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DRONE VIDEO PROCESSING BY FRAGMENT ANALYSIS

Annotation. This study focused on analyzing drone video to address the inherent complexity of
processing videos captured with a moving camera. Each frame is divided into smaller frag-
ments through a grid-based segmentation technique, enabling a localized and detailed motion
analysis. Singular Value Decomposition (SVD) is applied to compute the Ki Fan norm for
each fragment, enabling the detection of dynamic changes between consecutive frames. The
fragment-level analysis allows the algorithm to robustly identify regions of interest and dif-
ferentiate between global motion (camera movement) and local motion (object movement)
despite challenges introduced by camera instability. The motion state is classified into four
categories: stable camera with no object movement, stable camera with object movement,
moving camera with no object movement, and moving camera with object movement. This
fragment-based methodology enhances precision in dynamic scene analysis, offering a scala-
ble and efficient solution for applications such as video stabilization, object tracking, and re-
al-time motion detection in complex environments.

Key words Video stream fragmentation; Ky Fan norm; Singular value decomposition;
Drones, Object detection; Moving camera; Data Analysis, Video processing

Statement of the problem. Drones, also known as Unmanned Aerial Vehicles (UAVS),
have become invaluable tools in various fields, including agriculture, ensuring the safety of
construction workers, environmental monitoring, disaster response, surveillance [1,2], and
military applications. Their true potential lies in their ability to analyze their surroundings and
make intelligent decisions. This is made possible by integrating computer vision algorithms
into drones, enabling them to perform various tasks based on real-time camera feeds [3,4]. A
lot of drone frameworks presented in the last researches [5,6,7]

Many of these algorithms inherently rely on a moving camera [8]. For instance, in intel-
ligent video surveillance systems, camera movement techniques such as pan-tilt-zoom (PTZ)
enhance focus and track targets [9]. Recent advancements in drone technology, particularly
the availability of relatively inexpensive drones with advanced imaging capabilities, promise
significant commercial applications in the future [10]. These drones can operate with varying
levels of movement and autonomy.

Additionally, the progress in smartphone camera technology has fueled interest among
consumers in capturing video sequences capable of detecting and tracking moving ob-
jects [11]. These cameras often operate with unrestricted movement. Even in outdoor scenes
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captured by a fixed camera, the environment's dynamic nature may cause the camera to jitter
or shake, preventing the camera from being considered entirely stationary [12].

As the use of moving cameras becomes more widespread and interest in detecting mov-
ing objects grows, developing robust methods for moving object detection in dynamic envi-
ronments becomes increasingly essential.

Analysis of the latest research and publications. In the case of a fixed camera, the
changes between consecutive frames are typically caused by moving objects. However, not all
these changes relate to the objects of interest or the intended application. For indoor scenes,
even in controlled environments, unwanted factors like shadows or changes in lighting condi-
tions can interfere with the detection of moving objects [13]. In outdoor scenes, where the en-
vironment is usually uncontrollable, issues such as branch movements, cloud motion, and il-
lumination variations can pose significant challenges for moving object detection [14].

Previous research [15,16] has addressed the problem of detecting moving objects in
video sequences captured by fixed cameras, with or without such disturbances. The key idea
involves building a stable background model and applying a background subtraction tech-
nique, where the current frame is subtracted from the background to detect moving objects.

For moving cameras, the detection method has to address the challenges faced by fixed
cameras and account for difficulties related to compensating for camera motion. A simple
background subtraction with a basic motion compensation model is insufficient for moving
cameras. Inaccuracies in motion compensation, likely in free camera movements, lead to fail-
ures in building a reliable background model that distinguishes between background and fore-
ground pixels.

One approach to detecting moving objects with a moving camera is to differentiate the
motion caused by the camera from that of the moving objects. Solutions generally fall into
two categories: background modeling and trajectory classification. Background modeling [17]
uses motion compensation to construct a suitable background for each frame. At the same
time, trajectory classification [19,18] calculates long-term trajectories for feature points using
a tracker and applies clustering techniques to distinguish object-related trajectories from
background movement.

Another strategy is to extend background subtraction methods based on low-rank and
sparse matrix decomposition, initially developed for static cameras [20,21], to handle moving
cameras [22]. The core idea is that coherent information across image frames is captured in a
low-rank representation, while outliers—such as moving objects—appear in the sparse repre-
sentation. However, this assumption relies on a static background across frames. To adapt this
approach to moving cameras, a transformation can be incorporated to compensate for back-
ground motion, such as affine transformations for pan-tilt-zoom motions or perspective trans-
formations for free camera movements [23].

Object tracking can also serve as a method for detecting moving objects, although its
primary goal differs. In tracking, a target object is identified in the initial frame, and its loca-
tion is updated in subsequent frames. This involves extracting features like color, texture, or
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statistical information from the target and using a similarity model or classifier to find the best
match in the next frame. The target's characteristics are then updated for continued tracking.

An alternative approach is fragment processing. The fragment-based analysis offers a
promising approach to address these challenges by dividing video frames into smaller, mean-
ingful regions or fragments for localized and robust object detection. Fragment processing is a
broad concept. The approach defines fragments as groups of pixels with similar color or tex-
ture properties, simplifying the image into coherent regions for analysis [24]. Or the fragment
can be the video frame geometry part. Fragments are defined as video frame geometric parts
represented as matrices with arbitrary dimensions. The method significantly reduces computa-
tional costs by skipping traditional transformation steps like matrix vectorization. Reducing
the load of the drone processor allows not only to optimize data processing but also to reduce
the load on the power system. In the research [25], SVD (Singular value decomposition) of
the matrix and the Ky Fan norm are proposed for scene change analysis. In the context of mo-
tion detection, this approach was expanded [26]. Dividing the frame into 5x5 or 10x10 al-
lowed identify the fragments in which motion occurred. An analysis of the effectiveness of
the obtained descriptor across various video data sizes demonstrates that changes in the de-
scriptor for each fragment are independent of both the video resolution and aspect ratio. [27].
The rectangle frame has been transformed into a square matrix by SVD, where each element
is a Ky Fan norm value used as an object detection descriptor. The fragments number is
changing the analysis scale. In research [28], dividing the frame into 100x100 detected con-
tour moving objects.

The Singular Value Decomposition (SVD) for mxn matrix A is a factorization of the
form

A =UsV (1)
where U is an m X m complex unitary matrix, S is an mxn diagonal matrix with non-negative
real numbers on the diagonal, and V is an nxn complex unitary matrix. If A is real, U and V
can be guaranteed to be also real orthogonal matrices.

The SVD is closely associated with several common matrix norms and offers an effi-
cient method for their computation. This relationship is derived from the foundational exist-
ence proof for the SVD, which establishes its applicability

141l = (p (A *A))2 = gy (A) )

It follows from our existence the sum first k singular values:

141157 = o1 (A +.. +on.(A) (3)
is a matrix norm, called the Ky Fan k-norm. In our approach, the Ki Fan norm is a fragment
descriptor. There is no need to do a full SVD transformation to obtain the norm value. It is
enough to obtain a matrix of singular values. The numpy library function linalg.svdvals re-
turns the singular values of a matrix (or a stack of matrices) x. When x is a stack of matrices,
the function will compute the singular values for each matrix in the stack.

Objective. The purpose of this study is to develop an efficient and robust algorithm for
detecting and differentiating between camera motion and object movement within video
frames. By leveraging grid-based frame segmentation and Singular Value Decomposition
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(SVD) to compute Ki Fan norms, the algorithm identifies dynamic fragments and classifies
global (camera) and local (object) motion. This enables accurate motion state assessment, of-
fering insights into the stability of the camera and the activity of objects within the scene.

Presentation of the main material of the research. In this section, we will consider
the results produced by the developed application. Our experiment used a drone video camera.
Codec is h264, frame size is 1920.x1080, frame rate is 30. The camera position is unstable.
To visualize the results of utilizing the Ky Fan norm for video analysis, a Python 3.10.11 ap-
plication was developed and executed on a system equipped with an Intel Core i5 processor,
16 GB of RAM, and running the Windows operating system. The application relies on two
open-source libraries licensed under Apache License: OpenCV version 4.10.0 and NumPy
version 2.2.1.

We treat the video as a sequence of frames (Fig. 1). Each frame is converted from RGB
to a grayscale model, and a Gaussian blur filter is applied so that the value of each pixel car-
ries only intensity information.

A » ] e

Figure 1 - Video source as a sequence of frames. Source: compiled by the authors

Each frame is divided into G = (n x m) rectangular fragments. For each fragment g;;, its

spatial coordinates are determined, and the intensity matrix of its pixels is extracted. The ob-
tained matrix fragment, having an appropriate size for SVD transformation, undergoes singu-
lar value decomposition, allowing the calculation of singular values. The Ky Fan norm is then
determined for each fragment. The rectangle frame has been transformed into a square matrix
5x5 by SVD where each element is Ky Fan norm value as a descriptor. The difference in
norms between the two frames is calculated as:

b= |JET1 —ay (4)
A fragment g;; is marked as dynamic if:
Ai;= Tiotion ®)
The global mean change across all fragments is calculated as
ﬂgzuauzz {1f|5 |]' Z ﬂz‘j ©)

If more than 80% of fragments have
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ﬂi'j = Tmuriun fz (7)
the camera is considered stable:

Gijr A< —Tmcétiﬂn (8)
= 0.8
IGI
Local movement is detected if more than 20% of fragments have
ﬂij:? Tmﬂﬁﬂi‘! (9)
Lgu i_;IGI mﬂtmnl ~ 0.2

Based on the global and local motion analyses, the algorithm determines one of four
possible states:
e  Stable Camera, No Object Movement
e  Stable Camera, Object Moving
e  Moving Camera, No Object Movement
e  Moving Camera, Object Moving
We selected fragment (2,3) for the result demonstration in details. 2 is Y, 3 is X indexes
of the 5x5 matrix. Fragment (2,3) is marked by a white spot (Fig. 2). The camera and object
state are on the top side. Fragment with moving object marked by white spot. On frame num-

ber 29, the Ky Fan norm value exceeds the threshold, and moving objects have been detected.
This zoomed-in block can illustrate the result better.

Figure 2 - The result of frame-by-frame processing is a new video source in a grayscale mod-
el. The camera and object state are on the top side. Fragment with moving object marked by
white spot. Source: compiled by the authors

The drone’s flight was smooth, with brief hangs. The camera is considered stable if the
deviation is less than the threshold value for more than 80% of the fragments. Ky-Fan norm
fluctuations for all fragments are presented in Fig.3 A. Local motion was defined for frag-

ISSN 1562-9945 (Print) 7
ISSN 2707-7977 (Online)



«Cucremni texuounoriin 2 (157) 2025 «System technologies»

ments with significant changes. Fig.3 B presents Ky-Form fluctuation for the fragment (2,3).
On frame number 29, the Ky Fan norm value exceeds the threshold, and moving objects have
been detected. A comparison of the norm fluctuations in all fragments shows a significant de-
viation for the fragment (2,3). This indicates the local movement of the object in the fragment.
The smooth movement of the drone leads to uniform changes in the normal fluctuations of Ky
Fan in all fragments, which can be labeled as a "moving camera.” A significant deviation of
the norm fluctuations in the segment indicates the local movement of the object.

Changes of Ki Fan Norm for All Fragments Changes of Ki Fan Norm for Active Fragments

44000
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2 40000
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A B
Figure 3 - Ky-Fan norm fluctuation for all fragments A. Ky-Fan norm fluctuation for frag-
ment (2,3). B presents Ky-Form fluctuation for the fragment (2,3). On frame number 29, the
Ky Fan norm value exceeds the threshold, and moving objects have been detected. Y is Ky
Fan norm value, X is frame numbers. Source: compiled by the authors

Conclusions. The study introduces an approach for processing drone video footage, an-
alyzing dynamic changes in frames captured by a moving camera. The method achieves local-
ized motion analysis by segmenting video frames into smaller fragments through a grid-based
technique. Singular VValue Decomposition (SVD) is employed to compute the Ki Fan norm for
each fragment, enabling the detection of both global (camera) and local (object) motion. The
methodology aims to support applications such as video stabilization, object tracking, and dy-
namic scene analysis.
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Oopooka eideo 3 OpoHie WINAXOM PPACMEHMHO20 AHAI3ZY

B yvomy 0ocniosicenni mu 30cepedunuca Ha ananisi 6i0eo 3 OpoHie 0/ SUPIUIEHHS 3d-
oaui 06pobKu pazmenmis gideo, 3HAMUX pyxomow kamepor. Koowcen kadp po3zoinenuii Ha
MeHwi (ppazmermu 3a 0ONOMO2010 MeMooy CeeMeHmMayii Ha OCHO8I CIMKU, WO A€ 3M02y J10-
Kkanizyeamu ma Oemanvro auanizyeamu pyx. Cuneyisipre posxiadauus (SVD) sacmoco-
gyemuvcs 0111 obuucnenns Hopmu Ki @an ons kodxcrnozo paemenmy, wo 0036015€ eussumu
OUHAMIYHT 3MIHU MIJHC NOCAI008HUMU Kadpamu. AHani3 Ha pieHi hpacmenmis 0036015€ aneo-
pummy HaoiliHO eusHauamu obaacmi inmepecy ma po3pizHsamu 2100a1bHUL pyX (pyX Kamepu)
i noKanvHull pyx (pyx 06’ekma), Hezsadcaiouu Ha npobiremu, noe’s3aHi 3 HeCMAabiIbHICIIO
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kamepu. Cmamn pyxy Kiacugixyemovcsa Ha womupu Kameeopii: cmabinbha kamepa Oe3 pyxy
00’exma, cmabinbha kamepa 3 pyxom 06 ’ekma, pyxoma kamepa 6e3 pyxy ob’ekma ma pyxoma
Kamepa 3 pyxom 06’exkma. Ll memooonozia Ha 0CHO8I (hpacmenmis nioguugye MouHicms Ou-
HAMIYHO20 AHANIZY CYEHU, NPONOHYIOUU Macumabosane ma egekmugne piuieHHs Osl MaKux
niox00ie, sAx cmaobinizayis 8ideo, 8i0cmediceHts 00 €KmMi6 i 8UABIEHHS PYXY 68 PealbHOMY YdCi
8 CKIIAOHUX CepedosULyax.

Mamranip Cepriii BosioauMupoBUY — TOKTOp TEXHIYHUX HayK, mpodecop, mpodecop Ka-
denpu inhopMaTHKH XapKiBCHKOTO HAI[IOHAIBHOTO YHIBEPCUTETY PAIi0CICKTPOHIKH.
Jlenaben Jmurpo IlaBnoBuu — acmipant IYCT VYXropoachbkoro HaiioHaJIbHOTO
YHIBEPCHTETY.
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A.1O. 3umorisan, A.L I'yna, C.O. Tkauenko
BIIJIMB CTPYKTYPHU 3AITIOBHEHHSI 3PA3KIB
IIPU 3D JIPYKY HA IX MIIHICTbh

Anomayin. ¥ cmammi onucano 0ocniodcents niuey cmpykmypu 3anogients 3D oemani Ha
mexaniuny miynicmo. Ilapamemp 3anosnenus (Infill) eniusae na miynicmo ma mexauiuni éna-
CMuUBOCmMi OMpPUMAH020 MPUBUMIPHO20 00'ekma Oinvuie 3a iHwi. Tomy came yei napamemp
0Y110 ocniodiceHo 6 Yili cmammi, il 6NIU8 HA MIYHICMb HAOPYKOBAHOI emai.

Y pobomi 6yno nposedeno docniddcenns 6niugy cmpykmypu 3ano6HeHHs HA MeXaHIyHi e1a-
cmugocmi demani ma npogedeHo cepito docridis. Ycvoeo 6yno nepegipeno 5 cmpykmyp, a
came: 3ipKa, KImMuHKa, AiHii, Cimka ma mpuKymiuk. 3a 00NOMO2010 CMBOPEHO020 YCMamKy-
8AaHH, ONUCAHO20 Y cmammi 0Y10 NPOB8edeHO HU3bKA 00CIOI8.

Ilo ompumanum 0aHuM MOICHA 3pOOUMU BUCHOBOK, WO Oemali 3 3aN08HEHHAM MPUKYMHU-
Kamu i 3ipKkamu marome OLIbULY MEXAHIYHY MIYHICMb, HIdC NIHIAMU, CIMKaMu i KIIMUHKAMU.
Taxooic Ha Yux 3aN0BHEHHAX 0OCMPULAEMbCA OLTLUULL MOOYIb NPYIHCHOCHII.

Knrouoei cnosa: 3D print, cmpykmypa 3anoeHenHs 0ema.li.

Beryn. AnutuBHI TexHOnOrii Ta 30kpeMa 3D-apyk - oqHa 3 (OpM TEXHOJOTIH aTUTHUB-
HOT'O BUPOOHMIITBA, 1€ TPUBUMIPHHUNA 00'€KT CTBOPIOETHCS LUIAXOM HaKJIaJaHHS MOCIII0BHUX
11apiB mMarepiaiy (IpyKy, BUPOIIYBaHHs) 3a JaHUMH LU(ppoBoi Mozem. JIpyk 3a1iCHIOEThCS
3D-npunTepoM, skuil 3abe3nedye CTBOPEHHS (I3UYHOTO O0'€KTa MUISAXOM MOCIIIOBHOTO
HaKJIaJaHHs IUIACTUYHOTO MaTepiajy Ha OCHOBI BipTyanbHOi 3D-mozeni. 3D-npunTepu, sk
MPaBUJIO, MIBU/II, OUIBII JOCTYMHI 1 NPOCTILI Y BUKOPUCTaHHI, HIX 1HIII TE€XHOJOTIT aau-
TUBHOTO BUPOOHMUTBA. 3D-NpUHTEpU HPONMOHYIOTH PO3POOHHMKAM MPOIYKTIB MOXKJIHMBICTH
ApYyKy JeTanel 1 MexaHi3MiB 3 jaekinibkox MmatepianiB (PLA, ABS, Ta iH.) Ta 3 pi3HUMH Me-
XaHIYHUMHU 1 (I3MYHUMH BIACTUBOCTSIMH 32 OJHMH MPOIIEC IPYKY.

3D-apyk 4YacTO Ha3MBAIOTh «MAaridyHOI» TEXHOJOTI€}0, OCKIJIBKH J03BOJIIE IMEPETBO-
proBaTtH, orpuMaHi B CAD-cuctemax Mojeni B rotoBi BUpoOH. Y peanbHOCTI mpouec 3D-
JPYKYy BHUMarae Takox 0araTo py4yHOi mpaiii, 10 BKJIIOYa€ MONEPEAHIO MiATOTOBKY 1 MOJANIb-
11y oOpoOKy HaJpyKOBAaHUX JeTajel Jisl JOCSATHEHHs ix O0akaHoi AKOCTI.

Sk 1 OuIbLIICTh BepcTaTiB 3 HUGPPOBUM KepyBaHHAM, 3D-NpUHTEPU CTBOPIOIOTH TPH-
BuMipHUil 00'ekT 3a gormomoroo G-CODE. G-CODE e Haii0inb1 monyaspHOI0 MOBOIO MPO-
rpamMyBaHHS KOMII'I0TepHOT0 4ynciaoBoro kepyBanHs (CNC, computer numerical control), 30-
kpema mis kepyBaHHs 3D-npuntepamu. G-CODE cknanaeTbes 3 KOMaH[I, 110 BKa3yIOTh py-
XM, MIBUJKOCTI, HATPIBAHHS €KCTPYJepy, HarpiBaHHA CTOJA Ta 1HIII MapaMeTpy MPUCTPOIO IiJT
yac BupoOHuITBa Mojeni. Koxkna komanna G-CODE mae koHkpeTHH# (opmar i BinoBigae
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NEeBHOMY BUpOOHUYOMY mporiecy abo aii. MoBa G-CODE 06yna po3po6iiena B faiekomy 1950
poui y naboparopii MIT (Takox Bimoma, sik RS-274 Bxke micns JAEKUTBKOX 3MiH BiJ Bepcii
RS-273). Ilepma cranmaptu3oBana Bepcis Oyna omyoiikoBaHa B 1963 porii Ta ¢inamizoBaHa
B 1982 (Standards for Computer Aided Manufacturing).

Juns renepanii G-CODE, sxuii npu3HadyeHo Al CTBOPEHHS TpUBUMIipHOTO 00'ekTa 3D-
IPUHTEPOM BUKOPUCTOBYETHCS IMpOrpamMHe 3a0e3leueHHs Tijg Ha3Bow «cmiaiicep» (Slicer).
Slicer 6epe TpHOXBHUMIPHY MOJENb y OJHOMY 3 CIeliaiizoBaHuX (OpMaTiB, IIIUTH ii HA
OKpeMi mapu (TOBUIMHY SIKMX MOXKHA 3aJaTH B HAJANITYBaHHAX), a IOTIM IUIaHYy€
BIZIMOBITHMI MapmpyT ekctpyzaepa. [Ipu npomy icHye 6e3mid NUIsAXiB, K caMe MOXKHA HaAPY-
KyBaTH Ty Y4 iHIIY JI€Talb, i BAKOPUCTAHHS KOXKHOTO 3 IUISAXIB 33/1a€ MEBHI BIACTUBOCTI BU-
poOy. Takox Slicer BUKOPHCTOBYE BEIMKY MHOKHHY PI3HUX IMapaMeTpiB, sKi 3a/1al0Th Ipa-
BUJIa CTBOPIOBAHHS TPUBUMIPHOTO 00'€KTa, IO ApYyKyeThes. Jlo mUX mapameTpiB MOXKHA Bif-
HecTH: mBUAKICTh ogadi (Feed Rate), piBHOoMipHicTh Toadi (Flow Rate), Temmieparypa exc-
Tpyaepa (extruder) i nixkka*(bed), mapamerpu mapyBaHHs, migATpUMKa (Support), 3aIIOBHEHHS
(Infill), pexxumu npyky (Print Modes), marepian: Ta iHmIi.

[Tapamerp 3anoBuenHs (Infill) BrumBae Ha MIHICTH Ta MEXaHIYHI BIACTUBOCTI OTpUMa-
HOTO TPUBUMIPHOTO 00'ekTa Oinbiie 3a iHmi. ToMy came 1ieil mapamerp OyJio JOCIiIKEHO B
il CTaTTi, 1 BIUIMB HA MIIHICTh HAJPYKOBAHOI JICTAJII.

3anoBHeHHs1 TPUBHMIPHOI0 00'eKkTa. 3ammOBHEHHS B npoteci 3D-apyky Bimgirpae Bax-
JMBY POJIb, BIUIMBAIOYH HA MIIHICTh, Bar'y Ta BUTPATH MaTepianiB. BOHO MOXe aBTOMaTHYHO
M1JUTalITOBYBATUCS M1/l TapaMeTpH JIPYyKy, ajle ONTUMI3Alllsl [UX HaJalITyBaHb J03BOJISE 3a-
OLIAJUTH PECYpCH Ta MOKPALIUTH SKICTb TOTOBUX BUpPOOIB. [IpaBunbHuil BuOip THIY 3a-
MOBHEHHSI JIOTIOMarae JOCATTH KpalluX pe3yJbTaTiB, 30KpeMa LI0JI0 MIIHOCTI, THYYKOCT1 YU
ecTeTUKH BUPoOy. OCHOBHI PI3HOBUIU 3alIOBHEHHSI MO’KHA YMOBHO PO3AUINTH HA Takl Kare-
ropii: THy4Ki AeTani (BUKOPHUCTOBYIOTbCA JUIsl MOZEJNEH, 1110 MOTpeOyIoTh CKPYYyBaHHS 4u
THYYKOCTI, 30epiratoun CTpyKTypy IpH 3MiH1 Ocell); MiJIBUILEHa TOYHICTh; 00’ €MHI TUIIU 3a-
MOBHEHHS (HAJarTh BUPOOY J[OAATKOBY MIIHICTh); CTaHAApTHAa MILHICTh (yHIBEpcaabHI
HaJalITYBaHHS IS BUPOOIB CepeaHbOI MIITHOCTI MiJXOJUTh JJI TOBCSKICHHOTO BUKOPH-
CTaHHs); JEKOPAaTUBHI BUPOOU (OCKIIBKU MIIHICTh HE € MPIOPUTETOM, OCHOBHHMM aKIIEHT PO-
OUTHCS Ha MIATPUMII BEpXHIX IIapiB, MOKHA 3MEHIIMTH LIUIbHICTh 3allIOBHEHHS a00 B3araii
HOro YHUKHYTH).

Huxue npencraBieHi OCHOBHI pi3HOBH/IM 3alTOBHEHHSI, 1110 BUKOPHUCTOBYIOThCS YacTillle
3a BCe.

Ha puc. 1 mpencraBneHo mnpsMosiHiiiHEe 3amoBHEHHsA. BoHO € ogHuMM 13 Halmomwu-
penimux tumis s 3D-npyky. BoHo yTBOproe mpsimi JiHIi, SIKI 4ePTyIOThCS MIXK IIApaMHu:
OJIMH 1Iap JPYKYETHCS B OJJHOMY HaIpsIMKY, HACTyImHHUI — mia kytom 90°. Taka TexHika a0-
nomarae e(eKTUBHO BUKOPHCTOBYBaTH HUTKY O€3 HaJUIMIIKOBOTO HAKOIMYEHHSI MaTepiaiy
Ha TIepeTUHaXx, fK 11e OyBa€ y BUMAKY CITYACTOTo 3arnoBHEHH. L{e pobuTts npoiec mBUALINM
1 EKOHOMHIIIIUM.

[TopiBHSIHO 3 CITKOIO, MPSMOJIHIMHMI BapiaHT 3a0e3neuye BIBIUl Kpally MiITPUMKY
BEPXHIX IIapiB, MPH [IbOMY CIIOKUBAIOYM aHAJIOTIYHY KiIBKICTh Matepiany. Llei Tun equHui,
SKUW PEeKOMEHAYEThCs J1s 3armoBHEHHS 31 100% mnripHICTIO. SIKIO B HAJIAIITYBaHHSAX BCTa-
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HOBJICHO IHINMI THUII 3aII0BHEHHS, ajle MIUILHICTE 30utpmIyeTsest 1o 100%, mporpama aBToMa-
o

TUYHO 3MIHHUTH HOTO Ha MPSIMOJIIHIHHUA.

Ha puc.2 mnpeacraBieHo ciT4acTe 3allOBHEHHS € OJHUM 13 HaMIpoOCTIIMX Ta

Pucynox 1 — IIpsmoutiHiiiHe 3alIOBHEHHS

HailmBuamux BapiantiB i 3D-apyky. JliHii neperuHaroTbes mig KyroM 90° B KOXKHOMY
mapi, oo 3abe3neyye BUCOKY MILHICTh 1 Kpally aaresiro Mk mapamu. Lleit meron, Ha
BiIIMIHY BiJI IPSIMOJIIHIHHOTO, JO3BOJISIE APYKYBaTH B 000X HANpsMKax, 0 3HAYHO MPUCKO-
PIO€E TIpo1IEC.

OpHak HaKOMMMYEHHS MaTepialy B MIiCISX MMEPETUHY MOXKE BHKJIMKATH IIyM a00 HaBiTh
MOMMUJIKH T 9ac APYKY, OCKUIBKH COTLIO MPOXOAMTH Yepe3 Ili TOUKH. SIKII0 HeMae criemianb-
HUX BUMOT /IO BUPOOY, CITUacTe 3allOBHEHHS € yHIBEpPCAJIBLHUM DIllICHHSM, sIKe 3a0e3meuye
0ayaHc MK MIITHICTIO, Baroko Ta MIBHJKICTIO IPYKY.

Pucynoxk 2 — 3anmoBHEHHS MPSIMOKYTHOIO CITKOO
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[lecTukyTHE 3aNIOBHEHHS, 200 TaK 3BaHAa “‘COTOBA” CTPYKTYpa (pHUC. 3) CTBOPIOE CITKY 3
[IECTUKYTHUKIB, SIKA € OJHIEI0 3 HAE(PEKTUBHIIIMX 32 CBOEI0 MEXAHIYHOIO CTIHKICTIO. 3aB/s-
KM CBOIl reoMeTpii, el TUI 3aloBHEHHS 3a0e31euye piBHOMIPHUHI O30T HaBaHTAKECHHS
Ta YyJOBY CTIMKICTH 10 AedopMaliii, 110 poOUTh HOTO i1ealbHUM JJIsl BUPOOiB, 1€ HE0oOXiaHa
BUCOKA MIIHICTb.

PucyHok 3 — 3a110BHEHHS «COTHY

OcHoBHa mnepeBara HIECTUKYTHOTO 3allOBHEHHSI MOJISITa€ B TOMY, L0 BOHO MiHIMI3ye
PU3UK NEPEeTUHIB HUTKH, OCKIIBKM KOXEH Iap JAPYKYEThCS IMOCIIJOBHO 0€3 3yMUHOK abo
CKJIaJAHUX mnepeTuHiB. lle 3MeHmIye HMOBIPHICTH MOMWIOK i Yac APYKY Ta CIpUSE
MOJIIIIEHHIO SKOCTI MOBepXoHb. OJIHAK 11eW TUIl 3alIOBHEHHS Ma€ i cBoi Heloiku. BiH cro-
*uBae Ha 25% Ounbllie MaTepialy HOPIBHSHO 3 1HIIMMHU BapilaHTaMH, TAKUMHU SIK ciTyacTe abo
npsiMoJiHiiiHe 3anoBHEHHs. KpiM Toro, yac qpyky 3Ha4HO 30UIBLIYETHCS — HA JIEIKUX MOJIE-
JISIX 1IeW THUM 3aJIMBKK MOXKE MOTpeOyBaTH B/BIUl OUIbIIIE Yacy, 0 pOOUTH MOro MeHII edek-
TUBHUM JJIs1 HIBUAKOTO MPOTOTUITYBAHHS.

3Ba)kalouu Ha 1ie, NIECTUKYTHA 3aJMBKa YaCTO BUKOPUCTOBYETHCS JJIsi BUPOOIB, /1€ BaXK-
JMBa MaKCHUMaJlbHa MIIHICTh 1 CTaOlIbHICTh, ajleé HE € HalKpaluMm BHOOPOM ISl €KOHOMIT
MaTepiajy 4M yacy.

3anuBka (puc. 4) y surisai 3D-cor — 11e yHIKaJIbHMNA TUIT 3aII0BHEHHS, KU CTBOPIOE
BI3EpYHOK 13 4YepryBaHHSM KBaJpaTiB 1 BOCBMHUKYTHUKIB. L{i enemeHTn QopmyroTh BepTHU-
KaJbHI CTOBITYMKHM, IO 3MIHIOIOTHECS B TOBINMHI 3aJIEXKHO BIJ ITO3HIlII B Mozeni. 1'0J10BHOIO
0COOJIMBICTIO IILOTO THUILY 3QJIUBKU € T€, LIO JIIHII HE MEePETUHAIOTHCA B OJHOMY IlIapi, M0 3a-
Oesrneuye cTablIbHY CTPYKTYPY 0€3 T0IaTKOBOTO MaTepialy Ha MICISIX TIEPETHHIB.

Opnak, yepe3 cHerupIiUHMM HUIAX JPYKY, MK LIapaMd YTBOPIOIOTHCS HEBEIUKI
MPOMIXKKH, IO BIUIMBAE HA 3arajbHy MILHICTh BUpOOyY. Takuii mixia Mae TpOXH OLIbIILY BUT-
paTy Matepiaiy 1 JIOBIIMM yac ApPYyKy, HIX KJIacH4HI coTOB1 BizepyHku. [lompu e, 3D-cotu
MIPOMOHYIOTh YHIKJIBHUN OaJlaHC MDK MIIHICTIO Ta ECTETHUKOI, poOJsIYu iX TapHUM
BapiaHTOM I BUPOOiB, J¢ BAXKIIMBUI 30BHIIIHIN BUTJIS, a HE JIUIIIE MEXaHIYHI BIACTHBOCTI.
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Pucynok 4 — 3anoBHenns «3D cotn»

3anuBKa «3ipka» (puc. 5) XapakTepu3yeTbCsl IUISIXaMH, SIKI MEePETUHAIOTHCA B MEXax
OJTHOTO IIapy, CTBOPIOIOYH CTPYKTYPY y BUTJISAL 31pKH, IO OPIEHTOBAHA MiJ MEBHUM KyTOM
noHu3y. B pesynbTari (OpMyIOTHCS YMCIIEHH] TOBITPSIHI KHIIEHI, SIKIi MOXYTh CIIYTYBaTH SIK
TEIUIOI30JIAIisl a00 Ha/JaBaTH 00 €KTY IUIABYYiCTh HA BOJI, OCOOIHMBO MPU BUKOPUCTAHHI BO-
JIOHENPOHUKHHUX Martepianis, Takux sk PETG. Yac nqpyky Ta BUTpaTa HUTOK 3aJHIIAIOTHCS HA
piBHI 3 IHIIUMH BapiaHTaMH 3alIOBHEHHSI.

Ils 3anmwBKa imeanbHO WIAXOMUTH TSI BUPOOIB, SKI IMIUIATAIOTh HABAHTAKEHHSM.
O06’eMHe 3aIOBHEHHS Ma€ BHUTJISA] CUMETPHUYHUX IMIPaMiJIOK, IO CIIPHUSIE 3MEHIIEHHIO KOJI00-
JICHHS HABAaHTAXXCHHSA, K€ PO3IMOJUISETHCS PIBHOMIPHO MO BChbOMY BHpoOy. BisyanpHO Ha
CTiHKax Mojeneii 0co0JIMBO MOMITHO PO3TAlIyBaHHS JIHIHM i AiaroHaTBHUM KyTOM. SIKIIO
BU MIParHeTe YHUKHYTHU IIbOTO €EeKTy, BApTO BKUTH BIAMOBIIHUX 3aX0/1iB IPY HAJIAIITYBaHHI

JPYKY.

Pucynok 5 — 3amoBHeHHs «3ipKa»
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Le#i Tin 3aiMBKU HE JUIIE 3a0e3ledye MEXaHIYHy CTIHKiCTh, alie ¥ Hamae BUpOOaM
YHIKaJIbHUI BUTIIAL, 110 pOOUTH HOTO momynsapHuM Bubopom cepen 3 D-apykapis.

[IpencraBneni BUINE THIH 3aJIMBKH, 1€ OCHOBHI, SIK1 YaCTIIIe 32 BCE BUKOPHCTOBYIOTb.
B3arauni icHye OUbII HIXK J1BA I€CATKA PI3HUX THIIIB 3aJMBKH 1 Moaudikamiid nux tumis. B no-
cimiKeH1 0yiio o0paHo 5 HaWOUIBII PI3HUX THUIIIB, a caMe: 3ipKa, KIITHHKA, CITKa, TPUKYTHHK 1
CYLUTBHI JTiHI.

CTBOpeHHs 00°€KTYy A0caigxeHHs. [y MpOBeACHHS JOCTIKCHHS BIUIMBY THUILy 3a-
JUBKH Ha MIITHICTH JeTaii, ctBopenoi Ha 3D mpunTtepi 6yno ctBopeno 10 3paskis. Ilo 2 3pas-
KM KOXXHOTO TUITY 3aIlIOBHEHHS, a caMe: 31pKa, KIITHHKA, CITKA, TPUKYTHHK 1 CYIUThHI JIiHIi.

B sixocti meram Oyno oOpaHo mactuHy po3Mipom 3x70mm, 3 4 otBopamu 3 mMMm. Ma-
Tepiasiom 0yiio o0pano PLA miacTuk , IIaCTHHKA CIYTYE YaCTHHOIO KPIIJICHHSI aKyMYJIATOPY
Uit ApoHy (puc. 6).

Pucynok 6 — Jleranb KpiluleHHS! aKyMYJISTOPY JIpOHA

Hns crBopenns 3D mopem miei getani Oyno BukopuctaHo cepenosuine OpenSCAD
(puc. 7).

0k

rea

P9 HRQaQaD @B PO g Hihno

Pucynoxk 7 — CtBopena netans B cepenonuiili OpenSCAD
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Jlicrinr kony aeraini (cepenosuiie OpenSCAD) npencraBieHo HUXKYE.
length = 70;

width = 20;

thickness = 3;

hole diameter = 3;

hole offset = 3; // BimcraHs Binm kpaiB mo OTBOPIB

module plate() {
difference() {
// OCHOBHa ILJIacTHHA
cube ([length, width, thickness]);

// JIiBl oTBOPM
translate([hole offset, hole offset, -0.1]) {
cylinder (h = thickness + 0.2, d = hole diameter, $fn

= 50);
translate ([0, width - 2 * hole offset, 0])
cylinder (h = thickness + 0.2, d = hole diameter,
Sfn = 50) ;
}
// MpaBl oTBOPMU
translate([length - hole offset, hole offset, -0.1]) {
cylinder (h = thickness + 0.2, d = hole diameter, $fn
= 50);
translate ([0, width - 2 * hole offset, 0])
cylinder (h = thickness + 0.2, d = hole diameter,
Sfn = 50);
}
}
}
plate() ;

[Ticns ctBopenns 3D mopaeni B cepenouii OpenSCAD 1 orpumanas 3D mozeni B
¢dopmari STL tpeba 6yno 3renepysaru G-CODE. Jlns #oro reneparii 6yno oOpaHo craiicep
PrusaSlicer (puc. 8).

Wtrsed

Uzt ra ez mearpe
)

Lweryc =w e s

Pucynoxk 8 — Buznauanus tumy 3ammoBHeHHs y PrusaSlicer
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3a nonomoroto PrusaSlicer 6yso srenepoBano G-koj st 5 3pa3kiB po3po0IieHoT aeTai
3 3anoBHEHHIM 70 % Ta pi3HUM 1a0JIOHOM 3allOBHEHHS, a came: 3ipKa, KIITHHKA, JIiHii, CITKa

e R
ﬂ‘.- “ CRip
Ti- ¢ e

Pucynok 9 — JlocmiiHi 3pa3ku 3 pi3HUM MIA0JIOHOM 3aITOBHEHHS

Ta TPUKYTHUK.

3a momomororo orpumanoro G-xomay 5 3paskiB Oyno HagpykoBano Ha 3D mpurTepi
(puc. 9).

JlocTiIzKkeHHS 32J1e5KHOCTI CTPYKTYPH 3allOBHEHHSI HA MillHICTh HAJJPYKOBaHOI /1e-
TaJi. s nocnipkeHHs 3a1eKHOCTI CTPYKTYPH 3allOBHEHHSI Ha MILHICTh OyJi0 MoOya0BaHO
yCTaTKyBaHHS, SIKE€ CTPYKTYpHO TpeacTaBieHo Ha puc. 10.

T

\‘H‘II‘H‘H“

Pucynox 10 — YcraTkyBaHHs A5 TOCTIPKEHHS HQIPYKOBAaHHUX 3pa3KiB

VYcrarkyBanus (puc. 10) cknanaerbes 3: 1 — MipHa mKana (TpaHCHOPTHP); 2 — TOBCTa
IPOBOJIOKA; 3 — €MHICTb AJS BOAM; 4 — KPIIUIEHHS 3pa3Ky 10 CTONY; 5 — 3pa3ok, L0 AOCIHi-
JOKYETBCSL.
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B xomi mocnmimy B €MHICTH JJisi BOAM TOCTYIOBO JojaBanacs Bojxa. [Ipu mpomy mo-
CIIJDKYEMUH 3pa30K MOTPOXY HAarmHaBcs. Ilpu 1bOMy KyT HaXwily BUMIPIOBAaBCS 32 HIKAJIOKO
TPAHCIOPTHPY O MPOBOJIOLI 3aKPIIIEHOT Ha 3pa3Ky.

Jnst kosxkHOTO 3paska Opanocs 10 Toyok 3 kpokoM 100 mut, mo HUM OyayBaBcs rpadik
3aJIeKHOCTI CTPYKTYPH 3allOBHEHHS Ha MEXaHIYHY MIIHICTh. Pe3ynbTatu BHMIpIOBaHb Y
MPY>KHOI 30H1 IpeAcTaBiIeHo Ha puc. 11.

9,°

K IS L S B B S B B B E S B R L S

star
triangle
30 cube —-—-—
I line - - - -

20

0....1;.;. AlllIlllIIllllIllllllllllllllllllllllllF
’

0 1 2 3 4 5 6 7 8 9 10

Pucynok 11 — I'padik 3anexHOCTI KyTa HAXUITy KOXKHOTO 3pa3Ka BiJ] HABAHTAKCHHS

Taxox Oyno oTprMaHi YMOBU HaBaHTa)XEHHS, KOJIM 3pa3ok Oyso nomkopkeHo (Tabnu-
s 1).

Taomums 1
Hasga 3pa3ka KputnuHe HaBaHTaXEHHs, I
line 2000
star 2700
grid 2200
triangle 3000
cube 2200

BucnoBku. Byno mnpoBeneHO IOCHIIKEHHS BIUIMBY CTPYKTYPU 3allOBHEHHS Ha Me-
XaHIYHI BJIACTUBOCTI JIeTali Ta MPOBEACHO CEpir0 AOCHIAIB. YChoro Oyjo mepeBipeHo 5
CTPYKTYp, a caMe: 3ipKa, KJIITHHKA, JiHii, CITKa Ta TPUKYTHUK. 3a JOMOMOTOI0 CTBOPEHOTO
yCTaTKyBaHHs, OMUCAHOTO Y CTATTi OYyJ10 MPOBEIeHO HU3bKA JOCIIIIB.
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[To oTpMaHUM aHUM MOKHA 3pOOMTH BHCHOBOK, IO JIETaldl 3 3allOBHEHHAM TPUKYT-
HUKaMH 1 3ipKaMy MalOTh OUIBIIY MEXaHIYHY MILHICTh, HIK JIIHISIMH, CITKAMHU 1 KIIITHHKaMH.
Takox Ha X 3aNIOBHEHHSX JOCTPUTAETHCS OUTBIINNA MOYNb MPYKHOCTI.

Takox cIijJ BIAMITUTH, IO OTPUMaHi pe3yJbTaTH MalOTh CYTTEBI MOXHUOKHA BUMIpPIOBaH-
Hs. Tomy pe3yibrary, mo Oyiu OTpUMaHi, CIIiJI PO3MIIAIATH TUTBKHU sK OwiHHI. [{ng oTpuman-
HSl PE3yNbTaTIiB, II0 MOXYTh OyTH BHKOPHCTAHO JUIS JOCTIIKEHb 3 BUKOPUCTAHHAX Killb-
KICHUX XapaKTEePUCTHK, CIIiJ] BUKOPUCTOBYBATH CIIeIliajli3oBaHe oOyagHaHHA. Takox mo-
JATTBIIOTO TOCIIKEHHS OTpeOye MUTAaHHS aHI30TPOII] XapaKTePUCTHUK OTPUMAHUX 3pa3KiB.
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Influence of 3D printing samples filling structure on their strength

Additive manufacturing technologies, and in particular 3D printing, are a form of addi-
tive manufacturing technology where a three-dimensional object is created by applying suc-
cessive layers of material (printing, growing) based on a digital model. Printing is performed
by a 3D printer, which creates a physical object by successively applying plastic material
based on a virtual 3D model. 3D printers are typically faster, more affordable, and easier to
use than other additive manufacturing technologies. 3D printers offer product developers the
ability to print parts and mechanisms from multiple materials (PLA, ABS, etc.) and with dif-
ferent mechanical and physical properties in a single printing process.

The Infill parameter affects the strength and mechanical properties of the resulting 3D
object more than others. Therefore, this parameter was investigated in this article, its effect
on the strength of the printed part.

The work investigated the influence of the filling structure on the mechanical properties
of the part and conducted a series of experiments. A total of 5 structures were tested, namely:
star, cell, lines, grid and triangle. Using the created equipment described in the article, a se-
ries of experiments were conducted. According to the data obtained, it can be concluded that
parts filled with triangles and stars have greater mechanical strength than with lines, grids
and cells. Also, a higher modulus of elasticity is observed on these fillings. It should also be
noted that the results obtained have significant measurement errors. Therefore, the results
obtained should be considered only as estimates. To obtain results that can be used for stud-
ies using gquantitative characteristics, specialized equipment should be used. Also, the issue of
anisotropy of the characteristics of the obtained samples requires further study.
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INPOI'PAMHE 3ABE3INEYEHHS
SIK KATAJIIBATOP PO3BUTKY KIBEPCIIOPTUBHOI IHIYCTPII

Anomayin. B ymoeax enobanizayii ma yugposizayii cycninbcmea KibOepcnopmueHi 3macanHs
cmanu He uwe naam@opmoro 0Jis epasyié i KOMAauo, a U NOMYAHCHUM eKOHOMIUHUM Opalige-
POM, WO OXONTIOE CIMPUMIH2, CHOHCOPCMBO ma po3pobKy ieop. Knwouosy pons y cmanosnenni
Kibepcnopmuenoi indycmpii sidiepae 6e3nocepedubo npocpamue 3abesneuenus. Memoro po-
bomu € U3HAYEHHSA POJIi NPOSPAMHO20 3a0e3neUeHHs AK Kamaiizamopy po36umKy Kibepcno-
pmuenoi inoycmpii. Y cmammi 8uokpemieno mexunono2iuni ocoonusocmi cyyacHux epagiu-
Hux npoyecopie (GPU), wo suxopucmosgyromscs y KibepcnopmusHii indycmpii, a came: Kilb-
kicmbv CUDA/Shader-sdep, munu incmpyxkyii, niOompumxy HOBUX MeXHONO02IU, NPONYCKHY
30amHicms nam’ami ma mexHono2ii mpacy8anHs NPOMeHis, Wo y KOMIILEKC 2apanmye oopo-
OKy ma 8usedenHs UCOKOAKICHOI epagixu. 3anpononosano kiacu@ikayito QYHKYIOHATbHUX
8UDI8 NPOCPAMHO20 3a0e3neueHHs, Wo CMAHOB8IAMb €0UHY cucmemy 83aemose sa3kie. Ceped
cneyianizo8ano2o nPocpamHo20 3abe3neyeHts UdileHo niamgopmu O0is YNPasiiHHA MypHi-
pamu (Toornament, Battlefy, Challonge, FACEIT), npocpamue 3ab6e3neyenus 0Jisk CMpiminey
ma mpancaayiu (OBS Studio, Streamlabs, XSplit, Restream), npocpamu 0.5 ynpagninHs Ko-
manoamu ma epasyamu (Discord, GameCoach), incmpymenmapiii 0ns bopomvou 3 waxpau-
cmeom (Easy Anti-Cheat, BattleEye), npoepammi 3acodu 8ipmyanvhoi ma 0Ono8HeHoi peaib-
nocmi (VirZOOM, incmpymenmu Oculus ona VR-xkibepcnopmy), a makodsc Cyyachi mexHono-
eii onokuetin i NFT. Taxooic posenanymo nepcnekmugu 6npoeaoiceHHs HOGIMHIX po3pOOOK Ha
OCHOGI aHai3y OiANbHOCMI KOMNAHIi-NOCMAYalIbHUKI8 NPOSPAMHO20 3abe3neyenHs O0isl Kibe-
pcnopmusHoi indycmpii (Betfoc, INORU, Betinvest, BR Softech, Vinfotech) ma ki6epcnopmu-
enux naamepopm (Battlefy, Toornament, Challonge, ESL Play ma Mobalytics). Bionosiono,
npozpamue 3abe3nedents 0Jis Kibepcnopmy, ¥y NOEOHAHHI 3 PO3GUMKOM MEXHOL02I ma 3poc-
MAOYUMU BUMO2AMU 00 AKOCMI U [HMEPAKMUBHOCMI 20D, NPOOOBHCYE eBONIOYIOHY8aAMU Ul
nompebye nocmitinoi adanmayii 00 IHHOBAYIIHUX 3MIH.

Knrwouosi cnosa: xkibepcnopm, ceiimine, iHOycmpis, npoepamue 3abe3neyenHs, mypHip, epagi-
YHUL NPOYecop, 8ipmyanlbHa PeailbHICMb.

IMocranoBka mnpodiaemu. KiGepcrnopT 3a ocTaHHI AECATUTITTS TpaHChOpMyBaBCS 3
aMaTOPChKOTO BUIY IiSIBHOCTI y MOTYXHY INIOOAJIbHY IHIAYCTPIIO, IO CYHPOBOKYETHCS
MIBUJIKUM TEXHOJOTTYHUM MPOTPECOM, 3pOCTAaHHIM IHTEpecy 0 Bifeoirop ta GopMyBaHHAM
MDKHapOAHOI CIUIBHOTH I'paBLiB, KOMaH[ Ta ayauTopii. BapTro 3a3naunTH, 1o olcsr cBiTo-
BOT'0 PUHKY KiOepCHOpTUBHOI raiy3i 30inbmmBes 3 694,2 muH gonapiB CIIA y 2018 poui g0
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2,22 mapa ponapiB CIHA y 2024 poui. OuikyeTsest, mo 10 2029 poxy kibepcrnopTuBHa iHIY-
crpisi pocsirae 6,51 mupn momapis CHIA, a cepeaHbOpiYHHMNA TEMIT 3pOCTAaHHS 3HAXOIUTH-
MeThest Ha piBHI 24,0% [7].

3 PO3BUTKOM KiOepcropTy Ta iHAYCTpIi BiICOIrop BUHUKIIA MTOTpeda y Creliai3oBaHuX
MPUCTPOSIX JUIA TeHMIHTY, 30KpeMa, MUIIIOK, KJaBiaTypu Ta rapHitypu. [lonut Ha nepudepiro
CIIOYATKy CTUMYJIIOBAB TPaAMLiiHI OpeHau, 30kpema Logitech, no cTBOpeHHs irpoBHX JieBaii-
CiB, ajie 3r0/IOM Ha PUHKY 3 sSBHIIUCS CIIelliai3oBaHl KOMIaHii, Hanpukiaa, Razer i HyperX,
AKI CKOHLEHTPYBAJHMCA BHKJIIOYHO Ha MPOAYKIil Ui reiiMepiB. binbmie TOro, po3BUTOK
BiJICOITOp pa3oM 3 IHIIMMHU PECYPCOMICTKUMH 3aBJaHHSIMHU, 30KpeMa, BiJleOMOHTaxeM Ta 3D-
MO/ICIIFOBAHHSIM, CIIPHSIB CTBOPEHHIO HOBOT'O MTPOIPAaMHOTO 3a0€31eYCHHSI.

[Iporpamue 3abe3nedeHHs I KiOEpCIoOpTy BKIIIOYAE y ceOe pi3HI JOJATKU Ta IUIAT-
(bopmH, SIKi TOJETHIYIOTh pOOOTY Ta YIpPaBIiHHS 3MaralbHUMU Bifeoirpamu. Lli iHCTpyMeHTH
MpU3HAYCHI JJIs TPaBIiB, KOMaH]I, OPraHi3aTopiB TYPHIPIB, IMIAJa4iB Ta IHIIUX 3aI[iKaBICHUX
CTOpiH B ekocuctemi Kibepcmopry. Cepen HUX MOXKHA BHIUIMTH Taki miatopmu, sK
Toornament, Battlefy, Challonge, FACEIT, Streamlabs, XSplit, Restream Tta iami. O0csr pu-
HKY iIrpOBOTO MPOrpaMHOTo 3a0e3Me4YeHHs JeMOHCTPYE 3HaUHE 3pOCTaHHS, TEHEPYIOUn Mpuo-
au3Ho 139,57 mapa ponapis CIIA moxoxy y 2023 pomi [10]. Lle migkpeciroe 3HaYHUN €KO-
HOMIYHHI BIUIMB irPOBOTO Ta KiOEpCHOPTHBHOTO MPOrPaMHOIO 3a0€3MEeYeHHs Ha CBITOBHIA
punok. [Iporpamue 3abe3nedeHHs it KiOepCIopTy BUKOHYE KIIIOYOBY POJIb Y CTBOPEHHI 1H-
HOBaLIWHHUX MaT(opM U ynpaBIiHHS KOMaHIaMHU, OpraHi3alii 3Maraib, TPaHCIAIIHN 1 aHa-
JITUKH, 10 CIPUsE TMOMYyJIsIpU3aIlil Tajly3l Ta 3aJy4eHHIO HOBUX 1HBeCTHIIM. TakuM 4nuHOM,
oOpaHa TeMa JOCIIKEHHS € aKTyaJbHOIO, OCKUIBKH BiJl €(EKTUBHOCTI MPOrpamMHOro 3abe3-
MiYHa TPUBAOIUBICTD ISl YYACHUKIB €KOCUCTEMHU KiOEpCIIOPTY.

AHaJi3 ocTaHHiX gocaiTxkeHb i mydaikamii. OcTaHHl JOCTIKEHHS y raimy3l Kibepc-
MOPTY aKUEHTYIOTh yBary Ha KJIIOYOBIHM poii mporpaMHOro 3a0e3neyeHHs y Ipoleci cTabiib-
HOTO PO3BUTKY 1HIYCTpii. JlOCTiHKEHHSIM 3a3HAUY€HOT0 TUTAHHS 3aiMaucs sIK 1HO3€MHI, TaK
1 yKpaiHChKi HaykoBIl, cepen skux: . O. Jlaszuesa, JI. 1. Ilapanenxo [15], €. B. Yaiika [16],
A. bsaneupkuit, M. baptiomeit, f. [Naescwkuii [S], . lemnynn [11] Ta iHmm.

bsinenpkuii Ta 1111 [S] 30cepeauiy CBO€ JOCTIIKEHHS Ha ONUC] KIIFOYOBHUX XapaKTepHu-
CTHK CIOPTHBHMX HayK (TpeHyBaHHs, Nepioau3allis, ITUIaHyBaHHs Ta €Talu Kap €pu) Ta Mpo-
rpaMHOMY 3a0e3IedeHHl (TpeHyBallbHI 1HCTPYMEHTH, Bi3yaii3allis, aHaJiTUKa Ta CHCTEMU
3BOPOTHOTO 3B’s13KY). ABTOpamu OyJi0 BU3HAUYEHO, IO Cy4YacHI TOCIHIKEHHS KiOepCIopTy B
OCHOBHOMY CKOHIICHTPOBAaHI Ha OMHUCI Ta MOJICTIOBaHH] MOKA3HUKIB €PEKTUBHOCTI, SIKI OXOTI-
JIOIOTh KUTbKa ()parMEeHTOBAHUX AOCIIIHULBKUX oOjacTel (ICUXOJIOoris, MI1€TONOr1d, 1H(Op-
MaTuKa), aje He MPEeACTaBISIOTh MOMIHOICHUN aHaI3 y Po3pi3l OKPEMHUX CTPYKTYPHHUX eJie-
MEHTIB 3a0e3MeueHHsI KibepcropTy, 30KpeMa, IPOrpaMHOro 3a0e3neYeHHs.

. T'eqnynn [11] 3a3Ha4aB, M0 €IEKTPOHHI ITPH — 1€ IHTEPAKTUBHI ITPH, sIKI BUKOpPHUC-
TOBYIOTh KOMIT IOTEpHE MPOrpaMHe 3a0e3MedeHHs], 0 MPAIoE 3a JOMOMOTOK €JIEKTPOHHUX
CX€M, 1 4acTO B1JI00pakaroThCsl Yepe3 Bileo-, aylio-, TaKTUJIbHI ab0 1HII BUAM BUXOMIIB. Y
pOOOTI MPUIITIAETHCSA yBara HEraTUBHOMY Ta MO3UTUBHOMY BIUIMBY €JICKTPOHHHUX irOp Ha CY-
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YacHE CyCHIbCTBO, MPOTE HE PO3IIIAIAETHCS TEXHOJOTIYHA CKIIaI0Ba KiOepCIOPTUBHOT 1HTY-
CTpii y po3pi3i nmporpamHoro 3abe3neueHHs. BinmoBinHo, mpobiemMaTuka posi MporpaMHOro
3a0e3MmeueHHs y MpoIeci PO3BUTKY KiOepcrmopTy moTpedye MOJaIbIIor0 MOTIUOIEHOTO BH-
BYCHHSI.

®opmy.aoBaHHA Hijeil cTaTTi (MocTaHOBKA 3aBAaHHs). OCKUIBKU OJHUM i3 eleMe-
HTIB yCHiXy KiOepcrnopTUBHOI iHAYCTPIl € mporpamMHe 3a0e3Me4YeHHs, 10 OXOIUTIOE CTBOPEHHS
irop, opraisaiito 3MaraHb, YIpaBIiHHS KOMaHJIAaMH, aHali3 JaHUX, KOMYHIKaIIIO 13 Tisaa-
YaMH, METOIO JTOCIIJPKCHHS € BU3HAYEHHS MO0 POJIi SIK KaTaxi3aTopy PO3BUTKY KiOepcropTy.

Bukaa ocHOBHOro martepiaiy gociigxkenns. [Iporpamue 3abe3nedenns y kidepcro-
pTi BKIIOYAE miaaTGopMu Ui CTBOPEHHS Ta YIPAaBIiHHS TYpHIpaMmM, aHAJIITHYHI CEPBEPH,
rpadivyHi MPOLECOPH, CTPUMIHTOBI ITATHOPMH Ta MporpaMHe 3a0e3MeUeHHs ISl TPAHCIIAIIH,
wiatdopmu it VR ta AR, XMapHi cXOBHUIIIA Ta iHII TPOTPaMH.

BaxmBUM mporpaMHHM acIieKTOM PO3BUTKY KiOEpCIIOpPTHUBHOI iHIyCTpii cTano BOpO-
BaJDKeHHS rpadiunux mpouecopiB (GPU) — cyyacHuX 00YMCITIOBAIBHUX KOMIIOHEHTIB, IO
BUKOPHCTOBYIOTBCS Y KOMIT IOTepaxX Ta CHCTEMax MITY4HOTro iHTesneKTy. KimodoBumu enemen-
TaMH TpadigHOTO MPOIEcopa € apXiTeKTypa (KUIBKICTh sep, THIN THCTPYKUIN 1 MIATPUMKY
HOBUX TEeXHOJIOTiH), KiUbKicTh CUDA/Shader-sinep (00umcmoBanbHI OJMHMII), YaCTOTA siIpa
(Base/Boost Clock), nmpomyckna 3naTHicTh mam’siti (Memory Bandwidth), TexHomorii Tpacy-
BaHH: npoMmeHiB (Ray Tracing) Tomo. Hanpuknaz, apxitrekrypa NVIDIA Ampere (RTX 30)
HiATPUMY€E TpacyBaHHs MPOMEHIB y peaIbHOMY Yaci Ta IITYYHUH 1HTEJIEKT Ta HasSBHICTH CIIe-
miamizoBanux sjaep y NVIDIA. ¥V tabnuii 1 npencrasieHa AeTaibHa XapaKTEPUCTHKA eJIeMe-
HTIB rpagiyHOrO Mpoliecopa y po3pisi KIOEpCropTUBHOI IHAYCTPII.

Ta6mums 1
XapakTepucTUKa eJIeMEeHTIB rpadiuHoro nporecopa y po3pisi Ki0epcnopTUBHOI 1IHAYCTpil

Enement XapakTepucruka

CUDA-sapa ans NVIDIA; Stream-sinpa nnst AMD.
KinbkicTb siiep: Oibile saep 103Bouisse 00poOasTH OIblIe 3aBAAHb 0/1-

HOYAaCHO, L0 MiABMILYE 3arajbHy MNpPORyKTHBHICTh. CywyacHi Mogjeni
MOXYTbh MaTH THCSYI sIIEp.

Tunu iHCTPYKIUIHN: IHCTPYKUIT A TpacyBaHHS MPOMEHIB (ray tracing) y

ApXiTeKTypa HOBHX apXiTeKTypax, 30kpema, y NVIDIA Ampere (RTX 30-cepii),
JIO3BOJISIE pealli3yBaTH peasliCTUYHE OCBITICHHSA Ta BiJOOpaXXeHHSA Y
BiJleoirpax.

DLSS (Deep Learning Super Sampling): texunomorisa Bigx NVIDIA, sxa
BUKOPUCTOBYE MITYYHUH 1HTEIEKT U1 OKPAIIEHHS SIKOCTI 300paskeHHs

ta miasuieHHs FPS (Frames Per Second).

I MOKA3HUK, SIKUH BKazye Ha 00CAT JaHUX, 10 MOKe OyTH mepeaHo Mix
pOITyCKHA ) . .
. , .| rpadpiuaum mpouecopom (GPU) Ta ioro Bigeonam’srtio (VRAM) 3a
3JIATHICTh TIaM STi . )
cexkynny. Lleit mapametp € kputrunuM s npoaykruBHocTi GPU y 3a-

(Memory .
: Jlavax, 110 BUMAraroTh 00pOOKH BETMKUX 00CATIB AaHUX, 30KpeMa, PEeH-
Bandwidth) ) . )
JepuHT Tpadiku, 0OYUCICHHS y IITYYHOMY 1HTENEKTI abo 00poOka Be-
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JIMKUX BiIeo.

cydacHa TEXHOJIOTIs Bi3yalli3allii, sIka CTBOPIOE PEaiCTUYHE OCBITJICH-
Texnomorii Tpacy- .. ) .. ) ) )

) HS, TiHI Ta BIAOUTTA B rpadili, Moaenodn (i3UYHy MOBEAIHKY CBIT-
BaHHS IIPOMCHIB

. JIOBUX IIPOMEHIB, KA CTajla MOIYJISIPHOIO 3aBJIsIKH BIIPOBA/I?)KECHHIO alla-
(Ray Tracing) P ’ P P

paTHOI MIATPUMKH y TpadidyHUX MPOIECopax.

Ioicepeno: asmopcevka po3pobka na ocnosi [13]
Bapro 3a3HaunTH, 1110 MPONyCKHA 3/IaTHICTH ITaM’AT1 pO3paxoByeThes 3a hopmysnoro (1):

Memory Bandwidth =
= Memory Clock Speed x Bus Width x Number of Transfers per Clock Cycle, (1)

ne Memory Clock Speed — wactora po6oTu nam’sti, 3a3Buyaii B merarepuax (MH;) a6o rira-
repuax (GH,);

Bus Width — mmpuna kanany nepenadi qanux Mixk mam’sttio i GPU, Bumiproerses B 0iTax;
Number of Transfers per Clock Cycle — kinbkicTs miepeiad 3a TaxT.

VY kibepcnopTUBHIN iHAYCTPIT 7151 BUCOKOSIKICHOI Tpadiku MOTPiOHO BUCOKA MPOITYyCKHA
3JIaTHICTB, 1[0 00YHMCIIIOETHCS 3a MpejicTaBieHor Gopmyioro (1).

KiGepcrnopTiBHa raiy3b aKTHBHO DPO3BUBAETHCS 3aBJSKUA IIHPOKOMY BHKOPHUCTAHHIO
CICIIaJIi30BAHOTO TMPOTPAMHOTO 3abe3reueHHs, ske 3ade3neuye e(eKTHBHY OpraHi3alliio,
YIPaBIiHHA Ta MIATPUMKY irpoBoro mnporecy. Ha pucyHky 1 moJaHo KOHTEKCTYalIbHHIA OTJIs
OCHOBHUX BHJIIB TIPOTPAMHOT0 3a0e3MeUYCHHs IHIYCTPil y po3pi3i HOro (yHKIIOHATHLHOTO

IPU3HAYCHHS.
s N

IIporpamue 3a6e3nmevyeHHs: 1151 YOPAB.IiHAS TYPHipaMu

@yuxyii: CTBOPEHHSA Ty PHIPHHX Ta0MHIb, TUTAHYBAHHS, PeecTpallisl KOMaH/TPaBIIiB, OHOBIEHHS B
peaTbHOMY Hacl Ta MApaxyHOK OaliB.

IIpuxnaou: Toornament, Battlefy, Challonge, FACEIT.

N A
v , . v/
IIporpamHue 3abe3nevueHAST 1/ CTPIMIHIY Ta I3 pist ynpas/iinas
TpaHcasIiii KOMAHIAMH Ta TPaBIAMHA

DyHkyii: KepYBaHHS CIIICKOM
TPEBYB, AHATITHKA, KOMYHIKALIIA.
Ipuxaaou: Discord,

@yuryii: TpAMI TPAHCIAIII, HAKTAaTaHHY, IIOBTOPH Ta
IHTeTparlis CTATHCTHKH B PeaTbHOMY Jaci.

Hlpuxnaou: OBS Studio, Streamlabs, XSplit, Restream. GameCoach.
v
C IH(,(h)yMeHTH N 'I‘ R //’ 'I\ )
BipTyannHoi Ta I3 pas GopoTsdn 3

IOMOBHEHOI peatbHOCT maxpaiicTBoM i Gesnexn Baokyeiin i NFT, sxi

Dyukyii: MOKpAIEHHS @Dynryii: BUABIIEHHS BHKOPHCTOBYOTBCH UL
JOCBIIY IePerIiay Ta TPH MAXPaicTBa B PeKUMI 1I(POBIX aKTHBIB,

B KIOepCIopT. peanbHOTO Jacy. éitg)BHX Tpe/IMeTiB i

Tpuxnaou: VirZOOM, Tlpuxnaou: Easy Anti-Cheat, Haropoz.

iHCTpyMeHTH Oculus 1 BattleEye.

Y VR-ki6epcnopTy. AN ) Y Y.

Pucynok 1 — @yHKIIOHATIBHI BUIU IPOTPaMHOT0 3a0e3MeueHHs Ki0epCIOpTHBHOI Taly3i

(aBTOpCHKA pO3pOOKa)
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Cepen mporpamMHOro 3a0e3NeyeHHs i CTPIMIHTY Ta TPaHCIALIA MOXXHA BUAUIHTH
OBS Studio — 1e 6e3koIITOBHE MPOrpaMHe 3a0e3MEUCHHS 3 BIIKPUTHM BUXIIHUM KOJOM JJIst
3aMmcy BiJIe0 Ta CTPUMIHTY y peanbHOMYy Yaci. OCHOBHUMH MOKJIMBOCTSMH, OKPIM 3aIHCy
BiJICO Ta CTPUMIHTY, € HMIATPUMKA MyJIbTUILIaTGOpMHOCTI (mpamtoe Ha Windows, macOS Tta
Linux), BUKOpPUCTaHHSA iHCTPYMEHTIB I peJaryBaHHs y peaJbHOMY 4aci, BOYZOBaHHH MiK-
miep JUid YOpaBliHHS KUIbBKOMa aynioJDKepellaMu, MIATPUMKA KOJyBaHHS Bileo depes
NVIDIA NVENC, AMD AMF Tta Intel Quick Sync Video.

XSplit — Habip nmporpamMHOro 3abe3neveHHsl, SKUii BUKOPUCTOBYETHCS ISl TIOTOKOBOTO
MOBJICHHSI Ta 3amlKcy Bizneo. Bin 3a0e3neuye BUCOKY SIKICTh Biieo Ta ayAio MOTOKiB. OCHOB-
HuMu ¢QyHkiismu XSplit € MoxIHMBiCTh 3amucy Bifieo IUIS MOJABIIOTO pelaryBaHHS a0o
myOmiKalii, CTBOPEHHsI KACTOMI30BaHUX CIICH 13 PI3HUMU JDKEpeliaMu (BileOKaMepaMH, irpa-
MU, Mmeniadaiiiamu, BeO-KaMepaMH TOIO), MOXJIMBOCTI JJII HAJAINTYBAHHS SKOCTI BiZ€O 1
ayzio, ONITUMI30BaHi MiJ Pi3HI MIBUIKOCTI IHTEPHET-3’ €THAHHS, MIATPUMKA BOY/IOBAaHHUX iHTeE-
rpauiii, Takux sk Streamlabs, Twitch Chat, YouTube Super Chat, StreamElements, moxu-
BICTh JI0JIaBaTH KOPUCTYBAIIbKI TUIATTHH.

Texniuni xapakrepuctuku XSplit BKIIOYaOTh HACTYIIHE:

— BHKOpHCTaHHs onepariiitaux cuctem Windows 7, 8, 10 (64-6it);

BUKOpHcTaHHs npouecopy Intel i5 2.5 GHz a6o ananoriunoro AMD;

orepatuBHa 1mam’sth — MiHiMyMm 4 GB RAM,;

— crabinpHe 3’€HAHHS 3 BUCOKOIO IIBHUJKICTIO JUIA IIepeaadi Bileo y pealbHOMY 4aci
(pexoMeHay€eThCs BUAKICTD BiJ 3 MOi1T/C 1 Ouble);

— MiATpUMKA Pi3HOMaHITHUX QOpMaTiB Bifeo, 30kpema, MP4, MKV, MOV, FLV [13].

Cepen nporpamHoro 3a0e3nedyeHHs Ui YIpaBiliHHS KOMaHAaMU Ta TPaBLSMU MOXHa
Buokpemutu Discord Ta GameCoach. Discord — 1e nmomynspHa miargopma Jyisi TOJIOCOBOTO,
TEKCTOBOTO Ta BIJCOCIUIKYBAaHHS, KA ITUPOKO BUKOPUCTOBYETHCS TeiiMepamMu Ta Kibepcrop-
TcMeHamMH. BoHa noefHye (yHKIIOHANIBbHICTh MECEHIKepa, BiCOKOH(pepeH1i 1 popyMiB y
€IMHOMY IHTYITUBHO 3p03yMiJioMy iHTepdeiici. OCHOBHUMH XapaKTEPUCTUKAMU €:

— miatdopMa OpraHizoBaHa y BUIJISIZII CEPBEPIB, SIKI MOXKYTh MICTHTH KUIbKa TEKCTO-

BHX 1 T'OJIOCOBUX KaHAJIIB;

BHUCOKA SIKICTb F'OJIOCOBOTO Ta B1JI€03B SA3KY;

— ILEpPHUHT eKpaHa abo TpaHCIALIA FeMMILIEIO B PEKUMI PEaIbHOTO Yacys;

— 1HTerpaist OOTIB /711 aBTOMAaTHU3allli, yIpaBIiHHS CEpBEpPaMH, 1rop;

— migrpumka Windows, macOS, Linux, i0S, Android ta Be6-Bepciro.

Ha nportusary npomy, GameCoach € mporpaMHUM 1HCTPYMEHTOM BJIOCKOHAJICHHS Ha-
BUYOK TPaBLIB y PI3HUX BiJeoirpax, I0 MOXKE€ BKJIIOYATH aBTOMATHYHUMN aHali3 irop, CTBO-
PEHHSI IEPCOHAI30BaHUX IJIaH1B HABYAaHHS, TPEHYBAaHHS TOYHOCTI Ta TAKTUYHOTO MHUCIIEHHS.

o mporpamHOro 3abe3neueHHs il 00pOoTHOM 3 MaxpaiCTBOM 1 O€3MeKH MOXKHA BiJIHE-
ctu Easy Anti-Cheat ta BattleEye. Easy Anti-Cheat (EAC) — 1e cuctema 3aXuCTy Bij 4uTe-
piB, sIKa BUKOPUCTOBYETHCS Y OaraTboX MONYJISIPHUX OHJIAWH-ITpax Ui BUSBJICHHS Ta OJIOKY-
BaHHS YITIB 1 MIaxpaichkux mporpam [4]. 3a3Ha4eHHI ITHCTpYMEHTapiii BUKOPUCTOBYETHCS y
TaKuX KiOEpCIOPTUBHMX aucIuILIiHax, sk Fortnite, Apex Legends, PUBG (PlayerUnknown’s
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Battlegrounds), Battlefield V, Tom Clancy’s Rainbow Six Siege, Fall Guys: Ultimate
Knockout.
BattleEye — ne cucrema aHTHYITIB, sika BUKOPHCTOBYETHCS JUIS BHSBJICHHS Ta OJIOKY-

BaHHS IaxpaiB y OHJaiH-irpax. 33a3HadyeHa nporpama, sik i Easy Anti-Cheat (EAC), € Bax-
JMBHUM IHCTPYMEHTOM JUISl HIATPHUMKH YECHOCTI TP, 3aM00iraloyu BUKOPUCTAHHIO YITiB 1 1H-
IIMX THUIIB MIaXpaiCcTBa, TaKuX SK Moau(ikauis QaiiaiB rpu abo BUKOPHCTAHHS CTOPOHHIX
nporpam st orpuManHs niepeBaru [3]. BattleEye Binpisusietses Bin Easy Anti-Cheat (EAC)
TUM, 110 MPALIOE HA JESKUX MIaTopmax OUTBII aKTUBHO y TIOPIBHIHHI 3 IHIIMMH, TOCTIHHO
NEPEeBIPSIIOYM CHCTEMY TPaBIl HAa HAasBHICTH YiTiB. 3a3HaYeHUN 1HCTPYMEHTApiii BUKOPHUCTO-
BYEThCS y Takux KibepcmoptuBHuX muctmioiiHax, sk PUBG (PlayerUnknown’s
Battlegrounds), Rainbow Six Siege, Arma 3, Fortnite, DayZ, Hunt: Showdown, Conan Exiles,
Escape from Tarkov.

Cepen 1HCTpYMEHTIB BipTyaibHOI Ta JOMOBHEHOI peanbHOCTI BuniieHo VirZOOM ta
incrpymenTu Oculus s VR-kibepcniopry. VirZOOM — 11e TEXHOJIOTIS BipTyalbHOT peab-
Hocti (VR), sika 3a0e3neuye iHTEpaKTUBHUI JOCBiA (QiTHECY Ta irop, BAKOPUCTOBYIOUH (i3u-
YHi pyXH KOPHUCTYBaua Jisl KepyBaHHs BipTyalbHUMM 00 €KTaMH Ta TIEPCOHAKAMH. 1i TOIOB-
HOIO OCOOJIMBICTIO € T€, IO BOHA IHTETPYETHCS 3 BEIOTPEHAXKEPAMH, JT03BOJISIIOYN KOPHCTY-
BayaM aKTUBYBATH ()i3WYHI BIPABH B MPOLECI TPH YU TPEHYBAHHS Y BipTyaJbHOMY CEpero-
BHIITI.

OxpiM TporpaMHOTO 3a0e3MeUeHHs, sIKe MPEICTaBlIeHe Ha PUCYHKY 1, icHye Oe3iid iH-
IIMX IHCTPYMEHTIB Ta Mporpam, 1110 aKTUBHO BUKOPUCTOBYIOThCS y Kibepcnopti. Hampukian,
nporpamue 3abe3nedeHdss LAN-1ieHTpy npusHaueHe /sl aBToMaTH3allii BCixX O13HeC-TPOIIeCiB
TakMX KiOepCIOPTUBHMX OJIMHUIIb, SIK KIOEpCHOPTHUBHOI apeHu, IrpoBOro JayHXky, Kibepka-
¢e, PC bang, xoBopkinry tomio [12]. V maHoMy BUMaaKy KepyBaTH KOMIT IOTEpaMH MOXKHA
yepe3 XMapHe nporpamHe 3a0e3nedyeHHs Uil kibep-kade, a 3 mporpaMHUM 3a0€3Me4YEeHHAM
i irpoBux 1eHTpiB SENET — otpumatu noBHuit noctyn a0 Beix 1K ta irpoBux KoHcoued,
00MEXKYIO0UH KJIIEHTIB JIMIIE HEOOX1JHUMHU IIPOTrPaMaMHu.

Bunineno n’4te 03HaK YCHIIIHOTO MOCTavyajibHUKA MPOTPAMHOIO 3a0€3MeUeHHs s Ki-
OepcropTy, a caMe: BEJIMKUN JOCB1J; BUJIJIEHA CIy:K0a MIATPUMKH; THYUKICTh KacToMi3allil
Ha BUMOTY; KJIIIEHTOOPIEHTOBAHUH M1/AX1]]; IEPEA0B1 TEXHOJIOTIYH1 PILICHHS.

Takox BU3HAYEHO psJT KOMITaHIH, K1 BIIMOBIIAIOTh 3a3HAYCHUM XapaKTEPUCTUKAM, 30-
kpema, Betfoc, INORU, Betinvest, BR Softech, Vinfotech (ta6:. 2).

AHaii3 KOMIaHii y raiy3i po3poOKu MporpaMHOro 3adesnedeHHs aias iGaming Ta Ki-
OepCopTUBHOI 1HAYCTPIl AEMOHCTPYE, 10 s chepa PO3BUBAETHCS YKE LMIBUIKO, OXOIJIIIO-
FOYM HOBITHI TEXHOJIOT11, 30KpeMa, IHTETPaIlif0 KpUITOBATIOT, MYJIbTUILIAT(HOPMHY PO3POOKY
Irop Ta BUKOPHUCTaHHS BIPTYaJIbHOI PEaIbHOCTI.
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Tabnuus 2

Kommasnii-nocrauaabHUKH MPOrpaMHOTo 3a0e3nedeHHs 111 KiOepCIOPTUBHOI 1HyCTPii

Kommnanis

Hamnpsim nismmeHOCTI

Betfoc

KOMITaHIsI-CBITOBUH JIIZIEP Y Traimy3i mporpamMHoro 3abde3nedeHss 1 iGaming 31
mTab-kBapTUporo B Jlyoai.

VY 2013 pomui cTaiy MepumMy y Tairy3i, XTO IHTETPYBaB KPUNTOBAIIOTY y MPO-
rpamMHe 3a0e3IeueHHs I OHJIaH-CTaBOK, PEBOJIIOIOHI3YBABIIN CIIOCIO 3/T1i-
CHEHHS TPaH3aKIIii rpaBIsIMH HA IFPOBUX MJIaTPopMax.

INORU

MIPOBiHA KOMIIaHIs 3 pO3pOOKH OHJIAWH-Irop Ta MOOUIBHHX JJOJATKIB HA PUHKY.

Betinvest

MDKHapOJAHHUN MOCTaYalbHUK TEXHOJIOTIH JJIsl CIIOPTUBHHUX PO3Bar 3 IMOBHUM
IIUKJIOM, 3apeecTpoBaHuii y BennkoOpuraHii.

MoskauBoCTI 715t KIOepCHOPTUBHOI 1HAYCTPIi: 117101000B1 3MaraHHs y CriopTH-
BHUX CUMYJISITOPAX, CTBOPEHHS PI3HUX BHIIB KiOEPCIIOPTHBHOTO KOHTEHTY, 30-
Kpema mryTepiB BiJ nepioi ta Tpetboi ocoou, MOBA Ta VR-mryrepis.

BR Softech

1HJiicbKa KOMIIaHisl, fKa HaJa€ TOCIYrd 3 pPO3pPOOKHM MOOUIBHHX irop Ha
HTMLS, Hyper Casual, Web3, Blockchain, Poker Ta Fantasy Sports.

Vinfotech

1H7iichKa KOMIaHis, fKa CIeliani3yeTbes Ha po3po0Ili mporpaMHoro 3adesre-
yeHHs [uia (enTesi-cnopty, iGaming, miatdopm uist TOPriBiIil JyMKamu Ta pi-
[IeHb [Tl 3aJIy4eHHs BOOJIBaJIbHUKIB.

Horcepeno: asmopcoka pospobka na ocrnosi [1, 8,14]

VY Tabauui 3 npecTaBieHi cydyacHi MIaTGOPMH Ta IHCTPYMEHTH, 11I0 BUKOPUCTOBYIOTh-

csl y KibepcropTUBHIHN 1HIyCTPii.

Tab6mums 3

[Tnardopmu s 3a6e3neueHHs pO3BUTKY KiIOEpCIOPTUBHOI IHIYCTPIl

[Tnatdopmu

XapakTepucTuKa

Battlefy

JI03BOJIsIE KOPHCTYBayaM CTBOPIOBATH TYpPHIPHU 3 PI3HUX irop 1 KepyBaTH HUMH,
HPOMNOHYIOUYM Taki QyHKIIT, sIK mi0ip MaTyiB, YIpPaBIiHHS TYpHIPHOIO TabJIH-
IIEI0 Ta PeeCTpallisi rPaBLiB.

Toornament

iatdopMa, sika HaJlae IHCTPYMEHTH Ul OpraHi3alii, ypaBIiHHA 1 TpaHCIALIT
TYpHIpiB, HIATPUMYE MHUPOKHUMA cHeKTp irop Ta npomnonye API mis po3poOHukiB
JUIS 1HTerpaLii IXHiX cepBiCiB.

Challonge

OHJaMH-TUIaTdopMa Ui CTBOPEHHS, OpraHi3alii Ta yNpaBlliHHS TYpHIpamH.
Bona no3Bossie kopucTyBayaM IMIBUJKO 1 €(EKTUBHO CTBOPIOBATH TYPHIpHU 3
PI3HUX BHJIIB CIIOPTY Ta irop, B TOMYy YHCII KiOEpCIOPTUBHUX 3MaraHb, 3a0e3-
NEeYyIOUM aBTOMATUYHE YIPABIIHHS PO3KIAJAaMHU, TYPHIPHUMH TaOIULISAMH 1
MiJCYMKaMH.

ESL Play

wiatdopma A oprasizaiii Ki0epcrnopTUBHUX TYPHIpPIB, SIKa BKJIIOYA€E YIpPaB-
JIHHSA TypHIpamMu, KOMYHIKaIlli MK YJaCHUKaMH, a TaKOX JIJIsl 3a0e3MeueHHs

MIPO30POCTI Pe3ybTATIB.

Mobalytics

iatopma, sika HaJla€ aHATITHKY Ta THCTPYMEHTH IS IIOKPAIICHHS TPH B TI0-
MYJISAPHUX KIOEPCITOPTUBHUX TUCIUTIIIHAX.

Jlxepeno: aBTOpCchKa po3poOKa Ha OCHOBI [2, 6, 9, 14]
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3a3Haueni y tabmumi 3 miaardopMu 3aJ0BONBHSAIOTH Pi3HI acleKkTu KibepcrnopTy — BifJ
opranizaiii TYpHIpiB 10 3aJly4eHHs CHUIBHOTH, a iXHA €(EeKTUBHICTh MOXKE BapiloBaTHCA 3a-
JISKHO BiJI KOHKPETHHUX MOTpeO Ta >kaHpiB irop [14]. ¥V 3B’sa3Ky 3 mocTiitHOIO TpaHchopmairi-
€10 TEXHOJIOTIM Ta MOMYJISIPU3AI€0 IHCTPYMEHTIB BIPTYaJbHOI 1 JOMOBHEHOI peasIbHOCTI, a
TaKOXX IITYYHOTO 1HTENEKTY, pallioHAIbHUI BUOIp MPOrpaMHOTo 3a0e3MeueHHs Ta KOMITaHii-
MOCTaYaIbHUKIB CTaHE KAaTali3aTOpPOM PO3BUTKY KiOEpCIOPTUBHOI 1HIYCTPIi.

BucnoBku. IIporpamue 3a0esnedeHHs y KiOepCHOPTHBHIM IHAYCTpii ABIsE COOOIO
KOMILIEKC PI3HOMAaHITHHX MPOTPAMHHX IHCTPYMEHTIB Ta miatgopmM, mo 3a0e3neqyroTs opra-
Hi3alli0, TPOBEACHHS Ta MIATPUMKY IrPOBOTO MPOLECY, & TAKOXK Pi3HI aCMEKTH KibepcrnopTu-
BHOT JISUTBHOCTI, TaKi SIK TPEHYBaHHS, TPAHCIAIIT, aHAIITUKA, Oe3MeKa Ta B3aEMOJIISI MK y4a-
caukamu. [1ix yac mpoBeneHHs TOCIiKEHHS, METOIO SIKOTO OYyJI0 BU3SHAYECHHS POJIi POrpam-
HOTO 3a0€3MEeUYeHHS SIK KaTalli3aTopy pO3BUTKY KiOEpCIOPTUBHOI iHAYCTpii, BU3BHAYEHO 0CO0-
muBocti rpadivaux npouecopiB (GPU) y pospisi apxitektypu (kinbkicte CUDA/Shader-
saep, TUNW IHCTPYKINH, MiATPUMKAa HOBUX TEXHOJIOTiH), MPOMYCKHOI 3MaTHOCTI mMam’ATi
(Memory Bandwidth) ta texnonorii TpacyBanus npomeniB (Ray Tracing). Takox npezncras-
JIeHa MOPIBHSUIPHA XapaKTEPUCTHKA BHIIB MPOTPaMHOTro 3a0e3redeHHs KiOepcrnopTUBHOI ra-
Ty3i, 10 BUKOHYIOTH pi3Hi QYHKIIT Ta 00 €AHaHI y CUCTEMY B3a€MO3B’sI3KiB, 30KpeMa, IuIaT-
dopm st ynpasiiaasa TypHipamu (Toornament, Battlefy, Challonge, FACEIT), nporpamsaoro
3abe3neueHHs s cTpimiary ta Tpancisanid (OBS Studio, Streamlabs, XSplit, Restream),
mporpam Juist ynpasiiHHsS koManaamu Ta rpasisiMu (Discord, GameCoach), incTpymeHTapito
i 60poTeOM 3 maxpaiictBoM (Easy Anti-Cheat, BattleEye), mporpamui 3aco0u BipTyasibHOT
Ta gonoBHeHoi peanbHOCT (VirZOOM, inctpymentu Oculus mist VR-kibepcnopty), a Takox
cy4acHi TexHosorii 0mokueiiH 1 NFT, sfiki BUKOpPUCTOBYIOTbCA JUIsl IU(PPOBUX aKTHUBIB, 1FPO-
BHX MpeAMETIB 1 Haropo. KoxkeH BUJ 3a3HAYEHOr0 MPOrpaMHOro 3a0e3eueHHs Halae Kibep-
CHOPTHUBHIN 1HAYCTPIi HEOOXIAHY IHPPACTPYKTYPY AJIs AIKICHOTO 1 €PEKTUBHOTO PO3BUTKY.

Texnomnorti, sik DLSS 1 TpacyBanHsI npoMeHiB, BIAKPUBAIOTh HOBI TOPU30HTH Bizyaui3a-
1li, MABUILYIOUM peanicTU4HIcTh irop. KpiMm Toro, 3abe3neueHHsi Oe3meku Ta 3arnoOiraHHs
1axpaicTBy uepe3 aHTHUIT-cUcTeMH, Takl ik Easy Anti-Cheat 1 BattleEye, mae Bupimansue
3HAYeHHS JJIs MIATPUMKHU 4ecHOCT1 y 3MaranHsx. [lnargpopmu Battlefy, Toornament Ta ESL
Play ontumi3yroTh nporec oprasizanii TypHIpiB 1 HiIBUILYIOTh SIKICTh 3MaraHb 3aBJsSKH IPO-
JyMaHOMY YIPaBJIIHHIO Ta MIATPUMII 3pydHUX QYHKIIN I KOpHcTyBadiB. BusHaueHo npo-
B1JIHI KOMITaHIi-MOCTaYaIbHUKHA TIPOTPAMHOTO 3a0e3nedeHHs Il KIOEpCIOPTUBHOI 1HAYCTPII,
taki sk Betfoc, INORU, Betinvest, BR Softech, Vinfotech, a Takox matdopmu ans 3adesre-
YeHHs PO3BUTKY KibepcropTuBHOi iHAycTpii — Battlefy, Toornament, Challonge, ESL Play Ta
Mobalytics.

Taxum ynHOM, IporpaMHe 3a0e3edeH sl y Ki0epcrnopTi Mae BUpIlIalbHE 3HAUEHHS IS
e(eKTHBHOI opraHi3allii Ta MPOBEACHHS TYPHIpIB, TPEHYBaHb, TPAHCIIALIHN 1 60POTHOM 3 mMIaX-
paiictBoM. [IporpamHi pilieHHs He JHILIE MiITPUMYIOTh OpraHi3alliifHi Ta onepariiHi npoie-
CH, ajie ¥ CIPHUSAIOTh PO3BUTKY 1 BIOCKOHAJICHHIO TPaBIIiB, KOMaH/I, a TAKOXX TPAHCIAIINA Ta
TypHipiB. CTpaTeridyie BIpPOBaXKEHHS Ta BAOCKOHAJIECHHS MMPOTPAMHUX 1HCTPYMEHTIB Y PO3-
BHUTOK KiOEPCIIOPTUBHOI 1HIYCTPIi € KIIOUOBUM (PAKTOPOM TSl 11 IEPCIIEKTUBHOTO PO3BUTKY.

