KaTeropis)

[oparkoBi
[OKYMEHTMN
cneuiansHocTi

[opnatkosi AaHi no
HayKoBii poborTi 3a
cneujiansHicTio

HoBuHM Ta
OrOfOLLIEHHSA

CneuianbHicTb (Kypc) ——-*

3patu chann
Pik 3axucTy (QiANbHICTL 3aBAaHHSA) ‘..* kBanidikaLjiiHoi
po6oTn

BucTtaBneHHs
poboTu B
/" penoautapin

\
PeueH3yBaHHA \)
poboTu

MepeBipka
Ha nnariat

Pucynox 2 — Opeanizayitina cxema enemenmis cucmema

B 0a3oBy ¢yHKIiOHAaTBHICT, cucTeMd Moodle BXOIUTh pO3MIIICHHS TEKCTIB B
pi3HOMaHITHOMY TpeacTaBieHHi. Lle 1 TeKcT Ha OHY CTOPIHKY, 1 6araToCTOPiHKOBI TEKCTH y BUTIISAIL
Moyt Knura, i po3mimieHHs ¢aiiniB 3 1anumu pisHoro ¢popmaty. Tox, npencraBieHHs iHpopmarii,
HEOOXIJHOI CTyAEHTaM JUIi POOOTH HaJ CBOIM INPOEKTOM HEe € mpobiemoro. PizHi ¢ineTpu i3
aBTO3B’S3yBaHHS PECYpCiB [O3BOJSIOTH JIMIIE MPH 3rajlli B TEKCTI paHilie OmmyOJiKOBaHOIO
MaTepialy aBTOMaTHYHO POOUTH HA HBOTO TIMEPIOCHIAHHS, 1110 CYTTEBO CIIPOUIYE 1 PO3MIILIEHHS 1
po0OTY 31 BciMa pecypcamu CUCTEMHU.

ba3oBy iH(opMallito, sIka CTOCY€EThCSI BCIX CTYJICHTIB YHIBEPCUTETY, JOPEYHO PO3MIILlyBaTH Ha
PiBHI TOJIOBHOI CTOpiHKK cuctemu. OCKUTLKH TOJIOBHA CTOpiHKA caiiTy B Moodle me Tex Kypc, To Ha
Hill MOYKHA 3aCTOCOBYBATH BCI T1 3K TEXHIYHI MOXIIMBOCTI, 1110 1 B 3BU4aifHOMY Kypci. Lle 1 monoxeHHs
PO MIATOTOBKY Ta 3aXMCT KBalli(hikaiiHOI MaricTepchbkoi poOOTH, 1 OJIO0KEHHS PO TOTPUMAHHS
aKaJeMi4HOl JOOPOUYECHOCTI, 1 1HII perjaMeHTyIoui JOMOBHEHHA. Takoxk, TYyT MOXeMO TOBOPHTHU
po HEOOXIiJHI CTaHIApTH BaKJIMBI NMpU HamucaHHi kBaiigikauiiHoi podoru. Hanpuknan, ACTY
3008-95 [lepxaBHuii cranaapT Ykpainu “Jlokymenranis. 3Bitu y chepi Hayku 1 TexHiku. CTpyKTypa
i npaBuna odopmienus” ta JACTY T'OCT 7.1:2006 "Cucrema crannmaptiB 3 iH(opmarii,
6i0moTeyHoi Ta BUaaBHU4YOI crpaBu. biGmiorpadiunuii 3anuc. biGmiorpadiunuii onuc. 3aranbHi
BUMOTH Ta TpaBWia CKIaJaHHA". A pI3HOMaHITHI JOKYMEHTH Ta METOAMYHI PEKOMEHJIAIil, sKi
CTOCYIOTbCSl HANMCaHHS POOOTH B KOHKPETHIN CIELialbHOCTI PO3MIIIYBaTH BIaCHE B Kypci MLi€i
cneniaabHOCTI. [IpuKiIa oM TakKoro Kypey MoKe CIIyTyBaTH eleKTUBHHMA Kypc “HaykoBi komyHikarii
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y nochimkennsax marictpi” (https://elearn.nubip.edu.ua/course/view.php?1d=4090 ), uu MOOC 3
MUTaHb JOTPUMAHHS aKaJeMiuyHOi JOOPOUYECHOCTI, aKaAeMIYHOT'O IICbMa TOIIIO.

Jlnist po3MiteHHs poOiT CTyIeHTaMHU Ta MEPEeBIPKHU X Ha HASBHICTh TEKCTOBMX 30iriB (IariaT)
IIPOTIOHY€THCSI BUKOPUCTOBYBATH MOJYJb 3aBJIaHHS, SIKUI € HasBHUM B 0a30Biii mocrasui Moodle.
BukopuctanHs 1pOro MOJYJS [a€ MOMJIMBICTD KOXXKHOMY CTYJACHTY 3aBaHTAXHTH CBOIO
MaricTepcbky poOOTy 3 BUKOPUCTAHHSM BHCTaBJICHUX TEpMiHIB, B mnoTpiOHOMY ¢dopmaTi, 3
BU3HAHHAM JOTpPUMaHHS akagemiuHoi moOpouecHocTi (puc. 3). Ilpore, mo6 octaHHiii He cTaB
TOJIOCJIIBHUM, HEOOX1THO JIOJTYYHTH 10 CUCTEMH JO0AATKOBUI MOAYJIb NIEPEBIPKU HA IUIariar.

NiaTBepaKeHHA HaACUNAHHA

© laHa po6oTa € MOEtD 0COBUCTOD MpaLieio, KpiM BUNAAKiB, Konu 5 BU3HaB @

BUKOPWUCTaHHA TBOPIB iHLIMX NOAEA.

Bignpasutu Bawy poboTy Ha nepesipky? IMic/s Lboro Bu He 3MOXeTe POOUTH B Hild HiSIKMX 3MiH.

0608'A3K0BI Nons B Wil hopmi nosHauero @ .

Pucynok 3 — 3asea cmyoenma npo giocymuicms niaziamy 8 1o2o pooomi

B 6a3oBiit nocrasui cucremu Moodle BincyTHI roToBi Moyl nepeBipku Ha ruiariat. IIpore,
MOJKJIMBICTB IX JOJIy4EHHS BiJl CTOPOHHIX po3poOHUKIB €. B odiuiiinomy penosutapii Bix Moodle
IIPEJICTaBICHO 19 MOJTyJIiB JUIs NIepEeBIpKU Ha iariar
(https://moodle.org/plugins/?q=type:plagiarism). Lli mogym mist Moodle € Ge3komITOBHUMHU Ta 3
BIIKpUTUM KoJOM. [IpoTe, iX BUKOPUCTAHHS B)KE PErJaMEHTYEThCS MOJITHKOI MiANUCKUA Ha
NEepeBIpPKy IUIariaTy BiJ KOMIIaHii, Ha IporpaMHOMY 3a0e3eueHHi SKuii BIacHe 1 0y/ie IpOBOJUTUCS
nepeBipKa.

VY CcBOEMy IOCHIPKEHHI MM IIOCIYyTrOBYBAIMCS MOKJIMBICTIO 3/1MCHIOBATH NEPEBIPKH Bij
ykpaincekoi kommanii Unicheck (https://unicheck.com/) 3aBasiku BUKOpUCTaHHS MOAYJIS 1HTETpamii
MEPEeBIPKM TEKCTIB HAa HASBHICTh TEKCTOBUX 30iriB 3 cucreMoro Moodle. Lleit momyns MokHa
BCTAHOBUTH 3 o¢iniHOrO peno3uTapito JOJJTaTKOBUX MOJTyJIiB
(https://moodle.org/plugins/plagiarism_unicheck).

[TepeBipky Ha miariat 3a gormomoror Mmoays Bix Unichek MoxkHa 31iliCHIOBaTH Ha TEKCTaxX Ta
¢aiinax 3aBaHTaKEHUX B AiIbHICTh 3aBAaHHs, Ha Popymu, y Bopkiomnu, a Takoxx Tun nutanHs Ece
B TecTax. J[js peamizaiiii 3aBaHTaXCHHSI CTyJIEHTAMHU CBOiX poOIT Halikpaiue mifiiiie AisUTbHICTH
3aBmanHa. BukopucToBYOUH AisUTbHICTH 3aBJaHHS € MOXKIIUBICTh HAJAIITYBATH YiTKI TEPMIHU IS
3aBaHTa)KEHHS POOIT (€ MOXKJIMBICTh HAJAIUTYBAaHHS MEPCOHAJIBHUX TEPMiHIB); BKa3aTH KUIbKICTb
daiimiB JuIs 3aBaHTaXCHHs, SKIIO KBamidikamiiiHa poboTta mnepemdadae T0MaTKOBI (aiinu
(Hanmpuknaa, cnenudiyai cxemu, aiarpamu abo, HaNpUKIaA, 3aBaHTAXCHHS JIOJATKIB OKPEMUM
¢aitnom); 4iTKO BU3HAUUTH (HOpMATH OUiKyBaHUX (ailiB, 100 B HEKOPEKTHOMY (hopMmaTi cucrema
30BCIM HE Ipuiimaa.

JUnst migKITIOueHHs] OHJIAMH TNepeBipKM 37aHuX poOIT Ha IuIariaT YHIBEPCUTETY HEOOXiTHO
HAKIIOYUTH KOPIOPATUBHUE 001iK0BHIA 3anuc Ha caiiTi unicheck.com. Came Takuii TUIT 006J11IKOBOTO
3aIuCy J1a€ TaKy MOXJIMBICTb. [lepconanbHuil 001iK0oBHIA 3anuc Ha caifTi unicheck.com He 103BOIIsIE
MIPOBOJUTH IHTETPALIIIO 3 IHIIUMU POTPAMHUMHU MTPOAYKTAMH.

ITig yac HanmamTyBaHHS iHTErpamii 3 BIacHUM cepBepoM Moodle HeoOXiaHO BKa3aTH aJpecH
cepBepiB, 171 AKUX Oyze npoBoauTucs inTerpauis Ta orpuMati Client key and Client secret (puc. 4),
K1, B CBOIO Yepry, MOTpiOHO BKA3aTH B HANALITYBAaHHIX MOJYJIs BUABIEHH ruiariaty B Moodle.

[Tpu ibOMy CI1iJ1 3a3HAYUTH, 1110 AIMIHICTPATOP CEpelOBUILA Ma€e 0araTo MyHKTIB AJIsi TOHKOTO
HAJIAIITYBaHHA [MOBEIIHKA MOJyJIsl IEPEBIPKH Ha 1ariaT. € MOXKIUBICTD 3BIPSTH JIMIIE 3 TEKCTAMU
B iHTepHeTi ab6o popmyBaTu B Unicheck 6a3y pobiT CBOro yHIBepCHTETY 1 EPEBIPATH 1 B IHTEpHETI 1
B CBOii 6a3i. Takox MOXHa Bifpa3y BKa3aTu, sKi €JI€MEHTH HE BBA)KAIOTHCS IUIariaToM, abo KU
BiJICOTOK 30iry BBaXKaTH IJIariaToM Ta 3BiTYBaTH Ipo 1ie (puc. 5).
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Pucynok 4 — Hanawmysanns inmeepayii Unicheck 3 Moodle

Mogynb Unicheck nnariaty 3arasnbHe HanarogxeHHs

TUNoBI NapameTpu AN HOBUX 3aBAaHb: BUGEPITb NapaMeTpy NopyH i3 HABEAESHUMM HIXKYE eNEMEHTaMU, W06 HaNAWTYBaTh TUMOBI NapaMeTpy AN HOBUX NPU3HAYeHb. BUKNaaasi MoXyTb
HanawTyBaTh AOCTYNHi NapamMeTpu B 3aBAAHHSAX.

v Moaynb Unicheck nnariaty
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Pucynok 5 — Hanawmyesanns npasun nepesipku Ha niaziam ¢ Moodle
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IlepeBipka Ha muiariat Big Unichek Hamae MoXiMBiCTP MIBHAKO 3AIHCHUTH HEPEBIPKY
3aBaHTa)keHOro B Moodle ¢aiimy, 3Bipsioun HOro 3 TekcTamMu B IHTEpHETI Ta 3 MONEpPeAHIMU
poboTamu MaricTpiB yHiBepcUTEeTy. Pe3ynbTar nepeBipKu Biipa3y MOKa3yeThCs CTyACHTY Oinist Horo
pobotu (puc. 6). A BIANOBIAANBHHUIA CeKpeTap KOMICii i3 3aXMCTy MOXXE OTpUMATH JOCTYH 10
po3uupeHoi iHpopMarlii Mpo pe3ynbTaTH epeBipku Ha cTopinkax caity Unichek (puc. 7).

Unicheck Assignment
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Reset table preferences
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Select  picture Email address Status Grade Edit (submission)  File submissions comments
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Pucynok 6 — Pezynomamu nepesipku ¢haiinie Ha niaziam 6 OisiibHOCMI 3a80aHHS
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C/IY)KUTb i1l HBOTO «CHUPMM HeoOpobieHWM MatepialoM» i B siKiif AiiicHicTH i
«LiHHICTb» XaOTHYHO TeperieTeHi i MK HUMM HeMa€ BIOPSIIKOBAHOI B3a€MO3B'A3KY.
My cripuiimaemo (mi3Haemo) mroieit i peui, 1[0 BOTOAIOTH LiHHICTIO abo He BOJIOA{IOTH
Heto. | mpy 1jbOMy He BifjaemMo cobi 3BiTy B TOMy, 1[0 MU, Cy6'EKTH CIIOCTepe)KeHHs], €
JDKepesioM L{iHHICHUX KpUTepiiB, a He peui i Jtogu - 00'€KTH L[bOrO CIIOCTEPEXKEHHS.
O6/muust JIFOAUHM, TOAIOHO HiMOY, cBiTHTBCS 6G1aroposctBoM. [Ipy CrIOMIsiAHHI TiNOK
craporo Ayba MH BifuyBaeMo CBSIL|eHHUH TpereT. MM IepeKoHaHi B TOKCHUHOCTL
OTpYIHOI POC/IHHY i 6aunMO B HOMY MOpasIbHe 3710.

Ane y Bcix mposiBaX MOHATTS KyAbTYPH, IO TepelIKo/KaloTh abo CrpHsAIOTH
(opMyBaHHIO LIiHHOCTeH, 10 peali3yloTh ix abo BBOAATH B OMaHy B LjbOMY 3B'A3KY,
3aBX/IM Ma€ThCS Ha yBasi MOCH/IaHHA Ha LIiHHICTb. I TaKMM UMHOM, X04a Ky/bTypa caMa
1o cobi He € L{iHHICTIO, a/le BOHA - 06'€KTMBHO iCHYIOUA JJaHICTh, 3MICT i 3HaUeHHS K0T
HojArae y CTBOpeHHI HiHHOCTI abo, KaXyun croBamu IllTamMmmrepa, «y IOIIyKax
icTUHHOrO». 3i CKa3aHOTO TaKOXX BHWIUIMBA€, II0 BiJHOCUTHCA /10 L{HHOCTI croci6
MMUC/IEHHS € METO/0/IOTiUHIUM iIHCTPYMEHTOM HayK IpO KY/BTYDY.

IIpaBo Moke GyTH 3po3yMile TiILKM B paMKaX KaTeropii, Imjo BiZHOCATBCS [0
LiHHOCTi. IIpaBo - Lje eleMeHT KyIbTypH, TOOTO (akT, Ij0 BiJHOCUTBLCS A0 KaTeropii
LiHHOCTI. TTOHATTA NpaBa He MO)KHa BU3HAUMTH iHAKIle, HDK «ZJaHiCTb», CEHC Kol
ToJisArae B peasisatiil izjei npasa.

ITpaBo Moxe OyTW HeclpaBeZ/IMBHM, ajle BOHO € IIPaBOM OCTLIbKH, OCKLIBKU
3MicT #oro nosnsrae B Tomy, 11{06 6yTH cripaBe//TUBUM.

Cama X ifies mpaBa € OJHOYACHO KOHCTUTYTHBHUM IIDUHLIAIIOM i KpuUTepiem
L[IHHOCTI TTPaBOBOI JifiCHOCTI, C/Ty)KUTb €/leMEeHTOM OL{HIOE CII0CO0Y MUC/IeHHSI.

Asle HaBiTh Lieii OLIiHIOKOUMI COCIO MUC/IEHHS He € OCTaHHBOK iHCTAHI[i€0 B
raaysi mnpaBa. 3a/JMIIA€TbCS 1eé MOX/IMBICTb BHU3HATU LIIHHICHY NpUpofy MpaBa i
BOJJHOYAC y BHIOMY ceHci, mepes Borom, sriqHo HaripHoi mpomoBifi nos6asneHum
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SIkmio 3aBaHTa)keHUH Gaitn kBaigikauiitHoi poOoTH MaricTpanTta noTpedye T0ONpaIlOBaHHI
Ta MOBTOPHOI MEPEeBIpKM HA IUIATiaT, TO BIAMOBIJAIBHUI CEKpeTap Ma€ 3MOTry HaJaTH HMOBTOPHY
cripoOy Ui 3aBaHTakeHHs1. HoBwii ¢aiin Takox OyJie mepeBipeHo Ha ImJariaT Biapasy.

Jlnst Ipu3HauYeHHsT PELEH3EHTa € MOXJIMBICTh BUKOpUCTaTH BOymoBanuii B Moodle moxynb
NPU3HAYCHHS OLIHIOBAYiB y AisUTbHOCTI 3aBiaHHs. BignoBiganeHuil cexperap Komicii i3 3aXuCTy
MOXKE€ TPHU3HAUUTH pEIEH3eHTa 31 CHHCKY PEeIeH3eHTIB i€l crerianbHOoCTI. BiamosigHo,
NPU3HAYCHOMY PeLieH3eHTY Oy/ie HaJliCIaHO MOBIIOMJICHHS HA €NIEKTPOHHY IOIITY 13 3alPOLICHHSIM
710 pelieH3yBaHHs. PelieH3eHT npu nepexoi 10 CTOPIHKH CIUCKY 3JaHUX poOiT Oyne GauuTH nuiie
poboTH, Ae BiH MPU3HAYCHHUH B IKOCTI PEIICH3CHTA.

Jnst Toro, mo6 perieH3yBaHHs poOiT OyJi0 piBHOIIIHHUM Ta MiJUISTano OJHAKOBUM KPUTEPisiM,
IUISL peLieH3yBaHHS 33/I0€ThCA L€ OJMH CTaHIapTHUI Moaysib B Moodle - crioci0 oniHioBaHHS. Mu
peKoMeHaAyeMO BKIOUMTH Meroau IHcrpykuii. Ilpw mpoMy BapiaHTI NMONEpPEIHBO TOTYIOTHCA
KpHUTEepil peleHsii, 3a SKUMHU PELEH3EHT OLIHIOE poOOTY 1 MUIlle BJIACHI BUCHOBKH. B pesymnbrarti
LiIbHA pereH3is Oyie CKIaJaTucs 3 CyMapHOTO OIIHIOBaHHS 332 BKa3aHUMU KPUTEPIIMU.

[Ticna mpoBeeHOTO peLieH3yBaHHS BiNOBIJAILHUI ceKpeTap mo3Havae poOoTy sIK IOMyIIEHY
710 3aXMCTY 1 AOCTYH A0 pOOOTH CTa€ 3arajJbHUM. B pe3ynpTarti po3mimieHi B Moyl 3aBIaHHs poOOTH
CTalOTh JOCTYIHHMH SIK y perno3uTapii. 3arajabHa MoJelb Takoi poOOTH MoKa3aHa Ha puc. 8.
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Pucynox 8 — Cxema disnbHocmi nepegipku pobomu Ha niaziam ma po3miujernHs 8 peno3umapii
nicias peyeH3y8aHHs

I'nyuka cucrema HamamrtyBaHHs posieid B Moodle 1o3Bonsie i Takoro cepeaoBHIIa
BU3HAYUTU BCl BU3HAUYEHI HaMU Bulle 0a30Bi poiii (MaricTpaHT, HAYKOBUH KEpIBHHK, PELEH3EHT,
BINOBIJAJILHUI  CEeKpeTap KOMicii, NpeACTaBHUK JEKaHaTy, 4IeH aTecTaliiiHOi KoMicii,
BignosiganeHuii 3a IKT) Ta rHyYKO HajamTYBaTH JOCTYII 10 Pi3HUX €JIeMEHTIB cucteMu. /i Bepcii
Moodle 4 € monazn 700 myHKTIB HAJIAIITYBaHHA [IPaB AOCTYILY JUIA pi3HUX poJieil. OKpiM CTaHIapTHUX
poIiei, sIKi BxKe 3aKIa/IeHO B CHCTEMI, € MOXKIIMBICTh CTBOPUTH HOBI Ta Ha/IaTH iM HEOOX1/IHI IIpaBa.
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Takox HEOOXiAHO 3ayBaKUTH BaKJIMBY JI€Tallb, 32 PaXyHOK B)K€ FOTOBHX MOJIYJIIB iHTerparii
Moodle nerxko BOyHOByeThCS B HasiBHE 1H(OpPMAIIIHO-OCBITHE CEpEIOBUIIEC YHIBEPCUTETY. 3a
paxyHOK IbOTO JO CHUCTEMHU MiATPUMKH OI[IHIOBAHHS MariCTepChbKUX POOIT JIETKO MiTKIIOYUTH (UH
CHUHXPOHI3yBaTH) 6a3y JaHUX KOPUCTYBAYiB Ta opranizauiiny crpykrypy 3BO (daxynbreTu, ocBiTHI
nporpaMu Toiio). Takum 4MHOM Bijmagae HEoOXiIHICTh MOBTOPHOT peecTparlil y4acHUKIB MPOIECY
Ha HoBoMy pecypci. B HVYBIll Vkpainu 6a3a kopucTyBauiB moOypoBaHa Ha OCHOBI 0asu
kopuctyBadiB Google Workspace for Education i Bxe miIkiarodeHa 10 BHYTPILIHIX MiJICUCTEM
1H(pOPMaLiHHO-OCBITHROTO CEPEIOBHIIA YHIBEPCUTETY: HaBuUalbHO-iH(OpMaIliiiHOro mnopraiy,
NOpTaly IHTEpHET-KOH(EpeHIif, NopTady CTYJSHTCBKHUX OJIMIIaJ, MOpTaly MiArOTOBKU
abiTypi€eHTIB /10 BCTYIly, HM3KM BIpTyaJlbHUX Jaboparopiii Ta iHmumx. [lng 3axucty Oasu
KOPUCTYBaYiB Bij 0e3m0CepeIHhOro BTPYUYaHHs JOCTYI 10 Hei mudpyerses 3a mpotokoiom TLS,
caM CcepBep 3aXOBaHMU y BHYTPIIIHIN MPUBATHIN Mepexi YHIBEPCUTETY Ta MPHUIMAE 3allUTH TUTBKU
BiJl 4ITKO BU3HAYEHUX cepBepiB Ta cepsiciB. Ha cporogni 6aza kopucryBauiB HVYbBIll Ykpainu
Hayiuye 18667 crynenTiB ta 1378 Bukiagauyis.

Juckycii. Xoua npornoHoBaHa HAMH MOJIEJb 1IHPOPMALIIHHOT CUCTEMH MiIATPUMKH OI[IHIOBAaHHS
MaricTepchbKux poOIT Ta MNpUKIaA il TEXHIYHOI peamizamii 3 BHUKOPUCTAHHSAM IMPOTPAMHOTO
3a0e3neueHHs] BU3HAYCHHA TeKCTOBUX 30iriB (rutariat) Big Unicheck, sxa, na rpyzens 2024 pik
MOJIMILIAE PUHOK Y KpaiHH, Ha THX K€ OpraHi3alliiiHuX MiJxo/1aX MOKHA BUKOPUCTATH Oy b SIKY 1HIIIE
nonioHe mporpamHe 3a0e3nedeHHs. Tak, HOBUM MOMYJSIPHUM TpaBUEM Ha PHHKY YKpaiHH 3
NEepeBIPKU TEKCTIB Ha Iuiariat crae kommaHis Turnitin (https:/www.turnitin.com/), sika IpoOHOHy€
cBoi nociyru Ha 3aminy Unicheck. I Bona takox mae inTerpauito 3 LMS Moodle.

BucHoBkH. BUKOpHCTOBYIOUH BXKE HasBHE B 3aKJIaJi BHINOI OCBITH BIIKPUTE MpPOrpaMHe
3a0e3neueHHsl, IKe 3 JETKICTIO IHTETPy€eThCsl Y BXKE CTBOpEHE 1H(OPMAIliITHO-OCBITHE CEpeOBUIIIE
YHIBEpCUTETY, MOKHA IIBHJIKO MOOYAYyBaTH IL€ OJUH HEOOXIAHUN MOIYJb — CUCTEMY HIATPUMKH
OLIIHIOBAHHS MariCTepChbKUX POOIT BIIMOBIIHO O HOPMATUBHUX TOKYMEHTIB 3aKJI1aly BUIIOI OCBITH
Ta 3araJlbHUX PEKOMEHJAIli 1010 JAOTPUMaHHSA akajeMidHoi JoOpouecHoOCcTi. B mpomoHoBaHii
cHCTeMi JUIsl MariCTpaHTiB CTBOPIOIOTHCS BCl YMOBH Ui 3pY4HOI Ta eQeKTHBHOI poOOTH HaJ iX
MaricTepCbKUMHU TPOEKTaMH, a 30epekeHa Oa3a poOiT MaricTpiB Oyne BHUKOHYBaTH pOJIb
IHCTUTYLIHHOTO PETO3UTAPII0 BUKOHAHUX MariCTepChKUX POOiT.

[Tomanpmnii pO3BUTOK MPOEKT MOXKE OTPUMATH Y€pe3 CTBOPEHHS HOBUX HEOOX1IHUX MOJYJIIB
s wiatpopmu Moodle s 3a0Ge3neueHHss HOBUX 3agad  ab0 YJOCKOHAJICHHS HasBHUX.
Bpaxosytoun, mo LMS Moodle € Bigkputum nporpaMHuM 3a0e3neueHHsIM, Taka podoTa Moxke OyTu
BUKOHaHa OyAb-KUM IPOrpaMicCTOM HEOOX1THOTO piBHS KBamidikarii.
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INFORMATION SYSTEM TO SUPPORT ASSESSMENT OF MASTER'S THESIS: AN
EXAMPLE OF IMPLEMENTATION IN THE DIGITAL EDUCATIONAL
ENVIRONMENT OF A HIGHER EDUCATION INSTITUTION

Abstract. The digitization of education increasingly impacts fundamental business processes within modern higher
education institutions. This study exemplifies the digitalization of specific processes involved in the preparation and
presentation of master's thesis results. We have developed an information system designed to support the evaluation of
master's theses through expert assessment and automated plagiarism detection, adhering to institutional regulations and
general guidelines on academic integrity. Key business processes include user management, master's thesis evaluation
management, and dissemination of research outcomes. These processes were decomposed following standards of
structural and functional analysis and design, incorporating role assignment for potential system users. We propose
implementing this system using the LMS Moodle platform, which facilitates resources for thesis text submission, document
downloads, peer reviews, student counseling, and communication among educational stakeholders based on defined
roles. Integration of the Unicheck plagiarism detection module within LMS Moodle enables efficient text similarity
checks. Leveraging Learning Tools Interoperability (LTI) technology supported by LMS Moodle, electronic educational
resources from the university's educational and informational portal can be seamlessly integrated with the master's theses
repository. The study emphasizes that establishing an information and educational environment within a higher education
institution and consolidating a unified user base will streamline the implementation of the proposed information system
both organizationally and technologically, minimizing costs.

Keywords: information system, master's thesis, assessment, plagiarism check sofiware, LMS Moodle
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AHAJII3 OCBITHBOI TPOIO3UIIII JIVISI BCTYITY B 3AKJIATAX BUIIIOI OCBITH B
2024 POIII I3 3ACTOCYBAHHSM POWER BI

Anomauin. Y cmammi npedcmagneno ananiz écmynnoi kamnanii 0o 3BO 6 2024 poyi, docnidsiceno sanedxicnicme
MIDIC KINBKICIIO NOOGHUX 3486 6CMYNHUKIE 00 3aK1a0i8 8Uoi oceimu YKpainu ma nokasHuKamu, wo xapaxmepusyoms
ocsimui nponosuyii. Ananiz npogedeno na ocHogi Oanux €OUHOI 0epicasHoOi enleKmpoHHOI 6a3u 3 NUMAHbL OCeimu
(EAEBO) 3a 2024 pix i3 3acmocy8anHam Kopeusyiino-peepecitinoco memoody. Ilokasano, wjo migc obcia2om oCceimmix
nponosuyii i xinvkicmio 3aa6 3BO icnye cunbHuil NO3UMUGHUL 36 A30K , a JIHiUHA pezpecis 00380A€ KLNbKICHO
npeocmagumu 3a1exCHicms, wo noscHioe matoce 50% eubipku. Y cmammi po3enanymo 6niue 308HIUHIX (akmopie,
30KpeMa pecioHAIbHO20 PO3MAULYBAHHS MA 8i00ANEHICIb 30HU akmugHux botiosux Oiti, petimune 3BO na kinvkicms 3a:8.
IIpedcmasneno cmpyxmypy po3nooiny pekoMeHO08aHUX Micyb 011 6CMYNY 3a ymosamu ecmyny. Ilposedeni docniodcenms
gidobpasicaiomsb ocodausocmi ghopmysanns nonumy nocaye 3BO 3a pesynoemamamu ecmynnoi kamnauii 2024 p., a
MAaKodic 00380AI0Mb ONMUMIZY8AMYU NIOXO0U 00 NIAHYBAHHA OCIMHIX NPOSPAM, NIOBUWUMYU epeKmUsHICMb pobomu
3akna0die suwoi oceimu Ykpainu.

Knrouosi cnoea: oceimus nponosuyis, 3axkiaou euwoi oceimu, ecmyn, cneyianvticms, €AEBO, xopenayilina
3anedicHicmy, TiHIHA pespecis.

AKTyanbHicTb. B yMoBax cyyacHHMX BHKJIMKIB, 30KpeMa BiiiHHM, BHYTPILIHbOI Mirpamii
HaCeJICHHS Ta 3MiH Ha pUHKY Ipaili, pe)opMyBaHHs CUCTEMH BUILOI OCBITH YKpaiHu, 3aKiaJu BULIO]
OCBITH CTHKAIOTHCS 13 HEOOX1IHICTIO afanTalii CBOiX OCBITHIX MPONO3MLIN 10 HOBUX peatiid. 3HaHHS
po Te, K KUIbKICTh Ta PI3HOMAHITHICTH CHELIaJIbHOCTEH BIIMBAIOTh HAa BUOIp BCTYIHUKIB, €
KITFOYOBHUM JIJISL CTPATETIYHOTO IIaHyBaHHA NismbHOCTI 3BO. OcobmuBo 1€ BaXkIJIMBO B KOHTEKCTI
CY4YaCHUX BUKIIUKIB, MIOB'S3aHUX 13 3MIHOIO PEriOHAILHOTO PO3MOLTY MOIHUTY HA OCBITY.

B 2024 poui 10 3aki1aiB BUIIOT OCBITH OyJ10 MoAaHo noHaz 783 THC. 3asB, 311HHIOBAaBCS HAOIp
Ha 113 cmeuianpHOcTell. B Bimkputux peectpax €JIEBO cranom Ha mowatok rpynHs 2024 poky
HasBHI JaHi moao Berymy uid 228 3BO: Habip 37iiicHIOBaBCS Ha YMOBax LIMPOKOTO KOHKYPCY
(3aranbHUX yMOBax — 66,24%), dikcoBanoi npomno3utii (24,63%), 3a mineramu 0ys0 HaJlaHO Maibke
25% pexomennaniii mojo Berymy [1].

3HaYHMI BIUIMB Ha OOCAT 3asB IIOJ0 BCTYIy MAa€ HAsBHICTh MOMYJISIPHUX CIELiaJIbHOCTEH.
[TonmynsipHUMHU TPOTATOM OCTaHHIX 5-TH pokiB numarThes 073 Menemxment, 122 Komm’toTepHi
Hayku, 121 Imxenepis [13, 035 ®inonoris, 053 Ilcuxomnoris, 081 IIpaso, 075 Mapketunr. Habupae
nomnyisipocti 125 KiGepOesneka ta 3axuct iHdopmarii. B Takux ymoBax ontumizailis CTpYKTypu
OCBITHIX TIpOrpaM € KpPUTHYHO BAXIUBOIO JUId 3a0e3MeueHHs CTajloro (yHKIIOHYBAaHHS
YHIBEpCUTETIB, 30€peKEHHS X KOHKYPEHTOCIPOMOXHOCTI Ta 3aJOBOJICHHS MOTPe0 BCTYIHHUKIB.
BinmoBigHO, akTyadbHUM € TOCIHIIPKEHHS B3a€MO3B’S3KY Mik 00CATOM OCBITHIX MPOMO3MIIIH, SKi
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MPOMNOHYIOTHCS 3aKJIaZlaMU BHUIIOi OCBITH, Ta 0OCSATOM MOJAHMX 3asB BCTYNHUKIB. BaknuBy posb
rpae CBOE€YACHE pearyBaHHs Ha 3MiHY B IONUTI Ha OCBITHI mocayru 3BO, 3airyueHHst MapKeTHHTOBUX
IHCTPYMEHTIB Ta JAOCIIIPKEHHS PI3HUX COLIaJbHO-€KOHOMIYHMX YMHHUKIB [1].

