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0.0. XXykos, B.I. TopbeHKO
AJTATITUBHU HIOXIJ 0O BUSHAUYEHHS CTAHY BYJIMKA
3A JIOIIOMOI'0OI0 HEMPOHHMX MEPEX TA AHAJII3Y AVIIO

AHomauis. Y cydacHomy 60xinbHUYMBT i0eHMUpiKayis npucymHocmi Mamku 8 ByJIUKY € BAX/IU
BUM 3aBOAHHAM, WO BNIUBAE HA 300p0B'S MA NPOOYKMUBHICMb GOXOJIUHOT KOMOHTT. Po38UMOK
Memo0iB8 MAWUHHO20 HABYAHHSA, 30KpemMa 320pMKOBUX HelpOHHUX Mepex, BIOKPUBAE HOBI MOX
ugocmi 014 asmomamu3ayii ybo2o npoyecy. Ljs cmamms oKycyembCa Ha BUKOPUCMAHHT Hell
POHHUX Mepex ma cnocobis sudineHHs xapakmepucmuk ayoiodaHux MFCCs ma STFT 0ns ioeH
mugbikayii cmaHy 8IOCYmMHOCMT MAMKU Y BYJUKY, @ MAKOX 027150 MOX/IUBOCMel BUKOPUCMAHHS
HasyeHux mooesell Ha OQHUX 3 THWUX BY/UKIB. Pe3ynsmamu 0ocnioxeHHA 0eMOHCMpPYoms, WO
MFCCs € 6inbw yHiBepcanbHUM cnocobom 06pobku 0aHux 015 yiei memu, nopisHsaHo 3 STFT, axuli
noKasas No3UmMuBHI pe3ysbmamu Ha nepwomy Habopi OaHUX, ane He NOKA3aB 3HAYHUX Pe3y/ib
mamig Ha Opyzomy. TaKOX, BUKOPUCMAHHA HaB4YeHoi Mooeni 3 BukopucmanHam MFCC Ha obme
XeHoMy Habopi OaHUX NOKA3a/0 Kpawuli pe3ysbmam HiX NosHe HABYAHHA MOOesi Ha Yux
O0aHux.

Knwo4osi cnosa: HelipoHHT Mepexi, 60x0/u, 2nuboKe HABYAHHSA, aHAMi3 aydio, tensorflow, 320p
mKosi HelipoHHT Mepexi, mfccs, stft.

ITocraHoBka mpoomemu. lITyuHmnii iHTeIEeKT Ta MalllMHHE HaBYAaHHS BigKpu-
JIY HOBi MOSKJIMBOCTI IIJIsI aBTOMAaTM3allii Ta ONTMMi3allii 6araTbox IPOILIECiB, Y Pi3-
HMX rajay3sx HayKu Ta mpomucioBocTi. Cepen Takux objacTeit, amikyabTypa BUSIBU-
J1acsl mepCrieKTUBHOIO [IJIS1 3aCTOCYBaHHS LIMX TE€XHOJIOTiH, 30KpeMa, JIJisT MOHITOPUH-
Iy 6KOJIMHOTO BY/IMKA. BIskKon € HeBi'€MHOIO YaCTHMHOIO IVI00aIbHOI €KOCUCTEMH,
BiJlirpatouM KpUTUUHY pOJIb B MPOIeci 3alujeHHs, 0 CIIpUsiE PerpoayKiiii 6ara-
ThOX BUJiIB POCAMH, BK/IIOUHO 3 BEJMKOI KiJIbKICTIO TUX, SIKi (DOPMYIOTb OCHOBY
JIOICHKOTO XapuyBaHHs [1]. IXHS BaxknuBicTh Iyis migTpMMKM 6iopisHOMaHITTS Ta
3a0e3I1evyeHHsI IIPO0BOJIbUOI 6e3meKky poOouTh 30epeskeHHs 30POB'SI Ta IMPOIYKTU-
BHOCTi O/KiJIbHMIITBA Ba*KJIMBUM 3aBIAHHSIM [JIs1 IOCTIMHUKIB Ta OIkKoJsIpiB [2].
OpHak, ynciaeHHi ¢pakKTopy, BKIKOYAKUM 3MiHYy KIiMaTy, 3aCTOCYBaHHS IeCTUIIM/IIB
Ta XBOPOOM, 3arpOKyIOTh CTabiIbHOCTI OKIIBHUIITBA, IO ITiAKpPECI0e MOTpedy B
iHHOBAIIIfHMX ITiAX0JaX O MOHITOPMHTY Ta YIIPABIiHHS CTAHOM OJISKOJIMHMUX KOJIO-
Hilt [3].

© XXyxkos 0.0., 'op6enko B.1., 2024
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BiskonMHa MaTKa € LieHTpaabHOIO (Qirypoio B KOJIOHI, BiiTIOBigaoun 3a BUpPo6-
HULTBO SI€Ub TA MiATPUMKY COLIiaJIbHOI CTPYKTYPU. BiICYTHICTh MaTKu MOKe IpuU3-
BECTU J0 Cepito3HMUX 30ypeHb Y SKUTTi KOJOHIi, 3HMKYIOUM ITPOTYKTUBHICTh Ta MOX-
JINBICTh BUKMBAHHS KOJIOHiI. TOMy CBO€4YacHe BUSIBJIEHHSI BiICYTHOCTI MaTKU Mae€
BUpilllaJIbHe 3HAYeHHSI 1Ji1 e(QeKTMBHOIO VIIPaBIiHHS OIKOJIMHMMM KOJIOHiSIMU.
Tpaguiiiiai metToay imeHTUdiKaIlii cTaHy MaTKM 3a3BUYaii BUMaraiTh PeryasspHOTO
Ta PETeJIbHOIO Bi3yaJIbHOTO OIVIIAY BYJIMKIB OIKOJSIpaMM, IO € YaCOMICTKUM Ta
MOsKe OyTM HeJOCTaTHbO UyT/JIMBUM [IJISI PAHHBOTO BUIiJIEHHSI O3HAK ITPOOJIeM.

BakIMBMM acreKkTOM BUKOPMCTAHHS HEMPOHHUX Mepex s imeHTudikailii
CTaHy BY/JIMKA € iX yHiBepCaJabHiCTb, TOOTO MOXKJIMBICTh BMKOPMCTAHHS HAaBUEHOi
HeJpOHHOI MepeXi Ha iHIIMX BY/JIMKAaX, IO MOKYTb MiCTUTH iHIINI Habip Mikpodo-
HiB Ta MaT BiAMIiHHOCTI y iX pO3MillleHHi.

AHani3 pociaigkeHsb i myourikamini. 3 po3ButkoM [0T-TexHOIOTi Ta HeITPOH-
HUX MepeX, HayKOBIIi TT0Ya/iM BUKOPUCTOBYBATH iX 30KpeMa IJjis1 MOHITOPUHTY CTa-
HY OII’KOIMHMX BYIMKIB. ICHYIOUi mOC/TimKeHHS moKasaiyu eeKTUBHICTh BUKOPUC-
TaHHSI HEMIPOHHUX MepeX i1 imeHTUdiKallil CTaHiB BUPOIYBaHHS PO3IUIONY Ta PO-
iHHS 3@ OTIOMOTOI0 MOHITOPUHTY TeMIepaTypu [4], a TAKOX MOKIMBOCTI BUKOPUC-
TaHHSI TeXHOJIOTi/i KOMIT'IOTEPHOTO 30py Ta IIMOOKMX HEMPOHHUX Mepesk IJis Bifc-
Te>KeHHS OKpeMUX OJIKis [5], BUSIBJIeHHSI TMJIKOHOCHUX Ta XBOPUX OJIKis Ta MIKigHMU-
KiB [6,7,8].

[H11i YMceHHi JoCiakeHHS MOKa3anu eeKTUBHICTh BUKOPUCTAHHST aKyCTUY-
HUX CUTHAJIB mJis igeHTUdiKalii cTaHiB 6/koamnHOrO Byanka [9,10], a Takox 3acTo-
CyBaHHSI HEMPOHHMUX MepeX IS iX aHalli3y, 30KpeMa BUKOPUCTAHHS apXiTeKTypu
peKkypeHTHOi HelipoHHOI Mepexi LSTM mis imeHTudikaiii BimcyTHOCTI 61KOMMHOI
MaTKu y BYJIUKYy [11].

MeTa i 3aBgaHHS OOCIiAKeHb. MeTol0 poOOTH € po3pobKa INIMOOKOI Heil-
poHHOI Mepeski njs knacudikallii aymiocurHamiB mjis igmeHTudikalii TpMUCyTHOCTI
OJIKOJIMHOI MaTKM Y BYJIMKY, a TAKOX aHaJli3 MOK/IMBOCTEN ii BUKOPMCTAHHS HA iH-
IIIOMY BYJIMKY.

Marepiaau, MeToaM Ta METOAMKU IOCTiIKeHb. Y SKOCTi IKepena JaHUX
IUISL TOC/Ii/IKeHHSI BMKOPMCTOBYBABCsSl aHOTOBaHMIi mataceT 1o bee or not to bee”
[12], w0 ckmagaeThes 3 1BOX HabopiB aymioganux 3 Open Source Beehive (OSBH), Ta
NU-Hive [13]. JaHi 3 11boro gataceTy O0y/iu po3aijieHi Ha ABa HAOOPU JAHUX B 3aeX-
HOCTI Bij Habopy aymiomaHux, Ta 6yam o6pob/eHi Ta MpMBeIeHi 10 3araJIbHOrO BU-
Ty LIJIIXOM PO3TIOAITY Ha IBi KaTeropii: 3 HaSBHOIO MaTKOIO (queen), Ta 6e3 Hei

(noqueen), a TAKOX PO3IiIEHHSIM BEJIMKMX ayAiodaiiiB Ha YaCTUHMU I10 4 CeKyH/N.

4 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CucreMHi TexHonorii» 4 (153) 2024 «System technologies»

[lJis ToAanbIlioro TpeHyBaHHS MoJiesieil BUKOPUCTOBYBAIMUCh 1BA METOIM BULi-
JIEHHS 03HAaK 3 ayAiomaHuX: Men-4acTOTHI KeIlCcTpaibHi KoedillieHTM Ta BiKOHHe T1e-
peTBOpeHHs Dyp’e.

Bikonne mnepetBopeHHs1 ®yp’e (STFT) 1ie ocHOBHa TexHika 0OpOOKM CUTHAJIIB,
110 Ja€ 3MOTYy aHaji3yBaTu YacTOTHMI Ta $ha30BMit BMiCT JIOKaai30BaHHUX CerMeH-
TiB CUTHAJTy B Mipy /i0r0 pO3BUTKY 3 yacom. Ha BiIMiHy BiJ CTaHAApPTHOTO IIepPeTBO-
penHss ®yp’e, sike 3abe3Ieuye CIIEKTP BMOIpOK IOBHICTIO Y yacoBiii o6nacti, STFT
00UYMCITIOE TIOCTiMOBHICTD TTepeTBopeHb Dyp’e MJisI KOPOTKMUX iHTEPBaAJIiB, IO JO3BO-
JISIE IeTaJbHO aHaIi3yBaTy Bapialii curaay 3 yacom. Bisyasmisaniro po6oru STFT Ha
aymiomaHux 3 06po6seHoro Habopy manux OSBH HaBegeHO Ha PUCYHKY 1.

queen queen noqueen

noqueen noqueen

e

nogqueen nogqueen

Pucynok 1 - Bisyanisanis ciektporpam STEFT

Mesn-uyacToTHi KerncTpasibHi Koeditientnn (MFCCs) — 11e 0AUH 3 OCHOBHMUX CITO-
co6iB BU/IiJIEeHHS O3HAK, IO MIMPOKO BUKOPUCTOBYETHCS B PisHUX cepax, TaKuX sIK
poO3ITi3HaBaHHS MOBM, igeHTMdiKallisi MOBILSI, Ta po3Ili3HaBaHHS emoliit. MFCC
OXOIUTIOIOTH SIK BUCOKOYACTOTHI, TaK i HU3bKOYACTOTHI XapaKTEPUCTUKU PO3IIIbHOL
3IATHOCTI ayliOCUTHAIIB, 110 pOOUTD iX IIHHUMM JIJIS1 PO3pi3HEeHHS 3BYKiB. Kpim To-
ro, MFCC meHII CXWIbHi A0 BIUVIMBY LIYMY HaBKOJMUIIHBOI'O CEpelOBUINA, L0 MPU-
POIHO 3yCTPivalOThCSI B MOBI, Ta JIeTKO 00UMC/IIOBAbHI, 10 POOUTH iX MPUAATHUMMU
I7s pi3HUX 3acTocyBaHb [14]. [Ipuknan tpanchopmoBanux y Burasig MFCCs aynaio-
IaHMX HaBeJeHO Ha PUCYHKY 2.
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noqueen nogqueen

noqueen nogqueen

noqueen nogueen

PucyHok 2 - Bizyanisanis aygioganux y MFCCs

Jlyis1 HaBYaHHS MOJeJieil BUKOPUCTOBYBAJIaCh OJHAKOBA apXiTe€KTypa 3TOPTKO-
BOi HEfpOHHOI Mepexi, CTPYKTypa sIKoi 306paskeHa Ha PucyHKky 3.
Model: "model_1"

Layer (type) Output Shape Param #
input_4 (InputLayer) [(None, 118, 129, 1)] 0
conv2d_6 (Conv2D) (None, 116, 127, 16) 160
max_pooling2d_4 (MaxPoolin (None, 58, 63, 16) 2}

g2D)

conv2d_7 (Conv2D) (None, 56, 61, 32) 4640
max_pooling2d_5 (MaxPoolin (None, 28, 30, 32) 0

g2D)

flatten_3 (Flatten) (None, 26880) 0
dense_6 (Dense) (None, 32) 860192
dense_7 (Dense) (None, 2) 66

Total params: 865058 (3.3@ MB)
Trainable params: 865058 (3.30 MB)
Non-trainable params: @ (@.00 Byte)

PucyHOK 3 - CTpyKTypa 3ropTKOBOI HEMiPOHHOI Mepexi
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PesynbTaTi mociaimkeHsb. [licas HaBUaHHS Mojeseil, 6yJ0 BUKOHAHO ITOpPiB-
HSIHHSI METPMK pe3yJbTaTiB iX HaBUaHHS Ta PoOOOTM Ha TEeCTOBiii BUOIpIli maHMUX
(Tabsmig 1), mo ckiaagana 20% Bif MoyaTKOBOro Habopy JaHMX. [JIsl IbOTO BUKOPU-
CTOBYBAJMCh HACTYIHI METPUKN:

e Oyukuig BrpaT (loss), MO H03BOJISIE BUMIpPSATU BifcTaHi abo pi3HMINIO MiX
IIPOrHO30BaHMM BMXOAOM MO/IeJjli Ta OCHOBHOIO iCTMHOI HAaBUYE€HOI MO eJIi.

e TouHiCcTb, 110 MOKA3y€ BiJHOIIEHHS IPaBUIbHUX IepembayeHb MOMENi I0

3arajJibHO1 KiJIbKOCTi BXiJHUX JaHUX.

Tabmuig 1
PesynbTaTy TpeHYBaHHS Ta TeCTy Mojesei Ha Habopi nanux OSBH

Loss Val. Loss Accuracy Val. Accuracy
MFCCs 0,30 0,27 0,91 0,90
STET 0,27 0,22 0,92 0,93

Buxopmstun 3 HaBemeHux y Tabsmili 1 pe3yabTaTiB, MOXKHA CKa3aTwu, 0 00MIBA
MeTOIM YCITIIITHO BIIOpa/IMCA 3 3ajaauero igeHTudikallii MpMucyTHOCTI MaTKM Y BYJIU-
Ky. Bukopucranas metromy MFCCs m03BOMMIO KOPEKTHO ileHTUQiKyBaTH MPUCYT-
HicTb OmkonMHOI MaTKM Ha 90% TecToBux aymiosamuciB, a STFT mokaszaB Tpoxu
Kpauui pesyabraTry 93%.

[Tpu cripo6i BUKOpPMCTAaHHS HABUEHUX MOZesieil Ha TeCTOBiii BUOIpIli 3 Apyroro
Habopy manux (NU-Hive), 061aBi Mopesi He 3MOT/IM YCHIiNIHO imeHTUdiKyBaTH Ipu-

CYTHiCTb MaTKM Ha Oi/IbIIIOCTi ay/1io3aniciB, MOKa3aBIIM TOUHICTb y 39%.

Tabauus 2
Pe3ynbTaTyt TpeHyBaHHS Ta TECTY Mozesieit Ha Habopi ganux NU-Hive
Loss Val. Loss Accuracy Val.Accuracy
Mogeni NU-Hive
STFT 0,59 0,52 0,52 0,54
MECCs 0,59 0,56 0,88 0,96
HounaBueHi mozeni OSBH
STFT 0,55 0,53 0,63 0,58
MECCs 0,47 0,46 0,78 0,81

B Tabnuili 2 HaBeeHO MOPiBHSIHHS pe3y/IbTaTiB HAaBUaHHS Ta TECTYBaHHSI MO-
Jleieil, HaBYEeHMX 3 HYJISI Ha APYyromy Habopi JaHuX, Ta JOTPEHOBAHMUX MOJIENEN, 110
Oy HaBueHi HAa Habopi maHux OSBH. 3 Hei BuAHO, 1110 B 060X BUITaAKax MOZEJi 10

6asyrothcst Ha MFCCs rmokasaim Kpaliyii pe3yabTaT 3a Ti, [0 OYJIM TpeHOBaHi BUKO-
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puctoBytoun STFT. TakosK, HaBYaHHSI MOJIEJIi 3 HyJISI HAa IIOBHOMY Habopi mmokasajo
Kpalliuii pe3yjbTaT, HiXK TOHABUYAHHS BXe iCHyumx mogenei. OgHaK, y BUIIAIKY
BuKopuctaHHs 20% BiJg MOBHOrO HAOOPY MAHMUX IJISI TPEHYBAHHS, OTPUMYEMO iHIITI
pe3yabTaTy, HaBedeHi y Tabmuili 3, BUXOOSuM 3 SIKMX JTOHABUAHHSI MOJei Ha MeH-

IIOMY Habopi JaHMX MOKe JaTy Kpalluii pe3yyibTaT 3a OBHE MepeHaBYaHHS MOJeJTi

«3 HYJISI».
Tabnmuig 3
PesynbTaTy TpeHYBaHHS Ta TeCTy Mofeneit Ha o6MexkeHomy Habopi nanux NU-Hive
Loss Val. Loss Accuracy Val.Accuracy
Mogeni NU-Hive
STFT 0,65 0,71 0,65 0,38
MFCCs 0,69 0,65 0,58 0,56
HounasBueHi mozneni OSBH
STFT 0,61 0,56 0,62 0,59
MFCCs 0,58 0,60 0,77 0,73

BucHOBKM. 3a pe3ynbTaTaMM BUKOHAHUX AOC/iIK€Hb BCTAHOBJIEHO, IO XOY
BUKOPUCTAHHS BiKOHHOTO mepeTBOpeHHs Dyp’e 1mokasano HaiKpalliuii pesyabTar,
KOJM MoOjeib Oy/la TpeHOBaHA Ha IepIIoMy Habopi JaHMX, BUKOPUCTAHHS MeJI-
YACTOTHMX KeNCTpaJbHUX KoeillieHTiB IJisI TpeHyBaHHS MojeJiei Jajlo MO3UTUB-
HUI pe3ynbTaT B 000X BUITAAKAX, IO POOUTH 11e¥i CIIOCiO BU/IiIEHHST XapaKTePUCTUK
ayaiocurHasiB 6i/iblll YHiBepcaJlbHMM BMOOpPOM JJis1 3ajadi igeHTUikalii mpucyr-
HOCTi O/KOMMHOT MaTKM. TaKoXk, BUXOASUM 3 pPe3y/abTaTiB TPEHYBAHHS Ha JPYyroMy
Habopi JaHMX, 3aCTOCYBAaHHS HaBUEHUX MOJeJieil 3 BUKOPUCTAaHHSIM MeJI-4aCTOTHUX
KeICcTpalibHUX KoedillieHTiB Ha 0OMeskeHOMY Habopi JaHMX MOsKe JaTu Kpaliuii pe-
3yJIbTAT 3a MOBHE TIepeHaBYaHHS TaKOi MOJIeTi.

JIITEPATYPA
1. Kremen C., Williams N. M., Thorp R. W. Crop pollination from native bees at risk
from agricultural intensification. Proceedings of the National Academy of Sciences.
2002. Bum. 99, T. 26. C. 16812-16816.
2. K.J. Boyer Ta iH. Netting and pan traps fail to identify the pollinator guild of an
agricultural crop /  Scientific  Reports. 2020. Vol. 10, no. 1.
URL: https://doi.org/10.1038/s41598-020-70518-9 (date of access: 31.03.2024).

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



https://doi.org/10.1038/s41598-020-70518-9

«CucreMHi TexHonorii» 4 (153) 2024 «System technologies»

3. Beyer N., Kulow J., Dauber J. The contrasting response of cavity-nesting bees, asps

and their natural enemies to biodiversity conservation measures. Insect Conservation

and Diversity. 2023.

4. Kviesis A., Zacepins A. Application of neural networks for honey bee colony state

identification. 2016 17th International Carpathian Control Conference (ICCC). 2016.

C.413-417.

5. Marstaller J., Tausch F., Stock S. DeepBees - Building and Scaling Convolutional

Neuronal Nets For Fast and Large-Scale Visual Monitoring of Bee Hives. 2019

IEEE/CVF International Conference on Computer Vision Workshop (ICCVW), Seoul,

Korea (South), 27-28 sxoBTHs1 2019. 2019.

6. Sledevic T. The Application of Convolutional Neural Network for Pollen Bearing

Bee Classification. 2018 IEEE 6th Workshop on Advances in Information, Electronic and

Electrical Engineering (AIEEE), Vilnius, 8—10 nmc. 2018 p.. 2018.

7. NeuralBee - A Beehive Health Monitoring System/ Y.Mahajan et al. 2023

International Conference on Communication System, Computing and IT Applications

(CSCITA), Mumbai, India, 31 6epe3ns — 1 kBiTHsa 2023 p. 2023.

8. J. Divason Tta iH. Varroa Mite Detection Using Deep Learning Techniques / Lecture

Notes in Computer Science. Cham, 2023. C. 326-337.

9. Kirchner W. H. Acoustical communication in honeybees. Apidologie. 1993. T. 24,

Bur. 3. C. 297-307.

10. Detection of the Bee Queen Presence Using Sound Analysis/ T. Cejrowski et

al. Intelligent Information and Database Systems. Cham, 2018. C. 297-306.

11. S.Ruvinga Tta i". Use of LSTM Networks to Identify “Queenlessness” in

Honeybee Hives from Audio Signals / 2021 17th International Conference on Intelligent

Environments (IE), Dubai, United Arab Emirates, 21-24 uep. 2021 p. 2021.

12. Nolasco 1., Benetos E. To bee or not to bee: Investigating machine learning

approaches to beehive sound recognition. Workshop on Detection and Classification of

Acoustic Scenes and Events (DCASE). 2018.

13. S. Cecchi Ta iH. A preliminary study of sounds emitted by honey bees in a

beehive / Audio Engineering Society Convention 144. 2018.

14. Verma P., DasP.K. i-Vectors in speech processing applications: a

survey. International Journal of Speech Technology. 2015. T. 18, H. 4. C. 529-546.
REFERENCES

1. Kremen C., Williams N. M., Thorp R. W. Crop pollination from native bees at risk

from agricultural intensification. Proceedings of the National Academy of Sciences.

2002. Vol. 99, no. 26. P. 16812-16816.

ISSN 1562-9945 (Print) 9
ISSN 2707-7977 (Online)



«CucTtemHi TexHosorii» 4 (153) 2024 «System technologies»
URL: https://doi.org/10.1073/pnas.262413599 (date of access: 31.03.2024).
2. Netting and pan traps fail to identify the pollinator guild of an agricultural crop /
K. J. Boyer et al. Scientific Reports. 2020. Vol. 10, no. 1.
URL: https://doi.org/10.1038/s41598-020-70518-9 (date of access: 31.03.2024).
3. Beyer N., Kulow J., Dauber J. The contrasting response of cavity - nesting bees,

wasps and their natural enemies to biodiversity conservation measures. Insect
Conservation and Diversity. 2023. URL: https://doi.org/10.1111/icad.12638 (date of
access: 31.03.2024).

4. Kviesis A., Zacepins A. Application of neural networks for honey bee colony state
identification. 2016 17th International Carpathian Control Conference (ICCC). 2016.
P.413-417.

5. Marstaller J., Tausch F., Stock S. DeepBees - Building and Scaling Convolutional
Neuronal Nets For Fast and Large-Scale Visual Monitoring of Bee Hives. 2019
IEEE/CVF International Conference on Computer Vision Workshop (ICCVW), Seoul,
Korea (South), 27-28 October 2019. 2019.

URL: https://doi.org/10.1109/iccvw.2019.00036 (date of access: 31.03.2024).

6. Sledevic T. The Application of Convolutional Neural Network for Pollen Bearing
Bee Classification. 2018 IEEE 6th Workshop on Advances in Information, Electronic and
Electrical Engineering (AIEEE), Vilnius, 8-10 November 2018. 2018.
URL: https://doi.org/10.1109/aieee.2018.8592464 (date of access: 31.03.2024).

7. NeuralBee - A Beehive Health Monitoring System/ Y.Mahajan et al. 2023
International Conference on Communication System, Computing and IT Applications
(CSCITA), Mumbai, India, 31 March - 1 April 2023. 2023.
URL: https://doi.org/10.1109/cscita55725.2023.10104935 (date of access:
31.03.2024).

8. Varroa Mite Detection Using Deep Learning Techniques / J. Divasén et al. Lecture
Notes in Computer Science. Cham, 2023. P. 326-337.
URL: https://doi.org/10.1007/978-3-031-40725-3 28 (date of access: 31.03.2024).

9. Kirchner W. H. Acoustical communication in honeybees. Apidologie. 1993. Vol. 24,
no. 3. P.297-307. URL: https://doi.org/10.1051/apido:19930309 (date of access:
31.03.2024).

10. Detection of the Bee Queen Presence Using Sound Analysis/ T. Cejrowski et
al. Intelligent Information and Database Systems. Cham, 2018. P.297-306.
URL: https://doi.org/10.1007/978-3-319-75420-8 28 (date of access: 31.03.2024).

11. Use of LSTM Networks to Identify “Queenlessness” in Honeybee Hives from

Audio Signals/ S.Ruvinga et al. 2021 17th International Conference on Intelligent

10 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)


https://doi.org/10.1073/pnas.262413599
https://doi.org/10.1038/s41598-020-70518-9
https://doi.org/10.1111/icad.12638
https://doi.org/10.1109/iccvw.2019.00036
https://doi.org/10.1109/aieee.2018.8592464
https://doi.org/10.1109/cscita55725.2023.10104935
https://doi.org/10.1007/978-3-031-40725-3_28
https://doi.org/10.1051/apido:19930309
https://doi.org/10.1007/978-3-319-75420-8_28

«CucrtemHi TexHosorii» 4 (153) 2024 «System technologies»
Environments (IE), Dubai, United Arab Emirates, 21-24 June 2021. 2021.
URL: https://doi.org/10.1109/ie51775.2021.9486575 (date of access: 31.03.2024).

12. NolascoI., Benetos E. To bee or not to bee: Investigating machine learning

approaches to beehive sound recognition. Workshop on Detection and Classification of
Acoustic Scenes and Events (DCASE). 2018.

13. A preliminary study of sounds emitted by honey bees in a beehive / S. Cecchi et
al. Audio Engineering Society Convention 144. 2018.

14. Verma P., DasP.K. i-Vectors in speech processing applications: a
survey. International Journal of Speech Technology. 2015. Vol. 18, no. 4. P. 529-546.

URL: https://doi.org/10.1007/s10772-015-9295-3 (date of access: 31.03.2024).

Received 24.04.2024.
Accepted 26.04.2024.

An adaptive approach to the bee hive state identification
using neural networks and audio analysis

Problem statement. Monitoring the queen bee is crucial for the health and produc-
tivity of a bee colony. The queen plays a vital role in reproduction and maintaining the
colony's population. Utilizing neural networks, such as CNNs along with sound analysis,
can be a valuable tool for monitoring queen bees and assessing their behavior and health
within the hive. Purpose. Finding the best way to preprocess audio data and review it is
an important task that, if performed well, will help to track the bee hive population and
its health state in general. Related work. With the development of deep learning, several
studies were done on their application along with sound analysis in bee hive state identi-
fication, such as swarming or bee queen detection. Materials and methods. A public la-
beled dataset “To bee or not to bee” with bee hive sounds was used for training. It was
split by source and then cut into pieces 4 seconds each. Then, CNN models were trained
using different audio feature extraction methods, such as MFCCs and STFT. First, it was
trained on a first audio set, and then trained models were utilized to analyze their per-
formance on the evaluation set of the second audio set. Results and discussion. According
to the training and evaluation results, MFCCs-based models have given constant good
results, and when used on a limited audio dataset, pre-trained model showed better per-
formance than the one trained from zero. Conclusions. The experiment showed that
MFCCs is a better performant feature extraction method for a task of the bee hive sounds
analysis and bee queen presence identification. Also, even though training a model on a
full audio set results in better performance, pre-trained models can detect a bee queen
absence in another hive even after an additional training on a limited audio dataset.

Key words: neural networks; tensorflow; deep learning; bees; MFCCs; STFT;
bees; CNN; bee hive state; audio analysis.
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O.I'. Bennuko, B.10. KamkiH, K.B. Pynbko, JI.B. KamkiHa
AHAJII3 PO3BUTKY PEAKIIII OKHMCJIEHHS BYIJIELIIO
HM3BbKOBYTJIELHEBOI CTAJII B KOBIII ITIJT, BAKYYMOM

AHomauis. 06exkm OoCniOKeHHs npoyec BakyyMyBaHHA cmani 8 Koswi. Mema 00CniOXeHHSs —
BU3HAYUMU cmeniHb HAbIUXeHHs peakyil dezazayii 00 piBHOBA2U MA NOKA3HUKU BUOGSIEHHS 34
cmammsamu. Memoou 0ocnioxeHHs meopemuyHi 00CNIOXeHHs 6a3ymbcs Ha OCHOBHUX NOJIO
XKeHHAX i3u4Hoi ximii i meopii memanypeiliHux npoyecis, mepmMoOUHAMIYHT PO3PAXYHKU HepiB
Hosaeu peakyili Oeeasauyii. Haykosa HOBU3HG  npu BAKYYMHUX npouyecax Oe2asauii icmomHy
pOJ/ib 2pA€E HABUXEHHSA BION0BIOHUX peakuyili 00 piBHOBA2U, 8 NPOMUCTOBUX BAKYYMHUX YCMAHO
BKaX pIBHOBA2A MIX By2/ieyeM 1 KUCHeM, PO3YUHeHUMU 8 CMaJi, He 00CA2AEMbCA 13 30 BUK/TOYHO
Manux KOHUEHmMpayiax 83aeMOOTOYUX PeYOBUH WBUOKICMb XIMIYHOT peaKkyii 3MeHWyemsCca Ha
CMI/IbKU, WO He 003B0JIAE 3G 4aC 06POOKU HABIiMb HabAU3UMUCS 00 CmaHy mepmMoOUHAMIYHOT
pisHosazu. [lpakmuyHa 3Hayumicme 0J1 3a6e3ne4eHHs BUCOK020 CmyneHs peanizayii po3Kuc
JI0BA/ILHOT 30aMHOCMT By2/1eylo B YyMOBAX BAKYYMY HEOOXIOHO: 3aCmMocoBy8amu OCHOBHY gyme
POBKY CMQANEpO3NUBHUX KOBWIB, NiOMPUMyBAMU BUCOKY OCHOBHICMb WAAKY 1 MIHIMAAbHUU
8MICM OKcuOiB 3a/i3a B8 HbOMY; nepemillysamu po3njas 8 KOBWI iHEPMHUM 2a30M 0J1 nosee
WeHHA YyMOB 3aP00XKeHHA NPpoOyKmMIB8 peakuyii OKUC/IeHHSA By2ieulo.

Knto4osi cnosa: deeasauyis, BaKyyMyBaHHS, KiBW, BOOeHb, A30M, KUCEHb, HePIBHOBAXHICMb pea
Kuid.

AHaji3 craHy nuTaHHs. KOHKypeHIlis y MeTanyprii 3MyIirye BUPOOHUKIB MpU-
IOUISATU OCHOBHY YyBary SIKOCTi CTaji, L0 AOCSATAa€TbCSl LUISIXOM 3HVDKEHHS BMICTY
raszip [1-3], DOMIIIOK KOJIbOPOBMX MeTajiB, HEMeETAJeBUX BK/IKUYEHb, JIeTyBaHHS,
VIIpaB/IiHHSI CTPYKTYPOIO Ta BAACTUBOCTSIMM MeTay HMUISIXOM MiKpOJieryBaHHS, MO-
IudiKyBaHHS, TEPMIYHOI Ta TepMOXiMiuHOI 00p0o6KM. OIHMM i3 MacOBUX BUJIIB MeTa-
JIOTIPOAYKIIii € HM3bKOBYIJIEleBi cTaji. XOpollli MOKa3HUKM MJIaCTUYHOCTI, 3BaprOBa-
HOCTI, BiJHOCHA TIPOCTOTa BUTOTOBJIEHHS Ta HM3bKa BapTiCTh 3yMOBWU/IM BUKOPUCTAH-
HSI IMX CTaJIel SIK OAVH 3 OCHOBHMX KOHCTPYKIiAHMX MaTepiaiiB [4]. llIlupoko nomm-
peHi HU3bKOBYTIJIELeBi CTaji SIK aBTOJMCTOBI, €/IeKTPOTEXHIUHI Ta KOPO3iitHO-CTiliKi
MaTepiaan. 3 KOXKHMM POKOM Y CBiTi Bce Oi/IbIIIOI0 MipoI0 3pocTae motrpeba B CTAJISX,
BMICT ByIJIell0 B sIkuxX cTaHOBUTh 0.01-0.02% i meHI11e. Y KOHBepTepi BaXKKO OTpUMa-
TU CTaJIb i3 KOHIIeHTpaliew Byrienio Meniie 0.03 — 0.05 %. Lle moB's13aHO 3i 36i/1b-
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IIIeHHSIM OKMCHEHHSI MeTasly i IIUIaKy, 3HaUHMMM BTpaTaMu 3ai3a (Ki CyTTEBO 3pOC-
TalOTh IIPU 3HISKEHHI KOHIIEHTPAIlii BYIJIEII0), a TAKOX Pi3KMM 30i/bIIEHHSIM 3HOCY
BOTHETPUBKOI (pyTepoBKku. ToMy Ipy BUPOOHMUIITBI CTaJIi 3 BMiCTOM BYIJIEII0 MEHIIIE
0.02% muMpoKOo 3aCTOCOBYIOTBHCS TEXHOJIOTi, 110 MOEAHYIOTh IlepeBaru KOHBepTepa 3
KOMOiHOBaHMM ITPOIYBAHHSIM 3 TIOIJTBIIIOI 06POOKOI0 CTaTi HA BAKYYMHMX YCTAaHOB-
Kax. HeoOximuuit BmicT ByrJerio 0,0025...0,0030% y roroBoMy MeTasti 3abe3neuye Ba-
KyyMmHe 3HeBymIeloBaHHs g0 0,0015% 3 ypaxyBaHHSIM MPUPOCTY BMICTY BYTJIEIIO ITiJ
yac IoBeeHHS Ta PO3/IMBAHHS MeTaly. BpoBamKeHHS HOBMX YCTAHOBOK Ta OCBOEH-
HSI HOBMX MapOK CTaJIeil BUK/IMKAJIO HeOOXigHICTh pO3POOKM BIOCKOHAIEHOI TEXHOJIO-
rii iX BUPOGHMUIITBA, SIKa TOJISITA€ Y BUPOOJIEHHI BUMOT 0 HAMiBIIPOAYKTY, TEXHOJIOTii
I/IMO0KOT0O 3HEBYIJIEI[IOBAHHS Ta IT03allivHOi 06p0o0OKM, BMMOT 0 MaTepiasliB, 10 BU-
KOPUCTOBYIOTbHCS.

[IIpoko nommpeHe ysBJIeHHS, 0 3HEBYT/IeLI0BaHHSI IPY HU3bKMX KOHLIEHTPA-
L[isIX BYTJIEI}0 KOHTPOJIIOETHCS MepeBaKHO MacOMepeHOCOM BYTIJIEll0, He TOSICHIOE
TIOBHOIO MipoI0 BCiX 0co6MBOCTel Tpotiecy [5, 6]. ToMy BMHMKIIA HEOOXiIHICTD Ao/a-
TKOBOTO TEOPETUYHOTO JOCTiIKeHHS ITPOoIecy OKMCHEHHS BYIJIEI0, 0COOIMBO 3a io-
IO YJIbTPaHM3bKOI'O 3MiCTY.

OCHOBOIO TIPOIIeCiB 3HEBYIJIEI[IOBAHHS B CTa/leIJIaBUIbHMUX arperaTax € IMOTOKMU
KMCHIO 3 Ta30BOi a3y B IJIaK i MeTasl, i BUTpauaHHsSI KMCHIO Ha HAaKOMMUeHHs B IIljIa-
Ky, MeTaJli Ta OKMCI€HHS BYIJIEII0 i JOMIIIOK. PyIIiliHOIO CUJIOI0 TIepeHeCeHHs € pi3-
HUIIST BiJTIOBiAHMX TOTEHIliasliB B ¢aszax, siki pearyioTb. [Ipoliecu mepeHoCy KUCHIO,
BYIVIEIIIO i TETVIOBOI eHeprii, sIKi 3[1i/iCHIOIThCSI B IPOMUCIOBUX arperarax 3a paxyHOK
pi3HUIIi MOTEHIIiajiB, € HEPIBHOBAXKHMMM U i MPOTIKaKOTh Y BiZIKpUTUX cucTeMax. He-
3BOPOTHICTb peajbHMX HEPiBHOBAXKHUX IMPOIIECIB CYMTPOBOIKYETHCS 3MiHOI €HTPO-
ITii, IKa IpU LIbOMY HEMMHYYE 30i/IbIITYEThCS.

OG0B 'SI3KOBOI0 YMOBOIO BMPOOHMIITBA SIKiCHOI i BUCOKOSIKICHOI CTaJli € KOBIIIOBA
00pobka. OHUM 3 TIOMMPEHUX METOiB KOBIIOBOI 00pOOKM € BaKyyMyBaHHSI B KOB-
I1ax 3 OJJHOYACHOIO ITPOAYBKOIO MeTaly iHepTHUM Tra3oM, 3a3Buuait aproHom. OfHa 3
OCHOBHUX IIiJie/i BAKYyMYBaHHS - 1ie 3HVMKeHHSI BMICTY B MeTaJjli pO3UMHEeHMX rasiB -
BOJIHIO, KMCHIO i, TI0 MOX/IMBOCTI, a30Ty. [CTOTHMM MOKa3HUKOM e(deKTUBHOCTI Ipo-
1Iecy merasallii € TOBHOTA 3aBepIIEHHS peakiliil, SsKka MoyKe OYTM OIliHeHa 3a BeJIN4u-
HOIO HAaO/IVDKeHHS LIMX peakiliii 40 piBHOBArm.

BuknageHHs1 pe3yJbTaTiB JOCTIIKeHHS. Y [aHiii pobOTi 3a pesyabTaTaMu
MOJIe/TIIOBaHHSI HA MaTeMaTUUHiil Moperi [7] 3pobsieHa OlLiHKAa HAaOGIVOKeHHST peakilii
Jlerasallii 1o piBHOBaru i 3'sicoBaHi (pakTopu, 110 BIUIMBAIOTh Ha Hei. Po3paxyHKu Te-

TIO0OMiHY TTOKa3aju, 10 MPOrpiB 6y/ibOaIiky aproHy BigOyBa€TbCSI IPU TPAHUYHUX
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YMOBax IepIIoro poAy, i 4ac ioro HarpiBaHHS OO TeMIlepaTypy MeTaly CTaHOBUTH
0,2-0,4 cexyHm, iHIIIi MpoLleCH He JIIMITYIOTbCS. 3TiIHO 3 po3paxyHKaMM, MacooOMiH
rasiB B Oy/bOalllili 3 MmeTajgoM MPOTiKae Mpy 3HaUeHHSIX uncia bio nudysiitHoro — Bip
MenIie 0,2, MO0 CBITYMTH JIKIIIEe ITPO 30BHIIIIHE JIIMITYBaHHSI, TOOTO CTaji€l0, 110 BU-
3Hava€ MBUAKICTD IIpoliecy, € audysist uepe3 MpUKOpAOHHMI 1map. Lle BigmoBigae Bi-
IOMUM JIiTepaTypHUMU OaHUMMU [8,9], 3rifHO 3 SKMMU JIIMITYI0UYOI0 JIAHKOIO ITPOLIeCiB
Jerasailii € repexi peareHTiB uepe3 MPUKOPAOHHMI IIap Ha Mikda3sHOMY KOPIOHi
MiXX MeTaJIOM i ra30B010 (pa30io.

ITpu 11o6ymoBi AuHaMiuyHOI Mozesti 3a ii ocHOBY Oy/ia IPUITHATA BiloMa MOMETh
BaKYyMHOI'O 3HeBYIJIeL[JOBaHHA [1] Ta JOIIOBHEHA IIPOLECOM OLHOYACHOI'O IIPOLyBaH-
HSI MeTa/y aproHoM. [10 OCHOBHMX IT0JIOKEHb 1Ii€i MOfe/li MOKHA BiTHECTH TaKi:

- Mpoliecy MacooOMiHy MeTajy 3 6y/JIb0AIIKOK aproHy Py OTo CIIMBAHHI, IO
BiIOYBAIOTHCS 3 TAa30M, HATPiTUM JI0 TeEMIIepaTypyu MeTay, i JiMiTyIOTbCS TiJTbKM 30B-
HillIHBOIO AUPY3i€l0

- B 3B'SI3Ky 3 iHTEHCMBHMM IlepeMilllyBaHHSIM CKJIaJ, MeTalay 3a 10oro oocsirom
BBAKA€THCS MOCTIITHUM;

- BUJAJEHHS pO3UMHEHMX Ta3iB BilOYBA€THCS 32 TaKMMM CTATTSIMM BUTpPAT: B
oynbbamky CO, B Oy/b0aIliKky aproHy i uepes MoBepPXHIO METATY BiJIbHY BiJl IIUIAKY.

[Ipu BigxuieHHi cucTeMu BiJi piBHOBAr“ BUHUKAIOTh MOTOKM PEYOBUH 3 METATy
B ra3oBy a3y, sIKi MPOMOoPIIiiiHi BiANnoBigHMM KoedillieHTaM MacoBiggaui — [ (M/c) i
pi3HMIII KOHILIEHTpALi/i peYOBMH B MeTa/li PiBHOBaXXHOI 3 ra3oBoi0 da3oro. IIpu ma-
JIMX KOHLIEHTPAIIiSIX PEYOBMH iX aKTMBHOCTI MOXYTh OyTM 3aMiHeHi KOHIIEHTpallisiMu
(kr/M°3). TIpy 11bOMY MOTIK i-TO KOMIIOHEHTA 3 MeTaJTy B ra3oBy ¢a3y Oyne BM3HAUaATH-
Cs1 PIBHSIHHSIM

Ji = ﬁi([G]i - [G]piEH..i): Kr/(MZ'C)- (l)

KoHuieHTpallii BOAHIO, a30Ty i KMCHIO, PiBHOBa)XHi 3 ra3oBoio (as30i0 OymyThb

3HaXOOUTHCA 3 BMpaBiBZ

[H];uiBH. = Ky - \,u"IIP—H?_’ @

[N]ijH. =Ky - xP_"-z’ ©
_ Peo

[O]ijH. T lelks (4)

ne Ky, Ky Ta Kc - KOHCTaHTM PiBHOBAaru peakiiii po3uMHeHHS BOAHIO, a30Ty i OKUC-
JIEHHS BYTJIELI1O.

