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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.

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).
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Table 1 — Summary of Unsupervised Online Adaptation Approaches for Depth Estimation and
Semantic Segmentation™

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 =Y,
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

online using semantic
segmentation and depth
estimation jointly.

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):

Zp 11:(p) — I+1 (D).

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):
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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 O,|1P(p) — P(D)| — 7). (3)

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

Lseg = aLciass + BLstruct- 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.):
Litow = Yp IF(0) = E(@)Il2. (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
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

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

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
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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.
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OI'JISIT OHJIAMH-HABUAHHSA BE3 YUNUTEJIS 3 CEMAHTHYHOI CETMEHTAIIIT
JJIA ABTOHOMHUX TPAHCIIOPTHHUX 3ACOBIB

Anomayia. Y npedcmasienomy O00CAIOHCEHHI OOCAIOHCYIOMbCA Memoou besnepepsHoi adanmayii 07
MOHOKYIIAPHOL OYIHKU 2IUOUHU MA CEMAHMUYHOL ceeMeHmayii 015 NOKPAWEHHS MONCIUBOCMEL PO3YMIHHS CYEHU 6
PeanvHoMy uaci 01 A6MOHOMHUX MPAHCHOPMHUX 3dcobie ma cucmem Oonomoeu 600icsi. 3anpononosani
Memo00n02ii 00380AA10Mb MOOEIAM OUHAMIYHO NPUCINOCO8Y8amucis 00 HOBOI ingopmayii y sideopadax,
3bepieaiouu 6UCOKY NPOOYKMUBGHICIb HA MJIE HOMOYHUX 3MIH 306HIUHBO20 BUSTSAOY CYEHU, OCEIMICHHL MA THUUX
KOHMeKCmyanvHux gaxmopis. I[lepwium @neckom € nocmiiina OHAAUH-aOanmayis 015 GUMIPIOGAHHS 2IUOUHU
MOHOKYIAPA, WO YCy8ac nompedy 6 i301606aHUX MEMooax moHKO20 Halawmyeanus ma 3oepizac ingpopmayiio na
gioeokaopax. ILleti memoo ycysae Opeligh Oanux, NOCMIUHO AOANMYIOHUCH OO0 HOBUX KAOpI8, 3anobicarouu
NEPesanmadiCentIo uepes 0omexNceHy pisnomanimuicms oanux. Ilosmophe 8iomeopents 00c8idy iHmezposano 0s
cmabinizayii npoyecy HABUAHHA MA B66€0CHHA MIHIMATLHUX 00uUCTIO8ANbHUX eumpam. Taxi memoou, sk
agmomamuyre MacKy8anHs ma CNOCMEPENCeHH s 34 WBUOKICTNIO, 00NOMA2AIOMb PO3PIZHAMU HEPYXOMI Ma PYXOMI
00'exmu, nom'skuyiouyu NOMUIKY, NOG'SI3AHI 3 HENOCMIUHUMU cucHaramu aubunu. Jocnioxcenus niomeepoxicye
eghekmueHicmsv 3anponoHOBAH020 Ni0X00y 3a OONOMO20I0 CYeHapiie adanmayii ecepeduni HAOOPy Oanux i Midxc
Habopamu Oauux, OeMOHCPYIOUU 3HAYHUL NPUpiCm MOYHOCMI Npu 30epedceHHi 4acy BUKOHAHHS 6 PedNCUMI
PeanvHo20 uacy.

Knrwouogi cnoea: ounaiin-adanmayis, HaguanHa 6e3 yuumeins, OYinKa enubUHU, CeManmuyna ceecmenmayis,
ABMOHOMHI A8MOMOOINI.
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BU3HAYEHHS CTAJIA 3PLIOCTI ITOJIYHHIII 3A IOIIOMOT' OO MOJIEJIER
3rOPTKOBUX HEHPOHHUX MEPEJK

Anomauin. IIpomsicom eciei’ icmopii cilbCbKko20 20Cn00ApCcmea MmexHoN02ii Upowyeants ma 300py ypoicao
NOCMIUHO 800CKOHAIOIOMbC, NOAC2UYIOUU pobomy ma noji ma 36ibuLyiouu egpekmueHicms 360py niodi. Cbo200Hi y
2a1Y3b A2PORPOMUCTOEOCII MEC NPOHUKAIOMb CYYACHT MeXHON021i, 30kpema wmyynuil inmenexkm. Hozo euxopucmanns
wopokKy cmae dedani nowuperiwium. Lla mexnonozia 0036011€ BUPOOHUKAM AZPONPOOVKYIL 8 pedcuMi pedbHO20 4acy
ompumysamu 8eauxi oocaeu ingpopmayii, ananizygamu ix ma nputMamu pivieHHs uooo 6HeceHHs 000pU8, BUKOPUCTAHHS
necmuyuois, 3pOULy8ants ma GU3HAYEHHSA 3pinocmi n1ody abo pociunu.. He menw 6adciueum acnekmom 3acmocy8anisl
piuterb wmyuHo2o inmenekmy € 8i0CII0K08YBAHHA 8y2leye8020 Cidy, Wo 0a€ nepesazy npu 8uUx00i Ha €6PONELCHKI PUHKU
30ymy. Tloeonanus 3 HOBIMHIMU PO3POOKAMU OE3NIIOMHUX MAWUH MA POOOMIE 0036014€ 30iIbUUMU NPOOYKMUBHICIb
ma o6csaeu 8UPOOHUYMBA Y CLILCOKOMY 20CHOO0APCMSI.

Baoicausoro wacmunoro cyvacHoi azponpomuciogocmi € KOMN'IomepHuul 3ip — 0O0Ha 3 eany3ell WmyyHO20
inmenexkmy, AKa 30cepeddiceHa HA CMBOPEHHI THMENeKMYANbHUX CUCMeM, SIKi 30amHi obpobaamu ma ananizyeamu
8i3yanvHy iHgopmayilo mak, AK ye poodumsv MOOCbKA CEHCOpHAa cucmemd. Y pamkax Oanoi mexmonocii uacmo
BUKOPUCMOBYIOMbCS HEUPOHHI Mepedict, ujo 30ilICHIOIOMb SIK PO3NI3ZHABAHHS 300pAdCeHb, MAK I IXHIO Klacugikayiro.

Y cmammi 30iticneno nopisHAnbHUN aHANI3 PI3HUX MOOeLEU 320PMKOBUX HEUPOHHUX Mepedc Ol Kiacugikayii
cmadii dospieanns noaynuyi, a came MobileNetV2, MobileNetV3Small ma EfficientNetB0. [[na oyinku Hetipomepeici
8pAxXo8y8aANUCA MAKI napamempu, K MOYHICMb HABYAHHA MA 8anioayii, empamu npu HA8YAHHI ma eanioayii, uac
HasuauHa. YV pezynomami Hatikpawi noxazuuku euseunucs y mepedxci MobileNetV3Small. Pesynemamu ma memoouxa
Yb020 OO0CHIONCEHHSA MOJCYMb OYymu KOPUCHUMU 5K OIS HAYKOBYI8, mak i 01 NIONPUEMYI8, WO Npayionms 6
aA2poNpOMUCIOBOCHI MA BNPOBAOAICYIOMY WMYUHUL [HMeENeKm Y 6UPOOHUYUT npoYyec.

Knruosi cnosa: wmyunuil inmenexm, MauwiuHHUL/KomMn romepuutl 3ip, 320pmKkoea Hetiponna mepedxca (3HM),
MobileNet, EfficientNet.

Beryn. [TonyHuns € ofHi€ro 3 HARNOMMPEHIUX ATIIHUX KYJIbTYp y CBiTi. BoHa moxoauTs 13
Awmepuku, a y €Bpory ii npusesnu y 18 cromitti. Komepiiiiine BUpoOHHUIITBO MONYyHHIII TOYAIOCS Y
19 cromitTi, 1y 3B’43KYy 31 HIOPIYHKUM 30UIbLLIEHHSIM MOMUTY 3pocTae. BOHO 1 HE TUBHO, a/’ke BOHA
pocte y OyIb-sIKUX KIIMaTHYHUX YMOBaX, KpiM HOJSIPHUX MICIIEBOCTEH, a TAKOXK MICTUTh YUMAJIO
BITaMiHIB, MIHEpaJIIB Ta IHIIUX KOPUCHUX Ta MOKUBHUX €JIEMEHTIB I OpraHi3My JIIOJAUHU. Y CBITI
BUPOIIYIOTh OMM3bKO 9 MiNbHOHIB TOH 1boro mioxy. HaiibinpmuMm BupoOHUKOM € Kutall, sxkuit
BHUPOIIIY€ OJIM3bKO TPETUHU CBITOBOTO 00CSTY MoMyHuIli[ 1], a 3HaUHY 4aCTKy pUHKY 3aiiMarOTh TaKOX
CIIIA, Typeuyunna ta Mekcuka.

3aBAsiKM aBTOMATH3allli arpolpoOMHUCIOBOIO KOMILIEKCY, 3pOCTae MmoTpeda B pi3HOMAHITHUX
TEXHOJIOTIYHUX 1HHOBAIIISIX, IKI MOKYTbh 3aMIHUTH TPaJAULIIHHI (PYHKIIIT, 110 BUKOHYIOTHCS JIFOIUHOIO.
OaHuM 13 KIIOYOBHMX €TamiB 300py MOJYHUIIl € BU3HAYEHHS CTYNEHs 3puIoCcTi siroau. Takumu
cucreMaMu 00JajHaHI YuMao poOoTiB, K1 3A1MCHIOIOTH 30ipKy Pi3HUX OBOYIB, (DPYKTIB, ATiA Ta
3€PHOBUX KYJBTYD, IO JI03BOJISIE HIBEIIOBATA YHHHHK JIFOJICHKOI TIOMUJIKH, 8 TAaKOXK ONTHMI3yBaTH
cam npouec. [Tomyk ontumanbHOi cHCTeMH, sika OM MakCHMMajJbHO TOYHO Ta IIBMJIKO BH3Hayaia
3pUTICTh TUIOAIB, & TOMY JOCIHIDKEHHS HAa TaKy TEMY 3aBXIH MalOTh MOTEHIAN IS TOJIaIbIIOro
BUKOPUCTAHHA y TPOMHUCIOBOCTI.

Ha croroani icHye unMano OCHiIKeHb, ¢ BUBYAETHCS TUTAaHHA Kiacudikarii ctasii 3pitocTi
wioay. s bOro BUKOPUCTOBYIOTh YMMAJIO CHIOCOOIB: Bijl pi3HOMaHITHUX KiIacu(iKaTopiB, AepeB
pimens 10 3HM sk 3 TOTOBOIO apXiTEKTYypOro, Tak 1 3 BaacHoo. 1106 omiHuTH eheKTUBHICTH Ti€l Y1
1HIIIOT TEXHOJIOT11, OKPIM TOYHOCTI MOTPiOHO TaKOXX BPaxOBYBAaTH iHINI MapaMeTpH, sIKi JalOTh HaM
PO3yMIHHS MIOJI0 THYYKOCTI Ta MPHUCTOCOBAHOCTI PO3pOOJIEHOT CHUCTEMH A0 Pi3HUX JaHUX YU
IIPUCTPOIB.
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AHaJ3 ocTaHHIX qoCaiI:KeHb Ta myoOaikauiii. Ha choromHimHiil 1eHs 3rOpTKOBI HEUPOHHI
Mepexi CTaId OJHUM 3 HANMNOMIMPEHIIIMX TUIIB HEHPOHHUX MepeX 3a paxyHOK BAAJIOrO
PO3Ii3HABAHHSA PI3HOMAHITHHX 300pakeHb. IXHBOIO BiIMiHHOIO PHUCOIO € HAABHICTH MATEMATHUHOI
omeparlii 3ropTKH, 1 caMi 3TOPTKOBI IIApH € SIPOM Takoi Mepexi. EQexkTuBHICTH 1IbOTO BUIY
HelpoMepesk 3yMOBJIEHA 3/1aTHICTIO /0 aBTOMAaTUYHOT'O BUSIBIICHHS MOTPIOHUX 03HAK 300pakeHHS, a
TaKO0X MOXUIUBICTIO OOpOOJISATH BEIMKI MACUBH JAHUX [TPU HaBYaHHI.

Mawunnuu 3ip ma pors 3HM 6 nbomy

Hapasi icaye unmaiio roroBux mogeneit 3HM, takux sk VGG, AlexNet, DenseNet, ResNet,
Inception, R-CNN, FAST-RCNN Tomro. JIJis1 KO’)KHOT 3 HUX ICHY€ OJJHa YH KiJIbKa BEPCiid, KOKHA 3
SIKUX BIJIPI3HAETHCS KUIBKICTIO 3ropTKOBUX mapiB(Hanpukian, y VGG16 16 3ropTkoBux mapis, a 'y
VGG19 - BianmoBigno 19). KpiM 1mporo, po3poOHHK MOKE CIPOEKTYBATH BIIACHY 3TOPTKOBY
Heifpomepexy, a00 po3poOUTH KiJIbKa MAJIEHBKMX HEHPOMEPEX PI3HUX apXIiTEKTYyp sl PO3B’A3aHHS
neBHOi mpoOsiemu. Takox, B arponpOMHUCIOBOCTI HIMPOKO BHKOPHCTOBYEThCs anroputm Y OLO
pisuux Bepciit. Moro ocoGauBiCTh HOMArac B TOMY, IO HA BiAMIHY Bif TpamuuUifHUX HEHPOHHUX
MEpPEK, BiH PO3Ii3HAE 00’ €KTH Ha 300paKEHHI B peaIbHOMY Yaci, poOsdn “mpoxia” depe3 BIacHY
BHYTPIILIHIO HEHPOHHY MEPEXKy TUIBKH OJMH pa3, TOOTO GaKTUYHO Oe3 HaBUYaHHS.

BapTto Takox i 3ragatu mpo TexXHiKH, 110 MOAM(DIKYIOTh HaBYAIbHUI HAOIp JaHUX, TAKUX SIK
HapoinyBaHHs naHux(data augmentation). Lleit Mmetox nepeadadae 301IbIICHHS HABYAJILHOT'O HAOOPY
JAHUX Yy KiJIbKa pa3iB OUIIXOM OOepTaHHsS 300pa)KeHb MiJ PI3HUMH KyTaMH, OoOpi3aHHS Ta 1HIIHUX
ornepauiit 3 HumMu. Lle 103Bosste HelipoMepexki OyTH MHYUKIIIOO /Ul BUKOHAHHS [TOCTABJICHO]T 3a/1aul.
Kpim TOrO, B 3a]eXHOCTI BiJ CHUTYyallil, BAKOPHUCTOBYIOTBCS pi3HI BUAM 300pa)KeHb, a TaKOX
KOJBOPOBHUX MOJENIEH, cepel sSKUX: 4opHOo-0imi, koabopoBi(RGB RGB-D), HSV, cnekrpanbhi Ta
TeruioBi 300paskeHHs. Koxen Bu 300paskeHHs 200 KOTbOPOBA MOJIENb MA€ SIK CBOI IEpeBary, Tax i
HEOJIKH, 1 Tpu BUOOPi HEOOX1AHOT KAPTUHKH MOTPIOHO BpaXOBYBATH K caMy 3aJady, Tak 1 YUMajo
HABKOJIMIIIHIX YUHHUKIB, TAKUX SIK TIOJIOKEHHS 00’ €KTY B IPOCTOPi, OPY THS, BUAUMICTD, TIOTO/IHI
YMOBH TOILIO.

Buxopucmanns 3HM 6 acponpomucinogsocmi

Hayxkogiii 13 KyHbMIHCBKOT'O YHIBEPCUTETY HAyKH 1 TEXHOJIOT1H 31 CHIIN foCTipkeHHs [2], B
X0J1 sIKoro OyB NpPOBEJCHHWM MOPIBHAJIBHUMN aHami3 pizHMX Bepciit anroputmy YOLO y 3agaui
BU3HAYEHHS CTYIEHIO 3piIocTi nonyHuli. B xoni podotu 6yno Bukopuctano 1187 300pakeHsb Arij
nonyHuill, 949 3 skux OyJi0 BUKOPUCTAHO JIJIs HAaBYaHHS HeHWpomepexi, 1 mo 119 s Baminanii ta
tectyBaHHs. HaBuanus BinOyBanocs Ha 300 enoxax. B pe3ynbrati anroputm YOLOVS BignpaiioBas
HalKpallle 13 TOUHICTIO po3Mi3HaBaHHs B 97.4%.

YacTto MNOLIYK ONTUMAIbHOI apXiTEKTypH TMOTpedye eKCIIepUMEHTAIbHOI MepeBipKu 1
BHUMIPIOBaHHS €()EKTUBHOCTI Ta TOYHOCTI PI3HUX MoJIeei. ABTOPH TaKOT0O IOCIIIKEHHSI PO3B’sI3a/I1
3a/laqy BH3HAYEHHS 3PUIOCTI YOPHUX Ta OUIHMX ST/ MIOBKOBHII 3a IXHIM 30BHIIIHIM BUTJSIOM, a
TaKOXX 3alpOTNOHYBAIM MOJIENbh COPTYBAJIBHOTO TPHUCTPOIO, SKWH OM BHKOPHCTOBYBaB IXHIO
po3poOky[3]. B xoxi 1mporo, BOHM 3IIMCHWIM TOPIBHAJIBHUM aHalmi3 5 iCHYIOUMX pi3HOBHIIIB
apxiTEeKTyp 3ropTKOBUX HelpoHHUX Mepex, a came: AlexNet, DenseNet, ResNet-18, ResNet-50,
InceptionV3. Hapuanus BinOyBanocs Ha 2000 306pakenHsax(mo 1000 ans yopHux 1 6i1mx arin), 70%
3 SIKUX OyJnM NMpuU3Ha4yeHl JJis TPeHyBaHHSA HEHpOMepek, a pellTa - Juls Badijamii Ta TeCTyBaHHS.
Knacudixkamis srig BigOyBanacs 3a 4 cTaHaMu: HEAO3piia, HaMiBHe3piia, cTuria, nepecturia. [lpu
BUOOp1 Haiikpamoi Mozemni, OKpiM ii TOYHOCTi, BpaXOBYBaBCSl TAKOX Yac PO3Mi3HABAHHS, SKUN
3aJIeKUTh BiJ KIJIBKOCTI LIapiB y HEHpoMepexki, a y 5 BHUILIE3raJaHuX apXiTEeKTypax Ls KUIbKICTh
JIOCHTH pi3Ha.

[Tompu Te, 1m0 BCi HeHpoMepeXi MOKa3ald BUCOKY TOYHICTb, aje A 01101 IIOBKOBHUII 3
ypaxyBaHHSIM BCIX TTapaMeTpiB Haiikparoro BusBmiacs AlexNet 3 TounicTio B 98.32% 1 IIBUIKICTIO
knacudikamii B 1 xB. /Iy yopHOi moBKOBHIII HalleekTHBHIIIE cebe moka3zana ResNet-18 3 TounicTiO
B 98.65% Ta mBunkictio kinacudikaii B 1.2 xB. ResNet-18 BusBmIacs HaWIIMIIIOK TAKOXK 1 IS
3MIIIAHOTO HAOOPY AT1Jl, YHUKHYBIIY IIE€PEHAaBYaHHA Ta MOKa3aBUIM TOYHICTh B 98.03% i mBUAKICTH
po3mizHaBaHHS B 2.36 XB.
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JlocnniqHUKHY 13 yHIBepcuTeTy Anb-A3zxap i3 ['a3u po3poOuiim HeHpOHHY MEpexy, SKa BUSBIIIE
CTYITIHB 3p1JI0CTI IOy MMaraii Ha OCHOBI HOTO 30BHINTHBOTO BUTIIsIAY [4]. J[71s 1iporo Oyna Bubpana
3rOpTKOBa HEHpOHHA Mepexka 3 apxirektyporo VGG16. Habip HaBUanbHMX JaHUX CKIIQAABCS 3
o6m3pko 300 300pakeHb, KOXKHE 3 SKUX MICTWJIO TMO3HAYCHHS BiAMOBIAHOTO CTYIEHS 3PiJIOCTIi.
Krnacudikamis manaifi 3aiiicHIOBanacs Ha OCHOBI TaKMX CTYIEHIB: He3piia, HamiB3piia, 3pina. 3a
pe3ynbTataMu 1i€i poOOTH TOYHICTh HEMPOHHOI Mepexki ckiana mpaktuuHo 100%, npu HaBYaHHI
HepoHHOT Mepexki B 1 XB 52 cekyHAH.

Jl71 yHUKHEHHsI IepeHaBYaHHs Ta MMiIBUILEHHS TOYHOCT1 HepoMepeki BUKOPUCTOBYIOTh TaKy
TeXHIKy, K peryispusauii. Y maHoMmy aociipkeHHI[S5] OyB mpoBeneHMi MOPIBHSIBHUN aHali3
pI3HUX METOIB peryjspu3aiii s HEHPOHHOI Mepexi, IO 3/IHCHIOBaja BUSBICHHS CTYICHIO
3piIocTi MaHro, ToMary Ta sOmyka. Apxitektypa Heipomepexi VGG16 10omaTKOBO MICTUTh
OararormapoBUil TEPCENTPOH, SKUW OOpOONSAB yxe peryiaspuzoBani pgaHi. [[ns 30inbmIeHHS
HaBYaJILHOTO Habopy Oylio 3actocoBaHe HapollyBaHHs nanux(data augmentation). J[nst ominku
HEUPOMEPEIKI PO3IIISAIATUCS TaKi MOKa3HUKH, SIK BIYyYHICTh, IOBHOTA Ta f-Mipa.

bes 3acTocyBanus perynspu3aiii i napamerpu ckinam (80%, 76%, 78%). [1pu 3acTocyBaHH1
MeToJly peryisipusanii BukiatodeHns (dropout) i napamerpu ckinanu (90%, 90%, 90%), s metony
nakeTHoi (batch) Hopmamizanii (84%, 84%, 84%), a perynspusanii simpa (kernel regularization) —
(87%, 78%, 81%). Ilompu Te, MmO METOJ BHUKIIOUCHHS BHUSBHMBCS HAWTOYHIIIUM JJIs ITi€d
HelpoMepeki, KOXKEH CIoci0 perysipu3aiiii MoKpanryBaB BIy4HICTh, IOBHOTY Ta f-mipy.

Mertoro ctaTTi € mociuiJxeHHs epeKTUBHOCTI icHyrouux mogenei 3HM mna kmacudikarii
cTajii 3piIoCTi IUIOAY Ha MPUKIA/I SAT1 HOTYHUII, 311HCHEHHS MOPIBHSIBHOTO aHATi3y OTPUMAHHUX
pe3yNbTaTiB, BU3HAYEHHS Haille)eKTUBHINIOI HEHPOMEpEeXKi, a TAKOK MOPIBHAHHS 13 aHATOTIYHUMHU
CUCTEeMaMH Ha TPEMET TOYHOCTI Ta MIBUIKOCTI PO3Mi3HABAHHSI.

Hosuszna uiei poOoTu mosnsrae B MOPIBHSAHHI €(PEKTHUBHOCTI Pi3HUX apXiTEKTyp HEHPOHHUX
MEpeK Ha yHIKaJIbHOMY HAa0Opi 300paKeHb IMOJIyHHIlb, CHEIiabHO 3i0paHoMy ais Kinacudikarrii
CTallil JO3piBaHHS, [0 Ma€ MPAKTUYHE 3HAYEHHS arporpPOMHUCIOBHUX JOCHIKEHb Y Halllild KpaiHi.
JlociipKeHHsl TaKOK aHalli3y€e ePeKTUBHICTD JIETKUX MOJENel Ha 300paXKeHHSIX CEepeqHbOI AKOCTI,
10 BaXXJIMBO JAJISI BIOPOBAKEHHS KOMIT'IOTEPHOTO 30pY B YMOBaX OOMEXKEHHX OOYMCIIOBAIbEHUX
pecypciB, BUKOPHUCTAaHHS MoJiell Ha MOOUIbHHX a00 BOYAOBAHHMX NPUCTPOSX IJIsl pPeaIbHOro
arponpoMHCIIOBOTO 3aCTOCYBaHHS.

Marepiasm i Meroam aociaigkeHHsl. [IporpamHmii Kox Ui HaBYaHHS HeHpoOMeEpek
Hanucanuii Moot Python 3 Bukopucranusm 6i6miorek ComputerVision ta TensorFlow. Ilpu
HaBYaHHI MPOrPaMHO 300pa)K€HHsSI MPHUBOJATHCA N0 po3Mipy 224x224 a TakoXK 3aCTOCOBYETHCS
TeXHIKa HapoOIIlyBaHHSA JaHMX. TexXHIYHI XapakTepUCTHUKU MAallMHM, Ha SKii 37iiicHIOBanocs
HaByaHHs Helipomepex: 32 I'b O3I1, RX570 4GB, Intel Xeon ES - 2670V3 12/24.

Habip nanux ckiiageHuil caMOCTiiiHO, B JIEAKHX BUIAIKaxX 300pakeHHs migganucs oopoOili,
KoJibopoBa rama — RGB, po3aiibHa 31aTHICTE — HU3bKa. 300paskeHHS ST1]] PO3MOILIEH] 3a 3 KJIacaMu:
HE3piJli, HAITOJIOBUHY 3piii Ta MOBHICTIO 3piii (puc. 1).

Pucynox 1 — Cmaodii 0o3pieanns nonyHuyi(31i6a Hanpaeo):
He3pina, HanoJI08UHY 3pina, Cmuena

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




Kaumapcokuli O.A. DOI: 10.31548/itees.2024.02.014

Hauanbuuii HaOip micTuTh 402 300paxeHHs, Bamigamiiamii — 91 300pakenHs. Banimaniiauii
Ha0lp 03BOJIsIE OIIHIOBATH MPOAYKTUBHICTH MOJIENI HA JIaHMX, SIKI BOHA HE 3aCTOCOBYBAJIA ITi/1 4ac
TpenyBaHHs. HaBuanHs Heiipomepesx 3aiiicHioBanocs Ha 100 emoxax.

B KoHTEKCTI AOCTIKYBaHUX METPUK PO3IIIIAETHCS MAaTPHUIl HEBIMOBIMHOCTEH (Tadm. 1) —
TaOMUIE OCOOJIMBOTO KOMIIOHYBaHHsS, IO Ja€ MOXJIMBICTh YHAOYHIOBATH IPOJYKTUBHICTh
aNnropuTMy Kiacudikarii.

Tabauys 1 — Mampuys Hegionogionocmeti

IIpornozosano: TAK | IIpornososano: HI

Hacnpasai: TAK TP TN

Hacnpasai: HI FP FN

Po3pizHsa0oTh 4 MOXKIIMBI pe3ysibTaTh Kilacudikaiii 00’ exTy:

* icTHHHO Mo3uTHBHHUK(true positive, TP): mpaBmibHO nepeadadeHa MpUHAIEKHICTh 10
IIEBHOI'O KJIacy;

* icTMHHO HeraTWBHHI(true negative, TN): mpaBHIBHO MepeadadeHo Te, mo 00’ KT
JOCIIIJKEHHS He HAJIEKUTh J0 MEBHOTO KJIAcy;

» xubHO-no3utuBHUI(false positive, FP): HempaBmibHO nependadeHa mpuHaIeXHICTh 10
IIEBHOI'O KJacy;

+ xubHo-HeraTuBHUH(false negative, FN): HenpaBmisHO nepeadaveHo Te, mio 00’ €KT
JOCIIIJIKEHHS HE HAJIEXKUTh J0 IIEBHOT'O KJIacy.

JUist OLiHKK HeWpoMepexKi BUMIPIOBAIHCS TaKl MOKA3HUKU:

* TOYHiCcTh(accuracy) — 4acTKa IpaBUIbHO MPOTHO30BAaHUX PE3yJIbTaTIB

* BTpaTH — € MIPOIO TOrO, HAacCKUIbKU J00Ope abo moraHo HeWpoMepeska BHKOHYE CBOL
3aBJIaHHS Ha JaHUX HaBYAJILHOTO abo BamijganiiHoro Habopy. UMM MeHII BTpaTd, TUM
MO/IeJIb TOYHIIIA Y CBOIX MepeI0aueHHSIIX.

*  BIyYHICTh(precision) — 4acTKa ICTUHHO-TIO3UTUBHUX Mepe0aueHb cepe]] yCiX MO3UTUBHUX
nependadenb. Oouucmoerbes 3a popmynoro TP/(TP + FP).

* noBHoTa(recall) — yacTka MpaBUIIBHUX MO3UTHBHUX IepenOayeHb cepel] YCiX ICTHHHHX
no3utuBiB. O6uncoeThes 3a popmynoro TP/(TP + FN).

» wmipa fl(fl-score) — rapMoHiiiHe cepeaHe MiX BIYUYHICTIO Ta MOBHOTOIO, SIKE J03BOJISE
OoTpuUMaTH 30ajlaHCOBaHy OIIHKY. O0UnCIIOEThCS 32 GOPMYIIOH0:

2 * Precision * Recall

1— score = )
f Precision + Recall

* Yac HaBYaHHA — Mipa TOTO, HAaCKUIbKM ONTHMAalbHO HeipoMmepexka Oyze 3AiliCHIOBATH
MOCTaBJICHY 3a7ady. TaKo, BiH 3aJIEKUTh Bij CKIATHOCTI 1 00’eMy Mojem, TOOTO YiM
OlbIIe IapiB BOHA Ma€, TUM Yac HaBYaHHS Oyje OUIbIIHA.

JlJig KO’KHOTO MapaMmeTpy y KOKHIH HelipoMepeki moOynoBaHi BIAMOBIAHI radiku, a TaKoX
MaTpHIli HEB1IMOBITHOCTEH.

PesyabTaTi gocaimkenns. JIerki Mozeni 4acTo MoKa3yloTh Kpallll pe3ybTaTi Ha HEBETUKUX
Habopax JaHUX HU3BKOI YU CEPEAHbOT SKOCTI 3aBJSKM MEHIIIN KUIBKOCTI MapaMeTpiB i CXMIBHOCTI
0 MEHIIOro TNepeHaBuaHHS. BoHu edekTuBHINIE Yy3aralabHIOIOTH 1HGOpPMAIil0, KOIU JaHUX
HEIOCTAaTHBO JUIsl HABUAHHS BENMKUX Mozenel, Takux sk ResNet un VGG. Kpim Toro, mpocTii
apXITEKTYpH Kpallle CIPaBISIOTHCS 13 ITYMOM 1 HEIOTIKaMH TaHUX HU3BKOI SIKOCTI1, TOJII SIK CKJITHI
MOJIEINI MOXKYTh «3araM’ ITOBYBaTH» LIyM, 1[0 3HUXKYE TOUHICTH [6].
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B xoxi nmocmimxeHHst Oyno 3IIHCHEHO TOPIBHAJIBHMNA aHali3 3 iCHYIOUMX pPi3HOBHIIB
apxitektyp 3HM, a came MobileNetV2, MobileNetV3Small Ta EfficientNetB0, sxi € oqaumu 3
HaWJIErIIHUX MOJIENIEH 3rOPTKOBUX HEUPOHHUX MEPEX Yy HAIIl 4ac.

MobileNet — 1e CiMEHCTBO JIETKMX 3TOPTKOBHX HEHPOHHHUX MEPEX, ONTHMI30BAaHUX IS
poboTH B yMOBax 00OMeXeHHX pecypciB [6]. KitrouoBoto iie€to, sika JIeKUTh B OCHOBI apXITEKTypH, €
BHUKOPHUCTAHHS 3TOPTKH 3 PO3JUICHHSAM 3a TiubuHowo (Depthwise Separable Convolution), mo
JI03BOJISIE 3HAYHO 3MEHIIUTH OOYMCIIOBAJIbHI BUTpaTH 0e3 3HAyHOi BTpatu TouHocTi [6]. Lle
BiIOYBa€ThCA TaKMM YMHOM: y KJIACHYHHMX 3TOPTKaxX BXIJHUHA TEH30p po3MipoM h; X w; X d; 1
3aCTOCOBY€ 3TOPTKOBE PO PO3MIPOM A 1100 CTBOPUTHU BUXiJHMHI TEH30p posMipoM h; X w; X d;. Le
NPU3BOJUTL JIO OOYMCIIOBAIBHHMX BHMTPAT, IPONOPUiMHKMX (opmyni: h; X w; X d; X d;j X k X k.
MobileNet 3amiHIO€ 11€ T1IX00M, SIKAH PO3AUISIE 3TOPTKY HA JIBa OKPEMI €TaIlH:

1) I'mu6oxki 3roptku (Depthwise): KOxkeH (IIbTP 3aCTOCOBYETHCS JI0 OAHOTO KaHATY, a HE JI0
BCIX.

2) ToukoBi 3roptku (Pointwise): BUKOPUCTOBYIOTHCS 3TOPTKH ISl JIIHIHHOTO 00'€THAHHS
KaHaJiB.

Ile mae oGuuCIIOBaIBHI BUTpPATH, BU3HAYCHI sAK: h; X w; X d; X (dj + kz), o poOUTh Taki
3TOPTKH €(hEeKTUBHIIIMMHU.

MobileNetV2, nacTymHa Bepcis ciMeicTBa, BKIIOYa€ HOBY KOHIICTIIIIO 1HBEPTOBAHUX
3aMUIIKOBUX ONOKIB (/nverted Residuals), siKi CIpOIIyIOTh TIepeaBaHHs TPAJI€HTIB Yepe3 MEPExKy,
Ta JiHIHI BY3bKi Micus (Linear Bottlenecks), 110 MOKpAILyIOTh SKICTh IPEICTABICHHS 03HaK [7].

Y MobileNetV3 apxiTekTypa BIOCKOHAJICHAa 3a JOMOMOIOK) aBTOMATHYHOTO IOIIYKY
apxitektyp (Neural Architecture Search, NAS) 1 BupoBaJkeHHSI MeXaHi3My Squeeze-and-Excitation
(SE), sxuii IUHAMIYHO KOPHTY€ Bary KaHaliB Juis TOKpameHHs To4yHocti [8]. Kpim Toro,
BUKopucTaHHs GyHKIil aktuBauii Hard-Swish 'y MobileNetV3 3abe3neuye mokpaiieHHs
MPOAYKTUBHOCTI 0€3 301IbIlIeHHS] 00UHMCIIOBAILHUX BUTpAT.

EfficientNet — 11e cimMeiicTBO Mojienei 3rOPTKOBUX HEHPOHHUX MEPEK, SIKi ONTHMI30BaH1 A7
JIOCATHEHHSI BHMCOKOi MPOAYKTUBHOCTI NPHM MiHIMAIbHMX OOYHCIIOBaIbHHX BUTpaTax [9]. Ix
TOJIOBHOIO BIIMIHHICTIO € BUKOpHCTaHHS migxoxy Compound Scaling [9]. et meton mo3Bossie
OJTHOYACHO 301JbIyBaTH TTMOWHY, IIUPUHY Ta PO3AUIBHY 3JaTHICTh BXIJHHMX 300pa)K€Hb TaKUM
YUHOM, 11100 30epiratv ONTUMAIBHY apXiTEKTYPy MEpExi:

e T1IMOMHA — KUIBKICTh IIApPiB MEPEKi, 0 BIAMOBITAIOTH 3a 3AaTHICTh MOJENI PO3Mi3HABATH

CKJIa/IHIIII aTepHHU;

e INHMPUHA — KUIBKICTh (QUIBTPIB y KOXKHOMY IIapi, IO 30UIbLIyE 3JaTHICTH Mepexi 10

napajesibHOi 00pOOKHU JaHUX;

e pO3IUIbHA 3JaTHICTh — PO3MIip BXIJHUX 300pakeHb, 1110 BIUIMBAE HA JeTali3allilo, IKy Mepexa

MOJKE€ HaBYMTHCS PO3ITi3HABATH.