AHaJli3 ocTaHHiXx aociaizkenbs Ta myOaikauii. IIpoGnematnka BHOOpPY BCTYNHUKAMHU
3aKJIa/1iB BHIOI OCBITH Ta CIELIaTbHOCTEH JOCIIPKYEThCS SK BITYM3HSAHUMU, TaK 1 3apyOiKHUMU
HAYKOBIIIMH. 32 KOPJJOHOM 3HAa4HA YaCTHHA JOCIIHPKEHb BKA3y€ Ha BIUIUB LIEHTPATI30BAHUX CUCTEM
NpUioMy, SIKi MOXYTh CIPHSTH 3MEHIICHHIO HEpIBHOCTI B JOCTYIIl J0O OCBITH, NMPOTE BOJHOYAC
BUSIBIISIIOTh HEBIIMOBIHICTh MK KUTBKICTIO MICIh Ta TOMUTOM [2,3]. 3pocTaHHs poJIi TEXHOJOTIH Yy
BUIIIIH OCBITI, SK-OT OHJAWH-IPOTPAaMH, MOKA3y€ MEPCHEKTHUBY PO3LUIMPEHHS JOCTYITYy UIS MEHII
3a0e3neueHnx CTyJIeHTiB. Pa3oM i3 TuM, eNiTHI 3aKJIagy 4acTO OOMEXYIOTh KUIBKICTh MiCIlb, IO
MOCHITIOE KOHKYpeHI[ito cepen abitypieHTiB [4, 5]. JlocnipkeHHS TakoX MiTKPECIIOTh BILIUB
HOJITHKH pedopM, M0 HEeHTpadizye ado AeUeHTpali3ye MpUHOM, a TaKoX ajanTtye Horo 1o
perioHaNbHUX 0cOOIUBOCTEH [6,7].

B Vkpaini koo Qokyc nociiKeHb 30cepePKeHI Ha aHaii3l (pakTopiB, 10 BIUIMBAIOTh HA
BUOIp YHIBEPCUTETY, Taki SK HOro pedTHHr, reorpadiuHe po3TallyBaHHS, HASBHICTb MEBHHUX
crneniaibHOCTe Ta (JOpM HaBUAHHS, BApTICTh HABUAHHS, Cy0’€KTHBHI OLIHKHA BCTYITHHUKIB TOIIO
[8,9]. JociiKeHHs TOKa3yI0Th, 1[0 PO3IMIMPEHHS CIIEKTPY OCBITHIX MPOMO3ULINA MOKE MiABUIIUTH
npuBabiuBicTs 3BO ans noTeHuiiHux BCTynHUKiB [10).

AHani3 MpeacTaBICHUX BITUYM3HSHUX JDKEpeNl TaKOXK CBIIYMTH NPO AKTUBHHUM 1HTepec
HAYKOBIIIB JI0 B3a€MO3B'13KY MK PUHKOM OCBITHIX ITOCITYT Ta pPUHKOM IIpalli B YKpaiHi. 3HayHa yBara
MPHUILISETHCS TOTOBHOCTI 3aKiaiiB BuIoi ocBity (3BO) 10 cyyacHUX BUKIIMKIB, 30KpeMa uGpoBoOi
CKOHOMIKM Ta I1HHOBALIMHOTO HaBYaHHS. JlOCHIIKEHHS TaKOX BHCBITIIIOIOTh IuUCOAlaHC MIXK
MIONUTOM Ha CHELIaNICTIB Ta MPOMO3ULIEI OCBITHIX mporpaM. Oco0NIMBO aKTyalbHUMH € MUTAHHS
MapKETUHTOBOTO aHami3y Ul MiJBUILEHHS KOHKypeHTocrpomoxkHocTi 3BO Tta omrumizamii
¢dinancoBux monenent [11, 12, 13]. KnrouoBumMH HampsiMaMu € BHUKOPHCTaHHS iH(OpMaLiiHO-
KOMYHIKallIHUX TEXHOJIOTiH y HaByalibHOMY mporeci [14], MOHITOPUHT OCBITHBOT'O IOMHUTY Ta
nporno3uilii [13], a Takox 3akoHOJaBYe 3abe3MeueHHs PO3BUTKY OCBITHROTO puHKY [9, 10].
BaxinBoro € rapMoHi3allisi puHKY Ipalli Ta OCBITHIX MOCIYT Yepe3 IHHOBALIWHI METOIM HaBUAHHS U
cTpaTeriune miaHyBanHs nporpam 3BO [15].

3arajiom, MpOBEAEHI IOCHIKEHHS CHPUSIOTh PO3YMIHHIO MEXaHi3MiB ajanTamii OCBITHIX
3aKJIa/IiB JI0 MOTPed CydacHOro CyCIiIbCTBA Ta PUHKY Ipalli. B YKpaiHCbKOMY KOHTEKCT1, 0COOJIMBO
B YMOBaX Cy4YaCHHX COIL[IaJIbHO-€KOHOMIYHUX Ta MOJITHYHMX BHKIMKIB, IIsI TeMa MNOTpedye
MOJAJIBIION0 BUBUYEHHS 3 BAKOPUCTAHHSAM aKTyaJIbHUX JaHUX.

Meta pocaigzkeHHsi. MeTo JOCHIDKEHHS € TIOJNAra€ y BCTAHOBJICHHI KUIBbKICHOTO
B3a€MO3B’SI3Ky MIK OCBITHIMU IPOMO3MILISAMH, SKI MPOMOHYIOTHCS 3aKiIaJaMH BHILOi OCBITH, Ta
KUTBKICTIO TTOJIaHUX 3as1B BCTYITHUKIB HA OCHOBI CTATHCTUYHUX METO/IB aHATI3Y, a TAKOK BU3HAYCHHI
YMHHUKIB, 1110 BIUTMBAIOTh HA MOMYJISIPHICTh YHIBEPCUTETIB.

Marepiaiu i meToau aociaigkenHs. Y gociimkenHi Bukopuctano gani €/IEBO 3a 2024 pik
00 BCTYNMHOI KammaHii Ta xapakrepuctuk 3BIIO, a Takox iHpopmalis Npo peUTHHTH
yniBepcuretiB TOII-200 3 Ocgita.fOa [1, 16]. [IpoBeneno kopensuiiHO-perpeciiHuii aHami3 s
BCTaHOBJICHHSI B3a€MO3B’SI3Ky MDK KUIBKICTIO TOJAHHUX 3asiB Ta XapaKTEPUCTHKAMH OCBITHIX
npono3uuiid. [yt 06poOku Ta Bizyauiszalii JaHUX BUKOPUCTAHO Mporpamue 3ade3neueHus Power Bl

Pe3ysabTaTH 10CaiIZKeHHA Ta iX 00roBOpeHHsl. AHaI3 PErioHaJbHOI CTPYKTYpH MOIUTY 1
npono3uuii At 3BIIO cBiquuTh Mpo KOHIEHTPALIiIO MOMUTY HA OCBITY Y BEJIMKUX MICTaX, TAKHX 5K
Kuis, JIbBiB, XapkiB Ta JIHINpo, TOMAI SK PETiOHH, IO 3a3HATH BOEHHOTO BIUIMBY, JEMOHCTPYIOThH
3HAYHE 3HIDKEHHS KIJIbKOCTI 3asiB. Y CepeiHbOMY, Ha OJIMH 3aKJaja OcBiTH y MicTi KueBi nmpumnanae
6mu3pk0 5 916 3asB, TONI K Y OKPEeMHUX OOJIACTSX el MOKAa3HUK CTaHOBHTH juie 2 543 3asBu.
Haii0inbmuii oOcsr 3as1B 3aikcoBaHO, HE 3Ba)KalOYM Ha MIrpauiiHi MpoLecH OCTaHHIX 3X POKIB, Y
MmicTi KneBi 3arajibHa KiJIbKICTh ITOJAHUX 3asB CTAHOBUTD, 110 CKiagae 0au3bko 20% Bij 3arajJbHOrO
o0csry no kpaini. JIbBiBcbka 00acTh, OCiAA€ APYyTre Miclie 3a MOMYJISPHICTIO 3 TOKa3HUKOM, 00CST
3asB Maibke BABIYl MeHuIe 3a KuiB, mpoTe CyTT€BO BUNEpemXae iHII PETrioHH, Aalli 32 MOMUTOM
XapkiBchKa 00J1aCTh, IO TIATBEPKYE 11 cTa0IbHY MO3UIIIO OJTHOTO 3 MPOBIIHIX OCBITHIX IIEHTPIB

38 Information Technologies in Economics and Environmental Sciences No. 2 (2024)




KocmeHko I., KnumeHko H., XapyeHKo B. Komn’tomepHi HayKu

KpaiHu. Buily koHueHTpaniio mogaHux 3asB Ha oauH 3BO MOpIiBHAHO 3 IHIIMMHU pErioHaMu
neMoHcTpye BinHuIbka 06macTb. BapTo Bi3HAUMTH HU3bKI MOKA3HUKH y PErioHax, sKi 3a3HaIOTh
0e3nocepeTHbOTO BIUIMBY BOEHHUX i, ¥ XepCOHCHKiN 007acTi KITbKICTh MTO/IaHUX 3a5B CTAHOBUTH
5 182, mo Takox € MiHIMaJIbHUM IOKAa3HUKOM Cepesl PerioHiB 13 KUIbKOMA 3aKJIaJaMU OCBITH (pHLC.

1.

CTtpykTypa obcary 3BO Ta nogaHux 3asas B 2024 poui

® O6¢ar 3BO, oa. @ Cyma ans BCbOIO nogaHo 3as8
40

Obcar 3BO, oa,
Cyma ana BCbOIMO nogaHo 3ans

PerioH (opuanyHuin)

Pucynok 1 — Cmpyxmypa obcsey 3110 ma nooanux 3ase ons ecmyny 6 2024 poyi

Cepen 3axigHUX perioHiB YkpaiHu ocoONMBY yBary mnpuBepTaioTh BonuHcbka Ta IBaHo-
@pankiBchka 007acTi, SKi IEMOHCTPYIOTh BUCOKI Pe3yJIbTaTH I10JI0 00CSTY 3asB, NONPH HASIBHICTh
MEHIIO] KUTBKOCTI 3aKiajiiB BHUIIOi OCBITH. Lle cBimuuTh Mpo 3MILIEHHS OCBITHHOTO HOIUTY 10
PErioHiB, 110 MAIOTh MOPIBHAHO Oe3meyHimi yMoBM A HaB4aHHA. Lli TeHaeHuii miAKpecioTh
BJIMBICTh PET10HATBHOI OE3MEKU Ta IOCTYITHOCTI OCBITHIX MOXKIIUBOCTEH Juist a0iTypieHTIB y 2024
porii.

[I{oo cepenHBOr0 KOHKYPCHOTO Oaiy 3a perioHamMu, BiH BapitoeThesl B Mekax Bix 153 no 165
OamniB. HaitBumii nokasuuku B M. KuiB, Oneckkiil, XapkiBcbKil, JIbBIBChKiN 001aCTAX.

3a pesyibTaTaMH aHali3y IOJAHUX 3afB 33 OKPEeMHUMHM cremiagbHOCTIMH y 2024 poui
CIIOCTEPITratoThCs YiTKI TeHACHIIT 100 pO3MOAUTY MONUTY cepel adiTypieHTiB (puc. 2). Haiibinbma
KUIBKICTh 3asB Oylia MOJaHa Ha CIeliaJbHOCTI, M0 HaJeXaTh M0 TEXHIYHUX 1 T'yMaHITApHUX
HanpsamiB. Jlizepamu cepen ycix cneniaabHocTe cranu: @inosnoris (36 759 3asB), Menemxmenrt (36
561 3asBa), [lcuxomnorist (36 427 3as8), Komm'torepni Hayku (31 252 3asBu) Ta [IpaBo (26 069 3asB).
[TonynspHiCTh LMX HAINpPSIMIB MOSCHIOETHCS IXHBOIO 3aTpeOyBaHICTIO HAa PHHKY Ipalli, a TaKOX
IIUPOKUM CHEKTpOM NpOoQeCcifHUX MOKIMBOCTEH IJisi BHUIYCKHHUKIB. Pa3zoM I cremiajbHOCTI
3abe3neuyroTh nmoHaj 30% 3araibHOro o0CATY 3asB MO KpaiHi.

Cepenniii 6an BCTYNHUKIB Ha MOMYJSIPHI CIEIaJbHOCTI CBITYUTH PO BHCOKUI DPiBEHb
KoHKypeHuii. Hanpuknan, mis cnemianbHOcT "MenemxmMeHT" cepeaniil 6an ctanoButh 188.4, mis
"Mapketunry"— 187.7, a ans "®unonorii" — 177.6. BonHouac criemiaibHOCTI, 110 HAJEXKaTh J10
NPUPOJHUYMX HAYK 1 TEXHIYHMX HAmpsMiB, JAEMOHCTPYIOTh HIKYI CepeiHl MOKAa3HUKU OalliB.
Hanpuxman, st "Ilpuknagsoi MmexaHiku" cepeHe 3Ha4eHHs cTaHOBUTH 147.8, a mst "Tamy3eBoro
MammHOOynyBaHHs" — 146.6. lle Moxke CBIIYUTH TPO TEBHUH ASPIUT BHUCOKOOATHLHUX
abiTypi€HTIB Ha IH)KEHEPHO-TEXHI4HI CIIELIaIbHOCTI, MOTPH iX BAXKIUBICTD AJIS1 PO3BUTKY EKOHOMIKU
kpaiau. Oco0JIMBO BapTO BiJ3HAUYMTH CIEIIaIbHOCTI, OB s13aHi 3 [T-cdeporo, Taki sk "[HxeHepis
nporpamMHoro 3abesmeuyeHHs" (22 080 3asB), "Komm'rotepui nHayku" (31 252 3asBu) Ta
"KibGep6esneka" (17 083 3asBu). Lli HanpssMu € CTpaTerivyHO BaKIMBUMHU B KOHTEKCTI INI00aIbHOT
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mudpoBizamii Ta 3abe3neyeHHs HalioHanbHOI KiGepOesneku. CepenHiid Oan BCTYNHUKIB Ha i
CHeLiaTbHOCTI CTAaHOBUTH 01M3bK0 170 GasiB, 10 CBITYMTH PO 3HAYHHM IHTEpEC cepell a0iTypieHTIB
1 BIAMOBITHO BUCOKWH PIBEHb MIATOTOBKH KaHIWIATIB. MEHII MOMyISpHUMH Cepell BCTYIHUKIB
3aJMIIAIOTHCS CIELIANbHOCTI, L0 CTOCYIOTHCS MAIIMHOOYAYBaHHS, €KOJOrii Ta TpPaHCIOPTHHUX
texnouorii. Hanpuknan, "CynnoOynyBannsa" otrpumarno jauiie 243 3ass, a "l'ipuuurBo" — 900 3as8
npu cepennix Oamax y mexax 146-149. lle Bkasye Ha HEOOXiTHICTh JOAATKOBOI MPOMOINT ITUX
HanpsAMiB 3 OOKy 3aKJIafiB BHIOi OCBITH, a TaKOXX CTUMYJIIOBAHHs IHTEpecy abiTypi€eHTIB yepes
Jiep>KaBHI IPOTpaMy MiATPUMKH Ta TPAHTOBI 1HILIATHBH.

Cyma ana Ycboro nofgaHo 3anAs 3a Kkateropieto CrneuianbHicTb Cyma ana Ycboro nofaHo 3anAB 3a kateropieto OCBITHINA
CTYNiHb | Popma HaB4YaHHA

®opma HaB4aHHA @ ferxa @3204Ha

Cyma ana Ycwo fo noga a
o 2 e ’
] ] ]

&);:zrmiﬁ CTYniHb
Cyma ana Ycboro nogaHo 3anae 3a kateropieto OCBITHIN
CTYNiHb | BCTyn Ha ocHoBI

Bcryn Ha ocHosi @bBakanasp @ Monoaw... ®TosHa sar... ®Moska 3a »

Bakanasp Marictp

CBITHII CTyNiHb

CneujaneHicTb

Cyma ana Yesoro nofaHo 3ane

20 Tuc 30 Tuc
Cyma ans Ycboro nogaHo 3ass

Pucynok 2 — Cmpyxmypa 3as6 wooo ecmyny 0o 3BO 6 2024 poyi

AHani3 TOAaHMX 3asB 3a OCBITHIMU CTyneHsMH Ta (opmamu HaBuaHHs y 2024 pori
JEMOHCTPY€E YiTKi MPIOPUTETH BCTYIMHUKIB MO0 3100yTTs BUIIOl ocBiTH. HaifOinbimmii oOcsr 3asB
MIPUIIAIA€ HA CTYIIHB OaKanaBpa 3a ICHHOIO (JOpPMOIO HaBYAHHS, 110 CTAHOBUTH MOHAL 549 TuC. 3a4B,
10 BKa3y€ Ha JIOMIHYIOUYMH MOMUT cepeja abiTypieHTIB Ha OTpUMaHHS 0a30BOi BHIIOI OCBITH Y
TpaauLiiHii (opMmi. 3HAUHO HIKYMN PIBEHb 3aLIKABICHOCTI CIIOCTEPIraeThcs y 3aouHiil Gopmi
HaBYaHHS: Js OakanaBpaTy Oyjo mojgaHo moHaa 15 THC. 3asB, IO CBIAYUTH MPO 3MEHIICHHS
MOMYJISIPHOCTI 11i€1 (hopMH HaBYAHHS, UMOBIPHO, Yepe3 3pOCTaroyi BUMOTH J0 OYHOI MiITOTOBKU Ta
iHTerpauii y HaB4ajIbHi MPOLECH.

JlaHi Ipo BCTYI Ha OCHOBI MOMEPEIHBOTO PIBHS OCBITH AETaTI3yIOTh TEHACHIIIT 010 MUIAXIB
3000yTTS OCBITHIX cTymeHiB. HaiibinpIna KinbKiCTh 3asB Ha OakanaBpar Oyja MojaHa Ha OCHOBI
MOBHOT 3arayibHoi cepeanboi ocitTu Ta HPKS, minTBeppKky0un OCHOBHUMN MOTIK BCTYIHUKIB MIiCIIs
3aBEpILEHHs CepeIHbOI 3aKialiB CepeHbOI OCBITH. BeTyn Ha MaricTepchbki MporpamMu nepeBaskHO
BiIOYBa€ThCs HA OCHOBI cTymeHsi OakanaBpa. JlaHi cBiquaTh IO MepeBary CTaHAApTHUX OCBITHIX
TPAEKTOpid, a TaKoX CTAaOUIPHUM IHTEpeC 10 MpPOAOBKEHHS HAaBUYAHHS cepell BUITYCKHUKIB
OakanaBpary, 110 € BaXJIMBUM (DaKTOPOM IS TUIAHYBAaHHS PO3BUTKY OCBITHBOI CUCTEMHU B YKpaiHi.

[TpoBeneno nociimkeHHs 6a30BUX BHYTPILIHIX Ta 30BHIIIHIX (AKTOPIB BIUIUBY Ha OOCST 3asB
monao0 Berymy a0 3BO. Byno obpano fasi mo10 o0csry noganux 3asaB, GOpMH BIACHOCTI, PETiOHY,
BiJIJAJIGHOCTI BiJ] 30HU 00M0OBUX IiH, peTunry 3BO, a Tak0ok 00CATY OCBITHIX MPOIO3UIIIH, 110 OyiH
IpeACTaBieHl Ais BCTYNHUKIB B 2024 pori, SKi BKIIOYAIM TEPENiK chemialbHocTel, (Gopmy
HaB4aHHS Ta 0a3y Berymy 6e3 popmu pinancyBanns. Kopensuiiinuii aHasi3 103BOIUB OL[IHUTH CUITY
Ta HAMPSMOK B3a€MO3B’SI3KiB Mi>K 00CSATOM 3asiB 1 KIIFOUOBUMHU YMHHUKAMHU (AuB. Ta0I. 1).
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Tabnuys 1 — Pe3ynomamu Kopenayitino2o ananizy 07 xapakmepucmux ocgimuix nponoszuyii 380 6

2024 pouyi
) C— Ob6csr 3aaB| Peiitunr | Perion ®dopma . Ob6c¢sar OCBiT'HiX Bli?;gz?:;n
3BO 3BO (YOp.) | BmacuocTi MIPOTIO3UIIIi N -
OolioBHX il
O6csr 3asB 3BO 1.0000 -0.0953 | 0.0200 -0.0738 0.6926 -0.0215
Pelitunr 3BO -0.0953 1.0000 — — — —
Perion (FOp.) 0.0200 — 1.0000 — — —
dopma BIACHOCTI -0.0738 — — 1.0000 — —
Kinbkicts
MIpEJICTaBICHUX 0.6926 — — — 1.0000 —
CIIeLL.
JOHA BIUEY BULHH | () 5 )5 — — — — 1.0000
(y3arajgpHEHUI)

HaiiOinpmmii MO3UTHBHUN  KOPEJSALIAHMMA 3B'S30K CHOCTEPIra€ThCsl MK  KUIBKICTIO
MPEJICTABICHUX CHemiaibHOoCTel Ta o60csrom 3asB (r=0.6926). lle cBimuuTh Mmpo TE, WIO
PI3HOMaHITHICTh OCBITHIX HPOMO3HULIHN BiIIrpa€e KIOYOBY pPOJb y 3aJTy4YeHHI BCTYIHHKIB, OCKUIBKH
OunpnMii BUOIp CHENiaJbHOCTEH, OCBITHIX MporpaM 3a0e3nedye MIHUpII  MOXIUBOCTI IS
abiTypieHTiB, 110 migBuilye npusadnusicte 3BO. HatomicTh ciabkuil HeraTuBHUM KOpensaIiiiHui
3B'SI30K BUSIBJICHO MIXK 00CATOM 3asB Ta peitunrom 3aknany (r=—0.0953), mo Moke BKa3zyBaTu Ha
Te, 10 BUCOKHH PEHTHHI HE 3aBKIHM € BU3HAYaJIbLHUM (axTopoMm i BuOopy 3BO, ocobnuBo B
YMOBax pPEriOHaJbHUX OCOOJIMBOCTEH Ta MOTOYHOI cuTyamii B kpaiHi. Popma BIACHOCTI 3aKiaLy
BUIIIOT OCBITU JIEMOHCTPY€ TaKOX He3HauHUI HeraTMBHUH 3B's130K (r=—0.0738), mio miaTBepaxKye
nepeBary Jep)KaBHUX 3aKJIa/iiB y BUOOP1 BCTYIHUKIB MOPIBHSAHO 3 IPUBATHUMH yCTaHOBaMU. Bruius
perioHy Ta BiAJa’IeHOCTI Bix 30HHU OoioBuMX il BusBuBCS MiHiManbHUM (1=0.02 Ta r=—0.0215
BIJITIOBITHO), 1110 CBITYUTH PO BIIHOCHY CTIHKICTh NOIMUTY Ha BUILLYy OCBITY B PEriOHaX, HE3aJeKHO
Bil iXHBOI reorpaiyHOi BIAJANIEHOCTI, XOYa YACTKOBO MeH (aKTOp MOXKE HiBEIIOBATUCS
BHYTPIIIHBOIO Mirpai€ero HacesneHHs. Taki HOKa3HUKHM MOYKHA MMOSICHUTH MIBUKOIO aaanTaiiero 3BO
710 HaJIaHHSI OCBITHIX MOCIIYT 13 3aCTOCYBAHHAM IIU(PPOBHUX TEXHOJIOT1H TOLIO.

Baprto 3a3HauuTH, npo Te, IO HONpPU pAn mepesar 3actocyBaHHs Power BI mist 0Opo0Oxw,
aHaJi3y Ta Bi3yanli3auii BEJIMKUX JaHUX, JJIS KOPEJALIMHOro aHaizy BIJICYTHS OKpeMa (yHKLs,
TOMYy OYJIO CTBOPEHO Psii OKpeMHUX Mip (3aXOiB), sKi y3aranbHeHi motiM B Tabuuio. Ha puc. 3
HaBE/ICHO MPUKJIIA] MIpH 11 BCTAHOBJICHHS KOPEIISALIHOTO 3B SI3KY.

Daiin OcHoeHe Bcraguti MogaentoBaHHa MopaHHa Ontumizysatn [osiaka dopmar [ani/petanizauis IHcTpymeHTH Tabanup IHCTpyMeHTH Mip E

/7
Jies)
Qs Correlation:06csr 3. $% oopwar [ 3araneri «| | B Kareropia aavux | 5es xareropn . i\_—J
(M) Fonoewa Ta6mua |Regr 3asen 380-k-.. v|  $ v % 9 S8 [Aeo T Hosa Llisnaka
B — e Mipa  Mipa
Crpyxypa QopuaTyeaia BracueocTi ObumcrentA
[3al 0 [leki aBTOMaTMUHO BIAHOBAEHI Qaliny e He BiAKPUBAUCA. MepernsnyTv BigHOBAEHI daiinn X Bizyanisaui'l »
= X 1 Correlation:O6car zans3BO-PeiiTurr = A | CTBOpUTH Bisyanisauito
2 DIVIDE( prreeriy @
N SUMX( - H}
&2 . . ,
i ] 4 3B0-3aRBM-K-Tb Cneu’,
5 ('3B0-3anBu-K-Tb cneu’ [pedTuHr 2024]- AVERAGE('3BO-3aAsu-k-Tb cneu’[peitunr 2024])) * I
L 6 (*3B0-3amBM-K-Tb cnew’ [BCHOTO nopawo 3ams]- AVERAGE('3B0-3aseu-k-Te cneu’[BCbOrO nopawo 3ase])) i Iﬁé i ‘gﬂ E ﬁ
s 2HFLO0O
9 SUMX( "3B0-3aBu-Kk-Te cnew’, ('3B0-3amBuM-K-Ts cneu’ [pedTuHr 2024]- AVERAGE('3B0-3asBu-Kk-To cneu’[peiTusr 2024]))%2) *
10 SUMX( '3B0-3amen-k-Ts cney’, ('3B0-3amsu-k-Te cneu’ [BCbOTO noaawo 3ams]- AVERAGE('3BO-3ameu-k-Te cneu'[BCbOrO nogawo same]))”2) HEe®WAAD
11 )
ol - EBERES3-r
Ao lo @ r— e

Pucynok 3 — Ilpuxnao mipu 015 6CMmanoeieHHs KOpenayitiHo2o 36 3Ky

3a pe3yiabTaTaMu KOpEJLIAHOrO aHaimizy OyJio BH3HAYEHO NHapaMeTpd sl IOAAJIbIIOL
noOynoBu perpeciiinoi mozeni. byno 3acrocoBano ¢gynkuito LINEST st popmyBaHHS MOKa3HUKIB
PIBHSHHS perpecii Ta mapaMmeTpiB afekBaTHOCTI Mojeni. Huxue mpuxmaj 3actocyBaHHS (yHKIIT
LINEST nnsa ¢hopmyBaHHS TapaMeTpiB perpeciiinoi Mojeni.
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Pucynox 4 — Ilpuxnao sacmocysanns ¢pynxyii LINEST onsa ¢hopmysanns napamempie pezpecitinoi
Mmooeni
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Pucynok 5 — Pezynomamu Kopensayitino-pecpeciiino2o anauizy 00csae no0anux 3dse uwjooo 6Cmyny 0o
3BO — o6cse oceimuix nponosuyiti 3BO 6 2024 poyi

AHani3 1mokasas, 110 M’ KUJIbKICTIO OCBITHIX MPOIO3UIIii Ta KUTBKICTIO 3asiB BCTYITHUKIB ICHY€
MOMIPHUN TMO3UTUBHUHN 3B'S30K, MPO MO0 CBIAUUTH KoedimieHT kopemsnii r = 0,69. Po3pobneHo
PIBHSHHS JiHIMHOT perpecii:

y = 105,93 x1 — 504,51, (1)

Jie Y — KUIBKICTh moAanux 3asB 10 3BO, X1 — KiJIbKICTh OCBITHIX MPOIMO3UIIIH.

Koeoimient Haxwmity perpecii mokasye, mo 3i 30UIbIIEHHSM 00CSTYy cremnianbHocTed Ha 1
OJMHMIIIO KUIBKICTB 3asiB Ha BCTYH 3pocTae B cepeanboMy Ha 105,93 3asBu; BinbHuil wieH mozeni,
SKHI IHTEPIPETYETHCS JTUILIE YMOBHO, OCKIJIBKY ISl pEaJIbHOTO KOHTEKCTY 00CAT CHeliaIbHOCTeH He
MOK€E JIOPIBHIOBATH HYJIIO.

Koedimient aerepminanii R* = 0,48 Bkasye, mo 48% Bapiamii KUIBKOCTI 3asB HOSCHIOETHCS
3MiHAaMH B KUIbKOCTI cremianbHocTeil. F-cratuctuka (208,33) miaTBepIKye CTaTUCTUYHY
3HAYYIIICTh MOJIENI MPH piBHI 3HauymocTi o = 0,05. AHali3 eNacTUYHOCTI MOKa3aB, 110 301TbIICHHS
KUTBKOCTI crierianbHocTel Ha 1% npu3BOAUTE 10 301IbIIEHHS KUTHKOCTI 3asiB Ha 0,69%, 1110 CBITYUTH
PO BHUCOKY YYTJIHMBICTh BCTYHHHMKIB JI0 PO3IIMPEHHS OCBITHIX MpPONO3ULii. JlOCIIPKEHHS TaKOX
1oKas3alo, 110 MPOBiIHI YHIBEpCUTETH, Taki sk KuiBchKkuil HarlioHanbHUN yHiBepcuTeT iMeHi Tapaca
[leBuyenka, Hanionanpuuii TexHiuHui yHiBepcuteT YKpainu "KuiBcbKkuii MOMITEXHIYHUHA 1HCTUTYT
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imeni Iropst Cikopcwkoro", JIpBiBCbKMI HalllOHaIbHUHM YHiBepcuTeT iMmeHi IBana ®panka Ta
Hamionanenuit yHiBepcutet "JIbBiBCbKa MOJiTEXHIKA", MalOTh BUCOKI MOKAa3HUKH K 3a KUIBKICTIO
OCBITHIX MTPONO3HMILIHN, TaK 1 32 KIJIBKICTIO 3asB, 1110 MIATBEPXKYE pe3ysibTaTi Mojieni. Lle curnanisye
BIUIMB I1HIIMX ()aKTOpiB, TaKUX $IK BCTAHOBIEHI 0a3oBi ysBieHHS mnpo pemyTauiro 3BO, ponb
MapKETUHTOBUX IHCTPYMEHTIB, 1HIII COI[IaJIbHO-€KOHOMIYHI YHHHUKH, 1110 TOTPEOYIOTh KITbKICHOTO
JOCIIKEHHS Ha 00T PyHTYBaHHS.

[ToBepTatrounuch 10 CTPYKTypd OCBITHIX MpPONO3MLINA, a caMe TMepeiky MOMyJIIpHUX
crenialbHOCTe (KOMIT'IOTEPHI HAayKH, MEHE[DKMEHT, IpaBO Ta IHXKEHepis MpOrpaMHOro
3a0e3neueHHs ), BapTO 3a3HAYUTH, 110 BOHU NpeAcTaBieHi y nmoHas 70% yHiBepCHUTETIB, 110 OepyTh
y4acTh y JOCHIKEHHI. AHai3 MOKa3aB, IO YHIBEPCHUTETH, SKI MAalOThb y CBOEMY IEpeINiKy I
CHELiaTbHOCTI, OTPUMYIOTh Y cepeinboMy Ha 20% Oinblie 3asB, HK 3aKJIa1, SIKI OPIEHTYIOThCS HA
JMIIe TyMaHiTapHi HampsMu. ToMmy mojanblie JOCTIDKEHHS Ma€ BpPaXOBYBATH CETMEHTALIIO
BCTYITHHUKIB 32 IX IHTepecaMH 11010 OCBITHIX IPOMO3HUIIiH, a caMe CHeliaJbHOCTEH.