[Tpu po3paxyHKy IMOTOKY KMCHIO BBasKasloCs, 1110 pa3oM 3 HUM IUPYHIyeE eKBiBa-
JIeHTHa Maca ByTJIellio. Macu peuoBMH, SIKi TlepeiIiu B ra30By ¢a3y 3a MeBHMit Tepi-
ol — (uac crmMBaHHS O0ynp6amok CO i aproHy, 4ac KOHTaKTy BiZKpUTOI ITOBEPXHi Me-

TaJTy 3 ra30BoI0 (pa3o1o) 6yayTh
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my = [ Bu([H] = [Hlpies ) Sudr, (5)
My — f;ﬁﬁ.’([N] - [N];:uiBH.)SNdI: (6)
Mo = 1,75 J; Bo([0] — [0]pims.)ScodT, (7)

Ile S; — TuIoIIa MOBEPXHi po3ainy ¢a3s, 3aifHsITa TOTOKOM PEUOBUHM i. Y TIEepIIOMY Ha-

OJIVDKeHHI IPUITHSTO, 1O I1i TIJIOIi TPOMOPIIiliHi BiAIIOBiAHMM ITOTOKaM

,s ®)

i T
ne Sp — TIOBHA TTOBEePXHS KOHTAKTy MeTaJl - Ta3oBa (a3a.
Macu BogHio i CO, siki mudyHIYIOTh B ra3oBy ¢asy, o KOxKHii 3 crtarei audysii

- k 6ynyThb
My, = [ Bay, ((H] — [Hleq, )S:, d1, )
Mo, = 1,75 [, Bo, ([0] — [0]oq, )Si, d7. (10)
[MapuiasbHMUI TUCK JaHOTO Ta3y B BiAIOBigHIl ra3oBiii dasi po3paxoByBaBcs 3a
BMpa30M
P = S ay

Ile P — 3arajbHMI1 TUCK B ra3oBiit (asi 3 ypaxyBaHHSIM 3MiHM TiIPOCTATUYHOIO i KalTi-
JIIPHOTO TUCKY MO MnbuHi, M — MoJeKyJspHa Maca JaHoro rasy. IIpy po3paxyHKy
TnapiiiaTbHOTO TUCKY Ta3iB, 1110 MepexoAsiTh B Oy/Ib0alllKy aproHy BpaxoByBaJiacs i ma-
ca aproHy B Oy/b0ariiii.

Cksaz, MeTajy po3paxOoBYBaBCs SIK Pi3HUIISI MOYATKOBOTO BMICTy BUAAISIEMOTO
rasy [G], i Macu ra3sis, 10 BUAQJISIIOTHCS B ra3oBy a3y 3a BCiMa CTaTTsIMU

£k tm (z)v,N,
[G1=16], - X [———d=. (12)

Lo M
Iie v , — 4aCToTa yTBOpeHHs O6y/bbamok CO abo aproHy, o BUXOAATh 3 OFHOIO COIIA;

Np — KiJIbKiCTb Oy/IBOAIIIOK, 1[0 BUXOASATh Ha Misk(a3Hy IToBepxHI0 MmeTaiy. [Ipu Buma-

JNleHHi rasiB uepes BifKPUTY MOBEPXHIO v , Ta Np He BPaXOBYBa/IUCh.

Sk BugHO 3 Bupa3sy (1) iHTEHCUMBHICTb MOTOKIB pPeUYOBMH MPOIOPIliiiHA Pi3HUIL
dakTnuHOI i piBHOBasKHOI KOHIIeHTpallilt. OTXXe, yIIpaBJIsSITH MIPOLIECOM Jerasaliii Mo-
’KHA, BUOMpAIouM ONTHMAJIbHI YMOBM HAOIVMKEHHS CUCTeMU 10 piBHOBaru (puc.1). Sk
TTOKAa3HMK HAOIMKEeHHST CUCTeMM [0 PiBHOBAru MpUITHSITO BilHOIIEHHS BMICTy rasy B
MeTaJli, piBHOBa)KHe 3 Mapliia/ibHMM TUMCKOM IIbOTO ra3y y BiIIOBimHii ra3osiit dasi,

o GaKTUYHOTO J10ro BMIiCTY B MeTaJTi

(Clazn = P51 (13)
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PucyHok 1 — BrumiB umcia comesn y BCTaBIli Ha HAGIVKeHHST 0 piBHOBAru
peaxliiii BuaajeHHs KMCHIO — a

i BomHIO - 6; KisIbKicTh comen: 1 — 20,2 -10,3 -1

VY mouaTKOBiii cTafii BumaseHHs rasiB, Kojau B OyiabOaliili abo Haf IMOBEPXHEI0
MeTay JaHuii ra3 BifCyTHiii, JiI0ro mapiliaJbHUIL TUCK JOPIBHIOE HYJIIO i pPiIBHOBOKHUI
3 HMM BMICT Tra3y TakoX AOPiBHIOE HYJIO, OTKe, i 1le BiJHOIIEHHS TaKOX JOPiBHIOE
Hys10. [Ipy JOCSITHEHHI B MeTaJsli KOHIeHTpallil, piBHOBasKHO1 3 BMiCTOM JIaHOTO rasy B
ras3oBiii ¢asi, e BiZHOIIEeHHS JOPiBHIOE OAMHMII. 3 METOI IOIIYKY MOXX/IMBUX OII-
TUMAJbHUX PEXMMIB Aerasailii Metany 6y/10 MpoBeAeHO MaTeMaTUUYHEe MO ETIOBAHHS
BIUIMBY Pi3HUX TEXHOJOTiYHMX (PaKTOpiB Ha HAGIVMKeHHS cucTemMu 0 piBHOBaru. Ki-
JIBKICTB comes B MPOIYBajIbHii BCTaBIIi BILUIMBAE Ha HAOIVDKEHHS 0 PiBHOBAru peak-
11iVi BuganeHHs KucHio (y Bursigi CO) i BogHIO 110 BMCOTI 1Iapy MeTany Ipu ix amudysii
B OynbOaImky aprony (puc. 1). 36inblIeHHS KiJTbKOCTi COTesI IpM OJHAKOBiii BUTpATi
aproHy Mpu3BOAUTD 10 3HMKEHHS pO3MipiB Oy/Ib0OAIIIOK i, SIK HAC/TiI0K, 3pOCTaHHS 3a-
raJIbHOI TIJIOIIi IMOBepxHi. Peakilisi BumaseHHsI KUCHIO (3HEBYIJIEIIOBAHHSI) ajieKa Bif
piBHOBAry i Ha MOBHOTY 11 3aBepIlIeHHS iICTOTHE 3HAUEHHS CIIpaBJIsI€ 3arajibHa MOBEP-
XHs1 Oy/Ib0aIIok. Peaxkirist BUgaaeHHs BOAHIO, HaBMIaKy, O6J1M3bKa 10 piBHOBArH, i Ij10-
1112 TTOBepxHi OY/Ib0AIIOK MPaKTUUHO He BIUIMBAE. SIK ITOKa3ajio Mo/ie/lIoBaHHS, BU/Ia-
JIEHHSI BOAHIO B OyJ/IbOAIIKY aproHy ITPOIOPIIiIfHO /10r0 BUTPATI.

[[IBuaKe HAOAMKEHHST peaKllii BUAaaeHHsI BOJIHIO 10 piBHOBAry MoB'sS3aHO 3 HU-
3bKOI0 1100 MAaCOBOIO PO3UMHHICTIO B 3aJ1i3i 1, IK HAC/TiIOK, 3 HU3bKMM PiBHOBa>KHUM

napiiiaJibHUM TMCKOM BOJHIO B Oy/bOarikax aprony i CO.
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OrinKa HaGIMKeHHS 10 PiBHOBAru peakiliii BuaaaeHHs KMCHIO, a30Ty Ta BOIHIO
Ha JlecsITili XBUIMHI Ipoliecy BaKyyMyBaHHS (pycC. 2) rokasaja, 1o Haiommskue g0 pi-
BHOBaru 3HaXOAUTHCSI peaxilisi BUAaJeHHS BOAHIO, HaAaji - peakilis BUIaJIeHHS KUC-
HIO, peaKliisi BUaaJeHHs a30Ty 3a/iMa€ MPOMiKHe Miclie.

3MiHa mapliaJbHOIO TUCKY Ir'a3iB B Oy/Ib0alllli aproHy IIpy CIUIMBaHHI B BaKyyMi
10Ka3ajio, 10 B IIbOMY BUIIQAKy IapiiaJibHMiI TUCK BOOHIO TaKOX IIBUAKO OCSTAE
CBOTO rPaHMYHOTO 3HAUEHHS i MPY MOJA/IbIIOMY Ii/IJAI0Mi MPAKTUUYHO He 3MiHIOETHCS
(puc. 3). Iapuianpanii Tuck CO MpoOXOoAUTh Yepe3 MakKCMMyM. Y NPyriii MOJOBUHI
CIUTMBaHHS TapliiaTbHUI TUCK TIaJIa€, TaK SIK 3araJbHUI TUCK 3HIDKYETHCS, a Audy3is

HE BCTUTAa€ KOMIIEHCYBATU 1€ 3HV>KEHHSI.

—

0,5 7
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PucyHok 2 — HabmskeHHS 10 piBHOBAru peaxiliii BUIaJeHHS BOTHIO - 1,

a30Ty - 2, KUCHIO — 3
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PucyHok 3 — IlapuianbHuii TUCK ra3iB B 6y/nb0aliili aproHy mo Xoay CIUIMBaHHS :
1-CO,2-H;,3-N;

18 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CucreMHi TexHonorii» 4 (153) 2024 «System technologies»

B mpolieci criMBaHHSI BMICT ra3iB B Oy/ibOalllii aproHy 3MiHIOETbCS (puc. 4).
Bmict CO B Mixypi BeCb 4ac MOMITHO 3POCTA€E, B TOM YacC SIK BMiCT BOJHIO iCTOTHO 3PO-
CTa€ TiJIbKM B BEPXHiX TOPM30HTAX MeTaTy MPU HMU3bKUX 3ara/ibHMX TUCKaX B OyabOa-
mii. Bee 1e 103BOJISIE OSICHUTY CYTTEBE HAOMIKEHHST peakilii BuaaJeHHs] BOIHIO 10

piBHOBAru i JOCUTH c/1abKe HAOMVKEeHHS 1)1 peaKiiii 3HeBYI/IeLIFOBaHHSI.
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BignocHa BucoTa

PucyHok 4 — Bmict rasiB y 6ynbb6ariiii aprony: 1 — CO, 2 — Hz, 3 - N;

BenuunHa HabAMsKeHHST OO piBHOBaru poOuTh iCTOTHMIA BIUIMB Ha JOJIIO BUIA-
JIeHHS ras3iB 3a crarTsaMmu: B O6ynbbamky CO, B Oyab0aIky aproHy i uepes BiIKpUTY
MmoBepxHI0 MeTany. Ha puc. 5 HaBe[ieHO [aHi BMIaeHHSI BOJIHIO 3a CTATTSIMU IIpU Ba-
KyyMyBaHHi, 3 SIKOTO BUIUIMBAE, 110 36iabIeHHsT BUTpatT aprony 3 0,1 mo 0,25 m%/xB
MiZBUIIYE 710T0 BUAAIeHHs B Oy/bOalKy aproHy, MpMubiIn3Ho, BABiUi, ajie Tpy 1LIbOMY
naja€e yactka BupaneHHs B 6ynboamky CO. OCHOBHOIO CTaTTelo € BUOATEHHS uepe3
rnoBepxH Metainy (60 — 70 %).

V 3B'I3Ky 3 IIMM [JIs1 3a0e31eUeHHsT BMCOKOTO CTYIIeHSI peajti3allii pacKUc/IuTe-
JIbHOVi 30AaTHOCTI BYTJIEIl0 B yMOBax BaKyyMy HeOOXiJHO: 3aCTOCOBYBAaTM OCHOBHY (y-
TEePOBKY CTaJepPO3/IMBHMX KOBIIIIB, 4O CKIAAy SIKOI BXOISATh BAaXKKO BiJJHOBJIIOBAHICTIO
OKCUIM; MiATPMUMYBATM BUCOKY OCHOBHICTb IIVIAKY i MiHIMaJIbHUI BMICT OKCUJIIB 3aJli-
3a B HbOMY; ITepeMilllyBaTy PO3IJIaB B KOBIIi iHEPTHUM Ta30M [,151 [IOJIETTII€HHS YMOB
3apOpyKeHHSI TIPOAYKTiB peakilii OKMCIEHHS BYTJIello.

SIK 1okasye mpakTMKa, IIpM BMICTi ByIielio B ctaji 6;am3bko 0,50% 3a paxyHOK
BAKyyMHO-BYTJ/IELI€BOTO PO3KMUCIEHHSI KOHI[EHTpAllil0 KMCHIO B MeTaJli BAAETbCS 3HU-
>xyBaTtu 10 0,002-0,003%, 1110 HMKUe PiBHOBaXKHOI 3 BMICTOM KpeMHilo, ajie BuUllle pi-
BHOB)KHOI 3 PO3YMHEHUM y MeTasli ajitoMiHieM. ToMy npy BBeJeHHiI KPEMHiI0 B Me-
TaJl I/ BaKyyMHO-BYIJIEIIEBOTO PO3KMUC/IEHHS TTIePBUHHI €HIOTeHHi BKIIOUEHHST He
YTBOPIOIOTHCS. 32 PaXyYHOK 3HVMKEHHSI BMICTY PO3UMHEHOIO B MeTaJli KUCHIO LIJISIXOM
PO3KUCJIEHHST BYTJIEIIEM ITiJl BAKYyMOM ITOJaJIblile O6JISITaTy PO3KMUCIEHHS ITPOTiKae 3
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MiHiMaJIbHMM BUTapOM PO3KUC/IIOBaviB. Takuit criocio 06po6KM peKOMEHAYEThCS [IJIs
BUPOOHMIITBA BiJIbHOI Bif, BeIMKMX OKCUAHMX BKIIOUEHbB i iX JIOKQJbHUX CKYITYEHb

0COOJIMBO UMCTOI CTaTi.
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Yac, xB.

PucyHOK 5 — BriuB BUTpaTyt aproHy Ha BUAAJIE€HHST BOJHIO 32 CTATTSIMM
a - B 6ynpbamiku CO, 6 - B Oy/IbOAIIIKYM aproHY,

B - yepes BiIKpUTY ITOBEPXHIO; BUTpaTa aprony: 1 — 0,1, 2 — 0,25 m3/xB

[lig 3amob6iraHHsT HaAMipHO OYPX/IMBOTO PO3BUTKY ITiJi BAKYYMOM peaKliiii OKuC-
JIEHHSI BYTJIEI}0 IPOBO/ISITh YaCTKOBE PO3KMCIEHHS CTali IIJISIXOM MiIBUILEHHS B Hili
BMiCTy KpeMHiIo i (a60) ajlroMiHii0. 3aBIsIKM ITepeMilllyBaHHIO METaJTy i 3aCTOCYBaHHIO
TOPiBHSIHO HEBEJIMKO]I KiJIbKOCTi PO3KUC/IIOBAviB, MOXK/INBE AOCSTHEHHS TaKOTO X BU-
COKOTO CTYIIEHSI YMCTOTH CTaTi MO OKCUMIHMM BKJIIOUEHHSIM, SIK i TIpM BaKyyMyBaHHi
CTaJli B HEPO3KUCIeHOMY BUI,.

BuCHOBOK. SIK TTOKa3aju pe3y/ibTaTy MOJIe/IIOBaHHS, peakilisi BuaaaeHHs BOJHIO
6/M3bKa OO0 piBHOBAry, a KMCHIO - JajieKa Bin piBHOBaru. [Ijisi BUOaJeHHSI BOJHIO B
Oy/IbOAIIKY aproHy HeOOXigHO 30ibIITyBaTH BUTPATY aproHy, a KUCHIO - IUIOITY TTOBe-
pXHi Oy/IbOAIIIOK aprOHY.

JIITEPATYPA
1.Modeling of the Vacuum Oxygen Decarburization Refining Process. 2000. Metal-
lurgical and Materials Transactions B 31(1):197-206.
DOI:10.1007/s11663-000-0145-5.
2.R. Ding, Bart Blanpain, Peter Tom Jones, Patrick Wollants. Bubble behavior and
evolution characteristics in the RH riser tube-vacuum chamber. Yihong Li, Hongwei
Zhu , Rui Wang , Zhifeng Ren, Yibo He. International Journal of Chemical Reactor
Engineering. https://doi.org/10.1515/ijcre-2022-0033.
3.Mathematical model for decarburization of ultra-low carbon steel during RH
treatment. Yu Huang, Guo-guang Cheng, Qiming Wang, Shi-jian Li, Wei-xing Dai.
Ironmaking & Steelmaking. Volume 47, Issue 6, July 2020, Pages 655-664.

20 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CucrtemHi TexHosorii» 4 (153) 2024 «System technologies»
https://doi.org/10.1080/03019233.2019.1567999
4. Jean-Pierre Birat. Steel cleanliness and environmental metallurgy. Metall. Res.
Technol. Volume 113, Number 2, 2016. https://doi.org/10.1051/metal/2015050
5. Bubble behavior and evolution characteristics in the RH riser tube-vacuum

chamber. Yihong Li, Hongwei Zhu , Rui Wang , Zhifeng Ren, Yibo He. International
Journal of Chemical Reactor Engineering. https://doi.org/10.1515/ijcre-2022-0033.
6.Cho, S. M., B. G. Thomas, and S. H. Kim. 2018. “Bubble Behavior and Size
Distributions in Stopper-Rod Nozzle and Mold during Continuous Casting of Steel
Slabs.” ISI] International 58 (08): 1443-52.
https://doi.org/10.2355/isijinternational.isijint-2018-096
7. SlkoBnes 10.H., Beqnuko A. I'., KamkuHa JI.B. MatemaTtudecKkasi MOZelb OKUCIEHMSI
yIjaepoa Mpy BaKyyMHOJ 00paboTKe CcTaiiM B KOBIIAX. // BeCTHUK MP1a30BCKOTO ro-
CyIapCTBEHHOTO TeXHUYECKOro yHuBepcurera. - Boim. N2 10 - 2000. Mapuynons. -
III'TY, 2000. - C. 45 - 52.
8. Memxkuboskckuit M.SI. OCHOBM TepMOAMHAMMKM ¥ KUHETUKM CTaJIelIaBUIbHbK
rporeccoB.—Kues-JloHenk: Buia mkosa, 1979.—280c.
9. Kuronmmenp I'. Packucienne 1 BakyymHasi o6pa6orka ctamm, M.: “Meramnyprus”,
1973, 312c.

REFERENCES
1.Modeling of the Vacuum Oxygen Decarburization Refining Process. 2000.
Metallurgical and Materials Transactions B 31(1):197-206. DOI1:10.1007/s11663-000-
0145-5.
2.R. Ding, Bart Blanpain, Peter Tom Jones, Patrick Wollants. Bubble behavior and
evolution characteristics in the RH riser tube-vacuum chamber. Yihong Li, Hongwei
Zhu , Rui Wang , Zhifeng Ren, Yibo He. International Journal of Chemical Reactor
Engineering. https://doi.org/10.1515/ijcre-2022-0033.
3.Mathematical model for decarburization of ultra-low carbon steel during RH
treatment. Yu Huang, Guo-guang Cheng, Qiming Wang, Shi-jian Li, Wei-xing Dai.
Ironmaking & Steelmaking. Volume 47, Issue 6, July 2020, Pages 655-664.
https://doi.org/10.1080/03019233.2019.1567999
4. Jean-Pierre Birat. Steel cleanliness and environmental metallurgy. Metall. Res.
Technol. Volume 113, Number 2, 2016. https://doi.org/10.1051/metal/2015050
5. Bubble behavior and evolution characteristics in the RH riser tube-vacuum
chamber. Yihong Li, Hongwei Zhu , Rui Wang , Zhifeng Ren, Yibo He. International
Journal of Chemical Reactor Engineering. https://doi.org/10.1515/ijcre-2022-0033.

ISSN 1562-9945 (Print) 21
ISSN 2707-7977 (Online)


https://doi.org/10.1080/03019233.2019.1567999
https://doi.org/10.1051/metal/2015050

«CucTtemHi TexHosorii» 4 (153) 2024 «System technologies»
6.Cho, S. M., B. G. Thomas, and S. H. Kim. 2018. “Bubble Behavior and Size
Distributions in Stopper-Rod Nozzle and Mold during Continuous Casting of Steel
Slabs.” ISI] International 58 (08): 1443-52.
https://doi.org/10.2355/isijinternational.isijint-2018-096
7. Yakovlev Yu.N., Velychko A. H., Kamkyna L.V. Matematycheskaia model
okyslenyia uhleroda pry vakuumnoi obrabotke staly v kovshakh. // Vestnyk

pryazovskoho hosudarstvennoho tekhnycheskoho unyversyteta. - Veip. N2 10 - 2000.
Maryupol. - PHTU, 2000. - S. 45 - 52.

8. Medzhybozhskyi M.Ia. Osnovy termodynamyky vy kynetyky staleplavylnk
protsessov.—Kyev-Donetsk: Vyshcha shkola, 1979.—280s.

9. Kniuppel H. Raskyslenye y vakuumnaia obrabotka staly, M.:Metallurhyia, 1973,

312 s.

Received 24.04.2024.
Accepted 26.04.2024.

Analysis of the development of the carbon oxidation reaction
of low-carbon steel in a bucket under vacuum

Abstract. The object of research is the process of vacuuming steel in a ladle. The
purpose of the study is to determine the degree of approach of degassing reactions to
equilibrium and removal rates by articles. Research methods - theoretical studies are
based on the basic provisions of physical chemistry and the theory of metallurgical pro-
cesses, thermodynamic calculations of the non-equilibrium reactions of degassing. Scien-
tific novelty - in vacuum degassing processes, the approximation of the corresponding
reactions to equilibrium plays a significant role, in industrial vacuum installations, the
equilibrium between carbon and oxygen dissolved in steel is not achieved due to extreme-
ly small concentrations of interacting substances, the speed of the chemical reaction de-
creases so much that it does not allow for processing time to even approach the state of
thermodynamic equilibrium. Practical significance - to ensure a high degree of imple-
mentation of the deoxidizing ability of carbon in vacuum conditions, it is necessary to:
apply the main lining of steel pouring ladles; maintain a high basicity of slag and a min-
imum content of iron oxides in it; mix the melt in the ladle with an inert gas to facilitate
the conditions for the nucleation of carbon oxidation reaction products.

Key words: degassing, vacuuming, ladle, hydrogen, nitrogen, oxygen,
nonequilibrium reactions.
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A.O. Xypba
JOCHIIJKEHHSI METOLY ®PAKTAJIBHOI'O CTUCHEHHS 306PAJKEHDb
3 METOIO ITOKPAIIEHHS AIKOCTI CTUCHEHHS

AHomauyis. Pozsumok mepexi Internet, nopsad 3 docmynHicmio 8ce 6isiblu NOMYXHUX KomMn'tome
pi8 ma IHWuUX yugposux npucmpois, Kamep, CKaHepis ma npuHmepis, npuseau 00 WUPOKO20 BU
KOpUCMAaHHA 4ugposux 306paxeHs. Y 38'A3Ky 3 yum 3pocmae iHmepec 00 NoAiNWeHHA anzopu
mMi8 CMUCHeHHSA 0aHUX, HaNPUKAao 300paeHs.

CmucHeHHA OaHUX € GKMyanabHUM K 018 WBUOKOCMI nepedayi, mak i epexmusHocmi 36epieaH
HA. Kpim 6azambox Budis KoMepyiliHO20 BUKOPUCMAHHS, MeXHO1021ii CMUCHeHHS CMAHOBAAMb
makox iHmepec y 8ilicbKOBIll 2asy3i, HANPUKAAO, Npoepamu 0b6pobKU OaHux meaemempii, ompu
MaHUx 810 nepexonsilo8ayis pakem, abo 015 apxiBHo20 36epieaHHs OaHUX NPO 306paXKEHHS MiC
yesocmi 015 MOOesI0BAHHS 000POHHUX Oill.

BupiweHHs npobnemu cmucHeHHs 300paxkeHHs abo, 8 3a2abHOMY CeHCI, KOOYBAHHS 300paeH
Hsl, BUKOPUCMOBYBAI0 00CA2HEHHA Ma CMUMYJI08AI0 pO38UMOK 6a2ambox 2any3ell mexHiKu ma
mamemamuku.

B cmammi docnidxyembca pakmanbHe CMUCHeHHS 300pa)eHb — Memod CMUCHeHHS OaHUX,
WO I'PYHMYyEMbCA HA BUKOPUCMAHHT camonodibHuUX namepHig y 306paxeHHi. Lleli memoo 00380
JIA€ 00CA2MU BUCOKO20 CMYNeHs CMUCHEeHHsA 3a yMOoBU 36epexeHHs demasnell 306paxeHHs.
Knwo4osi cnosa: ¢pakman, pakmansHe CmMUCHEHHS, camonodibHicms, agiHHI nepemsopeHHs,
KoeqiyieHm cmucHeHHs, 0ekomnpecis.

ITocranoBKa 3agaui. ®pakrasbHe CTUCHEHHS 300paskeHb € YHiKaJIbHUM i ede-
KTUBHUM ITiZXOI0OM 10 CTUCHEHHSI TaHMX, 3aCHOBaHe Ha MaTeMaTU4Hil Teopii ¢pa-
KTajiB. Y Cy4acHOCTi, Ie Ma€ BaskJuBi cpepu 3aCTOCYyBaHHS Ta mepeBaru, siki poo-
JIATH JOTO I[iIHHMM iHCTPYMEHTOM Y Tay3i 06pobku 306paskeHb. [0 OCHOBHUX Tepe-
Bar BiJHOCSITh:

1. 36epeskeHHS AeTaset Mpu cTUcKaHHi. OHi€I0 3 KIIOYOBUX IepeBar ¢ppakTa-
JIbHOTO CTMCHEHHS € 10T0 3JaTHiCTh 30epiraTu BMCOKMIA CTYITiHb JeTajisallii 300pa-
’KeHb 3a BiTHOCHO HU3bKOTO 00cATYy 30epiraHHs. lle 0c06JMBO BasKIMBO /I CUTYa-
1Iii1, e MOTpiOHO 30eperTu SIKiCTh 300pakeHHsST 32 0OMEKeHUX pecypciB mjisg 36epi-

raHHS Ta Mepefavi JaHuX.

© JXyp6a A.O., 2024
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2. EdexTuBHICTh Mepenaui uepe3 Mepexy. dpakTajbHe CTUCHEHHS JO3BOJISIE
CTBOPIOBATYM KOMITIaKTHi 300paskeHHS, 10 POOUTDH #Oro MPUOATHUM MJIs1 Tiepedadi
300pakeHb uepe3 Mepexy 3 HM3bKOK IPOITyCKHOIO 3AaTHiCcTIO. Lle 0co6imBO akTya-
JIHO IJ1s1 MOOIIbBHUX MPUCTPOiB, IHTepHETY peueil Ta iHIIMX CIleHApPiiB, e MIMpPOKa
cMyra IpOMyCKaHHS He 3aBXIOM JOCTYITHA.

3. AganTuBHe CTUCHEHHS OJIs Pi3HMX PO3AUIbHMX 3daTHOCTel. dpaKTaabHe
CTUCHEHHS J03BOJISIE afallTyBaTy piBeHb CTUCHEHHS 3aJIe5KHO BiJ PO3AUIbHOI 31aT-
HOCTI Ta AeTasieit 306paskeHHs1. 1le o3Hayvae, 1110 BOHO MOXXe OyTM BUKOPUCTAHE IS
CTUCHEHHSI Pi3HMX PO3MipiB 300paskeHb 6€3 3HaUHOI BTPaTy SIKOCTI.

4. ApxiByBaHHS Ta 30epiraHHs JaHMX. OpaKTajabHe CTUCHEHHS MOXe OYTU KO-
PUCHUM JJIs1 apXiByBaHHS Ta AOBIrOCTPOKOBOTO 30epiraHHsI 306paskeHb, TaK SIK BOHO
I03BOJIsIE e(DeKTUBHO 3MEHIIUTHM OOCST TaHMUX, He BTpadyalouy BaskauBoi iHdopma-
1ii. ITe 0co6MBO BasKIMBO 11 6i6/1i0TEK, apXiBiB, JOCTITHUIIbKMX 0a3 JaHMUX Ta iH-
IIMX CXOBUII JAHUX.

dpakTaabHe CTUCHEHHSI 300paskeHb 3aJMIIAEThCSI aKTyaJbHMM i I[IHHMM iH-
CTPYMEHTOM y Cy4acHMX YMOBAX, 3aBISIKM CBOIM 3Ii0OHOCTSIM 10 e(peKTUBHOIO CTHC-
HEeHHSI, 30epeskeHHsI AeTajieil Ta afallTUBHOCTI A0 Pi3HMUX CIleHapiiB BUKOPUCTAHHSI.
Tomy gocmigkeHHS 7i0T0 e(eKTUBHOCTI, ONTMMi3allisi TPOrpaMHOTrO KOAY MJIsl OTPU-
MaHHS Oi/IbIII MIBUIKOTO Ta SIKICHOTO pe3yabTaTy CTMCHEHHS, € aKTyaJbHOIO 3a/a-
yelo.

AHaji3 ocTaHHIX JOCTiAKeHb i myosmikaiii. ®pakTajbHe CTUCHEHHS € iHHO-
BallifiHMM ITiIXOJIOM 0 CTUCHEHHS ITaHUX, 3aCHOBaHMII HA BUKOPMCTAHHI CaMOIIO-
oi6HUX QpakTaJbHMUX CTPYKTyp. KoHuemniiss ¢pakTasiB, Brepiie 3ampollOHOBaHA
Benya Manpaens6poTom y 1975 portii, 3aCTOCOBYEThCS y Pi3HUX raays3six, BKIOYAIOUN
reomertpito, Qi3uKy Ta KoMIl'toTepHy rpadiky [1]. B ocTaHHi mecsaTwiiTTS ppakTanb-
He CTMCHEHHS CTaJI0 OIHIi€I0 3 HAMBaXKIMBIlIMX TEXHIK CTMCHEHHSI 300paskeHb, IO
HaJla€ BMCOKMII piBeHb CTMCHEHHSI 3 MiHiMa/IbHOIO BTpaTo iHdopMaliii.

®paxkTajbHe CTMCHEHHS BiApi3HSIETHCS Bid, TPaAMUIIiiHMX METOMIB CTUCHEHHS,
takux sik JPEG a6o MPEG, sKi I'pyHTYIOTbCSI Ha 3MeHIlIeHHi HaagMipHOCTi maHux. Ha-
TOMIiCTb, (PpaKTaJibHE CTMCHEHHS MOCTIIKYE i BUTITYE CAaMOIOAiOHI BisepyHKM 30-
OpaskeHHSI, 10 JO3BOJISIE TIPEICTaBUTH 10TO 3 BUKOPMCTAHHSIM BiJHOCHO HEBeJINKOi
KIJIBKOCTi JaHUX.

dpakTajsibHe CTUCHEHHS 300paskeHb Ma€ UyJ0Bi BIaCTUBOCTI, SIKi pO6/ISITh #10T0O
IIpUBAGIMBUM JIJIS JOC/IiIKeHHS i BUKOPUCTAHHS B 00po011i 300paskeHb. B 6araTbox

HayKOBMX pOOOTaxX AOCTiAKeHi roJIOBHI BJIaCTUBOCTI I[bOTO MeTOy [2-5].
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1. OnHi€o0 3 rOJIOBHUX IlepeBar (ppakTaJbHOTO CTMCHEHHS € 3JaTHICTh 30epira-
T OpiOHi meTasi 300paskeHHs. TpaauiliiiHi MeToAM CTUCHEHHS, SIK IIPaBUIO, ITPU3-
BOJISITh O BTPATU BMCOKOUYACTOTHUX KOMIIOHEHTIB 300paskeHHS, 1110 IIPU3BOIUTH A0
BTpaTy JeTaneii i po3MUTTS 300pakeHHs1. DpaKTajibHe CTUCHEHHS J03BOJISIE BiTHO-
BUTU IIi JeTaIi, 10 poOUTh J10ro 0CO6JMBO KOPUCHUM [IJISI IOJATKIB, [0 BMMAaraiTh
BMCOKOTO CTYIIeHS AeTasi3arliil.

2. ®paKTajabHe CTUCHEHHS 300paskeHb I'PYHTYETHCS Ha MOHSATTI CaMOITOAi6HOC-
Ti, e hparMeHTH 300pakeHHSI MOXKYTb OYTU TOYHO ab0 MpMOIM3HO OBTOPEHi B iH-
IIMX YacTMHAaX 300paskeHHs. 1l BaacTUBicTh 3a0e3reuye epeKTMBHE KOAYBAHHS Ta
TOJAaHHS 300pa’keHHSI 3 BUKOPMCTAHHIM 00MeskeHOro Habopy dhpaKkTabHUX Olepa-
TOPIB.

3. ®pakrasbHe CTMCHEHHS TaKOX 3HAMIIUIO 3aCTOCYyBaHHS B IMdpyBaHHI Ta
nepezauvi 306paskeHb 3a HM3bKOI MIBUIKOCTI Nepefaui gaHux. Moro sgaTHicTs npep-
CTaBJISITU 300pakeHHST 3 BUCOKMM CTYIIEHEM CTMCHEHHSI POOUTD JOr0 3pYUHUM JIJIS
BUKOPMCTAHHS B CMCTEMAaX 3 00MeXKeHOI0 IIPOMYCKHOIO 34aTHICTIO.

MeTa gOCTiIKeHHS - TOCTiIKeHHSI MeTony (PpaKTaJbHOTO CTUCHEHHS 300pa-
’KeHb 3 BUKOPMCTAHHSIM BapiaTMBHOCTI BXiTHMX IAaHMX, ONTUMIi3allis IIPOrPaMHOTO
KOy J1J1s1 TIOKpallleHHS SIKOCTi CTUCHEHHS.

BukiageHHSI OCHOBHOIO MaTepiaay AOCTiIKeHHS.

dpakTaabHMUIT METOM, CTMCHEHHS 300pakeHb 3 BUKOPUCTAHHAM adiHHMUX mepe-
TBOPEHbD - 1Ie OAMH i3 CII0CO0iB CTMCHEHHS 300paskeHb, 3aCHOBaHMIi Ha iflestx ¢ppak-
TaJIiB Ta caMoriofioHocTi [6]. 1leit MmeTox m03BoJIsIe e(eKTUBHO KOOYBATH 300paskeH-
HSI IIJISXOM OMMCY iX CTPYKTYPHMX BJIACTMBOCTE 3a JOIMOMOroI0 Habopy adiHHUX
TIepeTBOPEHb.

Jlozika pobomu memoady

1. IlekoMno3uilis 300pa’keHHs: ITOYaTKOBE 300pakeHHs MOMiISIEThCSI Ha HeBe-
MUKi 67I0KM - "OJIOKM ITiKCeiB" (HallpuUKiag, MPSIMOKYTHUK PO3MipoM 2x2 abo 4x4
mikcesst). KoxkeH 610K CIpMifMaeThesl SIK HAOip TOYOK, SIKi MalOTh JeSIKY JTOKaJIbHY
CTPYKTYDY.

2. Bubip 6a30BMX IepeTBOPEHb: [JII KOKHOIO OJIOKY ITiKCETiB IIyKAaKTbCS
adiHHi mepeTBopeHHsT (MaciTabyBaHHS, 3CyB, [TOBOPOT), SIKi Halikpaille MiIX0IsITh
IS HAOJIVDKEHHS 1IbOTOo 6J10KY. 1li mepeTBOpeHHsT 00MparoThCs TaK, 06 MiHiMi3yBa-
TU TOMMUJIKY HaOMsKeHHS.

3. KomyBaHHSI: KOKeH OJIOK ITiKCeJIiB KOJIYEThCS 3 BUKOPUCTAHHSIM BUMOPAHOIO
TiepeTBOPEeHHS Ta KoedillieHTiB, 110 OMMCYIOTh Pi3HUINIO MiXX BUXiTHUMM 3HAUEHHSI-

MM TIiKCeJIiB i 3HAUEeHHSIMM, OTPMMAHUMM B Pe3y/IbTaTi mepeTBOpeHHs. Takum un-
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HOM, iH(OpMaIIis PO CTPYKTYPY 300paskeHHSI KOIYEThCS Y BUIJISAAI HA60py adiHHMUX
repeTBOPEHb Ta BIAMIOBIIHMUX Pi3HUILIb.

4. PekypcuBHa 06po6Ka: IMpOIEC IMOBTOPIOETHCS PEKYPCUBHO [IJISI KOXKHOTO
6JI0KY, BK/TIOUAlOUM pi3HMIIEBi AaHi, OTpMMaHi Ha TonepeagHbOMY eTari. lle mo3Bo-
JISIE CTBOPIOBATHM OiJIbII AeTa/bHi OIMMCY 300paskeHHs 3a JOMOMOIoK Habopy adiH-
HUX MIepPeTBOPEHD i Pi3HUIIb KO)KHOMY PiBHI peKypcii.

5. KogyBaHHSI CTPYKTYpU: CTBOPIOETHCS KO, IO MIiCTUTh iHdoOpMmallilo mpo
CTPYKTYpy 300paskeHHsI, adiHHI IepeTBOpeHHS i KoedilieHTM pisHmilb. lleit Kom
MO3Ke OYTU CTUCHYTUI Aaji 3 BUKOPUCTAHHSIM CTaHIAPTHMUX METOAiB CTUCHEHHS Ja-
HUX.

6. [lekonyBaHHs: apiHHi ITepeTBOPeHHS 3aCTOCOBYIOTHCS Y 3BOPOTHOMY TTOPSI -
Ky, IOYMHAIUYM 3 BHYTPILIHLOTO PiBHS peKypcii, i KoedillieHTU pi3HUIIb TOJAI0ThCS
Ha3al g0 3Ha4yeHb ITiKCeJsIiB.

Ilepen cTMCHEHHSIM, 300paskeHHSI IEPETBOPIOETHCS HA YOpHO-Oise. Ile Heob-
X1OHO OJIsI:

1. CripoiieHHS anropuTMy. 300paskeHHs y BifTiHKax ciporo (4opHO-6imi) mic-
TSITh JIMIIIe OAVMH KaHaJjl SICKpaBOCTI 3aMiCTh TPbOX KaHaJIiB KOJbOPY (U€PBOHOTO, 3€-
JIEHOTO Ta CUMHBOTO). Lle cripoiye airoOpuTMu CTUCHEHHS Ta 3MEHIIY€E KiIbKIiCTh Aa-
HUX, 3 SKMMU TIOTPiOHO ITpaIfioBaTu.

2. 36epeskeHHsT meTaseil. YopHO-6imi 306paskeHHsT MalOTh MeHIle iHdopmariii,
Hi’K KOJIbOPOBi 300paskeHHSs, i, 0T>Ke, MOKYTb OyTU Oiibill e(peKTUBHO CTUCHYTI 3 Mi-
HiMaJbHOI BTPATOIO JIeTaleil.

IIpuxnad pobomu memody ma aHanis pe3yibmamis

Ha pucynky 1 HaBemeHO NpUKIaL po6OTH (PpaKTaJTbHOTO METONIY CTUCHEHHS
300pakeHb. Y SIKOCTi BXiTHOT'O 300paskeHHSI B3SITO 300paskeHHsT (popMaTy jpg 3 po3-
IiTbHOIO 3[aTHicTI0O 555%370 mikcesiB (MporpamMHoO 3MiHeHe Ha 256x256) Ta po3mi-
pom 113 Kb.

VY pesyabTaTi po60TH GpaKTaTbHOIO METOIY CTUCHEHHS 300paskeHb AOCTYITHA
HacTyIHa iHpopMairis:

Time taken for compression = 0.291021 seconds

Compression ratio = 3.329912

Time taken for decompression = 0.457792

PSNR = 26.724437
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Quadtree decat) vl i Decompressed image

Original image

N ST '..' ;
PucyHOK 1 — Pe3ynbTaT po60TH IIPOrpaMy CTUCHEHHS 306paskeHHs : BXimHe 306pa-

>KeHHS (JIiBOpyY), pO3KJIaJaHHS 3a JOMOMOI0I0 KBaZIpo JiepeBa (M0 LeHTPY), BiTHOB-
JieHe 300paskeHHs (IpaBoOpPyY)

Time taken for compression - 1ie yac, BUTpaueHMii Ha CTUCHEHHST 300paskeHHS
MeToAoM adiHHMX MepeTBOpeHb. 3HAUeHHS BM3HAUAETHCS B CEKYHIAX (3 TOUHICTIO
IO MijTliceKyH/I1) i MOKa3ye CKJIbKY Yacy 3aiiHsII0 BUKOHAHHS aTOPUTMY CTUCHEHHSI.

Compression ratio — 1e KoeillieHT CTUCHEeHHSI, SIKMii ITOKa3ye, HACKIJIbKA 3Me-
HIIMBCSI pPO3Mip 300paskeHHSI ITic/Isl CTUCHEHHS. BiH po3paxoByeThCs SIK BiTHOIIIEHHS
KiJIbKOCTI OiTiB Y BUXiTHOMY 300paskeHHi 0 KiJIbKOCTi OiTiB mic/is cTucHeHHs1. Y fa-
HOMY BUIIAJIKy 3HaueHHS KoedillieHTa CTUCHEHHS AopiBHIOE 3.329912, 10 o3HayaE,
10 pO3Mip CTMCHEHOTrO 300pakeHHSI 3MeHIUBCS Mpuban3Ho B 3.32 pasiB y Mopis-
HSIHHI 3 OpUTiHAJIBHUM 300paskeHHSIM.

Time taken for decompression — 1e yac, BUTpaueHMi1 Ha JeKOMITpeCiio (BiHO-
BJIEHHSI 300paskeHHSI ITic/Is CTUCHEeHHS). TaKoK BUMiPIOETHCS B CEKyH/IAX.

PSNR (Peak Signal to Noise Ratio) — BUKOpPUCTOBYETbHCS [IJISI BUMipIOBaHHS SIKO-
CTi BiTHOBJIEHOTO 300pa’keHHS B MOPiBHSIHHI 3 opuriHasioM. BiH po3paxoByeThCs SIK
BiJHOIIIEHHSI MaKCMMaJ/IbHO MOSKIMBOTO 3HAUE€HHSI CUTHAJI-IITYM 10 KBagpara cepe/i-
HbOKBAJPATUYHOI ITOMMJIKM MiXX OpMUTiHAJbHMM Ta BigHOBJIEHMM 300pakeHHSIMMA.
Yum Butie PSNR, TuMm Kkpaiile SIKicTb BifHOB/IEHO 300paskeHHS. Y TaHOMY BUITaOKY
3HaueHHs PSNR nopiBHI0€ 26.724437, 1110 BKa3y€ Ha 3a/10BiJIbHY SIKiICTb BiJHOBJIEHO-
ro 300paskeHHS.

Onmumizayist npozpamHoz0 Kody 01 NOKpawjeHHs. SKOCMi CIuUCHeHHSs

[TpoBegeHO AOCTiAKEHHSI, HACKIIbKM CWJIbHO BIUIMHE Ha NIBUAKOZiI0 ITpOrpam-
HOTO IIPOJIYKTY eKCIiepyMeHTa/IbHe BTPYUYaHHS Ta 3MiHa IPOrpaMHOro KOOy JJisl 10-

CSITHEHHS Kpallloi abo ripiioi SsKkocTi 306paxkeHHsI.
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1. IMoripuieHHs SKOCTi 300pakeHHs. Y KOJi, 006 OTpUMAaTH 300paskeHHs Haii-
ripiioi sIKocTi, 6yau BHeceHi HacTymHi 3MiHuU. Y psaaky s = qtdecomp(d, 0.1, [216]);
6yJsi0 3MeHIIeHO rpaHnuHe 3HayeHHs 10 0.1. Ile o3Hayae, 110 aATOPUTM arpecuBHi-
e po3buBaTuMe 3006paxkeHHs Ha O6yioku. Y aprymeHTi [2 16] y dyHkuii qtdecomp,
OyJIO 3MeHILeHO pOo3Mip OJIOKiB, 006 BOHM Oyyiyu MeHIMMM. lle mpusBeme 1o 6inb-
IIOTO PO30UTTS 300paskeHHsI. [HII YacTMHM KOAy 3anuiincs 6e3 3miH. Y pe3yib-
TaTi i 3MiHM POOJISITH PO3OUTTS 300paskeHHS TPYOIlIMM i CMIBHO CTUCKAIOTh JaHi,
IO IPU3BOIUTD JI0 TIOTipIIEHHS SIKOCTi 300paskeHHSI.