Ocnogoto cimeirictBa EfficientNet € mogens EfficientNetBO — 6a3oBa Mmozensb y ciMeicTBi, ska
CITyTY€ BiIIPaBHOIO TOYKOIO JUIsI MacIITadyBaHHs. BoHa Oyiia aBTOMaTHYHO CTBOPEHA 3a JIOTTOMOTOF0
Neural Architecture Search (NAS) [10]. Mozaens onTuMizoBaHa Jisl KOMIIPOMICY MiXk TOYHICTIO Ta
06UMCITIOBANLHOIO CKIIAHICTIO. [T apXiTekTypa BK/IIOUYAE TaKi KITIOYOBI eJ1eMEHTH:

1) MBConv 6710KH, sIKI MICTATh 3TOPTKH 3 PO3AIJICHHAM 32 ITMOMHOIO, a TAKOX TOYKOBI [7], 110

3MEHIIy€e 00YUCIIIOBAJIbHI BUTPATH.

2) Squeeze-and-Excitation. Koxen MBConv 0610k mictuth Mexanism SE, mo 1o3Boisie

a/IalITUBHO 3Ba)KyBaTH KaHauu [ 11], miBUIyI0UM BaXKIUBICTh HAHOUIBI 1HPOPMATUBHUX 13

HUX.

3) @ynkmig aktuBaiii Swish 3amicts ReLU, sika mokparye nepegaBanHs rpaIi€HTIB Ta CIPUSIE

TOYHOCTI Mozemi [12].

4) IlouaTkoBi rinepnapaMeTpu:

o I'muOuna: Mozienh Ma€ ONTHUMAJIbHY KUTBKICTD IIApiB, BUABIEHY 3a 10moMoroio NAS.
o Iupuna: ¢pimeTpu Oyau oOpaHi Tak, MO0 3a0e3neunTn OagaHC Mk
MPOAYKTUBHICTIO Ta €()EKTUBHICTIO.
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o Po3pinpHa 31aTHICTB: BXiIHI 300pa)KeHHA MalOTh po3Mip 224x224 mikceriB.

5) OnTumizariis yepe3 Compound Scaling. EfficientNetBO € 6a3oro, siky MoxHa
MacmTaOyBaTu JJ1s1 CTBOPEHHS 1HIIUX Mojenel y cimelicTsi (B1-B7), mo 3a6e3neuyroTsh
OUTBIITY TOUHICTD NMPHU OUTBIIIH OOYHCITIOBATBHIN OTYHOCTI.

Pe3zynomamu pobomu netipomepeorc
Hetipomepeska MobileNetV2 nokasaiia Taki MOKa3HUKW TIPH HaBYAHHI: TOYHICTh, BIYYHICTb,
noBHOTa Ta F1-mipa ckiamu 99.46%, Brparu 0.0139. Ilpu Bamigarii TOUHICTh, BIy4HICTh, TOBHOTA
ta Fl-mipa cknanu 97.8%, Brpatu 0.099. Came HaBuanHs Helipomepexki Tpusaio 14 xB 36 c.

SIx BuaHO 3 Tpadika Ha pHC. 2, TOYHICTh HABYAHHA CTA0UII3yBaNUCs B palioHi 55 enoxu, rnpu
IbOMY TOYHICTh Baijialii Oyja BUCOKa 3 MEPIIUX eroX Ta KoiuBaiacs B Maxax 2-4%.
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Pucynox 2 — Pesynomamu pobomu mooeni MobileNetV2
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Heiipomepe:kxa MobileNetV3Small moka3zana Taki MOKa3HUKH TPH HABYaHHI: TOYHICTb,
BIIy4YHICTb, MOBHOTa Ta F1-mipa cxnanu 98.42%, Brpatu 0.0288. Ilpu Banigaii TOYHICTb, BIYUYHICTb,
noBHoTa Ta F1-mipa cknamm 98.9%, Brpatu 0.0451. Came HaBYaHHS HeWpoMepeki TpuBasio 12 xB.

Sk BuzHO 3 TpadikiB Ha pHC. 3, MOKA3HUKH MPU HAaBYaHHI cTabuIi3yBaykCs B paiioHi S0 emoxwu.
[Tokaznuku mpu Bamigamii cradimizyBaiucs npudau3Ho Ha 20 ernoci 13 He3HAYHUMU KOJIMBAaHHIMH B
nojajgpmoMy B Mexax 1-3%.
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Pucynox 3 — Pesynemamu pobomu mooeni MobileNetV3Small

Heiipomepexa EfficientNetBO mokasana Taki MOKa3HMKHM NpU HaBYaHHI: TOYHICTH 99.33%,
BTpatu 0.033, Bnyunicts 99.39%, noBHoTa 99.39%, F1-Mmipa 99.39%. I1pu Bamigarii TOUHICTH CKJ1ana
98.61%, Btpatu 0.04, Biayunicte 98.61%, moBHOoTa 98.61%, Fl-mipa 98.61%. Came HaBuaHHS
Heiipomepesxi TpuBaso 16 xB 17 c.
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Sk BuaHO 3 TpadikiB Ha puC. 4, MOKA3HUKHU MPU HABYAHHI Ta Balifalii crabiizyBaiucs B
paiioHi 15 enoxu 13 nmojaibIIUM KOJIUBAHHIM Yy Mexax 1-2%.
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Pucynox 4 — Pesynemamu pobomu mooeni EfficientNetB()

BucnoBku. B X011 11b0r0 10CTIKEHHS POBEACHUN MOPIBHSUIBHUN aHaI3 TPhOX apXITEKTyp
HEHPOHHUX MepeX I BHU3HAYCHHsS 3pulocTi monyHuui. [Ipum ypaxyBaHHI BCiX mapameTpiB
Halie(heKTUBHIIIO BUABMIACA HelipoMepexka MobileNetV3Small. Ii TounicTs, BIyuHicTh, HOBHOTA
ta Fl-mipa npu HaBuanHi cknamu 98.42%, Brpatu 0.0288. [lpu Bamimamii TOYHICTb, BIYYHICTb,
noBHoTa Ta F1-mipa cknanu 98.9%, Brpatu 0.0451. HaBuanus Heiipomepexi TpuBaio 12 xB.

OTpumaHa MOZETb Ma€ JOCUTh BUCOKY TOUHICTh Kiacuikamii cTaii 3piiiocTi MOMyHUI 1 3a
CBOIMHU TIapaMeTpaMH € OJHIECI0 13 HAaHONTHUMANBHIIIKMX MPH MOPIBHSIHHI 13 HABEJCHUMHU y CTaTTI
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nocmikeHHAME. [Ipy 3a1isHuX 00YHCIIOBATBHUX CIPOMOXKHOCTSIX, HepoMepeka TaKOoX MoKa3zasa
XOPOIIH Yac HaBYaHH 332 PaXyHOK KOMIAKTHOI apXiTEKTYPH Ta HEBEJIMKOI KUIBKOCTI IIapiB.

BpaxoByroun mocTiifHe BIPOBAKEHHSI CYy4aCHHUX TEXHOJIOTIH Yy CIIbChKE TOCIOJAPCTBO, a
TaKOX OYPXJIMBHI PO3BUTOK IUTYYHOTO 1HTENIEKTY, PE3yJIbTaTH IIbOTO AOCIIKEHHS MOXKYTh CTaTH
KOPUCHUMH SIK JJI BITUM3HSHUX aBTOPIB, TaK 1 JUId MEBHHUX MiJIPUEMCTB arpornpoMHCIOBOTO
KOMILIEKCY.
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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 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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TH®OPMAIIIMHA CUCTEMA HMIATPUMKH ONITHIOBAHHSI MATTICTEPCBKHX
POBIT: IIPUKJIAJ PEAJIIBALLIL B YMOBAX IU®POBOI'O OCBITHBOI'O
CEPEJIOBHUILIA 3AKJIAZY BUIIOI OCBITH

Anomauin. Lupposizayia oceimu oxonnioe ce binvbuie OCHOBHUX DIZHeC-NPOYeCi68 CYYaACHO20 3aKaady SUujoi
oceimu. Ilpuxnad yugposizayii okpemux npoyecié ni02omoeku ma NPeOCMAGIeHHs Pe3yibmamie MAazicmepcbKo2o
Q0CHIONCEHHSI PENPE3EHMOBAHO Y OAHOMY 00caiodcenti. Hamu 3modenvosano ingopmayitiny cucmemy niOmpumxu
OYIHIOBANHS MALICMEPCLKUX POOIM 34 pe3yibmamamu eKCnepmuo20 OYiHIOBAHH MA AGMOMAMU308AHOT NepesipKu
meKCmy Ha HAAGHICMb NAA2iamy 6ION0GIOHO 00 HOPMAMUGHUX OOKYMEHMIE 3aKiady GUWOi 0Cceimu ma 3a2aibHux
peKomeHOayill w000 OOMPUMAHHS arKademiunoi O0obpouechocmi. Bushaueno ocHo6HI 6isHec-npoyecu, a came:
VAPABNIHHS KOPUCTY8AYAMU, YNPAGLIHHA OYIHIOBAHHAM MAZICMEPCbKOL pobomu, Nowupenns pe3yibmamis 00C1ioNHceHb
Mazicmpig; 30IUCHEeHO iX 0eKOMNO3UYII0 3d CIAHOAPMAMU CMPYKMYPHO-(DYHKYIOHATbHO20 AHALI3Y | NPOEKMYBAHHS Ma
PObOGUL PO3NOOLT NOMEHYIUHUX KOPUCIMYBAYIE CUCmeMU. 3anponoHo8ano eapianm peanizayii yiei cucmemu 3acobamu
LMS Moodle: susnaueno pecypcu 0 3a8aHMANCEHHs MEKCMY MaA2iCMepcbKoi pobomu ma cynpogioHux OOKyMeHmis,
30TUCHEHHS peyen3y8aHHsl, OPeAHi3ayii KOHCYIbMYBAHH MALICMPAHMIE Ma KOMYHIKayii cyo 'ekmie 0ceimnbo2o npoyecy
8I0N0BIOHO 00 BUBHAUEHO20 POILOBO2O PO3N0IINy. [na nepesipku mexkcmis HA HAABHICMb MeKcmosux 30i2ie 0o LMS
Moodle inmezpogano 6ionogionuti mooyie komnanii Unicheck. Texnonoeito Learning Tools Interoperability (LTI), wo
niompumyemocss LMS Moodle, 3acmocosano 0ns inmeepayii enexmpoHHUX OCGIMHIX pecypcié 3 HABUANbHO-
iH(hopmayiino2co nopmany YHieepcumemy 00 pPeno3umapilo Mazicmepcokux pobim. 3asHaueno, wo HAASHICMb
IHGhOpMAYItHO-0C8IMHBO20 cepedosuyd 3aKIa0y UWOL OCBIMU ma CMEOPEHHsl €OUHOT 6a3a KOpUCmysauie 003601Unmb
AK  Opeauizayilino, max i MeXHON02IYHO peanizyeamu NPOEKMOBany IHGoOpMmayiiny cucmemy 3 MIHIMATLHUMU
3ampamamu.

Knrwuosi cnosa: ingopmayitina cucmema, macicmepcoka poboma, OYiHIO8AHHA, NpocpAMHe 3a0e3NneyeHHs.

nepesipku na naaciam, LMS Moodle.

Beryn. [lupoke BripoBaKeHHs UG POBUX TEXHOJIOT1H € OJIHIEIO 3 YMOB BUXO/y BUIIIOi OCBITH
Ha piBEHb MDKHAPOJHUX CTaHAApTIB. 3 1HIIOr0 OOKY MOCHJICHHS MO3MLINH YHIBEPCUTETIB CbOTOMHI
HEMOXIIMBE B YMOBAX 3aKPUTHUX CHCTEM OCBITH Ta OKPEMHX IHCTUTYIIH. 3a MOKa3HUKaMHU PEHTHHTY
Webometrics [1] mocusmroeTbes yBara 10 HayKOBOI JiSUIBHOCTI YHIBEPCHTETIB Ta MOLIUPEHHS il
pe3yJIbTaTIB BIANOBITHO 0 MOJ0XKEHb BIAKPUTOI HAyKH Ta KOMyHIKalii [2]. OQHUM 3 IHCTPYMEHTIB
HAYKOBOI KOMYHIKaIlii, 110 aKTUBHO BHKOPHUCTOBYIOTh CYYacHi YHIBEPCHUTETH JUIS TMOIIMPEHHS
pe3yabTaTiB HAYKOBOI JISTIBHOCTI SIK HAayKOBO-TIEJAroriyHUX MpalriBHUKIB [3], Tak 1 MOJOIuUX
HAyKOBIIB (Marictpu) [4], € IHCTUTYIIHHI perno3uTapii.

Po3smimenns y penosurapisx Master’s Thesis (manpuxmnan, https://repository.usfca.edu/thes/,
http://academysps.edu.ua/biblioteka/repozitarij-magisterskih-robit/) 3abe3neuye  BIJKPHUTICTh
pe3yabTaTiB TOCHTIKEHb MaricTpiB Il 30BHIIIHHOTO CEPEIOBHUINA 1 BIAMOBITA€ PEKOMEHIAIISIM
Acomiarii €BponeichbKuX yHIBEpCUTETIB MIOA0 BIAKPUTOrO JOCTYIYy 10 HAyKoBoi iH(opmaii [5].
[Ipy upOMy cIiJ] HAaroJOCUTH Ha IOCHJIEHIH YyBa3l JOTPUMAHHS MariCTpaHTaMU IOJOKEHb
aKaJeMiqHO1 JOOpPOYECHOCTI [6], OCKUIBKM PO3BUTOK CYYaCHHUX TEXHOJOTIH 3HAYHO PO3IIUPIOE
MOXJIMBOCTI HE JIMIIIE ISl TPOBEICHHS AOCTIHKEeHbB, ajie i muiariaty, ¢padpukartii, hanscudikarii Ta
IHIIUX TOpPYIIEHb aKageMiuHOi eTHKU. BiamoBinHO, pPO3MILICHHIO MAariCTepChbKUX pooIT Yy
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pemno3uTapiax TMepeaye OIliHKa SIKOCTI BUKOHaHHS pPOOOTH Ta JOTPUMAHHS aKaaeMidHOI
nobpodecHoCTI ii aBTopoM. [Ipu mboMy ciuif 3a3HAYUTH, 110 MUTAHHS aKaaeMIYHOT T0OPOYECHOCTI
CTYACHTIB akTyamidyerbcs B ymoBax COVIDI19, ocCkiinbKH pe3ynbTaTd IOCHiIKEHb, 30KpeMa,
aMEpPUKAaHCHKUX [ 7] Ta icmaHChKUX [8] HAYKOBIIIB, € IMiICTaBOIO JUISI MTIIBUILIEHOT YBaru 0 MiATPUMKH
aKaJIeMiqHO1 10OpOYECHOCTI Cy0’ €KTIB OCBITHBOI'O MPOIECY B YMOBAX JUCTAHLIHHOTO HaBYAHHS —
CTYJICHTH BUSBJISIOTH OUTBITY aKaJeMiqHy HEIOOPOYECHICTh IIPH OHJIAH HaBYaHHI.

AHai3 aKTyaJbHHX JOCHiIKeHb. Y DPI3HUX KpaiHax Ta yHIBEpCUTETaxX po3poOiieHi pi3Hi
MOJITHKHU Ta MPOICAYPH JOTPUMAHHS aKaJAeMIqHOI J0OpOUeCHOCTI i 3amobiranHs miariaty [9], [10].
VY OLIBIIOCTI 3aKOPJIOHHUX YHIBEPCHTETIB PiBEHb aKaJIeMidyHOI JOOPOYECHOCTI, 30KpeMa Iuiariar, €
MpeIMETOM MOHITOPUHTY YIPOAOBXK HABYaHHS CTYAEHTIB, a 3acO0M aKaJeMiYHOTO IOKapaHHs
BapilOIOTHCSL BiJl aAHYJIIOBAaHHA pE3YJbTATiB OKpEeMOi pOOOTH 110 BigpaxyBaHHS CTYACHTIB 3
yHiBepcutety [11]. 3anponoHoBanuit y [12] miaxia 10 po3poOKH IHCTUTYIIHHUX CITYKO BUSBICHHS
iariaty Moxe OyTH BHUKOPUCTAHUH ISl MEPEBIPKU TEKCTIB MAariCTepChbKUX pPOOIT Ta 3aXUCTY
aBTOPCHKUX MPaB, OCKUIBKYU B €MOXY HU(MPOBUX TEXHOJOTIN caMe TakKi cly:KOu cTanu 000B’ I3KOBUM
KOMIIOHEHTOM CHUCTEMH yTipaBiliHHs HaB4aHHAM (LMS).

o crocyeThcst 3a0€3MEUEHHST SIKOCTI MIATOTOBKU MariCTepChbKOro JTOCIIHKEHHS, MATPUMKA
Ta OIIHKA MariCTepchbKoi poOOTH € BaKIMBHMH 3aBJAHHSIMH YHIBEPCHUTETIB, a TaKOX MPEAMETOM
JOCTII)KeHb HAYKOBIIIB 1 BUKJIa/1a4iB-IPAKTHUKIB.

Y pob6ori [13] mnpencraBimeno pgocBinm BukopuctaHHs IKT i TiABUIICHHS SKOCTI
Marictepchkoi poboTu. 3okpema, Bu3HaueHo nepeBaru Bukopuctanus IKT mis peanizanii ocHOBHUX
MIPOIIECiB:

—KEepiBHUIITBO: BUOIp HAYKOBUX KEpPIBHUKIB, IPU3HAUCHHS PELICH3EHTIB, CKJIaJIaHHs PO3KIAdy
Mpe3eHTallll MaricTepcbKoi poOOTH Ta IHIIMX OpraHi3alifHuX 3aX0/1B, IEpeBipKa Iiariary, 3BiTHICTh
Ta OI[IHKa MariCTepchKoi podoTH;

— CymepBi3isi: IJIaHYBaHHSA Ta MPOBEIEHHS 3yCTpiueil (KOHCyIbTalliif), oOMiH iH(popMaIlli€ro,
OTpPHMaHHS 3BOPOTHOTO 3B’SI3KY;

— CHIBOpallf: CaMOOLIHIOBaHHS pPOOOTH, B3a€MOJIS 3 KEPIBHUKOM, IHIIUMH MaricTpamu,
pEIEeH3eHTOM, aIMIHICTPAIlI€I0 YHIBEPCUTETY TOIIIO.

OxpeMi acrieKkTu CIiBIpalli CTYAEHTIB 13 KepIBHUKAaMH AUIJIOMHUX MPOEKTIB MPEACTaBIEHI Y
[14]. BpaxoByiour Ba)KJIMBY pOJb 3BOPOTHOTO 3B’SI3KYy B IPOEKTaX MaricTepCchbKoi AMcepTallii,
CTaBJICHHs CTYJeHTiB 3 HinepnaHaiB 10 3BOPOTHOTO 3B’A3KYy HAyKOBOTO KEpiBHHMKA B KOHTEKCTI
Maricrepchbkoi poOOTH MOXHa BHUKOPHMCTATH Ul MOKPAIIEHHS B3a€MOJIli MK MaricTpamu Ta ix
HaykoBUMH kepiBHUKaMu. [likaBuM € nocsig University of Leeds (AHTIIS) 11010 OIIHIOBAHHS SIKOCTI
Maricrepchkux auceprauii [15]. Inmmm npuknanom € Bukopuctanns IKT mias miarpumkn B3aeMoii
CTY/ICHTIB Ha PI3HUX eTarnax MiAT0TOBKU MaricTepchbkoi poOoTH i 3a0e3MeYeHHs SIKOCTI pYKOITUCIB
JucepTallii, KOHTPOJIO Ta OI[IHIOBAaHHS, a TaKOX TIOCWJICEHHS MOTHBAIlll Ta BIAMOBIJATBHOCTI
Marictpis [16]. ¥ pamkax 1poro 10CiiKeHHs Oyl po3po0iieH] MpOono3uLii K 3 MeAaroriyHoro, Tak
1 3 TeXHIYHOro acnekTiB. Ha Hamy nymKy, ofepikaHi pe3yibTaTh MOKHAa MaclITa0yBaTH B 1HIIHX
3aKJIa/1ax BUIIOi OCBITH.

IIpn upomy cmif 3a3HAYUTH, IO MPOEKTYBaHHSA 1HPOPMAIIIHOI CHCTEMHU MiITPUMKHU
OLIIHIOBAHHSI MaricTepchbkux poOiT (peleH3yBaHHS Ta MepeBipka Ha HAsBHICTh TEKCTOBHX 30iriB)
PO3TISIAETHCS SIK KOMIUIEKCHUN MPOEKT, M0 MIiCTUTh TP OCHOBHI KOMITOHEHTH: YIPaBIiHCHKHA,
TEXHOJIOTiUHMif Ta ocBiTHii. Moro peanizauis B konkperHomy 3BO 3a1eXuTh BiJl HASBHUX pecypciB
1 KOMIIETEHTHOCTI YYacCHHUKIB OCBITHHOTO TMPOIECY. BIAMOBIIHO 0 HOTO BHU3HAYAKOTHCS
(GyHKI10HAIBHI MOXKIIUBOCTI Ta 0OMEXEHHS CUCTEMH, a TAK0XX MEPCIEKTUBH i1 PO3BUTKY.

Meta gaHOro AOCHTIIKEHHS: CIPOEKTYBATH 1HGOPMALIHY CUCTEMY MIATPUMKHU OLIIHIOBAHHS
MaricTepchbKux poOiT, M0 JO3BOJMTH 3/IMCHIOBATH CHCTEMHE OIIHIOBaHHS TUILIOMHOI pOOOTH
MaricTpiB BIANOBIIHO /0 HOPMAaTUBHUX JOKYMEHTIB 3aKkjiaay BHUIIOI OCBITH Ta 3arajibHHUX
pEKOMEHIaIlil I0JI0 JOTPUMAHHS aKaJAeMiuyHO1 T0OpOUYECHOCTI.

Pe3yabTaTtH gociaigkeHHsl. 3a pe3ylbTaTaMH aHaIi3y BUMOT Ta MOTPEO MOTCHITIHHUX
KOPUCTYBaYiB, MPHU3HAYCHHSIM iH(GOpPMAlLiiHOI CUCTEMHU MiATPUMKH OLIHIOBAHHS MariCTepChbKUX
pooiIT €:
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e oprasizamiss U(GPOBOrO CEPEIOBHINA JUIS MATPUMKHA TMIATOTOBKH Ta OI[IHIOBAHHS
JTUTIJIOMHHUX MPOEKTIB MaricTpiBs;

* HaJaHHA JOCTYNy JO CHUCTEeMH 3 OOJIIKOBUX 3aIllUCiB YHIBEPCHTETCHKOI'O OCBITHBOTO
Cepe/IoBHINA SK JUISI MariCTpaHTIB, TaK 1 JJIs YNPaBIiHCHKOTO W HAayKOBO-TIIEAArOri4HOTO
HepCoHay;

* oprasizaiis po3nojiay posiei, HeOOXiTHUX B MPOIIeCci HAyKOBOI pOOOTH MariCTpaHTiB 1 10
MOMEHTY 3aXHCTY, Ta JIeTKE aJIMIHICTPyBaHHS [IUX POJICH;

* Oprasizaiis OCBITHbOI KOMIIOHEHTH B HAYKOBIH JisSJIbHOCTI MariCTpaHTiB (110 IKOT TOBUHHO
BXOIWTH NHUTAaHHS OpraHizalii HAyKOBOTO IOCITIJDKCHHS, JOTPUMAaHHSA aKaJeMiyHOi
JT0OOpPOYECHOCTI Ta 1HIIIE),

* Oprasizaiisi OINOBIIICHHS YYacCHHKIB IpPOIECY BiJl KEepiBHUITBA (HABYAJbHOI YACTHHH,
BIJIJIITy MaricTpaTypH, AeKaHaTiB, BAITYCKOBUX Kadep TOIo);

* Oprasizaiis CiJKyBaHHS MariCTPaHTIB 31 CBOIMH HAyKOBHUMHU KE€PIBHUKAMU;

* oprasizailis aBTOMaTHYHOI MEPEBIPKHU MIArOTOBICHUX POOIT HA ILIariaT;

* Oprasizaiis 31iliCHeHHs pelleH3yBaHHS HAIIMCaHUX POOIT;

* Opraizaiisi po3MilleHHS TOMYIIEHUX 10 3aXUCTY POOIT B 3arajbHUI perno3uTapiu.

Ha piBHI (QyHKIIOHATHHOI JACKOMITO3HII MPOEKTOBAHOI CHCTEMH IMIATPUMKHU OIIHIOBAHHS
MaricTepchbKux pooiT K METOy Oi3HEC-aHali3y, [0 BAKOPUCTOBYETHCS JUIsI OJIETTLIEHHS PO3YMIHHS
1 YIpaBNiHHS CKIQJHUMH TPOLECAMH, a TAaKOX 3aCTOCOBYETHCS NHpPU PO3poOIi MPOrpamMHOTO
3a0e3neueHHs, HAMU BU3HAYEHO TaKi OCHOBHI Oi3HEC-IPOIECH:

* YOpaBIiHHS KOPUCTYBayaMH, peaiizallisi SKOTro mepeadadae: peecTpalilo KOpPHCTyBadiB,
PO3MOILI ITPaB; CTBOPEHHSI OpraHi3aliiHOl CTPYKTYpU JaHUX CUCTEMH Ta HAJaHHS JOCTYITY
0 OKPEMHUX EJIEMEHTIB CHCTEMH KOPHCTYBadiB BiJIOBITHO O POJBOBOTO PO3MOALILY;
JOJIaBaHHsl CYMNPOBITHUX JTOKYMEHTIB, II0 YHOPMOBYIOTH MIJATOTOBKY MaricTepchbKOro
JOCHIJKeHHsT (TIOJIOKEHHs, METOAMYHI PEKOMEHJAI] TOII0); OpraHi3alilo I0AaTKOBOTO
HaBYaHHs (TUCIUIUIIHA 32 BHUOOPOM CTYAEHTa, 3alucH BeOIHApIB TOINO); OpraHizailiio
KOMYHIKaIlli yCiX YYaCHHKIB;

* YNOpaBiiHHSA OI[IHIOBAHHAM JOCHI/DKEHHS Marictpa, B MeEXax SKOTO 3H1HCHIOETHCS:
3aBaHTAKEHHS JUIJIOMHOI pOOOTH Ta KaTeropusalis 3a CTPYKTYpPHHUM HIAPO3ZUIOM,
OCBITHBOIO MPOIrpamMoOI0, POKOM BHITYCKY TOILO; JOJAaBaHHS CYHPOBIIHUX JOKYMEHTIB
(pernmaMeHTY€eThCS TIOJIOKEHHSM MPO MiATOTOBKY 1 MPEACTAaBICHHS MaricTepcbkoi podoTH y
KoHKpeTHOMy 3BO), 30kpema, BIAT'YKYy KepiBHUKA; 3A1HCHEHHS HOPMOKOHTPOJIO Ta
3aBaHTAKEHHS pE3yJbTaTiB TMEpPEBIPKU; NPU3HAYEHHS PELEH3EHTIB 3 HACTYNHUM iX
1H(OPMYBaHHSM I110JI0 TEPMiHIB POBEJCHHS €KCIIEPTU3U KOHKPETHOI TUIIOMHOT poOOTH;
MOHITOPHHI IPOIECY OILIIHIOBAHHS JUIUIOMHOI POOOTH; MOXJIMBICTH OHOBJIEHHS (pailiry
(MaricTepcbkoi poOOTH), HANPUKIAA, BIAMOBITHO 10 pEeKOMeHnalid, chopMOBaHUX 3a
pe3yibTaTaMu TepeBIpKM HOPMOKOHTPOJIIO UM BH3HAYEHHS TEKCTOBUX 30iriB; peaiizaiis
yIpaBIiHHS OLIHIOBAaHHIM JEKOMIIO3YEThCS 10 JBOX OCHOBHHUX mporieciB: (I) mepeBipka
pobOoTu Ha TUIariat, 1O nepeadavae MiIKIIOYCHHS BHU3HAYEHOTO CEPBICY Ta 31HCHEHHS
aBTOMATHYHOI NepeBIpKH KOXKHOT MaricTepchbkoi poOOTH Ha HAsBHICTh TEKCTOBUX 30iriB Yy
0a31l JaHUX MaricTepcbkux podiT koHkpeTHoro 3BO Ta 30BHIIIHIX [HTEepHET-IXKeper;
(dopMyBaHHS 3BITY 3a pe3yJibTaTaMu MEPEBIPKU Ha IjariaT; mpoBeAeHHs (y pasi moTpedu)
JOJTATKOBOTO  €KCIIEPTHOTO OI[IHIOBAHHA — YITHHTY, Ta (OpMYyBaHHS €KCIIEPTHOIO
3aKJIFOYEHHS I0JI0 JOTPUMAaHHS aKaJeMiuHOi J0OpOYECHOCTI aBTOpa JIOCIIIKEHHS,
dbopMyBaHHS peKOMEHJAlld MO0 BHECEHHS 3MiH Ta moBTOpHY mnepeBipky; (II)
pelieH3yBaHHs pPoOOTH (MOTpedye BU3HAYEHHS PELEH3EHTIB, MiATOTOBKU PEICH3EHTY
11a0JI0Hy peneH3ii; 311HCHeHHS peleH3yBaHHs (Y BIAKPUTOMY a00 aHOHIMHOMY PEXHMI) Ta
3aBaHTA)XEHHS pereHsii);

* TOLIMPEHHS Pe3yJibTaTiB JOCIIKEHb MaricTpiB, SIKOMY Iepenye Meperiisii pe3ysbTaTiB
OLIIHIOBAHHS MariCTepchbKoi poOOTH Ta BU3HAUEHHS CTAaTyCy pOOOTH (HOMYCK J0 3aXHCTY,
PEKOMEH/IAITis 0 MMy OIIYHOT0 TIEPETIsi Ay pOOOTH Y OOMEXEHUHN TOCTYII, HAPUKIIAI, JTUTIIE
JUIs 4IEHIB eK3aMeHalliifHOi KoMmicii); 30epekeHHs (apXiByBaHHS) AWUIUIOMHHX pPOOIT
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(onoBnenHa Oa3u ganux 3BO); miArOTOBKY MaHUX [UIs PO3MILIEHHS Y perno3uTapii
MaricTepchbKux pooirT.
BinnoBiznHO 10 METOAOMOTIT CTPYKTYpHOTO aHami3y i npoextyBanHs SADT ans MoznenoBaHHS
OCHOBHHX IPOIIECIB OIIHIOBAHHS Marictepchbkux pooit oopano meroaosiorito IDEFO (puc. 1). Came
IDEFO Ta noaioHi METOIM MOJIETIOBAHHS YaCTO BUKOPUCTOBYIOTHCS JUIsl pEIHKUHIPHHTY TPOLIECIB
IUISL yTOUHEHHS pealtizallii IeBHOTo MpoIiecy Ta MPOIIOHYBaHHS 3MiH y HboMY [17].
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Pucynox 1 — Mooenv SADT inghopmayitinoi cucmemu niompumxu OyiHO8aHHs.
MazicmepcoKux pooim

Mogens BKIIOYAa€e ASUIBHICTh YCIX YYacHMKIB, 3allydyeHMX /O TMpOLECY OILIHIOBaHHS
MaricTepchbkoi poboTH, a came:

* MAaricTpaHTiB, fKi

No. 2 (2024)

BUKOHYIOTh JIOCHIJUKEHHS, 3aBaHTaXYIOTb pPOOOTH Yy CHUCTEMY,
OJIEPXKYIOTh CIOBIIICHHS Ta PEKOMEHAAIIIT MO0 PE3yJIbTATIB MEPEBIPKU HOPMOKOHTPOIIO
Ta HasABHOCTI TEKCTOBUX 30iriB; KOMYHIKYIOTh 13 IHIIMMH YYaCHHUKaMH IpOLECY
OILIIHIOBAHHS MaricTepcbkoi poOOTH, 30KpeMa, 3 HAyKOBUM KEPiBHUKOM;

HAayYKOBUX KEpIBHMKIB, Kl 3aBaHTAXYIOTh Y CHUCTEMY BIATYK, «PEKOMEHAYIOThb»
PELEH3EHTIB, BIICTEXYIOTh CTAaTyC JUIIJIOMHOI poOOTH (BIAMOBIAHO JIO €TaliB MEPEBIPKU
HOPMOKOHTPOJIIO, IUIariaTy, peleH3ii), KOHCYJIbTYIOTh MAariCTpaHTiB, KOMYHIKYIOTb 3
IHIIMM YYaCHUKaMH;

PELIEH3EHTIB, sIKi 32 MPOIIOHOBAaHUMH MIA0JIOHAMHU TOTYIOTh PElLeH31l Ta 3aBaHTaXYIOTh iX Yy
CHUCTEMY;

BIJIMIOBIJAIBHUX CEKpeTapiB, sKi KOHCYJbTYIOTh MariCTpaHTiB, 30KpeMa, PO3MIIIyIOTh Y
CHUCTEMYy HEOOXiJHI HOPMATHBHI JOKYMEHTH Ta METOJIHWYHI PEKOMEHMAIIl; 31HCHIOIOThH
HOPMOKOHTPOJIb (BIAMOBIIHO 10 MpaBHJ O(QOPMIICHHS MaricTepcbkoi poOOTH), y pasi
BUSIBJICHHSI TEKCTOBHMX 30IriB 3IACHIOIOTH OJATKOBHN YUTHHT Ta TMHINYTh €KCIIEPTHE
3aKJIFOYEHHS; IPU3HAYAIOTh PEIIeH3EHTIB, 10IIOMaraloTh B apXiByBaHHI Ta HaJJaHHI JOCTYITY
JI0 Ty OJTiKaIii;
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* TIpEACTaBHUKIB JICKAHATIB, SKI PO3MILIYIOTH y CHUCTEMY BIANOBIAHI HakaszW, rpadiku
MIPOBE/ICHHS MPOIECY OIIHIOBAHHS MariCTepChbKUX POOIT, 1HIN IHCTPYKTHBHI Martepiaiu;
(bOpMYIOTh CKJIaJl aTeCTaIliHOT KOMICIT TOMIO;

* YJICHIB aTecTalliiHOl KOMIcCIi, SKI MOXYTh TNEperJIaTH BCl CYIPOBIAHI JOKYMEHTH
MaricTepchbKOro JOCIHIIKEHHs, a TaKOXK peleH3ii Ta pe3yabTaTy MepeBipKy Ha HasIBHICThH
TEKCTOBHX 30IriB;

* BianoBimampaux 3a IKT migTpumky (aaMiHICTPAaTOPH CHUCTEMH), SIKI CTBOPIOIOTh
opraHizauliiiHy CTPyKTypy Ta 0a3y JaHUX CUCTEMHM, PEECTPYIOTh KOPUCTYBauiB Ta Ha/lal0Th
npaBa BiAMOBIAHO 10 POIBOBOTO PO3MOALTY; CIPUSAIOTH PO3MIIIEHHIO pOOIT Y peno3uTapii,
ix imenTU(iKaIii Ta HaJaHHS BUIBHOTO JOCTYITY J0 MEePETIIsLY.