B ninoMy po3mupeHHs KiUIbKOCTI crieriaibHocTel Ta popM HaBYaHHS (OCBITHIX HPOIMO3UILiii)
MOJKE€ CTaTH CTPAaTEriyHUM KPOKOM IS MiJBUIICHHS NpuBabIuBOCTI yHiBepcuteTiB. [lopsa 3 Tum
TaKi MUTAaHHS TICHO MOB’s3aH1 3 TUTaHHAMH (DiHAHCYBaHHS, Ta iHPPACTPYKTYPHUMHU YMOBAMH TOILIO.
BaxuuBy ponb rpae MapkeTHHr OCBiTHiIX mporpam: 3BO 3 MeHIIMMH MOKa3HUKaMU MOXYTb
MIJBUIIATA KUTBKICTH 3asB 4epe3 MPOMOIII0 OCBITHIX MOXJIMBOCTEH, MPOTE JAIEKO HE BCl 3 HUX
BUKOPUCTOBYIOTh pallioHAJIbHO HU(PPOBI MAPKETUHIOB1 IHCTPYMEHTH.

BucHoBku i nepcnekTuBHu. llpoBeneHuii aHami3 OCBITHIX MPOMO3HLINA Ta 0OCATY MOAAHUX
3asB JI0 3aKJIJIB BUIIOI OCBITH YKpainu y 2024 poiii NpoJIeMOHCTPYBAB KIFOYOBI 3aKOHOMIPHOCTI
Ta (aKTOpH, 110 BILUIMBAIOTH Ha MomyssipHicTh 3BO cepen BcTynHuKiB. HalicubHIINN TO3UTUBHUMA
KOPEISALIHHUHN 3B'SI30K BUSBICHO MiXkK KUTBKICTIO OCBITHIX IPOMO3UIIiH (IIepPeIiKoM CHEIiaTbHOCTEH )
Ta KUIBKICTIO MoJaHuX 3asB (r = 0.69), 1m0 nigTBepAKy€e KPUTHUHY POJIb PI3HOMAHITHOCTI OCBITHIX
nporpam y 3ajgydeHHi a0iTypienTiB. JliHiiiHa perpecis 103B0JIMIa BCTAHOBUTH 3aJI€KHICTb, 3T1AHO 3
SKOIO 301IBbIIEHHS KUTBKOCTI crieniaibHOCTe! Ha | oauHUI0 3a0e3neuye 3poCcTaHHs KUTbKOCTI 3asB
Ha 105.93, a mokasuuk emactuaHocTi (0.69%) Bkazye Ha BHUCOKY YyTJIMBICTh BCTYIHHUKIB IO
PO3LIMPEHHS OCBITHIX MOXJIMBOCTeH. BomHouac pedTuHr 3akiany Ta ¢opma BIACHOCTI MalOTh
HE3HAYHWI HETaTUBHUI BIUIMB, IO CBIAYUTH PO T€, IO TPATUIIHI YMHHUKH PEMyTaIlii HE 3aBKIH
€ KIIOYOBUMH Y BUOOp1 YHIBEpCUTETY B CyYaCHHUX peaiisx. AHali3 reorpadiyHoro po3mnoainy 3asB
BUSIBUB CYTTEBY KOHIIGHTPALIIIO OMUTY Ha OCBITY y Benukux mictax (Kuis, JIbBiB, XapkiB), TOJ1 K
periony, 1o 3a3Haiu Oe3MOCepeHbOr0 BIUIMBY BOEHHUX [iil, JAEMOHCTPYIOTh 3HAYHO HMXKYi
MOKa3HHUKH.

[lepciekTBY MOJANBIINX JOCTIIKEHb BKIIOUYAIOTH JETalbHUN aHali3 (akTopiB, IO
3YMOBJIIOIOTh BHOIp KOHKPETHHX CIEIIaTbHOCTEH, a TAKOX JOCITIKEHHS CerMeHTallii abiTypieHTiB
3a iHTepecaMH A0 OCBITHIX HporpaMm. BakiauBuM HampsMOM € BHBYCHHS JWHAMIKU MOIMUTY Ha
TeXHI4YHi, eKOHOMIuHi Ta [T-HanpsMu B yMoBax uQpoBi3alii Ta 3MiH Ha puHKY npaui. OKpiM 1bOTO,
HEOOXITHO NPUAUTUTH yBary ONTHMi3alii CTPYKTYpH OCBiTHIX mpomo3utiii y 3BO perionis, ski
MOCTPAXIaJIM BiJl BOEHHUX JIiH, Ta po3poOIl cTpaTeriii 3ajiyueHHs BCTYIHHKIB 4epe3 JepikaBHi
IporpaMM HiATPUMKH Ta IHHOBALIWHI MapKETHHIOBI iIHCTpyMeHTH. CTBOpEHHs OUIBII aaanTUBHUX
OCBITHIX TpOrpaM 3 ypaxyBaHHAM pETiOHAJbHUX MOTPeO 1 TeHICHLIH PUHKY Mpali CIpUSITHME
HiABUIIEHHIO KOHKYpeHTOCIpoMOoxkHOCTI 3BO Ta 3a0e31e4eHHI0 CTajJoro po3BUTKY CUCTEMH BHUIIO]
OCBITH B YKpaiHi.
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ANALYSIS OF THE EDUCATIONAL OFFER FOR ADMISSION TO HIGHER
EDUCATION INSTITUTIONS IN 2024 USING POWER BI

Abstract. The article presents an analysis of the 2024 admission campaign to higher education institutions (HEIs)
in Ukraine, investigating the relationship between the number of applications submitted by applicants and indicators
characterizing educational offerings. The analysis was conducted using data from the Unified State Electronic Database
on Education (USEDE) for 2024, applying the correlation-regression method. It is shown that there is a strong positive
relationship between the volume of educational offerings and the number of applications to HEIs, while linear regression
allows for a quantitative representation of this dependence, explaining nearly 50% of the sample. The article examines
the impact of external factors, such as regional location, proximity to active combat zones, and HEI rankings, on the
number of applications. The structure of the distribution of recommended places for admission under specific admission
conditions is also presented. The conducted research reflects the peculiarities of demand formation for HEI services
based on the results of the 2024 admission campaign and allows for optimizing approaches to planning educational
programs, improving the efficiency of higher education institutions in Ukraine.

Keywords: educational offering, higher education institutions, admission, specialty, USEDE, correlation
dependence, linear regression.

46 Information Technologies in Economics and Environmental Sciences No. 2 (2024)




BatieaHe I'., MupoHuyk K. Komn’tomepHi HayKu

UDC 519.22:504.06

Weigang Ganna

Candidate of Engineering Sciences, Associate Professor Department of Computer Science,
National University of Life and Environmental Sciences of Ukraine, Ukraine,

ORCID: https://orcid.org/0000-0002-2082-2322

E-mail: weigang.ganna@nubip.edu.ua

Myronchuk Kateryna

Senior lecturer Department of Computer systems, networks and cybersecurity,
National University of Life and Environmental Sciences of Ukraine, Ukraine,
ORCID: https://orcid.org/0000-0001-6764-3746

E-mail: k.komar@nubip.edu.ua

MODELING THE DYNAMICS OF TRAFFIC FLOWS BASED ON QUEUEING THEORY
FOR INTEGRATION INTO INTELLIGENT TRANSPORTATION SYSTEMS

Abstract The article focuses on the study of traffic flow dynamics modeling in urban environments using queueing
theory (QT). The research aims to develop a methodological approach to formalizing dynamic traffic flow processes,
enabling their adaptation to modern intelligent transportation systems (ITS). Proposed mathematical models account for
the stochastic nature of traffic flows and key performance indicators such as average waiting time, queue length, and
throughput. Simulations of various transportation infrastructure scenarios integrating these models into ITS were
conducted. The research findings confirm that applying QT under conditions of uneven traffic distribution significantly
reduces delays, optimizes routing, and improves the efficiency of road infrastructure utilization. These results pave the
way for further enhancements of urban transportation systems by integrating machine learning algorithms and big data
analysis, allowing for consideration of the complex behavior of road users. The integration of QT models into ITS
contributes to the improved efficiency of transport networks, fostering sustainable development of urban infrastructure.
The proposed approaches are universal and can address pressing mobility challenges in contemporary urban
agglomerations.

Keywords: Traffic flow modeling, queueing theory, intelligent transportation systems, traffic dynamics, traffic flow
optimization, adaptive management, urban mobility, mathematical modeling, transportation infrastructure, congestion
reduction.

Introduction. With the growth of urbanization and the increasing number of vehicles in
metropolitan areas, the challenges of traffic management are becoming increasingly relevant. Road
congestion, traffic jams, prolonged delays, rising fuel consumption, and greenhouse gas emissions
are among the primary issues faced by modern transportation systems. These challenges place
significant pressure on transportation infrastructure, diminish residents' quality of life, and have
adverse environmental impacts. In this context, the effective management of traffic flows has become
one of the key objectives of transportation engineering.

Intelligent Transportation Systems (ITS) present new opportunities for addressing these
challenges through the use of advanced technologies such as motion sensors, big data analytics,
artificial intelligence, and real-time systems [1]. These technologies enable improved traffic flow
management, enhanced infrastructure efficiency, optimized routing, and reduced delays. However,
the complexity and variability of traffic dynamics necessitate the application of formalized
mathematical models capable of accounting for various aspects of interaction between road users.

Queueing theory (QT) serves as a powerful tool for modeling transportation systems
characterized by high levels of uncertainty and dynamism. Using mathematical methods, QT allows
for the formalization of processes such as vehicle arrivals, service at intersections, signalized zones,
or other traffic nodes [2]. It also facilitates the evaluation of key performance indicators, including
average waiting time, queue lengths, and infrastructure resource utilization rates.

The advancement of queueing theory combined with ITS technologies supports the
development of both microscopic and macroscopic traffic flow models [3]. These models provide
deeper insights into the dynamics of movement, enable the optimization of transportation processes,
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and ensure high service quality for all road users. In this context, research focused on integrating QT
models into ITS is gaining importance, paving the way for the evolution of future transportation
systems.

Literature Review. Modeling the dynamics of traffic flows is a vital research area in
transportation engineering, lying at the intersection of applied mathematics, physics, and information
technology. Queueing theory plays a central role in this field by providing a structured approach to
analyzing and managing traffic flows, including their integration into ITS.

Microscopic modeling focuses on the behavior of individual vehicles within a traffic flow. For
instance, the spring-mass system theory is used to create models that describe vehicle responses to
disruptions in the flow. Yongfu Li et al. (2017) [4] demonstrated how stability analysis and
perturbation methods can assess flow stability, identify conditions for its equilibrium, and develop
adaptive traffic management systems. This approach not only highlights critical moments in the flow
but also informs strategies for their optimization.

At the macroscopic level, research emphasizes analysis of aggregated traffic flow
characteristics such as density, speed, and throughput. Jingyang Liao and colleagues (2023) [5]
developed a macroscopic model incorporating multimodal interactions, such as those between private
vehicles and shared mobility services. This model enhances the understanding of urban traffic system
dynamics and supports efficient dispatching and resource management strategies.

The integration of queueing theory models into ITS has significantly impacted congestion
reduction, flow optimization, and the efficiency of transportation infrastructure. Hong Ying Jiao et
al. (2015) [6] explored the use of cellular automata to analyze the effects of ITS on-traffic conditions.
Such approaches optimize the operation of traffic signal systems and improve traffic flow
coordination.

Meso-level modeling, which combines elements of microscopic and macroscopic analysis, has
also gained attention. Meng Meng and colleagues (2014) [7] proposed a dynamic traffic distribution
model considering various transport modes, including cars, buses, and bicycles. This approach
efficiently evaluates demand-supply dynamics and supports ITS through shortest-path algorithms.

Fundamental flow models, such as the Lighthill-Whitham-Richards (LWR) model, remain
essential tools for analyzing the relationships between density, speed, and flow. Pushkin Kachroo
(2018) [8] extensively discussed the application of these models for predicting and managing traffic
density.

Extended frameworks that integrate continuum models with artificial neural networks offer new
perspectives for real-time traffic flow forecasting. For example, Salissou Moutari and Stephen
Robinson (2013) [9] proposed an integrated structure for simulating macroscopic flows, accounting
for complex driver behaviors and spatiotemporal characteristics of traffic flows.

Despite significant advancements in traffic flow modeling, challenges remain due to the
unpredictability of human behavior and external factors [10]. Addressing these limitations requires
approaches that consider both the technical and social dimensions of traffic flow dynamics.

The literature review highlights substantial progress in the application of queueing theory for
analyzing and optimizing transportation systems. Integrating these approaches into ITS enhances
mobility, reduces congestion, and improves service quality in urban environments.

The aim of the article is to develop a methodological approach to modeling the dynamics of
traffic flows based on QT and to integrate the resulting models into ITS. The study aims to evaluate
the effectiveness of QT for modeling urban traffic flows, identify key parameters influencing network
performance, and explore the potential of these models to enhance traffic management.

To achieve this objective, the following tasks were outlined:

1. Formalizing Traffic Dynamics: Developing QT-based models that account for the

variability in vehicle arrivals and service processes at critical nodes.

2. Efficiency Analysis: Evaluating the effectiveness of the proposed models across various

scenarios of transportation infrastructure, particularly under uneven flow distribution.

3. Integration into ITS: Incorporating mathematical models into ITS to optimize traffic signal

operations, public transport routes, and reduce delays.
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4. Impact Assessment: Assessing the effects of the implemented solutions on reducing

congestion, increasing road capacity, and improving urban transportation system mobility.

The proposed approach addresses pressing issues in modern urban transportation networks,
particularly by mitigating the adverse economic and environmental impacts of congestion and laying
the foundation for the advancement of "smart" urban transportation systems.

Methodological Justification. The methodology of this article is grounded in the application
of QT for modeling traffic flow dynamics in urban environments and its integration into ITS. This
approach accounts for the complexity, uncertainty, and variability inherent in real-world traffic
conditions, which are critical for ensuring the efficiency of transportation infrastructure [11].

To implement the integration of QT into traffic management effectively, key stages were
identified. Each stage plays a crucial role in ensuring the accuracy of the models and the practical
applicability of the results. These stages are summarized in Table 1.

Table 1 — Key Methodological Stages

No Stage Name Stage Description

1 Analysis and The initial stage involves analyzing the city's transportation infrastructure
formalization of and identifying key nodes that create "bottlenecks" in the system. The
traffic flows modeling uses the mathematical framework of QT, which allows for the

formalization of vehicle arrival processes and their servicing at
intersections, traffic lights, or other nodes.

2 Selection and Depending on the structure of the traffic flow, appropriate queuing models
development of are selected (e.g., M/M/1, M/M/c, or their modifications). For each scenario,
queuing models key parameters are determined: arrival intensity, average service time,

throughput capacity, etc. The models are supplemented with stochastic
components to account for the unevenness of the flows.

3 Modeling of traffic To test the effectiveness of the proposed models, simulations of typical
scenarios urban traffic scenarios are performed: intersections with traffic lights,
roundabouts, highways with variable traffic intensity. The simulations allow
for the evaluation of metrics such as waiting time, queue length, throughput
capacity, etc.

4 Integration of models | To implement the models into real systems, modern ITS platforms are used,

into ITS which include motion sensors, traffic light control systems, GPS trackers,
and other digital technologies. This enables adaptive flow management in
real-time.
5 Analysis and n the final stage, the effectiveness of existing and proposed approaches is
evaluation of compared using key indicators: reduction of delays, increased throughput,
efficiency fuel consumption reduction, and emission reduction COx.

Based on the methodology outlined, the stages of analysis and modeling of traffic flows,
presented in Table 1, provide a sequential and systematic approach to formalizing the dynamics of
transport infrastructure [12, 13]. They cover all key aspects, from analyzing transport nodes to
integrating models into real ITS. To illustrate the methodological approach and visualize the main
stages of modeling, a conceptual diagram (Figure 1) was created, which demonstrates the interaction
of key components.

The diagram provides an overall view of the data collection process, mathematical modeling,
adaptive management, and optimization of traffic flows, which is critical for ensuring the efficiency
of urban transport systems.

This connection between the theoretical foundations outlined in the table and their practical
implementation, depicted in the diagram, emphasizes the importance of a comprehensive approach
to solving problems related to reducing congestion, increasing mobility, and optimizing the use of
transport infrastructure resources [14, 15].
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Modeling the Dynamics of Traffic Flows

I Queueing Theory

| Queueing model Types of Queues ::
I Request Flows | Service Time M/M/1 | | M/M/c | | M/G/1 |
L e e e e e e e e e e e e e e e e — = =
e
I Integration into Intelligent Transport Systems I
II Data Collection Data Analysis Implementation I
" Traffic . Route Automated Information I
I Sensors cameras Prediction optimization controllers panels I
|
e
| Model usage I
I Load assessment | Identification of critical zones | Infrastructure planning I

Figure 1 — Conceptual diagram of traffic flow modeling based on queueing theory

The methodological approach considers both theoretical aspects and practical requirements for
modeling and managing traffic flows. Its application allows for obtaining well-founded results that
can be used for decision-making in the planning of urban transport systems and the development of
ITS.

Results. Traffic flows are modeled as queuing systems, where vehicles act as transactions, and
key nodes (intersections, traffic lights) serve as service channels. Vehicle arrival processes are
modeled using stochastic distributions, such as the Poisson distribution, which describes the
probability of a specific number of arrivals within a given time. The service time of vehicles at a node
is typically modeled using the exponential distribution, allowing for variability in the duration of
operations to be considered.

For example, in the classical M/M/1 model, the arrival flow of vehicles is described by a
Poisson distribution with an average rate of A, while the service time is characterized by an
exponential distribution with an average rate of p. In cases of intersections with multiple lanes or
nodes with multiple service channels, the M/M/c model is used, where ¢ — represents the number of
service channels.

The formalization of traffic flow dynamics using QT provides a structured approach to describe
the variability in vehicle arrivals and service times at infrastructure nodes. Vehicles are treated as
transactions, while nodes act as service channels, with their interactions modeled through Poisson
arrival distributions (4) and exponential service time distributions (#). Models such as M/M/1 and
M/M/c capture the key parameters of traffic nodes, including the number of service channels and the
variability of flows. QT enables the analysis of critical system parameters and facilitates adaptive
management to improve the efficiency of transport infrastructure [16].

To ensure accurate modeling and adaptation to real-world conditions, parameters should be
formalized into mathematical expressions that reflect the variability of flow intensity, service time,
and system resource utilization efficiency.

Table 2 summarizes the key parameters used within the framework of queuing theory and their
mathematical descriptions, which are fundamental for further development of traffic flow models and
the analysis of their efficiency.

The parameters listed in Table 2 allow for the description of key characteristics of transportation
flows and the evaluation of the efficiency of transportation nodes. Based on these parameters, various
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queuing models are developed, which are adapted to the specifics of particular scenarios in urban
transportation infrastructure.

Table 2 — Key Parameters and Formulas

Ne Parameter Formula Parameter description
1 Flow intensity A the average number of vehicles arriving in the system per unit of
time.
Service time pt the average time required for a vehicle to pass through a node.
3 Load factor A | where p characterizes the level of system load (when p<I the
p= ; system operates in a stable mode).
4 Probability of delay P the probability that a vehicle will have to wait in the queue before
i being served.

Table 3 provides detailed mathematical descriptions of the M/M/1 and M/M/c models, which
account for both single-channel and multi-channel service systems. These models enable the
evaluation of delay probabilities, the average number of vehicles in the queue, waiting times, and
other key efficiency indicators. This forms the foundation for further analysis of the operation of
transportation nodes and the development of optimization strategies.

Table 3 — Characteristics of the M/M/1 and M/M/c Models

Mathematical description
Ne Parameter Model for single channel .
system (M/M/1) Model for a multi-channel system (IM/M/c)
1 |Probability of states The probability of the The probability that all channels (c) are used (Py)
system being in the state of el n c -l
requests (k), being served P= [Z (A/ 1) + (A/ 1) . 1 } ,
(P o n! ct I-p,
—(1— . AF
F=(=p)-p, where p, =——.
k>0, U
Probability of delay (Py)
b QIR
" octd-p)
2 |Average number of D A
vehicles in the system (L) L=—- L=L+—
l-p U
3 |Average number of I , 1 P:p.
hicles in th L =P T 2R
vehicles in the queue (L,) o~ P - p T (1-p,)
4 |Average time a vehicle W 1 Ww 1
stays in the system (W) ) g L
5 |Average waiting time in - y L
queuesi (W) == w=-~L
’ Topu=2) )
6 |General model _ _
Wl—<Pk,L, Lq,W,Wq> Wc_<PO,PW,L,Lq,W,Wq>

To model the dynamics of traffic flows, parameters that reflect time-varying intensity, such as
during peak loads, are considered. Based on these models, simulations are conducted to estimate
waiting times, queue lengths, and the throughput of infrastructure nodes, contributing to the
optimization of system performance [17]. In real-world conditions, queuing models are supplemented
with stochastic components to account for unpredictable factors such as weather or accidents, and
they are also used for adaptive traffic signal control. The use of M/M/1 and M/M/c models
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demonstrates their effectiveness in managing traffic flows, especially under conditions of uneven
distribution of flows in urban environments [18].

The single-channel M/M/1 model was used to simulate narrow intersections with low
throughput capacity. Simulations showed that with high flow intensity (1) the traffic load factor
(p=//u) approaches 1, which leads to a significant increase in the average waiting time (W) and
queue length (Ly).

For systems with uneven flow (changing over time 4) the effectiveness of management
significantly improved with the use of an adaptive approach [19]. Adjusting the parameter p (for
example, by dynamically changing the green light duration at traffic lights) allowed the average
waiting time to be reduced by 20%.

For multi-lane intersections and transport interchanges, the M/M/c model was used. The results
showed that increasing the number of channels (c) helps reduce the load (p=A/(c w)) and significantly
decreases the probability of delay (Py) [20].

However, even with multiple service channels, the uneven distribution of traffic across lanes
led to local overloading. This highlights the importance of adaptive management, which ensures the
redistribution of flows and minimizes delays.

To account for the unevenness of traffic flows, simulations were conducted with periodic
fluctuations in arrival intensity (4) over time. The models demonstrated that under significant
fluctuations (Auin < Auaxe) the average waiting time and queue length could double. The use of adaptive
management allowed for the minimization of these fluctuations, for example, by increasing the
service capacity () during peak periods.

The integration of queuing theory models into ITS allows for the optimization of traffic flow
management through adaptive traffic light control, public transport routing, and delay reduction [21].
Using QT in traffic light systems ensures dynamic signal timing adjustments based on real-time traffic
conditions, contributing to more efficient flow distribution at intersections.

The integration of QT models into ITS allows for the optimization of traffic flow management
through adaptive traffic light control, public transport routing, and delay reduction. Using QT in
traffic light systems ensures dynamic signal timing adjustments based on real-time traffic conditions,
contributing to more efficient flow distribution at intersections.

Mathematical models based on queuing theory QT allow for the prediction of traffic flow
intensity, assessment of load factors, and waiting times. Their integration into traffic light systems
ensures adaptive signal timing, which helps reduce delays and queue lengths at intersections by 20—
30%. The use of motion sensors and cameras allows for automatic adjustment of traffic light
parameters in real time, even under conditions of uneven flow distribution or emergency situations.

The integration of QT into ITS contributes significantly to enhancing the efficiency of
transportation systems: reducing delays, shortening queue lengths, improving the regularity of
movement, and minimizing the negative impact of traffic jams on the economy and the environment.
This leads to increased mobility of the population and improved quality of transportation services
[22].

The implementation of mathematical models from QT into ITS significantly improved traffic
flow management. Thanks to the dynamic adjustment of traffic light signals using M/M/1 and M/M/c
models, delays at intersections were reduced by 25-30%. Adaptive control algorithms, especially
during peak hours, allowed for more even distribution of flows, reducing the average waiting time in
queues.

The use of multi-channel models M/M/c increased the efficiency of multi-lane traffic nodes,
boosting intersection capacity by 20-40% and roundabouts by 35%. Adaptive flow regulation,
considering the prioritization of the most congested directions, helped avoid local traffic jams and
ensured the stable operation of infrastructure even in conditions of uneven flow distribution.

The integration of queueing theory models into public transportation allowed route
optimization, reduced passenger waiting times, and improved the regularity of services. The use of
GPS tracking and adaptive vehicle distribution reduced public transport downtime by 15%, positively
impacting passenger travel speed in urban conditions [20-22].
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The combination of implemented solutions contributed to the creation of a more efficient urban
transportation infrastructure, reducing delays, lowering fuel consumption, and decreasing emissions
CO:s.. Further research should focus on the implementation of advanced technologies, such as machine
learning, for even more precise management of traffic flows.

Conclusions. The results obtained highlight the importance of adaptive traffic flow
management, which ensures the efficient use of infrastructure and minimizes congestion. The study
confirmed the effectiveness of applying queuing theory to model the dynamics of traffic flows and
their integration into ITS. The developed models allow for the optimization of traffic flow
management, reducing delays at key junctions, and improving the capacity of urban transportation
networks. Integrating these models into adaptive management systems, which use modern data
collection and processing technologies, ensures flexible responses to changes in traffic conditions,
enhancing mobility and infrastructure efficiency.

At the same time, the results indicate the need to account for the complex behavior of road
users, social factors, and external conditions. The combination of mathematical approaches with
modern technologies such as artificial intelligence and big data analysis presents a promising
direction for further research. This will contribute to the creation of adaptive management systems
that ensure sustainable development of urban transport networks and improve the quality of transport
services.
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MOJIEJIOBAHHSA TUHAMIKH TPAHCIIOPTHHUX IIOTOKIB HA OCHOBI TEOPII
MACOBOI'O OBCJYTOBYBAHHS JJ1S1 IHTET'PALI B IHTEJIEKTYAJIbHI
TPAHCIIOPTHI CUCTEMUA

Anomauyin. Cmamms npucésuena O0CHONCEHHIO MOOETIO8AHH OUHAMIKU MPAHCROPMHUX NOMOKIE Y MICLKUX
yMO8ax 3 BUKOPUCMAHHAM meopii Mmacoeoeo obcayeogyeanns (TMO). Memoio Oocnidodcenns € pospobka
Memo00a02iuH020 NIOX0JY 00 opmanizayii OUHaMIUHUX NPOYeCi6 MPAHCROPMHUX NOMOKIB, WO 003605E A0ANMYBAMU
ix 0o cyuwacnux inmenexmyanvhux mpancnopmuux cucmem (ITC). 3anponomosano mamemamuuni mooeni, SAKi
8DAX08YIOMb CMOXACMUYHY NPUPOOY MPAHCHOPMHUX NOMOKIB | KI0HU06i NOKAZHUKU eqheKmUueHocmi, maxi K cepeonii
uac OYIKy8anHsA, O00BICUHA Yepe ma NPONnyckHa 30amuicmo. [Iposedeno cumynsayilo pisHux cyenapiis mpancnopmuoi
inghpacmpyxmypu 3 inmezpayicio mooeneil y inmenekmyanvni mpancnopmui cucmemu (ITC). Pezynomamu docniodicens
niomeepodicyioms, wo 3acmocysanns TMO 6 ymosax HepiHOMIPHO20 PO3NOJILy MPAHCNOPMHUX NOMOKIE 00360.15€
CYMMEBO 3MEHUUMYU 3AMPUMKU, ONMUMIZYBAMU MAPWIPYIMU MA NIOBUWUINU eeKMUBHICTNb GUKOPUCTAHHS O0OPOAUCHBOL
inghpacmpyxmypu. Ompumani pesyromamu GiOKpUBAIOMb NEPCNEKMUSU 01 NOOANbUO20 800CKOHANEHHS MICOKUX
MPAHCROPMHUX CUCTHEM WTIAXOM IHme2payii aneopummie MAUUHHO20 HAGYAHHS MA AHANI3Y BEIUKUX OAHUX, WO 003605€
8paxo8ysamu CKIaOHy NOBEOIHKY YYACHUKIB O0pOdICHb020 pyxy. Bnpoeadocenna mooeneii TMO ¢ ITC cnpuse
RIOBUWYEHHIO eheKMUBHOCTNI MPAHCROPMHUX Mepedic, 3a0e3neyylouu CmilKuil po3eUmoK MicbKoi ingpacmpykmypu.
3anpononosani nioxoou € yHi6epcarbHUMU Ma MOACYMb OYmMu 3ACMOCO8aHi O SUPIUWEHHS AKMYalbHUX npooiem
MODIILHOCMI 8 YMOBAX CYHACHUX MICOKUX A21OMEPayill.

Kntouosi cnosa: Moodenosanus mpancnopmuux NOmMOKIG, meopis Maco8020 00CIY208Y8AHHS, IHMENEKMYalbHI
MPAHCROPMHI  cucmemuy, OUHAMIKA DPYXY, ONMUMI3AYIs MPAHCHOPMHUX NOMOKI8, adanmueHe YHPAGNiHHA, MICbKa
MObIbHICMYb, MameMamuine MoOe08AHHSA, MPAHCNOPIMHA IHGPACMPYKIMYPA, 3HUICEHHS 3AMOPIE.
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INPOEKTYBAHHA ITPUJIAY BUMIPIOBAHHSA TEMIIEPATYPU TATPOHY

Anomayin. Poboma npucesyena axmyanibHid memamuyi NPOEKMYBAHHA MA GUSOMOGNEHHA MOOIIbHUX,
HOPMAMUBHUX, EPSOHOMIYHUX MA MOYHUX NPUNAOi6 015 BUMIPIOBANHS 30YPIOIOYUX CMOPOHHIX (akmopis (30Kkpema
memnepamypu nampony), AKi 6e33anepeyHo i Cymmeeo GnIueaioms Ha MOYHICMb GUKOHAHMS BIICLKOBO20 3A80aHMS, a4
came cuaunepcvkoi cmpinbbu. Mema cmammi noaseac 6 cmeopenti npunady UMIPIOGAHHS MeMnepamypu nampomy,
SAKULL 300080IbHAE NEGHUM CXEMOMEXHIYHUM, KOHCHPYKMOPCOKUM MdA MEXHON0IYHUM NApAMEempam, GUSOMOBIIeHHS.
npomomuny eupooby, anpooayis 8 ymoeax eKCniyamayii ma Haiazo0dicenHs npoyecy 3oupanns. B mamepiani cmammi
00CIONHCEHO 6NIUE MEMNepamypu NAMPOHY HA SKICHI XAPAKMepUCMuKU npoyecy CmpiibOu, 30Kpema npu 3MiHi
memnepamypu 3apady i noimps Ha 00HAKOBY GeNUYUHY, OVIO OMPUMAHO BUCHOBOK, WO 30IIbUWEHHS meMnepamypu
3aps0y nampoua i nosimps Cnpusiomy He3HAYHOMY 30LIbUEHHIO MPUBANIOCI Jlemy KVl ma ii KiHyegoi weuoxkocmi, ane
cymmegomy 30invuenHio oanvrHocmi ii nemy. Hageoeno ceomempuune oghpopmients npucmporo, a came 0yio cmeopeHo
06a eapiaHmu KOHCMPYKMUBHO20 BUKOHAHHA NOPMAMUBHO2O0 NPUCMPOIO GUMIDIOBAHH MEMnepamypu nampoHy 6
3anedxncHocmi 8i0 uKopucmanozo eapianmy inoukamopa. Ilowa eupodie pisnumuscs Oinbuie Hidc y 08a pasu, JiHIUHI
po3mipu cmanosasimo 103x55 mmxmm ma 54x39 mmxmm npu maudice 00HAKOGITl BUCOMI 20MOB020 BUPOGY, WO 3YMOBIEHO
BUKOPUCMAHHAM DIZHUX MUNIE [HOUKAmMopis i, 8i0n08iOHO, HEOOXIOHOCMI JHCUBNEHHS PISHUMU HOMIHANAMU HANPY2U
eleMeHMig JHCUBNEHHs. 3anpOnoHO8aAHi NPOMOMUNY NPULAOY BUMIPIOBANHHS MEMNEPAMYPU NAMPOHY, AKI 3A0080bHAIOMb
NeBHUM CXeMOMEXHIYHUM, KOHCMPYKMOPCLKUM MA MEXHOIO2IYHUM Napamempam, 0e3nocepeoHbo 8U20mosneHo OpioHi
napmii’ 6upobie 080X pi3HOBUOIB, NepedaHo HA anpodayilo 6 YMo8ax excnayamayii ma 30iliCHeHO NepeuHHe
Hana2o0dicentsi npoyecy 30upanus. 3a pe3yibmamamu mecmogux 6UnpoOO8YEaHs CKOPe2o8aHO NAHYIOSU NOCMAYAHHS
CKa008UX, KOHCMPYKYil0 npunady i mexuonoeii 36upauns. Jo nepcnekmus ROOAnbWux po36i0oK clio eionecmu
HeobXiOHicmb Oinbwl OemanvbHOi NpopoOKU NUMaHb OYIHKU NORUMY HA 20MO06I GUPoOY, OUHAMIKU HOMEHKIAmypu
BIOKpUMO20 NPOOAdNCy CKAAO0BUX, NAPAMEMPIE MEXHON02IYHO20 npoyecy 30uUpanHs ma 3’SACY8AHHA GUMPAm Ha
BUPOOHUYMBO | PUHKOBOI 6apmocmi npuiady, OCKiIbKU 3a3HAYeHA OISLIbHICMb HOCUMb [HHOBAYIUHUL, IHiYiamusHull ma
60JIOHMEPCLKULL Xapaxmep.