BxigHi maHi: 300paskeHHs GopMaTy jpg 3 PO3IiJIbHOIO 3maTHICTIO 555x370 mik-
ceiB (MporpaMHoO 3MiHeHe Ha 256x256) Ta posmipom 113 KB.

OTpuMaHi pe3yabTaTy HaBeAeHO y Tabmii 1.

Anari3 pesynbraTy. KoedillieHT CTUCHEHHS 3pic yaecsiTepo, 1110 TOBOPUTH PO
3HaAYHe IOTipIIeHHS SIKOCTi 300pakeHHsI. TakoXX CIIOCTepiraeTbCs iCTOTHA 3MiHa Ta-
KX TOKa3HMUKiB, Ik Time taken for compression, Time taken for decompression i
PSNR. 3nauenHst moka3HukiB Time taken for compression i Time taken for
decompression BKasylTb Ha HEIIOMITHY OIITMMi3allito Koay. A>Ke MIBUAKICTh BUKO-
HaHHS orepalliii Ta OTpMMaHHS [OCTOBIpHOI'O pe3yJbTaTy € OCHOBOK OY[b-SIKOTO
XOPOIIOTO IMPOTPaMHOr0 MPOAYKTY. 3MiHEHUIi KO, BUPIIlly€ MUTAHHS MTPOIYKTUBHO-
CTi BCHOTO ITPOrPAaMHOTO MIPOAYKTY. AJie B TOM ke yac BapTO BpaxyBaTu: came B 11bO-
MY BUNAJKY 3 MOMITHUM ITiABUIIEHHSIM IIPOAYKTUBHOCTI TaK CaMO MOMITHO Majaec i
SIKICTh Ofiep>KyBaHOro pe3ysbTaTy. [TokasHuk PSNR (skuit € mMOKa3HMKOM Y CBOIO
yepry SIKOCTi BiJJHOBJIEHOTO 300pa’keHHSI TOPiBHSHO 3 OpPUTiHAJIOM) AOPiBHIOE
19.539598, 1m0 cBiguMTh (3aJIEXKHO Bif mepeBaru KOpMUCTyBaua abo KiHIIEBOTO CIIO-
’KMBaya) PO BiZHOCHO ITOTaHy SIKiCTb OTPMMAHOTO 300pakeHHSI.

2. TokpallleHHST SKOCTi 300pakeHHS. [IJi1 OTpUMMAaHHSI 300pa’keHHST Kparioi
SIKOCTi OY7I0 BHECeHO HACTyIHi 3MiHu. Y psanky s = qtdecomp(l, 0.6, [4128]); 6yno
30i/ibIlIeHO IpaHnuHe 3HaueHHs A0 0.6. lle o3Hauae, 1110 aJITOPUTM OibIll KOHCEpBa-
TUBHO pO30MBaTUMe 300pakeHHs Ha Oioku. Y aprymenTi [4 128] y dyHKIii
qtdecomp 6ys10 36i/bilIeHO po3Mip 6710KiB. Biioku 6yayTh GiAbIIMMM i MiCTUTUMYTh
6inbire metaseii. [HII YacTUMHM KOy 3aJIMIIMINCS O€3 3MiH.

BxinHi naHi: 300paskeHHs popmaTy jpg 3 PO3IiJIbHOIO 3MaTHICTIO 555x370 mik-
cestiB (MMporpaMHo 3MiHeHe Ha 256x256) Ta po3mipom 113 KB.

OTpumaHi pe3ynbTaTy HaBeJeHO y Tabuili 1.

AHani3 pesynbraty. Pe3yabraT Haga€e abCoMIOTHO MIPOTWIEXKHI JaHi, TOPiBHSIHO

3 ToIepeNHiM pe3y/JbTaTOM. 3 Bi3yaJlbHO MOMITHUM IOKpAIlleHHSIM SIKOCTi 300pa-
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SKEHHSI 3HAYHO ITiJBUIIMIIOCS CIIOKMBAHHS pecypciB o6iagHaHHSIM, i BOAHOYAC yac
00pOoOKU.

Ha pucyHKy 2 HaBeJleHO ITOPiBHSHHS pe3y/bTaTiB eKCIIepUMEHTIB IJIs1 1ovaT-
KOBOTO eKCIIEpMMEHTY, IIpyu Ipybomy po3OMUTTI (Mpu MOTipiieHHi SIKOCTi) Ta Ipu
KOHCEpPBATUBHOMY PO3OUTTI (ITpM IMOKpAIeHHi SIKOCTi).

o

PucyHoKk 2 — ITopiBHSIHHS pe3y/IbTaTiB eKCIIEPMMEHTIB: a) pe3y/IbTaT IOYaTKOBMUIL; 0)

pes3y/bTaT MOTiplIeHHS SIKOCTi; B) pe3y/bTaT IMOKPaIlleHHS SIKOCTi

V Tabymili 1 HaBeeHO MOPiBHSIHHS pe3y/IbTaTiB ekcrepuMeHTiB. HaBegeHo vo-
TUPU TTIOKA3HUKYU aJITOPUTMY CTUCHEHHS 300paskeHHS IJ1s1 [TOYaTKOBOI'O eKCIlepumMe-
HTY, IIpU TpyOOMY pO306UTTi (IIpM MOTipiieHHi SIKOCTi) Ta Mpyu KOHCEPBATUBHOMY pPO-
30UTTi (ITpU MMOKpaIIeHHi SKOCTI).

Tabmuig 1
[TopiBHSHHS pe3yabTaTiB 3 ITOKpallleHHs/
TIOTipIIeHHS SIKOCTi CTMCHEHHS 300paskeHHST
ExcriepumenT
[Toka3HUKM aJITOPUT- . [MoripuieHHs [TokpaleHHs
[TouaTkOBMI1 . .
MY CTMCHEHHSI ) SIKOCTi SIKOCTi (KOHCepBa-
BapiaHT
300paskeHHS (rpy6e po3OUTTS) | TUBHE PO3OUTTSI)
3HaueHHs MMOKa3HMKA
Time taken for
. 0.291021 0.166994 1.195880
compression
Compression ratio 3.329912 46.516547 1.987957
Time taken for
] 0.457792 0.161126 0.774696
decompression
PSNR 26.724437 19.539598 28.145178
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BucHoBKM. DpakTajJbHMUII METOH, CTMCHEHHSI 300pakeHb 3 BUKOPMCTAHHIM
a(iHHMX MMepeTBOPEeHb [T03BOJISIE TOCSITITY BMCOKOTO CTYIIEHSI CTMCHEHHS, 30epiraio-
YU CTPYKTYPHi 0co6MBOCTi 300paskeHHs . OIHAK 1ieji MeTo/, BUMara€ HemMajo 06un-
CJIIOBAJIbHMUX PECYpPCiB Ta CKIAAHUX aJTOPUTMIB IJIs1 TOUTYKY ONTUMAJbHUX MepeT-
BOpEHb Ta KOJIYBaHHS TaHMX.

B xomi mocmimkeHHs OyJa AeTaJbHO MpoaHajai3oBaHa 6a30Ba Bepcisi CTBOPEHO-
IO IPOrpaMHOI0 KOAY JIJIsI BHECEHHS HeoOXiTHMX M0 3aBHAaHHS 3MiH, 00 36epiraTu
6a30Be MpM3HAUEHHS IIPOrpaMHOro MpoayKTy. Kpim Toro, 6y mpoaHasti3oBaHi pe-
3yJIbTAaTU HaJaroJ;KeHHs, SIKi CBi4aTh MpPO ITiABUILEHHS Ta 3HMKEHHS MPOIYKTUB-
HOCTi Koxy. [TopiBHIOIOUM BUXiIHI JaHi, TAKOK MOXKHA 3pOOMTY BMCHOBKM, IIIO BHE-
CeHi 3MiHM MoOpe JeMOHCTPYIOTh THYUKICTh i pO3MIMPIOIOTh MPOrpaMHi MOXKIMBOCTI
MIPOIYKTY.
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Study of fractal image compression method with the purpose
of improving compression quality

The development of the Internet, along with the availability of increasingly powerful
computers and other digital devices, cameras, scanners and printers, has led to the wide-
spread use of digital images. In this regard, interest in improving data compression algo-
rithms, such as images, is growing.

Data compression is important for both transfer speed and storage efficiency. In
addition to many commercial uses, compression technologies are also of interest in the
military industry, such as applications for processing telemetry data from missile inter-
ceptors or for archiving terrain image data for defense simulations.

Solving the problem of image compression, or, more generally, image coding, has
used advances and stimulated the development of many fields of engineering and math-
ematics.

The article examines fractal image compression — a data compression method
based on the use of self-similar patterns in an image. This method allows you to achieve
a high degree of compression while preserving image details.

Fractal image compression is a unique and efficient approach to data compression
based on the mathematical theory of fractals. Nowadays, it has important applications
and advantages that make it a valuable tool in image processing. The main advantages
include:

1. Preservation of details during compression. One of the key advantages of fractal
compression is its ability to preserve a high degree of image detail in a relatively small
amount of storage. This is especially important in situations where image quality must be
preserved with limited storage and data transfer resources.
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2. Efficiency of transmission through the network. Fractal compression allows for
compact images, making it suitable for image transmission over a low-bandwidth net-
work. This is especially true for mobile devices, the Internet of Things, and other scenari-
os where high bandwidth is not always available.

3. Adaptive compression for different resolutions. Fractal compression allows you to
adapt the level of compression depending on the resolution and details of the image. This
means that it can be used to compress various image sizes without significant loss of
quality.

4. Data archiving and storage. Fractal compression can be useful for archiving and
long-term storage of images, as it allows you to effectively reduce the amount of data
without losing important information. This is especially important for libraries, archives,
research databases and other data repositories.

Fractal image compression remains a relevant and valuable tool in today's envi-
ronment, thanks to its ability to efficiently compress, preserve details, and adapt to dif-
ferent usage scenarios. Therefore, the study of its efficiency, the optimization of the soft-
ware code to obtain a faster and better compression result, is an urgent task.

JXypo6a AnHa OsekciiBHa - moneHT Kadenpu IHbopMaliiiHMX TEXHOJIOTIN i cucTem
ITTIBT YA YHT.

Zhurba Anna - assistant professor, Department of information technology and sys-
tems, Institute of industrial and business technologies, Ukrainian state university of

science and technologies.

ISSN 1562-9945 (Print) 33
ISSN 2707-7977 (Online)



«CucTeMHi TexHoaorii» 4 (153) 2024 «System technologies»
DOI 10.34185/1562-9945-4-153-2024-04
VIK 629.7.036.54.

C.C. Bacuiis, K.B. TepHoBa
YVICEJIbHE MOJEJTIOBAHHS ITPOIIECY BIUIMBY ITPOIYKTIB JETOHAIIII
HA HAJI3BYKOBUIA ITOTIK ITOBITPS

AHomauisa. AkmyanbHicms pobomu 06ymMo8/IeHa HEOBXIOHICMIO NIOBUWEHHSA WBUOKOOIT 1 Benu
YUHU Kepyt40o2o iMny/bCy pakemHux 0Bu2yHis, 014 30ilicHeHHA MaHespis 8 ammocgepi. 00HUM
3 HaNpAMKiB, KUl po327130aembca 8 pobomi, € 3aCMOCYyBAHHS 0emMOHAYiliHO20 WHYPOBO20 08U
2yHa. OcKinbKku npu (io2o pobomi 2eHepyeMbCs yOapHa XBUJIA BUCOKOT THMEHCUBHOCMI, MO 2a30
OUHAMIYHI epekmu npu ii po3N0BCIOOKEHHT MAKOX MOXHA BUKOpUCMamu O/ KOpeKyii mpaex
mopii nonbomy pakemu. Halbinbwul 8naus makoi cucmemu KepysaHHs 8eKmopom msaau 6yode
peanizoBysamucs npu 06MiKaHHI N0BepxHi pakemu HA03B8YKOBUM HAbI2a4YUM NOMOKOM NOBIM
ps. Mema pobomu - oyiHka napamempis 83aemMo0ii npoOykmis demoHayii 3 HA038yKOBUM NO
mokom nosimpsA. [na 0ocaeHeHHs Memu 3aCmoCOBYEMbLCA YucesibHe MOOeNBaHHSA. BusHaveHo
0ianazoH mucKy ma mpusanicme npoyecy, wo 003805€ nposecmu BuUbip 061A0HAHHA ma naa
HYBAHHA eKkcnepumeHmy. OmpumaHo KapmuHu po3nodiny wWeuOKOCMi ma mucky 8 mooesni 3 niu
Hom 4acy. Pe3ynemamu moOesntosaHHa 6y0ymb BUKOPUCMOBYBAMUCSA 014 NPOBEOeHHS eKcnepu
MeHmManbHUX 00CNI0XeHb.

Knwo4osi cnosa: 0emoHayis, wHyposuli 08uU2YH, HA038YKOBUL NOMIK, yOapHa XBUJIS.

IToctraHoBKa mpo6ieMu. PakeTy pisHMUX TUIIIB, IO 3aITyCKAIOTHCS 3 TIOBEPXHi
3emti, monaioTh ommip atMocdepu. IIpu IboMy YacTKa KiHETUMYHOI eHeprii BTpauda-
€TbCSI Ha MOMA0JIAaHHS aTMOC(hEepHOro BIUVIMBY. AJjie aepoaMHaMiuHMUIA BIJIMB MOYKHA
TaKOXX BUKOPUCTOBYBATH [IJis1 KepyBaHHS M0JIbOTOM pakeTy [1]. [Ijs1 11bOro HeooXii-
HO MaTM MOKJIMBICTb 3MiHIOBATHM B ITOJIbOTI TUM UM iHIIMM CITOCOOOM CMJIM, IIIO Ha
Hei [i10Th. BUKOPMCTOBYIOTh @00 3MiHY BEKTOpA TSIY, a00 ITOBEPXHEBI CUIM — Ti, SIKi
MOYTb YTBOPIOBATM MOMEHTM BiJHOCHO LIeHTpa MacC pakeTu. SMiHIOIOUM BEJIMUNHY
i HampsSIMOK [il UMX CWI, 3MiHIOIOTbh BeJIMUYMHY i HAIpSIMOK BEKTOpa IMIBUAKOCTI pa-
KeTu. 151 3MiHa BimOyBaeThCs 32 paXyHOK OpraHiB KEPyBaHHS paKeTH.

IcHye IBa cOCOOM CTBOPEHHSI KEPYIOUMX CUJI Ta MOMEHTIB [2]:

— aepoaVHaAMIUHNIA;

— ra3’oaVHaMIYHUIA.

© Bacwunis C.C., TepuoBa K.B., 2024
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[IpMHUMIT CTBOPEHHS KEPYIOUMX CWJI Td MOMEHTIB aepOAMHAMIYHMMU Ta ra3o-
IVMHAMiYHMMM OpraHaMyu KepyBaHHS MPAKTUYHO OOHAKOBUIA, Pi3HUIIS TiIbKU Y PO-
O604YOMY TiJTi, 110 B3aEMO/Ii€ 3 Py/IsIMHU. Y IepIIOMY BUIIAJIKY (aepoayHaMiuHi opraHu
KepyBaHHSI) SIK poOoYe TiJIo BUKOPUCTOBYETHCS MOBITPSI, Y SIKOMY BiIOYBa€ThCS IM0-
JIIT JIiTAJILHOTO afnapara, a B iHIIOMY BUMNAKy (ra30AMHaMiuHi OpraHu KepyBaHHS) —
ra3oBuii MOTIK pakeTHOro ABuryHa [3]. Ha nanmii yac icHye BenyKa KUJIbKICTb opra-
HiB KepyBaHHS, 1[0 BUKOPUCTOBYIOTbCS HA Cy4yacCHiii pakeTHill TexHini [4-6]. T'aso-
IVMHAMi4yHi C/CTeMM 3a3BUUali BUKOPUCTOBYIOTHCSI B PaKETHUX IBUTYHAX 3 METOIO
3MiHM BeKTOpa Tsru [7], piaiie - 1 CTBOPeHHS HECMMETPUYHOTO OOTiKaHHS MOBIT-
psiMm Kopirycy [8]. AJie 3aCTOCYBaHHSI JeTOHAI[iIHOTO Mpoliecy IJisl MOAiOHOI cxeMu
MOXKe MaTM Kpallli eHepreTMuHi Ta AMHaMiyHi XapaKTepUCTUKU B MOPiBHSIHHI 3 ic-
HYIOUMMM cucTeMaMy. Kepyroua cuia B Takili cxeMi CTBOPIOETHCS He JIMIle 3a paxy-
HOK peakTMBHOI CMJIM Macu MPOAYKTIiB AeTOHaIlil, 10 BUKUIAIOTHCS 3 Ta3oreHepa-
TOpa, aje # BIUIMBOM iHTEHCHBHOI yJapHOi XBWJIi Ha KapTMHY OOTiKaHHSI paKeTu
HaJ3BYKOBMM IIOTOKOM. ToMYy IIikaBO IIPOBECTM OIiHKY IIpalie3gaTHOCTi Ta eeKTH-
BHOCTi B €KCIIePUMEHTI.

OpHe 3 rOJIOBHMX 3aBOaHb MPOBEIEHHS eKCIIePUMEHTANbHUX AOCTiIKeHb MM0-
JIITa€ y CTBOPEeHHi HayKoBOi 6asu gaHux. g iHdhopMmallisi 06pobsIeTbCS CTATUCTUY-
HMMM MeTOJJaMU, BU3HAUA€ThCS TTOXMOKa BMMiploBaHb. Bepudikailis unceabHux po-
3paxyHKiB 3 eKCIIEPMMEHTOM J03BOJISIE PO3POOUTI MOJIe/Ib MPOIleCcy B3aeMOZIii me-
TOHAIIi/iHOI XBWMJIi 3 HAJI3BYKOBMM ITOTOKOM.

Mema docnidxeHHs — aTripiopHe umcesibHEe MOC/iI)KeHHST BIUIMBY AeTOHAaIliiiHO1
XBUJIi HA HAZ3BYKOBUIA MOTIiK B COILJI.

MopentoBaHHSI TPOBOAUJIOCS B MpPUKIAAHOMY IMporpamMHoMy mnaketi Solid
Works. TeomeTpuuHi mapameTpu MojeJli MpoiitocTpoBaHi Ha puc. 1 i 36iratoTbcs 3
eKCIIepyMMEeHTaIbHOI0 MOJie/UTi0. BoHa siB/sie co00I0 IJIOCKE COIUIO, OJHA 3 CTiHOK
Mae Oi/bIy JOBKMHY 3a iHIIY i iMiTye roBepxHI0 pakeTu. [ToBiTpsl, pO3raHsIOUNCH B
COTUTi 10 HAJA3BYKOBUX IIBUAKOCTEN 3 umciaoM Maxa M=1,3...2, 00TiKae 110 CTiHKY.
Posmililytoun B Hilt IpUCTPOI, 1110 BIVIMBAIOTh HAa MOTiK, MOXKHA JOCTIANTU 1X BIUIUB i
MOSKJIMBICTb CTBOpPEHHS 60KOBOI (Kepyrouoi) cvmm. [Ipy 3acToCyBaHHI JeTOHALIii JIJIs
30ypeHHsI TIOTOKY B HbOMY IMOPOJIKYEThCSI iHTEHCMBHA yaapHa XBWJISA, sSIKa 3MiHIOE
PO3IOMIN TUCKY IT10 ITOBepXHi cTiHKK. )15 hikcarlii 1iboro 36ypeHHs 3 4aCOM B CTiHIIi

BUTOTOBJ/IEHO OTBOPU OJIA ,Z[aT‘II/IKiB TUCKY.
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PucyHnok 1 — Cxema ekcriepuMeHTaIbHOI MoAeIi

Mopenb 1151 UMCeIbHOTO eKCIIEPUMEHTY SIBJIsIIa COO0I0 MPSIMOKYTHY 00/1aCTh, B
JIIBOMY HIMOKHbOMY KYTi SIKO1 3HaXOAMJIacsl 30Ha MOCTavyaHHS IOBITPS 31 MIBUAKICTIO
500 m/c i aTMmocdepHMM THCKOM Ha 3pisi coria. HuskHS cTopoHa Oyia He IMPOHMUK-
HOIO i iMiTyBaJia MOBepxXHIO pakeTu. Bci iHIi - MPOHMKHI CTiHKM. TUCK 30BHILIHBOTO
cepenoBuiia piBHMIT atmochepHomy. Ha Bigcrani 60 MM Ha HVOKHIN CTiHII po3Mi-
IIIeHO 30HY, uepe3 SIKy 3/iiiCHIOBABCSI BIYB MPOAYKTiB AeToHaIlii. OCKi/JibKi B eKcIie-
PUMEHTI IVIAaHYETHCSI 3aCTOCOBYBATY KOMITOHEHTM Ta/iMBa MPOIaH/K1UCeHb, TO B MO-
JleJII0OBaHHI BUKOPUCTOBYBAJINCS TTapaMeTpy iX JeTOHallil Ipyu MOYaTKOBOMY TUCKY
piBHOMY aTMocdepHOMY.

MopenoBaHHS ITPOBOAMIIOCS B MJIOCKii HecTallioOHaPHi MOCTaHOBIII.

Il MOMeEHTY 4Yacy, KOJIM TIOTiK BUPIBHSIBCSI, TUCK Ha BCiii obnacTi mopenti
Maiiske OJHAKOBMI1 i MopiBHIOE aTMocdepHOMy. ['padik MIBMAKOCTI MpOiTOCTPOBA-

HUM Ha puUC. 2.
. 502

Lsmnakicrb, m/c

PucyHOK 2 — Po3mofii mBUIKOCTI IO po3paxXyHKOBii 0b6/acTi
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B nieBHMIA MOMEHT Yacy iHII[IFOETHCS AeTOHAlliliHa XBWIS i IPOAYKTH JleTOHAllii
BIYBAWOTHCSl B HAA3BYKOBUII MOTIK, IMTOPOJIKYIOUM iIHTEHCUBHY yaapHY XBUJI0. OcKi-
JIbKM B MOJIe/Ii HeMa€e BepXHbOi CTiHKM, TO yapHa XBUJIS PO3MOBCIOIKYETHCS B Ha-
BKOJIUIIIHE CepeJloBUIlle, BUXOASIUM 3 HAA3BYKOBOTO MOTOKY. EBOJIOIiIO yaapHOi
XBWJIi B KAPTMHAX TUCKY i MIBUAKOCTI IIPOITIOCTPOBAHO Ha PUC. 3.

1490
.— 354081 .
l 3430 L
LWBuAKicTb, M/c

Tuck, Na

a)

.- 300934 .- 866

I 13198

Tuek, Na LWeuaxicTs, m/c

6)
' 238512

I 52031

Tuck, Na

.566

LWsuakicTs, m/c
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PucyHoK 3 — Po3noain TMCKY i IBUAKOCTI 3 IJIMHOM 4acy: a) t=0,0001 c;
6) t=0,0002 c; B) t=0,0004 c, r) t=0,0006 c

MaxkcumasibHe 3HaUeHHS TUCKY Ha MOBepxHi cTiHku - 3,5-10°I1a. [leToHalijiHa
XBWJISI, BUXOJISIYM B HAA3BYKOBMIA ITOTIK MOBIiTPSI, 110 OOTiKA€ pakeTy, MOPOIKYE iH-
TEHCUBHY yAapHYy XBWIKO. BOHa 3MiHIO€ pPO3MOAII TUCKY IO ITOBEpPXHi CTIHKK. IIpo-
IYKTU OeTOHallii, po3IMpII0UYMCh CTBOPIOIOTh 3a ra3oreHepaTopoM 30HY pO3pi-
IkeHHs. Yac, poTIroM SIKOTo BimOyBa€eThCs IPOIleC BAYBY, CTAHOBUTH 2 MC, a Bif-
HOBJIEHHSI TTOTOKY TPUBAE 1ie 3 Mc. Tomy IJ1s1 TpOBeIeHHS eKCIIePUMEHTY HeoOXimHi
IaTUYMKU TUCKY 3 YaCTOTOW peecTpallii He MeHie 1 kI'11. [Ins Bigeo dikcalii cTpyk-
Typy IIOTOKY Kamepa MoBMHHA MaTu yacToTy 6isibiie 1000 kaapis /c.

BucHoBku. [IpoBeeHO arnpiopHe uuce/ibHE MOJIEIIOBAHHS 3 METOK OI[iHKU
rapamMeTpiB B3a€EMO/ii MPOAYKTiB AeTOHAIlil 3 HaA3BYKOBMM IMOTOKOM MOBIiTps. Bu-
3HAYeHO Jialla30H TUCKY Ta TPUBAJICThb IIPOIleCy, IO A03BOJISIE ITPOBECTU BUOip 00-
JIaHAHHS Ta MJIaHYBAHHS eKcriepuMeHTy. OTpUMMaHO KapTUHU PO3TMOLITY IBUIKOC-
Ti Ta TUCKY B MOJIeJIi 3 INIMHOM 4acy.
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Numerical simulation of the influence of detonation products
on a supersonic airflow process

Currently, there is a large number of control bodies used in modern rocket technol-
ogy. Gasdynamic systems are usually used in rocket engines to change the thrust vector,
less often - to create asymmetric air flow around the case. But the application of the det-
onation process for such scheme can have better energy and dynamic characteristics
compared to existing systems. The driving force in such scheme is created not only by the
reactive mass force of detonation products ejected from the gas generator, but also by the
effect of an intense shock wave on the pattern of supersonic flow around the rocket.
Therefore, it is necessary to evaluate the performance and efficiency of the experiment.

The purpose of the study is a priori numerical study of the detonation wave effect on
the supersonic flow in the nozzle.

Modeling was carried out in the Solid Works application software package.

The geometric parameters of the model coincide with the experimental model. It is a
flat nozzle, one of the walls is longer than the other and imitates the surface of the rocket.
Air, accelerating in the nozzle to supersonic speeds with Mach number M=1.3...2, flows
around this wall. Setting devices affecting the flow in it, it is possible to investigate their
influence and the possibility of creating a lateral (controlling) force. When detonation is
used to disturb the flow, an intense shock wave is generated in it, which changes the pres-
sure distribution on the wall surface. Some holes for pressure sensors are made in the
wall to fix this disturbance over time.

A priori numerical modeling was carried out in order to estimate the parameters of
the interaction of detonation products with the supersonic air flow. The pressure range
and duration of the process have been determined, which allows selection of equipment
and planning of the experiment. Patterns of velocity and pressure distribution in the
model over time were obtained.

Key words: detonation, string engine, supersonic flow, shock wave.
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xHiuHOi MexaHiku HAH Ykpaium i IKA Ykpainu, K.T.H.

BacwriB Crenan CTenmaHOBUY — CTAapIINii HAYKOBUI CITIBPOOITHUK [HCTUTYTY TeX-
HiuHoi MexaHiku HAH Vkpainn i [IKA Ykpaiuu, K.T.H.

Ternova Katerina Vitalivna - senior researcher, Institute of Technical Mechanics
of the National Academy of Sciences of Ukraine and State Space Agency of Ukraine,
PhD.
Vasiliv StepanStepanovych- senior researcher, Institute of Technical Mechanics of
the National Academy of Sciences of Ukraine and State Space Agency of Ukraine,
PhD.

40 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CucreMHi TexHonorii» 4 (153) 2024 «System technologies»
DOI 10.34185/1562-9945-4-153-2024-05
YIK 004.4

K.IO0. OctpoBceka, I.B. CtoBriueHko, €.B. OcTpoBCbKMiA
PO3POBKA IIIAXO04Y 1O BUABJIEHHS HIKIIJIMBOTIO I13 1JI1 ANDROID
3 BUKOPVCTAHHSM METOZJIB I'"IMBMMHHOTO HABYAHHSI

AHomauis. Memorw pobomu € po3pobka nioxody 0/i8 BUABNEHHS WKIOIUBO20 NPO2PAMHO20 3a
be3neyeHHs 0 onepayitiHoi cucmemu Android Ha 0CHOBI CmamucmMuyHo20 AHANI3y C BUKOPU
CMaHHAM Memoois 2/1UGOK020 HABYAHHSA. []iA 00CA2HeHHs nocmasieHoi memu 6yau supiweHi
HacmynHi 3a0ayi: 1. [JocnioxeHHs ocobnusocmeli Android 0odamkig i po3pobka cnocoby no
0aHHA 0o0amka 0718 nodanbwo2o aHanisy besneku. 2. [JocnioxeHHs memoois 2UOOKO20 Ha
BYAHHS 1 BUGIP HALGINbW BIONOBIOHO20 3 HUX. 3. PO3pobKa nioxody 00 BUSBAEHHS WKIOIUBO20
npo2pamHozo 3abeznedeHHs 015 Android 3 BukopucmanHaM Memoois 21ub0K020 Has4yaHHA. Oc
HoBHa i0es nioxody ysAsneHHs Android dodamku y 8u2is0i 306paxeHHs 08 N00aAibUWO020
aHANi3y 320pMOBOI0 HElPOHHOIO Mepexxelo, NPuYyoMy B8 UbOMY 306paXkeHHT nikceni npedcmasis
tomb nocnidosHicms nap API Bukauky i 8ionopHomy (omy piBHA 3axucmy, AKUU BUBOOUMbLCSA 3
0038071y, siKe He0OXIOHO 015 BUKAUKY APL

Knto4osi cnosa: onepayilina cucmema, Android, Android 0odamku, wmy4Ha HelpoOHHA Mepexa,
320pmkoB8a HelipoHHa mepexa, API, aneopumm, Knacugikayis, MawUHHe HaBYAHHS.

3rigHO 3 OCTaHHIMM 3BiTaMM MpPO MNOMIMPEHICTh Ha PUHKY Pi3HUX OmepaliiiHux
cucteM [1] Android 3aiimae Ginbliie 75% pUHKY 3HAUHO BUIIEpe/I’KAa€ CBOIX HaMOIMK-
YMX CYINepHUKiB. B maumuit yac Android BMITOBHIOETHCSI Ha BeNMKUIL 30ip pisHUX
TUIIIB TIPUCTPOiB i Popm-daKTopiB, 6yab To cMapTdhOH, MUIaHIIET, eJIeKTPOHHA KHU-
ra, HapyyHMit TOAMHHUK, (QiTHec-OpacieT, HOYTOYK, TeyeBi3op, OGOPTOBMIA
KOMII'I0Tep aBTOMOOiJsl, pO3yMHi OKyJISIpM i 6araTo iHIIMX MIPUCTPOIB. 3 OISOy Ha
TaKy MOIIMUPEHICTb, THYUKiCTh i 6araTodyHKIiOHAJIBHOTO HaJIbHOCTH Android, He
IMBHO, IO JlaHa olepalliifHa CcUcTeMa € i HaMiIOMy/ISIpHIlIo cepel pPO3POOHMKIB
HIKiyIMBOro nporpamMHoro 3abesnevyenHsiHs (LII13), mpuyomy Android € He TinbKK
HaimnonynsipHimow 1miatdopmoto g I3 cepen mobinbHux OC, ane i cepep
HAaCTUIbHUX, 3HAYHO BUIIEpEeIKAl0UM CBOTO HANOMMKYOTO KOHKypeHTa -
OC Windows [2].

© Octposceka K.10., CroBuenko I.B., OctpoBcbkuii €.B., 2024
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MeTo10 po60TH € PO3pOOKa IiAXOAY IJIsI BUSBJIEHHS IIKiIJIMBOrO IIPOIPaMHOrO
3abe3reueHHsI 1151 orepalliitHoi cuctemu Android Ha OCHOBi CTaTUCTUUYHOTO aHAJTi3y
C BUKOPUCTAHHSIM METO/IiB IJIMO0KOro HaBYaHHSI.

OcHoBHa imes migxomy - ysiBneHHSI Android-momaTku y BUT/ISAI 300paskeHHS
IJIST IO a/IbIIIOTO aHaji3y 3ropTOBOK HEPOHHOK Mepeskelo, MPUYOMYy B IbOMY
300paskeHHi ITiKcesi MpeaCcTaB/sIOTh MOCTiIOBHICTh map APl BUKIMKY i BigmmopHOMy
JioMy piBHSI 3aXUCTY, SIKMI1 BUBOJIUTHCS 3 JO3BOJIY, sIke HEOOXiTHO 1151 BUKIUKY API.
Ha pucyHky 1 ripeacTaBieHO IIPOIIOHYEMMIA TiAXI,.

dexoMniasauia
JA07ATKIB

.smali
APK
ITodyaoBa mocaizoBHocTei API
! _ -
Landroid/net/wifi/WifiManager;->isWifiEnabled()Z Jererlﬂ_\me,mhu:mBe
Ljava/lang/StringBuilder;->append(Z) Android - TozaTox
Ljava/lang/StringBuilder;
Ljava/lang/StringBuilder;->toString()

Ljava/io/PrintStream;->
println(Ljava/lang/String;:)V
Landroid/net/wifi/WifiManager;->
getConnectionInfo () Landroid/net/wifi/WifilInfo;

Ljava/lang/String:; w'

Kaacudikanis
3ictapaenHsa API piensa 3axHeTy

TA OPeICTABI€HHA ¥ BHIIATI
300pakeHHs Ilepexodpodka
TA MiIroTOBKA
JAHHX 1711 HelipoMmepe:xi

JoJaTKiB
Tanfiuna

T

IInpera

3ropTroBAa HeHpOHHA MepeiRa

PucyHok 1 — CTpyKTypHO-JIOTiuHa cxeMa po3po06/IeHOro MiaXony

Crnouatky Android-momaTok  eKOMMiNOIOThCSA,  6aiiT-kon  classes.dex
nisacceM6ipyeTcst B Ko smali. [Tasi mpoBoguThCS aHali3 OTPUMMAHOIO KOAY i Moby-
IoBa rpada MoToKy yIpaBjiHHS, 3a SKMM i BUKOHYETHCS IMOOYO0Ba IMOCTiJOBHOCTI
API BuknukiB. BapTo BpaxoByBaTu, 10 BeJMKI MpOrpaMy MOXYTb MiCTUTU KiJibKa
daitniB classes.dex, Tomy 1ie He0OXiTHO BpaxoByBaTu npu aHamisi. OTpumanum API
BUK/IMKAM 3iCTaBJSIIOTbCS BiMIOBiAHI PiBHI 3aXMCTy, i TaKMM UMHOM (OPMYIOThCS
ysiBJeHHi gopatku. OOuH 3 K/IIOUOBMX MOMEHTIB AAHOTO MigXOAy - Iie YSIBJI€HHS
Android-momaTKy [Ojs1 3TOPTKOBOi HeMpOHHOI Mepexi. [IlepeTBOpeHHS [aHOI
OTpMMaHOi Ha MoIepeIHbOMY KPOIIi ITOC/TiJOBHOCTI B 300paskeHHSI OMMCY€ETHCS B Ha-
CTYITHOMY MiIPO3MiJIi.
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Ha ocraHHbOMY KpOLi 3a3fgajerigb HaBU€Ha 3ropTOBa HEpOHHA Mepeska (Ha
BUOOpIIi, Ika GOPMY€ETHCS TAKMM JKe UYMHOM, SIK 3a3HaueHO BUIIIEe), BUPIIITy€e 3aBIaH-
HS Kiaacudikallii 3aaHoro 10aaTKM Ha JIETITUMHI i IIKiIjIMBi.

IMomanust mapu API i piBHS 3axMCTy. OIS JaHOTO AOC/iIKeHHS Oysia o6paHa
3rOpPTOBA HelipoMepeska, SIKa 0UiKye Ha BXiJ AaHi B ¢popMaTi 300paskeHHs.

3 KokHOI0 HOBOIO Bepcieio Android KinbkicTb moctyrmHMx API pocTe, Kpim TOro
B IaHiit poboti BpaxoBywoThcst API Java i Javax, ToMy TOUHY KinbKicTh API Ha3BaTu
He MOKHa, IIe COTHi Tucsiu API, 110 6e3yMOBHO JIEXXUTb B MeXKaxX MiK 261 224, 3 or-
JISIOy Ha, 110 BCe 3 KaHa/IM ITiKcesisl BXKe 3aiHsITI KogoM API, To Ojs piBHSI 3aXUCTy
MOskHa Oys0 6 BimBecTu anbda-KaHas, a KOAM PiBHIB BIIOPSAKYBAaTUM TaKMM YMHOM,
11100 OiIbIll He6e3IMeYHOTO PiBHS 3aXMCTY BiZIMIOBiIajI0 Oi/IbIlIe YMCI0BE 3HAUYEHHSI.

Takum umHOM, GibIN MPO30pi MiKcesai O6yAyTh BiAIOBiIaTHM MeHII Hebe3meu-
HyuMy API, a MeHIII Tpo30pi - 6i/1bI Hebe3reYHM.

JIJisT CTBOpeHHS Oifblll IIiJIBHOTO po3Momiay 3HaueHb API mo 3 Oalitam
BUKOPUCTOBYETbCSI ~ IMBUAKA  HeKpinmTorpadiuyHa  32-6iTHa  xemI-(PyHKIIisS
MurmurHash3 [3]. [Tic/ist 06unc/ieHHs Xelll-3HaueHHST BUAISIOThCS 10r0 MOJIoAIi 24
6iTa, B pe3ysbTaTi YOro MOK/IMBI KOJi3ii, OgHAK, SK BUSBWIOCS Ha MPaKTUI iX
KiJIbKiCTh BKpail Majia B MOPiBHSHHI 3 KibKicTIO APl BUKINKiIB, TOMY IaHOIO TPO-
6/1eMOI0 MOsKHA 3HeXTyBaTH. PiBeHb 3aX1CTy BUCTYTAE B SIKOCTi anbda-KaHasy.

Anbda-kaHan npenacTaBiaeHuii 3HadeHHsIM Bim O mo 1, BigmosimHo Big a6co-
JIIOTHO TIPO30pi 10 abCOMIOTHO HEIpo30poro. Y 3B'S3Ky 3 MM BapTO 3a3HAUUTH,
SIKMM YMHOM IT€peTBOPIOIOTHCS PiBHI 3axucTy. Y Tabauii 1 rpeacTaBieHi MPUCYTHI B

pOOOTi piBHI 3aXUCTY.

Tabmuus 1
Omuc piBHIB 3aXUCTy
PiBeHb 3axuCTy Huenose KopoTkuii onuc
3HAUYEeHHS

NONE 1 [TpucsBoweTbes Android API, skuM He OYJI0 TTOCTaB-
JIEHO Yy BiAMOBigHICTb HiSIKMI1 TO3BiN

UNKNOWN 2 ITpucBoweThbcs Java i Javax APl BUKINKiB

NORMAL 3 BigrnoBimae rpymni mosBosiiB Android SDK 3 piBHeM
3axucTy normal

SIGNATURE 4 Bigmnosimae rpymi mo3BosiiB AndroidSDK 3 piBHeM
3aXMCTy signature

DANGEROUS 5 Bigmnosimae rpymi mo3BosiB AndroidSDK 3 piBHeM
3axucty dangerous
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[lepeTBOpeHHS 3HAYeHHSI piBHS 3aXMUCTy B Aiana3oH Big 0 m;o 1 BUKOHYETHCS
eJleMeHTapHO 3TigHO 3 hopmyroio (1).
. PL,

PL = ——— (1)
PL

dangerous

me PL ={1,..,5}, PL =5,a PL" mpejncTaBiisie 3HaUeHHs P L, B Jiala3oHi Bif,

dangerous
Omo 1.

[Mpuknan Bumeonucanoro RGBA-RGB mepeTBOpeHHS IipefcTaBieHUli HA pU-
CYHKY 2.

Tyt B skocti RGBAtoRGB mpencraBineHa mpouenypa mneperBopeHHS RGBA
mikceast B RGB 3 ypaxyBaHHSIM 4YopHOTO (oHy. SIK BuaHO Ha puCyHKY 2, RGBA
mikceni 3 ogHakoBUMMM 3HaYeHHsIMM RGB KaHastiB, ane pi3HMM 3HaueHHSM ajibda-

KaHaJTy IIepeTBOPIOIOTHCS B BiAMOBIAHO TeMHilnii i cBiTainmii RGB mikceri.
RGBA RGB

AP . . | ' i
i RGBANRGE | :

Pinenn mxncry 0.4

APl —— !

. RGBAMRGE

 —— %24 ¥

PleeHb 3aXHeTY. —.{ 0.8

PucyHok 2 - [Tpuknag RGBA-RGB nepeTBopeHHs

HeiipoHHa Mepexxa B siKocTi kiacudikaTopa. OcTaHHiiI KOMIIOHEHT Migxomy —
1le 3rOPTKOBa HelipOHHA Mepexa.
Bxogom mjist Heiipomepexi € TeBHMIT 006csAr, TOOTO TPUBMMIPHUII TEH30pP

po3smipHocTi Wx HxD, me W- me mmpunHa 306pakenHst, H- Bucora 306paskeHHsI, a D-
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rOMHa 300paykeHHs ab0 KiJIbKiCTh KaHaJiB. Y maHiii poboTi D = 3 mjist BXimHOro 06-
CSITY, OCKiJIbKM TTOHAI0ThCS Ha BXiJl 300pakeHHST MaloTh 3 KaHaiau - R, G i B. HaBuaH-
HsI HEPOHHOI Mepexi IMPOBOAUTHCS 3 YUMUTEJIeM, TOOTO pa3oM 3 BXigZHMM 300pa-
KeHHSIM X, SKe TmpenctaBne gesikuii  Android-momaTok, MOZAETbCS MiTKa
y =1{0,1}, me y = 1, AKI0O JOoOaTOK WKigauBe, i y = 0 - gkujo jserituMHe. HaBuaHHS
Oyap SIKO1 TIMOOKOi HEMpOHHOI Mepexki, B TOMY UMCJIi i 3rOpTKOBOi, TPOBOIUTHCS
IIPOTSITOM JIEKiJIbKOX €I0X, TOOTO JEeKiJIbKOX IPOTOHIiB TPeHyIUMx BMOOPOK. ITo 3a-
BEPIIEeHHI0 KOKHOI ermoxXy HeiipoMepexi ImoJaeThCsl TeCToBa BUOipKa, Ha SIKiil Heli-
pPOHHA MepeXka He HaB4Yasiacs, /sl OL[iHKY TOYHOCTI.

B pe3ysibTaTi HaBUaHHS 3TOPTOKOI HEMPOHHOI Mepexki GaKTUYHO BUXOAUTD I'O-
ToBUiIt Kiaacudikarop Android-momaTkiB, sSIKMif IOJIS KOXXHOTO paHillle HeBiJlOMOro
Android-gomaTky BUAACTh CBOE MPUITYIIEHHS PO Te, UM € BiH MIKiAIMBUM abo
JIETITUMHUM.

BucHoBKM. Po3po6sieHO Miaxin A0 BUSIBJIEHHS IIKiJJMBOIO IPOrpaMHOro 3a-
6esmneverHs mi1si OC Android Ha ocHoBi ysaBineHHs1 Android-momaTkiB, a TaKOX
3TOPTKOBOi HEMpOHHOI Mepexi, gKa Oyna cremniaabHO po3pobieHa IS
po3ITi3HaBaHHS 300paskeHb. IlocimimoBHicTh map API BMKIMKIB i piBHIB 3axmucTy
Android-nmonmaTkiB repeTBopoioTh B RGB 300paskeHHsI, SIKe TT0TiM MOJAE€ThCS Ha BXil
3rOPTKOBOi HelpoHHOI Mepesxi. HaBumBmIMCch Ha BUOIpIi 3 MOmiOHMX 300pakeHb,
HelipOHHa Mepeska BUCTYIIa€ B IKOCTi KinacudikaTopa BxoasaTh Android-momaTkiB Ha
JIETITMMHI 1 IIKiIINBi.
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Development of an approach to the detection of Android software
using deep learning methods
The purpose of the work is to develop an approach to detect malicious software for
the Android operating system based on statistical analysis using deep learning methods.
To achieve the goal, the following tasks were solved: 1. Study of the features of Android
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applications and development of a method of submitting the application for further
security analysis. 2. Research of deep learning methods and selection of the most
appropriate of them. 3. Development of an Android malware detection approach using
deep learning techniques. The main idea of the approach is to represent the Android
application in the form of an image for further analysis by a convolutional neural
network, and in this image the pixels represent a sequence of API call pairs and the level
of protection against it, which is derived from the permission required for the API call.