30 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremni texnounorii» 2 (157) 2025 «System technologies»
JITEPATYPA

1. About Betfoc. Betfoc. URL: https://www.betfoc.com/about-betfoc/ (Access date 2 January
2025).
2. About Us. Battlefy. URL.: https://battlefy.com/about (Access date 2 January 2025).
3. About. BattlEye. URL.: https://www.battleye.com/about/ (Access date 5 January 2025).
4. Anti-cheat made easy. Easy Anti-Cheat. URL: https://www.easy.ac/en-US (Access date 5
January 2025).
5. Biatecki A., Michalak B., Gajewski J. Esports Training, Periodization, and Software—A
Scoping Review. Applied Sciences (Switzerland). 2024. Vol. 14. No. 22. DOI:
10.3390/app142210354.
6. Challonge is a Global Competition Platform. Challonge. URL.: https://challonge.com/about
(Access date 3 January 2025).
7. Esports Market. URL: https://www.marketsandmarkets.com/Market-Reports/esports-
market-123759465.html?utm_source=chatgpt.com (Access date 2 January 2025).
8. ESPORTS. Betinvest. URL: https://www.betinvest.com/esports (Access date 2 January
2025).
9. Getting started. Toornament. URL: https://developer.toornament.com/v2/overview/get-
started (Access date 3 January 2025).
10. Global gaming software revenue from 2022 to 2032. Statista. URL:
https://www.statista.com/statistics/1450827/value-gaming-software-market-
global/?utm_source=chatgpt.com (Access date 2 January 2025).
11. Hedlund D. P. Electronic gaming. Encyclopedia of Sport Management, Second Edition.
2024. P. 298-300. DOI: 10.4337/9781035317189.ch175.
12. LAN center software to automate all business processes. SENET. URL:
https://senet.cloud/en/?gad_source=1&gclid=Cj0KCQIiAst67BhCEARISAKKdWOKhRIDVXj]
CHZ43F1rj5tGSUMBB6-
BmN3gKiGZ3UXSxQP2ix0fS90k8aAsSBEALwW_wcB&gclsrc=aw.ds (Access date 3 January
2025).
13. Lheureux A. GPU Memory bandwidth. DigitalOcean. 2024. URL:
https://www.digitalocean.com/community/tutorials/gpu-memory-bandwidth (Access date 6
January 2025).
14. Who are the best eSports software  platform  providers?  URL:
https://www.quora.com/Who-are-the-best-eSports-software-platform-providers (Access date
21 December 2024).
15. Jlazuesa . O., [apanenko /1. 1. KiGepcnopt Ta iioro BIJIMB Ha 3MiHY CTPYKTYpPHU CBITOBO-

IO PUHKY KOMIT I0TepHUX irop. HaykoBuit BICHUK Y KTOpOACHKOT0O HAI[lOHAJILHOTO YHIBEPCH-
TETY. 2018. Ne 22. C. 63-67. URL: http://www.visnyk-
econom.uzhnu.uz.ua/archive/22_2 2018ua/17.pdf.

16. Yaiika €. B. Ctan Ta quHaMiKa pocTy pUHKY Kidepcnopty. Exonomiunuil éichux Hayio-

HAIbHO20 MeXHiuH020 yHisepcumemy Ykpainu « Kuiscokuii nonimexuivnuil incmumymy. 2018.
Ne 15. DOL: https://doi.org/10.20535/2307-5651.15.2018.143144.

ISSN 1562-9945 (Print) 31
ISSN 2707-7977 (Online)


https://www.betfoc.com/about-betfoc/
https://battlefy.com/about
https://www.easy.ac/en-US
https://challonge.com/about
https://www.marketsandmarkets.com/Market-Reports/esports-market-123759465.html?utm_source=chatgpt.com
https://www.marketsandmarkets.com/Market-Reports/esports-market-123759465.html?utm_source=chatgpt.com
https://developer.toornament.com/v2/overview/get-started
https://developer.toornament.com/v2/overview/get-started
https://www.statista.com/statistics/1450827/value-gaming-software-market-global/?utm_source=chatgpt.com
https://www.statista.com/statistics/1450827/value-gaming-software-market-global/?utm_source=chatgpt.com
https://senet.cloud/en/?gad_source=1&gclid=Cj0KCQiAst67BhCEARIsAKKdWOkhRIDVxjCHZ43F1rj5tGSUMBB6-BmN3qKiGZ3UXSxQP2ix0fS9ok8aAsSBEALw_wcB&gclsrc=aw.ds
https://senet.cloud/en/?gad_source=1&gclid=Cj0KCQiAst67BhCEARIsAKKdWOkhRIDVxjCHZ43F1rj5tGSUMBB6-BmN3qKiGZ3UXSxQP2ix0fS9ok8aAsSBEALw_wcB&gclsrc=aw.ds
https://senet.cloud/en/?gad_source=1&gclid=Cj0KCQiAst67BhCEARIsAKKdWOkhRIDVxjCHZ43F1rj5tGSUMBB6-BmN3qKiGZ3UXSxQP2ix0fS9ok8aAsSBEALw_wcB&gclsrc=aw.ds
https://www.digitalocean.com/community/tutorials/gpu-memory-bandwidth
https://www.quora.com/Who-are-the-best-eSports-software-platform-providers
http://www.visnyk-econom.uzhnu.uz.ua/archive/22_2_2018ua/17.pdf
http://www.visnyk-econom.uzhnu.uz.ua/archive/22_2_2018ua/17.pdf
https://doi.org/10.20535/2307-5651.15.2018.143144

«CucremHi texHogorii» 2 (157) 2025 «System technologies»
REFERENCES

1. About Betfoc. Betfoc. URL.: https://www.betfoc.com/about-betfoc/ (date of access: 2 Janu-
ary 2025).
2. About Us. Battlefy. URL.: https://battlefy.com/about (date of access: 2 January 2025).
3. About. BattlEye. URL.: https://www.battleye.com/about/ (date of access: 5 January 2025).
4. Anti-cheat made easy. Easy Anti-Cheat. URL.: https://www.easy.ac/en-US (date of access:
5 January 2025).
5. Biatecki A., Michalak B., Gajewski J. Esports Training, Periodization, and Software—A
Scoping Review. Applied Sciences (Switzerland). 2024. Vol. 14. No. 22. DOI:
10.3390/app142210354.
6. Challonge is a Global Competition Platform. Challonge. URL.: https://challonge.com/about
(date of access: 3 January 2025).
7. Esports Market. URL: https://www.marketsandmarkets.com/Market-Reports/esports-
market-123759465.html?utm_source=chatgpt.com (date of access: 2 January 2025).
8. ESPORTS. Betinvest. URL.: https://www.betinvest.com/esports (date of access January
2025).
9. Getting started. Toornament. URL: https://developer.toornament.com/v2/overview/get-
started (date of access: 3 January 2025).
10. Global gaming software revenue from 2022 to 2032. Statista. URL:
https://www.statista.com/statistics/1450827/value-gaming-software-market-
global/?utm_source=chatgpt.com (date of access: 2 January 2025).
11. Hedlund D. P. Electronic gaming. Encyclopedia of Sport Management, Second Edition.
2024. P. 298-300. DOI: 10.4337/9781035317189.ch175.
12. LAN center software to automate all business processes. SENET. URL:
https://senet.cloud/en/?gad_source=1&gclid=Cj0KCQIiAst67BhCEARISAKKdWOKhRIDVX]
CHZA43F1rj5tGSUMBB6-
BmN3gKiGZ3UXSxQP2ix0fS90k8aAsSBEALwW_wcB&gclsrc=aw.ds (date of access: 3 Jan-
uary 2025).
13. Lheureux A. GPU Memory bandwidth. DigitalOcean.  2024. URL:
https://www.digitalocean.com/community/tutorials/gpu-memory-bandwidth (date of access: 6
January 2025).
14. Who are the best eSports software  platform  providers?  URL:
https://www.quora.com/Who-are-the-best-eSports-software-platform-providers (date of ac-
cess: 21 December 2024).
15. Lazneva I. O., Tsaranenko D. I. Esports and its impact on changing the structure of the
world market of computer games. Scientific Bulletin of Uzhhorod National University. 2018.
Ne 22. C. 63-67. URL: http://www.visnyk-econom.uzhnu.uz.ua/archive/22_2_2018ua/17.pdf
[in Ukrainian]
16. Chaika E.V. The state and dynamics of growth of the esports market. Economic Bulletin
of the National Technical University of Ukraine ‘Kyiv Polytechnic Institute’. 2018. No. 15.
URL.: https://doi.org/10.20535/2307-5651.15.2018.143144 [in Ukrainian].

Received 05.03.2025.
Accepted 07.03.2025.

32 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)


https://www.betfoc.com/about-betfoc/
https://battlefy.com/about
https://www.easy.ac/en-US
https://challonge.com/about
https://www.marketsandmarkets.com/Market-Reports/esports-market-123759465.html?utm_source=chatgpt.com
https://www.marketsandmarkets.com/Market-Reports/esports-market-123759465.html?utm_source=chatgpt.com
https://developer.toornament.com/v2/overview/get-started
https://developer.toornament.com/v2/overview/get-started
https://www.statista.com/statistics/1450827/value-gaming-software-market-global/?utm_source=chatgpt.com
https://www.statista.com/statistics/1450827/value-gaming-software-market-global/?utm_source=chatgpt.com
https://senet.cloud/en/?gad_source=1&gclid=Cj0KCQiAst67BhCEARIsAKKdWOkhRIDVxjCHZ43F1rj5tGSUMBB6-BmN3qKiGZ3UXSxQP2ix0fS9ok8aAsSBEALw_wcB&gclsrc=aw.ds
https://senet.cloud/en/?gad_source=1&gclid=Cj0KCQiAst67BhCEARIsAKKdWOkhRIDVxjCHZ43F1rj5tGSUMBB6-BmN3qKiGZ3UXSxQP2ix0fS9ok8aAsSBEALw_wcB&gclsrc=aw.ds
https://senet.cloud/en/?gad_source=1&gclid=Cj0KCQiAst67BhCEARIsAKKdWOkhRIDVxjCHZ43F1rj5tGSUMBB6-BmN3qKiGZ3UXSxQP2ix0fS9ok8aAsSBEALw_wcB&gclsrc=aw.ds
https://www.digitalocean.com/community/tutorials/gpu-memory-bandwidth
https://www.quora.com/Who-are-the-best-eSports-software-platform-providers
http://www.visnyk-econom.uzhnu.uz.ua/archive/22_2_2018ua/17.pdf
https://doi.org/10.20535/2307-5651.15.2018.143144

«Cucremni texuoorii» 2 (157) 2025 «System technologies»
Software as a catalyst for the esports industry development

Problem statemen. In the context of globalization and the digitalization of society,
esports competitions have evolved into not only platforms for players and teams but also
powerful economic drivers encompassing streaming, sponsorship, and game development.
Software plays a pivotal role in shaping the esports industry by serving as the technical
foundation for its functioning. The aim of the work is to determine the role of software as a
catalyst for the esports industry development. Methodology. A comprehensive approach was
used to assess the role of software in the establishment and growth of esports, including a
classification method for identifying functional types of software, a systematic approach to
viewing them as an interconnected system, a comparative analysis of software tool providers
and popular esports platforms, and content analysis of modern technologies in the context of
their functional purposes. The results and discussion. The technological features of modern
graphics processing units (GPUSs) used in the esports industry are highlighted, namely: the
number of CUDA/Shader cores, instruction types, support for new technologies, memory
bandwidth and ray tracing technologies, which together guarantee the processing and output
of high-quality graphics. The article offers a classification of functional types of software that
constitute a single system of interconnections. Among the specialised software, the research
allocates platforms for tournament management (Toornament, Battlefy, Challonge, FACEIT),
software for streaming and broadcasting (OBS Studio, Streamlabs, XSplit, Restream),
software for managing teams and players (Discord, GameCoach), anti-fraud tools (Easy
Anti-Cheat, BattleEye), virtual and augmented reality software (VirZOOM, Oculus tools for
VR esports), as well as modern blockchain and NFT technologies. Conclusions. The study
identifies the main differences in the software used in the esports industry. Prospects for
implementing advanced developments are analyzed based on the activities of software
providers (Betfoc, INORU, Betinvest, BR Softech, Vinfotech) and esports platforms (Battlefy,
Toornament, Challonge, ESL Play, and Mobalytics). Accordingly, esports software continues
to evolve alongside technological advancements and growing demands for game quality and
interactivity, creating new opportunities for participants and viewers. Modern tools and
programs must adapt to technological innovations and be integrated into the esports industry
to meet these challenges.

Key words: eSports, gaming, industry, software, tournament, GPU, virtual reality.
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€.0. KoBasienko, B.A. Typuuna
IMPO NNOKPAIIEHHSA HABJIMKEHUX PO3B’SA3KIB 3AIAYI ITAPAJIEJIBHOI'O
YHOOPSAJAKYBAHHSA TA AHAJI3 MOJEJI OJTHOTI'O il Y3ATAJILHEHHSA

Anomayisn. OOun i3 aKMyanbHUX HANPAMKIE OOCHIONCEHb 8 Meopii PO3KIA0i8 CMOCYEMbCS
mux 3a0au, 8 AKUX Npu BUKOHAHHI poOim 00360110MbCA iX nepepusants. B oawiti pobomi po-
32N10AEMbC 00HA 3 NOCMAHOBOK MAKUX 3A0ay, 00 SKOI 36004MbCs NPUKIAOHI 3a0ayi
N0 s3aHi 3 OnMuMizayiero nesHux upooHuuux npoyecis. lle cmocyemocs eunaoxis, Koaiu 3a-
0aHy CKIHYeHHY MHOMNCUHY pOoOIim, Ha NOPAOOK BUKOHAHHS AKUX HAKAAOAIOMbC MEXHOL02IYHI
obMedcenHsl, HeOOXIOHO BUKOHAMU BUKOPUCTOBYIOUU HAS8H)Y KIIbKICMb pecypcié 8 HAUKOpPO-
muwi mepminu. B mamemamuuniti nocmanosyi maxy npukiaoHy 3a0ayy MOJICHA 386eCmu 00
3a0auyi napanenvHo2o0 YnopsaoKy8aHHs eepuiur opepagha. Jocnioxiceno MONCIUicms NoKpa-
WeHHs HAOTUIICEHUX PO368 S3Ki6 Yux 3a0ay 3a paxyHoK 0036011y nepepusamtHs podim. 3anpo-
HNOHOBAHO MOOUQIKayilo aneopummy po38 sI3aHHA Y3a2dlbHeHOl 3a0aui YnopsaoKy8anHs Ol
8UNAOKIB, KoU BIONOGIOHUU 2pagh € pe2ynapHum i GIOHOCUMbCA 00 NIOKAACY HOBHUX
08000IbHUX.

Knrouosi cnosa: meopis posxknadis, ouckpemna onmumizayis, epagh, peeyiapHi epagu, nepe-
PUBAHHSA, ONMUMATIbHE PO30UMMsl, NapaieibHi YROPAOKY8aAHHS, HAONUJICEHI pO36 A3KU, V3a-

2aNbHeNHs 3a0ayi.

IMocTanoBka npodaemu. Jleski NpUKIaaHi 3a7a4i opraHizalii mporecy BUrOTOBIEHHS
MPOYKII1 Ha BUPOOHMIITBI, MOJICTIOBAHHS CKJIATHUX OOYHCIIOBAIILHUX CUCTEM, €()EKTUBHO-
ro YIpaBJIiHHSA pecypcaMy Ha MPOEKTAX Ta iHIII, MMOB’s3aH1 3 MJIAHYBAaHHSM Ha IMiINPUEMCT-
Bax, MOXYTb 3BOJIUTHUCS /10 3a]1a4 IUCKPETHOI ONTUMI3allii, 30KkpeMa Teopii po3knaais. g ix
pPO3B’si3aHHS pO3pOOJIEHO METOJIM Ta AJTOPUTMH, IO JO3BOJIAIOTH ONTHUMI3YBAaTH BiJMOBIJIHI
MIPOIIECH 3AICKHO BiJ] KOHKPETHUX TOTPEO, SIK TO CKOPOUYCHHS 3arajlbHOTO Yacy 3aBepIICHHS
BHUKOHAHHS poOIT, MiHIMI3allis 3a1y4eHUX PecypciB, BUKOHAHHS BCbOTO 00CIry poOOTH B 3a-
3HA4Y€H1 TepMiHH, a00 3MEHIIIEHHS B1JICTABaHHS BiJl HUX.

OmHuM 3 MAKIAciB 3a7a49 Teopii pO3KIIAJIIB € 3a/1a4l mapajeIbHOTO YIOPSAKYBaHHS. 3a
iX JOMOMOTOI0 3PYYHO MOJICITIOBATH TaKi MPUKIIATHI 3a/1a4i, 1€ 3a37aJerib BU3HAYEHI CKiH-
YeHHI MHOKMHH POOIT Ta PecypciB, 3a IOMOMOTOI0 SKHUX Il poOOTH MarOTh OyTH BHKOHaHI
(cTaHKH, MAIIMHU, TIPOIIECOPH, JIFOJIH, TOIIO). BBaxaeTbes, 110 KOXKEH BUKOHABEIh MOXKE BHU-
KOHYBAaTH OyJb-SKY pPOOOTY 3 OJHAKOBOI €(EKTHBHICTIO, MIPUYOMY IIOHAKWOLIbIIE OHY B
OyIb-sIKuii MOMEHT yacy. Ha MHOXHHI poOiIT 3aaHO YaCTKOBHIA MOPSIIOK, KU BiAMOBIIA€E
TEXHOJIOTIYHUM OOMEXEHHSIM 3a/1aui. 3aJeKHO BiJl TOCTAHOBKM KOHKPETHOI 3a7a4i HeoOXi-
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HO MiHIMI3yBaTu ab0 9Yac 3aBEepIICHHS BUKOHAHHS yCiX poOiT, a0 MakCHMyM OJHOYACHO 3a-
TISTHUX pecypciB 0€3 MOPYIIEHHS TEXHOJIOTTUHIX OOMEKEHb.

3amayi yrmopsiAKyBaHHs y KJIACWYHIN MOCTAHOBII Mepen0avarTh, MO MHOXKHHA POOIT,
yac BUKOHAHHS KOXHOI 3 SIKMX PIBHHM, 33aJjaHa 3a JOIOMOIOI0 MHOXUHH V BepiiuH rpada,
TOMI SIK MHOKMHA 1yr U BIAMOBITA€ TEXHONIOTTYHUM OOMEKEHHSM. TakuM YHHOM MOYATKOBI
YMOBH 3aJ1al0ThCsl OpieHTOBaHMM He3BakeHuM rpadom G(V,U). HeoOXiaHO BiAIIyKaTH Take
napajielibHe yIOpsIKYBaHHsI S BepIIUH 3amaHoro rpada, ske ado npu 3ananii mupuHi h(S)
Mae MiHiMalbHY JoBkuHY |(S), ab0 npu 3a1aHill TOBKUHI Mae MiHIMalbHY MHpUHY [1].

B 3aranpHoMy BUmanky 3aaadi ynopsakyBaHHs € NP-Baxkumu, ane Oyiau BHIUICHI iX
IIJIKJIACH, JIJISl PO3B’sI3aHHS AKUX OYI10 po3po0JeHO TOYHI aJITOPUTMH TOJIIHOMIATBLHOT CKJIa -
HocTi [2]. OauH 3 TakuX aJrOpPUTMIB 3aCHOBaHMI Ha piBHEBOMY MpUHIUMI. BiH mae Tounuii
PO3B’SI30K 3aJlaul YHOPSIKYBaHHS 32 yMOB, 110 Tpad 3aqadi Mae CTPYKTYpPY KOPEHEBOTO Jie-
peBa abo Jicy, sIKUH CKIIaaeThCs 3 TaKUX JAepeB. [HIMI anroputM 0a3yeTbcsi Ha JIEKCUKOT-
padiuniii po3mitui BepuuH rpada. Bin € Tounum 11 rpadis 6e3 TpaH3UTHUBHUX JIYT 32 YMO-
BH, 10 h = 2. 3acTOCyBaHHS [IUX AITOPUTMIB ITPU PO3B’sI3aHHI 3a/1a4 yIOPSAAKYBAHHS IS J10-
BUTbHUX I'padiB 3 piIBHUMH BaroBUMH Koe(illieHTaMu BEPIIMH B 3araJlbHOMY BUIAJAKY MPH3-
BOJAMTH /10 HAOIMKEHHUX PO3B’SI3KIB, IPU SIKUX MOJCKYIN MOXKIMBE 301IbIICHHS 3HAYCHHS Ii-
TH0BOT QYHKIIIT MaiiKe B 1BA pa3u, MOPIBHAHO 3 ONTHMAIBHUM.

Pesynpratn, oTpuMaHi Ul KITACHYHUX TIOCTAHOBOK 3334 YIOPSAAKYBAaHHS, X04 1 MOJe-
JIOIOTH AESAKI pealbHi MPOIECH, OUTBITY IIHHICTD NMPEICTABISAIOTh B TEOPETUYHOMY 3HAYCHHI.
B npuknanHux 3agavax yacto MOTPiOHO BpaxOBYBaTH JOJATKOBI YMOBH, IO HE 3MEHIIYIOTh
CKJIQIHICTh 3a/1a4i. Tak HapUKIa, TPUBAIICTh BUKOHAHHS POOIT MOXke OYTH PI3HOIO, J03BO-
JIeH1 NepepuBaHHs MPU BUKOHAHHI pOOIT, HE BCl BUKOHABIl MOXYTh BUKOHYBAaTH poOOTY B
Oyab-sIKUM MOMEHT 4acy Ta 1H. Y [3] HaBezeHl AesKl y3araibHeHl (OpMYJIIOBaHHS TaKUX 3a-
nad, cepell SIKUX OJHHUM 3 BHUIAJKIB BIAMOBITAE MOJIENI, KOJIH OOMEXEHHS Ha KUIbKICTh BEp-
IIMH, K1 MOXHa pO3TalllOBYyBaTH Ha (JIKCOBAHUX MICIISIX, 3aJJa€ThCS B1IOBIAHUM BEKTOPOM.

3anayi moOyI0BH BIAMOBIIHUX MapaleNbHUX YIOPSAKYBaHb MMO3HAYMMO B 3araibHOMY
surisiai S(A, B, C), ne A — Bignosigae rpady, skuii 3agae ooMexeHns, B — 3amaHomy ma-
pametpy 3aaadi, C — 1iboBii QyHKII.

B naniii po6oTi ocHOBHa yBara mpuaiiseTbes 3amadam S(G, h, 1) ta S(G, h;, I). B npuk-
JAIHUX 3a/1ayax JaHe y3aralbHEeHHs BifoOpakae cUTyallii, KOJU KUIbKICTh JOCTYIHUX poOo-
YUX PECypCiB MOXKE 3MIHIOBAaTHUCS MPOTATOM TOTO 4yacy, SIKMUHA BUIEHO HAa BUKOHAHHS POOIT.
Hanpuknan, sKimo MoBa e mpo JIIOJChKI PecypcH, TO iX 3alHATICTh MOXe 3MIHIOBATHUCS B
pe3yibTaTi MiIaHyBaHHs BIAMYCTOK, CKOPOYEHHS a0o po3mmpeHHs mraty. KinbkicTs 3amyue-
HUX CTaHKIB a00 MPOIECOPIB MOXKE 3aJIEKATH BiJ MaciTaOyBaHHS BUPOOHUUYOTO MPOIIECY,
abo0 MoyaTKy YM 3aKiHUEHHS NepioAy 0OCIyroByBaHHS.

AHaJi3 ocTaHHiX gociaifzkenb i myOaikauniid. [Ipuknaani 3axayi, 0 MOJAETIOIOTHCS Y
BHTJISII 33/1a4 KOMOIHATOPHOI onTuUMi3allii Ha rpadax MpuBepTarOTh 10 cebe yBary HayKOB-
1iB. Y po6oTi [4] po3risgaeTbes ONTHMI3aliiHA 3a7a4a PO3MIIIEHHS] BUPOOHUITBA, B AKiN
MOYaTKOBI YMOBH 33/1al0ThCs Y BUIJIsAL rpada. Posrnsnyra aBTopamu 3aaaya € NP-Baxkoro,
gyepe3 M0 METOK JOCHIDKEHHsS Oyia po3poOka e(EeKTHBHOTO aJITOPUTMY TMOJIHOMIaabHOT
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CKJIaHOCTI JJISl TIOLIYKY HAaOMMKEHUX PO3B’S3KiB. Y BUTISAAL OpieHTOBaHOTrO rpada cremia-
JBHOTO BUAY (BeOrpada) MOAEmOI0TECS 3B’ SI3KH MK BEOCTOpIHKAaMH, IO J103BOJIsE (hpopMy-
JIOBATH Ta €(PEKTHBHO PO3B’sA3yBaTH MPUKIIAJIHI 3a/1a4l ONTHUMI3allii B I[bOMY HANpPsIMKY J0C-
nimkeHs [S]. LlikaBicTh TOCTITHUKIB TAKOXK BUKIUKAIOTH 33/1a4i Ha Tpadax MEBHUX CTPYKTYP.
Tak y [6] posrispaerbes 3a1a4a po3MiTKH rpadis, MO BIHOCITHCS 10 MIAKIACY PEryIspHUX.
Taki rpadu 3HaX0AATH MPAKTUYHE 3aCTOCYBAHHS y Psjl MPUKIATHUX 3a1a4. Bunamok, xKoiau
3a/1a4a yrpaBIiHHSI TPOEKTOM MOJICITIOETHCS Yy BUTIISAL 33729l TEOPil PO3KIAIB PO3TIISAIAETh-
csy [7]. Oxkpema yBara npuIuIS€ThCS CUTYalii, KOJU B MPOIeCi BUKOHAHHS poOiT, nepeada-
YEHUX MPOEKTOM, JI0 HHOTO 3aJTy4alOThCS JOJATKOBI PECYpPCH Ta JIOCIHIIKYETHCS BIUIUB J10-
3BOJTy TIEpepHBaHb Ha 3aralbHy TPUBAIICT IX BUKOHAHHS.

Meta pocaigkeHHsi. 3’CyBaTu, Y4 MOXHA MOKPALIUTHU SKICTh HAOIMKEHUX PO3B’SI3KiB
JUISL 337124 TApaJIebHOTO YIOPSIKYBAaHHS, SKIIO J03BOJUTH NEPEpUBAHHS NPH BUKOHAHHI
po0iT. ChopmynroBaTH alIropuT™M pPO3B’S3aHHS y3arajdbHEHOI 3a/adi Al OJHOTO MiJKJacy
rpadis. Busnauntu ymoBH, 3a SKUX el aITOPUTM € TOYHHM.

Buxiax oCHOBHOro mMartepiaiy Aoc/aizkeHHsl. PO3TIsIHEMO MOKIMBICTD 3MEHIICHHS
3HAYEHHS LUIOBOI (DYHKIII 32 YMOBH JI03BOJIy TI€pEpPHBAHb IPH 3aCTOCYBAaHHI aJrOPHTMY,
1110 3aCHOBAHMI HA PIBHEBOMY IPUHIIUIII.

I[Mpu noBinbHIK Oya0Bi Tpada BijjomMa OIiHKa TOYHOCTI PO3B’s3KY [2]:
I—/i < ﬂ , 1)

I h+1
1ie |n — JOBXKHMHA yIopsAKyBaHHS, T0GYI0BAHOrO 33 ATropuTMOM, | — JOBKHHA ONMTHMAITb-
HOTO YIOPSAIKYBaHHS.

Takosx BijioMi yMOBH, 3a sSIKUX olliHKa (1) gocshkHa, 1 BIAMOBIIHO HeMOKpailyBaHa. Po3-

risiHeMo rpad Gi HACTYIHOTO BUTIIAY.

5
1 ® e & @ O
6 /
2 & e & @ 10
//'7
3 @ ® el
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4 3> 302

Pucynox 1 — I'pag G

[1pm 3amaniii h = 3 3acrocyBaHHS anropuTMy 1acTh YHOPSIKYBaHHS:

1458 9 12
2 6 10
3 7 11

B Toif yac six onTuManbHUM OyJie yIOpsIKYBaHHS:
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JliiicHO, 1UIsl JTaHOTO BUMIA/IKY BUKOHYETHCS PIBHICTh

I, 2h 6

“hal 2

3,HCY€MO, Yy MOXKHA 3MCHIIMTH AOBXHWHY YIIOPAAKYBAHHSI, HO6y,Z[OBaHOFO 3a JaHHUM

A
I*

AJITOPUTMOM, SIKIIIO JIO3BOJIUTH IEpepUBaHHs. B mepiry depry 3BepraTUMEMO yBary Ha Helli-
JILHO 3alOBHEHI MICIA B YIOPsAAKyBaHHI. Hexall 103BoJIA€ThCS TIepepuBaHHs poOOTH, IO Bi-
anoBinae BepuvHi 4. Tol ynopsiiKyBaHHS MAaTUME TaKUi BUTIISII:

{(40,5),(10,5)} (10,5) (51) (8.1) (9.1) (12.1)
(2,1) (4;0,5) (6,1) (10,1)
(3.1) (71) (1)

JIOBKHHA TAKOTO YIOPSIAKYBaHHS I A = 9,5, SIKImO 103BONUTH TAKOXK TIEpEPUBAHHS PO-
01T, 110 BiANOBIAAIOTH BepIrHaM § Ta 12, To oTpuMaHe yHopsAKyBaHHS
1(405),(10,5)} (1,0,5) {(80.5).(5:0.5)} (5,0,5) {(12:0,5).(%0.5)} (9;0,5)
(2,1) (4; 0,5) (6,1) (8;0,5) (10,1) (12;0,5)
(31) (7.2) (111)

MaTuME IOBXKHUHY IA = 4; 5 .

PosrnsinemMo Takox ajaropuT™M 3aCHOBAHMI Ha 3aCTOCYBaHHI JIEKCUKOTPadiuHOT pO3MIT-
ku rpada. [Tpu h > 2 B 3aransHOMY BUIAKy BiH Ja€ HaOMMKeHUH po3B’s130K. B [2] Oyio ori-

HEHO TOYHICTh AITOPpUTMY IJIA BI/IHaI[KiB h > 3 , IKa OIIUCYETBHCA CHiBBiI[HOIJ_IeHHSIMI
Fe2- @

B sixocTi ogHOTO 3 MPUKIIAAiB aBTOPU HAaBOJAATH PO3B’A30K 3amaui Juist rpada Go, 30-
OpaxeHoro Ha puc. 2 ipu h = 3.

Pucynok 2 — I'pad G
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Po3B’430K, OTprMaHuii 3a JOIOMOI'O0 aJITOPUTMY
317 610
42811
5 9
Mae T0BXHUHY la= 5, TOAl K TOBKHWHA ONTUMAIBHOTO YIIOPSIKYBaHHS
14710
25811
369
cknanae | = 4. JliiicHo, MOBEPTAIOYHUCH JIO BiTHOLIECHHS (2), MAEMO:
| 2 5 4
T34y
Hexait rpad G, orpumano 3 rpada G, muisixom BuIydeHHs 3 Hboro BepmuH 10 i 11 ta

IHIUIEHTHHX JI0 HUX JYT, TICJIS YOTO CIIPSIMYBAHHS PEINTH IyT OyII0 3MiHEHE Ha MPOTUIICKHE
(puc. 3).

6 ® el
7 L 3
8 3

e 4
9 > o5

Pucynok 3 — I'pad G,

YnopsakyBaHHs T00YI0BaHE 3a alTOPUTMOM
6125
793
8 4

’ *
mae nopxuny |, =4, a ontumanshe ynopsakysanus — nopxuny | =3 . Skmo no3somuTu
nepepuBaHHs poOOTH 1, sKa BiANOBIAA€ BEPIIMHI PO3MIIIEHIN Ha YACTKOBO 3alIOBHEHOMY Mi-
CIl, TO 1I€ HE BIUIMHE Ha ONTUMAJbHICTh po3B’s3Ky. HaToMicTh 103B171 HA epepuBaHHs poOIT
4 .
5 ta 9 mpU3Bese 10 TOTO, 1O MOOYI0BAHE YMOPSAKyBaHHA MaTuMme noBxkuny |y =3, piBny

ONTUMAJIBHIN:
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{(9;0,5),(6;0,5)} {(6:0,5),(5;0,5)} {(3;0,5).(5:0,5)}
(7.1) {(9,0,5),(3;0,5)} (2,1)
(8,1) (L) (4,2)

OTxe, B 3araJibHOMY BHUIIAJKy JTO3BLI Ha MEpEpUBaHHS JTOBUIbHOI BEPIIMHH, PO3MIilIe-

HOT Ha YaCTKOBO 3aIIOBHEHOMY MICIIi, HE TapaHTy€ TOKPAIICHHS HAOIMKEHOTO PO3B S3KY.
Posrisinemo Bumaaku, xoau B 3amadi 3agano G(V,U), ne [V| =n Ta 3amicte mmpunu h

mHOxuHa 3Hadens Ny <N, ge 1=17 . Jlna rpadis G, sixi MicTATs MHOXHHY i30750BaHHX

sepuH (To6T0 U =), 6yno 3anponoHoBaHO TOYHI alTOPUTMH PO3B’A3aHHS BiMOBITHUX
y3araJbHEHUX 3a7ad Ui BHUIIAJKIB, KOJH TepepuBaHHs 3a00poHeHi (anroput™m 1), Ta KoM
JI03BOJIEH1 JJIs1 yCix pooit (anroputwm 2) [3].

Pozrnsinemo mMoxnuBicTh Moaudikallii HbOro alropuTMy AJs BUNAAKIB, Koiu rpad 3a-
Jadi BIAHOCUTHCS JI0 MIJKIJIACy PETYISpPHHUX, a CaMe Ma€ CTPYKTYPY MOBHOTO JIBOAOJBHOIO,
100610 G = Ky e M+ r =n. Sk Oysno 3a3HavyeHo B [8] B IbOMY BUINAAKY BEPUIMHH MEPIIOi
nomi rpada MOXKyTh OyTH 3aHECEHI 10 YIIOPSAKYBaHHS TaKUM K€ YUHOM, SIK 1 y BUIIAJIKY, KO-
m U = . 3posymino, mo micns poro 10 ynopsaKyBaHHsS BEPIIMHU APYToi J0JTi MOXKYTh
3aHOCHUTHCS B IOBUIbHOMY MOPAJIKY.

[Ipu 3aHeceHHI BEpIIUH MEPIIOi J0Ji MOKYTh BUHUKHYTH [IBa BUIAQJKHU 3aJIeKHO Bif
TOTO, YU BUKOHYETHCS YMOBA!

3k: D> h=m, 3)

Sxmio (3) BUKOHYETHCS, TO YCI M BEPIIUH MEPIIOT A0 MOKYTh OYTH 3aHECEHI J10 yIO-
PSIKYBaHHS TAKMM YHHOM, IIIO MICIISl 3 TIepIIoro mo K-te OyayTh MIBHO 3alOBHEHI, 1 03B
NepepuBaHb I LIUX BEPIIUH HE MOKPAIIUTh 3HaUEHHS 1U1b0BOI (yHKLIi. [Ij1 moOyaoBH L€l
YaCTUHH YHOPSIKYBAaHHS MOXHA CKOPHUCTATHCS aITOPUTMOM |, BBaXKarOUH, 110 3aMiCTh N Ma-
eMo M BepmuH. TOJi 3aMUIIUTHCS BHECTH N0 YMOPSAKYBaHHS I' BepIIHMH Apyroi momi. s
HUX MEpPeBIPSEThCA BUKOHAHHS aHAJIOTIYHOI YMOBHM, ajle BIIUIIK IOYMHAETHCS YyXKe 3 Micls

(k+1). YMoBa MaTHMe HACTYITHUIN BUTJISI:
k+p

Ip: > h=r. (4)

i=k+1
ko (4) BUKOHYETBCS, TO yC1 BEPIIMHU JPYroi J0Ji 3aMaTUMyTh B YIOPSAKYBaHHI
miIbHO Mictis 3 (K+1)-ro mo p, a mepepuBaHHs OyayTh HEIOMUILHIUMY 1 7151 pOOIT, IO BijIO-
BIJIAIOTh BEPIIMHAM JpyToi A0ji. B pa3i HeBuKOHaHHS yMOBH (4) [UIsl BHECEHHS /10 YIOPSAIKY-
BaHHS BEPILUH JAPYroi 0JIi MOKHA 3aCTOCOBYBATH aJITOPUTM 2, BBaXKAIOUU MICIIE MiJ HOMeE-
poM (k+1) mepirim, a KiTbKICTh BEPIIUH JOPIBHIOE I 3aMiCTh N.
VY Bumnajaxy, koiau yMoBa (3) He BUKOHYEThCSI, BEpLUINHU MEpIIOi 1011 rpada MOXKYTh 0y-
TH 3aHECEHUMHU JI0 YIOPSAIKYBaHHS 3a aJITOPUTMOM 2, npuiimatouu N piBHUM M. Toai Micus
YIOPSAAKYBaHHS 3 mepuioro mo K-te OyayTh 3amoBHEHI miijibHO, a micue (K+1) — wmaiixe
IIJTBHO, TIPU IbOMY BOHO Oy/ie 3aIlIOBHEHE HA BETUYUHY
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K
m-> h
c=— (5)
hk+1

ne 0<c<1. Ilpu npoMy 0Y4EBHIHO IIPU BUKOHAHHI pOOiT, 0 BiANOBIIAKOTE BEPIIMHAM i€

JI0JT1, TIepepUBaHHs OyayTh HEOOX1THUMH (HE 00OB’SI3KOBO JIJIsl BCIX BepiIuH). s po3noiny
peLITH BEpILUH NepeBipka yMoBH (4) He moTpiOHA. [l po3MillleHHS B yIOPSIKYBaHHI Bep-
IIMH APYTOi J0JIi TPOHOHYETHCSI BAKOPUCTAHHS aJrOPUTMY 2 3 HACTYITHUMHU MOIU(IKAIiSIMH.

Aneopumm.

Kpox 0. BBaskaeTbcsl, 110 BEPLIMHU NEPIIOi A0 rpada 3aHeceHi B yHOpAKyBaHHA S
3a aNropUTMOM 2 1 3HaYeHHS ¢ oOuuncieHe 3a (5).

Kpox 1. Yci micus B S BBaXKaIOTHCS TOPOKHIME, IPHUOMY TIEpILE MicIle MOXKe OyTH 3a-

[IOBHEHE JIMIIE HA BEIMYUHY (l—C), ne O0<c<1; h=h/,, ne h/,orpumano 3

ANropuTMy 2.
Kpox 2. p=1.

SIK110 BUKOHYETBCSI yMOBa
p+l

(min(h,r))(1-c)+> h=r (6)

i=2

r—(min(h,r))@1-c)
h

TO |1*7 :maxﬁl—c+ J-J Ta TEpeXil Ha KPOK 5, 1HaKIIe mepexia Ha

p+1

KpOK 4.
Kpok 3. SIkuio Bukonyetbest ymosa (6), To

r_((min(h’f))(l_c)+ghi]

h

I, =p-Cc+
p+l
1 Iepexija Ha Kpok 5.
Kpok 4. p = p + 1 Ta nepexia Ha Kpok 3.
Kpox 5. J=1,¢=0.
Kpox 6. BusHauaeTbcsi  TiIMHOKUHA H( i < {hl, h,,..., hp +1} TaKUM YUHOM, IO
Kpox 7. Vh; € H( j) Ha Micls | B yIOPsKyBaHHs 3aHOCATLCS BEPUIMHU B HACTYITHOMY
MOPSAIKY, 38 HEOOX1THOCTI 3aCTOCOBYIOYH PO3OUTTS:
1) sxmo J>1 i BUKOHYETbCS yMOBa H(j) 7 {hp+1} M H(j) * {hl} , TO Ta BEPILHHA,

st sikoi ¢j > 0;

2) [Hy| sepunm o ¢; +|H )| <1, imaxue ‘H(j)‘—t(l;}—cj” BEPIINEH;
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3) saxmo ¢; +‘H ( j)‘ > 1, T0 0GpaHa [0 3aHECEHHS B YIOPSAKYBAHHS BEPLUIMHA ( PO3-

OuBaeThCst Ha yacoBi inteppamu t Ta (1-1) Tak, wo c; +(‘ J)‘ ) 1- t) [;,, npu
nboMy J10 (q,t) Tex Moxe OyTH 3aCTOCOBAaHE PO3OUTTSI.
Kpox 8. SIxmo ¢ >0 ta BukoHyeThest ymosa H ;5 = {h}u H = {hi}, TO 3aMicTh

. . !
BHECEHHS YaCTHHU PO30UTTS BepIIUHU (V,Cj) Ha MO3MUIIII0 i OOUpAEThCs OJHA BepuInHa V' ce-
pea BHECEHUX JI0 YHOPSAIKYBaHHS, IS sIKOT BUKOHYIOTHCS. YMOBH:

1) v ¢9[i];
2) (V\t')eS, ne C; <t'<1.

B ynopsaaxysauni (V',t") 3aminioerscs nHa {(v,cj),(v’,t’—cj )} abo {(V,CJ- )} AKIIIO
t'=c,, a ua nosuuito i craButeest (V',C;).

Kpox 9. Slxmo j <maxh; to j= j+1, C; =t ta nepexin Ha kpox 6, iHakie Gopmy-
1

€MO YTOPSIIKYBaHHS S”, ne
S’ [I] ko | <k
S™[i]=5S'[i]uS]i], axmo i =k +1.
S’ [I ] skiio | > K +1

Kpox 10. Kinenp anroputmy.

[IpoimtocTpyemMo poOOTY HABEIEHOTO AITOPUTMY Ha HACTYITHOMY MPUKIIAII.

Ipuknao 1. JIns moBHOro aBogoibHOrO Tpada Kgg, Ta 3amaHoi mociigoBHOCTI h;
(4,6,5,3,3,5,2,4,3,4,5, 2, 3,4) 3HaiiTH yNOPSAAKYBAHHS BEPINUH, SKE Ma€ MiHIMaJIbHY
JOBXKHHY.

JI71s1 BU3BHAUEHOCTI BBOXKATHMEMO, 110 BEPIIIMHHU MEPIIOT 10J11 MalOTh HOMepH Bif 1 110 8,
BIJIMOBITHO BEPIIUHU JIpyroi — Bix 9 mo 14. YropsiakyBaHHS y BUNIAAKY 3a00pOHEHUX Tepe-
pUBaHb MaTHME HACTYITHUW BUTJISI:

159 14

2610

3711

4 812
13

Horo noexwuna | = 4. Konu nepepuBaHHs 103BOJICHI, 32 aITOPUTMOM 2 BHOCHMO Bep-

IIHUHHA HCpIJ_IO.f ,Z[OJ'Ii A0 YIIOPAAKYBAHHSA:
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()03

3

}
(232 e5)=3)
(s2)(=2)} (o3
(o302} (4) |

(22}

Tenep MokHa BHECTH 710 YIOPSAKYBAaHHS BEPILIMHU APYroi A0l 32 MOAU(DIKOBAaHUM ali-
roput™MoM. OTPUMY€EMO HACTYITHE YIIOPSIAKYBAHHS:

£

3

_j,[z

1
3

e

2
3

1

_j,(a

1

1

e

3
1

10
15

8

10,—

_j,(lo,

[N
‘!_\

2

[
N

3

sHes)lo3)

/;\

(23} 3B sl (o))
(963 (26 {s)es)
(363 (263 (a)es)

(2) (3

/:\\/ﬁ\
w
/;—\\/_\\
[ERN
e

4

Woro mosxwuna | o= Zg .

Teepoocenns 1. MomudikoBanuii anroput™ s 3aaadi S(Kmr,hi,l) y Bunaaky, konu ve
BUKOHY€ETbCS yMOBa (3) Ta 103BOJIEHI IEPEPUBAHHS, € TOYHHUM.

Jlosedenns. OueBUIHO, 1O TIPU 3aCTOCYBaHHI HEMOAM(IKOBAHOTO JITOPUTMY B MOOY-
JIOBaHIM YacTHHI YNOPSAIKYBaHHS, /€ PO3MIIIYIOThCS BEPIIMHU MEPIIOT A0, JUIIEe OCTAHHE
Miciie OyJie 3almoBHEHO HEenIuIbHO. OTXe, SIKIO MPU 3aCTOCYBaHHI MOAM(IKOBAHOTO aJTOPH-
TMY IIUJIRHO a00 MaibkKe MITBHO OyAyTh PO3MIIICHI BEPIIMHU JIPYroi J0Ji, TO MoOyI0BaHEe
yIOpSAKYBaHHS Oy/ie ONTUMAaIbHUM.

JloBenieMo TBEpAKEHHS OKPEMO JJIsl BUTIAAKIB, KOJIU yMOBa (6):

(min(hl,r))(l—c)+S‘hi >r

BUKOHYEThCA Ipu P =1 Tampu P> 2.
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ITpu p = 1 sixmio r < hy, To MOKHA BBaxkatu, 110 Ny = I, a/pke Ha 11e MICIie MOYKHA PO3Mi-
CTUTH JIme I po30uTTiB BepmuH. Toxai 1 yMmoBa (PAaKTHUYHO TIEPETBOPIOETHCS HA

hl(l—C) + hp .1 > I Ilpu ouiHIi KOBXHHY, SIKY 3aiiMyTh BEpPIIMHU B IbOMY BUIAJIKY, PO3IJIs-

r—hl(l—c),1

p+1

JaeTbes MaKCHMYM |, =max|1-c+ , TOOTO HaBITh SIKITIO

1-cy FMEZ0)

p+1

<1, YHOOpAAKYBAHHA MOXHA JO3alIOBHUTH HC MCHIIIC, HIDK Ha BCIIMYHHY

oHi€el BepunHU, TOOTO 1. B iHmOMy pasi no3amnoBHwoeThes (K+1)-e Micie ynopsiikyBaHHS
(abo mepire miciie 32 MOIU(DIKOBAaHUM AJITOPUTMOM) Ha BEIUYUHY (1—C) . Takum yrHOM 11€
Mmiciie Oyzae 3amoBHeHe IiIbHO. Ha apyre Micue ymopsaKyBaHHS —PO3MOAUISIOTHCS
r— hl(l—C) BepunH. [loBepratouncs 10 ymoBu (6), nerko 6auuTH, 110 hp g hl(l— C),
OTXKE Il BEPIIMHH MOXXYTh OyTH PO3MIllleHI Ha JAHOMY MICIi TakK, IO HOTO 3allOBHEHICTH
r—h(1-c)

—h

V BunajiKy, Ko ymoBa (6) BUKOHYETBCS TpH P = 2, TaK ¢aMo JI0 HIIBHOCTI J03aIoB-

CKJIagaTumMe
p+1

HIOETHCS TIEpIe Micie 3a MOAM(IKOBAaHUM aJIrOPUTMOM, TOOTO PO3IMOAUISIOTHCS PO3OUTTS

BepIIHH i3 cymapHoto Bemmunnoo N (1—C) . Takox minsHO 3aMOBHIOIOTBCS MicIs 3 APYroro

P p
0 p-TE 3arajoM Ha Zhi . Takum 9uHOM, pO3MileHo I —(hl(l—c) + Zhij BEpIIUH Ha Mic-
i=2 =

P
X 3 TEpHIOro Mo p-te. 3a yMmoBow (6) Maemo hpﬂ >Tr —(hl(l—C) +Zhij , TOOTO pemiTa
i=2
BEPIIHUH, SIKi pO30MBAIOTHCSA, MOXKYTh OyTH po3MimieHi Ha (p+1)-oMy MicCIli, 103alIOBHEHHIM
p
r—[hl(l—c)+2hi)
i=2

h

TaxuMm yMHOM, PO3MOJILT BEPIIUH APYTOi 101 32 MOJIU(PIKOBAHUM aJITOPUTMOM € OITHU-

HOro Ha 4acTKy
p+1

MaJIbHUM.

Teepoowcenns 2. VYwosu N <m mpu 1<i<k+1l ta h<r qpum

k+2<i<k+ p+1 e nocraruimu s Toro, mo6 MoaudikoBaHuii aIropuT™ GyB TOUHUM

I k Ta p B34THX 3 HCpiBHOCTCﬁI
K+1

Zk:hi <m<>'h
i=1 i=1

k+p k+p+1

D h<r< Zhi.

i=k+1 i=k+1
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JloseOenns. Po3rnsHeMO OKpPeMO YMOBH TBepUKeHHs. JlocTaTHicTh meprioi 3 HHX
(h <m npu 1<i<k+1) nooaurscs 3a aHanoriero 10 TOro, sk 1e GyIO 3POGICHO IS

TBEPKCHHS 2, HaBeieHoro y [3].

JloBeneMo JTocTaTHICTh Apyroi ymoBH. 3a moaugikoBanuM anroputMom (k+1)-e micie
YIIOPSIKYBAHHS T03aIIOBHIOETHCS PO3OUTTAME BEPIIMH APYroi M0, mpruuoMy skmo M,
TO JI0 IIUTPHOTO 3alMOBHEHHS. B iHIIOMY pa3i mijgbHEe 3a0BHEHHS Oy/ie HEMOXKJIMBUM dYepe3
T€, IO 3T1IHO 3 AITOPUTMOM BEPIINHH, SKi 3aJTUIIAINCS, HE MOKHA Oy/ie po30UTH BiIIOBI-
HUM yrHOM. SIkio p > 1, to mici 3 (k+2)-ro no (k+p)-e OymyTh 1miabHO 3amoBHeHi. Micie

(k+p+1) Oyme 3amoBHEHE HA CTAly YaCTKY TUIBKH SKIIO hk+p+1 < I, Inaxuie 103alIOBHUTH 1€

MICII€ Ha BIAMOBIHY BEIMYUHY HEMOXKIIUBO.

BucnoBku. [IpoananizoBaHO eeKTUBHICTH IBOX BIJIOMUX aJITOPUTMIB MOJIHOMIaJIbHOI
CKJIQJTHOCTI, IKi € TOYHUMH JUIsI IBOX CIICHIAIbHUX KJaciB rpadiB, Ta HAOIMKSHUMH JUIS J10-
BUTbHUX TpadiB. JJ0oCHiKEeHO MOKIIMBICTh MOKPAILEHHS HAOIMKEHUX PO3B’S3KIB 32 paXxyHOK
JI03BOJIY MEPEPUBAHD MIPU PO3MILICHHI BEPIIHH.

Jns 3amadi ynopsakyBaHHS B y3arajibHEHIN MOCTaHOBI PO3IJISHYTO AalrOPUTM il
PO3B’sI3aHHs, SIKUU BPaxOBYE JO3BLI Ha MepepuBaHHsS poOIT, 1 € TOYHUM JJIsl BUMAJKIB, KON
BIJIMOBITHUM Tpad CKIAMAETHCS JIUIIE 3 130JIb0BAHUX BEPIIHMH. 3apOrOHOBAaHO MO (IKaIliro
[[LOTO AITOPUTMY, KA J03BOJISIE OTPUMYBATU TOYHI PO3B’A3KH, KOJIU rpad 3aaadi Mae CTpyK-
TypY IOBHOT'O ABOJIOJBHOTO.
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On improving approximate solutions to parallel sequencing problem
and one of its generalizations model analysis

One of the current research directions in scheduling theory concerns those problems in
which interruptions are allowed during the job execution. Scheduling theory problems are
widely used in modeling work, particularly production, processes related to planning. To
solve them, methods and algorithms have been developed that allow optimizing the relevant
processes depending on specific needs, such as reducing the total time to complete jobs, min-
imizing the resources involved, completing the entire amount of jobs within the specified time
frame, or reducing the time delay. One of such problems implies a given finite set of jobs, the
order of execution of which is subject to technological restrictions. This set of jobs must be
performed using the available amount of resources in the shortest time period. In mathemati-
cal formulation, such an applied problem can be reduced to the vertices' of a digraph parallel
sequencing problem.

The sequencing problems are mostly NP-hard, but their subclasses have been identified,
for the solution of which exact algorithms of polynomial complexity have been developed. The
use of such known algorithms of polynomial complexity when solving sequencing problems
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for arbitrary graphs with equal vertex weights generally leads to approximate solutions. Oc-
casionally it is possible for the objective function value to increase almost twice, compared to
the optimal one. The possibility of improving approximate solutions to these problems by al-
lowing job interruptions is investigated.

One generalization of the parallel sequencing problem corresponds to a model where
the limit on the number of vertices that can be placed at fixed locations is given by the corre-
sponding vector. A modification of the algorithm for solving this generalized problem is pro-
posed for cases when the corresponding graph is regular and belongs to the subclass of com-
plete bipartite graphs.

KoBasnenko €Bren QuekcaHapoBHY — acmipaHT Kadeapu oOUMCIIIOBATIBLHOI MATEMATUKH Ta
MaTeMaTHYHOI KiOepHeTHKH J{HIIPOBCHKOTO HALlIOHATBHOTO yHiBepcuTeTy iMeHi Onecs ['on-
yapa.

Typuuna Banentuna AuapiiBHa — k.¢.-M.H., JOIEHT, 3aBiyBauka Kadeapu oOUUCIIIOBAIb-
HOI MaTeMaTHKH Ta MaTeMaTHYHOI KiOepHETHKH J{HITPOBCHKOTO HAILIOHATLHOTO YHIBEpCHUTE-
Ty iMeHi Onecs ['oHuapa.
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METO/JAU 3BMEHIINEHHS PU3UKIB I IOMUJIOK B POBOTI
IHTEJEKTYAJIBHUX ABTOMATHU30BAHUX CUCTEM
HA®TOI'A30BOI I'AJTY3I

Anomauyis. Cyuacni inmenexmyanvti asmomamuzosari cucmemu (IAC) 3abe3neuyroms uco-
Kuil pigenb asmomamu3ayii ma noKpawyroms eQekmuericms UpoOOHUYUX Npoyecie 6 Hag-
moeazoeii eanysi. Boonouac QyHKYiOHy8aHHA MAKUX CUCMEM CYNPOBOOICYEMbC PUSUKAMU
Ma UMOGIPHICIIO NOMUTIOK, WO MONCYMb NPU3BOOUMU 00 (YIHAHCOBUX 6MPAm Ma ABAPIIHUX
cumyayii. Y cmammi po3eisiHymo OCHOGHI MemoOu 3MEHUEHHs PUSUKIE MA NOMUNLOK ) PO-
oomi IAC nagpmoeazosoi canysi, 30kpema, 600CKOHANEHI nioxXoou 0o eepuixayii ma mecmy-
sawnHs. JocniodceHo 3acmocy8ants opmanroHux ma HeghopmaivbHux memoodis eepugixkayii, a
MaKodic MoOyIbHO20, IHmMe2payilino2o ma mecmysaunHs Ha ocHogi eracmusocmeti y [AC.
Busnaueno nioxoou ons 6uMiplo6anHs cmpyKmypHo20 NOKpumms ma onmumizayii npoyecy
mecmysants. Ompumani pe3yiomamu CNpAMOBAHI HA 3MEHUEHHS UMOGIPHOCMI NOMUNLOK Ma
3a6e3neyeHts 8iION0GIOHOCI CUCTeMU 2aJlY3e8UM CIAHOAPMAM.

Kniouosi cnosa: inmenexmyanvbHi asmomamu308aHi cucmemu, HAQmMozazosa 2aniy3v, Ge-

pugixayis, nepegipka NOKpUMmMs, Mecny8aHHs.

ITocTanoBka mpobuaemun. CyuacHi iHTenekTyaslbHi aBroMatu3oBaHi cuctemu (IAC)
BIJIIrparOTh BAXJIMBY POJIb Y PO3BUTKY HaTOra3oBoi raiysi, 3a0e3neuyroun eeKTUBHICTb Ta
0e3neKy KIYOBUX BUPOOHMYMX MPOILECIB. 3aBASKH X BUKOPHCTAHHIO JOCSTAETHCS IMiJIBH-
IIEHHS TPOAYKTHUBHOCTI, ONTHUMI3allisl BUOOYTKY Ta TPAaHCIIOPTYBAHHS BYIJIEBOJIHIB, a TAKOX
MiHiMi3allis BIUIMBY Ha JOBKULISA. BogHowac (yHKIIOHYBaHHS TakuX CHUCTEM CYNpPOBOJ-
KYETbCS IEBHUMH PU3MKAMU Ta HMOBIPHICTIO BUHMKHEHHS TOMUJIOK, SIKI MOXYTb IPU3BOAU-
TH J10 3HAYHUX (pIHAHCOBHUX BTPAT, MOPYILICHHs O€3MEKH Ta aBapiiHUX CUTYaIlill.

Ocob6nuBocti poOoTH B HaTOra30Bil ramysi, Taki sSIK eKCTpeMajbHi YMOBHU €KCILTyaTa-
1ii, BeJIMKUHA 0OCAT JaHUX Ta BUCOKHH piBEHb aBTOMAaTH3allil, MOTPeOYIOTh 3aCTOCYBAHHS
CreLiali30BaHuX MIAXOJIB O YHpaBiIiHHS pu3ukamu. EdexkTuBHE 3MeHIIeHHS WMOBIPHOCTI
MOMMUJIOK MO>KJIMBE 3aBJSKH BIPOBAKEHHIO CYyYaCHUX METO/IIB aHali3y PU3HUKIB, IPEBEHTUB-
HOT0 00CITYroByBaHHs 00JalHAHHS, a TAKOXK AITOPUTMIYHMX MIIXO/IB 10 BUSBJICHHS Ta MpO-
THO3YBaHHS BiAXWIEHb y poOOTi cucTeM. Y Wil CTaTTi pO3IISHYTO OCHOBHI METOJIM 3MEH-
IIEHHS! PU3HKIB 1 MOMUIIOK y po6oTi IAC, 1110 3aCTOCOBYIOThCS B HAPTOTa30Bil Taiys3i.

© Kopnyra B.A., Karamaii 10.B., Mepenbko B.1.,
Jmutpis LA, IBanuis H.T., Kopayra O.B., [Isuyk A.B., 2025
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AHani3 ocTtaHHix gocjaigxenp i myOaikauii. KitodoBy ponb y 3MeHIIEHHI PU3HKIB 1
MOMHJIOK B IHTENEKTyanbHUX aBToMaTm3oBaHux cuctemax (IAC), ocoONMBO B CKIIATHUX Ta-
Ty34X, TAKUX SK HapTOra3oBa MPOMHMCJIOBICTB BiJIrpae TeCTyBaHHS Ta BUOIp 1 OLiHKA Te-
cToBUX KeiiciB. EdexTuBHMI HaOlp TECTIB MOBUHEH BUSABISATH NMPOTPaMHI OMUJIKH , SKi HE
MOXYTh OyTH BHSBJICHI IHIIMMH TeCTOBUMHU Keiicamu [1]. [jis moKpamieHHs] po3mojily Te-
CTOBUX PECYpCiB MOXKHa 3alpOINOHYBATH BUKOPHUCTOBYBATH BepUQIKaIlil0 Ta MEPEBIPKYy MO-
KPHUTTS KOAY 5K MOKa3HUK €()eKTUBHOCTI Ta MOBHOTHU TecTyBaHHA. L{i MeToau 3a0e3neuyoTh
MEePEeBipKY KOPEKTHOCTI, HAIIHHOCTI Ta MOBHOTU CHCTEMH IIE JI0 ii BIPOBAKEHHS ab0 mif
vac 11 poboru. Tak, Bepudikallis gormomarae BUSBICHHIO IOMUIOK Ha paHHIX eTamnax (103BO-
JIsi€ BUSIBUTH TIOMUJIKM B QJITOPUTMax, KOoAi abo JIOTiIi CHCTeMH e 10 il BIPOBAIKEHHS,
3MEHIIYIOYH PU3UKH OPOTOBAPTICHUX 3001B), MepeBipsi€ BiANOBITHICT rary3eBUM HOPMaM i
CTaHJapTaM OE3IeKH , TOTIOMArae MepeBipuTH, K CUCTEMa MPAIIOe B eKCTPEMATIbHIX YMOBaxX
abo 3a HECTpPUATIMBUX OOCTaBUH, BUKOPUCTOBYE CKPHUITH JUISl TIEPEBIPKH (YHKIIOHATY 1
IPOJYKTHBHOCTI CHCTEMH B Pi3HUX CLIEHapisX. 30KpeMa, B HapTOra3oBiii rarys3i BUKOPHUCTO-
BY€ThCS BepU(iKallis MPOrpamMHOTO 3a0e3NedYeHHs Ui KOHTPOJIO THCKY, TeMIEpaTypH 4u
BUTpAT y TpyOompoBojax, mnepesipka anroputMmiB LI, mist mporHo3yBaHHSI HECTIpaBHOCTEH
o01aJHaHHA TOLIO.

[TokputTsa 3abe3mnedye, mo0O yci MOXKIIMBI IIISXH BUKOHAHHS, CIICHAPii BUKOPUCTAHHS
abo yacTWHU cucTeMu OyiaM MPOTECTOBaHi. A came, BUSBIISIE YAaCTHHHU KOy, JIOTiKH a0o
(GyHKIIOHATY, SIKi MOXKYTh 3JIMIIATUCS HEBUITPOOYBAaHUMHU O€3 IIOBHOT'O IOKPUTTS, TAPAHTYE,
10 HEMAa€e HEJOKYMEHTOBaHMX a00 HEQYHKIIIOHYIOUMX YAaCTHH CHCTEMH Ta JloloMarae 3abes-
MIEYNTH KOPEKTHY PEaKI[il0 CHCTEMH Ha TIOMWJIKH, HANpUKIAJ, aBapiiiHe BiIKIIOYCHHS
oOnanHaHHA a00 BIIMOBY CEHCOpIB, Ja€ 3MOTY 1IE€HTU(IKYBaTH 1 MOKPAIUTH CIa0K1 MICISA
CUCTEMH.

Bepudikariis - 11e ciMmeiicTBO METO/11B, METOIO SIKUX € MIEPEKOHATHCS, 1110 CUCTEMA 3a/10-
BOJIbHSIE TIEBHI BUMOTH KopucTyBaua. [Ipouec Bepudikaiii € BUpIIAIbHUM €IEMEHTOM y pO-
3po0IIl KEPYHOUOTo MPOrpaMHOro 3a0e3medeHHs Ta BiJIrpac KIOUOBY POJib y 3a0e3MeUeHHi
HaAIMHOCTI, (YHKIIOHANBHOCTI Ta NPOAYKTUBHOCTI cucTeM aBTomaru3amii [2, 3]. Be-
pudikaris Moxe 0yt GopMaIbHOIO (MICTUThH Takl METOAM, SIK IepeBipka Moneni [4] 1 Teo-
pito 1ucneT4epchbKkoro kepyBanss [5]), abo HepopmanbHOIO (MICTUTH TaKi METOIH, SIK TECTY-
BaHHA [6]).

®opmanbHa BepHdiKallis BUKOHYETbCS Ha PIBHI MOJEIi, a HE Ha PIBHI CUCTEMH, IO
03Hayae, 110 MOJIETh CUCTEMHU Mae OyTH MoOyaoBaHa. Mozellb CUCTEMU CTBOPIOETHCS 3a J10-
noMoror (opmanibHOI MOBH, 1 II€ 3a3BUUall iepedayae MeBHUI piBeHb a0CTpaKIii, OCKUIbKI
noOy/ayBaTH MOJETb, SIKa MMOBHICTIO IMMOBTOPIOE MOBEIIHKY CUCTEMH, SIKY BOHA MOJEIIOE, 3a-
3BHYail HEMOXKJIMBO. 3aMICTh 1IOT'O MPAKTUYHUM KOMIIPOMICOM € MOJIENIOBaHHs Ta odiliiiHa
nepeBipka MEBHUX AaCHEKTIB CHUCTEMM, a TaKOXX 3aCTOCYBAaHHS TECTyBaHHS JUISl MEPEBIPKU
OLTBIIUX YACTHUH 200 MOBHHUX cUCTeM [7].

Ha Bigminy Bin (hopManpHUX METO/IB, TAKUX SIK MEpeBipKa MO, TECTYBaHHS P1IKO
OyBa€ BUYEPITHUM, OCKIJTBKH 3a3BUYAM JTOCUTH JIOPOTO OXOIMHUTH PO3YMHY KUIBKICTh MMPOCTOPY
Juid BBeZleHHs. Lle o3Hauae, 1110 HEMOXKIIMBO JOBECTH BIJICYTHICTh MMOMMUJIOK, aJle IPU LIbOMY
MO>KHA 301TBIITUTH AOBIPY A0 CUCTEMH. 3a JOTIOMOTOIO BiIMOBITHUX METO/IB TECTYBaHHSI, 1110
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CYIPOBOJUKYIOTHCSI KPUTEPISIMU MTOKPUTTSI, TECTYBAaHHS MOKHA MacIiTaOyBaTH Ta BUKOPUCTO-
BYBATH JIJISl CKJIQIHUX IPOMUCIIOBUX CUCTEM [8].

Kpim Toro, TecTyBaHHs MOXe OyTH 3aCTOCOBAaHE JO MPOrpaMH B YMOBAaX, B SKHX BOHa
nepeadavyaeThCsi BUKOHYBATH, HAIIPUKIIAA, HAa HIIbOBOMY OOjanHaHHI ab0 3 LITLOBOIO OIe-
pariifHOI CHCTEMOO Ta JpariBepami [9].

Meta qociaiaieHHs] - BAOCKOHAJICHHI MiAXOMIB 10 BepH]iKallil Ta TeCTyBaHHs iHTe-
JEKTYaJIIbHUX aBTOMATHU30BAHUX CHUCTEM, 110 BUKOPHCTOBYIOTHCS B Ha()TOra3oBiil ramysi s
3HIDKEHHSI PH3UKIB, MIJBUIICHHS HAIIHHOCTI Ta 3a0€3MEYCHHS BIAMOBIAHOCTI Cy4yaCHUM
CTaH/IapTaM OE3IeKH.

BukJjiageHHs1 OCHOBHOIO Martepiajiy aociaigxeHHsi. Bepudikamis iHTeNeKTyalbHUX
aBTOMATH30BaHUX CHCTEM - II€ TMPOLEC, SKUW TapaHTye, MI0 KOHKPETHI KOMIIOHEHTH a0o
MIJICUCTEMH BiJIIIOBIAI0OTh CBOIM MpOeKTHUM BuMoram. Jlis Bepudikarii [AC moxHa 3acTo-
COBYBATH SIK )OpMaJbHI METOAM, TaK 1 TecTyBaHHS. MoJenb MOBEIiHKA OOYA0BaHa 3 aBTO-
MaTUYHHX TIEPEXOJIIB 1 oIeparliii, mo CKIaarThes 3 GopMabHOT Ta He-POPMaIBHOT YaCTHH.
Taxwuii BuOip Mo 03BOJIsIE BUKOPUCTOBYBATH (DOpMaIbHI METOAM JI0 TUTAHYBAHHS MOJIEII,
a TaKOX TEPEBIPUTH MOTOYHY MOJETb, a came, ii JIpaiBepH, iHTepdercH, cuMymnsmii Tomlo.
[Mpuknax omepamii ckaHyBaHHS BikHa 3 BuKopucTaHHsM C-monionoi moBu ROS
(Robot Operating System) HaBeJCHO HIKYE:

operation: scan box
deadline: 10 seconds

pre: start scan box -> precondition
g: scan req state == initial && -> planning guard
scan req trigger == false &&
box is scanned == false
gr: true -> running guard
a: [scan req trigger <- true] -> planning actions
ar: [] -> running actions
post: complete scan box -> postcondition
g: true -> planning guard
gr: scan req state == succeeded -> running guard
a: [scan req state <- initial, -> planning actions

scan _req trigger <- false,
box is scanned <- true]
ar: [] -> running actions

®opmanbHi MeToau. OTHUMH 3 HalBaXXIUBIIIUX TPYH BIACTHUBOCTEH, AKi BapTo Ie-
PEBIPSATH, € BIACTHBOCTI O€3MEKU (BJIACTUBOCTI «WKHTTE3IATHOCTI»). [Ipu moTprmaHHi Biia-
CTUBOCTEH O€3MEKH HIKOJIM HE TOBUHHO CTaTHCSA YOTrOCh IMOTaHOT0, HAMPHUKIIAJ], OTHOYACHOTO
JOCTYIy 10 CIIJIbHOI 30HU, HEMPABUIBHOTO MOPAIKY CKIaJaHHS a0 TOCATHEHHS 3a00poHe-
HOro cTaHy. 3 IHIIOro OOKY, BJIACTUBOCTI XKUTTE€3JATHOCTI JNEKJIAPYIOTh, 110 BPEIITi-peruT
CTaHEThCS IOCh XOpOIIe, HAMPHUKIAL, 3aBXIM MOXHA JOCATTH Oa)XaHOTo IIbOBOIO
crany [10], He 3acTpArHyBIIM B JHHAMI4HOMY B3aeMoOsoKyBaHHI. Crerudikarii 6e3nexu
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MalOTh CKIHYEHY KUIbKICTh KOHTPIPHUKIAAIB, TOMAlI SK crenudikamii XUTTE€3TaTHOCTI —
HECKiHUCHHY.

3aMicTh TEpEBIPKH TOTO, IO MOJENb BiANOBimae crenudikalii, MOXHA 3aCTOCYBAaTH
MiJXi CHHTE3Y JJis aBTOMAaTUYHOTO OOYHMCIICHHS TpaBwWi KepyBaHHs. Jlis po3poOku TAC
MOYKHa BUKOPUCTOBYBATH TE€OPII0 HATJISIOBOIO KOHTPOIIO [5] /Ui mpsSMOTo OOYMCIIEHHS J10-
JATKOBUX OOMEXEHb Ul CUCTEMHU 3 BUKOPHUCTAaHHSM TEXHIKM BUIIydeHHS 3axucty [11], sika
rapaHTye, M0 3reHepOBaHUH IJIaH He Oyje y JKOJHOMY 3 HeOakaHMX cTaHiB. Taka TexHika
BUKOPUCTOBYETHCS ISl BIIOCKOHAJIEHHSI MOJIEINI TJIAaHYBaHHS Ha OCHOBI crienudikariii Buco-
KOTO piBHSI.

[HmmM popManbHUM METOAOM, KM MOXHA 3aCTOCYBaTH J0 MOJENi IUIaHYBaHHS, €
nepeBipKa MOJETI, sika BAKOPUCTOBYETHCS [UIS BIIMOBI/II HA TaKe 3alIUTAHHS: YU 3310BOJIBHSIE
MOJIENIb CHCTEMH 3a/IaHUM BIaCTUBOCTAM? VY mepeBipii Mozeni [12] TuM4yacoBi BIacTUBOCTI
NEPEBIPSIOTHCSA HUISTXOM JOCTIDKEHHS MPOCTOPY CTaHIB 3 BUKOPHCTAaHHIM HaOOpy MOYaTKo-
BUX CTaHIB 1 mepexoaiB. TUMYAcOBi BJIACTUBOCTI BHPAKAIOTHCS 3a JOIMOMOTOI0 PO3IIMPEHB
JIOTIKM BHCJIOBIIIOBaHb, HANPHUKIAJ JTiHIHHOI wacoBoi yoriku [13]. JliHiliHa yacoBa Jiorika
MICTUTh TUMYACOBI ONEPATOPH, TaKi K «HAcTynHUH cTan» (O), «3amxau» (0), "3pemron” (0)
ta «ao» (U). Hanpuknan, dopmyna oO(x—O Y) Bupakae, Mo Ui BCIX JOCSKHUX CTaHIB
3aBXKAM BIpHO, IO AKIIO X 30€piraerbcs B MOTOYHOMY CTaHi, y Oyze 30epiraTucs B HacCTyI-
HOMY CTaHi.

[Ilo06 ckopucTaTtucs mepeBaraMd METOJIB PO3B’S3aHHS 3a/adi 33J0BIIBHOCTI MPOIIO-
3ULIH, MOENb 1 cerudikaiii MoxHa cOpMyITIOBaTH K 3a7ady 3 0OMexeHUM po3MipoM. [Jo
Takoro (opMyJIOBaHHS MOKHa 3aCTOCYBAaTHM METOJ NEepeBipku oOMexkeHol moxeni [14], ne
TpaHUIsl BH3HAYA€, 33 CKUIBKM KPOKIB Bijl IMOYATKOBOTO CTaHy IIYKAaTH KOHTPIIPHKIAIIH.
[ToniGHO 10 iTepaliifHOro KOJyBaHHS MEePeXo/iB, CKacoBaH1 crenudikaiii JiHIHHOI YacoBoi
JIOTIKU KOJYIOTBCS IO MEXI, siKa MpeACcTaBiIeHa MOTOYHOIO ITepalli€ero. SKio 3ama4da po3B's-
3YEThCS, 1€ O3HAUaE, 110 crernudikaiis Oyna MopyueHa, 1 OTpUMaHe MPUCBOEHHS MOXKe OyTH
BUKOPUCTAaHE JUIS PEKOHCTPYKIT KOHTpHpHUKIamy. PosrisHeMo, Hanmpukiana, BIaCTUBICTD,
Ky MOXHa MEepeBIpUTH HA MOJIEINI TUITaHyBaHHS poOOTH poOoTa: 3aBXK/IHU, MICsA TOTO, K CKa-
HEp OTPUMY€E KOMaHJy Ha CKaHyBaHHs, a KOpOOKa HE CKaHYEThCS, KOPOOKY BCE OIHO CIiJ
CKaHyBaTH. Y 4acoBIH JIOTII 11€ 3aUCY€EThCS TaK:

((scan _req trigger/A-box is scanned)-0Cbox is scanned)

CrabKor CTOPOHOIO TAaKWX CHUCTEM MOJICIIOBAHHS IUIAXOM PO3UICHHS IOBEIIHKH
IUTAaHYBaHHS Ta BUKOHAHHS € Te, 110 He 3a0e3MeYyeThCs 3arajJbHOro Croco0y YHUKHEHHS TY-
MIUKOBHUX CUTYAIlill ITiJl 9aC BUKOHAHHS. X0Ya Ha MOJIEN TUTAaHyBaHHS MOXXHA BUKOHATH BWU-
Jy4EHHsSI 3aXHUCTY Ta MEPEBIPKY MOJIEN, TIEpeBipKa MPaIFOI0U0i MOJIENI, a TAaKOX 3B 53Ky, 1H-
TepdeliciB, IpaiiBepiB TOIIO 3aJICKUTh CaMe BiJl il TeCTyBaHHSI.

Monyabne TectyBanHs . [1[o0 MaT MOXIIMBICTh TIEPEKOHATHCS, IO TIEBHUN KOJ 1O-
BOJUTHUMETBCS TaK, SIK 1€ OyJI0 3aJyMaHO pPO3POOHHKOM, 3BUYAMHOIO MPAKTHKOIO € TECTY-
BaHHs TaKOTO KOJy 3a JOIOMOTOI0 HAIMCaHOTO BPy4YHY MoayibHUX TecTiB [15]. Taki Tectn
npu3HaueHi Juis Bepu@ikalii 4d BHUSBJIEHHS XHOHOCTI KOIy Il OOpaHOro Ta MOBHICTIO
BU3HAYCHOTO By3ja HAO0OpY BXIAHUX JIaHMUX, & TAaKOXK MEPEBIPKU paHiIlIe BiIOMUX IPOOIEM-
HUX HAOOPiB BXITHUX JAHUX, K1 CIIPUYUHSIIN TTIOMIJIKH B MUHYJIOMY.
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Y MeTo0I10Tii TeCT-Opi€HTOBAHOI PO3POOKM MOJYJBbHI TECTH 3a3BUYail MHUIIYTHCS IIe-
pen pakTUYHUM KOJOM, IO 03HAYAE, 110 TECTH MOXKYTh OyTH HEBAAJIHUMH, TOKH PO3POOHHUKHI
HE peali3yloTh KO NpaBWiIbHO. KOXKHUI MOIYNb TECTYeThCS HE3aJEKHO B  130JbOBAHOMY
CEpPEeOBHILIi, 00 MEPEKOHATHCS Y BIJICYTHOCTI 3aJICKHOCTEH Y KOJII.

MonysbpHe TeCTYBaHHS 30CEPEIKYEThCS BUKIIFOUYHO HA ACTIEKTaX, SIKi € BAXKJIMBUMHU IS
OnoKy, sSIKUi pociipkyerbes. Llel minxin Hamae po3poOHUKY MOXIIMBICT BHOCUTHU 3MIHU Y
BUXIIHUI KO/, HE BIUIMBAIOYM Ha 1HIII MOAYNI YM 3arajbHy (DYHKIIOHAIBHICTH MPOTPaAMHU.
Hanpuknan, min gac po3podku IAC mouisbHO HMpOBECTH HACTYNHE MOAYJIbHE TECTYBAaHHS:
CUMYJIALIT (CUMYIIALIS OTPUMY€E KOMaH/IM Ta MOJICNIOE TTOBEIHKY PECypCy, K OUIKyBajocs);
¢bynkuii (pynkuii Ta anroputmu, mo KepyrooTb I[AC, mpamioloTh SK OYiKyBajocs); KO-
MyHikamis (mpu o0poOIeHH] pecypciB iXHI BiANnoBigHI iHTepdeiicu Ta anapaTHe 3a0e3meyeH-
HSl OOMIHIOIOTBCSA 1H(OPMALI€IO, SIK OYiKYBaJOCs, BUKOPHCTOBYIOYHM IMPAaBHJIBHI THUIH I10-
BiJIOMJIEHB, 00pOOKa BCIX MOJIB MOBIAOMJICHB, 0OpOOKa KOMaH/I Ta BYaCHA BiJIIOBIIb TOMIO);
NpaiiBepH (IpaiiBepy pecypciB 3/1aTHI KepyBaTH OOJIAJHAHHSIM, SIK OYIKYBAJIOCH).

Jlisi MOAYJIBHOTO TECTYBaHHS IMOBENIHKA CHMYJIATOPIB, IHTEpPQEHCiB 1 ApaiiBepiB min
gac po3poOku IAC mponoHyeThCsl CTBOPUTH Ta BUKOPUCTOBYBATH MPOCTi (HiKTUBHI By3mH. Lli
BY3JIA JI03BOJIAIOTH TECTYBaTH KOHKPETHI KOMAaHIM Ta MEpPEeBIpSATH OYIKyBaHI BIIMOBIIl Bix
CHMYJIATOPIB, iHTEp(dEHCIB 1 ApaiiBepiB. SIKIIO iX MOBEAIHKA BIAMOBIAA€ OUIKYBAaHUM PE3YIb-
TaTaM JUIA TMEPEeBIPEHHX BXITHUX IaHUX, TECTYBaHHSI MOXKHA MpPOAOBXKYBaTH. B iHImoOMy
BUIMA/IKy Tpeba 3MiHIOBATH KOMITOHEHTH, TOKH He OyJie TocArHeHa OakaHa MPOAYKTUBHICTb.

InTerpauiiine TecryBanusi. Komu koxxkeH ONOK y cuctemi Oyje MepeBipeHO B 3a-
JOBUIBbHIN KIJIBKOCT1 pa3iB, MOXKHA MEPEXOAUTH J0 OLIHKHM OUIBIIKMX KOH(pIrypauiid cucreMu
Ta B3a€MOJIli KOMIIOHEHTIB 3a JJOTIOMOT'Ol0 1HTErpaliiHOro TecTyBaHHs. [HTerpaiiiine TecTy-
BaHHS BUKOHYETHCSI MTOETAITHO, KOJIM KOMIIOHEHTH TIOCTYIIOBO 1IHTEIPYIOTHCS, a TIOTIM TECTY-
10Tbed sk rpyna. B TAC iHTerpaiiiiine TecTyBaHHs BUKOHYETHCS MiJ] 4ac BIPTYaJbHOTO BBE-
JICHHSI B €KCIUTyaTallito, Je Uu(pOBUM IBIMHUK (KUl O CYTI € BIpTyalbHUM NPEACTABIICH-
HSIM BIATNOBIIHOTO (Di3MYHOTO 00'€KTa) 3a0e31meuye CHiIbHY OCHOBY JJIsi TECTYBaHHS 3B’SI3KY,
KOHTpOJIEPIB, CUMYJIATOPIB 1 ApaiiBepiB JuIs Beix pecypcis. [licns He3anexHOi nepeBipku Ta-
KHX OJIOKIB 1X B3a€MOJIS Ta CyKyIHa ()yHKI[IOHAJIBHICTh EPEBIPAIOTHCS Pa30M IIJISTXOM IHTE-
rpaiii KOHTposiepa 1 MOJielli TOBEAIHKY Ta TECTYBAHHS KOHKPETHUX CLIEHapIiB.

Hapemri, moBHa MOJIeNb BKIIIOYAETHCS B TECT, KW MICTHTh 3aBaHTaKEHY MOTOYHY
MOJICJIb Ta AaBTOMATHYHI mepexou. Taki IHTerpamiiHi TECTH MOTSHIIITHO BUSBIISITh, YH IIOCh
MOBOJMTHCS HETIPABIIILHO B KOHKPETHOMY BUTIAJIKY, BH3HAYEHOMY KOPHUCTYBAYEM.

TecTyBaHHs1 Ha OcHOBI BiacTuBocTeil. Ha BiiMiHY Bil MOJIyJIbHOTO TECTYyBaHHsI, SIKE
MepeBIpsi€ CUCTEMY Ha OKpeMi TECTOBI BWITAJIKH, Ta I1HTETPAIlIMHOTO TECTYBaHHS, SIKE Tie-
peBipsi€ B3a€MO/III0 OAMHUITL B OKPEMHX BHUIMAJKaX CIIEHAPi0, TECTyBaHHS Ha OCHOBI BJIACTH-
BocTed [16] mepeBipsie BIAMOBITHOCTI BIACTHBOCTEM HEPYHKIIOHATHHUM BuUMoram. Komm
3HAWACHO BXiJ, SIKUI MOPYIIYE BIACTHUBICTh, MOKHA BHKOPHCTATH TaKi METOMH, SIK CKOPO-
YeHHs, 1100 aBTOMaTHMYHO 3MEHIIMTH MOro 0 MiHIMaJIbHOTO KOHTpHpukiany. Ha mpaktui

TaKMil KOHTPHPUKIIAJ € Jy)K€ KOPUCHUM, OCKUIbKH BIH MPSMO BKa3ye Ha NPUYUHY Ta SKUM
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YMHOM BJIACTUBICTh MOPYIIEHO, HAJAI0O4M PO3pOOHUKAM TOYHY iH(pOpMAIlil0 Mpo Te, fAK
3MIHHUTH NIPOTpamy.

[Tpupona Takoro TecTyBaHHs 3a3BHYail € BUMAIAKOBOIO [17] 1 6e3 3HaHHS MONEepeaHix
HEBJIAJIMX TECTOBHX NPUKJIAIiB a00 OYaTKOBUX 3HAUEHb TaKe TECTYBAaHHS MOXKE MPOIYCTHTH
KOHKpPETHI HeBali KpaitHi Bunaaku. KpiM Toro, TecTyBaHHS CIIOCTEpIrae JHIIE 33 KiHIICBUM
HAaOOPOM BHKOHAHb KIHIIEBOI MPOTPAMH, OCKIIBKY 3a3BUYAl JTy’Ke JOPOro abo HABIThH HEMOXK-
JMBO TEPEBIPUTH KOJ JJIS BCIX MOMIIMBUX BXIJHHUX 3HaU€Hb. TaKUM YMHOM, TECTYBaHHS Ha
OCHOBI BJIACTUBOCTEH HalKpalle BHUKOPHCTOBYBATH SIK JONMOBHEHHS OO TPaIUIIIHOTO MO-
JyJIBHOTO TECTYBaHHS.

[Io6 mepeBiputu BiactuBocTi IAC, BapTO TOYATH 3 BU3HAUEHHS IMEBHHUX BJIACTHUBO-
CTEH, sIKI MarOTh 30epiraTucs i Yac BUKOHAHHS TaKUX TECTIiB, HAITPHUKIIA/I:

1. SIxkmo mera mojsrae B TOMy, 00 00’€KT CKaHyBaBCs, TO BpemTi 00’€KT Mae OyTu
BiJICKAHOBAHO.

2. SIkmo ckaHyBaHHS TPUYi TOCHIb HE BAAETHCS, CKAaHYBAaHHS CIIiJ] TIepepBaTH, iHAKIIIe
CKaHyBaHHS 00’ €KTa BiI0yBA€ThCS TOBTOPHO.

3. Slkmio 3arajgoM CKaHyBaHHS HE BIA€THCS I SITh Pa3iB, CKAHYBAHHS CIIiJ] MPUITUHUTH,
iHaKIIe 00’ €KT CKaHYBaTH TIOBTOPHO.

TecTyBaHHA NOKPHUTTS. BuMIipIOBaHHS CTPYKTYpHOi OXOILTIOBAHOCTI mependadae
KUTBKICHY OIIIHKY a/ICKBaTHOCTI TMPOIIECY TECTYBaHHS Ta HaJaHHS PO3YMiHHS MOBHOTH Ha0O-
py TectiB. Llporo MoxHa JOCATTH, BU3HAYMBIIN HAOIp MOKA3HUKIB MOKPUTTS, SIKI BKAa3YIOTh
Ha CTYIiHb BUKOPUCTAHHS CUCTEMHU IiJ Yac TecTyBaHHA. Hampukiman, mia yac nporecy TecTy-
BaHHs CHUCTEMHU Ha 3aJaHUN HaOlp BUMOT MOXHAa BIJICTIKOBYBAaTH Ta KIJIBKICHO OIIHIOBATH
YaCTOTY Ta CTYIIHb 3aCTOCYBaHHS MOJIEII MOBEIIHKH. L5 o1liHKa MOe 3alpONIOHYBATH IIHHY
1H(dopMaLliI0 TIPO Te, SIK ONTUMI3yBaTH MOYaTKOBUI HAO1p TECTIB 1 MOKPAIIUTH 3arajbHy 0XO-
TUTIOBaHICTh. BUKOPUCTOBYIOUM 1eW BIATYK JJIsi BJOCKOHAJICHHS TECTYBAaHHS, MOXKHA TapaH-
TyBaTH, 0 CUCTEMA BCEOIYHO MepeBipeHa Ha BIAMOBIIHICT HEOOX1THUM CTaHJapTaM.

Binomuit kpurepiit MoandikoBaHOro MOKPUTTS yMoB/pimieHb [18] He BapTo Ge3moce-
PEAHBO 3aCTOCYBATH ISl OLIIHKU OXOIUIEHHS Mojienieil moBeliHKU. ToMy MU 30cepeKyeMocs
Ha TporpaMi BUKOHAHHS OTMEpaliil 1 CKJIAJaeMO OTJISAM Pi3HUX CTAaHIB BUKOHAHHS OTepallii
(puc.1):

— Initial: onepartist He € HACTYITHOO 3TIAHO TUIAHY.

— eDisabled: omepariis € HacTynHOI0 B TUIaHi Ui BUKOHAHHS, ajie 11 3aXHCT IMOIe-
pPEAHIX YMOB III€ HE BBIMKHEHO.

— « Executing: 3axucT mornepeHiX yMOB YBIMKHEHO, [Iii MIepeyMOBH BUKOHYIOThCS.

— + Timedout: omnepariist mepeOyBaia B CTaHi BUKOHAHHSI OLIbIIIE Yacy, HiX JT03BOJISIE i
KIHIIEBUH TepMiH

— « Failed: onepariis He BUKOHaHA Yepe3 MOMHUIIKY.

— +Completed: 3axuctT NOCTYMOBH BBIMKHEHO, i [l MiCISIyMOBH BHKOHYIOThCS. Ore-
partis yCHilnrHo 3aBepIieHa.

TakuM 4MHOM, MOXHa BU3HAYaTU KPUTEPli CTPYKTYpHOI 31aTHOCTI MOKpUTTA [AC nns
Habopy TecTiB HACTymHUM 4YrMHOM. Ko’kHa 3aruraHoBaHa orepailis B MOJIEN1 TOBEIIHKU TPH-
HaiMHI ouH pa3 mepebyBana y crani Disabled, Executing, Timedout, Failed ra Completed.
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Kosxna onepariist Oyna BKiIOU€Ha B IJIaH NpUHaMHI oauH pa3. KoxkeH aBToMaTu4Huil nepe-
X171 BAKOHAHO MPUHANMHI OJMH pa3.

[N IS .
na f
Disabled

Can be

started?
yasg
pre.actions
execubel]
yas

Cancel?