OcnoBuumu konuentisimu merony IDEFO e nispricTh (peanmizamis OCHOBHUX Oi3Hec-
mporieciB) Ta MoTik. YacTo mJis Mo3HA4YeHHsS MOTOKIB BHUKOPHCTOBYeThCs TepMiH ICOM (Bxonw,
€JIEMEHTH YNPaBIiHHA, BUXOAH, MexaHi3Mn). [IpukiiagaMu BXiIHUX TaHUX y MPOIIOHOBaHIN Mozeni
€ TeKCTOBHH (haitym MarictepchbKoi AUIIOMHOT pOOOTH, CITUCKH MOTSHIIIHHUX PEIICH3CHTIB, Ipadiku
MIPOBEJICHHS OIIHIOBAHHS TOIIO. BUX0oau MOXHa BUKOPHCTOBYBATH IOBTOPHO SIK BXIiTHI JaHi JJIs
MOJIJIBLIOI AISTBHOCTI, 1 MOKJIMBI LIMKJIM 3BOPOTHOrO 3B'A3Ky. Hampuknan, penensenty, mo oynu
BH3HAUYCHI y TpoIieci pearizamii YIpaBmiHHS OLIHIOBAHHSIM JOCITIDKEHHS, HAJICKATh JI0 BXOJIB Y
peauizariii mporecy PerieH3yBaHHS MaricTepchbKux poOiT, a 3BIT Mpo pe3yabTaTH MepeBipKku poOOTH
Ha HAsBHICTh TEKCTOBUX 30iriB MOXKE CIyTyBaTH IMIJCTAaBOIO O MOBEPHEHHS TEKCTY IUILIOMHOL
pobotu Ha JjoonparoBaHHs. [IpoBefeHHsS IISUIBHOCTI KepyeTbcs KOHTpoJsieM. Buxonu, mio
npuiiMaioth  Gopmy  iHQopmarii, TaKOXX MOXYTh BUKOPHUCTOBYBATHUCS SIK  €IIEMEHTH
ynpaninHs. Hanpuknaa, po3pobieHi ¢hopMu OIiHIOBaHHSA MOXKYTh OYTH BUKOPHCTAaHI SIK €JIEMEHTH
YIPAaBIIHHS ISl TIPOIECY pelieH3yBaHHS poOiT. Pazom 3 TuM, ciif 3ayBakWTH, IO JIO CJIEMEHTIB
yIpaBIliHHSA HajleXaTh I HOPMAaTUBHI IOKYMEHTH, TT0JIOKEHHS METOI0JI0T'1{ IPOBEIeHHS JOCTIIKEHb
Ta aKaJIeMi4HOT €TUKH, JilEeH31i Ta aBTOPCHKI JOTOBOPH MO0 IMyOiKaIii pe3yabTaTiB JOCITI K ECHHS
y BIAKpUTOMY JIOCTYTI TOI0. MexaHi3MaMH, sIKi BKa3yIOTh Ha AisJIbHICTb 3HU3Y, € JIFOAM, OpraHizalii,
nporpamMHe 3a0e3medeHHs TOIO, K1 3M1IMCHIOITh MisbHICTh. [Ipy IbOMY CITiI 3a3HAYUTH, IO HA
puc. 1 mogaHo niarpamy HyJbOBOTO PiBHS, Mpote, mpeactasieHHs giarpam IDEFO e iepapxiuyaum:
OKpeMi Jiii, 10 MICTATHCS Ha Jlarpamax, B [0JajbIIOMy po30MBAIOTHCS Ha MiA3aX0U Ha JiarpaMax
HIDKYe B iepapxii. TakuM 4YMHOM 3/1IHCHIOETBCS CTPYKTYPHO-(PYHKIIIOHATbHA JEKOMIIO3HILIS.

Ha namy nymky, ams mBUAKOTO Ta (iHAHCOBO HEOOTSHKIMBOTO PO3TOPTAHHS MPOEKTOBAHOI
CHCTEMH OLIIHIOBAHHS MaricTepchbKUX poOiIT Mpu J0OOPi BIAMOBIIHOIO MPOrpaMHOTo 3a0e3neueHHs
CJIiJT OPIEHTYBATHCh Ha BUKOPUCTAHHS MPOTPaAMHUX MPOIYKTIB Ta OpPraHi3aliiHOl CTPYKTYpH, sIKa
BXKe cKkianacs B iH(opMaliiiHo-ocBiTHROMY cepenoBuili 3BO [18]. 3 TakuMm miAXoI0oM MOKHA
JOCSTTH HIBHIIKOTO PO3TOPTaHHS (32 PaXyHOK HAasBHOTO Ta BiJIOMOTO PO3POOHHMKAM MPOTPAMHOTO
3a0e3neueHHs), IIBUJKOTO OCBOEHHS (32 paxyHOK BIJIOMOTO Ta OCBOEHOI'O KOpPHUCTYBadaMu
1HTep(eiicHOTrO cepeioBuIla) Ta BICYTHOCTI NOTPEOU MOBTOPHOIO BBEACHHS JAHUX, K1 BXKE 1 TaK
LUPKYJTIOIOTh B HASBHOMY CEpEOBUIL (HANPHUKIaL, 0OIIKOBI 3alMCH CTY/A€HTIB Ta BUKJIA/1aviB).

Jna npuxnany, B HYBIll Vkpainu peanizoBane iHGOpMaIiifHO-OCBITHE CEPEOBHILE, SIKE
BKIIIOUae €quHy 0a3y KopucTyBauiB (peamizoBaHo Ha 0a3i Google Workspace for Enducation),
HaBUYaJIbHO-1HGOpMarIliiiHuil moprtan (peam3oBano Ha 6a3i LMS Moodle). Came TomMy y skocTi
6a30BOro0 1HCTPYMEHTapil0 MPONOHYETbCS BUKOPUCTATH PYILIIM Ui €JeKTPOHHUX HaBYAIbHUX
kypciB Moodle (https://moodle.org ). Jlana cucrema € 1OCTymHUM IPOrpaMHUM 3a0€3MEYEHHSIM 3
BIIKpDUTUM KOJOM, IO Ja€ MOXJIMBICTh BUIBHO KHOTO MoaM(iKyBaTH miJ BIAcHi MOTpedH, Ta
OE3KOITOBHUM BHKOPHUCTAaHHSM, IO € aKTyaJIbHUM JUIS JEp)KaBHUX 3aKiajiB OCBITH YKpaiHW.
Benukuii 6a3oBuif Ta He MEHII MOTY)XHUH HAOIp CTOPOHHIX (PYHKLIOHAIBHHUX MOJIYJIB JalOTh
IIUPOKUN TpOCTip A TNOOyIOBM TMOTPIOHOTO cepeloBUIAa 3 MIHIMAJIbHOIO MOTPeOoro
noonpairoBanas. B HYBIIl Ykpainu (sik 1 B Oarateox iHIUX yHiBepcuterax Ykpainu) Moodle Bxe
€ poOoYMM IHCTpYMEHTOM /il HaBuaHHsA. KpiM Toro, 3a JaHMMH MIKHApOJHOTO onuTyBaHHs 2023
POKY, L1 CUCTeMa 3aiimMae pyre Micle cepell HapuanbHuX miargopm [19].

BianoBigHOo 10 BH3Ha4YeHOro (YHKIIOHATY PO3TISHEMO NPHUKIA] TEXHIYHOI peamizamii
iHpopMaliiHOI CUCTEeMH NIATPUMKH OIIHIOBaHHS MaricTepchbkux pooOit Ha mnpukiani HYBill
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Vkpainu. VY sxocti 06a30BOi OAMHHUIN KaTayorizaimii poOIiT MPONOHYETHCS BUKOPUCTOBYBATU
CHeIIaJIbHICTb, JUIS SIKOI BUKOPHCTOBYBAaTH Taky oauHUI0 cuctemMu Moodle, sk kypc (course).
CrenianbHOCTI-KypcH 00 €IHYBaTH B KaTaJOTU-(PaKyJIbTeTH, A€ TaKOXX MOXHA PO3MIILyBaTH
3aranbHy 1HGOpPMAIIO A BCIX CTYJIEHTIB BCIX CHEI[albHOCTEH LbOro (akyabTeTy y BUIVIAIL
NpUKpITUIeHUX (aiiIiB. A B ceperHi KypciB CTBOPIOBATH 3aBAAaHHS HA KOXKeH pik. (nuB. puc.2) Ha
KOXXHOMY PiBHI JOCUTH JIETKO HaJIAITYBaTH BIAMOBIJIHI MpaBa JOCTYIY JUIsl BCIX MiIOYMX OCi0 B
CHUCTEMI.

FonoBHa cTopikia ’ HoBuHn Ta \ ‘Saraanal HopmatueHi HaB"-IvaHHFl .
] oronowerHa  / iHcbopmaulia OOKYMEHTN HaykoBiil pobori

DakynbTeT (kaTeropis)

[opatkoBi [opaTkosi AaHi no

HoBuHu Ta i .
i i —4 OKYMEHTH HayKoBil poboTi 3a
SIS SICACHIEHES /> crjlqeL':i};anocri gneuianpbﬂicm

. 3patu chaitn . BuctaBneHHs
PiKk 3axvcTy (QiSNeHIiCTE 3aBOaHHRA) _* KkBanidikauiiHoi > Mepesipka PeueHayBaHHA po6oTy B
pobotn penoauTapin

Ha nnariat poboTtn

Pucynox 2 — Opeanizayitina cxema enemenmis cucmema

B 0a3oBy QyHKIIOHATBHICTE cucTeMH Moodle BXOIUTh pO3MINICHHS TEKCTIB B
pi3HOMaHITHOMY MpejacTaBieHHi. L{e 1 TekcT Ha OIHY CTOPIHKY, 1 6araToCTOPiHKOBI TEKCTH Y BUTIISI
mosynst KHura, 1 po3mimmeHHs ¢aiiniB 3 ;anuMu pisHoro hopmaty. Tox, mpencraBieHHs iHpopmaii,
HEOOXIJHOI CTyAEHTaM JuIs pOOOTH HaJ CBOIM IPOEKTOM He € mpobiemoro. Pi3Hi ¢inpTpu i3
aBTO3B’sI3yBaHHS PECYpCiB MIO3BOJISIOTH JIMIIE MpPH 3Tajlli B TEKCTI paHilie OIryOJIiKOBaHOTO
MaTepialy aBTOMaTHYHO POOUTH HA HBOTO TiNEPIOCHIAHHS, 1110 CYTTEBO CIPOIILYE 1 PO3MIILIEHHS 1
po0OTY 31 BciMa pecypcamul CHCTEMH.

bazoBy iH(popMallito, Ika CTOCY€EThCSI BCIX CTYJICHTIB YHIBEPCUTETY, JOPEYHO PO3MIILlyBaTH Ha
PiBHI TOJIOBHOI CTOpiHKK cucTemu. OCKITbKH TOJIOBHA CTOpiHKA caiiTy B Moodle me Tex Kypc, To Ha
Hill MOKHa 3aCTOCOBYBATH BCI Ti K TEXHIYHI MOXJIMBOCTI, IO 1 B 3BU4YaiiHOMY Kypci. Le 1 monoxeHHs
PO MIATOTOBKY Ta 3aXMCT KBaT(iKamiitHOT MaricTepchbKoi poOOTH, 1 MTOJIOKEHHS PO JOTPUMAHHS
aKaJeMiqHO1 JOOPOUYECHOCTI, 1 1HII perjaMeHTyroul JOMOBHEHHs. TakoX, TyT MOKEMO FOBOPUTH
PO HEOOXITHI CTaHJAAPTH BAXKJIMBI MPHU HamucaHHI kBamidikamiinoi podoru. Hanpuknan, ICTY
3008-95 JlepxaBuuii cranaapT Ykpainu “Jlokymenranis. 3Bitu y chepi Hayku 1 TexHiku. CTpyKTypa
1 mpaBmwia odopmiierHs” Ta JCTY T'OCT 7.1:2006 "Cucrtema cranmapTiB 3 iH(popmMailii,
610mioTeuHoi Ta BUAaBHUYOI cripaBu. biGmiorpadiunuit 3anuc. bibmiorpadiunuii onuc. 3araibHi
BHUMOTH Ta TIpaBWja CKJIamaHHA". A PI3HOMaHITHI JOKYMEHTH Ta METOJWYHI pEeKOMEHJalii, sKi
CTOCYIOTBCSl HAllMCaHHS POOOTH B KOHKPETHIN CIEIiaIbHOCTI pO3MIIyBaTH BJIAacHE B Kypci L€l
crnerianbHOCTI. [IprKiIaoM Takoro Kypcy MOKe CIIyTyBaTH eJeKTUBHUHN Kypc ‘“‘HaykoBi komyHikarii
y nmocmimkenHsax marictpi” (https://elearn.nubip.edu.ua/course/view.php?id=4090 ), yu MOOC 3
MMATaHb TOTPUMAHHS aKaJeMIYHOT TOOPOYECHOCTI, aKaJeMIYHOTO MIChMa TOIIO.

Jiist po3MmilieHHs poOiT CTyACHTaMU Ta MEePEBIPKHU X Ha HASBHICTh TEKCTOBHX 30IriB (TU1ariar)
MPOTIOHYETHCSI BUKOPUCTOBYBATH MOJYJIb 3aBIaHHs, SIKM € HassBHUM B 0a30Bii moctasiii Moodle.
BukopuctanHs OO0 MOZYJIS Ja€ MOXIIUBICTH KOXHOMY CTYACHTY 3aBaHTaXKUTH CBOIO
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MaricTepcbky poOOTy 3 BUKOPUCTAHHSM BHCTaBJICHUX TEpMiHIB, B NOTpiOHOMY ¢dopmaTi, 3
BH3HAHHSAM JOTPUMaHHS akajaeMiuyHoi noOpodecHocTti (puc. 3). IIpore, mo0 ocraHHIM HE cTaB
TOJIOCIIIBHUM, HEOOX1THO JOTYYHUTH 0 CUCTEMH JOAATKOBUN MOAYJIb NIEPEBIPKU HA IUIAriar.

NigTBEepoKEHHA HAACUTAHHSA

 laHa po6oTa € Moeto 0coBUCTON NpaLielo, KPiM BUNAAKIB, Konu 5 BU3Has @

BMKOPWCTa&HHA TBOPIB IHLWWX Nloaei.

BignpaswTy Bally poboTy Ha nepesipky? Micns Uboro B He 3MOXETe PODUTI B Hill HISKMX 3MiH.

OBoB'A3KoBI Nona B Uil hopmi nosHauero @ |

Pucynox 3 — 3asea cmyoenma npo éiocymuicmo naaziamy 8 11020 pobomi

B 6a3o0sBiit moctasii cucremu Moodle BifcyTHI rOTOBI MOJIyJli IiepeBipku Ha miariat. [Ipore,
MOJKJIMBICTB IX JOJYYEHHS BiJ CTOPOHHIX po3poOHuUKiB €. B odimiitnomy penosutapii Bix Moodle
MIPEACTABICHO 19 MOJIYJTiB TUTS MepeBipKU Ha ariat
(https://moodle.org/plugins/?q=type:plagiarism). 1li momymi mist Moodle € 6e3kOmTOBHUMH Ta 3
BIAKpUTUM KoJOoM. IIpoTe, iX BUKOpPUCTAaHHS B)KE€ PErIAMEHTYETbCS IOJITHKOI IiJIMUCKH Ha
MEepeBipKy IUIariaTy BiJ KOMITaHii, Ha IPOTpaMHOMY 3a0e3IeueHHi IKHii BIacHE 1 Oye MPOBOJUTHCS
nepeBipka.

VY CcBOEMy MOCHI/KEHHI MM IOCIYTOBYBAJINCS MOJIIMBICTIO 3/IHCHIOBATH TIEPEBIPKH Bix
ykpaincbkoi komnanii Unicheck (https://unicheck.com/) 3aBasiku BUKOpuCTaHHS MOIyJisl IHTErparii
MEPEeBIPKU TEKCTIB Ha HAsBHICTh TEKCTOBHX 30iriB 3 cucremoro Moodle. Ileii Momynp MoxkHa
BCTAHOBUTH 3 odimiiHOTrO perno3uTapito IIOTATKOBUX MOJIyJTiB
(https://moodle.org/plugins/plagiarism_unicheck).

[TepeBipky Ha miariat 3a gonomororo Moays Bi Unichek MoskHa 371ificHIOBaTH Ha TEKCTaxX Ta
(aiinax 3aBaHTa)KEHUX B ASUIbHICTh 3aBaaHHs, Ha @opymu, y Bopkionu, a Takox tun nutaHHs Ece
B TecTax. J[is peamizariii 3aBaHTa)XeHHs CTyJIEHTaMH CBOiX poOiIT Haiikpaie mimiiine AisIbHICTD
3aBaaHHs. BUKOpUCTOBYIOUM MisTIbHICT 3aBAaHHS € MOXKJIMBICTh HAJAIITYBAaTH YiTKI TEPMIHH IS
3aBaHTa)XKEHHS POOIT (€ MOXKJIMBICTh HAJAIUTYBAaHHS MEPCOHAJIBHUX TEPMiHIB); BKa3aTHU KUIbKICTh
¢daimiB Ui 3aBaHTaXEHHs, SKUIO0 KBadidikauiiiHa poOoTa mnependayae A0AaTKOBI Qailnu
(manmpuknaa, cnenudiyHi cxemu, giarpamMu a0o, HaMpHUKIaJ, 3aBaHTAXEHHS JOJIATKIB OKPEMHUM
¢aiiiioM); 4ITKO BU3HAUUTH (popMaTy OUiKyBaHUX (ailiiB, 11100 B HEKOPEKTHOMY (QopMmaTi cuctema
30BCIM He npuiimana.

JUia miAKIIOYEHHS OHJIaMH NepeBIpKM 3JaHUX poOIT Ha IulariaT yHIBEPCUTETY HEOOX1JIHO
HAKIIOYUTH KOPHOPaTUBHUH 001iKOBUH 3anMc Ha caifTi unicheck.com. Came Takuii TUII 0OJIIKOBOTO
3ammcy J1ae Taky MoKIUBICTh. [lepconanbHuit 00ikoBUH 3anmuc Ha caifTi unicheck.com He n1o3BOMsE
MIPOBOJIUTH IHTETPALIIIO 3 IHIIMMHU MPOTPAMHUMHU MTPOAYKTAMH.

[lin gac HamamTyBaHHS 1HTErpaIlii 3 BIacHUM cepBepoM Moodle HeoOXimTHO BKa3aTH aapecu
cepBepiB, I AKUX Oyze mpoBoauTucs iHTerpais Ta orpuMati Client key and Client secret (puc. 4),
K1, B CBOIO Yepry, MOTpiOHO BKa3aTH B HAJIAIITYBAaHHAX MOAYJIS BUSBJIEHHs ariaty B Moodle.

[Tpu 1iboMy CI11J1 3a3HAUUTH, 1110 AMIHICTPATOP CEpelOBHILA Ma€ OaraTo MyHKTIB JJIsi TOHKOTO
HaJIalITyBaHHS MOBEIIHKA MOYJIS EPEBIPKH Ha Mjiariat. € MOXIIMBICTD 3BIPSATH JIMIIE 3 TEKCTaMU
B iHTepHeTI abo popmyBaTtu B Unicheck 6a3y pobiT cBOro yHiBepCUTETY 1 EPEBIPATH 1 B IHTEPHETI 1
B CBOi 0a3i. Takok MOXKHA BiJpa3y BKa3aTH, sKi €JIEMEHTH HE BBAXKAIOTHCS IUIariaTom, abo sIKAi
BIJICOTOK 30iry BBaXKaTH IJIariaToM Ta 3BiTYBaTH Ipo 1ie (puc. 5).

[lepeBipka Ha muiariaT Bin Unichek Hamae MOXIMBICTH HIBUAKO 3IIHCHUTH TEPEBIPKY
3aBaHTa)keHOro B Moodle ¢aiiny, 3Bipstoun #Horo 3 TekcTaMH B IHTEpHETI Ta 3 MONEpeAHIMU
poboTaMu MaricTpiB yHiBepcUTeTy. Pe3yabTaT mepeBipKy Bipasy MOKa3yeThCs CTYICHTY OIS oro
pobotu (puc. 6). A BIANOBIAATBHHUIA CeKpeTap KOMICIi 13 3aXHCTy MOXKE OTpPUMATH JOCTYH J0
po3mupeHoi iHpopMalii mpo pe3ybTaTh NepeBipku Ha cTopinkax caity Unichek (puc. 7).
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Pucynok 4 — Hanawmysanns inmeepayii Unicheck 3 Moodle

Mopayne Unicheck nnariaty 3aransHe HanaropkeHHa

TWNoBi NapaMeTpy AN HOBKMX 3aBAaHb: BUOEPITL NapamMeTpy NOpyY i3 HaBeAEHUMM HUXYE eneMeHTamK, Wob HanawTysaTv THNOBI NapamMeTpy ANs HOBMX NPU3HadeHb. Buknagadi MoxyTb
HanalWTyBaTh AOCTYMNHI NApamMeETPH B 3aBAaHHSX.

~ Moaynb Unicheck nnariaty

b

YBiMKHYTH cnyxBy nnariaty Unicheck -] ‘ Hi *

MepesipTe BXe Hagicnani 3asgants @ ‘ Hi =|

[ogasatn Matepianu go GibnioTekn -] Hi * |

3aknagy

[pxepena AnA NopiBHAHHS -]
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MoBiAoMUTH cTyfIEHTIB enekTpotHo @ ‘ H  # |
nowToio ' ’
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nepesipkn B apxisi

Pucynox 5 — Hanawmyesanns npasun nepesipku Ha niaciam ¢ Moodle
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Pucynok 6 — Pezynomamu nepegipku ¢haiinié na niaziam 6 oisinbnocmi 3a60anHs

ll_l) <« iﬁj"dﬁc}’f‘vw coxni | Mep i [ AeTancHAHooPMAWR B KOMEHTAPI @
(@) macwTABno wwPkHI v [E] AMWETERCT  ER AOAATMKOMEHTAP 5 HATTAWITYBAHHS
CIyXKUTh [ HbOTO «CHPHM HeoOpoO/IeHMM MarepiaqoM» i B sKid AiCHICTH i
. «JiHHICTE» XAOTHUHO MepervIeTeHi i MK HUMM HeMa€ BIIODAJKOBaHOI B3a€MO3B'IIKY. o m
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Pucynox 7 — Ilepeansno nognux pesynrbsmamie npogeoeHoi nepesipku Ha naaziam

SAxmo 3aBanTaXeHu# Qaitn kBamidikamiitHoi poOoTH MaricTpadTa moTpedye J0OTpaIfoBaHHS
Ta TIOBTOPHOI MEpeBIpKM Ha TUIariaT, TO BIAMOBIJAILHUN CEKpeTap Mae 3MOTy HaJaTH MOBTOPHY
cpoOy st 3aBaHTakeHHs. HoBuii (haiin Takox Oyze mepeBipeHo Ha Iuiariat Bipasy.

Jlyis mpu3HaYeHHS peleH3eHTa € MOXJIUBICTh BUKOpHCTAaTH BOyAoBaHuii B Moodle mMomynb
MPU3HAYCHHS OIIHIOBAYiB Yy AiSUTbHOCTI 3aBaaHHsA. BinmoBimaabHUN CeKpeTap KOMICIi 13 3aXUCTy
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MOX€E TMpPHU3HAYUTH PELEH3EHTa 31 CIUCKY pELEH3eHTIB wiel cremianbHocTi. BiamosigHo,
MPU3HAYCHOMY PElieH3eHTY Oy/ie HaliCIaHO MOBIIOMJICHHSI Ha €JIEKTPOHHY TOIITY 13 3aIPOLICHHIM
710 pelieH3yBaHHs. PelieH3eHT npu nepexoi 10 CTOPIHKH CIUCKY 3JaHUX poOiT Oyne 6aunTu nuiie
po6o0TH, A€ BiH IpU3HAYCHUH B SIKOCTI PEIIEH3CHTA.

Jiis Toro, mo6 pereH3yBaHHs PoOIT OyJI0 PIBHOMIHHAMM Ta MiJISITajd0 OAHAKOBHM KPHTEPIsM,
JUTSL pELICH3yBaHHS 3a/IIFOETHCS 1€ OJIMH CTaHAApPTHUN Moysib B Moodle — croci6 ormintoBaHHs. Mu
peKOMEeHAyeEMO BKIOYMTH Meroau lHcrpykuii. Ilpm 1mpoMy BapiaHTi MomepenHbO TOTYIOTHCS
KpuTepii perensii, 3a SKUMH PEIEH3CHT OIiHIOE poOOTY 1 MHUIlle BIACHI BUCHOBKU. B pe3ynbrari
LTbHA peleH3is Oy1e CKIagaTucs 3 CyMapHOTO OIIHIOBaHHS 332 BKa3aHUMH KPUTEPISIMHU.

[Ticis mpoBeeHOTo pelieH3yBaHHsI BiIIIOBIJAILHUI CEKpeTap Mmo3Hadae poOoTy K JIOMYIIECHY
710 3aXHUCTY 1 AOCTYH A0 pOOOTH CTae 3araabHUM. B pe3ynbrati po3mimieHi B Mo tyti 3aBaHHs poOoTH
CTaIOTh JOCTYITHUMH SIK y PEro3uTapii. 3arajibHa MOJIeNb TaKOi poOOTH MOKa3aHa Ha pHC. 8.

=
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Pucynox 8 — Cxema disneHocmi nepegipku pobomu Ha niaziam ma po3miueHHs.
8 peno3umapii niciis peyensy8anHs

'Hydka cucrema HamamrTyBaHHS posiei B Moodle mo3Boiysie it Takoro cepeaoBHINA
BHU3HAYMTU BCl BU3HAU€HI HaMH BuIle 0a30Bi poji (MaricTpaHT, HAyKOBHH KEPIBHUK, PEICH3EHT,
BIMOBITAILHUM  CEKpeTap KOMICii, NpeACTaBHUK JeKaHaTy, WIeH aTeCTaIliiHOl KOMiclii,
BignosiganeHuii 3a IKT) Ta rHyYKO HajamTYBaTH JOCTYII 10 PI3HUX eJleMeHTiB cucteMu. /s Bepcii
Moodle 4 € nonasa 700 myHKTiB HAJIAIITYBAaHHS MPaB JOCTYILY JUIsl pi3HUX poJiel. OKpiM cTaHAapTHUX
poriei, siKi BxkKe 3aKJIaIeHO B CUCTEMI, € MOXKITUBICTh CTBOPUTH HOBI Ta Ha/IaTH iM HEOOX1/IHI TIpaBa.

Taxox HE0OX1THO 3ayBa)KUTH BaXIIMBY JI€Tallb, 3a PaXyHOK B)K€ TOTOBHUX MOJYJIIB 1HTErpaiii
Moodle nerko BOYIOBYeThCS B HasiBHE 1H(OpPMalIHO-OCBITHE CEPENOBMIINE YHIBEPCUTETY. 3a
pPaxyHOK IIOTO /0 CHCTEMH IMATPUMKH OIIHIOBAHHS MariCTePChKUX POOIT JIETKO MIIKIIOUNATH (UH
CHHXPOHI3yBaTH) 6a3y JaHUX KOPUCTYBAYiB Ta opranizaniiny crpykrypy 3BO (daxynbTeT, ocBiTHI
nporpamu ToIio). TakuM YHHOM BiJIanae HEOOX1AHICTh MOBTOPHOI peecTpallii y4aCHHUKIB MPOIECy
Ha HOBoMy pecypci. B HVYBill VYkpainu 06a3a kopuctyBauiB moOynoBaHa HAa OCHOBI 0asu
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kopuctyBauiB Google Workspace for Education i Bke miIkio4eHa 10 BHYTPIIIHIX MiJCHCTEM
iH(OpMaIlIHHO-OCBITHROTO CEPEIOBUINA YHIBEPCUTETY: HaBUaIbHO-1HGOPMAIIHHOTO MOpTAaly,
MopTany IHTEPHET-KOHQEPEHIIiH, MOpTalny CTYIEHTCHKAX OJNIMIIaj, TMOpTady IMiJrOTOBKU
aOITypI€HTIB JI0 BCTYIly, HHM3KH BIpTyaJbHHX Jabopatopii Ta iHmmx. J[[nsg 3axucty O6asu
KOPUCTYBaYiB BijJ 0e3MOCEpEeaHBOT0 BTPYUYaHHS JOCTYI A0 Hei mmdpyeTses 3a nporokoiaom TLS,
caM cepBep 3aXOBaHUH y BHYTPIIIHINA MPUBATHINA MepeXi YHIBEPCUTETY Ta MPHUMMAE 3aIUTH TiIbKH
BiJl 4ITKO BH3HAa4YE€HUX cepBepiB Ta cepsiciB. Ha crorogni 6aza kopucryBauiB HVYbBIll Ykpainu
Hajiuye 18667 crynentis Ta 1378 BukiIamadvis.

Juckycii. Xoua nporoHOBaHa HAaMK MOJIeNTb 1H(POPMAIiTHOT CHCTEMH MIATPUMKH OL[IHIOBAHHS
MaricTepchbkux poOIiT Ta mpHKIaa 1 TEeXHIYHOI peamizamii 3 BHUKOPUCTAHHSAM IIPOTPAMHOTO
3a0e3neueHHs] BU3HAYCHHA TeKCToBUX 30iriB (ruiariat) Bim Unicheck, sika, Ha rpynens 2024 pix
MOJIMIIAE PUHOK YKpaiHH, HA THUX K€ OpraHi3aliifHuX MiIXo1aX MOKHa BUKOpPUCTATH Oy b SKY 1HIIE
noJioHe mporpaMHe 3a0e3neueHHs. Tak, HOBUM MOMYJISIPHUM TpaBIeM Ha PUHKY YKpaiHu 3
MepeBipKU TEKCTIB Ha IuiariaT ctae kommadis Turnitin (https://www.turnitin.com/), sika IpoNoHye
cBoi mociyru Ha 3aminy Unicheck. I Bona takosx mae inTerparnito 3 LMS Moodle.

BucnoBku. BukoprucToByrour BxKe HasBHE B 3aKJajl BUIOi OCBITH BIIKPHUTE MpOrpamMHe
3a0e3neueHHs], IKe 3 JETKICTIO IHTETPY€EThCS Y BXKE CTBOPEHE iH(POPMAaIiiHO-OCBITHE CEpeIOBUILE
YHIBEPCUTETY, MOXKHA IIBUJKO MOOYAYBaTH 1€ OJUH HEOOXITHUNA MOAYJIb — CHCTEMY HiATPUMKH
OLIIHIOBAHHS MariCTEPChKUX POOIT BiIMOBITHO 0 HOPMATUBHUX JOKYMEHTIB 3aKJIaJy BHILOI OCBITH
Ta 3arajJbHUX PEKOMEHJAIlil 100 JOTPUMAaHHS akajeMiuHoi noOpouecHocTi. B mpomoHoBaHiii
CHCTEMi JUIsl MariCTpaHTiB CTBOPIOIOTHCS BCi YMOBH Ui 3pY4HOI Ta eeKTHBHOI poOOTH HaJ iX
MaricTepcbKUMU MpoeKkTaMu, a 30epekeHa Oa3a poOIT MaricTpiB Oylne BUKOHYBaTH pOIb
IHCTUTYHIHHOTO PETIO3UTAPiI0 BUKOHAHUX MariCTEPChKUX POOIT.

[Tomanbimii pO3BUTOK MPOEKT MOKE OTPUMATH Yepe3 CTBOPEHHSI HOBUX HEOOX1THUX MOIYIIB
s mwiatpopmu  Moodle mnst 3a0esnedeHHS HOBHX 3a1a4  a00 YJOCKOHAJICHHS HasBHUX.
Bpaxosytoun, mo LMS Moodle € BiikpuTUM nporpaMHUM 3a0€3ME€UeHHM, Taka podoTa Moxke OyTH
BHUKOHaHa Oy/b-sIKUM IPOTrpamMiCTOM HEOOX1IHOTO piBHS KBami(ikaiii.
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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
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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 software, LMS Moodle
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AHAJII3 OCBITHBOI ITPOMO3UIIIT IS BCTYITY B 3AKJIAJIAX BUIIIOI OCBITH B
2024 POII I3 3BACTOCYBAHHAM POWER BI

Anomauin. Y cmammi npedcmasgneno ananiz gcmynnoi kamnanii 0o 3BO 6 2024 poyi, docrioxceno 3anedcricmy
MidHC KiNbKiCmIo NOOAHUX 3a18 8CMYNHUKIE 00 3aK1a0i8 suwoi oceimu Ykpainu ma nokasHuKamu, wo Xxapaxmepusyoms
oceimui nponosuyii. Ananiz npoeedeno Ha ocHosi oanux €Oounoi depiicasHoi enekmpoHHOI 6a3u 3 NUMAaHbL 0CEIMmuU
(E/IEFO) 3a 2024 pix i3 3acmocy8anHam KoperayiiuHo-pespecilino2o memooy. I[lokazano, wjo mise 00ca2om 0C8imuix
npono3uyii i Kinekicmio 3as68 3BO icmye cunbHuil NO3UMUGHUL 36 5130K , A JNIHIUHA pezpecis 00380JA€ KilbKiCHO
npeocmagumu 3a1edcHicmy, wo noscHioe mavxce 50% eubipku. Y cmammi posensinymo 6naue 306HiuHix @axmopis,
30KpemMa peioHanbHO20 PO3MAULY8AHHSA MA 8I00AIEHICIb 30HU AKMUSHUX O0to6ux Oitl, peumune 3B0 na kinokicms 3as8.
Ilpeocmasnerno cmpyxmypy po3nooiny pekomerno08aHux micys 0Jis 6CMyny 3a ymogamu ecmyny. Ilposederi docniodicenns
sioobpascaroms ocobrueocmi gopmyeanns nonumy nociye 3BO 3a pesynomamamu ecmynuoi xamnanii 2024 p., a
MAaxoic 003601510Mb ONMUMIZYEAMU NIOX00U 00 NAAHYEAHHS OCEIMHIX NPO2PAM, NIOSUUWUMU eheKmUSHICMb pobomu
3axnadie euujoi oceimu Yxpainu.

Kniouosi cnosa: oceimmus nponoszuyis, 3axiaou suwjoi oceimu, ecmyn, cneyianvuicmos, €JEBO, xopenayitna
3Q1eIHCHICY, TIHIUIHA pespecisl.

AKTyanbHicTb. B yMOBax cy4yacHuUX BMKIIMKIB, 30KpeMa BiHH, BHYTPIIIHBOI Mirpaii
HaCEJIEHHS Ta 3MIH Ha pUHKY Mpalll, pepopMyBaHHs CUCTEMH BUIIIOI OCBITH Y KpaiHH, 3aKJIaJy BUIIO]
OCBITH CTHKAIOTHCS 13 HEOOX1IHICTIO afanTallii CBOiX OCBITHIX MIPOMO3ULII 1O HOBUX pealtiil. 3HaHHS
Mpo Te€, SIK KUIBKICTh Ta PI3HOMAHITHICTH CIELlaJbHOCTEH BIUIMBAIOTh Ha BUOIp BCTYMHHKIB, €
KIIIOYOBUM ISl CTPATETiuHOro miiaHyBaHHs AisiabHOCTI 3BO. Oco6inBo 1€ BaXJIMBO B KOHTEKCTI
Cy4YaCHUX BUKJIHKIB, TTOB'SI3aHUX 13 3MIHOIO PETI0HAIBHOTO PO3MOILTY IMOMUTY Ha OCBITY.

B 2024 poui 10 3ak1a/1iB BUIIOT OCBITH 0YJ10 MoAaHo moHaz 783 THC. 3asB, 3/11HHIOBAaBCS HA0Ip
Ha 113 cnemianbHocTedt. B Bigkputux peectpax €JIEBO cranom Ha mowaTtok rpynHs 2024 poky
HasBHI JaHi moao Berymy uid 228 3BO: Habip 37iiicHIOBaBCS Ha yMOBax LIMPOKOTO KOHKYPCY
(3aranpHUX yMOBax — 66,24%), dbikcoBanoi npomno3uiii (24,63%), 3a niibramu OyJ10 HaTaHO MaiikKe
25% pexomenani moao Berymy [1].