An Android malware detection approach is developed based on the representation
of Android applications, as well as a convolutional neural network that has been
specially developed for image recognition. A sequence of pairs of API calls and security
levels of Android applications is converted into an RGB image, which is then fed to the
input of a convolutional neural network. Having trained on a sample of similar images,
the neural network acts as a classifier of included Android applications into legitimate
and malicious ones.

OctpoBcbka Katepuna IOpiiBHa - K.T.H., IOLEHT, OoLeHT Kadenpu IHdopmairiii-
HUX TEXHOJIOTi 1 cucrem, VYKpaiHCbKMI [epkKaBHUI YHIBEPCUTET HaAyKU i
TEXHOJIOTIIA.

CroBrmueHko IBaH BosogumupoBu4 — crapiuinii Bukiaagad kagenpu IHbopmairiii-
HUX TEeXHOJOriii i cucrem, VYKpaiHCbKuii JepkaBHUII YHiBepCUTET HayKu i
TEXHOJIOTIA.

OcTpoBcbkuit €EBreH BikropoBuu — Marictp Kadenpu [HDopmalliiiHMX TeXHOIOTIi
i cuctem 3i crenianbHOCTI «KOMITIOTEpHI HayKn», YKpPalHCbKUIA Iiep>kaBHUI YHiBep-

CUTET HayKM i TEXHOJIOTiA.
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[.B. Conogeii, O.I'. Bopouek
PO3POBKA ITPOTPAMHOI CUCTEMU
JIJ1 BEIJEHHS LIM®POBOI KAPTKHM JOMAIIIHbOI TBAPUHU

AHomauis. [Jns supiweHHs npobiemu KOMNIEKCHO20 BeOeHHS Lugposoi Kapmku 0oMaWHbOT
MBAPUHU NPONOHYEMbCA po3pobumu B8iON0BIOHY npoepamHy cucmemy. [leped po3pobkow mMa
tomb 6ymu 06paHi mexHos02ii 015 peanizayii NpoepamMHoi cucmemu, WO BKAOYAE HACMYNHUU
(yHKYIOHAN: eneKmpoHHUU nacnopm meapuHu, Be0eHHA AKMUBHOCMI MBAPUHU, OGHUX Npo
BaKyuHayii ma 3axucm 810 BMpamu 3as0AKU NOWYKY 3a2yb6ieHoi mBApUHU 30 2e02paghiyHOI0
nosuuier y Halibauxyomy paoiyci. [as po3pobku maroms bymu BUKOPUCMAHT Npo2paMHe cepe
dosuwe PyCharm, cepsepHa nnamgopma Django, mosu npoepamysaxHa Python, JavaScript, cuc
mema KepyBaHHs 6azamu daHux SQLite.

Knioyosi cnosa: npoepamHa cucmema, enekmpoHHUl nacnopm, OdomawHi meapuHu, Django,
Python, JavaScript, CKB/], SQLite.

ITocranoBka mnpoOaemu. 21 crTopiuusi — 4yac UMAPOBUX TEXHOJIOTIN, SIKi
CTPiMKO pO3BMBAIOThCS. BeleHHSI OPYKOBAHOIO MOKYMEHTOOOIry — Iie TeXHOJIOTis
MMHYJIOTO, i caMe yac TMepexoauTy Ha 1uUGpoBYy OoKymeHTallilo. Lle 3py4yHO i
JloTIoMarae eKoJorii.

VY Hai yac oiudpoBaHi Kormii JI0ACbKMUX TOKYMEHTIB BjKe € HOpMOIO (HaIlpuK-
nan, nep>kaBHuit cepsic [list). Ane, Ha >Kajib, TaKMUIT KOMIUIEKCHUIA MiAXi BiACYTHIN y
chepi momaiiHix TBapuH. Came TOMy Oy/IO MPUITHATO pillleHHSI PO CTBOPEHHS
MpOrpaMHOi CUCTeMU JIJisl BeleHHs 1I1bpOoBOi KapTKM AOMAIIHbOI TBAPUHMN.

[lepen po3poOKOIO IMPOrpaMHOI  CUCTEMM TIOTPiOHO BU3HAUUTUCS 3
TEeXHOJIOTiSIMM, ITiAiOpaTy HaMKpallli BapiaHTH JJIs1 CTBOPEHHS [TPOTPAMHOI CHUCTEMH,
1106 BOHM BiamoBiganu ii Bumoram. [ToTpi6bHO 3p06UTH aHai3, 1100 y MaiilbyTHHOMY
cucTemMa Morja 6yTy MaciiTaboBaHa Ta JOIMOBHEHA 3a (GYHKI[iOHATIOM.

[IporpamHa cuctema € 6araToQyHKIiOHAJbHOIO Ta 00'eAHYE B COOi macropr,
MeJINYHY KapTKy, BeJleHHSI aKTMBHOCTI i 3aXMCT BiJl BTPATU 3 YHIKJIbHOIO JIOIIKOIO
orosionieHsb. i maHi MOKHa BMKOPUCTOBYBATU 3aMiCThb IaliepoBUX, TOMY 110 BOHU

3aXUIleHi i He MOXKYTb OYyTH Mipo6/IeHi 3a JOTTOMOT00 (OTOMOHTAXY.

© Conogeii 1.B., Bopouek O.T'., 2024
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BilacHMK TBapMHM MaTMMe MOSKJIMBICTb CTBOPUTM MACIOPT CBO€EI TBAapUHMU,
SIKUi OyJle iHTepHaI[iOHa/Ii30BaHMM He3aJIeXKHO BiJl 00paHOi KOpUCTyBaueM MOBM Ta
MaTuMme 3axuct 3a gomnomorow QR koay. IIporpamnHa cucrema HO3BOAUTb BECTU
aKTUBHICTb TBAPMHM 3a JIOIMIOMOI0OI0 BOYIOBAHOTO B HbOTO TaliMepy — KOPUCTyBauy
nuiie Tpeba 6yme BKa3aTy TUIT aKTUBHOCTI Ta HATUCHYTY HA KHOTIKY MOYATKY UM 3y-
nuHeHHs. [Ipy 6akaHHI KOPUCTYBau 3MOXKe TeperassHyTY aKTUBHICTb 32 MUHYJII 1a-
™. TakoX cepBiC CIPOCTUTh B3aEMO/iI0 BJaCHMKA TBAPUHM Ta BeTepMHapa — KOpU-
CTyBau MOBMHEH OyJe 3alIOBHUTH iHGOpMAaIli0 PO BaKIMHAIIiII0 TBAPMHMU, Ta, Y pasi
KOPEKTHOTO 3aIllOBHEHHSI, BeTepMHap 3MOXe ITiATBepAUTHU i1 3a JOIIOMOTOI CKaHy-
BaHHS QR kopy. Tako YHiKa/JIbHOIO (DYHKIII€IO CepPBiCy € JOIIKa OroJolieHb BTpayve-
HUX TBapuH. Brpara TBapuHM GIKCYeTbCA 3a MiClle3HAXOMKeHHSIM Ta
BiT0OpaskaThCS HAMOMVKUYMM 10 HbOTO KOPUCTYyBauaM.

AHaji3 ocraHHiX mocmimkeHb i myosmikamivi. Hapasi, Ykpaina mae oguH 3
BUILMX MOKA3HMKIB KIJIbKOCTiI KOTiB Ha AyIIy HaceJleHHsS B €BPOIIi. 3riflHO OCTaHHIX
3i6paHuX gaHux, B YKpaiHi Ha/TiuyeTbCsl MpMOIM3HO 7.63 MJTH. JOMaIlIHiX KOTiB [1].

3a panumu World Population Review, YkpaiHa 3ajimae apyre miciie y CBiTi 3a
KIJIbKiCTIO KOTiB Ha Aylly Hace/leHHs, ocTynawuunch auiie CLIA [2].

Ha sxaJib, TparIsiioThCS BUMMAAKM, KOJIM TBapMHA MOKe BTEKTHU 3 JOMY abo 3ary-
O6uTKUCS Tif yac MpOryasiHKu. 3a JaHumMu AMepukaHcbkoi I'ymaHHoi Acorriatii [3],
TpeTMHA IOMAaIllHiX TBAPUH BTPAYAETHCS B IKMIICh MOMEHT CBOTO JXUTTS, i OJIM3bKO
10 MuTH cobaKk i Kilmok BTpauarThesi B CIIIA m10poKy.

HaBepeHi maHi MoOKa3ylTh aKTya/JIbHiCTh MTPOOGIeMM Ta HEOOXiAHICTh CTBOPEHHS
CUCTeMHU, sika 61 He TIPOCTO CIIPOCTIIA B3a€EMO/iI0 3 TOKYMeHTaMu yJit00/eHIliB, a i
TaKOX JAOIOMOIJIa 3aXMCTUTU TBApMH Y pa3i BTpaTH.

Isist po3pobKM O6yib-SIKOI MPOrpaMHOiI CMCTeMM TOTPiOHO oOpaTyu IMpaBMIIbHI
TexHoorii. Tak SIK cucTema nmpu3HaueHa SIK OJIs BJIACHUKIB, TakK i [IJIsSI BeTepuHapiB,
BapTO PO3pOOJISITU OKpeMuit Beb-iHTepderic, a He Ti/IbKM MaHesb sl BHYTPIillTHbOTO
BUKOPMCTAHHS BeTepUHAPHUMM 3aKjIalaMu.

Mae GyTu po3pobiieHa cepBepHa UacTMHA, SIKa JTO3BOJUTb B3a€EMOIISITH 3 [a-
HUMM Ta BUBOIMUTHU iX y Beb-uacTuHy. Cepen CcydacHUX TEXHOJIOTiN MJISI po3pOOKU
cepBepHOi yacTuHM (abo 6ekeHmy), Django, Node.js, Ruby on Rails, i ASP.NET Core
BUIISIIOTHCSI CBOEIO MPOAYKTUBHICTIO Ta THYUKiCTIO. Node.js mpoOIoHy€e aCMHXPOHHY,
MOJliEOpi€EHTOBAHY apXiTeKTYpY, ideanbHy IJis1 00POOKM BeJIMKOI KiJIbKOCTi 3aIlUTiB,
0 poOUTH J10ro BMOOpPOM ISl peastidaliii peakTMBHUX BeO-momaTKiB. Ruby on Rails
BUKopucToBye mpuHIun «Convention over Configuration», mo cropuse MBUIKIA

po3pob6iii, a ASP.NET Core 3a6e3meuye BMCOKY IIPOAYKTUBHICTD Ta JIETKY iHTerpariio
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3 iHmmMMu npogyktamu Microsoft [4]. HaTomicTs, Django Hazae Benukuii Habip ro-
TOBUX [0 BMKOPMCTAHHSI KOMIIOHEHTIB i MiATPMMKY YMCTOrO Ta e(eKTUBHOTO
MIPOEKTYBAHHS AOOATKIB.

Django BBa)ka€TbCsSl OAHIEI0 3 HaAMKpaIIMX CUCTEM [Jis HamlMCaHHS OeKeHy,
3aBISKM CBOiit apxiTekTypi «batteries-included». lle o3Hauae, 1110 B CTaHZAPTHOMY
nakeTti Django iayTh yci iHCTpyMeHTM HeOoOXimHi AJIsl CTBOpeHHS Be6-I0IaTKiB, SIKi
MOXYTh BKIIOUaTH ayTeHTH(dikauiro KopucryBauiB, URL-mabaoHu, iHTepdeiic
aIMiHiCTPaTOPChKOI TMaHesi Ta 6araTo iHIIMX MOKIMBOCTEN, SIKi 3BIIbHSIOTh PO3-
pOOHMKA Bim HEOOXigHOCTI «BMHAXOOUTKU Kojeco». Django crpusie IIBUIKIA
pO3po0ILIi, 10 imeanbHO MAXOOUTH AJIS MIBUAKICHOTO BIIPOBAIKEHHS AOoAaTKiB. Ta-
KOX, Django mae€ BeqMKy Ta aKTUMBHY CHiJIbHOTY, COTHIO OOCTYIHMX MOZYVJIIB, $SIKi
MOKXYTh OyTM BMKOPMCTaHi JJISI PO3IIMPEHHS #oro MoxkauBocTeit. 1 mmatdopma
HaJ3BUYaiHO Oe3levHa, 0 poOuTh ii BigMiHHMM BMOOpPOM IS IIPOEKTIB, SIKi BU-
MararmTb HaJiliHOI 0OpOOKM JaHMX i TpaH3aKIlili, 3 aBTOMaTUYHMMM MeXaHi3MaMu
3aXMCTY Bif 6araTbox BMiB aTax [5].

JavaScript € onTuMasbHUM BMOOPOM [AJISI PO3POOKM KITIEHTCHKOI YaCTMHM BeO-
IONATKIB y MoegHaHHiI 3 Django uepe3 CBOI YHiBepCaJbHICTh i MiATPUMKY acUH-
XPOHHMX 3anuTiB uepe3 AJAX, mo 3abe3redye IIBMUIKE OHOBJIEHHSI KOHTEHTY 6e3
nepe3aBaHTakeHHsSI CTOpiHKM [6]. [HTerpallis 3 ¢peiimBopkamu Ha KiTaaT React,
Angular a6o Vue crpusie ctBopeHHio auHamiuaux SPA (Single Page Applications),
3HauHo rmokpairywun UX (User Experience). [TogibHa KoMOiHaIlisI XapaKTepU3Y€EThCS
BYCOKMM piBHEM MacIITabOBaHOCTI Ta Oe3IeKkM, 3aBOSKM UYOMY Ile iIeaabHO
i IXOIUTD JIJIsl CTBOPEHHS CKIaJIHMUX BeO-I01aTKiB.

MeTa gociaimkeHHsI. MeTO IOCTiIKeHHSI € CTBOPEHHS ITIPOrPaMHOiI CUCTEMU
1711 BeleHHS 11MGPOBOI KapTKU JOMaIliHbol TBapuHM. CHicTeMa MOBMHHA BKIOUYATHU
y cebe Taki QYyHKIIii IK: BeJeHHS aKTMBHOCTE} TBAapMHU, NOJaBaHHSI MeIUNYHUX Ta-
HUX, eJIeKTPOHHMII MaclopT Ta [OIIKa OroJolieHb Mpo BTpaTu. CucTemMa Ma€e CKia-
natucs 3 cepepHoi (Backend) Ta kinienTchkoi (Frontend) yactunm.

BuknageHHsI OCHOBHOrO Marepiaqy OOCTHiI)KeHHs. [l CTBOpEeHHS
IIPOrPaMHOI CHCTeMM ITOTPiOHO 3PO3YyMITH SIKMii caMe (PYHKIIiOHAJ BOHA Ma€ BKIIIO-
YaTu.

OCHOBHI MOXJIMBOCTiI CUCTEeMM PO3IOAIISIOTBCS Ha BJIACHUKIB TBapMHU Ta
MpalliBHMKIB BeTepUHAPHUX MEeINYHUX 3aK/IaiB.

ByiacHMKYM OTPUMYIOTh HACTYITHUI (DYHKIIiOHAT:

— eJIeKTPOHHMII MacHoOPT TBApMHU 3 MOXKIMBICTIO MiATBEPAYKEHHS 3a TOTIOMO-
roto QR kony;
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— OOJaBaHHSI JaHMX aKTMBHOCTI TBApMHM 3 PO3[iJIeHHSIM Ha TOAMHM, OHI Ta
MiCSIIIi;

— OOoAAaBaHHSI MaHMX MPO BaKUMHALII0 TBapMH 3 iHdoOpMalli€lo MMpo TepMiH
MIPUAATHOCTI, MiATBEePAKEHHS CBOIM ITiAMNNCOM;

— IOIIKA OrOJIOIIEeHb, HAa $Kiii MOXYTh BimoOpaskaTucsi HaOIMKUi 3a
MiCILI€3HAXOP)KEHHSM 3asiIBKM PO BTPATY 3 MOKIMBICTIO BIiIMITUTU CBOIO TBAPUHY;

— QYHKIIiST TpUB’SI3KM TETy HAIIMHUKY [IJIST TTOKpallleHHs B3a€EMOJIii 3 Meau4-
HMMM 3aKJIaJaMy Ta JOJATKOBOTO 3aXMCTY BiJl BTpaTH.

BetepuHapam, y CBOIO 4epry, 6yayTh JOCTYIIHI:

— MOK/IMBICTD ITeperisiHy JaHi TBAapuHM Mpu ckaHyBaHHiI QR kony;

— MiATBepIKeHHS AaHMX PO BaKUMHALIiI0 3a AOMOMOrol ckanyBaHHS QR komy
3 aBTOMAaTUYHMM [10[IaBaHHSM €JIEKTPOHHOTO MiAINCy BeTepuHapy;

— OOCTYII A0 MeAVUYHMX 3aIMCiB TBAPUHM.

OTke, KOJIM MM BU3HAUMIMCh 3 KiHIIEBUM (PYHKI[IOHAJOM IIPOrpamMHOi CUCTe-
MM, MOKHa OpUCTYyNUTU 40 UML npo€eKkTyBaHHS.

UML (YHidbikoBaHa MOBa MoOAe/0OBaHHSI) — Ile CTaHAApPTM30BaHa MOBa MoO/ie-
JIIOBaHHS, 1110 CKIAJA€ThCsl 3 iHTErpOBaHOrO HAbGOPYy Aiarpam, po3pobieHa Ojisl [0-
IIOMOTM PO3POOHMKAM CUCTEM i IIpOrpamMHOro 3abe3rneueHHS Yy BU3HAUeHHi,
Bi3yasti3allii, KOHCTPYIOBaHHi Ta TOKYMEHTYBaHHi apTedakTiB IIPOrpaMHUX CUCTEM,
a TaKOX Jij1s1 6i3HeC-MO/eMI0BaHHS Ta iHIIMUX HeMporpaMHuX cuctem [7]. Baaemonito
KOPMCTYBauiB i3 cucTemMoro nokazaHo Ha UML giarpami (muBs. puc. 1).

Add <<includes> ie";’ activity
R0, Vi) TR it rom
time to time

-:-:lnc\u?.ﬂ:’n‘-

. - <<include>>
Add animal }7------------------2 Add lost Check
. if tag exists

<é1n[‘:l.ld >

iPet

-:-fext end:->

e;qincjude»- clude‘»
‘ " VBCCI’\BHOﬂ
Register a tag
Connect <<eadend>>
ag to ammal

<< e:d.en L=

«lnchd E)h

View nearest
lost animals
by geolocaiion

o veriy
vaccination

Vet

PucyHok 1 — Jliarpama rpelieJieHTiB
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Ha miarpami Bka3aHi BiIHOCMHM MiXX aKTOpaMy i mpeleaeHTaM y IpOrpaMHiii
CUCTEMI.

Takum umHOM, 3a mormomoror MoBuM UML Ta miarpaMu mpeleaeHTiB OyJio
Bi3yaJIbHO BiloOpa>keHO B3a€MOJIiI0 CYTHOCTE} IMPOrpaMHOi CHMCTEMM, IO 3arajoM
HaJa€ pO3yMiHHSI MeBHMX IPOILIeCiB Ta O3BOJIIE TepeiiTu 6e3rocepegHbO 0 pO3-
POOKM ITPOrpaMHOTO 3a0e31eueHHsI.

REST API (Representational State Transfer API) — 1e inTepdeiic mporpamy-
BaHHS [nopaatkiB (API), sgkuit Biamnosigae apxitekrypHoMmy ctwito REST, mo
BUKOPUCTOBYETHCS 1151 Beb-cepBiciB. REST API po3pob6ieHi TakKuMM YMHOM, IO He
MawTbh cTraHy Ta BukopuctoByioTb HTTP-mertomu (GET, POST, PUT, DELETE i
PATCH) i po60TH 3 mpeacTaBaeHHIMM pecypciB [8].

[IporpamHa cucTeMa Ma€ BKIIOUATH B cebde:

— cepBepHY YacTuHy. 3aBasiku TexHosorii REST API HamaeTbcst mOCTYII 10 6asu
JaHMUX iHIIMM KOMIIOHEHTaM 3a Jomomorow API 3anuTiB, 110 JO3BOJSIOTh OTPUMY-
BaTHU, HAACUJIATH, pearyBaTu Ta BUIAAISITK iHbOpMallilo, aBTOPU3YBaTUCS 3aBOSKA
XellI0BaHOMY TOKEHY KOpUCTyBaua;

— KJIi€EHTCbKY YacTUHY. [103BOJISIE KOPUCTYBATUCS CUCTEMOIO 3 OYib-SIKOTO CY-
YyacHOTO Be6-6pay3epy, B3aeMofi€ i3 cepBepom 3a moriomoroi API 3anuTiB — mae
MOXJ/IMBICTb 3aBaHTa)KyBaTM, OHOBJIIOBATU Ta BUAAJISITU JaHi 3 cepBepa Ta HaJcuia-
TY HOBI, € BiOKpeMJIEHOIO Bifl cepBepPHOI YaCTUHMU.

Jy1st po3pobKyM cepBepHOi yacTuHyu o6paHo Python dpeiimBopk Django REST —
MOTYXKHUI i THYYKMit Habip iHCTPyMeHTiB AJisi cTBOopeHHsS Be6-API. lle Bimkpurta
6i6ioTeka, sika HaJa€ rOTOBUI 10 BUKOPUCTAHHS HAbip iHCTpYMEHTIB [jis 100Y0-
B API, mo BK/IHOUae cepiamizaijiio, sgka MiATPUMYE Ikepena gaHux sk 3 ORM
(Object-Relational Mapping), Tak i 6e3 HbOro, IOJITMKM ayTeHTudikaiii, i
MO>XJ/IMBICTh HaJAIITYBAaHHS aX [0 PiBHA JaHUX [9].

basu manux (BIl) € OCHOBOIO TepeBaskHOI OiMbIIOCTI 3aCTOCYBAHHSI CyYyaCHUX
nporpamMHux 3aco6iB [10] Cuctema BMKOPUCTOBYE 6a3y maHux SQLite, CTPyKTypy
siko1 HaBeZeHo Ha ER-pgiarpami (oquB. puc. 2).
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User h Animal H—H Tag
PK |id PK |id PK |id
Activity
username FK | owner_id animal_id
PK |id
name name
FK | animal_id
email type
start_ts
password 8%
end_ts
mobile is_neutured
is_a_doctor breed
signature Temporary Key L color
PK |id birthday_ts
FK | animal_id image
creation_date_ts notes
Vaccination - Lost
PK |id PK | animal_id
FK | animal_id creation_date_ts
disease latitude
vaccination_ts longitude
expiration_ts
country
doctor_signature
doctor_name

PucyHoK 2 — ApxiTektypa ba3u [lanux

CtpyKkTypa 6a3u JaHuX MpeAcTaBieHa 7 TabIUIIMM:

— User. Tabnuilg KOPpUCTYBaUiB i3 IepCOHATBHUMM OaHMMU (iM’sI, MOOiTbHMIA
Ta miamnuc) Ta inpopMmalliero s ayTeHTUiKallii;

— Animal. Tabauis 3 JaHMMM PO TBapMHY. MiCTUTh TaKi AaHi: iM’S TBapuHH,
tun (cobaka / KiT), CTaTh, UM CTepuai3oBaHa, MOpoJa, OKpac, AeHb HapOJKeHHS,
300paskeHHs, HOTaTKU;

— Activity. Tabnuiid, sika MiCTUTb JaHi ITPO aKTUBHICTb TBAPUHU B 0OMeEKeHMit
IIPOMIXKOK 4acy;

— Vaccination. Tabauiist 3 JaHMMM TIPO BaKIMHAILIiI0 TBapuHU. MiCTUTh MOJIS:
XBOpOo0a, TaTu BaKIMHAIIii Ta TEpMiHY IPUAATHOCTI, KpaiHa.

— Lost. Ta6nuiig, me gikcyeTbcsl BTpaTa 3 BKa3aHHSIM T'eOM0o3ullii BlaCHMKA;

— Temporary Key. Tabauus, sika MiCTUTh 3reHepoBaHMit Kimou QR Komy, 1o
BUKOPUCTOBYETHCS IJ1s1 MiATBEPI>)KEHHS MMacopTy TBAPUHM;

— Tag. Tabauid, Ika MiCTUTh YHIKQJbHMIA TET HAIIUTHMKA TBAPUHMA.
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V SKOCTi IMaTepHy IMpOoeKTyBaHHsS Oys10 o6pano MVC (Model-View-Controller).
Model-View-Controller (MVC) — 1ie apxiTeKTypHMi1 I1a0JIOH, 1110 BUKOPUCTOBYETHCS
y po3po6iii [13 1 3a6e311eYeHHsT YMCTOro pO3/IiJIeHHS BiIIIOBiTaIbHOCTI MiXK IIpe-
CTaBJIEHHSIM AaHux kopuctyBauy (View), ynpasainasam mauumu (Model) Ta 6i3Hec-
JIOTiKO10, SIKa B3a€MO/Ii€ 3 BBOAOM KOpMcTyBaua Ajis miaTpuMku ganux (Controller).
Lleit mabyoH [momoMara€ OpraHi3yBaTM KOZ, TakKMM YMHOM, IO BiJOKpPEMJIIOE
iHTepdeiic KopucTyBaua, JaHi Ta JIOTiKy, SIKa KOHTPOJIIOE B3a€MO/Iii, OIHEe Bil OJHO-
ro, TUM CaMMM IIOJIETTIYIOUM PO3POOHMKAM YIIPaBJIiHHS CKIAIHICTIO Ta MMiABUIIEHHS
niaTpumyBaHoCTi [11].

[yt po3pobku KiaieHTchbKOi (Frontend) yacTuHM ITpOrpaMHOi CUCTEMM Y SIKOCTi
MOBM IIporpamyBaHHs 0yy10 o6paHo JavaScript Ta ¢ppeiimBopK jQuery, a y SIKOCTi MO-
BU po3mitku — HTML ta CSS.

IaTepdeiic (3 aHra. interface - B3aeMoist) - CyKyITHiCTh 3ac00iB, 110 3abe31ie-
YYIOTh B3a€MOJiI0 MPUCTPOIB OOUMC/IIOBAJIBHOI CHMCTEMM Ta IPOTpaM, a TaKOXK ix
B3a€MO/Ii10 3 MonHO. [HTepdelic KopucTyBaua - KOMILIEKC ITpOrpaMHHX i arapar-
HUX 3ac00iB, 1110 3a6e3MeuyiTh B3a€EMO/Iil0 KOpUCTyBaya 3 cuctemoro [12]. BiH mo-
BUMHEH BigmnoBimatyu cydacHuMm HopMmam UI/UX, 1106 6yTu 3pydyHMM IS KiHII€BOTO
KOpUCTyBaya.

JIJis1 po3ropTaHHS BUKOPUCTOBYEThCSI BebcepBep Apache. KiieHTchbKa yacTuHa
B3aemozie 3 ceppepHoio (Django REST Framework) 3aBasku REST API. Bona
30epirae aBTOPM3alliliHMII TOKeH, 3aBIOSIKM SKOMY MOXKe OTpUMAaTHU MAOCTYIl [0
3amnTiB.

[Ipy mpoeKTyBaHHi cucTemMyu Oy/lI0 CTBOpeHO okpemi AupekTtopii ajasi HTML
cTopiHOK, JavaScript komy Ta CSS cTwiiB, mo6 3pobuTM pPoOGOTY 3 IPOEKTOM
3py4dHille.

Mopynb AyreHTudikallii KIieHTChbKOI YaCcTUMHM Ma€ KOMITOHeHTHU PeecTtpaiiii Ta
ABtopusaiiii, a KopucryBaua — Moix TBapun (My Animals), Brpauenux TBapunH
(Lost Animals), Bakiunaunii (Vaccination) Ta HanamryBanb (Settings). KomnoHneHTH
3a0e311euyioTh HaIaHHS TaHUX Ta BimoOpaskeHHS iX KOpucTyBauy. BoHu MaioTh cXo-
XY CTPYKTYpY, Ae <component name>.html BinmoBimae 3a BimoOpaskeHHSI CTOPiHKH,
<component_name>.csS — 3a CTWUJi, a <component_name>.js — 3a B3a€EMOJiI0 3 Ja-
HUMMU.

BucHOBKM. Pe3y/ibTaTOM [OC/II)KEHHSI € CTBOPeHa IporpamMHa CUCTEMU IJIs
BefleHHS 1IMAPOBOi KapTKM [OOMalIHbOI TBapuMHMU. ByJlo UYiTKO IpomnmcaHo
dbyHKITiOHaM, po3pobsieHO 6a3y JaHMUX Ta CTPYKTYPY BigHOIIEHb MiX KOpMCTyBayda-
MM, 00paHO TEXHOJIOTii JjIs1 pO3pOOKM SIK CEPBEPHOI, TaK i Be6-4aCTUHN.
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Development of the Software System for Managing a Digital Pet ID
Recent Research and Publications Analysis: The shift towards digital documenta-
tion, such as Ukraine's «Diia» for human records, has not yet been fully embraced in pet
care, creating a significant service gap. Ukraine, with a high number of household pets,
especially approximately 7.63 million cats, highlights the need for a comprehensive digi-
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tal pet management system. Given the frequent cases of pets getting lost—with low recov-
ery rates—a robust digital system is essential for improving these figures and enhancing
pet safety.

When designing software, it is important to choose the right technologies for both
the web interface and the backend. Django is recommended for the backend because of its
«batteries-included» architecture, which provides a comprehensive set of ready-to-use
tools that facilitate rapid development and ensure a high level of security. For the inter-
face, it is recommended to use JavaScript integrated with frameworks such as React, An-
gular or Vue to create dynamic applications that improve the user experience with asyn-
chronous requests, allowing the content of the page to be updated without reloading the
page. This combination not only provides scalability and security, but also effectively
meets the complex needs of web applications.

Purpose of the Study. This study aims to develop a software system that facilitates
the management of digital pet IDs, which will integrate medical records, vaccination his-
tories, and detailed activity logs. This integration aims to streamline pet care, making it
more efficient and significantly more convenient for pet owners.

Main Material Presentation. The proposed system's architecture will include:

— backend. Utilizing Django REST Framework for creating scalable, secure web
APIs that handle data operations efficiently;

— frontend. Employing JavaScript, HTML, and CSS to provide a responsive and in-
teractive user experience.

Key Features:

— digital passports for pets, verifiable via QR codes;

- detailed activity logs that track and display pet movements and behaviors;

— comprehensive vaccination records accessible by both pet owners and veterinari-
ans;

— a lost pet bulletin board that uses geographical data to notify users of nearby lost
or found pets.

Conclusions.Technologies have been chosen and a software system has been devel-
oped for effective management of digital pet IDs, integrating key functions for compre-
hensive data management of pets. It utilizes modern technologies to ensure reliable data
security, high scalability, and enhanced user interaction, making it a key achievement in
the management of digital pet IDs.

Keywords: software system, electronic passport, pets, Django, Python, JavaScript,
DBMS, SQLite.
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T.B. JlabyTKiHa
CIIPOIIIEHA IMITAIIIMMTHA MOJEJIb HABAHTAJKEHHS
B 3AMKHEHII MEPEJXI KOMYTAIIIi IIAKETIB

AHomayis. Po3suHymo nioxio 0o cnpouweHo20 iMimayiliHo2o0 MOOeBAHHA HABAHMAXEHHA Me
pexi komymayii nakemis. B ocHosi imimayiliHo20 npedcmasieHHs MepexHUX npoyecis cnpouje
Ha Mamemamu4Ha MooOe/lb Mepexi KoMymauii nakemis, KA 3dCHOBAHA HA OUCKPemMu308aHOMY
ONnucy CMaHiB 3aB8AHMAXEHHSA BY3/1i8 Mepexi i 810N08IOAE npedCMAaBAEHHIO NOMOYHO20 CMAHY
mepexi 8 3a0a4ax ynpasaiHHA ii HAOBAHMAXEHHAM. 3MIHU CMAHY 3aNOBHEHHS BY3/1a MOOeso
EMbCA K NPOUEC PO3MHOXEHHS 1 3a2ubeni 1 8 NOBHIl MOOesi HABAHMAXeHHs Bpaxosye 08a ¢a
Kmopu 3MiH: 06MIH BY3/1G HABAHMAXEHHAM 3 KOPUCMYBA4YaMu Mepexi 1 NPOXOOKeHHS 4epes
Hb020 NOMOKY MPAH3UMHO20 HABAHMAXEHHA. [INA BUBYEHHA WMY4YHO BUOINEHA «4ACMUHA
npouecy (yHKUIOHYBAHHA Mepexi» — 3anponoHOBAHO Nioxi0 00 MOOeNBAHHS MPAH3UMHO20
HABAHMAXEHHS Y 3aMKHeHIl 30 HaBaHmMaxeHHAM mepexi. [1ioxi0 do3sonse 30ilcHBamu cym
MEBT CNpoLeHHs 1 3a6e3neyye HiBeIOBAHHSA He2amuBHO20 BNJILUBY CNPOUjeHb Ha «3AMKHeHICMb
HaBaHMaxeHHA» (3ab6e3neyye Npasusio He3MIHHOT KiIbKOCMI HABAHMAXEHHA 8 3AMKHEHIl Me
pexi). Po3pobneHa imimayiliHa Modesib, N0 nepuie, CMBOPHOE NidrpyHmMs 00 BOOCKOHASIGHHS NO
BHOI MOOeni, a no dpyze, 3pyYyHa 01 BIONPAUIOBAHHA AN20pUMMIB MAPWPymMU3ayii npu aHanizi
iX 3 MoYKU 30py NOKA3HUKIB 30aMHOCMI «BNAUBAMUY» HA BAHMAXeEHHA Y mepexi. OmpumaHi pe
3ybmamu  y3aeasibHeHl, aje ysaza aKyeHmMoBaHa Ha NPUKAAol CynymHUKOBUX Mepexax Komy
mauii nakemis.

Knwo4oBsi cnosa: HaBAHMKeHHS Mepexi Komymauyii nakemis, By30/1 Mepexi 38'A3KYy, NOMOKU
HaBAHMAXeHHs, NomiK nooid, imimayiliHe MOOeOBAHHS.

ITocraHoBKa npoo6emu. CydacHMit CBiT MOKPUBAIOTh MepesKi 3B’S13Ky 3 TeXHi-
KOI0 KOMYTallii IMakeTiB: BOHM PO3MillleHi y cepeauHi TeXHIYHMX 00’€KTiB, peasi3o-
BaHMX B €IMHOMY KOHCTPYKTMBHOMY BMKOHAHHi; 3a0e3Meuyi0Th KOMyHikallii MHO-
SKUMHU TeXHIYHMX NPUCTPOIB B HEBEJIMKUX IMPOCTOPOBUX 00’€Max; BOHM PO3IIOBCIO-
JI>KeHi Ha BiJCTaHi B JieKibKa KiJIoMeTpiB, Y COTHI i TUCSA4i KiloMeTpiB, OTOPTalOTh
3emutio, Oymyuy po3TalloBaHi Mo ii MOBepxHi i Ha HaBKOJO3eMHUX opbitax [1-4].
OpnHa 3 3amau 3abe3neueHHsT eeKTUBHOTO QYHKIIIOHYBAaHHSI Mepesk KoMyTallii ra-
KeTiB — KepyBaHHS ii HaBaHTakeHHsIM. YacTMHa 1li€i 3a/aui MOB’sI3aHa 3 KepyBaH-

HSIM ITPOXO/I;KEHHSIM HaBaHTA)XXKeHHS Yyepe3 BY30J1 Mepexi (3 KepyBaHHSM IMOPSIIKOM
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06p0OKYM HaBaHTAXKEHHS BY3JIOM MepeXi), sike Moyke BpaXOBYBaTy MepEesKHUI piBE€Hb
MIpiopuUTEeTY HaBaHTaKeHHSI, TOKAJIbHUI PiBE€Hb 10TO MPiOPUTETY LMIOA0 MOPSIAKY 00-
pPOOKM y BY3JIi (IKMi1 BY30Jl MOXe afallTMBHO 3MiHIOBaTH) [5,6]. [Ipyra yacTuHa I1iei
3aJlayi IIOB’s13aHa 3 KePyBaHHAM JaHUX, 10 IlepefarThCcs y Mmepexi) [7,8].

B wiii poboTi 30cepenumo yBary Ha 3agaui Mapumipytusaiii maHux. 1 3amava
BUPIIIYETHCS B3Ke 6araTo JecsITKiB POKiB, CIMPAETHCS Ha KIACUYHI METOAM i aaropu-
TMM MapuipyTusanii [9], po3BMBa€eTbCS 3 BpaXyBaHHSIM PiBHIB NPIOPUTETHOCTI Ha-
BaHTaxkeHHs [10,11], 3a6e3reuye NOMOBHEHHS «IIPOCTUX» AJITOPUTMIB (MO3KHA TO-
BOPUTU — KJIACUUYHMX) 3aCTOCYBAHHSIM QJITOPUTMIB IITYYHOTO iHTe/eKTy [12-14]. Ha
ChOTOJIeHHSI 6araTo Mepex 3B’SI3KYy 3 TEXHIKOI0 KOMYTaIlii ITakeTiB MOXKHA PO3TJIsiia-
TU SIK BeJIMKi, PO3MOMAiJeHi CUCTeMM 3i CKIAOHMMMU Tpolecamy (YHKI[iOHYBaHHS.
3apas3s (i, 3ma€ThCs, HA gasti) edheKTUBHE i, TOJIOBHE, BUCOKO HaJliliHe (PYHKIIiIOHYBaH-
HSI BeJIMKUX CKJIQJHUX CUCTEM MOSKHA YSIBJSITU COOi HA OCHOBI MHOXKMHM ITPOCTUX»
MIPOTOKOJIiB (DYHKIIIOHYBaHHS, SIKi CKIaAyTh OCTOB (DYHKIIIOHYBAaHHSI TaKMUX CUCTEM.
IITyyHMit iHTE/IeKT 3aiiMe B TaKMX CHMCTeMaX CBOE MiCTO, CTaHe BifirpaBaTu BaroMmy
poJib B 3a/auyax yIpaBiHHS mpolecamy (PyHKIiOHYBaHHS, ajie Oyme epeKTUBHUM
IIOTIOBHEHHSIM (BaroMo 4acCTMHOIO), 110 3abe3Ieuye «TOHKe HajalllTyBaHHSI» CUC-
TeMM Ha «iHIMBiIyaabHi» 0COOIMBOCTI KOXKHOTIO 3 ii eJIeMeHTiB i 40 cUTyalliif, sIKi B
Hili CTBOPIOIOTHCS. 3aCTOCYBaHHSI QJITOPUTMIB LITYYHOTO iHTEIEKTY JO3BOJIUTD Iif-
BUIIUTU €(DEeKTUBHICTh «IIPOCTUX» aJTOPUTMIB, BAJOCKOHAJUTb 3aCTOCYBAHHS «3BU-
YyaliHUX» MIPOTOKOJIB. Ajie pO3BUTOK MiIXO/iB, METO/IiB, aJITOPUTMIB, SIKi JieXXaTb B
OCHOBIi «ITPOCTOTO MPOTOKOJIbLHOTO» YIpPaB/IiHHS MepeXHUMM IpoilecaMy 3ajuiiia-
€TbCSI AKTyaJTbHUM.

CyyacHe KepyBaHHSI IIpollecaMy MapIIpyTHU3allii JaHuX 37e6iJbIIOro 3aCHOBA-
HO Ha 3aCTOCYBaHHi MapuIpyTHMUX Ta6GIMLIb i AITOPUTMIB BUOOPY HUISIXY HAIMeHIIIO1
BapTOCTi, HA OCHOBI SKMX IIi TabaMIli TOOYmOBaHi. TakMM UMHOM, B peastisaliii 3agadi
MapHIpyTusailii MoskHa 1mobaunTy ABi ckiamoBi [7-9]. Ilepiia ckiamoBa — e 3aCTo-
CYBaHHSI aJIFOPUTMIB BMOOPY HUISIXY HalIMEHINOi BapTOCTi, SIKi peasi3yloTbCs IIpu
BM3HAUEHOMY 3a MPUMHSATUMMU NpaBUIaMu CTaHy Mepexi (30KkpeMa, Mpy BU3HaUe-
HUX BapTOCTSX eJleMeHTapHUX JIiHii 3B’SI3KY, SKi MOEAHYIOTh CYMiKHi BY3JIM Mepe-
i). JIpyra ckiagoBa KepyBaHHSI MapIIpyTHU3alli€lo JaHMUX Y Mepexi MOJsATae y pea-
Ji3allii mpaBus IpeACcTaBIeHHS CIIPOIIEHOTO IMCKPeTU30BAaHOTO BM3HAUEHHS CTaHY
Mepexki y UMCI0BMUX 3HAUEHHSIX, SIKi BUpaXkaloTh OMOCepeIKOBaHy OIiHKY TUX dak-
TOPIiB, SIKi MOTPEOYIOTh 3MiHM BIUIMBOM KepyBaHHS (30KpeMa — ITpaBUJI IPU3HAYEH-
HSI BapPTOCTEN eJleMeHTapHUM JIiHiIM 3B’513Ky). Lleii KOMIUIeKC MmpaBuI 4acTO MOXe

nepenbavaTy Oro ajarnTallilo 10 MOTOYHOIO CTaHy Mepexi. Y rmbuHHii, pyHAa-

ISSN 1562-9945 (Print) 59
ISSN 2707-7977 (Online)



«CucTeMHi TexHoaorii» 4 (153) 2024 «System technologies»

MeHTa/IbHii1 OCHOBI KepyBaHHSI HaBAaHTa)KeHHSIM MepeXi JIeXXUTb caMe TaKUil KOM-
riekc npaswi. Cepell MeTOZIB yIpPaB/IiHHS HAaBAHTa)XKeHHSIM y Mepexi KOMyTaliii
MaKeTiB MOXKe OyTY BUIiJIEHHS TPy BY3JIiB, IJIS1 SIKUX IIPY ITOOYI0BI HUMM iX MapIi-
PYTHUX TabGIMIIb IIpaBMjia MPMU3HAUEHHS BapTOCTel eJleMeHTapHMUX JIiHii 3B’SI3KY Bi-
I Pi3HSIIOTHCS Bif, MpaBWI, SIKi 3aCTOCOBYIOTH [JISI LIbOTO iHIII By31u [6,15,16]. Takosxk
ICHYIOTD 1 iHIII MigX0au.