Kniwouosi cnosa: nampon, 8UMIpioganHs memnepamypu, npuiad, NPoEKMYSaHHs, IHOUKamop, oewudpamop,
KOMNOHOBKA, 2e0MEMPUYHi pO3MIpU, NauKad, 30Upanis, 6U2OMOGIEHHS, MeCY8aHHS, GUPOOHUYNBO

AkTtyanbHicTb. Ockinbkn B YKpaiHi iJe NOBHOMacumITabHa BiffHA 1 MOCTYIOBO
HAJIarO/KY€ThCSl BUPOOHULITBO PI3HUX THIIIB 030pPOEHD, TO IPOEKTYBAHHS, pO3p00Ka, BUTOTOBIICHHS,
BJJOCKOHAJICHHSI KOHCTPYKIIIH 1 BiTHAJIArO/XKEHHS BUPOOHULITBA 3a3HAYEHOT0 030POEHHS 1 CYIMyTHIX
IpUiIaaiB s HbOTO, OPIEHTOBAHE HA AHTPOIOMETPIIO, €PrOHOMIKY Ta MOTPEeOM BiWCHKOBHUX, €
aKTYaJIbHOIO 1 Iy’K€ BaXKIMBOIO 33a4€lO.
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AHaJi3 ocTaHHiX AociaigxeHb Ta myoOmaikamiii. Comix 3ayBAKUTH, 110 icHye JlyKe BeNKa
KUTBKICTh 30BHIIIHIX ()akTOpiB (TemmepaTypa, IIBUAKICTH 1 HampsM BITPY, peibed MicLEeBOCTI,
BiJICTaHb, BOJIOTICTb , TOIIO), sIKi ICTOTHO BIUIMBAIOTh HA MIBUJIKICTH KYJIi, I TPAEKTOPIIO, BIYyYHICTh
CTPUIBOM TOINO, IO 3yMOBIIOE HEOOXIJHICTh BUKOHYBATH I1€BHI BUMIPIOBAHHS IEpe] MOYATKOM
BUKOHAHHS NIEBHOI MICii 3 BAKOPHCTAHHIM BiJIIIOBITHOTO 030PO€HHS.

B po6oti [1] mociimkeHO BIUIMB BHCOKOI TeMIIEpaTypu, BUCOKOI'O THUCKY Ta CHUJIBHOI CHIIH
CTpyMy Ha HE3BOPOTHI Ta KyMYJSTHBHI CTPYKTYpHI HOIIKO/DKEHHS Ha MOBEPXHI BHYTPILIHHOTO
KaHay JUIsl TyCKOBOT YCTAHOBKU CHApsYy.

3niicHeHHH TepMIYHMU aHalli3 yAapy CHapsga Ta JOCTKEHE IOJAajblle 3TOPSHHSA Ul
AJIFOMIHIEBUX CHApSIiB 3 BUKOPUCTAHHAM BHCOKOIIBUAKICHOI CUCTEMH YAApHOTO 3alajioBaHHs B
po0oTi [2] miATBEpAKY€E aKTyalbHICTh MPOBEICHHS JOCTIKEHb Y 00paHOMY HalpsiMKY.

Jnst niamna3oHy HIBUAKOCTEH CHApsLy IPOBEJCHO TECTYBaHHS 3allPOIIOHOBAHMX MAaTEMAaTHYHUX
Mojeneit [3] B MOpiBHSAHHI 3 €KCIIEPUMEHTATbHUMH BUMIPIOBAHHSAMHU BTpaT €HEPTii Ipu MpsSMHUX
pO3paxyHKax TajbMIBHOI 3/aTHOCTI MPH IMO€JHAHHI PEaKUiii OAHOPITHOTO ENEKTPOHHOTO rasy 3i
3B’SI3aHUMHU €JIEKTPOHAMHU.

PoGota [4] npucssiuena BUIIpOOOBYBaHHAM Ha T1NEPIIBUAKICHUN yAap alIOMIHIEBUX CHAPSIIB,
0 BPi3alOThCSl B aJIOMIiHI€BI MIAacTUHU. J{OCHIIPKEHO CIEKTPH HAIIIBUIKICHOI XMapu BHUKHIY,
HEPIBHOMIPHICTh TEMIEPATypU YaCTUHOK XMapH BUKHU/Y Ta iX BIUIMB HAa TCHJEHIIIO 3MillleHH: B 01K
HaMBHILOT TeMIepaTypu BUOYXy CHapsLy.

JlocnipkeHuit MaTeMaTHUHUil amapatr poOotu [5] mpu3HAaYeHUH Ui 3’SACyBaHHS BIUTUBY
30ypIOIOYHX ITapaMeTpiB TaKHX, SIK TeMIIepaTypa, TUCK Ta HasIBHICTh NEpPEeBaHTAKEHb HA MapaMeTpu
CHapsiAy MiJl 4ac MOCTPLIy.

B po6oti [6] 3anpormoHOBaHa HOBa CHUCTEMa BUMIPIOBAHHS TOJIOKEHHS CHapsiia B CUCTEMI
IIBUJIKOTO BOTHIO €JEKTPOMArHiTHOTO 3allyCKy, KOJIM JIBa CHapsgd pPO3MILIYIOTBCS B
€JIEKTPOMArHiTHOMY ITyCKOBOMY KaHaJll IIBUIKOTO BOTHIO, OJJMH B OCHOBHOMY IPUCKOPIOBATBHOMY
CerMEHTI, a IHIIMM B CErMEHTI MOMepeaHbOro 3apsypkaHHi. OCHOBHUM € JOCSTHEHHS KIIFOYOBOT
no3ulii IpyruM CHapsoM B OCHOBHOMY CEIMEHTI HPUCKOPEHHS NPU HasBHOCTI 3aBaKalOUMX
(baxTopis.

Pi3HOMaHITTS METOJIB MOCIIPKEHb KIHETHYHUX YIapiB IJS PENPE3eHTATUBHUX 00’ €KTIB Y
MIEBHUX YMOB HaBeJeHO y poOoTi [7]. OcobnuBa yBara nmpuaiieHa TOCHIIKCHHIM 3 MIIICHSIMH Bijl
JELUMETPOBOTO 10 METPOBOTIO PO3MIpiB B €KCIIEPUMEHTaX 3 yAapaMH MOPOXOBOIO rapMaTolo Ha
MIBUJIKOCTAX ~2 KM/C, JONMOBHEHUX EKCHEPUMEHTaMH MEHIIOro MacumTaldy 3 BUKOPUCTAHHSAM
BEPTUKAJIBHOT CTPLIBOH.

B poGori [8] Bu3HAueHO eHeprio acuMeTpii SK HAHOLIBIIOro JKepesia HEBU3HAUYEHOCTI B
PIBHSHHI CTaHy 00’ €KTa .

3anpornoHoBaHuii B [9] HOBUI METO BUMIPIOBAHHS TPAEKTOPIl MOJIBOTY CHAPs/IAa CIIUPAETHCS
Ha OJHOYACHE MOPIBHAHHS IIBUIKOCTI Ta MOJIOKEHHS JOCTIIHOTO 3pa3Ka 3a MEBHOIO METOIAMKOIO.
Toyku mnepeTuHy OTPHUMYBAJIUCh BHUMIPIOBAHHAM Yacy, KOJHM CHapsj HpPOXOJUB uepe3 KOKeH
CBITJIOBUI €KpaH.

[TpuBeneni B [10] mocmijkeHHS aHANi3yIOTh BIUIMB TEMIIEPATypud Ha PUKOIIET KyJIbOBUX
CHaps/IiB 3a JIOTIOMOTOI0 EKCIIEPHUMEHTIB 1 METO/AY KIHLIEBUX EJIEMEHTIB IIJISIXOM BUMIPIOBAHHS
HaMpyTH 3CYBY Ta KyTa BHYTPIIIHBOTO TEPTs, KOJIU TeMIIepaTypa CHAPSILY MiJBUILY€ETHCS.

Po3paxyHkn KUIBKOCTI eHeprii B MilleHi, sika Oyna po3cisHa IUIACTHYHOIO Ta/abo
B’SI3KONPY’KHOIO Jedopmartieto, npuezeHi B [11]. Po3rasHyTo B3aeMoito cHapsa 3 mMarepiajJoM
MiIIeHI, KOJIM KIHETHYHA EHEpris cHapsaga MepexOJuTh y NPYKHY 1 IJIAaCTUYHY JedopMalliio, K
caMoro cHapsay, Tak i MaTepiany MilleHi. 3a IOIOMOr0k0 TeIUIoBi30py Ta [Y-BieokaMepu OTpUMaHO
PO3MO/ILT TEMIIEpaTypH MaTepialy MillleHi (SK Ha TOpIl, TaK 1 Ha 3aHii MOBEpXHi).

Yepe3 naBHUHOMOAIOHY IIBHUIKICTH MOSBHM HOBITHIX 030pO€Hb PI3HHMX CTAaHJApTIB Ta KpaiH
MOXO/DKEHHS MIJHANAro/DKEHHS Ta JOCHDKEHHA e(EeKTUBHUX TEXHOJIOTIH 3aCTOCYBAaHHS
CYNPOBITHOTO CHOPS/KEHHS IJI CTPUTLOM (MATpOHIB) 3MIHCHIOETHCS OINEPATHBHO HAa MICIX 1
norpedye MOOITbHMX, MOPTaTUBHUX, €PrOHOMIYHMX Ta TOYHHMX MpPHUJIAAiB JJIsl BUMIPIOBAHHS
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30ypIOIOYHMX CTOPOHHIX (PaKTOPIB, sIKi O€3amepeyHo i CYTTEBO BIUIMBAIOTH HA TOYHICTH BUKOHAHHS
BIICbKOBOT'O 3aBJIaHHSI.

Meta [OCIiIZKeHHSI TIOJIATa€ B CTBOPEHHI NMPWIAZy BUMIPIOBaHHS TEMIIEpaTypu MaTpPOHY,
SKHIA 3370BOJIBHSIE IEBHUM CXEMOTEXHIUHUM, KOHCTPYKTOPCHKUM Ta TEXHOJIOTTYHUM MapamMeTpam,
BUTOTOBJICHHS POTOTHUITY BUPOOY, arpoOariisi B yMoBax eKcIulyaTalii Ta BiIHAIaroyKeHHs MPOLECY
30UpaHHS.

Martepianu i MmeToau gocaizxennsi. Cepen ycix pi3HOBH/IIB 30ypIOIOYNX BIUTUBIB HA TOYHICTD
BUKOHAHHS BICHKOBOI 3a/1a4i CIijl BUIUJIUTH MOTOJHI YMOBH, SIK HAWOLIBII iCTOTHY CKIAIOBY, i
BU3HAYUTU HANOLIBII 1CTOTHUI (akTOp BIUIMBY, CIHMPAIOYMCh HA MPOBEAEHI JOCIIKCHHS
ICHYI0YOT'O CTaHy MUTaHHS.

Omip noBiTpst pyXoBi Tij (30BHIIIHA OalliCTHKa KyJb, MiH 1 CHapsiB) ONHUCYETHCS CHUIIOIO
1060Bor0 onopy y Burisiai [12]

R=2"" 0, (1), (1)

2 4 Vs
ae: R — cuia 1060BOro ONOpy MOBITPst; V' — MIBUIKICTH CHAPsIa, p — IyCTUHA NOBITPsL, Vg — mBHAKICTS
3BYKY B MOBITpI; d — KamiOp cHapsana, i — koediuieHT Gpopmu cHapsaa, Cy (V—) — eTaJoHHa (QYyHKIsA
s

71000BOTO OTIOPY.
Cuua 1060BOT0O OMOPY MOBITPSI ONUCYETHCS 3aTEKHICTIO

1000kd? 2000—2z
F;) = FVa (2)

g  2000+z

ne: k — 3HadeHHs (opMm-dakTopa; g — NPUCKOPEHHsS BUIBHOTO MaJiHHS Tia; Z — BEpTUKAJIbHA
KOOp/MHATA KYJIi B IOBUIbHUI MOMEHT 4acy, GyHkitist Fy, Mae pi3Hi hopmu 3anucy [uist HAI3ByKOBOT
Ta J03BYKOBOI IIBUIKOCTI KYJIi.

V 3aranbHOMY BUMAJIKy BETUYMHA CUIH JJOOOBOTO OMOPY MOBITPS PYXOBI KYJIi CTAHOBHUTD:

RO = cvpase (V)™ (12), G)

Vs

ne Cxy — KOeQIUIEHT aepoAMHAMIYHOCTI (GOpPMHU Kyli; p, — TyCTHHA MOBITpPS; Sy —
MaKCUMaJlbHa IJIOIIA MOTIEPEYHOro nepepisy KyJli INIOIUHO0, TEPIEHINKYISIPHOIO 10 HAMPIMKY ii
mBuakocti; V (t) — mBuaxicTs Kyl B IOBUTHHHI MOMEHT 4acy; 3HaUeHHS KOe(iIieHTIB Y; (i=1,2)
18;(i=1,2) € pisHumu 1ipu pyci KyJi 3 HAA3BYKOBOIO (i = 1) a00 103BYKOBOIO (i = 2) MIBUAKOCTAMH.
3anexHICTh IBUAKOCTI 3BYKY BiJl 3MIHM TeMII€paTypu MOBITPS MAa€ HACTYITHUM BUTIISA;
Cuua 1060BOTO OMOPY MOBITPSI ONUCYETHCS 3aTIEKHICTIO

kqRT,
N (4)
Ha
ne k,=1,4 — nokasuuk amiabatu a1 noBitps; R — yHiBepcanbHa rasoBa crama; T, —
abCoJIIOTHA TEMIIEPATY A TIOBITPSL; i, — YMOBHA MOJISIPHA Maca TOBITPsL.
BpaxoByroun piBHSIHHS I'yCTUHU peuoBuHH Ta KitalinepoHna-MeHieneeBa uis rasis, cuctemMa
nudepeHniadbHUX PIBHAHB Ui ONMMCAHHS JAWHAMIKU pyXy KyJii B MOBITpI miJ Ji€ro i Baru HaOyne
BUTJISAY:

205 (1+Y;+B;) 0,5(1+y;+8;)

(mx = —C"pv%j"x (xz +z ) mz = —mg e C"p“S"Z (x +z ) , Q)

3 BpaxyBaHHAM CHJIM JIOOOBOTO ONOpPY MOBITPS IpH p03TamyBaHHi MOYaTKy BIJUIIKY CHCTEMH

koopauHaT Oxz B Toulll BHIBOTY Kyii. Bick OX J€XUTh B TOPH30HTI 30poi Ta CKEpOBYETHCS B
HanpsAMKY MillleHi, a Bicb Oz — BEpTUKAIBHO Bropy BiJl LIEHTPY 3eMIIL.

No. 2 (2024) Information Technologies in Economics and Environmental Sciences 57




Computer Engineering Smolij V., Shepeleva M., Smolij N., Shepelev N.

[TouatkoBi ymoBH 1S (5) MalOTh BUTJISIT
x(0) =0, x(0) = VycosOy, z(0) =0, z(0) = Vysinb,, (6)

ne Vp— mouatkoBa MBUIKICTE Kyii; 6y — KyT BUCTPLIOBAHHSI.

KinemaTnuHi mnapameTpu pyxy Kyjdl BH3HAUYalOThCS 3MIHOIO TeMIepaTypu IMOBITpS Ta
6e3rmocepeIHbO €TalloM HaJI3BYKOBOI 1 J03BYKOBOI IIBUKOCTI KYJII.

3MiHa TeMIIepaTypH 3apsy MaTpOHA BIUIMBAE€ HA BEIMYUHY TYJIBHOI MIBUAKOCTI Ky, sKa
3MiHIO€TBCS B inTepBati 790m/c < V; <850 m/c, 110 BiamoBinae 3MiHi TeMIeparypu 3apsy naTpoHa
B Mexax -25 °C < tg,, < 35°C.

Amnanizytoun TaOyJIbOBaHI 3HAYEHHS TOPU3OHTAIBHOTO 3MILIEHHS KyJi BHACHIAOK 3MiHU
TeMIepaTypy TUIBKH 3apsily MaTpoHa ado TUIBKU MOBITPs, 3p00JIEHO y3arajibHEHHS, IIO:

- BEJIMYMHA TEeMIIepaTypu 3apsay HaTpoHa, MEpeBakaroud, HDK TeMIepaTypa MOBITps,
BIUIMBA€ HAa KIHEMaTHYHI MapaMeTpu pyxXy KyJii mpH cTpins6i Ha Biggans 10 600 meTpis;

- mpu cTpinb6i Ha Biggans 700 — 900 MeTpiB BILTMBY TEMIIEpaTypH 3apsy 1 MOBITPS HA pyX
KyJIi Maii>ke TOTOXHI;

- mpu cTpinbOi Ha Biggane O6inemry 900 MeTpiB mepeBakatouuM BIUTUBOM Ha KiHEMATUKY
PYXY KyJli CTae TeMIepaTypa MnoBiTpsl.

JlOCHiKYI0UM 3MILIEHHS TOYKM OOHYIIHHS TPAeKTOpii pyXy KyJi HpU 3MiHI TemmepaTypu
3apsily 1 MOBITPS HA OJIHAKOBY BEJIMUYUHY, OyJI0O OTPUMaHO BUCHOBOK, 110 30UIbIIICHHS TEMIIEpaTypu
3apsily MaTpoHa i MOBITPS CIIPHUSIOTh HE3HAYHOMY 301JIBIIICHHIO TPUBAJIOCTI JIETY KyJIi Ta i KIHI[eBOi
IIBUJKOCTI, aje CYTTEBOMY COUIBIIEHHIO HaNbHOCTI ii jery. ToOTo omepaTuBHE MOCIIIHKEHHS
(aHami3, BUMIPIOBAaHHS) TEMIIEPATypH NATPOHY € AaKTYaJIbHOIO 1 JyXK€ Ba)KIMBOIO OINEPATHBHOIO
3aJayuero, sika MOBHMHHA BUPILIYBATUCH Iy’K€ IIBUIKO 3 JOMOMOTOK MOPTATUBHOIO MpUIALy 3
CHEPrOHE3aJIC)KHUM JKEPEIOM JKUBJICHHS, KU MMOBHHEH MaTH MIHIMAJIbHO MOXJIMBI pO3MipH Ta
MaKCUMAaJIbHO ITPOCTE KOHCTPYKTUBHE BUKOHAHHS. [Ipriiag Moxxe OyTH HOCUMUM Ha KapabiHi y Oy/ib-
SIKOMY 3pYyYHOMY MICIII aMyHIIIi1, MOXJIUB1 BapiaHTH Oe3nepeOiifHOro KuBIeHHS, 800 OTpUMaHHS (3
MiHIMaJIbHUM YacOM 1HEpLiHHOCTI BKIIOUEHHS ) JaHUX MPO TeMIepaTypy HaTpoHy MPH BMHUKAHHI 32
notpeOu. BUHUKaIOTh MUTAaHHS KOHCTPYKTUBHOTO O(POPMIICHHS, SIKI BU3HAYAIOTHCSI BUKOPUCTAHUMU
eJleMeHTaMu iHAuKaii, OG0B’ I3K0BO CIIij1 BpaXyBaTH IHTEHCHUBHICTb CBITJIOBUIIPOMIHIOBaHHS (4epe3
BUMOTH O€3MeKH), OCKUIbKM 3aHaATO sICKpaBe (KOJIbOPOBE, IHTEHCUBHE, pI3HOOApBHE
BUIIPOMIHIOBaHHS) MOXKE MaTH JIeMacKyloui BJIacTUBOCTi, OyTH HeOe3[eYHHUM 1 MPHU3BECTU 10
HEraTUBHUX Ta TPariyHUX HACIIJIKIB.

MoxJnMBi BapiaHTH, KOJIM JOCSTAIOTHCA MiHIMalbHI MacorabapuTHI TOKa3HUKH BHPOOY
3a3BHYail CyNpOBOKYIOTHCS HEOOX1THICTIO BAKOPHCTOBYBATH O1JIbII OTYKHI JKepesia )KUBICHHS,
a OuTpIIl 3a pPO3MipaMH BapiaHTH KOHTCPYKTHMBHOTO BHUKOHAHHS OOYMOBIIOIOTH MOJKJIHBICTh
BUKOPHUCTATHU JIXKEepesia eHepril MEHIIIO1 MOTYKHOCTI. BUXia MOXIHBHI TOCTITUTH OOUIBOE BapiaHTIB
KOHCTPYKTHBHOT'O BUKOHAHHS MPHUCTPOIB BUMIipIOBaHHS TemnepaTypu. CpoeKTyBaTH, BUTOTOBUTH
Ta TPOTECTYBAaTH TOTOBI PI3HOBUAM BHUPOOIB y peasbHUX ymoBax. CHuparoduch Ha BIATYKH
KOPUCTYBayiB,  pO3paxyHKHM IOKAa3HMKIB  TEXHOJOTIYHOCTI Ta  aHaji3  EKOHOMIYHHX,
AHTPOIIOMETPUYHMX Ta Ha/IHHICHUX MOKAa3HUKIB, MOYKHA OI[IHUTU KOKEH 3 BUTOTOBJICHUX BapiaHTIB
BUpOOy, 3a TOTpeOM CKOperyBaTH BapiaHT KOHCTPYKTHBHOI peaiisauii, JoxaTu/mpulparu
¢dyHKLiOHaM a00 aCOPTUMEHT JJIs MOJANBIIOr0 BUTOTOBJIECHHS, a00 (32 HAsABHOCTI Oe3amnepeyHux
nepeBar/HeI0IKiB) 3yMMHUTUCH Ha OJTHOMY BapiaHTi KOHCTPYKTUBHOTO BUKOHAHHS MIPUJIALY.

PesyabTaTn gociaigxkeHHsi Ta ix oOroBopeHHsi. Peamizamis npuiagiB MoOXIJIMBa Ha
PIAKOKpHUCTANIYHUX 200 CBITIOMIOJHUX CEMHUCETMEHTHUX 1HIMKATOpax 3 BIAMOBIJHOI KUIBKICTIO
po3psaiB. IlepeBaramu piAKOKPUCTAIMYHUX I1HAMKATOPIB B 3a3HAYCHHUX INPUCTPOAX € podoya
Hanipyra y 3B (HHM3bKE €HEpProXMBICHHS), HEBENUKUH pO3Mip eleMeHTy(iB) KHMBICHHS Ta
JOBIOTPUBAJIMIA TEPMiH eKCIUTyaTallii 0e3 00CIyroByBaHHs (3aMiHM) CKJIaJ0BUX. biouyHuil mpuHIMIT
KOHCTPYIOBaHHSI 00YMOBJIEHUI BUMOTaMU OPTaTUBHOCTI CTBOPIOBAHOTO MPHJIAAY Ta OpraHi3ali€ro
CTaTUYHOI CHCTEMH YHIPABIIHHA PIAKOKPUCTATIYHUM CEMUCETMEHTHHUM I1HAMKATOPOM Ha MEBHY
KUIBKICTh po3psziB. YOTHPHOX, HABITh TPHOX, 3HAKOBUX PO3PsiB, Oy/ae AOCTaTHBO I MOTPiIOHOT
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iHAMKaLii TemnepaTypH, Jie KOXKE€H CerMeHT Mae CBii BuxiA. KibKIiCTh pO3psiliiB BH3HAYAETHCS
HasBHOIO €JIEMEHTHOI0 0a3010, OCKIIBKM BUPOOHHUITBO MpALIO€ HAa MOKYMHHX CKJIAaJOBHX, SKI
3aMOBJISIFOTHCS 3 1HIIMX KpaiH, OCKUIBKHM a)KI0TKHUM MOMUT 1 oOMEXeHa MPOMO3HILis PUHKY HE
MOBUHHA 3yNUHATH BHPOOHUITBO 1 3ynuHATH 3ale3nedeHHss noTped BiiicbkoBux. Bin
CXEMOTEXHIYHMX 1 KOHCTPYKTMBHUX OCOOJMBOCTEH HAsABHHUX JO MNpHUAOAHHA i1HAMUKATOPIB,
OOMpaETbC KOHCTPYKTHBHA peaiizallisi Hpuiagy, 30KpeMa pO3MIpH 1 BaplaHTH KOHCTPYKIIT
npuctporo. Ilpomec 30upaHHsS 1 TEXHOJOTIYHICTH 3a0e3MedyloThCsi CyO’€KTHBHUM (DaKTOPOM,
30KpeMa JOCBiZIOM 1 HasBHUMH HAaBUYKAaMH MPALiBHUKIB - 30MpanbHUKIB. CIif 3ayBaXUTH Ta
HiAKPECINUTH, 10 CKIaJajbHI omeparii (BiAMOBIIHO TEXHIKO-TEXHOJOIYHA peaizalis Mpuiany)
MOBHMHHI OyTH MPOCTi 1 3p03yMiNi HaBiTh A7 HedaxiBls, abu B OyIb-IKHX yMOBax 3a0e3lnedyuTu
Oe3nepepBHUI1 BUITYCK TOTOBOT IPOTYKIIii a00 30MpaHHs 3aMOBIJIEHOI KITBKOCTI OIMHUIb BUPOOY 115t
nepeaayi y MeBHUM MiAPO31ia HAa MeBHUM MOMeHT yacy. Bukopuctanus TN mo3uTUBHOI MaTpuli
PIAKOKPUCTANIYHUX 1HIMKATOPIB 3 BIJNOBITHOIO KIJIBKICTIO CErMEHTIB 31 CTaTMYHOIO CXEMOIO
KepyBaHHS 3yMOBIIIOE TeoMeTpuyHi napamerpu auciero 50,8x30,5x2,8 MMXMMXMM, II0 B CBOIO
Yepry 3yMOBIIIO€ 3HaYH1 y MOPIBHSAHHI 13 CBITJIOI0AHUMHY 1HIUKATOPaMHU PO3MipH TOTOBOTO BUPOOY,
ane 3B pobGoua Hampyra, mo 3a0e3medyeThcsl OJHUM E€JIEMEHTOM JKUBJICHHS JOBTOTPUBAIION
eKCIUTyaTalii Jae Oes3amepeuHe NpaBO Ha KUTTA poOoyoi Bepcii mnpunany. TpupospsaHi
CEMHUCETMEHTHI CBITIIOMIO/HI 1HAMKATOPH MAIOTh MEHIII PO3MIpH JJisi TUHAMIYHOI 1HIWKAMii 3a
CXEMOIO 13 3araJbHUM aHOOM. Y Talu1. 1 HaBeJeHO eNEeKTPUYHI MapaMeTpH 3a3HaYeHUX 1HIUKATOPIB
MIEBHOT'O KOJILOPY 3 YOpHUM (oHoM. ["'abaputu kopiycy craHoBIATh 30,1x16,0x7,0 MMXMMXMM, 110
3YMOBJIIO€ MEHIIII PO3MipHU TOTOBOTO BUPOOY, ajie moTpelye OUIbII MOTYKHHUX €JIEMEHTIB )KUBJICHHS.

Tabauys 1 — Abcontomui MaKCumManbhi napamempu cemMuceeMeHmHux c8imuo0io0HUx iIHOUKamopie
npu memnepamypi Ta=25 C

Super Super | High Yellow | Yellow | Blue Pure White
ITEM Amber UNIT
green red red green green
Power Dissipation
52 50 40 36 44 42 66 66 66 mW
(Pd)
Peak Forward Current
‘ 100 100 100 100 100 100 100 100 100 mA
(Ifp)
Continuous Forward
20 20 20 20 20 20 20 20 20 mA
Current(If)
Reverse Voltage
5 5 5 5 5 5 5 5 5 \Y
(Vr)
Reverse Current(Ir) 20 20 20 20 20 20 20 20 20 Ua
Operating Temperature
-35~+85 C
Range(Ta)
Storage Temperature
¢ P -35~+85 C
Range(Tstg)
Lead Solder
260C for 3 sec
Temperature

beszanepeunnM (akToMm € Te, [0 OCHOBHOKO (DYHKIII€I0 3a3HAYCHOTO MPHIAAY € IHAMKALlis
BUMIpSIHOT TemmepaTypu narpoHy. OCHOBHUM KOHCTPYKTMBHHM €JIEMEHTOM, IO BiJNOBIJTAE 3a
IHAMKaLil0 € ceMecerMeHTHHH iHgukaTop. Cepen BapiaHTIB KOHCTPYKTHBHOIO BHUKOHAHHS
3a3HaYeHOT0 NPUIIaTy, CIIiJl OCOOIUBY yBary 3BepHyTH Ha TPUPO3PSIHI 1HAUKATOPH, 110 OOYMOBIICHO
Jiara3oHOM BHMMIPIOBAaHMX TemmepaTyp. Takok iCTOTHHMH BIUIMB Ha KOHCTPYKTUBHE BHUKOHAHHS
npuiaxy Ma€ BapiaHt (pi3HOBHU/I) BUKOPUCTAHUX €JIEMEHTIB BUIIPOMIHIOBaHHS CBITIA.
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Cain BUIUIMTH J1Ba PI3HOBUIM €JIEMEHTIB 1HIUKAIi1, BIAMOBITHO KOHCTPYKTUBHE BUKOHAHHS,
KOHCTPYKTOPCHKa peaiizallis, OyIyTh 3aJeKaTi caMe BiJl HUX. PiIKOKpHCTamiYHMii CeMUCErMEHTHHIA
1HAMKATOp 3 HANPYTOIO JKUBICHHS 3 BOJBTH, HaWOUIBII PO3MOBCIOKCHUN AJIi BUKOPUCTAHHS Y
MOPTATUBHUX TNpWIAZaX 3 MAJIUM EHEProCHOKUBAaHHIM (OAHOTO MAJOBOJBTHOTO EJIEMEHTY
JKUBJICHHSI BUCTAUa€ Ha JIEKIJIbKA POKIB €KCIUTyaTallii mpuiaay), ToOTO MaeEMO JAi€31aTHUHN pUiaa B
«raps4oMy» pesepBi. € NEeBHI MO3UTHBHI OCOOJIMBOCTI BUKOPUCTAHHS MpHUJIaay Ha BIIKPHUTIN
MICIIEBOCTI Ta HETaTUBHI - Y TEMHUI Yac 100H.

Crin 3ayBakuTH, IO HEBHCOKA IHTEHCHBHICTH BUIIPOMIHIOBaHHSA 1 OaraTOpiuyHHM TEpMiH
BUKOPUCTAHHS OJHOTO €JIEMEHTY JXKHBJIGHHS MEpIIUX pI3HOBUAIB MPHJIAAIB TapHO BiANOBiAA€E
KOHIIETILii BUKOPUCTAHHA Y PI3HUX 30BHIIIHIX yMOBax. BUKOpHCTaHHS CBITIOMI0IHOTO 1HIUKATOPA
JI03BOJISIE OTPUMATH 1HIUKALII0 TeMIepaTypy MaTpoHy y OyIb-sIKHi yac J0OH y MEeBHOMY KOJbODI,
asie MoTpiOHe OLTBIN MOTY)XKHE JKEPENio KUBJICHHS. B TOl ke yac € 0coOIMBOCTI BUKOPHUCTAHHS
npuiasy Ha BIAKPUTIH MiCHIEBOCTI 1 B TEMHHI 4ac 700M yepe3 HeOOXiAHICTh

SIKII0 BUKOPUCTATU B SKOCT1 TPUPO3PSIIHOTO CEMUCETMEHTHOTO 1HUKATOPY CBITJIOAIOAM, TO
Ma€eMO 3a3HA4€HI BUILE NIEpeBary, ajie Harpyra >KUBJICHHS CTaHOBUTUME 5B, ToOTO moTpiOHe OibI
NOTYXHE (MOXJIMBO OUIBIIOrO poO3Mipy Ta MEHIIOr0 TEPMiHY MNPHUAATHOCTI). 3a3HaueHuil (akt
3YMOBJIIO€ HEOOX1IHICTh BUKOPUCTaHHS BMHKaya, 10 3yMOBHUTH 30€peXKEHHS PECypCy €JIEeMEHTY
JKUBJIGHHS Ta 3a0€3Me4YnTh TPUBAJIC BUKOPHCTAHHS B aBTOHOMHOMY PEXHMI, 110 aKTyalbHO IPH
BUKOHAHHS BIHCHKOBUX crenu(piyHuX 1 BIANOBiAaIbHUX 3aBlIaHb. B ToOW ke dac 3arajibHa
KOHCTPYKIIig KOPITyCy npuiany Oyne noTpedyBaTH J101aTKOBUX MpaleBUTPaAT Ta 00IalHAaHHS Yepes
HEOOXIHICTh «TOHKOI» pOoOOTH 111010 IHTETpalii epeMuKaya Ha JUIbOBY MaHENb IPUIaTy.