3HaYHMI BIUIMB Ha OOCAT 3asB IIIOJIO BCTYITy Ma€ HASBHICThH IMOIMYJSIPHHUX CHEIiabHOCTEH.
[MonmynspHUMH POTATOM OCTaHHIX 5-TH pokiB numarThes 073 Menemxment, 122 Komm’toTepHi
Hayku, 121 Tmxenepis [13, 035 dinomnoris, 053 Tlcuxonoris, 081 IIpaBo, 075 Mapkerunr. Habupae
nomnysspHocTi 125 KiGep6esneka ta 3axucT iHdopmarii. B Takux ymoBax onTumisailis CTpyKTypu
OCBITHIX TIpOrpaM € KPUTHYHO BXKJIWBOIO MJIsi 3a0e3medeHHs CTajioro (yHKIIOHYBaHHS
YHIBEPCHUTETIB, 30€peXeHHs 1X KOHKYPEHTOCHPOMOXXHOCTI Ta 33J0BOJICHHS MOTPeO BCTYIHHUKIB.
BiamoBigHo, akTyanbHUM € JOCTIIHKCHHS B3a€EMO3B’SI3KYy MK OOCSATOM OCBITHIX MPOMO3MIIIH, SKi
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MPONOHYIOThCS 3aKJIaZlaMU BUIIOI OCBITH, Ta OOCSITOM MOAAHUX 3asB BCTYMHHUKIB. BaxuBy poib
Ipae CBOE€YACHE pearyBaHHs Ha 3MiHY B IONUTI Ha OCBITHI ociayru 3BO, 3amyueHHst MapKeTHHTOBUX
IHCTPYMEHTIB Ta JOCIIPKEHHS PI3HUX COLIaJIbHO-€KOHOMIYHMX YMHHUKIB [1].

AHai3 ocTraHHiX gocaigkeHb, Ta myOaikamiid. IIpoGnemartnka BHOOPY BCTYIHHUKaMU
3aKJIa/iB BHIIOI OCBITH Ta CIEUIaTbHOCTEH OCHIDKYEThCS K BITUM3HSIHUMH, TaK 1 3apyOiKHUMU
HAYKOBISIMU. 32 KOPJJOHOM 3Ha4HA YaCTHHA JOCJII/PKEHb BKA3y€ Ha BIJIMB LIEHTPAII30BaHUX CHCTEM
NpUAOMY, SIKI MOXYTh CIIPHSTH 3MEHIICHHIO HEpiBHOCTI B JOCTYIIl JO OCBITH, NMPOTE BOJHOYAC
BHSIBJISIIOTHh HEBIJMOBIIHICTH MK KUIBKICTIO MICITh Ta TOMUTOM [2,3]. 3pocTaHHs poJii TEXHOJIOTIH Yy
BUIIIH OCBITI, SK-OT OHJAWH-TIPOTPAMH, MOKA3y€ MEPCHEKTHUBY PO3LIMPEHHS JOCTYITY U MEHII
3a0e3neYeHnX CTyACHTIB. Pa3om i3 TuM, eliTHI 3aKiagyd 4acTo OOMEXYIOTh KIJIBKICTh MiCIlb, IO
MOCHITIOE KOHKYpEHI[it0 cepen aliTypieHTiB [4, 5]. JlochikeHHS TakKoXX MiAKPECIIOITh BILTUB
MOMITHKKA pedopM, IO IEHTpali3ye abo JeleHTpali3ye MPUHOM, a TaKOX auanTye HOoro o
perioHabHUX 0cOOIUBOCTEH [6,7].

B Vkpaini kono ¢okyc IochipKeHb 30CcepelKeHHi Ha aHai31 ¢akTopiB, 10 BIUIMBAIOTH Ha
BUOIp YHIBEPCUTETY, TakKi SK HOro peHTHHr, reorpadiuHe po3TaulyBaHHS, HASBHICTh MEBHHUX
cremialbHOCTe Ta (opM HaBYaHHS, BAPTICTh HABUAHHS, CyO’€KTHBHI OLIHKH BCTYMHHUKIB TOIIO
[8,9]. JocmiKeHHs TOKa3yI0Th, 10 PO3MIMPEHHS CIIEKTPY OCBITHIX MPOMO3ULINA MOKE IMiIBUIIUTH
npuBabnauBicth 3BO a5 noreHinHuX BCTynHUKIB [10).

AHali3 TpeACTAaBICHUX BITYM3HSIHHUX JOKEPEN TAaKOX CBIQUATH IMPO aKTHBHHUU I1HTEpec
HAYKOBLIB JI0 B3a€MO3B'13KYy MK PUHKOM OCBITHIX ITOCIIYT Ta pUHKOM Ipalli B YKpaiHi. 3HauyHa yBara
MPUIUIIETHCSI TOTOBHOCTI 3aKiiafiB BuIoi ocBitr (3BO) 10 cyyacHUX BHKJIMKIB, 30KpeMa IH(PpOBOi
€KOHOMIKM Ta I1HHOBALIMHOTO HaB4YaHHS. JIOCHIDKEHHS TaKOX BHCBITIIOIOTH JUCOAJaHC MIiX
MOMATOM Ha CTEHIaNICTIB Ta MPOMO3ULIEI OCBITHIX mporpam. Oco0IMBO aKTyadTbHUMH € TUTAHHS
MapKETUHIOBOI'O aHamidy Ui MiJBUILEHHS KOHKypeHTocrnpoMoxkHocTi 3BO Tta omrumizamii
¢dinancosux moxeneid [11, 12, 13]. KirouoBumu HampsMaMy € BHUKOPHCTAHHS 1H(OpMAIliitHO-
KOMYHIKaLIHHUX TEXHOJIOTiH y HaByalbHOMY mpoueci [14], MOHITOPUHI OCBITHHOIO HOIUTY Ta
npono3uilii [13], a Takoxk 3akoHOJaBuYe 3a0€3MEYCHHS PO3BUTKY OCBITHHOTO pUHKY [9, 10].
BaxnBoro € rapMoHi3allisi puHKY Mpalli Ta OCBITHIX MOCIYT Yepe3 IHHOBalliiHI METOIM HaBUaHHs U
CTpaTeriuHe ranyBaHHs nporpam 3BO [15].

3aranioM, IpOBEAEH! JOCHIDKEHHS CIPHUSIOTh PO3YMIHHIO MEXaHI3MIB ajamTallii OCBITHIX
3aKJIadiB JI0 MOTPed CydyacHOTO CYCHIIBLCTBA Ta PUHKY Mpalli. B YKPaiHCbKOMY KOHTEKCTI, 0COOIHBO
B YMOBaX Cy4YaCHHMX COIL[IaJIbHO-€KOHOMIYHHUX Ta MOJITMYHMX BHKIHMKIB, I TeMa HOTpedye
MOJTAJTBIIIOTO BUBYEHHS 3 BUKOPUCTAHHSIM aKTYaJIbHUX JaHUX.

Meta poc/iKeHHsl TOJIAra€ y BCTAaHOBJEHHI KUIbKICHOTO B3a€MO3B’A3KY MK OCBITHIMH
MPOTO3UILISIMUA, SKI TPOMOHYIOTHCS 3aKjIaJlaMd BHUIIOI OCBITH, Ta KUIBKICTIO TOJAHUX 3asB
BCTYITHUKIB Ha OCHOBI CTaTHMCTUYHUX METOJIB aHadi3y, a TaKoX BHM3HAUYEHHI YMHHHUKIB, 10
BIJIMBAIOTh Ha MOMYJIAPHICTh YHIBEPCUTETIB.

Marepiaiu i meToam aociiaxkenns. Y gociimkenHi Bukopuctano gani €/IEBO 3a 2024 pix
o0 BCTymHOI KammaHii Ta xapakrtepuctuk 3BIIO, a Takox iHdopMmamis Mpo pedTHHIU
yniBepcureTiB TOII-200 3 Ocgita.fOa [1, 16]. [IpoBeaeHo kopensauiiHO-perpeciiHuil aHami3 s
BCTAQHOBJIEHHS B3a€MO3B’SI3Ky MDK KUIBKICTIO MOJAHUX 3afB Ta XapaKTEPUCTHKaMH OCBITHIX
npono3uuiid. /1yisg 06poOku Ta Bizyauizauii JaHUX BUKOPUCTAHO Mporpamue 3ade3neueHHs Power BL.

PesyabTaTi fociigxeHHs Ta iX o0ropopeHHsi. AHaji3 perioHajdbHOI CTPYKTYPH HOMHUTY 1
npono3uuii Ay 3BIIO cBiqUnTh MPO KOHIEHTPALIiO MOMUTY HA OCBITY y BEJTMKUX MICTaX, TAKUX SIK
Kwuis, JIsBiB, XapkiB Ta JHIIPO, TOAI SK PETiOHH, IO 3a3HATU BOEHHOTO BIUIUBY, JT€MOHCTPYIOTH
3HAa4YHE 3HIKEHHS KIJIbKOCTI 3asiB. Y cepeHbOMY, Ha OJIMH 3aKJiajg ocBiTH y MicTi KueBi nmpumnamae
O0mm3pk0 5 916 3asB, TOMI K y OKpEeMHX OOJACTSIX Il MOKa3HWK CTAHOBUTH Jumie 2 543 3asBH.
Haii0inpmuit oOcsr 3as1B 3aikcoBaHO, HE 3BayKalOYM Ha MIrpawiiHi MPOIecH OCTaHHIX 3X POKIB, Yy
micTi KreBi 3arajgbHa KUIBKICTB ITOJaHUX 3asB CTAHOBUTD, IO ckiagae 0m3bko 20% Bij 3arajJbHOIO
o0csry no kpaini. JIbBiBcbka 007acTh, OCiAA€ APYyTre Micle 3a MOMYJISPHICTIO 3 TOKa3HUKOM, 00CST
3asB Maibke BABIYl MeHIe 3a KuiB, mpoTe CyTTEBO BUIIEpEHKAE 1HIIN PETIOHH, Ayl 3a MOMUTOM
XapkiBchbKa 00J1aCTh, 110 TIATBEPKYE 11 cTa0lIbHY TO3UIIII0 OJTHOTO 3 TPOBIIHIX OCBITHIX IIEHTPIB

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




KocmeHko I.C., KnumeHKo H.A., Xap4yeHko B.B. DOI: 10.31548/itees.2024.02.037

KpaiHu. Buiry KoHueHTparilo momaHux 3asB Ha oauH 3BO MOpiBHAHO 3 IHIIMMH periOHaMHU
neMOHCTpye BinHuibka o01acTh. BapTo Bim3HAYMTH HU3BKI MMOKA3HUKH y PETIOHAX, SIKI 3a3HAIOTH
0e31ocepeIHHOTO BIUTMBY BOEHHUX Jid. Y XepCOHCHKIM 007acTi KUIBKICTh ITOIaHUX 3asB CTAHOBHTH
5 182, 1o Takoxx € MiHIMAJIbBHAM TTOKa3HUKOM CepeJl PETiOHIB 13 KUIbKOMA 3aKjiajaMu OCBITH (pHC.

).

Ctpykrypa ofbcary 3BO Tta nogaHux 3ans B 2024 poui
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Pucynox 1 — Cmpyxkmypa obcsey 3110 ma nodanux 3ane ons ecmyny 6 2024 poyi

Cepen 3axigHUX peErioHIB YKpaiHuM 0coOMMBY yBary INpuBepTaoTh BonuHchka Ta IBaHO-
@pankiBcbKa 007acCT1, K1 IEMOHCTPYIOTh BUCOKI pe3yJIbTaTH 100 00CATY 3asB, MONPU HASBHICTb
MEHIIIOT KUTHKOCTI 3aKJaAiB BUIIOI OCBITH. lle CBIIYMTH MpO 3MIMIEHHS OCBITHBOTO TOIUTY [0
PETiOHIB, 110 MalOTh MOPIBHSHO Oe3meuHill yMOBH Juis HaB4YaHHs. L{i TeHmeHIli miAKpecToTh
BaYKJIMBICTh PEriOHAIbHOI OE3MEKH Ta TOCTYIHOCTI OCBITHIX MOXKIIMBOCTEN 11 a0iTypieHTIB y 2024
potii.

[lo0 cepeHbOro KOHKYPCHOT0 Oaiy 3a perioHaMH, BiH Bapito€ThCs B Mexax Big 153 o 165
6auiB. HaitBumn nokasauku B M. KuiB, Onechkiii, XapkiBchKii, JIbBIBCbKiN 00IaCTsIX.

3a pe3ynbTaTaMM aHali3y IOJAHUX 3asiB 3a OKPEMHMMHU creuiaibHocTaMu y 2024 pori
CIIOCTEPIraroThes YiTKI TEHIEHIIT 100 PO3NOALTY MONUTY cepel] adiTypieHTiB (puc. 2). Haiibunbima
KUIBKICTh 3asB Oylia TMOJaHa Ha CIEialbHOCTI, IO HANeXaTh A0 TEXHIYHHMX 1 TyMaHITapHHX
HanpsmiB. Jligepamu cepen ycix cneniansHocte cranu: dinonoris (36 759 3asaB), MenemxmenT (36
561 3asBa), [Icuxomnorist (36 427 3as18), Komn'torepni Hayku (31 252 3asBu) Ta [Ipaso (26 069 3asB).
[TonmynspHICTh IMX HAIMpPSMIB MOSICHIOETHCS iXHBOIO 3aTpeOyBaHICTIO HAa PUHKY Ipalll, a TaKOX
IIMPOKUM CHEKTPOM MpOoQeciiHUX MOKJIMBOCTEH i BUIYCKHHUKIB. Pa3soM Iii creriaibHOCTI
3a0e3neuyroTh noHaa 30% 3araabHOro 00cAry 3asB MO KpaiHi.

Cepenniii 6an BCTYNMHHUKIB Ha TMOMYJSIPHI CHENiaJbHOCTI CBIAYUTH MPO BUCOKHH PpiBEHb
KOHKypeHIii. Hanpuknan, mis cnemianpHOCT "MeHemkMenT" cepenHiin 6an cranoButh 188.4, mis
"Mapkerunry" — 187.7, a ansa "®inonorii" — 177.6. BogHoyac crneniaiabHOCTI, 110 HAJIEXKATh JI0
MPUPOJAHUYMX HAyK 1 TEXHIYHUX HAmpsMiB, JEMOHCTPYIOTh HHX4Yl CepelHl MOKa3HHUKH OaliB.
Hanpuxnan, st "llpuknagnoi mexaHiku" cepeiHe 3HaUYeHHs CTaHOBUTH 147.8, a ans "T"amyseBoro
ManMHOOyyBaHHs" — 146.6. Lle Moxe CBITYUTH PO MEBHUM AePIUT BUCOKOOATbHUX abiTypi€HTIB
Ha 1H)KEHEpHO-TEXHI4HI CHeliaJbHOCTI, MONPH X BaXKIMBICTH JJISI PO3BUTKY €KOHOMIKHM KpaiHM.
Oco06mrMBO BapTO BiA3HAYMTH CIelialbHOCTI, ToB’si3aHl 3 IT-cheporo, Taki sk "I[HxeHepis
nporpamMHoro 3abesmeueHHs" (22 080 3asB), "Komm'rorepui nayku" (31 252 3asBu) Ta
"Ki6epbesneka" (17 083 3asBu). Lli HanpssMu € CTpaTETIYHO BAXJIMBUMHU B KOHTEKCTI TJI00ATBHOI
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nudposizaiii Ta 3abe3meueHHs HalioOHATBHOI KiOepOesmeku. CepenmHiii Oan BCTYMHHUKIB Ha IIi
CHEIIaJTbHOCTI CTAaHOBHUTH 0JIn3bKO 170 OaiB, 110 CBIYHUTH PO 3HAYHUN 1HTEpEC cepelt abiTypieHTIB
1 BIAMOBITHO BUCOKWH PIBEHb MIATOTOBKH KaHIUAATIB. MEHII MOMyJISIPHUMH Cepell BCTYITHHKIB
3aJIMIIAIOTHCS CIEHIaTbHOCTI, MO0 CTOCYIOTHCS MAITMHOOYAYBaHHS, C€KOJOTil Ta TPaHCIIOPTHUX
texnouoriid. Hanpuknan, "CynnoOynyBanna" otpumarno nuie 243 3ass, a "['ipauureo” — 900 3as8
nmpu cepenHix Oanax y mexax 146—149. lle Bka3zye Ha HEOOXIAHICTH JOJATKOBOI IMPOMOINT IHUX
HampsiMiB 3 OOKY 3aKJIaiB BUIIOI OCBITH, a TaKOXX CTHMYJIIOBAHHsS 1HTEpeCy aOiTypieHTIB depe3
Jep>KaBHI IPOrPaMHM MIATPUMKH Ta TPAHTOBI 1HIIIATHBH.

Cyma OnA Ycuoro NnogaHo 3anAe 3a KaTteropiekd CneuianeHicTe CymMa ana Ycboro NofaHo 3aAe 3a kaTteropieto OCBITHIA
CTYMIHE | POpma HaBYaHHA
®opma HasyahHA @ Jenna @ 3a04Ha

0,6 maH

Cyma gna Yoo @ nogare sa

Bakanaep Marictp
OCBITHIK CTYNiHL
Cyma ana Yceoro NogaHo 3anae 3a Kateropieo OCBITHIN
CTYMiHL | BCTyN Ha ocHoBi

Bcryn va ocvosi ®Eaxanasp ®Monoaw... ®MNosva 3ar.. ®Mobka 3a. L

0,6 man

CneujaneHicTE

Cyma ona Yceoro nogaHo sane

0.0 MAH -
10 mHc. 20 THe. 30 me. 40 e, 50 Tve Baxanaep Marictp

Cyma ana Ycwore nogado 3ane OCBITHIN CTYNiHB

Pucynox 2 — Cmpyxkmypa 3asn6 wooo ecmyny 0o 3BO & 2024 poyi

AHani3 MoJaHMX 3adB 3a OCBITHIMH CTyNeHsAMU Ta (opmamu HaBuaHHa y 2024 pori
JIEMOHCTPY€E YiTKI MPIOPUTETH BCTYIMHUKIB 1010 3100y TTs BUIIOi OcBiTU. HallOinbmuit obcsr 3asaB
MIPUTIAJIAE HA CTYIIHb OaKajgaBpa 3a JeHHOI0 (OPMOI0 HaBUaHHS, 1110 CTAHOBUTH MOHA 549 TuHC. 3a4B,
0 BKa3y€ Ha JIOMIHYIOYMH MOMUT cepes abiTypi€HTIB Ha OTpUMaHHs 0a30BOi BMIOi OCBITH Yy
TpaauuiiHid popmi. 3HAYHO HUXKYMN PIBEHBb 3aLIKABJIEHOCTI CIOCTEPIraeThesl y 3a04Hiil dopmi
HaBYaHHA: A1 OakanaBpaTy OyJo MmoJaHO MoHaa 15 THC. 3as8B, IO CBIAYUTH MPO 3MEHLICHHS
MOMYJISPHOCTI 11i€1 (hOpMH HABYAHHS, UMOBIPHO, Y€pe3 3pOCTar0di BUMOTH IO OYHOI MATOTOBKU Ta
iHTerpauii y HaB4aibHi MPOIECH.

JlaH1 Mpo BCTyN HA OCHOBI MONIEPEIHHOTO PIBHS OCBITH JI€TATI3YIOTh TEHACHIIT OO0 MUISIXIB
3100yTTS OCBITHIX cTyneHiB. HaiibinpIna KinbKicTh 3asB Ha OakajaBpaT Oyja mojJaHa Ha OCHOBI
MOBHOI 3arayibHOI cepeHboi ocBiTH Ta HPKS, minTBepmkyroun oCHOBHUM MOTIK BCTYNHUKIB MICIS
3aBepILEHHs CepeIHbOI 3aKialiB CepeHbOI OCBITH. BeTynm Ha Marictepchki Mporpamu MmepeBaxHo
B1/1I0yBa€ThCsA Ha OCHOBI cTymneHs OakanaBpa. J[aHi cBiauaTh Ipo MepeBary CTaHIApPTHHUX OCBITHIX
TpPAaeKTOpid, a TakoX CTAaOUIPHUM IHTEpeC 10 MpPOJOBXKEHHS HaBUaHHS Cepell BUIIYCKHUKIB
OaxanaBpaTy, 110 € BaXJIUBUM (aKTOPOM IS TUITaHyBaHHS PO3BUTKY OCBITHBOI CUCTEMH B Y KpaiHi.

[IpoBeneno nociikeHHs 6a30BUX BHYTPIILIHIX Ta 30BHIIIHIX (aKTOPIB BIUIUBY Ha OOCHT 3asB
oo Berymy 10 3BO. Byno o6pano nmaHi mo0 o0cary moganux 3ass, GOpMH BJIACHOCTI, PETIOHY,
BIJIaJICHOCTI Bl 30HU 00ioBuUX NiH, peTuHry 3BO, a Takox 00csry OCBITHIX MPOMO3UIIii, 1110 Oynu
npencTaBieHl uis BCTYNHUKIB B 2024 pory, sKi BKIIOYAIM NEpeNiK creuiagbHocTed, (popmy
HaBYaHHS Ta 6a3y BcTyiy 0e3 hopmu dinancyBanHs. Kopensiiiiuuil anami3 103BOJIUB OI[IHUTH CHUITY
Ta HaINpsIMOK B3a€MO3B’sI3KIB MIXK 00CSITOM 3asB 1 KIIIOUOBUMU YHHHUKAMH (Ta0.1).
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Tabauys 1 — Pe3ynvmamu Kopenayitino2o ananizy 0Jisi Xapakmepucmux oceimuix nponozuyii 3B0

6 2024 poyi
) C— OO6csr 3asB| Peittuar | Perion dopma . O06csr OCBiT.HiX BIILB?;J;?)?I:TB
3BO 3BO (FOp.) | Bmacuocti MIPOTIO3HUIIII 6ot .
OWOBHX JIIH
O6csr 3as8 3BO 1.0000 -0.0953 | 0.0200 -0.0738 0.6926 -0.0215
Peittunr 3BO -0.0953 1.0000 — — — —
Perion (1O0p.) 0.0200 — 1.0000 — — —
dopma BIACHOCTI -0.0738 — — 1.0000 — —
KinekicTh
TIPEACTABICHUX 0.6926 — — — 1.0000 —
CIIell.
JOHa BIUMEY BILH | () 55 — — — — 1.0000
(y3aragpHEeHHUN)

Haii0inpmmii MO3UTHBHUK  KOPEISALIAHUA 3B'A30K  CHOCTEPITraeThCS MK  KUIBKICTIO
MPEACTABICHUX CIemialibHOCcTeld Ta obcsarom 3asB (r=0.6926). lle cBiquuTh NOpo TE, IO
PI3HOMAHITHICTD OCBITHIX IPOMO3HUIIIN Bilirpa€e KIOYOBY POJIb y 3aIy4eHHI BCTYITHHKIB, OCKUIBKU
Oinpluii BUOIp cheniagbHOCTEH, OCBITHIX mporpaMm 3a0e3nedye MIMPII MOKIMBOCTI IS
abitypieHTiB, 10 TiABUIIYe nmpuBadimBicTh 3BO. HatoMicTh ciaOkuii HEraTUBHUA KOPEIISAIIHHAN
3B'SI30K BUSIBIICHO MiXk 00CATOM 3asiB Ta pedTuHroM 3akiaay (r=—0.0953), mo mMoxe BKazyBaTH Ha
Te, 10 BUCOKMM PEHUTHHI HE 3aBKIM € BU3HAadalIbHUM (axtopoMm s BuOopy 3BO, ocobiuBo B
YMOBaxX pPErioHANIbHUX OCOOJIMBOCTEH Ta MOTOYHOI cuTyamii B kpaiHi. Popma BIaCHOCTI 3aKiagy
BUIIO OCBITU JIEMOHCTPY€E TAaKOX HE3HAYHHM HeraTUBHUU 3B's30K (r=—0.0738), 1m0 miaTBepaxKye
nepeBary Jep>KaBHUX 3aKJIajliB y BUOOP1 BCTYITHUKIB IMOPIBHSHO 3 IPUBATHUMH yCTaHOBaMU. Brums
perioHy Ta BIJJanNeHOCTI Bia 30HM OoioBHX Aiii BusBHBCS MiHiManbHUM (7=0.02 Ta =—0.0215
BIJITOBIZHO), 1110 CBIAYUTH PO BITHOCHY CTIMKICTh MONMUTY Ha BUIILY OCBITY B PErioHaX, HE3aJeKHO
Bil iXHBOI reorpaiyHOi BIAJAJIEHOCTI, XOYa YaCTKOBO IeH (akTop MOXKE HiBEIIOBaTUCA
BHYTPILIHBOIO MIrpalli€to HaceaeHHs. Taki MoKa3HUKU MOKHA MOSICHUTH MIBUAKOO aaanTauieo 3BO
710 HaJIaHHs OCBITHIX MOCIYT 13 3aCTOCYBAaHHAM IIM(PPOBUX TEXHOJIOTIH TOLIO.

Bapro 3a3nauntH, npo Te, 1m0 monpH psn nepesar 3actocyBaHHs Power BI mist oOpoOkw,
aHaJi3y Ta Bi3yani3alii BEJMKHUX JaHUX, A KOPEJALIMHOTO aHalidy BIICYTHS OKpeMa (yHKIis,
TOMy OyJIO CTBOPEHO Dsii OKpeMHuX Mip (3aX0AiB), sIKl y3arajibHeH1 moTiM B Tabnuito. Ha puc. 3
HaBE/IEHO MPUKJIAJ MIpH Il BCTAHOBJIEHHS KOPEJALIHHOIO 3B SI3KY.

daiin OcHoeHe BcraeuTut MoaentoeaHHa MosaHHa OnTnmizyBatyt [loeiaka $opmar [lani/aetanizauia IHCTPYyMeHTH Tabanup IHcTpYMeHTM Mip E

(RY FonoeHa Ta6mua | Regr 3amen 380-k-.. v|  $ + %6 9 5§ Eioealilinaea
Mipa  mipa
CrpykTypa GopMaTyEzHHA BAacTeocTi OBurcneHHA
@ Aenxi asTomatiuno sianosneri davinn we He Biakpusanics. Mepernamyy sianoereni vafnn X Bizyanizaulii »
m X 1 Correlation:06car 3aas3BO-PeiiTuur = A | CTBOPWTY Bisyanisaulito
: 2 DIVIDE( pr=e=t) @
3 SuMX( - @
g8 . . LA
g i 4 3B0-3as8M-K-Tb Cnew’,
H ('3B0-2aABM-K-Tb cney’ [pedTuHr 2024]- AVERAGE('3BO-2amBM-k-Tb cneu’ [pediTuHr 2024])) * E |.ELH E [hﬂ E lﬂﬂ
N 6 ('3B0-3amBH-Kk-Tb cneu’ [BCHOTO nonako 3ame]- AVERAGE(3BO-3ameu-K-Tb cneu’ [BCHOTO nogaHo saAs]))
7 ), b QA R (B
8 SQRT( ENFLEOD
9 SUMX( "3B0-3aem-k-Tb cneu’, ('3B0-3ameu-k-Tb cneu’ [peditunr 2024]- AVERAGE('3B0-saneu-k-Ts creu’ [pedtunr 2024]))72) *
10 SUMX( "3B0-3aem-k-Tb cnew’, ('3B0-3ameu-k-To cneu’ [BCOTO nopawo sams]- AVERAGE('3BO-3ameu-x-Te cnew’ [BCHOTO nopawo sass]))"2) HeBAAD
11
A - EEcE@r
e Duw o @ 1 I D

Pucynox 3 — Ilpuknao mipu 05 6cmanosieHts KopersyiiuHo2o 368 3Ky

3a pe3yJbTaTaMH KOPENSIIHHOTO aHaiizy OyJio BH3HAYEHO MapaMeTpu IS TMOAAJIbIIOT
noOyioBu perpeciiinoi monemni. byno 3acrocoBano ¢ynkuito LINEST nnsa ¢popmyBanHs nmoka3zHUKIB
PIBHSIHHSI perpecii Ta mapaMeTpiB afeKkBaTHOCTI Mozenmi. Hwkde mpukian 3acrocyBaHHs (yHKIIIT
LINEST nnsa ¢opmyBaHHS TapaMeTpiB perpeciiiHoi Mojeni.
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Daiin OcHoeHe Moeinka IHCTpYyMeHTM Tabanus
B & B
<@ Im'n | Regr 3asBut 3B0-k-... B
KepyBaHHa Hosa LWeuaka Cteoputh Hoba
38'A3KaMM Mipa  Mipa cToBneub TaéaMLA
Crpyxrypa Kanewnzpi EEVER) OBumcreHA
lnall ‘. [leaki aBTOMaTWUHO BiAHOBASHI GainK e He BIAKPUBANWCS. MeperngHyTV BIAHOBAEHI dainm e

‘ o M/ |1 Regr 3ame 380-k-Tb cney - LINEST('380-3aneu-«-Tb cney’ [BCOTO nopaHo 3ass], 3B0-3ameu-k-Te chen’ [KinwkicTs cneuianehocted ana scryny], TRUE) _v
Slope1 - Intercept ~ | StandardErrorSlope1 |~ | StandardErrorintercept ~ | CoefficientOfDetermination  ~ | StandardError |+ FStatistic ~ | DegreesOffreedom | *| RegressionSumOfSquares |~
ﬁg 105,93096405682 -504,509028304552 7.33922913880352 392,246031956785 0,479054382767825 4256,6200053268 208,326710008898 226 3774632882,74827

Pucynox 4 — Ilpuxnao 3acmocysanns ¢pynxyii LINEST onsa ¢hopmysanns napamempie pecpecitinoi
Mooeni

0,69 048 208,33 4 256,62 392,25 734
Correlation:K-Te cneu. CoefficientOfDeterminat...  FStatistic StandardError StandardErrorintercept StandardErrorSlopel
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Pucynok 5 — Pezynbmamu Kopensiyitino-peepecitino2o ananizy 06csie nOOAHUX 3asi8 w000 6CMyny 0o
3BO — o6cse ocsimuix nponosuyitt 3BO 6 2024 poyi

AHaJi3 1nokasas, 0 M1k KUTBKICTIO OCBITHIX ITPOTIO3HIIiH Ta KUTBKICTIO 3asiB BCTYITHHUKIB 1CHY€
MOMIPHHUM MO3UTHBHUN 3B'SI30K, MPO L0 CBIAUUTH KoediumieHT kopessauii r = 0,69. Po3pobiaeHo
PIBHSIHHS JIIHIHHOT perpecii:

3 =105,93 x1 — 504,51, (1)

e y — KUIBKICTh mogaHux 3asB 10 3BO, x1 — KUIbKICTh OCBITHIX MPOTO3HIIIi.

Koedimient maxumy perpecii mokasye, mo 31 30UTBIIEHHSIM OOCATY CreriaabHOCTel Ha |
OJIMHUITIO KUTBKICTh 3asiB HA BCTYI 3pocTae B cepeanboMy Ha 105,93 3asBu; BinbHuil uien mojen,
SIKUM IHTEPIPETYETHCS JIUIIE YMOBHO, OCKUIBKH ISl peaIbHOI'0 KOHTEKCTY 00CST clieliadbHOCTE! He
MOJK€E JIOPIBHIOBATH HYJIIO.

Koeogiuient gerepminanii R? = 0,48 Bkasye, mo 48% Bapialiii KiIbKOCTI 3asB MOSICHIOETHCS
3MiHaMH B KiJbKocTi creriansHocTeil. F-cratucruka (208,33) miaTBepIKye CTaTUCTUYHY
3HAYYIIICTh MOJIEII TIpH piBHI 3HauymocTi o = 0,05. AHai3 e1acTUYHOCTI MOKa3aB, 110 301IBIIICHHS
KIUTBKOCTI crierianbHocTel Ha 1% mpu3BOIUTE 10 301bIIeHHS KITbKOCTI 3as1B Ha 0,69%, 1110 CBIIYUTH
PO BHCOKY YYTJIMBICTh BCTYIHHUKIB JI0 PO3IIUPEHHS OCBITHIX MpOMO3uilii. JloCaipKeHHST TaKoX
0Ka3aJio, 10 MPOBIiJIHI YHIBEpCUTETH, Taki sk KuiBcbkuii HarlionansHuil yHiBepcuTeT iMeHi Tapaca
[lIeBuenka, Hamionanpanii TeXHIYHUN yHIBepcuTeT YKpainu "KuiBChbKuil MOMITEXHIYHUN 1HCTUTYT

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




KocmeHko I.C., KnumeHKo H.A., Xap4yeHko B.B. DOI: 10.31548/itees.2024.02.037

imeni Irops Cikopcekoro”, JIbBIBCbKMI HaIllOHAIBHUIM YHiBepcuTeT iMeHi IBana @panka Ta
Hamionanenuii yHiBepcuTeT "JIbBIBChKa MOMITEXHIKA", MAIOTh BHCOKI TTOKA3HHUKHU SIK 32 KUIBKICTIO
OCBITHIX MIPOIO3UIIiH, TaK 1 32 KUTBKICTIO 3asB, 0 MATBEP/UKYE pe3yabTatu Mojeni. [le curnamizye
BIUIMB iHIMX (haKTOPiB, TaKUX SK BCTAHOBJCHI 0a30Bl ysBieHHS mpo pemnytaniro 3BO, poib
MapKETUHTOBUX IHCTPYMEHTIB, 1HIII COIiaIbHO-€KOHOMI4YHI YMHHUKH, 1[0 TOTPEOYIOTh KITbKICHOTO
JTOCITIDKEHHS Ha OOTPYyHTYBaHHS.

[ToBepTarouuch 110 CTPYKTypH OCBITHIX NpPOMNO3MLINA, a came TMepeiky MOMmyJIspHUX
CHeriagpbHOCTeH (KOMIT'FOTEpHI HAayKH, MEHEIDKMEHT, NpaBO Ta I1HXEHEPISs MPOrpaMHOrO
3a0e3neueHHs ), BapTO 3a3HAYMTH, 10 BOHM MpeacTaBieHi y noHan 70% yHiBepCcUTETIB, 110 OepyTh
y4acTh y JOCHTIDKeHHI. AHali3 TOKa3aB, IO YHIBEPCUTETH, SKI MAIOTh Y CBOEMY IMEPENiKy IIi
CHEIIIBHOCTI, OTPUMYIOTh y cepeiHboMy Ha 20% Ounbie 3asB, HiX 3aKJIaIH, SKi OPIEHTYIOTHCS Ha
JMIIe TyMaHiTapHl HanpsMu. Tomy nojaiblie JOCHIJDKEHHS MAa€ BpPaXOBYBATH CETMEHTALlIIO
BCTYITHHUKIB 32 iX IHTepecaMy 11010 OCBITHIX MPOIMO3UIIili, a caMe CIeliaTbHOCTEH.

B minomy posmmpeHHs KUIbKOCTI crieniadbHocTel Ta (hopM HaBUaHHS (OCBITHIX MPOIMO3HULIIN)
MOJKE€ CTaTH CTPATEriyHUM KPOKOM ISl TiJBHUICHHS NpUBaOIMBOCTI yHiBepcuteTiB. [lopsn 3 Tum
TaKi MUTaHHS TICHO MOB’sI3aH1 3 MUTaHHAMU (iHAHCYBAaHHA, Ta IHOPACTPYKTYPHUMH YMOBAMH TOIIIO.
BaximBy ponb rpae MapkeTHHr OCBiTHiX mporpam: 3BO 3 MeHIIMMH TMOKa3HUKAMH MOXYTh
IIJIBUIIATHA KUIBKICTh 3asB Yepe3 MPOMOIIII0 OCBITHIX MOXJIMBOCTEH, MPOTE JaJIeKO HE BCi 3 HUX
BUKOPHUCTOBYIOTh paIliOHAILHO IU(PPOBI MAPKETHHTOB1 IHCTPYMEHTH.