BpaxoByioun, Bil3HaAUeHy BUIIe HEOOXiTHICTb 3[i/iICHIOBAaTM PO3BUTOK <«IIPOC-
TUX» QJITOPUTMIB KepyBaHHSI MepesKHMMM MpollecaMy, pO3BUBATH iX SIK 6a30By OcC-
HOBHY YaCTMHY KepyBaHHSI HaBaHTaKeHHSM Mepexi, MOBEPHEMOCS OO0 PO3IJSIAy
HEBMBUEHMX aCMeKTiB MapuipyTu3allii B HaAMpOCTIIOMY BapiaHTi MpeacTaBIeHHS
B Mepeski KOMyTallii makeTiB. PO3I/IsiHEMO OTHOPAHTOBY MepeXXy HaBaHTasKeHHSI 6e3
pO3/iJIeHHS HAaBaHTa)KeHHS 3a Kjacamy IpiopuTeTiB. Bci By3au 1iiel mepexi, BUpi-
HIYIOUM 3a[auvy MaplipyTusaliii, «6adyaTb» €IMHY Mepexy (BUKOPMCTOBYIOTh IIpU
MapuIpyTusaliii ofgHi i Ti cami mpaBuia IpU3HAYeHHs BapToOCTi). BigzHaummo, 1o
MpaBuia MpU3HAUEHHS] BapTOCTel ejleMeHTapHMUM JIiHISIM 3B’S13Ky MAalTb CITiJIbHI
puca, ajie i1 3aBXAM HaJAIITOBAaHI Ha TUIT KOHKPETHOI Mmepexki. ToMy, po3risigarnun
y3arajibHeHi, I7100a/IbHi acreKkTH, BCe K TaKM BUIIMMO KjIac MepesK, SIKUM IPpUIis-
€TbCS yBara. Lle Mmepesxi, pO3MOBCIO/IKeH] BEIMKOI0 TePUTOPi€I0, MpeaCcTaBaeHi By3-
JlaMu, SIKi BUPIIIYIOTh 3ajauy rnepefadvi JaHMUX i € OMHOYACHO MapUIpyTU3aTOpaMM.
V 3araJpHOMY BUIIaAKY BY3JIM PyXOMi, TOBXMHA KOKHOTO €JIeMEeHTapHOrO Bifpi3Ky
HNUISIXY Y Mepexi (JOBXMHA JIiHil 3B’SI3Ky MiK CYMDKHMMM By3jJaMu) — OAMHAMidyHa
BesiMuyHa. Takox mpuiiMemo, 10 mepefava MiXk CYMiKHMMM By3jlaMu IYIUIEKCHA,
TOMY MiX Mapolo By3JiB (aKTUMYHO iCHYE [Bi JiHii 3B’5I3Ky, 3a IKUMM Tlepeiaua fa-
HUX BeJIeTbCS Y MPOTUIEKHOMY HampsMKy (puc. 1a). I B 1iboMy BUMAKy KOXHili 3
MIPOTUJIESKHO CITPSIMOBAHMUX JIiHi MOsKe OyTH IIpu3HAUeHa CBOSI BapTicTh. TUIOBUM
MpeJICTaBHMKOM TaKO1 MepexXi € CYITyTHMKOBI Mepexk KOMyTallil MakeTiB, B IKUX KO-
CMiuHMI1 amapar (BiH SIBJisiE COO0I0 BY30J1 Mepeski), BCTAHOBJIIOE 3B’SI3KU 3 IeKiJbKO-
Ma KOCMiUYHMMM allapaTaMM B JIOr0 OTOYeHHi (30KpeMa, SIK [IoKa3aHo Ha puc. 16, Ta-
Ki: 3 IeKibKOMa KOCMIUHMMM aniapaTaMy B OAHOMY 3 HUMM YTPyIHOBaHHi, SIKi po3Ta-
IIOBaHi HA OJHIii 3 HMUM HOMiHaJ/IbHil Op6ITi MoTepeny i Mo3aAy HbOTO; B CYCiTHIX
opbiTaTbHUX TUIOIIMHAX JIiBOPYY i ITpaBOPYY Bif #10ro opOiTa/lbHOI TIJIOMMHN; 3 KO-
CMIYHMMM ariapaTaMy OibIl BUCOKMX i OLIbIIT HU3bKUX yTpyIroBaHb) [8,17,18]. Me-
pexka Ha3eMHa i Ha JIeKJIbKOX OpOiTa/JibHMUX YTPYIIOBAHHSAX B KOCMOCI MTOKa3aHa Ha
puc. 2B.
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Nu+1 Nu q+1 (; q-1

r)

Pucynok 1 — Jlo npeficTaB/IeHHS] MepeXXi KOMyTallii MakeTiB (Ha MPUKIIaAi CyITyTHU-

KOBOI Mepeski): HaBaHTa>keHHSI y By3JIaX TOIOJIOTiUHO 3aMKHEHO1 Mepeski (a); mooy-
JIoBa MepeXi Ha OCHOBI 3B’SI3KiB Mi>kK KOCMiYHMMM ariapatamu (0); cxeMaTUUHe
IIpeACTaBAeHHS Mepexi Ha OCHOBI Ha3eMHOI CK/Ia/I0BOI i IeKiIbKOX Pi3HOBMCOKUX
opbiTanbHUX YTPYIMOBAaHb KOCMIUHOI CK/Ia[0BOI (B); cXeMaTHUUHe ITpeCTaBIeHHS
CTaHy 3aloBHEHHSI HaKOIMMYyBaua By3Jja Mepex (T); CyTyTHUKOBA Mepeska Ha OCHOBI
YIPYIIOBAHHSI KOCMIUHMX anlapaTiB Ha OJHili BUCOTi (1)

baraTo migxoiB [0 yIpaB/iHHSI HABaHTaxKeHHSIM y Mepexki 3acHoBaHi Ha (op-
MyBaHHi (h)OpMy/IM BapTOCTi eJleMeHTapHOI JIiHii 3B’3Ky. B 6araTbox BUIaKax caMe
i Gopmyau SIBISIIOTHCS BaykesieM KepyBaHHSI HaBaHTaskeHHSAM. 3ebibiioro 11i ¢o-
pPMYJIM 3aCHOBaHi Ha BpaxXyBaHHi uacy, sikuit iHQopMallisi BUTpadya€ Ha pyX MixX BiJ-
TpaBHUKOM i ozepykyBaueM. [Ipu 1ibomy (HampssMy abo orocepeikoBaHO) BPaxoBY-
I0Th (paKTOPM SIKi BIIMBAIOTh Ha 1ieii yac. Liumu dakTopamu € BigcTaHb MiK By3/a-
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MM Ta 4ac, sIKuii 6JI0K iHpopMallii BUTpavae Ha IPOXOIKEHHS By3Jia Mepexi (et
yac CKJIAJA€ThCA 3 Yacy NPOXOAKEHHS IyCTOro By3Ja i yacy 3aTPUMMKU Y O4iKyBaHHI
BifmipaByieHHs 3 By3J1a). TakoxX B GOpMYyIIi BapTOCTi JIiHii MOKYTh OyTU CK/IaHO0Bi, SIKi
BBeJIeHi Ha OCHOBI BpaxyBaHHSI BU3HAUEHMX IepeBaHTaskeHUX TPyl By3J1iB, ab0 Bpa-
XOBYIOTb PO3[IiJIeHHS MepeXi 3a SIBHO BU/iJeHiI YaCTUHU (HaIlpUK/ad, TaKMMU Yac-
TUHAMU [JISI CYITyTHUKOBUX MepeX KOMYyTallil MakeTiB MOXYTb OyTM pi3HOBMCOKi
YIPYIIOBaHHS — Pi3HOBMCOKi CErMEeHTM MepexKi), Ta iHIIIi.

VY dopmyni BapTOCTi ejleMeHTapHOI JIiHiI MOXYTbh OYyTM BpaxoBaHi (akTopu,
SIKi He CTOCYIOTBCSI TIPSIMO Yacy, 110 BUTpAvYa€eThCs Ha nepenavy. Takumu hakTropaMmu
MOXYTb OYyTYU piBeHb Oe3IeKu, piBeHb 3aBafOCTiKOCTi, TOIIO. AJie Haltbi/IbIll Baro-
MMMMU B IIJIOMY 3Q/IMIIAIOThCSI AMHAMiUHA BiACTaHb MiX By3/laMM Mepexi i AuHaMi-
YHa XapaKTepUCTHKa Yacy MPOXO/IsKeHHS By3/ia Mepexi.

Ha cboromeHHs 3a/IMIIAE€THCSI aKTyaJbHUM MUTAHHS BM3HAUEHHS MPOCTUX (6a-
30BMX) IMpaBWJI MOOYmOBM GOpMyJIH, 1[0 BpaxoBY€e Ha3BaHi Buile ¢pakropu. Pospobka
LIMX IIPaBMJI IIOB’sI3aHa 3 ITiAX0I0M A0 AMCKpeTu3allii BeJIMUMH, Ha SIKUX OyIYy€eEThCS
dbopmyna, Ta BU3HAUEHHS MiIXOAY IO YMCIOBOTO €KBiBaJ€HTHOTO BpaxXyBaHHS I10-
TOUYHMX 3HaueHb X BeauuMH. KiHIeBili KiJIbKOCTi OMCKPETHMUX CTaHiB eleMeHTiB
CUCTeMM, BU3HAUeHill B pe3yabTaTi AMCKpeTu3allii, BiAMOBigae BeJMKa MHOXKMHA
CTaHiB CaMOi CUCTeMU, SIKi CTBOPIOIOTHCSI HA MHOKMHM KOMOiHallili cTaHiB eleMeH-
TiB [8]. KepyBaHHS, IpUB’sA3aHe [0 MIPaBUJI BpaxyBaHHS ITIOTOYHMX CTaHIB €JIEMEHTIB,
Ma€e edeKTMBHO BIUIMBATM Ha OINTHMMIi3allilo MpoleciB (PYHKIIIOHYBaHHS CUCTEMMU.
Bupimenns miei 3amaui morpebye Mojieieit BUCOKOTO PiBHS CITPOIEHHSI, SIKi 3BOJISITh
OITMC CUCTEMU JI0 3aCTOCYBAHHS AMCKPETM30BaHUX XapaKTepUCTHK, SIKIiM BifIoBigae
MHOXMHA ii AuckpeTusoBaHux cTaHiB. Cdhepa 3acTOCYyBaHHS TaKUX MoOpesieii OXOIl-
JIIO€ SIK 6e3ImocepeHbO 3a1aui YIIPaBIiHHS, TaK i 3a7aui IMPOEKTHOTO i JOCTiTHUIb-
KOT0 aHaJTi3y. B 3aavax MpoeKTHOTO aHami3y 1ii MofeJi 6e3rmocepeHbO BUKOPUCTO-
BYIOThCSI 00 Ha IIOYAaTKOBMX eTarax, ab0o BXOISTh SIK CKIaJ0Ba 10 Mozesiei «KoMOi-
HOBaHOiI TOYHOCTI» [18]. PO3BUTKY MO[esieli HaBaHTOKEHHSI MepexXi KoMyTallil Onu-
CaHOTO BUIIle PiBHIO CITPOIIEHHS MPUCBsIUeHa 1St poboTa. 30KpemMa, BIOCKOHAIOET b-
csl MoJiesib, TIpefcTaBieHa B poborax [8,18]. 3 mBox Ha3BaHUX HANBasKIUBILIUX
CKJIQAOBUX B YIIPaB/IiHHI MOTOKaMM HaBaHTaXX€HHSI B Mepexi MpUAiJIMMO yBary Tiel,
110 MOB’sI3aHa 3 YacOM ITPOXOIKeHHs iHpopMalii€io uepe3 By3/M Mepexi.

AHaji3z ocraHHiX mocihigkeHb i myoOsmikaniii. Ha cboromeHHs mopeni, siki
OIMMCYIOTh HaBaHTaKeHHSI MepesKi KOMyTallil MakeTiB MOXXHa PO3IOUIMTY Ha [Ba Be-
kKX kiacu [9,18]. B Mmopensax nepuoro kinacy (MOLEsIX «BUCOKOI TOUHOCTI») MO-

JIeJIIOBAHHS 3IiMiICHIOETHCS «3 TOUHICTIO 10 OJIOKY AaHMX» (ITaKeTy): MOJETIOEThCS
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BXO/I)KEHHSI KO>KHOT'O TTaKeTy y MepesKy, ioro po3Mip, aapecallis i MOTOUHMUI LIJISIX.
Mopeni gpyroro kiacy B 6a30Biii 0CHOBi MaioTh 3arpornoHoBaHe JI. KieitHpokom
CIIPOIIeHHS TIPO 3MiHYy pO3Mipy ITakeTy B KOXKHOMY BY3JIi Ha 110ro NUIsIXy (3a mpaBu-
JaMy, BM3HAUEHMMM BIiAIOBISHOI CTAaTUCTUYHOKW Mozeno) [9]. Ilpu Takomy
CIIPOIIeHHI MOKIMBUIA Mepexin [0 MOJeI0BaHHS IMOTOKIB HAaBAaHTa)KeHHs (Iepexin,
IO TIOTOKOBUX MozeJeit). [IoTokoBMUX Moeneii 6araTo, ix TaKOX MOKHA Kaacuiky-
BaTY, BOHU aKTUBHO PO3BUBAKOTHCA [11].

B 6araTbox BUIIaJKaxX MOXXHA TOBOPUTH, 1110 B ITOTOKOBi MOJIeTi peasti3yeTbCst
«HACKpi3He IpeJiCTaB/JIeHHs» ITOTOKIB Uyepe3 MepexXy Ta BPaXOBYIOThCS 1X CyIlepIio-
3ullil. Ajie MOKIMBUIA TiAXiA MaKCMMaJIbHOTO PiBHSI COPOILEHHS, KOIU Y KOXKHOMY
j-y BY3JIi B IPOCTIIlINMii CITOCI6 MOIE/TIOIOTHCS IBi CK/IaJOBMX HAaBAHTAXKEHHSI: TTIOTOKM
00MiHy HaBaHTa’KeHHSM 3 KOPUCTyBauaMy Ta MOTOKM OOMiHY TpaH3UTHMM HaBaH-
TaKeHHSIM. BBOOAUTHCS MPUIMYILIIEHHS, 1[0 BCi IOTOKU ITyaCCHOBCHKI. [IJIs1 KOKHOTO 3
BY3J/IiB | MO’KHA TOBOPUTM MPO MOTOKM BXiAHOTO i BUXiAHOTO HaBaHTaKeHHS B3ae€-
MOZil 3 KOpUCTyBayamy (3 mapamMeTpamu A g i A g BifMOBiAHO) i MPO MOTOKU

BXIiZIHOTO i BMXIHOTO TPAaH3UTHOrO HABAHTAXEHHS (3 TapaMeTpamMm Ay 1 Ay

BiAMMOBiAHO).

[Tpu MoperOBaHHI MOTOKIB HaBaHTa’KeHHSI B3a€MO/Iii 3 KOPUCTyBauyaMM MakK-
CMMaJIbHO CIIPOIIeHMI1 MiIXi[ He BPaxOBY€E MPOXO/KeHHS 1IbOTO HaBaHTaKeHHS ye-
pe3 mepexy [8]. BBaxkaeTbcs, 1110 BCe, L0 YBIIUIO 10 Mepexi, BUXOAUTH 3 Hei. Bpa-
XOBYETbCSI PO3[iJIeHHS TepUTOpii, BiJl SIKOi ile HaBaHTakKeHHSI KOPUCTyBauiB, Ha
dbparmeHTH (TYT 6yIeMO BPaxOBYBATM TiIbKM 3eMHMX KOPMUCTYBadiB, TOOTO Ha3eM-
HUX i aBialliiiHuX, SIKi 3HaXOASIThCSI HA SIKiiiCh TepuTopii abo, BiIMOBiAHO, HAJT HEIO).
Bim KoskHOrO (hparmMeHTy (B 6araThbOX BMUITaJIKaX ITiAXOOUTh BU3HAUEHHS «CTiTbHU-
Ky») HAIXOAUTb BI[IIOBiIHEe HABAHTAK€HHS 3 IHTEHCUBHICTIO A, . 3aJaHi He3MiHHI
Ha 4ac MOJe/IOBaHHS JIMOBIPHOCTI p,, azpecalii HaBaHTa)KeHHs Bii (parmeHTy
TepuTopii k 1o ¢parmeHTy Teputopii I. Peskum QyHKIIIOHYBaHHSI Mepexi — ycTa-
nenuii. Tomy iHTEHCUMBHICTb CYMapHOTO MOTOKY, 1110 YBijilllja 70 Mepexi 3 k -0 dpa-
IMEHTY TepUTOpii, HaJae M0 CyMapHOro IMOTOKY HaBaHTaXXeHHS M0 | -0 ¢dparMeHTy
TepPUTOPii MOTIK 3 MapaMeTPOM p A, (TOOTO mapameTp MOTOKY BUXiZHOTO HaBaH-

Ng
TaKEHHsI Ha | -if TepUTOpii A, BU3HAYAETHCS POPMYIIOI0 A = Y piyAy , M€ Ny —
k=1

KiJIbKiCTh (hparMeHTiB TepuTopii). B 3a/mesKHOCTI Bif, TOro, Ha sIKilt TepuTopii (a aJs
CYMIYTHUKOBUX MepeX — HaJ, SIKOI0 TepUTOPi€l0) 3HaXOAUTHCS By30J (IpyIia BY3JIiB),
MOJIe/TIOETHCS BXilTHe HaBaHTa)KeHHS 3 1[i€i TepuTOpil OO LbOro BysJa (By3/iB). Mo-
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IeI0BaHHS TPAH3UTHOTO HaBaHTaXKeHHsI MOske OyTY 3aCHOBAHO Ha MPUNHSTTI Ipu-
IIyLIeHHS, 110 BCi BY3/IM HAaCTUIbKM 3aIll0BHEHI, 110 3 By3Jia IIOCTi/iHO BUXOOUTDH Ha-

BAaHT&XEHHS 3 MApaMeTpoM A, = const , TOOTO A = A, . BpaxoByrouu posmoain

TPaH3UTHOTO BI/IXi,U,HOI‘O HaBaHTa>K€HHS Ha HAIIPSIMKU, AJI51 KOKHOT'O j-O BYy3Jla 3HA-

XOOUTLCS TPAH3UTHE BXiII,He HaBaHTa>Xe€HHS A thj *

[Ipy onmcaHoMy IMiAXOAi 4O MOZENTIOBAHHS HAaBaHTAXE€HHS 3 BUIIJIEHHSIM Ha-
BaHTa)XeHHS B3a€EMO/Iii 3 KOpUCTyBauaMy i TPaH3UTHOTO HaBaHTaKeHHSI MAaeEMO [Bi
YaCTUHM, OBi CKIaJOBUX MOJEJI, SIKi OBOJII BiIOKpeMJIeHI OJiHA BiJ, O4HOI (I MOXYTb
Ha MOYATKy aHa/li3y PO3T/ISIAATICSI OKPeMO OJHA Bill OgHOI, 3a6e3meuyouy MOK/IN-
BiCTb «pO3IIapyBaHHS 3a4aui»). Ane 1 ABi YaCTMHU MPU IX CHIIBHOMY BpaxyBaHHI
IIpY MOJIeTIIOBaHHI MepeXki TiCHO IMOB’si3aHi MiXXK CO60I0 Uepe3 CTaHM 3aBaHTaKEHHS
BY3JIiB, SIKi BPaxOBYIOTbCSI IIPU MOJE/JI0BaHHI PO3MOiTy TPAaH3UTHOIO HaBaHTa-
>keHHs [8]. B maHiii po60Ti Oyme po3T/siHyTa TibKM CKIa[0Ba, 110 CTOCYETbCSI MOJIe-
JIIOBaHHSI TPAH3UTHOTO HaBaHTa)KeHHSI. 30Kpema, MPUIIISIETbCS yBara yCyHEeHHIO
npo6sieMH, sIKa BUHMKAE MIPM MOJe/IIOBaHHI TPaH3UTHOTO HaBaHTaXXKeHHSI HAa OCHOBI
OIMCAHOTO BUIIE MiAX0y.

[Ipobsema B TOMY, 11O IIpM HEBEJIMKOMY 3aIllOBHEHHiI Mepexki Ha IesIKUX iHTep-
BaJIaxX yacy By30JI OyBa€ MyCcTUM, ab0 3alIOBHEHMM HACTiIbKM MaJjo, 0 BUXiJ 3 HbO-

ro HaBaHTa)KeHHS BiIOYBA€THCS 3 TapaMeTPOM A 5 <Ap- Topi onmucanuit migxig mo

MO/JIe/IIOBAaHHS TIPU3BOAUTH JI0 «YTiKaHHS» HaBaHTAXKEHHS 3 Mepexi (o BTpaTu
«MOJIeJIbHOTO» HAaBaHTa)KeHHS), BUKJIMKAE B MOMEJi IOpYyIIeHHs mpaBuia 30epe-
>KeHHSI HaBaHTa)KeHHSI, ke Ma€ OyTM Ha PiBHI KOXKHOTO 3 BY3JIiB (CKiJIbKM HaBaHTa-
SKeHHS YBINIIIO 0 By3/1a, CTiIJIbKY i1 Ma€ BUIITH, SKII[O MOJe/Ib He BiATBOPIOE BTPAT,
SIKi BUHMKAIOTh 3 TEeXHIUHMX MpobjeM (YHKIIOHYBaHHSI Mepeski). 1[I0 HeTOUHiCTh
MOJIeIIOBAaHHSI MOXKHA Oi/bII IBHO 6aUMTH, SIKIIO Y IIOBHIil MOJe/li Mepexki «BuUi-
JleHa YacTMHa», IO IMpeacTaBjieHa TiIbKM PYXOM TPAaH3UTHOTO HAaBaHTA>KeHHS Y
3aMKHeHilt Mepexi (BimOyBa€TbCsl 3MeHIIIeHHS MTOBHOTO HaBaHTaKeHHSI B Mepexi
BHAC/IiJOK HeTOYHOCTI Mogeri). Ile Bimoma mpob6siema BiloMOro ITigxomy 0 mMope-
JIIOBaHHS TPAH3MUTHOTO HaBaHTakeHHS. BupilieHHS 11i€i mpo6ieMy MPOTOHYETHCS 3
BpaxyBaHHSM ITiAXOAy A0 BMUpa3y MapaMeTpiB MOTOKIB BXiJHOTO i BUXiTHOTO HaBa-
HTa)XKeHHS uepe3 CTaH BY3J/IiB Mepexki, ornmcanmuii B poboTax [8,18] Ta iHIIMX.

MeTta mociaigskeHHsI. PO3BUTOK MaKCUMMAaJbHO CITPOIIEHUX MOJeseil Mepexk
KOMYyTallil MakeTiB, SIKi 3aCHOBaHi Ha AMCKPETM30BAHOMY OMMCY CTaHiB 3aBaHTa-
>KeHHSI BY3JIiB Mepexi i Bi[ITIOBilal0Th MpeACTaB/JIeHHIO CTaHy Mepexi B 3aJadax

yIIpaB/IiHHS i1 HABaHTaKeHHSIM B Mpoileci GyHKIIOHYBaHHS. 3a7jaua BUPINIYETHCS B
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y3arajbHeHiii MOCTaHOBIIi, ajle yBara akileHTOBaHa Ha BUITAQAKy BUMKOPUCTAHHI IIi€i
MozeJi IIpY CTBOPEHHI 1 eKCIuTyaTallil CynyTHUKOBOI MepexXi KoMyTallil [akeTiB.

BukiageHHsI OCHOBHOIO MaTepiasy.

1.°ITocmanoeka 3adaui. Po3r/isIaeThCsl Mepeska, B SIKUit N BY3JIiB (TyT BBaka-
TUMe, 1[0 BY3JIM OOTHOTUIIHI, ajie 3aJaua Moke OyTM pO3BMHYTA i IS HASSBHOCTI y
Mepexki TPy BY3JIiB, IJISI SIKMX HM3Ka XapaKTepUCTUK Oyae BigMiHHOIO. BimcTaHi Mik
By3JIaMM Mepexi (ToOTo, yac Ha nepegavy iHdopMaliii MiXX By3jaMi) TYT BpaxoBY-
BaTu He 6yaeMo. CTaHeMO BpaxOBYBaTH TiJIbKM HaBaHTasKeHHS y By3Jlax Mepeski. Bi-
3bMEMO 3a OCHOBY MOJIe/II0OBaHHSI MepesKi MifiXi/l, 3aCHOBaHMI1 Ha BUIiJIeHH]i AMICKpe-
THUX CTaHiB 3alIOBHEHHSI HAKOMMUyBaya By3J/la MepPeX i TPaKTYBaHHS iX SIK CTaHiB, B
SIKOMY 3HaXOAMUThCS B30 [8]. OOcsar HakommvyBaua KOKHOTO j-TO By3Ja po3gine-

HUi Ha N, piBHi. HoMep piBHIO q j» 110 3aMIOBHIOETHCS B HaAKOIMMUyBayi j-ro By3-
J1a, Ha3BeMO CTaHOM BYy3J1a. TakuM YMHOM, Ki/IbKiCHe 3HaYeHHs q (q; A/ j-TO BY-
371a) MOXXe 6yTu B HianasoHi Bif O (MOBHICTIO MycTuit By3on), 1o (N, +1) (By3ony
cTaHi 6JI0KyBaHHS), TAKMM UMHOM ¢ = 0, (N, +1) . 3rifHO [8] BBaXXaTuMe, 110 Moje-

JIIOETHCSI 3MiHA CTaHY By3JIa, sIKa BigOYyBa€eThCs SIK MPOLIEC PO3MHOXKEHHS i 3arubesti
(mepexip 3i cTaHy q MOKJIMBMIA TIIbKM OO CYCiIHIX CTaHiB (q -1) i (q +1) B MeXax
Iiarma3oHy 3HaueHb q = 0,(N , +1) , iIHTepBaJ yacy MiX lepexofgaMy MixX CyCigHIMM
CTaHaMM Ma€ eKCIIOHEeHIiaJbHMI 3aKOH PO3IOJiTy 3 mapamMmeTpoM i ). CXeMaTUUHO
CTaH By3/a i cxeMa IepexoAiB y CYCilHi CTaHM Oro 3aBaHTaKeHHS ITOKa3aHa Ha
puc. 2r. ToOTO MOCTiAOBHICTh MOMEHTIB Uacy 3MiHM CTaHiB j-ro By3Ja OyJemMo po3-

TJISIIATH SIK ITyaCCOBCHKIil MOTiK MO/ili 3 mapameTpoM A j - Llevi IyacCHOBCBKMIA MOTIK

MOXXHA PO3KJIACTU Ha YOTUPU CKIAAO0Bi (UOTUPU ITyaCCHOBChKMX MOTOKM IOiiA): me-
pIIi ABi — Ile MOTOKM 3MiH 3aBaHTasKeHHS By3Ja y OiMbIINit i MeHIIMIA GiK, IO BU-

K/IMKaHi B3a€MOAI€I0 3 KOPUCTYBauaMy (IIapaMeTpy LMX MOTOKIB % g 1 2. BiAIO-

BiJTHO); IPYTi IBa — IIe MOTOKM 3MiH 3aBaHTaKeHHS By3/1a y OiIbIINI i MeHIINI1 OiK,
CIIpUYMHEHI PyXOM uYepe3 By30J TPaH3UTHOTO HaBaHTaKeHHS (TapaMeTpy LMX MO-

TOKIB ) y,; 1 A BiAMOBiAHO).
ITapameTpy Ha3BAHUX MOTOKIB (A j,A gy s hegis M ipj » M isj ) OYAEMO BUp@kaTy B

KiJIbKOCTi 3MiH CTaHiB 3allOBHEHHS HAaKOIMUyBauya By3jia Ha OJMHMITIO yacy. MoxkHa,
migiOpaBIy MpaBUAbHUII €KBiBajJeHT, BUpPAasUTK IlapaMeTpy HaBaHTa’KeHHS, IO
BXOJUTDb i BUXOIUTD 3 By3J/ia, B KiJIbKOCTSIX 3MiH Ha OAVMHUIIIO Yacy 4yucia 3aroBHe-
HUX PiBHiB HaKOMM4YyBaua By3Jia, SIKe CIIPUUYMHEHO MTOTOKAMM 11bOTO0 HaBaHTaXKEHHSI.

BOKI)EMG. — MOXHa BUPA3UTU Y KiJIbKOCTi 3MiH CTaHy 3allOBHEHHS HaKOIIM4YyBauda
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(KIZIPKOCTI 3MiH CTaHy 3alIOBHEHHSI By3/1a) Ha OOMHLIIO Yacy TapaMeTpu A g, 1 A,

sKe BiAMOBiAHO HAAXOOUTD i BUXOAUTH 3 By3jla BHACJIJOK B3a€EMO/il 3 KOPUCTYyBa-

Jamy, i mapameTpu Ay, i Ay TPaH3MTHOTO HABAHTAXEHHS, sIKe BiIIOBiHO BXO-
ZUTH i BUXOOUTD 3 BY3/a. B IbOMY BUIIAAKY MAPAMETPU A i 5 A s Ay s Ay OY-
AYTh aHAIOTAMM [TAPAMETPIB X gy, Aegjs Ay » Mg - SIK OYJIO 3aIIPOIIOHOBAHO BMILE,

CTaHeMO DPO3IVISIZaTV OOHY CKJIaAOBY IpOLleCy 3MiHM CTaHy 3aBaHTa>KeHHS By3Ja
Mepeki — 3MiHM CTaHy BY3j1a, CIIPUUYMHEHI TPAH3UTHMM HaBaHTaKeHHSIM (TOOTO,

ITyaCCHOBCHKI IIOTOKY 3 IIAPAMETPaMM Ay, , A ). BBaXkaTyume, 110 IPY 3HAYEHHSX

CTaHy 3aBaHTa)XeHHS BY3Jla ¢ = q,,,(N, + 1) TpaH3UTHe HaBaHTAaKeHHSI BUXOOUTD 3
j-TO By3ja 3 He3MiHHOI0 MaKCMMaJbHOI iHTEHCMBHICTIO (MapaMeTp MOTOKY HaBa-

HTQKEHHS], SIKe BUXOOUTD 3 BY3/IA, Ay = Ay, A = const ). SIKINO CTaH BY3/a q < q,

(mipxinm 1o BU3HAUeHHd q,, Oyzne chopMy/nIbOBaHMI Jali), TO 3HaYeHHs MapamMeTpa

BYXIiIHOTO HABAHTAXKEHHS A OGy[ie Y MEXKax 0 < Ay < Ay, .

[TpuiiHATO, 10 MpaBU/a MPU3HAYEHHS BapPTOCTi eJleMeHTapHOI JIiHil 3B’SI3Ky
BPaxOBYIOTh HABAHTAXXEHHS BY3J1a, IO SKOTO BOHM BeAyTb, 30KpeMa — AOPiBHIOIOTh
KIJIbKOCTI 3allOBHEHUMX DPiBHIB HaKONMUYyBada (MOXYTbh TAaKOX PO3PaXOBYBATUCS SIK
MporiopiiifiHa BeaMuMHa, MPUB’si3aHa A0 1€l KiJIbKOCTi 3a BBeJleHOI (GOpPMYJIOL0).
3B'I30K OYIUIEKCHUIA, 1 JIiHII 3B’S13Ky MK CYMDDKHMMM BYy3JIaMU, ITPOTUJIEXKHO CIIPSI-
MOBaHi, y 3araJbHOMY BUMAaJKy MalOTh Pi3Hi BapTOCTi (puc. 2a). Mapmpyrusaiis
TabMmyHa. B OCHOBi pO3paxyHKy MapuITypTHUX TabJaUIlb aArOPUTM BUOOPY NUISIXY
Hail MeHIIIOi BapTOCTi.

Bynmemo BBaxkaTH, 1[0 MepeXXa 3aMKHeHa 3 TOUKM 30pY BifICYTHOCTI OOMiHY
HAaBaHTAKeHHSM 3 KOPUCTyBauaMy (HaBaHTaKeHHSI He BXOAUTb OO Mepexi i He BU-
xoouTh 3 Hei). CTaHeMO pO3I/ISIIATY OKpeMMii BUITQAOK Mepexki, $sIKa TOIMOJIOTIYHO
3aMKHeHa (puc. 1a). Bubip aJist posrisigy TOMOJIOTiYHO 3aMKHEHOI Mepeski Ha T106a-
JbHUI pe3yabTaT He BIUIMHE. BubOip 1[bOrO OKpPeMOro BUIMAAKY IPOAVKTOBAHUI
TUM, 110 TOIOJIOTIYHO 3aMKHeHa Mepeska (TiIbKM y iHIIOMYy MPOCTOPOBOMY PO3Ta-
IryBaHHi ii opmu) 3ycTpivaeTbcsl, HaIIpUKIIAL, MMOOYJOBAaHOK Ha YIPyHOBaHHI Cy-
MMyTHUKIB Ha KOJOBUX opbiTax ogHOi BucOoTH (puc. 1m). B Takiii Mmepexi HasBHi 3a-
MKHEHI «KUJIbLISI 3 JIAHIIOKKIB BY3J/1iB» — IOB’SI3aHi MiKCYITyTHUKOBUMM 3B’SI3KaMM
KOCMIiYHi amapaTy Ha OAHii OpOiTi, a TAKOK BCTAHOBJIIOIOTHCS 3B’SI3KM MiK OIM3b-
KMMU By3JIaMU B CyCiJHIX JJaHLIOXKKaX BY3JIiB — Mi’K KOCMiYHMMMU ariapaTaMu B CyCi-

IHiX opOiTaIbHUX IJIONIMHAX.
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2.°3anponoHnoeaHuii nioxio 00 mMo0en08aHHs.

Moodenweatntsa nodii 8 cucmemi. 3rifHO TPUMHSITOI MaTeMaTUYHOI MOJel Me-
pexi KomyTaliii ImakeTiB Mpy MOAe/JI0BaHHI BiITBOPIOKOTHCS 2N IIOTOKIB ITOi: IJIsT
KOXKHOTO j-TO By3Jia 3 N BY3JIiB MepeXXi MOIeTI0€ThCS MOTIK IOIil, SIKi € MOCIig0-
BHICTI0O MOMEHTIB yacy mepexofiiB A0 CYCiJHiX CTaHiB OiJbIIOr0 3alIOBHEHHS 10O
HAKOITMYyBaya, a TaKOX IOTIiK IMOIil, 1[0 € MOC/TiJOBHICTIO MOMEHTIB Uacy Iiepexo-
IIiB 10 CYCigHIX CTaHiB MEHIIMX CTaHiB 11Oro 3aroBHeHHS. Lli TOTOKM IOl 3B’s13aHi
MiX c000I0 uepe3 MapamMeTpy iX IMOTOKIB, SIKi BU3HAUYAIOTHCS HA ITOTOYHMIT MOMEHT
yacy uepes3 CTaH cucrteMu. ONMMC MOZIENIOBAHHS €JleMeHTapHOI MOJil MpuBeAeHO
HIKYe.

JIJIsT KOSKHOTO j-TO By3Jla n -ii MOMEHT 3MiHM JOT0 CTaHy Yy OiK 36iJbIIeHHS
(MOMEHT ty; ), T€HEepPOBAHMIA MiC/Is1 YeproBoro BinGyTTs wi€l moxii Ha ocHOBI dop-
MYJIN

tibnj = ttb(n-1)j * Ttbnj (1)
a m -ii MOMEHT 3MiHM CTaHy j-TO By3Ja y 0iK 3MeHIIeHHS (MOMEHT tymj ) T€HEpPO-
BaHMI1 HA OCHOBi hopmyJin
tismj = Yis(m-1)j * Ttsmj » (2)
€ ty (n_1)j I tig(m_1)j — MOMEPELHI MOMEHTH BifOYTTS BifOBILHUX TIOAIM, @ <y
i Ty — T€HEpOBaHi TPMBAJOCTI iHTepBai 4acy MiX BimOyrrsiM n -1 i (n-1)-i
nofiii abo m -i i (m - 1) -i momiit BigmoBigHo. TpMBaaoCTi iHTEpBasIiB yacy T tonj i
Tismj TEHEPYIOTHCS SIK BeJIMUMHY 3 €KCIIOHEHLiaTbHYM 3aKOHOM PO3IOJiTY 3 mapa-
MeTPaMy Ay , Ay BIANOBIAHO. [lanmi TOTOYHMI Yac t 3MIHIOETBCSI 3 HEBEIMKUM
KPOKOM At (BeJIMUMHA At He MEeHII HiX Ha JAeKiJibKa MOPSIIKiB MeHIIa HiXX BeJIuuu-
HU Tty | Tgyj )- BUKOHAHHS YMOBM t >ty OI3HA4ae BinOyTTS n -i MOA, sika €
301/bIIIEHHSIM PiBHIO 3aBaHTaXKEHHsI By3/1a HA OAMHMIIIO (IIEPEXOZIOM 3i CTaHy q ; IO
CTaHy (qj +1) ), @ BUKOHAHHS YMOBU t > tigmj O3HAYaE BimOyTTS 1mopii, Ika € 3MeH-
LIIEHHSIM PiBHIO 3aBaHTa)KEHHSI BY3/1a Ha OAVHMIIIO (TePEXOZIOM 31 CTaHy q ; [0 CTaHy
(g i~ 1)).
Moodeniosannsa peaxyii Ha noditw 6 cucmenmi. Ilicisg BimOyTTs 6yab SKOi 3 ommca-
HUX TI0JIi/i MOJIeTII0OEThCS «peakKilisi» CMCTeMM Ha II0/Iilo, sika omnucaHa gaJji. JIiHii, ska
Befle 10 By3Jia, 110 3MiHUB CTaH, IPU3HAYAE€THCS HOBA BiZIMOBiHA BapTiCTh 3a Mpa-

BUJIOM TIpU3HAUYEHHS BapTOCTeN JiHiAM 3B’A3Ky. [lic/isi 3MiHM BapTOCTi X04 OZHOI
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JiHil y Mepexi 3IiJiCHIOEThCSI PO3PaXyHOK HOBUX 3HAUEHb MapIIPYTHMUX TaOJIMUIIb.
[Ticist po3paxyHKy HOBMX 3HaU€Hb MapUIPYTHUX TaOJMUIb OJIs1 KOSKHOTO By3Ja BU-
3HAUYalOTbhCSl IOTOYHI 3HAYEeHHS ITapaMeTpiB IIOTOKIB I1epeXO/iiB CTaHy 3aBaHTa)KeH-

HS1 By3J1a y 6ibiunii, a60 MeHWMit 6ik — 1apamMeTpiB MOTOKIB Ay , %y BIATIOBiZ-

HO. I came TyT 3aCTOCOBYEMO ITiAXiM, sIKiii HAAACTh MOX/IUBICTb YHUKHYTU «yTiKaHHS
HaBaHTaKeHHS».

SIK 3a3HavanoCs, IpY BMCOKOMY pPiBHI 3alIOBHEHHS MepexXi (BUMaAKM ITyCTOro
By3J1a, 200 YaCTKOBO 3alIOBHEHOTO MEPIIOTo PiBHS HaKOMMUyBaya 3yCTPiUalOThCS 3
JIMOBipHICTIO Maiike HaOMVDKEHOI IO HYJIST) MOKHA BBaskaTu, 1[0 BY30JI Bigae Ha-

BAaHTaXeHHS 3 HE3MiHHOIO MaKCMMA/IbHOIO IHTEHCUBHICTIO Ly (k. = Ay, [€ 3HA-

YeHHs ), TaKOX BMPaXeHO B KIJIbKOCTI 3MiH PiBHIB HaKoNNM4YyBaya Ha OJVHUIIIO

yacy). [Ins 3abe3medyeHHs] 3aMKHEHOCTi HaBaHTaKeHHSI B MOZeJIi TIpU Pi3HUX PiBHSX
3aBaHTaKeHHSI MepeXki MOKHA BUKOPUCTATU AysKe TPyOmit miaxim, SKkuit Ojisi HU3KU
CUTYalliil € IPUIHITHMUM i JacThb MPOCTe BUpillleHHS MTpobjeMu. BBaxkaTume, 110 B
MepesKi, 3aMKHEeHiit 3 TOUKM 30py HaBaHTa>KeHHS, Ha KOKHUIA MOMEHT PO3IJISIAy CY-
MapHO BUXOJUTD CTiJIbKM HaBaHTAKeHHS, CKiIbKM CyMapHO BUXOAUTh. Tak sIK po3r-

JIA0aI0TbCA IIOTOKNM TPAaH3UTHOTO HaBaHTA’X€HH(, Ha 6Y,Z[b SIKU MOMEHT 4acy Mae€

N N
OyTH DIBHICTD 3 Ay = X Ay - [IpM MOJENIOBaHHI 326€3MeYnMO I1e Tak.

j=1 j=1
Ha MoMeHT yacy t (SIKuif BBaKa€TbCSI MOMEHTOM BifIOYTTS IMO/Iii) 3HAXOAUTb-
Cs1 CyMa IapaMeTpiB IOTOKIB Sy, , 3HAUeHHS SKMX Bi[IOBiaaM BXOJK€HHIO HaBaH-
TakKeHHSI Y BY3JIM MepexXi 70 MOMEeHTY t (MOXXHa [Jisi BM3HAUE€HOCTi 3amucaTu — B

MOMEHT (t — At))

2

Sth = Z Ay » (3)
j=1

3HaXOOUTHCS CymMa MapaMeTpiB MOTOKIB MAaKCMMaJbHOTO BUXOAY 3 3alIOBHEHO-

IO BY371a S max s

Stmax s = NAp - 4)
Bu3sHavaeTbCsa HAaIJIMIIKOBUI BUXiZ, R SIK PI3HMIS 3HAYEHDb Sy 1 S nax s
R =St ~Stmax s- )

I pisHMIS Mae 6yTy po3jineHa Ha KiIbKicTb N, By3iiB (N, < N ), 3 IKUX BU-
XOOUTb TIOTiK HAaBaHTAXEHHS 3 ITapaMeTPOM, MeHIIIM 3a X g . Bysny, sIKi Hanexartb

[0 Ha3BaHOI rpynu 3 N, BY3JIB, JIETKO 3HAITY, KON IIapaMeTp ITOTOKY BUPasKeHMIA
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y KiJIbKOCTi 3MiH piBHiB 3allOBHEHHSI HakoNMuyBaua. 3 |-ro Bysja Oylle BUXOAUTHU

MOTIK HABAHTAKEHHS, MEHIINI 32 MaKCUMA/IbHUIA, SIKIIO KIIBKICTb q; 3allOBHEHMX

piBHIB 10ro HaKOINMMYyBaua MeHIIA, Hi’Xk BUXOIUTD 3 By3Jla Y OOMHUINIO Yacy, TOOTO

MEHIIIa 33 3HAYEHHS Ly, (g < %y, ). JocuTb rpybo 6ymeMo BBaskary, 110 KOPeryBaHHs

HaJJIMIIIKOBOr'O BUXOAY HaBaHTaKEHHS Oy/ie OJHAKOBMM JIJI BCiX HeIOBAaHTasKeHUX
By3J1iB. [IJis1 KOperyBaHHS OyJieMO BBaykaTH, IO 3 i -TO HeJIOBAaHTa>KeHOTO By3Jia BU-

XOJIMTb HABAaHTAKEHHS 3 [1aPaMEeTPOM A

thi=kb—R/Ne (6)
V3araJbHeHO PO3PaxXyHOK I1apaMeTpiB BUXiJHOrO HaBaHTa)KeHHS MOKHA IIpe/ -
CTaBUTU TAK
[ A b, SAKIIO q] > A b

b ; 7
) 4L}\.b—R/Ne, SAKIIIO qjsx'b ()

Takuit migxing 3abesmnevye MOMIEIIOBAHHS 3 HEBMCOKOIO aJeKBaTHICTIO (Moje-

TIOBaHHS TUM Ipyb6ille, 4uM Gi/IbIIa KibKICTb BY3/TiB N ), ajlle 3aMKHEeHiCTb HaBaH-

Ta)keHHST (KOPEKTHICTh MozeJli) Oyme 3abe3redeHa.
Haini po3rasgHeMoO MiaXid OO0 po3paxyHKy Ha MOMEHT t IapaMeTpiB MOTOKIB

HaBaHTa>XeHHS thj . BBa)KaTI/IMe, 10 MmapamMeTp IIOTOKY HaBaHTa>X€HH{, K€ BXO-

IMTH 0 i -TO By3JIa Bifi |-TO By3/1a MOKHA 3aIJICaTH TaK:
Apij = Kiik i )]

Ile k ;. — 4aCTKa HaliKOPOTIIMX IJISIXiB Bifl j-T0O By3J/ia Y MHOXMHI BCiX iHIIMX HAKO-

ji
POTIHIMX NUISIXaX 3@ BCiMa BUXiTHMMM HampsIMKamu 3 1IbOTO By3Jia. PO3paxoByeThCs

3HaueHHs k; 32 HopMyIIoI0

Kji=—— )
(N -1)
Ie (N —1) — KiJIbKiCTb BY3JiB, A0 SIKMX MPOKIaAeHi HAliKOPOTIIi MIJISIXX (TYT BBaXka-

TUMe, 10 11e BCi By3/IM Mepexi, BifiMiHHi Bif, j-TO By3Ja), a n i T KiJIbKiCTb Haii-

KOPOTIIMX IIJIIXiB Yepe3 HapsIMOK Bif, j-TO 0 i -TO By3Ja.

[Ticnsa BM3HAUYeHHS 3HaYeHb MapaMeTpiB BXiAHMX i BUXiIHUX MOTOKIB 3[ilic-
HIOETHCS MOJIEJIIOBAHHS MOMEHTY BiIOYTTS HACTYITHOI 1ofii 3a ¢opmyioro (1), abo
3a hopmyomw (2).