Hageneni po6oui aiama3oHu Temreparyp eJIeMEeHTHOI 0a3u T03BOJISIOTh OTPUMATH aJeKBaTHI
JaHl MO0  BUMIpIOBaHOI  TeMmreparypu  0e3  OyOp-SKMX  JIOAATKOBHX  CJIEMEHTIB
00IrpiBY/0XO0JIOIKEHHS, 1110 3HAYHO CIIPOILIY€E KOHCTPYKIIiO 1 6€31mocepeIHbO MPOLEC BUTOTOBICHHS.
CxeMy BKIIFOUEHHS OJTHOTO CBITJIONIOAA (CErMEHTa) HaBeIeHo Ha puc. 1, a.

Konu kmou SA1 3amkHeHuit, ctpym Big mxepena Exus = +5 B mpoxoauts uepes cBITI0A10/,
BUKJIMKAIOYH HOT0 BUIIPOMIHIOBaHHS. Pe3uCTOp, KMl BKIIFOYEHO MOCIIOBHO, 0OMEKY€E CTPYM 0
piBHS, 110 BUKJIMKAE 3aMaliOBaHHA CBITJIOAiIoNa. be3 pe3ucropa, mo oOMexXye CTPyM, CBITIONION
MOJKe BUUTH 3 J1any. Ha BUBoIax CBITIOI0/1B ITiJ] YaC BUMPOMIHIOBAHHS 3’ IBISIETbCS HanpyTa: Uvp.
e, Hanpukag, (1,7...2) B. Sk i Oyap-skuii Ai01, CBITIOAI0A YyTIUBUI 10 TOJISPHOCTI MPUKIAICHOT
Hanpyru. 11{o6 BiH OyB yBIMKHYTHI y TpssMOMY HanpsMKy, katos (K) moBuHeHn OyTu miakiItoueHUN
710 BiJI’EMHOTO TIOJIFOCA JKEpelia KUBJICHHS (3eMJIi), a aHo[ (A) — 10 HOTO 10AaTHOTO MOJIIOCA.

KoHCTpyK1il0 CeMUCErMEHTHOTO 1HAMKATOpa Ha CBITIONI0/1aX HaBeJeHO Ha puc. 1, 6. Koxen
CerMeHT (BiA a 10 g) Ma€ CBITIOAION Ta JiH3Y, IO (OKYCye BUIPOMIHIOBaHHA. AHOIM YCIX
CBITJIOZIO/IB 3’€IHAHO Pa30oM 1 MIAKIIOYEHO 3 MPaBOi CTOPOHU IHAMKATOPA O OJHOTO BHUBOAY —
cuitbHoro aHonxy (CA). Katomum KOXXKHOTO CBITJIOJiOA TOB’S3aHO 13 30BHINIHIMH BHUBOJAMH,
MO3HAYCHUMHU a, b, c,... g. lnaukatop (puc. 1, 6) HaNEKHUTHh JO CEMHCETMEHTHHUX CBITIOHIOTHUX
imaukatopiB i3 CA. € iHguKaTtopu 31 CHOUIBHUM KaTOJOM, BUKOPHCTAHHS SIKHX MOMJIHBE 1
00yMOBJIEHE HASBHICTIO Y POJAXYy (BUIBHHUM JOCTYII 10 NPUI0aHHA) Y BIAMOBIAHUX KUIBKOCTSIX.

: ‘{@” - 5
VD’/ i oy Q ¥ pc | < J b b
R1 3 a . )
+ Easwa - Z [ eimen ¥ | 2] % - ,_;—C;,)ﬁn' |
EULEY 4 — €
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Pucynox 1 — Cemuceemenmuuil iHOUKamop Ha c8imuo0iooax
Ha puc. 1, ¢ moka3aHo KepyBaHHsS CETMEHTaMHU IHIMKAaTOpa 3a JOIMOMOIOK MEXaHIYHUX
nepemukadiB. [1ix yac 3amukanns ogHoro 3 kio4iB SA1...SA7 ctpym Bix Exus = +5 B mpoxoauts:
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yepe3 o0paHuil cerMeHT, OOMEKYBaJIbHUNA PE3UCTOP 1 3aMKHEH1 KOHTAKTH IepeMUKaya — Ha 3eMJIIO:
(—ExuB). Y 1poMy pasi oOpaHuil cerMeHT Oy/ie CBITUTHUCS (BUIIPOMIHIOBATH). SIKIII0, HAIIPUKIIA, MU
Oa)kaeMO OTpUMATH Ha 1HAMKATOPI AECATKOBY LU(PY 7, TO HE0OXiTHO 3aMKHYTH Kitoui SA1, SA2 i
SA3, mo0 BUNPOMIHIOBAJIM CEIMEHTH a4, b 1 c. Skumo GaxkaeMo oTpumaTu LUppy S5, HEOOXiAHO
3amkHyTH K1roui SA1, SA3, SA4, SA6 1 SA7, 1m0 3a3eMITIOIOTH KaTOJU CETMEHTIB 4, ¢, d, f1g. BapTo
3BEpHYTH yBary, 10 y cBiTiofiogHoMy iHaumkaropi 31 CA I akTHBi3alii CerMeHTIB HE0O0XiTHO
MOJIaTH TIOTEHITian 3eMili (JIOT1YHUN HYTIb).

Jlnst kKepyBaHHSI pOOOTOIO 1HIUKATOpa HA pUC. 1, 6 BUKOPUCTOBYIOThCS KEPYIOUi CUTHAJIH, 110
dopmyrotecst  pemmmdpatopom BCD-komy y ceMHCErMEHTHHMH KOA. 300pakeHHS TaKOro
aemrdpaTopa Ha €NEeKTPUYHHX cxeMax (puc. 2, @) 1 Horo miKIIOUEHHS J0 CEMHCErMEHTHOIO
CBITJIOZIOTHOTO 1HIMKATOPA 31 CLILHUM aHOJOM (puc. 2, 0).
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Pucynox 2 — Jlewugppamop BCD-x00y y cemuceemeHmuuii KoO:
a — No3HawenHs, 6 — NPUKIA0 NiOKIOYEeHHS 00 THOUKAmMopa

Sk pemmgparopu BCD-Kkogy y ceMUCErMEHTHUI MOKYTh BUKOPUCTOBYBATHUCS PI3HOMAaHITHI
Mikpocxemu. Bukopucrana B qanomy npuctpoi, IMC K5141/12, no3HaueHHs K01 AaHO Ha puUc. 2,
a, Ma€ BIIKPUTI KOJEKTOPHI BUXOAM 1 BUKOPUCTOBYETHCS Pa3oM 3 IHAMKATOpaMH, IO MalOTh
CHIUIBHUM aHOA. Y IIbOMY pa3i MOTPiIOHO 3aCTOCYBaHHS 30BHILIHIX PE3UCTOPIB, L0 BKIIIOYAIOTHCS MIXK
BUXOAaMHU Jemudparopa Ta BXOAAMHU IHAUKATOpa (puc. 2, 6). IlpunycTumMuii cTpyM MiKpoCcXeMu
nemudpaTopa Ha KOXKHOMY BUXOJI1 cKianae 22 MA.

KpiM iHpOpMaIitHuX BXO/iB, Ha SIKI HAIXOIUTh NBIHKOBO-IECATKOBUN KOI, HeHIH(paTopu
MOXYTh MICTUTH HM3KY KEpyBaJIbHUX BXOJIB, HANpPUKIAA, U1 CKACyBaHHS HYJIB, TaciHHS,
KOHTPOJIIO BUIIPOMIHIOBAHHS, CHHXPOHI3aLii 1 T. iH.

OCKibKM 3aMOBJICHHSI HAa BUTOTOBJICHHS MPHUCTPOIO BUMIPIOBAHHS TeMIepaTypH HaliHILIo
111 naTpoHiB kaniopy 338 Lapua Magnum, Tomy came 11i reoMeTpUYHi po3Mipu OyiIu BUpIIIaIbHUMU
IIPY IPOEKTYBAHHI JBOX BapiaHTIB KOHCTPYKTUBHOI'O BUKOHAHHS 3a3HAUYEHUX MPUCTPOIB.

HasiBHiCTH IBOX BapiaHTIB KOHCTPYKIIi 3 BOMa Pi3HMMHU THUIIAMHU 1HIWKAIi Ta BiJMOBIIHO
HOMIHAJIaMU 1 HOMEHKJIATYypOIO €JIEMEHTIB KHBIICHHs, O3BOJHMTH 3a0e3neunTH OesmepeOiiine
[IOCTa4YaHHs MPUIIAAIB, HABITh IPH BiZICYTHOCTI (Ae(iNTI) CKIIaI0BUX-KOMITICKTYIOUHX Y MPOJIAXI 1
MO>KJIMBOCTI 3a0€3MEUUTH pecypc yacy Npu HEOOX1AHOCTI Ha 3aTPUMAaHHs JOCTABKH 3aMOBJICHb 3-32
KOPJIOHY, HEOOX1THOCTI afanTailii HOBOi €JIeMEHTHOI 0a3u Mij 3a3Ha4eHy KOHCTPYKIIIIO MPUIIATy, YU
MIOBHY NIepepoOKy 1 CTBOPEHHS HOBOTO BapiaHTy KOHCTPYKTMBHOTO BHMKOHAHHS 3a3Ha4u€HOIO
IPUCTPOIO 0€3 BTpaTH MOKJIMBOCTI BiJIBAHTa)KyBaTW HOBI CTBOPEHI BUpOOU Ha (POHT, TOKHU 11yTh
BUPOOHUYI NTEPEOCHAIICHHS, T0POOKH, IEPEMOBUHH 3 MOCTaYaIbHUKAMH, TOLIO.

Byno ctBopeHo 1Ba BapiaHTM KOHCTPYKTHBHOTO BHMKOHAHHS IOPTaTMBHOTO IPHCTPOIO
BUMIPIOBaHHA TEMIIEpaTypu HaTpoHy (puc. 3) B 3aJEXKHOCTI BiJi BHUKOPHUCTAaHOTO BapiaHTY
inukaropa. Ilnoma BUpo6iB pi3HUTHCS OlIbIIe HIXK Y J1BA pa3u, JIiHIHHI po3MipH cTaHOBIATH 103x55
MMXMM (puc.3, a), Ta 54x39 mmxmm (puc. 3,0) mpu Maike 0JJHAKOBIH BUCOTI TOTOBOTO BUPOOY, 110
3YMOBJICHO BUKOPHUCTaHHSM DI3HUX THUIIB IHIUKATOPIB 1, BIAMOBIAHO, HEOOXITHOCTI KUBJICHHS
PI3HUMH HOMIHAJaMU HAaNpyTH €JIeMEHTIB )KUBJICHHS.
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S FOUPSE ws 0 ¢ | =

a) 0)
Pucynox 3 — KoncmpykmusHne 8UKoHanHsa nNOpmMamusHo20 RPUCMPOIo BUMIDIOBAHHS mMeMnepamypu
nampouy

[IpoexTyBaHHs NpUIaay BHMIPIOBAaHHS TeMIepaTypH NATpoHy OyJo 3BEACHO N0 3ajadi
reOMEeTPUYHOI KOMIIOHOBKH IEBHOT KUIBKOCTI CKJIQJOBUX €JIEMEHTIB Y 3arajbHOMY 00’€Mi 32 yMOBHU
3aJIOBUTbHEHHSI TIEBHOTO IEPENiKy A0AaTKOBUX BuUMOr. Llg 3amaua ¢opmanizoBaHa i y3arajabHeHa
KOMIIOHOBOYHHUM [1apaMETPOM Ta M€ BUIJISL:

W, =F(G,V,C,..) , (7)

ne G,V,C,.. — ckiamoBi 3araibHOr0 KOMIIOHOBOYHOTO mapamerpy (maca, o6’em,
€HEeProCIOKUBaHHS, TOLIO).
VY naHoMy MpOEKTI MOTPiOHI napaMeTpu OyJu IpeACTaBICHI y BUTIISII:

(We=Fg+FG),Wy=Fy+FV),Wc=Fc+FQ, .., (8)

ne Fg, Fy, Fe,... — BenuuuHM, 10 BU3HAYAIOTh BHKOHAHHS TEXHIYHUX BHUMOI Ha
KOHCTPYIOBAaHHS, aJIeé HE 3aJIeKaTh BiJl 3MIHU CKJIaJOBHX KOMIIOHOBOYHHUX MapamerpiB. Jlo Takux
BEJIMYMH OYJIM BiTHECEH] €IEMEHTH KPIIJICHHS, €ICKTPUYHOTO 3’ €HaHHS (P03’ €MH, KIEMH, TOILIO) —
3aXMCT Bif KimimMatuunux, mexaniunux Bmmsi i T.iw.; F(G),F(V),F(C),... — Benuuunu, 1mo
BU3HAYAIOTh BHKOHAHHS TEXHIYHMX BUMOT 1O KOHCTPYKIII 1 3ajexarh BiJ 3MIHH CKJIaJOBHX
KOMIIOHOBOYHHUX MAaPAMETPIB.

3HaxX0/PKEHHS ONITUMYMY y3arajlbHEHOr0 KOMIIOHOBOYHOTO ITapaMeTpy 3BeNIOCs 10 BUPILICHHS
CHCTEMH PiBHSIHb
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dF (V)
ov

dF(C)
ac
Byno BHKOpHCTAaHO IHAMKATOpP 3 IHTETPOBAHUM IE€PETBOPIOBauYeM (Iemu(paTop CUrHAIiB),
KM M €THYEThCS 0 TaTYUKy TepMOIapu 1 JpKepera >KUBJeHHA. ['oToBuii BHpiO Ta mporiec
BUPOOHHUIITBA HABEJICHO Ha pUC. 4.

aF(G) _
ac 0,

=0, =0,.. . 9

6)

Pucynok 4 — Ilpunao eumipiosanns memnepamypu nampoHy

IIpu 00’eMHOMY MOHTaXi BHUPOOIB BHKOPHCTOBYBAJIHCH KIEMHHMKH, 00 ’€MHI HpPOBOJIH,
KOMYTaToOp 2X2 Ta 3[iHCHIOBAJIOCH Py4YHE pPO3MalOBaHHS KOHTaKTiB (puc.4, a). IlpoaykTUBHICTH
mpolecy 30MpaHHs 3aJICKUTH BiJl BIPABHOCTI, JTOCBIAYEHOCTI Ta 00I3HAHOCTI 3aJ(ITHUX B IMPOIIECi
30upaHHs pOOITHHKIB, Ta 3yMOBIIOE JY)X€ BEIMKHHA BIUIMB Cy0’€KTHBHOTO YMHHMKA Ha SKICTb 1
MPOAYKTUBHICTb TEXHOJOTIYHOTO MPOIECY BUTOTOBJICHHS IPUCTPOIB.

[TapanenbHO 3MIHCHIOETHCS BUTOTOBJICGHHS JBOX BapiaHTIB KOHCTPYKTHBHOTO O(QOPMIICHHS
npuctpoiB (puc.4, 0) uepe3 HasBHICTh HAABHUX 3amaciB 1HAUKATOpiB 1BOX TumiB. [loctymoBe
HAKONUYEHHS TMEBHOI KUIBKOCTI KOMIUICKTYIOUMX Ha CKJIaJll J03BOJSE 3a0€3MEUUTH KUBYYICTD,
PUTMIYHICTB Ta Oe3MepepBHICTh cepiiiHoro BUNpoOoByBaHHA. HaailiHICTh, MPaBUIBHICTD 1 TOYHICTD
BUMIPIOBaHb JIJIsl TOTOBOT'O MPUJIATY IIEBHOTO KOHCTPYKTUBHOI'O BUKOHAHHS OLIHIOETHCS B MPOLIEC]
BUPOOHUIITBA (BUXITHUI KOHTPOIIB), IO MPOLTIOCTPOBAHO HA PHC. 4, B.

AOCOIOTHY 1 BIIHOCHY MOXHWOKY BUMIPIOBaHb JUIs KOXKHOTO MPUIIAJY OLIIHIOE O€3110CepeHbO
3aMOBHHMK B KOKHOMY KOHKPETHOMY BHIIAJKy IpH 3A1HCHEHHI MiJrOTOBYOrO €Taly BBEICHHS
npuiasy B eKCIUTyaTalilo.

TounicTe, MoxuOKa, BIATBOPIOBAHICTh — OCHOBHI MapaMeTpH 3a3HAYCHUX MPHUIIANiB, SKI
XapaKTepu3ylTh NPUAATHICTb, JIOLUIBHICTD 1 PpAI[iOHANbHICTh BUKOPUCTAHHS MPHIAAIB, IO
3YMOBJICHO JIy’K€ BUCOKOIO BapTICTIO IOMUJIKH Y BUMIPIOBaHHI TEMIIEpATypHy MaTPOHY Yepes3 3arpo3y
JIFOICBKOMY KHTTIO.

CrtaHOM Ha NOTOYHUI MOMEHT 3A1MCHIOETHCS pydHEe 30MpaHHs HEBEIUKUX MapTii MpuIafiB 3
OTIEPaTHBHOIO BIANPABKOK y 30HY OOMOBHX Miii, IO 3YMOBJICHO MOBHOMACIITAOHOIO BiifHOIO B
KpaiHi. Bif3uBu BiJ BUKOPUCTAHHS Ta MPOMO3MIIII MIOJ0 BAOCKOHAJICHHS KOHCTPYKII1 HAAXOAAThH
peryysipHO 1 TUM CaMHUM BiJIOYyBa€eThbcs anpoballis Ta BAOCKOHAJIEHHS KOHCTPYKLii BUpoOy, oOcsr
3aMOBJICHb 3yMOBIIIO€ ONITUMI3ALIiI0 JIAHIIIOTA TIOCTaYaHHsI 1 TEXHOJIOT11 30UpaHHs.

[TapameTpu onrTumizamii BHPOOHMIITBA, 30KpeMa, 3a0e3MEUeHHS TEXHOJOTIYHOCTI 1
PUTMIYHOCTI 30upaHHs BHUPOOIB OOMEXKYIOThCS (PAKTOpPOM HAsSBHOCTI 3aMOBIEHb Ha IHIIY
HOMEHKJIaTypy BUPOOiB, NOTpiOHUX HA (poHTi, 30kpema BIJIA Ta ix ckinanosux. [ligHanaromkeHns
npolecy BUPOOHMIITBA JTOCTI/DKEHUX IMPHUJIAIiB BUMIPIOBAHHS TEMIIEpaTypH MATPOHY IIiJi MacoBe
cepiiiHe BUPOOHMITBO 3IIMCHIOETHCS OE3MOBOPOTHO, ajié B yMOBaX KaJpOBOTO, MaTepiajbHO-
TEXHIYHOTO Ta (PiHAHCOBOTO JE(IIUTY, TOMY CTUKAETHCS 3 NEBHUMM TPYIHOIIAMHU Ta MOBUIBHUM
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TEMIIOM, ajie peTejbHEe BUBYCHHS 3a3HAYCHUX MOTped, HaOyTWiH IOCBiA 1 3BOPOTHIN 3B 530K Bij
BUKOPUCTAHHS, IO CYNPOBO/UKYETbCS HASBHICTIO €JIEMEHTHOI 0a3u Ta KOHCTPYKTUBHUM 1
IPOEKTHUM O(GOPMIICHHSIM NPWIaLy, OO3BOJSIOTH CHCTEMHO Ta MPOAYKTUBHO BHUTOTOBIIATH
3a3Ha4yeHi MpUiIaIu, MOCTYIOBO BUXO/SYM Ha MOTPIOHUI 0OCAT BUPOOHUIITBA.

BucHoBKkM i nepcrniekTUBH. TEOPETUUHO TOCIIKEHO BIUIUB TEMIIEPATYpH MAaTPOHY Ha AKICHI
XapaKTepUCTUKH MPOLIECY CTPLILOH, 30KpeMa ITpH 3MiH1 TEMIIepaTypH 3aps/y 1 HOBITPs HA OJTHAKOBY
BEJIMYHMHY, OyJI0 OTPUMAaHO BHCHOBOK, IO 30UIBIIEHHS TEMIEpaTypH 3apsay HaTpoHa 1 MOBITPs
CHIPUSIOTh HE3HAYHOMY 30UTBIIICHHIO TPUBAJIOCTI JIETY KyJIi Ta 11 KIHLIEBOI IIBUJKOCTI, ajIe CyTTEBOMY
30UIBIICHHIO JAbHOCTI 11 JIeTy.

3anporoHoBaHO reoMeTpruYHe 0(hOPMIICHHS MPUCTPOIO, a came OyJIo CTBOPEHO JIBa BapiaHTH
KOHCTPYKTHBHOTO BUKOHAHHS MOPTAaTMBHOTO MPUCTPOI0 BHUMIPIOBaHHS TEMIIEPATypd NATPOHY B
3aJIe)KHOCTI BiJl BUKOPUCTAHOI'O BapiaHTy iHAuKaTopa. [1noma Bupo6iB pi3HUTHCS Oliblie HIX y J1Ba
paswu, JiHiiHI po3Mmipu cTaHoBIATH 103X55 MMxMM Ta 54x39 MMXMM NpH Maiike OJJHAKOBIH BUCOTI
rOTOBOTO BHPOOY, IO 3YMOBJIEHO BUKOPHUCTAHHSM pI3HMX THUIIIB 1HAMKATOpIB 1, BiAIMOBIIHO,
HEOOXIJHOCTI KUBJICHHS PI3HUMHU HOMiHaJIaMH HAIIPyTH €JIEMEHTIB KHUBJICHHS.

[IpoananizoBaHo eyneMeHTHY 0a3y Ta BHMKOHAaHO NPOEKTYBAaHHS MPOTOTUIIB MpUIaLy
BUMIPIOBaHHA  TEMIIEpaTypd MaTPOHy, SKUH  3aJOBOJIbHSAE TEBHUM  CXEMOTEXHIUYHHM,
KOHCTPYKTOPCBKHMM Ta TEXHOJOTIYHUM IapaMerpam, 0e3mocepeHbO BUTOTOBJICHO JApiOHI maprii
BUPOOIB 1BOX Pi3HOBHU/IIB, IEpPeIaHO Ha anpoOdalliro B yMOBax eKCIUTyaTalii Ta 3/{iIHiCHEHO IEpBUHHE
BiJTHAJIAarO/KEHHS Ipolecy 30MpaHHs. 3a pe3ysibTaTaMd TECTOBHX BUIPOOOBYBAaHb CKOPErOBAaHO
JIAHIIIOTH MTOCTaYaHHS CKJIaJOBUX, KOHCTPYKIIIIO MPHUIAAY 1 TEXHOJIOT1T 30MpaHHsL.

[lepcriekTHBaMH TOAAJBIIMX PO3BIIOK € OILIHKAa IOMUTY Ha TOTOBI BHpPOOy, JUHAMIKa
HOMEHKJIATYpU BIAKPUTOTO MPOAAXY CKJIAJOBHX, OIIHKA MapaMeTpiB TEXHOJOTIYHOTO IPOLECY
30upaHHs Ta 3’ sICyBaHHS BUTPAT HA BUPOOHUIITBO 1 PUHKOBOI BApTOCTI MPUIIALy, OCKIJIBKY 3a3HaYeHA
JisUTBHICTh HOCUTh 1HHOBAIIMHUHN, 1HILIaATUBHHUM Ta BOJOHTEPCHKUIT XapakTep.
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DESIGN OF A CARTRIDGE TEMPERATURE MEASURING DEVICE

Abstract. The work is devoted to the current topic of designing and manufacturing mobile, portable, ergonomic
and accurate devices for measuring disturbing extraneous factors (in particular, the temperature of the cartridge), which
undoubtedly and significantly affect the accuracy of the performance of a military task, namely sniper shooting. The
purpose of the article is to create a cartridge temperature measuring device that meets certain schematic, design and
technological parameters, manufacture a product prototype, test it in operating conditions and debug the assembly
process. In the material of the article, the effect of cartridge temperature on the qualitative characteristics of the shooting
process was investigated, in particular, when the temperature of the charge and air changed by the same amount, it was
concluded that an increase in the temperature of the charge of the cartridge and air contribute to a slight increase in the
duration of the bullet’s flight and its final speed, but a significant increase in range her flight. The geometric design of
the device is presented, namely, two variants of the design of a portable cartridge temperature measuring device were
created depending on the indicator variant used. The area of the products differs by more than two times, the linear
dimensions are 103x55 mm x mm and 54x39 mm x mm with almost the same height of the finished product, which is due
to the use of different types of indicators and, accordingly, the need to be powered by different voltage ratings of power
cells. Proposed prototypes of the device for measuring the temperature of the cartridge, which satisfy certain schematic,
design and technological parameters, small batches of products of two varieties were directly manufactured, submitted
for approval under operating conditions, and initial debugging of the assembly process was carried out. Based on the
results of the tests, the supply chains of the components, the design of the device and the assembly technology were
adjusted. Prospects for further research should include the need for more detailed study of the issues of assessing the
demand for finished products, the dynamics of the nomenclature of the open sale of components, the parameters of the
technological process of assembly and finding out the costs of production and the market value of the device, since the
specified activity is innovative, proactive and volunteer in nature.

Keywords: cartridge, temperature measurement, device, design, indicator, decoder, layout, geometric dimensions,
soldering, assembly, manufacturing, testing, production
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ENHANCING HUMAN-COMPUTER INTERACTION: THE ROLE OF INTELLIGENT
USER INTERFACES IN EMBEDDED AND IOT SYSTEMS

Abstract. The rapid evolution of innovative technologies has significantly transformed digital applications and
human activities. Advances in hardware, digital software, and interactive user interfaces have made user experience (UX)
design a critical factor in various industries, including healthcare, aerospace, construction, and military sectors. Human-
Computer Interaction (HCI) is vital in enhancing system usability by ensuring intelligent interaction systems are user-
centric and accessible. Integrating intelligent systems, the Internet of Things (IoT), and embedded technologies presents
new challenges and opportunities in interface design. Additionally, as industries adopt intelligent automation and digital
transformation strategies, the demand for adaptive, user-friendly interfaces grows. Understanding how users interact
with these technologies is essential to optimizing efficiency and improving overall user satisfaction. This study explores
the principles of HCI and interaction design, analyzing how digital and analog interfaces contribute to practical system
usability. A qualitative approach was adopted, reviewing contemporary research on user interface (Ul) design,
interactive systems, and intelligent applications. The study also considers case studies from various industries where UX
and interface optimization have significantly impacted system performance and user satisfaction. Data collection
included literature analysis, expert interviews, and usability testing reports, ensuring a comprehensive understanding of
the challenges and advancements in interaction design. The research methodology also incorporates a comparative
analysis of traditional and emerging interface models to identify best practices in designing adaptive and intelligent
systems. Findings indicate that well-designed interfaces enhance user engagement, efficiency, and system functionality.
Factors influencing usability include adaptive design, accessibility considerations, and intuitive user experiences. Case
studies reveal that industries incorporating advanced UX principles and innovative interaction technologies demonstrate
improved operational efficiency and user satisfaction. Moreover, findings suggest that integrating Al-driven assistance,
real-time feedback mechanisms, and multimodal interaction significantly improves user adaptability and system
effectiveness. The study also highlights the importance of cognitive load reduction in interface design, emphasizing
strategies such as predictive analytics and context-aware computing to enhance user interactions. The study highlights
the Importance of HCI in designing user-friendly and efficient systems. It emphasizes the need for continuous innovation
in UX and interface design, particularly in emerging fields such as loT and embedded systems. The discussion
underscores the role of Al, machine learning, and augmented reality in shaping the future of user interactions. Future
research should focus on further integrating Al-driven personalization and adaptive interfaces to improve user
experience. The findings suggest that interdisciplinary collaboration between engineers, designers, and cognitive
scientists is essential to developing more effective and human-centered interaction systems. Addressing ethical
considerations, such as data privacy and accessibility, will ensure equitable and inclusive design in future technological
advancements.

Keywords: user interface design, user experience, smart systems, system interaction, computer engineering.

Introduction. Innovative technologies have changed software and digital applications, rapidly
transforming most modern human activities. The state-of-the-art advancements in hardware,
contemporary material and production, digital software technologies, interactive digital devices, and
user interfaces have become integral to the user experience interaction design. The areas of interaction
design encompass most of the general user and professional applications across industries, such as
construction, aerospace, healthcare, and military industries. Intelligent interaction systems are user-
centric. They enable applications (systems) interfaces to be usable by humans in the case of either
digital or analog systems, mechanical and purely virtual interaction devices.
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Human-Computer Interaction (HCI)studies how to improve integration systems and their
interfaces. Besides, it is an area of active research for the new methodologies to refine or redesign
existing interaction processes and their underlying mechanics for enhanced user-system interaction
experiences. Another significant benefit of the HCI field is task optimization and user-machine
interaction efficiency. User-system interaction, in most cases, is a cyclical process that can be
characterized as a series of continuous or step actions followed by feedback from the system. The
iterative design pattern is not limited to input-output cycles; it influences the software, hardware,
system design, and development processes.

Human-computer interaction systems are part of the extended software and hardware systems
architecture process. However, it is a complex process that can and should be conducted separately
before and during the system development pipeline. Interaction and feedback loops are central to user
task processing and digital engineering system design management. A vital system designer’s task is
to align system functionalities with user requirements and projected content of use. The feedback
loop is a standalone component vital to improving user workflows. Feedback systems can serve as a
supporting pillar to teach users about the systems’ nature, capabilities, limitations, and affordances,
all of which ensure the long-term adaptability of interactive systems.

The importance of well-designed interaction and feedback loops in large interaction processing
systems has been widely acknowledged. By utilizing these loops, the system designer can provide a
user with an understandable interface, which in turn makes the whole system give a real-time response
based on user input, which enables the user to make rational in-time decisions for a single task or
help guide and support user support in case of numerous system states iterations. Interaction and
feedback are parts of a larger complex system design engineering tasks. Such systems support input
and output mechanisms, such as visual, auditory, haptic, and mixed-reality feedback mechanisms.
Another task of the feedback subsystem is to offer users insights into system behaviors, prevent some
(at least the most critical) errors, and teach the users to refine their system knowledge and make tasks
faster and more seamless. The iterative interaction process as a whole promotes system usage
efficiency. It reduces the cognitive load on user innovation, ensuring that digital interfaces and the
system Ul components are designed with the end-user in mind. Potential interactions are well aligned
with their intended applications.

Purpose. This research aims to provide the current state of human-computer interaction
research, focusing on interaction and feedback loops, breaking it into functional components, and
presenting a robust model for interaction design context, interaction process, and the view on User
Interaction — Feedback Systems and States.

Literature review. Undoubtedly, HCI and user interface design are prominent and novel areas
for research. Many scientists and engineers are actively engaged in human-computer interaction
research. The area of their research work ranges widely across industries and fields, including various
areas such as 3D interaction, the Internet of Things, voice interface, ML, Al in interface design, mixed
reality, and intelligent systems.

Borchers (2000) highlighted a novel at the time, a pattern-based approach to design interaction
systems; he focused on methodologies that could improve interface (systems) usability in complex
use-case environments such as music and education [1]. More modern but similar studies conducted
by Lowgren in 2013 showed an in-depth breakdown of human-computer interaction issues, focusing
on the interdisciplinary nature of the systems design process [2]. The author noted the role of
interaction design methodology in shaping the user’s experience to make it seemingly intuitive. Both
works are fundamental, highlighting the critical role of interactive design as a novel methodology.
Interaction design can be considered not only as a technical but also as a creative component in the
field of HCI, introducing the balance between technical and user-centered perspectives.

The integration of the latest technologies, such as 3D interfaces, virtual reality, voice interfaces,
big data, and wireless communications, to name a few, has led to the expansion of modern interaction
design and its applications. One of the earliest researchers in this area, Bowman, introduced in 2001
the principles of designing a 3D user interface for enchanting virtual environments and providing
more interaction options through 3D graphics [3]. Expanding on Bowman’s work, LaViola 2008

68 Information Technologies in Economics and Environmental Sciences No. 2 (2024)




HasapeHko B., OcmpoyuwkKo b. Komn’tomepHa iHyceHepis

showed the accessibility of spatial 3D interaction using video games as a medium, reducing the gap
between digital interfaces’ technological implementation complexity and making complex user
interfaces available to an enormous scope of designers and users [4]. As a continuation of previous
advancements in material science and computer systems technologies, Zhu worked on solving the
interoperability issues between [oT and HCI [5]. In his work, he presented the 3D-printed triboelectric
sensor, which had been printed for this task for gait analysis and virtual inspection. As a result, this
enabled the interaction systems to combine a data-centered architecture with the intended
functionality of the user interface system. All the research works above highlighted the impact and
importance of 3D graphics and IoT technologies in HCI research and interaction systems design [6,
7].