BucnoBku i nepcnekTuBu. [IpoBenenuil aHami3 OCBITHIX MPOIO3UIIKA Ta 00CATY MOAAHUX
3asB JI0 3aKJIQAiB BUMIOI OCBITH YKpainu y 2024 poii mpoIeMOHCTPYBaB KIFOYOBI 3aKOHOMIPHOCTI
Ta (aKTOpH, 110 BILUIMBAIOTH Ha nomyssipHicTh 3BO cepen BeTynHukiB. HalicunpHIINN MO3UTUBHUNA
KOPEJAIIHHNN 3B'SI30K BUSBIICHO MIX KUIbKICTIO OCBITHIX ITPOITO3HIIIH (TIEPETIKOM CIEIiaIbHOCTEH )
Ta KUTBKICTIO MmojaHux 3asB (r = 0.69), mo migTBepaKy€e KpUTHUHY POJIb PI3HOMAHITHOCTI OCBITHIX
mporpam y 3ainydeHHi a0iTypieHTiB. JliHiliHa perpecis J03BOJUIa BCTAHOBUTHU 3aJI€KHICTh, 3T1AHO 3
SIKOIO 30UIBIIEHHS KUIBKOCTI crienianbHocTel Ha 1 oquHuIIo 3a0e3neuye 3pOCTaHHsl KIJIbKOCTI 3asB
Ha 105.93, a mokasHuk enactuuHocTi (0.69%) Bka3ye Ha BHCOKY UYYTJHUBICTb BCTYHHMKIB 0
PO3IIMPEHHST OCBITHIX MOXJIUBOCTEeH. BonHouac pedTHHr 3akiaay Ta (opma BIACHOCTI MaroTh
HE3HAYHUI HEraTUBHUH BIUIUB, 110 CBIAYUTH MPO T€, 10 TPATULIMHI YUHHUKHU penyTallii He 3aBXKI1
€ KIIIOYOBUMH y BUOOP1 YHIBEPCUTETY B CYHYAaCHUX pealisix. AHai3 reorpadiuHoro po3nojuly 3ass
BUSIBUB CYTTEBY KOHIIEHTPALIIIO OMUTY Ha OCBITY y Benukux Mictax (Kuis, JIbBiB, XapkiB), To1 K
perionn, mo 3a3Hanu Oe3MOoCepeHhOT0 BIUIMBY BOEHHUX i, JEMOHCTPYIOTh 3HAYHO HIKYI
MOKa3HUKH.

[lepcnekTBH TOAANBIIUX JOCTIIHPKEHb BKIIOYAIOTh JCTAIBHHM aHami3 (akTopiB, IO
3YMOBJIIOIOTh BHOIp KOHKPETHHX CIEIIaTbHOCTEH, a TAaKOXK JIOCIIKEHHsI CeTMEHTAIlil abiTypieHTIB
3a iHTepecaMH /0 OCBITHIX HporpaMm. BakiMBHM HampsMOM € BUBYCHHS TUHAMIKH TIOMUTY Ha
TeXHIYH1, eKOHOMIuHI1 Ta [T-HanpsiMu B yMoBax IU(poBi3alii Ta 3MiH Ha pUHKY mpaii. OKpiM 11bOTO,
HEOOX1THO MPUIIIUTU yBary ONTHUMI3alii CTPYKTYpH OCBITHIX mpono3uiiii y 3BO perioHis, ski
MOCTPaXKAAJIM BiJl BOEHHUX JIil, Ta po3poOIll CTpareriii 3allyueHHs BCTYMHMKIB Yepe3 JepKaBHI
MporpaMu MIATPUMKHU Ta 1HHOBAIIHHI MapKETUHIOB1 IHCTpYMEHTU. CTBOpEHHS OLIbIN aJalTUBHUX
OCBITHIX TPOrpaM 3 ypaxyBaHHSM pETiOHAJbHUX MOTpeO 1 TEHACHLINH PUHKY Mpali CIpHUITUME
M1JBUIIEHHIO KOHKYpeHTOCITpoMOXkHOCTI 3BO Ta 3a0e3meueHHI0 CTaloro po3BUTKY CUCTEMU BUIIIOL
OCBITH B YKpaiHi.
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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.
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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.

4. Impact Assessment: Assessing the effects of the implemented solutions on reducing

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

Ne 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 wvehicle 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 COs.

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].

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

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 [15].

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
queuing models are developed, which are adapted to the specifics of particular scenarios in urban
transportation infrastructure. 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.
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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.
2 Service time p_l 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<l the
P = l_l 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 — 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 system |The probability that all channels (¢) are used
being in the state of requests |(Py)
k), being served (P, o " . -1
(k), being \ k)k P i(l/u) LA 1
B=(1-p)-p", e g ¢l 1-p |
k>0,
where p, =—.
c-u
Probability of delay (Py)
p-Hh
ct(1-p,)
2 |Average number of D Y
vehicles in the system (L) L=—"— L=L+—
I-p U
T et mthequeve )| L=p'— =l
1 ! ! I-p T (-p)
4 |Average time a vehicle 1 1
tays in th t W=—— W=Ww+—
stays in the system (W) ) ap
5 |Average waiting time in W ) L
queuesi (W,) =< w=-L
’ Tou(u=2) )
6 |General model MM1 = (P, L, L, W, W,) MMc = (P, By, L, Ly, W, W,)

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 [16]. 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
demonstrates their effectiveness in managing traffic flows, especially under conditions of uneven
distribution of flows in urban environments [17].

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=A/u) approaches 1, which leads to a significant increase in the average waiting time (W,) and
queue length (L4). For systems with uneven flow (changing over time 4) the effectiveness of
management significantly improved with the use of an adaptive approach [18]. Adjusting the

| s |
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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
(¢) helps reduce the load (p.=A/(cu)) and significantly decreases the probability of delay (Pw) [12].

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 (1) over time. The models
demonstrated that under significant fluctuations (Auin << Auaxc) 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 (u) 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 [19]. 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 [20].

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 [18-20].

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:. 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
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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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MOJEJTIOBAHHS JTMHAMIKH TPAHCHHOPTHHUX HOTOKIB HA OCHOBI TEOPII
MACOBOTI'O OBCJYTI'OBYBAHHA AJIsA IHTET'PAILLLI B IHTEJIEKTYAJIBHI
TPAHCIIOPTHI CUCTEMM

Anomayin. Cmamms npucesuena O00CHIONCEHHIO MOOEMOBAHNA OUHAMIKU MPAHCROPMHUX NOMOKIE Y MICLKUX
YMOBAX 3 BUKOPUCMAHHAM meopii macogozo obcayeosysanns (TMO). Memorw Oocniddcenns € pos3podka
Memo00a02IuHO20 NIOX00Y 00 Popmanizayii OUHAMIYHUX NPOYeCi6 MPAHCHOPMHUX NOMOKIE, U0 00380JIAE A0ANNy8amu
ix 0o cywacnux inmenexmyanvuux mpancnopmuux cucmem (ITC). 3anpononogano mamemamuyni mooeni, AKI
8PAX0BYIOMb CMOXACMUYHY NPUPOOJY MPAHCHOPMHUX NOMOKIG | KI0408i NOKA3HUKYU eeKMUSHOCMI, MaKi K cepeoHill
uac OuiKy8amHsA, 006JICUHA Yepe ma NPONYCKHA 30amuicmy. [Ipogedeno cumynayilo pizHux cyenapiie mpancnopmuoi
iH(hpacmpykmypu 3 inmezpayieto mooeneu y inmenexmyanvii mpancnopmui cucmemu (ITC). Pesyromamu 00cnioxiceHs
niomeepodicyiomo, wo 3acmocysauns TMO 6 ymosax HepigHOMIpHO20 pO3N00iLy MPAHCNOPMHUX NOMOKIE 00380JIA€
CYMMEBO 3MEHWIUMYU 3AMPUMKY, ONMUMIZYEAMU MAPWPYIMU MA NIOGUWUMYU ePEeKMUBHICIb GUKOPUCIAHHS 00POICHOT
ingppacmpyxkmypu. Ompumani pe3yromamu GIOKPUBAIOMb NEPCHEKMUBU 05 NOOANLULO2O BOOCKOHANCHHS MICLKUX
MPAHCROPMHUX CUCTHEM WTIAXOM iHmMe2payii aneopummie MAWUHHO20 HAGYAHHS MA AHAIZY BEIUKUX OAHUX, WO 0036019€
8pAX08YBAMU  CKIAOHY NOBEOIHKY YYACHUKIE O0pOICHLO20 pYXy. Bnpoeadocenns mooeneti TMO 6 ITC cnpusc
nIOBUYEHHIO ePEeKMUBHOCII MPAHCHOPMHUX Mepedic, 3a0e3neuyioyu Cmitikui po3eumox Micbkoi ingpacmpykmypu.
3anpononosani nioxoou € yHigepcanrbHuUMu ma MOACYMb OYmu 3aCMOCO8AHI 0N BUPIUWEHHS AKMYATbHUX NPOOIemM
MOOBITLHOCMI 8 YMOBAX CYUACHUX MICOKUX A2NOMepayiil.

Knrouoei cnoea: Mooenosanuss mpancnopmuux nomoxie, meopis Maco8o2o 00Cy208y68anHs, IHMENIEKMYalbHi
MPAHCROPMHI cucmemu, OUHAMIKA PYXYy, ONMUMI3AYis MPAHCNOPMHUX NOMOKIE, adanmueHe YAPAGIIHHS, MICLKA
MOOINbHICMYb, MAMEMAMUYHe MOOENIOE8AHNS, MPAHCROPMHA IHPPACMPYKMYPA, 3HUICEHHS 3AMOPIE.
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MNPOEKTYBAHHSA TPUJIAAY BUMIPIOBAHHS TEMIIEPATYPU TATPOHY

Anomayia. Poboma npuceauena axmyanvuili memamuyi NPOEKMY8AHHA MA BUSOMOBNEHHA MOOITLHUX,
NOPMAMUGHUX, ePOHOMIYHUX MA MOYHUX NPUNAdie 0N GUMIPIOBAHHA 30YPIOIOUUX CMOPOHHIX ¢hakmopis (30kpema
memnepamypu nampomny), AKi 6e3zanepeyHo i cymmeeo 6nAUSa0my Ha MOYHICIb 6UKOHAHHA GilICbKOBO20 3A60AHHS, d
came chalinepcokoi cmpinbbu. Mema cmammi noiseae 6 cmeopenni npunady GUMIpIOGAHHA meMnepamypu nampoHmy,
AKUL 300060IbHAE NEGHUM CXEMOMEXHIYHUM, KOHCMPYKMOPCbKUM Md MEXHON02IYHUM NapamMempam, GUSOMOGIEeHHs
npomomuny 8upoby, anpobayis 8 yMo8ax eKCniyamayii ma Hauiazo0xceHHs npoyecy 30upaunsa. B mamepiani cmammi
00CIONCEHO 6NAUE MeMnepamypu NAMpPOHY HA AKICHI XAPAKMepucmuKku npoyecy cmpiibOu, 30Kpema npu 3MiHi
memnepamypu 3apady i nogimps Ha 0OHAKOGY GeIUYUHY, OYI0 OMPUMAHO BUCHOBOK, WO 30LIbULEHH MeMnepamypu
3apsA0y NampoHa i NOSIMps. CRPUAIOMb He3HAYHOMY 30LIbIWEeHHI0 MPUBANOCMI lemy Kyl ma ii KiHyesoi weuokocmi, ane
cymmegomy 30inbuenHio oanvnocmi ii nemy. Hasedeno ceomempuune oopmuenns npucmpoio, a came 6y10 cmeopeHo
06a eapiaHmu KOHCMPYKMUBHO20 BUKOHAHHA NOPMAMUBHO20 NPUCHPOIO GUMIDIOBAHHA MeMnepamypu nampony 6
3anedAcHocmi 8i0 suKopucmano2o eapianmy inouxamopa. Ilnowa eupobie pisnumucs Oinvue Hidc y 08a pasu, JIHIUHI
posmipu cmanogiamo 103x55 mmxmm ma 54x39 mmxmm npu maiisice 0OHAKOBIU GUCOME 20MOB020 BUPODY, WO 3YMOBIEHO
BUKOPUCIAHHAM DIZHUX MUNIE THOUKAMOpPI8 i, GION0GIOHO, HeOOXIOHOCMI JHCUBLEHHS DIZHUMU HOMIHANAMU HAnpyeu
e/leMeHmi6 JHCUGIeHH. 3anpOnoHO8aHi NPOMOMUNY NPULAOY GUMIPIOGANHA MEMNEPAmypu NampoHy, AKi 3a00601bHAIOMb
NeGHUM CXeMOMEXHIYHUM, KOHCIMPYKIMOPCLKUM Ma MEXHON02IUHUM NApaMempam, 6e3nocepeonbo 6U20moeGieHo OpiOHi
napmii  6upobie 060X pi3HO6UOI8, NepedaHo HA anpobayilo 8 YM08ax eKcnayamayii ma 30iUCHeHO nepeuHHe
HaNa2o0dicents: npoyecy 30upants. 3a pe3yrbmamamu mecmosux eunpobosy8anb CKOpe208aHO JaHYIO2U NOCMAYAHHS
CKAA008UX, KOHCMPYKYI0 npunady i mexuonozii 3oupanus. [Jo nepcnekmug nooanbux po3ei00K Cli0 GiOHecmu
HeoOXiOHicmb Oinbut demanbHOI NPOPOOKU NUMAHL OYIHKU NONUMY HA 20MO6I euUpoOy, OUHAMIKU HOMEHKIAMYpPU
BIOKpUMO20 NPOOAdNCy CKAAO0BUX, NAPAMEMPIE MEXHONO2IYHO20 npoyecy 30upanHs ma 3 ACY8AHHS GUMpPAm Ha
BUPOOHUYMEBO | PUHKOBOI 8apmocmi npuiady, OCKIIbKY 3A3HAYEHA OLIbHICMb HOCUMb THHOGAYIHUL, THIYiamueHull ma
600HMEPCLKUL Xapaxkmep.

Kniouosi cnosa: nampon, sumiproganus memnepamypu, npunao, RPOEKMY8AHHA, iHOUKamop, oeuugpamop,
KOMNOHOGKA, 2e0MEMPUYHi pO3MIpU, naukd, 30Upanis, 6U20MOGIEHH s, MeCMY8anHs, UPOOHUYMBO

AKTyanabHicTb. OckiUlbkM B VYKpaiHi 1iJe TOBHOMAaciiTabHa BiiffHAa 1 TOCTYNOBO
HAJIaro/Ky€ThCsl BUPOOHULITBO PI3HUX THIIIB 030pOEHD, TO MPOEKTYBAHHS, pO3p00Ka, BUTOTOBIICHHS,
BJIOCKOHAJICHHS] KOHCTPYKIIiH 1 BiAHAIArO>)KEHHS BUPOOHHUIITBA 3a3HAYEHOT0 030pOEHHS 1 CYITyTHIX
NpUiaaiB AJs HbOTO, OPIEHTOBAHE HAa AHTPOIOMETPiIO, EPrOHOMIKY Ta MOTpPeOM BiCHKOBHUX, €
aKTYyaJbHOIO 1 Ty’Ke€ BayKJIMBOIO 3aaUelo.
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AHaJi3 ocTaHHIX AociaigxeHb Ta myOaikamiii. Cring 3ayBaXuTH, IO ICHY€E AyXXe BEIHKa
KUTBKICTh 30BHIIIHIX (DakTOpiB (TeMIiepaTypa, MBHUAKICTh 1 HAMpsiM BITPY, pesibed MiCIIEBOCTI,
BiJICTaHb, BOJIOTICTH , TOIIO), SIKi iICTOTHO BILTMBAIOTh HA MIBUIKICTh KYIIi, il TPAEKTOPItO, BIyYHICTh
CTpUIBOM TOIIO, IO 3yMOBIIIOE HEOOX1THICTh BUKOHYBATH MEBHI BHUMIPIOBAHHS IEpe]] MOYaTKOM
BUKOHAHHS NIEBHOI MICii 3 BAKOPHCTAHHIM BiJIIOBITHOTO 030POEHHS.

B po6ori [1] mocnipkeHO BIUIMB BHCOKOI TEMIIEpaTypH, BUCOKOTO THUCKY Ta CHJIbHOI CHUIIU
CTpyMy Ha HE3BOPOTHI Ta KyMYJSTHBHI CTPYKTYpHI HOIIKO/DKEHHS Ha MOBEPXHI BHYTPILIHHOTO
KaHaJy JUIsl IyCKOBOI YCTAHOBKH CHApSIAY.

3nmilficHeHUH TepMIYHMN aHami3 yAapy CHapsaa Ta JOCITIDKEHE MOJalbIle 3TOPSHHS s
QITIOMIHIEBUX CHApsAIiB 3 BUKOPUCTAHHSIM BHCOKOIIBHJIKICHOI CUCTEMHU YAApHOTO 3alajlOBaHHS B
po0orTi [2] miATBepAKYy€E aKTyalbHICTh MPOBEACHHS JOCTIKEHb Y 00paHOMY HAIpsMKYy.

Jlyi nianazoHy MIBUJIKOCTEH CHaps Iy MPOBEACHO TECTYBAaHHS 3alPONOHOBAaHUX MATEMAaTUYHHUX
Mojieneit [3] B MOpiBHAHHI 3 €KCIIEPUMEHTAIbHIUMH BUMIPIOBAHHSMHU BTpAT €HEPTii IpU MPSMHUX
pO3paxyHKax TalbMIBHOI 3JaTHOCTI MPHU MOEIHAHHI PEaKIii OJHOPIAHOTO E€JIEKTPOHHOIO Tazy 3i
3B’SI3aHUMU €JIEKTPOHAMHU.

Po6ora [4] npucBsueHa BUIpoOOBYBaHHSIM Ha TMEPIIBUIKICHUN y1ap alIOMIHIEBUX CHAPSIIB,
[0 BPI3alOThCS B AIIOMIHIEBI MIacTHHH. J[OCHIHPKEHO CIEKTPU HAIIIBHIKICHOI XMapu BUKHIY,
HEPIBHOMIPHICTH TEMIIEpaTypPH YaCTUHOK XMapH BUKUAY Ta 1X BIUIMB HA TEH/CHIIIIO 3MIIICHHS B OiK
HABUILOI TeMIepaTypu BUOYXY CHapsIIy.

JocnimxkeHuit MaTeMaTHYHUN amapar poOoTu [5] mpu3HayeHuid A7 3°SCyBaHHS BILTUBY
30ypIOIOYHX ITapaMeTPiB TaKHX, SIK TEMIIEPaTypa, TUCK Ta HAsIBHICTh MEPEBAHTAKEHb HA MTapaMETPU
CHapsIy IiJ 4ac MOCTPily.

B po0ori [6] 3ampornoHOBaHa HOBa CHUCTEMa BUMIPIOBAHHS MOJOXKEHHS CHapsiia B CHUCTEMI
IIBUJIKOTO BOTHIO EJEKTPOMArHITHOTO 3allyCcKy, KOJM [Ba CHapsOd pPO3MINIYIOTBCS B
€JIEKTPOMArHiTHOMY ITyCKOBOMY KaHaJi IIBUIKOTO BOTHIO, OJIMH B OCHOBHOMY MPUCKOPIOBATHLHOMY
CerMEHTI, a IHIIUKA B CErMEHTI MONEepPeIHbOro 3aps/kaHHS. OCHOBHUM € JOCSTHEHHS KJIHOYOBOI
MO3MMLI{ JPyrMM CHapsOM B OCHOBHOMY CEIMEHTI NMPUCKOPEHHS NpU HAasBHOCTI 3aBa)KaOUMX
(bakTopis.

Pi3HOMaHITTS METOJIB MOCHIIK€Hb KIHETMUHUX YAApiB ISl perpe3eHTATUBHUX 00 €KTIB y
MEBHUX YMOB HaBeJeHO y po0oTi [7]. OcobnmBa yBara npuauieHa JOCTIHKEHHSIM 3 MIMIEHSIMH BiJl
JELIIMETPOBOI0 JI0 METPOBOTIO PO3MIpIB B €KCIIEPUMEHTaX 3 yJapaMu MOPOXOBOIO I'apMaTol0 Ha
MIBHJIKOCTSX ~2 KM/C, JOMOBHEHUX EKCIHEPUMEHTaMH MEHIIOr0 MaciTady 3 BUKOPUCTAHHSIM
BEPTUKAJIBHOI CTPLUIBOH.

B po6Goti [8] BU3HAaueHO eHEepriro acMMETpli sIK HAMOUIBIIOTO KEepesia HEBU3HAUEHOCTI B
PIBHSIHHI CTaHy 00’€KTa .

3anponoHoBaHUi B [9] HOBUI METO/ BUMIPIOBAHHS TPAEKTOPIT MOJILOTY CHapsiAa CIHPAETHCS
Ha OJIHOYACHE MOPIBHAHHS IIBUKOCTI Ta MOJIOKEHHS JOCIIIHOTO 3pa3ka 3a MEBHOI METOAMKOIO.
Touky TepeTHHY OTPUMYBAJIHCh BUMIPIOBAHHSM 4Yacy, KOJM CHapsl TPOXOIUB dYepe3 KOKEH
CBITJIOBUI €KpaH.

[Ipuseneni B [10] gociiakeHHs aHaNI3yIOTh BIUIMB TEMIIEpaTypH Ha PHUKOIIET KYJIbOBUX
CHApAIIB 3a JIOTIOMOTOI0 EKCIEPUMEHTIB 1 METOAY KIHIIEBUX EJIIEMEHTIB IIJITXOM BHMIPIOBaHHS
HATPYTH 3CYBY Ta KyTa BHYTPIITHBOTO TEPTS, KOJIW TeMIIEpaTypa CHapsIy IiABHUIILY€EThCS.

Po3paxyHku KiNbKOCTI eHeprii B MilleHi, sika Oyia po3cisHa IUIACTMYHOIO Ta/abo
B’SI3KOMNPY>KHOIO Aedopmariieto, npuseneHi B [11]. PosrisHyTo B3aemonito cHapsaa 3 maTepiaioM
MiIIEHI, KOJM KIHETHYHA EHEpris cHapsAa MEepeXOoAMTh Y MPYKHY 1 MIACTUYHY Aedopmalliio, sK
caMmoro CHapsy, Tak 1 MaTepialy MillleHi. 3a JOIOMOro0 TeroBi3opy Ta [Y-Bineokamepu oTpuMaHo
PO3MOALT TeMIIepaTypH MaTepialy MillleHi (SK Ha TOpIi, TaK 1 Ha 3aHii MOBEpXHi).

UYepes 1aBUHONONIOHY IIBHJIKICTh IOSIBU HOBITHIX O30pO€Hb PI3HUX CTAaHJApPTIB Ta KpaiH
MOXO/UKEHHSI MiJHAJIaro/DKEHHS Ta  JIOCHKeHHS e(EeKTHBHUX TEXHOJIOTIH 3acTOCYBaHHS
CYMPOBITHOTO CIOPS/DKCHHSI 711 CTPUIHOM (MAaTpPOHIB) 3IIMCHIOETHCS OMEPATHBHO HA MICISIX 1
norpe0ye MOOUTbHMX, MOPTATUBHUX, €PrOHOMIYHUX Ta TOYHUX MPHJIAAIB JJs BUMIPIOBaHHS
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30ypIOI0YHX CTOPOHHIX (DaKTOPIB, sIKi Oe3amepedHo i CyTTEBO BIUIMBAIOTH HA TOYHICTh BUKOHAHHS
BiICHKOBOT'O 3aBIaHHS.

Meta 10CHiIZKEeHHS TIOJSATaE B CTBOPEHHI NMPWJIAAy BUMIPIOBaHHS TEMIIEPaTypu MaTpPOHY,
SKU{ 3aJI0BOJIBHSIE TIEBHUM CXEMOTEXHIYHMM, KOHCTPYKTOPCHKUM Ta TEXHOJIOTIYHUM HapaMmeTpam,
BUTOTOBJICHHS IIPOTOTHITY BUPOOY, anpoOarlisi B yMOBax eKCIUTyaTallii Ta BiJIHAIaroHKeHHS MPOLECY
30MpaHHs.

Martepianu i MmeToau gocaigaxenns. Cepen ycix pi3HOBHIIB 30ypIOIOUNX BILTUBIB HAa TOYHICTD
BHKOHAHHS BIMCHKOBOI 3aja4i CJiJ BHAUIMTHA MOTOAHI YMOBH, SIK HaWOLIbIN ICTOTHY CKIJIAJIOBY, 1
BU3HAYUTU HAHOUIBII iCTOTHUH (aKkTOp BIUIMBY, CIHMPAIOYMCh HA MPOBENEHI JOCIHIKESHHS
ICHYIOUOTO CTaHy IUTaHHS.

Omip moBiTpst pyXoBi Tij (30BHIIIHSA OalliCTHKa Kyjb, MiH 1 CHapsliB) ONMUCYETHCS CHIIOIO
71060BOT0 ONOPY y BUTIIsAL [12]

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

2 4 Vs
ne: R — cuia 1060BOT0 OMopy MOBITPst; ¥ — MBHUAKICTH CHApsia, p — TyCTUHA MOBITps, Vg — MIBUIKICTH
3BYKY B MOBITp1; d — KaniOp cHapsaa, i — koedilieHT GpopMu cHapsaa, Cy (V_) — eTaJIOHHA (PYHKIIis
s

71000BOTO OTIOPY.
Cuuta 1060BOTO OTIOPY MOBITPSI OTUCYETHCS 3ATICKHICTIO

Fy, )

ne: k — 3HadeHHs (opM-(hakTopa; g — MPUCKOPEHHS BUIBHOTO MAIIHHS TUIA; Z — BEPTHKAIbHA
KOOpJIMHATA KYJIi B IOBUIBHUI MOMEHT uacy, GyHkuis Fy, mae pisui Gpopmu 3amucy Juist Haa3ByKOBOI
Ta J03BYKOBOI IMIBUAKOCTI KYJIi.

V 3aranbHOMY BUIAJIKy BEJTMUYMHA CUIHM JJOOOBOTO OMOPY MOBITPSI PYXOBi KYJIi CTAHOBHT:

F o= 1000kd? 2000z
p g  2000+z

2+y; (v(e))Pi
R(t) = Cxpasx(V(t)) (Ts) D (3)
ne Cx — KOCQILIEHT aepOAMHAMIYHOCTI HOPMHU KyJli; p, — IYCTHHA MOBITPS; Sy — MaKCUMaJIbHA

IUIOIIA TOMEPEYHOro Mepepizy Ky MIOIMHOI0, MEPHIEeHIUKYIIIPHOIO 10 HAIPAMKY 11 IIBUIKOCTI;

V (t) — mBuakicTs Kymi B JOBiITbHUI MOMEHT Yacy; 3HaYEHHS KOe(illicHTIB y; (=1,2)iB,i=1,2)

€ PI3HUMH IIPH pyci Kyl 3 HaA3BYKOBOIO (i = 1) a60 103BYKOBOIO (i = 2) MIBUIKOCTSAMHU.
3anexHICTh IIBUAKOCTI 3BYKY BiJl 3MiHU TeMII€paTypH MOBITPsSI MA€ HACTYITHUM BUTIIAM;
Cuiia 1000BOTO OTOPY MOBITPS OMUCYETHCS 3aJIEKHICTIO

kqRTq
Vi= [/ 4)
Ha
ne k,=1,4 — noxasuuk axiabatu s mosiTps; R — yHiBepcanbHa razosa crana; T, — abCcomOTHa

TeMIlepaTypa TOBITPsL; i, — YMOBHA MOJIIPHA Maca MOBiTpsL.

BpaxoByroun piBHsAHHS r'ycTUHH pedoBUHM Ta Knaiinepona-MeHieneeBa Juis ra3i, cuctemMa
nudepeHLiaTbHUX PIBHSAHB U1 OMUCAHHS JUHAMIKU pyXy KyJil B MOBITPi MiJ Ai€to ii Baru HaOye
BUTIISY:

. 0,5(14vy;+8;) . 0,5(1+y;+8,)
.. CxP SxX (.2 L2\ iR . CxP SxZ (.2 AN iTPi
mi = 222 (5 4 7%) mz = —mg e (%% + 2%) , (5)
vy ve
3 BpaxyBaHHSIM CHJIM JIOOOBOTO OIMOPY TOBITPSI MPHU PO3TallyBaHHI IMOYATKY BIJJIIKY CHCTEMH
koopauHaT Oxz B Toulli BHIBOTY KyJi. Bick OX J€XUTh B TOPH30HTI 30p0Oi Ta CKEpOBYETHCS B
HaIpsIMKy MillleHi, a Bich Oz — BEpTUKAJIBLHO Bropy BiJl IIEHTPY 3eMITi.
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[TouaTkoBi ymoBH 1y1s (5) MAIOTh BUTJIST
x(0) =0, x(0) = Vycosb,, z(0) =0, z(0) = V,sinb,, (6)

ne Vy— mouaTkoBa mBHUAKICTB KyIIi; 6 — KyT BUCTPLIFOBAHHSL.

KinemaTnuHi mapameTpu pyxy Kyl BH3HAYalOThCS 3MIHOIO TEMIIepaTypud MOBITpS Ta
0e31ocepeIHbO €TaroM HaA3BYKOBOI 1 T03BYKOBOI IIBUIKOCTI KYJII.

3MiHa TeMIlepaTypH 3apsay HaTpoHa BIUIMBAE HA BEIMYMHY AYJIBHOI IIBHUAKOCTI KyJi, SIKa
3MiHIOEThCs B iHTepBaii 790m/c < V; <850 m/c, 110 BiamoBigae 3MiHi TeMmepatypu 3apsiiy marpoHa
B Mexkax -25 °C < tg,, < 35°C.

Amnanizyroun TaOyJbOBaHI 3HAUYEHHS TOPHU3OHTAIBHOTO 3MIMICHHS KyJi BHACHIJOK 3MiHU
TEeMIIepaTypH TUIbKH 3apsiy MmarpoHa abo TUIBKU MOBITPS, 3p00JICHO y3arajJbHEHHS, 110:

- BEJIMYMHA TEMIIepaTypu 3apsjy NaTpOHA, MEpPEeBAXKAIOUW, HIK TeMIepaTypa MOBITpS,
BILJIMBAE HAa KIHEMATUYHI MapaMeTpu pyXy Kyl MpH cTpiiabOi Ha Bigaans a0 600 MeTpis;

- npu cTpinb6i Ha Biggans 700 — 900 MeTpiB BIULIMBU TeMIIEpaTypH 3apsAy 1 MOBITPS Ha pyX
KyJIi Maif’ke TOTOXHi,

- npu cTpink6i Ha Bianans Ouabiry 900 MeTpiB mepeBaXkaloYMM BIUIMBOM Ha KiHEMAaTUKY
PYXY KyJIi CTa€ TeMIIepaTypa IMmoBiTPAL.

Jocaimkyoun 3MIlIeHHS TOYKH OOHYIIHHS TpPaekTopii pyXy Kyji MpH 3MiHI TeMmrepaTypu
3apsity 1 MOBITPS HA OHAKOBY BEJIMUYUHY, OYJIO OTpUMAHO BUCHOBOK, IO 30UTBIICHHS TEMIIEPATypH
3apsiy MaTpoHa 1 MOBITPS CIPUSAIOTh HE3HAYHOMY 301IbIIEHHIO TPUBAJIOCTI JIETY Ky Ta ii KIHIIEeBO1
IIBUKOCTI, aji¢ CYTTEBOMY COUIBIICHHIO HalbHOCTI i1 siery. ToOTO omepaTUBHE IOCITIIKEHHS
(anami3, BUMIpIOBaHHS) TeMIlepaTypH MATPOHY € aKTyalbHOIO 1 JIy’KE€ BaKIMBOIO OMNEPATUBHOIO
3ajauelo, sika MOBHHHA BUPINIYBATUCH yK€ IIBUAKO 3 JOMOMOTOIO MOPTATHBHOTO TMPHIIAAY 3
€HEeProHEe3aNIe)KHUM JIXKEPENIOM JKUBIICHHS, KWW MOBUHEH MaTH MIHIMAJIbHO MOJIMBI PO3MIpU Ta
MaKCHMaJIbHO MPOCTe KOHCTPYKTUBHE BUKOHaHHS. [Ipunan Moxxe OyTH HOCHMUM Ha KapaOiHi 'y Oyab-
SKOMY 3pYYHOMY MICIIi aMYHIIIi1, MOXKIIMB1 BapiaHTH Oe3mepediitHoro KUBJIeHHs, a00 OTpUMaHHS (3
MIHIMaJIbHUM YacOM 1HEPLIHHOCTI BKIOYEHHS) JaHUX PO TEMIEpaTypy NaTpoOHY PH BMUKaHHI 3a
notpeOu. BUHNKalOTh MUTaHHS KOHCTPYKTUBHOTO O(POPMIICHHS, SIKI BA3HAYAIOTHCSI BUKOPUCTAaHUMU
esleMeHTaMu 1HauKalii, O00B’A3K0BO CJIiJ] BpaXyBaTH IHTEHCUBHICTh CBITJIOBUIIPOMIHIOBaHHS (4epe3
BUMOTH Oe€3MeKH), OCKUIbKM 3aHaaTo sicKpaBe (KOJbOpPOBE, I1HTEHCHBHE, pi3HOOApBHE
BUIIPOMIHIOBAHHSI) MO’K€ MaTH J€MacKylodl BJIACTUBOCTI, OyTHM HeOE3NeYHHM 1 HPU3BECTH M0
HEraTUBHHX Ta TPariyHUX HACIHIJIKIB.

MosxuBl BapiaHTH, KOJHM JOCSTAlOThCS MIHIMAIbHI MacorabapuTHI TOKa3HUKUA BUPOOY
3a3BUYail CympOBOIKYIOTHCS HEOOXITHICTIO BUKOPUCTOBYBATH OLIBII MOTYXKH1 JKepena )KUBJICHHS,
a OulblIl 3a po3MiIpaMM BapiaHTU KOHTCPYKTHBHOI'O BHUKOHAHHS OOYMOBIIIOIOTH MOKJIIMBICTh
BUKOPHUCTATH JIXKEepesia eHeprii MEHIIO1 MOTYKHOCTI. BUXia MOXIUBHI OCTITUTH 0OUIBOE BapiaHTIB
KOHCTPYKTHBHOTO BUKOHAHHS MPUCTPOIB BUMIipIOBaHHS Temreparypu. CIpOEKTyBaTH, BUTOTOBUTH
Ta TMPOTECTYBaTH T'OTOBI PI3HOBUIM BHUPOOIB y peadbHUX yMoBax. CHHparo4uch Ha BiITYKH
KOPUCTYBayiB, PpO3paxyHKH  TIOKA3HHWKIB  TEXHOJOTIYHOCTI Ta  aHajli3  EKOHOMIYHHX,
AHTPOTIOMETPUYHUX Ta HAIIMHICHUX TIOKa3HUKIB, MOKHA OILIIHUTH KOKEH 3 BUTOTOBJICHUX BapiaHTiB
BUpoOy, 3a MOTpeOH CKOperyBaTH BaplaHT KOHCTPYKTHBHOI peaiizauii, goaaTu/mpudparu
¢yHKIioHaN ab0 aCOPTUMEHT JJIS MMOJAIBIIOr0 BUTOTOBJIEHHS, a0 (32 HAasABHOCTI Oe3amnepeyHux
nepeBar/HeI0JiKIB) 3yIIMHUTUCH Ha OTHOMY BapiaHT! KOHCTPYKTUBHOTO BUKOHAHHS MTPHUJIAIY.