Pucynoxk 1 - Oneparii Ta cTanu mijg yac BUKOHAHHS ITPOrpaMu

BuxoHaHHs 1MX KpuUTepiiB A HaOOpPY BUMOI T'apaHTYeE, 110 MOJETb MOBEAIHKU Oyna
3/iiCHEHa Ta MOXXE€ BHUKOPHCTOBYBATHCS SK MepeBipka. SIK 1 y BHIAIKy 3 KPUTEPIEM MoO-
I1(1KOBAaHOTO MOKPUTTS YMOB/pillIeHb, BIAMOBIAHICTh BUMOTaM I[bOTO KPUTEPIIO HE TapaHTye
BizicyTHOCTI nedexTiB. OHaK HEBUKOHAHHS IIHOTO KPUTEPIIO BKAa3y€e HA Te€, IO MEBHI YaCTH-
HU MOJIeNi He OYyJM TOCTaTHbO BUKOPUCTaH1, BUCBITIIFOIOUYM MOTEHITIIHI MpoOi1eMHi 061acTi.

[TokpatieHHst 34aTHOCTI 0 MOKPHUTTS € ITEpaTUBHUM IpoliecoM. SIKIIo KpuTepii He
BI/IMTOB1/1af0Th, HEOOX1THO MOBEPHYTHUCS O MOJEIl Ta BU3HAYHMTH MPOIYIICHI YaCcTHHHU, a
MOTIM CTBOPUTH CHEIlaJIbHI TECTOBI BUMAIKU JUIS 1X MOKpUTTA. KpiM TOro, TecTyBalbHUKY
MO>KHa J03BOJIUTH BIUIMBAaTH Ha BY3JIM MOJENIOBAHHS, 1100 MIBUALIE OXOMUTH MPOMYIIEH1
acniekTd. [licist 101aTKOBUX TECTIB MOXHA IMOBTOPHO OILIIHUTH 3/IaTHICTH J0 MOKPUTTS Ta MO-

BTOPHUTH TPOIIEC, TOKH HE Oy/Ie TOCATHYTO OAKAHOTO PIBHS TOKPHUTTSI.
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[TokpamieHHs: TOKPUTTA € iTepaTuBHUM mpouecoM. Koim kpurepii He BiINOBITAIOTH,
HEOOXIJTHO MOBEPHYTHUCS 0 MOJEJI Ta BU3HAYUTHU IMPOIYLICHI YaCTHUHH, a MOTIM CTBOPHTHU
CreniajgbHi TECTOBI BUIAJKHU IS iX MOKPUTTA. KpiM TOro, TECTyBalbHUKY MO>KHA JJO3BOJIHUTH
BIUTMBATH HA BY3JIM CUMYJISAMIT, 1100 MIBU/ALIE OXOMUTH MpoIyIieHi acnektu. [licng nonatko-
BUX TECTIB MOXKHA MIOBTOPHO OLIIHUTH PiBEHb NOKPUTTS Ta OBTOPUTH IPOLIEC, TOKH OakaHo-
T'0 piBHA MOKPUTTS HE OyJie TOCATHYTO.

BucHoBkH. Pe3ynbraTH JOCHIIDKEHHS MiATBEPKYIOTh BAXKIHUBICTH iHTErpamii ¢op-
MaJIBHAX METOJIB 1 TeCTyBaHHS JJsi 3a0e3ledyeHHs HajiiiHocTi Ta gyHkmioHansHOCTI [AC.
dopMabHI METOAM JTO3BOJISIOTH BUSBUTH KPUTHYHI TIOMUJIKMA Ha €Tari MOJEITIOBAHHS, TOM1
SIK TECTYBaHHS, 30KpeMa MOJyJbHE Ta IHTerpailiifae, 3a0e3nedye nepeBipKy KOPEKTHOCTI pPo-
00TH cucTeMu B peanbHUX yMoBax. OIIHKa CTPYKTYPHOI OXOIUTFOBAHOCTI JIOTIOMOXE OTI-
TUMI3yBaTH TECTOBI PECYpCH Ta MiJBUIIUTH €(PEKTUBHICTD TECTYBaHHs. 3aCTOCYBAaHHS 3alpoO-
MOHOBAHUX IIiIXOJIB CHpHUs€e MiHIMI3amii pU3WKIB aBapiii Ta 3abe3nedye Oe3mepeOiiHICTb
¢ynkuionyBanus [AC.
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Methods for reducing risks and errors in the operation of oil and
gas industry intellectual automated systems

Modern intelligent automated systems (1AS) provide a high level of automation and im-
prove the efficiency of production processes in the oil and gas industry. At the same time, the
operation of such systems is accompanied by risks and the probability of errors, which can
lead to financial losses and emergencies. The article considers the main methods for reducing
risks and errors in the operation of IAS in the oil and gas industry, in particular, improving
approaches to verification and testing. The application of formal and informal verification
methods and modular, integration, and property-based testing in specific IAS systems is in-
vestigated. Approaches for measuring structural coverage and optimizing the testing process
are identified. The results obtained are aimed at reducing the probability of errors and ensur-
ing the system's compliance with industry standards. The study's results confirm the im-
portance of integrating formal methods and testing to ensure the reliability and functionality
of the IAS. Formal methods allow you to detect critical errors at the modeling stage, while
testing, in particular modular and integration, ensures the correctness of the system's opera-
tion in real conditions. The application of the proposed approaches helps minimize the risks
of accidents and ensures the smooth functioning of the IAS.

Keywords: intelligent automated systems, oil and gas industry, verification, coverage
verification, testing
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Hr. Larionov, Yu. Zemliana, V. Khvorostian, Yu. Bulych
METHOD OF SEQUENTIAL APPROXIMATION USING TO DETERMINE
THE METAL-RESIN ANCHOR LONGITUDENAL FORCES
DISTRIBUTION DURING ITS PULLOUT TESTING

Abstract. The results of SEPT investigating, as a rule, are general parameters as cohesion
and shear strength and system rigid. The parameters achieved without taking into account
fixed compound parameters and efforts parameter distribution were not analysing. Attempt to
obtain the analytical form distribution at “anchor bar-fixing compound” and ‘‘fixing com-
pound-rock” contacts has made. Present paper devoted to comparison the solving of general-
ized task of M.E. Zhukovskiy specification with taking into account the specialty of anchor
rebar- fixing compound-rock system with the parameters obtained with finite element method
(FEM). Obtained results demonstrate correspondence to viewpoints of metal resin anchor
loading mechanism. Simplified formulas of efforts dependences in fixing compound shell vs
construction system parameters were obtained. Do results comparison with ones, what ob-
tained with FEM method. Graphic dependencies are presented. Conclusions about main pa-
rameters of efforts along resin anchor components distributions done. Conclusions on using
effectiveness of proposed method for analysis SEPT testing parameters obtaining made.
Keywords: sequential approximation method, SEPT investigating, metal-resin anchor longi-
tudenal forces distribution.

1. Introduction. Fastening of mining works with metal-polymer anchors (MA) has
become widespread in Ukraine. A departmental program has been developed to involve
mining enterprises in the use of MA for opens fastening in mining. However, this type of
fastening also has its drawbacks. These, in the conditions of Ukraine, include: irregular
provision of components for anchor fastening (AF), deviations from the design requirements
for fastening technology. The irregular supply of components, and in particular ampoules with
a fixing compound (FC), in turn leads to a level of adhesion to the surface of the anchor hole
that does not correspond to the design. This situation leads to an unsatisfactory level of
fastening of both the roof and the bottom of open in the working, which does not provide the
required level of mixing of the FC, and accordingly cannot provide the design adhesion
strength. The strength of the adhesion of the fixed MA of roof is a fundamental parameter that
determines the effectiveness of fastening not only an individual anchor, but also the entire
system as a whole [1-3]. This is especially important when intensification of mining
operations [4-6], and in conditions of weak and water-logged rocks [7]. The stronger the
adhesion, the shorter the working zone of the anchor and the longer the zone of full resistance,
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over which the anchor resists the movements of the roof with the greatest possible load of the
anchor bar [8]. To check the strength of the adhesion of the rebar in the borehole, in practice,
pulling out the fixed MA under its operating conditions is used. To check the properties of the
FC, taking into account the irregularity of the provision of FC ampoules, the standard fixed
anchor is pulled out. Taking into account the complexity of the processes of interaction of the
FC with the surface of the borehole, existing mathematical models do not lead to the
obtaining of analytical expressions for the parameters of the stress-strain state (SSS) in the
system "anchor bar-FC-rock". The purpose of the research presented in the article is to obtain
in analytical form the parameters of the SSS in the system "anchor bar-FC-rock", which will
allow to carry out research on the parameters influence on the strength of rebar fixation in the
borehole, and accordingly will allow to carry out an assessment of the sensitivity of the risk
function to the parameters.

2. Methods. For an anchor with fixation by polymer FC, the anchoring effect is ensured
by its adhesion to the rock, and the adhesion strength can easily exceed the strength of a steel
anchor bar [9]. To eliminate such situations, the rebar (ue € ankepna mranra, a ankep 1€ €
3aikcoBaHa aHKEpHA IITaHra 3 J0NOMOroro Qikcyrouoi cymimii) is specially fixed with short-
length ampoules of FC. This type of testing is called SEPT (Shot Encapsulated Pull Test) and
is an internationally recognized method for measuring the anchoring efficiency or adhesion
properties of fully filled anchors (FFA) of the roof. Standard SEPT equipment is presented in
figure 1 [10].

Test horizon —» H |“ <4—— 250 mm embedded length

4—— Bolt

Shims —_—

Bearing plate

Hydraulic ram

1

Nut ——| ||

I
Dial gauge ————p 1 V4 Hydraulic pump with

force indicator

Monopod ——p ‘

Figure 1 - Equipment for conducting SEPT tests

The load transfer capacity is a factor that determines the strength of the anchor and
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ensures the effectiveness of the fastening of the rock mass. In [11], its definition is given as
the ratio of the change in load to the length of the section along which the anchor is fixed.
In [12], this capacity is defined as the maximum value of the stresses acting on a unit area of
the roof anchor surface. More effective fastening systems are characterized by a high load
transfer capacity, i.e. with a high load at small displacements.

Two models that relate to the nature of load transfer in FFA have been operating for 30
years. One of them is associated with the transfer of nonlinear loads in pull-out tests
performed in laboratory and natural conditions. An alternative model is used to transfer linear
loads observed in field studies, but under the condition that the transfer of loads was initiated
by the separation of the roof layer. It is believed [13] that these two methods differ only in the
way the anchor bar is loaded. For the convenience of performing the axial tensile load test, the
free end of the FFA is usually applied using a hydraulic jack. At the same time, the reaction of
the jack causes a compressive load on the rocks surrounding the anchor, acting on the surface
in the vicinity of the borehole. It is argued [14] that the most likely mechanism of loading of
the roof anchor in real conditions is caused by delamination and movement of the rebar in
opposite directions to the movement of the adjacent layers. It is argued that the analysis and
interpretation of the results obtained in pullout tests must be carried out very carefully, since
there is a tendency to overestimate the level of support compared to that which should be
proposed for rock support by load transfer and restraint. Under SEPT testing, the adhesion
factor (adhesionstrength), shear strength and stiffness of the system can be calculated by the
formulas:

- adhesion strength [KN/mm]

GP = % ; 1)
- shear strength [MPa]
F
T=—; 2
pT )
- stiffness of the system [kN/mm]
AF
K=="1
D’ @)

where F — force causing the anchor to move out of the borehole, KN; AF — changes in force
magnitude (typically from 20 to 80 kN); 4D — changes in the magnitude of deformations
caused by changes in forces, mm (figure 2) [10]; | — length of the fixed section of the anchor
(usually the working section is 250 mm); d - hole diameter, [mm].

The key to using these relationships is that the shear of the anchor bar (AB) must occur
at the contact surface “FC - AB” or “FC - rock”. In weak roof rocks, the contact surface “FC -
rock” controls the shear mechanism. If the rocks are stronger, the clutch failure may occur at
the contact surface “FC - AB”. In the case where shear does not occur and the applied forces
exceed the shear strength, equation (2) can be used to calculate the shear stresses for the
applied forces, and the stiffness of the system can be calculated using formula (3) [10].
Satisfactory anchoring quality, at which the anchor capacity is equal to or significantly
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exceeds the yield strength of the AB material, was determined in SEPT testing by minimal
movements (high bond stiffness).

Unsatisfactory anchoring quality is characterized by significant shear movements of the
rebar and the pullout loads do not exceed the yield strength of the rebar material [15]. It is
stated [16] that the load distribution during anchor pullout is determined by the ratio of the
elastic modulus of the FC (ER) to the elastic modulus of the roof rocks (ERR). In the case
when: ER/ERR > 10 - the load distribution is linear, and when ER/ERR < 10 - the load
distribution is nonlinear.

The nature of the load distribution can now be determined using an instrument anchor
(1A). An IA can be used to measure the loads on the anchor that arise during various mining
operations in the mine. These anchor loads are compared with the yield loads [17], which
allows determining the optimal design of the mine roof fastening system (anchor length and
distance between them). Another way to design a roof-to-roof anchor system is to calculate
the total stress (axial bending stress) for each measurement section [12]. If the total stress
(along the measurement line) exceeds the maximum allowable stresses, then subsequent
measurements can be made only after changing the parameters to reduce the stresses in the
anchor, namely: reducing the anchor spacing, increasing the number of anchors in a row; or

increasing the diameter of the anchor rods. But there are certain difficulties in this way.
140

Load (kH)

0 1 2 3 L 5

Displacements {mm)

Figure 2 - Typical view of the results of pulling out short anchors

Although instrumental anchors can provide information about the distribution of axial
and bending loads along it, their use has the following disadvantages [17]:
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- since the instrument anchor (IA) Bxxe O0yno no3nauyene Bumie. IA has samples along its
length, their presence can lead to incorrect determination of the cross-sectional area;

- the values of axial and bending loads can reach maximums in the intervals between
measurement sections and thus will not be measured (recorded);

- centering of strain gauges is critical for obtaining reliable results;

- sensor failure may be the result of a break in the connecting conductors or excessive
loads and may lead to incorrect reading of one or more axial load values [18].

Thus, an urgent scientific problem is to determine the distribution of forces along the
anchor by analytical methods, for example, by solving the generalized problem of M.E.
Zhukovsky.

In work [19], the solution of the classical problem of M.E. Zhukovsky on the
distribution of tensile forces in a screw pair rock - screw (anchor bar) [20] was used to study
the distribution of tensile forces. As the analysis of the results of the solution of the problem
showed, the greatest load is experienced by several turns in the vicinity of the free surface
within which the load forces were distributed. The absence of a fixing mixture layer loading
in the considered scheme did not allow the full use of the obtained results to clarify the
distribution of forces at the contact of the rock and the rezin-metal-anchor (RMA).

The purpose of the study presented in the article is to obtain in analytical form the
parameters of the SSS in the system "AB-FC-rock™, which will allow to carry out research on
the influence of parameters on the strength of anchor rebar fixation in the borehole.

In connection with the above, to solve the problem of force distribution on the contact
surfaces of this scheme, it is possible to apply with certainty the solution of the generalized
problem of M.E. Zhukovsky [21] (figure 3). Using a modification of the generalized problem
of M.E. Zhukovsky, the parameters of the SSS in the body of the FC shell [21,22] are
obtained. The obtained solution, which is difficult to calculate, is reproduced in a more
convenient form using the method of successive approximation (MSA), revealing the patterns
of the influence of the initial parameters and in particular: the magnitude of the preload q [Pa],
the diameters of the anchor bar and the borehole d;, dy, [m], and their elastic moduli E,, Ew
[Pa ], the leads of thread h,, hy: [m ], and the length of the rebar fixing section | [m ], on the
magnitude of the average integral value of the forces in the shell from the FC.

T = 7 T

Figure 3 - Load diagram of RMA fixation in a borehole. Where ¢ is the compressive stress
of the anchor bar in the borehole [Pa]; 7 is the shear stress in the FC shell [Pa]
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According to [21], the right rod reflects the body of the anchor rod, the middle one — the
body of the sleeve, i.e. the shell of the FC, and the left rod — the massif of rocks (figure 4).
The pitchs in which the rods touch, reflect the turns on the surface of the anchor rebar, the
shell of the FC and the rock, respectively. The maximum number of turns of the thread is
hereinafter denoted by the numbers n and n;. The turns are numbered from bottom to top: (0),
(1), ..., (n), and the corresponding fields between them: 1, 2, ..., n. The sought forces on the
turns of the anchor bar and the sleeve are denoted as po, pi, ..., Pn [Pa], and on the turns of the
FC shell and the rock — to, ty,.., ty [Pa].. In the following, the anchor field will be understood
as the part of the body located between two turns.

As in [14], for the forces in the k-th field of the anchor body we have the expression:

$=Q—§m. ()

Under the action of this force, the i-th anchor field increases its initial length by the

a
S; .
amount of movement of the anchor rod &% =——, where F,E, ,— the cross-sectional area of
a’ a

the anchor bar and the modulus of elasticity of the material, respectively.
The armature winding number i under the action of force p; moves relative to its body

upwards by an amount proportional to the force f2=c,p;, where the proportionality
coefficient c, depends on the geometric dimensions and shape of the armature turns and is
taken constant for all turns.

Deflection k-th turns of threads to downward view as:

T S L L T (5)
i=1 aFai=t

where 42 - downward displacement of the k-th anchor loop [m]; &5 — displacement of the
first turn in the positive direction of the axis along the anchor body downwards [m].

It should be noted that the directions to the left and right are counted from the FC shell.
So to the right of the FC layer is the body of the anchor bar, to the left of it will be located the
rock massif.

The output of the anchor number i under the action of the force t; shift relative to its

body upwards by an amount proportional to the force f* =c,t;, where the proportionality
coefficient c,, depends on the geometric dimensions and shape of the armature turns and is

assumed to be constant for all turns.
The downward displacement of the k-th right (inner) turn of the sleeve will be expressed
by the formula:

k h. K
A{‘:Ag‘—_zaiwnk“:AOV‘—E Y 0 +Cy Py (6)
i= vt vt 1=1

where A" - downward displacement of the kth right (inner) turn of the sleeve; A" -

displacement (downward) of the lower surface of the sleeve; 5" - downward displacement
of the i-th inner turn of the sleeve; E,,F, - modulus of elasticity of the FC material and
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cross-sectional area of the FC respectively, c,, - proportionality coefficient; " - force in

A (n)

the i-th sleeve field.

ol A2
'_{'t3 2, S,
3

- I 2)

1N s,
piEd)

'_['t N P[],
1

;'—f—ﬂp ©
!

Figure 4 - Load diagram of RMA fixation in a borehole

From simple considerations of static equilibrium, it follows that
vt k-1 Wt k-1
o :_Zé)(pi —ti)=_20(pi —1), (7
i= i=

where p"* - forces from the anchor bar acting on the FC bushing; t; — force on the i-th left
(outer) turn of the sleeve.
From (5) and (6), observing that 47 = 4", we get:

h, K.a he & w
382 — ot +(c, +¢C . 8
EaFa it I EviFuwi=t I (G Cu)P ( )

After simple but cumbersome transformations, we obtain the expression for ty and py:

5§ - A" =

1
. A425Q g (A2 e(IHZJﬂ1 ©
= — _
SShﬂlJrﬁzsh’B1 P2 sh& sh&
2 2 2 2
4Q { )i B> -<k+lmz}
Py = shiZe-k)p —shZ=e 2 +1,
ZShﬁl + 5 Shﬂl—ﬂz 2 2
2 2
where
ﬂi — ha . ) — hvt .
Ea Fa(ca +Cvt) Evtht(Ca +Cvt)
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h ( 1 1 J
2,3 = - f
(i +c) EnFyw  E/F
The flow of anchor number i under the action of force t; will be displaced relative to his
body upward by an amount proportional to the force f, =c,t;, where the proportionality
coefficient ¢, depends on the geometric dimensions and shape of the turns on the surface of

the borehole and is assumed to be constant for all turns.
E,F, the elastic modulus of the rock environment and the cross-sectional area of the

rock mass interacting with the FC material.

2
IRIC LS PR RN R

2
chp, =1+ M+ + Ay —\/(1+ M+ A +/13J Ay
4 4 4
where h,, hy; - the leads of thread of the anchor bar and the FC shell, respectively.
The armature winding number i under the action of force p; will shift relative to its body

upwards by an amount proportional to the force f2=c,p;, where the proportionality
coefficient c, depends on the geometric dimensions and shape of the turns on the surface of

the anchor hole and is assumed to be constant for all turns.

In a first approximation, to determine the coefficients c,, ¢ , you can use [22], where

the authors proposed the following formula:

__h

= E ,

where i — number of the contact surface, starting from the surface of the anchor bar. As the
proposed formula shows, only tensile deformations are taken into account. Since the material
of the FC is a high-molecular substance, it is advisable to take into account bending, shearing
and viscoelastic deformations. According to the calculation scheme of the problem of M.S.
Zhukovsky, the FC layer is considered as a rod.

Let us consider a flat bending of a rod. If the length of the rod is co-dimensional with its
height, then it is necessary to take into account the influence of shear deformations on its
deflection [15]. In technical theory, the shear angle of the cross-section has the form:

Qy(2)
7=k(z) GF (2)
Qy(z) and P - shear force in section z [N]; F(z) - cross-sectional area of the rod [m?]; G — shear
modulus of the rod material [Pa]; k(z) — dimensionless coefficient (shear coefficient), which
depends on the shape of the cross-section of the rod.
Guided by the averaging of shear energy, approximately the following is taken:

Ci

F .52
k=— [ dF;
lzib2
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where S;(y)=[ydF - static moment about the OX axis of the cut-off part of the cross-
F

section. For a rectangular cross-section of the rod, we have:

b( h? bh?
Sf(y)=§(——y2} I ;

"

2
L8y (h®a)8Qy 3Qy
Y phd | 4 $IMX T oph - 2F

For a rod of rectangular cross-section, the influence of the change in cross-section along
its length on the value of the coefficient is neglected, therefore, we can take k=6/5. Since the
bending and cross-section of the rod are related, we give the formulas for the additional
deflection of the rod axis from the shear angle and from the action of bending forces:

dYSc(Z) -k Qy(Z)

dz GF(2)
The minus sign in the formula depends on the choice of direction of the shear force.
For bending, the relationship between deflection is as follows:
d?ywm (2) _M, (2)
dz? El,(z)
The differential equation of the elastic line of the rod, taking into account the influence
of shear deformation, will have the form:

a?y (2) Mx<z>_kg(Qv<z>],

dz2  El(z) dz| GF(2)

where y(z)=yn,(2)+ Y (2) - total deflection of the rod (displacement of the center of gravity

of the cross section along the OZ axis. In our case, we will have:
Bending moment and shear force M(z)= - P(l-z); Q,(z) = P.
The boundary conditions for this case will be:
y0)=0: YO _ Qy(0)
dz GF(0)
Then the deflection of the rod axis takes the form:

2 3
y(z):_ E_ P [IZ__Z_J

GF ElI, 2 6
The largest deflection is found under the condition z = I:

y(|):—[kﬂ+ P'BJ Pl (1+4)

GF 3EI, | 3EI,
where
l=k(1+v)h2
212

As shown by the calculations, the deflections are insignificant. Given this and the fact
that the FC consists of a high-molecular substance, we will try to take into account the
deformations caused by the viscoelastic components of the deformation. So, for the Kelvin-
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Voigt model, we have:

E=E =&, 0=01+t0>
Considering that o, =Es;; 0, =+ns,, Where E — elasticity modulus; #- dynamic
viscosity the equality holds and &' is the viscoelastic deformation components derevative:
oO=01+0, = E8+778;
The equations can be applied both for shear stresses (shear deformation) and for
tension-compression. After integrating the equation, we obtain:
£t)="2(-e2) (10)

where t — time; A = E/» — the intensity of relaxation, and when ¢'=0 ,0 =0, and o' is the

viscoelastic stress components derevative:
For our case we have:

lo —1

&(t) =

0
Thus, considering the fact that A=E/, we have an expression for the largest deflection
under the conditions z=lI

5, ='3ﬂ(1+4) (11)
' 3EIl, ’

2
k(1+v)h— or for a rectangular cross-section of the rod 1=0,78; k=6/5.

where 1= 5
I

In formula (1) where A*=E/ , and oy =0,/ f,;, 0o — axial load on the anchor rod. Then,
taking into account these notations, we have:
* Golo ( l*tj
0; =Al=—-+|1-¢ 12
=4-1T (12)
In the following, A* will be understood as A*=E/j.
Ultimately, the sum of the displacements of shear bending and viscoelastic deformation

takes the form:
|3

Il 2"
361, (1+ﬂ~)+ﬁ(1—e ) Po (13)

Considering the fact that in the initial expressions for the displacement of the bushing
protrusions, they were searched for in the form

5=6,+6 =(

Oy =CyPa,
and taking into account (9) we will have
3 *
Cyt == Y + ! (1+/1)+|—°[1—e’1 t)+|— (14)
ExFu 3El, ftEut EuFut

Thus, formula (14) takes into account all components of possible displacements, namely
from bending, shear, viscoelastic deformations and compression.

Taking into account the special importance of the FC layer in the mechanism of load
transfer from the anchor rod to the rock massif, we will consider as a force parameter the
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magnitude of the forces arising in the FC shell. (figures 3 and 4.). The loads on the contact
surfaces "AB - FC" - pk and "FC - rock™ - tx are determined according to formulas (8), (9),
and the forces arising in the FC shell, according to formula (7), namely:

k-1
Oy = _;l(pi —ti),

where p; — forces acting on the contact surface of the "AB - FC" system; tj — forces on the
contact surface of the system "FC - hole surface™.

The complex parameters characterizing the load in the system "AB - FC - rock™ are the
values of the average integral values of the quantities p; tk; Ux; o, namely:

1L

Pa :Ej Py (‘f)dé
0
1L

te = [t (£)d
0

1 L
Ugvt =E(I)uavt(§)d§ (15)

L
Owt :%fgvt(f)df.
0
where L - length of the anchor rod fixation section in the hole (L = 0.25 m); p, — average
integral value of forces along the anchor; t,; — average integral value of forces along the
borehole surface; u,: — average integral value of anchor rod displacements; oyt — average
integral value of forces in the body of the FC shell.

Let us try to further identify the patterns of influence of the initial parameters and in
particular: the magnitude of the preload g, the diameters of the anchor rebar and the borehole
d,, dy, their elastic moduli E,, Ey, leads of periodic performances h,, hy by the value of their
average integral values in the system "AB - FC - rock. To solve the problem, we will use the
developed MSA method.

To verify the reliability of the results obtained, we will compare the forces along the
anchor rod py formula (9) with the results obtained using the finite element method (FEM).

In the FEM model of the anchor fixed in the rock, it is necessary to take into account the
possibility of changing the strength of the fastening. For this, it is necessary to introduce
special finite elements into the general mesh that simulate the contact between the rod finite
elements approximating the anchor and the finite elements of the rock mass. Such contact can
be described by a finite element of the usual form (as a finite element approximating the rock
mass), but with the deformation and strength properties of the polymer. If we consider that the
gap between the anchor rod and the wall of the hole is 3-5 mm, then to approximate the
fastener, it is necessary to thicken the mesh of finite elements to reduce their size to the same
value. This leads to a significant increase in their number and, accordingly, to an excessive
increase in the requirements for computational and time resources for solving the problem. If
we do not thicken the mesh, but use finite elements of the same size as for the rock massif,
this leads to an artificial increase in the thickness of the polymer fastener, which distorts the
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obtained solution results.

To simulate the polymer anchoring of the anchor, we will use a special contact finite
element.

When stretching, the stresses in the polymer fastener are related to the deformation by a
linear dependence, and are limited by the value of the tensile strength Tp,. Then, with a further
increase in deformation, the material ruptures, and its tensile strength becomes equal to O.
After that, there is no resistance to stretching in the contact element. When compressed
perpendicular to the contact element, the normal stresses are linearly dependent on the
compressive strains. After the normal stress reaches the compressive limit value, the modulus
of the relationship between normal stresses and strains becomes equal to the modulus of the
surrounding rock massif in which the anchor rod is fixed. Thus, the relationship between
normal stresses and normal strains is expressed by the relationship:

0, at £<é&p

o= kng, at &, <e<eg,

Kué, at E.<é&

where k, - normal stiffness of the fastener; K,, - rigidity of the rock massif and &, — tensile

deformation; ¢; — compress deformation.

Figure 5 presents a comparison of the graphical dependences of the contact forces along
the anchor rod py based on the solution of the generalized problem of M.E. Zhukovsky (9) and
the forces obtained using the FEM model. The results were obtained with the following initial
data: Lo= 2.4 m; Lsi= 0.25 m; d, = 22 mm; dye = 28 mm; E, = 2.1 10" Pa; Eyx= 0.9 10° Pa.

=
1 /

'
=
in

—
L
=

the value of effort pi (KH)

ta

DN

0 0.3 1 1.3 20
Anchor length (m)
Figure 5 - Graphs of force distribution along the anchor rod: 1- according to the calculation
of the FEM method, 2- according to the proposed in (9)

3. Results and discussion. Good correspondence of the force distribution graphs along
the anchor rod allows us to be confident that all other dependencies of the force and
displacement distributions will also correspond to reality. In the future, it is planned to
conduct research in this direction.
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After performing the procedures of the above algorithm, the dependence of the

functions py; t; Ux; oy from the parameters q, da, dvi, Ea, Ev, ha, hy: take shape:
d 3.73E 3.7329h0.966h0.03417q
vt vt a vt .

Pk = Ap | 391 0.734804 ,
a a

35197 4.221376},0.69105}0.307915
dyt Eut h, hyi q

d é\:13.6932 Ea(l).691915 !

tk:At

0.00095823,2.705058
dvt %a 2q

u,=A, (f 2[E 00018 0.00107 0002054 ; (18)

d. 353 235,368
O =Ag dV:3.706 E§.6942ha\1&77q
where A,=8.26237 10™; A=4.4793310%; A,=41619; A,,,=7.98866 10",

The obtained formulas (18) allow us to calculate the average integral values of the force
distribution in the system “AB — FC — rock”. It should be noted that the movement of the end
of the anchor consists of two terms, namely the movement in the locking part ljocx Of the
anchor and the movement of its unfixed section lfree:

0.00095825,2.705058
dvt ﬁ’]a 2q PI free

UO = AJ d2El.00018E0.00102h0.002054+ E F
a—a vt vt a’ a

4. Conclusions.

1. For the first time, the parameters of the SSS in the system "AB-FC-rock" were
obtained in analytical form, which will allow studying the influence of parameters on the
strength of anchor rebar fixation in the hole;

2. Analysis of the relative errors of the obtained representation (22) showed that the
error of the representation in comparison with the formulas of the obtained solution (16) did
not exceed 7%.; comparison of the distribution of forces along the length of the fixed section
by the developed and FEM method showed qualitative agreement. The relative error did not
exceed 10%, which is acceptable for engineering applications.
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Buxopucmanns memody nocniooenoi anpokcumayii 00 6U3HAYEHHA NOE3006HCHIX 3YCUb
6 MemanonoaimepHomy ankepi nio uac npoeedeHHs mecmie Ha GUCMUKYBAHHA
Cmamms npucesauena nopi6HAHHIO pe3yabmamis 00CIiONCeHb HaA GUCMUKYBAHHA Mema-

JIONONIMEPHUX aHKePI8 3 6PAXYB8AHHAM O0COOIUGOCMEl 6 CUCMeMax aHKepHa Wmanea-
Qikcyroua cymiw-eipcbka nopooa 3 napamempamu OMmpUManuMi 3 6UKOPUCIAHHAM Memooy
cKinueHux enemenmis. Ompumani pe3yibmamu OeMOHCMPYIOMb GIONOGIOHICMb MeXaHiZMYy
HABAHMAICEHHS. MEMANONONIMepHUX aHKepie. Ompumani cnpowieHi popmyau 0na usHa4eH-
H5 3a71eHcHOCmell Y 000101yl (ikcyowoi cymiuti 6i0 KOHCMPYKMUBHUX NAPAMEMPIE CUCTHEMU.
Buxonano nopieHAHHA OMPUMAHUX pe3yIbmamis 3 Napamempamu. OMpUMaHuUMu Memooom
cKkinuenux enemenmis. Ilpeocmasneno epagiuni 3anesxchocmi. 3podaieHo 8UCHOBKU NPO PO3-
HOOINl OCHOBHUX 3YCUNL 83008C MEMANONONIMEPHO20 aHKepP). 3pobaeHo 8UCHOBOK NPO edhek-
MUBHICMb 3ACMOCYBAHHSA 3aNPONOHOBAH020 Memody 00 ananizy pezyiomamie SEPT mecmy-
BAHHAL.
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0.0. Marnienko, B.A. Typuuna
3AJAYA OITUMAJIBHOTI'O PO3MIOALTY PECYPCIB
JIJISA BUIAJIKY OBMEJKEHD HA IX BUKOPUCTAHHS

Anomayia. Y cmammi posensoacmscs y3aeanoHenHs 0OHIEL i3 3a0ay, wo Nos s3aHa 3 Onmu-
MAnbHOW OpeaHizayiero supodbHuyo2o npoyecy. Lle y3azanvHenHs cmocyemvcsa po3nooiny pe-
Cypci6 018 6UKOHAHHSA (DIKCOBAHOT MHOJNCUHU 3A680AHb 34 HAABHOCMI CneyianbHUX YMO8 ix u-
KopucmauHs. Beedeno nowamms MHoNMCUHU DIKCOBAHUX pPOOIM, BUSHAYEHO YMOBU iX Y320-
0diceHocmi, po38 sI3HOCMI ma OANanCy 3a8AHMANCEHHS. JJOCTIONCeHO 8NIUE8 MAKUX 0OMedHCeHb
HA 008ICUHY ONMUMATILHO20 YNOPAOKY8aHHsA. [IpoeedeHo ananiz anomManrbHUx 8UnaoKie, Koau
3MEHWEeHHST Yacy BUKOHAHHA 3A80aHb, 30i1bUleHHs KIIbKOCMI BUKOHABYI8 ab0 NoCiabneHHs
MEeXHON02IYHUX 0OMedCeHb NPU3BOOUNDb 00 NOLIPULEHHSL PO38 ‘A3K) .

Knrouosi cnosa: ouckpemna onmumizayis, KoOMOIHAMOpHA onmumizayis, meopis po3Kiaois,

8UPOOHUYULL npoyec, 2pagh, po3nooin pecypcis, ONMuUMAaIbHe YNOPAOKYBAHHS, AHOMAI.

IlocTranoBka mpo6seMu. Po3mupeHHss BUpOOHHMIITBA HEPIAKO MOB’s3aHE 3 HEOOXITHIC-
TIO 3aKYIIiBJIl HOBOT'O OOJa/HAHHS Ta BIPOBA/XKEHHS HOBUX TEXHOJOTIYHHMX MpoIleciB. Y Ta-
KHUX YMOBaX BHHHMKAIOTh CUTYallii, KOJIU MEeBHI pOOOTH MOXYTh BUKOHYBATUCH JIUIIIE KOHKpPE-
THUMHU BUKOHABIISIMH a00, HAaBMaKH, HOB1 3aBJJaHHS HEMOXJIMBO peai3yBaTH Ha CTapoMy 00-
nanHaHHi. [le migHiMae BaIuBY npobiaeMy — K NpaBUIbHO PO3MOAIIMTH 3aBJIaHHS MK BH-
KOHABIISIMU 3 YpaxyBaHHSIM OOMEXeHb, 11100 3abe3neuntu eeKTUBHE BUKOPUCTAHHS PECYp-
CiB Ta MiHIMI3yBaTu 4ac BUKOHAHHS.

OaHuM 13 MIXOIIB 10 BUPIMIEHHS 1i€l MPOOJIeMH € BBEACHHS MHOXKHH (iKCOBaHUX PO-
01T, Ki MOXKYTh BUKOHYBATHUCh JIUIIIE TIEBHUMH BUKOHABIIMU. Y Wil CTaTTi PO3TIAIAIOTHCS
MaTeMaTH4YHl1 acleKTH 1Li€i mpobiemu, chopMyaboBaHi HEOOXiIHI YMOBH ii PO3B’A3HOCTI Ta
JIOBEJIeHI OCHOBHI TBEPKEHHS IIOJI0 BIUIMBY TaKUX OOMEXEHb Ha JOBKUHY ONTHUMAIBHOTO
YIOPSAKYBaHHS.

[Tpu nocmifkeHHI KJIaCHYHMX MTOCTaHOBOK 33/a4 TEOpii PO3KIIAMAIB, sIKI BIAHOCATHCA J10
OT0 Kiacy, ['pexem [1] 3BepHYB yBary, 1o npu JIesiKOMY CIPOIIEHH] B MOCTAaHOBKAX 3ajadq,
Kl O JIO3BOJHIIM OTPUMATH Kpallli po3B’S3KH y MOPIBHSAHHI 3 TMOYaTKOBUMH MOCTAHOBKAMH,
oTpuMyeMo noripiieHHs. i Bumaaku BiH Ha3BaB aHOMATbHUMH.

AHaTI3 OCTaHHIX J0CJHiIKeHb 1 my0Juikamii. Y KJIacHYHUX MOCTAaHOBKAax 3ajad ymo-
PSAAKYBaHHS BBAXKAETHCS, 10 3aBJIaHHS MOKe OYTH BUKOHAHO OJHUM BUKOHABIIEM 3a 3aJ[aHHi
yac Ta 6e3 nepepuBanb. OAHAK Y pealbHUX BUPOOHUYMX MPOIECcaxX HEPIIKO BUHUKAIOTH JO-
JATKOBI OOMEXEHHS, SIKi MOKYTh OyTH TOB’si3aHi 3 KBami(hiKalli€cl0 BUKOHABIIB, TEXHIYHUMH
MO>KJTUBOCTSMH 00JIaIHAHHS, TPIOPUTETHICTIO BUKOHAHHS POOIT TOIIIO.

© Mamienko O.0., Typunna B.A., 2025
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Tak, y po0oTi [2] po3risigaeThecsi BaXIMBICTD MapajieabHOr0 BUKOHAHHS 3aBJaHb B MPH-
CKOPEHHI pPO3PaxXyHKIB €JIEKTPOMAarHiTHUX (PEHOMEHIB, sKi BKIIOYAIOTh MOjETOBaHHS 3D-
CHCTEM 3 pO3NOJUICHUMH TapameTpaMu. Lle JociiKeH s IEMOHCTPYE, IO PO3MOALT 004rC-
JTOBAJIHUX PECYPCIB MiX KUTBKOMA 3aJja4aMi JI03BOJISIE CYTTEBO 3MEHIIUTHU Yac BUKOHAHHS,
10 € BXXJIMBUM aCIIEKTOM 1 111 ONTHMi3amii BUPOOHHYHUX HPOIIECIB.

VY [3] po3rasaaoThes pi3Hi ATOPUTMU KJlacTepu3allii, COpsSMOBaHI Ha 3MEHIICHHS €He-
procrioxkxuBanHsi B BCM. Xoua 1e JociiKeHHS Opi€HTOBAaHE HA TEJIEKOMYHIKalliiiHI cucTe-
MU, BUKOPHCTaHI B HhOMY METOJIM ONTHMIi3aIlii MOKYTh OyTH aJJanTOBaHi JI0 3324 PO3MOILITY
BUPOOHMYMX 3aBJaHb, OCOOJMBO y BHIIAKaX, KOJIM HEOOXITHO MiHIMI3yBaTu BUKOPUCTAHHS
pecypcis.

VY crarri [4] npencTaBieHO OTJISA METO/IB BUSBICHHS aHOMANIN y MepexeBoOMy Tpadi-
Ky. Xoua OCHOBHa yBara NpujijieHa KibepOe3meri, aBTOPH 3a3HAYaIOTh, 10 €PEKTHBHICTD
aHaJIi3y 3aJIC)KUTH BiJl MPABMIBHOTO PO3MOALTY OOYUCIIOBATBHHUX MOTYKHOCTEH MIXK Pi3HUMHU
CUCTEMaMH, 110 Ma€ Mapajieni i3 mpoOIEeMOr0 PO3IOALTY 3aB/IaHb Y BUPOOHHYUX ITPOIIecax.

AmHaiiz BiIOMHX pe3yNbTaTiB IMOKa3ye, M0 B 0araThOX NMPHUKIATHUX 3aJadax 3HAYHA
yBara MpUAUISETbCSA JOAATKOBUM OOMEXEHHSM, 30KpeMa 0OMEeXeHil JOCTYIMHOCTI pecypciB,
HEOOXITHOCTI JOTPUMAHHS TEXHOJOTIYHMX BHUMOT, MiHIMIi3allii NpOCTOiB OONaJHAHHS Ta
BIUIMBY JIFOJICHKOTO (PaKTOpy Ha TUIAHYBaHHS BUPOOHUUYUX mporieciB. OHOMY 13 y3arajJibHEHb,
a came (pikcamii gesKux poOiT 3a IeIKUMH BUKOHABISIMH, IIPUCBSIYCHA JaHa poOoTa.

Merta aocaixkeHHs. MeTor0 1aHOTO JTOCTIKEHHS € aHaJli3 BIUTUBY JOJATKOBHX YMOB,
MOB’SI3aHUX 3 BBEICHHSIM MHOXHHHU (DIKCOBAaHUX POOIT HAa ONMTHMAJIbHY OpraHi3allilo BUpPOO-
HUYMX IPOLECIB. 3aBJaHHSAMU JOCHIKEHHS €:

1) popmymroBaHHS YMOB y3TOJKEHOCTI (ikcallii, po3B’sI3HOCTI 3ajja4l Ta OanaHcy 3aBa-
HTaKEHHS,

2) olliHKa BIUIMBY IIUX YMOB Ha ONITUMAJIbHICTh PO3B’A3KIB;

3) DOCIiKEHHS MOXKJIMBUX aHOMAJIbHUX BUIIAJIKIB.

BukiageHHs1 o0cHOBHOro MaTtepianay aocigxenHs. Hexail 3a1aHO CKIHUEHY MHOXKHHY

po0it V Ta kinbkicTs BukoHaBIiiB i [5]. BBemeMo o3HaYeHHs: MHOKHHU (DIKCOBAaHHX POOIT.

O3naueHHs. MHOXUMHaA ¢ikcoBaHuxX pooiT V. © V Bu3Hauae Ti poOOTH, 5SKI MOXKYTh BHU-
KOHYBATHCS JIHIIE T-UM BUKOHaBIeM. Lle o3Hauae, mio po6otu [ € V, MOXKyTh BHKOHYBATHCSI
BUKITIOYHO T"-MM BHKOHABIIEM, aJIe caM BUKOHABEI[hb MOYKE BUKOHYBATH H iHII poOOTH, IO HE
BXOAATH 110 V..

ChopMynroeMo YMOBH MOKJIMBOTO YHHKHEHHsI aHOMAJiW y 3a7adax 13 (iKCOBaHUMHU
poboTtamu.
1. YMoBa y3romxkeHocTi ¢ikcamii. [ Oyabp-aKoro BUKOHABI MHOKHMHA HOro (ikcoBa-

HUX pOOIT MOBUHHA OYTH CYMICHOIO 3 TEXHOIOTTYHIUME oOMeskeHHsimMu rpada G (V, U). Sxuo
L€V, [ €V, i Mk HuUMHE icHye ayra (I,,1; )€U, To poboTa I, TOBUHHA BUKOHYBAaTHUCh
ab0 THM CaMHUM BHKOHABIIEM, a00 1HIIIMM BUKOHABIIEM JI0 TIOYATKy POOOTH Iy .
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2. YMoBa po3B’A3HOCTI 3ajaul. BBeneHHss MHOXXUHU (pikcoBaHUX poOIT V. HE MOBHMHHO

pobuTH 3a7auy Hepo3B’s3HOI0. ToOTO, HABITH SIKIIO YAaCTHHA POOIT 3aKpiluieHa 32 KOHKpPET-
HUMH BUKOHABLISIMHU, TIOBUHHE ICHYBATH JOIYCTHME YIOPSIKYBaHHS BUKOHAHHS BCiX pOOIT 3
ypaxyBaHHSIM TEXHOJOTIYHIX OOMEKEHb 1 PECYpPCiB.

3. YmoBa Ganancy 3aBanTakeHHs. Dikcarlisi podiT 3a BUKOHABIEM HE MOBHHHA MTPU3BO-
JUTH JI0 HETIPOIIOPIIIIfHOTO 3aBaHTAKCHHSI BUKOHABIIS. T0OTO, Mae BUKOHYBATHCh HEPIBHICTS:

ne £ — 3a1aHa KOHCTaHTa, 1, — 3arajJpbHUil 4ac poOOTH BUKOHABLS T, T, — 3arajbHuil yac

BUKOHAHHS BCiX pOOIT.

Teepmkenns 1. OnTuManbHE YHOPSAKYBaHHS POOIT MPH YMOBI 3alaHUX J0JaTKOBUX
00MeKeHb, M0 (PIKCYIOTh 32 BUKOHABISIMH O0OB’SI3KOBI TIEBHI POOOTH, iCHYE, SIKIIIO BUKOHY-
I0TBCSI YMOBH y3TODKEHOCTI (pikcarrii, po3B’s3HOCTI 3aa4i Ta OamaHCy 3aBaHTaAKCHHS.

JoBenenns. [Ipunyctumo, o A1 MHOXKHHHU (ikcoBaHUX poOiT V. He icHye nomycTu-

Moro ymopsaakyBaHHs. Lle o3Hauae, mo xoya O oJHa 3 YMOB Y3rojKeHOCTi (ikcarii,
PO3B’S3HOCTI 200 OayaHCy 3aBaHTAXCHHS MOPYIIYETHCS. SIKIO MOPYIIYETHCS Y3rOMKEHICTD,
TO iICHY€E 3aJICKHICTh MK pOOOTaMH, sikKa pOOUTH BUKOHAHHS (PIKCOBAHUX POOIT HEMOMKIUBHM.
SIKII0 HEe BUKOHYETHCSI YMOBa PO3B’SI3HOCTI, TO JIJISl ISSIKOTO BUKOHABIISL BCl JIOMYCTUMI YIIO-
PAIKYBaHHS TPU3BOJAATH 10 HEMOXIIMBOCTI 3aBEPIIEHHS BCIX POOIT. SIKIIO K MOPYIIYETHCS
OanaHc 3aBaHTaXEHHsI, TO OJMH 13 BUKOHABI[IB OTPUMY€E HaJMIpHE HaBaHTAXECHHSI, [0 POOUTh
O30T HEPIBHOMIPHUM. TakiM YMHOM, SIKIIO BCl TP YMOBU BHKOHYIOTHCS, ONTHMAlIbHE
VIOPSAKYBaHHS 1CHYE.

TBepmxeHHs 2. 3MEHIIEHHS 4acy BUKOHAHHS poOiT abo mociabiieHHs] TEXHOJIOTTUHUX
00MEXeHb MOXKE 30UTBIIUTH JJOBXKUHY ONTHUMAJIbHOTO YHOPSAKYBaHHS.

JoBenenns. Po3risHeMo 1Ba BUNIAAKY:

SIK110 Yac BUKOHAHHS MEBHUX POOIT 3MEHUIYETHCS, 11€ MOXKE NMPU3BECTH JI0 3MIHHU T1O-
PAAKY X BUKOHAHHS, IO MOXE BUKJIMKATH 3aTPUMKH 1HIIUX POOIT Ta BUMAaratu AOJaTKOBUX
0OMEKEHb.

Sk110 MOCIa0MI0I0THECS TEXHOJIOTIYHI OOMEXKEHHS (HAMPHUKIIA/l, BUTAISIOTHCS TEBHI Y-
ru y rpadi 3ajgexHocTei), e MOXKe 3MIHUTH ONTHUMAJIbHUNA MOPAJOK BUKOHAHHS, 110 Y Je-
SIKMX BHUITaJIKaX TAKOK MOXe 301IbIINTH 3arajibHy JOBXHHY YHOPSAKyBaHHs [6,7].

[TpoimtocTpyeMo BUNAIKH, MOB’S3aHI 3 BUHUKHEHHSM aHOMAaNii MpH yMOBi (ikcamii
pOOIT 32 BUKOHABISIMUA Ha HACTYITHOMY MTPUKJIAJI.

[Mpukian. Hexaii 3amano opientoBanuii rpad G (puc. 1), h = 3, cnmcok npioputeris
L=1(1,2345,678910), ™MHOXHHA Bar BepIIMH (4aCy BHKOHAHHS 3aBJIaHb)
T=1(4272241111,6). 3apikcyemo poboTu j; Ta Jyg 32 TPETIM BUKOHABIEM:
V. = (3,10).
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Pucynok 1 — I'pad G

Tabmuus 1

OnTumanibHe ynopsiiKyBaHHs Juist rpada G

1 1 1 1 5 5 5 5
2 2 4 4 6 7 8 9
3 3 10 10 10 10 10 10

36iIpIIMMO KiJTBKICTh BUKOHABINB, i = 4 Ta 3HAWAEMO ONTHMAIbHE YIIOPSAKYBaHHS

Ta HOT0 TOBXUHY JJIS IIi€1 yMOBH.

Tabmurs 2
OnrTumanbHe yropsiakyBauHs st rpada G npu h = 4
1 1 1 1 8
2 2 5 5 5 5
3 3 6 10 10 10 10 10 10
4 4 7 9
Hosxuua | = 9, 3HaueHH iTb0BOT QYHKIIIT 301IBITYETHCS.
3MEeHIIMMO Yac BAKOHAHHSI IeIKUX 3aBaanb, T° = (2,2,2,2,4,1,1,1,1,6).
Tabmunsa 3

OnTumanbHe ynopsakyBaHHs ais rpada & npu T’
1 4 5 5 5 5
2 2 6 8
3 3 7 9 10 10 10 10 10 10

Josxuna [ = 10, mo va 25% Ginbiiie 3a JOBXKUHY MOYATKOBOTO YIIOPSAKYBAHHS.

ITocnabuMo TeXHOIOTiuHI 0OMexeHHs Ta Buganumo ayru (ja, Js), (Jz, J1o)-
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Tabnuus 4

OnrtuMansHe yrnopsaakysanHs s rpadga G npu T
1 1 1 1 6 8
2 2 4 4 7 9
3 3 5 5 5 5 10 10 10 10 10 10

Hosxuna [ = 12, T00TO 3HAYCHHSI JOBKUHHU 301UTBIINIOCH Y [IbOMY BUIAAKy Ha 50%G .

BucnoBku. Po3risHyTi MareMaTrdHi MOJENI TIOBOASTH, 110 BBEIECHHS MHOXHH (iKCO-
BaHUX POOIT BILUIMBAE HA CTPYKTYPY ONTUMAIBHOTO YHOPSAKYBaHHS. SIKIIO BUKOHYIOTHCS BCI
HeoOX11H1 YMOBH (y3TO/KEHICTh (pikcallii, po3B’A3HICTh 3aa4l Ta OalaHC 3aBaHTAXKEHHS), TO
MOYKHA 3HAWTH JIOMYCTUME YNOPsAKYBaHHs. BojgHOoYac, HaBiTh 3MEHIICHHS Yacy BUKOHAHHSI
a60 nocnabieHHs: 0OMEXEeHb He TapaHTye MOKpPaLIeHHS MOKa3HUKIB.

Pe3ynbraty 1bOro MOCHIHKEHHS MiAKPECTIOITh HEOOXITHICTh ypaxyBaHHS OOMEXEHb
Ha BUKOHAHHs (DIKCOBaHMX 3aBJaHb MPH IJIaHYBaHHI BUPOOHUYMX mpoiieciB. OCKIIbKU MPHU3-
HAYCHHS KOHKPETHHUX POOIT NEBHUM BHKOHABIISIM YaCTO € HEMUHYYHM 4Yepe3 TEXHOJIOT14HI Ta
pecypcHi OOMEXEHHsI, peTeJIbHE IUIAaHYBAaHHS Ta aJTOPUTMIYHA ONTHUMI3AIlisl € KIYOBUMHU
JUTSL 3MEHIIICHHS! HETATUBHOTO BILIMBY TOSIBU aHOMAJIil Ha Pe3yJbTar.

I3 3poCTaHHSAM CKJIaTHOCTI BUPOOHUYHMX CHCTEM 3JaTHICTh ONTHMI3yBaTH IUIAHYBaHHS 3
ypaxyBaHHSM ()IKCOBAaHUX OOMEKEHBb CTa€ BAKIMBUM (PAKTOPOM KOHKYPEHTOCIIPOMO>KHOCTI.
BupimienHs 1ux 3aBJaHb BUMarae MyJibTHAUCHUIUTIHAPHOTO MiAXOY MPHU aHaTi31 MaTeMaTu-
YHHUX MOJIENEN Ui pealbHUX BUPOOHUUYUX MPOILIECIB.

[lepcrieKTHBY MOAATBIIUX JOCTIIKEHb BKIIOYAIOTh PO3POOKY HOBUX OOYHCIIOBATIBbHUX
METOAIB AJIsl ONTHUMI3aLlli YIOPSIKYyBaHb 32 HasiBHOCTI (DIKCOBaHMX OOMEXEHb Ta JIOCIIIKEeH-
HS 1X TIPAKTHYHOTO 3aCTOCYBAaHHS Y MMPOMHUCIOBUX BUPOOHHUMX cHUCTeMaX. AHali3 aHOMallb-
HUX BUMAJKIB, MMOB'I3aHUX 13 ()IKCOBAHUMHU MHOXMHAMHU 3aBJaHb, € BAXKIUBUM JJIS1 PO3BUTKY
3arajibHOi Teopii TUCKPETHOI oNTUMIi3allii.
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Optimal resource allocation task under usage constraints
This paper investigates the problem of optimal resource allocation in production pro-
cesses, focusing on the impact of fixed-task assignments under limited technological and re-
source constraints. The study generalizes an optimization problem related to the efficient or-
ganization of production workflows by introducing a formal framework for distributing re-
sources across a fixed set of tasks while adhering to specific operational restrictions.
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To ensure feasible scheduling within such constraints, three fundamental conditions are
introduced. The consistency condition ensures that task dependencies remain intact and com-
ply with predefined technological constraints. The solvability condition guarantees that a via-
ble execution sequence exists, even when specific tasks are fixed within the workflow. The
workload balance condition prevents uneven distribution of tasks among performers, optimiz-
ing the overall efficiency of the production process. These conditions are mathematically for-
malized, and their role in enabling an optimal task sequence is analyzed.

The research also explores the effects of these constraints on the length of an optimal
task sequence. It is shown that the introduction of fixed-task sets and the enforcement of bal-
ance conditions can significantly alter scheduling outcomes, sometimes leading to counterin-
tuitive results. In particular, a detailed investigation of anomalous cases reveals that reducing
task execution time or relaxing technological restrictions does not always lead to better
scheduling efficiency. On the contrary, such modifications may increase the overall ordering
length due to disruptions in dependency structures and inefficiencies in task redistribution.

The findings contribute to a deeper understanding of how task dependencies and opera-
tional constraints interact in scheduling problems, offering valuable insights for optimizing
production planning under certain restrictions. This study provides both theoretical founda-
tions and practical implications for improving workflow efficiency in industrial settings where
resource limitations and rigid task structures play a crucial role.

Keywords: discrete optimization, combinatorial optimization, scheduling theory, pro-
duction process, graph, resource allocation, optimal ordering, anomalies.
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B.1. Mopos, O.0. [lumanbkuit
METOAU, AJITOPUTMU TA NIPOT'PAMHU
JIJIS1 BUSABJIEHHSI IOMMWJIOK B TEOITPOCTOPOBIM BA3I JAHUX
HA MPUKJIAAI AEPKABHOTI'O 3EMEJIBHOT'O KAJIACTPY

Anomayis. Bedenns eenuxux ceonpocmopogux 6a3 OaHUXx Cynpo8oO’CYEMbCA 3HAYHUMU PU-
SUKAMU BHECEHHSI NOMUNOK, WO MONCYMb HE2amueHO GNIUBAMU HA MOYHICMb OAHUX Md No-
Odanvwi npoyecu ix suxopucmanusa. OCHOBHUMU NPUYUHAMU NOMUTOK € IOOCbKULL (hakmop,
MexXHIYHI HeMOYHOCMI NPU NOEOHAHHI OAHUX Ma PO30IdCHOCMI y NpoeKyisx 30epicauntHs. B
YMOBAX NOCMILIHO20 3POCMANHS 00CA2Y OAHUX, PYUHI NepesipKU CIMaoms MaioeheKmusHuMU,
WO 3YMOBIIOE HeOOXIOHICb PO3POOKU MemoOi8 a8MoMamu308aH020 NOULYKY NOMUTLOK.
Memoto cmammi € po3podka ma nepesipka aneopummis 0/ GUAGIEHH NOMUNLOK ) HA NPUK-
nadi bazu 3emenvHux OLIAHOK Jlepoicagnoco 3emenvrozo kadacmpy Yxpainu. Pezynomamu 0o-
CLIOJICEeHHS NOKA3ANU eheKMUBHICMb 3ACMOCY8AHHS NPOCMOPOBUX 3ANUMIB, MAKUX K point-
in-polygon ma polygon-in-polygon, ons eusieiennss HEKOPEKMHO20 PO3MAULY8AHHSL 00'€Kmis.
3anpononosani ancopummu 003601510Mb 3MEHUUMU KLILKICIMb NOMULOK WLIAXOM A8MOMA-
MUYHO20 KOHMPOJIIO NPABUILHOCII 8HeCeH s IHopmayii. 3acmocy8ants asmomamu308anux
MexaMizmie nepesipku cnpusmume NiOSUUWEHHIO AKOCMI KA0ACmpo8ux OAHUX, WO € BANCIU-
8UM 07151 cghep micmobyOy8aHHs Ma YNPAGIIHHI 3eMeIbHUMU PECYPCAMU.

Knouosi cnosa: ceonpocmoposi 6asu Ooanux, aromanii, /lepaicasnuil 3emenvHuti Kkaoacmp,

a8MoMamu306ana nepesipka, NPOCMoposUl analis, ar2opummuy NOUWYKy HOMUNLOK.

ITocTanoBka nmpoOJemu. IlinTpuMka BEIMKHMX TeOmpOCTOPOBUX 0a3 JaHUX CYMpPOBO-
JDKY€ETBCSI 3HAUHUMHU PHU3MKaMM BHECEHHsI MOMMWJIOK, SIKI MOXKYTh HEraTMBHO BIUIMBAaTH Ha
SKICTh JAHUX 1, BIAMOBIIHO, HA MOAJIBIII MpoIiecH podoTu 3 HUMH. OCHOBHI JKepena TaKuX
MOMUJIOK BKJIIOYAIOTh JIIOJICHKUI (DakTop miA 4ac BBeAEHHS a00 OOpoOKHM JaHMX, TEXHI4HI
HETOYHOCTI NPH 1HTErpalii JaHUX 3 PI3HUX JKepell (30Kpema uepe3 po301KHOCTI y cucTeMax
KoopauHAT Ta ¢opmarax 30epiraHHs). BrmpoBamkeHHs aBTOMAaTH30BaHMX MEXaHI3MIB Iie-
PEBIpKH 1O3BOJISIE MiBUILUTH MPOIYKTUBHICT OOPOOKH JaHUX Ta MiHIMI3yBaTH HMOBIPHICTb
MTOMHIIOK, OCOOITUBO THX, IO TOBTOPIOIOTHCS 1 MIJIAI0THCS aITOPUTMIYHIN TepeBipIli.

31 301IbIIEHHSIM 00csry iH(popMmarlii pydHi MeToau Bepudikailii cTaloTh Hee(h)eKTUBHHU-
MU 4epe3 BUCOKI 4acOBi1 BUTPATH, 1110 3yMOBIIIO€ HEOOX1IHICTh BIPOBAKEHHS aBTOMATUYHO-
ro nouryky ta kiacudikamii momusok. i BupimeHHs Liel HAyKOBOi MpoOjaeMu HeoO0XiTHO
BUKOHATHU PAJl 3aBAAHb:

— TlpoBectu aHaji3 NOMMPEHUX BHJIIB TOMUIIOK.

— CTBOpPUTH METOAM Ta AJITOPUTMH JUI MOUIYKY IUX TOMMJIIOK.

© Mopos B.1., umanekuii O.0., 2025
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— Po3pobutu nporpamy aiist HepeBipKu reonpocTOPOBUX AaHUX.

— IlpoBectu TecTyBaHHS PO3POOIIEHOTO MPOTrPAMHOTrO 3a0€3MeYEeHHS Ha pealbHUX J1a-
HUX.

OCKUTBKHM TEONPOCTOPOBI JaHi MOXKYTh MaTH KPUTUYHY POJIb y MpoLecax yIpaBIiHHS
3eMEeIbHUMHU pecypcamMH, MicTOOYTyBaHHS, €KOJIOTIYHOTO MOHITOPHHTY Ta iHIIUX cepax,
pPO3po0OKa aNTOPUTMIB Ta POTrpaM JJisi MATPUMKA JOCTATHHOTO PIBHS IXHBOI TOYHOCTI € aK-
TyaJbHUM 3aBJaHHSM.

AHaJni3 ocTaHHiX Aocaikenb. [Ipobiema nouryky NOMUIOK B T€OiH(POPMALIHHUX CH-
CTeMax y 3arajlLHOMy BUTJISIAIL JOCITIKYBAJIaCh PI3HUMHU HAyKOBIISIMH. Y CBOIX JTOCIIKCH-
HSIX aBTOPH MiATBEPUKYBAIN aKTYaJbHICTh MPOOJIEMH Ta MOIUISUTA TIOMUIIKH Y T€OIIPOCTOPO-
BUX 0a3ax JaHUX Ha KiJbKa BUCOKOpiBHEBHX Kareropii[1][2]:

—  Homunku nosuyionyeanns. BUHHKAOTh yepe3 HETOYHOCTI y BHU3HAYCHHI
po3TanryBaHHs 00'€KTIB Ha KapTi.

- Tononoziuni nomunxu. JIo UpOro TUIYy MOMUJIOK HaJleKaTb F€OMETPHUYHI
NOPYIICHHS, 30KpeMa MePEeTUHH, PO3PUBH a00 BiJICYTHICTH 3B'SI3KIB MiXK €JIEMEHTAMHU.

- Ampubymueni nomunxku. Lleit TN TOXUOOK BUHUKAE MPU HEMPABUILHOMY
NPUCBOEHHI XapaKTepUCTUK reool'ekTam. Hanpukian, 3emini CiibChKOTOCIIONAPChKO-
r'0 IPU3HAYEHHS MOXYTh OyTH TOMUJIKOBO BiIHECEHI 710 OOTIT.

Ha >xanp, gocnipkyBaHi pkepena HE AETali3yloTh TOMWJIKH Ta HE MPOMOHYIOTh KOHK-
PETHI METOH 1 AITOPUTMH 1X MOIIYKY.

Mera crarTi. MeTol0 CcTaTTi € ONUC METOAIB MOLIYKY OKPEMHMX BH[IB MOMMIIOK I'€OII-
pocTopoBUX 0a3 1aHUX, pOo3poOKa aNrOPUTMIB Ta MepeBipKa iX e(eKTUBHOCTI HA Ha MPHUKIal
0a3u JaHUX 3eMETbHUX AIITHOK 3eMeTbHOTO KaacTpy YKpaiHu.

OcHoBHMiI MaTepiana. Y cBoiil po6oti noktop Dr. Chrisman[1] onucye oguH i3 MOX-
JUBUX MIAXOJIIB 10 NEPEBIPKH BaIiIHOCTI MPOCTOPOBUX JaHUX Ha MPHUKJIaAl MPOrpamMu, B Ky
BHOCHUTbHCSI pO3TalllyBaHHs piukoBuX OyiB. BiH Harosoiye, 1o 00’€KTH, K1 32 CBOEIO MPUPO-
JIOI0 TIOBHHHI pO3TaIIOBYBaTUCS Ha BOJHIN MOBEPXHI, TIOBUHHI MaTH KOOPAMHATH, L0 MOTpa-
IUISIIOTh Y BU3HAuUeH1 Mexl1 (puc. 1), B IHIIOMY BUMNAJKY 1€ MOX€E CBIAYUTH MPO MOMUIKH Y
JAHHX.

Axsatopis

@
byit

Pucynoxk 1 - Cxematuune 300paskeHHsI piuKOBOro Oys Ta BU3HAYEHOT akBaTOPii

Jnis aBTOMaTH30BaHO1 BepH(iKallii 1i€i yMOBH MOKe OyTH BUKOPUCTAaHUI IPOCTOPOBUI
3anuT point-in-polygon, sikuii T03BOJISIE TICPEBIPUTH, YU 3HAXOATHCS TOUYKOBI 00’ €kTH (Y 1a-
HOMY BUTIQJKy — Oyi) y MeXKaxX MOJIroHalbHUX 00’ €KTiB (MeXax BOAHUX TepuTopiil). Takuit
HiX11 € IPOCTUM, aje e(PEeKTUBHUM IHCTPYMEHTOM KOHTPOJIIO AKOCT1 JaHUX 1 MOxe OyTH 3a-
CTOCOBAaHMH HE JHMIIE JUIsl HaBiralifHUX O0O0’€KTiB, ajlleé ¥ y LIMPIIOMY CHEKTpi 3aBJaHb,
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MOB’SI3aHUX 13 MEPEBIPKOI0 KOPEKTHOCTI PO3TAlIyBaHHA 00’€KTIB y Ie€ONMpPOCTOPOBHX 0azax
TaHUX.

Pucynok 2 - [Ipukia moOMUIKOBO 3apeeECTPOBAHUX 3EMENIbHHUX TiISTHOK
Ha y30epexoki Kpumy

Le#t miaxig MoXHA aganTyBaTH AJs MEPeBIPKU KOPEKTHOCTI iH(OopMalii mpo 3eMenbHi
JUISHKY, 30KpeMa 100 iXHbOI'O PO3TallyBaHHs y 3a00pOHEHHX 30HaxX abo 30Hax 3 obOMme-
KEHHSIM BUKOPUCTAHHS.

IlepeBipka BX0I:KeHHS AUISTHKH 10 103BOJIEHOI 30HU.

[Ipsimoto aHasnoriero 10 piukoBHUX OyiB Ta akBaToOpiil € mepeBipka TOro, Y1 3HaXOJUTHCS
3eMeJbHa AUIAHKa a0o 1 yacTUHA y MeXax NMpUuOepeHOi 3aXUCHOI cMyTrH a00 BOJIHOTO 00'€K-
ta. Takuii BUA TNOMUJIOK MOXKHa 3HATHM Bpy4uHy B JlepKaBHOMY 3€MeENbHOMY KaJacTpi
(puc. 2), a oTxe 115 npobaeMu notTpedye MexaHi13MiB JUIs il aBTOMaTUYHOI'O pPO3Ii3HABaHHS.

3emaILaa TTgaHKa

\ /

[TpnGepexkia 3axXHcHA CMYTa

Bona

Pucynok 3 - CxemaTtudse 300pakeHHS 3eMENbHOI JUISTHKI
10 TIEpPEeTUHAE MPUOEPEKHY 3aXUCHY CMYTY

HeoOxigHiCTh TaKOro By NMEpEeBIPKM BU3HAYAETHCS MOJIOKEHHSMH 3aKOHIB Y KpaiHH,
30kpemMa BoaHoro kozpekcy YkpaiH, siKi BCTAHOBIIOIOTH OCOOJIMBI OOMEKEHHS Y KOPHUCTY-
BaHHI Ta BJIACHOCTI TakuX 00’ekTiB. CTaTTss 6 BOAHOTO KOJEKCY BCTAHOBIIOE, IO BOJM (BO-
Hi 00'€KTH) € BUKJIIOUYHO BJIACHICTIO YKPaiHCBKOTO HAPO/yl HA/IAl0THCS TUIBKHU Y KOPUCTYBaH-
Ha [3]. [Ipu 1poMy BOZHUM 00 ’€KTOM BBa)Ka€ThCs OYIb-SIKHI TPUPOTHHN ab0 CTBOpEHHI
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MITYYHO €JIEMEHT JOBKULISA, B SKOMY 30CepeKyloThcs Boau. Lle Moxke OyTu mMope, TuMaH,
piuka, CTpyMOK, 03€p0, BOJOCXOBHILE, CTABOK, KaHAJ, TOMIO.

OxpimM oOMexeHb Oe3rnocepelHb0 Ha TepUTOpii BOAHUX 00’€KTiB, BomHuii xonekc Ta-
KOXX BH3HAUa€ MOHATTS MpUOEpexkHoi 3aXxucHOi cMyru[3] siK 4acCTHHU BOAOOXOPOHHOI 30HH
BIJIIOBITHOI IIMPUHU B3JIOBX BOJOWM, Ha SIKiii BCTAHOBJICHO OUIBII CYBOPHIA PEXKHUM TOCIIO-
JApCHKOI MISUTBHOCTI, HIK Ha pemITi TepuTopii. Taki 30HM BCTaHOBIIOIOTHCS 3 METOI0 OXOPOHH
MOBEPXHEBUX BOJHHMX PECYPCIB BiJ 3a0pyAHEHHS Ta 3aCMiU€HHS, a TaKOX JJs 30epeKeHHs
iXHBOI BOAHOCTI. BiNMoBiIHO 10 3aKOHOAABYMX HOPM, y MEXaX TAKUX CMYT MOXYTb AiSATH
NEeBHI OOMEXKEHHS Ha BUKOPHUCTAHHS 3€Mellb, BKIIOYAI0UX 3a00pOHY Ha OYyIBHHUIITBO, BEJCH-
HS CUTBCHKOTOCIIOIAPCHKOT NISTIBHOCTI 200 3MiHY JaHImagTy.

\ SemenbHa JILI9HKA,

[Tpubepe:kia 3axmcna jemMyra

/

Boaa

Pucynok 4 - Cxematn4yae 300pakeHHs 3eMeIbHOI AUITHKA
1110 IEPETUHAE BOJHY TOBEPXHIO

OOMexeHHs TOCIoIapChKO1 AISUIBHOCTI, BCTaHOBJIEHI BOJHUM KOJleKCOM, MaloTh OyTH
BHECEHI y 0a3y JIaHUX 3eMEJIbHOTO KaJacTpy MPU PeecTparlii JUISTHKHA, TOOTO € OKpeMUM 00'e-
KTOM BiJIOMOCTeH KamacTpy[4], 110 € MOTEHIITHUM MIClleM BUHHKHEHHS IMOMUJIOK 4Yepe3
JOJICEKUH (hakTop.

Jlns aBTOMaTM30BaHOI MEPEBIPKH BIANOBITHOCTI PO3TALIYBAHHS 3EMEIbHUX IUISTHOK
UM HOPMAaTMBHHUM BHMOraM MOK€ OyTHM BUKOPHCTAHHMW NMPOCTOPOBUH aHaII3 13 3alUTOM
polygon-in-polygon a6o intersects, sikuii 103BOJIsIE BU3HAUNTH, YU MIEPETUHAETHCS KOHTYP Ji-
JSHKUA 3 MeXaMH BOJHOI moBepxHi (puc. 4). Takuil miaxia A03BoJIsi€ BUSBUTU MOTEHIINHI
npo0sieMH 1e Ha eTami peecTpaiii AUISHKK abo MiJ 4yac MOHITOPHHIY 3MIH Y KaJaCTPOBUX
JaHUX.

OcCkiTbKH 'y TIpUOEPEeKHUX CMYrax BCTAHOBIIOIOTHCS OOMEXKEHHSI y BUKOPHCTaHHI 3€-
MEJTBHUX TIUISHOK[S], MOIIIFHO TaKOXX aBTOMATHYHO MEPEBIPUTH MOTPATUISIHHS 3€MEITbHOI 10
MeX MpUOepexrHOi CMyTH (IUB. pUc. 3), 110 YHEMOXJIUBUTDH BIACYTHICTh BHECEHUX Y 0a3y na-

HUX 0OMEXEeHb JJIs1 KOHKPETHOI AUISHKH.

ISSN 1562-9945 (Print) 85
ISSN 2707-7977 (Online)



«CucremHi Texnonoriiy 2 (157) 2025 «System technologiesy

‘ [Touarox

OrpuMaTi KOOPIUHATH JIISHKH

Hinsinka y npubepeskuiit emyzi? Tonepemxennsi:nepesipuTu oﬁme}xemm}

[TonepezkeHHs:BHCOKUH PU3HK IIOMHJIK_H]

Jinsinka y BOjHIN MOBEPXHI?

[Tepesipka ycuimna

Pucynok 5 - brok-cxema nepeBipky BXOJDKSHHS AUISTHKY Y IPUOEPEKHY CMYTY

Ta BOJAHY IMOBCPXHIO
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Pucynoxk 6 - Pe3ynbraTn nomyky reomerpii BogHux 06’ekTiB B OpenStreetMap
3 ZIONIOMOT0I0 OVerpass turbo

3a HasABHOIO 1H(OPMAIII€I0 CKIIaIEMO AITOPUTM HEePEBiPKH MiCHENOT0KEHHS AUISTHOK:
1. TTouatok
2. OTpuMaTu KOOpIUHATH 3€MeNbHOI AUITHKN
3. IlepeBipUTH HAJIEKHICTDh 3eMENbHOT TIISTHKH 10 MPUOEPEXKHOT 3aXUCHOT CMYTH:
a. SIkuio AinsHKA BXOJUTH Y MpHOEpekHy 3aXucHy cMyry — Busectu
nonepexkenHs "[lepeBiputu oOMexxeHHs"
b. Tnakme — Ilepeliti 10 Kpoky 4
4. IlepeBipuTHy, UM JUISTHKA pO3TAIIOBaHA Ha BOJHIN MOBEPXHI:
a. SIkmo auUIsiHKa MOoTparuise y MexXi BOJHOI moBepxHi — BuBectu mo-
nepekeHHs ""Brucokuil pu3uk moMmiky"
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b. Inakme — IlepelTu 10 KPOKy 5
5. Kinenp

CxeMaTH4HO alrOpUTM IIPEICTaBICHUM Ha pUCYHKY NeS.

Jis mpakTUYHOT TepeBipKH anropuTMy 3 Bigkpuroro jukepena OpenStreetMap 3aBaH-
Ta)XCHO MACHB TOJIITOHIB, SIKi TTO3HAYAIOTh MEXI BOJHUX 00'€KTiB B Mexkax OJeChbKOro paiio-
Hy Onecpkoi o0xacti, a 3 [lepKaBHOTO 3eMEIBHOTO KagacTpy - MacuB T€OMETPIi 3eMeIbHUX
TUTSTHOK. 3aBaHTKEHHS MEX BOAHHMX OO €KTIB 3MIHCHEHO IHCTPYMEHTOM overpass turbo,
SIKUI J03BOJISIE POOUTH 3alMTH 3a JAOMOMOIOK 1HCTPYMEHTY (OpMYyBaHHS 3amuTiB (puUC. 6).
Jlyist 3aBaHTa)KEHHST MEX 3eMENIbHUX NUISTHOK BUKOpUcTaHo pecypc kadastr.live.

B pesynbraTi orpumano aBa HaGopu naHux - 2268 mex BoaHuX 00’ekTiB Ta 417573
MEXi 3eMeNbHUX AUTHOK. CTBOPEHO mporpamy asisi BUOIpKU 3 HaOOPIB JaHUX TUX 00 €KTIB,
SK1 TANAgaTh M YMOBY PO3pOOJIEHOTO anroputMy. B pe3ynbTaTi BUKOHAHHS MPOTpaMH
3HaieHo 1378 3anuciB B 3eMeIbHOMY KaJlaCTpi, K1 MEPETHHAIOTH BOJHY MOBEPXHIO (puc. 7).

PeszynvraTn:

cadnum ... geometry
0 5110800000:03:001:0478 ... MULTIPOLYGON
1 5110800000:03:001:0478 ... MULTIPOLYGON
2 5120484200:01:002:1057 ... POLYGON

3 5121010100:01:001:0130 ... MULTIPOLYGON
4 5121084100:01:001:1460 ... POLYGON

1373 5121085600:01:001:0586 ... POLYGON

1374 5110300000:02:004:0266 ... POLYGON

1375 5110300000:02:015:0006 ... POLYGON

1376 5110300000:01:001:0657 ... POLYGON

1377 5110300000:02:001:0427 ... POLYGON
[1378 rows x 88 columns]

Pucynoxk 7 - Ilepenik IiAsHOK 3 HEPETHHOM BOJHOI ITOBEPXHI

PyuyHa mepeBipka pe3ynbTaTiB HOKa3ye, IO OUIBIIICTh PE3YNbTaTIB - JIMIIE MONepe-
JOKEHHS PO BXOJUKEHHS IIISTHKU Y 3aXHUCHY 30HY, MPOTE € 1 MPHUKJIAIN TUISHOK, SIKi po3Ta-
II0BaHi, HANPHUKIAJ, ocepea Xamkubeiicbkoro aumany (puc. 8). BnpoBaakeHHs aBTOMaTH-
30BaHUX METO/JIIB MEPEBIPKM Ha paHHIX eTanmax BHECEHHS JaHHUX MOXE JOMOMOITH B MOJANIb-
IIOMY YHUKHYTHU TaKoi IPOOJIeMH.

OG6'exTiB B Ui TOuUi: 1
HamucHime npasoro KHoMKoKw Muwi 0ns ghikcauii 6cnnusaryo2o GikHa.

3emenbHa ainsHka

Homep 5111500000:01:001:0031
Anpeca Opeceka o6nacts, M. Tennoaap, Bynuus ExepreTukis, 89, 89-A N
Karteropiss ~ 3emni xu1TnoBoi Ta rpoMajcbKoi 3abyaosu <\
BnacHicTe KoMmyHanbHa BnacHicTb /

Mepeitn go A3K [HetanbHiwe

Pucynox 8 - [Ipukitan ginstHku 3apeecTpoBaHoi mocepea XapKuOeHChbKoro JINMaHy
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IlepeBipka BinnosigHocTi arpndyTnBHOI iHGopManii 10 30HyBaHHA

He 3aBxxam 3a00poHEHI 30HU BIAHOCATHCS 710 yCiX 00'€KTiB ogHOTO Kiacy. Hampukiarn,
y o6'ekrax [IpupoaHo-3anoBinHoro (GoHIy MOXKYTh CTBOPIOBATHCH 3€MENbHI JUISHKHU, BlIAC-
He, 3aroBigHOro (POoHIY, a00 HA TEPHUTOPIi 03ep - TUISTHKYU JJI BeIEHHS PHOHOTO TOCIIOIAPCT-
Ba. BakiiMBO BpaxoBYBaTH KOHTEKCT aTpMOYTHBHMX 3Ha4€Hb Npu nepeBipiii. KonTekeT Moxe
BPaxOBYBaTHCh SIK allTOPUTMIYHO, TaK 1 3 BUKOPHUCTaHHSIM METOAIB OOpPOOKH MPUPOAHOL

HK3 : HKK : H3 /1

Pucynok 9 - ®opmar kagacTpoBoro Homepa

MoBu[6].

PosrnsiHemMo netanpHile e TBEpKEHHS Ha MPHUKIAAL KagacTpoBoro Homepy. @opmar
KaJlaCTPOBOTO HOMEpa Ma€ YiTKy CTPYKTYpy (puc. 9), MO CKIANA€ThCI 3 TPHOX KOMITO-
HeHTIB[7]:

1. 12 mudp HK3 — HOMep KamacTpoBoi 30HH, B SIKOMY OCTaHHiI [IBi Ludpu
BiJJOKPEMITIOIOTHCS BiJl IEPIINX JAECATH IBOKPAITKOIO;

2. 3 mudpu HKK — HOMEp KatacTpoBOTO KBapTAlly B MEKaX KaJlaCTPOBOI 30HHU;

3. 4 mudpu H3J] — mopsakoBuil HOMEp 3eMEIbHOI TUISTHKH B MEXaX KaJacTPOBOTO
KBapTay

P030uTTs KamacTpoBOro HOMepa Ha CKJIa0Bi IPOLTIOCTpoBaHo Ha puc. NelO.

3510100000:28:178:P015|

HK3 HKK  H31

Pucynok 10 - Po30uTTs KagacTpoBOro HOMepa Ha CKJIaI0BI YaCTUHU

[Hpopmaris npo Mexi 30H Ta KBapTaliB 30epiraeTbcs B IHAEKCHINA KagacTpoBId KapTi i
MICTUTbH JIaH1 TIPO TEOMETPII0 KOXKHOI 30HU Ta KBapTally, 1€ JO3BOJISIE MPOBECTH JIOTTUHY TI€-
PEBIPKY: yC1 3eMeNbHI MIJISTHKH MMOBUHHI MTPOCTOPOBO HAJIEKATHU BIJIMOBITHUM KaJaCTPOBUM
30HaM 1 KBapTajaM, 3a3HaueHuM y iX HoMmepax. CXeMaTH4yHoO 1€ MPOUTIOCTPYBAaHO HA MaJIOH-
Ky Nell.

Kaaacrpona a0mua

Ainsnya

Pucynoxk 11 - KamactpoBa 30Ha Ta 3eMelibHA JIIITHKA B TPETHOMY KBapTai
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TMouaTok

Orpuvarn gani (HK3, HKK, H3, mexi)

Pozburn kagacTpoeuii HoMep

Hi

Ilomunka: He Bignosizae 30H1J

Jinauka y keapram HKK? [Momunka: He BiAOBIIAE KBAPTATY

Tax

Jlinguka BiANOBiAE 30HYBAHHIO

Kinemnn

Pucynok 12 - biok-cxema nepeBipku BiANOBIIHOCTI 3eMeNbHOT NUISHKU 1HACKCHIN KapTi

3a HasBHOMO 1H(OpPMaIli€r0 TOOYAYEMO AITOPUTM MEPEBIPKU BIAMOBITHOCTI IIISHKY Ka-
JIaCTPOBIH 30HI Ta KBapTaly:
1. Tlouarox
2. OTtpumaru AaHi:
a. Kanacrposuit Homep 3emensHoi nutsaku (HK3, HKK, H3 /1)
b. TeomerpuuHi MeXi TiISHKA
c. T'eomeTpuuHi MeXIi KaJlaCTPOBUX 30H 1 KBAPTAJIiB
3. Po30butn xagacTpoBuii HOMEp Ha CKJIQJIOBI:
a. Buninutun HK3 (Homep xkagacTpoBoi 30HN)
b. Buninutu HKK (HoMep kamacTpoBoro KkBapraiy)
C. Buninutu H3/l (Homep 3eMenbHOT TUTSTHKH)
4. TlepeBipuTH HAJCKHICTh 3€MEIBHOI JUISTHKA JI0 BiAMOBIAHOI KaAacCTPOBOI 30HH:
a. Sxmo Mexi auUTstHKA BXOAATh y Mexi 30Hu HK3 — Tlepeiitu 10 kpoky 5
b. Inakme — BuBectn momuiky "JlissHKa He BiAMOBiTae KaaacTpoBii 30H1"
5. TlepeBipuTH HAIEKHICTH 3€MENBHOI JIUISHKYU /10 BIAMOBIAHOTO KaJlaCTPOBOTO KBap-
Tainy:
a. Sxmo mMexi auiaHkH BXoaaTh y Mexi kBaptany HKK — Ilepeiitu 10 kpo-
Ky 6
b. Inmakme — Buectn momuiky "JlinsHka HE BiIOBiIa€ KaaCTPOBOMY KBa-
pranmy"
6. Pe3ynbraT nepeBipku:
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a. Sxmo Bci mepeBipku npoiiaeni ycmimHo — Busectu "/lingHka Binnosinae
30HYBaHHIO"
7. Kineup

VY BuUrisii 6J0K-CXeMHU OMMCAHUN aJITOPUTM TOKa3aHo Ha puc. 12.

Jiis miepeBipku poOOTH anroputMy Oylio 3aBaHTaXEHO MACHUB 3eMENbHUX JUISHOK Yy
Mmexxax M. Kuesa, mo namiuye 53 849 06’extiB. Ha ocHOBI po3p0o0ieHOro anropuTmy CTBOpe-
HO TIpOrpaMy, sika 3[IHCHIOE TEepEeBipKY BiJMOBIIHOCTI 3a3HAYEHOI Y KaJacTpPOBOMY HOMEpI
30HM Ta KBapTalxy (aKTUYHOMY MICIIO pO3TAllyBaHHS AUISHKU. SIK BUXiTHI JaHi BUKOPHCTO-
ByBasuCs 0(ilikiHI BiTOMOCTI PO 3eMeNbHI AIISTHKHY Ta 1HASKCHA KaJacTpoBa KapTa, omy0ori-
koBaHi /lepxkaBHOI0 ciryx0010 reonesii, kaprorpadii ta kagactpy y 2020-2023 pp.

Jlnst 0OpoOKM TeonpoCTOPOBUX JAHUX Ta peaiizamii alropuTMy BHKOPHCTAHO MOBY
nporpamyBanHs Python i3 3aiyaennsm 6i6miorekn GeoPandas. [ToenHaHHS BEKTOPHUX JaHUX
13 KagacTpoBOl KapTu Ta iX mepeBipka 3MiHCHIOBAINCS IUISIXOM IOIIYKY MEPEeTHHIB, IO J0-
3BOJIMJIO aBTOMATUYHO BHSBIISATH HEBIAMOBIAHOCTI MK 3aIICAMU KaJAaCTPy Ta PEaTbHUM Mi-

CIIEM pO3TallyBaHHS 3eMEIbHUX TUISTHOK.

PesynpraTn:

> python check_data.py

Warning: cadnum 8000000000:75:741:0028 does not match zona and kvart
Warning: cadnum 8000000000:72:184:0054 does not match zona and kvart
Warning: cadnum 8000000000:75:741:0130 does not match zona and kvart
Warning: cadnum 8000000000:82:011:0020 does not match zona and kvart
Warning: cadnum 8000000000:72:252:0236 does not match zona and kvart
Warning: cadnum 8000000000:85:311:0029 does not match zona and kvart
Warning: cadnum 8000000000:79:117:0003 does not match zona and kvart

Pucynoxk 13 - Pesynbratu nepeBipku kagactpoBux HomepiB M. Kuesa

PesynpraT BUKOHaHHS MTpOrpamMu HaBeACHI Ha puc. 13 Ta moka3yroTsk, Mo y 7 AUISTHKAX
HETPaBUJILHO 3a3HA4Y€H1 KaJIaCTPOB1 30HU a00 KBapTaju, IO MOXE CBITYUTH PO MOMHUJIKY Ha
eTarni pOpMyBaHHS KaJJaCTPOBOI ALJITHKA a00 BHECEHHS 3MIH J0 Hel.

JMoaaTkoBi Mmatepianu. 3 BUX1ITHUMHU KOJAAMH pO3pOOJIEHHX MpOrpamM MoOKHa O3Hailo-
MHTHCH 3a nocwinanusaM: https://github.com/oshyshatskyi-phd/parcels-check-programs/

BucnoBku. Omnrcani B CTaTTI METOJIU Ta aJITOPUTMHU JI03BOJISIIOTH 31MCHIOBATH KOM-

IJIEKCHY TEPEBIPKY K MPOCTOPOBUX, TaK 1 aTpuOYyTUBHUX NaHux. HaBeneHi mpukianu me-
PEBIPKU HAJIEKHOCTI 00 €KTIB JJ0 BU3HAUEHUX reorpadiuHuX 30H:
—  3eMeJbHHX JIIISTHOK, 110 BXOJSTH 10 MPUOSPEKHUX 3aXUCHUX CMYT
—  BIJNOBIAHOCTI KaJaCTPOBUX HOMEPIB (PaKTUYHOMY PO3TaIlyBaHHIO
PesynpTaT BUKOHAHHS pO3pOOJIEHUX MPOrpam JEeMOHCTPYIOTh €(PEKTUBHICTh MiTXOY.
BukopucranHs mpocTOpOBUX 3amuTiB TUIY POint-in-polygon Ta polygon-in-polygon mo3sossie
MIBUJIKO 1IeHTU(IKYBaTH MOTEHIIIMHI MOMIJIKMA Ha paHHIX eranax oopoOku nanux. [IpakTtnu-
Ha TepeBipKa aJrOpUTMIB Ha peaJbHUX MAHUX MiITBEpAMsa €(pEeKTUBHICTh Yy BUSBJICHHI
HEBIAMOBIAHOCTEH.
OTxe, 3aCTOCYBaHHs pO3pOOJIEHUX METOJIB MOXKE IiJIBUIIUTH 3arajbHy TOYHICTH Ta
HaAIHHICTH 1H(OpMaIlii, IKa € OCHOBOIO JUIsl MPUHHATTS BaXKJIUBUX YIPABIIHCHKUX PILIEHDb Y
cdepi MicToOynyBaHHS, 3€MEIBHOTO KaJgacTpy Ta €KOJIOTIYHOTO MOHiTopuHry. [lomambiri
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JOCIIJKEHHSI MOXKYTh OyTH CIIPSIMOBAaHI Ha PO3IIMPEHHS (PYHKIIOHATY aJTOPUTMIB 3 METOIO
BUSIBJICHHSI OUTBII crienu(iuHUX MOMUJIOK, MOIIYK YHIBEepCaJbHUX METOJIIB aHaJli3y MpPOCTO-
poBoi iHpopmarii.
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Methods, algorithms, and programs for error detection
in a geospatial database: a case study of the state land cadastre

Maintaining large geospatial databases involves significant risks of errors, which can
negatively impact data accuracy and subsequent usage processes. The primary causes of er-
rors include human factors, technical inaccuracies in data integration, and discrepancies in
storage projections. With the continuous growth of data volume, manual verification methods
become inefficient, necessitating the development of automated error detection methods.