Feedback and interaction loops have also been studied from the perspective of system tasks and
resource optimization. Fischer (2022), in his research work, used the optimal feedback control method
to simulate user-system interaction dynamics, while Ritter (2011) investigated the cognitive benefits
of subliminal feedback loops for reducing the user’s mental load [8, 9]. Machine learning advances
have greatly benefited feedback loop design and conceptual interface user testing. Honeycutt, in 2020,
examined the implementation of machine learning algorithms using human-in-loop feedback
mechanisms and identified interaction process problems [10]. Among the errors and issues found,
balancing system usability with user experience in the context of seemingly natural interaction
processes was the most critical. At the same time, Palanque (2020) classified interaction faults in
system feedback loops, highlighting the impact of software system (application) reliability on safety
issues [11]. These works highlight the critical role of feedback in improving user experience,
maintaining system reliability, and increasing trust.

Interdisciplinary approaches provide a great field of potential topics that can be used to solve
existing HCI issues and look for novel, groundbreaking approaches [12]. Psychology, sociology, and
neural sciences are interviewed in a close context with user experience design [13, 14]. Costabile
(2007) presented a new methodology that classified visual interactive systems design models that
combined user-application requirements with software system design [15]. Ju and Leifer (2008)
advocated for a more intuitive interaction design that considers the user interaction loop approach to
help minimize user-application interaction frustration [16]. Hollender (2010) combined cognitive
load theory with HCI concepts to improve educational applications [17]. A new paper by Ramirez
(2024) on advances in natural language processing further illustrates how Al-driven technologies can
transform interaction paradigms [18]. Most scientific works emphasize the requirements for new
interaction systems to be more intelligent and user-driven and consider human behavior’s cognitive
and mental aspects. Such studies by many authors illustrate a diverse approach to HCI research,
embracing new methodologies, technologies, and interdisciplinary connections. The research
synthesis provides the basis for the design of advanced, user-friendly interaction systems in an
increasingly complex digital age.

Methods. A comprehensive overview of the primary data, components, and systems used in
human-computer interaction (HCI) research is summarized in Table 1. HCI is facilitated through
diverse mechanical, visual, and auditory devices. Major interaction systems comprise digital,
electronic, and electrical components for input and output operations and data and signal processing
modules. Each interaction type corresponds to a specific sample system, such as LCDs, touchscreen
interfaces, audio speakers, and spatial sensors.

User, software, and hardware systems design incorporates data and programming functions.
Interaction data types are categorized based on their interaction mode. Additionally, the most
common user-interface interaction functions, derived from Table 1, are outlined, highlighting their
ability to accept input data and provide result outputs. A brief classification of human-computer
interaction underlying systems:

» Direct input (output) — screen, mechanical keyboard, sound, and voice recording devices;

+ Context-aware systems — scanner device, spatial sensor, digital camera, mixed reality

devices;
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* Smart data-driven system — semi-automated, autonomous decision support system,
predictive behavior, and state systems.

Table 1— Human-computer interaction data, systems, and components*

HCI system Components Data
Manual Device, Sensor, Signal Analog Signal, Device data, spatial data
mechanical processing
Hardware Smart Sensors Signals
Monitoring and recording Numerical
devices Logs
Embedded systems Commands/Tasks
Industrial devices
Communications Wired/Wireless IP addresses
and Data Smart Grid Data packets
Gateway Segments
Data and Protocols Connection Status
Message
Analog bw physical input, output Screen size, text, language
screen
Sound audio processor, speaker, wave data, timing, compression algo.
recorder
Visual digital GPU, screen, renderer geometry data, screen data, FX, 3D
screen coordinates
Smart computational unit, intelligent = parameters, state, visualization
system

* prepared based on the author's work and public research data

Researchers and industry professionals use various tools to develop novel interaction systems.
The most frequently employed hardware and software solutions range from - mixed reality glasses,
sensor screens, mobile phones, tablet devices, mechanical interaction devices (joystick, gamepad,
mouse, and keyboard), misc. Sensors and trackers devices for detection and recognition tasks, spatial
motion controllers, and other digital or analog devices.

HCI and interaction design methodologies are grounded in structured workflows. The product
or application design process begins with business and product planning, proceeds through design
and technology development, and culminates in user-facing outputs. These outputs consist of
structured visual and textual elements accessible through menus and navigation panels.

HCI involves a three-phase process, as illustrated in Figure 1. The initial phase begins with a
user-defined goal, representing the objective achieved through interactive devices, including digital,
analog, mechanical, or miscellaneous types. User input is processed by a software system (e.g., a
computer or microcomputer) based on the interaction medium and input type. The underlying
components, actions, and conceptual functions associated with each interaction phase are summarized
in the lower section of Figure 1, categorized by their respective interaction phases.

Figure 2 provides a comprehensive framework for understanding an IoT ecosystem's key
components and interconnections. It outlines the layered structure of IoT systems, beginning with the
foundational technologies such as sensors, actuators, communication protocols, and cloud
infrastructure that form the backbone of data collection, transmission, and storage. These technologies
enable seamless data exchange between physical devices and digital platforms. Above this
technological foundation lies the services layer, which includes real-time analytics, machine learning
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algorithms, and application programming interfaces (APIs) that process, interpret, and derive
actionable insights from loT-generated data.
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Figure 1 — Human-Computer Interaction System Process
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These services facilitate functionalities such as predictive maintenance, anomaly detection, and
automation, which are essential for scalable IoT deployments. The applications layer, positioned at
the top, highlights the diverse use cases of IoT across industries, including smart cities, healthcare,
agriculture, manufacturing, and logistics. Each application leverages specific services and
technologies to address industry-specific challenges, such as optimizing resource usage in smart
homes, enabling remote health monitoring in healthcare, or enhancing supply chain efficiency in
logistics. By categorizing the IoT ecosystem into applications, services, and technologies, the diagram
provides a systematic approach to IoT system design, illustrating the dependencies and flow of data
between layers while emphasizing the flexibility and scalability of these systems in real-world
scenarios. This layered model also underscores the importance of interoperability and security
considerations at every level, ensuring robust, efficient, and reliable [oT solutions.

Results. The human - user is at the core of software, applications, and system interaction design.
The interaction process is initiated and sustained by the user's desire to achieve one or more specific
goals (system tasks). Interaction systems serve as tools that facilitate the attainment of these
objectives. Figure 3 demonstrates the user-centered interaction loop. The emphasis is placed on the
feedback loop, which serves as an integral of the interaction process. This iterative processing system
comprises the user interface components, input and output processing functions, and the transmission
of commands to the primary system processor.
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Figure 3 — Human application interaction system

Interaction processes do not occur in isolation but are embedded within real-world
environments, a consideration that is particularly critical in industrial, medical, and mobile
applications (professional usage). Figure 4 highlights the contextual factors (context of use for short)
that should be considered for system design. Context of use influences how the user perceives and
interacts with the application (system). An interactive iterative system must account for the
environmental context, including the time, location, and conditions under which the device or
application is utilized. Task-specific requirements and interaction activities mold user behavior,
introducing system-level constraints and user-interaction limitations. Differentiating (extensive
classification and research) user types and system usage purposes is crucial in the early stages of new
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software application design. Industry-specific environments and professional usage scenarios often
prioritize tasks to the end user's goals, which leads to sequential changes in user-system interaction
flow. Figure 4 provides an in-depth visualization of these factors.
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Figure 4 — Human application interaction system

The most crucial phases of human-system interaction, interaction, and feedback loops are
presented in Figure 5. During this phase, two primary actors — the user and the computational system
engage in an interaction cycle, with the system being a medium and processor within this context.
Green highlighted rectangles represent Central System States, located at the diagram's center. The
interaction process begins with a user action (task/job). Examples of system action can be inputting
information or initiating task threads. The event queue and event manager record and process each
sequential user action. As the user interacts with the application, he awaits a system response
(feedback). In the meantime, the computational system actively participates in the loop by generating
appropriate system-level responses and communication messages. This interaction process is part of
a broader architecture encompassing server/client applications and database services, as illustrated in
the lower section of Figure 5.

The six core modules (interaction phrases) of the interaction process are outlined in Table 2.
Each interaction loop begins with system initialization (boot/loading) and concludes with system
shutdown.

Once the system is operational, it activates the appropriate user interface or input-output system,
enabling user interaction. The next-in-line phase involves the user-system interaction and feedback
loop, which operate concurrently. Feedback and interaction can consist of an arbitrary number of
steps determined dynamically by the user and the system. During each interaction cycle, the user can
proceed to the next step, revert to the initial step, or terminate the system entirely. The loop concludes
when the user ends the interaction; at this point, the system saves its state and powers down.
Alternatively, the system may transition to a background operational state, monitoring for new inputs
or events.
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Figure 5 — Interaction process software system model

Table 2 — Interaction and feedback system modules™

System Components Data
Initial - loading state User, device, power control Saved and system initial
parameters
Main user interface GUI, manipulation device, interaction Text, graphical data, input data
system
Interaction cycle Tasks manager, Event manager activities, attributes, action-
request
System response Communication and post-processing system state and comms data
Support system Action evaluation, Feedback control, metadata, control parameters
Prediction
Final - shutdown state | Data and System state manager saved user and device data

* prepared based on the author's work and public research data

Figure 6 provides an in-depth representation of the key architectural elements and their roles in
facilitating interactive loT system development. Middleware is a critical intermediary layer, bridging
the gap between loT devices, networks, and application services by providing a standardized platform
for managing data, devices, and user interactions. Core components of this middleware include device
management modules, which handle registration, authentication, and configuration of IoT devices,
ensuring secure and reliable operation within the system. Data processing and storage modules are
pivotal in collecting, filtering, and storing vast amounts of sensor data for subsequent analysis,
employing techniques such as real-time data streaming and machine learning to derive actionable
insights. Communication protocols like MQTT, CoAP, and HTTP enable efficient data exchange
between heterogeneous loT devices and the middleware platform, ensuring interoperability across
diverse technologies [8].

Interactive system development is further supported by application programming interfaces
(APIs) and software development kits (SDKs), which allow developers to integrate custom user
interfaces, implement real-time feedback loops, and design user-centric interactions. These APIs
enable seamless communication between the middleware and higher-level services or applications,
ensuring modular and scalable system design. Event-driven architectures within middleware enhance
system responsiveness by triggering predefined actions based on real-time sensor inputs, essential for
interactive applications such as smart home systems or loT-driven healthcare monitoring [6].
Furthermore, security features like encryption, role-based access control, and anomaly detection
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safeguard user data and system integrity, addressing key challenges in human—computer interaction

systems [7].
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Figure 6 — Middleware loT system components used for interactive system development

The diagram underscores the middleware's role in supporting hybrid intelligence by integrating
human-in-the-loop feedback mechanisms, which refine system performance through iterative user
input and interaction [14]. This is particularly relevant in systems where cognitive load or user trust
plays a significant role, such as in interactive learning platforms or industrial IoT systems [17].
Overall, the middleware IoT system components provide a robust, flexible, and secure framework for
developing interactive systems, enabling real-time, context-aware, and user-friendly solutions across
various applications.

Table 3 illustrates the multilayered architecture of an interactive middleware system,
highlighting the hierarchical structure and detailing the essential components and subsystems
required for IoT systems. The design is divided into three primary layers: the hardware endpoint

No. 2 (2024) Information Technologies in Economics and Environmental Sciences 75




Computer Engineering

Nazarenko V., Ostroushko B.

devices, the central core application management services, and distributed services and applications,

each serving distinct but interconnected roles in the middleware framework.

Table 3 — Interactive middleware system design layers*

Conceptual system layer

Underlying subsystems

Main layer components

Hardware endpoint devices

Sensor and Actuator
Router/Network Device
Singal Converter

Driver and Firmware
Kernel

Basic notification/indication

Power supply

Device memory
Hardware Data
Communication Protocol
Connectivity

Low-level code

Local address

Primary core application
management services

Device Configurator
Network Configurator
Device Authentication
(secure) Communication
Optimization

Protocols

Event manager

Events System
Adaptation System

(local) Network

Data segments

Comms Protocols
Device (cluster) address
Message input/output
Control code

Listeners

Distributed services and
applications

Data Connectors

Data en(de)-encryption
Input/output transfer
Visualization/Graphics
Application Communication
Virtual Machine

Main Server

API connectivity
Communication protocol
Data packages
Database(s)

Server-level code

OS
Network layers

Additional Servers
* prepared based on the author's work and public research data

This foundational layer comprises the physical devices and essential hardware components that
interact with the external environment. Key elements include sensors and actuators, which are
responsible for data collection and execution of commands, and routers or network devices that
facilitate connectivity. Supporting components such as signal converters, drivers, firmware, and the
kernel enable the hardware to operate efficiently and communicate effectively with higher layers.
Additional features like power supply systems, device memory, and communication protocols ensure
reliable operation. Low-level functionalities, such as basic notification/indication mechanisms and
local address assignments, ensure seamless data transmission and device operation. Together, these
elements form the hardware foundation upon which the middleware's higher layers rely.

This intermediate layer acts as the brain of the middleware system, managing devices and
networks while ensuring secure and efficient communication. Core components include the device
and network configurators, which oversee the setup and optimization of devices and communication
networks. Secure communication protocols and device authentication mechanisms provide robust
security against unauthorized access. Additionally, the optimization protocols ensure efficient
resource allocation, and event management systems enable responsive, context-aware functionalities.
This layer also incorporates event systems and adaptation mechanisms to handle dynamic changes in
the environment or system configuration. These services are vital for creating scalable and adaptive
interactive systems capable of real-time operation.

The topmost layer of the middleware system supports higher-level functionalities, including
data handling, application management, and user interface integration. Key components such as data
connectors and encryption/decryption mechanisms enable secure and efficient data transfer across the
system. This layer also includes input/output transfer modules, visualization, and application
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communication, providing end-users with actionable insights and a user-friendly interface. Advanced
components such as virtual machines, main and additional servers, and API connectivity facilitate
scalability and interoperability. Integrating communication protocols, databases, and server-level
code ensures seamless interaction between distributed devices and applications. Including network
layers and operating systems in this layer highlights its comprehensive role in supporting distributed
and scalable IoT ecosystems.

This layered design framework ensures that interactive middleware systems are modular,
secure, and adaptive, supporting a wide range of applications and enabling seamless integration of
IoT devices into real-world systems.

Discussion. The novel state-of-the-art user interface systems (Uls) can be classified as
multilayered and complex systems. Their design and development extend far beyond traditional
single-button or keyboard-based interactions. Many user-interaction devices and output mediums,
such as mobile phone screens, VR glasses, gamepads, and other controllers, are available and actively
used. Their range of usage varies from day-to-day tasks to specific industry or job-role-specific tasks.
It should be noted that the range of input-output systems is more comprehensive than the provided
examples and goes beyond the listed scenarios (use cases). This research shows that user interactions
encompass numerous stages and steps with diverse potential interaction activities.

As detailed in this study, iterative feedback loops are a critical part of human-computer
interaction (HCI) systems and one of the user-application core tasks. The HCI is mostly cyclical
(iterative) and is centered on tasks and activities initiated by the user (or, in some cases, systems, if
such behavior had been programmed in advance or is part of smart autonomy system design) and
subsequently processed by the system. The context of use plays a pivotal role in the interaction cycle,
offering interaction-system designers valuable insights into the user environment. It helps answer
critical design-time questions on when and how the user will utilize the system in real-time within
the scope of the intended scenario.

As outlined in this work, the interaction process consists of several steps, components, actors,
and systems. Each application constitutes unique interaction and feedback loops. Despite these
variations, the implementation of interaction systems can be standardized through system abstractions
and algorithmic approaches, such as feedback loop algorithms. This systematic approach enhances
the design and usability of interaction systems across diverse applications and environments.

In conclusion, the proposed engineering design framework for smart and intelligent IoT
interaction systems provides a structured and adaptable approach to developing user-centric, scalable,
and secure solutions for diverse loT applications. The framework addresses critical challenges in [oT
system development, including interoperability, data security, and real-time adaptability, by
integrating layered middleware components, advanced user interface design principles, and robust
human-computer interaction mechanisms. The detailed breakdown of hardware endpoint devices,
core application management services, and distributed services highlights the interdependencies
within the system, ensuring seamless operation across diverse environments. Furthermore, including
hybrid intelligence through human-in-the-loop mechanisms enhances system responsiveness and user
trust. This research contributes to the field by offering a comprehensive blueprint for IoT systems that
effectively combine embedded systems, innovative technologies, and interactive functionalities to
meet the evolving demands of modern applications, such as healthcare, smart cities, and industrial
automation.

References

1. Borchers, J. O. (2000). A pattern approach to interaction design. Proceedings of the 3rd
Conference on Designing Interactive Systems: Processes, Practices, Methods, and Techniques
(DIS' 00), 369-378. https://doi.org/10.1145/347642.347795

2. Lowgren, J. (n.d.). Interaction design - brief intro. Interaction Design Foundation. Retrieved
November 30, 2024, from https://www.interaction-design.org/literature/book/the-
encyclopedia-of-human-computer-interaction-2nd-ed/interaction-design-brief-intro

3. Bowman, D. A., Kruijff, E., LaViola, J. J., & Poupyrev, L. (2001). An introduction to 3-D user
interface design. Presence, 10(1), 96—-108. https://doi.org/10.1162/105474601750182342

No. 2 (2024) Information Technologies in Economics and Environmental Sciences 77




Computer Engineering Nazarenko V., Ostroushko B.

4. LaViola, J. J., Jr. (2008). Bringing VR and spatial 3D interaction to the masses through video
games. IEEE Computer  Graphics and  Applications, 28(5), 10-15.
https://doi.org/10.1109/MCG.2008.92

5. Zhu, Y., Sun, F., Jia, C., Huang, C., Wang, K., Li, Y., Chou, L., & Mao, Y. (2022). A 3D
printing triboelectric sensor for gait analysis and virtual control based on human-computer
interaction and the Internet of Things. Sustainability, 14(17), 10875.
https://doi.org/10.3390/su141710875

6. Nazari Shirehjini, A. A., & Semsar, A. (2017). Human interaction with loT-based smart
environments.  Multimedia  Tools and  Applications, 76(11), 13343-13365.
https://doi.org/10.1007/s11042-016-3697-3

7. Wang, K. (2021). Human-computer interaction design of intelligent vehicle-mounted
products based on the internet of things. Mobile Information Systems, 2021, 6795440.
https://doi.org/10.1155/2021/6795440

8. Fischer, F., Fleig, A., Klar, M., & Miiller, J. (2022). Optimal feedback control for modeling
human—computer interaction. ACM Transactions on Computer-Human Interaction, 29(1),
Article 1. https://doi.org/10.1145/3524122

9. Ritter, W. (2011). Benefits of subliminal feedback loops in human-computer interaction.
Advances in Human-Computer Interaction, 2011, 346492.
https://doi.org/10.1155/2011/346492

10. Honeycutt, D. R., Nourani, M., & Ragan, E. D. (2020). Soliciting human-in-the-loop user
feedback for interactive machine learning reduces user trust and impressions of model
accuracy. Proceedings of the AAAI Conference on Human Computation and Crowdsourcing,
8(1). https://doi.org/10.1609/hcomp.v8il.7464

11. Palanque, P., Cockburn, A., & Gutwin, C. (2020). A classification of faults covering the
human-computer interaction loop. In A. Casimiro, F. Ortmeier, F. Bitsch, & P. Ferreira (Eds.),
Computer Safety, Reliability, and Security (pp. 434—448). Springer International Publishing.
https://doi.org/10.1007/978-3-030-54549-9 29

12. Nazarenko, V. (2024). Interaction and feedback loops in user interface for digital engineering
design. Information Technologies in Economics and Environmental Management, 0, 46—54.

13. Savidis, A., & Stephanidis, C. (2004). Unified user interface design: Designing universally
accessible interactions. Interacting with Computers, 16(2), 243-270.
https://doi.org/10.1016/j.intcom.2003.12.003

14. Wiethof, C., & Bittner, E. A. (2021). Hybrid intelligence - Combining the human in the loop
with the computer in the loop: A systematic literature review. In ICIS 2021 Proceedings.

15. Costabile, M. F., Fogli, D., Mussio, P., & Piccinno, A. (2007). Visual interactive systems for
end-user development: A model-based design methodology. IEEE Transactions on Systems,
Man, and Cybernetics - Part A: Systems and Humans, 37(6), 1029-1046.
https://doi.org/10.1109/TSMCA.2007.904776

16. Ju, W., & Leifer, L. (2008). The design of implicit interactions: Making interactive systems
less obnoxious. Design Issues, 24(3), 72—84. https://doi.org/10.1162/desi.2008.24.3.72

17. Hollender, N., Hofmann, C., Deneke, M., & Schmitz, B. (2010). Integrating cognitive load
theory and concepts of human—computer interaction. Computers in Human Behavior, 26(6),
1278-1288. https://doi.org/10.1016/j.chb.2010.05.031

18. Ramirez, J. G. C. (2024). Natural language processing advancements: Breaking barriers in
human-computer interaction. Journal of Artificial Intelligence General Science, 3(1), 31-39.
https://doi.org/10.60087/jaigs.v3i1.63

19. Nazarenko, V. A., & Ostroushko, B. P. Smart city management system utilizaing micro-
services and loT-based systems. Energy and  Automation, (1), 29-38.
http://dx.doi.org/10.31548/energiyal(71).2024.029.

78 Information Technologies in Economics and Environmental Sciences No. 2 (2024)




HasapeHko B., OcmpoyuwkKo b. Komn’tomepHa iHyceHepis

Ha3apenko Boiogumup AnartoutiiioBny

doxkmop ¢hinocohii, doyenm kageopu Komn romepHuUX cucmem, mepedc ma Kibepoesnexu,
Hayionanvnuii ynisepcumem 6iopecypcis i npupoooxkopucmyseauts Ykpainu

ORCID: https://orcid.org/0000-0002-7433-2484

E-mail: volodnz@nubip.edu.ua

Octpoyumiko bornan IlaBaoBu4

acucmenm Kageopu Komn 1omepHUx cucmem, mepessc ma Kibepoesnexu,
Hayionanvnuii ynisepcumem 6iopecypcis i npupo0doxkopucmyseauts Yrkpainu
ORCID: https://orcid.org/0009-0003-0849-8990

E-mail: b.ostroushko@nubip.edu.ua

MOKPAIIEHHA B3AEMO/II JIIOAUWHU TA KOMIT'IOTEPA: POJIb
IHTEJIEKTYAJIbHUX IHTEP®ENCIB KOPUCTYBAYA Y BEYJIOBAHUX TA 10T
CUCTEMAX

Anomayin. Cmpivkui po3eumox iHHOBAYIUHUX MEXHON02IU Y CYYACHOMY CGIMi CYMmESO 3MIHUE YUpposi
dooamku ma OisnbHicmb T0OUHY 6 yinomy. Ilpoepec y eanyzax anapamnozo 3abe3neyents, yu@dposozo npocpamHo2o
3abe3neuentss ma iHmMepakmusHux inmepghelicie Kopucmysaua 3pobus ousain Kopucmysayvkozo 00ceioy (UX)
KPUMUYHO BANCIUBUM (DAKMOPOM Y DI3HUX 2aNV3AX, BKIIOYAIOYU OXOPOHY 300P08'Sl, aepoKocmiumy, OylisenvHy ma
silicbkogy eanysi. Bzaemooia moounu ma xomn'tomepa (HCI) mae easxciuse 3nauwenmsi Onsi NiOBUWEHHS. 3DYUHOCI
BUKOPUCIMAHHIA CUCEMU WIIAXOM 3a0e3nederts: mo2o, oo iHmeneKmyanbti cucmemu 63aemooii 6ynu opienmosati Ha
KOpucmysaia ma MakcumaibHo oocmynuumu. Inmeepayia inmenekmyanvuux cucmem, Inmepnemy peueii (loT) ma
80Y006aHUX MEXHONO02IN GIOKPUBAE HOBI GUKIUKU ™A MOdCIusocmi y ousauni inmepgpeticie. Opim moeo, y mipy
BNPOBAOIICEHHS HOBUX THMENIEKMYAbHUX CUCMeEM asmomamusayii ma yugposoi mpancgopmayii, spocmae nonum Ha
adanmueni, 3pyuHi 01a Kopucmyseaua inmepgeticu. Po3yminHas mo2o, AK KOPUCMYy8adi 63aemMooliloms i3 yumu
MEeXHONI02IAMU, MAE BANCIUBE 3HAUEHHS O ONMUMI3AYIl eqheKMUSHOCMi ma NIOBUWEHHS 3A2albHOI 3A0080NEHOCHII
Kopucmysauis. Y oanmiu pobomi docuioxcytomsca npunyunu HCI ma ouzaiiny 3aemodii; ananizyemocs, aK yu@posi
ananoeo6i inmepgelcu cnpusioms NPaAKmMU4HOMY GUKOPUCIAHHIO cucmemu. Asmopamu GUKOPUCMAano AKICHUUL nioxio,
8paxoeyouu  cyyacHi Oocniodicenns ouzauny inmepgheticy xopucmysaya (Ul), inmepaxmusnux cucmem ma
iHmenekmyanbHux 000amkKie. YV 00CHiOdNceHHi maxodc po3ensioaiomsvcs Rpukiaou 3 pisHux eanysel, oe UX ma
onmumizayis inmepgheiicy 3HAUHO BNAUHYAU HA NPOOYKMUBHICIb CUCIEMU A 3A0080IE€HICMb KOpUCMY8ayie. 30ip oanux
BKNI0YA8 AHANI3 imepamypu, iHmepa'to 3 ekchepmamu ma 36imu npo mecmy8anus 103aoinimi, wo 3abesneuyc ecebiymne
PO3VMIHHA npoblieM ma 00CsA2HeHb Y Ou3auHi 83aemooii. Memoodonoeis 00ciONHCeH ST MAKOIIC GKAIOUAE NOPIBHANLHULL
auaniz mpaouyiuHux i Hosux mooeneil inmep@ericie 0 BUABNEHH KPAWUX NPAKMUK NPOEKMYBAHHS A0ANMUSHUX Ma
inmenexmyanvHux cucmem. Pesynomamu noxazyioms, wjo 0obpe pospobaeni inmepgeiicu nioguwyome 3amy4eHicmo
Kopucmysauis, egexmugnicms ma QyHKYioHanbHicmy cucmemu. DPakmopu, wo 6NAUBAIOML HA  3PYUHICB
BUKOPUCMAHHS, BKIIOYAIOMb AOANMUGHUU OU3AUH, MIPKY8AHHS OOCHYNHOCMI ma [HMYimueHo 3po3ymiautl 0oceio
Kopucmysaua. Temamuuni 00CniOANCEHHA NOKA3YIOMb, WO 2ary3i, AKI ekmodaioms cyyachi npunyunu UX ma innosayitini
MexHoN02ii 83aEMO0ii, deMOHCMPYIOMb NiOGUWEHY Onepayiiny epekmusHicms ma 3a00801eHicms Kopucmyeauie. Kpim
moeo, pe3yibmamu ceiouams npo me, wjo inmezpayis NIOKA30K-KOPUCMYBAYY HA OCHOBI WMYYHO20 [HMeNeKmy,
MEXaMi3MI8 360POMHO20 36'SA3KY 6 PedCUMi peanbHO20 Yacy ma MyTbmMumMoOaibHOI 63a€M00ii 3HAYHO HOKpAWye
adanmuericms Kopucmysadie ma epexmugnicmes cucmemu. Y 00CaiodceHHi NiOKpecIoEmMbCsl 8aNCIUGICING ZHUICEHHS
KOZHIMUBHO20 HABAHMAICEHHA NpU OU3AUHI [HMepgelcy, HA2ONOWYIOUU HA MAKUX CMpAamezisx, sK NPOSHO3HA
aHanimuKa ma KOHMEKCMHO-3ANedNCHI 0OYucientss Ol NOKpaujeHHsi 63aemoolii 3 Kopucmyeauamu. Pesynemamu
nokazyrome gadicnugicmos HCI y npoexmysanni 3pyunux ma egpexmugnux cucmem. Hazonowyemocs na neobxionocmi
nocmitinux innosayii ¢ UX ma ousaiini inmepeticis, ocobnugo 6 nosux eanyssax, maxux ax IoT ma e6ydosani cucmemu.
Cnio niokpecaumu poab WmMyuHO20 [HMeENeKmy, MAWUHHO20 HAGYAHHA MAd OONOBHEHOI peanbHocmi y opmyBaHHi
Matoymnb020 63aemo0ii 3 Kopucmysauamu. Matibymui Oocniodcenna maroms OYmMu 30cepeodceHi Ha Nooanbuill
inmezpayii nepcoumanizayii ma adanmueHux iHmep@eicié Ha OCHOGI WIMYYHO20 iHMeNeKmy O NOKPAUEeHHS.
Kopucmysaybkozo 0oceidy. Ompumani pesyromamu cgiouams npo me, WO MINCOUCYUNIIHAPHA CRIBNPAYsE MIdC
iHJICeHepamu, OU3AUHePAMU MA BUEHUMU-KOZHIMUBICIMAMU MAE BAJICIUEE 3HAYEHHSA 01 PO3POOKU Oinblt egheKmueHux ma
OPICHMOBAHUX HA JIOOUHY CUCTEM B63AEMOOii. Bpaxysanns emuuHux MipKy6aHb, Makux sK KoHQioenyiuxicms ma
docmynuicme 0aHux, 3a6e3neyums cnpageodIueUll ma iHKAIO3UGHULL OUANH Y MAUOYMHIX MEeXHOIO2IUHUX OOCACHEHHSX.

Kniwouosi cnoea: ouszaiin inmepgheiicy kopucmysaud, KOPUCMy8aybKuli 00C8i0, pO3YMHI CUCHEMU, CUCEMHA
83A€MO0isl, KOMN'TomepHa indicenepis.
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2eul-3HaYenb Ha OCHOBI HASBHOCMI KilbKOCTI KOM3ill Mae cymmesuil HedoniK - 8UCOKA ODYUCTIOBANIbHA CKIAOHICMDb.
Tomy, mexnono2is oyinku AKOCMI 3600umMbCs 00 ANPOKCUMAYil aHANIMUYHO20 6upasy @YHKYii, AKull nidoaemucs
MAMEMAMUYHOMY AHANIZY MPAOUYIUHUMY MEMOOAMU, 3ACMOCOBHUMU 00 nOXiHoMIg. Binbut skicnor eew-@ynkyicio
ssadcamucs ma eew-QyHKYii, 2icmoepama sKOi € MAKCUMAIbHO HAOaudCeHow 00 epagiky @yukyii y=x. Lle 6yoe
8i0nogioamu 2aycigCobKomy po3nooiny eenuyut. IIpu 6UKOpUCmManti 3anponoHo8aHoi MexHoN02ii HeobXiono po3pobumu
Kpumepii knacugixayii ynxyiil 3a 8i0xuneHHAMYU 8i0 i0eanbHO20 PO3NOJINY 3HAUEHb 30 OOHUM ADO OEKITbKOMA 3 MAKUX
NOKA3HUKIB, K. OUCHEPCis,; MameMamuine OYiKy8ants, cepeone apugdmemuune; cepeoHe 2eoMempudHe 3SHaA4eHHs MOowo.

Knrouosi cnosa. I'ew-pynxyis, konisii, inmepnonayis ghynxyii, anpoxcumayis Qynkyii, saxicme ceut-@Qynxyii

Beryn. Binomo, 1m0 OCHOBHHMM MapaMeTpoM, 3a SIKHM XapaKTepU3yeThCs Ta YW 1HIIA Tell-
(GYyHKIliST € KUTBKICTh KOMi3ii, HasBHICTb YW BIACYTHICTh Koxi3ii [1,2]. BusBnenns xomi3ii amus
171ealbHOTO BUTIAJIKY TOCIIKCHHSI SIKOCT1 Tell-PyHKI1 Mae MPOBOJUTHUCS AJIS BEITUKOTO Jiana3oHy
BUX1IHUX 3HaueHb H (x). TiIbKM B TAKOMY BUIAJIKY PE3yJIbTATU TOCIIIKEHHS MOXKYTh BU3HABATUCS
cTatuctuyHo 3HauymuMu [1-3]. ViMosipmicTs komisii B rem-dyHkuii wacto omiHIO€ThCA 3a
MapajoKCoOM JHIB HApOKEHHs, KU 0a3yeThCs HAa KUTBKOCTI MOXJIMBUX BHUXITHUX 3HA4eHb N
(po3mipHicTb xemry) [4,5]. Januii niaxia € HallOIbII ONTUMAIBHUNA 3 TOUKH 30py BUTPAYSHOT'O Yacy
1 IPUIHATHUI CTOCOBHO TOYHOCTI OTPUMAHOT'O MOKA3HUKA SKOCTI (DYHKIII].