3.°Po3paxyHKu i aHani3 pe3yismamie
Jlesiki 3 pO3paxyHKOBUX pe3yJibTaTiB, OTPMMAHMX i3 3aCTOCYBAHHSM 3aITpPOIIO0-
HOBAHOTO IMiaxomy 10 36epekeHHS 3aMKHEHOCTI HaBaHTaXKEHHSI IMPU BBeIEeHUX
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CIIPOIIeHHS MpUBedeHi nani. Po3paxyHKM OpOBOOMIMCS IJisI BIAHOCHO HEBEJIMKOI
Mepexi (y MOPiBHSIHHSA i3 Cy4YaCHUMMM CYIIYyTHUKOBMMM MepeskaMy KOMyTallil rake-
TiB), sika mictuTh 400 By3/iB. BBaxkasocs, 110 Mepeska TOIIOJOTiYHO 3aMKHeHa (SIK
II0Ka3aHOo Ha pucC. 1a), a TaKOX 3aMKHEHa 32 HABAHTAXXEHHSIM (Ha IOYaTOK MOJesi0-
BaHHS TeHepYyeThCSI HAaBAaHTAa)KeHHSI Y By3J1aX; BBA’KA€ThCS, 110 BXigHe i BUXigHe Ha-
BaHTa)XXeHHS Bi[CyTHi; HaBaHTaX€HHS ITOCTIHO «LMPKYJIOE» B MEePEeXi, TaK 5K, BY-
30J1 MA€ He 3aTPUMYE iioro B cebe, a TepeaBaT¥ OaJli 32 IPUHSITUMMU IPaBUIaMU
itoro mepepnaui). KinbkicTh piBHIB, Ha SIKi po3miJieHuit HaKomMuyBaud By3ja, — 25.
MakcyuMaibHa iHTEHCUBHICTD, 3 SIKOI0 BUXOAM/IO 6 HaBaHTAXKEeHHS 3 BY3J1a, SIKIIO O
BY30J1 OYB ITOCTiifHO IOCTaTHHO 3aIIOBHEHMM, — 1 3MiHa KiJIbKOCTi 3aIIOBHEHMX PiB-
HiB HaKOMM4YyBaya y OAMHUIIO Yacy (OOMHMIIIO Yacy TyT He BULIISIEMO, MapaMeTpu
TIOTOKIB BMpakeHi Ha OAMHMULII0 yacy). Ha puc. 2 rokasaHi pe3yiabTaT¥ MOAEII0BaH-
HSI MepeXXi 3 BUCOKMM PiBHOMIpHMM 3alIOBHEHHS BY3JIiB.

3okpema, Ha MOYATKOBMII YaC MOJENIOBAHHS TeHepallisi 3alIOBHEHHSI Mepeske
3iliCHeHa Ha OCHOBi reHepyBaHHSI KiJIbKOCTi 3alIOBHEHMX PiBHIB HAKOMMUYyBaya SK
IVCKPEeTHOI BUIIAIKOBOI BeJIMUMHM Y Aiana3oHi Big 5 1o 25 (Mepeska piBHOMipHO 3a-
TIOBHEHA, 6e3 rmepeKkociB GIIyKTyalliii HaBaHTakeHHsI). Ha KOKHOMY KpOILli MOJIeTio-
BaHHS pPO3paxoByBajacs CepefHE HAaBAHTAXXEHHS B By3JaxX (CepelHs KiIbKICTh 3a-

NIOBHEHMX piBHIB y By3/lax Mepexi u,, ), Ha rpadiky Ha puc. 2a 3a Bicclo abcuuc

NpuBeeHui yac t (OAMHUILS YaCy He KOHKPEeTU30BaHa, 3HaUeHHS mapaMeTpu I10-
TOKiB 33JaI0ThCS Y KUJIBKOCTi 3MiH Ha OAMHMUIIIO Yacy).

BoueBupb, IJis1 3aMKHEHOIO 38 HAaBaHTa)KEHHSIM MepeXi 1le 3HaueHHSI He Ma€
3MiHIOBAaTUCS. AJie TYT IPU NMPUAHATOMY ITiIXOi 0 MOeTI0BaHHS MOX/IMBI HeBe-
JIMYKi BiIXMJIEHHS HAaBKOJIO CTA/JIOTO 3HaueHHsI. Ocob6aMBIiCTh MOE/li B TOMY, IIIO TYT
He MOJEJIOIThCSI «HAIIpSIMy» Tepexoau PiBHIB 3allOBHEHHS BiJi OMHOrO By3ja [0
iHIIMX IO BUXIZHUM HaIpsiMKaM (B IIbOMY BMMAJAKy CyMapHMii i cepenHiii piBeHb
3aITOBHEHHS BY3J/IiB Mayi 6u 30epiraTucsi He3MiHHMMM IIPOTSITOM Yacy MOJIeTIOBaH-
Hs). B Mozeni 3a6e3neyeHa He3MiHHICTb HaBaHTaKeHHST HA PiBHIi MMapaMeTpiB MOTO-
KOBi (CyMa ImapaMeTpiB MOTOKIB BXiTHOTO HAaBAaHTa’KeHHS TOPiBHIOE CyMi BUXiTHOTO
HaBaHTaKeHHS i 11i 3HaYeHHSI He 3MiHIOIOThCS). Ajle B KOSKHOMY BY3JIi BiATIOBiIHO 10
MOTOYHMX 3HAUeHb IMapaMeTpiB IMOTOKIB MOJIEIIOETbCS BUIIAAKOBUIA IIpOLeC 3MiHU
jioro craHy (1ie Ja€ HeBeJIMUKi KOJMBAHHS HAaBKOJIO GiIbIIl TOYHOTO «KapKacy», SIKMiA

3a/1al0Th 3HAYEHHSI MTapaMeTpiB ITIOTOKIB).
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A Cepeane nasanTaxenna y Bynax Mepexi
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PucyHOK 2 — Pe3ysibTaTy MOAe/NIOBaHHSI MepeXi 3 BUCOKMM HaBaHTaKEHHSIM
rpadik 3MiHM cepeHbOTO (MO/IeJIbHOT0) HAaBaHTa>keHHS y Mepexi (a); po3Iio-

[IiJ1 HABaHTa)KeHHSI Y MepeXXi Ha KiHellb iHTepBaly MOJIeTI0OBaHHS

Came BUMAAKOBICTh L[bOTO IPOIECY i OMCKPETHICTh 3MiHM CTaHiB Ja€ Te, 110
rpadik He € rIagKuUM, IPUCYTHICTb APiOHMX PUBKiB. A GifbIll PO3TATHYTI Y Yaci 3Mi-
HM, TTIOKa3aHi Ha rpadiky puc. 2a, MOB’sI3aHi i3 BUMIAAKOBUM MpoliecoM (PyHKIIOHY-
BaHHS BY3JIiB B KYIIi 3 BilOMTKOM Ha 11bOMY IIpOIieci [ii «bopMynn KepyBaHHS» Ha-
BaHTa)XeHHSIM, sIka oOpaHa 151 3aBAAaHHS BapTOCTi JIiHii HaBaHTaskeHHs. Pe3yabTaTn
MO/JIe/IIOBaHHS (1151 TIPUK/IALy MpuBeAeHi Ha rpadiky puc. 2a mis 12 roguH mope-
JIIOBAHHST) MOKAa3yIOTh BiACYTHICTh TPEHIOBUX 3MiH CcepeIHbOI0 HaBaHTaXKeHHSI, KO-
JMBAaHHSI HABKOJIO CepeqHbOro 3HaueHHS. [IpeAcTaBiieHi pe3y/ibTaTu ITOKa3ylOTh
3MmiHu B Mexkax 0,25 BiJi omHOro piBHS 3alIOBHEHHSI HaKOMMuyBayda. B 1ijiomy Bigxu-
JIeHHSI MOXXYTbh OyTM B Meskax 3HaueHHS IapameTpy IMOTOKY, 3alaHOTO0 Y KiJbKOCTi
3MiH CTaHiB HaKOIMMUYyBaua y OAMHMINO yacy. Hamuc 26 mpuBemeHMit CTaH 3aIoOB-
HEHHS BY3JI1iB MepesKi Ha OYH 3 OCTaHHiX MOMEHTIB iHTepBay MOJeTI0BaHHS,

Ha puc. 3 npencTaBieHi pe3yJbTaTy MOAEIIOBaHHSI MaJio 3allOBHEHOI HaBaH-
TakKeHHSIM Mepexi, siKe po3Mo/IijieHO B Mepexki piBHOMipHO (puc. 3a). 30Kpema, cTa-
HM 3alIOBHEHHSI HAKOIMMMUyBauiB BY3JjIliB MepesKi TeHepOBaHi SIK IVMCKPeTHI BUIIAIKOBI
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BeJIMUMHM Y Aiana3oHi Bim 0 1o 5. V 1[bOMY BUITaIKY TaKOX MaeMO 36epekeHHs ce-
peIHbOro HaBaHTasKeHHs (Ha rpadiky Ha puc. 30).

ul > OOHHHID  Hasanraxenan BYINIS MEPEX] HA NOTONMIMI MOMENT Nacy

TR LA B 14

I L LA il

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 240 380 330
a) j, HOMep By371a
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B) j, HOMep By371a

PucyHOK 3 — Pe3ynbTaTi MOJie/IIOBaHHSI MaJI0O HAaBaHTa>KeHO1 MepeXki: po3Ioain
HaBaHTa)KeHHS y MepexXi Ha IT0YaTOoK Mofe/toBaHHs (a); rpadik 3MiHM cepeJHbOTO
(MoeTbHOTO) HaBaHTasKeHHSI y Mepexki (0); po3MmoAil HaBaHTaXKeHHS Y MepexXi Ha

KiHellb iHTepBa/ly MOJEe/IF0BaHHS (B)
Ha puc. 3B nmoka3aHuit cTaH HaBaHTaXKeHHsI Mepexki Ha 20 ToauHy MOe0BaH-
Hd. Lle Tunosa cutTyalis OJis1 BUMIAJKy MOJEIOBAHHS 3aMKHEHOI Majio 3allOBHEHOI
MepeXi MpM 3aCTOCYBaHHiI IpaBW/ YIIPaBJiHHSI HaBAHTaKeHHS, SIKi CIPSIMOBaHi
TiTbKY Ha 3a0X0YEHHSI 00MpaTy pyX HaBaHTasKeHHS yepe3 MeHII 3aroBHEHi BY3JIN.

K MOXKHA 6aUUTH, AJITOPUTM KepPyBaHHS «00paB» 3a CBOIMM IIpaBWIAMM OITHMa-
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JIBHUIA CTaH Mepexki. 3a IJIsI TOCSITHEHHST «CBOT0» ONTUMYMY BiH ITPOCTO «PO3KJIaB»
HeBeJIMYKe HaBaHTa)KeHHS Y HeBeJIMKIil IpyIli By3/1iB, MaKCMMaJbHO 3a[IOBHUBIIN 1X
(BMBIB 1Ii By3/I1 3i CKJIaay Mepexi), a iHIIi By3/M 3aJUIIUINCS Maliske MyCTUMM [J1sT
pPyXy HUMM HaBaHTaXXeHHS. AJjie 1e B IITY4YHii CUTyallil 3aMKHEHOI MepeXi HeBeJlu-
KOTO PiBHOMipHOTO 3allOBHEHHS, B SIKili 3a MpaBuUiaMy Mepexki LMPKYJII€E HaBaHTa-
skeHHs1. Kpim Toro, ¢popMyiu yrpaB/liHHS HaBaHTaKeHHSIM Y ifeaJibHO PiBHOMipHO
3al0BHEHili Mepexki 6askaHO He 3aCToCyBaTU. B peanbHiii Mepesxki Oyme cBiit BXif i
BUXiJ] HABaHTa>KeHHSI, Oy/ie iCTOTHA HEPiBHOMipHiCTh HaBaHTaXKeHHS i 3aCTOCYBaHHS
MpaBUJI KepyBaHHS HaBAaHTaKeHHSM CTaHe AOLIbHUM.

Jlito rpaBu/I KepyBaHHSI HABaHTa)KEHHSIM BapTO AMBUTUCS B 3aMKHEHil Mepexi
came ISl BUBUEHHSI 3JaTHOCTI aJITOPUTMY JOJATH CYTTEBI HEPiBHOMipHOCTI (pIyK-
Tyallii, Imepekosy HaBaHTaXeHHs). B maHOMy BUITaAKYy pPO3paxXyHKM MPUBOIMINCS
Ji/Ille 3 MeTOI0 BMBUEHHS y IITYYHO CTBOPEHIiil CUTYyallii 3aMKHeHOI Mepexi Mmiaxomy
IO peaJisallii CIIpOILeHOro MOe/TI0BaHHs 0e3 BTpaTH LiJliCHOCTI HaBaHTa’KeHHSI.

BucHoBKM. B po60Ti BHOCKOHA/eHA CITPOINeHa iMiTalliiiHa MOJe/lb Mepexi,
sIKa 3aCHOBAHAa Ha AMCKPETU30BaHOMY OIMCY CTaHIB HaBAaHTa)KEHHS BY3JIiB Mepexi i
BifITOBigae mpeacTaBJeHHIO TIOTOYHOTO CTaHY MepeXki B 3aJadax yIpaBjiHHS ii Ha-
BaHTaKeHHSIM. 30KpeMa, IITYYHO BUiJeHa «4dyacTuHa Ipolecy (GyHKIIIOHyBaHHS
MepeXi» — 3alpONOHOBAHO MiAXiJ A0 MOJEIIOBAHHS TPAH3UTHOTO HABAHTAXKEHHS Y
3aMKHEHill 3a HaBaHTa>KeHHSIM MepesKi. 3alTpOoIIOHOBAHMIA MiAXid 10 MO el0BaHHS
IIO3BOJISIE 3MiICHIOBATH CYTTEBI CIIPOILIEHHS i 3a0e3euye HiBeJIOBAaHHSI HETaTUBHO-
ro BIUIMBY CIIPOIl€Hb Ha «3aMKHEHICTb HaBaHTa’keHHSI». PO3BUTOK IIbOTO AOCIi-
II>KeHHS rependayac BBeeHHS (He MpsiMe, a 3 BiIMOBiJHMMM 3MiHAMM) 3aITPOIIOHO-
BaHOTIO MiIX0my M0 36epeskeHHs] HaBaHTaKeHHS Y IMOBHY CIIPOIIEHY MOeIb Mepexi
KOMYTalIlill TTaKeTiB, Ika BPaxOBY€ TAaKOXX OOMiH HaBaHTa’KeHHSIM 3 KOPUCTyBayaMU
Mepexki. Kpim Toro rmosHa Mopesb Iepenbdavyae BpaxyBaHHS BifcTaHi MiX Bysjgamu
Mepexi y dopMyJi BapTOCTi eleMeHTapHOi JTiHii 3B’s13Ky. Ha cborofieHHs yIipaBJiH-
HSI MepeXXHUMMU IIpoliecaMy B CMCTeMax, 1[0 CTBOPEeHi Ha OCHOBi KOCMiUHMX arapa-
TiB, CTa€ BCe Oi/IbII aKTyaJlbHMMM. A TaKOX PO3BUBAIOTHCSI TMOTYKHi, OpUTiHATbHI
NpoekT (y TOMY 4mMCii, y Hac B YKpaiHi [19]), fIKi CTOCYIOTbCSI He TiJIbKM Tepepauvi
MaHMX i3 3aCTOCYBAaHHSIM CYMYTHMUKOBMX CHMCTEM, a IepeHeceHHsI 00UMC/II0BaIbHUX
omepailiii Ha opb6iTu. Peasisallist ux MPOEKTiB BXXe MOTpedye yIpaB/IiHHSI HaBaHTAa-
JKeHHSIM, SIKi CTBOPIOIOTh OOUMC/IIOBa/IbHI 3amadi. Ajle 3a7aua KepyBaHHS HaBaHTa-
JKEHHSIM 3B’SI3KY 3a/IMIIAETbCSI aKTyaJIbHOIO, TaK SIK B OCHOBi (DYHKIIiOHYBaHHS Cy-

YaCHMX CYITYTHUKOBUX CUCTEM, B OCHOBI PO3BUTKY iHT€pPHET-TeXHOJIOTi Ha 3eMJi i
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B KOCMOCI JIEXKMTb 3aCTOCYBaHHS Iepeaaydi iHdopMallii Ha OCHOBi TeXHiKM KOMYyTallii
TaKeTiB.
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Simplified simulation model of load in a closed packet switching network

An approach to simplified simulation modeling of packet switching network load
has been developed. The simulated representation of network processes is based on a
simplified mathematical model of the packet switching network, which is based on a dis-
cretized description of the load states of the network nodes and corresponds to the repre-
sentation of the current state of the network in the tasks of managing its load. Changes in
the node's filling state are modeled as a process of reproduction and death, and in the full
load model, two factors of change are taken into account: the node's exchange of load
with network users and transit load flow passing through it. To study an artificially se-
lected "part of the network functioning process" - an approach to transit load modeling in
a load-locked network is proposed. The approach allows for significant simplifications
and ensures the leveling of the negative impact of simplifications on "load closure” (en-
sures the rule of constant amount of load in a closed network). The developed simulation
model, firstly, creates the basis for the improvement of the complete model, and secondly,
it is convenient for working out routing algorithms when analyzing them from the point of
view of indicators of the ability to "influence" the load in the network. The obtained re-
sults are generalized, but attention is focused on the example of satellite packet switching
networks.
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K. Sukovenko
DECISION SUPPORT INFORMATION TECHNOLOGY
IN VIDEO SURVEILLANCE AND MONITORING TASKS

Abstract: In the modern world, video surveillance systems are an integral part of security and
monitoring measures in various sectors, from public places to industrial facilities. However, with
their increasing prevalence, ethical issues arise concerning the use of video data and the impact
of these systems on privacy and citizens' rights. In this article, we will delve into some of these
issues in detail and propose recommendations for their resolution.

It 1s important to recognize the consequences that video surveillance and monitoring can have
on the quality and effectiveness of decisions made by people. This problem proves to be quite
relevant in various fields, including manufacturing, engineering, and others. Video surveillance
and monitoring have become an integral part of the modern world, particularly in the areas of
security, transportation, urban planning, and ecology, with the aid of advanced video analysis
and data processing technologies. Today's video surveillance systems provide a high level of in

formation support for decision making, which is why we will explore the key aspects of infor

mation technology that support decision making in video surveillance and monitoring tasks, as
well as the prospects and challenges of its application.

Keywords: video surveillance, monitoring, information technology, decision support systems.

Problem Statement. In the context of information technology support for de-
cision-making in video surveillance and monitoring tasks, the focus lies on identify-
ing and addressing a range of challenges that arise in the process of utilizing these
technologies. Many video surveillance systems utilize complex algorithms for object
recognition and behavior analysis; however, the effectiveness of these algorithms
may be limited in conditions of restricted resources or complex environmental con-
ditions, necessitating further refinement.

One of the key aspects is ensuring the accuracy and reliability of the infor-
mation used for decision-making. Even small errors in object detection or behavior
analysis can lead to serious consequences. With the increasing volume of collected
data, the importance of ethical and legal aspects such as privacy protection, data us-
age, and information storage also grows. It is necessary to strike a balance between
using this data and protecting human rights.

© Sukovenko K., 2024
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For more effective decision-making, it is crucial to integrate video surveillance
systems with other sources of information, such as sensor systems, social media, da-
tabases, etc. As video surveillance systems become increasingly connected to net-
works, they become vulnerable to cyber attacks. Ensuring resilience to attacks and
cybersecurity is a key task for preserving information security and preventing un-
wanted interference in decision-making processes.

Thus, creating an effective and reliable information technology to support de-
cision-making in video surveillance and monitoring tasks requires a comprehensive
approach that considers technical, ethical, legal, and cybersecurity aspects.

Analysis of recent research and publications. One of the key elements of in-
formation technology in video surveillance is automated video analysis. This tech-
nology utilizes artificial intelligence algorithms for object recognition, behavior
analysis, and anomaly detection in video streams. For example, systems can auto-
matically detect moving objects, recognize license plates of vehicles, or identify hu-
man behavior on the street or indoors. [3]

The ability to process large volumes of video data in real-time is an incredibly
important aspect of information technology support for decision-making in video
surveillance and monitoring tasks. Thanks to the rapid development of computing
technologies and software, modern systems effectively analyze large streams of vid-
eo data and extract useful information for decision-making. Additionally, the inte-
gration of video data with geospatial information allows for the creation of compre-
hensive monitoring systems that not only provide visual information but also con-
textualize it in space. For example, systems automatically determine the location of
events on a map, aiding in the rapid response to emergencies. [1-3]

However, along with the powerful capabilities of information technology, chal-
lenges arise. One of the biggest challenges is privacy protection; the collection and
analysis of large volumes of video data can violate citizens' privacy. Therefore, it is
important to develop and implement effective data protection measures. Machine
learning and neural networks are key components of modern video analysis systems.
By training on large datasets, these algorithms become increasingly accurate and ef-
ficient in object detection and behavior analysis. [1-3]

In the modern world, where work becomes increasingly monotonous and re-
quires constant engagement, it is important to recognize the consequences this can
have on the quality and effectiveness of decisions made by humans. This issue is
particularly relevant in various fields, including manufacturing, engineering, and

others. Continuous workload and monotony can affect the mental state of workers
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and their overall productivity. Loss of concentration and fatigue can hinder the abil-
ity to make informed decisions. Long-term monotony can lead to a loss of motiva-
tion and interest in work, further complicating the decision-making process. [1]

Moreover, constant routine can lead to the application of template approaches
to decision-making, which in turn can lead to a loss of flexibility and an inability to
adapt to new situations. Insufficient time for studying new issues or analyzing alter-
native paths can also lead to a lack of information for making informed decisions. [1]
To prevent these risks, it is important to regularly optimize the workflow and seek
opportunities for improvement. The development of information technologies pro-
vides the opportunity to use various algorithms and methods in such activities. One
way to support decision-making is to use decision support systems (DSS), which help
reduce the impact of workload and monotony on the quality of decisions.

Thus, considering the risks associated with constant workload and monotony is
important for ensuring effective and informed decision-making in the modern
world [1].

The methodology for developing DSS based on rapid prototyping, proposed by
[2], includes the following stages:

1. Identification of goals and objectives: This stage involves carefully defining
the goals of DSS development, planning the development process, determining the
composition of developers, and sources of knowledge.

2. Knowledge acquisition: The process of knowledge transfer from experts to a
knowledge engineer (cognitologist) is carried out, including the accumulation and
systematization of expert knowledge.

3. Conceptualization (structuring) of knowledge: At this stage, the structure of
the acquired knowledge about the subject area is determined, which helps to formal-
ize these knowledge for use in the system.

4. Formalization of knowledge: The formalization stage involves constructing a
formal representation of concepts about the subject area based on the selected (or
developed) knowledge representation model.

5. Prototype implementation: At this stage, a DSS prototype is developed based
on selected or developed software and technical means.

6. Testing the implementation results: The testing stage aims to verify and
evaluate the operation of the DSS according to real requirements and user requests.
[3,4]
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This methodology provides a systematic and effective approach to the devel-
opment of DSS, ensuring a quality and functional system that meets the needs of
users.

Research Objective. The use of video data in video surveillance and monitor-
ing systems raises a number of ethical issues that require attention and resolution to
ensure the protection of privacy and other rights of citizens.

Decision Support Information Technology (DSIT) in the field of video surveil-
lance and monitoring is a key component for optimizing the processes of analysis,
processing, and utilization of video data. This technology is used to automate and
improve decision-making based on information obtained from video recordings. The
main goal of this technology is to provide operators and surveillance systems with
powerful tools for automatically detecting events, objects, and patterns in the video
stream, which helps in making effective and well-founded decisions.

The method of using computer vision technologies based on video surveillance
data in conjunction with decision support systems (DSS) is an important direction
for improving management and control processes in various fields. This allows re-
ducing the workload on personnel, optimizing the processes of analysis and event
detection, and improving task performance. Computer vision technologies provide
the ability to automate the analysis of video data, while DSS help make informed de-
cisions based on this information.

A key component of using computer vision technologies is the use of video
analytics systems, which detect objects, recognize faces, detect motion, and analyze
abnormal events in video recordings. Before a computer can detect objects in an im-
age, the original image undergoes preprocessing, which includes noise reduction and
contrast enhancement. Then, special features such as colors, textures, or shapes are
extracted, and these objects are classified based on trained models. In particular,
convolutional neural networks (CNNs) are used for these purposes, which are one of
the basic approaches in deep learning for object recognition in images. This ap-
proach involves applying patterns to recognize objects in images through convolu-
tion operations.

Image classification is one of the most common tasks in the field of computer
vision. It is based on the classification of objects and their localization in the image,
allowing to determine their coordinates and positions on the frame. There are many
methods for object detection, but important characteristics are processing speed and
detection quality. Thus, the use of computer vision technologies in conjunction with

decision support systems in the field of video surveillance and monitoring is a prom-
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ising direction for improving the efficiency and accuracy of object detection, face
recognition, and event analysis.

The use of video data in surveillance and monitoring systems raises a number
of ethical issues that require attention and resolution to ensure the protection of
privacy and other rights of citizens.

Information technology for decision support (ITDS) in the field of video sur-
veillance and monitoring is a key component for optimizing the processes of analy-
sis, processing, and utilization of video data. This technology is used to automate
and improve decision-making based on information obtained from video recordings.
The main goal of this technology is to provide operators and surveillance systems
with powerful tools for automatically detecting events, objects, and patterns in video
streams, which helps in making effective and informed decisions.

Video analytics systems are a key component of information technology for de-
cision support in surveillance and monitoring tasks. They are responsible for analyz-
ing video data from cameras in real-time or post-processing mode, detecting events,
movements, objects, and other important aspects for decision-making. Object detec-
tion is used to identify and highlight objects in the video stream (these can be peo-
ple, vehicles, animals, or any other objects of interest to the surveillance system).
Face recognition function is used to recognize and identify people in video record-
ings, used for access control, detection of suspicious individuals, or other security
purposes. The technology also detects and analyzes the movement of objects in the
video stream (can be used to detect abnormal movement, such as suspicious move-
ments of people or vehicles, which may indicate potential threats).

Privacy and confidentiality of individuals depicted in videos are one of the most
important ethical issues in the context of using surveillance systems. The collection
and processing of video data become sources of privacy breaches, which often raise
serious concerns and negative public reaction. The issue of protecting the privacy of
individuals in video recordings and monitoring systems arises from the possibility of
using this data for the identification of individuals, their movements, and behavior
without their consent, which is very important as in the modern world, individuals
cannot avoid it. This is especially relevant in cases where video surveillance is con-
ducted in public places such as streets, parks, airports, and other public facilities.

To ensure the privacy protection of individuals in videos, several measures
need to be taken. Firstly, it is important to limit the collection and storage of video
data to the necessary minimum, restricting the duration of their storage and pro-
cessing. Some systems already use anonymization or face masking technologies to

ISSN 1562-9945 (Print) 83
ISSN 2707-7977 (Online)



«CucTeMHi TexHoaorii» 4 (153) 2024 «System technologies»

protect the privacy of individuals depicted in videos. Additionally, regular risk as-
sessments of privacy breaches and improvement of data protection technologies are
crucial to minimize potential threats. It is also necessary to develop and implement
clear rules for the use of video data, defined according to legal requirements and
ethical standards.

The direction and scale of video surveillance are key aspects that affect the eth-
ics and effectiveness of using surveillance systems. They determine how accurately
and widely monitoring of certain areas or objects takes place and which groups of
people become the object of surveillance. The direction of video surveillance is de-
termined by the goals and tasks for which the system is intended, for example, it
may be aimed at ensuring the safety of public places, monitoring compliance with
rules at work sites, or used to detect criminals or prevent thefts. It is important that
the direction of video surveillance is clearly defined and limited according to the
tasks facing the system. The scale of video surveillance, on the other hand, deter-
mines how large or limited the area under surveillance is and which objects or indi-
viduals are under observation. Therefore, the scale can vary from large public sites to
narrow industrial corridors. The scale of video surveillance can also be temporary,
for example, during mass events or emergencies, or permanent, for continuous mon-
itoring of specific locations. [4]

Ethical aspects of the direction and scale of video surveillance include ensuring
proportionality between the necessity of surveillance and privacy protection, as well
as preventing random or systematic observation of specific groups of people or ob-
jects. For example, a large-scale video surveillance system in a public area should be
aimed at overall safety and crime prevention, rather than systematic tracking of in-
dividuals without justified reasons.

Considering privacy, confidentiality, direction, and scale, it is important to un-
derstand that each of these aspects should be interconnected, and it is also im-
portant to mention transparency and citizen awareness. Transparency and citizen
awareness of the presence and functioning of video surveillance systems are neces-
sary components for ensuring the ethical use of these technologies. Individuals af-
fected by these technologies have the right to know that their surroundings may be
under video surveillance and what data may be collected, stored, and used. First and
foremost, it is important to ensure transparency regarding the placement of surveil-
lance cameras and their operation. Information about the location of cameras, their
orientation, and the extent of surveillance should be made available to the public.

This can be achieved through visible signage at surveillance locations, as well as
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through the publication of information on municipal websites or by organizations
responsible for installing cameras.

Furthermore, it is important to ensure citizens' awareness of the rules for the
use and processing of video data. Citizens should be able to obtain information
about how they can influence the processes of video surveillance and their own data.
Additionally, it is important to provide feedback mechanisms that allow citizens to
address questions and complaints regarding the use of surveillance systems.

Conclusions. Information technology for decision support in surveillance and
monitoring tasks plays an important role in ensuring safety and efficiency in various
areas of life. With the development of artificial intelligence, big data processing, and
machine learning technologies, we can expect further improvement in the function-
ality and efficiency of these systems. However, it is also important to consider ethi-
cal and legal aspects, ensuring the protection of privacy and compliance with data
security norms. A smart combination of technology and legal regulation will help
achieve the optimal balance between ensuring security and protecting personal free-
dom.

To ensure the privacy protection of individuals in videos, it is important to take
a series of measures. Collection and storage of video data should be limited to the
necessary minimum, and the duration of their storage and processing should be re-
stricted. Some systems already use anonymization or face masking technologies to
protect individuals' privacy in videos. However, it is important to note that the de-
velopment of these technologies is ongoing, and privacy protection requirements are
constantly evolving.

Protecting individuals' privacy in videos requires a comprehensive approach
that combines technological, organizational, and legal measures. Only in this way
can a balance between security and privacy be achieved, ensuring the protection of
citizens' rights and interests. It is very important to carefully consider and limit the
direction and scale of video surveillance from ethical perspectives, ensuring a bal-
ance between security and the protection of citizens' rights and privacy.

To ensure the ethical use of video surveillance, it is important to ensure pro-
portionality between the necessity of surveillance and privacy protection, as well as
to ensure transparency and citizen awareness of the functioning of video surveil-
lance systems. Only through coordinated application of these principles can effec-
tive and ethical use of video surveillance be ensured in modern society.
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Ingopmauiiina mexHonozia niompumku npuiiHamms piuieHs 8 3adauax
gideocnocmepedceHHs1 Mma MOHimMopiHzy

B cyuacHomy ceimi cucmemu gideochocmepexceHHs € Hegid' EMHOK UACMUHO0 0e3-
neKosux ma KOHMpOoJibHUX 3ax0die 8 pi3HUX cepax: 8i0 epomadcvKux micyb do npomu-
cnosux 00'ekmis. Ilpome, pasom i3 3pOCMAHHIAM IXHbOI NOWUPEHOCMI 3’8110 MbCS
emuYHi NUMAHHS, N0B'SI3AHI 3 BUKOPUCMAHHAM 810e00aHUX Mma 6Nu8oM Yux CUCMeM Ha
npusamHicme ma npasa 2pomMadsH. Y uiti cmammi mu 0emaivHO po32/iIiHeMO 0esKi 3
UUX NUMAHbL Ma 3anponoHYEMO peKoOMeHOauii 0715 iX 8UpilleHHSsl.

Baxcnueo eusHamu Hacnioku, SKi MOxe mamu 6i0eocnocmepexceHHs ma
MOHIMOpiH2y, Ha AKiCMb ma e(pekmusHicms piuleHs, SKi nputimaroms adu. Lla npobne-
Ma 8uslensEMbCsl documes aKmyaabHol y pI3HUX cepax, eKIouanyu eupoOHUYMaeo,
iHXceHepilo, ma iHwi 2any3i. BideocnocmepexceHHs1 ma MOHIMOPUHZ CMAlU HEBI0' EMHOI0
UacmuHow Cy4acHozo ceimy, 3o0kpema 6 o0;acmsax 0e3neku, mpamcnopmy,
MicmobydysaHHss ma eKoJiozii, 3 d0noMo02010 nepedosux MexHos0zili ideoaHanizy ma
06pobku daHux. Cb0200HiWHI cucmemu g8ideocnocmepexceHHs 3abe3neuyioms 8UCOKUL
piseHb iHopmayitiHoi nidmpumKu 011 NPpULiHAMMS piuieHsb, came Momy Mu po32isTHEMO
KJII0408i acnekmu iHhopmauitiHoi mexHonozii, axa 3abeaneuye nidmpumKky npuiiHamms
piweHs y 3adauax 8ideocnocmepexceHHss ma MOHIMOPUH2ZY, d MAaKOX nepcnekmueu ma
BUKJUKU 11 3aCMOCY8AHHSL.

CykoBeHko KoctsautuH TeopriiioBuu - acmipaHt kadeapu Kibepbesmeku Ta
KOMIT I0T€pHO-IHTEeTpOBaHUX TEeXHOJIOTil [IHIIIPOBCHKOrO HAlliOHAJIbHOTO YHiBepCU-
TeTy imeHi Onecs ['oHuapa.

Sukovenko Kostyantyn - postgraduate of Department of Cyber Security and Com-
puter-Integrated Technologies of Dnipro National University Oles Honchar.
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O.I'. Tonuapos, Bik.B. I'natymenko, O.C. llleBiioBa
HEVPOMEPEJXEBUI ITIIXIJ CETMEHTAIIIT CZIbChKOTOCITOJAPCHKUX
VT1Ab HA CYITYTHUKOBUX 30BPAJKEHHSIX

AHomayia. B cyyacHomy azpapHomy cekmopi Bax/iusy poJib 8i0i2pae moyHe KapmoepagysaHHs
ma MOHIMOpuUHe azpoy2iob 3a 0NOMO20I0 CyNyMHUKOBUX 3HIMKIB, W0 00380/15€ onmuMmizysamu
BUKOPUCMAHHSA pecypcis, naaHysamu NocigHi Naowi ma npoeHo3ysamu spoxatiHicms. CemaH
MuYyHa CcezMeHmMayis 2e00aHUX 3a 00NOMO20K0 2/UOOKO20 HABYAHHA BIOKPUBAE HOBI
MOXUBOCMI 014 asmomamu3sayii yux npoyecis, npome nompebye pemesnbHo20 8ubOpy ma
onmumizayii moodesnel, 30amHuUX eheKmuBHO NpayB8amu 3 BUCOKOPO3MIPHUMU 2e0npocmopo
sumu daHumu. JJaHa poboma npucssyeHa aHAAi3y ma NOPIBHAHHIO MPbOX PiZHUX MOOUTKaYiL
apximexkmypu U Net 0na 3a0a4i cemaHmuyHoi cezmeHmayii aepoy2iob Ha OCHOBI CynymHUKOBUX
306paxkeHb. byno docioxeHo MoOeni 3 pi3HUMU apXximeKkmypHUMU 0COOIUBOCMAMU, BKIKOYAOYU
3acmocyBaHHs ocmamoyHux 6/10Ki8, memodis HopMmanizayii ma pe2ynspusayii. Peaynemamu
nokasanu, wjo deski mooughikayii apximekmypu U Net Moxymb 3HGYHO NiOBULUMU MOYHICMb
ceaMeHmayii, Wo BIOKPUBAE WAAX 0714 No0anbWUX OOCHIOKeHb Y HANPAMKY BOOCKOHA/NEHHSA
aneopummis 06POOKU CynymHUKOBUX OaHUX O nompeb azpapHo2o cekmopy.

Knioyosi cnosa: cemaHmu4Ha cezmeHmMayis, azpoyzioos, CynymHUKOBI 300paxeHHs, 2uboKe
HasyaHHs, apximexkmypa U Net, 2eo0aHi.

ITocraHoBKa mpoGiemu. 3pocTaioya MOTpedba y TOYHOMY MOHITOPMHTY Ta
yIIpaBJ/IiHHI arpoyTiJasiMy yepe3 CyIyTHMKOBI TEXHOJIOTii CTBOPIOE BUKIMUKM JIJIsSI 00-
pOOKM Ta aHasi3y TreornpoCcTOpoBUX AaHUX [6,7]. EQekTuBHe BUKOPUCTAHHS TaKUX
JaHUX BMMAara€ po3poOKyM TOUHMX aJTOPUTMIB CEMaHTUMUYHOI CerMeHTallii, 3JaTHUX
PO3Pi3HATHU Pi3HI TUIM ITOBEPXOHb 3 BMCOKOIO TOUHICTIO Ta MBUAKICTIO. TpaauililiHi
MeTOIM YacTO He 3a06e3IeuyloTh JOCTAaTHbOI TOYHOCTI 460 BMMAaramTh 3HAUYHUX 00-
YUCTIOBAJIBHUX PECYPCiB, [0 0OMEKYE iX 3aCTOCYBaHHS B peaJbHOMY Uaci Ta Ha Be-
JUKUX TepUTOpPisix. IHTerpamis rimboKOoro HaBYaHHS B MPOIIECH aHaIi3y TeoJaHux
00ilisge BupilleHHST LMX IIpobGjeM, oAHAK BMOip i omTumisaiis Mopesnein mjs
crieniMiyHMX 3aBIaHb CerMeHTallil arpoyTifib 3aaMINaITbCS HeBupimeHMMu [5,8].
BimcyTHicTh yHiBepcaJbHOIO MiIX0my 0 BUMOOPY apXiTeKTypyu HEMpPOHHOI Mepexi,

ska 0 MakcuMmanabHO e(deKTMBHO BMKOHyBajia O 3aBHaHHS CerMeHTallii 3a

© Tonuapos O.I'., 'HaTtymenko Bik.B., IlleBiiosa O.C., 2024

ISSN 1562-9945 (Print) 87
ISSN 2707-7977 (Online)



«CucTeMHi TexHoaorii» 4 (153) 2024 «System technologies»

MiHiMaJbHOTO Yacy OOYMC/IeHb, ITiIKPEC/IIOE MOTpedy Y MOCTiIKeHHI Ta amarTanii
icHyI0uMX Mopeneli IMOOKOTro HaBYaHHS.

AHani3 ocTraHHIX DOCIiMKeHb i myoOmikamiii. Orisga CydyacHMX HAyKOBUX
pobiT y cdepi ceMaHTUUHOI cerMeHTallii BMUSIB/ISIE 3HAUHE 3POCTAHHS iHTepecy M0
BUKOPMCTAHHS IVIMOOKOTO HaBUaHHS [IJIS pillleHHs 3aBIaHb Y Pi3HOMaHITHUX TOoMe-
Hax, BKJIIOYAKUM arpapHuii CeKTop. BMBUEHHS METO/iB i MiAXOM4iB, 3aCTOCOBAHUX Y
IMX OOCTI)KeHHSX, MOXXe HaJaTy I[iHHi BKa3iBKM [Jjs IIOKpallleHHS TexHiK
CeMaHTMYHOI CerMeHTallii B arpapHOMY CEKTOPi.

Y pob6ori "Residual wave vision U-Net for flood mapping using dual
polarization Sentinel-1 SAR imagery" [1] po3po6ieHo MoaudikoBaHYy apXiTeKTypy
U-Net, ska edeKTUBHO 00p0o06Jisie mBomosipu3aliiidi SAR 300pakeHHs OJI KapTo-
rpadyBaHHS 3aTOIUIEHb. BaX/IMBMM BMCHOBKOM IIbOTO JOC/i/I>KEHHSI € BUKOPUCTAH-
HSI OCTATOYHMX OJIOKIB ZIJISI ITiABUIIIEHHS TOUYHOCTI BM3HAYeHHS BOJHMX 00'€KTiB, IO
MOsKe OyTM 3aCTOCOBAHO JIJISI IeTAaJIbHOTO aHa/li3y BOJAHOI peTeHIlii B arpoyTigasx .

Hocmimkennst "Generating synthetic images from cone beam computed
tomography using self-attention residual UNet for head and neck radiotherapy" [2]
MoKasye, SIK BUKOPMUCTAHHSI MeXaHi3My caMoyBaru pa3oM i3 oCTaTOYHMMM 6I0KamMu
B apxiTekTypi U-Net Moke 3HAaUHO MOKPAIIUTU SIKiCTb CUMHTE30BAHUX MeIUYHUX
300paykeHb. Takuit miaxig Moxke OYTM amaIllTOBAHO [IJISI CTBOPEHHST BUMCOKOSIKiCHUX
CUMHTeTUYHUX 300paskeHb arpoyTiab M/ TPeHYBaHHSI MOAesieli TIMO0KOro HaBYaHHS
6e3 MoTpeby BeJIMKOi KiJIbKOCTi peajibHUX JTaHUX .

Po6ota "Deep learning-based hybrid feature selection for the semantic
segmentation of crops and weeds" [3] po3kpuBae moTeHIliaa TiGpMUIHOTO BMOOPY 03-
HaK HAa OCHOBi I/IMOOKOrO HaBYaHHS I CeMaHTUMYHOI CcermMeHTalii
CiJTbCbKOTOCIIOIAaPChKUX KYJAbTYP i OYp'siHiB. BUCHOBKM 11bOTO AOC/iIKEHHSI MOXYTb
CJIYTYBaTM OCHOBOIO JIJISI PO3POOKM OiTbINI TOYHMX METOAIB Kiaacudikamii KyabTyp i
Oyp'siHIB Ha TTOJISIX, 110 € KIIOUOBUM 1151 eDeKTUBHOTO arpoMeHeIsKMEeHTY .

VYV crarti "Comparative performance analysis of simple U-Net, residual
attention U-Net, and VGG16-U-Net for inventory inland water bodies" [4]
MOPiBHIOETbCS  e(eKTUBHICTb TpbOX  Bapiamiit  apxitektypu U-Net g
iHBeHTapM3allii BHYTPillIHiX BOAHMX 00'ekTiB. OCHOBHMM BHECKOM € IeMOHCTpallisi
repeBarM BUKOPMCTAHHS YBaroBMX MeXaHi3MiB Ta IlepeTpeHOBAaHUX Mepex Y
TMiIBUILEHHI TOUHOCTi cerMeHTallii, 110 MoOske OYyTU afgamnToBaHO IJIs imeHTuUdikalii
pPi3SHOMaHITHMX TUITIB arpoyTib .

i pmocmigkeHHSI MiAKPECTOTh BAKIMBICTh IHHOBALHMX IMAXOAIB Y

CeMaHTUYHIil cermMeHTallil i HaJalOTb IEePCIeKTUBHI HANPSIMKU [JIS1 TOAAJIbIIOTO
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BIOCKOHAJIeHHSI MeTOJiB OIiHKM Ta MOHITOPMHIY arpoyriib 3a [JOIIOMOTOI0
TEXHOJIOTi TTMO0KOro HaBUaHHS.

MeTo10 HOOCTIIKeHHS € pOo3poOKa Ta IOPiBHSUIbHMII aHaji3 Momudikailii
apxitexktypu U-Net mis 3amaui cCeMaHTMUYHOI CerMeHTallil arpoyrigb Ha OCHOBI Cy-
MMyTHUKOBUX 300pa’keHb. J[OCIiIKeHHSI CIIPSIMOBAaHe Ha BUSIBJIEHHS ONTUMMAIbHUX
apxiTeKTypHMUX Ta TpPeHYBaJbHUX ITiAXOMiB, IO 3a0e3Meuyi0Tbh BUCOKY TOYHICTb
cerMeHTaIlii 3 MiHiMaJbHMMM OOUMC/IIOBAJbHMMM BUTPATaMM, 3 METOIO IOKpaIlleH-
HS edeKTMBHOCTI MOHITOPMHIY Ta YIpaBliHHS arpoyrigasMu. OcobimBa yBara
MIPUAIISETHCS aHATI3y BIUIMBY ocTaTOYHMX (residual) 6s10kiB, MeTOIiB HOpMaJi3arii
Ta peryaspu3saliii Ha 3arajJbHy IMPOAYKTUBHICTh MOAee, 06 BM3HAUMTY HaKpaIli
MPaKTUKY J151 06POOKM reonpoCTOPOBUX AAHUX Y CiIbCbKOTOCIIOIaPCbKOMY CEKTOPI.