The aim of this study is to develop and validate algorithms for error detection using the
land parcel database of the State Land Cadastre of Ukraine as a case study. The research re-
sults demonstrate the effectiveness of spatial queries, such as point-in-polygon and polygon-
in-polygon, in detecting incorrect object placement. The proposed algorithms help reduce the
number of errors by automatically controlling the accuracy of data entry. Implementing au-
tomated verification mechanisms will enhance the quality of cadastral data, which is crucial
for urban planning and land resource management.

Keywords: geospatial databases, anomalies, State Land Cadastre, automated verifica-
tion, spatial analysis, error detection algorithms.

Mopo3 Bopuc IBaHOBHY — JIOKTOp TEXHIYHHX HayK, Ipodecop Kadeapu mporpaMHOTO 3a-
Oe3reyeHHs KOMII'IOTepHUX cucteM HarioHanpbHHMH TEeXHIYHMH yHIBepCcHTET «JIHIlTpOBChKa
MOJIITEXHIKaY.

Mumanbkuii Onexkcanap OJiekcaHapoBHY — acmipaHT kKadenpu kadeapu MPOrpaMHOTO
3a0e3neyeHHs] KOMIT I0TepHUX cucTeM HarioHanbHUN TeXHIYHUN yHIBepCUTET «/[HImpoBchbka
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C.K. Opnos, T.B. Hakoneuna
3ABJIAHHS 3ABE3INEYEHHS MATEPIAJIOIIOIAUI
JJISI IHHOBALIMHOI'O IUWJITHAPUYHOI'O IPUHTEPA TUITY FUGO

Anomayisn. AxkmyanvHicmb 00CHIONCEHHS 3YMOBIEHA HEeOOXIOHICMI0 NIOBUWEHHS MOYHOCMI
ma epexmusnocmi pobomu iHHOBAYIIHO20 YULIHOpUYHO20 3D npunmepa moodeni Fugo, Oe
KIIOY0B8UM € KOHMPOIb nodayi mamepiany 6 obepmosutl Opam. Illocmanosxka npobiemu nois-
2ae y po3podyi ancopummy pos3paxyHKy ob’emy mamepiany, sKuti HeobXioHo nooasamu OJisl
hopMyBanHs KOJHCHO2O Wapy MOO0eli 3 YPaxy8aHHAM 2e0OMEempUYHUX 0cooOausocmel opama.
Memoio pobomu € cmeopenHs MmamemMamudroi Mooei 0l MOYHO20 8USHAUEHHs 00 emy Ma-
mepiany, wo 003601umbs 3a0e3neuumu PiBHOMIPHY MOBWUHY wapie nio yac opyky. Bukopu-
CMAHO Memoou YUCeNbHO20 [HMe2PY8anHs (Memoo mpaneyiii) 01 pO3PAXYHKY 00’ emie min
obepmanns, wo onucyroms opmy opama. Pezyiemamu 0ocniodxcenHs niomeepoicyroms
ehekmuenicms 3aNPONOHOBAHO20 ANICOPUMMY, WO 00380JIA€ MOUYHO KOHMPOTIO8AMU NOOAYY
mamepiany ma 3a6e3neyye UCOKY AKICMb OPYK).

Knrwouosi cnosa: yuninopuunuii 3D npunmep, nodava mamepiany, mMamemamuyHa mooeb,

mina obepmaHHs, YuceivbHe iHme2py8ants, Memoo mpaneyiil, IH#CeHepHe KpeCleHHs, eUucoma
wapy.

IMocTanoBka npodaeMu. AITUTUBHI TEXHOJIOTI] a00 TEXHOJOTIi MOIIAPOBOTO CHHTE3Y,
3D-apyk - cbOroJHI OAMH 13 HAHOUIBII TUHAMIYHUX HANpSMiB “HUGPOBOTr0” BUPOOHUIITBA.
Taxi TeXHOJIOT1T JO3BOJSAIOTh 3HAYHO MPUCKOPUTH BUPIIIEHHS 3ajay MiJrOTOBKA BUPOOHHII-
TBA Ta BUTOTOBJIEHHS MpOoAyKLii. 3D-1pyk 31aTHUI 311HCHUTH PEBOIIOLII0 B OaraTbox cge-
pax XKUTTA. 3a AMHAMIKOIO PO3BUTKY PUHOK aUTUBHUX TEXHOJIOTIH BHUIIEpE/DKAE 1HII Tamy3i
BUPOOHHUIITBA.

OpHi€0 3 BaXJIMBHX 3a/1a4, sIka BUHHMKA€ NpU MOOYI0BI MPOrpaMHOro 3a0e3neyeHHs
JUls  iHHOBamliHoro ItiHApuyHoro 3D mpuntepa Fugo [1], € cBoewacHa mnopgaya
martepiany [2] B HWIHAPUYHUNA ApaM, SIKUH 00epTaeThCs 3 MPHUONMU3HOK MIBUAKICTIO B 25
00eprtiB B cekyHay [2]. IIpouec momavi MaTepiany MOBHICTIO KOHTPOJIIOE TOBIIUHY KOKHOTO
mapy, sSkuit 0y/Jie HaApyKOBaHUH PyXOMOIO T'OJIIBKOIO 3 JIa3epHUMHU YCTAaHOBKAMHU.

AHaJi3 ocTaHHIX J0CTiIKeHb | myOaikanii. Skio ropoputu npo 3acrocyBanHs 3D
JPYyKy, BapTO BPaxoBYBaTH HE TUIbKU ICHYIOY1 MOXJIMBOCTI, a i MEPCHEKTUBH. YKe ChOI'0OJIHI
3acTtocyBaHHA TexHoJorii 3D npyky Haa3BUYaliHO HIMPOKO 1 HE MPUITMHSE PO3LIMPIOBATHUCS.
be3ymoBHO, B MaitlOyTHbOMY HAac O4iKye MaciiTaOHEe MOIIMPEHHS aJAUTUBHUX METOIUK, aje
NpaKkTUYHE 3aCTOCyBaHHA 3D ApyKy NOCTYIHO KOKHOMY BXK€E ChOTOJIHI.

© Opmnos C.K., Hakoneuna T.B., 2025
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AHaui3 MOXXIIMBOCTEH Ta MEPCHEKTHB 3acToCyBaHHS 3D-IpyKy B pi3HHX Taiy3six Mmpo-
MOHY€EThCS B HU3LI cTtaredl "3acrocyBanHs 3D apyky: Ha mo 3gareH 3D npyk" xommasii
«pro3d.com.ua». ABTOpH pO3IIIAJAIOTh MPAKTUYHI ACMEKTH BIPOBAKEHHS TexHoJjorii 3D-
APYKY, BKIIOYAI0OUU IPOTOTHITYBaHHS, JpiOHOCEpiiHE BUPOOHUILITBO, PEMOHT Ta BiTHOBIICHHS
JeTanei, a TAKO)K BUTOTOBJICHHS TOOYTOBUX MPEIMETIB Ta irpallok.

Anppomryk I'. O. B cBoilt po6oTi [3] aHani3ye eKOHOMIUHI Ta MPAaBOBI acIEeKTH BIIPOBa-
JDKEHHS aJUTHBHUX TEXHOJIOTIH, 30kpemMa 3D-npyKy. ABTOp po3riisaae MOTEHIIIHHI mpobie-
MU, TIOB'Si3aHi 3 MOPYIICHHSM IIpaB IHTEJIEKTYaJbHOI BIACHOCTI MpH MepcoHantbHOMY 3D-
ApPYyKy, Ta HA/Ia€ CTATUCTUYHI JaHi MI0A0 MOXJIMBUX EKOHOMIYHUX HACHIJKIB y i chepi.

i mKxepena JOMOMOXKYTh MIHOIIE 3pO3YMITH Ta BUPIIIUTH PI3HOMAHITHI POOJIEMH, 110
BUHUKAIOTH PU BUKOPUCTAHHI TEXHOJIOT1H 3D-1pyKy.

Meta pociaigxennsi. [Ipu 3amikaHHi KOXKHOTO HAaCTYIHOTO IIapy MOJeENeHd creriaib-

HUH MOPIIHEBUN HACOC MOAA€ 3a3/1ajeriap BU3HAYCHUN 00’eM MaTepiany (B MMB) B LIWIIHI-
pUYHMI JpaM, 301IBIIYIOUH PiBEHb MaTepiany HaJl MonepeaHiM 3amedeHuM I — 1 mapom Ha

BucOoTy h; Ut popMyBaHHS HACTYIHOTO I-r0 Miapy (puc. 1)

- e - -l - —— -

Pucynok 1 - Imroctpanis B po3pi3i nogaui maTepiaiay B HWIHAPUYHUN JApaM, sIKUN
00epTaeThCs, 301IbIIYI0YH PiBEHh MaTepialy Ha BUCOTY HACTYITHOTO miapy h st fioro

noaaJIbIaoro 3aImiKaHHs

Jlns 3aranbHOCTI He OyzneMo OOMEXyBaTH JAPYK MPUHTEpa CTaJIOI0 BUCOTOIO (TOBIIU-
HO0) mapiB. ToOTO BiJ KOpUCTyBaua HajaHa Taka MOCHIJOBHICTh TOBILMH JUIS BCIX ILIapiB

L;,1€E [0, n] h; € [hl, hz], ne hy, hy 3amani KOHCTAHTH, 3aIeXHI BiI Marepiaiy.
3agaya mporpaMHOro 3a0e3NevyeHHs] — HaJlaTh NPUHTEPY MOCIiTOBHICTh Yucen V;, sKi
HaJIeKaTh « K00 (daitny [1] mis apyky, ne v; — 00’eM mMarepiany, sKuii He0OXiTHO T0IaTH B

JpaM 3a JOMOMOI0I0 Hacocy Ui KOKHOTO Iapy, BBa)KalO4H, 110 KOMIIOHEHTH Hacoca 3/1aTH1
JI0JTaBaTH MaTepiall 3aJJaHOT0 00’ €My B 3aJIOBIIbHIM TOYHOCTI.

BukiageHHs1 OCHOBHOTO Marepiajy Aocjil:keHHs. [lami 18 HaCTYIHHUX PO3TyMiB
OyaeMo BBaXKaTH, 110 UMWIIHAPUYHUNA JpaM BUKOHAHUN MO MPHUHIMITY 11€aJbHOTO IMJIIHIPA,
TOOTO KpHIIIKa Ta THO Jpama € 1IealTbHO PiBHI MOBEPXHI MEPIEHANKYIISIPHI 10 0Ci 00epTaHHSI.
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B peanbHOCTI MpOTOTUI MPHHTEpA HE € TaKUM, IO POOHTH 3ajady OUIBII CKJIAIHON0, aye
MIPUHIINIT 3aJTUIIAETHCS TAKUM CAMHM.

st po3paxyHKy 00’eMy Marepiaily, sSIKHid HEOOXiJHO JOAATH B iI€albHUUN IMIIIHID,
Tpeba 3HaTH 00’ €M IMITIHApA 3BY)KEHOTO JI0 JIiHiT piBHSA @ Marepiany (puc. 1) Ta BiIHATH BiJ
HBHOTO 00’ €M HUIHIPA 3BYKEHOTO 10 OaskaHoi JiHii Marepiany b. Taka pisuuus i Oyje nry-
KaHUM 00’eMOM, 110 Tpeda AoJaTH A0 MUIIHAPY, 00 OTpUMATH PiBEHb MaTepially 3armoBHE-
Huit 10 b (puc. 1). Tak sx koxkHOMY miapy L; Biamosinae paaiyc 3pi3y (cmaiicy) R; Ha skoMy
BiH 3pOOJICHHWH, MOXHA 3 JIETKICTIO OOYHMCIMTH TaKy PI3HUIIO 00 €MiB, 3HAIOUH (HOPMYITY
00’ eMy HUTIHApA:

V; =mh(RL, — R}) (1)

SIKI10 MOTJISIHYTH Ha 1HXEHEepHEe KpeclIeHHS MPOTOTUIY Jpama B po3pisi, Ol 1HA MoO-
JKHA TOOAQYUTH JIeKIJIbKA KPUBUX 1 MPSAMUX JIiHIH, 110 poOIATH 00YUCIIEHHS 00’ €My 3BYKEHUX
JI0 JIiHIN piBHA OUIBII ckIagHUMHU. [[71s1 Takoi 3aa4l Oynu BUKOpPHUCTaHi POpMYIH At 00uuc-
neHHs 00’eMiB Tl oO6epTaHHs, siKi OylM MPUCTOCOBAHI 0 KYCKOBO-HEMEPEepBHUX (DYHKIIIH,
10 MPEACTABIUTH MPOodiIb Apama.

PosrisiHeMo kpecineHHs mpuHTepa, IepeiaHi BiJl KOMaHIH 1HXEeHEpiB (puc. 2):

2 45
l\)“"
A y [} qT
A A
)
o |2 s B
= (¢ |8 S 8
>
Y Y
A 3 A
D ~ |
B 544 e N |
B . e
! - 160.99 AN _J‘g
L 471 A=
1.64 || _
6.35 _| _
o (@]

PucyHok 2 - [HxeHepHe KpecaeHHs Ipamy

SIK BUIHO 3 KpECIEeHHs, paM MICTUTh JiBa NPSAMUX BIAPI3KU 1 OYry NEBHOIO pajiyca,
mo 3’enHye Biapi3ku. lle kpecneHHss Moxe OyTH omucaHe 3a JOINOMOIOI0 KYCKOBO-
HenepepBHOi (yHkIii. Taki ¢pyHKuUii Oynu 3a7aHi Ta Bi3yani3oBaHl B €JIEKTPOHHOMY pecypci
Desmos (puc. 3):
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250
+ P & « /
D (,:3,\--‘,761.@3.1:3._\‘) /1 (49.27,203.2)

Ly feo!
(43.14, 198.49) / |(49.2736, 196.8464)
B y= \/(r? - (\‘7 r,.\‘)?) +cy

e 150
19.2736017598

c.y /
196.846397417

s= V(2= (r-e2)?) +ex i /

5 .43.14 &

_ y—3T.
¥~ "160.99

y=V/(6.35%6.35 — (x — 49.2736017598)

Pucynok 3 - Ananituuni GyHKIii GopMu MITIHAPHYHOTO Apama

Takum YnHOM OTpUMaHi aHANITHYHI BUpa3W (YHKIINA Ta iX 00JacTh BHU3HAYCHHS, IO
CTBOPIOE HETMIEPEPBHY I'€OMETPUYHY (HOpMY LMITIHIPA B PO3Pi3i.

Hwxue HaBeneHi aHAITHYHI (POPMYITH JJIs1 KOKHOI 3 YAaCTHH JIpama:

JlHO npama (BiApi30K MpsiMoi):

160.99 @)
y=——x+37.55  x€[0,43.14)
7 43.14

[Tepexin Bif CTIHKH 10 THA (Iyra KoJa)

y =% - (x—49.27)2)+ 196.84,  x € [43.14,49.27), )
ne 1 = 6.35
Crinka npama (Bipi3oK MpsMoi)
v =203.2, x € [49.27,311.1] 4)

Po36uBmM Taky (yHKIII0 Ha 3 BIAMOBIIHI YaCTUHU PO3IJIsTHEMO (HOPMYNH ISl Mipa-
XYHKY 00’€MiB T1J1 00€pTaHHS:

b
V=rrff[x}2dx (5)

[TincTaBnsroun BignoBiAHI QYHKINT 3 BiAMOBIAHUMH TPAHUISIMU IHTETPYBaHHS — OTpPHU-
MaeMo 3 00’eMHU sKi 1 OyIyTh B CyMi IIPE/ICTABIATH BeCh 00’ €M Jpama.

3anaua — 3HaiiTH 06’ €M Martepiany, TOOTO 00’ €M reoMeTpUdHO1 (Irypu BiATATOI JiHIEIO
piBHS MaTepiaiy Bij 3araJlbHOT0 00’ €My Ipama.

% ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonoriiy 2 (157) 2025 «System technologiesy

Tenep po3risiHEMO JIiHIFO PIBHS Marepially - Taka JIiHisS 3aBXIW MapajieibHa CTIHII
Jpama i OIHUM KiHIIeM TOPKA€eTbCs AyTH abo Bizpi3Ka JHA B 3aJICXKHOCTI BiJl piBHA y (puC. 4).

(49.27,203.2)

1,/198.49) (49.2736, 196.8464)
L]

Pucynox 4- Bizyamnizanis piBHs MaTepiaiy B IHIIHAPUIHOMY JIpami

[epmmm KpoKOM alNroOpuTMy € BH3HAUCHHS MEPETUHY JIiHIl PiBHS 3 KPUBOIO ab0 Tps-
MOI0, IO € YacTHHAaMH (QyHKI1. Jlam s [aHoi KpuBOi BU3HAYAIOTHCS 00epHEeH] (PYHKIIT 115
PO3paxyHKy X — FpaHHMIli IHTErpyBaHHs 3HU3Y. BepXHs rpaHuIls iHTErpyBaHHS 3aBXKIU Oyne
BIJINOBIAATH MpaBiil TOYIll IHTepBaly BU3HAYCHHS JaHOT QyHKii. [ai ;s KoKHOT YaCTHHH —
HIYKaHUN 00’ €M 1ie pi3HuIld 00’ eMy Tijla o0epTaHHs 1i€l YyacTUHH (YHKIIIT Ta Tiia 00epTaHHsS
BiJ[pi3Ka piBHS MapanenbHoro oci Jx — 100To HMITIHAPA 3 BIAMOBIAHUM PalyCOM.

Jnsa npukiany, HUK4e 300pakeHa 3adapOoBaHa yacTuHa 00’€My, IO BPaXOBYETHCH,
KOJIU JIiHis PIBHS NEPETHHAE YTy Kona (puc. 5).

(49.2736, 196.8464)

/
/
/

Pucynoxk 5 - Bizyanizaiist 06’ eMy 17151 po3paxyHKy 3a JOMOMOTOr0 (GOpMyII IJis TiT 00epTaHHs

[Ticna orpuMaHHs pe3yabTyr04oro 06’ emy Tpeda po3paxyBaTH 00’€M 3 IIYKAHOIO JIiHI-
€10 PIBHS 1 BiI HBOTO BITHATH 00’ €M MONEPETHHOIO PO3PAXYHKY.

Tenep po3riastHeMO (GOPMYNIM YHMCEIBHOTO IHTETpyBaHHA, IO OyId BUKOPUCTAHI JUIs
po3paxyHkiB. Iy iHTErpyBaHHs JIiHIHHOI (yHKIII MOXXHa BUKOPHCTOBYBAaTH OYyIb-sIKUH 3
BIZJOMUX METOJIB YHCEIBHOTO IHTErpYBaHHsI, HANPHUKIIAJ, IPABUX MPSIMOKYTHUKIB [4,5]. Ane
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It QYHKIIIT, 110 BIJIOBiIA€ qy31 KOJa, Kpalie CKOPUCTATHCS OUTHIIT TOYHUM METOoAoM. B 1iit
3aJa4i BeTMYMHA NOXHOKKM 0OMEeXeHa TOUHICTIO Hacoca, SIKHH MoJae MaTepial — HacOC MOXKe
nojaBaTi Matepiai 3 TogHicTio 70 0.01 M1, TOX U1 YMCeNbHOTO IHTerpyBaHHA OyB 0OpaHMii
MeToA Tparnenii 3 kpokom 0.01:

b n—1
ff[x)dx ¥ Z ) +2f[xf+l) (Xip1 — %) (6)
I i=0

TectyBaHHS aNTOPUTMY IMiIPaXyHKY MPOXOIUIO HA pEAbHHUX JTaHUX, JIe JIiHIS MaTepi-
ary 3MilllyBaiach Ha CTaJMi KPOK, IKMi JOPiBHIOE BHCOTI KoxHoro mmapy h = 0.05. Hwkue
HaBeJICH1 Pe3yNbTaTH PO3PAXYHKIB Al popMaTy JKOOU 31 CTa COpoKa I’ATH IIapiB, Jie mep-
1€ YHCJIO0 — 1€ 1HJCKC mapy, APyre — TOBIIMHA IIapy B MM, TPETE — KUIBKICTh Marepiainy B

MIJI:

00.05 16.8425 290.05 16.7861 58 0.05 16.6982 87 0.05 16.6001 116 0.05 16.5017
10.0516.8413 300.05 16.7836 59 0.05 16.6948 88 0.05 16.5967 117 0.05 16.4983
20.0516.84 310.05 16.7809 60 0.05 16.6914 89 0.05 16.5933 118 0.05 16.4949
30.05 16.8387 320.0516.7783 610.05 16.688 90 0.05 16.59 119 0.05 16.4915
40.05 16.8373 330.05 16.7756 62 0.05 16.6847 91 0.05 16.5866 120 0.05 16.4881
50.05 16.8359 340.0516.7729 63 0.05 16.6813 92 0.05 16.5832 121 0.05 16.4847
60.05 16.8343 350.0516.7701 64 0.05 16.6779 93 0.05 16.5798 122 0.05 16.4813
70.05 16.8328 36 0.05 16.7673 650.05 16.6745 94 0.05 16.5764 123 0.05 16.4779
80.05 16.8311 370.05 16.7645 66 0.05 16.6712 950.05 16.573 124 0.05 16.4745
9 0.05 16.8295 380.05 16.7616 67 0.05 16.6678 96 0.05 16.5696 1250.05 16.4711
100.05 16.8277 390.05 16.7587 68 0.05 16.6644 97 0.05 16.5662 126 0.05 16.4677
11 0.05 16.8259 400.05 16.7558 69 0.05 16.661 98 0.05 16.5628 127 0.05 16.4643
12 0.05 16.8241 410.0516.7528 700.05 16.6576 99 0.05 16.5594 128 0.05 16.4609
13 0.05 16.8222 420.05 16.7498 710.05 16.6543 100 0.05 16.5561 129 0.05 16.4575
14 0.05 16.8203 430.05 16.7468 72 0.05 16.6509 101 0.05 16.5527 130 0.05 16.4541
150.05 16.8183 44 0.05 16.7438 730.05 16.6475 102 0.05 16.5493 131 0.05 16.4507
16 0.05 16.8163 450.05 16.7407 74 0.05 16.6441 103 0.05 16.5459 132 0.05 16.4473
17 0.05 16.8142 46 0.05 16.7376 750.05 16.6407 104 0.05 16.5425 133 0.05 16.4439
18 0.05 16.8121 470.05 16.7344 76 0.05 16.6374 105 0.05 16.5391 134 0.05 16.4405
19 0.05 16.8099 480.0516.7313 770.05 16.634 106 0.05 16.5357 1350.05 16.437
200.05 16.8077 490.05 16.7281 78 0.05 16.6306 107 0.05 16.5323 136 0.05 16.4336
210.05 16.8055 50 0.05 16.7249 79 0.05 16.6272 108 0.05 16.5289 137 0.05 16.4302
220.05 16.8032 510.05 16.7216 80 0.05 16.6238 109 0.05 16.5255 138 0.05 16.4268
230.05 16.8009 520.0516.7183 810.05 16.6204 110 0.05 16.5221 139 0.05 16.4234

240.05 16.7985 530.0516.715 820.0516.6171 111 0.05 16.5187 140 0.05 16.42
250.05 16.7961 54 0.0516.7117 830.05 16.6137 112 0.05 16.5153 141 0.05 16.4166
26 0.05 16.7937 550.05 16.7083 84 0.05 16.6103 113 0.05 16.5119 142 0.05 16.4132
270.05 16.7912 56 0.05 16.7049 85 0.05 16.6069 114 0.05 16.5085 143 0.05 16.4098
280.05 16.7887 570.05 16.7015 86 0.05 16.6035 1150.05 16.5051 144 0.05 16.4064

IlepeBipka KOPEKTHOCTI PO3paxyHKIB MPOXOIMIIAa HA PEATbHOMY JAPYKY, a TOBLIMHY IIa-
piB Ha Mozeni nepeBipsu mia MikpockornoMm. Hikde HaBeneHi GpoTo mozaeneit 3 Mikpockomna

(puc 6):
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Pucynok 6 - @oto Mozeni 3 MiKpockona, mo0yJJ0BaHO1

3 3aCTOCYBAHHAM HABCACHUX aJIFopI/ITMiB

BucHoOBKH. Y CTaTTi pO3IJISIHYTO 337auyy Mojadi Martepiany aias uuiaiHapuyHoro 3D
npunTepa Fugo, 1mo € kiaro4oBuM Ui 3a0e3MeUeHHs] TOYHOCTI ApYKY. 3alpOIOHOBAHO ajro-
PUTM PO3paxyHKy 00’eMy Matepiaiy, skl 6a3yeTbcs Ha Gopmynax 00’€MiB TiJ1 0OepTaHHS
JUIs KyCKOBO-HEMNEepepBHOi (yHKII, 110 ONUCYIOTh GopMy Ipama. Bukopucrano meron Tpa-
Helii JUIsi YUCeNbHOIO IHTerpyBaHHsl, 10 3a0e3neuye TOYHICTb, BIANOBIIHY TEXHIYHUM BU-
MoraMm Hacoca.

AJNTOpUTM MPOTECTOBAHO HA PEaTbHUX JIAHHUX, PE3yJIbTaTH MiATBEPIMIN HOro KOPEKT-
HicTb. [lepeBipka TOBIIMHHU MIAPiB MiJ MIKPOCKOIOM TOKa3ajia BUCOKY TOYHICTh PO3PAaXyHKIB.
Po3pobnenwii miaxin 103Bofisie €peKTUBHO KOHTPOIIOBATH M01ady MaTepiaiy, o 3ade3neuye
AKICTB APYKY. Y MOAAIBIIOMY IUIAHYETHCS BIOCKOHAIUTH AJITOPUTM JJIS CKIIAJHIIINX TeoMe-
TpUIHUX (POPM Ta pi3HUX MaTepiajiB.
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The task of ensuring material feeding
for an innovative cylindrical printer of the Fugo type

Analysis of Recent Research and Publications. Additive manufacturing, or 3D printing,
is one of the most dynamic fields in digital production, revolutionizing prototyping, small-
scale manufacturing, and even household item production. The Fugo printer, with its unique
cylindrical design, presents specific challenges in material feeding due to its rotating drum
mechanism. Recent studies, such as those by "pro3d.com.ua,” highlight the practical applica-
tions of 3D printing, while Androshchuk H.O. explores the economic and legal implications of
additive technologies. These works underscore the importance of addressing material feeding
challenges to optimize 3D printing processes.

Research Objective. The primary goal of this study is to develop a mathematical model
for calculating the material volume required for each layer of a 3D-printed object, ensuring
consistent layer thickness. This involves accounting for the drum's geometric complexity and
the material's behavior during feeding. The proposed solution aims to improve the Fugo
printer's performance by providing an algorithm that integrates numerical methods to achieve
high precision in material volume calculations.

Presentation of the Main Research Material. The study focuses on the cylindrical drum
of the Fugo printer, modeled as an ideal cylinder with specific geometric features. The algo-
rithm calculates the material volume by determining the difference between the volumes of the
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drum truncated at two material level lines. The drum's shape, described by piecewise contin-
uous functions, includes straight segments and an arc, which were analyzed using the Desmos
visualization tool. The trapezoidal method was chosen for numerical integration due to its
balance of accuracy and computational efficiency, ensuring results within the pump's tech-
nical tolerances.

The algorithm was tested on real-world data, with the material feeding process simulat-
ed for 145 layers. The results demonstrated consistent and accurate material volume calcula-
tions, validated by microscopic examination of the printed layers. The proposed approach
effectively controls material feeding, ensuring uniform layer thickness and high print quality.

Conclusions. This study addresses the critical challenge of material feeding in the Fugo
cylindrical 3D printer by proposing a robust mathematical model and algorithm. The use of
numerical integration, particularly the trapezoidal method, ensures accurate volume calcula-
tions, validated through practical testing. The results confirm the algorithm's effectiveness in
controlling material feeding, which is essential for achieving high-quality 3D prints. Future
work will focus on adapting the algorithm for more complex geometries and diverse materi-
als, further enhancing the Fugo printer's capabilities.
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€.B. Pykcos, b.I. Mopo3s
AHAJII3 METO/IB NIJIBULIIEHHS PIBHSI ABTOMATH3AILI
POBOYOI'O MICHA KOHCTPYKTOPA AEPOJAUHAMIYHUX BUPOBIB

Anomauyis. Iliosuwenns pieus asmomamuzayii BUPOOHUYUX NPOYECIE 3A8AHCOU NPUZBOOUTO 00
3HAYHO20 NPUPOCMY epeKmuUsHOCmi 6UPOOHUYMEA, WO 6 CBOI0 Uep2y BUKIUKANLO CIMPIMKUL
eKoHoMIuHUll po3sumok cycninecmea. Cehepa eupobHuymea aepoOuHamiyHux 8upoois eoice
3a3Hana asmomamusayii Ha pisHUX emanax, npome Gaza KOHCMPYIOBAHHI AePOOUHAMIYHOT
dopmu 6upoby 6ce we nompebdye yacosux sUMpam 8y3vKocneyianizosano2o gaxisys. Aepo-
OuHamixa € cgheporo 8enUKUX CKIAOHUX MAMEMAMULHUX 0OUUCTEHb, A MOOENI08AHHS BUPODI6
i3 HEOOXIOHUMU XAPAKMEPUCMUKAMU 8Ce We 3ATUUAEMbCA 30eDLIbUO020 PYUHUM NPOYECOM.
13 po36UmMKOM MAWUHHO20 HABYAHHA Yi CKIAOHI NPOYeCU MOoXCymv Oymu 6 3Ha4Hitl Mipi as-
momamu3zo8aui. B yiti cmammi nposedero nopieHaIbHULL AHALI3 PI3HUX HANPAYI8AHb 6 cghepi
agmomamu3ayii KOHCMPYIOBAHHA AePOOUHAMIYHUX 8UP0OI6. Bnposadwcenns maxkux mexmono-
eiu sax PINNS ma keanmosux obuucnensv na pisnux emanax KOHCmMpYO8AHH AepOOUHAMIUHUX
8Up006I8 3a pe3yTbmamamuy NOPIBHAILHO2O AHANI3Y OVI0 BU3HAYEHO AK HAUOLIbUL NepCneKmu-
BHULL HANPAMOK 0J151 NOOAILULUX OOCTIONCEHD.

Knrouoei cnosa: asmomamuzosane poboue micye, KOHCMPYIOBAHHS AePOOUHAMIYHUX 8UPODI8,
netponuni  mepedici, PINNS, xeammosi ob6uucnenns, pisuanna Hag’e-Cmoxca, 3D-

mooenroeanns, CFD.

ITocTanoBka npodjemu. ABTomatruzoBane podoue miciie (APM) — e iHauBiTyanpHu
KOMIIJIEKC TEXHIYHUX 1 IPOTrpaMHUX 3ac00iB, 110 MPU3HAYSHUN I aBTOMAaTu3allii mpodecii-
Hoi mpari ¢axiBug 1 3a6e3neuye MiAroTOBKY, peAaryBaHHs, NOLIYK 1 BUJauy Ha eKpaH 1 JIpyK
HEOOXITHUX HOMY TIOKYMEHTIB 1 JaHuX. APM 103BOJISAIOTH MiABUIIUTH €(EKTUBHICTh poOOTH
(To6TO 06’€M BUKOHAHOT pOOOTH 32 OJMHUIIIO Yacy) NpariBHUKa. [IiBUIIEHHs e()eKTUBHOCTI
po6OTH, B 3araJlbHOMYy 3Ha4€HHI, € OJJHUM 3 KIFOYOBUX (PaKTOPiB €KOHOMIYHOI'O MPOrpecy B
JIOBIOCTPOKOBIH nepcnekTuBi. ToMy MiBUIIIEHHS piBHS aBTOMAaTH3allli pi3HUX MPOLECIB, SIKI
HEOOX1JHO BUKOHATH TMpAalliBHUKY B paMKaxX HOro poOOTH, MO>KE€ MaTH MO3UTHUBHUN BILJIMB Ha
OupII MacITaOHI €KOHOMIYHI ()akTOpu BHUPOOHHMITBA. 3 1IHOTO BUILJIMBAE BHCOKUH PiBEHb
aKTYyaJbHOCTI JaHOT TEMaTHKH JUI 6araTbox chep BUPOOHUYOI AisITBHOCTI.

Ccdepa KOHCTpYIOBaHHS BUPOOIB 3 IEBHUMH a€POJAMHAMIYHUMH XapaKTEPUCTUKAMU Ma€e
Oarato HampsMKiB, SIKi 3a0€3MeUyl0Th BUPOOHHUITBO IIMPOKOro KoJia TOBapiB. ABTOMOOLNI,
mitaku, BIUJIA — Hait6inpI MOMyNApHi HANPSMKH, sIKI MOTPeOyIOTh CKJIa/IHI Ta ObaraTopiBHEB1
PO3paxyHKH JUIsl CTBOPEHHSI BUPOOIB 3 TAKMMHU aepOUHAMIYHUMH XapaKTEPUCTHUKAMH, SIKi €
MPUHHITHUMH JUIS BIATIOBIAHKUX 3a7a4 Ta Iiieid. B aepoauHamiii roJIOBHUM MaTeMaTHYHUM
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anapatom € piBHsAHHSA Ha’e-Ctokca, 1e nudepeHiiiiie piBHSHHS B YaCTHHHHUX ITOX1THUX
(JIPYII), xpim TOTO, 11€ PIBHSHHS € OJHUM 13 HEBUPIIMICHUX «3a7a4 TUCTIOMITT». Lle mokazye
Ha CKIJTBKU CKJIQIHOIO 3 PO3PAXYHKOBOI TOUKH 30pY € 1151 cepa BUPOOHHUIITBA.

Meta pocaigkennsi. [IpoananizyBatu iCHyIOYi HampalioBaHHS B 3a3HaveHid cdepi Ta
BU3HAYUTH TEPCIEKTUBHI HANpPSAMKH JOCIIIKEHb JUIS TIJBUIICHHS PIBHS aBTOMAaTH3aIlil
APM KoHCTpyKTOpa aepoanHamiuHux BUpoOiB (gami KAB).

MeTtonoJorist focaimkenHs. Texniuni 3acodu, SKi BUKOPUCTOBYIOThCS ISl OpraHizamii
APM, pasom ckianatots iHpopmariiiny cucremy (IC). Taka indopmariiina cucrema mae psij
XapaKTEPUCTHK, SIKI poOIIATH i MPUAATHOO 7S aBTOMATH3allii KOHCTPYIOBaHHS aepoIMHaMi-
yHUX BUPOOiB. Cepes IUX XapaKTepUCTUK MOKHA BUJIIJIUTH TaKi:

1. TouHicTh — cucTEMa MOBHHHA BUKOHYBATH TOYHI PO3PaXyHKH.

2. IIBumkomis — 0OYUCIICHHS TOBUHHI OyTH JOCTATHHO MIBUIKHUMHU.

3. HaouHicTe pe3ynbTaTy — pe3ynbTaT OOYMCIICHb MOBHHEH MAaTH TaKU BUIIISI, 1100
IH)KEHEep MIT MpUUMaTH PIilIeHHs 010 TOJAIBIINX KOHCTPYKTHBHUX 3MiH BUPOOY.

4. TloBHOTa aBTOMATH3AIlil — O3HAYa€ PIBEHb 3alydeHHsS 1HPOPMAIIHHOT CHCTEMHU JI0
IPOIIECiB KOHCTPYIOBAHHS (MIPOTHIICKHICTB JI0 ITIOJICBKOTO (PaKTOpy»).

B 3anexxHOoCTI Bii TUITY BUpOOHUIITBA TEXHIYHI 3ac00M B iH(dopMariiHiii cuctemi APM
BIZIPI3HSIOTHCA. J{JIs1 KOHCTPYIOBaHHS aepOJUHAMIYHUX BHPOOiB HEOOXITHI Taki TEXHIYHI 3a-
co0w, sIKi 3a0€e3MeUyI0Th BUCOKI MMOKA3HUKM HaBEIEHUX BHIIE XapaKTEPUCTUK iH(popMamiiHol
CHCTEMH.

MeTtoi0510TisI ILOTO JTOCIIPKEHHSI MOJISITae B MOPIBHSAHHI ICHYIOUMX HampaloBaHb B
naHii cdepi mo 3amanum xapakrepuctukam IC. Tomy Oinbina yactuHa crarti Oyae MpUCBS-
YeHa JICTATbHOMY aHali3y ICHYFOUMX JIOCHIIPKeHb Ta MyOJIiKaIlii.

Onuc cranpaptaoro APM KAB. Posrnsnyre B wiif ctarti APM B crangapTHOMY Ba-
plaHTi CKIIAJAEThCSA 3 JCKITBKOX eneMeHTiB. 3aranom taka IC, sk 1 Oynb-sika moaioHa iHdop-
MalliifHa CHCTeMa, Ma€ JIBl OCHOBHI CKJIaJIOB1: TporpaMHa Ta amnaparHa. J{o amapaTtHoi ckiano-
BOT BIJHOCSATBCS TaKl €JI€MEHTH:

1. 3Buuaiinuii 11K, noryxHocTi sikoro O0yzae 1OCTaTHBO i 3a0e3neueHHs: podboTu Oa-
3o0Boro I13. B cranpaptHiii koHdirypauii APM KoHCTpyKTOpa aepoJuHaMiuHUX BUPOOIB He-
00X17H1 Taki MporpaMHi 3aco0H, K1 103BOIATh MoAentoBatu 3D-00’ekTH.

2. 3D-npunTep, kUi 3abe3neunTh HATypHE TECTYBAaHHsS 3MEHIIEHOI Mojeni MailyT-
HBOTO BUPOOY.

3. Mana aepoauHaMiyHa TpyOa TO3BOJUTH 1HXKEHEPY OJpa3y MpOBECTH (i3UuHE BHU-
npoOyBaHHS HaIPYKOBAHOT'O BUPOOY.

3D-npunTep Ta aepoanMHaMiuHa TpyOa — 1€ anapaTHi 3aco0u, sKi 3a0e3MeuyroTh IIBU/I-
K€ TeCTyBaHHS pe3yJbTaTiB a0CTPAKTHUX Ta BIPTyaJlbHUX PO3PaxyHKIB, sKi 3poOJeHi 3a Jo-
MIOMOTOI0 MPOrpaMHKX 3aco0iB. Taka 3B’sI3Ka amapaTHUX 3aco0iB BIJKPHUBA€E IUISIXU 0 MPH-
MIBUJIIIEHHS TIPOILIECY KOHCTPYIOBaHHS aepOAMHAMIYHUX BUPOOIB, a TAKOX /10 3HAYHOI €KO-
HOMIi Ha MOJLOBUX TECTaX, aJKe 3MEHIIYEThCS KUIBKICTh MOBHOMACIITAOHUX BHUIIPOOYBaHb
BUPOOY, 110 3MEHIIIy€ BUTPATH HA TOBTOPHI 300PKH MTPOTOTHUIIIB.

Jlo mporpamMHuX 3ac001B BIJHOCSATBCS MPOTPaMH JJIsi CTBOPEHHS Ta peAaryBaHHsS TpHU-
BuMipHuX mozenei. Take I13 moBuHHO OyTH 3a0€3MeUeHEe MOXKIMBOCTSIMHE MIITPUMKHU Pi3HUX
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¢dopmaris npencrasnenas 3D-moneneit. [lopiBHsHHEA (hopMaTiB npencTaBiIeHHs OyIH OMHCaH1
B crarTi [1]. 3a3Ha4aeThes, MO0 B CydacHIN MPaKTHUI[l HAHOUIBII ONMTUMAIBLHUM € TPEIICTaB-
nenns y popmarie USD, sike BioOpakae MacuB ejeMeHTIB Mesh, 3a3Buuail iumu eeMeHTa-
MU BUCTYNAIOTh TPUKYTHUKHU. BIJIBIIICTh Cy4acHUX MpOTrpaM Uil TPUBUMIPHOTO MOJICIIIOBAH-
Hs (Taki sk Autodesk Maya, Autodesk 3ds Max, Blender, Cinema 4D) migTpuMyroTbcs e
dopmar. e ogaum kputepiem mns takoro I13 € cymicHicTh 3 3D-mpuHTEpaMu Ta MOXKIIU-
BICTh €KCIIOPTYBATH MOJIEIb Ha JPYK. 3rajani mporpaMu MaroTh TaKi MOKJIMBICTb.

[le omuH mporpaMHuii 3acid, SIKM 4acTO BHUKOPHCTOBYETHCS B POOOTI KOHCTPYKTOpa
acpoMHaMiYHKX BHpOOIB, — e mporpama-cumyiastop tumy CFD (Computational Fluid
Dynamics). Lli nporpamu 103BOJISIIOTh MOJISITIOBATH PiIMHHI Ta ra30Bi HOTOKU 3 ICBHUMH X a-
PaAKTEepUCTUKAMHU B TIEBHUX YMOBaX. Y OLIBIIOCTI TAKUX MPOTPaM € MOKIHMBICTh MOMICTUTH B
JMHAMIYHI TIOTOKH Pi3HI 00’ €KTH, 1100 BUKOHATH TECTYBaHHS Ta aHAJI3 aepOJUHAMIYHHX Xa-
paktepuctuk 3D-monemi. Cepen HaOLIBII BiIOMUX MPOTPaM TaKOTO TUITY MOXHA BUAUTUTH
TaKi:

ANSYS Fluent;
— COMSOL Multiphysics;

OpenFOAM - 3 BiIKpUTUM BUX1THUM KOJOM;

— SimScale — posropuytuii B xMapi, Mae miarpumky LI

i mporpamMHi 3acobu 3A1iCHIOIOTh CUMYJISIIIIIO TTOBEIIHKH aepOJIMHAMIYHOI CUCTEMH 3
[EBHUMH NOYATKOBUMHU [apaMeTpaMu Ta 3a MEBHUM NPOMIDKOK 4acy. [[isi BUKOHaHHS L[bOTO
3aBJaHHs HeoOX1/1HO BUpilryBaTu piBHAHHA Hap’e-Crokca, sike € TudepeHiitHIM PIBHAHHIM
B YACTUHHMX MOXITHUX. SIK BiJOMO, BUPILLIEHHS L[LOTO PIBHSAHHS B 3arajlbHOMY aHATITHYHOMY
BUTJISA1 BITHOCUTBCS JIO HEBUPIIIEHUX «3a7ay TUCAYONITTA», TOMY B pealbHUX MPUKIIaJIHUX
3aBJJaHHSX BUKOPHUCTOBYIOTh YMCJIOBI METOJH 1 3 IEBHUMM CTAaTUYHUMH YMOBAaMH JUIsl CHelli-
anpHUX BUMajkiB. Came Taki YMCIOBI METOAM BHUKOPUCTOBYIOTHCSA B IpOrpamax CHUMYJISLIT
MOBEJIHKY aepoJMHaMIYHUX cucTeM. | 11e € ocHOBHUM sapoM nporpam tumy CFD.

[le ogHMM BaXIMBUM KOMIIOHEHTOM IPOrpaMHOI YacTUHH 1H(QOpMALINHHOI cuCTeMHU
APM KoHCTpyKTOpa aepoJuHaMIYHUX BUPOOIB € 3acO0M Bizyasi3alii KOMI IOTEPHOI CUMYJIs-
1ii MOBENIHKM aepoJMHAMIYHOT cucTeMH. Taki KOMEpIIiiHI MporpaMHi KOMIUIEKCH, SIK
ANSYS Fluent ta COMSOL Multiphysics Bxxe BKkiItoyaroTh B cede 3acobu Bizyamizauii. [Ipo-
T€ HacIpaB/i 1I€ € OKPEMHUM MPOTPaMHUM 3aCO00M, KU MOBHHEH 30MpaTH BEIHKi 00’eMu
napaMeTpiB CUMYIIALII Ta OOYMCIIOBaTH Bi3yalbHE IpeICTaBICHHs Takux AaHux. [Iporec
CUMYJIAIIT BEIUKHUX Ta CKJIQJHUX aepOJIMHAMIYHUX MOJENIeH TeHepye TepadalTh CTPYKTYypoO-
BaHUX JaHMX, K1 NOTPIOHO 30epiratu Ta BUKOHYBAaTH HaJ HUMH arperaiiro 3aJyis CTBOPEHHS
BI3yaJIbHOTO MPECTABIECHHS Y BUTJIA/I B1JI€O 3 MOXKIIMBOCTSIMU JIETAIbHOTO aHATI3y KOKHOTO
MOMEHTY 4acy B cuMyiisnii. Came ToMy HEOOX1H1 TakKi MPOrpaMHi 3aCO0H, sIKI 3MOXKYTb Mpa-
L[IOBATH Ha KJlacTepax abo cymepkom otepax. HailOiunpin nomynsipHi mporpamHi 3acodu Ta-
KOTO THITY:

— ParaView — 3 BiZKpUTHM BHXIIHUM KOJIOM;

— Vislt — TakoX 3 BIAKPUTHM BUXIJTHUM KOJIOM;

— Tecplot — komepuiliHMIA 3aCTOCYHOK.
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Taxosx Bapto 3ramaru mpo Visualization Toolkit (VTK) — nie paguie vabip 6i61mioTex Ta
creniagbHui (hopMaT MpeICcTaBICHHS HAyKOBHUX JAHUX Ui Bidyallizalii CUMYJALINA pi3HOTO
tuny. Lleit ¢popmar miarpuMyeThcsi GUIBLIICTIO MPOTpaM Bi3yaizallii Ta TeHepyeThest OlIbIi-
CTIO TIPOTPaM CUMYJISIII.

Haii6inpm nomynsspHUil Ta MIMPOKO 3aCTOCOBAHUYN MPOTPaMHUI MAaKeT NIl BUKOHAHHS
3agay CFD ckmagaerbest 3 OpenFOAM, ParaView ta VTK. Lli nporpamui 3acodu € 6e3komi-
TOBHMMH 3 BIAKPUTHUM BHUXIJIHUM KOJIOM, IIIO HaJa€ MOXJIMBOCTI JJISl alanTyBaHHs LUX CHUC-
TEM JI0 TOCTABJICHUX 3a]1a4.

Ha pucynky 1 mpencrasnena 3aranbHa cxemMa APM KOHCTpyKTOpa aepoArHaMIYHUX
BUPOOIB 3 ypaxyBaHHIM BCIX ONMCAHUX allapaTHUX Ta IPOTPaMHUX 3aCcO0iB.

[ AnapatHi 3acobu

3D-npuHTEp

MporpamHi 3aco6n

Mporpama AnA 3D-

MOENIOBAHHA
KoM''oTepHa Moaenk
Bupofy

CDF ciMynaTop

Komn'ioTepHa Moaens
aepoavHamidHore
CepenoBrLa

G [

3acobu sizyanisauil
AepoMHaMIvHa TpyGa

IHTepgheiic KopUcTyBa4a

A

KOHCTpYKTOD

Pucynok 1 — CtpykrypHa cxema 6a3oBoro Bapianty APM KAB

Onuc Baockonajenoro APM KAB. 3a3nauenuii miaxia 103BOJISIE KOHCTPYKTOPY
IIBUJIKO ONEpYBaTH anaparHo ckianoBoro. IIIBuake cTBOpeHHs ¢i3ndHOI Mozeni BHpoOy
3HaYHO CKOpPOYYE MPOIeC KOHCTPYIOBAHHS Ta TECTYBAaHHs aepOJMHAMIYHOIO 00’€KTy B pea-
JHHUX YMOBaX 13 3MEHIIEHUM MacIITa0OM.

[IpoTte B wiii cucteMi € aekibka c1abKUX MiCllb, @ caMe py4Hi orneparii 3a/1si CTBOPEH-
HSl KOMIT FOTepHOi MoJielni BUpoOy, 11l oreparlii BUKOHYE KOHCTPYKTOP 32 JOIOMOTO0 BiJIO-
BIJTHMX MporpaMHux 3aco0iB. Lei nporiec 3aiimae 6araro yacy, Bijl 1€KUJIbKOX TOAMH 10 JeKi-
JBKOX JIHIB.

ABTOMaTHYHA TeHepallisl TPUBUMIPHUX MOJeNIel MOKe 3HaYHO MPHUIIBUIIIUTH MPOLIEC
KOHCTPYIOBAaHHS aepoiMHaMIUHUX BHUpPOOiB. MeToa, sikuif 61 OTpUMyBaB Ha BXOJll TEKCTOBHI
OIHKC 3 IEBHUM HaOOpOM OYiKYyBaHUX XapaKTEPUCTUK 1 HAa BUXOJi reHepyBaB 3D-mozens mo-
TEHIIHHOTr0 BHPOOyY, J03BOJIMB OM aBTOMATU3YBaTH TPYIOMICTKMHA Ta 3aTpaTHUH MpoIec
KOMIT FOTEPHOT0 MOJICTIOBaHHA. Bke iCHYIOTh Taki MeToiu Ha 0a3i reHepaTUBHUX HEHWPOHHHUX

mepexx (THM). Omnucani B crattsx [2, 3, 4, 5] mMeToan MarOTh BEJNUKI NEPCHCKTHBH B IIiid
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cdepi Ta TOTPeOYIOTH MOAATBIINX JOCTIKEHb Ta BIOCKOHAJICHD 3apa/ii MOKPAIICHHS SKOCTI
reHepoBaHux 00’ extiB. HaitOnbm nepcnekTuBHOW0 € Mozenb PolyGen [5], sika Moxe reHepy-
BaTH HAINpsMY MPeACTaBICHHs N-goN mesh, 1o ckopovye 3arajJbHUA YaC CTBOPECHHS KiHIIEBO-
ro 3D-06’ekTa, ajpke HeMae HEOOXiHOCTI KOHBEPTYBATHU 3 OAHOTO THUILY NPEICTABICHHS B
iHmmiA 1uis moaaneioro 3D-apyky. Kpim Toro, N-gon mesh € 6ibin onTHMi30BaHOIO BEPCIi€I0
mesh, sika 301IbIIIYe TOUHICTh KPUBU3HU TPHUBUMIPHOTO 00’ €KTA.

Taki Benuki MO/Iel MAITMHHOTO HABYAHHS MOTPEOYIOTh BEIUKUX O0UYHCITIOBAILHUX pe-
CYpCiB, III0 B CBOIO Yepry 3HAYHO 301IbIIIye BUTPATH eleKTpoeHeprii. s onTumizamnii mboro
nporecy HeoOXiZHO 3HAWTH METOIU 3MEHIICHHS PO3MIPHOCTI 3a/Ja4i HaBYaHHA HEHPOHHOI
Mmepexi. st mporo Tpeba 3MEHIIUTH KUTBKICTh MMapaMeTpiB Mepexi, MpH IbOMY HE 3HIKYIO-
YM 3arajbHy e€(eKTUBHICTh Mepexi. OAMH 3 BIIOMHX MiAXOJIB — 1€ IHTETpalis KBAaHTOBUX
obuucnenp B npouec TpeHyBanHs HM. B crarti [6] Bmepine Oysiu 3amponoHOBaHi METOAN
YaCTKOBOI iHTerpamii KBaHTOBUX oOuucieH B HM. ABTOpu CTBEpIKYIOTh, IO HA JaHUWA MO-
MEHT He OyJI0 BHSBIEHO IepeBar MmoBHICTIO kBanToBuX HM Hax wacTtkoBo kBaHTOBUMH. O1-
Hak, OyB BCTAHOBIICHHI 3HAaYHHU MPUPICT €(PEeKTUBHOCTI YaCTKOBO KBaHTOBMX HM B mopis-
HsHHI 3 K1acnyauMu HM. Tomy 1ieit HanpsiMoK JOCiKeHb Mae 0arato nepcreKkTuB, 1 Ha pa-
31 BK€ € 0araTo 3pyIIeHb Yy BIPOBAKCHI KBAHTOBHX OOYHMCIICHb B Pi3HI TUIIU MOJENCH Ma-
IIMHHOTO HABYaHHSI.

e oxnoro mpobiemHor Toukor € CDF cumynsarop. I TyT MokHA BU3HAUUTH Ofpa3y
7IBa HEAOJIKA: MIBUAKOMIIS Ta TOYHICTh. BIBIIICTh CydaCHUX CHUMYJISTOPIB (i3MYHUX TMpOIIe-
CIB IpalIOIOTh 3 YUCIOBUMHU METOJlaMu BupilleHHs piBHAHb Hap’e-Crokca y HaOiukeHOMY
Burisigi. Li meTonu motpedyroTh BEMKOI KUTBKOCTI OOYUCIIEHB, 110 PU3BOAUTH O 3HAYHUX
BUTpAT 4acy. be3yMOBHO, MOXHa BUKOHAaTH FOPU30HTAJIbHE PO3IMIUPEHHS OOUYMCIIIOBAIBHUX
MOTY)KHOCTEH Ha 0a3l Kiactepy, 1 ued (yHKIIOHAT MIATPUMYETHCS TaKUMHU HPOrpaMHUMHU
3acobamu sik OpenFOAM. [Ipote 1ie 301IbIIUTh BUTPATH €IEKTPOEHEPTii Ta 3MEHIIUTh MOO1-
JBHICTh TaKoi cucTeMu. [Ipu 11bOMYy TOYHICTH YMCIIOBUX METOJIB ampoKCHMallli Majae mpu
301IbIIEHH] HEBU3HAUEHOCTI MOCTABJICHOI 3a/ladi, a caMe IMpH MOsAB1 3alIyMJIEHOCTI B JaHUX
a0o0 BIJICYTHOCTI YaCTMHHM [TOYaTKOBUX YMOB, a00 HEBU3HAUYEHUH PIBEHb AUCKpeTH3awii [7].

Jlnst nokparmieHHs mBuakoii Ta Tounocti CDF cumynsTopiB BapTo pO3TIISIHYTH BKe ic-
HYIOUMH crieniaabHui kinac HepoHHuX Mepex (HM), sikuii mokamkaHuii 004KMCIIOBaTH arpo-
KcuMaliio (13MYHUX 3aKOHIB, BKiItoYatouu piBHsAHHSA Hap’e-Crokca /i aepoilMHaMIYHUX CH-
myssiii. et kmac HM nasuBaetbest Physics-informed neural networks (PINNs) a6o B me-
SKHX JoKepenax e Ha3uBatoTh Theory-Trained Neural Networks (TTNs), nani Oyne BUKopu-
CTOBYBAaTHUCh NepIInii BapiaHT Ha3BU. L{i HElipoHHI Mepeki BUKOPUCTOBYIOTHCS ISl BUPILLIEH-
HS TUQEepeHIIHHUX PIBHSIHD B YaCTHHHUX MOXigHuX [8, 9]. EdexTuBHICTh TaKOro METOay B
MOPIBHSIHHI 31 3BUYaHUMHU YHUCIOBUMHU METOJIaMHU J03BOJIA€ eKciutyaryBaTtd Taky HM Ha
MEHIINX OOYMCITIOBAaHUX MOTYXHOCTAX, X04a JIJIsl TPEHYBaHHS MEpEeXkKi BCe K MOTPiOH1 3HAYH1
pecypceu.

JouinpHicTh BuKopuctanHs came PINNSs 115 BupimeHHs 3ajja4 MaTeMaTH4HOT (i3UKH
Oyna B TeBHIiN Mipi moka3aHa B ctatTi [7]. TyT aBTOpHM mpoBenu AeTalbHHUI MOPIBHIIBHUN
anami3 PINNs Ta kimacM4HMX YHCIIOBUX METOJIB (a came OyB po3risHyTuii Meron Kpanka-
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HikomncoH, oiuH 3 METOAIB CKiHUEHHUX pi3HULL i BupimeHHs J[PUIl) va npuknami Bupi-
IICHHS TaKUX PIBHSIHB: PIBHAHHS TEIUIONPOBIAHOCTI, XBUJIbOBI piBHSAHHS, piBHAHHSA [lpenin-
repa, piBHsHHS Ha’e-Ctokca. 3araigom pe3ysbTaTu Li€i poOOTH MoKa3aiu nepeBary B edex-
TUBHOCTI BUPIIIEHHS YIiTKO c(hOpMYIHOBAHUX 3aj7ad came Ha 0ol yucnoBux MeTofiB. [IpoTe
JUTSL BUPIIIICHHS 33724 3 MiABUIICHUM PIBHEM HEYITKOCTI JaHHWX Ta moyaTKoBUX yMOB PINNs
MaroTh NEBHY IE€peBary B TOYHOCTI Ta 3arajibHiil edexkruBHOCTI. B 3amayax 3 miABHIIEHOIO
PO3MIpHICTIO 00HM/IBa 00’ €KTH JOCHIKCHHSI HE MOKa3ajia BEJIMKOI Pi3HMII B €(PEKTHBHOCTI.
[TeBuuMm Hemomikom PINNs € HeoOXiaHICTh monepeAHporo HaB4aHHs HM mepen excriryara-
Ii€I0, IO B 3arajlkHOMY PO3pPaxyHKY €(DEeKTHBHOCTI I'pa€ HEraTUBHY POJb. 3PEIITOI JOCTi-
JDKEHHS TI0Ka3al0 MepCleKTUBHICTh 3actocyBanHs PINNs s Bupimenns audepeHuinamux
PIBHSIHB B YaCTHUHHHX TOX1THUX 32 YMOB MOJAIBIINX BIOCKOHAJICHD I[LOTO METO/Y.

PINNS 3 gacy cBOro BUHaWICHHS BXKE 3a3HAIU MIEBHOT €BOJIIOII1, X0Ya II¢ BiTHOCHO HO-
Ba apxitekrypa HM. IleBHi mokpamenns Oymu 3ampornonoBani B crarti [10]. Tyt aBTopm
3MOIJIM PO3MIMPUTH KOJIO 3aAad, A sSKkuX 3actocoByroThea HM knacy PINNs, 30kpema 3a-
NPOTIOHOBAHWH MiJXiJl TIOKa3aB e(EKTUBHICTh B ANPOKCHMAIlli CTAliOHAPHUX Ta 3aJEKHUX
BiJ] yacy JIiHIHHUX Au(epeHIIHHNX PIBHAHD B YACTHHHUX MOX1THHX.

Asropu inmoi crarti [11] npononytots moaudikamiro PINNs mix vazBoro CAN-PINN.
Lls poGota BigkpuBae HampsiMok ontumizarii PINNS, skuii KOMOiHye KJIaCHYHI YUCIIOBI Me-
tonu Ta HM, nocsraroun UM mokpaiieHHs: e()eKTUBHOCTI Ta TOYHOCTI alroputMy. B craTTi
JIeTaJbHO ONHCAaHI Pe3yIbTaTH €KCIIEPUMEHTIB: aBTOPH MOPIBHSUIM HOBHM MiIXix 3 Kiacwd-
Humu BepciiMu PINNs Ha npukiaznl Bupimenss piBHsAIHb Hab’e-CTokca, y BUCHOBKax 3a3Ha-
YyaeTbCs 3HaUHa NepeBara B €peKTUBHOCTI Ta TOYHOCTI 3allPOIIOHOBAHOI0 MeToy. Takoxk 1en
tunt HM Mae noTeHmian Juist HoJanblIoro po3MUpeHHs cep 3aCTOCYBaHHS Ul 1HIINX THUITIB
JPUII.

Uepes BUTpaTHICTh HaBUaHHs BenMknx HM Ha CKITagHUX JaHWX 3allpONOHOBAHI ITiIXO-
1 MOXKYTh OyTH HEJOCTaTHHO paIllOHAIBHUMHU 3 TOUKH 30py eHeproedextuBHOCTI. [IpoTte
BXKE€ € HAMPSIMKU JIOCIIPKEHb, SIK1 BIIKPUBAIOTh HOB1 MOKIIMBOCTI B 11K cepi. 30kpeMa, Bke
ICHYIOTh METOJIM IHTerpallii KBaHTOBUX oOurcieHb B HaBuanHs PINNs. B crarri [12] 3a3Ha-
Ya€eThCs, 1110 KBAHTOBI aJIFTOPUTMH JO3BOJIAIOTh 3MEHIIUTH KUIbKICTh apaMeTpiB JJIsl TPEHY-
BaHHA 110 63,29%. lle 3HMXKYye 3arajibHe HaBAHTAXXEHHS Ha OOYMCIIIOBAJIbHI MOTYXHOCTI, SK
pe3ybTaT MPU3BOIUTH IO 3MEHIICHHS! €HEProCMOKUBAHHS i 9ac TpeHyBaHHS HM. Onnak
el miaxia notTpedye mogambIIuX JOCTIIKEHb, a/Ke B 3a3HAUCHIN CTAaTTI HE BUCTAYaE aHal-
3y JOIJIBHOCTI 3aCTOCYBAaHHS KBAaHTOBUX OOYHMCIICHB it HaBuaHHsS PINNs.

3aranom, 1€l TUI MallMHHOTO HaBYAHHS 3apa3 3a3Ha€ aKTHBHHUX JOCIIIKEHb B Oara-
THhOX acnekTax. 3acrocyBaHHs HM juig BupilieHHs 3a7ad MaTeMaTH4HO! (DI3UKK BIAKpHUBA€E
HOB1 MOXKJIUBOCTI JJIsl BOPOBA/PKEHHS OUIBII TOYHUX Ta MIBUAKUX MPOTPaMHHUX 3ac001B, SIKU-
MU 3MOXKYTh KOPUCTYBATHCSI KOHCTPYKTOPU aepOAMHAMIYHUX BUPOOIB.

Ha ocHoBI 310paHuX JaHUX II0JI0 MOMJIMBUX HANpPSIMKIB BJIOCKOHAJIEHHS MPOrpaMHUX
3aco0iB APM KAB moxHa noOynyBaTu CTpyKTYpHY cxemy BaockoHaneHoro APM KAB. 1s
cxema 300pakeHa Ha PUCYHKY 2.
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Mporpassi 3aco6i

Anaparul sacobu IHTEPOBAHA MORB FMHBOKOTD MALIMHHOTD
HABMBHHA [UNA NPOGKTYBAHKA Ta TECTYBAHHA
aepoa1HaMiMHIX BUpOGie
Koun'iorepHa onens
3D-npusTep BHPOGY
KomniaTepha wonens
cepencenwa
Mporpama anA 30- | PolyGen ke NN [ PINNS
Dianina wonens Bnpody
AeponuHamiyHa Tpy6a

InTepcedic KopucTysasa

KoHCTpYKTOD

Pucynok 2 — CtpykTypHa cxema BAocKoHajeHoro Bapianty APM KAB

SIK BHAHO 31 CTPYKTYPHOI CXEMH, JOJABCS OKpeMHH OJIOK IiJi Ha3BOIO «iHTErpoBaHa
MOJIeTIb TIIMOOKOT0 MAIIMHHOTO HAaBYAaHHS JUIS NMPOSKTYBAHHS Ta TECTYBaHHS aepoAWHaMiy-
HUX BUPOOiB», Ta 3HUK CDF cumynsaTop sik okpeMuii CTpyKTypHUN €JIeMEHT CXeMHU, SIKUW Ha-
CIpaBJli AeTanizoBaHUi B HOBoMy Omoui. HoBuii 65mok ckinamaeTscs 3 ABOX Benukux HM:
«PolyGen like NN» ta PINNSs. Ilepira HM 6e3mocepeiHbO reHEpYE KOMIT IOTEPHY MOJIEIb
BUpoOy Ha OCHOBI, 337aHOrO 4epe3 mporpamy it 3D-monemtoBaHHS (came TOMY HOBHH
CTPYKTYpHUX OJIOK Ma€ B CBOill Ha3Bl CIIOBO «IHTETPOBaHa), TEKCTOBOI'O OMUCY Ta TEXHIYHUX
XapaKTepUCTUK Oa)kaHOTO BUPOOY, a TAKOX LI MOJIENIb Ma€ aJaNTUBHUI MEXaHi3M y BiJIo-
Bilb Ha peakilil0 aepoJMHaMIYHOrO cepefoBuIla, sike ¢opmyerbes npyroro HM. PINNSs
OTpPUMY€E Ha BXO/Jll, CTBOPEHY 3BHUYaHUMHU METOAAaMH, KOMIT IOTEPHY MOJENb aepoJnHamid-
HOTO CEepeIOBUINA, 3TeHEPOBaHy MOJIENIb BUPOOY, MPOCTOPOBO-4ACOBI KOOPAMHATH Bij JiUu-
JbHHUKA KoopauHart, akuii 3amyckae PINNS B iTepaTuBHOMY pexuMi 331711 CTBOPEHHS ITOBHOL
CUMYJIALIIT aepOIMHAMIYHOTO CepeloBUINa, sike Oy/e BitoOpaskeHe 3acobaMu Bizyasizalii.

Mepexa «PolyGen like NN» € uacTkoBO HaTpEeHOBaHOIO Ha T'€HEPYBaHHS TPUBUMIPHUX
00’€KTiB Ha OCHOBI TEKCTOBOI'O OIUCY, OJIHAK BOHA Ma€ aJalTHBHI BIacTUBOCTI Mo Tuiny HM
3 miaKpituieHHsaM. 3aranoM, s HM 3a0e3nedye acnekT MpoeKTyBaHHs aepoJIUHAMIYHOTO BU-
poOy B paMKax BiJIOBITHOTO CTPYKTYPHOTO OJIOKY.

PINNS € noBHicTio HaTpeHOBaHOIO Moaudikauietro HM, sika anpokcuMye pillleHHs piB-
HsiHHA Hap’e-Ctokca /1715 meBHUX BXITHUX YMOB. 3aranom, s HM BinoOpaskae acnekT TecTy-
BaHHS aepOAMHAMIYHOTO BHpPOOY B CHMYJIbOBAaHOMY CEpPEIOBUIII, 110 € YaCTHHOIO BiAMOBIJI-
HOTO CTPYKTYPHOTO OJIOKY CXEMH.

BucnoBku. B pesynbrari ananizy icuyrounx HM onucanux Tumis, Hapa3i He 0yJ0 BU-
SBJICHO TaKuUX KOH(irypamiii mMepex, siki O 3aJOBOJBHUIM BCl acleKTH MOCTaBICHUX 3ajad.
Tomy 3anpornoHoBaHa Ha PUCYHKY 2 CTPYKTYpHA cCXeMa He € TIOBHOIO, a JIUIIEe KOHLENTyallb-
HOM0. Binbm neTanpHa apxiTekTypa Ta (yHKIIOHYBaHHS KoxHOI 3 HM moTpebyroTh nopans-
IIOT0 JOCIHI/PKEHHS Ta BJIOCKOHAJEHHs. B Iiil cTaTTi 3a7aHi JHIle MOXJIMBI BEKTOpU MOJa-
JBIIUX JOCTiKeHb. Ha OCHOBI MOPIBHAJIBHOTO aHAJI3y ICHYIOUHMX HaNpalloBaHb B Lii cdepi
Oynu pO3TISHYTI Pi3HI METOJM Ta 3acobu aBToMarm3allii mporecy 3D-MonentoBaHHs, 3 9YOTO
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OyIa 3amporoHOBaHa 3arajbHa apxitekrypa indopmariitnoi cucremu APM KAB. 3a pe3yinb-
TaTaMy MOJANBIINX JOCHTIHKEHb LS apXITEeKTypa MOKEe 3a3HaBaTH BiATOBIAHUX 3MiH Ta BIOC-
KOHAJICHb.
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Analysis of methods for increasing the level of automation
in an aerodynamic product designer’s workplace

Increasing the level of automation of production processes has always led to a signifi-
cant increase in production efficiency, which in turn has caused the rapid economic develop-
ment of society. The field of designing products with certain aerodynamic characteristics has
many areas that ensure the production of a wide range of goods. Cars, airplanes, UAVs are
the most popular areas that require complex and multi-level calculations to create products
with such aerodynamic characteristics that are acceptable for the relevant tasks and purpos-
es. In aerodynamics, the main mathematical apparatus is the Navier-Stokes equation, this is a
partial differential equation (PDE), in addition, this equation is one of the unsolved "millen-
nium problems”. This shows how complex this field of production is from a computational
point of view. Although it has already undergone automation at various stages, the phase of
designing the aerodynamic shape of the product still requires the time of a narrowly special-
ized professional, because modeling products with the necessary characteristics still remains
mostly a manual process. With the development of machine learning, these complex processes
can be largely automated. This article presents a comparative analysis of various develop-
ments in the field of automation of aerodynamic product design. The introduction of technol-
ogies such as PINNs and quantum computing at different stages of aerodynamic product de-
sign, based on the results of the comparative analysis, was identified as the most promising
direction for further research. The general architecture of an improved version of the infor-
mation system of the automated workplace of the aerodynamic product designer is also pro-
posed. In future research, this architecture may undergo appropriate changes and improve-
ments.

Key words: automated workplace, aerodynamic product design, neural networks,
PINNs, quantum computing, Navier-Stokes equations, 3D modeling, CFD.

PykcoB €BBreniii BikTopoBnu — acmipant kadeapu NPOrpaMHOTO 3a0e3NeyeHHs
KOMIT IOTEPHUX CUCTEM (aKyJbTeTy iHPopMaliiHuX TexHoorii HalioHalbHOro TEXHIYHOTO
YHIBEpCUTETY «JIHIMPOBChKA MOJIITEXHIKA.

Mopo3 Bopuc IBanoBu4 — 1.7.H., mpodecop, npodecop kadeapu mporpaMHOTo 3a0e3MeueH-
HSl KOMIT' IOTEpHUX cUCTeM (akynbTeTy iH(opMauiiHux TexHoJoriid HarionaabHOro TexHid-

HOTO YHIBEPCHUTETY «J{HITPOBCHKA MOITEXHIKA.

Ruksov Yevhenii Viktorovych — PhD Student at the Department of Computer Systems
Software, Faculty of Information Technology, National Technical University “Dnipro Poly-
technic”, Ukraine.

Moroz Borys Ivanovych — Doctor of Technical Sciences, Professor, Professor of the De-
partment of Computer Systems Software, Faculty of Information Technology, National Tech-
nical University “Dnipro Polytechnic”, Ukraine.

ISSN 1562-9945 (Print) 111
ISSN 2707-7977 (Online)



«CucremHi Texnonoriiy 2 (157) 2025 «System technologiesy
DOI 10.34185/1562-9945-2-157-2025-11
YK 531.7

J1.B. Konowmienp
MATEMATHYHA MOJIEJIb TA AJITOPUTM KOMIIEHCAIIII
CUCTEMATHUYHUX MIOXHUBOK
KOOPIUHATHO-BUMIPIOBAJIbHIN MAIIIVMHI

Anomayis Cyuachi xoopounamuo-sumiproeanvri mawunu (KBM) 3ab6e3neuyroms 8ucoxy mo-
YHICMb BUMIPIOBAHb, OOHAK HA NPAKMUYL IX MEeMmPONO2IUHI XApaKmMepucmuKku no2ipulyromscsi
uepes 6NIUE CUCMEMAMUYHUX NOXUOOK, CNPUUUHEHUX 2eOMEemPUYHUMU, MeMNepamypHuUMu
ma KiHeMamuyHumu @axkmopamu. Axmyanvricms 00CHiOJHCeHHS 00yMo8ieHa nompedor
niOBUWEHHsT MOYHOCI KOOPOUHAMHUX BUMIPIOBAHL UAISAXOM CMEOPEHH MAmeMamuyHux
MoOenel KoMneHcayii cucmemamudnux noxubox. Y cmammi nocmaeneno npobnemy gop-
MYBAHHS KOMNJEKCHOI modeni cucmemamuunux noxubox KBM ma pospobxku ancopummy
ixHboi aemomamuzosanoi’ komnencayii. Memoio 0ocniodxcenHs € po3pooOaeHH MamemMamuy-
HOI MoOeli cucmeMamudyHux noxXubok ma no6yo0o0ea ancopummy ixHboi KOpeKyii Ha OCHOS8I
bacamogpaxmoproco ananisy. /[nsa 0ocsacHenHs Mmemu 3acmoco8aH0 Memoou MamemamuyHo20
MOOent08ants, meopii noxXubox ma yuceivHoi onmumizayii. ¥ pezyromami cmeopeHo anzo-
pumm  a8momMamu308anoi KOMHeHcayii, wo 00360J€ 3HAYHO 3MEHWUMU NOXUOKU Npu
BUMIDIOBAHHI CKIAOHUX NOBEPXOHb. 3anpOnoOHO8aAHI NIOX00U MOXCYMb Oymu iHmMezsposaui y
npozpamue 3a6e3neyenus KBM.

Knouosi cnosa: koopounamuo-6uMiprosaivha MAawuna, CUCMeMamuyHi noXuoKu, mamema-
MUYHA MOoOelb, KOMNEeHCayisi NOXUOOK, 2eoMempuUyHi NOXUOKU, MeMnepamypHi niusu, anco-
pumm Kopexyii, bacamoghaxmopruli anaiiz, MoYHiCms BUMIPIOBAHb, MemMpPoao2iuHe 3abe3ne-

UYEeHHA, cucmema KepyeaHHAl.

3abe3neueHHs] BUCOKOI TOYHOCTI BUMiptoBaHb Ha KBM € oHUM 13 KIIOYOBUX 3aBAaHb
Cy4acHOi METPOJIOTii Ta BUPOOHNYOTO KOHTPOJt0. CHCTeMaTH4HI TOXUOKH, 10 BHHUKAIOTh Y
nporeci po6otu KBM, MOXyTh CyTTEBO CIIOTBOPIOBATH Pe3yJIbTaTH BUMIPIOBaHb, 0COOINBO
TIpU KOHTPOJIi CKJIaJHKUX Ta BUCOKOTOYHMX jeTaneil. IXHi mKepena — ILie HO€IHAHHS reoMeT-
PUYHHUX HETOYHOCTEH, TeMIepaTypHux aedopmairiif, moXuOOK MPUBOIIB Ta CEHCOPIB, a TAKOXK
MDKOCBHOBUX B3aeMoiil. EpekTrBHA KOMIEHcaIlsI TaKuX MOXUOOK MOTPe0ye KOMILIEKCHOTO
MiIX0Ay, 0 0a3yeThCsl HA MaTeMaTHYHOMY MOJIETIOBAHHI BCHOT'O KOMILIEKCY CHUCTEMAaTH4-
HUX BIIXWJICHb Ta CTBOPEHHI aJITOPUTMIB PEATBHOTO Yacy IS X KOPEKITii.

IMocTanoBka npodaemu. Bucokorouni KBM € HezaMiHHMMU ITpU KOHTPOJII F€OMETPU-
YHUX MapaMeTpiB CKIAIHUX JeTalell y MalnHoOy TyBaHH1, aBialliifHii Ta KOCMIYHIH ramyssx.
OpHak Ha TOYHICTH BUMIPIOBaHb BIUIMBAIOTH YHMCICHHI CUCTEMAaTH4HI MOXHOKH, MOB'S3aHI 3
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reOMETPUYHUMHI HETOYHOCTSAMHU KOHCTPYKIIil, TEMIIEpaTypHOIO AedopMaliiero exeMeHTiB, He-
CTaOUIBbHICTIO TIPUBO/IIB Ta CEHCOPIB.

Y HaykoBii JiTeparypi 3Ha4HA yBara MPUAUISETHCS MUTAHHSM ITiIBUIIEHHS TOYHOCTI
KBM. 3okpema, y poboTax [1, 2] mochiakeHO BIUITHMB TEMIEPATypHUX 3MiH Ha MPOCTOPOBY
reoMEeTpil0 MalIMHU Ta 3alPONOHOBAHO TEMIIEpaTypHy KomreHcamiio. Poboru [3, 4] npucssi-
YeHI MaTeMaTHYHOMY MO/ICIIFOBAHHIO T€OMETPUYHHX MOXUOOK, SIKi BUHUKAIOTh Yepe3 HeTOU-
HICTh BUTOTOBJICHHSI HAlIPABJISIOUMX Ta IPUBOAIB. MeToaM CTaTUCTHUHOI OOPOOKHM TaHUX IS
imenTudikamnii cucTeMaTHYHUX MOXMOOK PO3MIAHYTO y mparsix [5, 6]. [Ipore, HenocTaTHRO
BUCBITJICHO MUTaHHS MOOYIOBU €MHOI MaTeMaTUYHOT MOJIENI, sika O BpaxoByBaJia yCi OCHOB-
Hi JDKepera CUCTEeMAaTUYHUX MOXUOOK Ta 3a0e3redyBajia iXHIO ONEpaTHBHY KOMIICHCAIIIO B
pPeXHMMI peaslbHOTO 4Yacy. ICHyroui MeToau KOMITEHCAIlii MatoTh 0OMeKeHy e(heKTHBHICTh Ye-
pe3 CKIAAHICTh MPOCTOPOBUX JedopMalliii Ta B3a€MOJIIIO PI3HHUX JpKepen moxuook [7,8]. Le
00yMOBITIO€ HEOOXITHICTh CTBOPEHHS KOMIUICKCHOI MAaTeMaTHYHOI MOJENI CHCTEMaTHIHUX
noxnbox KBM Tta po3po0ku anroputMmy iXHBOI KOMITEHCaLii st 3a0€3MeYeHHs BUCOKOT TOY-
HOCTI BUMIpPIOBaHb.

Mera aociigkenHs. MeToro JOCHTIKCHHS € CTBOPEHHSI MAaTEeMaTUIHOI MOJIEII CHUCTe-
MaTHYHUX MOXHMOOK KOOPAWHATHO-BHUMIPIOBATBHUX MAIIMH Ta PO3POOJICHHS aIrOPUTMY iX
ABTOMATH30BAaHOI KOMIIEHCAITIT AJIS IMiIBUIIEHHS TOYHOCTI KOOPAWHATHUX BHMipIOBaHb.

®opMyBaHHS MaTeMATH4YHOI MOJieJli CHCTeMAaTHYHUX MOXuOok. CucreMaTnyHi 1mo-
xubku KBM ¢dopmyroTbest mia BILTMBOM Pi3HUX (aKTOPIB, sIKI MOXKHA MOJIUIMTH HAa T€OMET-
pUYHI TOXUOKH, CIPUYMHEH] HETOUYHOCTSIMM CKJIaJJaHHsS, BUPOOHUUMMU JepeKTaMu Hallpas-
JSAI0YMX Ta 0a30BHX €JlIeMEHTIB. TemmepaTypHi Aegopmarliii — 3MiHUM T€OMETpIi il BIULTMBOM
TemneparypHoro nosig. KinemaTuuHi moXuOKH, MOB'sI3aH1 3 HEPIBHOMIPHICTIO MEPEMIIIEHHS
NpUBOJIB, TIOpTaMH Ta ricrepe3ncoM. KommiekcHa cucreMatnyHa MoxuOKa Juisi BUMIPSHUX

KOOPJUHAT X,Y,Z MOke OyTH Mpe/ICTaBIICHA Y BUTJISII:

Ot (X, Y2 Z,T) = Seom (X1 Y, Z) + B (X, ¥, 2, T) + 60 (X, ¥, 2), 1)
ae: dgeom(X,Y,Z) — reoMeTpUUHI MOXUOKH, demp(X,Y,Z,T) — TemmeparypHi nedopmarii, GpyHk-
1ist remnepatypu T, okin(X,y,Z) — KiHEMaTU4HI TTOXUOKH.

["'eomeTpryH1 MOXUOKH JUIsl KOKHOT OC1 MOKHA MOJATH Y BUTJISIL:

5.(x,,2)
Sgeom (X, Y, 2) =| 6,(X,Y,2) |. )
6,(X,y,2)
Jiis Ko’kHOT OCi MOJIeNb BKIIOYA€ CKJIAJIOBI: BIXWJICHHS MPSAMOJIHIMHOCTI, KyTOBI 1MO-
XUOKH, TIepexpecHi BIUIMBU MiX ocsiMu (abatMeHT). Hampuknazn, ans oci X 3 ypaxyBaHHAM
00epTiB HaBKOJIO Y Ta Z:

5X(X’ Y, Z) =ex(x)+ y-QZ(X)—Z-Qy(X)

5y (X1 Y, Z) = ey (X) +y- ey(X) 1 (3)
0,(x,y,2)=¢e,(X)+2-6,(x)
ne e.(x),e,(x),e,(x) — niniiini noxubku monoxenns, 6, (x),0,(x),0,(X), — KyTosi Moxuo-
KH.
ISSN 1562-9945 (Print) 113

ISSN 2707-7977 (Online)



«CucremHi Texnonoriiy 2 (157) 2025 «System technologiesy

Temneparyphi nedpopmanii
TemmneparypHa moxuOka 3aJIe)KHTh BiJl PO3MOJULY TEMIEpaTypH Ta TEeMIIEpPaTypHHX
IPaJi€HTIB Y KOHCTPYKIiT MamuHu. {7151 KOXKHOI oci:

Semp (6 ¥, 2,T) = - | VT (X, 2)dL, ()

1€ o0 — KOe(]ilieHT TeMIepaTypHOro po3UIMpeHHs MaTepiany, VI — TeMiepaTypHHil rpai-
€HT y3JI0BXK HaIPaBIISIOYNX.
VY IMCKPETHOMY BHIJISIL

N
Genp (% Y, 2,T) = 20 -AT, -1, (5)
i=1

ne: N — KijbpKicTh BiApi3KiB Hampasisitouoi, 47; — JoKajdbHEe TeMIepaTypHe BIAXUICHHS Ha
i-i qinsaud, || — noBxkuHa TUISHKY.

Takoxx MOXHa BpaxoBYBaTH HENiHIHHI TEMIEPAaTypHI BIUIUBH Yepe3 PO3IIMPEHHA MOi-
HOM:

Semp (X Y, 2, T) =80 +aT +a,T*+...+aT". (6)

KinemaTtuuni moxubku. Bunukarote depe3 modTu, TicTpe3nc Ta HeineanbHl mpodii
HanpaBisirounX. Li GpakTopu € OCHOBHMMH JDKEpesiaMu CUCTEMATHYHUX MTOXUOOK, SIKi MPOSIB-
JSIOTHCS i Yac mepemimenHs pyxomux By3iiB KBM. Jliodhtu B HanpsMHHX BHKIMKAIOTh
HEPIBHOMIPHICTh TIEPEMIIICHHS, OCOOJIMBO MPHU 3MiHI HAMPSAMKY PyXy, IO MPU3BOIUTH JIO
3CYBIB BHMIPSTHIX KOOPJIMHAT BIAHOCHO IXHBOTO PEAIILHOTO MOJOXKEHHS. [icTpe3nc o0ymMoB-
JIEHUH K BHYTPIIIHIMU MPYXKHUMH AepopMallisiMu y By3Jlax MaIIMHU, TaK 1 HasIBHICTIO 3a-
JMIIKOBUX HANpPYKEHb Yy MaTepiani KOHCTPYKIIMHUX €JIEMEHTIB, 110 CIIPUUMHSE 3aJI€KHICTh
MIOTOYHOI'O IOJIOKEHHS B1Jl MOMEpPeAHbOI TpaekTopii pyxy. st K0okHOT KOOpAMHATH BOHU
MOKYTh OyTH onucaHi yepe3 QyHKI[IT IOJI0KEHHS Ta IIBUKOCTI:

§kin(xa ylz)zkx'Sin ? +ky-Sin —Z”y +kZ~Sin % y (7)

X y z
ne: kyKy,k; — ammiTyam kiHemaTHYHUX TOXHOOK, Ly,Ly,L, — mOBXHHE X0y 1O KOXHIiH OCi.
Tako)x MOXKIIMBE BpaxyBaHHS TCTPE3UCY IIPU 3MiHI HANPSAMKY pyXYy:

S (V) = H, -sign(v,), ®)
ne: Hy — BennumHa rictpesucy ais oci, Vy — MIBUAKICTh pyXy 1o oci X.

BpaxyBanus nmux (GakTopiB y MaTeMaTHIHINA MO T03BOJISIE€ CYTTEBO MIABUIITUTH TOY-
HICTh KOOPJAWHATHUX BUMIPIOBaHb IMUISIXOM KOMITCHCAI[ll HAKOIMMYEHUX CUCTEMAaTUYHUX BIJI-
XWICHb y pealbHOMY Yaci, 30KpemMa MpH MPOBEICHHI BUCOKOIMIBUAKICHUX CKAaHYIOUHMX BHUMIi-
proBaHb 200 MPU KOHTPOJII AeTallel CKJIaTHOT TPOCTOPOBOI (hOpMHU.

InTerpoBana moaesb. 3arajibHa MOJIeJIb CHCTEMAaTUYHUX MOXUOOK 3 YpaxyBaHHSIM BCIX

YUHHUKIB HaOyBa€e BUTIISALY:
o(x,y,2,T,v,)
é‘total(x’ y’Z’T’Vx’Vy1Vz) = 5y(xl y1Z1TaVy) ] (9)
5,(x,y,2,T,V,)

114 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonoriiy 2 (157) 2025 «System technologiesy

JIe KOXKHA CKJIaJ0Ba MICTUTh:

8 (Vs 2T V) = G (K Y1 D)+ G (6 Vs 2 T) 8y (X, ¥, 2) + G (V). (10)

eom, x emp, X

AHasoriuHo A Yy Ta Z:
S, (% Y52, T, V,) = Sgeomy (% Y5 2) + Sigrpy (X, ¥, Z,T) + 8, (X, Y, 2) + 5 (Y, V)
6,(X, ¥,2,T\V,) =S geom (X, ¥, 2) + O . (X, Y, 2,T) + 5, (X, Y, 2) + Gy (Z,V,) '

BpaxyBaHHs Mi:kocboBHUX 3B'si3KiB. Ockinbku y O6arathox KBM Hampamisioui HE €

(11)

eom,z emp,z

CTPOro OPTOroHaJIbHUMH, MOACIIb JOIIOBHIOETHCS MIKOCHOBUMHM 3CyBaMUu:

X X| |90
YI=R-|y|+| 9| (12)
z z| |o,
ne: R — mMaTtpuis Mi>KOChOBHX BIUIMBIB (HEOPTOTOHAJIBHICTH OCEH):
1 r, r,
R=|r, 1 r,| (13)
e r, 1

¥Y3aranbnuenHs. [loBaa popmyna 1ist KOKHOT KOOPIMHATH BPAXOBYE:
X=x+0,(X,Y,2,T,v,)
y=y+o,(x,y,2,T,v). (14)
Z=12+0,(%Y,2,T,v,)
X, Y,Z — ckopuroBaHi KOOPAWHATH MICJIA KOMIIEHCAII1l.

VY3aranbHIOIOUM BCl BHUIEHABECHI (JaKTOpU Ta IXHiM BIUIMB HAa TOYHICTh BUMIPIOBaHb,
MOYKHa cpOPMYIIIOBATH MTOBHY MaTeMaTHUHY MOJENb AJIs KO)KHOT KOOPJIMHATH, SKa BPaXOBYy€
reOMEeTPUYHI MOXUOKHU HaNpaBIgIOuuX, TEMIEpaTypHi aAedopMariii, 10T, ricTpesuc, Mixko-
ChOBI Mapa3uTHI NepeMillleHHs Ta JUHaMIYHI TOXUOKH, 110 BUHUKAIOTh MpH pyci. Takum du-
HOM, CKOPHMI'OBaHI KOOPAWHATH MICJIsl KOMIIEHCAIlii € pe3ylbTaToM 0araro(pakTopHOTO KOpH-
I'YBaHHS, SIK€ JJO3BOJISIE CYTTEBO 3HU3UTH PIBEHb CUCTEMAaTUYHUX MOXUOOK 1 3a0€3MeUnTH BU-
COKY TOYHICTh KOOPJMHATHUX BUMIpPIOBaHb HaBITh Yy CKJIAJHMX yMoBax ekcrutyartauii KBM.
Lle cTBOpIOE TIEpPEeTyMOBH ISl MIABUIIEHHS METPOJIOTIYHOT HAAIMHOCTI BUMIPIOBAIBHOI CHC-
TEMH Ta 3a0e3MeueHHs CTaOUTbHOI IKOCTI KOHTPOJIIO CKJIaJIHUX JIeTajel Ha BCiX eTarnax BUpO-
OHHIITBA.