PesyabTaTn gociaigxkeHHsi Ta ix oOroBopeHHsi. Peamizaiis npuiagiB MOXIUBA Ha
PLAKOKPHUCTAIIYHUX 200 CBITJIOAIOJHUX CEMHCETMEHTHHX 1HAMKATOpax 3 BiJMOBIJHOIO KUIBKICTIO
po3psaiB. IlepeBaramu piIKOKPHUCTAIMYHUX I1HAWKATOPIB B 3a3HAYEHUX MPHUCTPOSAX € podoua
Hanpyra y 3B (HHM3bKE €HEpPro>XMBIIEHHS), HEBEIUKHI pO3Mip eneMeHTy(iB) >KHMBJIEHHS Ta
JOBFOTPUBAJIMI TEPMiH eKcIuTyaTalii 0e3 00CIyroByBaHHS (3aMiHM) CKJIQAOBUX. BlIOYHUN TpUHIMIT
KOHCTPYIOBaHHS 00YMOBJICHHI BUMOTaMH TTOPTATHUBHOCTI CTBOPIOBAHOTO MPHJIATy Ta OPTaHi3alli€lo
CTaTUYHOI CHCTEMH YIPABIIHHA PIAKOKPUCTATIYHUM CEMHUCETMEHTHUM I1HIMKATOPOM Ha TIEBHY
KUTBKICTD po3psaAiB. HOTUPHOX, HABITh TPHOX, 3HAKOBUX PO3PAIIB, Oya€ MTOCTATHBO IJIsl OTPiIOHOT
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1HAMKaLii TemMnepaTypu, Jie KOKEH CerMeHT Mae CBill Buxil. KiJbKiCTh po3psAIiB BU3HAYAETHCS
HAasiBHOIO €JIEMEHTHOI0 0a30l0, OCKIIbKM BHPOOHULTBO MpPALIOE HA MOKYIMHUX CKJIAJIOBUX, SKi
3aMOBJISIIOTHCS 3 IHIIMX KpPaiH, OCKUIBKH aKIO0TKHUI MOMUT 1 0OMEXeHa MPOMO3MIsl PUHKY HE
MMOBUHHA 3yNUHATA BHUPOOHUIITBO 1 3YyNUHATH 3a0e3leueHHs T1oTped BiChbKOBUX. Bin
CXEMOTEXHIYHMX 1 KOHCTPYKTMBHUX OCOOJIMBOCTEH HAsBHUX [0 TMpUAOAHHA iHAWKATOPIB,
0o0MpaeThCs KOHCTPYKTHMBHA pealmizallis MpHiIaay, 30KpeMa po3Miph 1 BapiaHTH KOHCTPYKITi
npuctporo. Ilpomec 30upaHHA 1 TEXHOJOTIYHICTH 3a0€3MeUyIOThCS CyO’€KTHBHUM (DaKTOPOM,
30KpeMa JIOCBIIOM 1 HasBHUMHM HaBUYKaMHU TMPAIiBHUKIB - 30upayibHUKIB. Ciia 3ayBaKUTH Ta
MIKPECIIUTH, 10 CKJIaAaibHi omeparii (BIAMOBIIHO TEXHIKO-TEXHOJIOTIUYHA peasi3allis MpUIary)
MMOBUHHI OYTH TPOCTI 1 3p0O3yMuJII HaBiTh AJiA HedaxiBis, a0M B OyIb-IKUX yMOBaxX 3a0€3MEUHUTH
Oe3nepepBHUN BHITYCK TOTOBOT MMPOYKITiT 200 30MpaHHs 3aMOBJICHOT KIIKOCTI OJIMHUIIb BUPOOY ISt
nepeaadi y MeBHUM MiAPO3/iid HA NMEeBHUH MOMEHT 4acy. Bukopucranus TN mo3uTHBHOI MaTpuili
PIAKOKPUCTATIYHUX 1HAWKATOPIB 3 BiJIMOBIIHOI KIJIBKICTIO CErMEHTIB 31 CTaTUYHOIO CXEMOIO
KEepyBaHHsS 3yMOBIIOE TeoMeTpuyHi nmapamerpu aucieo 50,8x30,5x2,8 MMXMMXMM, IIO B CBOIO
4epry 3yMOBITIO€ 3HaYH1 y MOPIBHSAHHI 13 CBITJIONIOAHUMH IHAMKATOPAaMHU PO3MipH FTOTOBOTO BHPOOY,
ane 3B pobGoua nHampyra, mo 3abe3meuyeTbcsi OJHUM €JIEMEHTOM KHUBJICHHS JOBIOTPHBAIOL
eKCIuTyartarii gae Oe3amepedyHe NpaBO Ha KUTTA poOoyoi Bepcii mpuiamy. TpupospsaHi
CEMHUCErMEHTHI CBITJIOMIOAHI 1HIMKATOPHW MArOTh MEHII PO3MIpH I JWHAMIYHOI 1HAMKAIli 3a
CXEMOI0 13 3araJlbHUM aHOIOM. Y Ta0ul. 1 HaBeJEeHO eNeKTPUYHI MapaMeTpH 3a3HAaYeHUX 1HIUKATOPIB
MIEBHOTO KOJIbOPY 3 4opHUM (hoHOM. ["abGaputu kopiycy ctaHoBisATh 30,1x16,0x7,0 MMXMMXMM, 110
3YMOBJIFOE MEHIIII pO3MipH TOTOBOTO BHPOOY, ajie MoTpedye OUIBII MOTYKHUX EJIEMEHTIB KUBJICHHS.

Tabnuys 1 — A6contomui MaKCUManbHi NApamempu CemMuceeMenmHux c8imao0io0HUx iHOUKamopie
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 EE] 42 66 66 66 mW
(Pd)
Peak Forward Current
. 100 100 100 100 100 100 100 100 100 mA
(Itp)
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
-35~+85 C
Range(Tstg)
Lead Solder .
260TC for 3 sec
Temperature

bezanepeynumM (akToM € Te, IO OCHOBHOIO (DYHKIII€IO0 3a3HAYEHOTO MpHUJIaay € iHAMKaIlis
BUMIpSIHOT TemnepaTypu mnarpoHy. OCHOBHUM KOHCTPYKTHBHUM €JIEMEHTOM, IO BIATOBiZae 3a
IHAMKaLI0 € ceMecerMeHTHHH iHaukatop. Cepeln BapiaHTiB KOHCTPYKTHBHOTO BHKOHAHHS
3a3HAYEHOTO MPUJIAaY, CJIiJl OCOONHMBY yBary 3BEpHYTH Ha TPUPO3PSIHI IHAUKATOPH, 1110 00YMOBJIEHO
Jiarma3oHOM BHMMIPIOBAaHMX Temreparyp. Takok iCTOTHHH BIUIMB Ha KOHCTPYKTUBHE BUKOHAHHS
MpuiIaay Mae BapiaHT (pI3HOBHU) BUKOPHCTAHUX €JIEMEHTIB BUTIPOMIHIOBAHHS CBITJIA.
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Cain BUIUIMTH J1Ba PI3HOBUAM €JIEMEHTIB 1HIUKAIIi1, BiAMOBIIHO KOHCTPYKTUBHE BUKOHAHHS,
KOHCTPYKTOPChKa peaizallisi, 0y 1y Th 3ajie)KaTH caMe BiJl HUX. PiTKOKpHUCTaIiYHUN CeMHUCEerMEHTHHIA
1HAMKATOp 3 HANPYTOIO >KUBICHHS 3 BOJITH, HAHOUIBII PO3MOBCIOKCHUN JJISi BUKOPHCTAHHS Y
MOPTATUBHUX TIPWIAJaX 3 MAJMM CHEProCHOKUBAHHIM (OAHOTO MAJIOBOJBTHOTO EJIEMEHTY
KUBJICHHSI BICTAa4a€ Ha JIEKIJTbKa POKIB €KCIUTyaTallii mpuiaay), TOOTO MaEMO Ji€3AaTHUN TTPHUIIA]] B
«rapsdoMy» pesepBi. € MeBHI MO3UTHUBHI OCOOJMBOCTI BUKOPUCTAHHS NPHIJIATy Ha BiJIKPUTIH
MICIIEBOCTI Ta HETaTHBHI — Y TEMHUI Yac 100H.

Crnig 3ayBaXWTH, IO HEBHCOKAa IHTCHCHBHICTH BHIIPOMIHIOBAHHS 1 OaraTOpiuHUNA TEpPMiH
BUKOPHUCTaHHA OJHOTO EJIEMEHTY J>XUBJICHHS MEPIIUX pPIi3HOBUIIB MPHIAAIB TapHO BiAMOBiIae
KOHIICTIII1 BUKOPUCTAHHS Y PI3HUX 30BHIMIHIX YMOBaX. BUKOpUCTaHHS CBITJIONIOAHOTO 1HAMKATOPA
JI03BOJISIE OTPUMATH 1HIMKAIIIO TEMIepaTypy MaTpoHy y Oyab-sKuil 4ac 100M y TIEBHOMY KOJBOPI,
ajyie ToTpiOHE OUIBII MOTYXKHE JDKEPENo >KUBJICHHSA. B TOH ke 4ac € 0coOJMBOCTI BUKOPHUCTAHHS
Npujasy Ha BIAKPUTIM MICIIEBOCTI 1 B TEMHHIA 9ac 100U yepe3 HEOOXiaHICTh

SIKII0 BUKOPUCTATH B SKOCTI TPUPO3PSITHOTO CEMUCETMEHTHOTO 1HAMKATOPY CBITIONIONH, TO
MaeMO 3a3HAYCHI BUINE TIEpeBary, ajie Harpyra KUBJICHHS CTaHOBUTHME 5B, ToOTO moTpiOHE Oibin
MOTYyXHE (MOXJIMBO OUIBIIOTO0 PO3MIpy Ta MEHILIOT0 TEePMiHy HpHUIATHOCTI). 3a3HaueHUN (akT
3YMOBIIIO€ HEOOXIIHICTh BUKOPHCTAaHHS BMHKaya, IO 3yMOBUTH 30€pEKEHHS PECypCy €IEeMEHTY
KUBJICHHS Ta 3a0€3MCYUTh TPUBAJC BUKOPHCTAHHS B aBTOHOMHOMY PEXHMIi, IO aKTYaJIbHO TPHU
BUKOHAHHS BIHCHKOBHX crHenu(iuHMX 1 BiANOBIJaJbHUX 3aBAaHb. B Tol jke uac 3arajibHa
KOHCTPYKIIisl KOPITyCy npuiany OyJie moTpeOyBaTH JI01aTKOBUX MpaleBUTpAT Ta 00IaJHAHHS Yepe3
HEOOXIHICTb «TOHKOI» pOOOTH IIOJI0 IHTETpalii NepeMuKada Ha JUIbOBY MAaHENb MPUIIaLy.

HaBeneni poGoui Jiana3oHu TeMIieparyp €JIeMeHTHOI 0a3u J03BOJIIOTh OTPUMATH aIeKBaTHI
JaHl  [0J0  BUMIpOBaHOi  TeMmmeparypu  0e3  OyIOp-SKMX  JOJAATKOBHX  EJIIEMEHTIB
00IrpiBYy/0XO0JIOPKSHHS, 110 3HAYHO CIPOIIYE KOHCTPYKIIiFO 1 0€3M0CcCepeIHBO MPOIIEC BUTOTOBIICHHS.
CxeMy BKIIIOUEHHS OJIHOTO CBITJIOAIOA (CErMEHTa) HaBeleHo Ha puc. l.a.
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PucyHOK 1 — Cemuceemenmuutl iHOUKamMop Ha c8ima00iooax

Komu xmrou SA1 3amkHeHu#, cTpyMm Bif akepena Exus = +5 B nmpoxoauts yepes CBITIOI10,
BUKJIMKAIOUYM HOTr0 BUIIPOMIHIOBaHHS. Pe3ucrop, skl BKJIIOUEHO MOCIIJJOBHO, OOMEXKYE CTPYyM 10
piBHS, IO BUKJIMKAE 3aMallfOBaHHA CBITIO0MI0NA. be3 pesucropa, mo oOMexye CTpyM, CBITIOMION
MoO>Ke BUNTH 3 1agy. Ha BUBOax CBITIOAIOIB ITiJ] Yac BUIIPOMIHIOBaHHS 3’ sIBJIsI€ThCs Hanpyra: Uvp.
np, Hanpuknaz, (1,7...2) B. Sk 1 6yap-skuit Aiof, CBITI0A104 YyTAUBUN A0 MOJISPHOCTI MPUKIIAACHOT
Hanpyru. 11106 BiH OyB yBIMKHYTHI y psiMOMY HampsMKy, kKato[ (K) moBuHeH OyTH miIKIIOYeHUIH
JI0 BiJI’€MHOTO TTOJTIOCa HKepesa )KUBJICHHS (3eMJT1), a aHoj (A) — 10 HOTO J0IaTHOTO TOJIIOCA.

KoHCTpyKIIit0 CEeMHCErMEHTHOTO 1HIMKaTOpa Ha CBITJIO/AI01aX HaBeaeHo Ha puc. 1.6. Koxen
cerMeHT (BiA a A0 g) Mae CBITJIOAION Ta JiH3Y, 110 (OKyCye BUIPOMIHIOBAHHA. AHOIU YCIX
CBITJIOZIIO/IB 3’€IHAHO Pa3oM 1 MIAKIIOYEHO 3 MPaBOi CTOPOHU IHIWKATOpPA 10 OJHOTO BUBOIY —
cuimeHoro anoay (CA). Karogm KOXHOTO CBITJIOMIO[A TIOB’SI3aHO 13 30BHINIHIMHA BHBOJIAMH,
MO3HaYeHUMHU a, b, c,... g. Inaukatop (puc. 1.6) HaJNEXUTh IO CEMHCEIMEHTHHMX CBITJIOJIOTIHUX
ingukaropiB i3 CA. € iHZMKATOpU 31 CHUIBHUM KaTOJIOM, BHKOPHCTAHHS SKHX MOXIIHBE 1
00yMOBIIEHE HASIBHICTIO Y IPOJaXy (BUIBHHUIA JOCTYT 10 MPUAOAHHS) Y BIIMOBITHUX KIJTBKOCTSIX.
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Ha puc. 1.6 mokazaHo KepyBaHHS CEIrMEHTAMH IHAMKATOpa 3a JOMOMOTOK MEXaHIYHUX
nepemukadiB. [1ig gac 3amMukanHs ogHoro 3 kiroviB SA1...SA7 ctpym Bia Exus = +5 B npoxoauTs:
yepe3 00paHuil CerMeHT, OOMEXYBaJIbHHUIA PE3UCTOP 1 3aMKHEH1 KOHTAKTH IepeMuKada — Ha 3eMJTIO:
(—ExuB). Y 1boMy pa3i oOpaHuii cerMeHT OyJie CBITUTUCS (BUIIPOMIHIOBATH ). SIKII0, HAITPUKJIIA, MU
0a)kaeMO OTpUMATH Ha IHAMKATOPI ACCATKOBY LGPy 7, TO HEOOXiTHO 3aMKHYTH Kitoui SA1, SA2 i
SA3, mo6 BUMPOMIHIOBAIM CETMEHTH a, b 1 c. Skmo OaxxaemMo orpumaru mudpy S5, HEOOXiTHO
3amkHyTH K109l SA1, SA3, SA4, SA6 1 SA7, 1m0 3a3eMITIOIOTH KaTOJU CETMEHTIB 4, ¢, d, f1g. BapTto
3BEpPHYTH yBary, 1o y cBiTiomiogHoMy iHauKaropi 31 CA s akTuBi3allli CerMeHTiB HEOOXiqHO
MO/IaTH TIOTEHITiaN 3eMJTi (JIOTIYHUHN HYJIb).

Jliia xepyBaHHS pOOOTOIO 1HAMKATOpA Ha pUC. 1.6 BUKOPUCTOBYIOTHCS KEPYIOUl CUTHAIH, 1110
dbopmytotecss  nemmdparopom BCD-kogy y ceMHCerMEHTHUH KOA. 300paKEHHS TaKOTo
nemmdpaTopa Ha EICKTPUYHUX cxeMax (puc. 2.a¢) 1 WOro MiAKIOYEHHS 10 CEMHCETMEHTHOTO
CBITJIOZIIOTHOTO 1HIMKATOPA 31 CIUTLHUM aHOJ0M (puc. 2.6).
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Pucynok 2 — Jlewugppamop BCD-xk00y y cemuceemenmuuii Koo.
a — no3HaveHHs,; O — NPUKIAO NIOKIIOUEeHHs 00 IHOUKAmMopa

Sk pemmgparopu BCD-kogy y ceMUCErMEHTHUN MOKYTh BUKOPUCTOBYBATHCS PI3HOMAaHITHI
MikpocxeMu. Bukopucrana B nanomy npuctpoi, IMC K5141/12, no3naueHHs gKoi 1aHO Ha puC. 2,
a, Ma€ BIJIKPUTI KOJEKTOPHI BUXOAM 1 BUKOPUCTOBYETHCS pPa3oM 3 IHIUKATOpPAMH, 110 MAlOTh
CHUIBHUM aHOA. Y IIbOMY pa3i MOTPiIOHO 3aCTOCYBaHHS 30BHILIHIX PE3UCTOPIB, 1110 BKIIOYAKOTHCS MIXK
BUXOJaMHU JemrdpaTopa Ta BXoJaMH iHAMKaTtopa (puc. 2.6). Ilpunyctumuii cTpym Mikpocxemu
nemmdpaTopa Ha KOXKHOMY BUXO/1 CKiIaaae 22 MA.

Kpim iH(popmaliifHuX BXOAIB, HA sIKI HAAXOJIUTh ABIMKOBO-IECATKOBHNA KOJ, AeUIHM(ppaTopH
MOXXYTh MICTUTH HHU3KY KEpPYBAJbHUX BXOJIB, HallpUKiIad, [UIsl CKacyBaHHS HYJIB, TacClHHSA,
KOHTPOJIIO BUIIPOMIHIOBAHHS, CHHXPOHI3alii 1 T. iH.

OCKiBKYM 3aMOBIJICHHSI HA BHTOTOBIICHHS MPHUCTPOIO BUMIPIOBAHHS TeMIIEpaTypy HaIiHIIIIO0
11 naTpoHiB kaniopy 338 Lapua Magnum, ToMy came 11i reOMeTpUYHI po3Mipu Oy BUPIIIAIbHUMU
MIPH IPOEKTYBAHHI TBOX BapiaHTIB KOHCTPYKTHBHOTO BUKOHAHHS 3a3HAYEHHX TPUCTPOIB.

HasiBHiCTH BOX BapiaHTIB KOHCTPYKIIIi 3 JIBOMa Pi3HMMHU THUIIAMHU 1HIWKAIlii Ta BIAMOBIIHO
HOMIHAJIaMUd 1 HOMEHKJIATypOIO0 €JEMEHTIB >KHUBIIEHHS, JO03BOJUTH 3abe3neuntu OesmepeliiiHe
MOoCTavyaHHs NMPUIAAIB, HABITh MPH BIICYTHOCTI (Ae(ilNTi) CKIaI0BUX-KOMILIEKTYIOUMX Y TPOJAXI 1
MO>KJIMBOCTI 3a0€3MeUnTH pecypc Yacy npy HeoOX1AHOCTI Ha 3aTPUMaHHS JOCTaBKU 3aMOBJIEHb 3-3a
KOPJIOHY, HEOOX1THOCTI afanTailii HOBOi eIeMEeHTHOI 0a3u Mij 3a3HaueHy KOHCTPYKIIIIO MPHUIay, Yd
MOBHY TEpepoOKy i CTBOPEHHS HOBOTO BapiaHTy KOHCTPYKTHBHOTO BHKOHAHHS 3a3HAYEHOTO
MpUCTPOIO 0€3 BTpaTH MOKJIMBOCTI BiJBAHTa)KyBaTH HOBI CTBOPEHI BUPOOU Ha (QPOHT, TOKH iTyTh
BUPOOHUYI NEPEOCHAICHHS], TOPOOKH, IEPEMOBUHU 3 ITOCTaYalIbHUKAMHU, TOIIO.

Byno crBopeHO 1Ba BapiaHTM KOHCTPYKTHBHOTO BHMKOHAHHSI IOPTaTMBHOTO IPHCTPOIO
BUMIPIOBaHHsS TEeMIIEpaTypu MaTpoHy (puc. 3) B 3aleXHOCTI BiJl BHKOPHCTAHOTO BaplaHTy
inukaropa. Ilnoma Bupo6iB pi3HUTHCS OLIbIIE HIK Y 1BA pa3H, JiHIHHI po3MipH cTaHOBIATH 103X55
MMXMM (pHc. 3.a), Ta 54x39 mmxmMm (puc. 3.0) Ipu MaiKe 0JTHaKOBIH BHCOTI TOTOBOT'O BUPOOY, 10
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3YMOBJICHO BHKOPHCTAHHSM PI3HUX THUIMIB 1HIUKATOPIiB 1, BIATOBIAHO, HEOOXiTHOCTI >KHUBJICHHS
PI3HUMHU HOMIHAJIAMH HAPYTH €JIEMEHTIB )KHBJICHHSI.

B

S BOOPSE w02 H = TE N

< - W

a) 0)
Pucynox 3 — Koncmpykmuene 6UKOHAHHS NOPMAMUEHO20 NPUCHPOIO
BUMIDIOBAHHS MeMNePamypu NampoHy

[IpoexkTyBaHHS Tpuiaay BUMIPIOBAHHS TeMIepaTypd MNaTpoHy Oylo 3BEIEHO 10 3axadyi
T€OMETPUYHOT KOMITOHOBKHY TIEBHOT KITBKOCTI CKJIAJOBHX €JIIEMEHTIB y 3arajbHOMYy 00’€Mi 32 YMOBHU
3aJI0BUTbHEHHSI TIEBHOTO IEpeliKy AofaTkoBux BuMor. Lls 3amada dopmarnizoBaHa i1 y3arajibHeHa
KOMITOHOBOYHHM IapaMEeTPOM Ta MA€E BHUTJISI:

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

ne G,V,C,.. — CKIIQJIOBI  3araJlbHOTO KOMIIOHOBOYHOTO mapamerpy (maca, 00’em,
€HEepProcroXKUBaHH, TOLIO).
VY naHomy MpoeKTi MOTPIOHI MapameTpy OyJIu MpeACTaBIEH] Y BUTIISIL:

(W, =F, + F(G),W, = F, + F(V),W, = F. + F(C), ..., (8)

ne F¢,Fy,Fc,... — BeNWYMHHU, 110 BU3HAYalOTh BUKOHAHHS TEXHIYHUX BUMOI' Ha
KOHCTPYIOBAaHHsI, aJileé HE 3aJIeKaTh Bijl 3MiHM CKJIAJJOBUX KOMIIOHOBOYHHUX IapaMeTpiB. J[o Takmx
BEJIMYMH OYJIM BiTHECEH] €JIEMEHTH KPIIJICHHS, eJIeKTPUYHOTO 3’ €JHaHHS (P03’ €MHU, KIEMH, TOILO) —
3aXMCT Bif KiIiMaTWMYHMX, Mexadiynwmx BB i T.in.; F(G),F(V),F(C),.. — BeIW4MHH, IO
BHU3HAYalOTh BUKOHAHHS TEXHIYHUX BUMOI' JO KOHCTPYKIIi 1 3ajexaTh BiJ] 3MIHH CKJIaJOBUX
KOMITOHOBOYHHUX ITapaMeTpiB.
3HaxX0/PKEHHS ONITUMYMY y3araJlbHeHOI0 KOMIIOHOBOYHOT'O ITapaMeTpy 3BEJI0CS 10 BUPIIICHHS
CUCTEMU PIBHSHBb
OF(G)
I

OF(V)
v

aF(C) _

0, ac

0, 0,.. . ©)

Byno BUKOpHCTaHO 1HAMKATOP 3 IHTETPOBAHHM IEPETBOPIOBAYEM (IEHIM(PpPATOp CUTHAIIB),
SIKAWA T’ €THYETHCS 10 NAaTYUKY TEPMOIapu 1 JpKepena >KuBjieHHS. ['oToBmii BupiO Ta mporiec
BUPOOHUIITBA HABEICHO Ha pUC. 4.

[Ipu 006’eMmHOMY MOHTaX1 BHUPOOIB BHUKOPUCTOBYBAJIUCH KIEMHHKH, 00 €MHI TIPOBOIH,
KOMYTaToOp 2X2 Ta 3/iiCHIOBAJIOCH Py4YHE PO3MAalOBaHHS KOHTAkTiB (puc. 4.a). IlpoxyKTHBHICTH
nporiecy 30upaHHs 3aJICKUTH BiJl BIPABHOCTI, JOCBIIYEHOCTI Ta 00I13HAHOCTI 3aJiITHUX B IMPOIIEC
30upaHHs pOOITHUKIB, Ta 3yMOBIIIOE AYXKE BEIUKHI BIUIMB Cy0’ €KTUBHOTO YMHHUKA Ha SIKICTH 1
MPOAYKTUBHICTD TEXHOJOTIYHOTO MPOIECY BUTOTOBJICHHS MPUCTPOIB.

[MapanenbHO 3AIMCHIOETHCS BUTOTOBJICHHS JBOX BapiaHTIB KOHCTPYKTUBHOTO O(MOpPMIICHHS
npuctpoiB (puc. 4.6) depe3 HasIBHICTh HASBHHMX 3amaciB 1HAWKATOpiB ABOX THmiB. [locTymose
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HAKOMHWYECHHS TEeBHOI KUIBKOCTI KOMIUIEKTYIOUMX Ha CKJIa[i J103BOJSE 3a0€3MEUUTH KHUBYYICTB,
PUTMIUHICTh Ta O0€3MEPEPBHICTH CEPIHOTO BUIIPOOOBYBaHHS. HamiifHICTh, TPaBHUIIBHICTh 1 TOYHICTH
BUMIPIOBaHb JJIs1 TOTOBOT'O MPUJIAy NEBHOTO KOHCTPYKTHBHOIO BUKOHAHHS OIIIHIOETHCS B IPOIIECi
BUPOOHUIITBA (BUXIAHUI KOHTPOJIb), IO MPOLTIOCTPOBAHO HA PHC. 4.6.

6)

Pucynox 4 — Ilpunao eumiproeanus memnepamypu nampouy

AOGCOIIOTHY 1 BIIHOCHY MTOXUOKY BUMIPIOBaHb Il KOXKHOTO MPUIIATY OLIHIOE Oe3M0cepeIHbO
3aMOBHHK B KOKHOMY KOHKPETHOMY BHWITQJKy IpPH 3AIHCHEHHI IiJrOTOBYOTrO €TaIlly BBEICHHS
MpuiIaay B eKcrulyatamito. ToyHicTh, MOXHUOKa, BIATBOPIOBAHICTh — OCHOBHI MapaMeTpH 3a3HaYEHUX
MpUIaaiB, SKI XapaKTepU3YIOTh MPUIATHICTh, MOMIIBHICTE 1 paliOHATBHICTh BUKOPUCTAHHS
MPUIIAJIIB, 110 3yMOBJIEHO Jy’e BUCOKOIO BapTiCTIO MOMUJIKH Y BUMIPIOBaHHI TEMIIEPATYPH MAaTPOHY
gepe3 3arpo3y JIIJCHKOMY JKUTTIO.

CraHOM Ha NOTOYHHUI MOMEHT 31MCHIOETHCS pyyHe 30MpaHHs HEBEIMKUX MapTii MpHUIaaiB 3
OTIEPAaTUBHOIO BIAMPABKOI Yy 30HY OOMOBUX i, IO 3yMOBJIEHO MOBHOMACIITA0OHOK BIHHOIO B
KpaiHi. Bif3uBu Bii BUKOpPHCTaHHS Ta MPOIO3MIIi 111010 BAOCKOHAJIEHHS KOHCTPYKIIi HaIXOAATh
PEryJsIpHO 1 TUM caMUM Bi0yBa€eTbcs anpoOallis Ta BAOCKOHAJIEHHS KOHCTPYKII BUpPOOy, oOcsr
3aMOBJIEHb 3yMOBIIIO€ ONTUMI3ALIII0 JIAHIIIOTA TIOCTaYaHHsI 1 TEXHOJIOT1T 30UpaHHs.

[Tapamerpn onrtumizaiii BHUPOOHHIITBA, 30KpeMa, 3a0€3MeUYeHHs TEXHOJOTIYHOCTI 1
PUTMIYHOCTI 30MpaHHs BHUPOOIB OOMEXYIOThCS (DAaKTOPOM HASBHOCTI 3aMOBJEHb Ha IHIIY
HOMEHKJIaTypy BUpOOiB, MOTpiOHUX Ha PpoHTI, 30Kkpema BITJIA ta ix cknanoBux. [ligHanaromxkeHHs
Ipolecy BUPOOHUIITBA JTOCTIKEHUX IMPHUJIA/AiB BUMIPIOBAHHS TEMIIEpaTypH MATPOHY IIiJ] MacoBe
cepiiiHe BUPOOHHMUTBO 3IIHCHIOETHCS OE3MMOBOPOTHO, aje B YMOBax KaJpOBOIro, MarepialbHO-
TEXHIYHOTO Ta (PiHAHCOBOTO JEQIIUTY, TOMY CTUKAETHCA 3 NEBHUMHU TPYAHOILAMH Ta MOBUIBHUM
TEMIIOM, ajieé peTesibHe BUBUEHHS 3a3Hau€HUX MoTped, HaOyTHUH JOCBIJ 1 3BOPOTHIN 3B 430K Bij
BUKOPUCTaHHSA, IO CYIPOBOJUKYETbCS HAsBHICTIO €NEeMEHTHOi 0a3M Ta KOHCTPYKTUBHUM 1
MPOEKTHUM O(GOPMIICHHSIM TIPWIaLy, TO3BOJSIOTH CHCTEMHO Ta TPOAYKTUBHO BUTOTOBJISTH
3a3Ha4yeHl MpUJIaIu, MOCTYIOBO BUXOS4YM Ha MOTPIOHUI 0OCIT BUPOOHUIITBA.

BucHoBkH i nepcnekTuBH. TEOPETUUHO TOCHIKEHO BILUIUB TEMIIEpATypH MaTPOHY Ha SIKICHI
XapaKTepUCTUKH NPOLIECy CTPLIbOH, 30KpeMa MPH 3MiH1 TeMIepaTypH 3apsy 1 HOBITPs HA OJTHAKOBY
BEJIMYMHY, OyJI0O OTPUMaHO BHCHOBOK, IO 30UIBIIEHHS TEMIIEpaTypH 3apsAay MaTpoHa 1 MOBITPA
CTPUSIOTh HE3HAUHOMY 30UTBIIICHHIO TPUBAJIOCTI JIETY KYyJIi Ta 11 KIHIEBOT IIBUJIKOCTI, ajle CyTTEBOMY
30UIBIIIEHHIO TaJTbHOCTI 11 JIETY.

3anpornoHoOBaHO reoMeTpUdYHe 0(hOPMIIEHHS MPUCTPOIO, a came OyJI0 CTBOPEHO JIBa BapiaHTH
KOHCTPYKTHBHOIO BUKOHAHHS MOPTAaTHBHOIO IPUCTPOIO BUMIPIOBAHHSA TEMIEpaTypH NaTpOHY B
3aJIeKHOCTI BiJl BUKOPUCTAHOT'O BapiaHTy iHauKaropa. [Tnoma BupobiB pi3HUTHCA OiNIbIIe HIXK y J1BA
pasw, JiHiiHI po3Mipu cTaHOBIATE 103x55 MMxMM Ta 54x39 MMXMM TIpU Maiike OHAKOBIM BUCOTI
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TOTOBOTO BHpOOY, IO 3YMOBJIEHO BUKOPUCTAHHSM pI3HUX THUMIB I1HIMKATOPIB 1, BiAIOBITHO,
HEOOX1THOCTI KUBJICHHS PI3HUMH HOMIHAJIaM{ HaIlPyTH €JIEMEHTIB KUBJICHHS.

[IpoananizoBano eneMeHTHy 0a3y Ta BHUKOHAHO TIPOEKTYBaHHA MPOTOTHUINIB TMPUIATLY
BUMIpDIOBAaHHS  TEMIIEpPaTypd MATPOHY, SKUH  3aJ0BOJIHSE TEBHUM  CXEMOTEXHIUYHUM,
KOHCTPYKTOPCHKMM Ta TEXHOJIOTIYHHM IapaMeTpaM, Oe3rmocepeHbO BHUTOTOBJIECHO JpiOHI mapTii
BHPOOIB JBOX PI3HOBHUJIIB, IEPEIAHO HA arpoOaIliro B yMOBax eKCIUTyaTarlii Ta 31iHiCHEHO TIEpPBUHHE
BiJTHAJIArO/KEHHS Ipolecy 30MpaHHs. 3a pe3ylbTaTaMu TECTOBHX BUIPOOOBYBAaHb CKOPETOBaHO
JIAHIIOTY TIOCTAYaHHsI CKIIaI0BUX, KOHCTPYKIIIO MMPUIaTy 1 TEXHOJIOT] 30MpaHHs.

[lepcnexkTBaMM TMOAAIBIINX PO3BIOK € OLIHKA MOMUTY Ha TOTOBI BHPOOY, IMHaMiKa
HOMEHKJIATYpU BIIKPHTOTO TPOJAXy CKJIQJIOBHX, OLIHKA MapaMeTpiB TEXHOJOTIYHOTO MpOLECY
30upaHHs Ta 3’ sICyBaHHS BUTPAT HAa BUPOOHUIITBO 1 pPUHKOBOI BApTOCTI MPUIIALy, OCKIIBKH 3a3HaYeHa
JiSTTbHICTD HOCUTB 1HHOBALlIMHKM, 1HIIIIATUBHUN Ta BOJIOHTEPCHKHI 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 IoT and embedded systems. The discussion
underscores the role of AI, 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
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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,
71.