OcHoBHa vacTuHa. [Iy1g peanisaliii 1jiyieli HAIIOTO OOC/TiAKeHHSI BUKOPUCTOBY-
BaJIMCSl CYITyTHMKOBi 300paskeHHs, oTpuMaHi 3 apxiBy Copernicus HUB, 30kpema
IaHi CYIIyTHUKA Sentinel-2 (imenTudikaTop CLIEHU:
S2A MSIL2A 20230605T083601 N0509 R064 T36TWS 20230605T125758.SAFE),
3adikcoBani 5 uepBHs 2023 poky. Bubip 1iei gatu oOGymMOBIeHMII HEOOXigHiCTIO
aHaJTi3y CTaHy CiJIbCbKOTOCIIOAAPChKUX YTifb Iepel 3HAUHMMM 3MiHaMM, CIIpUUMHe-
HuMM Katactpodorio Ha KaxoBcokiit I'EC. [Iyig aHamisy 06paHO 3HIMKM, OTpUMaHi 3
JaTUMKIB i3 IIPOCTOPOBOIO pO3AiAbHOK 3AaTHicTI0O 20 MeTpiB, IO MIiCTSITh
iHopmariio B ciekTpasibHUX KaHanax BO3 (cuHiit), BO4 (uepBonmit), BSA (6mikHiik
inppauepBoHuit) Ta B11 (cepenHiii inppauepBoHMit). [IjisT HaBYaHHS MOJeJi i3 MO-
MHOTO 3HIMKY Oyj1a B3sITO Jmiie oosactb 2560x2560 px (51,2 Tmc mM2) 110 1a€ 3MOTy
orpumatu 400 dparmeHTiB 306paskeHb po3mipom 128x128 mikcesniB (306paxkeHHs 1).
[T maHHOTO 300paskeHHS Oyja MpoBeJeHa pyvyHa po3MiTKa JaHHUX 3 TpbOMa THU-
rmamMu (306pakeHHsT 2): cimbckorocrnogapcbki moss (field); Bogoiimu (water); iHie

(other), kyau ronanu IOpPOTH, JiCK, 30HM MiCbKOI Ta CiJIbCKOi 3aCTPOIIKM, TOIIO.

PucyHok 1 - O6/1acTb NOCTi>KeHHS Ta HaBYaHHS MOJeTi
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vieid [l woer [l other rieid [ other
PycyHOK 2 - PO3MITKM JaHHUX I10 CYITyTHUKOBUM 3HUMMKaM

[MonepenHst 06po6Ka MAHMX TOJSITajia B PO3OMTTI IEPBUHHUX CYIMYTHUKOBUX
3HIMKiB Ha dparmeHTU po3mipom 128x128 mikcesiB, 1[0 OXOIUIIOIOTb TEPUTOPii 3
rornepegHbO po3MiueHMMM 00'ekTaMu. lleii migxim mo3BoMMB CTBOPpUTMU HaAbip ma-
HUX, aJalITOBaHMIi [IJIsI TPeHYBaHHSI Mofesieil TMO0KOro HaBYaHHS, 3 MOHAIbIINM
00'eqHaHHSIM iHdOpMallii 3 BMOpPaHMX CIIEKTPAJIbHMUX KaHAJIB y €OMHUI (aita s
KOKHOTO (dparmeHTy. Hopmartiszaliiss iHTeHCMBHOCTI ITiKCeJIiB 3MiliiCHIOBaIacs IJIsI-
XOM ixX MaciiTabyBaHHS 10 iHTepBaity [0; 1] 6e3 3acTocyBaHHS OOAATKOBUX METO/iB
ayrMeHTallii, BpaXOBYIOUM OCTATHIO KiJIbKiCTh JaHMUX [IJisI HaBUaHHS. BU3HaueHHSs
KJIaciB 00'ekTiB Ha ¢parmMeHTax 6aszyBajsiocs Ha 6iHapHMUX Mackax, Ae "1" mo3Hauauo
CiJIbCBKOTOCMOAAPCHKI yTiaas, a "0" - iHIIi TUIIM MOKPUTTSI.

Omuc mopeseit IIMOOKOro HaBUaHHS: B paMKax MOC/iIKeHHSI OYJI0 BUKOPU-
cra”Ho Tpu moaudikanii apxitekrypu U-Net, mo BK/IIOYAIOTh Bapialiii 3 6a30BUMHU
efleMeHTaM (KOHBOJIIOLiMHI OJIOKM, aKTUBAllisl, IIyJIiHT) Ta PO3IIMPEHHS,
HaIlpaBJIeHi Ha ITiABUIIEeHHS TOUHOCTI CerMeHTallii Ta 3amobiraHHsI mepeHaBYaHHIO
(BKJIIOUEHHS OCTaTOUHUX 0J10KiB, Dropout mapis, Batch Normalization, a Takox Bu-
KopucTaHHs QyHKIIii akTuBalii LeakyReLU).

MeTtonu o1iHKM edeKTMBHOCTI: OCHOBHOIO CTpaTeTi€l0 OIiHKM pe3yabTaTiB
cerMeHTaIlii 6y/JI0 BUKOPMCTAHHSI MaTpuIli IOMWIOK Ta Bi3yaJbHOrO aHaIi3y 3 Me-
TOI0 BM3HAUEHHS SIKOCTi BUOKPEMJIEHHSI CiJIbChKOTOCIIOAAPChKUX YTiflb. [I1aHyeThCs
pPO3ILIMPEHHSI iHCTPYMEHTapilo OLIiHKM 3a [IOMOMOTOK [OJATKOBUX METPUK IJIs
TJIMOIIOTO aHai3y.

AHaITUYHI iHCTPYMEHTHM Ta IIporpaMHe 3abesnedyeHHs: Y bOMY JOCTiIKeHHI
MM 3acTocyBasin Python sk ocHOBY j1s1 po3p0o6KM Mopeseli TJIMO0KOro HaBYaHHS,
BUKOpUcTOBYIouM 6i6mioTeku TensorFlow Ta Keras mjsi cTBOpeHHSI Ta TpeHYBaHHS
HepOHHUX MepexX. it 06poOKM CYIMyTHUKOBUX 300paskeHb BUKOPUCTOBYBAIMCS
6ibmiorekn NumPy Ta Rasterio, mo 3a6esmeumay MOTYKHI iHCTPYMEHTU IJIsI
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MaHinysamii 3 ganumu, a GeoPandas momomorsia y po6oTi 3 reorpoCTOpOBUMM J1a-
HMMN. PydHa po3MiTKa JaHUX [OJ11 HABYaHHS MOJeJieli BUKOHYBAIacs 3a JOIIOMOTO0
incTpymenTy GroundWork, 1110 3a6e3rmeunsio BUCOKY SIKiCTbh TPeHYBaJIbHMX IAaTaceTiB
i cipusiio TOuHI imeHTHiKaIlii [iTbOBUX 00'€KTIB Ha 3HIMKaX.

IIs MeTomosiorisi  BimoOpakae  KOMIUIEKCHMII — MigxXim  go  aHajisy
CiJIbCBKOTOCIIOAAPCHKMX YTifb 3a JOIIOMOTOK CYITyTHMKOBMX 3HIMKIB i3 3aCTOCYBaH-
HSIM TEeXHOJIOTii IJIMO0KOro HaBYaHHS, 3a0e3Meuyouy HaliiiHy OCHOBY [IJIS OLIiHKMU
MOTEeHI[ia/Iy Pi3HUX MOJeJieil Y KOHTeKCTi 3a/lau CerMeHTaliii.

Mogens N2 1. U-Net 3 LeakyReLU aktuBamiero Ta Batch Normalization
(Kernel 3x3 => 2x2). Apxitekrypa Mojmeni (PMCyHOK 3) CK/IaZa€TbCSl 3 YOTUPHOX
0JIOKiB eHKofepa, SIKi IIOCTYIIOBO 3MEHIIYIOTh IIPOCTOPOBMII pO3Mip BXiTHOTO 300-
pakeHHsI 128x128 mikceniB yepe3 KOHBOJIIOIII Ta MaKCMMaJjibHe 3rOpTaHHS, BUKOPU-
croByoun QinbTpu Big 64 no 512. LlenTpanbHuii map, abo "60TaHEK", 06pobIIsie maHi
3a goriomoroio 1024 ¢inbTpiB, Mic/as YOro HACTYIAOTh YOTUPKM OJI0KM IeKoaepa, sSKi
BigZHOB/IIOIOTh PO3Mip 300pa’keHHSI OO0 MOYAaTKOBOIO, BUMKOPMCTOBYIOUM OIlepailii
30i/IbIIIEHHS] PO3Mipy Ta KOHKaTeHallii 3 BiATIOBimHMMM 6JI0KaMM eHKojepa ISl 30e-
peskeHHSI KOHTeKCTY. BuximHuii map BUKOPUCTOBYE softmax mjist kinacudikallii KoxK-
HOTO TTiKCeJIsT Ha JIBa Kjacu, 3a0e3Ieuyiouy CEeMaHTUUHY CerMEHTAIlil0 300paskeHHSI.
Yci KOHBOMIOLMHI 1mapyu BKIouaioTh Batch Normalization Ta BUKOPUCTOBYIOTH

LeakyReLU dyHKIIi10 akTpuBaliii.

Input Layer

128128 px | 4 channel Block 1 ncode Decoder Block 4 Output Layer
iy 64 : 64 64 2////
| > vVl + 7

128x128 128x128

Block 3 To——
128 128
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2% 256 256 25
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St i
>/ 4%

i J?
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PucyHok 3 - Apxitektypa Mogeni N21 U-Net 3 LeakyReLU akTuBaiiieto Ta Batch
Normalization (Kernel 3x3 => 2x2)
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PesynpTaTu:
Accuracy: TlominmeHHst TouHOCTI Bif 61.24% po 69.23% Ha BamipauiiiHOMY

Habopi TaHuX.

PucyHok 4 - PesynbTaT po6otu mogesi N21. OpuriHanbHe 300paskeHsl;
PesynbTaT Macku Bifi moferi; PeasbHa Macka

BisyanpHuii aHamis:

CinbcpKoOrocromapchbki yrigasi: Buminse mossi, ane 3 OeIKMMM HOMWMIKAMU,
0CO06/IMBO KOJIM pesibed Ta TEKCTYPH IOJIiB MaOTh CXOXKICTh i3 iHIIMMM TPUPOSHUMU
eJleMeHTaMMu.

Bopmoiimu: Mopenb mobpe posmi3Ha€ BOIOMM, IEMOHCTPYIOUM UiTKi MeKi
BOJIHUX pPecypciB.

3abynoBaHi TepuTopii: Mopaenb iHOAI HerpaBWIbHO imeHTUdiIKye OymiBai Ta
iHII KOHCTPYKIii SIK Yrimasi, 10 CBiTUUTD IMPO HEOOXiTHICTh MOIaIbIIOrO TOOIpa-
LIFOBAaHHS MOZeJIi JIJisl TOKpallleHHST pO3pi3HEeHHS MiXK KJlacaMu.

3araJibHUi1 BUCHOBOK:

Mogenr N21 moka3ye BMCOKMIT TIOTEHI[iaJl [OJjs TOYHOI CermMeHTallil
CiJIbCBKOTOCIMTOAAPChKMX YTifib 1 BOAHUX pecypciB Ha CHOYTHMKOBUX 3HIMKax.
OcraTouHi 6;i0ku Ta Batch Normalization epekTMBHO CIIpUsSIIOTh CTabiTbHOCTI HaB-
yaHHS. BTiM, Mopgenp moTpebye M0IaTKOBOI HACTPONKM, OO 3MEHIIUTHU KiJIbKiCTh
TTOMMJIOK i MiABMIIMTY 3arajbHy TOUHICTb B CK/IaJHMUX 30HAX 300paskeHb.
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Mopgenb N2 2. U-Net 3 ocrarounmmu O6siokamu (residual). Apxitekrtypa
Mogeni N22 (306paskeHHs 5) moegHye kinacuunuit migxig U-Net 3 BUKOpUCTaHHSIM
OCTAaTOYHMUX OJIOKiB, IO [O3BOJISIE€ IIiABUINMTU TOUYHICTb MO 3aBIOSIKU
e(eKkTMBHIIIOMY pO3IOBCIOKEHHIO Tpaji€eHTIB i Yac HaBYaHHSA. Monaenb
PO3IIOUYMHAETHCS 3 BXiJJHOTO Iapy IJisd 300paskeHb po3MipoM 128x128 mikcesniB i3 4
KaHaysiaMu. Jlasi iayTh 4oTUpPKU GJIOKM eHKOAepa 3 OCTaTOYHMMM 3'€THAHHSIMMU: TIep-
mmii 6J10K 3 32 dinbTpamu, apyruit — 3 64 ¢GiabTpaMy, KOXKeH 3 SIKUX BK/IIOYAE IBa
KOHBOJTIONiViHI mapy 3 akTuBaili€io ReLU, a micjist KOKHOTO 6JIOKY 3aCTOCOBYETHCS
MaKCUMMaJjIbHe 3rOpTaHHS Jis 3MeHIIeHHSI POo3Mipy 300pakeHHs BABiui. IleHTpaib-
Huii map, abo "60TIHEK", 06p0obise maHi 3a momomMorow 128 ¢inbTpiB, 36epiraroun
po3Mip 32x32 mikcesiB. B apXiTeKkTypi JeKkomepa BUKOPUCTOBYIOThCS ABa OJOKM JIsT
IIOCTYTIOBOT'O BiTHOBJIEHHSI PO3Mipy 300paskeHHS OO TMEePBiCHMX PO3MIipiB: Iepini
6JI0K mekopdepa i3 64 dinbTpamu, 110 301bITYE PO3MIp 10 64X64 ITiKCeiB, i Apyruit
6J10K i3 32 inbTpammu, sKkuit moBepTae posmip mo 128x128 mikceniB. O6uaBa 6J10KU
IleKoJlepa BKIIOYAIOTh IIpoiecy 30i/IbIIeHHS pPO3Mipy, KOHKaTeHallii 3 BiAIIOBiZHMMMU
6JIoKaMM eHKozepa Ta JIBi KOHBOJIIOLiJHI onepailii 3 akTuBaiielo ReLU Ta ocraTou-
HUMM 3'€eIHAHHSAMMU. BuxigHmii map 3acTocoBye softmax g Bu3HaueHHS
Kmacudikarii KosKHOTro ITiKceJss MiK JBOMa MOXKJIMBMMM KjaacaMy, 3abe3reuyroun
eeKTUBHY CEMaHTMYHY CeIMEHTAIIil0 300paskeHHS.

PesynbpraTu:

Accuracy: HajiBuilla TOYHICTh Ha TPEHYBAJbHUX JaHUX HOCSTAETHCS Y OCTaH-
HbOMY eI1o11i, 6;1113bK0 60.59%.

TouHicTh: [loKa3ye 3maTHICTb MOJe/i PO3PI3HITHU Kaacu, OOHAK 3aJUIIAETHCS
3HAYHMIA TIPOCTip IJi IOKpallleHHs. Byucoka KiJIbKiCTh MOMMJIKOBO IO3UTUBHUX
pe3yJbTaTiB CBiIUNTD IIPO Te, 1110 MO/Iie/Ib YacTO HellpaBUIbHO Kiacudikye He3acisHi
IIITHKY SIK 3acCistHi. 3 iHIIIOro 60Ky, KiJIbKiCTh IIOMMUJIKOBO HETAaTUBHUX PE3Y/IbTaTiB,

X0ua /1 MeHIla, BKa3y€e Ha TeHAeHI[iI0 MOJeJi YITyCKaTy MeBHi 3aCisiHi JITHKU.
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Input Layer Decoder

128x128 px | 4 channel Block 1 Block 2 Output Layer

- o v >

128x128 128x128 128x128 128x128

2

O 128x128
v Block 2 Block 1 *
64 64 64 64
@ @@ -) Conv2D, 3x3 kernel, ReLU activation
64x64  64xb4 64x64  64x64 O~ . .
Y Residual connection
Bottleneck ‘ MaxPooling2D: 2x2 pooling
128 128
o O UpSampling2D: Increase size by 2 times
= Concatenate
32x32  32x32 -} Conv2D, 1x1 kernel, Softmax activation

Pucynok 5 -Apxitektypa Mogesni N22 U-Net 3 ocraTouHMMM 6J10KaMU

(residual)

BisyanbHuii1 aHamis:

3 BUKOPUCTAHHSIM OCTATOUYHMX OJIOKiB, MOZIe/Ib ITOKa3ye 3HaTHICTh 0 OiJbII

TOYHOI CerMeHTallii, aje mesiKi 061acTi Bce e OpaKyl0Th TOYHOCTI IIOPiBHSIHO 3 pe-

AJIbHMMM MaCKaMM, 11O BKA3Y€ Ha HOTpQGY B ITOAa/IbIINX YAOCKOHAJIEHHAIX.

Lle 3BemeHHsT IEMOHCTPYE, 110 Mojaenab N22 3maTHa 1o imeHTUiKaIlii cerMeH-

TOBAaHMX 30H, OJHAK BMHMKAIOTH IOMMJIKM, OCOOJMBO Y BUMAAKy Kiaacudikarii

HeCiJIbCbKOTOCTIOAAPChKMX 30H. [IJIs1 MOKpallleHHSI pe3y/bTaTiB MOke 3HaJ0OUTUCS

6inbII IVIMOOKA apxiTeKTypa abo po3IIMpeHi MeTony TPeHYBaHHS, TaKi SK TpaHC-

dbepHe HaBUAHHS UM OJaTKOBA ayTMeHTallisl JaHUX.
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PucyHoK 6 - PesynbTrat pob6ot mogesni N22. OpuriHaibHe 300paskeHsT;

PesynbTaT Macku Big Mmopesi; PeasibHa Macka

Mogenr N2 3. U-Net 3 ocratrouHummu Osokamu (residual) Ta
HOpMavti3aiiero. Apxitektypa Mmogmeni N3 (306paskeHHsT 7) 1le MPOJIOBKEHHSI pO3-
POOKM imeii, 3aKmageHMx y modesi N22, 3 akIleHTOM Ha IOJa/IbIIOMY ITiIBUIIEHHI
eekTMBHOCTI Mojesi uepe3 BIpoBamkeHHS mapy Batch Normalization i mapy
Dropout B KokeH ocTaTouHMit 670K. BripoBamskeHHs Batch Normalization crpuse
HOpMaJsisalii BXiJHMX JaHUX T[iepel, aKTUBAI[i€l0, I[MOKPAIlyl4YM 3arajbHy
CTabibHICTD i MBUAKICTh HABUAHHSI MOJIEJi, @ TAaKOX J0TIOMararouu YHUKHYTHU ITPO-
6/ieMy BHYTPIIIHBOT'O 3CYBY KoBapiailii. Bkimouenns mapy Dropout 3a6esmneuye m0-
IATKOBUIA 3aXMCT BiJl IepeHaBUYaHHS, TMMUYACOBO BiJK/IOUAOUM YaCTUHY HEMPOHiB
I Yac TpeHyBaHHS, IO CIIOHYKAE MepeKy HaBUaTMCS Ha Oiabll pi3HOMaHiTHMX
1mabyioHax JaHUX i MigBUIIY€E y3araJbHEHICTh OTPMMaHUX pillieHb. LIi 3MiHM pOOJISITh
Mozeab N23 Oinpll CTiliKOI 1O BUK/IMKIB, IIOB'SI3aHMX 3 IIepeHaBUYaHHSM, i
MiABUILYIOTH i1 e(eKTUBHICTDb Y 3aBIAHHSIX CeMaHTUUYHOI cerMeHTallii, 0co6MBO Ha

CKJIAJHMX i pi3HOMaHiTHMX Habopax JaHUX.
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Input Layer Decoder
128x128 px | 4 channel Block 1 Block 2 Output Layer
T 32 32 32 32
=N *G > |
‘ A 128x128 128x128 5)(128 128x128
‘Block 2 Block 1 128028

g——60

64x64  64x64 64x64  64x64

4

Conv2D, 3x3 kernel, BatchNormalization, RelLU activation

o
J

Residual connection

Bottleneck
128 128

Dropout: 0.5 rate, MaxPooling2D: 2x2 pooling

UpSampling2D: Increase size by 2 times

Concatenate

Yise,

32332 32x32 Convz2D, 1x1 kernel, Softmax activation

PucyHok 7 - Apxitektypa Mogesni N23 U-Net 3 ocTaTouHMMM G/10KamMu
(residual) Ta HopMmarti3alii€o

PesynpTaTu:

Accuracy: HaiiBuilla TOUHICTh Ha TPEHYBAJIbHUX JAHUX OCSITHYTA Y OCTAaHHbO-
MY eI1o11i, 6;11M3bKO 67.65%.

TouHicTh: BKasye Ha meBHe IOKpallleHHS Y BUM3HAUYeHHi KjaciB MOPiBHSHO 3
rnomnepenHiMu Moaenasmu. IIpoTe, BMUCOKA KiJbKiCTb MOMMJIKOBO TO3UTUBHUX
pesynbraTiB (false positives) Ta noMmuakoBo HeraTMBHUX pesynbraTiB (false
negatives) migKpec/Iio€e oTpedy B IOJaTKOBil ONITMMIi3allii MomeTi.

BisyanpHuii aHami3:

300pakeHHsT 3 MepemdavyeHMMM MacKaMy ITIOKasyioTh, IO MOJeNb 3[aTHa
BUAINMSITY 00'€KTH, ajie iCHYIOTh IMOMMJIKM Yy TOYHOCTI 0OpPOOKM KpaiB Ta mertasneit,
0COOJIMBO HA CKIAIHUX OiITHKAX 300pakeHHS.

Mopenb N23, gKa BMKOPMCTOBYE ocTaTOuHi 6yi0kM 3 BatchNormalization Ta
Dropout, mokasye 3maTHICTh OO IOJIMIIEHHSI 3arajbHOi TOYHOCTiI Kiaacudikalrii
TOPiBHSIHO 3 TIoNepenHiMM iTepalisMu. BemeHHs Dropout momomara€ YHUKHYTU
repeHaByaHHs, a BatchNormalization cripusie ctabimisalii Ta mpucKopeHHIO mpole-
Cy HaBuYaHHS. OJHAK BMCOKA KiJIbKICTh MOMMIKOBO MTO3SUTUMBHMX i MOMMJIKOBO Hera-
TUBHUX pe3y/IbTaTiB CBITUMTH PO HEOOXiAHICTh MOAAbIIOI pOOOTM HaM, TOUHICTIO
MO/IeJTi, 0COOJIMBO B YaCTMHI BU3HAUEHHS KOPAOHiB 00'eKTiB. Ha 0CcHOBI Bizya/sbHOIO
aHami3y mepenbaveHNX MacOK MOKHA CTBEPKYBaTH, 110 MOjie/ib TOTpebye Mmokpa-
IIE€HHST Y TOYHOCTi CerMeHTallii, o6 JoCSIrTy 6i/IbII YiTKOrO Ta TOYHOTO BUSIBJIEHHS

00'eKTiB, @ TAKOXK JJISI MiHiMi3allii MOMMIKOBMUX KiIacudikalii.
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9)
PucyHok 8 - PesynbTaT pobotu mogeni N23. OpuriHaabHe 300paskeHsl;

PesynbpTaT Macku Big mogesni; PeasbHa Macka

BucHOBOK. AHaini3 pi3Hux apxitektyp U-Net, amanToBaHux A0 3ajgaui
CeMaHTMYHOI CerMeHTallil arpapHMUX yrifb, IMiAKPeC/JUB 3HAUEHHS iHHOBALiAHUX
MMIX0/iB y MOKpallleHHiI TOUHOCTI Mofesei. EKcriepMMeHTH 3 OCTaTOUYHMMM OJI0Ka-
MM, HOpMaJli3alli€lo 3a maprissmu, Dropout Ta iHIIMMM TeXHiKamMy ONTUMIi3allii BKa-
3a7M Ha iX edeKTUBHICTh Y 60pOTHOI 3 MepeHaBUaHHSIM Ta MMiABUILEHHI 3araabHOI
TouHOCTi. [lomanbllle MOCTIMKEHHSI Ta ajarTallisg IUX MeTOAUK MOKe MpPUHEeCTU
3HAYHMI BHECOK Y PO3BUTOK TOUHMX Ta HAAIHMUX iHCTPYMEHTIB [JiS1 MOHiTOPUHTY
arpapHuX yrifib.

[Iporpec y 11iii 067aCTi MOXINBUIL 3aBOSIKM KOMOiHAIlii IMIMOOKMUX apXiTeKTyp
HEeIPpOHHMX Mepex 3i 30araueHMMy HabopamMy JAaHUX Ta YIOCKOHAJIEHOIO Mpemoo-
pOOKOI0 TaHMX. BpaxoByoun MIMPOKIUI CIIEKTP MOTEHIiiHMX 3aCTOCYBaHb, BasKIMBO
30CcepeauTICS Ha po3poOIli Mojeseit, 3MaTHMX amallTyBaTUCS IO Pi3HOMaHiTHMX
YMOB Ta BigoOpakatu crneuudiky arpapHux mnaHpamadTiB. Pe3yabTaTu 1bOTO
IOCHiIXKeHHSI MOXYThb CJOYyTyBaTM OCHOBOI [IJISI MOJAJbIINX 1HHOBAIIii, SKi
MiABUILATh TOYHICTb BUM3HAUEHHSI arpapHUX YTiflb Ta COPUITUMYTb e(PeKTUBHOMY

BUKOPUCTAHHIO 3eMeJIbHUX PECypCiB.
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Neural Network Approach for Segmentation
of Agricultural Lands on Satellite Images

Precision mapping and monitoring of agricultural lands using satellite imagery
have become crucial for optimizing agricultural practices. This research focuses on ex-
ploring the effectiveness of deep learning models, particularly U-Net modifications, for
semantic segmentation of agricultural lands in satellite images.

Recent Studies and Publications Analysis. Recent advancements in convolutional
neural networks (CNNs) have shown promising results in various semantic segmentation
tasks, including medical imaging, flood mapping, and environmental monitoring. Studies
such as "Residual wave vision U-Net for flood mapping using dual polarization Sentinel-1
SAR imagery" and "Deep learning-based hybrid feature selection for the semantic seg-
mentation of crops and weeds" underline the adaptability of U-Net architectures to di-
verse data characteristics, motivating their application in agricultural land segmenta-
tion.

Research Objective. The primary aim of this study is to assess the applicability and
efficiency of modified U-Net architectures in accurately segmenting agricultural lands
from satellite images. It seeks to identify optimal model modifications that enhance seg-
mentation accuracy while maintaining computational efficiency, contributing to more ef-
fective agricultural monitoring.

Main Body of Research. Utilizing satellite images from the Copernicus HUB archive,
this work experiments with various U-Net architectures incorporating residual blocks,
normalization methods, and regularization techniques. The study compares the perfor-
mance of these models in segmenting agricultural lands, highlighting the impact of archi-
tectural enhancements on improving model precision and generalization capabilities.

Conclusions. The research concludes that specific modifications in the U-Net archi-
tecture significantly enhance the segmentation accuracy of agricultural lands in satellite
images. Implementing residual blocks, batch normalization, and dropout proved effective
in overcoming overfitting, suggesting a promising direction for future work in geospatial
data processing for agriculture. Further investigation into hyperparameter tuning, da-
taset expansion, and ensemble methods is recommended to refine the models' predictive
performance.

Keywords: semantic segmentation, agricultural lands, satellite images, deep learn-
ing, U-Net architecture, geodata.

100 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CucreMHi TexHonorii» 4 (153) 2024 «System technologies»

I'natymeHko Bikropis BosogmMmupiBHa — TOKTOp TeXHiYHMX Hayk, mpodecop,
3aBigyBau Kadenpu iHGopmalliiHMX TEXHOJIOTIi i cucTeM YKpaiHChKOTO JepsKaBHO-
ro YHiBepCUTeTy HayKu i TexHoJiorii (M. [IHITpo).

T'onuapoB Onekcanap TI'eHHagimoBmu—- acmipaHT Kkadeapu iHDOpMaILiiHMUX
TeXHOJIOTii i cucTeM YKpaiHChKOTrO Jep>KaBHOTO YHIBEpPCUTETY HAyKM i TeXHOJIOTil
(M. JHIIpO).

IlleBuoBa Osbra CepriiBHa - acmipaHTka Kadempy HmporpaMHOro 3abe3rnedyeHHs
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M.C. MinieHko, Bik. B. 'HaTtymenko, A.B. CiHnrep
KIIACU®IKAIIISI EKOOB’EKTIB HA CYIIYTHUKOBHMX 30BPAJKEHHSIX
3A TOIIOMOI'OI0 PYTORCH

AHomauyis. Y cmammi HageOeHa npaKmu4yHa peanizayis anzopummy Kaacugikayii ekoo6'ekmis
HA CynyMHUKOBUX 306PAXKEHHAX 3 BUKOPUCMAHHAM 6ibiomeKu 2nubuHHo20 Has4YaHHa PyTorch.
Memoto docnioxeHHs € NiOBUUEHHS AKOCMT Kaacugikayii 06’ekmis Ha Yugposux 306PpaKEHHAX
3a80AKU po3pobyi ma BUKOPUCMAHHIO MOOe/T HelipOHHOT Mepexi.

3anponoHosaHuli nioxio 00380/14€ Kaacugikysamu 8ody, NiCKU, xMapu ma 3eeHy Micyesicms Ha
CYNymHUKOBUX 3HIMKAX, nojie2wlyodu aHani3 BesuKkux obcszis 0aHUX ma ompumaHo CepeoH:o
moynicms 95%. Wozo 6yn0 npomecmosaHo Ha cynymHUKoBuUX 3HIMKax Sentinel 2, ompumaHux 3
bepe3sHsa no cepneHb 2023 poky 015 OesKux yacmuH XepcoHcbkoi ma Mukonaiscekoi obnacmed,
Ykpaina. [ns HaBYaHHA MoOeni BUKOPUCMOBYEMbCA NONEPeOHbO HAMPEHOBAHA apximekmypa
ResNet.

[lpedcmasneHe AocniOxeHHs 0eMOHCMPYE NPAKMUYHe BUKOPUCMAHHA Cy4dcHUX Memodis eau
O6UHHO20 HABYAHHS, 30Kpema bibriomexu PyTorch, On15 BupilWeHHS aKmyaabHUX 3a80AHb AHANI3Y
ma knacugikayii 06’ekmis Ha CynymMHUKOBUX 3HIMKGX.

Kntoyosi cnosa: HelipoHHa Mepexa, CynymHUKOBe 300paXKeHHs, pO3Ni3HABAHHSA, 2/IUOUHHE Ha
8YaHHs, PyTorch.

Berym. AHani3 i kiacu@ikailist CyITyTHMKOBUX 300pakeHb € BaXK/IMBOIO 3a7jauelo
B TaKMX ranayssx, K JUCTaHIliliHe 30HAYBaHHSI 3eMJli, MOHITOPMHT HaBKOJUIIHbOTO
cepenmoBuia, kaprorpadist Ta possigka [1, 2]. 3 pO3BUTKOM CYMYTHUKOBUX CUCTEM
Ta 30i/IbIIIEHHSIM 00CATIB 3i0paHUX AAaHMUX MOCTA€E HarajJbHa MoTrpeba B eHeKTUBHUX
iHCTpyMeHTax [IJiT aBTOMAaTM30BaHOiI OOpOOKM Ta iHTeprpeTallii IMX BeJndye3HUX
MacCKBiB Bi3yaJIbHUX JaHUX [3].

3aBASIKM CTPIMKOMY ITpOrpecy B Tajiy3i MallMHHOTO HAaBUYaHHSI Ta HEIPOHHUX
Mepesk, MeTOIV TJIMOMHHOTO HaBYaHHSI MPOJEeMOHCTPYBA/IM BUIATHI pe3yabTaTu B
pi3HOMAaHITHMX 3aJavax KOMIIIOTEPHOTO 30pPYy, BKIKYHO 3 Kiaacudikailiero 300pa-
keHb. 30KkpeMa, 6i6;1ioTeKu IIMOMHHOrO HaBUaHHs, Taki sk PyTorch, 3HauHo criipo-
HIYIOTh PO3POOKY Ta BIPOBAIKEHHS MOTYXKHUX Mopenelt kinacudikaiiii s 06po6Kku

CYITyTHUKOBUX 300paskeHb.

© Mimenko M.C., I'Hatymenko Bik. B., Cinrep A.B., 2024
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V 1iit cTaTTi MM po3IJsSHaeMo MpaKTUUHY peaslizalliio 3amadi kinacudikailii cy-
ITyTHUKOBUX 300pakeHb Ha YOTUPM KJIacH: BOja, ITiCKM, XMapyu Ta 3ejeHa Miclie-
BicTb. [IpencTaBiieHO mpolleC MiATOTOBKM JaHMX Ta HaBYaHHS Moesi HelpOHHOI
Mepexi 3 BUKOpucTaHHSIM 6i6sioTekn PyTorch. OcobnuBy yBary mpuaijieHo aHasi3y
MIPOAYKTUBHOCTI MoZeJIi AJis1 KOKHOTO OKPeMOTO KJacy, 1[0 J03BOJISIE BUSBUTU MOXK-
JUBi TTpO6JIeMM Ta MUISIXY AJIS1 TTOAAIbIIIOT0 BIOCKOHA/IEHHS.

ITocraHoBKa mpo6GaeMu. 3i 3pocTalouuM 0OCSITOM 3i6paHMX CYNYTHUKOBUX
IaHMX TIOCTA€ HarajbHa MOoTpeba B eeKTUBHMUX METOHAX aBTOMATM30BaHOI KIacu-
dikarii Ta iHTepmperallii CynmnyTHMKOBMX 3HIMKiB. PO3p0o0Ka TOUHMX i HaJiiiHUMX MO-
neneit kinacudikaiii 306paskeHb Ha OCHOBi IMIMOMHHOTO HAaBUAaHHS € aKTyaJbHOIO
Mp06JieMO}10, SIKa JO3BOJIUTb CIIPOCTUTHU aHaJTi3 BeJIMUe3HUX MAaCUBIB CYITyTHUKOBUX
TaHUX.

AHaJji3 ocTaHHIX JOCTiIKeHb. Y OCTaHHI POKM MeTOAy TIMOMHHOIO HaBYaH-
HSI, 30KpeMa 3ropTKoOBi HelipoHHi Mmepexki (CNN), moBeyin cBOWO eheKTUBHICTh Y 3a-
mavax knacudikaliii 306paskeHb Pi3sHOTO MOXOMKeHHs. JoCTiZHMKM aKTUBHO 3aCTO-
COBYIOTH IIi MigXO0aM IJIsI aHaTi3y aepOKOCMIUHMX 3HiIMKiB, OTpUMMAaHMUX 3 Oe3IiIoT-
HMX JIiITQJIbHMUX allapaTiB, CYIIYTHUKIB Ta iHIIMX IKepes OAMCTAHIiiHOTO 30HAyBaH-
HSL.

Hu3ska mociimkeHb O6ysa nmpucBsiueHa Kiaacudikailii pisHMX TUIIIB 3€MHOTO I10-
KPUBY, TAaKUX SIK BOIOVMM, MiCbKi T€PUTOPIi, JiCK Ta CiIbCbKOTOCMOAAPCHKI yTiaas.
3o0kpema, y pooori “Deep learning based roof type classification using very high res-
olution aerial imagery” [4] aBTOpU OOCSIT/IM BUCOKOI TOYHOCTiI Kiacu@ikalii 3a 1o-
nomoroio apxitektypu VGGNet, morepegHbo HaTpeHOBaHOi Ha Habopi ImageNet. B
inmomy mocimkenHi “Land-cover classification with high-resolution remote sens-
ing images using transferable deep models” [5] BukopucToByBanacs Mojiesib ResNet
3 TpaHChepHUM HaBUaHHSIM JIJis1 KapTorpadyBaHHSI 36 MHOTO TTOKPUBY Ha OCHOBI Cy-
IMTyTHMKOBUX 3HIMKiB BMCOKOI pO3/Ii/IbHO1 30aTHOCTI.

BapTo Big3HaumTH, 110 GiBIIICTh iCHYIOUMX MOCTiIKEeHb 30Cepe/IskeHi Ha Kia-
cudikailii 300paskeHb OKpeMMX perioHiB UM TepuTopiit. [InTaHHS CTBOPEHHS YHiBep-
CaJIbHUX MOJeNei, 3MaTHUX 00pOOISITY CYITyTHUKOBI 3HIMKM 3 Pi3HMX IKepen Ta 3
pi3HMMM YMOBaMM 31IOMKU, 3aJIMIIAETHCS BIIKPUTUM i TOTpeOYe MOomaIbIINX T0CTi-
II>KEHb.

BukinazeHHs: OCHOBHOro marepiany. Kinacudikaiiisi cymyTHMKOBMUX 300pa-
’KeHb € BaXKJIMBUM 3aBIaHHSIM y Taly3i IMCTAHIIiI/fHOTO 30HIyBaHHS 3eMJIi Ta aHasli-
3y CyMyTHUKOBUX JaHMX. BOHO 1ossirae y BU3HaU€HHi TUITY 3¢ MHOTO IMTOKPUBY (BOZa,
IyCTess, JiCu, MiCbKi TepUTOPil TOIO) HA OCHOBiI 3HIMKiB, OTPMMaHMUX 3 KOCMOCY.
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Touna knacudikaliiss 103BoJIsIE OTPUMYBATH IIiHHY iH(GOpMAaIlil0 PO HABKOJMUIIHE
cepenoBuile, CiTbCbKOTOCTIONAPCHKI YTiIsl, JIiCOBI MacuBy, MiCbKy iHQpPaCTpyKTypy
Ta 6araTo iHIIOro, IO Ma€ MpPakTUYHe 3HaueHHs y KapTorpadii, MOHITOPUHTY 3MiH
KJIiMaTy, TJIaHyBaHHi TePUTOPIii, po3BiAlli Ta iHImMX chepax.

PyTorch - 1e nmomnynsipHa open-source 6i61ioTeka MallMHHOTO HaBYaHHS, Opie-
HTOBaHa Ha PO3pPOOKYy Ta TpeHyYBaHHSI Mojesiell IIMOOKOro HaBYaHHS, BKIIOYAIOUM
3rOPTKOBI HEVPOHHiI Mepexi. BoHa 3abe3meuye 3pyuyHMit Ta THYUYKUIT iHCTpyMeHTa-
piii Oj1s1 BUKOPUCTAHHS HEMPOHHMX Mepesk, HaBUaHHS Mofeseii Ha Habopax JaHuX,
ONTMMI3allil TapamMmeTpiB Ta BUBEJEHHS Pe3y/bTaTiB [6].

3aBOsKM MOTYKHOCTI Ta epekTuBHOCTI 6ibsmioTeku PyTorch, BoHa ycIiniHo Bu-
KOPMCTOBYETHCS /ISl BUPIilIeHHS 3a7a4 Kiaacu@ikaliii cymyTHUMKOBUX 3HIMKiB. OCHO-
BHi nepeBaru PyTorch y 1boMy KOHTEKCTi:

e [loOymoBa CKJIAAHMUX 3TOPTKOBUX HEMPOHHUX MepeX, 3JaTHUX ePeKTUBHO
BUSIBJISITM Ta PO3Mi3HABATY ITATEPHM Ha CYITyTHUKOBUX 300paskeHHSIX.

e BukopucranHs TpaHcepHOro HaBUaHHS, KOJIM TOMNepeIHbO HAaTpeHOBaHi
Ha BeJIMKMX Habopax JaHMX MOJeNi MOXKYTb OyTU aganToBaHi qo crenydiyHoi 3ama-
ui KIacuikailii 3eMHOTO TTIOKPUBY.

e T'HyuKke BM3HaAueHHS (YHKIIiii BTpaT, METPUK TOYHOCTi Ta ONTUMi3aTOPiB
I7s eeKTUBHOTO HaBUaHHST MO/IeJien.

e Hasuannst Ha GPU, BukopucroBytouu CUDA Toolkit Big NVIDIA, oas npuii-
BUJILIEHHS TIPOI1ieCy.

e [llMpokuit BMOip BOYIOBAaHUX iHCTPYMEHTIB 1151 TTIepegoOpOoOKM TaHUX, ayT-
MeHTallii 306paskeHb Ta Bisyasisallii pe3y/ibTaTiB.

e IHTerpailig 3 6i6ioTekaMu 06POOKM 300paskeHb.

Takum umHOM, PyTorch € MOTY;>KHMM iHCTPpYMEHTOM [Jisi PO3POOKU CUCTEM
TJIMOMHHOTO HaBUAaHHS JJIsT aHaTi3y Ta Kinacuikallii CylryTHMKOBUX 300pakeHb, 110
MO>Ke MaTy HIMPOKe MPAKTUUYHE 3aCTOCYBAHHS B Pi3HOMAaHITHUX TaTy3sX.

Knacudikarniss cymyTHMKOBUX 300pa’keHb 3a momnomorow PyTorch. [Ing
BUDillleHHsI TIOCTaB/AeHoi 3afaui kiacudikallii CymyTHMKOBUX 3HiMKiB, BUKOPUCTO-
ByBajiach 6ibmioTeka rambuHHOro HaBuaHHsa PyTorch. Ha Bxim mopmeni momaBaBcs
Habip 300pakeHb, PO3/IiJIEHMX HA YOTUPH KJIacu: BOJA, ITiCKM, XMapyu Ta 3ejieHa Mic-
1IeBicTh. MeTa - HaBUMTM MOJe/b Kaacu(ikyBaTy 300paskeHHs BiAIIOBigHO M0 LuX
KaTeropii 3 MakCMMaabHOI IMOBapPHBCTTIO.

[TinroToBKA JaHMX — 1ie OAMH 3 K/IIOUOBMX eTalriB. Ha BXiJ HelipOHHOI Mepexi
3aBaHTaxxyBasioch 1Mo 500 306paxkkeHb [Jis1 KOXKHOTO Kiacy. [IJisT HaBUaJIbHUX AAHUX

OyJI0 3aCTOCOBAHO Pi3HOMAaHITHI TpaHchopMallii Ta ayrMeHTallii, Taki SK 3MiHa po-
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3MipiB, o6epTaHHs, BifOUTTS Ta momaBaHHS raycoBoro mymy [7, 1]. Ile mo3Bommio
30iMbIIUTY Pi3HOMAHITHICT JAHMX i MOKPALIUTU 34ATHICTH MOJENi PO3ITi3HaBaTH.
Jist BasmigaiiiHuxX JaHuX, 3aCTOCOBYBAJIOCH JIXIIIE 3MiHA pO3MipiB 300paskeHb.
train transform = transforms.Compose ([
transforms.Resize (224),
transforms.RandomHorizontalFlip (p=0.5),
transforms.RandomVerticalFlip (p=0.5),

transforms.GaussianBlur (kernel size=(5, 9), sigma=(0.1,
5)),
transforms.RandomRotation (degrees= (30, 70)),
transforms.ToTensor (),
transforms.Normalize (
mean=[0.485, 0.456, 0.4067,
std=[0.229, 0.224, 0.225]
)
1)
valid transform = transforms.Compose ([

transforms.Resize ((224, 224)),

transforms.ToTensor (),

transforms.Normalize (
mean=[0.485, 0.456, 0.4067,
std=[0.229, 0.224, 0.225]

Jlictunr 1 - TpanchopMyBaHHS JaHMUX AJ1s1 HABUAHHS Ta BayTigarlii

B sIKOCTi apxiTeKTypyu HEpOHHOI Mepexi, IJIsI eKCIIepUMMEHTY, 00paHO IMore-
penHbO HaTpeHOBaHy Ha ImageNet mopmenb ResNet. OcraHHiit KinacubikaliiHmii
map MozeJsii 3MiHeHO BiZIOBiIHO 0 KiJIbKOCTI KJaciB, y Hallliil 3a7adi 70 YOTUPbHOX.
Takuit migxin HaBYaHHS 103BOJIsIE e(eKTUBHO BUKOPMUCTOBYBATH Baru, OTPMMaHi Ha

BeJIMKMX Habopax MaHMX, i afarTyBaTy MOAENb 10 crielndiyHmx 3aad.
import torch
import argparse
import torch.nn as nn
import torch.optim as optim

from model import build model

from utils import save model, save plots

from datasets import train loader, valid loader, dataset
from tgdm.auto import tgdm
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parser = argparse.ArgumentParser ()

parser.add argument ('-e', '--epochs', type=int, default=50,
help='number of epochs to train our network’)
args = vars (parser.parse args())

JlictuHr 2 — CKpUIIT TpeHyBaHHS MofeJi

Iyt mpolecy HaBYaHHSI AOCTaTHBO 50-100 ermox 3 BMKOPMCTAHHSIM OMNTMUMi3a-
topa Adam Tta ¢yukuii Brpar Cross Entropy. ITic/iist KoskHOi ermoxy 6yJIo 06UYMC/IEHO
MEeTPUKM TOYHOCTI Ta BTpaT SIK AJISI HaBUAJbHMX, TaK 1 IJIsI BaTiJal[iiiHUX OaHUX.
OxpeMo OyJsia po3paxoBaHa TOUHICTh Kiacudikallii Ijsi KOKHOTO KJjacy, 10 J03BO-

JINJIO BUSIBUTU HpO6JI€MI/I 3 pOBHi3HaBaHHHM MeBHUX TUIIIB 3€ MHOI'0O ITIOKPpUBY.

optimizer optim.Adam (model.parameters (), lr=1r)

criterion = nn.CrossEntropyLoss ()
JlictuHr 3 — BUKOpMcTaHHs onTuMizatopa Adam ta dyukiii Cross Entropy y

CKPUIITi TpeHyBaHHS train.py

[Ipy BuMILleBKa3aHMX HaJAIITyBaHHSX, T€CTOBiI pe3y/bTaTU HaBUaHHS IMpoie-
MOHCTPYBaJIM BUCOKY 3arajbHy TOUHICTh MOAeNi - 613bkKo 95% Ha BamigaliiiHoMy
Habopi ganux. [IpoTe, MOKHA OYiKyBaTH, 1[0 TOUHICTh Kiaacudikallii ajs KiaciB "3e-
JIeHa MicIleBicTh" Ta "Boga" Oyje melo HIMKUYOI0, HixK i "micku" Ta "xMap”. Ile mo-
ke OyTHU ITOB'SI3aHO 3 MEHIIIOIO KiJIbKiCTIO HaBUYaJbHMX 3pa3KiB JJIsT IIMX KJIacCiB, a Ta-

KOXX 3 O1JTBIIIOI0 CXOKICTIO 306paskeHb 3eJIEHUX TEPUTOPIiit Ta BOJOIIM.