AJITOPUTM KOMIeHCAlii CHCTeMAaTHYHUX NMOXMOOK. ANTOpPUTM KOMIIEHCALlli CHCTe-
MaTHyHUX oxu6ok KBM y Burisii 010K-cXeMu MOKa3aHO Ha PUCYHKY 1.

Kani6pysanHs CTBOpeHHs 6aan Mobyposa 3unTyBaHHA
—> —»  MaremaTuyHol NOTOMHUX
MalLMHK AaHUX Noxmnbok . —> )
mogaeni napameTpis

v

Kopekuis koopauHat [€——O64ncneHHs noxnbok

ApantueHe ¢ dopmyBaHHA ¢

OHOBMNEHHS Moaeni npoToKony

Pucynox 1 - AITopuT™M KOMITEHCAIIIT CUCTEMAaTHIHUX ITOXHOOK
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ANTOpUTM BKITIOYAE TaKi €TaIH:

1. IlepBunne kaniOpyBaHHs cucteMu. Bukonatu nosue kaniOpyBanus KBM ans BuzHa-
YEeHHSI TECOMETPUYHUX MOXUOOK HAIPSAMHUX Ta JIIHIHHUX MEePEMIIIeHb, KyTOBHX IMOXUOOK JIJIs
KOXKHOT OCi, BU3HAUYUTH MIKOCHOBI BIUTMBH. Bumipatu temmneparypauil npodias y pododii
30H1 MamuHU. Po3paxyBatu TemneparypHi rpai€HTH.

2. @opmyBaHHs 0a3u TaHUX CHCTEMaTHMYHHX MOXHOOK. [IpoBecTu cepito TECTOBUX BHU-
MipIOBaHb JUIsl HTOOYZOBU MaTpPUIli MOXHUOOK y NUCKPETHUX TOYKaX mnpoctopy. CTBOpUTH Tpu-
BUMIpHY IHTEPIIOJIALINHHY CITKY (TaOJIUII0) CUCTEMAaTHYHUX MOXHOOK:

é‘ijk: é‘total(xi’ Y Zk)’ (15)
ne 1,J,K — iH1eKcH KOOpAMHATHOI CITKH.

3. [lobynoBa maremaTruHoi Mozaeni. O0'enHAaTH OKpeMi MOJElNi MOXUOOK y €ANHY iHTe-
rpoBany mMozenb (1). PeanizyBatu moaens y BUTIsiAl QyHKIIT:

o="1(xy,2,T,v) (16)
ne T — teMmeparypa, V — BEKTOp IIBUAKOCTEH MEPEMILIEHHS 110 OCAX.

4. 3ynTyBaHHA IOTOYHUX KOOPJAMHAT Ta YMOB. [/l yac KO)KHOTO BUMIPIOBaHHS 3YHTY-
foTecs: TloTouHi KOOpaUHATH: X,Y,Z, TOTOYHA TeMIiepaTypa: T, MBHIKOCTI MEePEeMIilIeHHS 10
KOJKHIN OCL: V,,V,,V, .

5. O0uucneHHs] CHCTEMAaTUYHOI OXMOKK B MOTOUYHIM To4mi. Ha ocHOBI MOTOYHMX KO-

OpJMHAT, TEMIIEPATYPH Ta MIBHIKOCTI OOYHCIIOETHCS CHCTEMaTHYHa MOXHOKa 3a (HopMyJIor0:
0=0, + 6, + Oyinx T Onyst (x,v,) a7

geom, x temp, x in,x
(AHasoriuHo aJ1st oceit Y Ta z).

6. Kopekuist KoopHAT € 3aBeplIAIbHUM €TaroM IMpolecy KOMIEHcallli cucTeMaTiy-
Hux noxubok KBM, mo 3abe3nedye miBUIIEHHS TOYHOCTI KIHIIEBUX PE3YJIBTATIB BUMIPIO-
BaHb. Ha ocHOBI m0Oy/10BaHOI MaTeMaTUYHOI MOJIENI Ta OTPUMAHUX JAHUX PO MOTOYHE I10-
JIO’)KEHHS BY3JIIB MAlllMHU, TEMIIEPaTypHlI YMOBH, HIBUAKICTh PyXy, @ TAaKOK BpaXyBaHHs IO-
MEepeIHIX TPAEKTOPIA MEepEeMIIIeHHs, ISl KOXKHOI KOOPJIMHATH OOYMCIIOEThCS CyMapHa CHC-
TeMaTu4Ha rnoxudka. PozpaxoBaHa cykynHa moxuOKa J0MA€ThCS A0 KOOPAMHAT, OTPUMAaHUX
1] 4ac BUMIPIOBaHHS, B PEKMMI pEaIbHOTO Yacy. Y pe3yabTaTi GOpMYIOThCS CKOPUTOBaH1

KOOPJAMHATH, K1 MAaKCUMAJIBHO HAOJIMKEH1 10 JIMCHUX 3HAYEHb BUMIPIOBAHUX TOYOK.

X=X+X
y=y+oy. (18)
I=72+01

Kpoxk 7. 36epesxxeHHs pe3ynbTaTiB Ta GOpMyBaHHS 3BITY. 3allUC CKOPUTOBAHUX KOOPIHU-
HaT y BUXIJHUN IPOTOKOJ BUMIipIOBaHb. J[01aTKOBO MOXe (popMyBaTHCh 3BIT 13 iH(pOpMaIli€to
PO BETUYMHY BHECEHUX MOMPABOK JIJIsI KOXKHOT TOUKH.

Kpok 8. ApantuBHe yrouHeHHs Mojeni. ITicis HakonmuYeHHs CTaTUCTHKH (cepli BUMI-
PIOBaHb) MOKJIMBA KOPEKIIisl MTapaMeTpiB MO/IEN1 Ha OCHOBI MOPIBHSHHSA HOMIHAJIBHUX Ta CKO-
PUrOBaHUX 3HAa4YeHb. BUKOPUCTaHHS METOJIB 3BOPOTHOTO 3B'SI3KY JJIsi YTOUHEHHS 3aJIeKHOC-
TEeH:

eore (X1 Y5 2) = G0 (X3 Y5 Z) + A piapiive (X, ¥ 2) (19)
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AnanTuBHE YTOYHEHHS MOJIEINI J03BOJISIE MIABUINUTH ii TOYHICTH Ta aICKBATHICTD IILIS-
XOM IOCTIHHOTO aHaNi3y pe3y/ibTaTiB BUMIPIOBaHb Y peajlbHUX yMOBax ekcruryaTamii. [Topis-
HSTHHSI HOMiHAJIbHUX KOOPAMWHAT €TaJOHHUX O00'€KTIB 3 OTPUMAHUMHU CKOPUTOBAaHMMHU 3HAYCH-
HSIMH J1a€ 3MOTY BUSIBUTH 3QJIMIIKOBI CHCTEMaTHYHI NOXHOKM Ta BHECTH KOPUTYBAHHS JI0 Ta-
paMeTpiB MaTEMaTUYHOT MOZETI.

BucHoBku. 3anponoHoBaHa MaTeMaTUyHa MOJENb cucTeMaTHuHuX noxuboxk KBM no-
3BOJIsIE BpaXyBaTH OCHOBHI JpKepesia MOXHOOK, 30KpeMa TeOMETpHYHi, TeMIIEpaTypHi Ta KiHe-
mMaTuyHi. Po3po0siennii anropuTM aBTOMaTH30BaHOT KOMITEHcallii 3a0e3neuye 3Ha4He Ii1BU-
IIEHHS! TOYHOCT1 BUMipIOBaHb, OCOOJIMBO MPH BUMIPIOBaHHI BEIMKOra0apUTHHUX Ta CKIIAJHOII-
podinpHuX Aetaneid. OTpuMaHi pe3yinbTaTH MOXYTh OyTH BUKOPUCTaHI IpU MOJepHi3amii ic-
Hytounx KBM Ta cTBOpeHHI HOBHX CHCTEM BHMIPIOBaHb i3 IiIBUIIICHOIO TOYHICTIO.
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Mathematical model and algorithm for compensation
of systematic errors of coordinate measuring machines

Modern coordinate measuring machines (CMMs) are widely used for high-precision
measurement of geometric parameters of parts across various industries. However, achieving
maximum measurement accuracy is complicated by the presence of systematic errors caused
by geometric guideway imperfections, thermal deformations, kinematic inaccuracies, and
inter-axis influences. Ignoring these factors leads to significant distortion of the obtained
coordinate data and, consequently, reduces the reliability of inspection results. The relevance
of this research is driven by the need to improve measurement accuracy through the
development of effective methods for compensating systematic errors at the stage of
processing measurement data. The article presents a generalized mathematical model of
systematic CMM errors, which takes into account spatial geometric errors, thermal
deformations, kinematic deviations, hysteresis effects, and inter-axis interactions.
Mathematical dependencies are proposed for each type of error, describing their spatial
variation within the working volume and their dependence on temperature and portal or
probe movement speeds. The developed integrated model allows real-time correction of
measured point coordinates, considering the current thermal state of the CMM and its
dynamic operating conditions. An algorithm for systematic error compensation is proposed,
including stages of initial calibration, creation of a systematic error database in the form of a
spatial grid, real-time calculation of corrections during measurements, and adaptive
refinement of the mathematical model based on accumulated measurement statistics.
Implementing this algorithm in CMM software can significantly reduce the influence of
systematic errors on measurement results, improve the reliability of geometric parameter
inspection, and ensure compliance with modern requirements for the metrological support of
production processes. The obtained results can be applied in the development of control
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systems for modern CMMs, as well as in the creation of automated monitoring and accuracy
analysis systems for measuring machines during operation.
Keywords: coordinate measuring machine, systematic errors, mathematical model,
error compensation, geometric errors, thermal influences, correction algorithm, multifactor
analysis, measurement accuracy, metrological support, control system
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B.B. Koznogscekuii, T.1O. llIkBapHuiibka
ABTOMATHU30BAHI CUCTEMMU KOHTPOJIIO
TEOMETPUYHHUX MAPAMETPIB JETAJIEN
HA BA3I KOOPAUHATHO-BUMIPIOBAJIBHUX TEXHOJIOI'TI

Anomayis. Y cmammi Oocniosxceno npobremy cucmemamuyHux noXuboOK KOOPOUHAMHO-
BUMIDIOBATLHUX MAWIUH, AKI CYMMEBO BNIUBAIOMb HA MOYHICMb KOHMPOIIO 2€0MEMPUUHUX
napamempis demainetl. Akmyanonicms pob6omu 3yMo81eHa 3pOCMAaYUMU 8UMO2AMU 00 MOU-
HOCMI UMIPIOBAHb Y CYUACHOMY 8upoOHuUymsi. 3adauero € po3podients MamemMamuyHoi mo-
delli cucmemMamuyHux noOXuboOK ma ancopummy ix asmomamu3o8anoi komnencayii. Memoou-
Ka 6azyemvcsa Ha 6a2amoghakmopHoMy auanizi noOXubOK 3 Ypaxy8awHIM 2eOMempudHux, me-
MNepamypHux ma OUHAMIYHUX 6NIUBIE. 3aNpONOHOBAHO A0ANMUBHULL Al2OPUMM KOPEKYii, Wo
00380J15€ 3HUSUMU CUCTEMAMUYH] 8I0XUNIEHHs MA NIOSULUMU MEeMPON02IUHY 00CMOBIPHICMb
BUMIDIOBAHD.

Knrouosi cnosa: koopouHamuo-6UMIprO8aIbHI MAWUHY, ABMOMAMU308AHULL KOHMPOTb, 2€0-
MempuuHi napamempu, Mmempoaoziute 3abe3nevents, yugpose eupoonuymeo, Inoycmpis 4.0,

Oa2amoceHcopHi cucmemil, HeBUHAUEHICMb BUMIDIOBAHL, MEMPOJLO2IA.

VY cydyacHHUX yMOBax CTPIMKOIO PO3BUTKY MPOMHCIOBHMX TEXHOJOTiH, BIPOBAIKEHHS
aBTOMAaTH30BaHUX CHCTEM KOHTPOJIO F€OMETPUYHUX MapaMeTpiB Aeraneil Ha 0a3i KOOpJUHa-
THO-BUMiproBaibHUX MamnH (KBM) € onHuM 13 KIIFOUOBUX HAmpsMiB 3a0e3MmeueHHs] BUCOKOT
AKocTl npoaykuii. KoopauHaTHO-BUMIpIOBaIbHI TEXHOJIOT] 3a0€3MeYyl0Th BUCOKY TOYHICTb
Ta KOMIUIEKCHICTh KOHTPOJIIO, T03BOJISIIOTh BUKOHYBATH BUMIPIOBAHHS JIeTalleil 31 CKIIaIHOO
reoMeTpi€ro, MPOBOAMTHU aHAJII3 BIAXWIEHb BiJl HOMIHAIBHUX MapaMeTpiB Ta GOpMyBaTH JaH1
JUIsL 3BOPOTHOTO 3B’5I3KYy B CUCTEMax YNpaBIiHHA BUpOOHUITBOM. B ymoBax nudposoi Tpan-
copmariii MpOMHUCIOBOCTI Ta nmepexoay 1o koHuenuii Inayctpii 4.0 KBM BinirpatoTs Bax-
JMBY POJIb Y CTBOPEHHI 3aMKHYTHUX CHUCTEM KOHTPOJIIO SIKOCTI, /i€ BCl €TalmM — BiJl MPOEKTY-
BaHHS J10 BUTOTOBJICHHSI Ta KOHTPOJIIO — IHTEIPOBaH1 B €IUHUN IUPPOBHMA IPOCTIp.

OnHak e(peKkTUBHE BUKOPUCTAHHS KOOPIMHATHO-BUMIPIOBAIBHUX TEXHOJIOTIH y cyyac-
HOMY BHMPOOHHMITBI MOTpeOye BUPIIIEHHS HU3KM HAYKOBO-TEXHIYHMX 3aj]ad, MOB’S3aHUX 13
3a0e3MeUeHHsIM METPOJIOTIYHOI MPOCTEKYBAHOCTI, aBTOMATH3ALlI€I0 MPOLIECIB BUMIPIOBAHHS
Ta 00pOoOKM JaHUX, OLIHKOK HEBU3HAYEHOCTI Pe3y/bTaTiB, aJalTalli€l0 BUMIPIOBATbHUX all-
TOPUTMIB 10 3MIHHMX YMOB BHUpOOHHUITBAa. KpiM TOro, BpaxoByIOUHM MiJBUILEHI BUMOTH J0
TOYHOCTI Ta CTaOIBHOCTI BUMIPIOBaHb y BUCOKOTOYHOMY MaIIMHOOYIyBaHHI, 0COOJIMBO Ba-
KIIMBUM € CTBOPEHHSI METOJMK BpaxyBaHHS TeMIIEpaTypHHUX jAedopMalliii, KOJIMBaHb KOPCT-
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kocTi koHcTpyKIii KBM, a Tako BIUIMBY 30BHIIIHIX JecTabuIi3yrouuX (akTopiB HA TPOIIEC
BUMipIoBaHHs [ 1].

KoMmruiekcHui miaxia 10 aBTOMAaTU3allii MporeciB KOHTPOIII0 TEOMETPUYHUX TapaMeT-
piB Aeranell 3 BUKOPHUCTAHHSIM CY4YaCHUX KOOPIMHATHO-BUMIPIOBAJIBHUX TEXHOJIOTIH J03BO-
JIsi€ CYyTTEBO IMiJIBUIIMTH €(DEKTUBHICTh CUCTEMHM YIPABIiHHS AKICTIO, 3MEHIIMTH BUTPATH Ha
BUIIPABJICHHA Opaky Ta 3a0e3MneYnTy CTablIbHO BUCOKY TOYHICTh MPOAYKIIT [2].

IMocTaHoBKa MpodaeMu. AHaIII3 Cy4acHUX HAyKOBHX IMyOIiKalil Mokasye, mio 3Ha4YHa
yBara npuaUIsIETbCs AOCTKeHHIO TogHOCTI KBM, moOymoBi MaTeMaTHYHUX MOJIEIEH BUMIi-
PIOBAIBHOTO TPOLECY Ta pO3poOli METOIB OLIHKM HEBU3HAYEHOCTI Pe3yJbTaTiB BUMIpPIO-
BaHb [3,4]. Hocnimkenns [5,6] moka3yroTh, 110 TOYHICTh BUMiprOBaHb Ha KBM 3anexuth Bij
KOMIUIEKCY (DaKkTOpiB: KiIHEMAaTHYHUX MOXUOOK MPHUBIIHUX CHCTEM, TEMIIEpaTypHOi CTadilIb-
HOCTI, )KOPCTKOCTI KOHCTPYKIIil, IKOCTI KOHTAaKTHUX 200 O€3KOHTAKTHUX 30HIAAKHUX CHUCTEM,
QITOPUTMIB 0OPOOKHM BUMIPIOBAJILHUX JaHUX Ta MATEMAaTUYHUX METOJIB KOMITEHCAIii MOXH-
00k. OcoOnMBHI IHTEpEC CTaHOBISATH POOOTH, MPHUCBSUEHI MiABUICHHIO aBTOMATH3allli BU-
MipIOBaJIbHUX MPOLECIB Ta CTBOPEHHIO aIaITUBHUX cHcTeM Kopekii moxudok KBM [7]. 3o-
Kpema, y poborax [8; 9] mponoHyrOThCS MIIXOAN 0 MOoOYI0BU U(GPOBHUX JIBIHHUKIB BHMIi-
PIOBAIBHUX CHUCTEM, IO JO3BOJISIOTH HE JIMIIEC MPOTHO3YBATH MOXWOKH, a W 3/IHCHIOBATH iX
KOMIICHCAIIII0 B peXHUMi peanpHoro yacy. [lonpu 3HauHI TOCATHEHHS Y cepi METPOIOTidHO-
ro 3abe3neuennss KBM, anani3 miteparypu moka3zaB HasiBHICTb HU3KM HE BUPIIICHHUX 3a/adu:

— HEIOCTaTHS aIalTUBHICTh iICHYIOUMX METOIUK KOPEKIii IMOXUOOK 10 YMOB peaibHOTO
BUPOOHUITBA (BILUIMBY TEMIIEpaTypH, BiOpalliif, 3HOIIEHHS);

— BIZICYTHICTh KOMIUIEKCHUX AJITOPUTMIB, II0 TOEAHYIOTh METOIU MPOTHO3YBAaHHS T10-
XUOOK 13 ONIEPATUBHUM iX KOPUTYBAHHSAM Ha OCHOBI pe3yJbTATIB MOINEPEIHIX BUMIPIOBaHb;

— obmeskeHa iHTerpauist KBM 13 cuctemamu MOHITOPUHTY CTaHy OOJIaJHAHHS Ta Kepy-
BaHHS TEXHOJIOTIYHUMH TIPOLIECAMH;

— HEJIOCTaTHs po3poOKa METO/IB OI[IHKM HEBU3HAYEHOCTI BUMIPIOBaHb JJIsi OaraToceH-
COPHHX KOOPJIMHATHO-BUMIPIOBAILHUX CHCTEM Y CKJIAJHUX BUPOOHUYNX YMOBaX.

TakuM yMHOM, BUHUKA€E HEOOXIAHICTh y pOo3p0o0Ii KOMITJIEKCHOTO MIJXO0AY 10 CTBOPEH-
HSl aBTOMaTHU30BaHOi cuctemMu kepyBaHHs KBM, sika 6 3a0e3neuyBaina Oe3nepepBHUII MOHITO-
PUHT CTaHy BHMIpIOBAIBHOI CHCTEMH, ONEPATHBHY KOPEKII0 MOXHOOK 3 BHKOPHCTAaHHIM
aJaNTUBHUX METOJIB, IHTETpAIlll0 BUMIPIOBAIBHUX JIaHUX y €IMHY 1H(OpMaliiHy cuctemy
YIpaBJIiHHSA BUPOOHUIITBOM.

Meta pociigkeHHsi MeTor TaHOTO JOCIIKEHHS TOJIATAE B PO3POOII KOMIUIEKCHOTO
MIIXOMy M0 IHTErpalii KOOpAMHATHO-BUMIPIOBAIBHUX TEXHOJIOTIM y CTPYKTYPY CY4acHOTO
1u(poBOro BUPOOHHUIITBA, 1110 JO3BOJUTH ONTUMI3yBaTH MPOLIECH KOHTPOJIO SKOCTI, MiJBH-
IIUTH TOYHICTh BUMIPIOBaHb T€OMETPUYHHX MapaMeTpiB AeTajeil Ta 3a0e3neunTy aJanTHBHE
YIPaBJIiHHS TEXHOJIOTTYUHUMU MPOIIECAMU B PEXKHUMI PEAIbHOTO Yacy.

MarteMaTH4YHMi anapar KOOpAMHATHMX BuMipooBanb. KBM € kiro4oBuM enemeH-
TOM CHUCTEM aBTOMAaTH30BAHOI'O KOHTPOJIIO T€OMETPUYHHX MapaMeTpiB AeTajeil y cydacHOMY
BUPOOHUITBI. AHali3 CBITOBUX TEHJEHLINH PO3BUTKY METPOJIOTIUHOTO 3a0€3MeyYEeHHs CBiJ-
YUTh TIPO 3HAYHE PO3MIMPEHHS (QYHKIIOHATHLHUX MOxauBocTeii KBM 3a paxyHok BmpoBa-
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JDKEHHS 1HHOBALIHHUX PIllIEHb Y KOHCTPYKIIiT BUMIPIOBAIBHUX CHCTEM, YAOCKOHAJICHHS MPO-
rpaMHOTro 3a0e3MeYeHHs Ta IHTerpanii 3 iIHIMMH KOMIIOHEHTaMH HU(POBOTO BUPOOHUIITBA.
OcCHOBY MaTeMaTHYHOI'O arapary KOOpPAWHATHUX BHUMIPIOBaHb CKJIAJa€ TEOpis MepeT-
BOpPEHHS KOOPAMHAT 1 alpOKCHMAallii TOBEPXOHb. PO3riIsiHEMO TPUBUMIpPHY CUCTEMY KOOPAH-
HAT, B SIKi{ TIOJIO’KEHHS TOYKW P Ha MOBEpXHi JeTani BU3HAYAETHCS BEKTOPOM KOOPIMHAT:
F=Xi+Vj+ 2k, (20)

nei , ],k — onuHMYHI BEKTOPU KOOPAMHATHHX OCEi.

[Tpu BUMiprOBaHHI MOBEPXOHb CKJIAJAHOI (OPMHU, OCOOIHMBO MOBEPXOHBb BUIBHOI (OpMH
(free-form surfaces), He0OXi1HO BUKOPHCTOBYBATH alpoOKCUMAIIit0 crutaiiHamu. Jliist npezacra-
BJICHHS TaKUX MOBEPXOHb YAaCTO 3aCTOCOBYIOTHCS B-cCruiaiiHu, siKi J03BOJISIOTH OMHUCATH I10-
BEPXHIO Y BUTJIISIL

n m
Suv)=2 > RN (UN; (), (21)
i=0 j=0
ne B ;- Bysnosi Touku citku xoutpomo, N; (U) Ta N; (V) —HopmanizoBani 6asucHi GyHK-

uii B-crinmaiina ctenenst P ta (] BiAMOBIAHO, AKi BU3HAYAIOTHCS PEKYPCUBHUMHM CITIBBITHO-
[IEHHSIMU:

u-—u U b —
Ni,p(u) :u—Ni,p—l(u)+ ot

i+p i i+p+l ~ Yi+l

Ni+1, p-1 (U) (22)

JUia BU3HAYEHHS BIAXUJIEHHS peabHOI MOBEPXHI BiJl HOMIHAJIBHOI BUKOPUCTOBYETHCS

(GyHKIIOHAT BIAXUIICHHS:

5= ii[minfeS Ie-rie, (23)

[ ey

ne I — BUMIpSIHI TOYKH peasbHOI MOBEPXHi, S — HOMiHAIbHA TIOBEPXHS, 33]aHa MaTeMaTHd-

HOIO MOJIEIITIO.

3. MetposnoriuHe 3a0e3nedeHHs] KOOpJUHATHUX BUMIPIOBAHb

BaxuBuM acrnekToM METPOJIOTIYHOrO 3a0e3MeYeHHs KOOPAMHATHHUX BHMIPIOBaHb €
OIlIHKa HEBH3HAYEHOCTI pe3yNbTaTiB. Y BIIMOBIAHOCTI 10 MiXHapogHoro ctanaapty ISO
10360 [1], cymapHa cTaHAapTHA HEBU3HAUCHICTH BUMIPIOBaHb MOKE OYTH ITpeCTaBlIeHa SIK:

m m-1 m

u, = Z —|u (x)+222——u(x,,x) (24)

i=1 i i=1 j=i |+1
ne f — ¢ynkuis BumiproBaHHS, X, — BXIJHI BEJIMYMHH, U(Xi)f CTaHJapTHI HEBU3HAYEHOCTI
BXigHux BemwunH, U(X;, X j) — KoBapiallii Mk BX1ITHUIMH BETHIMHAMH.
Posmmpena HepusHaueHicTs U BU3HAYAETHCS SK:
U=Kk-u, (25)
ne K — xoedilieHT OXOIUICHHS, SKHId 3aJIeKUTh BiJl PIBHS JOBIPH.

Ha ocHoBi aHani3y 010KeTy HEBU3HAYEHOCTI HAMH BCTaHOBIICHO, 10 OCHOBHUMH JKE-

penamMy HeBU3HAYEHOCTI KOOPAWHATHUX BUMIPIOBAHb €:
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1. Teomerpuuni nmoxubku KBM (mpsMomiHiiHICTh, TEPHECHANKYISPHICTh, Hapaieb-
HICTB OCei)

2. TemnieparypHi nepopmarii exementiB KBM i nerani

3. IToxuOKu cucTeMH LIymiB

4. AnroputMmiuHi MOXUOKH 0OpOOKH pe3yNbTaTiB BUMiIpIOBaHb

4. AnroputmMu 00poOKH pe3ysIbTaTiB BUMIPIOBaHb

Jnist 06poOKHM pe3ynbTaTiB BUMIPIOBaHb T€OMETPUYHUX TapaMeTpiB AeTanell CKiIaaHoi
¢dopMH HaMH 3aIPOTIOHOBAHO YAOCKOHAJICHUN METOJI HAWMEHIINX KBaJPaTiB 3 BArOBUMHU KO-
edinientamu. Lleit MeTox 103BOJIsIE BpaxyBaTH HEOJHOPIAHICTh TOYHOCTI BUMIPIOBAHb Y Pi3-
HUX 30HAaX KOHTPOJIbOBAHOI MIOBEPXHi.

Hexaii maemo mMuoxuny Touok{P},, BuMipsaux Ha nosepxHi merami. Heobxigno am-
POKCHMYBATH L0 MHOKHHY MOBEPXHEIO 3a7aHoro tuiy S(&,u,Vv), e @ — BEeKTOp mapameTpiB

anpoOKCHMYIOUYOl MoBepxHi. J[JIsi BU3HAUCHHS ONTUMAJIBHUX 3HAYCHb MAPaMETPiB d BHUKOPHUC-
TOBYETHCS MiHIMI3allis QyHKI[IOHATY:

n
— 2 —
F@) = w-d*(R,S(@) (26)
i=1
ne W, — Barosi koediniearu, d(P,S(&)) — sixcrans Bix Toukn P 1o mosepxni S(a).
Barogi koedimieHTH W, BH3HAYaIOTHCA 3 YpaXyBaHHIM JOKaIbHOT KPUBU3HU TTOBEPXHI:

W=, @7)
1+a-x
e « — eMmipuYHui Koe(illieHT, K;— cepeHs KPUBH3HA MOBEPXHi B OKOJi TOUkd P, sika
00uncIIOEThCS 32 HOPMYIIOH0:
2 2
K:l EG Fz.eg f2 ’ (28)
2\ EG-F° eg—f

ne E,F,G — koedinientu nepmioi kBaapaTuyHoi Gpopmu noepxHi, e,f,g — koedinientn apyroi

KBaJpaTH4HOi (hopMmu.

2. InTerpailis KOOpAWHATHO-BUMIPIOBAIBHUX CUCTEM Y LU(POBE BUPOOHHUIITBO

B xonrekcti konuenuii [uaycrpii 4.0 HaMu 3anpPONIOHOBAHO apXiTEKTYpy 1HTETPOBAHOI
CHCTEMH KOHTPOJIIO F€OMETPUYHUX NapaMeTpiB JeTajeid, ska 3a0e3neuye B3a€MOJIII0 MiX
CAD/CAM cucremamu, KBM Ta cucremoro ynpasiinag Bupoouursom (MES).

KirouoBuUM eneMeHTOM ILii€l apXiTeKTypu € Mojieib HU(POBOro JIBiHHUKA BHPOOy, sSKa
MICTUTh HE TUIBKM HOMiIHAJIbHY T€OMETpit0, aje i JomycTUMI BIIXUJICHHS, TEXHOJIOT1YHI BU-
MOTH Ta 1CTOpil0 KOHTpOI0. MaremaTnyHo 1udpoBuil ABiifHUK D MOXHa MpencTaBUTH y BU-
TSIl KOPTEXKY:

D=(G,T,C,H), (29)
ne G — reomeTpuyHa Mojenb BUpoOy, T — MHOKMHA TEXHOJOTIYHUX BUMOT, C — MHOKHHA
JIOMYCTUMUX BiIXUJIEHb, H — icTOpis BUMIpIOBaHb Ta KOHTPOJIIO.

s 3a0e3mneyeHHs alanTHBHOTO YIPABIIHHSA TEXHOJOTIYHUMH MpPOIleCaMd Ha OCHOBI

pe3ysbTaTiB BUMIPIOBAaHb 3alIPONIOHOBAHO BUKOPUCTAHHS CTATUCTUYHUX METOJIB MPOTHO3Y-
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BaHHS BIIXWJICHb T€OMETPHUHUX MapaMmeTpiB. Mojiesb IporHO3yBaHHs BiIXUJICHb 0a3yeThCs

Ha 0araToBUMIpHOMY aBTOPETPECiiHOMY aHali3i:
~ p -
S+ =A+D> ASt-i+1)+E(t), (30)
i=1

ne &(t) — BEKTOD BiJIXHMJICHb TEOMETPHYHUX ITapaMeTPiB y MOMeHT 4acyt, A, — Bektop moc-
TifiHUX KoedimieHTiB, A — MaTpuili KoedimieHTiB aBToperpecii, £(t) — BEKTOp BHUIIAJKOBHX
30ypeHb.

ExcnepumenTaiabHi nociipkenns. s Bepudikaiii 3anponoHoBaHUX METOJIB Ta ajl-
TOPUTMIB OYJI0 TIPOBENICHO CEpil0 EKCIIEPUMEHTIB 3 BUKOpPUCTAaHHSAM BipTyaidbHOoi KBM. Pe-
3yJAbTaTH MOJIETIOBaHHS Mokasanu (PucyHok 1), 0 3aCTOCYBaHHS 3alIPOMIOHOBAHOTO METOTY
00poOKHU pe3ynbTaTiB BUMIPIOBAHb JI03BOJISIE 3MEHITUTH HEBU3HAUEHICTh BUMipIOBaHb Ha 10-
15% mnopiBHAHO 31 cTaHAApTHUMH airoputMamu. KpiM TOro, BOpOBaKEHHS alalnTUBHUX
cTpaTeriii CKaHyBaHHS MTOBEPXOHb, IKI BPAXOBYIOTh JIOKAJIbHY KPUBU3HY, JI03BOJIUIO CKOPO-
TUTH Yac KOHTpouIo Ha 15-25% mpu 306epekeHHi HeoOX1AHOT TOYHOCTI.

MoaenioBaHHsA BUMipIOBaHHA 0aHiEl ToYkM (1000 iTepauii) NopisHAHHA CTaHAAPTHUX Ta 3aNPoONOHOBaHNX MeToais

50.08 E + BUMIPAHI 3MaveHHA 20,0 | W 3venwersa HesusHavenocTi (%) 20%

—=- IneansHe NonoxenHs (50 mm) W CKOPOUEHHA Hacy KeHTPOMIO (%)

50.06 + 17.5

50.04 . e e 5.0

MM

= 50.02

50.00

Koopauwarta
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1
o

49.98

49.96

40,04
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0 200 400 600 800 1000 CrangapThi anropuTMu 3anponoHosai MeToan
Irepauis MeTonu BUMIDIOBAHHS

Pucynoxk 1 - I'padik po3noiny pe3yapTaTiB BUMIpIOBaHHS KOOPAMHATH O/IHIET TOUKH
3a pesynbratamu 1000 iTepaniii MosentoBaHHs Ha BipTyanbHiii KBM

I'padik mokasye cTaTUCTUYHHUNA PO3MOALT BUMIPSHUX KOOPAMHAT, IO J03BOJISE OLIIHUTH
XapakTep Ta CUMETPUUYHICTh PO3MOALTY NOXHOOK. Pe3ynbraTi Mo/ientoBaHHs MPOIECy BUMi-
pIOBaHHA O/IHi€1 ToukH Ha BipTyansHiit KBM cBimuaTh mpo HasIBHICTh BUMIAJAKOBHX BiIXHUIIEHB
KOOp/AMHAT TOYKH, 3YMOBJIEHHUX BIUIMBOM BHIIQJIKOBHUX MOXMOOK CHUCTeMH. AHali3 po3cito-
BaHHS OTpUMaHuX pe3ynbraTiB y 1000 iTepamisix JO3BOJIMB OLIHUTH CTAOUIBHICTH BUMIpIO-
BaHb Ta BU3HAYUTH XapakTep po3MojLTy MoxuOok. BcraHOBIEHO, 1110 pO3MOALT pe3ynbTaTiB
BUMIPIOBaHb HAOMMKAETbCA 70 HOPMAJIBHOTO, IO MiATBEPPKYE KOPEKTHICTh 3aCTOCOBAHOI
Mojieli moxubok. OTpuMaHi pe3yinbTaTH MOXYTh OyTH BUKOPUCTaHI Ul OLIIHIOBaHHS HEBU-
3HA4eHOCTI BUMIPIOBAaHb Ta HAJAIUTYBAaHHS aJalTUBHUX aJITOPUTMIB 0OpOOKHM JTaHMX Ha pea-
apHUX KBM.

3. ExoHoMi4Ha e(heKTUBHICTh BIPOBAIXKEHHS aBTOMATU30BAaHUX CHUCTEM KOHTpo:iro. Ha
OCHOBI aHaNi3y JaHUX MiANPHEMCTB MAIIMHOOYIBHOTO MPOLII0 po3poOIeHO METOAMUKY OIi-
HKHM €KOHOMIYHOI €()eKTUBHOCTI BIIPOBAKEHHS] aBTOMATU30BAHUX CUCTEM KOHTPOJIO FeOoMe-
TPUYHUX MapaMeTpiB aeraneil. EkoHomiuHui edekT Bi BIPOBAIKEHHS Takux cucrteM op-
MYEThCS 32 paXyHOK:

1. 3HMKEHHS TPYAOMICTKOCTI KOHTPOJIBHHUX OTeparlii

124 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremui Texnonoriiy 2 (157) 2025 «System technologiesy

2. 3MeHIIeHHS KUTBKOCTI OpakOBaHUX JeTasei

3. Onrumizanii TEXHOJIOTTYHUX MPOLECiB HAa OCHOBI aHAJI3y JaHUX BUMIipIOBaHb

4. CKOpOYEHHS KTy PO3pOOKH Ta BIPOBAIKEHHSI HOBUX BUPOOIB

Uucra npuseneHa Bapticts (NPV) mpoekty BIpOBaKeHHSI aBTOMAaTU30BAHOI CUCTEMHU
KOHTPOJIIO BU3HAYAEThCA 32 (PopMyIIoro:

I, CF
NPV :—|O+Z—(1+rt)t,
t=1

ne |, — mouarkosi inBectuiii, CF, — rpomoswuii otik y nepiof t,F — cTaBka JUCKOHTYBaHHSI,

(31)

T — TepmiH peanizanii IpoOeKTy.

Po3paxyHku moka3yroTh, 0 I MIAIPUEMCTB CEPEAHBOTO MACIITa0y TePMiH OKYITHOC-
Ti BIPOBAKCHHS AaBTOMATH30BAaHWX CHCTEM KOHTPOJIO Ha 0a3i  KOOpAWHATHO-
BUMIPIOBAJIbHUX TEXHOJIOTiH CTAHOBUTH 2-3 POKU MPH YMOBI IIOBHOTO BUKOPHUCTaHHS iX (QyH-
KIIIOHATBHUX MOJIMBOCTEH Ta IHTErpallii 3 IHIIMMH CUCTEMaMH [E(PPOBOTO BUPOOHHIITBA.

3.1. IlepcieKTHBH PO3BUTKY KOOPAMHATHO-BUMIPIOBAIEHUX TEXHOJIOT1H

Ha ocHOBi aHaiizy CBITOBHX TEHJIHIII PO3BUTKY METPOJIOTIYHOTO 3a0e3Me4eHHs] BH-
poOuuiTBa [1-6] BM3HAYEHO Taki MEPCIIEKTHBHI HANPSMKH YIOCKOHAJICHHS CHCTEM aBTOMa-
THU30BaHOTO KOHTPOJIIO TEOMETPHYHHIX TTApaMeTPiB eTasei:

1. Po3poOka 6araToCeHCOPHUX BHMIiPIOBAIILHUX CHCTEM, 110 TIOEJHYIOTh KOHTAKTHI, OII-
TUYHI Ta JJa3€pHI METOM BUMIPIOBAHb;

2. BrpoBajpkeHHSI TEXHOJIOTIH JOMOBHEHOI pealbHOCTI AU Bi3yallizalii pe3ysbTaTiB
BHUMIPIOBAHb;

3. Po3BUTOK MOOIIBHUX KOOPJMHATHO-BUMIPIOBAIILHUX KOMIUIEKCIB Ul pOOOTH B Iie-
XOBHX YMOBax;

4. Inrerpariist KOOpAMHATHO-BUMIPIOBAJIBHUX CUCTEM 3 aJIUTUBHUMH TEXHOJIOTISIMH BH-
pPOOHUIITBA;

Jlnis 6araTroceHCOpHUX BUMIPIOBAIBHUX CHCTEM OCOOJIMBOIO 3HaueHHs HalOyBae 3aj1ada
KaTiOpyBaHHs Ta y3TOJKEHHS JaHWX, OTPUMAHUX PI3HUMH CEHCOpaMHU. 3alpONOHOBAHO Me-
TOJI KaniOpyBaHHs, IKUH 0a3yeThCcs Ha MiHIMI3alil pyHKIIOHATY:

F(R,T) =Zn:|| P®-R-PY+T)II%, (32)

i=1

ze Pi(l) 1 Pi(z) — KOOPJIMHATH TOYOK, BUMIPSHUX MEPIINM 1 JPYTUM CEHCOpaMHM BiJIMOBIAHO, R

— MaTpHIIs TOBOPOTY, T — BEKTOP MEPEHOCY.
OnTtumanbHi 3HaueHHd R 1 T BHM3HAYAIOTHCS METOJIOM CHHTYISPHOTO PO3KIIaTaHHS
(SVD) Matpuii koBapiarfii:

H =Y (RY-F9)- (RO -PO), )
i=1
ne PO i P® —neHTpoinm MHOXHH TOUOK.

Peanizaiiis Takux miaxoaiB 3a0e3MMeYuTh MiABUINEHHS TOYHOCTI, IMBUAKOCTI Ta agallTH-
BHOCTI BUMIPIOBAJIbHUX IPOIIECIB, & TAKOK CTBOPEHHS €IMHOTO 1HPOPMAIIHHOTO MPOCTOPY

JUIS IPUAHSTTS ONEPAaTHBHUX YIPABIIHCHKUX PIICHh HA OCHOBI JaHUX F€OMETPUYHOTO KOH-
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Tpomto. OcoOMBY yBary ciiji MPUIUTATHA PO3POOIIl IHTEIEKTYAIBHIX CUCTEM 00OpOOKH TaHUX,
10 BUKOPUCTOBYIOTh METOM MAIIMHHOTO HABYAHHS JJIsl BUSBJICHHS aHOMAJIill y reoMeTpuy-
HUX TapamMeTpax, MPOrHO3yBaHHS 3aJIMIIKOBOTO pecypcy oOnagHaHHs Ta (OPMYBaHHS PEKO-
MEH/IAIi} 110/10 KOPEKIIii TEXHOJOTIYHUX PEKUMIB Y pealbHOMY 4aci.

[TigBumenss piBHs iHTerpanii KBM i3 cucremamu ympasininas BupoOHUnTBOM (MES,
ERP) cipusituMe CTBOPEHHIO 3aMKHEHUX KOHTYPIB YIpPAaBIIHHS SIKICTIO, Y SKUX Pe3yJIbTaTh
BHUMIpIOBaHb aBTOMAaTUYHO BPaXOBYIOTHCS MPU KOPUTYBaHHI IapamMeTpiB 0OpoOKH Ha BepcTa-
tax 3 UIIK. Takwuii miaxin 3a0e3meunTh He JIHIIE MiABUIECHHS TOYHOCTI BUPOOIB, ajne il MiHi-
Mi3alito OpaKy Ta ONTHMI3alil0 BUKOPUCTAHHS BUPOOHUYMX PECYpPCiB.

BucnoBku. [IpoBeneHe H0CiiKEHHS MIATBEPIUIO aKTYaIbHICTh PO3POOKH Ta BIPOBA-
JDKEHHSI aBTOMAaTU30BaHMX cucTeM ympaBminHg KBM nns 3a0e3nedeHHs: BUCOKOI TOYHOCTI
BUMIPIOBaHb T€OMETPHUYHUX MapaMeTPiB JeTalell Y Cy4acCHOMY BHPOOHHIITBI. 3aIipOIOHOBA-
HO KOMITJICKCHUH ITiJIX1JT JIO ITiIBHIIEHHS TOYHOCTI KOOPJIMHATHUX BUMIPIOBaHb, SIKHH BKIIO-
Yyae BJOCKOHAJICHHS aJITOPUTMIB OOPOOKHM JaHUX, aAANTUBHY KOPEKII0 MOXHOOK, BUKOPHC-
TaHHS TUPPOBUX IBIHHUKIB U MPOTHO3YBAHHS 1 KOMIIEHCAIIT MOXHUOOK Yy PEeXHMIi peabHO-
r0 4acy, a TaKOX IHTETrpaIlilo BUMIPIOBAIBHUX CUCTEM Y 3araibHy iHPOpMaIiiiHy iHppacTpy-
KTYpy MiANPUEMCTBA.

Pesynprat MOeIIOBaHHS Ta €KCIIEPUMEHTAIBHUX JTOCIIKEHD I ITBEPIIIIN e(EKTHB-
HICTh 3alIPOTIOHOBAHUX METOJIIB, 30KpeMa 3MEHILIECHHS HEBH3HAYCHOCTI BUMiproBaHb Ha 10-
15% Tta ckopoueHHs 4acy KOHTPOJIO Ha 15-25%, 1110 J03BOJISIE TIABUIIIUTH MPOTYKTUBHICTS 1
SKICTh TEXHOJOTIYHMUX IPOLIECIB. 3allpOIIOHOBAHA METOMKA OILIHKM €KOHOMIYHOi e(eKTHB-
HOCTI HIATBEpAMIIAa JOLUIbHICTh BIPOBAKEHHS TaKMX CHCTEM Ha MIJMPHEMCTBAX MalIMHO-
OyaiBHOTO Mo IO, 110 3a0e31meuye CKOPOUEHHSI BUTPAT, 3SMEHIIICHHS OpaKy Ta ONTHUMI3AIli0
BUPOOHUYMX TPOIIECIB.
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Automated systems for control of geometric parameters of parts based
on coordinate measurement technologies

The article examines modern trends in the development and implementation of
automated systems for controlling the geometric parameters of parts based on coordinate
measuring technologies. The main principles of operation of such systems and their
importance for ensuring production accuracy in modern industrial manufacturing are
analyzed. Particular attention is paid to the issue of metrological support for the
measurement process, specifically the calibration of coordinate measuring systems, the
evaluation of measurement uncertainty, and ensuring the traceability of results. The influence
of various factors on measurement accuracy is studied, including thermal stability, structural
rigidity of the measuring system, surface quality of parts, and measurement data processing
algorithms.

In the context of Industry 4.0, the integration of coordinate measuring technologies with
computer-aided design (CAD) and computer-aided manufacturing (CAM) systems is
considered, enabling the implementation of the digital twin concept and ensuring a closed-
loop quality management cycle from design to finished product.

Key metrological characteristics affecting the reliability of control results are analyzed
and identified. Based on the analysis of existing methodologies for assessing the accuracy of
coordinate measuring machines, an improved approach to verifying their performance
characteristics under production conditions is proposed.

Based on the research results, promising directions for the development of coordinate
measuring technologies have been substantiated, including the miniaturization of measuring
systems, increasing their mobility, expanding functional capabilities and integrating with
other non-destructive testing methods. Priority areas for increasing the level of automation of
processes for controlling the geometric parameters of parts have been identified in the
context of general trends in digital manufacturing and smart enterprise development.

Key words:, coordinate measuring machines, automated control, geometric parameters,
metrological assurance, digital manufacturing, Industry 4.0, multi-sensor systems,
measurement uncertainty, metrology.
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O.M. Be3Becinbhaa, B.M. Inpuenko
METO/I BUMIPIOBAHHSI IPELE3IMHUX JETAJIEN
HA KOOPIMHATHO-BUMIPIOBAJIbHIN MAILLIUHI

Anomayin. Cmamms npucesiuena po3pooyi Memoouxku SUMIPIOBAHHS Npeye3iunux oemaneti
Ha KOoOpOuHamuo-eumiprosanvrin mawuni (KBM). 3anpononosano komniekcuuil nioxio 0o
niOBUWYEHHS MOYHOCMI BUMIDIOBAHb, WO BKIIOUAE CMOXACMUYHE MOOEN08AHHA NOXUDOK i3
BUKOPUCMAHHAM OUpEePeHYiATbHUX PIBHAHb MA MEH30PHULL ONUC NPOCMOPO8UX dedhopmayiil.
Pospobneno adanmuenuii ancopumm xopexkyii cucmemamuyHux NOXuOOK HA OCHOBI POy
@yp ’e-beccens ma sapiayitinuti Memoo onmumizayii mpackmopii 3 ypaxy8aHHAM KOHCMPYK-
mugHux oomesicenv. 11o6yoosano modenv mepmooepopmayii 3 BUKOPUCMAHHAM MEH30DI8
wocmoeo pavey ma ynxyiu I pina. Excnepumenmanvhi 00CHioHceHHss niomeepounu egex-
MUBHICMb MEeMOOUKY, NOKA3ABUU 3HUNCEHHS cucmeMamuyHux noxubok na 15-20% ma no-
KpaweHHs: oyinku Hegusnavenocmi Ha 10-15%, wo 3a6e3neyye nioguuerHs moyHocmi Koop-
OUHAMHUX BUMIDIOBAHD.

Knrouosi cnosa: Ilpeyesitini 6umipiosanis, KOOPOUHAMHO-BUMIPIOBANbHI MAWUHU, MemOO00-
JI02IsL BUMIPIOBAHb, ABMOMAMU308AHI NPOYECU, AOANMUBHI AICOPUMMU KOpeKYii, cucmema-
MUYHI NOXUOKU, BUNAOKOBI CKIAO08I NOXUDOK, MempOL02iYHULL KOHMPOTb, NIOBUWEHHS MOY-
HOCMI UMIPI08AHb, ONMUMI3AYIA MPAEKMOPIU, NPOMUCTIOB] NPOYecl, CMAanoapmu3ayis mou-
HOCMIi, KOHMPOJIb 2e0MEMPUYHUX NAPAMempPI8, 00pOOKa BUMIPIOBAILHUX OAHUX, CUCeMAa Ke-

PYBAHHS.

ITocTanoBka mpoOJjemu. KoopanHaTHi BUMIpIOBaHHS NpeLe3ifHUX JaeTalieil Biairpa-
I0Th KPUTUYHO BaXKJIMBY POJIb y Cy4aCHOMY BHUPOOHHIITBI, OCOOJIMBO 3a YMOB MOCTIHHOIO
3pOCTaHHS BUMOT JO TOYHOCTI Ta SKOCTI mpomucioBux Bupo6is [1, 2]. KBM mo3BonsitoTh
311iCHIOBaTH 0araToBUMIPHHI aHali3 reOMETPUYHUX MapaMeTpiB AeTajei 3 MIKpOMETPOBOIO
TOYHICTIO, 10 pOOUTH TX KITFOUOBUM IHCTPYMEHTOM METPOJIOTri4HOr0 KOHTPOJIIO [3].

CyuacHe BUPOOHHITBO XapaKTEPU3YEThCS MiJBUILEHOI CKJIAJHICTIO IeoMeTpii BUpO-
01B, IMPOKKUM CIIEKTPOM 3aCTOCOBYBAHMX MaTepialiB Ta 3pOCTAIOYMMU BUMOTAaMU /10 LIBUJI-
KocTi BuMiproBanb [4]. Lle cTBOpro€ 10AaTKOBI BUKJIMKHU AJIs 3a0€3MeYeHHs] cTa0lIbHOI TOY-
HOCTI Ta JOCTOBIPHOCTI BUMIpIOBaHb. SIK MOKa3ylOTh AOCHIKEHHS [5,6], OCHOBHUMH YUHHH-
KaMH, [0 BIUTMBAIOTh Ha TouHicTh KBM, 3anummarTbcst TeOMETPUYHI TOXUOKH, TeMIepaTyp-
Hi Aedopmariii Ta TMHaAMI4HI HeCTaOUTLHOCTI.

Amnaniz HaykoBUX Mpalb [5-7] cBITYUTH MPO CYTTEBUH Mporpec y po3poOli MeTojiB
KOMIIeHcAIlil TOXHOOK KOOpAUHATHO-BUMIipoBaIbHUX MamnH (KBM), mo no3Bossie 3HMKY-
BaTH CHCTEMAaTH4YHI Ta BUITAJKOBI MOXMOKH, MOKPAIyIOUH TOYHICTh BUMIipIOBaHb. BogHoYac,
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SK 3a3HAYAOTHh aBTOpH POOIT [7, 8], icHyroui miaxoau He 3a0e3MeuyrTh KOMILIEKCHOTO Bpa-
XyBaHHS BCIX YMHHUKIB, 1110 BIJTUBAIOTh HA TOYHICTh BUMIPIOBaHb, TAKUX SIK TepMoaedopMa-
11ii, TEOMETPUYHI TOXUOKH, KyTOBI BIIXWJICHHS, a TAKOK BHITAJIKOBI MOXUOKH, 1[0 BHHUKAIOTH
gyepe3 3MIHU B OTOYYIOUOMY CEpelOBHINI a0 caMy KOHCTPYKIit0 MamuHU. OCKUTbKH Oiib-
IIiCTh METOAIB KOMIIEHCAIlii OPiEHTOBAHI JIMIIE HA OKPEMi aCleKTH MOXHOOK, TaKi sIK TeOMET-
pPHUYHI Y4 TEPMiYHi, BOHU HE BPaXOBYIOTh B3aEMOJIIO BCiX (DaKTOPIB, IO CYTTEBO OOMEXKYE iX
e(eKTUBHICTD y peabHUX yMoBax. [1o7i0HI 0OMEXEHHs € MPUYNHOI0 BUHUKHEHHS CHCTeMa-
TUYHUX TTOMHJIOK, III0 HE MAa0ThC KOPEKIIii 3a JOMTOMOTOI0 TPAJAULIIHHUX METOMIB [9].

[ami nocnimkenns [10] Takok MiAKPECTIOITh HEOOXITHICTh IHTETPOBAHOTO I AXOIY 10
KOpeKii MoXubok, sikuil 00'enHyBaB O Pi3HI METOAM KOMIICHCAIIi1, TakKi SK aJanTHBHI aJlro-
PUTMH, CTOXaCTUYHE MOJETIOBAHHS Ta TEH30PHHUU aHami3. 3 oIy Ha 1i MpoOIeMHu, METOIO
JTAHOTO JOCIIDKEHHS € po3poOKa HAyKOBO OOIPYHTOBAHOI METOIUKM BHMIPIOBAaHHS Ipere-
3iftHNX geraneit Ha KBM, sika Ga3yBaTMMeThCs Ha BHKOPHUCTaHHI TEH30pHOTO (hopmaiizmy
JUIS. MOJICJTIOBAHHSI TEOMETPUYHUX Ta TEPMOIPYNKHHUX JAedopMalliii, a TaKoX CTOXaCTUYHOTO
MiIXOAY JUIsi KOPEKI[il MOXHUOOK, 3 METOI 3HAYHOTO ITiJIBUIEHHS TOYHOCTI BUMIPIOBAHb Y
CKJIQJIHUX YMOBaXx.

Meta gocaizkeHHs - po3poOka HaAyKOBO OOTPYHTOBAHOT METOAMKH BUMIipPIOBAaHHSI TIpe-
ne3ianx geraneid Ha KBM, sika 0a3yeTbcs Ha BHKOPUCTaHHI TEH30PHOTO (hopMamizMy Ta
CTOXAaCTUYHOTO MOJICITIOBAHHS JJIs TT1IBULIICHHSI TOYHOCT] BUMIPIOBaHb.

O0'exTH i MeToANKA HocaiTKeHb. O0’€KTaMH TOCIIKEHHS € TPOLIECH KOOPIUHATHUX
BHUMIPIOBaHb Mpele31iHuX Aetaneil ckiaaanoi reomerpii Ha KBM y Bupo6Huunx ymosax. Jlo-
CJIIJKEHHSI OXOIUTIOE SIK T€OMETPUYHI MapaMeTpu JeTajieil, Tak 1 METPOJIOTIuHI XapaKTepuc-
TUKH BUMIPIOBAJILHOI CUCTEMHU, BKJIIOYAIOUM CTaTHUYHI Ta IMHAMIYHI MOXUOKHU, TEMIIEpaTypHIi
nedopMallii Ta BIUIMB 30BHILIHIX (aKTOpiB.

Metoaunka IOCTiKeHHsT 0a3yeThCsl HA KOMIUIEKCHOMY IIXO/1, IO BKJIIOYAE MaTeMa-
TUYHE MOJICTIOBAHHS MPOIECY BUMIPIOBaHHS, TOOYAOBY TEH30PHOI MOJEII MTPOCTOPOBUX Tie-
peMilleHb y pIMaHOBOMY IPOCTOPi, PO3pOOKY CTOXAaCTUYHHUX MoJieled MOoXHOOK Ha OCHOBI
iHTerpaniB CtparoHoBHua Ta ApoOOBOro OpoyHIBChKOro pyxy. mst xommeHcarii moxubox
3aCTOCOBAHO aJalTUBHUI alropuT™M KOpeKIii, MoOyA0BaHUN Ha OCHOBI CTOXaCTUYHMX JU(e-
pEeHLIaNbHUX PIBHSIHB 13 PO3KIIAJOM KOpPUTYBaJlbHOIO onepartopa y psan ®dyp’e-beccens. On-
THUMI3allis TPAEKTOPi BUMIPIOBaHHS BUKOHAHA 3a JOIIOMOTOIO0 BapiamiifHOTO MiAXOAY 3 ypa-
XyBaHHSIM TOJIOHOMHHUX 1 HETOJIOHOMHHX 3B’s13KiB. J[JIs1 BpaXyBaHHS TeMIIepaTypHuX aedop-
Maliii po3po0JIeHO MOJENb TEPMONPYKHUX JedopMalliii Ha OCHOBI TEH30pIB LIOCTOTO PaHTy
ta QyHkuiit ['pina. EkciepumenTanpH1 gociiKeHHs poBeaeHo Ha cepiitnux KBM i3 Buko-
PUCTAaHHSAM 3pa3KiB-KamiOpiB Ta KOHTPOJBHHUX JIE€Tajei, IO JO3BOJIAIO OIIHUTH €()EeKTHB-
HICTPH 3aIPOMTOHOBAHOT METOJIMKH y PEATbHUX YMOBAaX BHPOOHHIITBA.

Pe3yabTaTH gociiizkeHb. J1aii OMUMCAaHO METOJUKY, IO 0a3yeThCsl HA BUKOPUCTaHHI
TEH30pHOTO (hOpMaTi3My Ta CTOXAaCTUYHOTO MOJICTIOBAHHS IS ITiIBUIICHHS TOYHOCTI BUMI-
proBaHb. KpiM TOTO, HaBeIeHO pe3yNbTaTH MOPIBHSIHHS MOJCTIOBAHHS 3 €KCIIEPHMEHTAIbHU-
MU JaHUMH, 10 IEMOHCTPYIOTh €(EKTUBHICTh 3alPONIOHOBAHOTO MiIXOYy Y 3HMXKEHHI CHC-
TEMaTUYHHUX 1 BUMAJIKOBUX MOXHUOOK BUMIPIOBAHb.
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MaTteMaTH4YHA Mo/e/Ib NMpouecy BUMipIOBaHHs. Y3arajibHeHAa MaTeMaTHYHa MOJENb
nporecy BuMiptoBanHs Ha KBM omucyeTbcst TEH30pHUM udepeHIialbHIM PIBHSIHHAM B

POMaHOBOMY IIPOCTOPI:
t

X. =X, +j(rijx“AxV)dt+<JS_C(R}A®j)ds+vicb+gi @), (1)

A

me: X, — BHUMIPSIHHI BEKTOp KOOpAMHAT, Xi— iCTUHHHUI BEKTOp KoopauHat, I, - TEH30p

TreOMETPUYHUX MOXUOOK APYroro Mnopsiky, R} — MaTpHIs TOBOPOTY, A®] — BEKTOp KyTO-

BUX BiIXUJIEHb, &' — BEKTOP BHUIIAIKOBHMX HOXHOOK, /@ — KoBapiaHTHA MMOXiJHA MOTEHIia-

1y moxu6ok, C — 3aMKHEHUI KOHTYD Y IIPOCTOPi CTaHIB.
TeH30p MEeTpUKH IPOCTOPY MOXUOOK BU3HAYAETHCS PIBHSIHHSIM:

g; =9J; +h; +Z(ai(ﬂkai¢k )7 (34)
k

ne: d; — cumBol Kponekepa, /; — TeH30p 30ypeHb, ¢ — Ha0lp CKaJISPHUX MOJIiB.

PomaHOB nipocTip, B IKOMY PO3B'SI3y€ThCSI 1I€ PIBHSHHS, € MATEMAaTHYHOIO CTPYKTYPOIO,
10 JI03BOJIsIE KOPEKTHO BpaxyBaTH BCl BIUIMBH MOXMOOK 1 Aedopmarliif, 10 BUHUKAIOTh B
mpoleci BUMIpIOBaHHS. Y LbOMY KOHTEKCTI TE€H30pHE auepeHIlialibHe PIBHSIHHS J03BOJISE
OIMCATH 3AJICKHICTh MK BUMIPSHHUMH KOOPJMHATAMH Ta ICTHHHUMH 3HAYEHHSMHU KOOPIH-
HAT, 3 YpaxXyBaHHSIM BIUIMBY Pi3HOMAHITHUX JDKEPET MOXUOOK.

ATanTHBHUI aJropuT™M Kopekuii moxudok. HemiHiiitHu ananTtuBHUN QUIBTP OmHCY-

€THCSI CTOXaCTUYHUM JU(EPEHIIATbHUM PIBHSIHHSM (3):

dH =[ A(H,t)+B(H,t)u(t)]dt +o(H,t)dw (t), (35)
e onepaTop Kopeklii Bu3HauaeThes yepes psag Dyp'e-beccens (4):
K(s,4)=2, 2, & d, (AS)exp(—,s)exp(iat). (36)
Barosa ¢yHkuis afanTaiii BUKOPUCTOBYE T1epOOIIYHUN TAHT€HC BULIMX TOPAIKIB (5):
W (te) = exp(—Allel? )IT,[1 + utanh(ve )+ ptanh3(ve)], (37)

ae Al ell Zw — HOpMa B mipoctopi Pperre.

1.3. CroxacTuyHa MOJieJIb MOXUOOK
BunaakoBuii mporec moXuOOK MOJEIIOETHCS Yepe3 CToXacTHUHUH iHTerpan CtpaToHo-
BHYA!
e(t)=Jo'h(t—7)odB(r)+2; J0' ¢ (7)& (v)dr + n(t), (38)
ne:o — inrerpan Crparonosuua, 7(t) — mpouec Opmurureiina-Ynenoeka, B(r) — apoboswuii
OpoyHIBCbKHI pyX 3 iHIeKcoM Xepcra H
MeTtoauka npoBegeHHs BUMIpPIOBaHb. MeTo/MKa NMPOBEIEHHS BUMIPIOBaHb BKIIIOUAE
psia eramiB, cepell AKX OCOOJIMBY yBary HMpPHJILJIEHO ONTHUMI3alii TPaeKTOpii BUMIpIOBaHHS
U1 3a0€3Me4YeHHs MaKCUMAaJIbHOT TOYHOCTI Ta €(peKTUBHOCTI BUMIpIOBaIbHOIO mporecy. Or-
THUMI3allisl TPAeKTOpli € BaXKJIMBUM €JIEMEHTOM, OCKUIbKHA NpaBUJIbHE BU3HAUYECHHS UUIAXY,

SIKUM TIOBUHHA PyXaTUCs KOOPAMHATHO-BUMIiproBaabHa MamuHa (KBM), no3Bomnse MiHIMIZY-
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BaTH BIUTUB 30BHIIIHIX (PaKTOPIB, TAaKMX AK TepMiuHi a00 MexaHiuHi aedopmariii, Ta 3SMEHIIN-
TH TIOXUOKU BUMipPIOBaHb.

1. OnTumizanist Tpa€KTOPii BUMIpIOBAaHHS

Bapiamiiina 3agaya ontumizanii 3 ¢yHKIIOHAIOM Jii, 0 MiHIMI3ye (yHKIiOHAN Aii,

SIKUH 3QJICKUTH BiJl KIHETHYHOI Ta IOTEHIIaJIbHOI €HEPTii CUCTEMH:

S[a] = IOT[L(q,q,q',t) + /ITg(q)]dt —> min, (39)
ne ¢yHkiionan Jlarpanka BKIIOYa€e KIHETUYHY Ta MOTCHIIAIIBHY €HEPTii:
L = %(¢'M(q)d- q"K(t)q)-V (q)+D(a.q), (40)

IPU OOMEKEHHSX
9(q) = 0 — rosonomHi 3B'13kH, g(q,§) < 0 — HETOJIOHOMHI 3B'S3KH, || < gmax exp(-f1), |¢| <
gmax exp(-yz).

2. Tepmonedopmarliiiina MoJielb € BaXKIUBUM €JIEMEHTOM Yy 3abe3leueHHi TOYHOCTI
BHUMIPIOBaHb Ha KOOpPJIUHATHO-BUMIproBaiIbHMX MamuHax (KBM), ockinbku TemmepaTypHi
KOJIMBaHHS MOXYTh 3HAYHO BIUIMBATH HA TEOMETPUYHY TOYHICTh BUMIPIOBAHHS, CIIPUYHHSFO-
yn nedopmainii marepianiB Ta 3MiHY (PI3UYHHX BIACTHMBOCTEH KOMIIOHEHTIB MamluHU. J{7s
BpaxyBaHHs TepMmoaedopMaliiii B MOJIelli BHKOPUCTOBYEThCS TIOBHUI TEH30P TEPMOIPYKHHUX
nedopMariiif, SKuii BKJIIOYA€e Pi3Hi aCleKTU TeMIIepaTypHUX 3MiH Ta iX BIUIMB Ha MaTepiaj, 3
sKuX BUrotosiieH] netain KBM.

[ToBHUI TEH30P TEPMOINPYKHHUX J1eHOpPMAIIiii:

& = Ay (T)ATAT + Lo Vi TV, TV TV T +fv Giyy (r —r ')AT (r ) dv ', (41)

jkimn
ne: au(T) — TEH30p TEMIIEPATypPHOTO PO3IIUPEHHS Y€TBEPTOTO PAHTY, Lijkmn — TEH30pP Tep-
MOTIPY>KHUX KOHCTaHT IIOCTOrO paHry, Gjy — dyHkuia ['pina TepMonpyXHOi 3a1a4i

3. CratucTUYHHI aHali3 TOYHOCTI. Y3araabHEHWI KpUTEpii TOYHOCTI 3 peryispusa-
miero TuxoHosa:

Q=tr(WE)+ 4 |det (£)[“" +4,K(2) + 4 IVEIF +4,1, [V?5] av. (42)

AHaJTi3 HeBU3HAYEHOCTi BUMipIOBaHb.
Pozmmpena HeBU3HAYEHICTD 3 ypaxXyBaHHAM KOPEJALiN BUIIMX HOPSAKIB:

U :k\/(Zi (cu(x))? + 2%, cou(x. %)+, 2, 2, cicjckK(xi,xj,xk)), (43)

ne: K(xi,x;,Xe) - KyMYJISIHTH TPEThOTO TIOPSIKY, ¢; — y3arajibHeHi Koe(DillieHTH IyTIUBOCTI, K

— KoeIIi€HT OXOIUICHHS, 10 BU3HAYAETHCS Yepe3 KBaHTUII1 po3noaity CThIO/IeHTA.

4. Bepudikaritis po3po06JIeHOT MaTeMaTHYHOI MOJIEN TIPOBOMIACS 33 JIOITOMOTOIO Bip-
tyansHoi KBM y cuMynsnifHuX ymoBax.

Ile 103BOMMIO OTPUMATH BUCOKOTOYHI pe3yiabTaTH 0€3 mpoBefeHHs (HI3MUHUX BUMIPIO-
BaHb 1 3a0€3MEYNTH KOHTPOJIb HAJl yCiMa MapaMeTpaMH MPOIeCy BUMIPIOBaHHS. 3aBISKH 3a-
CTOCYBaHHIO PO3p00JIEHOT MAaTEMaTUYHOI, CUCTEMA MPOJAEMOHCTPYBaJIa 3HAUHE 3HMKEHHS CH-
creMaTHYHUX OXUOOK Ha 15-20% Ta 3MEHIICHHS BUMAAKOBUX MOXUOOK B aHAJIOTIYHOMY -
arma3zoHi. MoJieTroBaHHS TPOBOUIIOCS 3 BUKOPUCTAHHSIM IMapaMeTpiB, SKI BIAMOBIIAIOTH pe-
anpHUM ymoBaMm pobotu KBM, 1m0 103Bosisie oTpuMatu HafilHI pe3yabTaTi. AJanTUBHI all-
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TOPUTMHU KOPEKIii MOXMOOK 1 JleTaibHe BpaxyBaHHS BIUIMBY T'€OMETPHUYHHUX, TepMmozaedop-
MAIifHUX 1 KyTOBUX IMOXMOOK MPU3BENH JI0 MOKPAIIEHHS TOYHOCTI BUMiPIOBAHb.

BukopucTaHHs CTOXaCTMYHHMX MOJIENICH IJIi MOJICIIOBAHHS MMOXMOOK, BKIIOYAIOUU KY-
MYJISIHTH BUIIUX TOPSIIKIB, T03BOJIWIO 3HAYHO IMiJBUIIUTH TOYHICTH OLIHKM HEBH3HAYEHOCTI
Ha 10-20%. [lopiBHSAHHS pe3ynbTaTiB 3 IHIIMMU METOJaMH OL[IHKM HEBM3HAYEHOCTI MOKa3a-
JI0, IO 33aCTOCYBaHHS PO3POOJICHOT MOJENi JTO3BOJISIE OTPUMATH OUTBII TOYHI IMPOTHO3U He-
BH3HAYEHOCTI B yMOBAX CKJIAJJHUX BUMIPIOBAJIBHUX MTPOLECIB.

Jlnst BpaxyBaHHS TEPMONPYKHUX AedopMaliil y BipTyaJbHOMY CEepeloBHILI OyiHu BU-
KOPHCTaHI TEH30pU TEMIIEPATypHOTO po3IIUpeHHs Ta QyHKUii ['piHa TepMonpy HHUX 3a7ad.
MogenoBaHHSl TEMIEpaTypHUX 3MiH MOKA3allo, 110 3 BUKOPUCTAHHSAM LIUX METOMAIB MOXHA
3HAYHO MOKPAIIUTH TOYHICTh BUMIPIOBAHb MPH TEMIIEPATYPHUX KouMBaHH:X. Lle BipTyanbHe
MO/ICITFOBAHHS JI0O3BOJIMJIO BpaxyBaTH Pi3HOMAHITHI ClieHapii 3MiH TeMIepaTypu, SKi MOXYTb
BUHUKATH ITPH BUMIPIOBaHHAX MPENM3IHHUX JeTaJeH.

Pesyneratn mopnemtoBanHs Ha BipryanbHii KBM mokaszani Ha pucynky 1. Otpumani
JIaHl MITBEpAHIN eEeKTUBHICTh PO3pPOOJICHOI MAaTeMaTHYHOI MOJIENI TS TOKPAICHHS TOY-
HOCTI BUMIpPIOBaHb, KOPEKIil MOXUOOK 1 OLIHKKA HEeBH3HAUEHOCTI. BipTyanbHi ekcriepuMeHTH
MoKa3aJiy, 110 MOJEh MOKe OyTH ajanToBaHa a0 pisHuX THiB KBM Ta yMOB BUMiprOBaHHS.
[Momanpmr gocmimkeHHs OyAyTh 30CepeKeHI Ha PO3MIMPEHHI MOJEHI JJIs 3aCTOCYBAaHHS B
peaTbHUX YMOBaX, a TaKOX Ha PO3pOOIli aBTOMATH30BAHUX CHCTEM JJIs KOPEKIlii TOXHOOK B

pearbHOMY Yaci.
1.4 1

B [lo kopekuil
mmm  [licns Kopekuii

LLlinbHiCTb MMOBIPHOCTI

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
BenunuunHa noxunbkm

Pucynok 1 - [TopiBHSIHHS CHCTEMaTUYHUX TTOXUOOK 710 1 TICHS KOPEKIIii

PesynpTat ricrorpamu mnokasye, 110 Miciisg KOPEeKIii CUCTEMAaTHUHUX MTOXUOOK pO3IMOIiT
3HAa4eHb CTaB OLIbII BY3bKUM 1 30CEPEKEHUM HABKOJIO MEHIIUX BIJXWJIEHB, IO CBITYUTH
PO 3MEHILIEHHs MOXMUOOK 1 MiABHILEHHS TOYHOCTI BUMIipIoBaHb. l'icTorpama amis paHux "no
KOpeKIii" Mae OUIbII MHUPOKUN PO3MOJLT 13 OUIBIIMMU MOXUOKaMH, 110 3MEHIIYEThCS MICIs
3acTocyBaHHs Kopekuii. Lle miaTBep/pkye eeKTUBHICTh KOPEKLii B 3HIKEHHI BapiaTHBHOCTI

Ta TOKPAIIEHHI TOYHOCTI BUMIPIOBaHb.
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Pesynbratn Bepudikamii MOXyTh OyTH BUKOPHCTaHI Uil pO3POOKH METOAMK IS OIl-
TUMI3aIii MPOIEeCciB KOHTPOIIIO SIKOCTI B MPOMUCIOBOCTI. BipTyansHa Bepudikailis 103BOJISIE
3HAYHO 3HU3UTH BUTPATH Ha (i3MUYHI BUMIPIOBaHHS Ta 3a0€3MEUUTH OUIBINY THYYKICTh Yy Te-
CTyBaHHI pi3HuX cueHapiiB. Lleil miaxix 103Bossie MpoBOAMTH OararopazoBi cuMymsmii 0e3
noTpeOu B 3HAYHUX BUTpaATax Ha 00JaJHAHHSA, 10 € EKOHOMIYHO BHUTIIHUM JJIs1 IPOMHUCIOBUX
HiAPHEMCTB.

BucHoBkH. Po3po0iieH0 KOMIUIEKCHY MaTeMaTHYHy MOJEIb MPOoIecy BUMIpPIOBAaHHS Ha
KOOPJAMHATHO-BUMIPIOBAIbHINA MaIllMHI, KA IPYHTYETHCS HA BUKOPHCTAaHHI TEH30pPHOTO (op-
MaJli3My B PIMaHOBOMY IPOCTOPi. 3arporioHOBaHa MOJIENIb BPAXOBY€E HENIHIWHI BILUTUBU Ie0-
METPUYHUX BIIXUJICHB 32 IOTIOMOTO0 CHMBOJIB KpicTodens Apyroro poay Ta KOBapiaHTHUX
MOXITHUX TOTEHITIATy MOXUOOK, 10 TO3BOJISE MIIBHIIUTH TOYHICTH OIKCY MPOCTOPOBUX TIE-
pemimeHs Ha 10—20% MOpiBHAHO 3 TPAIUIIHHUMU TT1IXOJaMH.

Po3po06ieHo ynockoHaIeHy CTOXaCTHYHY MOJIETh MOXHOOK, siKa 0a3yeThCs HA 1HTETpa-
nax CTpaTOHOBHMYA 3 ypaxXyBaHHSM APOOOBOTO OPOYHIBCHKOTO PYXY, IO 3a0e3rnedye OUIbII
TOYHHH OIMUC JUHAMIKH BHITAJKOBHX IPOIECIB y CHCTEMi BUMIprOBaHHs. Takox chopmyibo-
BaHO Ta PO3B’53aHO BapialliiiHy 3a/1a4y ONTHMI3amii TpaeKTOpil BUMIpIOBaHHS, SIKa BPaXOBY€
SIK TOJIOHOMHI, TaK 1 HETOJIOHOMHI 3B’ SI3KH.

JlonaTkoBO CTBOPEHO PO3MIUPEHY TepMOAepOpMaLiiHy MOIEIb, 10 BUKOPHCTOBYE Te-
H30pU TEPMOIIPYKHUX KOHCTAHT IIOCTOro paHry ta ¢yskmii ['piHa, 3aBIsku yoMy BIAIOCS
HiABUIIUTH TOYHICTh KOMIIEHCAIil TemneparypHux aedopmariiit Ha 10—20%. [Toganemri no-
CJII/DKEHHS IOUITBHO CIPSMYBATH Ha PO3BUTOK MAaTEMAaTHYHOTO arapary 3 METOI0 BpaxyBaH-
HS J0JATKOBUX (DaKTOpIB BIUIMBY Ha TOYHICTh BUMIpIOBaHb. BUKOpHCTaHHS BipTyajbHOI
KBM B mpotieci Bepudikaiii 103B0JIsIE 3HAYHO POLMIUPUTH MOKIMBOCTI TECTYBAaHHS Ta aHa-
T3y pi3HUX CLIEHAPIiB, 1110 POOUTH MOJIENb OLIbII YHIBEPCATBHOIO Ta 3aCTOCOBHOIO J0 PI3HUX
THUIIIB BUMIPIOBAJIbHUX CHUCTEM.
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Method of measuring precession details on a coordinate measuring machine

The article focuses on the development and implementation of an effective methodology
for measuring high-precision parts on coordinate measuring machines (CMM). The proposed
approach addresses the challenges associated with complex geometry measurements under
variable environmental conditions by combining advanced mathematical modeling techniques
with adaptive error compensation algorithms. The mathematical foundation is based on the
application of tensor formalism in Riemannian space, which allows for more precise model-
ing of geometric errors using Christoffel symbols and covariant derivatives of the error po-
tential. This approach significantly improves the accuracy of spatial positioning. A refined
stochastic error model, incorporating Stratonovich integrals and fractional Brownian motion,
provides a more accurate description of random processes occurring in the measurement sys-
tem. To enhance overall measurement accuracy, an adaptive correction algorithm is pro-
posed, based on Ité stochastic differential equations with Fourier-Bessel series expansion,
which ensures efficient compensation of systematic errors. In addition, the measurement tra-
jectory optimization is formulated as a variational problem, taking into account holonomic
and non-holonomic constraints, enabling the optimal positioning strategy. A thermoelastic
deformation model based on sixth-rank tensors and Green’s functions is developed to account
for temperature-induced deformations, ensuring the reliability of measurements under ther-
mal instability. Experimental verification confirmed the effectiveness of the proposed method-
ology, demonstrating a 15-20% reduction in systematic errors, a 10-15% decrease in random
errors, and an approximately 20% improvement in the accuracy of measurement uncertainty
estimation. The proposed methodology combines theoretical advancements with practical so-
lutions, providing a robust tool for improving the accuracy and reliability of coordinate
measurements in industrial metrology applications.

Keywords: Precision measurements, coordinate measuring machines, measurement
methodology, automated processes, adaptive correction algorithms, systematic errors,
random error components, metrological control, measurement accuracy improvement,
trajectory optimization, industrial processes, accuracy standardization, geometric parameter
control, measurement data processing, control system.
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T.B. Kimcrau, K.I. Y3108
BIIVIUB XIMIYHOI'O CKJIAJlY HA MEXAHIYHI BJJACTUBOCTI BPOH3U
CHUCTEMH Cu-Al-Si-Sn-Mn IIPH 1I BATBEPJAIHHI B KOKLJII

Anomayis. [Ipusedeno pezyromamu ekcnepumeHmanbHux 00Ci0HceHb w000 8NIUBY XIMIUHO-
20 cknady Ha mexaniuni enacmueocmi oponszu cucmemu CU-Al-Si-Sn-Mn npu it 3ameepdinni 6
KOKini. Bcmanoeneno, wo 05t 6u20moeGienHs aumux supoodis 3 00CioHCy8anoi OPOH3U, 5K
3anu6aioms 6 KOKilb, mpeba euxopucmosyeamu cnias 6 skomy, mac. %: Al=6,0...7,5;
Si=1,0...2,5; Mn=0,21...0,45; Sn= 1,0...2,2; nemunyui oomiwku (nn) ne oirouie 0,45, Cu —
3ANUWOK NPU CNIBBIOHOUWEHHT KOMNOHEHMIB, siKe 8usHadaromo bes3posmipnum kpumepiem Kg,
wo obuucmoroms 3a Gopmyron: Kr = (1- 0,01'nn)-(41-Si-Mn)/(1+Sn)? i sxuii dopisnioe
0,32...0,85. Antominiesa oponsa 3 senuvunoro Kg = 0,32...0,56 6 rumomy cmani (be3 mepmiy-
HOI 00pobKU) € bacamogaznum cniagom 3 HACMYNHUMU PIBHAMU MEXAHIYHUX 81ACMUBOCEN.
op =423...550 Mlla; ovp =279...397 Mlla; & =3,2...5,5%; KCU =13...21 ,ZZofc/CMZ, wo oae
niocmaegy 8iOHecmu ii 00 YUCIA BUCOKOMIYHUX ATIOMIHIEBUX OPOH3 3 OOCMAMHIM, 5K OJisl -
BApHUX CNIABI8, pieHeM niacmuunocmi. Bukopucmanns pesynomamie pobomu 003601umb
NPOCHO3Y8AMU PIBEHbL MEXAHIYHUX 61ACMUBOCMeEl TUBAPHOI ANIOMIHIEGOI OPOH3U cucmemu
Cu-Al-Si-Sn-Mn 3 Kg =0,32...0,56 ma aoanmysamu pisui ii enacmusocmetl 3a paxyHoK 6i0-
NOGIOHOI KOpeKYii XIMIYH020 CKIady OISl BUCOMOGIIEHHS TUMUX Oemainel 3 YPaxy8aHHsIM 0CO0-
JusoCcmell ma ymos ix pobomu 8 eepcmamo-, npuiado-, MawuHo-, CyOHo0y0y8anHi ma iHUUX
2any34X NPOMUCTOBOCHII.

Knrouosi cnosa. bponsa, enacmueocmi, miyHicmos, nAACMUYHICIb, MIOb, AIOMIHIU, KDEMHIL,

01060, Map2aHeyb, KOKITb.

IMocTranoBka npodsaemu. OHa 3 0cOONIMBOCTEN JTUTHUX AeTaneH, K HIJIbHOT KOHCTPYK-
11, oJIsAirae B TOMY, IO CIUIAaB B iX €JIEMEHTaxX Mae€ Pi3HUI piBeHb MEXaHIYHMX, €KCILTyaTa-
LIHKUX Ta CMIOXKMBYMX BiacTHBoOcTed. Lle, 30kpemMa, MOB’A3aHO 3 TUM, 110 OUIBIIICTh BUJIMB-
KiB € KOHCTPYKIISIMH 3 CYKYITHICTIO PI3HUX 3a ()OPMOIO 1 po3MipaMu iX reoMeTpuuHuX (par-
MeHTiB. Lle iCTOTHO BIJIMBAa€ Ha IHTEHCHUBHICTH iX TEMIOOOMIHY 3 JIMBapHOIO (OPMOIO i, BiJ-
MOB1JIHO, HAa CTPYKTYPY 1 piBEHb BIACTUBOCTEH MaTepialy BHIUBKA.

Kpim 3a3HaueHoro, cnocid JUTTA Ta BUJ JIUBAPHUX (OPM TAKOXK 1CTOTHO BILTUBAIOTH Ha
CTPYKTYpY Ta BIacTUBOCTI ciutaBy BuiamBka [1-3]. Tomy, 1mi oOcTaBUHHM MOTPiOHO
000B’3KOBO BpaxoBYBaTH /i yac BUOOPY PalliOHAJIBHOTO CIOcOOy BUTOTOBJICHHS JIUTBA 3
JOTPUMaHHSIM MEBHOTO XIMIYHOTO CKJIaAy CIUIaBy BIJIMBKIB Ta OajaHCy BUMOT I10JI0 T€XHIY-
HOT €(pEeKTUBHOCTI BUPOOHHIITBA, HOTO EKOHOMIYHOCTI, €KOJOTIYHOI O€3MeKH, EHePrOEMHOCTI

Ta PiBHS SIKOCT1 BUPOOIB.

© Kimcrau T.B., V3nos K.1., 2025
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[Tpu upomy, A 3a0e3MeUeHHS KOHKYPEHTOCHPOMOXKHOCTI JIMTHX JIeTajlel HeoOXiaHO
BUTOTOBJISITH BHJIMBKU SIK 3 BHCOKMM DIBHEM JIMBAPHOI SKOCTi, TakK i (hi3MKO-MEXaHIYHHX,
CTMOXHMBYUX Ta (PYHKI[IOHATHHHUX BIACTHBOCTEH. B CBOIO uepry, BCi 1i XapaKTEPUCTHKH JTUTHX
JeTanel CyTTEBO 3aJIeKaTh BiJl XIMIYHOTO CKJIaay CIUIaBY BMJIMBKA Ta BiJl IHTEHCUBHOCTI TeIl-
JOBijayi Bi BHIMBKA 10 JuBapHOi ¢opmu [2-5]. Tomy, IOCHIIKEHHS BIUIMBY XiMIi4HOTO
CKJIaJly CIJIaBiB Ta TEMIIEPATYPHUX YMOB (hOpPMYBaHHS BUIUBKIB Ha CTPYKTYPY Ta BIACTUBOC-
Ti X CIUIaBIB € BaKJIMBHM HAyKOBO-TIPHKJIAJHUM HANPSMKOM JOCTI/KEHb Ta aKTYaJbHOIO
3aJ1a4€0 B MiABUINECHHI KOHKYPEHTHOI 3JJaTHOCTI JUTHX JIeTaJIeld, B TOMY YHCIIi, 3 BUpoOamu,
SIKI BUTOTOBJISIIOTH IUISIXOM MEXaHiuHOI 00pOoOKHM 13 momnepeaHbo Ae(pOopMOBaHUX 3ar0TOBOK
CILIaBiB.

AHaJii3 ocTaHHIX Joc/igxeHb i myOaikaniii. Ha choronHi, 3 uncia crangapTU30BaHUX
Mapok OpoH3 HaiOLIbII 3aTpeOyBaHUMHU € MOABIIHI Ta 6araTOKOMIIOHEHTHI aJIIOMIHIEBI Opo-
H3u. Taka 3aTpeOyBaHICTh aMOMiHIEBUX OPOH3 3yMOBJICHA IIECIPSIMOBAHOIO KEPOBAHICTIO
iX BIACTHBOCTEH 3a paXxyHOK 3MIHHM XIMIYHOTO CKJIaJIy Ta YMOB 3aTBEpPIiHHS Ta OXOJIOKCHHS
y JUBapHiil ¢opMmi, YUCTOTH 3a HEMETAJICBUMH BKJIIOYEHHSIMHU Ta ra30HACHMUYEHOCTI, SKOCTI
IIMXTOBUX MaTepiaiiB Ta yMOB MPOBEACHHS IUIABKH 1 T. iH. B CyKymHOCTI 1€ JO3BOJIsiE€ OTPHU-
MyBaTH JIUTI J€Talll 3 TAKUX OpOH3, K1 MAIOTh IHUPOKHUI KOMILIEKC MpedepeHIHHNX BIaCTH-
BOCTeH y OyIb IKOMY iX Mo€eqHaHHi. Taki MOXKJIMBOCTI altoMiHIEBUX OpPOH3, MO CyTi, 3p0OUIN
iX yHIBEepCaJIbHMMH CIUIaBAMHU, IPO IO CBITYUTH iX BEIMKa 3aTpeOyBaHICTh MPAKTUYHO BCiMa
ICHYFOUHMMU TaTy3sIMHU TIPOMHCIIOBOCTI.

3ajexHO BijJl BMICTY B ayltfoMiHi€eBii OpoH3i Al Ta iHIIMX JIETyIOUMX €IEMEHTIB, ii 3Mill-
HEHHS MOYKE€ TIPOXOHUTH 32 PO3YHMHHUM MEXaHi3MOM, 33 MEXaHI3MOM BUHUKHEHHS €BTEKTOITY
(aty2) a0 MexaHI3MOM JAUCIIEPCIHHOTO 3MIITHEHHS.

3 anainizy ¢azosoi miarpamu crany cucremu Cu-Al [6, 7] BummBae, mo 3MilHEHHS 10-
nBiiiHux criaBiB cuctemu Cu-Al i3 Bmictom Al mentre 9,4% 3a aucrnepciiHUM MeXaHi3MOM
HeMoxJuBe. ToMmy 3MillHEHHs TakuX OfHO(a3HUX OpoH3 (Hampukiaa, OpoH3 Mapok BpAS,
BpA7, BpA9 To110) peanizyroTh 3a paXyHOK JIETYBaHHSI TBEPJOTO PO3UMHY JOJATKOBUMH Xi-
MIYHUMHU elleMeHTaMu, Hanpukiana, Fe, Ni abo nedopmariietro 3 uncaa cydacHUX CriocobiB 00-
POOKH METaiB THCKOM.

B ctpykrypi Opon3 3 Ounbium 3a 9,4% BMICTOM alfOMiHIF0 @00 BHACIIJIOK JIETYBaHHS
Si Ta Mn 3'sBiseThest B-aza. Lst pasa HapoKYeThCS 3a €BTEKTUYHOIO PEAKIII€IO0 1 € TBEPAUM
PO3YMHOM Ha OCHOBI XiMmiuHOi cronyku CUzAl 3 mmpokoro obnactio romoreHHocrti. [1ig gac
OXOJIIO/KEHHS TaKUX OpOH3 Yy TBepAoMy cTaHi npu 565 °C B-da3za 3a3Hae €BTEKTOIIHOTO PO-
3majy 3a peaxiiieto [6]:

B— o+
7 Y2 - TBEPAMIA PO3YMH Ha OCHOBI XiMiuHOT criosyku CugAly, 1110 MPU3BOIUTE 10 ITiIBUIIICHHS
X MIITHOCTI.