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 loT 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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Figure 2 — Applications, services, and technologies for IoT system design and development
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These services facilitate functionalities such as predictive maintenance, anomaly detection, and
automation, which are essential for scalable loT 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 [oT 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 IoT 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 [oT system development. Middleware is a critical intermediary layer, bridging
the gap between IoT 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 [oT 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 IoT 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 [oT 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
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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

Additional Servers

API connectivity
Communication protocol
Data packages
Database(s)

Server-level code

OS
Network layers

* 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.
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MOKPAIIIEHHS B3AEMO/III JIIOAUHU TA KOMIT'IOTEPA: POJIb
IHTEJEKTYAJIbHUX IHTEP®ENCIB KOPUCTYBAYA Y BEYJIOBAHUX TA IOT
CUCTEMAX

Anomauin. Cmpivkuil po36umox IHHOSAYIUHUX MEXHOAOSIU Y CYHACHOMY C8IMmi CYMMEBO 3MIHUE YUDPOSI
dodamku ma OisnbHicmb MoOUHY 6 yinomy. Ilpoepec y eanyssx anapammnozo 3abe3nedenis, Yugposozo npozpammoo
3abe3nevenns ma IHMepaKmueHux [Hmepgelicie Kopucmysaua 3pobus OusaiH Kopucmysayvkoz2o 0oceioy (UX)
KPUMUYHO BAJICIUBUM (DAKMOPOM Y PI3HUX 2ANY35X, GKIIOUAIOHU OXOPOHY 300p08's, aepokocmiuny, 6yodieeivHy ma
giticoxo8y eanysi. Bzaemoois moounu ma xomn'tomepa (HCI) mae eadciuee 3nauenns 0ns nioGUWEHHS 3DYYHOCHI
BUKOPUCMAHHS CUCTNEMU WAXOM 3a0e3nedeHHs mo2o, Woob IHMeIeKmyaibHi cucmemu 63acmo0ii Oyau opicHmoeani Ha
Kopucmysaua ma MakcumanvHo oocmynuwumu. Inmeepayis inmenexmyanvhux cucmem, Inmepnemy peueti (IoT) ma
680Y008aHUX MEXHONO2I BIOKPUBAE HOBI GUKIUKU MA MONCIUBOCMI y Ousalini inmepgeticis. Opim mozo, y mipy
BNPOBAOINCEHHS HOBUX THMENEKMYANbHUX CUCmeM agmomamusayii ma yugposoi mpancgopmayii, 3pocmae nonum Ha
aoanmueni, 3pyuni 01 Kopucmyeaua iHmepgeticu. Po3yminna moeo, sk Kopucmysaui 63a€MO0ilOmb i3 YUMU
MEeXHONI02IAMU, MAE 8AJCIUBE 3HAUEHHS Ol Onmumizayii ehekmusHocmi ma NIOBUWEHHS 3a2aANbHOI 3A00801eHOCHI
rkopucmysauie. Y oaniti pobomi docniodcyiomvcsi npunyunu HCI ma ouzaviny e3aemo0ii; ananizyemocs, sk yugposi
ananoeoei inmepgelicu cnpusioms NPAKMUYHOMY GUKOPUCMAHKIO cucmemu. Agmopamu 6UKOpUCMAano sKicHul nioxio,
8paxo8ylouU  CyHacHi 0ocniodcenHs ousauny inmepghericy ropucmyeaua (Ul), inmepaxmuenux cucmem ma
inmenekmyanibHux 000amkig. Y 00CRiONCeHHI Maxoic po32asdaiomuvcs Npukiaou 3 pisuux eanyzet, de UX ma
onmumizayis inmepghenicy 3HaUHO 6NIUHYIU HA NPOOYKMUBHICMb CUCMeEMU Md 3A0080JIeHICMb Kopucmysawie. 36ip oanux
BKII0UAB AHANI3 Timepamypu, iHmepa'to 3 excnepmamu ma 36imu npo Mecmy8ants 103a0inimi, wo 3abe3neuye ecediume
PO3yMiHHA npobiem ma O00CAcHeHb y OU3AHI 83aemo0ii. Memo0on02ist 00CIONCEHHA MAKONC BKIIOYUAE NOPIGHANLHUL
aHaniz mpaouyitiHux i HO8ux mooenell iHmepghelicie 0iisi UAGNEHH KPAWUX NPAKMUK NPOEKMYEAHHS A0anmMuUeHUx ma
iHmenexmyanvuux cucmem. Pesynbmamu noxasyroms, uwo 0obpe po3pobueni inmepgeticu nioguugyioms 3anyyeHicmy
Kopucmysauig, egexmusHicme ma @yukyionanvHicms cucmemu. Dakmopu, wo NAUBAOMb HA  3PYYHICHb
BUKOPUCMAHHS, GKIIOUAIOMb A0ANMUEHULL OU3aUH, MIPKY8AHHSA OOCMYNHOCMI MA IHMYIMUSHO 3pO3YMINUL 00C8i0
xopucmysaua. Temamuuni 00CHiOdNCEHHSI NOKA3YIOMb, WO 2any3i, sKi ékuouaroms cyvacti npunyunu UX ma inHosayitimi
MexHON02Il 83aeMOOIL, OeMOHCMPYIOMb RIOSUUEHY ONePayiliny epekmueHicms ma 3a00804eHicmb Kopucmyeauis. Kpim
mo2o, pe3yibmamu ciouamsv npo me, wjo inmmezpayin NiOKA30K-KOPUCMYBAYYy HA OCHOBI WMYYHO20 IHMENeKm),
MeXaHi3mMie 360POMHO20 38'A3KY 6 PeXdCUMI pPeanbHo20 4dacy ma MYyAbmMUMOOANbHOI 83A€EMO0ii 3HAYHO NOKPAUYe
a0anmueHicmes KOPUCMY8ayie ma egpekmusHicms cucmemu. Y 00CHiONcenHi RIOKPeCIIOEMbC BANCIUBICTNG SHUNCEHHSL
KOZHIMUBHO20 HABAHMANCEHHA Npu Ou3aliHi inmepghelicy, HALOIOWYIOUU HA MAKUX CMPAmezisax, AK NpPOSHO3HA
aHanimuxa ma KOHMEKCMHO-3ANeNHCHI 00YUCIeHHA Ol NOKpAaweHHs 63aemolii 3 Kopucmyeavamu. Pesynomamu
nokasyrome eaxciugicmv HCI y npoexmysanni spyunux ma egpexmugnux cucmem. Hazonouwryemovcs na HeobxioHocmi
nocmitinux innosayii ¢ UX ma ousaiini inmepeticis, ocobauso 6 nogux eanyssax, makux ax loT ma é6yoosani cucmemu.
Cnio niokpeciumu poib WMYHYHO2O IHMENeKMYy, MAUWUHHO20 HAGUAHHS MA OONOBHEHOI pedanbHOCmi y (opmySaHHi
Manudbymub020 63aem00ii 3 Kopucmygauamu. Maubymui O0ocniodcenHss maromv Oymu 30cepeodceHi Ha Nooanbuill
iHmeepayii nepcouanizayii ma aoanmueHux IHmepgelucie Ha OCHOGI WIMYYHO2O IHMeENeKmy Oasi HOKPAUeHHs
Kopucmysaybkozo 0o0ceidy. Ompumani pe3yibmamu Ccei0¥amv npo me, wo MINCOUCYUNTITHAPHA CNIBNPpays Mixic
iHJICeHepamu, Ou3atiHepamu ma GYeHUMU-KOSHIMUBICIMAMU MAE 8AXHCIUBE 3HAYEHHS 018 pO3POOKU Oinbl eheKmusHUx ma
OpIEHMOBAHUX HA JIOOUHY cucmem 63aemoolii. Bpaxyeanus emuunux MIpKyeamvb, makux K KOH@QiOenyitinicmv ma
docmynHicmv 0anux, 3a0e3nedums CnpagedIUsUll ma IHKAIO3UGHUL OU3AUH ) MAUOYMHIX MEXHOA02TUHUX 00CACHEHHSX.

Knwouoei cnosa: ouzatin inmepgheticy xopucmysaya, KOpucmysaybkuili 00C6i0, pO3YMHI CUCTHEMU, CUCTHEeMHA
83a€M00is, KoMNtomepha iHdicenepis.
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TEXHOJIOT'ISI AHAJII3Y AKOCTI XAPAKTEPUCTHK T'EII-®YHKIIII

Anomauin. 3anpononosana mexHonoeia aumanizy axocmi eewt-@ynxyii. [na nepegipku Axoi cneyianbHo
po3pobiena cew-ghynryis, axa € cnpowenum ananroeom MDS. [lokazano, wo mpaouyiiina oyiHka sSiIKOCMi OMpPUMAHUX
2ew-3Hauenb Ha OCHOGI HASIBHOCMI KiNIbKOCMI KON MAE CYMMEBUL HEOONIK - GUCOKA 0OYUCTIOBANbHA CKIAOHICD.
Tomy, mexHono2isi OYiHKU SKOCMI 3600UMbCS 00 ANPOKCUMAYIl AHANIMUYHO20 uUpas3y (QYHKYIL, sKull nid0aemvcs
MamemMamudHoMy aHAi3Y MPAOUYiUHUMU MEMOOaAMU, 3ACTMOCOBHUMU OO0 NONIHOMIB. Binbui AKiCHOIO 2eut-(PYHKYIEIO
esadcamucs ma 2ew-QyHKyii, 2icmogpama Kol € MAKCUMAIbHO HabIuxiceHolo 00 epaixy @yuxyii y=x. Lle 6yde
8i0nogioamu 2aycigcobkomy po3noodiny eeauyu. Ilpu gukopucmanmi 3anponoHo8anoi mexmnonozii HeobxXiono po3pooumu
Kpumepii kiacugixayii yHKyitl 3a 8i0XUNEHHAMU 810 I0edIbHO20 PO3NOOILY 3HAUEHb 3a OOHUM A0 OeKiIbKOMA 3 MAKUX
NOKA3HUKIB, AK: OUCHepCisL, MameMamuyHe OYiKy8aHHs, cepeOHe apupmemuune; cepeOHe 2eoMempuine 3HAYeHHs Mowo.

Knruosi cnosa. 'ew-pynxyis, konizii, inmepnonayis yynkyii, anpokcumayis Qyukyii, akicmo eeut-QyHkyii

Beryn. Bizomo, mo OCHOBHHM MapaMeTpoM, 3a SIKUM XapaKTepU3yEThCS Ta UM IHIIA Tell-
GyHKIS € KUTBKICTh KOMi3ii, HasBHICTb YW BIACYTHICTh Komi3ii [1,2]. BusBrenns xomizii ams
171eaIbHOTO BUNIAAKY JOCIIKEHHSI IKOCT1 TelI-QYHKI1 Ma€ MPOBOJUTHUCS AJIs BEIMKOIO Jiana3oHy
BUX1/HUX 3HaueHb H (x). TiNbKKU B TAKOMY BUIIA/IKY pe3yJbTaTH JAOCIIIKEHHS MOKYTh BU3HABATHUCS
cTatuctuyHo 3HauymuMu [1-3]. ViMoBipmicTs komisii B rem-dyHKuii wacto omiHIOE€TBCA 3a
MapajoKCoOM JHIB HApODKEHHS, SKUH 0a3yeThCs Ha KUIBKOCTI MOMIIMBUX BUXITHUX 3HaueHb N
(po3mipHicTs xeury) [4,5]. Jlanuii miaxia € HalO1IbII ONTUMAIBLHUNA 3 TOUKH 30py BUTPAYEHOTO Yacy
1 IpUHHATHUN CTOCOBHO TOYHOCTI OTPUMAHOTO MOKa3HHUKA SIKOCT1 (PYHKIII].

Tomy, miAXia OIIHKK SKOCTI (PYHKIIM 32 METOJIOM HaBiTh YACTKOBOTO Tepedopy, HaBiTh, 3
OTJIsIly Ha MOoro BU3HAHY BUCOKY TOYHICTh 1 IPUUHATHICTE OTPUMAHUX PE3YyJIbTATIB, YAaCTO CKJIAJHO
3aCTOCYBATH Yepe3 3aHaATO BUCOKI YaCOBI BUTPATH Ha peastizallilo.

Amnani3 rpadiuHux BigoOpakeHb pe3yJbTaTiB OTPUMAHUX BUXIJHUX 3HAU€Hb remi-pyHKuii €
BXJIMBUM JJIs OI[IHKM PIBHOMIPHOCTI Ta BHITAJKOBOCTi i MOBEMIHKW. XOua, 3arajoM, YacTille
BUKOPUCTOBYIOTh MAaT€MaTH4HI METOJIU AOCTIKEHHS remi-QyHKIH, ane BKIYEHHS 10 METOJIUK
OLIIHIOBAHHS AKOCTI rem-(pyHKIiH pe3yabTaTiB Bizyasi3allil BUXiIHUX 3HAU€Hb 3HAYHO JOIMOBHIOE 1
YHAOYHIOE CTATUCTHYHHUIA aHaJi3 OTPAMAHOTO CTATUCTHYHOTO PO3ITOILTY.

Mera pociaiizkeHHsi — CTBOPEHHS Ta BIOCKOHAJICHHS METOJMIB Bizyamizallii Ta aHamizy
rpadiyHOrO TMpEACTaBICHHS BHUXIIHUX JaHMX Treml-QyHKIIH, M0 J03BOJUTH OIIHIOBATH iX
KpunrorpadiuHi BIACTUBOCTI, TakKi K aBaJaHU-€(EKT, PIBHOMIPHICTh PO3MOMALTY Ta CTIHKICTH 1O
KOJI31i.
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PesyabTtaTn pocaimxkenns. [Ipunmyctumo, mo mu mMaemo rem-gyHkuito Buay H(x), sxa

MOBEpTae BUXiAHE 3Ha4YeHHs (IKCOBaHOI MJOBXKMHU. JlJis MaTeMaTHYHOrO aHaji3y MOKHA

1. T'padik 3a1eXKHOCTI 3HAUYEHHS X€Ily Bij BXITHUX HaHUX. sl MeBHOro HAOOpy BXIITHUX
3HaueHb X (Hampukiam, x = 1,2,3), obuucitoemo BiAmoBiaHi 3HaueHHS H (x).

OtpumaHi 3HaUYeHHS (PYHKITIH MOXKJIMBO Bi3yalli3i3yBaTH y BHUIJISAII TOUYKOBOTO rpadiky abo
ricrorpamu.

Jami 3’SBIs€TbCS MOXKJIUBICTDh MEPEBIPUTH PIBHOMIPHICTh OTPUMAHOTO PO3MOJLTY 3HAYEHBb
¢bynkuii H(x).

2. Awmnanis 6itkapr (Bit Distribution Analysis). Takuii Bun rpadiunoro aHamizy rnepeaodadae,
110 KO’KEH BHUXIJHUN XE€II MOYKHA IMOPIBHSAHO JIETKO MPEJICTABUTH Y BUTIISAAL JBOBUMIPHOTO GITOBOTO
300pakeHHs (Hanpukiaa, 1024-01THI 3HAYEHHS Y BUTJISI MaTPHIL po3MipHICTIO 32 X 32).

B Takomy Bumanky rpadiuHa Biyalizallis OTpUMaHUX pPe3yJIbTaTiB TEIIyBaHHS A€ 3MOTY
MIEPEBIPUTH, YW ICHYIOTh TH UM iHIII 3aKOHOMIPHOCTI y BUXTHUX OITOBUX MOCIITOBHOCTSIX.

3. TI'padik 3MiH y BUXiTHOMY 3HaU€HHI TP MalIMX 3MiHax BXigHuX qaHux (Avalanche Effect
Analysis). [Ipu Takomy BHII AOCTiIKEeHHS rpadiky BUXITHUX 3HAYCHb TelI-(QYHKIII 111 KOKHOTO
BXIIHOTO 3Ha4yeHHs Xx oOuMciaroeMo 3HayeHHd ¢yHkuii H(x) 1 H(x + 1), a moTiM BUMIPIOEMO
OTpUMaHy PI3HUITIO B OiTax.

BHCHOBOK CTOCOBHO SIKOCTI OTPUMaHO1 pOOUTHCS HA OCHOBI XapaKTepy 3MiHM BXITHUX JaHUX,
B 3aJIC)KHOCTI BiJ] 3MiHU BX1IHUX 3HAYCHbB:

- rem-(yHKIIiSI BBOKAETHCS SIKICHOIO, SIKIIO 3MiHA X04a O OJHOro 6iTa y BXITHUX JaHHUX
MPU3BOAMTH JI0 3MiH Y 3HAYHIM KUTBKOCTI OITIB BUXITHOTO 3HAYCHHS (€(EKT JIABHHH).
- B iHIIOMY BHNaAKY rem-QyHKIist H (x) BBaKAETHCSA HEAKICHOIO.

Jiis imrocTpartii poOoTH JaHOTO METOAy OyAyeThest Tpadik, MO MOKa3y€e KUTbKICTh 3MIHCHHX
O1TIB y XeIl AJis KOXKHOI 3MiHU y BXi1THOMY TOB1IOMJICHHI.

Jlnig npukiany po3poOMMO rem-QpyHKIIo 3 TAKUMU XapaKTepUCTUKaAMHU:

1) po3psaHICTh BUXITHUX 3HaUeHb QyHKLIi — 128 OiT;

2) Ha BXiJ Takoi (PyHKIIII MOXe MOIaBaTUCs Oy Ib-sKa MOCII1I0BHICTbh, TIOBXKUHOIO 10 1 MOIT
(1 048 576 6ir);

3) miArOoTOBKA BXITHOT MOCHIIOBHOCTI 3 IOMOBHEHHS peali3yeMO aHAJIOTIYHO JO0 OMHMCAHOTO
y BIIKpUTHX JUKepen ais rem-¢gyHkiuii mdS [7].

5) MexaHI3M «mepeMillyBaHHs» (permutation) JaHuUX B pO3poOJIOBaHIA Trem-QyHKII
pealizyeMo 1o aHainorii 3 anroputmMom ¢yHkiii mdS [7].

6) oOpaxyeMo mnapaMeTrpu SKOCTI OTPUMaHOi Teul-QyHKIS MO TakuM [apaMerpam:
JHcIiepcis, MaTeMaTHYHE OUYIKYBaHHs TOIIO Ha INMPOKIA BHOOPI BUXIJHMX 3HAUYEHb THUILY «Tell-
128» Ta moOyyeMo BIAMOBIIHI LTFOCTPATUBHI I'padiKy SIKICHUX MapaMeTpiB Xeu-QyHKIi.

OTpumaeMo pe3ysIbTaTH OLIHKHU AKOCTI retl-(pyHKIIT 3 BAKOPUCTAHHSIM METO/11B MaTeMaTHYHO1
CTaTUCTHKH:

- MaremaTtuyHe ouikyBaHHs: 9410810830297161728
- mucnepcis: 28080520602751215165548159324164980736
- KUTbKicTh Komi3iii: 0 (Ha BuOipii 3 850 TecTiB).

Ha ocHOBI oTpuMaHuX NaHUX MOOYJyeMO TiCTOrpaMmy pPO3MOAUTY 3HA4eHb CTBOPEHOI Telll-
¢ynkuii. Ha ricrorpami mo oci X OyayTh BifoOpa)kaTucsi OTpUMaHHI rem-3HadeHHs (64-0iToBi
qrcia), a mo oci Y — 3HaUeHHS CTATUCTHYHOTO MOKa3HWKA YaCTOTH TIOSBU MEBHUX Tell-3HAYCHb
cepesl BUIIAJIKOBUX TeCTOBUX BXiTHMX 1024 GiTOBUX MOBIOMJIEHb, SIKI T€HEPYIOThCS MPOTPAMHOIO
peatizalli€ro anropuTMy po3po0ieHoi rem-pyHkuii (puc.1).

HaBenena Ha puc. 1 rictorpama 103BOJIsi€ Bi3yalbHO OL[IHUTU JAUCHEpCit0 oTpuMaHux 850
3HauYeHb rem-QyHkKiii. Xoda A Takoi KUIbKOCTI BX1IHUX 3Ha4eHb KOJMi31i 3HaiieHo He OyJo, ane
MOBHUH LIMKJI MOILIYKY KOJIi3iii MaB OM OXONMUTH JOBOJI OaraTo 3Ha4YeHb. Tak, /Uil 3HAXOJKEHHS
KOJIi311 MoTpiOHO mepedpaTh BCi MOXKJIMBI BHXigHI 3HaueHHsA. OCKUIbKH BuUXIT Mae 128 OiT, TO
KiJIBKICTh MOKJIMBHMX yHIKalbHUX remiis cknaze: 2128 ~ 3,4 x 1038, Ile o3nauae, mo B ripmomy
BHIIAJIKy OTPiOHO nepeBiputy 3,4 X 1038 yHikanpHUX BXiTHUX 3HaYEHB, 1100 rApaHTOBAHO 3HANTH
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xomizito. IIpy BUKOPHCTaHHI aTaka THIY «JIeHb HAPOKEHHS» [8] MOXKHA 3MEHIIUTH Hepebip 10
2% ~ 1,8 x 10%° itepaniit. Ile 3HauHO MIBH/IIIIE, alle BCE OHO AYKE OOUMCIIOBAILHO CKIIAJHO.

Po3nogin xelu-3HauyeHb

YacToTa

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

Pucynox 1 — I'icmoepama wacmomu po3nooiny UXiOHUX 3Ha4eHb CIME8OPeHOi 2eui-PyHKyii
6 nepwiiu imepayii

Sxmio uist mepedopy BCiX MOKIMBUX 3HAYCHD apTYMEHTY pO3po0JieHOT (QYHKIIIT BUKOPHCTATH
cydacHy Bineokapty, Hampukiag NVIDIA RTX 4090. To, ans BiAOMOro 1 CHIBCTaBHOTO 3
PO3pO0IIEHNM 32 CKIIATHICTE anroputMy MDS5 (Mae 128-0iTHuU BHXiT) 00YUCITIOBAIbHA TTOTYKHICTh
no3Bosse oduncmosatu 200-300 mapn remis Ha cekyHay (To6To 2 X 1011 10 3 X 101 1xemis/cek)
11 TIepebopy BCiX MOYKIIMBHX 3HaUYeHb MoTpi6HO Bix 1.13 X 1027 cekynau ~ 3,6 X 101pokis.

3a yMOBH 3JIHCHEHHs OUIbII ONTHMAIBHOI aTaku <JIHS HapOJUKEHHS» OOYMCIIOBalIbHA
cknafHicTs ctanoBuTHME: 2%% ~ 1.8 X 10° itepaniii, a yac o6uncnenns cknane: 6 X 107 cexynn
=1,9 pokis.

Bionoenenns ananimuunozo eupasy ¢ynkyii ma ananiz ii epagiunoi xapaxmepucmuxu.

MareMaTHYHUI METO/ BiTHOBIICHHSI (DYHKIIIT 32 BITOMUMH KOOPAMHATAMH TOYOK HA3UBAETHCS
iHTepnoysAList abo anpokcumariiss. OTxe, Maoud rpadik BUXIJHUX 3HA4Y€Hb Tenl-QyHKIT MOXHa
OTpPHMATH aHATITUYHUN BUPa3 AaHOI1 PYHKIIT Ta miAmaTH ii MaTeMaTHYHOMY aHAI3Yy.

Maemo notpedy BiTHOBUTH (YHKIIIIO TOYHO, TO MO’KHA BUKOPUCTOBYBATH 1HTEpHOJsLi0. B
IHIIIOMY BHWITQJIKy BUKOPHUCTOBYIOTH AMpPOKCHUMAIlII0 (SKIIO BIOMO, IO ICHYIOYl [1aHi MICTSAThH
noxubku). Yepez Te, IO BHXiAHI pPE3yIbTaTH MOXUOOK HE MalTh, TO BHKOPHCTOBYEMO
anpOKCUMAIIIFO.

Jlis oTpuMaHHsS aHATITUYHOIO BHpa3zy NaHoi (PyHKIT BUKOPHCTAEMO KOOPAMHATH TOYOK,
OTPUMAHHX 3a Pe3yJIbTaTaMHU MOTMEPEIHIX PO3PaxyHKIB, IO BIAMOBIIAIOTH rpadiKy, HABEACHOMY Ha
puc. 1.

[ToOGynyemo anamiTHuHMi BUpa3 (QYyHKIII, BUKOPUCTOBYIOUM I1HTEPHOSAIIMHUA TOJIHOM
Jlarpanx, crnaifH-iHTepnossniio abo MeToa HalMeHImMX KBagpaTiB [9]. 3a pesynpraTamu
MpoBeACHUM crpod, meTon JlarpaHka BHUSIBUBCS HECTAaOUTPHUM dYepe3 BEIUKY KITbKICTh TOYOK.
ToMmy, BUKOPHUCTOBYEMO HTEPHOJIALIIO IIMX TOYOK 3a JIOTIOMOTOIO MOJIIHOMIANbHOT almpOKCHMAILlii.
JUis 1bOro BHKOPHCTAEMO METOJ HaWMEHIIMX KBaJApaTiB JIs 3HAXOJKEHHsA IOJIHOMA, SKHUN
HaWKparie miaxoAuTh 10 KX JaHux [9].

AnpokcuMoBaHa (yHKIIS A7 OTPUMaHKUX 3Ha4€Hb ricTorpamu Juid 1 BUNajaky:

Vi = 0.0002x3 — 0.0492x2 + 3.0819x — 14.1699.
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ArnpokcuMoBaHa (YHKIIS 11 OTPUMAHUX 3HAUYEHb TICTOrpaMH JUIS 2 BUMAAKY:

y, = —4.000866 X 107°8x3 + 4.213750 x 10738x% — 6.461849 x 10~ 1%x + 21.809109.
ArnpokcuMoBaHa (YHKIIS 411 OTPUMAHUX 3HAUYEHb TICTOrPaMH JUIS 3 BUMAAKY:
y; = —3.89 X 107°7x3 + 1.09 x 10737x2 — 7.02 x 10~ 19x + 20.19.

[Ticas 5 moBTOpPIB TECTIB reHEpyBaHHS 3HAYEHHS NapaMeTpiB rem-(GyHKIi Ha IHTepBall Oynu
CHCTEMaTH30BaHi 1 JUIg KOXXKHOro 3 Habopy 3HaueHb Oylio peaji3oBaHi CHpoOW BiJAHOBIICHHS
aHAJIITUYHOrO BHpazy OGYHKIII 3 BUKOPUCTAHHSAM TMOJIHOMIHAJIBHOI ampoKcuMalii, a He
THTEePIOJIALITI.

Bubip anpokcumariii npoAMKTOBaHUN TUM, 1110 HEOOX1THO BIITHOBUTH BUPA3, SIKAK "MiIXOIUTH"
i OLTBIIICTD JaHUX, TOOTO MiHIMI3Ye€ 3arajbHy MMOXUOKY MO BCIX BiIOMHUX TOUKAX.

Ile no3Boisie orpuMaTH (QYHKIIIO, sIKa HE OOOB'SI3KOBO IPOXOIUTH Yepe3 yCi TOUYKH, aje
HalKpalie onucye TeHICHIII].

B Toii yac, K IHTEPHOJALIS € MPOIECOM 3HAXO/KEHHS MOJIHOMA, SKUH TOYHO MPOXOJIUTh
gepes BCi 3a/1aHi TOYKH, a I1e, K BUIHO 3 puc. 1, 2 1 3 € CKIaHOIO 331a4et0.

Po3nogin xew-3Ha4yeHb

YacToTa

0.00 0.25 0.50 0.75 1.00 1.25 1.50 L75
Xew-3HayeHHna (64-6iT) 1el9

Pucynoxk 2 — I'icmoepama wacmomu po3nooiny 6uxioHux sHauenb cmeopeHoi ceul-@yHKyii 6 opyeaiti
imepayii

®akTUYHO, BCi 3 HABEJAEHWUX BHIIEC AHATITHYHMX (PYHKIIA XapaKTEPU3yIOTh TMOBEAIHKY
BUX1IHOTO po3noainy 128-06iTHuX rem-3HaueHb po3po0ienoi GpyHkuii H (x).

Omxe, MaTeMaTUYHUN aHAII3 ISl BHIAJKY TpadidHOi XapaKTePUCTUKH Teml-PyHKIT OUThIn
npakTuyHui. Lle moB’s13aHO 3 HASBHICTIO BiJMOBIIHUX 3aCO0IB MATEMATUYHOTO aHATI3y Ta 3HAYHO
MEHIIIUM YaCOM OTPHUMAaHHS pe3yJbTaTy MepeBipKH Ha SKIiCTh.

dopmyia a7 04iKyBaHOI KUIBKOCTI KOJI31H MpH k BUIIQAKOBUX XeIllaX BUTIISAAE TAK:

k2
P~1-—e 2N,

ko moTpiOHO 3HANTH Take 3HAYCHHS MapaMeTpy K, IpH AKOMY KUIBKICTh KOMI3il CTaHe
OLIIBII TOMITHOO, TO MOYKHA HACTYITHUM BHPA30M:
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k =~ 1.2VN,
ne k — kinpkicTh TemIiB, siKi HOTPiIOHO 3reHepyBaTH JUId OTPUMaHHA xo4ya O ojHIi€el KO3l 3
JIOCTaTHhO BEITUKOIO HMOBIpHiCcTIO; N = 2N sarampHA KiTBKICTh BCIX MOYKJIMBUX 3HAYECHD Xemry n-

OITHOTO XeIy.

Po3nogin xew-3Ha4yeHb

YacToTa

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

Pucynok 3 T'icmoepama yacmomu po3nooiny 8uxionux 3HaueHb CMeopeHoi 2eul-QOyHKYii
6 mpemiu imepayii

Jlnst mopiBHSIHHSA JoCIipKyBanacs rem-gyHkais MDS5. Bona renepye Ha Buxoxmi 128-0iTHi
xeri, To6to N = 2128,

Jlnst Takoi ynkuii mapametp k = 1,2v2128 = 1,2 x 26* ~ 264 1l{oo3nauae, 1m0 3Ha100MTHCS
npu6miszHo 2% pisHMX XemiB, AmsA Toro, mMo6 OTPUMATH 3 BHUCOKOK HMOBIpHICTIO Xoda 6 OZHY
KOJ3i10.

B Toii xe vac, BiIoMO, IO SIKIIO MOTPIOHO OTPUMATH CTATUCTHYHO 3HAYYILY OIIHKY YacTOTH
KOJi31i, To 6axaHo A7 po3po0iieHoi PyHKIIIT mepeBipuTH 3HaYHO OUIbITY BUOIpKY [4-5], HanpuKias,
10%° a60, HaBiTb, OiNIBIIE XEIiB.

[Ticns mpoBeneHHs aHaii3y HporpaMHOi peamizamii anroputMy remi-gyHkuii mdS (omuc
aIrOpUTMYy B3ATHIL 3 BifkpuToro mxkepena [10]) Bussismuca 1000 nosropens cepen MoxnuBux 10°
xemriB. B pe3ynbraTi oTpMMaHO eMNipuYHUN MOKAa3HUK YaCTOTH KOJMi3iH, sIKUIl MOYKHA TOPIBHATH 3
TEOPETUYHUMHU OUIKYBaHHSIMHU.

Leit moka3HUK NpUOIU3HO CHIBIANAE 3 TUM, IO OTPUMAHO JJIsl po3pobIIeHo1 rem-QyHKIii (B
Mexax craTuctuarol momuiaku U € +(0 ... 3)%.

BHCHOBKM Ta NepcleKTHBH. B KOHTEKCTI OLIHKM SIKOCTI NMPAKTHYHY KOPUCTb MOXYTh
JaBaTH HE Pe3yJbTaTh MATEMATUIHOTO aHAJI3y BITHOBJIEHOTO 32 OTPUMAHUMHK 3HAYCHHIMHU QYHKITIT
il aHaTITUYHOT O BUTIISAY, @ TPAAMLIIHHI TOKA3HUKH SKOCTI remi-(hyHKII1, OTpPUMaHi 3 BAKOPHUCTAaHHIM
MaTeMaTHUYHOI CTATUCTUKHU, HAIIPUKJIA, TaKi, AK:

- Jucmepcis;

- MaTreMaTH4YHe O4iKyBaHHS;

- cepenHe apupMETHUHE;

- Cepe/iHE NTeOMETPUYHE 3HAaYEHHs TOLIO.

OnHak, B TakoMy BHUNAJIKy BUMarae po3poOku kputepili kiacuikamii QyHKIin 3a
BIIXWUJICHHSIMH B1JT 1J1€aJIbHOTO PO3MOILTY 3HAYCHB 32 OJJHUM a00 JACKITbKOMA 3 TAKUX TTOKA3HUKIB.
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SIK moKa3aHO B OCHOBHI YAaCTHHI OLIHKU SIKOCTI Teml-(hyHKIT HO OCHOBI JJaHUX MPO KOJIi3ii €
3aHAATO O0YHCITFOBAIBHO CKJIATHUM 1 HEOIUILHUM JIJIsl IPAKTUYHOTO 3aCTOCYBaHHs. 3 OTJISALY HA T€,
II0 JUTSL OLIIHKH K1IJIBKOCTI KOJIi31i HaBITh BIIHOCHO MpocToi GpyHKIiT mdS, moTpiOHO mpoaHaizyBaTH
MpUHAWMHI 1,2VN 3nauens xenr-QyHKIii, ane i OTPUMaHHs OUIBII TOYHUX JIaHUX HEOOX1THO
301BIIATH ITF0 KUTBKICTh Y JAeKiIbKa pasiB. J[ist Bcix 128-06iTHUX remi-QyHKIH A7 [bOro MOTPiOHO
npoecTu npubnm3Ho 2% =~ 18 kBiHTUIBIOHIB 3HaYeHb. TiIBKU TOJ] MOKHA OTPHMMATH FAPAHTOBAHO
BHCOKY HMOBIPHICTh 3HaXOJKEHHS Koui3ii. B TOW ke yac po3risHyTHI albTepHATUBHUI METO[
BH3HAYCHHS SKOCTI Tem-(QyHKII J03BOJISIE 3pOOMTH 1€ HAa TOPSAIOK IMIBHUIIIE (3aJ€KHO Bif
CTPYKTYPH QJITOPUTMY JOCTIJKEHOT PYHKIIIi BUMArae JOJaTKOBUX JOCITIKECHBD).

3 mpoBeICHUX BUIIIE JOCHTIHKEHb MOXHA MTOOAYUTH, 110 TPAAUIIHHII MaTeMaTHYHUI aHaIi3
IHTepIOJIbOBAaHUX 3HAYCHb TeHI-QyHKIIT i1 BHUMAAKy rpadiuyHoi XapaKTepUCTHUKH TakKoi Terl-
GyHKIIT € 3aCKIaHEHUM 1 MaJIO3pyYHUM JUIsl MPAKTHYHOTO 3aCTOCYBaHHS. Xo4a TaKHi aHawi3 i
MoO>Ke OyTH NepCHEeKTUBHUN IS IEIKUX BUIAKIB (BUMarae moaajibIinuX JOCITIKEHB).

Ilepcnexmusu 60ockoHanents. binblll palioHAILHUM MOKe OyTH Bi3yalbHUHN IIBUIKUAN aHAII3
OTPHUMAaHO{ TicTOrpaMu sIKOCTi. B TakoMy Bumaaky OibI sIKICHOIO Oy/1e BBaKATHCS Ta Trem-QyHKIIIT,
rictorpama sxkoi OyJie MakcuManbHO HabmmxkeHo 10 rpadiky QyHkmii y = x. Lle Oyne Binmosigatu
PIBHOMIPHOMY PO3IOILTY 3HaUeHb (rayciBChbKuil po3moxin) [11].

Jiist Toro, 100 CTBOPUTH YMOBH JUIs TIPAKTUYHOTO 3aCTOCYBAaHHS 3aIIPOMIOHOBAHOTO METOIY
OLIIHKH CIIiI IPOBECTH JTOJJATKOBI JOCIIPKEHHS, CTBOPUTH KJIACH SKOCTI, paH)KOBaHi 3 JOIMYCTUMHMHU
BiJl i1€aNibHOT (PYHKIIIT BIAXUICHHIMH.
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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 MD35, 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
function, 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 MOJIEJTIOBAHHSI TA CTPATEITI AJANITALII B
MPOTUCTOSIHHS KPUIITOBAJIIOT TA KBAHTOBUX KOMIT'IOTEPIB

Anomauin. Cmamms npucesuena 0ocuioxcenuto cmitikocmi kpunmosaniomuux cucmem (KBC) 6 ymosax nosux
3a2po3, NOB'A3AHUX i3 POZGUMKOM KEAHMOBUX 00uuciens. Hisnbhicmb npedcmagiena ougepenyianvha icposa mooeib,
wo 0ossonse gopmanizysamu ezaemoodisi KBC i keanmosux komn'tomepis (KK), i nasims ananizyeamu ix 83aemo8nius.
Memooonoeia 00cnioxicen s IPYHMYEMbCA HA 3ACOCYB8ANHI OughepenyianbHoi meopii ieop 011 MOOen08AHHA OUHAMIKU
PO3ROOINY pPecypcié MINC CIMOPOHAMU Ma OYIHKU IX cmpameziil 8 YMOBAX HEeGUBHAYeHOCMI ma KOHKypenyil. Y xo0i
Mooentoeanns Oyau posenanymi pisui cyenapii npomucmosanna mixe KBC ma keanmogumu 00uucieHHAMU, Wo 003801UI0
BUABUMU KNOYOBI 3AKOHOMIPHOCII ma hakmopu, AKi cymmeeo 6nauaiomsv HA egeKmusHicms Kpunmozpagiunozo
3axucmy, a makolic 004UCTIO8aNbHI MOdCIUeocmi amakylouux 3 guxopucmanuam KK. Ocobnugy yeazy npudineno ananizy
DI3HUX MemoOdi8 3axucmy yupposux axmueie 3a YMO8 MOMCIUBUX KEAHMOSUX 3aepo3. Pezynemamu oOocniodxcenns
MOACYMb Oymu OCHOB0I OJisk PO3POOKU HOBUX CMAHOAPMIE KpUnmozpapiunoi besneku ma adanmueHux cmpameziil
saxucmy, aKi 6y0ymov eQeKmusHUMU 6 YMOBAX WIBUOKO20 3POCMAHHA OOUUCTIO8ATLHUX NOMYICHOCMEN KEAHMOBUX
MexXHOI02Il.

Kniouosi cnosa: xeanmogi obOuucnenHs, Kpunmoeanomu, Kpunmozpagiuna Cmiikicme, MmamemMamuine
MOOeN08aHHS, pecypcu pO3N0OLLY, KBAHMOSI 3a2PO3U, CMpamezii 3axucmy.