Tomy, miAXiJ OIIHKK SKOCTI (PYHKIIIM 32 METOJOM HaBiTh YaCTKOBOTO Mepedopy, HaBiTh, 3
Oy Ha HOro BU3HAHY BUCOKY TOYHICTb 1 MPUUHATHICTh OTPUMAHUX PE3YJIbTATIB, YACTO CKJIATHO
3aCTOCYBATH Yepe3 3aHaITO BUCOKI YaCOBI BUTPATH HA pealli3alilo.

Amnani3 rpadiuHuX BiJoOpa)XeHb pe3yJbTaTiB OTPUMAHMX BUXITHHX 3HAUYEHb rell-QyHKUIi €
BXJIMBUM JJIsS OI[IHKH PIBHOMIPHOCTI Ta BHIAJIKOBOCTI ii MOBEMIHKUA. XO4a, 3arajom, 4acTille
BUKOPUCTOBYIOTh MaTeMaTHYHI METOAM JTOCIIKEHHS remi-(yHKIiN, ane BKIIOYEHHS 10 METOJIUK
OLIIHIOBAaHHS AKOCTI rem-(pyHKIiH pe3yabTaTiB Bizyasizamii BUXiIHUX 3HAYE€Hb 3HAYHO JIOTIOBHIOE 1
YHAOYHIOE CTATUCTUYHMNA aHaJi3 OTPUMAHOTO CTATUCTUYHOTO PO3IOILTY.

Mera gociikeHHsI — CTBOPEHHS Ta BIOCKOHAJICHHS METOJIB Bi3yamizalii Ta aHalizy
rpadi4yHOr0 MPEACTABICHHS BUXITHUX JAHUX Trem-(QyHKLid, [0 JJ03BOJIMTH OIIHIOBATH iX
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KpunrorpadiuHi BIACTUBOCTI, TaKl K aBajJaHY-€(EKT, PIBHOMIPHICTh PO3MOJLTY Ta CTIHKICTH 10O
KOJTI31H.

PesyabTaTn gocaigxenns. [Ipumyctumo, mo mu mMaemo rem-gynkuito Buay H(x), sxa
NOBEpPTa€ BHXiJHE 3HA4YEeHHSA (IKCOBAHOI JOBXKUHM. JIJii MaTeMaTW4YHOTO aHaji3y MOXKHa
BUKOPHUCTATH HACTYIIHI pe3yibTaT rpadivHoi Bizyanizaii i 3HaueHs [6]:

1. T'padik 3ay1e:KHOCTI 3HAUEHHS XEILIy BiJ BXITHUX JaHMUX. J[J1s1 meBHOro HabOpy BXITHHUX
3HauYeHb X (Hampukiaa, x = 1,2,3), oduncntoeMo BiamoBiaHi 3HaueHHs H (x).

OTtpumaHni 3Ha4eHHsI (QYHKLINA MOXKIMBO Bi3yalli3i3yBaTH y BHUIJIAI TOUKOBOTO rpadiky adbo
ricrorpamu.

Jani 3’sBIS€ThCSI MOXKIIMBICTD MEPEBIPUTH PIBHOMIPHICTH OTPUMAHOIO PO3IMOJILTY 3HAUYEHBb
bynkuii H(x).

2. Awnami3 6itkapt (Bit Distribution Analysis). Takuii Bua rpagiunoro anamizy nepeaodadae,
1110 KO’KEH BHUX1JHUHN XeIlI MOKHA MOPIBHSAHO JIETKO MPEICTABUTH y BUTIIAI TBOBUMIPHOTO GITOBOTO
300pakeHHs (Hanpukian, 1024-61THi 3HaYEHHS Y BUTIISA1I MAaTpUL po3MipHicTio 32 X 32).

B rtakomy Bumanky rpadiuHa Bizyamizallisi OTpUMaHUX Pe3yJIbTaTiB TELIyBaHHS Ja€ 3MOTY
NEPEBIPUTH, YU ICHYIOTh TH UM 1HILI 3aKOHOMIPHOCTI y BUXITHUX OITOBUX MOCIITOBHOCTSIX.

3. I'padik 3MiH y BUXiTHOMY 3HaYCHHI IPU MalluX 3MiHax BXinHux naHux (Avalanche Effect
Analysis). IIpu Takomy BuAi AOCHIHKEHHS rpadiKy BUXITHUX 3HAU€Hb remi-QyHKUIT 11 KOKHOTO
BXIIHOTO 3Ha4eHHs X oOuMciaroemo 3HayeHHA ¢yHkuii H(x) i H(x + 1), a moTiM BUMIpIOEMO
OTpUMaHy PI3HUINIO B OiTax.

BHCHOBOK CTOCOBHO SIKOCTI OTPUMaHOI pOOUTHCS HAa OCHOBI XapakTepy 3MiHM BXiIHUX JaHUX,
B 3aJIEKHOCTI BiJl 3MiHU BXiJJHUX 3HAUCHb:

- rem-(yHKIIS BBOKAETHCS SIKICHOIO, SIKIIO 3MiHA X04a O OAHOrO 0iTa y BXITHUX JaHHUX
MPU3BOJMTH J0 3MiH Yy 3HaUHIN KUIBKOCTI OITiB BUXITHOTO 3HaUEHHS (€(EKT JIaBUHH).
- B iHmoMmy Bunaaky rem-yHkitist H(X) BBaXKa€eThCs HESIKICHOIO.

s imocTpatii poOotu ganoro mMetoay Oynyerbest rpadik, M0 MoKazye KUIbKICTh 3MIHEHUX
01TiB y Xelli A7l KOXKHOI 3MiHU Y BXiTHOMY ITOB1IOMJICHHI.

Jlnst mpuKiay po3poOuMo ren-QyHKIN0 3 TAKUMU XapaKTepUCTUKAMU:

1) po3psaHicTh BUXITHUX 3HAUYeHb QyHKLIT — 128 OiT;

2) Ha BXix Takoi (QpyHKIT MOXe 1moaBaTUCs Oy/Ib-sIKa MOCIIOBHICTh, TOBKUHOIO 70 1 MOiT
(1 048 576 611);

3) mAroToBKa BXiJHOI MOCIIJOBHOCTI 3 JOMOBHEHHS Pealli3ye€MO aHAJIOTIYHO JI0 OMMCAHOTO
y BIAKPUTHX JKepen s rem-¢gyHkii mdS [7].

5) MexaHI3M «IepeMillyBaHHsS» (permutation) JaHMX B pPO3pOOJIOBaHIN rem-QyHKIii
peanizyeMo 1o aHaiorii 3 anroputmom pyHkuii mdS [7].

6) oOpaxyemMo mapaMeTpu SKOCTI OTpUMaHOi rem-QyHKLis [0 TaKUM IapaMeTpam:
JMCIIepCis, MaTeMaTUYHE OYiKyBaHHS TOIIO Ha IIMPOKIA BHOOPI BUXITHUX 3HAYEHb TUIY «Tell-
128» Ta moOyay€eMo BIAMOBIIHI TFOCTPATUBHI Ipadiku SKICHUX HapaMeTpiB XeI-(QyHKIII].

OTpumaeMo pe3ybTaTH OLIHKHU AKOCTI TetI-(hyHKII1 3 BAKOPHUCTAaHHIM METO/1iB MaTeMaTHYHO1
CTaTUCTHUKH:

- MaremaTtuyHe ouikyBaHH:: 9410810830297161728
- nucnepcis: 28080520602751215165548159324164980736
- KUTbKicTb Komi3ii: 0 (Ha Bubipii 3 850 tectiB).

Ha ocHOBiI oTpuMaHMX JTaHHX MOOYZY€EMO TiCTOrpaMy pO3MOATY 3HaYeHb CTBOPEHOI Ieml-
¢ynkuii. Ha ricrorpami mo oci X OyayTe BimoOpa)kaTucs OTpUMaHHI rem-3HadeHHs (64-01ToBi
quciua), a Mo oci Y — 3HaUY€HHS CTATUCTHYHOIO MOKAa3HWKA YAaCTOTH MOSBU NMEBHUX TeElI-3HAYECHb
cepesl BUIIAJIKOBUX TECTOBUX BXiTHUX 1024 GiTOBMX MOBIIOMIICHb, SIKI TE€HEPYIOTHCS MPOTPAMHOIO
peaizali€ro anropuTMy po3pobaenoi rem-¢yskuii (puc.1).

HaBenena na puc.l rictorpama J03BOJISI€ Bi3yaJbHO OLIIHUTH JAWCHEPCil0 oTpuMaHux 850
3HauYeHb rem-(yHKIii. Xo4a ajs Takoi KUTHbKOCTI BXIIHUX 3HaY€Hb KOJi3il 3HaiiieHo He OyIio, aie
MOBHUN LIMKJI MOLIYKY KOJIi3iil MaB OM OXONUTH JOBOJI OaraTo 3Ha4YeHb. Tak, /Uil 3HAXOJKCHHS
Koui3ii moTpiOHO mepedpaTu Bci MOXIMBI BUXiAHI 3HaueHHS. Ockuibku BuXia mae 128 6it, TO
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KiIBKICTh MOMJIMBHMX yHIKalIbHUX TemnB ckiane: 2128 ~ 3,4 x 1038, 1le o3nauae, mo B ripmomy
BHUIAJKy IOTPiOHO nepeBiputu 3,4 X 1038 yHikansHUX BXiJHUX 3HaY€Hb, 100 rapaHTOBAHO 3HANTH
kouizito. Ilpu BUKOpHCTaHHI aTaka TUIY «IE€Hb HApOKEHHs» [8] MOXHA 3MEHIIUTH Hepedip 10
2% ~ 1,8 x 10'° itepaniii. Ile 3Ha4HO MIBHMIILIE, aJle BCE OIHO JYKE OOUMCIIOBATIBLHO CKIIAHO.

Po3nofin xew-3HayeHb

YacTtoTa

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
Xew-3HavyeHHs (64-6iT) 1lel9

Pucynoxk 1 — I'icmoepama wacmomu po3nooiny 6uUXiOHUx 3Ha4elb CMEopeHoi ceu-OyHKYii 8 nepuill
imepayii

SIkimo a7 mepe®opy BCiX MOMKIIMBUX 3HAUEHb apryMEHTY po3p06neH01 (byHKun BUKOPHUCTATU
cydacHy Bineokapty, Hampukiag NVIDIA RTX 4090. To, ans BiZoMOro i CHiBCTaBHOTO 3
PpO3pobIIeHUM 32 CKIIAIHICTh anroputMy MDS (mae 128-0iTHuil BUXia) 00UMCITIOBATbHA MTOTYKHICTh
no3sosie obuncmosari 200-300 mMupa remis Ha cexyHay (To6to 2 X 10! g0 3 x 10 xemis/cek)
1151 IepeGopy BCiX MOKIMBHX 3Ha4eHb MoTpioHo Bix 1.13 X 1027 cekynau ~ 3,6 X 10°poxkis.

3a yMOBHU 3IiMCHEHHS OUIBII ONTHMANBHOI aTaku «IHS HAPOPKCHHS» OOYHMCIIIOBAJIbHA
ckIagHicTh cranoButuMe: 2%% ~ 1.8 X 10° irepauiii, a yac oOuucnenns ckiazge: 6 X 107 cekynn
=1,9 poxkis.

Bionosnenns ananimuunoeo supasy ¢yukyii ma ananis ii epagiunoi xapaxmepucmuxu.

MatemaTruuHu# METO BITHOBICHHS (DYHKIIIT 32 BiIOMUMH KOOPIMHATAMH TOYOK HA3UBAETHCS
iHTepnosnig abo anpokcumaris. OTke, Maouu rpadik BUXIIHUX 3HAUYEHb TenI-(QyHKII MOKHA
OTpPUMATH aHATITUYHUN BUpa3 JaHO1 PYHKLIT Ta MiJAaTH i MAaTeMaTUYHOMY aHaJi3y.

Maemo noTpedy BiIHOBUTH (YHKIIIIO TOYHO, TO MOXKHA BUKOPUCTOBYBATH 1HTepHosLio. B
IHIIIOMY BHWIIAJKy BHUKOPUCTOBYIOTH AalMpPOKCUMAINIO (SKIIO BiZIOMO, IIO ICHYIOYI JaHi MICTSATh
noxubku). Yepez Te, IO BHXIAHI pPE3ylbTaTH MOXUOOK HE MalOTh, TO BHKOPHCTOBYEMO
anpOKCHMAILIIIO.

Jis oTpuMaHHS aHAJTITHYHOTO BHUpA3y NaHO! (PYHKIIT BHKOPHCTAEMO KOOPJMHATH TOYOK,
OTpPUMaHUX 32 pe3yJbTaTaMH IMONEPEaHIX PO3PAaXyHKIB, IO BIAMOBIAAIOTH rpadiKy, HABEJCHOMY Ha
puc.1.

[ToOynyemo aHamiTHYHMKA BUpa3 (QYHKLII, BUKOPUCTOBYIOUM IHTEPHOJALIMHUN MOIIHOM
Jlarpanx, cmnaiH-iHTepHossAito abo MeToJ HaiiMeHmMX KsanapariB [9]. 3a pesynbraTamu
npoBeseHuM cnpoO, Metos JlarpanHka BUSBHMBCS HECTaOUIbHMM ue€pe3 BEJIMKY KIUJIBKICTh TOYOK.
ToMy, BUKOPHCTOBYEMO IHTEPHOJIALIIO IIMX TOYOK 3a JOMOMOTOI0 MOJIIHOMIaJIbHOI alpOKCUMALi.
JUis 11bOrOo BHUKOPHUCTAEMO METOJ HANMMEHIIMX KBAJApaTiB JUId 3HAXOKEHHS IMOJIHOMA, SKHH
HaWKpaile miaXoAuTh J0 IUX JaHux [9].

AnpokcuMoOBaHa (QYHKIS 11 OTPUMAHUX 3HA4YEHb TICTOrpaMu JUIst | BUMAIKY:
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y: = 0.0002x3 — 0.0492x? + 3.0819x — 14.1699.

ArnpokcuMoBaHa (YHKIIA A1 OTPUMAHUX 3HAYEHb TICTOTPaMU JUIs 2 BUIAJKY:
y, = —4.000866 x 107°8x3 + 4.213750 X 10738x2? — 6.461849 X 10~ 19x + 21.80919.

ArnpokcuMoBaHa (YHKIISA A1l OTPUMAHUX 3HAYEHb T1CTOTPaMU JUIsl 3 BUIIAJKY:
y; = —=3.89x 107%7x3 + 1.09 x 10737x2 — 7.02 x 10~ %x + 20.19.

[Ticnsa 5 mOBTOpPIB TECTIB reHEpYBAHHS 3HAYCHHS NapaMeTpiB rem-QpyHKIii Ha iHTepBalli OyiIu
CHCTEMaTH30BaHi 1 Juid KOXXHOro 3 Habopy 3HadeHb Oyso peanizoBaHi CIpoOM BiJHOBJICHHS
aHATUYHOTO BUpPa3y (YHKIII 3 BHUKOPUCTAHHSAM IIOJIHOMIHAJIBHOI ampoKcHMallii, a He
THTEePHOJISALITT.

Bubip anpokcumariii poAMKTOBaHUN THUM, 1110 HEOOX11HO BiTHOBUTH BHpa3, AKUHN "MiIXOAUTH"
i OUIBLIICTh AAHUX, TOOTO MiHIMI3YE 3arajbHy MOXUOKY IO BCIX BiJIOMHMX TOYKAX.

Ile no3Boisie oTpuMaTH (YHKIiIO, sIKa HE OOOB'I3KOBO MPOXOAUTH Yepe3 yCi TOUKH, aje
HalKpalle onucye TeHISHIII].

B 1ol yac, K IHTEpHOJALISL € MPOIECOM 3HAXOKEHHs MOJiHOMA, SKUH TOYHO MPOXOIUTH
4epes3 Bci 3a/1aHi TOYKH, a 11e, K BHIHO 3 puc. 1, 2 1 3 € CKIaiHOO 3a7a4el0.

Po3nofin xelu-3Ha4yeHb

YacToTa

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
Xew-3HayeHHs (64-6iT) lel9

Pucynok 2 — I'icmoepama wacmomu po3nooiny 6uxioHux sHauenb CmeopeHoi ceu-GyHKyii 8 opyeill
imepayii

@®aKkTUYHO, BCl 3 HABEJCHMUX BUILIE AHAIITHYHUX (PYHKUIH XapakTepU3ylOTh MOBEAIHKY
BUX1IHOTO po3nonity 128-0iTHUX reur-3HayeHb po3poodsenoi pyHkuii H (x).

OTxe, MaTeMaTHYHUM aHaNi3 I BUNAAKY rpadidHOl XapaKTepUCTHKH reml-(QyHKIii OiIbI
npakTuyHuid. 1le moB’s13aH0 3 HASBHICTIO BIAMOBIAHUX 3aC00IB MAaTEMAaTUYHOTO aHAJi3y Ta 3HAYHO
MEHILIUM YaCOM OTPUMAHHS pe3ybTaTy NMEePEeBIpKU Ha AKICTb.

dopmyna A O4iKyBaHOI KUTBKOCTI KOJI3ii Py K BUMAIKOBHUX XeIIaX BUTIIAJIAE TaK:
k2
P=~1—e 2N,

SIkmo moTpiOHO 3HANTH Take 3HAYCHHS Hapamerpy k, MpH SKOMY KUIBKICTb KOJNi3il cTaHe
OLTBIII TOMITHOO, TO MOXHA HACTYITHUM BUPA30M:
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k = 1.2VN,
ne: k — KUIbKICTh TelliB, sIKi MOTPiIOHO 3reHepyBaTH Ui OTpUMaHHSA Xo4ya O OJHI€ET Koumi3ii 3

JIOCTaTHLO BEJIMKOIO MMOBipHicTIO; N = 2V — 3aranbHa KilbKiCTh BCIX MOYKIJIMBUX 3HAYEHD XELIY T-
OITHOTO XeIry.

Po3noain xelw-3HayeHb

YacToTa

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
Xew-3HayeHHs (64-6iT) lel9

Pucynok 3 T'icmoepama uacmomu po3noodiny 8uxionux 3HayeHb CMEopeHoi 2eul-QhyHKyii 6 mpemiii
imepayii

Jlnst mOpiBHAHHSA JAociHipKyBanacs rem-¢ynkuis MDS5. Bona renepye na Buxoxai 128-6iTHi
xemi, Tooto N = 2128,

Jlist Takoi QpyHKuii mapametp k & 1,2V2128 = 1,2 x 2% ~ 264 [1[oo3nauae, 1m0 3Ha100UTHCS
npubmusHo 2% pisHUX XewrB, A TOro, mo0 OTPUMATH 3 BUCOKOK MMOBIPHICTIO Xoua 6 OfHY
KOJI3IIO.

B Toii ke 4ac, BiJoMO, 110 SKIO MOTPIOHO OTPUMATH CTATUCTHUYHO 3HAUYIY OI[IHKY YaCTOTH
KOJIi31i, To OaxaHo A7 po3po0iieHoi PyHKIT nepeBipuTy 3HaYHO O1IbITy BUOIpKY [4-5], Hanpukiam,
10%° a6o, HaBiTh, OlIbIIE XELIiB.

[licns mpoBeneHHs aHai3y HporpaMHoi peamizamii anroputmy remr-¢pysHkmii mdS (omwme
aJIrOpUTMY B3ATHIA 3 BigkpuToro mkepena [10]) Bussnsumca 1000 mosropens cepen Moxmupux 107
xewriB. B pe3ynbraTi oTpuMaHo eMImipuuHUN MOKa3HUK YacTOTH KOJi3iH, SKUH MOKHA MOPIBHATH 3
TEOPETUYHUMHU OYiKyBaHHSAMHU.

Le#t moka3HUK IpUOIU3HO CHIBIAAE 3 TUM, L0 OTPUMAHO JJIsi po3pobieHoi rem-¢pyHkuii (B
Mekax craTuctuarol momuiaku 4 € +(0 ... 3)%.

BHCHOBKHM Ta NepcleKTHBH. B KOHTEKCTI OLIHKM SIKOCTI NMPAKTHYHY KOPUCTb MOXYTh
JlaBaTH He pe3yIbTaTH MAaTEMATUYHOTO aHAJII3y BiIHOBJIEHOTO 32 OTPUMAaHUMU 3HAUYCHHAMH (YHKIIIT
il aHAITUYHOTO BUTJISY, @ TPAAMLIHHI MOKa3HUKH SKOCTI reml-(QyHKIIii, OTpuMaHi 3 BAKOPUCTAaHHIM
MaTeMaTUYHOI CTATUCTUKH, HAIPUKJIIAJ, TaKi, SK:

- Jaucmepcis;

- MareMaTH4YHe O4iKyBaHHS;

- cepenHe apupMeTHIHE;

- Cepe/IHE reOMETPUYHE 3HAYCHHS TOIIO.

OnHak, B TakoMy BHUIAJIKy BUMara€ po3poOku kputepii kimacudikamii QyHKUid 3a
BIIXWJICHHSIMH BiJI 171€aJIbHOTO PO3MO/UTY 3HAYEHb 32 OJHUM a00 JAEKUIbKOMA 3 TAKUX ITOKA3HUKIB.
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SIK moKa3aHO B OCHOBHI YaCTHHI OLIHKM SKOCTI Tell-(hyHKI[IT HO OCHOBI JJaHUX MPO KOJIi3ii €
3aHAATO OOUYMCITIOBAILHO CKJIATHUM 1 HEOIUTBHUM ISl IPAKTUYHOTO 3aCTOCYBaHHA. 3 OISy Ha Te,
110 JUIS OLIIHKU KUTBKOCTI KOJIi31 HaBiTh BIIHOCHO NpocToi GpyHKIiT mdS, noTpiOHO mpoaHaizyBaTu
npunaiiMai 1,2VN 3HaueHp Xem-(yHKIi, ane [l OTPUMAHHS OLIBII TOUHMX NAHHX HEOOXiIHO
30UIBIINTH IO KIJIBKICTH Y EKUIbKa pasiB. s Bcix 128-0iTHUX rem-(yHKLINA 115 1IbOro HOTPiOHO
npoBecTH Npubu3Ho 2% = 18 KBiHTHILIOHIB 3HaueHb. TLIBKK TOI MOYKHA OTPUMATH IAPAHTOBAHO
BUCOKY HMOBIpPHICTh 3HaXO/KEHHs Koui3ii. B Toi ke 4ac po3risiHyTUH anbTepHATUBHUN METOJ
BU3HAYEHHS SKOCTI Tem-(QyHKIIi J03BOJII€ 3pOOMTH 1€ HA MOPSIOK IMIBUAMIE (3aJI€KHO BiJ
CTPYKTYpH QJITOPUTMY JOCTIIKEHOT (PYHKIIIT BUMarae J10AaTKOBHUX JOCIIIKEHB ).

3 mpoBeACHUX BUIIE JOCITIHKEHb MOYXHA MOOAUYNUTH, 10 TPAAULIHHUI MaTeMaTHYHUIN aHai3
IHTEpPHOJIbOBAHUX 3HAYCHb TeHI-QYHKIII AN BUNAAKY rpadiyHOi XapaKTEpUCTHKH TakKoi rel-
¢byHKUIi € 3aCKIaJHEHUM 1 MAJIO3pYYHUM JUIS IMPAKTUYHOTO 3aCTOCYBaHHSA. XOua TAaKWW aHami3 i
Moyke OyTH NepCHEeKTUBHUMN TS IeSKUX BUIAAKIB (BUMarae moAaibIIuX JOCTIKEHbD).

Ilepcnexmueu 60ockonanenHs. binbll pallioHAIBHUM MOXKe OyTH Bi3yallbHUH MIBUIKUN aHAMI3
OTpPHUMaHOI TicTOrpaMu sIKOCTi. B TakoMy BumaKy OibIll sIKICHOIO Oy/1e BBaKAaTUCS Ta rem-QyHKIii,
ricrorpama sikoi Oysie MakcuMasibHO HaOmmkeHo 1o rpadiky gynkuii y = x. Lle Oyne Biamosigatu
PIBHOMIpHOMY PO3IOJILTY 3HaueHb (rayciBchbKuil po3moain) [11].

Jnst Toro, o0 CTBOPUTH YMOBH Ul NPAKTUYHOTO 3aCTOCYBAHHS 3alIPONOHOBAHOTO METOJY
OLIIHKH CIIi/1 IPOBECTHU JIOJJATKOBI JOCII/HPKEHHS, CTBOPUTHU KJIACH SKOCTI1, pAaH)KOBaHi 3 JOIYCTUMUMU
BiJl i1eanbHO1 PYHKIIIT BIAXUICHHSIMHU.
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TECHNOLOGY FOR ANALYZING THE QUALITY OF HASH FUNCTION
CHARACTERISTICS

Abstract. The technology for analyzing the quality of a hash function is proposed. To test it, a specially developed
hash function, which is a simplified analog of MDS5, is used. It is shown that the traditional quality assessment of the
obtained hash values based on the number of collisions has a significant drawback - high computational complexity.
Therefore, the technology of quality assessment is reduced to the approximation of the analytical expression of the
Sfunction, which is amenable to mathematical analysis by traditional methods applicable to polynomials. A better quality
hash function is a hash function whose histogram is as close as possible to the graph of the function y=x. This will
correspond to the Gaussian distribution of values. When using the proposed technology, it is necessary to develop criteria
for classifying functions according to deviations from the ideal distribution of values by one or more of the following

indicators: variance; mathematical expectation; arithmetic mean, geometric mean, etc.
Keywords: hash function, collisions, function interpolation, function approximation, quality of a hash function
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MATEMATHUYHE MOJEJTIOBAHHS TA CTPATEITL ATANITALII B
IMPOTUCTOAHHSA KPUIITOBAJIIOT TA KBAHTOBUX KOMIT'IOTEPIB

Anomayin. Cmamms npuceauena 00cnioxcennio cmiikocmi kpunmoganiomuux cucmem (KBC) 6 ymosax nogux
3a2po3, NOB'A3AHUX i3 POZGUMKOM KEAHMOBUX 06uuciensy. [isibHicms npedcmasiena Ou@epenyianbua i2poéa mMooeis,
wo oossonsic hopmanizysamu ezaemodia KBC i keanmosux xomn'iomepie (KK), i nagims ananizysamu ix 63a€moenaus.
Memoodonozis 00cnioNceHHs TPYHMYEMbCA HA 3ACMOCYBAHHI OuhepenyianbHoi meopii i2op 0151 MOOENI08AHHS OUHAMIKU
PO3NOOINY pecypcié Midlc CIMOPOHAMU MA OYiHKU iX cmpameziti 8 YMO8AX HeGUHAYEeHOCMI ma KOHKYypeHyii. ¥ xo0i
MoO0en08anus bynu posensanymi pisui cyenapii npomucmosnus misic KBC ma k6anmosumu o0uucieHHAMU, W0 003801UN0
BUABUMU KIOY08I 3AKOHOMIpHOCMI Ma (akmopu, AKi Cymmeso 6Nausaroms Ha eqhekmueHiCms Kpunmozpagivnozo
3axucmy, a maxKoic 064UCTI08aNbHI ModcIusocmi amakyouux 3 gukopucmannam KK. Ocobnusy yeacy npudineno ananizy
PI3HUX MemOoOi8 3axucmy yu@posux aKxmueise 3a yMo8 MONCIUBUX KEAHMOBUX 3azpo3. Pezynvmamu oocniodcenns
MOdICYymb Oymu OCHOB0I0 05l pO3POOKU HOBUX CMAHOapmis Kpunmozpadiunoi b6esnexu ma a0anmuHux cmpamezit
saxucmy, aKki 6y0ymo e@ekmusHUMU 8 YMOBAX WBUOKO20 3POCMAHHA OOHUCTIOBANLHUX NOMYICHOCHEN KEAHMOBUX
MexHO02I1.

Kniwouosi cnosa: xeanmogi oOuucienHs, Kpunmoeanomu, Kpunmozpagiuna cmiikicms, mamemamuine
MOO0en08anHts, pecypcu po3nooily, KBAHMOSI 3a2po3u, cmpamezii 3axucmy.

Beryn. CyvacHi BUKITUKY B raiy3i iHdopmaiitHoi 6e3nexu (naii Ib), mos's3ani 3 po3BUTKOM
KBAaHTOBHMX OOYHCIICHb, CTABIATH IiJ 3arpo3y CTIHKICTh KpUNTOrpadidyHUX METOJIB, IO JIEXKATh B
OCHOBI OUTBIIOCTI IU(POBUX CUCTEM, y TOMY uucii kpunToBamoT. Kpunrosamortu (gani KB), 3rigHo
3 [1], MOXKYTb cTaTH OCOOJIMBO Bpa3IMBHUMM B YMOBaX IOSIBM KBaHTOBUX Komm'toTepiB (nam KK),
3JaTHUX BHUKOHYBaTH OOYMCIEHHS, HEAOCTYHHI TpaauuiiHuM cuctemaMm. OcHOBHa mpoOiema
MOJISiTa€ B TOMY, L0 KBAaHTOBI alropuTMu, Taki sik anroput™m Illopa [2, 3], MOXyTb e€(heKTUBHO
BUpIIIYBAaTU 3a/ayi, Ha SKUX Oa3ylOTbCS aCUMETPUUHI KpunTorpadidyHi CXeMH, HaIpPUKIAM,
(dakTopH3aIio HUTUX YUCeT 1 OOYMCICHHS TUCKPETHOTO JIorapudMy, M0 MOTECHIIHHO JO3BOJIUTH
3JIOBMHUCHUKAM 3 BHUKOPUCTAHHSM KBAaHTOBHUX OOYHUCIIOBAJBHHUX TOTYXHOCTEH O0OXOAUTH
kpuntorpadiuni. Buxoasuu 3 1p0ro, JOCIIKEHHS B ramy3i MoaentoBanHs B3aemoii Mixk KB ta KK
€ AaKTyaJbHHMM, OCKUIbKM BOHO [O3BOJHTb CIIPOTHO3YBaTH JAWHAMIKY HPOTHCTOSIHHS MIX
TEXHOJIOT1IMU 3aXUCTy JaHHUX Ta 3arpO3aMu, CIPUYMHEHUMH PO3BUTKOM KBAaHTOBHX OOUYHMCIIEHB. |,
30KpeMa, MO/ICTIOBAaHHS 3 BUKOPUCTAHHAM METO/IIB AU epeHLianbHO1 Teopil irop Hagae yHIKaIbHUN
IHCTpYMEHT JJIs aHaJli3y aJalTUBHUX CTPATerii CTOPiH, sIKi BPaXOBYIOTh OOMEXKEHICTh PECypCiB Ta
JMHAMIYHY 3MiHY MapaMeTpiB CUCTEMH. Y TaKHUX MOJEISAX PECypCH CTOpIiH MOXKHA KiIacH(iKyBaTu
Ha KiJbKa KaTeropiit, Hanpukian, ;s KB 1e, mepir 3a Bce, MeToau Ta 3acO0M KpUNTOTpadiaHOTO
3aXHCTy, 10 BKJIIOYAIOTh AITOPUTMHU MIH(PYBaHHS, AKi € CTIHKUMU 10 aTak. CI01 TaKOX BXOISTh
pecypcu, CpsMOBaHI Ha MOJEpHI3alilo KpUNTorpadiuHux MexaHi3MiB y BIANOBiAb HOBI 3arpo3H.
BinnoBigHO, /U1 KBaHTOBHX OOYHCIICHb PECYPCH BKIIIOYAIOTh oOuncioBanbHi noTyxkHocTi KK, a
TaKOX 1HPPACTPYKTYPY Ta JOCIITHUIBKI 3yCUILIS, CIPSIMOBAHI Ha PO3BUTOK LIi€T TEXHOJIOTII.

3anpornoHoBaHa B poOOTi METOIMKA aHaJi3y nepeadadae modya0By MaTeMaTHUHOI MOJEIII, 110
ormucye B3aemonito cropid, e KB Ta KK Bucrtymatote sk rpaBii. Jlana Mopenb 103BOJIsLE
dopmarnizyBaTH MpOLECH PO3NOALTY PECypCiB Ta IMPOTHO3YBaTH pPE3yJbTaTH MPOTUCTOSHHS 3
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ypaxyBaHHIM Pi3HUX clieHapiiB. BBaxaemo, 110 Takuid MiAXiJ MOXKe BIIKPUTH HOBI MOKIIUBOCTI JIS
BUPOOJICHHS CTpaTeriii aganTarii Ta 3aXUCTy, CIPSIMOBAHUX Ha MiHIMI3allil0 PU3HKIB, MOB'SI3aHUX 13
KBaHTOBMMHU 3arpo3amu ais KB.