HageneHunii BUIlle OIMC MOKINBUX MEXaHI3MiB 3MillHEHHs cruiaBiB cucteMu Cu-Al Bin-
MOBiZa€ PIBHOBAKHUM YMOBAM iX 3aTBEpP/IIHHS Ta OXOJIOJKEHHSI OpoH3 a00 OMU3BKHUX J0 Ta-
KHX, HaIlPUKIIAJ, K1 peaizyloThecs B MillaHii auBapHiid popmi. B ymMoBax miJBUIEHO] IIBU-
JIKOCTI 3aTBEPJIIHHS Ta OXOJIO/DKEHHS CTPYKTypa OpOH3 MOXKE CYTTEBO 3MIHIOBATHCH, CYNPO-
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BOJDKYIOUHCh HE3MIHHICTIO (Hampukiang, y Opon3 mapok bpAl1O0Mu2JI, BpA10XXK4H4,
BpA112K6H6, bpA9XX4H4Miil) abo miABUIIEHHSM PiBHSI, 30KpeMa, MIITHOCTI Ta 3HIKEHHSIM
piBHS BiZIHOCHOTO BUJOBXKEHHS (Hampukiaj, y 6pon3 mapok bpA9XK3JI, bBpA10XX3Mi2).

3MilHEeHHS IIISIXOM JIUCHEPCIHOrO TBEPIIHHS IOCATAIOTh B PE3YyibTaTi MOBUILHOTO
OXOJIOJKEHHSI OPOH30BOTO BHJIMBKA B JIMBapHiil (hopMmi abo mpoBeneHHs HOro TepMidHOI 00-
POOKHM — «CTapiHHSI» 3 PO3MAJOM MEPECUYCHOTO TBEPAOro MiJHOTO pO3uMHYy. SIK 3a mpaBumiio,
JI0 TUCHIEPCIAHOTO 3MIITHEHHSI CXWJIbHI OJIOB'STHI, HIKEIb-0JIOB’sIHI OPOH3H TOIIO, Y SKHUX MPH
CTapiHHi, K, HAPUKIAJ, Y HIKEIb-0JOB'SHOI OPOH3H, B CTPYKTYpi 3 ABISIOTHCS JIpiOHOIUC-
NEepCHI YaCTMHKH M1HO-OJIOB'STHOI IHTEPMETAIITHOT CIIOTYKH.

SIK CBiTUMTH MPaKTHKa BUPOOHUIITBA OPOH30BUX BHIIMBKIB, 31 30UTBIIICHHSIM IIIBUIKOCTI 3a-
TBEP/IHHSI Ta OXOJIO[UKEHHSI CTPYKTYpa Ta BIACTUBOCTI OpOH3M CTalOTh MEHIII 3aJIEXHUMU 5K BiJ|
3MiH Y 1i XIMIYHOMY CKJIaJll B MEXKaX MapKH, TaK 1 BiJ KOH(IrypauiiHuX Ta KOHCTPYKIIIIHUX 0CO0-
JMBOCTeW BUIIMBKIB. TOOTO, 10 CyTi, BAKOPUCTAHHS CTIEBUX a00 YaBYHHUX KOKUTIB AJ1s1 OpOH30-
BUX BWJIMBKIB 3aMICTh MIIIAHUX JIUBAPHHUX (POPM JO3BOJISIE JOCATTH PIBHOMIIIHICTI PI3HUX JUITHOK
neranei ckiaaHoi KoHGIryparii 3a paxyHOK 30UIbIIEHHS OJJHOPIAHOCTI CTPYKTYpH Marepialy B
HUX.

Buxonsun 3 aHanizy MOEIEMEHTHOrO BIUIMBY JIETYIOUMX €JIEMEHTIB aJIOMiIHIEBHX
Opon3 [8, 9] MOKIMBO MPOrHo3yBaTH, 10 OpoH3u cuctemu Cu-Al-Si-Sn-Mn, npu neBHOMY
BMICTI JIETYIOUHMX €JIEMEHTIB, € 0araTo()a3HUMU JIMBAPHUMH CIIJIABAMU B SKUX TO€IHAHO Bif-
HOCHO BHCOKY MIIHICTh 1, TPUTAMaHHUN Ui JTUBApHUX CIUIABIB, PIBEHb IUIACTHYHOCTI MPH
HOpMaJIbHIM TeMIeparypi, HEMarHiTHICTh, BUCOKA KOPO3iifHa CTIHKICTh B MPUPOJHOMY cepe-
JOBUII TOMIO. TOOTO, 3 TOUKH 30py KOMIUIEKCY MpedepeHIlIHHNX 3aIeKHOCTEN, OPOH3H CHC-
temu Cu-Al-Si-Sn-Mn e 1ocuTh MepCcreKTHBHUM MaTepialioM, KU JTOCUTh HE Ma€ aHAJIOTIB
3 YKCla CTaHAApTU30BaHUX OpOH3, K B YKpaiHi, Tak 1 IHIIMX KpaiHax cBiTy. Tak, Hampukias,
aBTOpaMH HasIBHOI pPOOOTH 13 CYKYMHOCTI 11i€] 0araTOKOMIIOHEHTHOI CUCTEMHU BXkKe po3podiie-
Huii notpiitauii Cu-Sn-Si akycruunmii cras [10].

TuM He MeHIII, Ha CHOTOIHI HE BCTAHOBJIECHUN ONTHUMAIbHUN XIMIYHUNA CKIajJ Takol Oa-
raTOKOMITOHEHTHOI OpOH3H, BIZICYTHI JjaHi PO KOMIUIEKCHUH BIUIMB 11 XIMIYHOTO CKJIaJy Ha
piBEeHb MEXaHIYHMX BJIACTUBOCTEH, BIJICYTHIN ONMUC CTPYKTYpU Ta BIUIMB HIBHAKOCTI OXOJIO-
JDKEHHS Ha CIUIaB B IMBapHil (opMi IpH 3aTBEPIiHHI.

Meta pocaizkenHsi. MeToro poOOTH € BCTAHOBJIEHHS 3aKOHOMIPHOCTEH BIUIMBY XiMiy-
HOTO CKJIQ/ly Ha ME€XaHi4Hi BIacTHBOCTI OpoH3u cuctemu Cu-Al-Si-Sn-Mn nipu i 3atBepainHi
B KOKLJI.

Metoaunka gociaigxenb. JlocaipkeHHs] MEXaHIYHUX BJIACTUBOCTEN OpoH3 cuctemu Cu-
Al-Si-Sn-Mn, sxi y cBoemy ckiami Manmu, % (mac.): amominito — 5,0...7,9, KpemHit0 —
0,85...2,95, mapranigo — 0,005...1,21, onosa — 1o 3,3 Ta HebaxkaHuX JoMimIok (nn) — g0 0,75,
MiJb — 3aJIMIIOK, a Takok Opon3 BpA9IMu2Jl, bpA9XK3JI, bpA10)K3Mu2 ta bpA10XX4H4
IIPOMUCIIOBOTO PO3MOBCIOKEHHSI poBoawin mipu 20+1 °C Ha BunpoOyBanbHIM MalIuHI MO-
neni FP-100/1, BenuurHy yaapHOi B’SI3KOCTI PO3PaxOBYBAIH 3a pe3y/ibTaTaMH BHIIPOOYBAaHb
3pa3kiB OpOH3 Ha MasTHUKOBOMY Korpi mozeri PSW-30.
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Temmnepatypy po3ruiaBiB 3 TouHICTIO 1 °C BUMIpPIOBAIH XPOMEIb-aTIOMENIEBOIO TEPMO-
[apOI0 B KOMIUIEKTI 3 €JIEKTPOHHUM IIOTEHLIOMETPOM, TeMIIepaTypy NOBITps 3 TouHicTiO 1 °C
BUMIPIOBAJIM CIUPTOBUM TepmMomeTpoM Mapku TTHK-M.

JInst r1aBky OpOH3 BUKOPUCTOBYBAJIM: MiJlb KaToaHa Mapku M2, amomiHiit mapku Al99,7,
kpemuiii Mapku Kpl, onoBo mapku O1, mapranens meranesuii Mu95, nikens mapku H1, cranb
mapku Ct3. [TnaBky 6poH3 IpOBOAMIN B TpadiTOBOMY THIJI IHIYKIIHHIN 1edi i/ mapoM aepe-
BHOT'0 nonepeHbo npocyiieHoro npu 150 °C Byrimis.

Po3kucnenHs po3IuiaBy NpOBOJMIM MapraHleM MpHU JOCATHEHHI po3IUIaBOM TeMIlepa-
typu 1200£10 °C. ITicns po3KHUCIEHHS BIPOAOBK 1 XB I3epKajo pO3IUIaBy OUYHUIIAIN BiJl 3a-
JMIIKIB IEPEBHOTO BYTLLIA 1 3 TUIJIA 3aJIMBAIMA WOTO Yy mimjany (opmy, ska mMaja TeMIepary-
py 2242 °C, Ta crajeBuid KOKUIb 3 mMo4aTkoBoto Temmeparyporo 11015 °C. Ilimany dopmy
BUTOTOBJISUIM 3 MIIIAHO-PIAKOCKIISHOI cyMili, sika MicTuia 6% pigkoro ckia (CHiIikary Ha-
TPIIO).

Buxopuctani g 3anuBaHHs Timiadi (GOpMU MONEPEIHBO CYIIWIM MIKPOXBUIHLOBHM
BUIIPOMIHIOBAaHHS BIpoa0oBXk 10 XB Ta 0X0nomKyBanu Ha moBitpi no 2242 °C. CraneBuil Ko-
Kb (Marepian Kokimo — Ct3) He MaB IIapy BOHETPUBKOTO MOKPUTTS HAa CBOIX poOOYHX ITO-
BEpXHSX 1 B 310paHOMY CTaHi JI0 3QJIMBaHHS BIPOAOBXK HEe MeHIIe 90 XB 3HAXOIUBCS B My(de-
TpHINM eyl npu temneparypi 1105 °C. s 3anuBanHs poOodi MOPOKHUHY JIMBAPHUX (OPM
PO3TalIOBYBAJIM BEPTUKAIBHO BIAHOCHO iX OCl. 3ajJluBaHHS POOOYMX MOPOXKHUH JIMBAPHUX
(dbopM POBOAMIIN Yepe3 BEPXHIN HAAIUB-TIHIKY.

Bbpon3zosi BunmuBku (16x16x120 MM) B mimanux Gopmax 10 BUOMBKU OXOJIOIKYBaIH
BIIPOJIOBXK 24 TOJWH, B KOKUIAX - BIPOJOBXK 6+1 XB 3 HACTYITHUM BMJIQJICHHSIM BUJIMBKIB 3
KOKiJIeH 1 iX OXOJIOPKEHHSIM Ha MOBITP1 3 HOPMaJIbHOIO TeMIepaTyporo. XiMiUHUHN CKJal BU-
IUTaBJICHUX OpOH3 BM3Hayanu Ha npenusiiiHomy anamizatopi EXPERT 4L. Meranorpadiuni
JOCITIKSHHS TIPOBOIMITN Ha Mikpockomi Neophot 21.

Jlnsi onucy KOMIUIEKCHOTO BIUIMBY JIETYBAJBbHUX €JIE€MEHTIB OpOH3M Ha ii MeXaH14Hi

BJIACTUBOCTI NpUIHSUIN 6e3po3MipHuil kputepiit Kg, SKUi BU3HAYAETHCA 31 CIIBBIAHOIIECHHS:
nn . Al-5i-Mn

Kp=(1— 359 (1+5m)? (1)
ae: nn, Al, Si, Sn, Mn — MacoBuii BMICT HeOakaHUX JOMIIIOK, ATFOMiHII0, KPEMHIO, 0JIOBa Ta
Maprasu y 6ponsi BianoBiaHo, %; 100 — GanancoBa KoHcTaHTa, %o.

BukJjiageHHsi 0CHOBHOTO MaTepiajy nociaimkennsi. /1yis 6pon3 cucremu Cu-Al-Si-Sn-
Mn, sKi 3a1UTi B KOKiJb, 3 METOIO BCTAaHOBJICHHS 3B'I3KYy MK BEIMUMHOIO Kputepito Kgr Ta
PIBHAMM IX MEXaHIYHHMX BJIACTUBOCTEH BUKOPUCTAIU PE3Y/IbTAaTH €KCIIEPUMEHTAIBHUX J10CII-
JDKEHb Ta PO3paxyHKOBI JaHi 3a ¢popmynoro (1), siki mpeacrasieHi Tadmumi 1.

3anexHICTh MEXaHIYHUX BIACTUBOCTEN MOCIIIKYBaHUX OpPOH3, 1110 3aJIHTI B KOKLIb, BiJ
BenMunHM Kputepito Kr 3a qannmu tabmuni 1 npeacrasneni Ha puc. 1.
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Tabmums 1
XiMIYHHHN CKJIaJ], MEXaHIYHI BIACTUBOCTI Ta BeJIHMuuHa KpuTepito Kg,
opon3s cuctemu Cu-Al-Si-Sn-Mn, ski 3a1uTi B KOKUTb
MacoBuii BMICT XIMIYHHX €JIEMEHTIB, % MexaHiuHi BIaCTUBOCTI
Cu Al Si Mn Sn nn B, | 002 9, KCU’2 K
MIla| MlIla % JIx/cm
885 | 625 | 193 | 0,461 | 2,47 | 0,389 | 492 | 347 3,2 15,0 0,32
88,4 6,4 2,48 | 0,246 | 2,13 | 0,744 | 513 | 397 3,7 12,9 0,33
89,1 | 6,08 | 2,20 | 0,207 | 2,24 | 0,213 | 530 | 355 4,0 15,2 0,35
89,0 | 6,24 | 2,10 | 0,49 | 2,00 | 0,246 | 550 | 310 50 19,0 0,40
891 | 663 | 183 | 0,138 | 2,11 | 0,192 | 507 | 284 5,6 18,5 0,48
88 786 | 1,81 | 0,399 | 1,53 | 0,401 | 512 | 313 5,6 19,6 0,50
88,7 | 697 | 2,02 | 0,104 | 2,04 | 0,166 | 482 | 262 5,9 21,1 0,52
88,2 | 7,05 | 246 | 0,234 | 1,78 | 0,276 | 423 | 279 5,5 20,7 0,56
88,1 | 7,47 | 2,09 | 0,132 | 192 | 0,288 | 440 | 275 6,1 22,0 0,61
895 | 681 | 159 | 0,063 | 1,85 | 0,187 | 401 | 254 6,1 21,0 0,63
889 | 688 | 250 | 0,148 | 1,41 | 0,162 | 321 | 248 6,9 21,4 0,73
88,7 7,3 192 | 0,133 | 1,63 | 0,317 | 281 | 235 7,8 22,0 0,76
904 | 6,46 | 140 | 0,097 | 1,45 | 0,193 | 265 | 178 8,4 22,4 0,83
gﬁsgboo_z, Ngl’[a g; %; KCU, Jix/cm*
:"- -.,Jb 0 KCUQO-BO"'OD.'O'"
: 0 .°0
450 . L
° L] g
350 |00 121
‘o ° Bs,.
Teyen, | & o 8 5o
250 o treq P ceslo A te s
.'-,Go.z 4 Caa
150 0

0304 05 06 07 08Kg

Pucynok 1 - 3anexHicTh MOKa3HHUKIB Gp Ta Go 2 (a), 05 Ta KCU (6) OpoH3

a

0304 05 06 0,7 0,8Kg

0

cucremu Cu-Al-Si-Sn-Mn, 1110 3a/1uTi B KOKiJTb, Bi BennyuHU KpuTepito Kgr

s 6pons, 3 BemmunHOO Kg Bim 0,32 mo 0,84 (muB. puc. 1), mo Oymu 3amuTi y KOKLIb,

XapakTep XOIy 3aJeKHOCTEH MeXaHIYHMX BiacThBOCTed Bim Kr momiOHui, sk 1y Oaratbox

BIJIOMHX CILUIaBIB MiX ITOKa3HUKaMH MIITHOCTI Ta TiactiudHocTi [11, 12]. To6To, 3 miaBHIIEHHIM

MIITHOCTI Ta TJIMHHOCTI OpOH3 iX IMJIACTHYHI BIACTUBOCTI 3MEHIIYIOTHCS 1 CTAIOTh TUM MEHIIIE,

YMM MCHIIIC BCIIMYMHA KpI/ITepiIO
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TUIMHHOCTI TIPU PO3TATYBaHHI, ONTUMAJIBHAM 1HTEpBaJIOM 3MiH Kputepito Kgr mmst Takux OpoH3
MoxxHa BBakaTH iHTepBai 3minu Kg Bix 0,32 1o 0,56.

Crhin 3a3HauuTH, IO IS JOCHIKYBaHOI OpOH3M IIBUAKICTH 3aTBEpAIHHA Ta
OXOJIO/DKEHHS B JIMBapHiil opMi Bifirpae cyTTeBy poib. 3 MiABUILEHHIM IHTEHCUBHOCTI IIHX
MpoLeciB B OpOH31 CYTTEBO 3MIHIOEThCA 11 CTpykTypa. IIpo me, Hampukiaa, CBia4aTh
pe3yabTaTH MOPIBHIIBHOTO aHAJ3y MIKPOCTPYKTYp OpOH3H, IPEACTaBICHUX Ha pUC. 2.

= ~ '4"'7. N SN, A ey e U
00) 6(x200) B(x500)
Pucynok 2 - MikpocTpykTypa anmominieBoi Oponsu 3 Kg=0,46,
o Oyra 3ayuTa B mmicouny ¢opmy (a) i kokinb (0, B)

[Tpu bOMy, Taka 3MiHa CTPYKTYPH CYMPOBOJKYETHCS 1 3MIHOIO 00’€MHOT0 BMICTY Oa-
raroa3Hoi CTPYKTYPHOI CKJIan0Boi OpoH3u. 30Kkpema, B cTpyKTypi Opon3u 3 Kgr=0,46, 110
Oyna 3anuTa B mimany gopmy, 00’ eMHHii BMicT O6aratoda3Hoi CTPyKTYypHOI CKIIaZO0BOI 10CS-
rae ¢=53%, a B Koku1b ¢=59%.

Ax Bimomo [12-15], mist BU3HAYSHHS IJIACTUYHOCTI Ta MPUAATHOCTI OY/b SIKOTO CIUIABY
3a 3araJIbHONPUHHATOIO OI[IHKOIO € CIIBBIIHOIIEHHS TJIMHHOCTI CIUIaBY JIO MOTO MIIHOCTI
IIpU PO3TATYBaHHI, sIKI BU3HAUEH! NpU HOpMalbHIM Temmeparypi. ToOToO, CIulaB BBa)KaroTh
KPUXKUM TIpH 60 2/6:>0,95 1 HeNOUIIbHO IJIACTHYHUM SIK JUIS JIMBAPHHUX CIUIABIB TIPU
60,2/GB<0,5 .. .0,6.

BignocHo pociimpkyBaHoi OpOH3M MOKIIMBO KOHCTaTyBaTH, 10 B YChOMY JTOCIIIKyBa-
HoMY iHTepBai 3MiH BennuuHu Kg (Bix 0,32 o 0,84) mocnimpkyBaH1 amoMiHI€BI OpOH3H, 110
3JIUT1 B KOKUIb, SIBJISTFOTH COOOIO IOCTAaTHBRO IJIACTUYHI CIUIABH TPO 110, CBIAYUTH 3aJI€KHICTh
60.2/0,=f(KR) Ha puc. 3.

Go2/0B
0,9

0.8

0.7 o .

0,6 ® .

0,5

0,3 0,5 0,7 Kgr

Pucynok 3 — 3anexHicTh 6 2/6,=f(Kr) 06pon3 cuctemu Cu-Al- Si-Sn-Mn, o 3anuti B KOKLJIb
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Jns nocnimxyBaHoi OpoH3H, 1o Oyna 3anuTa B KOKiIi, MK OKPEMUMH TOKa3HUKaMH 11
MEXaHIYHUX BJIACTUBOCTEH, ICHYIOTh MMEBHI 3ayiexHOCTi. [Ipo 1e cBimyaTh 300pakeHHS Ha
puc. 4, sxi 6ynu noOymoBaHi 3a JaHUMH TaOuUIIi 1.

PiBHSIHHS JTiHI} TPEHLY Ha pHC. 4 Ta BEIMYMHN JOCTOBIpHOCTI ix anpokcumarii (R%), ski
po3paxyBaiiu 3a nporpamoro Excel MmaroTh HaCTYIHUI BUTIISA Ta, BIAMOBIIHO, BETUYHHU:

6,=8,8457-(85)-167,33-(85)°+947,61-85-1133,3 (MIla); R?=0,91,
602=1,1097-(85)%-19,167-(85)°+68,817-55+311,7 (MIla);  R?=0,89,
KCU =-0,3052-(85)°+5,2783-85-0,18445 (MIla); R?=0,97.

3 METO TMOpPIBHSHHS PIBHIB MEXaHIYHUX BIJIACTUBOCTEH 3a MPUHHATOIO TEXHOJOTIEIO
OyJIM BHUTOTOBJICHO JIUTI 3Pa3KH 3 KOHCTPYKIIMHHUX TIOMIHIEBUX OPOH3 CTaHIAPTH30BaHOTO
XIMIYHOrO CKiIaxy. Pe3ynbraTé BH3HAYCHHS MEXAHIYHUX BJIACTUBOCTEH KOHCTPYKIIIHHHX
ANIOMIHIEBUX OPOH3 CTaHIAPTHU30BAHOTO XIMIYHOIO CKJIaay LIO 3aJUTI B CTalleBl KOKLII MpH-
BEJICHO B Ta0IMIi 2.
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Pucynok 4 — 3anexnocrti 6,=f(3s) (a), 602=f(d5) (0) Ta KCU=f(35) (B)
st 6pons 3 Kg=0,32...0,84, 110 3a1uTi B KOKUIH
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Tabmurs 2
MexaHi4Hi BIaCTHBOCTI CTaHIAPTU30BAHUX KOHCTPYKIIHUX ATFOMIHIEBUX OpOH3,
K1 OyJIM 3aJIUTi B CTaNIeBl KOKLT

MexaHi4Hi BIIACTUBOCTI
Mapka OpoH3n 5
og, MIla Go.2, MIla 35, % KCU, Ix/cm
BpAOM2J1 429-457 219-233 20-23 71-74
BpA9XK3JI 468-492 278-292 9-11 62-64
BpA10K3M2 564-573 241-268 11-13 69-73
BbpA10K4H4 639-661 288-307 5-6 20-23

3 aHami3y OTpUMaHUX JaHWX BUTIKA€E, MO0 3 YHCIA JOCTIDKEHUX OpOH3 CHUCTEMHU
Cu-Al-Si-Sn-Mn Ha#61IbII paIliOHATBHAM JJI1 BUTOTOBJICHHS BUJIMBKIB 1, BIJIIOBITHO, JINTHX
JeTalelt € aroMiHieBI OpOH3H, SIKi 3aJIUBAIOTH B KOKUIB 1 MaroTh BenmmunHy Kr=0,32...0,56.

Taxuii BuOip NOSICHIOETbCS TUM, 110 OpoH3a 3 BenuuuHowo Kgr = 0,32...0,56 B nutomy
CTaHI NpH JUTTI B KOKUIb Ma€ HACTYNHI MeXaHi4Hi BiacTuBOCTi: op =423...550 Mlla;
Go.2 =279...397 Mlla; 65 =3,2...5,5%; KCU =13...21 I[)K/CMZ. B cBoto uepry, nopiBHsIIbHUN
aHaJIi3 PIBHIB MOKA3HUKIB MEXAHIYHUX BJIIACTUBOCTEH JTOCIIIKyBaHOI OPOH3M Ta CTaHAApPTHU-
30BaHMX KOHCTPYKIIIMHUX AIIOMiHIEBUX OpOH3 (IMB. TaOIHIO 2) CBITYHTH, IO TOCIiIKyBa-
Ha Opon3a 3 BenuunHow Kg = 0,32...0,56 B tutomMy cTaHi (Ipu JUTTI B KOK1JIb) € BUCOKOMIII-
HOIO 3 JOCTaTHIM, K JJIsl CTAHJaPTU30BAHUX JIUBAPHUX OPOH3, PIBHEM IJIACTHYHOCTI.

BucHoBku.

1. JlocsrHeHHs MOCTaBlIEHOI B poOO0TI MeTH 0yI0 3a0€3MeUeHO TUM, IO Il BUTOTOBIICHHS
JTUTUX BUPOOIB 3 TOCTIHKYBaHOT OpPOH3H, SIKY 3JIMBAIOTh B KOKLTb, BUILIABIIAIOTH CIIJIaB B IKOMY,
mac., %: Al=6,0...7,5; Si=1,0...2,5; Mn=0,21...0,45; Sn = 1,0...2,2; HeMUHYYi JOMIIIIKH (nn)
He Ounbie 0,45; CU — 3aIMIIOK TIPY CIIBBIIHOIIEHHI KOMIIOHEHTIB, SIK€ BU3HAYAETHCS Koedirie-
HroM Kg Ta obuncioersest 3a popmynoro: Kg = (1- 0,01-nn):(Al-Si-Mn)/(1+Sn)? i nopiBHioe
0,32...0,85.

2. Ha BimMmiHy BiJ TUTOI CTPYKTYpH OpOH3H, IO OyIa 3ajuTa B minjany Gopmy, CTpyK-
Typa OpoH3H, sKa Oyla 3aJIUTa B KOKUIb XapaKTepU3yeThCs MiABUIIEHUM BMIiCTOM Oararodas-
HOI CTPYKTYPHOI CKJIaJI0BOI

3. BuxopucTaHHs BCTAaHOBJICHUX 3aKOHOMIPHOCTEH 1 pe3yJIbTaTiB JOCIIKESHHS JI03BO-
JIMTh TIPOTHO3YBaTH PiBCHb MEXaHIYHHMX BIIACTUBOCTEW jmBapHUX Opon3 cuctemu Cu-Al-Si-
Sn-Mn 3 Kr=0,32...0,85 my1st BATOTOBJICHHSI JIMTHUX JETaJlel B KOKIJI ITiJ] KOHKPETHI YMOBH
iX eKkcruryartaiii sSKi BUKOPUCTOBYIOTh B BEPCTATO-, MPUIIAJI0-, MAILIMHO-, CYJHOOY/1yBaHHI Ta
THIIMX Tamy3s1X TPOMHUCIOBOCTI.
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Chemical composition influence on mechanical properties
of Cu-Al-Si-Sn-Mn system bronze during its solidification in die mold

Chemical composition influence on mechanical properties of Cu-Al-Si-Sn-Mn system
bronze during its solidification in die experimental studies results are presented. It has been
established that for cast products from the studied bronze, which has been poured into die
mold, manufacturing it is necessary to use an alloy in which, wt. %: Al=6.0...7.5;
Si=1.0...2.5; Mn=0.21...0.45; Sn=1.0...2.2; inevitable impurities (nn) not more than 0.45;
Cu is remainder at the components ratio, which is determined by dimensionless criterion Kg,
calculated by formula: Kg = (1- 0,01nn)-(41-Si-Mn)/(1+Sn)? and which is equal 0.32...0.85.
Aluminum bronze with Kg = 0.32...0.56 value in cast state (without heat treatment) is multi-
phase alloy with following mechanical properties levels: o©3=423..550 MPa;
Ov2 =279...397MPa; & =3,2...5,5%; KCU =13...21 J/em®, which gives reason to classify it
as high-strength aluminum bronze with sufficient, as for foundry alloys, plasticity level. This
work results using will allow predicting the mechanical properties level of Cu-Al-Si-Sn-Mn
system cast aluminum bronze with Kg =0.32...0.56 and adapting its properties levels by
chemical composition appropriate correction for cast parts manufacturing, taking into ac-
count characteristics and their operation conditions in machine tool, instrument, mechanical,
shipbuilding and other industries.

Keywords. Bronze, properties, strength, plasticity, copper, aluminum, silicon, tin, man-
ganese, die mold.
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B.IO. lapuk, Bikr.B. 'narymenko, T.B. CeniBbopcroBa
METOJIA AHAJII3Y IHTEP®ENCIB BEB-3ACTOCYHKIB
JJISA MIABALIEHHSA IHTEPAKTUBHOCTI

Anomayis. ¥ cmammi pozenanymo memoou ananizy inmepgeiicie 6e06-3acmocyHKie 3 Memoro
NiOBUWEHHSL THMEPAKMUBHOCIE MA NOKPAWEHHST KOPUCIYBAYbKO2O 00C8I0Y. AKmYyanbHicmb
memu 3yMo8jleHa HeoOXIOHICIIO CMBOPEHHsI A0anmueHUX ma 3py4yHux inmepgeiicis y cyuac-
HUX 6e0-3aCMOCYHKAX, WO 6ION0GI0arms OUiKY8aHHAM Kopucmyeauis. Y npoyeci 0o-
CRI0JCEHHS BUBHAYEHO OCHOBHI NPoOAeMU, NO8'SI3aHi 3 HeOOCMAMHBLOI IHMEPAKMUBHICTINIO
inmepgeiicie. Memorw pobomu € po3podxa pexomerHoayill w000 800CKOHAIEHHS OUZALHY Md
@yHKyioHany 6e6-3acmMOCYHKI8 HA OCHOB8I AHANI3Y NOBeJdIHKU Kopucmyeéauig. Buxopucmano
Memoou NOPIGHANLHO20 AHANI3Y, 103A0ILIIMI-Mecmy8anHts ma Moo0enoeanHs. Y pezyiomami
3anpoONoOHOB8AHO HU3KY NiOX00i8, SAKI CNpusloms NIOBUWEHHIO 3PYYHOCMI, edhekmuenocmi ma
3a00801eHOCmi KOpucmygadis. 3pod.aeHo 8UCHOBKU WOO0 NPAKMUYHOI peanizayii OmpumMaHux
pekomeHOayitl 0151 pO3POOHUKIB 8e0-3ACMOCYHKIB.

Knrouosi cnosa: éeb-3acmocyunku, inmepgeiic kopucmyeaua, iHmMepakmueHicms, aHali3 iH-

mepaeticis, 103a0inimi, mecmysauHs.

ITocTanoBKka mpo0JeMu. Y cydyacHOMY CBITI BeO-CaliTH € HEBIJI'€MHOI YAaCTHHOIO KO-
MYyHIKaIlii Ta B3aeMo/ii MiX JIOJbMHU, KOMIIAHISIMU Ta OpTaHi3aiisiMu. 3pocTaloua KOHKYpPEH-
i y nupoBOMY IPOCTOPi BUMArae BiJl CATIB HE JUIIE eCTETUYHOI MPUBAaOIMBOCTI, ale i
3py4YHOCTI, (PYHKIIOHANBHOCTI Ta JHOCTYMHOCTI JIJIsl BCIX KOPHUCTYBadiB. Y CHIIIHUN BeO-calT
Mae 3a0e3rnevyBaTd KOpUCTyBauaM MO3UTHBHMU JIOCBiJ, 110 BKIIIOYA€ MMIBUAKUM AOCTYH 10
iHpopMalii, IHTYITUBHY HaBIraliro Ta €CTETUYHUIN Tn3aiiH.

3py4HICTh BUKOpPHCTaHHS (¥03a011iTi) BeO-pecypcy € KI0YOBUM (PaKTOpPOM, IO BIUIU-
Ba€ Ha Horo e(peKTUBHICTb Ta MONYJISPHICTb. OCHOBHI acHeKTH 03a0UTiTI BKIIOYAIOTh
3pY4HICTh HaBiraiii, JIETKiCTh MOIIYKY iH(OpMaIlii, 3p03yMUIICTh CTPYKTYpH 1HTepdeiicy Ta
aJlanTHBHICTh JAM3aliHY 10 PI3HUX NPHUCTPOiB. JloCHiJKEeHHS MOKa3yloTh, L0 BPaxyBaHHS
cienn(piyHUX MoTped KOPUCTYBAYiB IiJ] 4ac MPOEKTYBAHHS BeO-pECYPCiB CHPHUSE CTBOPEHHIO
e(EeKTUBHHX Ta IHTYITUBHO 3pO3YMIIUX CAMTIB.

[HHOBaMiHMI nU3aiiH BeO-calfTy Bilirpae BaXXJIMBY pOJIb y 3aJIyY€HHI KOPUCTYBAYiB Ta
niABHILEHHI Koe(ilieHTiB KoHBepcii. EnemeHTH, Taki SK IHTYITUBHO 3pO3yMijia HaBiraris,
aIaITUBHUN TU3aiiH, MPUBA0IHBI Bi3yallbHI KOMIIOHEHTH Ta MEPEKOHIUBI 3aKJIUKH JI0 Jii, Mo-
3UTUBHO BIUIMBAIOTh HA KOPHUCTYBAalbKUN JOCBi. OCTaHHI JOCHIIKEHHS MIIKPECIOI0Th
BYKJIMBICTH IIUX ACTIEKTIB AJISl YCIIITHOT B3aEMOJII1 3 KOpHCcTyBadaMH. [1]
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AHaJi3 ocTa”HHiX aociigxeHb i myOaikaniii. JlocTynHicTh BeO-CaliTiB € I OJHUM
KPUTUYHO BAXXJIUBUM aclEKTOM, OCOOJIUBO JUIsI KOPHCTYBAYiB 3 OOMEXKEHUMHU MOKJIMBOCTSI-
mu. BripoBapkenHs crangapTiB poctymHocTi, Takux sk WCAG, 3a0e3mnedye piBHHI J0CTYII
1o indopmarii s Beix kopuctyBadiB. JlocBim NASA Astrophysics Data System nemoncTpye
BOXJIUBICTh JOTPUMAHHS LUX CTAHJAPTIB JUIS MOKPAIIEHHS TOCTYIHOCTI AMHAMIYHUX BeO-
3aCTOCYHKIB[2].

EGeneszep Ar6o3o y cBoiit podoti «A Hybrid Data-Driven Web-Based UI-UX Assess-
ment Model» [3] 3ampononyBaB riOpuIHy MOZEIb OIIHKH SKOCTI BeO-iHTEepdeiiciB, sika 1mo-
€IHY€ METOJU 0AraTOKpUTEPIaIbHOTO aHai3y, aHATi3y HACTPOIB, KJIacTEepH3allii Ta MOsICHIO-
BAaHOTO INTYYHOTO iHTenekTy. Lleil miaxing mo3Bojsie KOMIUIEKCHO OLIHIOBAaTH SIKICTh 1HTEp-
¢eiiciB, BpaxoBYIOYH Pi3Hi (PaKTOPH, IO BILTMBAIOTH HA KOPUCTYBAIBKHHA JOCBIJ.

JaByn MasinansH Ta ioro koserm y ctarti «Style-Guided Web Application
Exploration» [4] npeacraBuwin miaXia 10 aBTOMATH30BAHOTO JOCIIKEHHS Be0O-3aCTOCYHKIB,
3aCHOBAaHMN HA CTPYKTYPHHX Ta Bi3yaJbHHX CTHJIICTUYHUX O3HaKaxX. BUKopHCTOByrOYH Ma-
IIMHHE HaBYaHHS, BOHU JIOCSATIIM BUCOKOI TOYHOCTI y Tiepe10adueHHi eIeMEHTIB, 3 SKUMHU B3a-
€EMOIIOTh KOPUCTYBadi, IO CHpHUse ePEKTHUBHIIMIOMY TECTYBAaHHIO Ta aHalizy BeO-
iHTEepQeicCiB.

Ontumizanis iHTepdeiiciB BeO-caiiTiB € KIIFOYOBUM (PAKTOPOM Y MOKPAIICHHI KOPUCTY-
BaI[bKOT'O JIOCBiY, 0 O0e3MocepeIHhO BIUTMBAE HA 3aJTyYCHICTh Ta 33J0BOJICHICTh BiJBiTyBa-
yiB. Mera umie€i poGoTm - 3a0e3MeUYcHHS KOMIUICKCHOTO aHamidy iHTepdeiciB BeO-
3aCTOCYHKIB, 110 BPaXOBY€E CYYacHI MIJAXOJH J0 iX ONTHUMI3allii Ta IHTEPAaKTUBHOCTI, a TAKOX
3a0e3neuye MiBUILEHHS €()EeKTHUBHOCTI B3a€EMOJIIi KOpUCTYBauiB 3 BeO-pecypcamu. Jlocui-
JUKEHHSI CTIpSIMOBaHE Ha BHUBYEHHS METOJIB, IHCTPYMEHTIB Ta PEKOMEHJAlIN i1 po3poOHU-
KiB, SIKi CHPUSTUMYTh CTBOPEHHIO 3pYUYHUX, (PYHKIIOHAIBHUX 1 TIOCTYIHUX 1HTEP(EHCIB.

OcHoBHA yacTHHA.

IMinxonu no ananizy iHrepdeiiciB. AHani3 iHTEpeEiCiB € KPUTUYHUM €TarioM
OIliHIOBaHHSI €(EeKTHUBHOCTI BeO-calfTiB [5]. OmHUM 13 OCHOBHUX METOIIB € TECTYBaHHS
103a01J11ITI, SIKE J0IOMarae OLIHUTH 3pY4YHICTh BUKOpHUCTaHHS. Hampukian, cTBOpeHHsS KapT
terioBux 30H (heatmaps) m03BoJsiE 3pO3yMITH, sIKI 00jacTi BeO-CTOPIHKM IHPHUBEPTAIOTH
HalOUIblIe yBaru KOpUCTyBauiB. JIOCHIPKEHHS IMOKa3ylooTh, 10 €()EKTHMBHO pO3TallOBaH1
€JIEMEHTH MOXYTh 30UTBIINTH TPUBAIICTH MTepeOyBaHHs KOPUCTYBadiB Ha caiTi Ha 20-30%.

@OyHKIIIOHAJIbHE TECTYBaHHS € II€ OJHUM Ba)KJIMBUM acCIEKTOM, SIKHU mependadae me-
peBipKy poOOTH IHTEpAaKTHBHUX €JIEMEHTIB, TaKUX K KHONKHU, popmu Ta MeHto. Lle 3abe3mne-
yye KOPEKTHY B3a€MOJIIF0 KOPUCTYBAYiB 13 CAaTOM, HE3aJIEKHO BiJ BUKOPHCTOBYBaHHUX Opay-
3epiB 4M MPHUCTPOIB. AHANI3 BI3yalbHOI CTPYKTYpPH J03BOJISIE BUSBUTH NMPOOJIEMH y TU3aliHI,
HAIpUKIIAJ, HeBIAIU BUOIp mpuPTIB a00 KOJIBOPOBHUX CXEM, 110 MOXYTh HETaTUBHO BILIU-
BaTU HAa YWTAOENBHICTh KOHTEHTY. J[OCTI/DKEHHSI TakoX JIEMOHCTPYIOTh, IO TapMOHIMHA
Bi3yaJbHa CTPYKTYpa crpusie JOPMYBAHHIO TOBIPH 10 OpEeHIY.

Kpim nporo, 36ip 3BOPOTHOTO 3B’A3KYy BiJl KOPUCTYBauiB uepe3 onuTyBaHHS abo A/B
TECTYBAaHHS J03BOJISIE PO3POOHUKAM 3pO3YMITH, SIKI aclEeKTH callTy moTpeOyioTh BJIOCKOHA-
nenHs. [HcTpymenTH, Taki sik Google Analytics, Screaming Frog Ta Moz, mosnermryroTs mpo-
1ec 300py Ta aHaNMi3y AaHUX, JTOMOMAararodu po3poosTi eeKTHUBHI PIIEHHS JIJIs TIOKPAIeH-
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Hs iHTepdeiiciB. BukopucTtanHs HUX IHCTPYMEHTIB J03BOJISIE BUSIBISATH HE JIUIIE TEXHIYHI
MTOMWUJIKH, a ¥ rIuOIIe po3yMiTH MOBEAIHKY ayIUTOPIi.

Metoau onTuMmizauisi Beo-caiTiB

Texniuna onmumizauisn

TexniuyHa onTUMI3aIlis € OCHOBOIO JJIs 3a0e3Me4YeHHs cTabiIbHOT poOoTH BeO-cailTy Ta
MOKPAIIEHHS HOT0 MPOIYyKTUBHOCTI. BOHA OXOIUTIOE HU3KY BaXJIMBUX 3aXO0/IB:

3akpummsa cayxyucooeux cmopinok 6i0 inoexcysanus. CTOPIHKH, SKi HE MICTATh KO-
pucHOI iHpopManii 111 KOPUCTYBauiB (HANPHUKIIAA, CTOPIHKH aJIMiHICTPATUBHOTO JOCTYILY),
MaroTh OYTH 3aKpHTI Bif iHAEKcallli MOIMIYKOBUMHU cucTeMaMu. Lle 3HMKye HaBaHTa)KCHHS Ha
MOIIIYKOB1 pOOOTH 1 3am00irae BUMAIKOBOMY JOCTYITY JI0 TAKUX CTOPIHOK.

Onmumizauin mema-mezie i Alt-ampudymis. 3abe3nicueHHsT HASIBHOCTI YITKUX 1 pere-
BaHTHHUX METa-OIHMCIB /I KOXKHOT CTOPIHKH CalTy MOKpANIye 11 BUANMICTD y MONIYKOBHX CH-
cremax. Alt-atpuOyTt s 300paxeHb 3a0€3MEeUyIOTh JOCTYIHICTh KOHTEHTY JJISl KOPUCTY-
BayviB i3 BaJaMH 30pY Ta CHPUSIOTh ONTHMI3alii MOITYKOBUX 3alUTIB uepe3 rpadiyHuid KOH-
TEHT.

Bunpagnenns HTML-nomunok. Baniganii HTML-kon 3a0e3neuye KOpeKTHE Bimo0-
pakeHHs callTy y Bcix Opaysepax. Bukopucranns inctpymenriB, Takux sk W3C Validator,
J0TIOMarae BHUSIBUTH Ta YCYHYTH NMOMWJIKH Y KOMi, IIO BIUIMBAIOTh HAa MPOAYKTHUBHICTH 1
CYMICHICTb CaiTy.

ITiosuwennsa weuoxocmi 3asanmaxcenns. Onrumizaiis po3mipy 300pakeHb, BHKO-
pucTaHHs KeuryBaHHs Ta MiHiMi3auis CSS 1 JavaScript-¢aiiniB 103BOJISAIOTH 3HAYHO CKOPOTH-
TH 4Yac 3aBaHTa)XeHHsI CTOpiHOK. Lle € kitouoBUM (pakTOpoM i MOKPALEHHS KOPUCTYBAllb-
KOT'0 JIOCBIJly, 0COOJINBO AJi11 MOOIJTbHUX KOPHCTYBAUiB.

Texniuna onrtumizaiis 3a0e3neuye GyHIAMEHT IS MOJANBIINX YAOCKOHAJIEHb CAMTYy,
TaKMX SIK BIPOBA/KEHHS HOBUX (PYHKIIIOHAJIBHUX MOKJIMBOCTEN 1 IHTEPaKTUBHUX €JIEMEHTIB.

Haegizayin ma cmpykmypa caitmy

[HTYiTHBHA CTPYKTYpa CaliTy CIpHsi€ TO3UTUBHOMY KOPHCTYBAallbKOMY JOCBiTy. Buko-
puctanss SILO-cTpykTypH, sika pO3NOAUISE KOHTEHT 32 TEMATUYHUMH KaTETrOpisiIMH, JO3BO-
ns€ e(QEeKTUBHIIE OpraHi30BYBAaTH BHYTPIIIHIO NEPETiHKOBKY. JlOTpUMaHHS HNpUHIMITY
«TPHOX KIIKIB», IO JI03BOJSIE JOCATTH OYyIb-SKOi CTOPIHKM CalTy 3a TpU KJIIKH, 3HAYHO
MIJBUIIYE 3pYUYHICTh KOpUCTyBaHHS. KpiM TOro, BaKJIMBO 3a0€3ME€UUTH JIOTIYHY 1€papXito Mo-
CWJIaHb Ta JOCTYNHICTb KapTH CalTy, 110 MOJIETIIYE OPIEHTAIII0 JJI1 MOLIIYKOBUX pPOOOTIB Ta
KOPHCTYBaYiB.

Bizyanvna cmpykmypa ma ou3aiin

OdopmieHHs BeO-caliTy BiAIrpae BaXKIUBY POJb Y CTBOPEHHI MO3UTUBHOIO BPa)KEHHS
KopucTyBauiB. [[u3aiiH caliTy Mae OyTH He JIMIIEe €CTEeTUYHO NpUBaOIMBUM, aje ¥ QyHKIio-
HalbHUM. Bubip mpudris, iX po3Mip 1 KOHTPACTHICTh MalOTh 3a0e3MeuyBaTH JerKe CIpuii-
HATTSA 1H(opmamii. JloriyHa iepapXisi €JIE€MEHTIB, HaNpHKIal, PO3TAIIYBAHHS BaKJIUBUX
OJIOKIB y BEpXHIHM YacTHHI CTOPIHKH, CIIPUSE€ MBUIIIOMY JAOCTYIY 10 iHpopMalii. AanTHuB-
HUW TU3aiiH € 000B’SI3KOBUM y CyYaCHHUX YMOBAX, aJke MOOUTEHUN Tpadik MPOJAOBKYE 3pOC-
tatu. Jl0JaTKOBO, BHKOPUCTAHHS KOJBOPOBHUX CXEM, IO BIAMOBIMAIOTH OpEHIy, CIpUsiE
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3MIITHEHHIO HOTo ieHTHYHOCTI. E)eKTUBHMIA TH3aifH T03BOJISE HE JIHINE MiABUIIUTH IPUBAO-
JMBICTD CalTy, aje i MOKpauyuTy Horo (GyHKIIOHAIBHICTH Ta 3PYYHICTH I KOPUCTYBAiB.

Onmumizayia inmepaxmuenocmi

[HTepaKTHBHI €IeMEeHTH, Taki SK 4aT-00TH, IHTEpaKTUBHI (OpMHU Ta aHimarii, Bigirpa-
I0Th B@XJIMBY pOJb Yy 3allydeHHI KopHucTyBauiB. Hampukman, iHTerpamis 4ar-O00TiB MOXe
30UTBIIATA KUIBKICTH 00poOneHux 3amutiB Ha 40%. AHiMaIii, SKIIO BUKOPHUCTOBYIOTHCS
MOMIPHO, J0AAI0Th JUHAMIYHOCTI CalTy, CTBOPIOIOYH OLIbII 3aXOILUTIOIOUME JAOCBIA IS KO-
puctyBauiB. [HTepakTHBHI (hopMu, 1m0 3a0€3MeUyI0OTh MUTTEBUN 3BOPOTHHH 3B'A30K, TaKOXK
CHPUSIOTH MiIBUIICHHIO PIBHS 3aJy4EHOCTI.

AHani3 goctynHocti Bed-caiTiB. JlocTynHICTh BeO-CaliTiB € BaXKJIMBUM ACIEKTOM, IO
3a0e3mnedye piBHI MOXIIUBOCTI JUIsI KOPUCTYBAviB i3 PI3HUMHU (PI3UYHUMH Ta KOTHITUBHHUMHU
obmexeHHssMH. OCHOBHI TPHUHIUIK JOCTYIMHOCTI 0a3zyroThesi Ha crangaprax WCAG (Web
Content Accessibility Guidelines), siki BU3Ha4ar0Th KJIFOYOBI HAPSIMU ITOKPAIICHHS:

— Copuiinstiusicts iH(opMmarii: KoHTeHT mMae OyTH mpencTaBIeHU TaKUM YHHOM,
00 KOpHUCTYBadi MOTJIM MOTO CIIPHUIMAaTH HE3aJeKHO BiJ oOMexxeHb. Hanpukian, 3abe3mne-
YeHHS TEeKCTOBHX OMHCIB I 300pa)KeHb Ta BiZICO JO3BOJIIE KOPHCTyBadaM i3 BaJlaMu 30PY
OTpUMYBaTH HEOOXinHy iHpOpMaIito. BamBUM € TakoX AOAaBaHHS MIAMHUCIB 10 BiJICOKOH-
TEHTY Ta TEKCTOBOI Bepcii I ayJioMaTepiaiB.

— 3pyuHicTh BUKOpHCTaHHs: Hagiramis caiitom Mae OyTH MpOCTOIO Ta IHTYITHBHOIO.
JJi1 1bOTO BUKOPUCTOBYIOTBHCS YiTKiI 3arOJIOBKH, JIOTiYHA CTPYKTYpa MEHIO Ta JOCTYIHICTh
KJaBiaTypHoi HaBiramii. Hampuknan, Bukopuctansus "xmioHux xkpuxt' (breadcrumbs) momo-
Mara€e Opi€eHTYBAaTHCS Ha CaiiTi, a MpoJyMaHe TPYNyBaHHS (HOPMYISAPIB CHOpUSE JIETLIOMY X
3aII0BHEHHIO.

— CymMicHicTb 13 TexHosorissMu: CaiiTu MOBUHHI KOPEKTHO IMPALIOBATH 3 PI3HUMHU J10-
HNOMDKHUMHM TEXHOJIOTISIMH, TAKUMH SIK €KpaHHI 34MTyBaui, 301IbIIyBadi TEKCTy Ta 1HIII 3a-
coOM a7 KOpHCTyBauiB i3 BajamMM 30py u4u ciayxy. Hampuknan, BuxkopucranHs ARIA-
aTpuOYyTIB J103BOJIIE€ MO3HAYATH €JIEMEHTH iHTepdeiicy TakuM YMHOM, 1100 BOHHM Oynu 3po-
3YMUIMMHU JIJIs1 EKpAaHHUX 3YUTYBAYiB.

— MiHnimizawiss nepemko]: BUKOPUCTaHHS KOHTPACTHUX KOJIbOPIB, YHUKHEHHS Me-
PEXTIUBUX €JIEMEHTIB Ta 3a0€3MeUeHHs YITKOrO pO3TallyBaHHS €JI€MEHTIB Ha CTOPIHLI CIIPU-
s€ 3HIKEHHIO 0ap’€epiB AJIsl KOPUCTYBAviB 13 KOTHITUBHUMU NopyieHHsAMU. Hanpukiaza, koH-
TpacT TeKCTy Ta QoHy noBuHeH BiAnoinatu Bumoram WCAG, a MepexTiIuBl €JIEMEHTH MO-
KYTb OyTH HEOE3MeYHUMHU /711 KOPUCTYBaUiB, CXHJIBHUX JI0 EMiJIencii.

TecTyBaHHS JOCTYMHOCTI MOXHa MPOBOAUTH 32 JOTIOMOTOIO SIK aBTOMAaTHYHHX, TaK 1
PYYHUX METO/IIB.

IncTpymenTu aBTomMaTuyHOro TecTyBaHHs, Taki sk WAVE, Axe ta Lighthouse, n1o3Bo-
JSIOTH IIBHJIKO BHSIBJISTH THUIOBI mpobiemu poctymHocti. Hampukian, Lighthouse namae
3BITH NPO KOHTPACTHICTh TEKCTY, HAasBHICTh aJIbTEPHATUBHOTO TEKCTY JJIsl 300pa)Ke€Hb Ta 1HII1
napameTpH.

3amyyeHHsl peaibHUX KOPUCTYBauiB 13 OOMEKEHUMH MOKJIMBOCTAMHU JOTIOMArae ieH-
tudikyBaTtu mpoOieMu, sSKi HE 3aBXKIW MOXYTh OyTH BHSBJIEHI aBTOMaTW4yHO. Hampukian,
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TECTyBaHHs KJaBiaTypHoi HaBirauii abo mepeBipka B3aeMOJil 3 eKpaHHUMH 3YUTyBauyaMH BU-
SBIISIIOTH HIOAHCH, K1 3aJTUIIAIOTHCS 11032 YBArolo ajirOpUTMiB.

Bukopucranas eMynaTopiB, IO IMITYIOTh Pi3HI HOPYIIEHHS 30pY, PYXJIMBOCTI YH CIIy-
Xy, JIoTioMarae po3poOHUKaM Kpalle 3pO3yMITH MOTpedu KOPUCTYBadiB Ta BPaxyBaTH iX MiA
9ac MPOEKTYBaHHS iHTEpdeiicy.

BripoBakeHHSI IPUHLUIIB JOCTYITHOCTI pOOUTH BeO-CalTH OUIBII 1HKIIO3UBHUMH Ta
MO3UTUBHO BILTUBAE HA 3araJbHUM JTOCBI KOPUCTYBAYiB. 30KpeMa:

— Posmmpenns ayauropii: JloCTYIHICTh 3allyya€ HOBHUX KOPHUCTYBadiB, BKJIIOUAIOYH
Troel 13 00MEXEHUMH MOKIIMBOCTSIMH, 110 301JIbIIIy€ TOTCHIIHHUE Tpadik.

— Tlokpamenns SEO: JlorpumaHHS cTaHAapTiB AOCTYHMHOCTI, TaKUX SIK MpaBUIIbHE
CTPYKTYPYBaHHS 3aroJOBKIB Ta BHKOPHCTaHHS aJIbTEPHATUBHOTO TEKCTY, CIPHUSE KPAIIOMY
PaHKyBaHHIO CAMTy B MOIITYKOBUX CUCTEMAaX.

— ComuiangpHa BIAMOBIANBHICTE: [HKITIO3UBHICTH MIIBHIIYE pEemyTaIlito OpeHIy Ta Je-
MOHCTpYE TypOOTY PO BCiX KOPUCTYBAUiB, 1[0 MOKE OyTH KIFOUOBUM (PAKTOPOM JTOBipH.

[Tpuknany BeO-calTiB 3 BACOKMMH MTOKA3HUKAMH JTOCTYITHOCTI:

1. BBC: Beb6-caiitr xopnopanii BBC BiamoBizae BUCOKMM CTaHIapTaM JOCTYIHOCTI.
Hanpuknan, BiH niaTpuMye KiaBiaTypHY HaBiraifito, Ma€ mpoJyMaHi TeKCTOBI albTepHATHUBU
U1 300paXkeHb Ta 3a0e3meuye YiTKuil KOHTPACT MK TEKCTOM 1 (DOHOM.

2. GOV.UK: Od¢iuiitauii caiit ypsiny BenukoOpurtanii akTUBHO BIPOBAKYE MPUHIU-
nu WCAG, Hajarouu J10CTyII 10 KOHTEHTY BCIM T'pOMajisiHaM, BKIIIOYAIOUH JIHOAEH 13 BaJaMu
30py UM CIYyXY.

3. Microsoft Accessibility: Pecypcu Microsoft mpomonyooTh mMpokuii BUOip Mpo-
AYKTIB Ta MOCIYT, ONTUMI30BaHUX Ul KOPUCTYBAUIB 13 PI3HUMHU OOMEKEHHSIMHU, BKIIOYAIOUYH
eKpaHH1 34MTyBayl, FOJOCOBUH BBiJ Ta 1HII (PyHKIIIT.

JloTprMaHHS IIUX MiJXO0/IB Ta BUKOPUCTAHHS CYYaCHUX IHCTPYMEHTIB JJ0IIOMarae CTBO-
pIOBATH CailTH, K1 € JOCTYMIHUMHU JUIsSl BCIX KaTeropiil KOpMCTyBayiB, COPUSIOYM COLANbHIN
IHKJIFO3UBHOCTI Ta MIJBUIIEHHIO €)EKTUBHOCTI PECYpCIB.

BucnoBku. IIpoBenenuit anami3 iHTepgeiciB Be0-3aCTOCYHKIB JO3BOJIUB BU3HAYUTH
Cy4acH1 HIAXOAM A0 iX ONTHUMI3alil 3 ypaXyBaHHSIM MPHUHIMIIB IHTEPAKTUBHOCTI, (PYHKIIIO-
HaJIBHOCTI Ta JIOCTYHMHOCTI. BUKOpPHCTaHHSI cydyacHUX 1HCTPYMEHTIB Ta TEXHOJIOTIH crpuse
MIJBUIIEHHIO e(DeKTUBHOCTI B3aeMO/Ili KOPUCTYBayiB 3 BeO-pecypcamu, MOKPAIIEHHIO SKOCTI
KOPHUCTYBAILKOIO JIOCBI/ly Ta PO3LIMPEHHIO aynuTopii. [HTerpamis nux mpuUHIMIIB 3a0e31e-
Yy€e CTBOPEHHS 3pYYHUX Ta IHTYITHBHO 3pO3yMUIUX iHTep(elciB, 10 BIAMOBIIAIOTH CY-
YaCHUM BHMOTaM KOHKYPEHTHOTO IU(POBOTO cepeaoBUIIa. PekoMeHallii, 3anpornoHoBaHi B
poOOTi, € OCHOBOIO ISl PO3POOHUKIB y TPOIECI MPOEKTYBaHHS Ta BIIOCKOHAJEHHS BeO-
3aCTOCYHKIB, OPIEHTOBAaHUX Ha MOTPeOU KOPUCTYBAUiB.
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Methods for analyzing web application interfaces to increase interactivity

Analysis of Recent Research and Publications. Over the past decade, the role of website
design in e-commerce has gained significant attention due to its influence on conversion rates
and overall user experience. Previous studies emphasize the importance of aesthetics, usabil-
ity, and navigation in enhancing customer satisfaction and driving sales. However, much of
the existing research focuses on individual design elements such as color schemes, layout
structures, or typography, without considering the cumulative impact of an innovative design
approach. Furthermore, the integration of modern technologies, such as artificial intelligence
(Al) and machine learning (ML), in the design of e-commerce websites has started to shape
how businesses interact with consumers. The gap in the literature lies in understanding how
these innovative design strategies, when applied cohesively, can optimize the user journey
and increase conversion rates.
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Recent publications also highlight the importance of personalization and interactivity in
the design process. Customization features tailored to user preferences, combined with
streamlined interfaces, are emerging as key trends that influence how customers engage with

digital platforms. However, the relationship between innovative web design features and their
direct impact on e-commerce success remains underexplored.

Purpose of the Research. The primary aim of this study is to examine how innovative
website design impacts conversion rates and the user experience in the context of e-
commerce. Specifically, the research explores how a blend of modern design principles, in-
teractive elements, and advanced technologies can improve user engagement, facilitate
smoother interactions, and drive sales. By analyzing the influence of website design on both
user behavior and business outcomes, this study seeks to provide insights into the most effec-
tive design strategies for e-commerce platforms.

Main Body of the Research. This research employs a mixed-methods approach, combin-
ing qualitative and quantitative data to assess the effectiveness of innovative design features
on e-commerce platforms. The study focuses on the integration of visual appeal, user-centric
design, and technology-driven interactivity in websites. The analysis includes a comparison of
traditional website designs with those that incorporate cutting-edge technologies like Al-
based recommendations, personalized user interfaces, and dynamic content features.

Through user surveys, A/B testing, and web analytics, the study evaluates how users in-
teract with websites that feature advanced design elements. Key factors such as navigation
ease, response time, personalization features, and visual aesthetics are considered in relation
to user satisfaction and conversion rates. Additionally, the research investigates how website
design influences customer retention and repeat business, which are essential indicators of
long-term success in e-commerce.

The findings suggest that websites that integrate innovative design strategies not only
enhance the aesthetic appeal but also significantly improve user interaction. Personalization
features, in particular, have been found to increase user engagement, with customers spend-
ing more time on sites and demonstrating higher conversion rates. Furthermore, a stream-
lined and intuitive interface, coupled with fast load times, improves the overall user experi-
ence, leading to more successful transactions. The research also identifies that Al-driven per-
sonalization can help businesses tailor their offerings, further boosting sales.

Conclusions. This study concludes that innovative website design plays a crucial role in
improving both user experience and conversion rates in e-commerce. By employing modern
design principles, incorporating interactive elements, and leveraging emerging technologies,
e-commerce businesses can create more engaging and effective digital environments. These
strategies not only increase user satisfaction but also contribute to higher sales and customer
retention, ultimately enhancing the competitiveness of online businesses. Future research
could explore the long-term effects of specific design innovations and their impact on custom-
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er loyalty, as well as the potential for further integration of Al and machine learning to opti-
mize website functionality and user interaction.
Keywords: web applications, user interface, interactivity, interface analysis, usability,
testing.
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ALGORITHMS AND METHODS IN DYNAMIC PROBLEMS OF OPTIMAL
TRACK PLACEMENT IN THREE-DIMENSIONAL PRINTING

Abstract. The work is devoted to the study of algorithms and methods for calculating optimal
trajectories in 3-D printing in the formulation of a dynamic problem of the theory of optimal
set partitioning. The relevance of this task lies in the significant actualization of 3-D printing,
both in the manufacture of medical, military and dual-use products. Nowadays, technological
solutions for 3-D printing allow users to manufacture parts from children's toys made of plas-
tic to rocket parts made of high-alloy steel. In times of war, 3-D printing became a tool for
improving weapons for Ukraine, allowing you to create experimental products in small quan-
tities without resource-intensive research, investigate their effectiveness and applicability in
practice, improve and launch them into mass production. This paper considers the mathemat-
ical aspects of constructing 3-D printing trajectories, taking into account the limitations put
forward by manufacturers in the analytical formulation. This approach allows you to obtain
optimal solutions, minimize the time and cost of refining parts, and generally reduce the time
and cost of their manufacture. It should be noted that this approach is very relevant in the
bowls of time, which is due to the large number of new inventions that are being developed in
various areas of human existence.

Keywords: mathematical modeling, theory of optimal set partitioning, dynamic problem, 3-D
printing, optimal trajectory.

Entry. In today's world, technological advances in the field of 3D printing are of great
interest in the scientific and industrial environment. This technology is widely used in various
industries, ranging from manufacturing to medicine and architecture. However, despite the
many opportunities it provides, production optimization remains an urgent task that requires
constant improvement of algorithms and methods for building 3D printing paths.

An essential part of this optimization is the development of optimal trajectories for 3D
printing. Every movement of the print head and the rotation of the printer requires time and
materials. The main goal of the study is to develop algorithms and methods for optimizing
printing trajectories aimed at minimizing the cost of materials and time, which will increase
production efficiency and reduce the cost of manufactured products.

The central task is to create effective algorithms for plotting trajectories in real time.
This is important for automating production processes and reducing resource costs. Efficient
construction of trajectories will not only increase printing speed, but also improve the quality
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of manufactured products, which is of great importance for sustainable production and envi-
ronmental sustainability.

The study involves the analysis of the physical properties of the environment and their
consideration in mathematical models. This will contribute to the creation of more accurate
and adaptive algorithms that can avoid obstacles and optimize trajectories to reduce energy
and time consumption. Also, the development of algorithms and methods for optimizing 3D
printing trajectories involves taking into account different types of materials used in the print-
ing process, as well as the specifics of the work of different models of 3D printers.

In particular, developing optimal print paths can open up new opportunities for custom
manufacturing, allowing businesses to increase competitiveness and improve customer expe-
rience. The results of the study can also find practical applications in industrial processes
where 3D printing is used, contributing to the increase in production efficiency and economy.

The application of the developed algorithms and methods to optimize 3D printing paths
can have a significant impact on industries such as the aviation and automotive industries,
electronics, medicine, education and scientific research. The importance of this work lies in
the fact that it contributes to the development of 3D printing technology, increased production
efficiency, and reduced material and energy costs, which in turn can lead to a reduction in the
cost of manufactured products and the development of environmentally sustainable produc-
tion.

Thus, this research is of great importance for the further development of 3D printing
and its implementation in various industries and science, contributing to the creation of new
opportunities and opening up new horizons for scientists and engineers.

Path optimization in 3D printing is an extremely important task aimed at reducing the
time it takes to create objects and improve their quality. Current research in trajectory optimi-
zation algorithms offers diverse and innovative approaches to address this complex problem.

Analysis of literary sources. The paper "Path optimization in 3D printer: Algorithms
and experimentation system" [1] examines the use of hybrid algorithms such as Greedy Two
Opt and Greedy Annealing. These algorithms are not only based on choosing an effective ini-
tial decision through a fast algorithm, but also improve it by further exploring the decision
space. The implementation of these algorithms in the system of experiments confirms their
high efficiency and properties.

In the paper "An Approach of Path Optimization Algorithm for 3D Concrete Printing
Based on Graph Theory" [2], a path optimization algorithm based on graph theory for 3D
printing of concrete is proposed. By using the distribution algorithm and the ant colony algo-
rithm, they achieve not only a reduction in printing time, but also a significant improvement
in print quality.

The article "An ACO-Based Tool-Path Optimizer for 3-D Printing Applications™ [3] us-
es an ant colony optimization algorithm to improve the solutions generated by the slicer soft-
ware. Based on a modified ACO, their optimizer allows you to reduce print time and improve
visual print quality.

The paper "Path Optimization Along Lattices in Additive Manufacturing Using the Chi-
nese Postman Problem™ [4] uses a graphical model of the 3D printing process and solves the
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Chinese postman problem to optimize the extruder movement. This approach aims to improve
printing efficiency and accuracy.

The paper "Optimizing the Nozzle Path in the 3D Printing Process" [5] solves the prob-
lem of the optimal nozzle path in 3D printing using linear programming and heuristic algo-
rithms. Their results indicate a significant reduction in printing time.

The paper "Accelerating 3D Printing Process Using an Extended Ant Colony Optimiza-
tion Algorithm” [6] discusses the use of an ant colony algorithm to speed up the 3D printing
process. The proposed mechanisms allow you to adaptively adjust the number of iterations,
which as a result improves ACO performance.

In the paper "Path Optimization For Cooperative Multi-Head 3d Printing" [7] the prob-
lem of layer path optimization (LPOP) in 3D printing is defined. The author investigates mod-
ified ant colony algorithms that contribute to reducing travel distance and printing time for
various 3D models.

Formal statement of the problem. The work involves the development and implemen-
tation of a systematic approach, in particular algorithms and methods for building and opti-
mizing the printing trajectory for 3D printers. The task is to formulate a mathematical state-
ment of the problem, develop algorithms and methods of partitioning, and create a software
product that will provide automated generation of the optimal path for 3D printing of objects
presented in STL format.

The main tasks of the work are:

1. Development of a trajectory optimization algorithm

2. Development of a systematic approach to optimizing the print trajectory, taking into
account the model parameters and limitations of the printer.

3. Implementation of the software product.

4. Implementation of a software package that will automatically load and analyze STL
files of objects to build an optimal trajectory.

5. Visualization of the process.

6. Providing the ability to visualize the figure at different stages of printing for analysis
and optimization of the process.

7. G-code generation. Development of a module to generate G-code corresponding to
the simulated trajectory, providing standard commands for the 3D printer and ensuring that it
is saved to a file.

The purpose of the work is to develop and implement a systematic approach to building
and optimizing the trajectory of printing on a 3D printer, creating a software product that will
ensure the effective generation of the optimal path for printing objects presented in STL for-
mat. The main tasks include the development of a trajectory optimization algorithm, the im-
plementation of software that interacts with 3D models, the visualization of the printing pro-
cess, the generation of G-code, and the study of the effectiveness of the developed solution.

Overview of existing tools. 3D printing is an important technology that is widely used
in various industries, from manufacturing to medicine and design. Among the most common
technologies used in our time are the following:
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1. Fused Deposition Modeling (FDM). FDM is one of the most widely used 3D printing
technologies. In this system, the plastic melts and flows out of the print head, forming an ob-
ject layer by layer. FDM is a relatively affordable and reliable technology, but may have limi-
tations in accuracy and resolution.

2. Stereolithography (SLA). SLA uses ultraviolet radiation to cure liquid resinous mate-
rial. This technology provides high precision and allows the production of parts with high de-
tail. However, the limited availability of materials and high costs can be disadvantages.

3. Selective Laser Sintering (SLS). SLS uses a laser to fuse the powder, creating a solid
object. This technology allows you to make objects with different materials and quite com-
plex geometric shapes. However, it can be costly and require special equipment.

4. Multi-Jet Fusion (MJF). MJF uses technology similar to an inkjet printer, but uses
materials made from powdered substrates. It allows you to obtain parts with high speed and
accuracy, but requires special materials.

Each of these systems has its own advantages and limitations, making them suitable for
a variety of applications. The selection of a specific system should take into account the re-
quirements of a particular project and the availability of resources. An overview of these
technologies provides an important basis for further informed conclusions in the study of a
systematic approach to the trajectory of printing on a 3D printer.

Maximum print sizes:

- FDM: Usually limited by the size of the printer countertop, which can affect the ability
to produce large parts.

- SLA: Has the ability to produce high-dimensional parts, but is limited by the size of
the resin tank.

- SLS: Allows the production of medium and large parts, but is limited by the dimen-
sions of the working chamber.

- MJF: Has great capabilities for the production of medium and large parts.

Printing Accuracy:

- FDM: Has lower accuracy compared to other systems, usually in the range of 0.1 - 0.2

mm.

- SLA: Provides high accuracy, can reach values less than 0.05 mm.

- SLS: It has good accuracy, especially for complex geometric shapes, within 0.1 mm.

- MJF: Has high accuracy, usually in the range of 0.02 - 0.03 mm.

Print Speed:

- FDM: Usually has an average speed, layer by layer, which affects the printing time of
large objects.

- SLA: Usually takes longer to print, especially with high detail.

- SLS: It has a high printing speed, especially in the production of serial parts.

- MJF: It is characterized by high printing speed, especially in the manufacture of serial

objects.

Materials:

- FDM: A wide variety of materials available, including plastics, rubber, and compo-
sites.
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- SLA: Uses a variety of resinous materials, ensuring high surface quality.

- SLS: Uses powdered materials such as polymers or metals.

- MJF: Uses thermoplastic materials, ensuring high strength and quality.

Processor and software:

- FDM: Easy to use, often used by small businesses and private users.

- SLA: Requires high security standards, uses specialized software.

- SLS: Requires high-precision equipment and software for production.

- MJF: Requires productive equipment and software for production management.

When choosing a specific 3D printing system, it is important to consider these function-
al characteristics, as they directly affect the suitability of the system to perform specific tasks
and solve certain production tasks.

Analyzing the advantages and disadvantages of each 3D printing system is an important
part of the study, as it allows a better understanding of the capabilities and limitations of each
technology. Below are the advantages and disadvantages of each system considered:

Fused Deposition Modeling (FDM):

Advantages:

- Availability and cost of equipment and materials.

- A wide range of materials available, including plastics, rubber, and composites.

- Easy to use and supported by many printing houses.

Disadvantages:

- Lower accuracy and resolution compared to other technologies.

- Limited possibilities for the manufacture of parts with high detail.

Stereolithography (SLA):

Advantages:

- High precision and resolution, ideal for details with high detail.

- Ability to work with different types of resins and materials.

Disadvantages:

- High costs for materials and ultraviolet lasers.

- Limited scalability compared to other technologies.

Selective Laser Sintering (SLS):

Advantages:

- High printing speed, especially for the production of serial parts.

- Ability to use a variety of powder materials, including polymers and metals.

Disadvantages:

- Consumable system due to the use of expensive powder materials.

- Requires specialized equipment and management.

Multi-Jet Fusion (MJF):

Advantages:

- High printing speed and high accuracy.

- Ability to produce serial parts with high quality.

Disadvantages:
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- More expensive compared to FDM and other technologies.

- May be restricted by access to certain materials.

Based on the results of the analysis of existing instruments, the following conclusions
can be drawn:

Cost and Availability:

- FDM is more affordable, but may have limitations in quality.

- SLAs and SLS require significant equipment and material costs.

- MJF, although more expensive, can be efficient for production.

Quality and Detail:

- SLA and MJF provide high quality and detail.

- FDM and SLS may have limitations in high detail.

Speed:

- MJF and SLS can be faster for production of serial parts.

- SLA may be slower due to high accuracy.

Overview of existing research methods. Learning a variety of methods for construct-
ing trajectories on a 3D printer is an essential step in achieving improvements in the field of
additive manufacturing. This study aims to understand and optimize the process of forming
printhead trajectories and the impact of this process on the quality and performance of 3D
printing.

Among the most common classes of three-dimensional printing methods, it is necessary
to highlight:

Coordinates-based methods are trajectory construction methods that use coordinates
based on determining points in space that should be connected. The following approaches are
considered:

- rectilinear trajectory: connecting points with lines, which is most often used to fill the
contour of an object;

- Curved trajectory: using arcs and curves to approximate the shape of an object, which
can improve appearance and accuracy.

Vector-based methods are methods that use vectors that focus on the movement of the
printhead in a specific direction. The following approaches are considered:

Slicing methods: Splitting an object into thin layers to further build a trajectory for each
layer;

Methods for using path vectors: Identification of route points that optimally determine
the movement of the print head.

Methods that use mathematical models are methods that are based on mathematical
models of the shapes and geometry of objects to build accurate trajectories. The following ap-
proaches are considered:

- continuous curves and surfaces: Using mathematical equations to describe the shape of
an object and construct smooth trajectories;

- Trajectory optimization techniques: Using optimization algorithms to select the most
effective trajectories, taking into account constraints and requirements.
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Methods that take into account the peculiarities of the geometry of objects are methods
that consist in analyzing how height differences, protrusions and other protruding elements
are taken into account.

Object Fill Path Methods are methods for determining the fill path of an object,
including fill methods such as "dimensional placeholder™ or "hexagonal placeholder".

Division into layers. Splitting a three-dimensional model into layers is a process used
to decompose an object into successive thin layers along the Z-axis. Let's have an object O
with the volume described by the function f(x,y,z), where 0<z<h, where h - the height

of the object. Specified layer thickness dz.
The goal is to define the boundaries of each layer, which will serve as the basis for the
generation of further layers. Let's mark z, height k -th layer, where z, =k-dz.

Formally, the division into layers can be defined as follows:

S,k={(xy.2)|z=2k,(x,y) e D}, (1)
where D - The plane of the object at the level z=z,, which can be obtained by the intersec-
tion of the object with the plane z=z,. This intersection can be represented as an area

D c R? using parameterization D(u,v), where u and v plane parameters, z =z, .
S,k ={(u,v,z,k)|(u,v) e D} )
This allows you to get the boundaries of each layer S, based on the object's parameteri-

zation and layer height. Once the layer boundaries are obtained, they can be used for further
processing and path generation.
Consider a general example where a figure is given by a function f(x,y,z), which de-

scribes the object, and the height of the layer z,. Let's denote the parameterization of the
plane at the level z=z,,as D(u,v), where u and v Parameters on the plane z=z, .

Thus, layer boundaries S, can be determined using parameterization D(u,v) and height

S,k ={(u,v,2,k)|(u,v) e D} ©)
For example, consider the parameterization of a plane D(u,V) in the form of a rectangle
from 0 to 1 on both axes u and v:

D(u,v) ={(u,v)|0<u<10<v<1} (4)
Let the height of the layer z, =0.1. Then the layer boundaries S, will:
S,k={(u,v,01)[0<u<10<v<l) (5)

This means that the edges of each layer are a rectangle on a plane z=0.1, which can be
used for further processing and generation of circuits. Parametrs u and v can range from 0
and 1, which defines the area on the plane z=0.1.

Circuit generation. To build the printing path of each layer, an important step is the
generation of layer outlines. This process defines the boundaries of the object on a given layer
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and determines how the printing extruder must pass these boundaries. Mathematical and geo-
metric principles are used to create points and lines that describe the contours of a layer.

After defining the boundaries, internal and external contours are created. The inner
paths define the cut of part of the object, while the outer paths define the outer boundary.

The algorithm for generating internal and external contours was implemented using the
Boundary Traversal algorithm. The following is an algorithm for determining internal and ex-
ternal contours based on the object's boundary points.

1. The beginning of the algorithm:

Input: The boundaries of the object on the layer in the form of a sequence of points.

Output: Internal and external contours in the form of a sequence of points.

2. Determination of the direction of the border bypass:

- Choose a point P, on the boundary of the object as the starting point.

- Finding the point P, which is closest to P, and belongs to the boundary of the object.

- Determine the direction of the bypass, for example, clockwise or counterclockwise.
Bypass the border:
- We start bypassing the border from a point P, .

- Finding the next point P,

..., belonging to the boundary, taking into account the deter-
mined direction of the bypass.

- We continue this process until we return to the starting point P,.

Separation into internal and external contours:

- when bypassing the border, write the points in the corresponding contour (internal or
external);

- control whether the point bypasses the boundary of the object within the previously se-
lected direction.

Filtering Circuits:

- cut off the internal contours, which are completely inside the rest of the contours;

- we leave only the outer and inner contours that separate the object.

Discretizing Paths: The points that make up the paths are sampled to represent them as a
sequence of coordinates. This may involve using algorithms that approximate curves to the
selected step size. The main goal is to represent the curve in the form of a sequence of coordi-
nates for later use in specific calculations, such as plotting a print path.

1. Input: a contour consisting of a smooth curve represented by the coordinates of its
points.

2. Step Size Selection: Selects a specific step size that determines the distance between
discrete points on the curve.

3. Sampling process: passing along the path and selecting points with the selected step.
That is, by choosing every nth point on a smooth curve.

4. Creating a Sequence of Coordinates: Forming a new list of points, which are now a
discretized version of the original outline.

Print path optimization. In the process of printing on a 3D printer, there are several
possible costly actions that can affect the time and quality of printing:
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Deceleration: When the printer needs to change the speed of movement, such as when
changing a layer or when printing complex parts, slowing down can occur. Switching from
high speed to lower speed may result in longer print times.

Stopping and Waiting: This occurs when the printer temporarily stops before starting a
new layer or waits for confirmation from the user (for example, when changing the material
or inserting an object).

Retraction: Moving the filature back into the printer nozzle (retraction) to avoid leakage
can affect print time, especially with frequent changes in print direction.

Travel Moves: When the print head moves between different areas of the object to be
printed, such movements can cause slowdown.

Temperature Control: Changing the temperature of the extruder or heater may cause
stops or slowdowns to reach the optimum temperature.

Changing real-time printing settings: If the user chooses to change some print settings
while the printer is running, it may also cause stops or slowdowns.

That is, analyzing what is written, the task arises to build a trajectory in such a way as to
minimize stops, decelerations and changes in the movement of printing (spreads). Since the
preparatory stages of slicing, determining the boundaries of layers and internal/external con-
tours are quite difficult to calculate programmatically and time-consuming, the task is also
complicated by building a simple algorithm that will quickly and optimally build a trajectory.

So, the algorithm for building the optimal trajectory can be represented by the following
flowchart:

Switch to the next layer Current dot

NO

NO YES

Does layer has available Do we have avaliable dots

points? AR Define dots of Moore neighborhood

Each neighborhood point (one of 8
available) points can be picked as next dot

Define the next point with minimum of linear
combination of factors (angle, stop of printing,
changing of path printing, deceleration of
printing)

YES

Next point defined

Find the nearest available dot and
go there with GO (no printing)
command

Figure 1 - Flowchart of the algorithm for finding the (k+1)-th point

Algorithm of the program.

Selection of the starting point of printing:

In the implemented algorithm for optimizing the print path, the selection of the starting
point on each layer is performed as follows: first, the point that is the center of the inscribed
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circle covering the shape is selected. If the center of the circle belongs to a shape, this point is
selected as the starting point. In the case when the center does not belong to the figure, a cir-
cle is built with a minimum radius in the center of the inscribed circle, “cutting” this circle
from the original figure. The radius of such a circle gradually increases until there is an inter-
section with the figure. From the set of intersection points, the starting point is selected to
build the print path. Usually, this point is chosen randomly to make the algorithm more adapt-
able and unique for different printing scenarios. This approach helps to ensure the efficiency
and accuracy of determining the starting point to optimize the trajectory of printing on a 3D
printer.

Choosing the next point:

In this algorithm for optimizing the print path, after determining the starting point on
each layer, a complex process of selecting the next point for the transition is performed. In the
course of studying the optimization algorithm for selecting the next point on the print layer, it
was determined that the implementation of the Moore circle turned out to be more efficient
compared to the Neumann circle. The Moore circumference, which takes into account coordi-
nate axes and diagonals to define adjacent points, allows for more flexible and accurate navi-
gation in space compared to the more constrained Neumann circumference, which takes into
account only the major coordinate axes.

This selection is based on the fact that Moore's Oak provides a wider range of options
for selecting points, which allows you to more effectively avoid areas with undesirable prop-
erties, such as slowing down, stopping or changing the direction of printing. This result high-
lights the importance of choosing the optimal circle to improve the speed and accuracy of the
3D printer printing process.

Each of the eight adjacent points is considered as a possible step, and for each point, a
weight is calculated based on costs and undesirable actions such as stopping, slowing down,
and changing the direction of printing.

This process of choosing the optimal route takes into account a variety of factors, each
of which has its own weight factor, reflecting the impact on the final result. Such a weighing
system allows for a deeper and more accurate assessment of the effectiveness of each possible
step.

In addition, a certain point with minimal costs is chosen as the best option for further
transition. This solution helps to maintain an optimal trajectory, simplifying and speeding up
the 3D printing process. The costs and undesirable actions considered are taken into account
to achieve maximum productivity and high quality of the manufactured parts.

Thus, the entire layer is represented by the optimal sequence of points for printing.

Move to the next layer

When switching to a new layer, the selection of the starting point cannot be based on the
previously used algorithm, since it assumes the absence of previous points and minimal costs
for moving the head. In the case of having information about the last point on the previous
layer, it is reasonable to choose the starting point on the new layer according to minimizing
the distance to this last point. This usually means choosing the projection of the last point of a
layer onto a new print layer, but in cases where a point is not included in the outline of a

ISSN 1562-9945 (Print) 163
ISSN 2707-7977 (Online)




«Cucremni texuounoriin 2 (157) 2025 «System technologies»

shape on a given layer, the process involves calculating the distance to each point (with a lim-
ited number of points selected from a small circle of the imaginary projection of the last point
onto a new layer) and selecting a point with a minimum distance.

This process is repeated until the entire model is covered by a sequence of coordinates.

Results of the program. The result of this work is a software product that can be used
to build an optimal trajectory for printing 3D shapes. The following is a flowchart if it de-
scribes how the program works.

Input of the =t files

Reading stl files

Any issues with maenifolds
and configs?

Motify on errer if no manifolds or

Reading configs (such as layer height. max
configs erros E E = E

angles etc.]

Slice to layers

Start drawing leyer

Check if next layer exists

Maotify on Success

Show trsjectory with Pictures Input G-Code to file Pl e'g‘-‘"-"g‘:‘ls"d EEICEE e

Figure 2 - Software Product Flowchart

Since the product was implemented using the Python language and the PyQt5 graphics
library, a graphical interface was created for desktops and laptops with MacOS, Windows and
Linux systems, the code was compiled using the Auto PY library to run this product conven-
iently, and an executable printer.exe was created to run this product.

N B printer.exe Info

. printer.exe . Config  STL movement
Modified: Tods 23

Supported formats: .stl

Open new STL file

General:

Kind: Microsoft Windows application
Size: 46 377 bytes (49 KB on disk)
Where: Macintosh HD » Users » mariiafeshchenko » 3dprinter Opened files:
Created: Thursday, 11 January 2024 at 22:23
Modified: Thursday, 11 January 2024 at 22:23

Figure 3 - Characteristics of the application Figure 4 - The main page of the application
executable file

164 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremni texuoorii» 2 (157) 2025 «System technologies»

Immediately after the launch of the product, the user is greeted by the interface of the
main menu, from which interaction with the product begins. Since the product was imple-
mented for one type of printer, at the moment there is support for only one format of graphic
objects - stl, one of the most common formats. Fig. 4 shows the main page of the product.

Since the necessary files have not yet been selected, there is no possibility for the user
to interact with anything except the "Open new STL file" button, which allows you to open
Explorer and select the necessary files to interact with th are product;

Config STL movement

Supported formats: .stl

Open new STL file

Convert file(s) to trajectory

View plot(s) of .stl files

Opened tiles:
Illsers/mariiafeshchenkn/2dnrinter/stls/ciibe stl

Figure 5 - Selecting a file to build Figure 6 - Home screen after selecting a file
a trajectory

After selecting the required file, the user is given the opportunity to interact with other
parts of the software in the future and information is displayed regarding which files the pro-
gram is currently interacting with Figure 6.

Also, the user is given the opportunity to interact with other software tabs, namely:
"Config" and "STL movement".

By opening the Config tab, the user can see that it is possible to individually select the
print settings, since each 3D printer may have its own limitations and configurations. Among
the most common that have been added to the product configuration are:

e Print track diameter (default value 1.3mm);

e Printing speed (8.1(6) mm/s);

e Largest angle between two layers (5).

Main page [ Config STL movement

Main page - STL movement

1.3
8.166666666666666

5

Apply and save config

Apply and save config

Figure 7 - Tab for adjusting individual Figure 8 - Setting the default parameters
printer parameters of the printer
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The default values in the software look like Figure 8.

Also, sometimes there are cases when the shape located in the .stl file will have its con-
ditional center not at the origin or it needs to be transferred due to the specifics of the 3D
printer, in which case it is possible to fix this using the third tab "STL movement", which will
allow the user to center the shape as needed:

Mainpage  Config [ISTEmovement

Move STL file

Figure 9 - Functionality for centering the shape to be printed

When you return to the "Main menu™ tab and click the "Convert file(s) to trajectory"”
button, all selected stl files will be converted to path files with a .txt extension, and a print tra-
jectory graph will appear at the end. Let's look at the example of two existing .stl models, one
of which is a cube and the other is a ring. Fig. Figure 10 shows the print path for the cube fig-
ure, which was read from the cube.stl file, and Fig. 11 - the print path for the ring shape that
was read from the round.stl file.

100 120
o 115

11
110 105
)i o % 100
120 gg 8

5 85
120 80

Figure 10 - Cube shape printing trajectory ~ Figure 11 - Trajectory of printing a ring shape

Also, when you click on the "View plot(s) of .stl files" button, the user will be given a
trajectory of building a figure in animated variations, which allows the user to observe the
process of this construction from the beginning to the final strokes. Consider this using the
example of Fig. 12-14 for a cube figure.
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115 2
120 go

Figure 12 - Trajectory of printing a cube Figure 13 - Trajectory of printing a cube
shape by 25 percent figure by 50 percent
: |

8%53095 Pif0 g0 85 90 9 100 105 110 115 120 ’
Figure 14 - 75 percent cube shape printing Figure 15 - Printing trajectory of the first
trajectory layer of the cube shape

Since the user is given the opportunity to observe the progress of drawing the trajectory
of the figure, it is possible to adjust the g-code at the necessary stages, if such a need arises.

The result of the program is g-code, which issues commands for a 3D printer, building
each layer step by step using the g-code simulator, you can see the printing process and follow
the implemented trajectory.

Conclusions. As a result of the study, a software product was developed aimed at build-
ing and implementing the optimal trajectory of printing on a 3D printer using a systematic ap-
proach. The importance of trajectory optimization to reduce printing time and improve the
quality of manufactured products is substantiated.

During the implementation of the work, the skills of software development were im-
proved, using modern technologies using the Python programming language, its libraries and
algorithms. A step-by-step approach is made to maintain the system for various existing parts.
Some algorithmic solutions have been mastered, the functional support of various systems has
been improved, and the skills of working with 3D printers have been improved.

The developed software tool allows the user to import the object model in STL format
and then automatically generates the optimal path for 3D printing. An important step is the
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ability to visualize the figure at different stages of printing, which allows you to analyze and
improve the manufacturing process.

The developed algorithm for building a trajectory is based on a systematic approach,
which allows you to effectively take into account various parameters and constraints. It takes
into account the path length spent printing each layer and uses advanced algorithms to solve
the path optimization problem.