Beryn. CydacHi BUKITMKY B raity3i iHGopmaniiiHoi 6e3neku (gami Ib), mos's3aHi 3 po3BUTKOM
KBaHTOBUX OOYHCIIEHb, CTABIIATH IiJl 3arpo3y CTIMKICTh KpUNTOrpadiuHUX METOAIB, IO JIEXKAaTh B
OCHOBI O1TBIIOCTI IIM(PPOBUX CUCTEM, Y TOMY UuCIi KpunToBatoT. KpuntoBamortu (nani KB), 3rigHo
3 [1], MOXyTb cTaTh OCOOIMBO Bpa3jIMBUMHU B YMOBax MOsBH KBaHTOBHX KoMmm'torepiB (nani KK),
3aTHUX BUKOHYBaTH OOYMCIEHHs, HEAOCTYIHI TpaauuidHuM cuctemMaM. OcHOBHa mpoOiemMa
MOJIATAa€ B TOMY, 110 KBAaHTOBI alropuTMH, Taki sk anroputMm Llopa [2, 3], MOXyTb epeKTUBHO
BUpIIIYBAaTH 3a/a4i, Ha SAKUX Oa3ylOThCS aCHUMETpU4HI KpunTorpadiuHi CXeMH, Halpukial,
(dakTopH3aliio HUTUX YHUCced 1 OOUYMCICHHS TUCKPETHOTO Jiorapu@my, 10 MOTEHLIHHO JO3BOJIUTh
3IOBMUCHUKAM 3 BUKOPUCTAHHSM KBAaHTOBHUX OOYHCIIOBAJIBHUX TOTYXHOCTEH OOXOIUTH
Kkpunrtorpadiuni. Buxosuu 3 1poro, J0CIIKEHHS B rainy3i MojieatoBanHs B3aemoaii Mixk KB ta KK
€ AaKTyaJbHMM, OCKUIbKM BOHO [O3BOJHTH CIPOTHO3YBaTH JWHAMIKYy MPOTUCTOSHHS MIXK
TEXHOJIOTISIMU 3aXUCTY JTAHUX Ta 3arpo3aMH, COPUIMHEHUMH PO3BHTKOM KBAHTOBHX OOYHCIIEHB. I,
30KpeMa, MOJICTIOBAaHH 3 BUKOPUCTaHHSAM METO/IIB AU(epeHiiaibHol Teopil irop Hajae yHIKaIbHUN
IHCTPYMEHT JAJIsl aHaJi3y aAalTUBHUX CTPATETidl CTOPiH, K1 BPaXOBYIOTh OOMEXEHICTh PECypCiB Ta
JMHAMIYHY 3MiHY MapaMeTpiB CUCTEMH. Y TaKUX MOJEINAX PeCcypcH CTOPiH MOXKHa KiacudikyBaTu
Ha KiJbKa KaTeropiil, Hanpukian, ;s KB ne, nepir 3a Bce, MeToau Ta 3acodu KpuntorpadiaHoro
3axXHCTy, 1[0 BKJIIOYAIOTh AJITOPUTMU MIM(PYBaHHS, 5SKI € CTIHKUMU 10 aTak. CIOJM TaKOX BXOJAATh
pecypcu, CrpsMOBaHI Ha MOJEPHI3aIlil0 KpunrorpadiyHux MEXaHI3MiB y BIJIMOBiAL HOBI 3arpo3Hu.
BinmoBigHo, 1isi KBAHTOBUX OOYMCIIEHB PECYpCH BKIIOYAOTH oO4HcItoBalbHI moTykHOCTI KK, a
TaKOX IHPPACTPYKTYPY Ta AOCTIAHUIIBKI 3yCHILISA, CIPSIMOBAHI HAa PO3BUTOK I11€1 TEXHOJIOTI.
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3anpornoHoBaHa B poOOTi METOIMKA aHaNi3y nepeadaydae moOy1oBy MaTeMaTHUHOI MOJEIi, 10
onucye B3aemoxito cropiH, Ae KB Tta KK Bucrymatore sik rpasmi. JlaHa Mopelb J03BOJISE
dbopManizyBaTH TPOIECH PO3MOJIITY PECYpCiB Ta MPOTHO3YBAaTH PE3YyJIbTaTH IPOTUCTOSIHHS 3
ypaxyBaHHSIM Pi3HUX CIIeHapiiB. BBaxkaemo, 110 TaKui MiaXix MOXKE BIAKPUTH HOB1 MOMJIMBOCTI JIJISt
BUPOOJICHHSI CTpATerii afganTarii Ta 3aXUCTy, CIPSIMOBAaHUX Ha MiHIMI3allil0 PU3UKIB, OB'SI3aHUX 13
KBaHTOBUMH 3arpo3amu Juis KB.

TakuM 4YMHOM, BHUXOISYM 3 BHINE CKAa3aHOTO, JOCHIHKEHHS MpOOJIeMH CTIHKOCTI
KPUNTOBAIIOTHUX CUCTEM B YMOBAX KBAaHTOBUX OOUYUCIIEHb HE TUIBKU MA€ TEOPETHUHY 3HAUUMICTb,
a i Mae BUCOKY MPAKTHYHY IIHHICTb, OCKIJIBKH pe3yJbTaT MOAIOHOTO aHali3zy MOXYTh OyTH B
MOAAJIBIIIOMY BUKOPHUCTaH1 JIJIsl PO3POOKH HOBHX CTaHIAPTIB KpunTorpadidyHoi 6e31eKku, CTBOPEHHS
MPOTOKOJIB 3aXUCTy HU(POBUX aKTUBIB 1 (POPMYBaHHS TOBIOCTPOKOBOI CTpaTerii .

OrJsia nonepeaHix gocaikenb. B yMoBax cTpiMKOTro po3BUTKY KBAaHTOBHX OOUYHUCIICHB [4, 5]
MOCHJIFOETHCS. HEOOXITHICTh Yy JOCHIUKEHHI MeXaHI3MIB TPOTUIIl 3arpo3amM, IMOB'SI3aHUM i3
BukopuctanusMm KK nns atak Ha icHyroui kpuntorpadiuni cuctemu [6, 7]. KBaHTOB1 anroputMu, Taki
sk anroput™ llopa [8] Ta anroputm ['poepa [9], HamaroTh 3HAYHI TIepeBaru y BUPIIICHH] 3aBIaHb
¢dakTopuzaiii Ta MOUIYKY, IO CTaBUTh MiJl 3arpo3y Oe3meKy TpajuliiHUX KpUNTOrpadiuHUX
anroputMiB, Takux sk RSA, ECC ta AES.

3 iH1oro 60Ky, po3poOKa MocTKBaHTOBHUX anroputMis [ 10] Ta MoaepHizalis KpunrorpapiayHux
cucTeM, K OyJo moka3aHo y poborax [8, 9-12], 3a0e3nedyoTh aKTUBHY IPOTHIIIO UM 3arpo3aM.
[IpoTe, nuHaMika OPOTUCTOSHHSA MK 3ac00aMH 3aXMCTy Ta aTaKylOUMMH TE€XHOJIOTiIIMH BHMarae
PETEeIbHOr0 MaTEeMAaTUYHOTO MOJENIOBAHHS, 00 Mepen0aunuTH MOBEIIHKY 000X CTOPIH Yy pi3HUX
crueHapiax. ToMy HOBI JOCHIKEHHS Y [bOMY HampsMi € peJIeBaHTHUMH.

MeTo10 10CTiTKEHHA € PO3POOKA MATEMATUIHOT MOJIENI B3a€EMO/Iii KPUIITOBATIOTHUX CHCTEM
Ta KBAaHTOBUX KOMI'IOTEpPIB Ha OCHOBI JudepeHIianbHOI Teopii irop uig aHamily AWHAMIKH
po3moIiTy pecypciB cTopiH Ta (GopmyBaHHS e(EKTHBHHX CTpaTerid ajanTaiii KpunrorpadigHux
MEXaHI3MIB /10 KBAaHTOBMX 3arpo3. llpum 1poMy 0O'€KTOM JAOCHIIKEHHS € Kpunrorpadiuxi Tta
O0YHCITIOBANIbHI CHCTEMH, 10 B3a€MOIIIOTh B YMOBAX PO3BUTKY KBAaHTOBUX OOYHCIICHb, 3 aKIIEHTOM
Ha KPUIITOBAJIOTHI MIaT(GOPMU SIK HAMOLIBII ypa3auBi A0 aTaku 3 OOKY KBaHTOBHUX KOMII'FOTEpIB.
[IpenMerom AOCHIIKEHHSI € MEXaHI3MH PO3MOJUTY PECYPCIB MK CTOPOHAMU (KpUITOBAIIOTAMHU Ta
KBaHTOBMMHM KOMIT'FOTEpaMH) Y JMHAMIuHii B3aeMO[ii, BKIIOYAIOUN AJaNTUBHI CTpaTerii 3aXUCTy
KpUnTorpadiuHux CUCTEM Ta 30UIbLICHHS OOUNCIIOBATIbHUX OTYKHOCTEH.

MeTtopoJiorisi JociAKeHHsI 3aCHOBaHA Ha 3aCTOCYBaHHI JAuQepeHniaabHoil Teopii irop [13,
14] st mMonenmioBaHHS B3a€MOJIl JABOX CTOPIH — KPUNTOBAIIOTHUX CHCTEM Ta KBAaHTOBUX
komm'totepiB (KK). Audepenuianbhi irpu sk po3ii Teopii ONTUMAIBHOTO YIIPaBIIiHHS J103BOJIIOTh
OMMCYBaTH JMHAaMIYHI MpOIECH, € CTpaTeridyHa IOBEJIHKAa Y4YaCHUKIB BHU3HAYAETHCS 3MIHOKO
napaMeTpiB CUCTEMH B 4aci. BUKOpUCTaHHS 3alIponoOHOBaHOI y pOOOTI cUCTeMH TudepeHIiaTbHIX
PIBHSIHb JJIs ONKCY CTaHy PECypcCiB CTOpiH 3abe3nedye MOXKIMBICTh OONIKY TaKMX UMHHUKIB, SIK
OOMEKEHICTh pecypciB, iX LITECHPSIMOBAHUM PO3MOALT Ta YacOBI XapaKTePUCTUKU ajaanTamii. Y
paMKkax 1mo0y10BaHOi MoelNi KpunToBaltoTHI cuctemMu Ta KK po3rismatoThes sk rpasill, SKi MalOTh
npotunexHi 1. s KB MeToro € MakcuMizallis piBHS 3aXUCTY 32 paXyHOK 3aCTOCYBAaHHS CTIMKHX
KpunTorpadiuHUX aaropuTMiB Ta MozepHizamii MexanizMmiB Oesneku. s KK, cBoero ueproto,
METOI0 € JIOCATHEHHS OOYMCIIOBAJIBHUX MOTYKHOCTEH, JOCTaTHIX YCHIIIHOTO 00XOmy
KkpunrorpadiuHux Oap'epis.

JisITBHICTD TPOIIEC B3a€MO/IiT CTOPIH OMUCYETHCS 3 JOOMOT0I0 Ha0Opy PYHKLIN YIIpaBIiHHS,
0 XapaKTepU3yIOTh BUTPATH pECypciB BIANOBIAHI cTparterii. JlMHaMika 3MIHHM HapaMeTpiB
NpEJCTaBICHa SK CHCTEMH 3BHYAHMX IU(EepeHIiabHUX pIBHSAHb, J€ KOXKHA 3MiHHAa MOl
B1JIOMBA€ piBeHb pecypciB OOKY (HampUKIIAJ, piBE€Hb KPUIITOTpagidHOro 3aXUCTY, MOJIEpHI3alliiiH1
pecypcu KB, kBaHTOBI 004MCIIOBaNIbHI TOTYHOCTI Ta pecypcH iHppacTpyKTypH). s BU3HaUCHHS
ONITUMAIIHUX CTPATETiil 3aCTOCOBYIOTHCS METOTU YHCETHHOTO aHali3y Ta MpOTpaMyBaHHS, IO
JI03BOJISIIOTh BUBYATH EBOJIOLII0 CHCTEMH Yy pI3HHX ClLeHapisx. Bisyamizamis pe3ysbTaTiB
OOYHCITIOBAIBHUX EKCIEPUMEHTIB TPOBOAMIIACA 3 BHUKOPHUCTAHHIM 3ac00iB KiOEPHETHYHOTO
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MOJICJIIOBAHHS, IO J03BOJIWJIO IHTEPHPETYBATH OTPHMAaHI 3aJEKHOCTI Ta BUSBISATU KIIOYOBI
3aKOHOMIPHOCTI Y IPOTUCTOSIHHI CTOPIH.

Jughepenyiiina icposa mooens Kpunmoepagpiunoi cmiikocmi 00 K8AHMOBUX 3A2PO3.

JIst AeTaIbHOTO aHAII3y MPOTUCTOSHHS TPABIiB HEOOX1THO PO3IISIHYTH KJIFOYOBI 3MiHHI, 110
OINHUCYIOTh AKTUBHI 3aCO0M KpUNTOrpaiqHOro 3aXMCTy Ta KBAHTOBUX KOMI'IOTEPIB, a TAKOX iX
B3Aa€MHUU BILIUB.

JUist KpUIITOBAIIOT Ta KBAHTOBUX KOMI'TOTEPiB BU3HAUMMO 3MiHHI.

Mg KB:

AxTtuBHi 3acobu KB:

7, (t) — eeKTHBHICTh IOTOYHOTO KPUIITOrpadiuHOro ajropuIMmy;

z,(t) — pecypcu MojepHizaiii (HAIPUKIIaI, TIepexXia Ha MOCTKBAHTOBI AITOPUTMH).

AKTHUBHI 3aCO0M KBAHTOBUX KOMII'FOTEPIB:

z5(t) — obuKCITIOBajIbHA MMOTYKHICTh KBAHTOBOT'O KOMIT'FOTEPA

7,4 (t) — pecypcu HiABUIIEHHS 00YHCITIOBAIBHOI OTYKHOCTI.

AKTHBHI 3aco0M KpunTorpadiyHOro 3aXUCTy XapaKTepU3yIOTh MOTOYHI Ta MOTEHIIHHI
MOJJIMBOCTI CHCTEM KpHUNTOrpaiyHOro 3axHCTy Yy NpOTHIAII 3arpo3am, BKJIIOYAIOYH AaTaKd
KBAaHTOBMX KOMI'toTepiB. BoHM omucyroTbcs BOMa OCHOBHMMH acnektamu. [lepmumii — we
e(EeKTHUBHICTh MOTOYHOTO KpunrorpadigHoro anroputmy. LI 3mMiHHa BinOWBae, HACKUTBKU CTIHKUH
ICHyIoUMi KpunrorpadiyHuii alrOpUT™M arak, 30KpeMa 3 BUKOPUCTAHHSAM KBAHTOBMX OOUYHUCIICHb.
Hanpuknan, anroputmu RSA T1a ECC (enminTu4Hi KpUBi) JEMOHCTPYIOTH BHCOKY CTIHKICTBH 1O
KJIACUYHHMX aTak, aje Bpa3/MBl JJs aTak 3 BUKOPUCTAaHHSIM KBAaHTOBUX KOMII'FOTEPIB, TAKUX SK
anroput™ Illopa . EdexTuBHicTh Moke OyTH BHpaxkeHa B OiTax KpuntorpadigyHoi CTIMKOCTI,
Hanpukian, 128-0itHuii AES BBaXkaeThcsl CTIHKMM /10 OUTBIIOCTI aTak, aje Horo CTiHKiCTh Mae OyTh
HeperjasHyTa B YMOBaX KBAaHTOBOI 3arpo3u. SIKIIO cucTeMa BUKOPUCTOBYE 256-OITHUI anroputM
AES nns mmdpyBaHHsS KOHQIIEHIIHHUX JaHWX, €()EeKTUBHICTh aJTOPUTMY OIIHIOETHCS 32 HOTO
3ATHICTIO 3amo0irTH aTrakd 3a 33JaHud 4Yac MpH ICHYIOUMX KBAaHTOBHUX OOYHCIIIOBAJIBHUX
MOTYXHOCTAX. [[pyruil acmekr — 1e pecypcu MojepHizalli Kpuntorpa@iuHux anropuTmis. JlaHi
pecypcH BKIIOYAIOTh BHUTpATH (TUMYacoBi, OOUMCIIOBaibHI, (hiHAHCOB1) Ha Mepexiy A0 OiIbII
3axXUIIEHUX KpunTorpadiunux cranaaptis. Hanpukian, BnpoBaakeHHS TOCTKBAHTOBUX aITOPUTMIB,
TaKUX K aJITOpUTMH Ha ocHOBI rpat (lattice-based cryptography), BuMararuMe 3Ha4HUX 1HBECTHIIIN
y HaB4aHHS (DaxiBIliB, OHOBJIEHHS O0JaJHaHHS Ta MOau(iKaIlito mporpamHoro 3adesneueHus (113).
[TpoimtocTpyeMo 1€ HEBETUKUM MpUKagaoM. CKaxiMo, opraHizalis po3risaae nepexia Ha alrOpuT™
CRYSTALS-Kyber, ceptudikoBanuii NIST sk NOCTKBaHTOBUW CTaHIApT, 1€, BIAMOBIIHO,
BHMaraTHMe 3aKyIiBJl HOBUX alapaTHUX MOJYJIiB IK(PYBaHHS Ta OHOBJICHHS TPOTOKOJIB 3B'3KY.

AHanoriuHa Jiorika MipKyBaHb cripaBeaauBa i y aktuBHuX komTiB KK. Ili 3MiHHI onucyroTh
MO>KJIMBOCTI aTakyoouoi cropoHu (Hampukinaa, KK) 3aificHeHHs oOuucieHb, HEOOX1IHI 37I0MYy
ICHYIOUMX KpunTorpapiyHux ajropuTmiB. TyT TakoX MOXHa BHIUIUTH JBa KJIHOYOBI aCHEKTH.
[epmmii aciekt — ne obuucmoBangbHa noTyxHICTh KK. Lls 3MiHHa BinoOpakae MOTOYHMNA CTaH
KBaHTOBUX OOYMCIIEHb, BKJIIOYAIOYM KIJIbKICTh KYOUTIB Ta PiBEHb IXHbOI KOT€pEHTHOCTI. Takum
YHHOM, YUM O1JIbIIIe KYOHTIB 1 BUIIA iXHS KOTE€PEHTHICTh, TUM O1IbIIIe MOKIMBOCTEH NIl BAKOHAHHS
CKJIQJIHUX OOYHCIIEHb, TAKUX SIK (PaKTOpU3allisi BETUKUX YKces a00 MOLIYK K031 y Xen-QpyHKIIAX.
Hanpuknan, kBantoBuii komn'torep Google Sycamore 3 53 kyouramu B 2019 pouii gocsr "KBaHTOBOI
nepeBaru’, BUPIIIUBIIY 3aBIaHHS, HEIOCTYIHE IS KJIACHYHUX KoMIT'toTepiB. Biamosigno, KK i3
1000 cTabinpHUMHU KyOMTaMu MOke MpoBecTH ¢akTopusaiito 2048-6iTHoro kimoua RSA 3a kinbka
TOJIMH, 110 HEMOJIJIMBO JUTSI KJIIACHYHOTO KOMITHOTEpa B PO3YMHI TepMiHHW. [[pyruii acrekt — me
pecypeu minBuieHH obuncimoBanbHOi notyskHocTi KK. Jlani pecypcu BKIIIOYarOTh BUTpAaTH Ha
po3poOky moTyxkHimux KK, Taki sk ¢iHaHCYBaHHS OCHTIKEHb, TOJIMIICHHS TEXHOJIOTIN
OXOJIO/DKEHHS 3HIDKEHHS pIBHS IIyMy, a TaKOXX OINTHMi3allisi KBaHTOBHX alNroputmiB. Tak,
HaIpUKJIaJ, CTBOPEHHS KyOHTIB Ha OCHOB1 HAJIIPOBIAHUKIB BUMAaraTUMe 3HaYHUX MaTeplaIbHUX Ta
CHEepPreTUYHUX BUTPAT. A 1HBECTHUIIIT KOMIIAHIl Yy CTBOPEHHS HOBOT'O MOKOJIIHHS KYOITIB 103BOJSATDH
MIJIBUIIATA OOYUCITIOBAIILHY MOTYKHICTh CUCTEMU 3 256 10 512 KyOITIB , 110 MpU3BEAE A0 Pi3KOTO
301IbILICHHS MOKIIMBOCTEH aTaKH.
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Toxi cuctema nudepeHniadbHUX PIBHSHBb BUITIAIATHME TaK:

Z1 = —D41Z4V1 + Cq,
Zy = —P42Z4V7 t+ Cy,
Z3 = —P23ZUq T C3,
Zy = —P24Z3Uy T Cy,
ne Dij — €DEKTUBHICTD 3aC00iB O/IHIET CTOPOHM NMPOTH 1HINOT (I aHATI30BAHOT MOJIENII OIHUCYE,

HACKUIbKH YCIIITHO PECYPCH 1 CTpaTerii O/IHiI€T CTOPOHM (HAPUKIIAl, KPUIITOBAIIOTHI CUCTEMHU 200
KK) moxyTs npotuzistu 3ycwmism npotuiexnoi croporn. s KK e moxe OyTH, Hanmpukiam,
pIBEHb CTIMKOCTI KpUNTOTpadiyHUX aJTOPUTMIB 0 3JI0MY 3 OOKYy KBAaHTOBHUX KOMIT'HOTEPIB, KU
BUPAXKAETHCS Yepe3 HMOBIPHICTh YCIIIIHOTO TOKAa3y, M0 XapaKTepU3ye 3AaTHICTh IX aITOPUTMIB Ta
00YHCITIOBAIBHUX MOTY)KHOCTEH J10J1aTH iCHYI0Y1 KpunTorpadiuHi 3aXUCTy);

Uq, Uy, V1, Vy — YACTKH PECYPCIB, IO HAMPABISIFOTHCS HA BIAMOBITHI 1T (SBISIOTH COOOIO
MIPOMOPIIii 3arajJbHOTr0 00CATY JOCTYITHUX PECYPCiB KOKHOT 31 CTOPIH (HAPHUKIIA[, KPUIITOBATIOTHIX
cuctem abo KK, siki BUAUISIOTHCS /U1 BUKOHAHHS KOHKPETHUX 3aBJaHb abo cTpaTeriil y mpoieci ix
B3aeMofii. [T KpUOTOBAIIOT YaCTKHU PECYpCiB MOXKYTh BKJIIOYATH, 30KpeMa, MUTOMHUA OOCHT,
CHpSIMOBAaHUN Ha MIATPUMKY MOTOYHUX KpumorpadiB). TaKOX, pecypc, BHALIEHI Ha PO3poOKy i
BITPOBA/KEHHSI TIOCTKBAHTOBUX KPpUNTOrpadiqHUX CTAaHAAPTIB, AKi 3MOXKYTh MIPOTHCTOSITA aTaKaMm 3
6oky KK. 1 (a6o 100%), ockiibku pecypcu oOMeXeHi, Ta iX pO3MOALT MK Pi3HUMH 3aBIaHHIMHU
noTpedye onTuMizailii B paMKax OKpeMOro 3aB/IaHHS);

€1, Cy, €3, C4 — MOXIIMBOCTI IIOTIOBHEHHS PECYpPCiB (TOOTO 34aTHICTD CTOPiH 301IBITYBAaTH OOCST
JTOCTYITHUX pecypciB, HEOOXITHHUX JJIsi BUKOHAHHS IX CTpaTeTiYHMX 3aBIaHb. JlaHi pecypcu MOXYTh
BKJIOUaTH (piHAHCOBI, TEXHIYHI, 0OUMCITIOBAIBbHI 00 KaapoBi 3aco0u, sKi 3a0e3MedyloTh CTIHKICTh
ab0 PO3BUTOK CTOPiH B yMOBax MpoTHCTOsSHHA. Hampuknaa, mis KB MOXIHMBOCTI MOMOBHEHHS
pecypciB BifoOpakaroTh 1HBECTHIIII B po3pOOKYy HOBHX KpuUOTOrpadiuHux s iHTerpamii OuIbIl
3axXHIIEHNX MPOTOKOMiB, TOomo. s KK MOKIUBOCTI MOMOBHEHHS PECYpCiB BKIIOYAIOTH PO3BHTOK
KBaHTOBUX TEXHOJIOTiH, TAKUX K 301IbIIEHHS YKcla KyOUTiB a0 MiJBUIIEHHS X KOTEPEHTHOCTI, a
TakoX (piHAHCYBaHHS HayKOBUX JOCIIKEHb JUIsl ONITUMI3allil KBAHTOBUX aJITOPUTMIB (HANpUKIa,
JUIS IPUCKOpeHHs poboTtu anroputmy lllopa ) Tormo.

Toxai ¢pyHKIIIO0 BUTpally CTOPIH MOKHA 3aIlMCaTH TakK.

JU1st KpUIITOBAJIIOT :

Ja = [2:(T) — z3(T)].

Merta xpunroBamor (KB) — MiHIMI3yBaTH BTpaTH CBOiX KpuUnTorpadiyHMX 3aco0iB 1
MaKCHMI3yBaTH LUIKO/Y, HaHeceHy obuuncioBanbHUM 3acobam KK.
Jna kBanTtoBux komm'toTepiB (KK):

Jp = [23(T) — z,(T)].

Merta KK — makcumi3zyBatu e(eKTUBHICTh CBOiX OOYMCIIEHb Ta MIHIMI3yBaTH 30MTKH Bij
koHTp3axoxaiB KB.

Monens onucye qudepeHIiaabHy rpy 3 HyJIbOBOIO CYMOIO, /1€ IMHaMiuHa B3a€MO/Iisl CTOPiH Ta
pIBHOBara BHW3HAYAIOTHCS YEpe3 ONTUMAJbHI CTpaTerii po3MoAUTy pecypciB. 3ayBaKUMO, IO
aHAJIITHUYHE PILICHHA MOXKe OyTH HEAOCTYITHUM, TOMY Oy/Je BUKOPUCTAHO iTepaliiiHuii mpouec amis
MOIITYKY PiBHOBKHOTO CTaHy, a AITOPUTM ITOOYAOBU MOKE IPYHTYBATHCS Ha IIPUHIIAIIT MAKCUMYMY
JI.C. TlonuTpsrina [14].

PesyabTaTn nociaizkeHHss Ta ix o0roBopenHsi. OCHOBHE 3aBIaHHsS OOYHCITIOBAIHLHOTO
exciepumenty (BE), pesynpraté sikoro mokasaHo Ha puc. 1, monsrajga B TOMY, II00 OLIIHUTH
JMHAMIYHY B3a€MOJIII0 CTOPIH 1 BIJIOBICTH Ha 3alUTaHHS: «SIK KPUNTOBAIIOTH aJanTylOTh CBOI
3axMCHI MexaHi3MHu y BianoBiap Ha ataku KK, 1 six KK mocumtoroTs cBoi 00uncIioBanbHi MOTY>KHOCTI
JUTSI TIOIOJIaHHS UX 3aXucTiB?». Kpim Toro, HeoOximHo B xoai BE BU3HAUNTH KITFOYOBI1 3a1€KHOCTI
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Ta BHSIBHTH, sKi (AKTOPH, 30KpeMa, pecypcu MojiepHizauii kpunrorpadii abo oOuHcIrOBaNIbHI
noty>kHocTi KK) MaroTh HalO1IbITHI BIUIMB HA PE3YyJIBTAT MPOTHCTOSHHS.

% Figure 1 - a X

Cryptocurrency vs. Quantum Computers: Dynamic Interaction with Adaptive Strategies
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Pucynox 1 — Jlunamixa 3minu pecypcieé kpunmoepagiunoi cucmemu ma K8aHMoB8UX 0OUUCIEHb 8
YMOBAX NPOMUCMOAHHS

ExcniepuMeHT BKJIIOYAB 3aBIaHHSA MOYATKOBUX 3HAUYEHb 3MIHHMX (HANpHUKIIaJ, CHOYaTKy
BUCOKHI piBeHb Kpunrorpadiuynoro 3axucty z;(0)ta obuucaroBaibHUX mMOTyx)HOCTEH Z3(0).
CueHapii po3nofiny pecypciB, TOOTO TECTYBaHHS PI3HHX CTpATEriil CTOPiH, TAKUX SIK MaKCUMalbHa
KOHIIEHTpallil pecypciB Ha OJHOMY HampsMKy, Hampukial, KK mnoBHicTio (okycyeTbcs Ha
30u1bIeHH] noTyxkHocTi, a KB — Ha edekTuBHOCTI 3ac00iB O/HIET CTOPOHU MPOTH IHIIOL, IO
JI03BOJISI€ OLIIHIOBATH pealibHy 3arpo3y Ta CTYIIHb IPOTHUAI].

Pe3ynbraTv eKCliepUMEHTY 3arajjoM J03BOJISITH 3pO3YMITH JWHAMIKy B3a€MOJii CTOpiH, 1
BU3HAYUTH KIIOYOBI YMHHUKH, SKI BIUIMBAIOTh HA CTIWKICTh KPUNTOBATIOTHUX CHUCTEM, IO Yy
MOJAIBIINX JIOCTI/DKEHHAX JacTh 3MOTY PO3POOMTH KOHKPETHI MPAaKTUYHI PEKOMEHJAIil L1070
ONITUMAIILHOTO PO3TOAUTY PECYpCiB Ta BIPOBAIKCHHS aJallTUBHUX CTPATErid 3aXHCTy 3a YMOB
KBaHTOBHX 3arpo3 i KB.

Pe3ynbratu MosentOBaHHS MIPEACTABIICH] PUC. | IK THMYACOBUX 3aJIEKHOCTEH PIBHIB PECYPCIB
CTOPiH, 110 Y MPOTHCTOSHH1, TOOTO, BiAMOBIHO, KPUNITOBAIIOTHI TEXHOJIOTI] 1 KBAHTOBUX O0OYHUCIICHb.
Ha rpadikax BijioOpakeHO 3MiHH YOTHPHOX KIIFOUOBHX 3MIHHHX: KPHUIITOrpadiuHMX 3aXMCTIiB Z4 (1),
pecypciB  MoxepHizarii kpunrtorpadii  z,(t), O0OYMCITIOBaTBHHUX MOTYKHOCTEH KBAHTOBHX
KoMI'toTepiB z3(t) Ta ix pecypciB z4(t). I'padik kpunrorpadiuynux 3axuctiB z;(t) mokasye, siK
piBeHb crilikocti KB 3MiHIO€TBhCA MMiJl BIUTMBOM arak 13 OOKy KBaHTOBMX Komm'toTtepiB. Ha
MOYATKOBHUX €Tarax MPOTUCTOSIHHS IIOMITHO 3HI)KCHHS 3HAUCHb Z4 (), 0 3 aKTUBHUMHU JiSIMH OOKY
KBaHTOBUX TEXHOJIOTIH, peani3yloTh aTaKyroul CTpaTerii 13 BUCOKMM piBHeM mpiopurery. OnHak
HAsBHICTH pecypciB MojepHizauii kpunrorpadii z,(t)103Boisie KOMIICHCYBAaTH BTpATH, IO
NPU3BOIUTE 10 cTabimizanii abo HaBiTh 3pocTaHHs Z; (t) B GiIbII Mi3Hi mepioau.

Jlnnamika pecypciB MoJepHizarii z, (t) ZEMOHCTPYE iXHIO KPUTHYHY POJIb y IIPOTHCTOsIHHI. Ha
MOYAaTKOBHMX €Talax CIIOCTEPIra€ThCs MOCTYIMOBE 3HUKEHHS Z,(t) uepe3 mepepo3noaii KOIITiB Ha
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BITHOBJICHHS Ta 3aXMCT Kpunrorpadiyaux cucreM. OHaK 3al0BHEHHS PECypCiB, OMCaHe B MOJIEII,
JI03BOJISIE MIATPUMYBATH Z, (t) Ha piBHI, 1OCTATHLOMY ISl €(EKTHBHOI CTPATETIl, 110 MPOTH/IIE.
3MiHH OOYHUCITIOBAIBHHUX MOTYXHOCTEH KBAHTOBHX KOMITIOTEPIB Z3(t)BiZ0Opa)arTh iXHIO
BHUCOKY IIOYAaTKOBY €()EeKTHUBHICTh, $IKa MOCTYNOBO 3HMXKYEThCA IiJ BIUIMBOM aTrak 3 OOKYy
KPUNTOBAIOTHOI TexHojorii. [lg1 nuHamika imrocTpye eQdeKTHBHICTh aJalTHBHUX CTpaTerii
KPUNTOBAIIOTHOTO OOKY, BKJIQJICHUX Y MOCIA0JICHHS MOMKIJIMBOCTEH aTaKyl040i CTOPOHH.

Pecypcu KBaHTOBUX KOMIT'IOTEPIB Z4(t) XapaKTepH3yIOThCS aHANOTIYHOI JMHAMIKO. IXHE
BUKOPUCTAHHA ISl aTaKylO4HX il MPU3BOAUTH 10 MOCTYIOBOTO BUCHAKEHHS, IPOTE 3alIOBHEHHS
peCypCiB 103BOJISIE CTOPOHAM MIATPUMYBATHU AKTUBHICTD MIPOTATOM yChOT'O MEPIOY MOJIETIOBAHHS.

Takum 4MHOM, OTpPUMaHI Pe3yJNbTaTH AEMOHCTPYIOTh CKJIaIHy B3a€EMOIII0 CTOPIH i3 3MIHHUM
CTyIIEHEM JOMIHYBaHHS 3aJ€KHO BiJ] 3aCTOCOBYBAHMX CTpPATEriil Ta 3alI0BHEHHS PECYPCIB , a TAKOXK
MiATBEPKYIOTh, 110 aJalTHBHI CTpATErii, M0 3aJeXKaTh BiJl TOTOYHOTO CTaHY CHCTEMH, MOXYTh
3HAYHO BIUIMHYTH Ha pe3yJibTaT MPOTHCTOSHHS Ta 3a0€3MeUUTH JWHAMIYHY pIBHOBAry Mix
CTOPOHAMH.

BucnoBku. IIpoBeneHe [OCHIIPKEHHS MPOJEMOHCTPYBANO, IO PO3BUTOK KBaHTOBUX
O0YHCIIEHb CTBOPIOE 3HAUHI PU3UKH ISl OC3TMEKU KPUNTOBATIOTHUX CHCTEM, OCKUIBKH KBaHTOBI
aIropuTMH, Taki sk anroput™ Illopa MOXyTh €pEeKTUBHO OOXOAMTHU ICHYIOYI KpHUmTOorpadivHi
MeXaHi3MHU. 3amporoHOBaHA B paMKax poOOTH audepeHIiagbHa irpoBa MOJAETh IOKasaja, M0
JUHAMIKa MPOTHUCTOSHHS MIDXK KpPUITOBAIIOTAMHU Ta KBAHTOBUMH KOMIT'IOTEpAMU BH3HAYAETHCS
CTpAaTETIsIMH PO3MOLTY pecypciB cTOpiH. KITFOUOBUM BHCHOBKOM € ITiITBEPKEHHS €()EKTUBHOCTI
aJIalTUBHUX CTpaTeriid, sKi JO03BOJATH MIHIMI3yBaTH BTpaTH KpunrorpadidHoi CTIHKOCTI Ta
YIOBUIBHUTH PO3BUTOK OOYHMCIIOBATBHHUX MOTYKHOCTEH aTakytouoi croponu. OTpuMaHi B XOji
OO0YHCITIOBAILHUX EKCHEPUMEHTIB pe3yJbTaTh HAroJOUIYIOTh HAa HEOOXIJHOCTI BIPOBAKEHHS
MOCTKBAHTOBHUX KPUOTOrpadiuHUX aIrOpUTMIB Ta MOJEpHi3auii iHPPACTPyKTYpH VIS TiABUIICHHS
CTIMKOCTI IIM(PPOBUX CHUCTEM. A, KpIM TOrO, 3allpOIIOHOBaHA METOMOJOTris, HA OCHOBI PO3BUTKY
Mojenei, MmoOyJAOBaHHMX 3 BHUKOPHUCTAaHHSAM amapaTy AudepeHLiaJbHUX Irop, Moxe OyTu
BUKOPUCTaHa JUIsl MPOTHO3YBaHHS JOBIOCTPOKOBHMX CLEHApiiB PO3BUTKY KBaHTOBUX 3arpo3 Ta
BUPOOJIEHHSI TPEBEHTUBHUX 3aXO/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
formalization 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.
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