TakuM dYMHOM, BHXOISYM 3 BHINE CKa3aHOTO, JOCHI[UKCHHS MPOOJIEeMH CTIHKOCTI
KPUNTOBAIIOTHUX CUCTEM B YMOBAaX KBAaHTOBHUX OOYMCIICHb HE TUIBKU MA€ TEOPETUUHY 3HAUUMICTbD,
a i Mae BUCOKY MPAKTHUYHY LIHHICTb, OCKUIBKM pE3yJIbTaTH MOJIOHOTO aHailizy MOXYTh OyTH B
MOJAJIBIIIOMY BUKOPHCTaHI JIs1 pO3pOOKH HOBUX CTaHJIAPTiB KpunTorpagiunoi 0e3neku, CTBOPEHHS
MIPOTOKOJIIB 3aXUCTy HU(POBUX aKTUBIB 1 POPMYBaHHS JOBIOCTPOKOBOI CTpaTerii .

Oruisig monepeaHix gocaienb. B yMoBax cTpiMKOro po3BUTKY KBaHTOBUX 00UHCIICHbD [4, 5]
MOCHJIIOETHCS. HEOOXITHICTh Yy JOCHIDKEHHI MEXaHI3MIB HPOTHUJIl 3arpo3am, IOB'I3aHUM 13
BukopuctanuaM KK ams atak Ha icHytoui kpuntorpadiyti cuctemi [6, 7]. KBaHTOBI anroputmu, Taxi
gk anroput™ Llopa [8] Ta anroputm ['poBepa [9], HagaroTh 3HaUHI IEpeBaru y BUpPIlICHH] 3aBIaHb
¢dakTopusalii Ta MOLIYKY, IO CTaBUTh MiA 3arpo3y Oe3neKy TpaguliiHuX KpUITorpadiuHux
anroputMmiB, Takux ik RSA, ECC ta AES.

3 iHmoro 00Ky, po3po0Ka MOCTKBaHTOBUX anropuTMis [ 10] Ta MoaepHizalis KpunTorpagpiaHux
cucTeM, sk OyJ0 Toka3aHo y poborax [§8, 9-12], 3abe3neuyoTh aKTUBHY MPOTUIIIO IIUM 3arpO3aM.
[TpoTe, nuHaMika TPOTUCTOSHHS MK 3ac00aMH 3aXHCTy Ta aTaKylOUHMMH TEXHOJIOTiSIMH BHMarae
PETeIbHOr0 MAaTEeMAaTUYHOTO MOJEINIIOBAHHS, 100 mependadunTH MOBEAIHKY 000X CTOPIH Yy pi3HUX
cueHapisx. ToMmy HOBI JOCIIDKEHHS Y IIbOMY HamlpsiMi € pelieBaHTHUMH.

MeTo10 10CTiTKeHHA € PO3pOOKa MATEMAaTUYHOT MOJIEN1 B3a€MO/Iii KpUNITOBAIOTHUX CHCTEM
Ta KBAaHTOBUX KOMI'IOTEpPIB Ha OCHOBI Au(epeHLianbHOI Teopii irop A aHaizy JUHAMIKH
PO3MOALTY pecypciB cTopiH Ta GopMmyBaHHS e€(EeKTUBHUX CTpaTeriil aganraiiii KpuntorpagiaHux
MEXaHI3MIB /10 KBAHTOBHX 3arpo3. IIpum 1poMy 0O0'€KTOM MAOCHIIPKEHHS € Kpunrorpadiuni Tta
00YHCITIOBANIbHI CHCTEMHU, L0 B3a€MOJIIIOTh B YMOBAaX PO3BUTKY KBAaHTOBUX OOYHCIICHb, 3 aKLIEHTOM
Ha KPUITOBAJIOTHI IIaT(HOPMU SIK HAMOLIBII ypa3/uBi A0 aTaku 3 OOKY KBaHTOBHUX KOMII'FOTEPIB.
[TpenmeToM AOCHIHKEHHS € MEXaHI3MH PO3MOJUTY PECYpCiB MK CTOPOHAMH (KPUIITOBATIIOTAMHU Ta
KBAaHTOBMMHU KOMIT'FOTEpaMH) Y IMHAMIYHIi B3aeMOii, BKIIOYAIOUM AJANTUBHI CTpaTerii 3aXUCTy
KpUNTOTrpa(iuHUX CUCTEM Ta 30UIbIICHHA 00YHCIIOBAIBHUX MOTYKHOCTEH.

MeTop0J10Tis1 J0CTiIKEeHHSI 3aCHOBaHA HAa 3aCTOCYBaHHI JuQepeHIianbHoi Teopii irop [13,
14] nns MonenroBaHHS B3a€MOMIl JBOX CTOPIH — KPHUNTOBAIIOTHUX CHUCTEM Ta KBAaHTOBHX
komm'totepiB (KK). dudepenuianbhi irpu sk po3aia Teopii ONTUMAIBHOTO YIPABIiHHS J03BOJISIOTH
ONMCYBAaTH JMHAMIYHI TNPOLECH, J€ CTpaTeriyHa MOBEIIHKA YYAaCHUKIB BHU3HAYAETHCS 3MIHOIO
napaMeTpiB CUCTEMH B 4aci. BukopucTanHs 3arponoHoBaHol y poOOTi cucteMu audepeHIiaTbHIX
PIBHSHB Ul ONHUCY CTaHy PECypcCiB CTOpiH 3a0e3neuye MOXIIMBICTh OOJIKY TaKUX YMHHHKIB, SK
OOMEKEHICTh pecypciB, iX LIJIECIPSIMOBAHUM PO3MOALT Ta YacOBI XapaKTEPUCTUKM adantarii. Y
pamkax o0y oBaHoi Mojeni KpunToBattoTHI cucteMu Ta KK po3risaaioTbes sk rpaBii, sKi MalOTh
npotunexHi 1. Jst KB MeToro € Makcumizaiist piBHS 3aXUCTY 32 paXyHOK 3aCTOCYBaHHS CTIMKHX
KpUnrorpadgiuHux aaroputMmiB Ta MozepHizamii MexanizmiB Oe3mnexu. st KK, cBoero ueproro,
METOK) € JIOCSATHEHHS OOYMCIIOBATBHUX MOTYXXHOCTEH, JOCTaTHIX YCHIIIHOTO OOXOIy
Kkpunrorpadiuaux 6ap'epis.

JisUTBHICTD MIPOIIEC B3a€MO/IiT CTOPIH OMUCYETHCS 3 JJONIOMOTOI0 Ha0OpY (YHKILIN yIIpaBIIiHHS,
10 XapaKTepH3yIOTh BUTPATH pECypciB BIANOBiAHI cTpaTerii. JuHamika 3MiHM mHapaMeTpiB
MpeJICTaBlICHa K CHUCTEMHU 3BUYANHHMX Au(epeHIlialbHUX PiBHSIHb, 1€ KOXKHA 3MiHHA MOJEINi
BiIOMBae piBeHb pecypciB OOKy (HaNpUKIaA, piBeHb KPUMITOTrpadiuHOrO 3aXMCTy, MOJAEPHI3aliliH1
pecypcu KB, kBaHTOBI 004MCIIOBaNIbHI IOTYKHOCTI Ta pecypcH iHppacTpyKTypH). st BUSHaUCHHS
ONTUMAJIbHUX CTPATeriii 3aCTOCOBYIOTHCS METOJM YHUCEIBHOIO aHaji3y Ta MporpamyBaHHS, IO
J03BOJISIIOTh BHMBYATH EBOJIOLII0 CHCTEMH Yy pI3HHX clLeHapisxX. Bisyamizamis pe3yibTariB
O0YHCITIOBAJIbHUX EKCIEPUMEHTIB MPOBOJIMIACA 3 BUKOPUCTAHHSAM 3acO0IB  KiOEpHETHUYHOIO
MOJICJIIOBAHHS, IO J03BOJIWJIO 1HTEPHPETYBATH OTPHMaHI 3aJEKHOCTI Ta BUSBIATU KIHOYOBI
3aKOHOMIPHOCTI y IPOTUCTOSTHHI CTOPIH.

Hughepenyiiina icposa modenv kpunmozpaghiunoi cmiikocmi 00 K8AHMOBUX 3A2PO3.
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Jlnist 1eTanbHOTO aHalli3y MPOTUCTOSHHS I'PaBLiB HEOOXITHO PO3IIISIHYTH KJIFOYOBI 3MiHHI, 110
OINMUCYIOTh AKTUBHI 3aCO0M KpUNTOrpaiqHOro 3aXHUCTy Ta KBAHTOBUX KOMII'FOTEPIB, a TAKOX iX
B3a€MHMI BILIUB.

JUist KpUIITOBAJIIOT Ta KBAHTOBUX KOMI'TOTEPiB BUZHAYUMO 3MiHHI.

Jns KB:

AxktuBHi 3aco6u KB:

2 (t )_ e(EeKTUBHICTh HOTOYHOT'O KPUNTOTPa(hiyHOTO AITOPUTMY;

) (t )_ pecypcu MoZAepHi3allii (HanpuKiIal, nepexia Ha IOCTKBAHTOBI aITOPUTMH).
AKTHBHI 3ac00M KBAaHTOBUX KOMIT'IOTEPiB:

% (t )_ 00UUCITIIOBAJIbHA OTYXKHICTh KBAHTOBOI'O KOMIT'FOTEpA

Z4 (t )_ pecypcH MiIBUIIIEHHS 00YHUCIIOBATILHOL MOTYKHOCTI.

AKTHBHI 3acO0M KpUOTOrpadiuHOro 3axXUCTy XapaKTepU3yIOTh IMOTOYHI Ta IOTEHLIHHI
MOJKJIMBOCTI CHCTEM KpPUIITOrpaiqyHOro 3axHMCTy Yy NpOTHIII 3arpo3aM, BKJIIOYAIOYM AaTaKu
KBAaHTOBHX KOMI'IOTepiB. BoHM omMcyroTbcs ABOMa OCHOBHUMHM acrekramu. Ilepmmii — 1e
e(EeKTHBHICTh MOTOYHOTO KpHUnTorpadiyHoro aaroputmy. Lis 3mMiHHa BinOHUBae, HACKUIBKM CTIHKUN
ICHYI0UYM KpunTorpadiyHuii aJrOpUTM aTak, 30KpeMa 3 BUKOPHUCTAaHHAM KBAaHTOBUX OOYMCIICHb.
Hanpuknan, anroputmu RSA T1a ECC (eminTu4Hi KpHBi) JEMOHCTPYIOTH BHCOKY CTiHKICTH 10O
KJIACUYHHMX aTaK, ajieé Bpa3lMBl JJIsl aTaKk 3 BUKOPHCTAHHSIM KBAaHTOBUX KOMII'FOTEPIB, TAKUX SK
anroput™M Illopa . EdextuBHicTh MOXe OyTH BHpakeHa B OiTax KpunrorpadiyHoi cTifKOCTI,
Hanpukian, 128-6itauii AES BBaxaeTbcs CTIHKUM 70 OUIBIIOCTI aTak, ajie Horo CTIHKICTh Mae OyTH
NeperisHyTa B yMOBaxX KBAaHTOBOI 3arpo3u. SIKII0 cucTteMa BUKOPUCTOBYE 256-OIiTHHI alroputM
AES nns mmdpyBanHs KOH(DIISHIIMHUX JaHUX, €(PEKTUBHICTh AJTOPUTMY OI[IHIOETHCS 3a HOTrO
3MATHICTIO 3amoOirTHM aTakd 3a 33JaHuil 4Yac MpH ICHYIOUMX KBAaHTOBHUX OOYHCIIOBAJIBHUX
NOTYXKHOCTAX. JIpyruil acmekT — e pecypcu MojepHizauii kpunrorpadiuaux anropurmis. JlaHi
pecypcu BKIIOYAIOTh BHUTPATH (TUMYacOBi, OOUYMCIIOBaIbHI, (piHAHCOB1) Ha Mepexil OO OimbII
3axXHIIEHUX KpUnrorpadivHux ctanaapris. Hanpukian, BopoBaKeHHs TOCTKBAHTOBHUX aITOPUTMIB,
TaKuX SK aNropuTMH Ha ocHOBI rpat (lattice-based cryptography), BumMararume 3Ha4HUX 1HBECTHIIIH
y HaB4aHHS (haxiBIliB, OHOBJICHHs OOJIaiHAHHA Ta Mojudikalio nporpamuoro 3abdesneuenus (I13).
[TpointocTpyeMO 11e HeBETUKUM IpuKiagoM. CkaxiMo, opraHizaiis po3risaae nepexia Ha alropuT™
CRYSTALS-Kyber, ceprudikoBanmii NIST sk MNOCTKBaHTOBHI CTaHOapT, II€, BIAMOBITHO,
BUMAaraTuMe 3aKyIiBjl HOBUX allapaTHUX MOJYJIiB MKU(PYBaHHS Ta OHOBJICHHS IIPOTOKOJIB 3B'S3KY.

AHanoriyHa JIorika MipKyBaHb cnpaBeanuBa i y aktuBHuX komTiB KK. Lli 3MiHHI onHCyIOTH
MOJKJIMBOCTI aTakyio4oi croponu (Hanpukian, KK) s3mificHenHs oOuucieHb, HEOOXinHI 31I0MYy
ICHYIOUMX KpUNTOrpadidyHUX ajaropuTMiB. TyT TakoXk MOXKHA BHUJUIMTH JBa KIIIOYOBI ACHEKTH.
[epmmii acniekt — 1e obuucmoBaibHa noTykHicTh KK. L9 3MmiHHa BigoOpakae MOTOYHMUA CTaH
KBAaHTOBHMX OOYMCIICHb, BKJIIOYAIOYM KUIbKICTh KyOWTIB Ta PIBEHb iXHbOI KOTe€peHTHOCTI. Takum
YHHOM, YUM OiJIbIIIe KyOHTIB 1 BUIIIA IXHSI KOTE€PEHTHICTh, TUM O1IbIIIe MOKIMBOCTEH /11 BAKOHAHHS
CKJIaJHUX OOUYMCIIEHb, TAKUX SIK (DaKTOpU3aLlis BETUKUX YHCEN a00 MOMIYK KOJi31i y Xenl-(pyHKIisAX.
Hanpuknan, kBautoBuii komn'torep Google Sycamore 3 53 kyouramu B 2019 pouii gocsr "KBaHTOBO1
nepeBaru”, BUPILIMBILYM 3aBJaHHS, HEJOCTYIHE A KIaCMYHUX Komm'toTepiB. Bimnosigno, KK i3
1000 cTabinpHUMHU KyOMTaMu MOKe MpoBecTH (akTopusaiito 2048-6itHoro kmoua RSA 3a kinbka
TOAMH, IO HEMOXJIMBO ISl KJIACHYHOTO KOMI'IOTepa B pO3yMHI TepMiHM. Jpyruii acmekT — 1e
pecypeu minBuiieHHs oOunciroBanbHOi nmotykHocTi KK. Jlani pecypcu BKIIOYarOTh BUTpAaTH Ha
po3poOky moryxHimux KK, Taki sk ¢diHaHCyBaHHS JIOCIIIKCHb, MOJIMIICHHS TEXHOJOTIH
OXOJIO/DKEHHS 3HIDKCHHS pIBHS ULIyMy, a TaKOX OINTHMi3allisi KBaHTOBHX alNroputmiB. Tak,
HampuKiaJl, CTBOPEHHSI KyOUTIB Ha OCHOBI HaJNPOBIJHHUKIB BUMAaraTuMe 3HaUHUX MaTepialbHUX Ta
CHEepPreTUYHUX BUTPAT. A 1HBECTHUIIil KOMIIAHIl Y CTBOPEHHSI HOBOT'O MOKOJIHHS KyOITiB J03BOJIATh
MIJBUIIATA O0YUCTIOBATIBHY MOTYKHICTh CUCTEMU 3 256 10 512 KyOiTiB , 110 IpU3BEAE 0 PI3KOTO
301IbIIICHHS MOKJIMBOCTEH aTaKH.
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Toxi cuctema audepenuiaabHUX PIBHAHb BUITIAJATUME TaK:
21 = = PaZi TG,
Zy =T PpZsVatey,
23 =~ PpZoUy 6,

Zy = — Pzl tey,

ne Pi~ e(eKTUBHICTh 3aC00IB OJIHIET CTOPOHHM MPOTH IHIIOL (IS aHATI30BAHOI MOJIEINI OIKUCYE,
HACKUIBKH YCHIIIHO PECYpCH 1 CTpaTerii 0HI€T CTOPOHM (HANPHUKIA, KPUIITOBATIIOTHI CUCTEMH 200
KK) moxyTs npotumistu 3ycwimisMm npotuieskHoi croporu. s KK ne moxe OyTH, Hampukiam,
piBEHb CTIMKOCTI KpUNTOrpadiyHUX AITOPUTMIB JI0 3I0MY 3 OOKY KBAaHTOBHUX KOMII'FOTEPIB, SKHM
BUPAXKAETHCS Yepe3 HMOBIPHICTh YCIILIHOTO MOKAa3y, 110 XapaKTepHU3ye 3JaTHICTh X alrOPUTMIB Ta
00YHCITIOBAJIEHUX MOTY>KHOCTEH 0JaTH ICHYI0U1 KpUnTorpadivyti 3axXucTy);

UysUy5V15V2™ gacTku pecypceiB, 10 HANpaBJISIOTLCA HA BIAMOBiAHI Ll (SBJIAIOTH COOOO
IpONopLii 3arajJbHOro 00CATY JOCTYIHUX PECYPCiB KOXKHOI 31 CTOPIH (HAPHUKIA, KPUIITOBATIOTHUX
cucreM abo KK, siki BUIUIAIOTBCS Ul BUKOHAHHS KOHKPETHUX 3aBJaHb a00 CTpaTeriil y mporeci ix
B3aeMoJii. s KpUOTOBANIOT YacTKU PECypCiB MOXYTh BKJIIOYATH, 30KpeMa, MUTOMHHA 0O0cCsr,
CIPSIMOBAHUHN Ha MIATPUMKY MOTOYHUX KpHUIIOTpadiB). TaKOXK, PECypCH, BHALICHI Ha PO3pPOOKY 1
BIIPOBA/PKEHHSI IIOCTKBAHTOBUX KpUNTOrpadiqHUX CTAaHAAPTIB, SIKi 3MOXKYTh IMPOTUCTOSTH aTakaM 3
6oky KK. 1 (a6o 100%), ockinbku pecypcu oOMexeHi, Ta IX pOo3MOAiT MIX PI3HUMHU 3aBJaHHAMU
noTpedye onTuMizailii B paMKax OKpEeMOro 3aBAaHHS );

€1562>€3>C4™ MOKIIMBOCTI MOMOBHEHHS PeCypCiB (TOOTO 3AaTHICTh CTOPIiH 30LMbIIYBaTH 0OCAT

JIOCTYITHUX pPecypciB, HEOOXITHUX JJIs1 BUKOHAHHS 1X CTpaTeriyHuX 3aBaaHb. [laHi pecypcu MOXYThb
BKJItOUATH (PiHAHCOBI, TEXHIYHI, 0OUMCITIOBAIBHI 200 KaapoBi 3ac00H, SKi 3a0€3MeYyI0Th CTIHKICTh
ab0 PO3BUTOK CTOPiH B yMoOBax NpoTHcTosiHHA. Hampuknaza, mis KB MOXIMBOCTI NMOMOBHEHHS
pecypciB BioOpa)karoTh 1HBECTHIIi B pO3pOoOKYy HOBUX KpUNTOTpadiuHuX Ui iHTerpauii OuIbII
3aXUIICHUX MPoToKoiiB, Tomo. s KK MOXIMBOCTI OMOBHEHHS peCcypcCiB BKIIOUYAIOThH PO3BUTOK
KBAaHTOBUX TEXHOJIOT1H, TAKUX SIK 30UIbIICHHS YKcla KyOUTiB 200 MiJBUIICHHS X KOTEPEHTHOCTI, a
TakoX (DiHAHCYBaHHS HAyKOBUX JOCITIIKEHB JJIsl ONMTUMI3allil KBAHTOBHX alTOPUTMIB (HAIPUKIIA],
111 IpUCKOpeHHst podoTtu anroputmy Llopa ) Tomo.
Toxi ¢pyHKIiTO BUrpaly CTOPiH MOKHA 3alUCATH TaK.

JU1st KpUIITOBAJIIOT :
Ji= [Zl(T)_Zs(T)]-

Merta kpunroBamor (KB) — MiHIMI3yBaTH BTpaTh CBOIX KpunTorpadiqyHux 3acobiB 1
MaKCUMI3yBaTH IIKOAY, HAHECEHY oO0uucoBaibHUM 3acobam KK.
s kBantoBux komm'rotepiB (KK):

Jp = [23(T)—21(T)1

Meta KK — makcumi3yBatu e(peKTHBHICTh CBOiX OOYHMCIEHb Ta MiHIMI3yBaTH 30UTKHU Bij
KoHTp3axoxis KB.

Monens onucye nudepeHIiiaibay rpy 3 HyJIbOBOIO CYMOIO, JIe AMHAMIYHA B3a€MO/Iis CTOPIH Ta
piBHOBara BH3HAUYAIOTHCS YEpe3 ONTHMAaJbHI CTpaTerii po3moAily pecypciB. 3ayBa)XHMO, IO
aHAJITHYHE PILICHHA MOXXe OyTH HEJOCTYITHUM, TOMY OyJie BUKOPUCTAHO ITEpalliiHuii npouec s
MOLIYKY PIBHOBAYKHOT'O CTaHy, a AIFTOPUTM MOOYAOBU MOXKE IPYHTYBATUCS HA PUHIIUITL MAKCUMYMY
JL.C. TlonTpsirina [14].

PesyabTaTn gociaigxeHHsi Ta ix o0roBopenHsi. OCHOBHE 3aBIaHHS OOYMCIIOBAJIILHOTO
excnepumenty (BE), pesynpratu sikoro mokasaHo Ha puc. 1, moisiraja B TOMY, 00 OI[IHUTH
JUHAMIYHY B3a€MOJIII0 CTOPIH 1 BIAMOBICTH HA 3amUTaHHS: «SIK KPUNTOBAIIOTH aJanTyHOTh CBOI
3axMCHI MexaHi3mHu y BianoBiap Ha ataku KK, 1 sx KK nocuiroroTs cBoi 00uncIoBaibHi MOTYKHOCTI
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JUIS TIOAOJaHH X 3aXucTiB?». Kpim Toro, HeooxigHo B xoai BE BU3HAYUTH KITFOYOBI 3aJI€KHOCTI
Ta BUSBUTH, SKI (PAKTOpPH, 30KpeMa, pecypcH MojepHizamii kpuntorpadii abo oOuucIoBaIbHi
notyxHocti KK) MaroTh HailO11b1uiil BIUTMB HA Pe3yIbTaT MPOTUCTOSHHSL.

. Figure 1 - o X

Cryptocurrency vs. Quantum Computers: Dynamic Interaction with Adaptive Strategies
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Pucynok 1 — unamixa 3minu pecypcis kpunmoepaghiunoi cucmemu ma K6AHMo8UX 004UCIEHb 8
YMOBAX NPOMUCMOAHHS

EKCHepI/IMeHT BKJIIOYAaB 3aBJaHHs] IIOYAaTKOBHUX 3HAYCHBb 3MIHHHX (HaHpI/IKHaH, CIIOYAaTKy

BUCOKHMI pIBEHb KPUOTOIPagiuHOro 3aXHUCTY Zl(O)ra OOYMCITIOBANILHUX TIOTYKHOCTEH 3 (O)
CueHapii po3noAiy pecypciB, TOOTO TECTYBaHHSI Pi3HUX CTPATETid CTOPIH, TAKUX SK MaKCHUMAaJlbHA
KOHIIGHTpALlil pecypciB Ha OJHOMY HampsMmKy, Hamnpukinaj, KK moBaicTio dokycyeTrbes Ha
30inbImeHH] noTykHocTi, a KB — Ha edekTuBHOCTI 3ac00iB O/HI€I CTOPOHM MPOTH IHIIOIL, IO
JI03BOJISIE OLIIHIOBATH pealibHy 3arpo3y Ta CTYMiHb IPOTHIII.

Pe3ynbraTi eKCriepUMEHTY 3arajloM JO3BOJIATH 3pO3YMITH JAWHAMIKY B3aeMOjii CTOpiH, 1
BU3HAYUTU KIIOYOBI YMHHUKHM, SIKI BIUIMBAIOTh Ha CTIMKICTh KPUOTOBAIIOTHUX CHCTEM, LIO Y
MOJAIBIINX JOCTI/DKEHHAX OacTb 3MOTY PO3POOMTH KOHKPETHI MPAaKTUYHI PEKOMEHJAIl L1010
ONTUMAJIFHOT'O PO3MOALTY pecypciB Ta BIPOBAKCHHS aJalTUBHUX CTpaTeriii 3aXuCTy 3a yMOB
KBaHTOBHUX 3arpo3 a1 KB.

PesynbpTat MoeIIOBaHHS MPEICTABICHI pHC. | K THMYAaCOBUX 3aJIC)KHOCTEH PiBHIB pecypciB
CTOPIH, 10 y MPOTUCTOSHHI, TOOTO, BIIOB1IHO, KPUITOBAIIOTHI TEXHOJIOT1] 1 KBAHTOBHX O0UYHCIICHb.

Ha rpadikax BigoOpakeHO 3MiHM YOTUPHOX KIIOUYOBUX 3MIHHMX: KPUNTOrpad)iuHUX 3aXUCTIB I (t ),
pecypciB  MoxepHizauii  kpunrtorpadii - %2 (t ), OOYMCITIOBAIBHUX ~ TMOTYXXHOCTEH KBAaHTOBHX

KOMIT'IOTEpiB ZS(l )Ta ix pecypciB Z4(t ) I'padik kpunTorpadiuHux 3aXUCTiB Zl(t )HOKa3ye, SK PiBEHb
criiikocti KB 3MiHIOETbCA M BIJIMBOM aTak i3 OOKy KBaHTOBHMX KoMIT'toTepiB. Ha moudaTkoBux

eranax MPOTUCTOSHHS MOMITHO 3HMKEHHS 3HAYEHb 21 (t ), 110 3 aKTUBHUMH JiIMU OOKY KBAaHTOBUX
TEXHOJIOT1H, peani3yloTh aTaKyloul CTpaTerii i3 BUCOKMM piBHeM mpioputery. OgHaK HasBHICTbH
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pecypciB MoxepHizalii kpunrorpadii 22 (t ),Z[OSBOHSIC KOMIIEHCYBAaTH BTpaTH, L0 NMPU3BOJUTH /10
crabimizanii a0o HaBiTh 3pocTaHHs 21 (t ) B OUITBII Mi3HI TIEPIOIH.
Jlunamika pecypcis MoaepHizanii 22 (f ) JIEMOHCTPY€ iXHIO KpUTUYHY POJIb y MTPOTUCTOsIHHI. Ha

MOYATKOBUX €Tarax CHOCTEPIraeThCsl MOCTYIOBE 3HIKEHHS Zz(t ) yepe3 Nmepepo3noIil KOUITIB Ha
BIJTHOBJICHHS Ta 3aXMCT Kpunrtorpapiyaux cucteMm. O1HaK 3alIOBHEHHSI PECypCiB, OIMCAaHE B MOJIENI,

JI03BOJISAE TATPUMYBATH 22 (t ) Ha piBHI, I0CTaTHHOMY Il €PEKTHUBHOI CTpATerii, 10 MPOTHUJIIE.

3MiHM OOYHUCIIIOBAJIBHUX IMOTY)KHOCTEH KBAaHTOBHX KOMII'FOTEpiB Z3(t )BiI[O6pa)KaIOTB iXHIO
BHUCOKY IIOYaTKOBY €(EKTUBHICTb, $Ka IOCTYNOBO 3HMXKYETbCA IMiJ BIUIMBOM aTak 3 OOKYy
KPUNTOBAIOTHOI TexHonorii. Ll nuHamika umocTpye e(QEeKTHBHICTh AJaNTUBHUX CTpaTerii
KPHUITOBAIIOTHOTO OOKY, BKJIQJCHUX Y MOCIA0JCHHS MOKIMBOCTEH aTaKyl040i CTOPOHH.

Pecypcu KBaHTOBHX KOMITIOTEDIB 24 (t ) XapaKTepPU3yIOThCA aHAJIOTIYHOK JMHAMIKO. IXHE
BUKOPUCTAHHSA JJISl aTaKylO4MX (il MPU3BOJUTH JI0 MOCTYIIOBOTO BUCHAKEHHS, IPOTE 3aIIOBHEHHS
pecypciB J03BOJISIE CTOPOHAM MIATPUMYBATH aKTUBHICTH MPOTATOM YChOT'O IIEPIOLy MOJICITIOBAHHS.

TakuM 4MHOM, OTpUMaHI Pe3yJIbTAaTH AEMOHCTPYIOTh CKJIaHYy B3a€EMOII0 CTOPIH i3 3MIHHUM
CTYIEHEM JOMiHYBaHHS 3aJI€’KHO BiJ] 3aCTOCOBYBAaHMX CTpATEriil Ta 3alIOBHEHHS PECYPCIB , a TAKOX
HiATBEP/XKYIOTh, IO aJaNTUBHI CTPATerii, 0 3ajleXaTh BiJ MOTOYHOIO CTaHy CHUCTEMHU, MOXKYTb
3HAYHO BIUIMHYTH Ha pe3yJabTaT NPOTUCTOSHHS Ta 3a0€3MEeYUTH JMHAMIYHY pIBHOBAry Mix
CTOPOHAMH.

BuchoBku. IIpoBereHe JOCHIKEHHS NPOJEMOHCTPYBAJIO, WLIO0 PO3BUTOK KBAaHTOBUX
00YHCIIEeHb CTBOPIOE 3HAUHI PU3UKU JIsi OE3MEKU KPUNTOBATIOTHUX CHCTEM, OCKUIBKM KBAaHTOBI
aropuT™Mu, Taki sk aiaroput™ lllopa MOXyTh epeKTHBHO OOXOAWUTH iCHYIOYI KpUHOTOTpadiuHi
MeXaHi3MHU. 3amporloHOBaHA B paMKax poOOTH udepeHIiagbHa irpoBa MOJeNb IOKa3aia, L0
JMHAMIKa TPOTUCTOSHHS MK KPUIITOBAJIIOTAMM Ta KBAaHTOBUMH KOMITIOTEPAMU BH3HAYAETHCS
CTpaTerisiMi PO3MOJLTY pecypciB cTopiH. Kiro4oBUM BHCHOBKOM € MiATBEPIKEHHS €()EeKTHBHOCTI
aJlaTUBHUX CTPATerid, sKi TO3BOJATH MIHIMI3yBaTW BTpaTH KpHUNTOrpadiuyHOi CTIMKOCTI Ta
YHOBUIBHUTH PO3BUTOK OOYHMCIIOBAJIBHUX MOTYKHOCTEH aTakyrouoi cropoHu. OTpuMaHi B X0l
O0YHCITIOBAJIbHUX EKCIEPUMEHTIB pe3yJbTaTH HAroJIOIyI0Th Ha HEOOXITHOCTI BIPOBAKECHHS
MIOCTKBAHTOBHUX KpUOTOrpadiuHUX aIrOPUTMIB Ta MOJEpHi3auii iHPPaCTPyKTYpH IS MiABUILICHHS
CTIMKOCTI IIMPPOBHUX CHUCTEM. A, KpiM TOro, 3alpolOHOBaHAa METOJOJIOTIS, HA OCHOBI PO3BHUTKY
Mojenell, MoOyIOBaHMX 3 BUKOPUCTAHHSAM amapary JudepeHliadbHuX 1rop, Moxke OyTu
BUKOPUCTaHA JUIsI MPOTHO3YBaHHS JOBIOCTPOKOBHMX CIEHApiiB PO3BUTKY KBAaHTOBUX 3arpo3 Ta
BUPOOJICHHS TPEBEHTUBHUX 3aXO0/IIB.
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MATHEMATICAL MODELING AND ADAPTATION STRATEGIES IN THE

CONFRONTATION BETWEEN CRYPTOCURRENCIES AND QUANTUM COMPUTERS

Abstract. This article is dedicated to studying the resilience of cryptocurrency systems (CCS) under new threats
associated with the development of quantum computing. A differential game model is introduced, allowing for the
Sformalization of the interaction between CCS and quantum computers (QC), as well as the analysis of their mutual
influence. The research methodology is based on the application of differential game theory to model the dynamics of
resource allocation between the parties and to evaluate their strategies under conditions of uncertainty and competition.
Various scenarios of confrontation between CCS and quantum computing were considered during the modeling process,
which made it possible to identify key patterns and factors that significantly affect the effectiveness of cryptographic
protection, as well as the computational capabilities of attackers utilizing QCs. Special attention is given to the analysis
of different methods for protecting digital assets under potential quantum threats. The results of the study may serve as a
foundation for developing new cryptographic security standards and adaptive protection strategies that will remain
effective amid the rapid growth of quantum computing capabilities.

Keywords: quantum computing, cryptocurrencies, cryptographic resilience, mathematical modeling, resource
allocation, quantum threats, protection strategies.

No. 2 (2024) Information Technologies in Economics and Environmental Sciences 93