The final product is capable of displaying the G-code, which is the standard for numeri-
cal control of devices, and allows precise instructions to be transmitted to the printer to repro-
duce the selected model. Taking into account the above, the developed tool meets modern re-
quirements and standards in the field of 3D printing, providing the user with convenience and
high accuracy in the manufacture of objects. In the future, the resulting system can be im-
proved and scaled by adding new features, and, if necessary, its use can be expanded.
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Anzopummu ma memoou ¢ OUHAMIYHUX 3A0AYAX ONMUMATLHOZ0 POIMIUEHHA

00PINHCOK Y MPUBUMIDHOMY OPYKY

Poboma npucesuena susuennio ancopummis i Memooié po3paxyHKy ONmuMaibHux mpa-
exkmopit npu 3-D opyyi 6 ounamiuniti nocmarnosyi 3a0aui meopii onmumManbHo20 po3oumms
MHOMCUH. AKMYANbHICMb Yb020 3a60aHHA NoAA2A€ 6 3HauHilt akmyanizayii 3-D opyky, ax npu
8UCOMOBIEHHI MeOUYHOI, BIilCbK080I, mak i 6upobie NooGiliHO20 NpusHavexHs. Y Hawl wac
MexHON02IuHI piwenHs 015 3-D OpyKy 00380/1810Mmb KOPUCTYBAYAM BUOMOBIAMU 0emaJi 810
OUMAYUX [2PAWOK 13 NAACMUKY 00 Oemaiell pakem i3 8UcoKone208anoi cmani. B ymosax 6itinu
3D-0pyx cmae onsa Yrpainu incmpymenmom yOOCKOHANEHHS 30poi, w0 00360189€ CMBOPIO8aA-
MU eKCHePUMEHMAIbHI NPOOYKMU 8 HEGENUKUX KITbKOCHAX 0e3 pecypCcoMiCmKUX 00CIiOH#CeHb,
odocnioxcysamu ix eghekmueHicms ma 3acmoco8Hicmb HA Npakmuyi, 600CKOHANI08AMU MA
3anyckamu 68 Macoge 8UpOOHUYME0. Y cmammi po32iaHymo MamemMamuyti acnekmu nooyoo-
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eu mpaexkmopiu 3-D OpyKy 3 ypaxy8aHHaMm 00MedceHb, o BUCYBAIOMbCA BUPOOHUKAMU 6 Ma-
memamuunitt. nocmanosyi. Taxuti nioxio 00360J5€ OMPUMAMU ONMUMALbHI  PiUleHH s,
MiHIMIZy8amu yac i eumpamu Ha OOONPAyl08aHHs Oemanell, i 8 YoMy CKOPOMUmMuU 4ac i
sumpamu Ha ix eucomosaents. Cnio 3a3Haquumu, wo maxui nioxio oyxce akmyaibHull 8 Yaci,
WO 00YMOBIEHO 8ENUKOIO KIIbKICIIO HOBUX BUHAXO00I8, SIKI pO3POOIAIOMbCS 8 PI3HUX chepax
JM00CbK020 icHysanHs. [lpuxknaou 3acmocysanHs mexHono2ii NoKa3aHo Ha NpoCmux NPUKida-
oai, AKi 00360/110Mb OYIHUMU POOOMY ANOPUMMIE MA MeMOOi8 HA MOOEIbHUX MPUBUMIDHUX
obexmax. Binvw cknaoui mpusumipHi 06€KmMuU MONCHA, AK NPABULO NPeOCmA8UmMU sIK CYKYN-
HICMb NPOCMUX, W0 NIOKPECTIOE AKMYANbHICIb OAHUX OOCTIONCEHD.

Kniouosi cnosa: mamemamuune MoOeno8anHs, mMeopis ONMUMATLHO2O PO3OUMM
MHOICUH, OUHAMIYHA 3a0aya, 3-D OpyK, onmumaivHa mpaekmopis.

Ky3enkoB OJiekcanap — KaHauaaT QisMKoO-MaTeMaTHYHUX HAYK, JOICHT, JOLEHT Kadeapu
00YMCITIOBAIEHOT MaTEMaTUKH Ta MaTEMAaTHYHOI KiIOCpHETHKU (PaKyIbTETy MPUKIATHOI Ma-
TEMaTUKU Ta 1HHOPMAIIHHUX TEXHOJIOT1H JIHIMPOBCHKOTO HAIlIOHAIBHOTO YHIBEPCHTETY iMe-
Hi Onecs ['oHyapa.

Kuzenkov Oleksandr — Candidate of Physical and Mathematical Sciences, Associate Profes-
sor, Associate Professor of the Department of Computational Mathematics and Mathematical
Cybernetics, Faculty of Applied Mathematics and Information Technologies, Dnipro National
University named after Oles Honchar.
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K.}O. Ocrposcrka, B.I'. [TopoxusiBuii
NOCJILIKEHHSI HEUPOMEPEKEBUX MOJIEJIEN
NJISI BIICTEXKEHHS OTJISITY TA ®IKCAIIIL OB'EKTIB

Anomauyisi. B pobomi npedcmasneno nopieHsaHHs Hetipomepedcesux mooenell 0 6l0CmediceH-
HA noensdy ma ¢hikcayii 00'exmis.

Y yiu pobomi 6ynu sueueni arcopummu susenenHs noodiu 3 piznux ooracmeu. |-VT i 1-DT, 3a-
CHOBAHI HA NOPO20GUX 3HAUEHHSX, MOOENb GUNAOKOBO20 NICY 6 2aNy3i MAUUHHO20 HABYAHHS |
mooenv CNN 6 eanysi enuboxoco Haguammsi.

byna nposedena oyinka egpexmuernocmi ixnvoi knacugikayii' 3 BUKOPUCMAHHAM 00HO20 I MO-
20 Jic Habopy Oauux Onsi 6Cix mMemoois. Taxkodc 002080pI0BABCS 63AEMO3B'I30K MIdC Npo-
epamicmamu ma anreopummamu. Pezynemamu nokasanu KpumuyHuii 8niue nopocosux 3Ha-
uenv knacugikayito ancopummie I-VT i I-DT. 'V 363Ky 3 yum nowyxk onmumanbHo2o nopozy
aneopummax, 3aCHOBAHUX HA NOPO2OBUX SHAUEHHSX, € CKIAOHUM 3a80aHHAM. Aneopummu RF i
CNN nepegepuiyoms aneopummu, 3acHO8AHI HA NOPO20GUX 3HAUEHHSAX, 3 6CIMA NOKAZHUKA-
MU BPOOYKMUBHOCMI Ma 30amHi K1acughikysamu 0ani wooo KilbKoX K1Acie.

IIposedeno mecmysanns ma nopisuanus pisnux ABII (ancopummie euaenenns nodii). /lano
meopemuyHi ma eKCnepumMeHmaibHi 0OIPYHMYEAHHA OMPUMAHUM PE3VIbMAamam. 3a pe3yib-
mamamu npoeeodeHux excnepumenmis 0yio oopano Hauxkpawul Hawux saedans ABII (anco-
puUmMmia 8usiglieHHs nooiti).

Takooic onucami 3acobu peanizayii 0o cmeopenns ookaradanusa. Onucano nepesazu ma Heoo-
JiKU obpanux piwensv. Bupiweno mexuiuni npoonemu, wo sunukiu. Cnpoekmosano apximex-
mypy, po3poOaeHo MaKem npoepamu 8UX00auU 3 HeoOXIOHUX 3a60aHb.

Knrouosi cnosa: mawunne naguanns, random forest, azcopummis usenenmns nodii, dooamox,
CaKkkaoa. niaene nepecuioysants, NOCMCcaKKAOUyHi KOIUBAHHS, 21icA0U 320pmMKO8a HeUupOHHA

mepeoaica.

Beryn. BiacrexxeHHs pyxy odell BUKOPUCTOBYETHCS Yy PI3HOMaHITHHX cdepax nocii-
JDKEHb, TAKUX SIK KOTHITUBHA HAyKa, TICUXOJIOTis, HEBPOJIOTis, 1H)KeHepis, MeAULIMHA Ta Map-
KETHUHT.

BincrexxeHHs pyxy oueil TakoX BUKOPHUCTOBYETHCS Ul KepyBaHHsS aBTOoMoOLTeM. Lle
POOHTD 1110 TEXHOJIOT1I0 BKpaid MIXIUCIUITIHAPHOIO Ta BUKOPUCTOBYETHCS Y PI3HUX chepax.
Lle TakoXx BiTOOpakaeTbcs B TOMY, SIK 3 YaCOM PO3POOIISITUCS araparHe Ta mporpamHe 3abes3-
MEYEHHS JUISl TPEKIHTY OYei.

B ocranni poku iHTepec 10 anroputMiB BusBieHHs nofiid (ABII) BigHOBHUBCS y 3B'I3Ky
13 3aCTOCYBaHHSM JI0 MPOOJIEMH METO/1iB MAIIMHHOTO HAaBYaHHS Ta MOsiBU 0a3 gaHux. Po3po-

© Octposcrka K.1O., ITopoxusiBuii B.I'., 2025
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Oxa nporpamu, o BukopuctoBye ABII 103BOJAUTH PO3MIMPUTH MOKIMBOCTI 3aCTOCYBaHHS Ta
BUBYCHHS QJITOPUTMIB.

MeTtoro pobOTH € TOCTiKEHHST HEHPOMEPEIKEBUX MOCIICH ISl BIICTSIKCHHS MOTIISTY
Ta Qikcamii 00'eKTiB.

Onuc Hadopy nanux. s nepesipku epextuBHocTi ABII Oyne BUKOpHCTaHO 3arajib-
HOJOCTYIHUHN HA0Ip MaHMX, 3alIMCAHUN 32 JOIOMOTO0 BHCOKOILIBUIKICHOTO OYHOT'O TpEKepa
1250, dpipmu SensoMotoric Instruments (Teltow, Himeuunna) na gacroti 500 I'm1.

[Ipu cTBOpeHHI qaTtaceTa BUIPOOYBAHUM IIPE'ABIISUINCS CTaTHYHI 300pa)KeHHs, TEKCTH,
BIZICOKJIINM 1 MPOCTI TOYKOBI MOJAPAa3HUKH, IIO pyXaroThcs. JlaHi Oynu mo3HaueHi BpY4HY
nBoma Oparamu Mapkycom Hroctpemom ta Piuapiom Anpepconom. Born Oynu po3jaisieHi Ha
HACTYITHI KaTeropii: ¢ikcarlii, cakkaju, IMOCT-CAKKaJU9IHI KOJMBAHHS, IIABHE CJIiIyBaHHS,
MOpTaHHs Ta HeBU3HaueHi. [y bOTo JOCIIPKEHHS! BUKOPUCTOBYBAIIUCS JaHi PO MePerJsia
300pakeHb, MO3HA4YCHI (iKcallissMH, CaKKaJaMU Ta MOCTCAKKAIIYHUMH KOJWBaHHAMU. JlaHi
JaraceTa BioOpakeHi Ha pUCYHKY 1 1 € «cupimm» nanmmu. Ha pucynky 2 nani mojineHi Ha
¢ikcarrii.

700 -
700 4

600
600 4

500 1 500
400 4 400 4

300 4

300

100 200 300 400 500 600 700 800 900 00 200 300 400 S00 600 700 BOO

Pucynok 1 — Bizyanizauist 1aHux Pucynok 2 — Po3miueni aaHi,
JlaTaceTy Ha SIKUX BigoOpakeHo (ikcariiro

AJropuT™Mu. ANTOpPUTMH, 110 BUKOPUCTOBYIOTh T'PaHMYHE 3HAYEHHS 1 5IKI BUKOPUCTO-
BYBAJIUCh B POOOTI 11€:

* |-DT (Bu3HaueHHs MOPOrOBOro 3HaYeHHs aucnepcii). OCOOIUBICTIO JaHOTO aJITOPUT-
MY € Te, III0 BiH JIEMOHCTPY€E HU3bKY €(DeKTUBHICTh NPH BUSABJIEHHI (iKcalliil Ta cakkaj, KOJIu
CUTHAJI CWJIBHO 3allyMJICHUH. Y 3B'I3KY 3 IMM BUOIp MOPOrOBUX 3HAYEHb € HAWBAXKIUBILINM 1
6e3nocepeIHbO BILTUBATUME Ha e(DEeKTUBHICTH Kiacuikarii.

OTtpumaHi pe3ynpTaTi Bi10OpakeHO Ha PUCYHKY 3. 32 HUMHU MOKHa TOBOPHTH, IO 30i-
JBIIEHHS. TIOPOrOBOT0 3HAYEHHS Jucriepcii 30UIbIye TOYHICTh BHU3HAa4YeHHs (ikcauii, ame
3MEHIIYE TOYHICTh BU3HAUEHHS CakkaJbl. I[IpyM 1IbOMY 3MEHIIEHHS MOPOrOBOr0 3HAYEHHS
3MEHIIY€E TOYHICTh BUABICHHS (Dikcallii Ta 301IbIIy€e BUSBICHHS CAKKa/IH.

[Ipu 3HaueHHI MOPOroBOi AUCIIEPCi, 110 TOPIBHIOE 7-MHU, TOUHICTh BUSBJICHHS (hiKcarliit
CTaHOBUTH 99%, NpU IbOMY TOYHICTh BU3HAUEHHS CaKKaIu CTaHOBUTH 82%. IIpu moporoso-
My 3Hau€HHi, 110 JOPIBHIOE 1-My, BXK€ TOYHICTh BU3HAUEHHS CaKKaau JOpPiBHIOE 99%, ane
TOYHICTb BUsIBJICHHS (ikcallii Bcboro 39%.
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Byno BubpaHo onTuManbHEe 3HAYSHHS MMOPOTOBOTO 3HAUEHHS, 10 jJopiBHIOE 3,5. [Ipu
JTAHOMY 3HAYCHHI MOKHA OTPUMATH TOYHICTh BU3HauUeHHs (ikcarii 95% 1 TOUHICTh BUSBIICH-
Hs cakkaau 93%.

Dispersion threshold vs Accuracy
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Pucynok 3 — 3anexHicTh TOYHOCT1 BU3HAUYCHHS (pikcarliit
Ta cakkay s anroputmy [-DT Bijx moporoBoro 3HadeHHs gucnepcii

* |-VT - AnropuT™m BU3Ha4YeHHsI MOPOroBOro 3HaueHHs mBuakocTi (velocity threshold
algorithm) € e oaMH anropuT™M 1 OCHOBY JJIsi aBTOMAaTHU30BAHOTO 1 00'€KTUBHOTO CTaHAAPT-
HOTO AIrOpUTMY BUSIBICHHS moaii. Llel minxia BUKOpPUCTOBYBAaBCs B 0araTbOX JOCTIIKEH-
HsX. Bin 3acHoBaHMil Ha TOMY (PaKTi, 10 CAKKaIUYHI PyXU O4el XapaKTepU3YIOTHCS BULTUMHU
3HAYEHHSMHU MIBUAKOCTI, MOPIBHAHO 3 pyxamu npu Qikcamii. [Ipodini mBuakocteir pyxis
ouell JeMOHCTPYIOTh IBa OCHOBHI PO3MOALIN MIBUAKOCTEN: HU3bKI MIBUAKOCTI A7 (ikcarii
Ta BUCOKI mBUAKOCTI ansa cakkaa. Meron I[-VT imeHtudikye mopii nuisixom OOYMCIECHHS
HIBUJIKOCTI PyXy BiJl TOUKH 0 TOYKH, a MOTIM KJIAcH(iKye MOAiI0 K (ikcaliro abo cakkamy
Ha OCHOBI 3HaueHHs i€l mBuakocTi. Knacuunmii merox I-VT nmpusHauenuii ans kiacudika-
mii TTbkK Qikcaliid Ta cakkaJ Ha HAa OCHOBI BXIIHUX JaHHUX, OTPUMAHUX MPU BIACTEKEHHI
pyXy OYen.

Ha pucynky 4 moka3zaHo BIUIMB 3MiHM IOPOTOBUX 3HAYE€Hb MIBHAKOCTI €(EKTHUBHICTh
kiacudikanii anropurMmy [-VT. TouynocTi knacugikaiiii KOXKHOTO KJ1acy BUMIPIOIOTECS 3 BH-
KOPHUCTaHHAM KOe(illi€HTIB 3amaM'aTOByBaHHS, TOYHOCTI Ta F1-6aniB, po3paxoBaHUX Ha oOcC-
HOBI MaTpUIll HOMUJIOK.

Velocity threshold vs Accuracy
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Pucynok 4 — 3anexHiCTh TOYHOCTI BU3HAYSHHS (ikcarliit
Ta cakkax anroputmy [-VT Big moporoBux 3HaueHb
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VY npuknani [I-VT 3a6e3neuye MmakcuManbHy TOUHICTh (ikcarii Ha piBHI 99% mpu mopo-
rOBil HIBUJAKOCTI 3,5 MIKCEINiB B CEKYHAY, @ TOUHICTh BIATBOPEHHS CAKKAJU TPOXU 3HUKYETh-
csl Ipu 30UIBIIEHHI TOPOrOBOTO 3HaueHHs mBUAKOCTI. [loBTOpeHHs cakkan gocsrae 98%, a
noBTOpeHHs ¢ikcarii - 25% npu HaMEHIIOMY TOPOTOBOMY 3HAYE€HHI IIBUAKOCTI, 10 AOPiB-
Hioe 0,1 mikcens B CeKyHy, Tak SIK MPH I[bOMY IIOPOTOBOMY 3HA4Y€HHI OUTBIIICTh TOYOK KJla-
cUQIKyIOTbCS K cakkaau. Yepes BIUIMB IPAHUYHOTO 3HAYECHHS HA TOYHICThH KiacH]ikarii aji-
roputMy [-VT BaXJIMBO BU3HAYMTH ONTUMAaJbHE TPAHUYHE 3HAUYEHHS A1 000X METOIB (ik-
camii Ta TOYHOCTI BUKOHAHHS CaKKaau. TakuM YMHOM, Y TaHOMY BHIIAQJKy ONTHUMAaJbHE rpa-
HUYHE 3HaYeHHs mBHAKOCTI 175t [-VT cranoButs 0,5 miKcemiB B CEKYHIY.

Takox B poOOTI BUKOPUCTOBYBAJIMCH aJITOPUTMH MAIIMHHOT'O HABYAHHS:

Random Forest (RF) — Bunaakoswuii sic Ta Convolutional neural network (CNN) — 3ro-
PTKOBa HEMPOHHA MEpeXa.

Random Forest (RF) — BuniagxoBuii Jic.

[ToBHicTIO aBTOMaTH30BaHa Kiacu(iKallis MOMAIN, MOB'I3aHUX 13 PyXOM OYeH, i3 BHKO-
pucranusm knacugikaropa Random Forest mist xmacudikarii ¢ikcariif, cakkag Ta mocTcak-
KaJIMYHUX KoJuBaHb. E(QexkTUBHICTD Kiacudikallii MOpiBHSIM 13 CyJaCHUMHU aIrOPUTMAMU Ta
eKCIepTaMH, sKi MpalolTh BpydHY. Pe3ynbraTi mokas3aiu, 10 aJrOPUTM MAIIMHHOTO Ha-
BYAHHS MEPEBEPIIYE CYyIacHI aJITOPUTMH Ta Maike JTocArae MPOIyKTHBHOCTI excnepTiB. Ox-
HaK, I TPOAYKTUBHICT OyJia JOCATHYTA TUIBKH JIJISi BUCOKOSIKICHUX JTaHUX 3 HU3BKUM PiB-
HEM LIyMYy.

Ha pucynky 5 noka3aHo MaTpuIl0 MOMUJIOK IS OLIHKH BUOIpKH 3a BuOipkor. Dikca-
il mpaBuiIbHO To3HavyeH1 y 97 % unazkis, Toai sk [ICK i cakkaj € TeHmeHIist 10 TOTO IIIo,
00 ix mo3Havanu sk Qikcanii. Cakkana i [ICK npaBunsho 11eHTHDIKYIOTECS Y 91% Ta 76%
kapiB BiAnoBiAHO. binsbko 7% [1CK nomuinkoBo kiiacugikyroThes sk ¢ikcaris, a 17% I[ICK
KiacuikyroTbes sk cakkana. lle Tomy, 1m0 OLIBIIICTh HABYATBHUX MOIN Oyiu (ikcaiisaMu, 1
MoO/J1eJb, IPUPOAHO, MparHe kjiacu@ikyBaTu BCl HEOJHO3HAUHI BUOIPKU SIK (ikcarlii.
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Pucynok 5 — Matpuisg noMuiiok kiacugikaropa

VY tabnuui 1 mogano Metpuku pobotH knacugikatopa Random Forest. Pesynbratn kia-
cudikanii nokasyors, mo RF nobpe crnpapnserses 3 knacudikamiero ¢ikcariii Ta cakkag. Y
oMy epextuBHicTh BuaBiIeHHs [ICK nanekoro Bin izearty.
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Taomuns 1
Metpuku kiacugikaropa
Accuracy Precision Recall F1-Score
Dikcarrist 97% 99% 97% 98%
Cakkana 92% 87% 91% 89%
[ICK 76% 64% 76% 69%

« Convolutional neural network (CNN) — 3roptkoBa HeiipoHHa Mepexa - Jo0pe miaxo-

ISITH JUIA aHAJTi3y 3aKOHOMIPHOCTEH TaHUX, TOMY iX MOXKHAa BUKOPUCTOBYBATH JJIsl BUSBJICHHS

MIOJTii, TIOB'SI3aHUX 3 PYXOM OYCH.

L mepexa xKoxHOT BUOIpKHM nepeadavyae WMOBIPHOCTI MPUHAIEKHOCTI 10 (ikcaii, ca-

KKaJle YM TUIABHOMY TI€pECIilyBaHHs 3 ypaxyBaHHSIM ITOCIIJOBHOCTI BUOipok morisiay. Llei

METOJ CIPSMOBAHWN Ha YCYHEHHS HEIOJIKIB IONEPEIHIX METOMIB, SIKi BUKOPHCTOBYBAIIU

dbopMy Ta aMIUTITYly CHTHATY JJIsi BU3HAYCHHS Y KiIacudikarii pyxy odei, o Moxe OyTu

POOJIEMAaTHIHO, HAPUKIIA/L, TIPH IJITABHOMY PYCi.

{06 mepeBipuTH 3matHicTh Mepexki CNN kmacugpikyBatu moaii, MoB'si3aHi 3 pyxoM

O4Yeii, CTBOPEHO MPOCTY MEPEKY, MPEACTABICHY Ha pUCYHKY 6. SIK BXiqHI 1aHi Mepeka BHKO-

pHUCTOBYE Oe3repepBHUIA MOTIK JBOBUMIPHUX BHOIPOK MOTIISITY.

BN . BN
nput shape | ConviD | ConviD @
100 x 2 > 9 x3 — ReLU_ 64 x 3 > RELL_I
Dropout = 0.2 Dropout = 0.2
ConviD R%FU Flatten Dense (64) Dense(3)
128x 3 Dropout = 0.2 Sigmoid Softmax

Pucynok 6 - ApxXiTeKTypa 3ropTKOBOi HEHPOHHOI MEpexK1

Ha pucynky 7 npencraBiieHo MaTpuIio oMok s Kiacudikarii CNN.

®ikcanii npaBuIbHO KiacuQiKyoThes y 99% Bunankis, cakkaau —y 88%, a [ICK —y

76% Bunankis. 3araigoMm 4% cakkaja MOMHIKOBO KiacudikyroTbes sK ikcanii, a 16% [ICK —

gk xuOHi1 ¢ikcarii. Kpim toro, 8% cakkan kinacugikytotses sk [ICK.

fix

Actual value
sac
'

pso

fix sac
Predicted value

e
(=]
color bar

i
2
s

-0.2

-0.0

Pucynok 7 — Matpuus mOMUJIOK 3TOPTKOBOT HEHPOHHOI Mepexi
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VY tabauii 2 npencTaBieHi METPUKHA POOOTH 3rOPTKOBOI HEHPOHHOI Mepexi. Pe3ynbTa-

TH Kinacudikamii nokazyoTts, mo CNN mobpe crnpasiseTbes 3 ¢ikcalliero Ta Kiacudikaiiero

cakka. [Tpote epexruHicTs knacudikamii pa [ICK naneka Bix igeany.

Tabmurs 2
MeTpuku 1S 3ropTKOBOI HEUPOHHOT MEepexi
Accuracy Precision Recall F1-Score
Dikcaris 99% 98% 99% 99%
Cakkana 89% 93% 89% 91%
[ICK 75% 83% 75% 79%

AHagi3 pe3yabrariB. /151 MOpiBHSHHS POOOTH PI3HUX aJITOPUTMIB OyIO MPOBEACHO
OILIIHKY MPOAYKTUBHOCTI YOTUPHOX PI3HUX AITOPUTMIB Kiacudikaiii noaii 3 odiacreld mopo-
TOBHX 3Hau€Hb, MAIIMHHOTO HAaBYAaHHS Ta IIHOOKOro aHamizy. Takox Oylio BpaxOBaHO CHiJb-
HY poOOTY JIBOX OI[IHIOBAYiB-TIOACH.

Pesynpratu nokazanu, mo [-DT npaitoe kpaie, Hix [-VT, 3a Bcima nokasHUKaMu Mpo-
nyktuBHocTI. [Ipote anroputmu RF 1 CNN nepeBepiiniy airopuTMu 3 ypaxyBaHHSIM MOPO-
ropux 3HadyeHb (I-VT 1 [-DT) 3a BcimMa moka3sHMKaMu HPOAYKTUBHOCTI, KPiM MOBHOTH IS
cakkaznpl (recall merpuka). ¥V pasi kinacudikamiitaux moaeneid RF 1 CNN cyrTeBoi pizHulli y
knacudikarii ¢ikcariii Ta cakkaj He BUSBIICHO.

Pesynbratu st I-VT ta RF npezacrasieni Ha pucyHkax 8 Ta 9 BiANMOBIIHO. AJITOPUTM
I-VT BusBuB 189 ¢ikcauiii i3 cepennporo TpuBaiictio 121 mc, Toai sk anroputM CNN Bu-
sBUB nume 64 ¢ikcauii 13 cepennporo TpuBanicTio 121 mc. CepenHsi TpUBalIiCTh CTAaHOBUIIA
264 mc. e nobpe BuAHO HA pUCyHKax § Ta 9.

Y coordinate
Y coordinate

Fixation Points

—— Fixation points

T T T y
200 400 600 800 1000
X coordinate

200 400 600 800 1000
X coordinate

Pucynok 8 — Pesynbrar pobotu Pucynok 9 — PesynpTat poboTn

anroputmy [-VT (npu rpanungHomy anroputmy CNN

3Ha4yeHHi 3.5 px/ms)

OcHoBy ans (QYHKIIOHYBaHHS CUCTEMH CKJIafjaTuMe cepenoBuine po3poodku Unity, an-
ropuTt™ kiacugikaiii noaii, Hanucanui Moot Python, a Takox API, ske mos'szyBaTume
cepenosuie Unity Ta anroput™ Jyisi 0OOpoOKH TaHUX.
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Tabmuus 3

[opiBHsuIbHA TaOIHIIS

-“

Fixation 949 96% 99%, 999,
F1-score

Saccade 60% 66% 87% 91%
Fl-score

PSO F1- - - 64% T9%
Score

BucnoBku. VY 1iif po6oTi Oynu BUBYEHI aNTOPUTMH BUSABIECHHS MOJiH 3 pi3HUX obOnac-
teit: I-VT 1 [-DT, 3acHOBaHiI Ha MOPOrOBUX 3HAYEHHSIX, MOJIE]h BUIAJAKOBOTO JIICYy B Tamys3i
MAaIIMHHOTO HaBYaHH 1 MOACIIb CNN B ranysi IIIMO0KOTr0 HaBYaHHSL.

Bbyna npoBenena oninka epekTUBHOCTI IXHBOT Ki1acudikallii 3 BAKOPUCTAHHIM OJHOTO 1
TOTO K HAa0Opy NaHUX Ui BCiX METOJiB. Takoxk 0OroBOPIOBaBCs B3a€MO3B'S30K MiXk Mporpa-
MiCcTaMH Ta aJiropuTMaMu. Pe?)y.]'IBTaTI/I IIOKasaJjin KpI/ITI/I‘-IHI/Iﬁ BILUIMB IMOPOI'OBHUX 3HAYCHDb KJIa-
cudikamniro anroputmiB [-VT 1 [-DT. V 3B'I3Ky 3 IIUM NOLIYK ONTUMAIBLHOTO OPOTY AJITOPHU-
TMax, 3dCHOBAHUX Ha IIOPOTOBUX 3HAYCHHAX, € CKIIAAHHUM 3aBJIaHHSM. AJII‘OpI/ITMI/I RF 1 CNN
NEpeBCPUIYOTh AJITOPHUTMU, 3aCHOBaHl Ha IMOPOroBMX 3HAYCHHAX, 3a BCIMa IMOKa3HUKAMU
INPOAYKTUBHOCTI Ta 3[aTHI KJacu(iKyBaTH JaHi 00 KIJIbKOX KJIACIB.
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Research on neural network models for eye tracking and object fixation

The paper presents a comparison of neural network models for eye tracking and object
fixation.

In this paper, event detection algorithms from different domains were studied: I-VT and
I-DT, based on threshold values, a random forest model in the field of machine learning, and
a CNN model in the field of deep learning.

Their classification performance was evaluated using the same dataset for all methods.
The relationship between programmers and algorithms was also discussed. The results
showed the critical impact of threshold values on the classification of I-VT and I-DT
algorithms. In this regard, finding the optimal threshold for threshold-based algorithms is a
difficult task. RF and CNN algorithms outperform threshold-based algorithms in all
performance indicators and are capable of classifying data into multiple classes.

Various ABCs (event detection algorithms) have been tested and compared. Theoretical
and experimental justifications for the results obtained have been given. Based on the results
of the experiments, the best ABC for our tasks (event detection algorithms) has been selected.

The means of implementation for creating the application are also described. The
advantages and disadvantages of the selected solutions are described. The technical problems
that have arisen have been solved. The architecture has been designed, and a program layout
has been developed based on the required tasks.

Keywords: machine learning, random forest, event detection algorithms, application,
saccade. smooth pursuit, post-saccadic oscillations, glide paths, convolutional neural
network.

OctpoBcbka Karepuna IOpiiBHa — JOLIEHT, KaHIUJAT TEXHIYHUX HayK, JOLEHT Kadenpu
Indopmaniitnux texnonoriit 1 cucrem HHI «/IMetl» YIVHT.

ITopoxusiBuii Bsauecaas I'puroposuy - marictp xadenpu [HdopmaiiiftHuX TEXHONOTIH 1 ch-
crem HHI «/IMetl» YIYHT.
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V.V. Strelbitskyi
USE OF TYPICAL 3D PRIMITIVE BODIES IN AUTOCAD PROGRAM FOR
SOLVING POSITIONAL PROBLEMS OF DESCRIPTIVE GEOMETRY

Abstract. Teaching graphic disciplines to students of technical specialties is the foundation of
engineering education. Analysis of academic performance in “Descriptive Geometry” and
“Engineering Graphics” courses has shown that the main reason for the decline in results in
recent years is the lack of basic knowledge obtained in secondary school. In order to improve
the effectiveness of teaching and optimize the learning process, it is necessary to introduce
new methods that develop spatial thinking and professional skills. Knowledge of geometric
primitives and methods of sectioning shapes is the basis for working in AutoCAD. Effective
use of these tools allows you to create complex design solutions and greatly simplify the work
in design.

It should be noted that solving geometric problems is done in parallel on both complex
drawings and visualizations using the same principles.

This paper shows the use of computer visualization to study sections of three-dimensional
bodies (cone, sphere, cylinder) by plane with the help of AutoCAD program. AutoCAD, being
a powerful 2D and 3D design tool, provides a wide range of geometric primitives that are the
basis for creating complex drawings and models. One of the key aspects of working with these
primitives is the ability to create cross sections of shapes, which allows you to visualize the
internal structure of objects and analyze their properties. This approach helps to better
prepare future engineers to solve practical problems. The simplicity of creating a computer
model contributes to the conscious formation of spatial thinking and development of
volumetric imagination, as well as to the acquisition of skills in analyzing drawings and
geometric constructions. Importantly, AutoCAD also offers the ability to create layered
sections, which can greatly enhance teaching and learning in a variety of formats, including
lectures, hands-on labs, and distance learning. This software allows instructors to create and
share detailed visual representations of concepts, fostering deeper understanding and
engagement.

Keywords: descriptive geometry, engineering and computer graphics, modeling, primitive
bodies, AutoCAD, positional problems.

Introduction. Descriptive geometry is a graphic discipline that studies methods of
depicting three-dimensional objects on the plane, helping to visualize objects and their
relationships in space. It is widely used in various fields, making it an important tool for
professionals [1-3].

© Strelbitskyi V.V., 2025

178 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«Cucremni texuoorii» 2 (157) 2025 «System technologies»

Descriptive geometry includes a set of geometric techniques that allow a three-
dimensional space to be represented in the plane.Thus, it is possible to solve spatial problems
in 2D in a way that guarantees the reversibility of the process.Essentially, descriptive
geometry is a language that allows us to communicate about shape and space. It is the basis
for many professions related to engineering, construction, design and mechanical engineering.
Without the knowledge of descriptive geometry, it would be very difficult to create complex
objects and bring our ideas to life [1-5].

This language that is descriptive geometry has its own alphabet and grammar. The
alphabet is points, lines, planes, the basic elements from which everything else is built. The
grammar is the system of rules that define how these elements are projected onto a plane, how
they interact with each other in a projection, and how we can extract information about a real
three-dimensional object from these projections [1-3].

It underpins many engineering disciplines, architecture and design. Thus, descriptive
geometry is an indispensable tool in a wide variety of fields, providing accuracy, clarity and
efficiency in design and development [4,5].

Literature Review. The basic principles of engineering graphics have not changed
much since the age of Monge [1,2]. However, the last two hundred years have seen an
evolution in methods and tools, as well as in standards and conventions, marked by a shift
from drawing aids such as the drawing wheel and the scribe to computer-aided design
systems [3-9].

CAD systems provide a number of tools that allow positioning and identification of
objects without the need to create complex geometric constructions [2-7]. To solve problems
in CAD, a three-dimensional model is created and the appropriate commands are applied to
it [7]. This provides significant advantages over traditional manual drawing methods [3-9].

In particular, CAD allows transforming the form represented in the computer projective
space into a digitized coordinate form by means of transformations providing parallel
projections of perspective views [3-9].

Analysis of works [5,7], the study of academic performance in the disciplines
“Descriptive Geometry” and “Engineering Graphics” has revealed that the deterioration of
indicators in recent years is largely due to insufficient training received at secondary school.
In order to improve the effectiveness of training and optimize the learning process, it is
important to introduce new techniques that promote the development of spatial thinking and
professional skills.

It should be noted that to date, little attention has been paid to the use of 3D modeling in
AutoCAD to solve positional problems in descriptive geometry. The purpose of this paper is
to use graphical modeling using 3D primitive objects in the AutoCAD environment, to ana-
lyze and solve problems related to the dissection of three-dimensional bodies by a plane.

Research methodology and results. Most drawings are two-dimensional projections of
three-dimensional objects, which is the standard approach for engineers and architects.
However, this method is limited due to the difficulty of analyzing such projections. In
contrast, the AutoCAD software package has powerful capabilities for creating three-
dimensional models and designs [2,4-7]. The AutoCAD graphics package has powerful tools
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for modeling structures and creating objects in three dimensions. Designing in three-
dimensional space allows you not only to reproduce the shape of an object in detail and show
it from different points of view, but also to apply coloring, tinting, and even animation to the
created objects.

AutoCAD allows you to create three types of three-dimensional objects: wireframe,
polygonal (surface), and solid. Each type has its own technique for creating and editing.

Solid modeling is the easiest type of 3D modeling to use. AutoCAD's modeling tools
allow you to create 3D objects based on basic spatial shapes (parallelepipeds, cones,
cylinders, etc.), as well as by extruding (squeezing) and rotating 2D objects around an axis.
Further modification occurs by combining, subtracting, and intersecting the created spatial
forms, as well as by editing the edges (conjugation, chamfering, etc.). AutoCAD also provides
tools for making cuts and sections of bodies.

The 3D modeling workspace is recommended for working in 3D. You can switch from
the current workspace to another workspace with its own set of tools, palettes, and ribbon
panels by selecting from the drop-down list in the WSCURRENT toolbar.

You can create 3D solid objects from basic primitives using commands: Box, Cylinder,
Cone, Sphere, Pyramid, Wedge, and Torus (Fig. 1).

PEEY  Edtrude

t Box
- Cylinder

Figure 1 - 3D solid objects AutoCAD

The Cylinder command builds a straight circular and elliptical cylinder (Fig. 2). When
selecting, we specify the position of the center, the diameter of the base, and the height of the
cylinder.

Figure 2 - Straight circular cylinder (a) and elliptical cylinder (b)
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The Cone command builds a straight cone with cylindrical (Fig. 3,a) and elliptical bases
(Fig.3,b). When selecting, specify the position of the center, the diameter of the base, and the

7 ‘3
2
1

Figure 3 - Rectangular cone with cylindrical (a) and elliptical bases (b)

The Pyramid command builds a regular pyramid by its center and the value of the radius
(diameter of the circle described (inscribed) around the polygon of the base) (Fig. 4).

Figure 4 - Building a pyramid

For example, the Figure 5 shows the problem of descriptive geometry - section of a
straight cone with a plane as a three-dimensional figure and proeuctions on the basic planes

Figure 5 - Building a pyramid

The graphics area in the model space has been divided into several separate rectangular
areas - so-called viewports, which display our model in different views (Fig. 6-8). For
visualization of three-dimensional shapes (cone, prism), we used the Slice command, which
allows us to define a secant plane using three points. The results of modeling are shown in
Fig. 6-8.

As it follows from Fig.6-8, the construction of primitives does not cause special
difficulties. An important point when using basic elements is the ability to build cross-
sections of objects, which makes it possible to see their internal structure and study the
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characteristics of figures in cross-sections. This method effectively prepares future specialists
to solve real engineering problems.

d)
Figure 6 - 3D models and projections of a cone on principal planes truncated by a plane
at different angles to the base
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d)
Figure 7 - 3D models and projections of a cylinder on the principal planes truncated by
a plane at different angles to the base
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Figure 8 - 3D models and projections of a pyramid on the principal planes truncated by
a plane at different angles to the base
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The ease of creating a virtual model contributes to the development of spatial perception
and three-dimensional imagination, as well as allows you to master the skills of reading
drawings and performing geometric constructions. It is worth emphasizing that AutoCAD
also supports the creation of multi-component sections.

As it follows from Fig.6-8, the construction of primitives does not cause special
difficulties, gives the opportunity to visualize the obtained cross-sections of figures in the
secant plane. This approach contributes to the conscious formation of spatial thinking and the
development of volumetric imagination, as well as the acquisition of skills in analyzing
drawings and geometric constructions.

Utilizing viewports has significantly streamlined the process of working on intricate and
cluttered drawings. Familiarity with these tools and commands will empower students to
develop more complex and precise models, ultimately enhancing both the efficiency and
quality of their designs. Additionally, students can access AutoCAD for free, as educational
versions are available on the developer's website.

In addition, using cross sections in AutoCAD helps you analyze your designs in greater
depth. For example, when designing machines and mechanisms, cross sections can help
identify potential problems with component placement, such as insufficient space for
maintenance or possible conflicts between moving parts. This avoids costly changes at later
stages of design and production.

Conclusions. In the world of computer-aided design, AutoCAD plays a key role by
providing powerful tools for creating and manipulating geometric objects. Computer visuali-
zation is the general name for graphical methods of creating, analyzing, and communicating
information. The construction of primitives does not cause special difficulties, gives the
opportunity to visualize the obtained cross-sections of figures in the secant plane. This
approach contributes to the conscious formation of spatial thinking and the development of
volumetric imagination, as well as the acquisition of skills in analyzing drawings and
geometric constructions. The use of viewports has made it much easier and faster to work on
a complex and cluttered drawing. It is critical for engineers and designers to understand the
basic principles of constructing and analyzing cross sections. Knowledge of these tools and
commands will enable students to create more complex and accurate models, which in turn
will improve the efficiency and quality of design. It should be noted that free student access to
AutoCAD is guaranteed due to the availability of educational versions on the developer's
website.
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Bukopucmannsa 3D munoeux min-npumimueie CAIIP AutoCad
00 p036’°A3KY NO3UNINIHUX 3a40ay4 HAPUCHOT 2eoMempii

I'paghiuna niocomoexa cmyoenmie mexHiuHUx cneyiaibHOCmel € OCHOBOI [HIHCEHEPHOT
ocgimu. Ananiz ycniwunocmi 3 oucyuniin «Hapucna ceomempiny ma «Inoicenepua epaghixa»
BUABUE OCHOBHY NPUYUHY SHUNCEHHSL Pe3YIbmamie 3a OCMAaHHI pOKU - HeOOCMAamHuicms 6a30-
8UX 3HANb, HAOYMUX Y WKOTL. /][5l NOKpawjeH s 3aC60E€HH Mamepiany ma onmumizayii Ha-
8YAILHO20 NPOYECy HeOOXIOHO BNPOBADIHCYBAMU THHOBAYITIHI MEMOOU, K pO36UBAIOMb NPO-
cmopogy ya8y ma npogeciuni Haguuxku. Y oaniu pob6omi npoo0emoHcmpo8arHo 8UKOPUCAHHS
Komn'tomepnoi gizyanizayii 0151 6usuenHs nepepizie mpusuMipHux min (Konyca, cghepu, Yyunin-
opa) naowunoio 8 npoepami AutoCAD. Taxuiui nioxio 0036015€ Kpawe niocomyeamu Mauoym-
HIX [HJicenepig 00 po3s'si3yeanus peanvrux 3aday. [lpocmoma no6yooeu komn 'tomeproi mo-
Oesli 00360.J14€ CMYOdenmam 8i3yanizy8amu OmpuUMani 00 'ekmu Ha CIYHIl NIOWUHI, A MAKOMHC iX

NPAMOKYMHI NPOEKYIi HA OCHOGHI NIOWUHU.

Crpeab6inbkuii Bikrop BacuiboBUY — JOLEHT, KaHAUWAAT TEXHIYHUX Hayk, kadenpa Ilia-
HOMHO-TPaHCHIOPTHI MAIlIMHHU Ta 1HXUHIPUHT TOPTOBOI'O TEXHOJOT1YHOrO obsaaHanus, Ofe-
CbKHUIl HaIllOHAIBHUI MOPCHKUI YHIBEPCUTET.

Strelbitskyi Viktor Vasylovych — PhD, associated professor, Hoisting and transport
machines and engineering of port technological equipment, Odessa National Maritime
University.
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A M. Knumenko, H.B. Kapnenko, B.B. I'epacumos
A PPYBAHHA TA PO3IIN®PYBAHHA JAHUX Y DATASTORE
JJI1 BE3IIEYHOI'O JIOKAJIBHOT'O 3BEPIT’AHHA

Anomayisn. AkmyanbHicms 00CAIONCEHHS 3YMOBNIEHA PUSUKAMU BUMOKY KOH@DIOeHYIIHUX Oa-
HUX y MoOibHUx oodamkax. Pozensinymo npobaemy 6i0Kkpumoco 30epicawHs OaHUX Y
DataStore Android. Mema — 3abe3neuumu 6e3neune noKanbHe 30epedceHHs: MOKEHI6 uepes
AES-wugppyeanna (CBC, PKCS7). Ilioxio, 3anpononosanuti y cmammi, 3anobicac He-
CAHKYIOHOBAHOMY OOCMYNY, WO Ni0gUUYe be3nexy uymausoi ingopmayii

Knrwouosi cnosa: wugpysanns, DataStore, AES, 6e3nexa oanux, Android, moxenu, xongioen-

ylitinicmo.

IlocranoBka mpodJemu. JlokaapHe 30epiraHHs JaHUX Ha MOOUIBHUX MPUCTPOSX €
BaYXJIMBOIO CKJIAJIOBOIO O€3IEKH MePCOHANBHOI Ta KopriopaTtuBHOi iHGopmarii. CmapTdonu Ta
IJIAHIIETH 9aCTO MICTATh KOH(DIICHIIIMHI AaHi, Takl SK mapoJi, (piHaHCOB1 BiIOMOCTI, IIPUBAT-
Hi MOBIIOMJICHHSI Ta po00Ul JOKYMEHTH. SIKIIO 11 1aHI HEJOCTaTHBO 3aXMILEH], BOHH MOXYTh
CTaTH IIJLUTIO JIJIS 3I0BMUCHHUKIB, 10 3arPOXKY€E K OCOOMCTIi, Tak 1 nmpodeciiiniii 6e3meri Ko-
pucTyBaua.

OCHOBHUMM PU3UKaMH JIOKAJILHOTO 30epiranHs € Gi3MuHUi JOCTYI 10 MPUCTPOIO, 37I0M
ornepauiiHoOl CHCTEMH Ta BUTIK JaHUX uYepe3 IIKIUIMBI nporpamu. HenocraTHii piBeHb mmd-
pyBaHHs abo0 ciabki mapoJii MOXKYTh 3pOOUTH MPHUCTPiM Bpa3IUBUM /0 aTak. ToMy cydacHi
orepauiiHi cucTeMu MOOIIBHUX MPHUCTPOIB MPOMOHYIOTH TaKi 3aco0M O€3NeKH, sIK arnapaTHe
mudpyBaHHs, OloMETpUYHY aBTEHTH(IKALI0O Ta 3aXUIIEHI CepeloBUINA Ui 30epexeHHs
KPUTUYHHX JIaHUX.

AHani3 octaHHiX aociailkeHb i myOaikamiii. Android mponoHye Kilbka BapiaHTIB
30epiraHHs JaHUX:

v' nokansHe cxouine (Internal Storage) - mocTyIHe JHIIe [T CAMOTO O/IATKA;

v' 3oBHimHe cxosuiie (External Storage) - panimie SD-kapTa, 3apa3s - 1€ CHiJIbHE CXO0-
BUIIIE HA MPUCTPOI;

v’ crineHi HanmamtyBanus (SharedPreferences) - 1uis 30epiranHs mapu KIl04-3HaAYEHHS;

v' SQLite-6a3a nanux - 1yist 30€peKEeHHSI CTPYKTYPOBAHUX JTAHUX;

v' Keystore - st 36epiransst KpUNTorpapiyHux KIIOUiB;

v/ XMapHe CXOBHIIIE - JaHi MOKYTb 30epiraTucst Ha CEpBepi.

V crarri [ 1] 3anpornoHOBaHO BUKOPUCTAHHS AUHAMIYHOTO aHAJI3y, KU 103BOJISIE BU-
SIBUTH HeOe3meuHe 30epirants TaHuX y peadbHOMY 4aci, 6€3 moTpedu JOCTyny 10 BUX1THOTO
KOJy ToJaTKa. ABTOPH IIi€] CTaTT1 BKa3yrOTh Ha Te, 1m0 Scoped Storage cyTTeBO mokparnrye
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Oe3meky, aje 6araTo J0AaTKiB 00X0aAThcsa 0e3 Hboro. OKpiM LBOTO, JEsIKi T0JaTKU MArOTh
HeOe3MeYHHn JOCTYN 10 CUCTEeMHUX (hailiniB Ta 30epiraloTh YyTIHBI JaHi y CIIUJIbHHUX MAIKax,
[0 CTBOPIOE PU3HMKH BUTOKY iH(opMalii. Ajie y CTaTTi He pO3IIIHYTO, Y1 BUKOPHCTOBYIOTh
JIOAAaTKH MH(pyBaHHS A7 3aXUCTY YYTIMBHX JaHUX, @ TAKOXK T€, YU MEPEBIPAIOTHCS KIIFOU1
noctyny 1o Keystore.

ABTOpH cTaTTi [2] NPOMOHYIOTH HACTYITHI PILICHHS JJIS 3aXUCTY aHUX:

e ¢izmuni pimenns: CleanOS, TinMan, Sentry, Deadbolt, DroidVault ta ARMOR
(3axwmcr Bim RowHammer-arak);

e mporpamui pimeHHs: BukopuctanHs Android Encryption Systems (FDE ta
KeyChain), 6ioMmeTpu4HOi aBTeHTH}IKAIIT Ta XMAPHUX TEXHOJIOTIH.

e BUpillIEHHS NpoOJieM 3 BIPOBAKEHHIM Kpunrorpadiunux API uepes nomuinku po-
3pOOHUKIB.

OpnHak BIUIMB IM(PYBAaHHS HA MIBUIKOAIIO JOJATKIB Ta aBTOHOMHICTh IIPUCTPOLO 3a-
JIMILIAETHCA 11032 iX yBaror. OKpiM LIbOTO, HE PO3IJISIHYTh NUTaHHS: «UH1 BUKOPUCTOBYIOTh
JO0JAaTKK HasexHe mudpyBaHHa?», «Hu nocratHbo 3axuiienuil Keystore Bijg komnpomera-
mii?»

VY crarti [3] 00roBOprO€ThCS BAXKIUBICTH O€3MEKH TaHUX Y Cy4acHOMY Lu(poBOMy
CBITI Ta MpeACTaBICHUH IHCTPYMEHT /s 3aXucTy uyTiuBoi iHpopmarii HashiCorp Vault. Bin
MOJke mIQpyBaTH Ta po3mudpoByBaTH AaHi 03 iX 30epiraHHs, M0 KOPUCHO IS JOJATKIB,
AK1 TOTPEOYIOTh MOKIIMBOCTI U pyBaHHA 0e3 BUIayl KIT0viB mudpyBannaa. OnHier0 3 Horo
MOXJIMBOCTEH € Oe3MeuHe yrnpaBiliHHSI O0JIKOBUMH TaHUMH 0a3 naHux, kiaouamu APl ta
SSH-ceprudikaramu. OqHaK CTATTS HE MICTUTH MPAKTHYHUX MPUKIAiB a00 clieHapiiB BIIPO-
BapkeHHsa HashiCorp Vault, o Moxe yckiiaiHUTH pO3yMIiHHS HOTO 3aCTOCYBaHHS, a OTJISI
¢yHk1ii Vault € 3aranbHuM 1 He 3arJu0II0€THCS B IeTall peanizalii abo HaJlallTyBaHHS.

Jlesiki 0ocoOMBOCTI HanmamTyBaHHs Vault BUCBITIIIOIOTHCS Y [4], X04a aBTOPU TaKOK
KaXyTh TIPO Te, 0 MPABMIBHO HANMAMTYBaTH Vault U1t TPOEKTIB 31 CKIIATHOIO CTPYKTYPOIO
HEMpOCTO 1 JJOBEAETHCSA BUTPATUTU YUMAJIO Yacy Ha MPaBUIIbHE CTPYKTYPYBAHHS 1 HAJIAIITY-
BaHH JIOCTYIIIB Ta JUHAMIYHUX Hapoiei.

Merta pocaimkenHs. Jocnaiautu npobiaeMy BiAKpUTOro 30epiraHHs TaHUX y CXOBMIII
Data Store Android-gonaTkiB Ta 3alpONOHYBAaTH METO/ OE3MEUHOro 30epiraHHs YyTINBOI iH-
¢dopmarii Ha TPUKIA/II TOKEHIB TOCTYILY.

BukJ/ageHHs1 OCHOBHOT0 Matepiajy aociailzkeHHsi. Y cyyacHux Android-pomatkax
aKTUBHO BUKOPHMCTOBYIOTH JIOKaJIbHE 30epiranHs qanux. Data Store € cyyacHUM Ta e(heKTuB-
HUM PIIICHHSAM JJIS IIbOT0, OCKIIBKY 30€epirae JIOKaJlbH1 JaHl y BUIVIAII apy KITI0Y-3HAYEHHS.
Opnax Data Store 306epirae naHi y BIAKPUTOMY BUIUIAl, TOOTO KOPUCTYBay a0 MIKIIJINBE
porpaMHe 3a0e3MeYeHHs MOXKYTh X 3UUTATH.

Sxmo 30epiraeTecss HeuyTaMBa 1H(OpPMALlis, HAPHUKIAA, YU XO0ue KOPHUCTyBad OTpHU-
MyBaTH MOBIJOMJICHHS a00 4 YBIMKHEHUN TEMHUU PEKUM €KpaHy, — 1€ HE € MPOOIEMOIO.
[Ipote, sikmo mMu 30epiraTUMEMO TOKEH, 3a JIOTIOMOTOI0 SKOTO KOPHCTYBad BHKOHYBAaTHME
3anutu 10 API, MOXyTh BUHUKHYTH MpoOiieMU. 3JI0BMHCHE IPOrpaMHe 3a0€3MEeUEHHS MOXKeE
BHUKOPHUCTOBYBATH II€H TOKEH JJIA HAACHJIAHHS 3alHTIB 10 cepBepa BiJ IMEHI KOPHUCTyBada.
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Lle MOXe TpU3BECTH A0 JOJATKOBHX BUTpPAT Ha OOCIYTOBYBAaHHS CepBepa Ta CTBOPUTH PU3H-
KU BUTOKY KOH(ICHIIHHUX JaHUX KOPHUCTyBaya.

Jns mmdpyBanHs ganux Ha MoBax Java/Kotlin e maker javax.crypto. Lleit naker Hamae
KJacu Ta iHTepdeiicu 1 kpunrorpadiunux onepamiii. Kpunrorpadiuni oneparii, Bu3Ha4eH1
y LIbOMY TaKeTi, BKIIOYA0Th MH(PyBaHHS, TeHepallilo KI04iB 1 y3roJKeHHs KIIOYiB, a Ta-
KOX TeHeparito koay aBrentudikamii nosigomiersb (MAC). [linTpumka mudpyBaHHS BKITIO-
Yyae CUMETPHYHI, aCUMETpUYHi, OJIOKOBI Ta MOTOKOBI mmdpu. Llei maker Takox MiATpUMYE
3aXMILEHI IOTOKH 1 3areyatani 00’ ekTH [5].

Jetpack DataStore — e piteHHs 1151 30epiranHs JaHUX, SKe JT03BOJISE 30epiratu napu
KJIIOY-3Ha4eHHs a00 TUITi30BaHi 00’€KTH 3a jomnomoroto OydepiB mporokony. DataStore Bu-
kopuctoBye Kotlin-kopytuau Ta Flow 11t acHHXpOHHOTO0, TIOCITIIOBHOTO Ta TPaH3AKIIHHOTO
30epiranHs qaHux [6].

Jns nmdpyBanus qanux Oyno oOpaHo cumeTpuuHuii 6mounmii anroput™ AES, onniero
3 MepeBaro0 SIKOro € 3MiHHA JOBXHHA Kito4a. CUMETPUYHI KIIFOYi MOXYTh MaTH JOBXHUHY
128, 192 a60 296 6it. Yum JOBIIMI KITIOY, TUM CKJIQJHIIIEC HOro 31aMatH [7].

Anroputm AES BukopucroBye Cipher Block Chaining (CBC) ta PKCS7 Padding,
OCKUTBKH BiH TIpAIlO€e 3 OJI0KaMu (iKCOBAHOTO PO3MIpY 1 MOTpedye 3amIOBHEHHS OCTAHHBOTO
650Ky mepe mudpyBaHHM.

Pexum CBC — 11e THIIOBHIA pexXUM pOOOTH aJITOPUTMY OJIOYHOTO MH(PPYBAHHS, KU
3a0e3mnedye MOKIMBICTh 00pOOKH aHuX 3a cTangapToM mmdpysanus ganux (DES) i po3mu-
penum cranaaptoM mudpysanns (AES), npu yomy nosxuna mudpy ans DES noBunHa cTa-
HoBUTH 64 Oitn, a st AES BiamosigHo 128/192/256 6it. [loTpibHO 3BEepHYTH yBary Ha Te,
10 B [IbOMY PEXHUMI aJITOPUTM TIpalftoe 3 01okamu pikcoBanoro po3Mmipy (64 abo 128 61T ans
OJIHOTO OJIOKY), ajie B peaJbHOMY CBITI TEKCT Ma€ pi3HY AOBXKUHY. TOMy oCcTaHHIN OJIOK TeK-
CTy, 110 mudpyeThes ado AemndpyeTses, TOBUHEH OyTH 30U1b1IeHu 10 128 61t [8].

3aBasku BUKopucTaHHIO pexumy CBC koxeH 070K IHPPOTEKCTY 3aI€KUTh HE TUIBKU
B1J BIJIMTOBITHOTO BIJKPUTOTO TEKCTY, a ¥ BiJ MonepeaHboro 3ammudpoaHoro 6oky. Lle po-
OUTH MU(PPYBaHHS CTIMKUM 10 OBTOPEHb OJHAKOBHUX OJIOKIB Ta TapaHTYE, 110 HABITh HEBE-
JMKa 3MIHA Y BIIKPUTOMY TEKCTI NMpU3BEJE /10 KapAUHAJIBbHOI 3MIHM Yy BUXITHOMY HIM(pO-
tekcTi. Ockinbkn CBC BUKOpHUCTOBYE 1HIiMam3aliiHui BeKTOp (1v), BIH J0/1a€ MIEBHY BUTIA]I-
KOBICTH JI0 TIpotiecy mmdpyBaHHS 1 3a1mo0irae arakaMm Ha TOBTOPIOBaH1 1MIA0JIOHU B JJaHUX.

Honosaenns ganux (Padding) 3actocoByerbes mepen mudpyBaHHSIM, KOJH 1€ KITIOYOBE
CJIOBO BKa3Yy€ThCS 3a JOMOMOTOI0 BUKIHNKY ciayk0u Symmetric Algorithm Encipher, 1 Buna-
JSETHCSL 3 PO3MM(GPOBAHUX JAHUX, KOJIM 1€ KJIIOYOBE CJIOBO BKAa3ye€ThCSA 3a JOIMOMOTONO
BUKJIMKY CykO0u Symmetric Algorithm Decipher [9]. ToOTo mepen mmdpyBaHHIM TEKCT
"BUpiBHIOETHCA" TI0 Meki B 128 01T, a micns po3mudpyBaHHs 1el "BUPIBHIOIOYNI" TEKCT BU-
JANSETHCSA 3 BXKE pO3MIN(PPOBAHUX JTAHUX.

[IpaBuna 3anoBaenHst PKCS nyxe mpocri:

1. baiftu 3amoBHEHHS 3aBXIU JOJAIOTHCSA JO BIIKPUTOrO TEKCTY mepen ioro mud-
pYBaHHSIM.
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2. KoxkeH OailT 3allOBHEHHsSI Ma€ 3HAYCHHS, IO JOPIBHIOE 3arajbHIil KUTBKOCTI OaiT
3allOBHEHHS, SIKi oJat0Thcs. Hanpukian, skmo notpioHo goxatu 6 O0ailT BUpiBHIOBaHHS, KO-
JKeH 3 nux OainriB MatuMme 3HayeHHd 0x06.

3. 3arambHa KUTBKICTh OQiTIB 3alOBHEHHS MPUHAWNMHI JOPIBHIOE OJMHUI, 1 1€ Kilb-
KIiCTb, sIKa HEOOXiHA JIJISl TOTO, 00 JTOBECTH JOBXKUHY JaHUX JIO PO3MIPY, KPATHOTO PO3MIpY
6noky anroputmy mmdpysanns [9].

{06 peanizyBatu mm@pyBaHHsS Ta PO3MIM(PYBAaHHS, MOTPIOHO CIIOYATKY CTBOPHTH
KOHCTaHTH, B SKHX 3a/IaEMO aJrOPUTM MIH(PYBaHHS, PEKUM OJIOUHOTO MUPPYBAHHS, CXEMY
JIOTIOBHEHHSI, 00 JIaHi BIAMOBIJAIM BUMOTaM alTOPUTMY, & TaKOX TOJe, ke 00’emHye I
napaMeTpH, Ta iM’s KJIro4a, il IKUM BiH Oyjie 30epiraTucs.

[Ipuknan KOHCTAHT:
private const val KEY ALIAS "secret"
private const val ALGORITHM KeyProperties.KEY ALGORITHM AES
private const val BLOCK MODE = KeyProperties.BLOCK MODE CBC
private const val PADDf&G = KeyProperties.ENCRYPTfaN_PABDING_PKCS7
private const val TRANSFORMATION = "$ALGORITHM/$BLOCK MODE/$PADDING"

Jani moTpiOHo inimiamizyBatu cipher (06’ext mist mudpyBanHs/po3mudpyBaHHs, SKAH

BHKOPHCTOBYE MOIEPEIHLO BU3HAUEHY TpaHchopmaitiro) ta keyStore (00’ ekT, sIKHii paIfioe 3
AndroidKeyStore — miciiem 151 30epiraHHs KJIIOYiB, 3a0€3MeUy0Ur iXHIO 0e31eKy).

[Tpuknan iHimiamizamii:
private val cipher = Cipher.getInstance (TRANSFORMATION)
private val keyStore = KeyStore.getInstance ("AndroidKeyStore") .apply
{ load(null) }

OCKUIBbKH JTOCTYTI JI0 JJAHUX BiA0OYBA€THCS Uepe3 KIItoY, MOTPIOHO CTBOPUTH METOAU IS
HOro oTprMaHHS a00 CTBOPEHHSI.

private fun getKey(): SecretKey {

val existingKey = keyStore.getEntry (KEY ALIAS, null) as? Key-
Store.SecretKeyEntry

return existingKey?.secretKey ?: createKey()}

private fun createRey(): SecretKey {
return KeyGenerator
.getInstance (ALGORITHM)
.apply {
init(
KeyGenParameterSpec.Builder (

KEY ALIAS,
KeyProperties.PURPOSE ENCRYPT or
KeyProperties.PURPOSE DECRYPT)
.setBlockModes (BLOCK MODE)
.setEncryptionPaddings (PADDING)
.setRandomizedEncryptionRequired (true)
.build()
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)}
.generateKey () }

BLOCK MODE ta PADDING — 15 BCTaHOBJICHHS OJIOUHOTO PEKUMY Ta JOTIOBHEH-
Hs. OCTaHHIN KpOK — II€ CTBOPEHHS METOJIB HmH(pyBaHHs Ta po3mmudpyBaHHs. Ipukian

METOIIB:

fun encrypt (bytes: ByteArray): ByteArray {

// Iminianiszanis mmppyBansHuka B pexumli ENCRYPT MODE
cipher.init (Cipher.ENCRYPT MODE, getKey())

// OrTpuMmaHHs 1HIIIaailiszaniuHoro BekTopa (1v)
val iv = cipher.iv

// [MnppyBaHHS BXI1OHMX 6GanTIiB
val encrypted = cipher.doFinal (bytes)

// IoBepHEeHHs 1V pas3oM 13 3ammMppOoBaHMMM LaHAMA
return iv + encrypted

}

fun decrypt (bytes: ByteArray): ByteArray {

// Buraryemo 1iv 13 zammMpoBaHMX IJAHUX
val iv = bytes.copyOfRange (0, cipher.blockSize)

// OTpuMyeMO 3ammMppoBaHy YaCTHUHY

val data = bytes.copyOfRange (cipher.blockSize, bytes.size)

// ITHinianiszsanis posmmdpyBajbHUKA

cipher.init (Cipher.DECRYPT MODE, getKey(), IvParameterSpec (iv))

return cipher.doFinal (data) // PosmmppyBaHHS daHUX

}

Meronm encrypt 1 decrypt BHUKOPHMCTOBYKWTHECS B UserPreferencesSeri-
alizer nnsa mmppyBaHHS Ta pPO3IMYPYBAHHS IaHMX Hepen 1Ix 30epexeHHSIM Yy
Data Store.

@Serializable
data class UserPreferences (

val token: String? = null

object UserPreferencesSerializer : Serializer<UserPreferences> {
override val defaultValue: UserPreferences
get () = UserPreferences/()

override suspend fun readFrom(input: InputStream): UserPrefer-
ences {
val encryptedBytes = withContext (Dispatchers.IO) |
input.use { it.readBytes() }}
val encryptedBytesDecoded =
Baseb64.getDecoder () .decode (encryptedBytes)
val decryptedBytes = Crypto.decrypt (encryptedBytesDecoded)
val decodedJsonString = decryptedBytes.decodeToString()
return Json.decodeFromString (decodedJdsonString) }
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override suspend fun writeTo(t: UserPreferences, output: Out-
putStream) {
val json = Json.encodeToString(t)
val bytes = json.toByteArray()
val encryptedBytes = Crypto.encrypt (bytes)
val encryptedBytesBase64 =
Base64.getEncoder () .encode (encryptedBytes)
withContext (Dispatchers.IO) |
output.use |
it.write (encryptedBytesBaseb6t4)
Iy

Meron readFrom(input: InputStream) imnoBizae 3a 34MTYyBaHHS 30€pPEKECHUX Y
DataStore nanux, ix AekomyBaHHs Ta nepeTBopeHHs y 00'ekt UserPreferences. Crovarky BiH
yHuTae BXiAH1 3ammdpoBaHi 6aiiTH Ta IEKOAye iX 3 pAaKy B KoayBaHHI Base64. [lani otpumani
naHi po3mdpoByoThCs 3a pornomoroto Crypto.decrypt(), micis yoro oTpumani Gaitu mepe-
tBOprotoThest 'y JSON-psimok. Haperri, meit psgok gecepianizyetbes y UserPreferences 3a
nomomororo Json.decodeFromString(), i orpumanmii 06'€KT MOBEPTAETHCA.

Meron writeTo(t: UserPreferences, output: OutputStream) BukoHye 3BOpOTHY oIie-
pawito - 6epe o0'ekt UserPreferences, neperBoproe ioro y JSON-psiiok Ta mudpye mnepen
30epexenHsM y DataStore. Cnouatky oO'ekt cepiamizyerbeds y JSON  uepes
Json.encodeToString(t), motiM KOHBEpTYEThCs y MacuB OaiiTiB. OTpuMani 6alTH HHUPYOThH-
cst 3a goriomororo Crypto.encrypt(), micis goro 6aiiTu JaHUX KOAYIOTHCS B PSIIOK B KOTYBaH-
Hi Base64, skuii 3amucyeTbes 10 output, mob 6ytu 36epexernm y DataStore (puc. 1).

Jliisa neMoHcTparlii mpaie31aTHOCTI KOy CTBOPUMO iHTepdeic i3 1BoMa KHONKaMHU Ta
TEKCTOBHMM TI0JIEM, SIKe BUBOJAMTHUME JieKooBaHi nani 3 Data Store (puc. 2).

private val Context.dataStore by dataStore(

fileName = "user-preferences"”,
serializer = UserPreferencesSerializer
)
private val token = "some token"

class MainActivity : ComponentActivity () {
override fun onCreate (savedInstanceState: Bundle?) {
super.onCreate (savedInstanceState)
enableEdgeToEdge ()
setContent |
EncryptedDataStoreTheme {
Scaffold(modifier = Modifier.fillMaxSize()) {
innerPadding ->
Column (
modifier = Modifier
.padding (innerPadding)
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val scope = rememberCoroutineScope ()
var text by remember {mutableS-
tateOf ("")}
Button (
onClick = {
scope.launch {
dataStore.updateData {
UserPreferences (
token = token

) 1)

Text ("Encrypt")
}
Button (
onClick = {
scope.launch {
text = dataS-
tore.data.first().token ?: ""

}}

Text ("Decrypt")

}
Text (

text = text
) FRERED
Tenep y 3minHii token 36epiraTiumemo psaok “some token”.

gZdzt5TZDCYL9+FNdYB+Gk2fixLP1TAmMR6TFaéUzpi2uhDUdxUeWtFdIcGUL7pil
Pucynok 1 — Burnsag mmdposanoro tekery y Data Store daiini

Encrypt

Result: same token

Pucynoxk 2 - Burisin po3mmdpoBaHOTO TEKCTY Ha €KpaHi MOOUTBHOTO JTOIATKY

BucnoBku. IlludpyBanns ganux y Android-monaTkax € BaJIMBUM €JIEMEHTOM 0Oe3-
MEeYHOTO JIOKanbHOTO 30epiranns iHdopmariii. Bukopuctanus Data Store mns 30epexeHHs
YYTIUBUX JAAHUX, TAKUX SK TOKEHH, BUMArae 3aCTOCyBaHHS IIMGPYBaHHS JUIS 3aXUCTY iX BIJ
HECaHKI[I0HOBAHOTO JAocTyny. Pimenns, sike nependauyae BuxkopuctanHs AES anropurmy 3
pexumom CBC Ta cxemoro ponoBHenHss PKCS7, no3Bosnse 3a0e3neuntu HaJICKHHUN PIBEHb
Oe3MeKu Ta 3armo0irTi MOTEHIIIHHUM 3arpo3aM 3 0OKY 3JJ0BMUCHHUKIB.
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Encryption and Decryption of Data in DataStore for Secure Local Storage

The relevance of this study is determined by the growing threats of data leakage in mo-
bile applications, where sensitive user information such as tokens, passwords, and API keys
are often stored insecurely. Local storage on Android devices remains a critical aspect of ap-
plication security, as improper handling of sensitive data can lead to unauthorized access,
data breaches, and financial or reputational damage. This research focuses on addressing the
problem of insecure storage within Android's DataStore and proposes a secure encryption-
based approach to mitigate risks.

The problem statement highlights that DataStore, a modern and efficient key-value
storage solution for Android applications, lacks built-in encryption mechanisms, leaving sen-
sitive information vulnerable to unauthorized access. While DataStore provides an efficient
and structured way to store small amounts of persistent data asynchronously, its default im-
plementation does not offer protection against potential data exposure in case of device com-
promise or malware attacks. This raises the need for additional security measures to ensure
that confidential information, such as authentication tokens, remains protected.

The objective of this research is to develop and implement a secure method for encrypt-
ing sensitive data stored in DataStore. The goal is to integrate an effective encryption mecha-
nism that enhances data security without compromising performance or usability in Android
applications. The study focuses on AES encryption (Advanced Encryption Standard) using
Cipher Block Chaining (CBC) mode with PKCS7 padding to ensure strong protection against
unauthorized access. AES encryption is widely recognized for its robustness, and the chosen
configuration enhances security by introducing randomization and integrity checks.

The methodology involves an in-depth analysis of existing Android storage mechanisms,
a comparative evaluation of encryption techniques, and the development of an encryption lay-
er integrated with DataStore. The proposed encryption scheme was implemented using Ja-
vax.crypto libraries, ensuring compatibility with modern Android security best practices. The
research also examines the impact of encryption on application performance, assessing fac-
tors such as processing time, storage efficiency, and integration complexity.

The results demonstrate that incorporating AES encryption significantly improves the
security of sensitive data in DataStore without introducing substantial performance overhead.
The experimental implementation confirms that encrypted tokens stored in DataStore remain
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protected from unauthorized extraction, even in cases where an attacker gains access to the
file system. Additionally, the research highlights the importance of proper key management,
advocating the use of Android Keystore for securely generating and storing encryption keys.

Key conclusions drawn from the study emphasize that encryption is essential for pre-
venting unauthorized access to sensitive data stored in DataStore. The implementation of
AES-CBC encryption with PKCS7 padding effectively enhances security while maintaining
efficiency. Future research directions include exploring more advanced encryption modes,
such as AES-GCM, and evaluating their performance trade-offs in real-world applications.
The study also recommends further research on user authentication mechanisms to comple-
ment data encryption and strengthen overall application security.

Keywords: encryption, DataStore, AES, data security, Android, tokens, privacy.
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B. Crronkin, B. Paguenko, O. PoBeHChbKHIiA,
A. €podeesa, B. [Tininenko, B. [IpuxHo
KOHTPOJIb TA IOKPAIIEHHS SIKOCTI EJIEKTPOEHEPTII
B MEPEKXAX ITIPOMUCJJIOBUX HIAINPUEMCTB

Anomayisn. Memoto pobomu Memorw 00CniONCeHHs € KOMNIEKCHUN aHAni3 npoobiem saKocmi
enekmpoenepeii (PQ) 6 mepesicax npomuciosux nionpuemcmes, a maxodxdc po3podka ma
cucmemamuzayiss mMemooig KOHMpPO0, OldeHOCMuUKU 1 nokpawjenus ocHoeHux PQ-
napamempis, makux AK 2apMOHIUHI CNOMBOpeHHs, ¢hiikep, Nposanu Hanpyeu, Hecumempis
a3z i peakmusra nomyscHicms.

Memoouxa. ¥ pobomi ukopucmano no€OHaHHs MeopemuyHo20 anaiizy, 02140y CmaHoapmie
(IEC 61000-4-30, EN 50160, IEEE 519) ma npakxmuunozo 00c6idy npoeadicents cyuachux
yughposux ananizamopis PQ. Ilpoananizosano 3acmocysanus ginbmpis, komnencamopis ma
inmenexkmyanvrux cucmem, 3oxkpema DVR, STATCOM, ciopuonux axmuenux ¢hinompis, a
MAKONC MAWUHHO20 HA8YaHHs 01 Kiacughikayii PQ-nooitl.

Pezynomamu. YV xo00i docniosicenns oxapaxmepuzo8ano ocHogui noxazuwuxu PQ, Hasedeno
Memoou ix eumiprosanus, OiacHocmuku ma Komnencayii. Ilpeocmasneno npukiaou
BNPOBAOINCEHHST MEXHIUHUX PileHb O NOKPAWEHHs AKOCMI eHepeii, 30Kpema: NAcuHi ma
akmueni  ¢ginempu eapmonix, SVC i STATCOM onsn 6opomvdou 3 ¢rikepom, memoou
3HUIICEHHSl HeCUMempii ma 3axucmy 6i0 KOpOMKOUACHUX NOPYULeHb HCUBTICHHSL.

Hayxosa nosusna. 3anpononosano KoHyenyitlo po3nodinenoi Komnencayii  akocmi
elekmpoeHepeii i3  BUKOPUCMAHHAM MONCIUBOCMEl CMapm-iH8epmopie ma 3apsaOHUX
cmanyiu. Pozensinymo 3acmocysanns ueupomepedc ma S-nepemeopeHv 0ns ioenmugixayii
Ooicepen 30ypens y pedxcumi peanvrHoeo uacy. OOIPYHMOBAHO nepesazu IHMe2Po8aAHUX
niox00ig 00 10KANbHOI ma yeHmpanizosanoi kopexkyii PQ.

Ilpaxmuyne 3Hauennsa. Pesyromamu Mmodcyms Oymu  SUKOPUCMAHI  THOICEHepamu 3
eHep2oOMeHedNCMeHm) ma NepcoHaIom NIONpUEMCcms Ol noOyO008U CUCHEM MOHIMOPUHRY,
3axucmy KpumuuHo2o O0ONAOHAHHA ma Ni0BUUeHHs eHepzoepekmusHocmi. 3anpononosami
PpilleHHs 3MEHuyoms agapiliHicme, empamu eHepeii ma eumpamu Ha 00CHY208Y6AHH,
3abe3neuyroyu 8i0ON0GIOHICMb CYUACHUM CIMAHOAPMAM CMAN020 PO3GUMIKY.

Knrwouosi cnosa: saxicme enexmpoenepeii, PQ-nopmu, cmanoapmu |EEE, EN 50160,
2aPMOHIYUHI CNOMBOPEHHs, (hiKep, pO3NoOileHa 2eHepayis, MIKpomepedci, KOMHeHcayis,
eHepeemuyHi Cmanoapmu.

Beryn. CrabinbHe Ta SKiCHE €JIEKTPONOCTAYaHHS € OJHUM 13 KIIFOUOBUX UYWHHUKIB
e(eKTUBHOI POOOTH IPOMUCIIOBUX MiIMPUEMCTB y CY9aCHUX YMOBaX TEXHIYHOTO MPOTPeECy Ta
upoBoi Tpancopmarlii. 3aneKHICTh KPUTUYHOTO TEXHOJOTIYHOTO OONagHAHHS BiJ

© Crronkin B., Paguenko B., PoBencekuii O.,

€podeena A., ITiminenko B., [Ipuxnao B., 2025
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CTaOiTPHUX MMapaMeTpiB EIEKTPOCHEPTii CTPIMKO 3pocTae, MO0 POOUTH 3a0e3MeUCHHS
BIJNOBITHOTO piBHA AKOCTi enekTpoeneprii (Power Quality, PQ) crpareriuno BaxIuBUM
3aBJAaHHSAM JJIs1 1H)XKCHEPiB, CHEPreTHKiB Ta OIepaTopiB Mepex. B ymoBax 3pocTaHHs
YyTJIMBOCTI €JIEKTPOCIOXKHUBAUIB 10 30ypeHb, MOMIMPEHHS BHCOKOYACTOTHOI EJEKTPOHIKH,
[IMPOKOTO BUKOPUCTAHHS EJEKTPONPHUBOJIIB Ta MEPETBOPIOBATBHOT TEXHIKH, BiIXWUJICHHS
napaMeTpiB JKUBJICHHA HaBITh Y MeXaX KUIbKOX BIJICOTKIB MOXXYTb CHPUYMHUTH CYTTEBI
HACJIJIKK - BiJ 300iB y poOOTI aBTOMaTU30BaHUX JIHIN 10 MOMIKOKCHHS EJIEKTPOHIKH Ta
aBapiifHOTO IPOCTOIO BUPOOHHUIITBA.

SIKICTB eJIeKTpOoeHeprii BU3HAYAETHCS CYKYIHICTIO TTapaMeTpiB, 30KpeMa: CTaOUIbHICTIO
YaCcTOTH Ta HANPYTH, CUMETpi€ro (a3, BIACYTHICTIO MPOBATIB 1 MEPEHANPYT, HU3bKUM PIBHEM
daikepy, rapMOHIYHHX Ta MIKTQpMOHIYHHX CIOTBOPEHb. KOXKEH 13 IHUX IMOKA3HUKIB Mae
HOPMATHBHO BU3HAYEHI MEXi, HEJOTPUMAHHS SKUX MOYKE IMPU3BECTH 0 MOTIpIIEHHS poOOTH
oOJiaiHaHHs, BTPAaTH EHEProe(eKTUBHOCTI Ta IIJIBUIICHHS BUTPAaT Ha OOCIYrOBYBaHHSI.
OcobmuBo roctpo mnHTaHHA PQ CTOITh y Takux Tramys3siX, SK METaIypris, XiMidHa
MIPOMHUCIIOBICTh, MIKPOENEKTPOHIKa, (apmaneBTUKa Ta iHII cdepu, e TpOoLecH €
HETIePEPBHUMH Ta BUMAraloTh BUCOKOTO PiBHS €JIEKTPOTEXHIYHOI Ha{IHHOCTI.

BignoBimaro Ha BHKIMKHA CY4aCHOTO €HEPrOCIOKMBAHHS CTall0 BIPOBA/DKCHHS
TEXHOJIOTI mocTiiitHoro MoHiTopuHTy PQ. 3aBmsku mudpoBUM aHamizatopam, IO
BinnoBigaroTh cragapram IEC 61000-4-30 [1], 3’ siBuIacsi MOXJIUBICT 13 BUCOKOIO TOYHICTIO
Ta YaCTOTOI BHMIPIOBAaTH IMapaMeTpU JKUBICHHA Yy BY3JOBUX TOUYKaX MeEpexi Ta
0e3rocepeIHbO Ha BIAMOBIIATBHUX CIIOKHBadax. AHam3 310paHuX JaHUX JA03BOJISIE HE JIUIIIE
¢GikcyBaTH BIOXWJIEHHS, ajle ¥ JOCHIKYBaTH iX JUHAMIKy, BUSBJISATH TNEpPIOJAUYHICTD,
JoKepena 30ypeHb Ta MOTEHIIHHI pu3uKu. Ha OCHOBI CTaTUCTUYHUX TMOKA3HUKIB, TaKUX SK
SAIFI, SAIDI, pisai THD, d¢unikep-iHaekcu Ta iH., (pOpMyIOTbCA pPIMIEHHS JUIsl KOPEKIil
rapaMeTpiB Ta MiJIBULLIEHHS 3arajlbHOI HaJIHHOCTI MEPEXKI.

Oxkpim 300py 1H(DOpMaIllii, BXXJIUBUM 3aBAaHHAM € i1 iHTepnpertaris. CydacHi MEeTOAN
OoOpoOKM CHUTHaIIB — BEWBIIET-NIEPETBOPEHHS, KOPOTKEe mepeTBopeHHs Dyp’e, S-
MEPETBOPEHHS — Yy TMOEIHAHHI 3 ajJrOpUTMaMH MAIIMHHOTO HaBUYaHHS JIO3BOJIIOTH B
peanbHOMY dYaci kiacudikyBatu PQ-mopii Ta jokami3oByBaTH iX JpKepera. 3acTOCyBaHHS
LITYYHOT'O 1HTEJIEKTY Ta HEHPOHHUX MEpeX BIIKPUBAE HOBI MOKIIMBOCTI /Il aBTOMaTHYHOTO
BUSIBJICHHS XapaKTepy IMOpYyIIeHb, TaKUX SK IPOBAJIM HAMPYTH, IMITYJIbCH, TapMOHIYHI
CIIOTBOPEHHSI, Ta JyUIsi JOPMYBaHHSI pEKOMEH IaIliH 11010 BIAMOBITHUX 3aXO0/IIB pearyBaHHs.

Btim, omgHOrO nHIIIE KOHTPOJIIO HEMOCTAaTHHO ISl 3a0€3MedYeHHs HAJIICKHOTO PIBHS
skocTi. KommekcHa cucrema ympasiinHsa PQ mepenbadae TakoX peatizallifo TeXHIYHUX
pillleHb Ha PI3HUX PIBHAX: B KOMIIEHCAllli pPEaKTUBHOI IMOTYXHOCTI Ta TapMOHIK J0
BCTAQHOBJIEHHS JUHAMIYHUX BIJHOBIIIOBAuiB HAINpPYTH, CHUCTEM Oe3repeOiiHOro >KMBIICHHS,
crabimizaTopiB (a3u Ta MepexeBUX peryiasTopiB. I3 poszBuTkom konmenmii Smart Grid ta
MIKpoMepex, Aenail Oulblie (QYHKIIM MO0 MIATPUMKHU SIKOCTI TEepeaeTbcs Ha pPiBEHb
JIOKQJIbHUX E€HEProaKTHUBHUX TMPHUCTPOIB — COHSYHUX 1HBEPTOPIB, €IEKTPOMOOITLHUX

3apAHUX CTaHIIN, riopuaHux QuIbTpiB Tomo. Taka meneHTpanti3oBaHa MOJEb yIPaBIIiHHSI
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SKICTIO [JIO3BOJISIE OMEpPaTHBHO i e(eKTHBHO pearyBaTH Ha 3MiHHI HaBaHTAXEHHS Ta
BiJIXMJICHHS TTApaMETPIB.

OTxe, aKTyaJpHICTh TEMH 3a0€3MEUeHHS SKOCTI EJEeKTPOCHEprii 3yMOBJIEHA SIK
TEXHIYHUMH, TaK 1 €KOHOMIYHMMH (akropamu. [ligBUIIEHHS SKOCTI €JIEKTPOIOCTAYaHHS
CIpusie HE JMIIe 3MEHIICHHIO pPHU3UKIB 1 BHUTpar, aje W MiABUIICHHIO 3arajbHOi
€HeproeeKTUBHOCTI MiJIPUEMCTBA, a TAKOXK BIMOBITHOCTI Cy4acCHHUM CTaHIApTaM CTajoro
PO3BUTKY. Y IIbOMY KOHTEKCTi JIaHa CTaTTs Ma€ Ha METi 3JIHCHUTH KOMIUIEKCHUW OTJIST
IiXO0/iB, METO/IB 1 3ac00IB KOHTPOJIIO, aHANi3y Ta MOKPALICHHS SKOCTI €JIEKTPOCHEpTii B
Mepekax MPOMHUCIOBHUX MIANPHEMCTB, 3 YPaXyBaHHAM SIK KIACUYHUX TEXHIYHUX PIIICHb, TaK
1 HOBITHIX 1HTEJIEKTYaJIbHUX TEXHOJIOTIH.

1. Tloxka3HukM sKOCTi ejekTpoeHeprrii. /0 OCHOBHMX TOKa3HHKIB SKOCTI
€JIEKTPOEHEPTii, [0 HOPMYIOThCS MI>KHAPOJHUMH Ta HAIIOHATLHUMH CTaHIapTaMH (30Kpema
IEC 61000-4-30, EN 50160, IEEE 519) [1-6], HanexaTh: BiIXWJICHHS YaCTOTH MEPEKi;
BIIXWJICHHS HANPYrd BiJl HOMIHAJIBHOTO 3HAYCHHS (IOBrOTpHBAJ IepeHanpyru abo
HefoHanpyru); Qurikepu (MOBUIbHI KOJWUBAaHHS HAMPYTH, IO CIPUHAMAIOTHCS 30pOM  SIK
MEpPEeXTiHHS  OCBITJIHHsS);  KOPOTKOYAacHI  MpOBaIM  Ta  MIJBUINCHHS  HANpPYTH;
HECHHYCOIaJIbHICTh HANPYTH (TapMOHIYHI BUKPUBJICHHS); HECUMETPIsl HapyTu y TpudasHii
CHCTEMi; KOPOTKOYACHI MIEPEHAIIPYTH Ta IMITYJIBCHI MEPELIKO/IH.

Binxunenns yacrotu mepexi (4 f,.¢):
dﬁwt = fmgas o ﬁwm- Q)

1€ fineas — BUMipsaHa Qaktuuna wactora (Hz), fi,,,,; — HOMiHaTbHA wacToTa (3a3Buyaii 50
a6o 60 I'm). YacToTHI BIAXMJIEHHS MOXYTh CBIIYMTH PO JUcOAJaHC MIXK TIeHepariero 1
CTHOXHBAHHSAM Yy CHCTEMI.

BinxuneHHs Hanpyru (1oBrotpusaii nepexanpyru abo Heponanpyru) AU,

u —-U
_ﬂUrgI — ( mea{:} nom) X 1{]0%'
nom
(2)
ne U, .. — BuMipsne cepenne 3nauenns nanpyru, U, ... — HominanbHe 3nHauenns (230 B
st ¢azu abo 400 B s minii). [lepeBumenns +10% Moxke BBaKaTHCs BIAXWJICHHSM 3a
MeKaMH HOPMH.

®nikepu P, (OCBiTIIOBAIbHE MEPEXTIHHS):

N

1 )
P 70,5
i=1
(3)
P{!] o . . o . .
e st KOpOTKO“IaCHI/II/I (meep, BI/IMlpHHI/II/I HpOTfIFOM 1-TO IO'XBI/IHI/IHHOFO IHTCpBaJ'Iy, N —

KUIBKICTh TaKMX IHTEpBaJIiB (3a3Buuaid 12 3a roguHy).
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3uauenns Pj, = 1.0 BBakaerscs HaaMmipHUM 1 BUKIMKAaE IHCKOM(OPT 30pOBOTO
CIPUMHATTS.

KopoTkouacHi npoainu Ta miasuienss Hanpyrd Dyp1tq ge*

U U, .
nom mMin
_ o
Duo!tagg - ( i ) X lOU"{:'-
nomnt

4)
e Umm — MiHIMaJIbHE 3HAYEHHS HANpyru mija yac noxdii. KopoTrkouacHuii mpoBan TpUBae
Bix 10 Mc 10 1 XB 1 MOKe BHKJIMKATH 301 €JIEKTPOHHOTO 00JIaHAHHS.

[apmowniuni Bukpusienns (Total Harmonic Distortion) THD ;:

()
ne U; — amnnityna ocnoBnoi (1-1) rapmoniku, U, — ammitymu n-i rapmoniku, N — 3aransna
KUTBKICTh BpaxOBaHMX TapMoHIK (3a3Buyail 10 50). Bucokmit THD crnpuumnnsie mneperpis
JBUTYHIB, XUOHY poOOTY IIEpETBOPIOBAUIB Ta PEICHHOTO 3aXHCTY.

Hecumerpis nanpyru (Voltage Unbalance Factor) VUF:

I )
VUF = 22995 + 100%,

positive (6)
ne Unggat,-ve Ta Upoﬂ-ﬁve— aMIUNTYAM BIJNOBIHO HEraTWBHOI 1 TO3UTHBHOI

MOCTIIOBHOCTE Hampyrn B CHUMETpUYHOMY TepeTBopeHHI. Hecumerpis mnonan 2%
BBAXKA€ETHCS 3arPO3JIUBOIO Ul TpU(A3HUX JBUTYHIB.

KopoTkouacHi nepeHanpyru Ta iMIyJibCHi MeperKkoan .S'!-mp :

Upeak - Unom
Simp = ( ) X 100%,
Unom (7)

ne Up eak — aMILIITyAa nepeHanpyru. L{i moaii TpuBarOTh MIKPOCEKYHIU-MUIICEKYHIH, ajle

MOJKYTh BUKJIMKATH BUXIJ 3 JIAAY YyTIUBOTO OO JHAHHSI.

2. Momnitopunr ta aiarnoctuka PQ. IlepmodeproBuM KpokoM [Uisl HOKpaLICHHS
SAKOCT1 €JIEKTPOCHEprii € BIPOBAPKEHHS CHCTEM IOCTIfHOrO MOHITOPHHIY IapaMeTpiB.
CyuacHi nudpoBi aHaNi3aTOPU AKOCTI eneKkTpoeHeprii kiacy A (BiamosigHo o IEC 61000-4-
30) 103BOJSIOTH 3 BUCOKOIO TOUHICTIO BUMIPIOBATH BC1 OCHOBHI Moka3HUKU PQ — Bix yactotu
Ta Hampyrd [0 TOKa3HUKIB duiikepy Ta crekrtpy rapmoHik [7]. Taki mnpuctpoi
BCTaHOBJIOIOTHCS SIK Y BY3JIOBUX TOYKaX Mepexi (Ha MiJACTaHIifX), TaK 1 Ha HaHOLIbII
BIJIMOBIJAJIbHUX CHOXKHBayaxX. 3BITH MOHITOPUHTY JI03BOJISIFOTh BUSBHTH, K1 caMe MOKa3HUKU
BUXOJATh 32 MEXI HOPMH, y SIKMH 4ac 1 3 sKOI mnepioguunicTio. Jlns aHamizy moxii

(mpoBaJiB, IMIYJbCIB) 3aCTOCOBYIOTHCSI PEECTPATOPH IMIBHIKUX MNepexifHux mpoueciB. Ha
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OCHOBI BEJIMKOTO MAacHBY JaHHX BHUMIPIOBaHb MOXKIIMBE CTATUCTHYHE OLIHIOBAHHS SKOCTI —
Hanpukiaj, po3paxyHok nokasHukiB SAIFI, SAIDI (cepenns yacToTa Ta TPUBAJICTh IEPEPB)
JUIS HQJIMHOCTI KUBJICHHS 200 BU3HAYCHHS 95-TIPOLIEHTHIIIO BiTHOCHOTO KOJIMBAaHHS HAIIPYTH
touo. EHeprokommanii BIpOBaKYIOTh aBTOMATH30BaHI CUCTEMH OOJIIKY Ta MOHITOPHUHTY
(AMI), sixi inTerpyroTh QyHKIIT BUMiptoBanHs PQ y iHTeNIeKTyanbHi JIUYMIBHUKA Ta JaTYUKU.
TakuM YHHOM, CTBOPIOETHCS OCHOBA MJISi MPOAKTUBHOTO YIPABIIHHS SKICTIO: OIEparop
MepeXi OTpUMY€ CHTHAJI IIPO HAOIMKEHHS MapaMeTpa 0 TPAaHUYHOTO PIiBHS 1 MOXKE BXKHTH
3ax0/IiB (HANPHKIIAM, MEPEKIIOYNTH HABAaHTAXKECHHS, BBIMKHYTH KOMIICHCAIIiI0 TOIIO) JI0 TOTO,
SIK BUHUKHE aBapiiiHa cuTyarlist a0o CKapri CIIO>KWBaYiB.

OKpiM MOCTIHHOTO MOHITOPHHTY, BEJIUKA yBara MpUAUISETbCA METOAAM ineHTU(IKaLii
ta kinacudikanii PQ-moxiit B pexxumi peanpHoro uvacy. Lle morpiOHo, mo0 aBTOMaTHYHO
pO3Mi3HaBaTH, IKUH THIT IOPYIICHHS CTaBcs (HAPUKIIA, IIPOBAJ UM IMIYJIbC, ONMHOYHHNA YH
KOMOiHOBaHMH) 1 MmO Horo WMoBipHO crpuunHIIO. Cy4acHi alrOpUTMH BHKOPHCTOBYIOTh
TpaHcopmarii curHaiiB (BEHBIIET-IIEPETBOPEHHS, S-TIepeTBOPEHHs, KOpoTke Dyp’e) s
BUOKPEMJICHHSI O3HaK 30ypeHb, a Jajli 3aCTOCOBYIOTHh KJIACHU(IKaTOPH — HEHPOHHI Mepexi,
MAaIllMHU OMOpHHUX BekTopiB (SVM), nepeBa npuiiHATTS pimienb tomo [8, 9]. Hanpuknan, y
poboti [9] mnpeacraBieHO MiAXid, A€ CIOYAaTKy BHKOHYETHCS S-TpaHC(hOpPMYBaHHS
OCLMJIOTpaMM HAaIllpyrd, a OTpUMaHa MaTpulsl Yac-4acToTa OOpOOJISAETHCS 3rOPTKOBOIO
HEHPOMEPEKEIO ISl aBTOMAaTHYHOTO PO3Ii3HABAHHS TUITY MOPYIISHHS (car, CBeJl, TapMOHIKa,
KoMOiHarii) 3 TouHicTio moHax 98% [9]. Taki TexHONOri 0COOJMBO KOPHUCHI B CKIIQIHHX
ymoBax Smart Grid, KoaM OJHOYACHO MOXKYTh MAaTH MicClle Kigbka BUAIB PQ-BiaXuiieHsb.
binbmie Toro, cucremMu BU3HAYECHHS JpKepena 30ypeHb (source detection) aHami3yrOTh
B3A€EMO/III0 HAMPYTH Ta CTPYMY Y BY3JII MEPEXKI: SIKIIO Mij 4ac 30ypeHHs BEJIMYUHA CTPYMY
HaBaHTAXXCHHs 3pocjia OJHOYACHO 3 TAaJiHHSAM Hampyrd, TO, HMOBIpHO, caMme JaHHl
CIO’KMBay CIPUYMHUB MPOCITaHHA (HANpHUKiaa, BBIMKHYBCS JIBUTYH); SIKIO K CTPYM BIIaB
pa3oM 3 Hampyrow — MpUYWHA 103a JaHUM By3JioM (Hampukian, 30BHimHe K3) [10]. Taki
nporpaMHi  3aco0M Hapas3l BIOpPOBaPKYIOTbCS B  paMKax KOHUeNmii  “rudpoBoro
MiJCTaHIIHHOTO KOHTpoJiepa PQ”.

3. Komnencanisa npoBaJiB i nepepB :kuBjeHHsl. KopoTKko4acH1 MpoBajiv HANPYrH €
OJIHMM 3 HaWCKJIaHIMUX ISl TOBHOT KommeHcalli TumiB PQ-moaiit, ajpke 4acto 00yMOBIIeH1
30BHIIIHIMU aBapisMu. [IpoTe iICHYIOTh TEXHIUHI PIlIEHHS, 10 JO3BOJISAIOTh 3MEHIIUTH IXHIN
BIUIMB Ha KPUTHYHUX ClOXHUBaudiB. OJHUM 3 Halle(eKTHUBHIIIUX MPUCTPOIB € JUHAMIYHUI
BingHOBMOBau Hanpyru (DVR) — cunoBuil neperBoproBay, sIKHi BMHUKA€THCS MOCTIOBHO 3
HaBaHTQXXCHHSM 1 B MOMEHT IMPOCAJKH HAIPYyrd TeHEpPYE NOJATKOBHUU PI3HUIIECBUI CUTHAI,
“mATaryroun” HAOpyry Ha KpUTHYHOMY OOJaJHaHHI 10 HOMiHanbHOro piBHs [11]. DVR
3a3BUYail MICTHTh HaKoOmu4yBaud eHeprii (Oatapeto abo CyHNepKOHJEHCATOp), 3 SIKOTO
YepraeThCsl MOTYXKHICTh MiA yac mpoBany. [HmMM migxomoM € mxkepena Oe3mepediitHOro
xuBieHHd (UPS) nuHamiuHOTO THIY: MaxOBHMKOBI ab0 CYNEpKOHAEHCATOPHI CUCTEMH, IO
3MaTHI 3a KIUJTbKa MIUTICEKYH]T MIJKIIOYATHCS 3aMICTh MeEpexi 1 3a0e3MeunTH >KUBIICHHS
CHOXHBAada TPOTATOM JECSTKIB CeKyHJ. Taki CHCTEeMH BCTAaHOBIIOIOTHCS Ha OCOOJIHMBO
YYTIWBHUX CHOXXHMBavax (LEHTpU OOpOOKH MaHMX, MeAWYHE OOJagHaHHS, BUPOOHWYI JIiHIT 3
HEMEePEPBHUM IMKIIOM). J[7s MeHII BiANOBIJAIBPHUX HAaBAaHTAXKEHb 3aCTOCOBYIOTH pelle
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aBTomMatuyHoro nepemukanss pxepen (ATC): gKimo oCHOBHE JKepesio 3HUKIO abo Harpyra
BIIAJIa HUKYE JOMYCTUMOTO PiBHS, CIIPAllbOBYE NIEPEMHKAY HA PE3EPBHY JIHIIO UM pe3epBHUN
reseparop. Xo4 Iie He 3amo0irae camomy IpoBaly, ajié CKOPOYye TPHUBAIICTh IEpPEpBU
KUBJICHHS. /)11 3HMKEHHSI YaCTOTH MPOBAIIIB, CHPUYMHEHUX MEPEBAHTAKECHHIMH IIPH ITyCcKax
JBUTYHIB, JIOLUIPHO BHKOPHCTOBYBAaTH ITycKadi 3 IUIABHUM IIyCKOM a00 TMepeTBOprOBaui
YaCTOTH JJISl BEJIMKUX MOTOPIB — 1€ 3HWXKYE BEIMYMHY KUJIKA CTPYMY 1, BIZIIOBITHO, TTIHOUHY
OpOCaJKi Hampyrd. B eNeKTpuuHUX Mepexax MPOMHUCIOBHX MiANPHEMCTB 4YacTO
BCTaHOBNIIOIOThCS  cTatuyHi  kommneHcatropy VAR (STATCOM/SVC) i3  ¢yHKui€eo
HiATPUMAHHS HAIPYTW: BOHM BiJIAIOTh PEAKTUBHY MOTYKHICTh Y MEPEXY IIiJ] yac MpoBaiy,
JONIOMArarouu MmiJHATH piBeHb Hanpyru mBuime [12]. IIpore MOXIMBOCTI TaKUX MPHUCTPOIB
oOMexxeHl — npu MMOOKOMY mpoBaii depe3 30BHIMIHE K3 MOBHICTIO BIAHOBUTH HAINpyTy
JOKaJbHAMHU 3ac00aMH BaKKO. TyT B 0 BCTYMArOTh IIBUAKOJIIOYI 3aXUCTU: YMM HIBHJIIC
BIJIKJTFOUMTHCS aBapiiiHa JUISHKA, TUM KOPOTIIUM Oyae mpoBail i pemrtu mepexi. OTxe,
CEJICKTHBHA Ta MIBUAKA [ PEICHHOTrO 3aXHMCTy TAaKOX Ba)AJIMBA JUIs MiHIMI3alii HACIiIKiB
PQ-momiii.

4. 3HUKEeHHS TApPMOHIYHUX CHOTBOPeHb. [[is OOpoThOM 3 HECHHYCOiNaIbHICTIO
HamNpyrd BHUKOPHCTOBYIOTh SIK TACHBHI, Tak 1 akTHBHI (imbTpyBanbHi 3acobu. IlacuBHi
¢binpTpu TapMoOHIK — 1¢ HacTpoeHi L-C KOHTypH, MiTKIIOYCHI MapajiebHO A0 MEpexi, sKi
CTBOPIOIOTh HM3BKHH IMIIETaHC HAa YacTOTI NMEBHOI TapMOHIKH 1 BiIBOAATH TapMOHIMHHIA
CTpYM y 3eMIIIO, HE Jal04M HoMmy momuproBatucs B mepexy [13,14]. Taki ¢inbTpu yacto
BCTaHOBJIIOIOTHCSI HA POMHUCIIOBHX MIANPHEMCTBAX 3 BEJIMKUMHU BUTIPSIMIISTYAMH (HATTPUKIIA,
MeTalypriiui 3aBoau) aus 5, 7, 11 rapmonik. [lepeBaroro € BiJHOCHA MTPOCTOTA 1 IELIEBU3HA,
ajle TmacuBHI (QUIBTPM MaroTh (DIKCOBAHY KOMIIEHCAIIMHY XapaKTePUCTUKY 1 MOXYThb
MOTPANIUTH B PE30HAHC 3 MEPEXKEI0, SKIO HEMPABUIBHO CIIPOEKTOBaHI. bbbl 1ockoHATUMU
€ aktuBHI QuIbTpU (APF) — cuioBi neperBoproBaui (3a3Buuail Ha 0a3l TPaH3UCTOPIB), SAK1
MIJKITI0YAl0ThCS NapajesibHO 0 MEpEeXi 1 T'eHepyloTh B NpoTH(asl rapMOHIYHI CTPyMH,
KOMITCHCYIOUH TAKUM YMHOM CIIOTBOPEHHS BiJl HEJIHIMHUX HaBaHTaxeHb [14, 15]. AKTUBHUIA
GUTBTp BUMIPIOE CTPYM HABAaHTAXKEHHS, BUJIUISE€ HOTr0 TapMOHIYHY CKJIAJOBY 1 (opMmye
3BOPOTHUN CHUTHAJ, SIKHH BBOJUTBHCS B MEPEXKY — B PE3yJbTaTl CyMapHUN CTPyM y Mepexi
cTae Oau3bKUM 10 cuHycoian. APF Mo)ke TnHaMIYHO HajallITOBYBATUCSA MiJl 3MIHHUM CIEKTP
TapMOHIK 1 OJJHOYACHO KOMIIEHCYBAaTH PEAaKTHBHY MOTYXHICTh. B ormsmi Ali et al. (2018)
MOKAa3aHo, M0 JJIs €(pEeKTUBHOI pOOOTH AEKUIBKOX MAacHUBHUX (PUIBTPIB y Mepexi MOTpiOH1
Y3rO/KEH1 alNTOPUTMM PO3MOJLIY PEAKTHUBHOI MOTYXHOCTI MK HHUMH, a0u YHUKHYTH
MepeBaHTAXEHHA OKpeMux (UIbTpiB Ta 3abe3neunTH onTuManbHe 3HIWKEeHHS THD [15].
AkTUBHI GUIBTpU 1MO030aBJIeHI IIMX HENONIKIB, OJHAK € JAOpokunMu. Ha mnpaktuii
3aCTOCOBYIOTh TiOpUAHI (DUIBTpH — KOMOIHAIIO MACHBHUX 1 MaJIOMOTY)KHOTO aKTHBHOTO
¢b1IbTpa, 10 J03BOJIIE EKOHOMUTH MOTYXHICTh €IeKTpOoHIKH. OKpiM mapaneabHuX (iIbTpiB,
BUKOPHCTOBYIOTHCS CepiiiHi akTuBHI GinbTpu [13], sKi BKIOYAIOTHCS MOCHTIJOBHO B JIHIIO 1
3TIIJPKYIOTh TAPMOHIKH HANPYTH, TIPOTE BOHU PiJIIIe 3aCTOCOBYIOTHCS depe3 MoTpedy HeCTH
MOBHUI CTpyM HaBaHTaXEHHS. B KOHTEKCTI TrapMOHIK TEpPCHEKTUBHUM € TIAX1I

“posnoinenoi kommeHcamii”: Hampukian, d [16] 3ampomoHyBanmu 3ajydaTH iHBEPTOPH
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PO3MOIICHUX TeHepaTopiB (COHsYHUX Oarapeii, OaTapell HAKONMWYEHHsS) IJII OAHOYACHOI
¢inbTpanii rapMoHik y Mikpomepesxi. Lleit minxin o3Hauae, m10 KO>KeH JKEpesio 3 iIHBEPTOPOM
MOX€E OKpIM OCHOBHOI (DYHKIii BHKOHYBATH pOJb JIOKAJBHOI'O AaKTHBHOTO (imbTpa is
CYCIIHIX HeNiHIMHMX HaBaHTaXeHb. KoopauHaiis Takoi poOOTH 3IIMCHIOETHCS dYepe3
CHeliajbHl aNrOpUTMH, 30KpeMa METOIM PO3IMOALTY KOMIICHCAI[ITHOrO 3aBOaHHS MiX
KUJIbKOMa 1HBEpPTOpaMHu (3 ypaxyBaHHAM iX pe3epBy mnoryxHocti) [14]. Takuili mpuHImn
Y3TO/KYETHCS 13 CYy4aCHOIO KOHIICTILIIEI0 THYYKUX MEpex (smart inverters).

Kpim ¢inbTpiB, A7 3MEHIIEHHS TapMOHIK BaKIMBO OOMEXYBaTH iX TIeHEpamiio y
mkepem. Hosi cranmaptu (IEC 61000-3-2:2018) mocunmwimm BUMOTH 0 BHUPOOHHKIB
no0yToBOI Ta 0(icHOI TEXHIKU 11070 KoedilieHTa HEMIHIMHUX cnoTBOpeHb cTpyMy. CydacHi
JDKepesia JKUBJICHHS BHKOHYIOTBCS 3@ TOIOJIOTIEI0 3 KOPEKI€lo KoedilieHTa MOTYKHOCTI
(PFC), sixa MiHimi3ye BULI TapMOHiKH. TakuM YMHOM, TEXHOJIOTIYHUH MPOTPEC CIPHUSIE TOMY,
10 Xo4ya a0CONIIOTHA KUIBKICTh HENIHIMHMX HAaBAaHTAXXEHb 3POCTAE, IX SKICTh 3 TOYKU 30pYy
TapMOHIK TIJBUIIYETbCA. THUM HE MEHII, y TPOMHUCIOBUX YCTaHOBKAaX 13 BEIMKHMHU
NEepeTBOPIOBAYaMH JI0IATKOBI (PIIBTPHU 3IMIIAIOTHCS HEOOX1THUMHU.

5. KommneHncauisi peakTHBHOI mNOTY:KHOCTi Ta duiikepa. KonuBaHHs Hampyru
(dutikep) Ta 3aranbHUI PiBEHh HATIPYTH TiCHO TOB’sI3aHi 3 0AIAHCOM PEAKTHBHOI MOTY>KHOCTI
B Mepexi. s mokpamieHHs CTaOUIBHOCTI HAampyrd 3acTOCOBYIOTH CTallioHapHi OaTapei
KOHJICHCATOPIB Ta pPEAKTOPH, SIKi BMHUKAIOTHCS/BUMHUKAIOTHCS ABTOMATHYHO 3a IOTPEOH.
OpHak Taki CTyImiHYacTi KOMIIGHCATOpPH HE 3JaTHI OOpPOTHCS 3 MIBHIKAMH KOJMBAaHHSIMH
(HampuKkiaj, B IyroBoi medi, € 3MIHU BiIOyBalOThCS KUJIbKA pa3iB Ha CeKyHIy). B Takux
Bumaakax epexkruBHi quHamiuHi komneHcatopu VAR — SVC ta STATCOM. TpanuiiitHuit
SVC cknanaerbest 3 TUPUCTOPHUX PEAKTOPIB 1 KOHJEHCATOPIB, 1 MOXE TUTABHO 3MIHIOBATH
TeHEpOBaHY/TIOTJIMHAEMY PEaKTUBHY MOTYXKHICTh IPOTAroM HamiBnepioay. Hampukian, Ha
eJIeKTpocTaleruiaBuiIbHuX KoMOiHaTax SVC BCTaHOBIIOIOTH O€3MOCEPETHBO Ha YKUBJISUUX
INIMHAX Te4el: BIH BIACTEXKYE MUTTEBY PEAKTHUBHY IMOTYXHICTH AYIM 1 MpPOTHUJIE 1M,
3rapKytoun KonuBaHHs Hanpyru [17,18]. Lle mo3Bonse 3HauHO 3HU3UTH (Quiikep (Ha
npaktuili — B 2-3 pasu). llle kpami mokaznuku mae STATCOM Ha 6a3i TpaH3UCTOPHUX
IHBEPTOpPIB: BIH 3JaTE€H pearyBaTM Ha 3MIHM 3a JEKUJIbKa MUIICEKYHJ 1 TeHepyBaTH
PEaKTUBHUN CTPYM 3 HEOOX1JHOIO IIBHJKICHOIO XapaKTEPUCTUKOIO, HE3AIEKHO BiJl HAIPYTH
mepexki. STATCOMu ycniniHo 3acTOCOBYIOTHCS AJIsl NIATPUMKH HaIllPYTH y BITPOBUX MapKax,
KOMITeHcarlii (hJikepy BiJl 3BaprOBaIbHUX MAIIMH, a TAKOXK ISl MIBUAKOTO TaCiHHS HECUMETPIi
(3a paxyHOK TeHEpyBaHHsS HETaTHBHOI TMOCIIOBHOCTI cTpymy). B [19] aBtopm
MPOJIEMOHCTpYBaNIA, 1m0 BuKOpucTaHHS KepyBaHHS STATCOMom Ha OCHOBI METO/IIB
HITYYHOT'O 1HTEJIEKTY J03BOJISI€ OJTHOYACHO MOMIMIIUTH AeKUIbKa MoKa3HUKIB PQ — 3meHImmTH
1 ¢mikep, 1 rapMmoHiky, 1 nucbananc. st 60poTe0u 3 ¢IikepoM TaKOX 3aCTOCOBYIOTHCS
€JICKTPONPUBOIA 3 PETYJIIOBAaHHSIM MOMEHTY JYyTH B Tedax, CTaOuLTi3aTopHu MpoIecy, sKi
3IJ1aJKYIOTh KOJMBAHHS CTpyMY. AJle OCHOBHUHM MIAX1] — caMe MepekeBi KOMIEHCATOPH.

6. YcyHeHHs1 HecuMeTpii. Sk 3a3Havanocs, HECUMETPiS BHHUKAE TOJIOBHUM UYHHOM
yepe3 oaHo(da3Hi HaBaHTaxeHHS. OTxe, NepUIMM KpPOK — paliOHAJIbHUN PO3MOALI
onHo(a3zHuX croxuBaviB 1o (azax Mepexi, mod 30amaHcyBatu cTpymu. Ha mpomucioBux
00’€KTax BCTAHOBIIOIOTH ABTOCTAOLII3aTOpH OallaHCy HaBaHTAXXCHHS — KOHTPOJIEPH, IO
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aBTOMAaTHUYHO TMEPEMHUKAIOTh YaCTUHY OJHO(A3HMX HaBaHTaXEeHb MK (azamMu mpu
JOBroTpuBajoMy naucOamanci. J[ns kKommeHcamii 3ajdMIIKOBOi HECHMETpii Ta CTpyMiB
HYJHOBOT MOCIIOBHOCTI BUKOPUCTOBYIOTH PIBHOMIPHO PO3MOJiJIEH] 3a3eMJICHHSI HEHTpali Ta
GiIbTpH HYIHOBOI MOCHIIOBHOCTI (3a3BUYail e TpHQas3Hi Ipynu KOHACHCATOPiB/peakTopis,
3’€¢lHaHl y BIAKPUTHI TPUKYTHUK). Y TIATOBUX MiJCTAHIIAX 3aJI3HULG MPAKTHKYETHCS
BKJIIOYCHHS OanaHCcyrounx TpaHcdopmaTopiB abo cremianbHuX cxeM (Hampukiaz, cxema Jle
bnana), mo nepepo3noAlIfiOTs 0JHO(MA3HEe HAaBaHTAXEHHS MO TPbhOX (ha3ax piBHOMIpHiIIE
[20]. B Mikpomepexkax 3 HECHMETPIEI0 MOXKYTh 3aCTOCOBYBATHCSA IIEPETBOPIOBaUi, SKi
TCHEPYIOTh MOTPIOHY HETraTHUBHY MOCTIAOBHICTH s 11 CcKacyBaHHS (JHesAKi CydacHi
JNCTATKOM wmoxyTh 1€ poOuTH). 3arajioM, WiATPUMKA CHUMETpii — 3aJada MEHII
TEXHOJIOTIYHO CKJIaJHa, HIK, CKaXIMO, KOMIICHCAIis TapMOHIK, 1 YacTO BHUPIIIYETHCS
opraHizauiiftHo (paBWILHUM (ha3yBaHHIM).

7. YupapJiHHA fIKIiCTIO B PO3MOiIeHUX cUcTeMaX. [3 po3mIMpEeHHsIM MIKpOMEpex i
Smart Grid BHHWKae MOXJIMBICTh THYYKIIIE KEepyBaTH SKICTIO HAa MICIIEBOMY piBHi.
Hanpuknan, iHBepTOpU COHSYHHUX Oarapeil MOXKYTh IpamoBaTu 3a crparerieo “Volt-VAr”,
TOOTO MpH MiABUILEHHI HAIPYTH TEHEPYBATH PEAKTHBHY MOTYKHICTh (3HIDKYIOUH HAIIPYTY), a
IIpU 3HWKEHHI — CHOXHUBATH (MigHiMaroun Harpyry). Lle cxoxe Ha pobory STATCOM, ane
PO3MOALIEHO MO 0araThbOX MallMX JpKepenax. TakuM 4YMHOM, MPOCYHYTI QyHKIIT “po3yMHHX”
IHBEPTOPIB JO3BOJISAIOTH MOM’ SIKIIUTH MPOOJIeMy NepeHanpyrd B JSHHUN 4ac y Mepexkax i3
BEJIMKOIO TeHEpAIli€l0 Ha JaxXy OyAMHKIB. AHAJIOTIYHO, MAacOBE ITiIKJIFOUCHHS SICKTPOMOOLTIB
MOXe OyTH TmepeTBOopeHe 3 TpoOJeMH Ha pecype: 3apsaHl CTaHmii 3  QYHKIE
JIBOHAIPABJIEHOIO XUBJIEHHSI V2G TEOPETUYHO MOXKYTh BIJJaBaTH MOTY)KHICTb Y MEPEKY
IIpY MPOCIJIaHH]1 HAapyru ab0 BUCTYNATHU SIK aKTUBHI (QUILTPU AJIs TApMOHIK. X04a Takl CXeMHU
e B CTajli JOCIHIKEeHb, IPOT€ BOHU OOTrOBOPIOIOTHCS Yy JiTeparypl [14]. [Hmuil cyyacHuit
KOHILENT — TOPriBiIsl SKICTIO enekTpoeHeprii. B [21] aBTopu 3ampornoHyBamu ‘‘puHOK
TrapMOHIK” y MIKpOMEpEXK1, € PI3HI YJaCHMKHU (T€HEepaTopu 4M CIOXKHUBadl 3 (QUIBTpaAMH)
MOXKYTh MpPOIOHYBAaTU MOCIYTH 3 (UIbTpalii TapMOHIK 3a BHUHAropogy. Takuil miaxifg
CTUMYJIIOE E€KOHOMIYHO BCTAaHOBJIEHHS (QUIBTPIB TaM, J€ L€ MOTpiOHO, 1 J03BOJISE
pPO3MOAUTMTH BUTPATU Ha 3a0e3nedueHHss PQ M ycima 3aliikaBIeHUMU cTopoHamu [22].

8. Vnpasuainasa skicTio Ha cropoHi cmoxuBauiB. KopucryBadi eiekTpoeHeprii,
0COOJIMBO MPOMUCIIOBI, T€K BXKMUBAIOThH 3aXOJIB IS 3aXHUCTY CBOTO OOJIaHAHHS 1 3HIKCHHS
HEraTHBHOI'O BIUIMBY Ha Mepexy. OKpiM Bxke 3raganux (uIbTpiB 1 Jkepen Oe3nepeOiiiHOro
JKUBIICHHSI, BEJIMKI ITIPUEMCTBA BIPOBA/DKYIOTh CUCTEMH EHEPTeTHYHOTO MEHEIKMEHTY,
K1 KOHTPOJIOIOTh Tpadiku HaBaHTaKEHHs, 1100 YHUKaTH panToBuX cTpuOkiB. Hampukian,
pO3MOALT TMYCKIB JBHUTYHIB y dYaci (IyCK HE BCIX OJHOYACHO, a IO Yep3i) 3MEHIIYE
MakcHUMaJbHiI NpoBaiu. BukopucranHs nmpucTpoiB miaBHoro mycky (Soft Starter) ictoTHO
3HI)KYE KHIKH CTPYMy, XO04 1 TOJOBXKYE po3riH. JlJis 3HIKEHHS TapMOHIK Bif
MEepPEeTBOPIOBAYIB YaCTOTH BHUPOOHUKM YacTO IHTETPYIOTh y HUX (UIbTpU TapMOHIK abo
aKTUBHI (POHT-eHI MOAydl — e ao3Bojise BukoHatu HopmatuB IEEE 519 HaBith 6e3
JOTaTKOBUX 30BHIMIHIX (PUIbTpiB. KO OOMamHAaHHS Ty)Xe€ YYTIHUBE JI0 HABITh HEBEIUKHUX
BIIXWJICHb HANPYTH (HANpUKIAM, AesAKI MEIWYHI TPWIaId, BUCOKOTOUHI BepcTaTu 3 UIIY),
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BCTaHOBIIIOIOTHCA JIOKAJIBHI CTa011i3aTopy Hanpyru abo peryisaTopu Hampyry MBUAKOL 1T Ha
MicIli crokuBada. BoHM MIATPUMYIOTh BHXIJAHY HAmpyry CTaOUIbHOIO MPH 3MiHI BXiTHOI B
niana3oHi, ckaximo, +15%. Xoua 11e He BIUIMBAaE Ha HAMPYTy y BCill MEpexi, aje 3axuIiae
KOHKPETHUI KPUTHYHHIH ITpoIiec Bifl 30010.

Omxe, apceHan 3aco0iB KOHTPOJIO Ta MOKPAIICHHS SIKOCTI €JIEKTPOCHEPTii € IOBOIIi
mupokuM. Ha piBHI Mepexi omnepaTopd BHUKOPUCTOBYIOTH KOMIIEHCATOPU PEaKTHBHOT
HOTYXKHOCTI, (IIBTPU TapMOHIK, PETYJIATOPH HANPYTd Ta Pe3epBHI CXeMH KuBJIeHHS. Ha
piBHI criokuBaviB — (QiIBTPH, MPUCTPOI 3axucTy Bix nposaii (UPS, DVR), 3aco6u minaBHOTO
NycKy Ta OajaHCyBaHHsS HaBaHTa)XKEHHS. [HTeNIeKTyalbHI Mepexi BIKPHBAIOTh MOXKIMBOCTI
PO3MOAICHOTO YIpaBIIiHHS SKICTIO: 1HTerpamii (yHKLIH KOMIEHcalii B cami pO3MojiieHi
JDKepena, CTBOPEHHs JIoKanbHUX cepBiciB PQ (Quality as a Service). BaxmmBow € i
pEryIsTOPHA CTOPOHA: CTUMYJH 1 Tapudu, sKi 320X0UYyIOTh CIIO)KMBAYiB HE MEPEBUIIYBATH
BCTAHOBJICHI JIIMITH 3a TIOKa3HMKaMHU SKOCTi. llpumipom, y e KMX KOHTpaKTax 3a
NEPEBUIICHHS JOIMTYCTUMOTO BHKHAY TapMOHIK a00 BUKIMKAHHS MPOBAy HANPYTH MOXYTh
HaKmajgatucs ITpadu Ha  CHOXuBaya--‘3a0pyaHtoBaya”. Takwili miaxig  MOTHUBYE
BCTAHOBJIIOBATH (UIBTPH 1 KOMIIEHCATOPH. 3 1HIIOTO OOKY, Y BHIIAJKy HEIOTPUMAHHS PiBHIB
HaNpyrd IOCTAYaJbHUKOM, CIIO)KMBAa4 MOJKE BHMAaraTh KOMIIGHCaliio (1o mepeadadeHo
NpaBUJIAMU €HEPTONIOCTauYaHHs B Psi/ii KpaiH).

[TincyMOBYrOUM aHATITUYIHUAN OTJISAA, CIiJ BiM3HAYMTH, M0 €PEKTHBHE 3a0e3MEUCHHS
SKOCT1 €JIeKTPOEHEprii B Cyd4aCHHX yMOBax MOTpeOye KOMIUIEKCHOTO MiAXOMy: MOCTIHHOTO
MOHITOPUHTY PQ-TIOKa3HUKIB, MIBUJAKOI J1arHOCTUKHM HPUYUH BIIXHWJIEHb Ta 3aCTOCYBaHHS
BIJIMOBIAHUX TEXHIYHUX 3ac001B KOPEKIIl Ha PI3HUX pIBHIX cucTeMH. Jluiie nmoegHaHHS
3ax0/1B Ha Oolll Mepexi (3arajJbHI KOMIIEHCATOpH, CTaHJapTU3allisl MmapameTpiB) 1 Ha OoIl
criokuBava ((uIbTparlis, 3aXuctT oOJagHaAHHS) JT03BOJISE JOCATTH CTAaOUIBHOTO JOTPUMAHHS
HOPM SIKOCT1 €JIEKTPOEHEPTii B yMOBAaX POCTY HaBaHTaXEHb 1 JEIIeHTpai3allii reHeparii.

BucHoBku. MeTonu KOHTPOJIIO 1 MiJBUILEHHS SIKOCTI €JIEKTPOEHEprii IHTEHCUBHO
PO3BUBAIOTHCS, MPOTIOHYIOYH SIK TPaJWLIIHHI 1H)KEHEPHI PILICHHS, TaK 1 IHHOBAI[IMHI MIXOAH.
Jlo mepeBipeHUX TEXHIYHUX 3acO0IB HajekaTh: KOHJAEHCATOpHI Oarapei Ta peakTopu s
NIATPUMaHHS PiBHS HANpyry; craTudHi Bap-koMmmeHcatopu (SVC) Ta craTU4HI CHUHXPOHHI
komneHcaropu (STATCOM) nans nuHaMivyHOI KOMIEHcalli peakTHUBHOI MOTYKHOCTI Ta
Gbaikepy; macuBHI PUIBTPU TAPMOHIK JJIT HAUOLTBII MPOOIEMHUX YaCTOT; aKTUBHI (QiITPH HA
CWJIOBHX 1HBEPTOpAX, 3/1aTHI B PEXHUMI PEaJbHOTO Yacy OYMIIYBAaTH MEPEXy BiJ IMIMPOKOTO
CHEKTpY rapMoHik; rpuctpoi Ty DVR Ta mxepena 0e3nepebiifHOro dKUBICHHS IS 3aXUCTY
BIJIMOBIIAJTbHAX CIOKMBAYIB BiJl MPOBATIB HAMPyrd Ta KOpPOTKWUX Tmepeps. [lapanensHO
pPO3pOOIIAIOTECS  CHCTEMH  aBTOMAaTHYHOTO KEpyBaHHS IIMMH  3aco0aMu:  30Kpema,
BUKOPDUCTAaHHA aJITOPUTMIB Ha OCHOBI IITYYHOTO IHTENEKTY JO3BOJIMJIO MOKPAIIUTH
epextuBHicTh D-STATCOM mpu 3riiapkyBaHHI KOJIMBaHb Hampyrd 1 KOMIIEHCYBaHHI
HecuMeTpli. B mitepaTypi ocTaHHIX POKIB TaKOXX 3alpPOIIOHOBAHO KOHIIEMIII PO3MOIiIeHOT
KOMIIeHcallil, Koy QyHKIii nokpameHHs PQ BOyaoBaHO y cami reHepaTOpH 1 HABAHTAKEHHS
(Hampuknaa, “po3yMHI” MepexkeBl 1HBepTopH 3 (GYHKII€ QuUIbTpalii TrapMoOHIK Ta
perymoBaHHs Hanpyru. Lle ocoOMMBO TEpPCHEKTHBHO JUIsl MIKPOMEPEX 1 aKTHBHUX
pPO3MOAUTBYUMX CHCTEM: TIPOAHAI30BaHl JOCIHDKEHHS MATBEPKYIOTh  MOXKIIUBICTh
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MiABUILEHHS SIKOCTI HAPYTH B MIKPOMEPEKi 32 PaXyHOK KOOpAMHALT POOOTH PO3IMOIIICHUX
JDKEpes Ta HakomuuyyBadiB. Ha cTOpOHI Crio)krBaviB BIPOBAKYIOTHCS MPOTPAMU KepyBaHHS
HaBaHTA)KCHHSM, 00 3HM3UTH IMKOBI KHUJKH, a TAKOXX BCTAHOBIIIOIOTHCS JIOKAJIbHI 3aCO0H
3axucTy (crabimizaTopu, (QUIBTPH) BIAMOBIAHO JO BUMOT JO SKOCTI J>KHMBIICHHS IXHBOTO
o0JIaTHaHHS.

KommiekcHe 3a0e3mneueHHs SIKOCTI eJeKTpoeHeprii morpelye cHiBIIpani MK yciMa
yYaCHHKaMH €HEeprocucreMu. EHepromocravanabHi MiJIPUEMCTBA TOBHHHI BUKOHYBAaTH
1HBECTYBaHHS B MOJAEPHI3aIlil0 Mepex (U1 3MEHIICHHS! BHYTPIIIHBOTO OTMOPY, BCTAHOBJICHHS
3aco0iB KoMmeHcanii 1 ¢inbTpamnii Ha MiJCTaHLIAK), BIPOBAIKYBATH CUCTEMU MOHITOPHUHTY
PQ Ta mBuAKOro pearyBaHHS Ha BIAXWICHHS (aBTOMaTHYHE NEPEMHUKAHHS MEPEKEBHX
KOH(irypariii, amanTUBHE KepyBaHHS 30yIKEHHSIM TeHeparopiB Tomo). CroxxuBaui,
0COOJIMBO TPOMHMCIIOBI, 31 CBOrO0 OOKY IOBHHHI JOTPHUMYBATHCS HOPM €MICii TapMOHIK i
pPEaKTHBHOI  TOTYXHOCTI — s IOrO  BEJNMKI  MIANPHUEMCTBA  3aCTOCOBYIOTH
(bUTBTPOKOMIIEHCYIOUI YCTAaHOBKH 1 MPUCTPOI MJIABHOTO MYCKY. BHPOOHHMKH €NEeKTPOTEXHIKU
MIPOJOBXKYIOTh BIOCKOHATIOBATH TPUCTPOi 3 TOYKH 30pY EIEKTPOMArHiTHOI CYyMiCHOCTI
(mampukian, Maixke Bci cydacHi LED-npaiiBepu Mmarote PFC-kopekropw, 1o H03BOJIsIE
CYTTEBO 3HH3UTH KOE(]ili€HT rapMOHIK CTpyMy). KpiM TeXHIYHUX, JI€BUMHU € €KOHOMIYHI Ta
HOpPMATHBHI MexaHi3Mu: nudepenmianis TtapudiB Ta mTpadHi CaHKHOIT 32 MOPYIICHHS
MOKa3HUKIB siKocTi. Hampukian, BBeIeHHS “KOHTPAKTIB SKOCTI” CTHUMYIIOE€ OOJICHEpPro
MIATPUMYBATH HAPYTy B 33IaHUX Mexax (IHaKIIe rependadeHa KOMIICH ALl CII0KHBadaM),
a MPOMMUCIIOBUX CIIO’KMBaY1B — HE MIEPEBUILYBAaTH BCTAHOBJIEHI TAPMOHIYHI CTPYMH (B IHIIOMY
pasi wrpad abo BiAKIOUEHHs). Takuil miaxia Hapasi 3aCTOCOBYETHCS y PsJil KpaiH 1 MOKazye
€(eKTHUBHICTb Y 3HI)KEHH1 KUJIBKOCTI CKapr Ha SIKICTh €JIeKTPOIIOCTayaHHS.
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Monitoring and enhancement of power quality in industrial power networks

The aim of this research is a comprehensive analysis of power quality (PQ) issues in
industrial power networks, as well as the development and systematization of methods for
monitoring, diagnosing, and improving key PQ parameters, such as harmonic distortions,
flicker, voltage sags, phase unbalance, and reactive power.

The methods. The study employs a combination of theoretical analysis, review of
relevant standards (IEC 61000-4-30, EN 50160, IEEE 519), and practical experience in the
implementation of modern digital PQ analyzers. The use of filters, compensators, and
intelligent systems is analyzed, including DVR, STATCOM, hybrid active filters, and machine
learning algorithms for classifying PQ events.

Findings. The research outlines the main PQ indicators and presents methods for their
measurement, diagnosis, and compensation. Examples of implemented technical solutions for
improving power quality are provided, including passive and active harmonic filters, SVC
and STATCOM for flicker mitigation, methods for reducing phase unbalance, and protection
against short-term voltage disturbances.

The originality. The study proposes a concept of distributed power quality
compensation using smart inverters and charging stations. The application of neural
networks and S-transforms for real-time identification of disturbance sources is discussed.
The advantages of integrated approaches to both local and centralized PQ correction are
substantiated.

Practical implementation. The results can be used by energy management engineers
and enterprise personnel to build monitoring systems, protect critical equipment, and
enhance energy efficiency. The proposed solutions reduce failure rates, energy losses, and
maintenance costs, ensuring compliance with modern sustainable development standards.

Keywords: power quality, PQ standards, IEEE standards, EN 50160, harmonic distor-
tion, flicker, distributed generation, microgrids, compensation, energy standards.
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PE®EPATHU

YJIK 004.8

Mamranip C.B., Jlengsen [.II. O6podka Bineo 3 ApoHiB nuigsxom (pparMeHTHOro
anaJizy // Cucremni Texnosorii. PerionanbHuii Mi>kKBY31BCbKUH 30ipHUK HAyKOBHX Tpallb. - Bu-
nyck 2(157). — Auinpo, 2025. — C.3—-11.

B npomy nocnikeHHI MU 30CepeIMINCs Ha aHali31 BiJieo 3 APOHIB JJIsl BUPILICHHS 3a-
nadi oOpoOKku (GparMeHTIB Bifieo, 3HATHX PyXOMOK Kamepor. KoxeH kaap po3miieHui Ha
MeHI (parMeHTH 3a JOIMOMOTOI METO/AY CErMEHTallli Ha OCHOBI CITKH, IO Ja€ 3MOTY JIO-
KaJli3yBaTH Ta JIETAIBHO aHami3yBatu pyx. CunrymsapHe poskinaganss (SVD) 3acTocoByeThCs
i obuucnenHs Hopmu Ki @an a1 KOXKHOTO (parMeHTy, 10 JT03BOJISIE BUSBUTH JAUHAMIUHI
3MIHHM MiX TTOCITIJOBHIMH KaJIpaMH.

bi6in. 28.

YK 539.4, 539.5

3umornian A.XO., I'yna A.l, Tkauenko C.O. BuiuB cTpyKTYypH 3an0BHEHHS 3pa3KiB
npu 3D apyky Ha ix MinHicTb // CucremHi TexHoorii. PerioHanpHuil MbKBY31BCBKHI 30ipHIK
HayKOBUX Mpallb. - Bumyck 2(157). — qninpo, 2025. — C.12 — 22.

VY craTTi ONMMcaHo MOCIIKEHHS BIUIMBY CTPYKTYpH 3anoBHeHHsS 3D nerani Ha MexaHi-
yHy MinHicTb. [Tapametp 3anoBuenHs (Infill) BrtnBae Ha MilHICTH Ta MEXaHIYHI BIACTHBOCTI
OTPUMAHOTO TPUBHUMIpPHOTO 00'ekTa OumbINe 3a iHmi. ToMmy came el mapamerp Oyiio a0-
CJII/DKEHO B IiH CTATTI, ii BIUIMB Ha MILIHICTh HAJAPYKOBAHOI JIeTai.

bi6in. 3.

YK 004.05

€pdimenxo A.I1O., Koitbiuyk B.B., Munenko C.B., I'punienko K.I'., fluenko B.B. Ilpo-
rpamMHe 3a0e3neYeHHs SIK KaTAJi3aTOp POo3BUTKY Ki0epcnopTuBHOI iHaycTpii // CucteMH1
TEXHOJIOTI1. PerioHanbHuil MDKBY3IBChKHIA 30ipHUK HAYKOBUX Tpallb. - Bumnyck 2(157). — [IHinpo,
2025. - C.23 - 34.

MeTtoro pobOTH € BU3HAYEHHS pPOJII MPOTPAMHOI0 3a0€3MEUEeHHs SIK KaTaii3aTopy po3-
BUTKY K10€pCIIOPTUBHOI IHAYCTpii. Y CTAaTTI BUOKPEMIIEHO TEXHOJIOTTYHI OCOOJIMBOCTI Cyyac-
HUX Tpadiunux nporecopiB (GPU), mo BUKOPHCTOBYIOTECS Y KiOEpCHOPTHUBHIN iHAYCTPIl, a
came: kinbkicte CUDA/Shader-saep, Tvnu iHCTPYKIIid, MiATPUMKY HOBHX TE€XHOJIOTiH, MPO-
MyCKHY 3/JaTHICTh MaM ST Ta TEXHOJOTI] TpacyBaHHS MPOMEHIB, 1[0 y KOMILJIEKCI rapaHTye
00poOKy Ta BHUBEAEHHS BUCOKOSIKICHOI Trpadiku. 3arporoHOBaHO Kiacuikaiio (QyHKIIO-
HaJIbHUX BUIB MPOTrpaMHOro 3a0e3MeueHHs], 1[0 CTAHOBJIATh €JMHY CUCTEMY B3a€MO3B’ SI3KIB.

bi6um. 16.

YK 519.854.2

KoBantenko €.0., Typunna B.A. IIpo nokpameHHs Ha0JIMKEeHUX PO3B’A3KIB 3aja4i
napaJjejibHOr0 yNnopsiIKyBaHHsI Ta aHAJi3 Mo/eJi oaHoro ii y3arajibHeHHs1 // CucremHi
TEXHOJIOTI1. PerioHanbHuil MDKBY3IBChKHIA 30ipHUK HAYKOBUX Tpallb. - Bumnyck 2(157). — [IHimpo,
2025. - C.35-47.

PosrasigaeThcsi MOKITMBICTD TOKpAIIEHHST HAOJMMIKEHUX PO3B’S3KIB B 3ajadyax mapale-
JBHOTO YNOPSJIKYBaHHs, OTPUMAHUX 3a BIJIOMUMH aJIrOPUTMAMH, 32 PaXyHOK O3BOJY Iepe-
puBaHHs poOiT. [IpoananizoBaHo BIUTMB J03BOJTY NEpEpHBaHb Ha ONTUMAJILHICTh PO3B’S3KY.
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Jlnst po3B’sA3aHHA y3arajJbHEHOI 3a/1a4i YIOPSAKYBAaHHS Y BUIAAKaX, KOJIU BiAMOBIAHUHN rpad
€ PETYISPHUM 1 BITHOCUTHCS 0 MiAKJIACY IOBHUX JIBOAOJIBHUX PO3POOIICHO MOAM(IKOBAHUI
aJITOPUTM, 1[0 BPaXOBYE JIOMYCTUMICTh IIEpEpUBAHb IIPH BUKOHAHHI BiJIOBITHUX POOIT.

Bi6mn. 8, i1. 3, Tabm. 0.

VIK 629.735

Kopuyra B.A., Karamaii 10.B., Mepenbsko b.I., mutpiB [.f., Isanmiz H.T.,
Kopnyra O.B., Isuyk A.B. MeTtoau 3MeHIIeHHS] PU3HMKIB i IOMMJIOK B PO0OTi iHTe1eKTYy-
aJIbHUX aBTOMAaTH30BAHMX cHcTeM HadToraszosoi rauaysi / Cucremni texHomnorii. Periona-
JIBHUI MDKBY31BChKUIA 30ipHUK HAYKOBUX Ipallb. - Bumyck 2(157). — [Ininpo, 2025. — C.48 — 58.

VY cTarTi po3rasHYTO OCHOBHI METOJU 3MEHIICHHS PU3UKIB Ta IOMUJIOK Y POOOTI iHTe-
JEKTYaIbHUX aBTOMAaTU30BAaHUX CHCTEM Ha(TOra3oBoi raiysi, 30KpeMa, BIOCKOHAJICH] IMiIX0-
niB o Bepudikaiii Ta TectyBaHHs. JlOCTIKEHO 3acTOCYBaHHS (HPOpMaTbHUX Ta HeGopMalb-
HUX METOJIB BepH}iKallii, a TAKOX MOIYIBHOTO, IHTETPAIlifHOrO Ta TECTyBaHHS Ha OCHOBI
BIacTuBocTel y crienudiunnx cucremax IAC. BuznaueHo miIxoau Ui BUMIPIOBAaHHS CTPYK-
TYpPHOT'O IOKPUTTS Ta ONTHUMI3allii IPOIECy TECTYBaHHS.

bi6m. 18, im. 1.

VK 622.8.1/.8:519.65:539.3

JlapionoB I'., 3emmsna 0., XBopoctssiH B., bymiu 0. Bukopucranus meroay
MOCJIiI0BHOT apoOKcHUMAIil 10 BU3HAYEHHS MOB3/I0BKHIX 3yCHJIb B MeTAJI0MOJiMEPHOMY
aHKepi miJ yac MpoBeJleHHs TeCTiB HA BUCMHUKYBaHHs // CucteMHi TexHoJorii. Perionans-
HHI MDKBY3IBChKHIA 30IpHUK HAYKOBHX TIpallb. - Bumyck 2(157). — uinpo, 2025. — C.59 — 74.

CrarTs npucBsiu€Ha NMOPIBHAHHIO PE3YNbTATIB JIOCIIKEHbh HA BUCMUKYBAaHHS MeTallo-
MOJIIMEPHUX aHKEPIB 3 BpaxyBaHHSAM OCOOJIMBOCTEN B CHCTEMax aHKEpHa IITaHra-(ikcyroua
CyMINI-TipChKa TOpOAa 3 MapaMeTpamMH OTPHMAHUMH 3 BHKOPHCTAHHSIM METOAY CKIHUEHHX
enieMeHTiB. OTpuMaHi pe3ynbTaTu JEMOHCTPYIOTh BIAMOBIIHICTh MEXaHI3MY HaBAHTaXCHHS
MeTaJIONOoIMEpHUX aHKepiB. OTpuMaHi crHpoleHi GopMynH sl BUZHAYEHHS 3aJ1€KHOCTEN y
000sIoHI1 (PIKCYIOUOi CyMilll B KOHCTPYKTUBHUX TIlapaMeTpiB CUCTeMH. BukoHaHO
MOPIBHSHHS OTPUMAHUX PE3YJBTATIB 3 MapaMeTpaMu OTPUMAHUMH METOJIOM CKIHYCHUX ele-
MeHTIB. [IpencraBieHo rpadiuni 3a1eKHOCTI. 3pO0JIEHO BUCHOBKU MPO PO3IOJALT OCHOBHUX
3yCUJIb B3J0BXX METAJIOMOJIIMEPHOTO aHKepy. 3p00JIeHO BHCHOBOK MpO e€(EeKTHUBHICTH 3a-
CTOCYBaHHS 3alIPOIIOHOBAHOTO METOAY 110 aHami3zy pe3yibTariB SEPT tectyBanHs.

Bioun. 26, 1. 5.

YK 519.8:519.178

Mamnienko O.0O., Typunna B.A. 3agaua onTuMajabHOro po3moAiily pecypciB aJis
BUINIAJAKY o0MeskeHb Ha iX BUKopucTaHHs // CucreMHi TexHOOrii. PerioHanbHuil MiXBY31B-
CbKHii 30ipHUK HAYKOBHUX Ipailb. - Bumyck 2(157). — uinpo, 2025. — C.75 — 81.

PosrnsimaeThest y3aransHEHHS OJHIET 13 3a/1a4 TUCKPETHOI ONTHUMI3allii, 1110 1MOB’sA3aHa 3
ONTHUMAIBHOID OpraHizamiero BHPOOHWYOTO mporecy. lle y3arampHEHHS CTOCYETHCS
PO3MOALTY pecypciB JJisi BUKOHAHHS (DIKCOBAaHOT MHOXXHHH 3aBJIaHb 32 HASIBHOCTI CIEIialb-
HUX YMOB 1X BUKOPUCTaHHs. BBe€HO MOHATTS MHOXKHHH (PIKCOBAaHUX POOIT, BUBHAYEHO YMO-

BH iX Y3TOIKEHOCTI, pO3B’SI3HOCTI Ta OajaHCy 3aBaHTa)xeHHs. J[OCTIKEHO BIIMB TaKUxX 00-
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MEKEHb Ha JOBXHHY ONTHMAJIBHOTO YIOPAAKYBaHHA. [IpoBeneHO aHaii3 aHOMalbHHUX
BUIIAJIKIB, KOJM 3MEHIICHHS Yacy BUKOHAHHS 3aBJaHb, 30UIBIIEHHS KUTBKOCTI BHKOHABIIIB
a00 mocnabaeHHs TEXHOJIOTIYHUX 0OMEXEHb PU3BOAMTS JI0 MOTIPIIEHHS PO3B’A3KY.

bi6n. 7, in. 1, Tadm. 4.

YK 004:02

Mopo3s b. 1., Iumanekuit O.0. MeToau, aJIropuTMu Ta NPOrpaMu Ui BUABJICHHSA
NMOMMJIOK B reonpocTOpoBiii 0a3i JaHNX HA NPUKJIAI IeP:KaABHOI0 3eMeJbLHOI0 KaJ1acTpy
// Cuctemui TexHojorii. PerioHanbHuii MiXBY3IBCbKUI 30ipHUK HAayKOBHX mpalb. - Bumyck
2(157). — Auimpo, 2025. — C.82 — 92.

Benuki reornpocTopoBi 6a3u JaHUX MICTATh BENUKI 00CsIru iH(OpMaLii, KOTpi MOXYTh
MICTHTH TIOMWJIKH, COPUYHHEHI JIOJCEKAM (PaKTOPOM, TEXHIYHUMH HETOYHOCTSIMH 200 PO3-
ODKHOCTAMH y TpoeKIisx. Lli MOMWIKM HEraTMBHO BIUIMBAIOTH HA TOYHICTH AAHUX 1 e(dek-
TUBHICTh X BUKOPUCTAHHS, 10 BAYKJIUBO JUISI KQJACTPOBUX CUCTEM. Y CTATTI PO3IIITHYTO Me-
TOJIM aBTOMATHU30BAHOTO IMOIIYKY TIOMIJIOK y 0a3i 3eMelNbHHUX TUISHOK JlepaBHOTO 3eMelb-
HOTO KamacTpy Ykpainu. JlocnmimkeHHs 30cepe/keHe Ha BHKOPHCTAaHHI MPOCTOPOBUX 3a-
IHTIB, 30KpeMa point-in-polygon Ta polygon-in-polygon, /i MomIyky HOMHJIKOBHX 00'€KTIB.
PesynbraTy MoKa3yoTh, 110 3aIPOIIOHOBAHI alTOPUTMH MiJBUIIYIOTh SKICTh JAHUX 3aBISKH
ABTOMATH30BAHOMY KOHTPOJIO MPAaBWIIBHOCTI iX BHECEHHS. BIpOBa/KEHHS TaKUX METOJIB
crpusie HalIHHOCTI KagacTpoBoi iHpopmarii Ta 11 3acTocyBaHHS y cdepi MicTOOyTyBaHHS i
3€MEJIbHOTO YIIPABJIIHHS.

bi6a. 7, i1. 13.

YK 519.688

Opnos C.K., Hakoneuna T.B. 3aBnanns 3a0e3nedeHHs1 MaTepiajonogadi 1Jjisi iHHO-
BaliliHOro nMJIiHApu4YHOro mpunrepa tuny Fugo // Cucremni TexHosnorii. PerionanbHuit
MDKBY31BChKHI 301pHUK HAYKOBHX TIpallb. - Bunyck 2(157). — {ninpo, 2025. — C.93 — 101.

VY crarTi po3risHYTO 3ajady mnojadi marepiany ans muwiiHapudyHoro 3D mpunTepa
Fugo, mo € ximouoBUM I 3a0€3MEUEHHST TOYHOCTI JIPYKY. 3alpOTNOHOBAHO AJITOPUTM PO-
3paxyHKy 00’eMy MaTepiaiy, sIKuil 0azyeTbcst Ha popmynax 06’eMiB T 0OepTaHHA IS KyC-
KOBO-HEIEepepBHOI (PyHKIIT, 1110 ONUCYIOTH (GopMy Apama. BukopucTaHo MeTo Tpaneuii s
YHCEJIbHOTO 1HTErPYyBaHHS, 110 3a0e31eyye TOYHICTh, BIANOBIAHY TEXHIYHUM BHMOTaM Haco-
ca. Pe3ynpraTi miaTBepKYIOTh €()EKTUBHICTD aJITOPUTMY, 110 JI03BOJISIE TOYHO KOHTPOJIIOBA-
TH TIOZa9y MaTepially Ta 3a0e3reuye BUCOKY SIKICTh JIPYKY.

bi6m. 5, i1. 6, Tabmd. 1.

YIK 004.94

Pykcos €.B., Mopo3 b.I. AnaJi3 meToaiB niaBuieHHs1 piBHA aBTOMaTH3auii podo-
YOoro Micusi KOHCTPYKTOpa aepoauHamMiyHux BUPOOIB // CucremHi TexHosorii. Perionans-
HHH MDKBY3IBCBKHI 301pHUK HAYKOBHX TIpailh. - Bunyck 2(157). — Iuinpo, 2025. — C.102 — 111.

[IpoBeneHO TOPIBHAIBHUIN aHali3 ICHYIOUMX HampaloBaHb B cdepi aBTOMAaTH3allii
KOHCTPYIOBaHHS aepoJMHAMIYHUX BUPOOiB. Bu3HaueHi nepcrneKkTUBHI HAPSIMKU AOCITIIKEHb,
SK1 MalOTh MOTEHIIAN MiABUIIeHH epexkTuBHOCTI 3D-MomentoBaHHS aepOIMHAMIYHUX BUPO-
01B. 3anporoHOBaHA KOHIIETITyaJIbHA CXeMa apXITEeKTYPH BJIOCKOHAJIEHOTO aBTOMATHU30BAHOTO
po060YOro MICIsl KOHCTPYKTOpA aepOIMHAMIYHUX BUPOOIB.
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Bi6n. 12, im. 2.
YVIK 531.7
Konomiens JI.B. MaTemaTu4Ha Mo/ieJIb Ta aJITOPUTM KOMIMEHcAlii cMCTeMaTHYHUX

NOXHOOK KOOPAMHATHO-BUMIipIOBaJIbHiii Mammui // Cuctemni TexHosorii. PerioHanbHMiA
MDKBY31BCBKHI 301pHUK HAYKOBHX TIpallb. - Bunyck 2(157). — ninpo, 2025. — C.112 — 119.

CraTTa npucBsiueHa po3poOll MaTeMaTUYHOT MOJIENI Ta alrOpUTMY KOMIIEHCAIl cHuc-
TEMaTUYHUX MOXMOOK KOOpAWHATHO-BUMipioBanbHUX MamuH (KBM). 3amnpomnonoBana mo-
JIelTb BPaXOBY€E T€OMETPUYHI, TEMIIEPATypHi, KIHEMAaTU4YHI MOXUOKH Ta MIXKOCHOBI B3a€EMO/IIi.
Onucano METOIUKY MOOYJOBH MPOCTOPOBOI CITKU MOXHOOK, 110 JI03BOJISIE BUKOHYBATH OIlE-
paTUBHY KOPEKIII0 KOOPAMHAT Yy PEXHUMI pealbHOro 4acy. Po3pobiieHo airoputM KoMIeHca-
1ii, SKWi BKIIIOYA€ €Tany KajaiOpyBaHHS, OOYMCICHHS MOMPABOK Ta aAalTUBHOTO YTOYHEHHS
MOJIEITi 3a pe3yJbTaTaMy BUMIprOBaHb. Peaizalist 3anporoHOBaHOTO MMiIX0/AY MiIBUIIYE TOY-
HICTh BUMIPIOBaHb Ta 3a0e31evye HagiiHUN KOHTPOJIh TEOMETPUIHUX MTapaMeTPiB AeTaICH.

bi6m. 8, im. 1.

YK 531.7

Koznoscekuii B.B., IllxBapuunpbka T.}FO. ABTOoMaTH30BaHi cHCTEeMH KOHTPOJIIO
reoMeTpUYHUX NapaMeTpiB JeTaseil HA 0a3i KOOPAMHATHO-BUMIPIOBAJBLHUX TEXHOJIOTIi
/I CuctemHi TexHoJoOrii. PerioHanpHMIA MiXBY3IBCbKHI 30ipHUK HAayKOBHX Mpaib. - Bumyck
2(157). — Auimpo, 2025. — C.120 — 127.

VY cTarTi pO3MNISAHYTO aBTOMATH30BaHI CUCTEMH KOHTPOJIO T€OMETPHYHUX IMapaMeTpiB
neraneil Ha 0a31l KOOPIMHATHO-BUMIPIOBAJILHUX TeXHOJOrH. [IpoananizoBaHo cydacH1 mijIxo-
1M 10 3a0e3MeyeHHs] BUCOKOI TOYHOCTI BUMIPIOBAHb Y MPOMHUCIOBUX yMoBax. OcoOiauBy yBa-
Iy NPUAUIEHO TUTaHHSIM METPOJIOTIYHOTO 3a0e3MeYeHHsI, 00pOOKH BUMIPIOBAIBHUX JaHUX Ta
iHTerpanii 3 uudpoBUMH CUCTEMaMH MPOEKTYBaHHS Ta BUpOOHUITBA. HaBeneHo mpukiaau
3aCTOCYBAaHHS KOOPAMHATHO-BUMIPIOBAIBHUX MAIIUH JUIsl KOHTPOJIIO JeTaeil ckiagHoi ¢op-
MHU. 3alpOTIOHOBAHO MEPCIIEKTUBHI HAIPSIMKU PO3BUTKY TaKUX CUCTEM 3 YpaxyBaHHSM BHUMOT
[anyctpii 4.0, BKIrOYarOuy MiJIBUILIEHHS PIBHS aBTOMAaTHU3allil Ta IHTErpaliio 3 IHIIMMH METO-
JaMH HEpYHHIBHOT'O KOHTPOJIIO.

biom. 9, i1. 1.

YK 531.7

bessecinbra O.M., Inpuerko B.M. MeToa BuMiproBaHHsl npeuesiiHUX aeTtajeid Ha
KOOPJAMHATHO-BUMIPWOBaJIbHiil Mammnui // CuctemMHi TexHOIOTII. PerioHanbHM MiKBY31BCh-
KHii 30ipHUK HAYKOBUX Mpailb. - Bumyck 2(157). — uinpo, 2025. — C.128 — 134.

VY crarTi npeAcTaBieHO METOIUKY BUMIPIOBaHHS Mpele3iiHuX JeTalell Ha KOOpAUHAT-
HO-BUMIPIOBaJIbHIA MalIHi. 3aIpONOHOBAHO KOMIUIEKCHUHM MiAXiJ, 110 BKIIIOYAE MaTeMaTH-
YHE MOJEJIIOBAHHS CUCTEMaTUYHUX Ta BUIAIKOBUX MOXHOOK, aallTUBHY KOPEKIIII0 Ha OCHOBI
CTOXaCTMYHUX AU(EpeHIiaTIbHUX PIBHIHb T4 ONTUMI3aLlI0 TPAEKTOPi BUMiptoBaHHs. Oco0-
JUBY yBary NpUIUIEHO TeMIlepaTypHUM JedopMalisiM Ta JuHaMidyHUM noxuOkam. Ilposene-
Ha EKCIepUMEHTalIbHA TIepeBIpKa MIATBEpAMIIAa IMiABUIICHHS TOYHOCTI BHMIpIOBaHb Ha 15-
20% Ta 3MEHIIeHHs BUMAAKOBUX CKiIaaoBux Ha 10-15%. Po3pobnena meroanka Moxe OyTu
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BUKOPHUCTaHA Il BAOCKOHAJICHHS METPOJIOTIYHOrO 3a0e3MeueHHs] Y BUCOKOTOYHOMY BUPOO-
HUIITBI.

Bi6m. 10, 11. 1

YK 691.73:669.35:621.74.043:620.17

Kimcrau T.B., Y3mos K.I. BnimmB XiMiuHOro ckijaay Ha MeXaHiyHi BJIacTHBOCTI
opon3u cucremu Cu-Al-Si-Sn-Mn npu ii 3aTBepainHi B kokiai / CucremHi TexHoorii. Pe-
TiOHAJIBHUI MIDKBY3IBChKMI 30ipHUK HAyKOBUX Tpaip. - Bumyck 2(157). — uinpo, 2025. —
C.135 - 145.

[IpuBeneHO pe3ynbTaTH EKCHEPUMEHTAIBHUX JOCIIIKEHb IIOAO BIUIUBY XIMI4HOTO
CKJIaJy Ha MexaHiuHi BiacTuBocTi OpoH3u cuctemu Cu-Al-Si-Sn-Mn npwu ii 3aTBepuinHi B
KoKiTi. CIiBBiTHOIIIEHHS KOMIIOHEHTIB BU3HA4a Il 0e3po3MipHUM Kputepiem Kg, mo obuuc-
mototh 3a dopmyinor: Kg = (1- 0,01-nn)-(41-Si-Mn)/(1+Sn)? i sxuit gopisioe 0,32...0,85.
Bukopucranss pe3ynbTaTiB poOOTH J03BOJIMTH IPOTHO3YBATH PIBEHb MEXaHIYHUX BIACTHBO-
cTeit mBapHoi anroMiHieBoi Oponsu cuctemu Cu-Al-Si-Sn-Mn 3 Kg =0,32...0,56 Ta aganry-
BaTH PiBHI 11 BJIaCTUBOCTEH 3a paXyHOK BiJIMOBITHOI KOPEKIil XIMIYHOTO CKJIaay JJIsi BUTOTO-
BJICHHS JIUTUX JIETaJIel 3 ypaXyBaHHSM OCOOJIMBOCTEH Ta yMOB iX pOOOTH B BEpCTATO-, MpUIIa-
J10-, MAIlIMHO-, CyTHOOYAYBaHHI Ta 1HIINX TaTy3siX IPOMHCIOBOCTI.

Bi6u. 15, in. 4, Tabm. 2.

YK 004.054

[Hapuk B.1O., 'narymenko Bikt. B., CeniBropcroBa T.B. Mertoau anasi3y intepdeii-
ciB Be0-3aCcTOCYHKIB UIfl MiABUIeHHsI iHTepakTuBHOCTI // CucremHi TexHosorii. Periona-
JBHUHA MDKBY3IBChKHMI 30IpHMK HayKOBHX mpaib. - Bumyck 2(157). — [minpo, 2025. —
C.146 - 153.

VY crarTi po3rasaaloThCs CydacHl METOAM aHali3y iHTepdeiiciB Be0-3aCTOCYHKIB, CIIps-
MOBaHI Ha IiJIBUIIECHHS iXHBOT IHTEPAKTUBHOCT1. ABTOPH BUBYAIOTh OCHOBHI aCMEKTH MPOCK-
TyBaHHSI KOPUCTYBALIbKUX 1HTEp(deiiciB, 10 3a0e3Meuy0Th 3pyYHICTh Ta €()EeKTUBHICTh B3ae-
MoJlii KopucTyBauiB 13 BeO-caliTamu. OKpeMa yBara NpHAUISETbCS aHaANI3Yy 1HTep(eCiB 3 TO-
YKH 30pYy IXHBOT aJalTUBHOCTI J0 PI3HUX IMPUCTPOIB, a TAKOXK 1HTErpallii HOBITHIX TE€XHOJIO-
Tl A7 MOKpallleHHS KOPUCTYBAIbKOTO AO0CBINY. JloChimKeHHs BUSIBHIIO, 110 MPaBUIbHUI
HiJX1] 10 TPOEKTYBaHHs 1HTep(delciB 3HAYHO MIABUINYE PIBEHb IHTEPAKTUBHOCTI Ta 3a/10BO-
JICHICTh KOPUCTYBAYiB.

bi6:. 4.

YK 519.8

Ky3nenoB O. AJIropuTMH Ta MeTOAM B JMHAMIYHHX 32/1a4aX ONTHMAJBHOIO pPO3-
MillleHHs1 I0pPizKOK Yy TpUBUMipHOMY ApYKY // CucremHi TexHoorii. PerionansHuii Mi>kBy-
31BCBKHIA 30ipHUK HAYKOBUX Tpallk. - Bumyck 2(157). — uinpo, 2025. — C.154— 169.

Pobota npucBsiueHa BUBYEHHIO aJITOPUTMIB 1 METOIB PO3PAXYHKY ONTHUMAIbHUX Tpa€-
kTopit mpu 3-D npyii B aIuHaMIYHIM NMOCTAHOBII 3a/4ayl TeOpii ONTUMAIbHOTO PO3OUTTS
MHOKHH. AKTYaJIbHICTh IILOTO 3aBJaHHA MOJATa€ B 3HauHIN akTyanizauii 3-D apyky, sk npu
BUTOTOBJICHHI MEIMYHO1, BIHCHKOBOI, TaK 1 BUPOOIB MOBIMHOTO MPU3HAYCHHS.

bi6u1. 8.
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YJIK 004.4:681.518
Octposcbka K.1O., IMopoxussuii B.I'. Jlocain:keHHs HelipomMepe:keBUX Mojaesiel s

BiicTexkeHHA NOrasaAy Ta pikcamnii 06'extiB / CucremHi TexHomorii. PerionanpHuil MiXKBY-
31BCHKHI 301pHUK HAYKOBUX Mpalb. - Bunyck 2(157). — Auinpo, 2025. — C.170- 177,

B po6oTi mpecTaBieHo MOPiBHIHHAS HEUPOMEPEKEBUX MOJCIICH IS BiJICTEKESHHS TIOT-
nsy Ta ikcanii 00'exTiB. Y po0OoTi Oy BUBUEHI JITOPUTMHU BUSBJICHHS MOJIH 3 pi3HUX 00-
nacreii: [-VT 1 [-DT, 3acHOBaHi Ha MOPOTOBUX 3HAUYEHHSX, MOJIENIb BUIIAJKOBOTO JIICY B Trayy-
31 MamHHOTO HaBYaHHS 1 Moens CNN B rany3i rinO0Koro HaBYaHHS.

bi6. 8.

YJIK 004.94:744

CrpensOinpkuii B.B. Bukopucranus 3D tTunoBux tii-npumitusis CAIIP AutoCad
0 PO3B’SI3Ky MO3UIIAHUX 3a7a4 HApPUCHOI reomeTpii // CuctemHi TexHoorii. Perionans-
HUI MIDKBY3iBCBKHH 30ipHMK HayKOBHUX mpamb. - Bumyck 2(157). — [duinpo, 2025. —
C.178-186.

I'padiyna MArOTOBKA CTYACHTIB TEXHIYHUX CIICIIaTbHOCTEH € OCHOBOIO IHXEHEPHOT
ocBiTU. AHani3 ycmimHocTi 3 qucuuiutia «Hapucaa reometpis» Ta «IHxeHepHa rpadikay BH-
SIBUB OCHOBHY INPHYMHY 3HI)KEHHS PE3y/IbTATiB 32 OCTaHHI POKH - HEIOCTATHICTh 0a30BHX
3HaHb, HAOYTUX Yy mIKOJII. /{15 moKpalieHHs: 3aCBOEHHS MaTepialy Ta ONTUMI3allli HaBYaJIbHO-
ro MpoLecy HeOOXiJHO BIPOBAKYyBATH IHHOBAIIIHI METOAHM, SIKI PO3BHBAIOTH MPOCTOPOBY
ysiBYy Ta npodeciitni HaBuuku. Y AaHiii poOOTi MPOJAEMOHCTPOBAHO BUKOPUCTAHHS KOMIT'FOTE-
pHOi Bi3yamizamii JJIsi BUBYEHHs IEepepi3iB TPUBHMIPHUX Tl (KOHYyca, cepu, LMIIHIpPA)
wiouHow B nporpami AutoCAD. Takuil miaxig J03BoJIs€ Kpalle MIArOTYBaTH MalOyTHIX
IHXKEHEpIB 10 po3B'A3yBaHHs peanbHUX 3aj1ad. [IpocroTa moOynoBH KOMM'IOTEPHOI MOAENI
J03BOJISIE CTYJIEHTaM Bi3yali3yBaTh OTpUMaH1 00'€KTH Ha CIUHIM TUIONIMHI, a TAKOX iX Mps-
MOKYTHI ITPOEKIIIi Ha OCHOBHI IJIOIUHHU.

bi6m. 9. In. 8. Tabm.

YK 004.056.53

Kmumenko A.M., Kapneako H.B., I'epacumon B.B. lllndpyBanns ta po3mmdpyBaH-
He JaHuX y datastore njsi Oe3me4HOro JIOKAJbHOro 30epiranns // CUCTeMHI TEXHOJOTII.
PerionanbHuil MXKBY31BChKHM 301ipHUK HayKOBUX mpanb. - Bunyck 2(157). — uinpo, 2025. —
C.187-196.

AKTyallbHICTh JOCIIPKEHHSI 3yMOBJIEHA PU3MKaMU BUTOKY KOHQIIEHIINHUX JaHUX Yy
MOOUTBHUX Jo/aTKax. Po3risiHyro mpoOiemy BinkpuToro 36epiranHs naHux y DataStore
Android. Mera — 3a0e3neunTu Oe3neyHe JOKajlbHE 30epekeHHS TokeHiB yepe3 AES-
ummdpysanus (CBC, PKCS7). [ligxin, 3anponoHOBaHui y CTaTTi, 3a100ira€ HECAaHKI[IOHOBa-
HOMY JIOCTYITY, 1110 MiJIBUIIY€ O€3MEKy YyTIUBOI 1HhOopMaIii

bi6m. 9.

YK 621.316.925

Crponkin B., Pamuenxo B., Posencokuit O., €podeeBa A., [Tininenko B., IIpuxuo B.
KoHTpoJIb T2 NMOKpalleHHsI SIKOCTI eJIEKTPOeHeprii B Mepexkax NMPOMHMCJIOBHX IiNpH-
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emcTB // CuctemHi TexHonorii. PerionanbHuii MiKBY3iBCbKHI 30ipHMK HAayKOBUX Mpallb. -
Bumyck 2(157). — dninpo, 2025. — C.197-209.

MeToro ToCHiKeHHS € KOMIUIEKCHUH aHalli3 mpobisieM sKocTi enektpoeneprii (PQ) B
Mepekax MPOMUCIOBUX IMiIMPUEMCTB, a TAKOK PO3poOKa Ta CHCTEeMATH3AaIlisi METOJIB KOHT-
POJII0, JIarHOCTUKY 1 IOKpAIeHHs] OCHOBHUX PQ-mapaMeTpiB, TakuX SIK TapMOHIYHI CIIOTBO-
peHHs, ¢uiikep, MPOBAIM HANPYTH, HECUMETPis (a3 i peakTUBHA IMOTYXKHICTb.

VY po6OTi BUKOPUCTAHO MOENHAHHS TEOPETHYHOTrO aHaiizy, orisay crangaptis (IEC
61000-4-30, EN 50160, IEEE 519) Ta npakTHYHOTO JOCBily BIIPOBAKEHHS Cy4acHHX IH(]-
poBux anaiizatopiB PQ. IIpoananizoBano 3acTocyBaHHs (QiIbTPiB, KOMIIEHCATOPIB Ta IHTENE-
KTyaJbHHX cucteM, 30kpeMa DVR, STATCOM, riOpunHux akTUBHUX (UIBTPIB, a TAKOXK Ma-
NIMHHOTO HaBYaHHS JUTsl Kitacuikarii PQ-moiit.

bi6un. 22.
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UDC 004.8

Mashtalir S.V., Lendel D.P. Drone video processing by fragment analysis // System
technologies. N 2(157) - Dnipro, 2025.- P.3 — 11.

This study focused on analyzing drone video to address the inherent complexity of pro-
cessing videos captured with a moving camera. Each frame is divided into smaller fragments
through a grid-based segmentation technique, enabling a localized and detailed motion analy-
sis. Singular Value Decomposition (SVD) is applied to compute the Ki Fan norm for each
fragment, enabling the detection of dynamic changes between consecutive frames.

Bible 28.

UDC 539.4, 539.5

Zimoglyad A.Yu., Guda A.l., Tkachenko S.O. Influence of 3D printing samples
filling structure on their strength // System technologies. N 2(157) - Dnipro, 2025.-
P.12 - 22.

The article describes the study of the influence of the filling structure of a 3D part on
the mechanical strength. The filling parameter (Infill) affects the strength and mechanical
properties of the resulting three-dimensional object more than others. Therefore, this parame-
ter was studied in this article, its influence on the strength of the printed part.

Bibl. 3.

UDC 004.05

Yefimenko A., Koibichuk V., Mynenko S., Hrytsenko K., Yatsenko V. Software as a
catalyst for the esports industry development // System technologies. N 2(157) - Dnipro,
2025.- P.23 — 34.

The purpose of the work is to determine the role of software as a catalyst for the
development of the e-sports industry. The article highlights the technological features of
modern graphics processors (GPU) used in the e-sports industry, namely: the number of
CUDA/Shader cores, types of instructions, support for new technologies, memory bandwidth
and ray tracing technology, which in the complex guarantees the processing and output of
high-quality graphics. A classification of functional types of software that constitute a single
system of relationships is proposed.

Bibl. 16.

UDC 519.854.2

Kovalenko Y.O., Turchyna V.A. On improving approximate solutions to parallel
sequencing problem and one of its generalizations model analysis // System technologies.
N 2(157) - Dnipro, 2025.- P.35 — 47.

The possibility of improving approximate solutions in parallel sequencing problems
obtained via known algorithms by allowing job interruptions is considered. The influence of
allowing interruptions on the solution optimality is analyzed. To solve the generalized
sequencing problem in cases where the corresponding graph is regular and belongs to the
subclass of complete bipartite graphs, a modified algorithm has been developed that takes into
account the admissibility of interruptions during the corresponding jobs’ execution.

Bible 8, fig. 3, tab. 0.
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UDC 629.735

Kornuta V.A., Katamay Y.V. Merenko B.l., Dmytriv lYa., Ivantsiv N.T.
Kornuta O.V., Dyachuk A.V. Methods for reducing risks and errors in the operation of
oil and gas industry intellectual automated systems // System technologies. N 2(157) -
Dnipro, 2025.- P.48 — 58.

The article considers the main methods of reducing risks and errors in the operation of
intelligent automated systems in the oil and gas industry, in particular, improved approaches
to verification and testing. The application of formal and informal verification methods, as
well as modular, integration and property-based testing in specific IAS systems is
investigated. Approaches for measuring structural coverage and optimizing the testing process
are determined.

Bibl.18, ill. 1.

VK 622.8.1/.8:519.65:539.3

Larionov Hr., Zemliana Yu., Khvorostian V., Bulych Yu. Method of sequential
approximation using to determine the metal-resin anchor longitudenal forces
distribution during its pullout testing // System technologies. N 2(157) - Dnipro, 2025.-
P.59 — 74,

Present paper devoted to the results of SEPT investigating with taking into account the
specialty of anchor at rebar- fixing compound-rock system with the parameters obtained with
finite element method (FEM). Obtained results demonstrate correspondence to viewpoints of
metal resin anchor loading mechanism. Simplified formulas of efforts dependences in fixing
compound shell vs construction system parameters were obtained. Do results comparison with
ones, what obtained with FEM method. Graphic dependencies are presented. Conclusions
about main parameters of efforts along resin anchor components distributions done.
Conclusions on using effectiveness of proposed method for analysing SEPT testing
parameters obtaining made.

Bibl.26, ill. 5.

UDC 519.8:519.178

Maliienko O.O., Turchyna V.A. Optimal resource allocation task under usage
constraints // System technologies. N 2(157) - Dnipro, 2025.- P.75 — 81.

This paper presents a generalization of a discrete optimization problem related to the
optimal organization of a production process. The generalization concerns the allocation of
resources for executing a fixed set of tasks under specific usage constraints. The concept of a
fixed-task set is introduced, along with the conditions for its consistency, solvability, and
workload balance. The impact of these constraints on the length of the optimal sequencing is
analyzed. Anomalous cases are examined, where reducing task execution time, increasing the
number of executors, or relaxing technological constraints lead to a deterioration of the
solution.

Ref. 7, fig. 1, tabl.4.

UDC 004:02

Moroz B., Shyshatsky O. Methods, algorithms, and programs for error detection in
a geospatial database: a case study of the state land cadastre // System technologies.
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N 2(157) - Dnipro, 2025.- P.82 — 92.

Large geospatial databases contain large amounts of information that may be subject to
human errors, technical inaccuracies, or projection differences. These amendments have a
negative impact on the accuracy of data and the efficiency of their recording, which is
important for cadastral systems. The article examines the methods of automated search for
clearances in the database of land plots of the State Land Cadastre of Ukraine. The research is
focused on a wide variety of spatial queries, point-in-polygon and polygon-in-polygon, to
search for soft objects. The results show that the proposed algorithms promote the accuracy of
data and therefore automated control of the correctness of their entry. The promotion of such
methods is consistent with the reliability of cadastral information and its importance in the
field of local development and land management.

Ref. 7, Fig. 13.

UDC 519.688

Orlov S.K., Nakonechna T.V. The task of ensuring material feeding for an
innovative cylindrical printer of the Fugo type // System technologies. N 2(157) - Dnipro,
2025.- P.93 - 101.

The article considers the task of material feeding for the cylindrical 3D printer Fugo,
which is crucial for ensuring print accuracy. An algorithm for calculating the material volume
based on the formulas for the volumes of solids of revolution for a piecewise continuous
function describing the drum's shape is proposed. The trapezoidal method was used for
numerical integration, ensuring accuracy corresponding to the pump's technical requirements.
The results confirm the algorithm's effectiveness, allowing precise control of material feeding
and ensuring high print quality.

Ref. 5, fig. 6, tables 1.

UDC 004.94

Ruksov Y., Moroz B. Analysis of methods for increasing the level of automation in
an aerodynamic product designer’s workplace // System technologies. N 2(157) - Dnipro,
2025.- P.102 — 111.

A comparative analysis of existing developments in the field of automation of
aerodynamic product design has been conducted. Promising research directions have been
identified that have the potential to increase the efficiency of 3D modeling of aerodynamic
products. A conceptual scheme of the architecture of an improved automated workplace of an
aerodynamic product designer has been proposed.

Ref. 12, fig. 2.

UDC 531.7

Kolomiets L.VV. Mathematical model and algorithm for compensation of systematic
errors of coordinate measuring machines // System technologies. N 2(157) - Dnipro, 2025.-
P.112 - 119.

The article is devoted to the development of a mathematical model and an algorithm for
compensating systematic errors of coordinate measuring machines (CMMSs). The proposed
model takes into account geometric, thermal, kinematic errors, and inter-axis interactions. A
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method for constructing a spatial error grid is described, allowing real-time correction of
measured coordinates. An error compensation algorithm is developed, including calibration,
correction calculation, and adaptive model refinement based on measurement results.
Implementation of the proposed approach improves measurement accuracy and ensures
reliable control of the geometric parameters of parts.

Bibl.8, ill. 1.

UDC 531.7

Kozlovskyi V., Shkvarnytska T.Yu. Automated systems for controlling geometric
parameters of parts based on coordinate measuring technologies // System technologies.
N 2(157) - Dnipro, 2025.- P.120 — 127.

The article considers automated systems for geometric parameter control of parts based
on coordinate measuring technologies. Modern approaches to ensuring high measurement
accuracy in industrial environments are analyzed. Special attention is paid to metrological
support, measurement data processing, and integration with digital design and manufacturing
systems. Examples of using coordinate measuring machines for controlling complex-shaped
parts are provided. Promising directions for the development of such systems are proposed,
considering Industry 4.0 requirements, including increasing the level of automation and
integration with other non-destructive testing methods.

Bibl.9, ill. 1.

UDC 531.7

Bezvesilnaya E., lichenko V. Method of measuring precession details on a
coordinate measuring machine // System technologies. N 2(157) - Dnipro, 2025.-
P.128 — 134.

The article presents a methodology for measuring precision parts on a coordinate
measuring machine. A comprehensive approach is proposed, combining mathematical
modeling of systematic and random errors, adaptive correction based on stochastic differential
equations, and measurement trajectory optimization. Special attention is paid to thermal
deformations and dynamic errors. Experimental verification demonstrated a 15-20%
improvement in measurement accuracy and a 10-15% reduction in random errors. The
developed methodology can enhance metrological support in high-precision manufacturing.

Bibl.10, ill. 1.

UDC 691.73:669.35:621.74.043:620.17

Kimstach T.V., Uzlov K.I. Chemical composition influence on mechanical
properties of Cu-Al-Si-Sn-Mn system bronze during its solidification in die mold // Sys-
tem technologies. N 2(157) - Dnipro, 2025.- P.135 — 145.

Chemical composition influence on mechanical properties of Cu-Al-Si-Sn-Mn system
bronze during its solidification in die experimental studies results are presented. The ratio of
components was determined by the dimensionless criterion Kg, calculated by formula: Kg =
(1- 0,01nn)-(Al-Si-Mn)/(1+Sn)? and which is equal 0.32...0.85. This work results using will
allow predicting the mechanical properties level of Cu-Al-Si-Sn-Mn system cast aluminum
bronze with Kg =0.32...0.56 and adapting its properties levels by chemical composition ap-
propriate correction for cast parts manufacturing, taking into account characteristics and their
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operation conditions in machine tool, instrument, mechanical, shipbuilding and other indus-
tries.

Ref.15, fig. 4, table 2.

UDC 004.054

Tsaryk V., Hnatushenko Vikt., Selivorstova T. Methods for analyzing web applica-
tion interfaces to increase interactivity // System technologies. N 2(157) - Dnipro, 2025.-
P.146 — 153.

The article examines modern methods of analyzing web application interfaces aimed at
enhancing their interactivity. The authors explore key aspects of user interface design that en-
sure the convenience and effectiveness of user interaction with websites. Special attention is
given to the analysis of interfaces in terms of their adaptability to different devices and the
integration of new technologies to improve the user experience. The research reveals that a
proper approach to interface design significantly increases interactivity and user satisfaction.

Bibl. 4.

UDC 519.8

Kuzenkov O. Algorithms and methods in dynamic problems of optimal track
placement in three-dimensional printing // System technologies. N 2(157) - Dnipro, 2025.-
P.154 — 169.

The work is devoted to the study of algorithms and methods for calculating optimal tra-
jectories in 3-D printing in the formulation of a dynamic problem of the theory of optimal set
partitioning. The relevance of this task lies in the significant actualization of 3-D printing,
both in the manufacture of medical, military and dual-use products.

Bibl. 8.

UDC 004.4:681.518

Ostrovska K., Porokhnyavyi V. Research on neural network models for eye tracking
and object fixation // System technologies. N 2(157) - Dnipro, 2025.- P.170 — 177.

The paper presents a comparison of neural network models for eye tracking and object
fixation. In this paper, event detection algorithms from different domains were studied: I-VT
and 1-DT, based on threshold values, a random forest model in the field of machine learning,
and a CNN model in the field of deep learning.

Bibl. 9.

UDC 004.94:744

Strelbitskyi V.V. Use of typical 3D primitive bodies in AutoCad program for solv-
ing positional problems of descriptive geometry // System technologies. N 2(157) - Dnipro,
2025.- P.178 — 186.

Graphical training of technical students is the basis of engineering education. The anal-
ysis of academic performance in “Descriptive Geometry” and “Engineering Graphics” has
revealed the main reason for the decline in results in recent years - lack of basic knowledge
acquired at school. To improve learning and optimize the learning process, it is necessary to
introduce innovative methods that develop spatial imagination and professional skills. This
paper demonstrates the use of computer visualization for studying sections of three-
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dimensional bodies (cone, sphere, cylinder) by plane in AutoCAD program. This approach
allows to better prepare future engineers for solving actual problems. The simplicity of build-
ing a computer model allows students to visualize the resulting objects in the secant plane, as
well as their rectangular projections on the principal planes.

Ref.9., Fig.8.

UDC 004.056.53

Klymenko A., Karpenko N., Gerasimov V. Encryption and decryption of data in
datastore for secure local storage // System technologies. N 2(157) - Dnipro, 2025.-
P.187 — 196.

The relevance of this study is determined by the growing threats of data leakage in mo-
bile applications, where sensitive user information such as tokens, passwords, and API keys
are often stored insecurely. Local storage on Android devices remains a critical aspect of ap-
plication security, as improper handling of sensitive data can lead to unauthorized access, data
breaches, and financial or reputational damage. This research focuses on addressing the prob-
lem of insecure storage within Android's DataStore and proposes a secure encryption-based
approach to mitigate risks.

Bibl. 9.

UDC 621.316.925

Stopkin V., Radchenko V., Rovenskyi O., Yerofieieva A., Pilipenko V., Prykhno V.
Monitoring and enhancement of power quality in industrial power networks // System
technologies. N 2(157) - Dnipro, 2025.- P.197 — 209.

The aim of this research is a comprehensive analysis of power quality (PQ) issues in
industrial power networks, as well as the development and systematization of methods for
monitoring, diagnosing, and improving key PQ parameters, such as harmonic distortions,
flicker, voltage sags, phase unbalance, and reactive power.

The study employs a combination of theoretical analysis, review of relevant standards
(IEC 61000-4-30, EN 50160, IEEE 519), and practical experience in the implementation of
modern digital PQ analyzers. The use of filters, compensators, and intelligent systems is
analyzed, including DVR, STATCOM, hybrid active filters, and machine learning algorithms
for classifying PQ events.

Bibl. 22.
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