Accuracy of class clouds: 95.63536177491962
Accuracy of class desert: 96.8609865470852
Accuracy of class green area: 89.43661971830986
Accuracy of class water: 94.48051948051948

JlictuHr 4 — BuBeieHHSI JaHUX PO TOUYHICTh

BucHOBKM. YV CTaTTi HaBeeHO Miaxif A0 peasni3aliii 3agaui kiacudikaiiii cyry-
THUKOBMX 300paskeHb 3 BUKOPUCTAHHIM 6i6GmioTeku riamnbokoro HaByaHHsT PyTorch.
3arporioHOoBaHa Mo/ielb, IT00yN0BaHa Ha OCHOBI MOIepeAHbO HATPEHOBAHOI apXiTe-
KTypu ResNet, sika mocsirae BMCOKOI 3arajbHOI TOUHOCTi Y pO3Mi3HaBaHHI YOTUPbOX
KaTeropii 3eMHOTO MOKPUBY: Boau — 94.48%, mickiB — 96.86%, XMapHOTO MOKPUBY —
95.63% Ta 3eyieHUX 30H — 89.43%.
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KntouoBumu dakropamu, mo pobssaTh mei migxin edeKTMBHUM, €: peTeabHa
IiITOTOBKA HAaBYaJbHMX JAHMX i3 3aCTOCYBAaHHSIM Pi3HOMAaHITHMX TpaHCchoOpMaIllii
Ta BUKOPUCTAHHS CydaCHMUX METO/iB ONTHMMIi3allil IiJ yac TpeHyBaHHS Mopesi. 3a-
BISIKM MOSKIMBOCTSIM PyTorch 3py4Ho peasnizoBaHO BCi HEOOXiIHi KOMIIOHEHTH BiJ
3aBaHTa)KeHHS JAaHMX A0 BU3HAUEHHS apXiTeKTypyu HeIIPOHHOI MepeXxi.

[MomasnpbIr HAaMPSIMKY BIOCKOHATIEHHSI MOKYTh BK/IIOUATH 30ibIIeHHS Ta IMUBe-
pcudikallilo HaB4aJIbHOrO HAbOpy JaHMX, eKCIIEPMMEHTH 3 iHIIMMM apXiTeKTypamMu
HEMPOHHMX MepexX, 3aCTOCYBaHHS AOAATKOBUX MeTOAIB onTuMisanii. Kpim toro, iH-
Terpailisi 3 JOOaTKOBMMM IKepejlaMy JaHuX, TAKMMU SIK MeTaaHi 3ioMKu UM iHdo-
pMaliisi Ipo BUCOTY, MOXe MOTEHIIi/iHO IMTOKPAIIUTY TOYHICTb Kiacuikarlii.

OTpumaHi pe3yabTaTu JeMOHCTPYIOTb MMOTY>KHICTh Ta MOTEHIliaJ 3aCTOCYyBaHHS
6i6mioTexkn PyTorch y moemHaHHi 3 MeTogaMy IJIMOMHHOTO HaBYAHHS IJ1s1 BUpPIllIeH-
HSI CKJIaJHMX 3aBOaHb Kaacudikaiii cymyTHMKOBMUX 300paykeHb. Takuit migxia MoxKe
3HAMTY MIMPOKE 3aCTOCYBAHHS Y Pi3HOMAaHITHUX Taly3sX KapTorpadii, MOHiTOpUHTY
HaBKOJIMIIIHBOTO CepeloBMIIA Ta PO3BiAKMA.
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Implementation of satelite image classification using PyTorch

This article presents a practical implementation of the satellite image classification
task using the PyTorch deep learning library. The aim of the work is to develop a neural
network model capable of classifying satellite images into four classes: water, sands,
clouds, and greenery.

The model is trained using the pre-trained ResNet architecture.

The proposed approach allows for automatic classification of satellite images, facil-
itating the analysis of large amounts of data, and has been tested on Sentinel-2 satellite
images acquired from March to August 2023 for parts of Kherson and Mykolaiv regions,
Ukraine, and achieved an average accuracy of 95%.

The presented research demonstrates the practical use of modern deep learning
methods, in particular the PyTorch library, to solve actual problems of satellite image
analysis and classification.

Mimenko Makcum CTaHicIaBOBUY - acripaHT Kadenapu iHbopMaLiiiHUX TeXHOIO0-
rifi i cucteM YKpaiHChKOTO IepsKaBHOTO YHiBEpCUTETY HAYKM i TEXHOJIOT1i.
I'HaTtymeHko Bikropist BomogumupiBHa - 1.T.H., mpodecop, 3aBigyioua kadbeapoio
iHdopMaIliifHMX TeXHOJIOriN i cucTeM, YKpaiHChbKMII AepsKaBHMI YHIBEpCUTET HAYKU
i TeXHOJIOTiTA.

Ciaurep Anacracis-/I>keit BomogummupiBHa - cTyneHTKa Kadenapyu iHhopMaliiiHUX

TEXHOJIOTi i cucTeM YKpaiHChKOTO Jep>KaBHOTO YHIBEPCUTETY HayKM i TEXHOJIOT].
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AHAJII3 AJITOPUTMIB BUSBJIEHHS 3ITKHEHD
Y TPUBUMIPHUX BIPTYAJIbHUX CEPEJOBUIIIAX

Annotation. The relevance of the research topic lies in the significant computational challenge
posed by real time collision detection in virtual environments, often consuming up to 50% of ex

ecution time in some cases, or even more. In real world simulations, three dimensional proto

types can be highly complex, containing thousands of primitives. Therefore, developing collision
detection algorithms in real time for complex environments remains a relevant scientific prob

lem. Maintaining a frame rate of at least 30 FPS is crucial for creating a user friendly simulator
in such environments.

The problem of collision detection in virtual environments becomes even more intricate during
the narrow phase. The broad phase of collision detection is responsible for discarding pairs of
objects that will not collide due to a sufficiently large distance between them. The narrow phase
determines whether two objects collide when the distance between them allows for such a possi

bility.

This article describes a collision detection algorithm based on the structure of R trees of axis

aligned bounding boxes (AABBs) and utilizes the oriented bounding box intersection (OAABB)
method to address the narrow phase of collision detection, which finds intersections between two
objects. Experimental results demonstrate that the algorithm presented in this article identifies
intersections with significant interaction speeds.

Experimental results demonstrate that the algorithm presented in this article identifies intersec

tions with significant interaction speeds.

Knwo4osi cnosa: collision detection, 3D gaming algorithms, computer graphics, R trees, bounding
boxes, performance benchmark, innovations, model processing.

ITocraHoBKa npo6semu. [Ipy BUsSBIeHHI 3iTKHEHb y BipTyaJbHUX CepefoBU-
11axX BMHMKAE MpobyieMa BeJIMKOro 00csiry 06umcieHb, o Moxke 3a6upatu 50% vacy
BUKOHAHHS Ta Ginbiie. YV CKIAOHUX TPUBUMIPHUX CUMYJISIIISIX, SIKi MICTSITh TUCSUi
MIPUMITUBIB, pPO3poOKa aJrOPMUTMIB BUSBJIE€HHS 3iTKHEHb Yy peaJlbHOMYy 4aci
3aJIMIIAETHCS aKTyaJbHOI HAYKOBOW IMpo6seMoro. [IOCSITHeHHS 4acTOTM KafpiB
npuHaliMHi 30 FPS € BaxknmmBUM [JisI CTBOpPEHHSI 3py4YHMX [JisI KOpPUCTyBauda

CUMYJISTOPiB. BMSIB/IeHHS 3iTKHEHb 3BMUATHO CKIAHAETHCS 3 ABOX (pa3: MMPOKOi Ta
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By3bKoOi. [llMpoka daza BimmoBimae 3a BigKuaaHHS Iap 00'€KTiB, SIKi He 3iTKHYThCS
yepe3 JOCTAaTHbO BEJMKY BiJICTaHb, TOMI SIK By3bKa (pa3a BM3HAUA€E 3iTKHEHHS, KON
006'eKTM TOCTAaTHBO 6/M3bKO. OUeBMIHO, YCKIAAHEHHST HACTAE IMij 9ac By3bKOi dasu
BUSIBJIEHHSI 3iTKHEHb. Y IaHilt poOOTi IpeacTaB/ieHO aJITOPUTM BUSIBJIEHHS 3iTKHEHb,
III0 BUKOPUCTOBYE CTPYKTYPY R-IepeB opieHTOBaHUX 0OMEXYIOUMX MapasieseninesniB
(AABB) Ta MeTo[ mepeTuHY Opi€eHTOBaHMX OOMeskyounx napasenerninefis (OAABB)
IIJIsI BUpillleHHsT By3bKOi a3y BUSIBJIEHHSI 3iTKHEeHb. EKCIIepMMeHTaIbHi pe3yabTaTu
IeMOHCTPYIOTh €(EeKTUBHICTb aJITOPUTMYy Y BUSIBJIEHHI MEepeTHHIB 31 3HAYHUMMU
HMIBUAKOCTSIMM B3a€MOJIII.

AHaii3 ocTraHHiX DOCTiAKeHb Ta MyOJikaiii. IcHye KilbKa 3arajJbHOIO-
CTYIIHMX HAOOpiB iHCTPYMEHTIB /151 BUpIIIeHHST BY3bKO1 a3y BUSIBJIEHHST 3iTKHEHD
Ha OCHOBi iepapXiii oOMeXylouumx 00’eMiB. BOHM BiZpi3HSIOTBCS TUIIOM
peanizoBaHoro 06'emy oomexkenHs. Hampukian, SOLID Ta OPCODE BuKOpHUCTOBY-
I0Tb OpieHTOBaHi mapanesnerninenn (AABB). RAPID, V-COLLIDE, PQP, H-COLLIDE
BUMKOPMCTOBYIOTh Opi€HTOBaHi obMmexxyioui mapasenemnineay (OBB). QuickCD Ta
DopTree BukopuctoByioTh k-dops; a Swift++ BukopucToBye omnykii o6omoHku (CH).
Takoxx icHYIOTb riopumHi migxomyu, Hampukiaag QuOSPOs, siki BUKOPMUCTOBYIOTh
KoMbiHairito OBB Ta k-dops [1].

[TopiBHSATM pi3HI MiAXOOM OOCUTh CKIAAHO, OCKIIbKY MPOAYKTUBHICTb TaKOX
3aJIeKUTh Bi GopM Mojeneil, TUITy KOHTaKTy, po3Mipy Mojeseii i iHmux ¢pakTopis.
YV 3HaxXOMKeHHi 3iTKHEHb Pi3HMX BUIIB OOMEXYHUMX 00’€MiB BUKOPUCTOBYIOTHCS
Pi3HOMAaHITHI aJITOPUTMM, IO 3ajeXaTh BiJi KOHKPETHUX BUMOT i XapaKTe€pUCTUK
3agaui. OCHOBHMMM IepeBaraMu pisHUX MiJAXO/iB € iX MBUAKOMIIS Ta TOUHICTb, a Ta-
KOXK MOXJ/IMBICTh OHOBJIEHHSI OOMEXYIOUMX 06’e€MiB Ipu pyxy 006'ekTiB. Taki anro-
PUTMM € BaXKJIMBOIO CKJIAJOBOI B PO3pOOIli BipTyaJbHUX CepegoOBUIN Ta irpoOBUX
IOATKIiB, e TOUHe BUSIBJIEHHS 3iTKHEHb Bifjirpa€ BUPIlIaJbHy POJIb.

VY 3HaxXO[KeHHi 3iTKHEeHb MiK IBOMa TPUBUMiPHUMM 00'€KTaMM 4YaCTO BUKOPU-
CTOBYIOTb i€papxii oomexyBambHMX 00'eMmiB (Bounding Volume Hierarchies, BVH),
SIKi OpraHi30BYIOTb TpiaHTy/AbOBaHi JaHi 06'ekTa. TakMM UMHOM, MPOAYKTUBHICTH
TIOJIITIIYETHCS 3@ PaXyHOK 3MeHIIIeHHS KiJIbKOCTI Map TeCTiB 3a JOMOMOTOK BUKOPU-
CTaHHSI 0OMeKyIoUnX 06’eMiB [2].

[Tpunyctumo, 1o o6MeXyBajabHi 00'€MM IBOX 00'€KTiB OpraHi3oBaHi y JIBOX
iepapxiuHux pepeBax obMexyloumx o6'emiB (BV) A Ta B. Knacuuna cxema
iepapxiyHOro BUSIBJIEHHS 3iTKHEHbD - IIe OJJHOYACHE PEKYPCUMBHE OOXOKEHHS TBOX
nepeB oOMexyrounx 06’emiB A ta B [3]. Lle moske 6yTu onmcaHO aaroOpUuTMOM, HaBe-
IeHUM Yy JIICTUHTY 1 3a AOMOMOrOI0 IICeBIOKOLY.
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Jlicmuxe 1. TumoBa iepapxiuHa cxemMa OOXOHy IJISI BUSIBJIEHHSI 3iTKHEHb MiX

00’eKTaMu

O6xiglleper (A, B)

[lepeBecT obMexyoumMy o6’'em B y cucTeMy KoopIMHaAT A

SIKIO A Ta B He nepeTMHaAKOTBECSI, TO

IIOBEPHYTH I[IYyCTYy MHOXMHY
akmo A Ta B € smmcrxkamMm, TO
repeBeCTM TPUKYTHNMK B Y CHUCTeEMY KOOpAMHAT A
INOBEPHYTM [I€PEeTUH TPUKYTHMKIB, mo oOMexeHl1 A Ta B
inaxme
AKWO A € jucTxkoM i B - BHYyTpimHiM BYyBJIOM, TO
oJyig Bclx miTem B[1i]
O6xiglleper (A, B[i])
iraxwme
AKIWo A € BHyTpPimHiM ByssoM i B - sgmucTkoM, TO
oJyig Bclx miTem A[1]
O6xinglleper (A[i], B)
iraxwme
onsa Bcix pmivewm A[i] Ta B[]]
O6xinllepes (A[i], B[J])

OnHak 3axmaH Ta KHiTTen b BUSIBUIM JesKi Tpo6ieMu y TpagUIliifHOMYy 00XO0/Ii.
3oKkpeMa, BOHM IIOKa3anau, IO [eKiJbka BYy3JiB y JAepeBax iepapxii A Ta B
BiIBiTyIOThCS Gisbllle OHOTO pasy. [Ipyra mpobjema Mmojisira€ B TOMY, IO By3JIu fe-
peBa oOMeXyuMx 00’eMiB B, Hampukiam, IMMOBMHHI OYTU IepeTBOPEHi B JIOKAJbHY
cucteMy KoopauHAaT A. SK Hawmmok Iepmioi mpobsiemMu, Iie IepeTBOPEHHS
TOBTOPIOETHCS AEKibKa pa3iB Ajisi TOTO CaMOTO By3Jia, 10 3HWKYE MPOAYKTUBHICTh
[4]. AnropuTM, TIpeCTaBIeHMIi y AaHiil poboTi, BUPIIIye 11i TpobaeMu.

MeTa pociaimkeHHsA. MeTolo IOCTiIXkeHHSI € po3pobKa epeKTUBHOrO ajro-
PUTMY [IJIS1 BUSIBJIEHHS 3iTKHEHb Y peaJbHOMY 4aci y BipTyaJlbHUX CepeloBUIIaX.

OcHOBHa yacTMHa. Y 1IbOMY DPO3[iJi MpeacTaBJeHO AeTasi peamizaiii ime
aBTOpPiB [Ji1 BMU3HAUEHHS MEepPeTUHIB IMOBEPXOHb 1 TPUKYTHUKIB [Js Iapu
TPUBUMIpPHUX 00'eKTiB. [IJisT 3aCTOCYBaHb y BipTyaJlbHOMY CepeIOBMUIL TPUBUMIipHIi
00'€eKTM MOXYTb OYTM BM3HAUeHi SIK KOJIEKIliSl ITOBEPXOHb, A€ KOXHA ITOBEPXHS
iHAMBiZyanbHO MpeCcTaBIeHa SIK KOJIEKI[isl TPUKYTHUKIB.

Yac BuAB/IEHHS 3iTKHEHb MiX JBOMa 06'eKTaMi 3a goromorow BVH 3aneskuthb
Bif: (1) BApTOCTi mepeTHHY Ta OHOBJIEHHSI 0O0MeXylounx 06’eMiB; (2) BapTOCTi mepe-

TUHY TPUKYTHUKIB; Ta (3) KIZIBKOCTI TaKUX OIepallii.
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[linxim, mpencTaBieHuiti y pobOTi, MATPUMYEThCS iepapxismu R-mepes
OpieHTOBaHMX OOMEKYIOUMX TapasiesiernileniB Ta IepeTMHOM OpPiEHTOBAaHUX OOMe-
KYIOUMX TapasiesienimeiB, o6 3MEHIIMTH BapTiCTh Ta KiJIbKiCTh omepariiii OHOB-
JIEHHS Ta TIepeTUHY, TUM CaMMM ITOKpaIIyIoYM MPOAYKTUBHICTh. Bubip Tuiy o6'emy
oOMeXXeHb BIUIMBA€E Ha MPOAYKTMBHICTb ITPOLIECY BUSIBJIEHHS 3iTKHEHb. A BUKOPU-
CTaHHS OpPi€HTOBAaHMX IapaJeselline/iB 00yMOBI€HO TUM, 10 BOHM IIBUIIIE Tepe-
TUHAIOThCS.

Bysio BupineHO BMKOPMUCTOBYBAaTH R-mepeBa mjisi moOymoBu iepapxiii oome-
KYIOUMX 00’€MiB Ta oprasisailii TpMBMUMipHOI reoMeTpii 06'eKTiB 1151 MMOKpaIIeHHS
TIPOOYKTUBHOCTI IPOLIECY BUSIBJIEHHS 3iTKHEHb. R-1epeBa € XOpOoIIMM BMOOPOM s
BUSIBJIEHHSI 3iTKHEHb, OCKiJIbKM, ITO-IIepIle, Ha OyIOb-sIKOMY PiBHi JepeBa KOKHMUIA
MIPUMITUB acolliiioBaHMIi JiuIlle 3 OMHUM By3JioM. I[lo-npyre, B R-mepeBi BCi IMCTKU
3HAXOSThCSI Ha OMHOMY piBHi. [To-TpeTe, ocKinbky rnbuHa R-gepesa, 1110 36epirae
N NpUMITUBIB, JOPiBHIOE logmn , le m — MiHiMaJibHa KiJIbKiCTb AiTeit By37a [5].

JIJ1s1 IPUCKOPEHHS TIpOLiecy BUSIBIEHHS 3iTKHeHb KOsKeH 00'eKT MpecTaBiIeHui
CTPYKTYpOIO AaHuX R-mepeBa y BiaacHil JOKa/IbHIV CUCTeMi KOOpAMHAT (PUCYHOK 1).
BynyeTbcs iepapxiuHe mepeBO, IPyMylOuM CyCigHi rmoBepxHi. JIucTku R-mepeBa BKa-
3yIOTb Ha TeoMeTpil0 TOBEepXOHb, SIKi BM3HAUAIOThb 00'ekT. IS ABOX 00'€KTiB
repeBipsIETbCS 3iTKHEHHSI MiXK ITOBEePXHSIMM, SIKi 3HAXOHSITbCSI B CYCiIHIX 30Hax,

YHUKYIOUU HOpiBHHHb 3 TUMMN, SIKi 3HaXO0OATbCA OaJIEKO.

Scene Graph
.,
bt

Pucynoxk 1 - KoskeH 00’eKT rpada ciieHu mpejicraBieHo R-nepeBom

JIJISI OpraHi3aliii 1oro moBepxoHb

[ToBepxHi TpUBMUMIpHOI MoOAeni MOXYTb OYyTM CKJIaAHMMU. BOHU MOKYTb
MIiCTUTU BeIUKY KiJIbKiCTh TPUKYTHMKIB. 3 IIi€i MPUUMHM peasizallis, onucaHa y

po6O0Ti, TAaKOK BUKOPUCTOBYE R-mepeBo [IJiT MPOCTOPOBOi OpraHisailii TpUMKYTHUKIB
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(pUCYHOK 2), 1110 AOTIOMOKEe WBUJIIE BiAXWINTU TPUKYTHUKU, SIKi TapaHTOBAHO He
MOXYTb TepeTuHaTUCSI. Y IbOMY IMigXOMi AJIs1 KOXKHOI ITOBEPXHi 00UMCIIOEThCST R-
JlepeBOo, TPYITYIOUM CYCiHI TPUKYTHUKMU, OJiS YHUKHEHHS IMOPiBHSIHb 3 TaKMMMU, IO

3HAXOJSIThCS alIeKO Bill 30HU ITepeTUHY.

PucyHoK 2 - KoxkHa nmoBepxHs 3D-MogeJli TaKOX IpeacTaBaeHa CTPYKTYPOIO

IaHuX R-mepeBo 11 IpOCTOPOBOI OpraHi3ailii ii TPUKYTHUKIB

3anponOHOBAHMI AJITOPUTM TAKOX I'PYHTYETbCSI HA BUKOPUCTAHHI MepeTHHIB
opieHTOBaHMX 0OMexylouMx mnapasnesnemnimnenis (Overlapping Axis-Aligned Bounding
Box, OAABB) (A, B), IOBOX TreOMeTpMUYHMX NPUMITUBIB [JjisI TOKpaIleHHS
MIPOOYKTUBHOCTI Ipollecy BUSIB/IeHHS 3iTKHeHb. OAABB BM3HauaeTbcs K 00'eM,
SIKUI € CITUIbHUM [IJISI TBOX OPi€HTOBAaHMX OOMEXYIOUMX IapajesernineniB A Ta B.
OAABB BUKOPUCTOBYETBCS IJis BindibTpyBaHHS IIPUMITUBIB, SIKi He MOXYTb mepe-
TUHaTHUCS. Po3rsiHeMo npuKiazg Ha pUCyHKY 3. [ToBepxHS S; 06'ekTa A He MOXe Tie-
peTuHaATHUCI 3 00'eKTOM B, ockinbku BoHa He mepetuHae OAABB. Takum umHOM,
MOSKJIMBO MIBUAKO Bif@iabTpyBaT BCi TOBEpXHi 000X 00'€KTIB, SIKi He MMepeTUHAIOTh
OAABB.

PucyHok 3 - O6MexXyBa/ibHa paMKa 3 BUPiBHIOBAHHSIM TIO OCi, 1110

nepexkpuBaeTbcs (OAABB), KoHIIem1Iis ToKa3aHa B 2D
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AJITOpUTM [J11 TIOIIYKY IOBEPXOHb, IO IepeTMHAIOThCS, MpeacTaB/JIeHUIl y
JIICTUHTY 2 Y BULJISIAI TICEBAOKOAY.

JlicmuHz 2. AnTOpUTM [1J1s1 3HaXOKeHHSI TIOBEPXOHb Ta TPUKYTHUKIB, 10 Tiepe-

TUHAIOTHCA.

Nomyk3iTkHeHbL (A, B)

1: AABBg(A) = Mg x AABBaA(A) // OHOBJIEHHA KOOPAMHATHOIL cCuc-
TeMu BV

2: Sxmo (AABBp(A) He mepermHaeThcs 3 AABBR(B)) Buxin

3: BusrHaumTm OAABBs (A, B)

4: O6xixm R-pepeBa (SBV(B), OAABBp(A,B))

5: Ina koxHOI moBepxHi1 3 SBV(B), mo nepermHae OAABBg (A, B)

6: O6xinp R-pmepeea (TBV(B), OAABBg;(A,B))

7 Ojisa KOXHOTO TpukyTHMKa T (B) 3 TBV(B), mo
nepertuHae OAABBg (A, B)

8: [lepeHecTn TreomMeTpiln TpukyTHMKa T (B) B
CHUCTEeMYy KOOpIMHAT A

9: OBUMCIUTM HOBUM onTuMalibHMM AABBA (T (B))
ona T (B)

10: O6xinm R-pmepeBma (SBV(A), AABB,(T(B)))

11: IOns xoxHOI moBepxHi1 3 SBV (A)

12: O6xinm R-pmepema (TBV(A), AABB,(T(B)))

13: llepernu T (A) Ta T (B)

[Ipomiec BUSIBJIEHHS 3iTKHEHb CITIOYATKy IiepeBipsie, uM ob6'ektm A i B €
BimokpemyienuMu (psiaku 1-2 y micturry 2). O6'eMHi 0OMesKeHHSI KOXXKHOTO 00'e€KTa
CTIOYATKy OOUMC/IIOITHCS Y JIOKAIbHIN cucTeMi KoopauHaT o06'ekta, AABBA(A) Ta
AABBg(B) BigmoBigHo. Matpuiisi TpaHcdopmaiiii, 110 MepeTBOPIOE JOKa/ibHe Mpe/i-
CTaBJIEHHS 00'€KTa A y JTOKAJIbHY CUCTEMY KOOpAMHAT 06'eKTa B, Bu3HaueHa SIK Mg a.
Obmesxxyrounii 00'eM 00'eKTa A OHOBJTIOETHCS OO CUCTEMM KOOpauHaT 06'ekra B, 00-
YUCITIOYM 00MexXyiounii 06'em AABBg(A). ko 15t mapa AABB He mepeTuHa€eThCH,
TOJIi BiATIOBiZHI IBa 00'€KTM He IePeTUMHAIOTHCS, i IIPOLeC 3aBePIIYETHCS. K0 BO-
HM TIepeTMHAIOThCS, TO CHUCTeMa BM3HAUA€ OPIEHTOBAHMUII  OOMEKYIOUMIA
napasnesnerninen rnepetuHy, OAABBg(A,B) 1Box 00'eKTiB (PSIAOK 3 Y JIICTUHTY 2), SIKUIA
BU3HAYEHUI Y JIOKATbHIil CHCTeMi KOOpaAuHAT 00'ekTa B.

HacTynmHMM KpPOKOM MpoOliecy BUSIBJIEHHSI 3iTKHEHb € BU3HAUE€HHSI MTOBEPXOHb
o6'ekra B, mo neperuHaoTb OAABB (psmok 4 y mictuHry 2). Ik BXXe 3a3Hayanocs,
ToBepxHi 06'ekTa B opraHizoBaHi B lepeBi MoBepxHeBMUX 00'€MiB, sIKe Ha3MBAETHCS
SBV(B). IToBepxHi B 36epiraroTbcs B micTKax mepeBa SBV(B). 3a mormomorow o6xo-
’KeHHSI 1IbOTO JIepeBa B INMONHY, GiIbTPYIOTHCS MOBepXHi 06'ekTa B, sIKi He mepeTu-
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HaoTb OAABBg(A,B). JIuiile moBepxHi y IMCTKax, 110 nepetuHaioTb OAABBg(A,B), €
KaHAUIaTaMy Ha 3iTKHEeHHS [6].

KoskHa roBepxHs 00'eKTa B mpencTaBieHa KOJIEKIE TPUKYTHUKIB. TpuUKyT-
HMKM KOXXHOI TTOBEPXHI TAaKOX IpeACTaB/eHi y BJACHIM CTPYKTypi OaHUX IepeBa
TPUKYTHUKOBUX OOMEKeHb, OpraHisyioun ix y migperionu. HacTymmHMIT KpoK Ipolie-
CY BUSIBJIEHHS 3iTKHEHb I10JISITAa€ B OOUMC/IEHHI JepeBa TPUKYTHUKOBUX OOMeKeHb
TBV(B) KOXHOi KaHAMIATHOI MoBepxHi 00'ekTa B (psaku 5 i 6 y jmictuary 2). Ha
IIbOMY eTalli BU3HAYaIl0ThCsI TPUKYTHUKM 00'ekTa B, 1110 nmepetnHaoTb OAABB.

BukopucroByioun OAABB, MeHemkep BUSIBIIEHHS 3iTKHEHDb QibTPY€E MOBEPXHi
Ta TPUKYTHUKY 06'eKTa B, SIKi HEe MOXKYTb ITepeTHATHUCS.

TpuxkyTHUKM 00'ekTa B, sKi mepetnHaioTs OAABB, mepeTBOPIOIOTHCS Y CUCTEMY
KoopauHaT 06'ekTa A (psimok 8). Ha iboMy eTari TaKosK BU3HAYAETHCS ONMTUMAIbHMIA
obMexxyrounii 06'eM TpUKyTHMKA (psimok 9). HoBuit ontumanbuuiit AABB 6ynyeTbest
IJISIXOM OOUYMC/IEHHSI HOBMX MiHiMaJIbHMX i MAKCMMaJIbHMUX 3HAYE€Hb 110 OCSIX X, Y Ta
Z, BM3HAYAIOUYM HOBi po3mipyu obMeskyrdoro ob'emy. lleit etam 00OYMCIIIOE OITH-
MaJIbHUIT OOMEXYyIuUmnii 00'€éM, OCKiJIbKM BiH € MIBUAIIMM, HiXXK OOYMCIEHHS
MiHiManpHOTO AABB. Kpim Toro, ontumanbauii AABB kpaiiie oOMeskye TPUKYTHUK,
HiXX MiHiManbHU AABB.

[ToTim mpoliec BMUSIBJIEHHS 3iTKHEHb CITYyCKAETHCS 10 JepeBa MOBepXHEBUX 00-
MexkeHb SBV(A) myist o6'ekta A (psimok 10 y smictuary 2). Ha ibomy eTarri BiH 3HaXo-
INTb TIOBEpXHi 06'ekTa A, 110 nMepeTuHaioTh onTumaabHe AABBA(T(B)) TpuKyTHUKA
o6'exra B.

[[106 BM3HAUMUTH, UM TTIePETUHAETHCS Mapa MoBepXOHb, HEOOXiTHO 3HANTK Tapy
TPUKYTHUKIB, IO TIepeTUHAThCs. [IoTiM Ipoiiec BMUSIBIEHHSI 3iTKHEHD TePeXOIUTh
IO JepeBa TPUKYTHUKOBUX obOMeskeHb TBV(A) KOXHOI KaHAMIATHOI ITOBEpPXHi
o6'ekta A (psimku 11 i 12 y mictunry 2). Ha 11boMy eTarti BU3HAYaIOTbCSI TPUKYTHUKA
o0'exTa A, 06'eMHi 0OMesKeHHS SIKMX IepeTUHaloTh onTuMmanbHe AABB 06'ekTa B.

OcTaHHIM KpPOKOM € IIPOAOBXEHHSI IlepeTMHYy MiX IlapaMu KaHIUAATHUX
TPUKYTHUKIB (psimok 13), peasizoBaHe 3a mornomoroio aiaroputmy Guige, P. and
Devillers [7]. $Ikuio € mapa TPUKYTHMKIB II0 MEepPeTUMHAIOTbCS, TO BiAIMOBigHI
TOBEPXHi MepeTUHAKThCSI.

PesynbTaTy ekcnepMmMeHTy. Y 1bOMY DpO3[ili IMpeacTaB/eHi pe3yibTaTu
OIiHKM MMPOAYKTUBHOCTI 3aIIPOIMIOHOBAHOTO aJITOPUTMY BUSIBJIEHHS 3iTKHEHb.

[IpencraBiieHO NPUKIAL MOAEIIOBAHHS MMPOLECY HA MiANPUEMCTBI. YCi eKcrie-
pPMMeHTH, OTIMCaHi B HACTYITHMUX ab3aliax, BUKOHyBaImncs Ha mpoiiecopi Intel Core i5-

8300H, 3 06'eMom onepaTMBHOI mam 'aTi 16 ['6aiT rpu TakTOBIi yacToTi 4 I'T1I.
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Po3rsimaeThCsl peasibHMIA 3aCTOCYHOK 3 0OCTYTOBYBAHHS BipTyaJbHUX Cepejo-
Buill. Ha pucyHKy 5 mpezcTaBiieHO CKpiHIIOT 3 mojaaTKy Siemens Kineo software [8],
SIKUI CUMYIJTIOE TisUTbHICTh 6-0CEBOr0 poOOTa IO BilBAHTA’KEHHIO TOBapy. Siemens
Kineo 6yB BUKOpUCTaHUII B SIKOCTi CUMYJSITOpA, [T MOXK/IMBOCTI 3aBaHTaXKeHHS
Mogeti 1o 3D cieHu, IKy 3roAoM MOKHA Oyjle KOHBEepTYBaTU B Habip TPUKYTHUKIB i
MPOTECTYBAaTU MIBUAKOMII0 pPO3pO0JEeHOr0 ajroputmy. HacTymHMii mpukiazn
BUKOPUCTOBYETHCS [JISI TECTYBAaHHS BUSIBJIEHHS 3iTKHEHb B BipTyaJIbHUX CepefoBU-
ax, Je BaKIMBO 3HAXOIUTU OeTasli, [0 MepeTUHAIOThCS 3 iHIIMMH, 100 CKOPUTY-
BaTM CIIeHapiil MOBemiHKM Ij1s1 GisyuuHoro pobora. JaHMii clleHapiil Ma€ 3arajbHy

KinbKicTb 28 meraneii, 2252 moBepxHi i 30535 TPUKYTHUKIB.

—

PucyHoOK 5 - 3D cumyisitiisi BAHTaKHOTO 6-0CeBOro poboTa

3anponoOHOBAHMUII aJTOPUTM BUSIBJIEHHSI 3iTKHEHb [OOCSATa€ iHTepaKTUBHUX
MOKA3HMKIB Y peaibHMUX ITPOMMCJIOBUX 3aCTOCYBAHHSX, SIK IIe Oy/10 6askaHo.

VY tabmmii 1 st MopiBHSHHSI HABOASITHCSI YaCOBi MOKA3HMKM, OTPMMAaHi aBTO-
paMu 3a ABOMaA IiJIXOJaMM: 3 BUKOPUCTAHHSIM ITepPeTHHAIOUOro OpPi€HTOBaHOIO 00-
Mexxytouoro napaseseninega (OAABB) Ta 6e3 HbOro. Bifg3HauaeTbcsl 3HaUHe IMOKpa-
IIeHHS MPOAYKTUBHOCTI came IpU BUKOPUCTAHHI IMEePEeTUHAIOUOro OpPi€HTOBAHOTO

oOMesKylouoro rapaseserimne/a.
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Tabmmuig 1
Yac BUSIBJIEHHS 3iTKHEHb 151 3HaXOKeHHS II0BEPXOHb, 110 ITepeTUHAIOThCS,

IIJIsI TIpOLIeCy BUPOOHMIITBA, Y MiJliceKyHIax

Yac y miicekyHAax Ajisi BUSHaUE€HHS
Buxkopucranusi OAABB Tak Hi
(1) mep1ia moBepxHSI, 11O MEPETUHAETHCS 0.04 0.17
(2) yci MoBepxHi, 110 MepeTUHAKTHCS 0.068 1.65
(3) BCi mOBepXHi Ta TPUKYTHUKMH, IO ITI€PETUHAKOTHCS 1.04 1.9

Ile mokpalleHHs TOSICHIOETHCS 3@ TOTIOMOIOI0 JaHMX, HaBeAeHUX y Tabauiii 2.
BapricTh BMSIBI€HHSI 3iTKHEHb 3a/JI€XUTh Bif KiJIbKOX YMHHMKIB. Bubip Tury
00'eéeMHOTO OOMEXXeHHSI BIUIMBA€ HA KiJIbKiCTh Ta BapTiCTh BUMKOHAHHSI IT€PETUHIB
00'emHux obmexeHb. [Iynst AABB Ta k-dops BapricTh Ta KiJIbKiCTh OHOBJIEHHS
00'eMHMX OOMEKeHb TaKOX BIUIMBAIOTh HA MPOAYKTMBHiCTb. Tabimilsg 2 IOKasye
edeKkTuBHEe 3MeHIIeHHs KiJTbKOCTi TecTiB AABB Ta ormepaliiii OHOB/IEHHSI 00'€ MHMX

00MesKeHb, 110 TTOSICHIOE Kpallly MPOAYKTUBHICTh, OTpUMaHy 3a moromoroo OAABB.

Tabanig 2
CepenHs KiJIBKICTh OIepalliji Ha KpOK [IJIs1 BUSHAUE€HHS [IepPEeTUHIB
KinpkicTh [Tepiumit TPUKYTHUK Bci TpuUKyTHUKM
orepariini
Buxopucranus Tak Hi Tak Hi
OAABB
AABB TecTu 1523 3251 18324 34526
AABB oHOB- 145 816 631 4125
JIEHHS

TakoX BaXKJIMBO IOPIiBHATUM MNPOAYKTUBHICTh IIbOTO aJTrOPUTMy 3 IHIIUMMU
iHCTpyMeHTaMM BUSBJI€HHSI 3iTKHeHb. Y Tabnuili 3 mpencTaBieHO TOPiBHSIHHS
peajisaiii  3ampOIIOHOBAHOrO0  AATOPUTMY (B  TabGAMIi  MO3HAUEHUIA  SIK
[Momyk3iTkHeHb) 3 anroputmamu PQP, RAPID, OPCODE Ta Dop Tree airoputmamu.
[TpencraBieHi pe3yabTaTy OyJIM OTPMMAaHi IMPY BM3HAYEHHI MEPIIOT0 TPUKYTHMKA,
110 TIepPeTUHAETHCS, a TAKOX [IJISI BCiX TPUKYTHUKIB, 10 ITepeTuHaThcs. Tabanisd 3
CBilUMThb IPO Te, IO PO3POOJEHMIT aNrOpUTM € e(QeKTUBHUMM Y BU3HAUEHHI

TepeTuHiB.
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Tabnuig 3
Yac mouryky nepeTuHiB Ajisi po3po6IeHOTO airTOPUTMY
Ta J0r0 MOPiBHSHHS 3 iHIIMMM MeTOAaMU
Yac Ha nonryxk [Tepuunit TPUKYTHUK Bci TpUKYyTHUKMU
repeTuHiIB (MiliCeKyHIN)

PQP 0.55 5.17
RAPID 0.12 3.87
Dop Tree 0.06 18.25
OPCODE 1.64 2.54
[MTomyk3iTKHEHb 0.15 1.56

BucHoBKM. Y poOOTi mpeacTaBAeHO HOBUII aJITOPUTM BUSIBJIEHHS 3iTKHEHb,
SIKUIA 0OO0UMCITIOE TIOBEPXHi Ta TPUKYTHUKMU, IO MEPETUHAIOTHCS, BUPIIIYIOUM MPO-
6;ieMy By3bKOi a3y BUSIBJIEHHS 3iTKHEHb.

Omnucano BukopuctaHHs R-mepeB Ta OAABB s peasnisaliii ebeKTMBHOTO Me-
TOOY 3HAXOIXKeHHSI 3iTKHeHb B peaJlbHOMY 4Yaci [Jis 3aCTOCYHKIiB BipTyaJbHOI
peayibHOCTi.

ANTOpUTM BUSIBIIEHHSI 3iTKHEHb, IO TpeACTaBieHnit y pobOTi, BUKOPUCTOBYE
opieHTOBaHi 0OMeKyIOUi Iapasesernineay pa3oM 3i CTPYKTypoio R-pepeBa, mo6
BidinbTpyBaTH 00MeXyI0Ui 06’€MM MIPUMITUBIB, SIKi He MOXYTb IepeTuHaTucs. [IBa
MIPUMITUBY TI€PETUHAIOTHCS, SIKIO BiAIIOBiAHI 0OMEXYIOUi 00’eMM TaKOX TepeTu-
HatoTbcst 3 OAABB. [IpencraBieHuii ajroputTm oO0X04y 3MEHIIY€E KilbKiCTb
BiIBilyBaHb BY3/JiB 1O OOHOrO [Jisg 00'€KTa A, TIOKpallylouu 3arajabHy
MIPOAYKTUBHICTh Ta BUPIillylouM MpobaemMyu KilbKOX BifBimyBaHb, 110 MpUTaMaHHi
TpaauLiiHii cxemi 06xomy. OAABB TakoxX CIipusie 3HAUHOMY 3MEHIIEHHIO KiJIbKOCTi
orepalliii OHOBJIEHHSI 0OMEKYIOUMX 00’ eMiB.
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Analysis of collision detection algorithms
in three-dimensional virtual environments

The problem addressed in this paper concerns the real-time detection of collisions
in virtual environments, which can consume a significant portion of computational re-
sources, particularly in complex simulations with numerous objects. Ensuring a minimum
frame rate of 30 FPS is crucial for user-friendly simulations. The focus is on the narrow
phase of collision detection, where objects in close proximity are examined for potential
collisions. This paper proposes a collision detection algorithm leveraging Directed
Bounding Parallels (AABB) R-tree structure and Oriented Bounding Parallelepiped Inter-
section (OAABB) method to address this phase efficiently. Experimental results demon-
strate the effectiveness of the algorithm in detecting intersections with high interaction
rates.

Various publicly available toolkits exist for narrow phase collision detection, em-
ploying different bounding volume hierarchies and constraint volumes. Comparing these
approaches is challenging due to performance variations influenced by factors such as
object shapes, contact types, and model sizes. Nonetheless, these algorithms are crucial
for accurately detecting collisions in virtual environments and gaming applications.

Bounding Volume Hierarchies (BVH), commonly used for collision detection, organ-
ize object geometry and improve performance by reducing test pair numbers through vol-
ume constraints. The proposed algorithm utilizes R-tree hierarchies of directed bounding
parallelepipeds and OAABB to enhance collision detection efficiency by minimizing up-
date and intersect operations. The choice of constraint volume type impacts collision de-
tection performance, with oriented parallelepipeds offering faster intersections.

To expedite collision detection, each feature is represented by an R-tree data struc-
ture in its local coordinate system. Hierarchical trees are constructed by grouping adja-
cent surfaces, with leaves indicating surface geometry. Additionally, R-trees are em-
ployed to spatially organize triangles within surfaces to quickly discard non-intersecting
triangles.

The algorithm leverages OAABB, a concept involving the common volume between
two oriented bounding parallelepipeds, to filter out primitives that cannot intersect. Tra-
versal algorithms are utilized to reduce the number of node visits, addressing inefficien-
cies observed in traditional schemes. OAABB contributes significantly to reducing volume
refresh operations.

Experimental evaluations demonstrate the proposed algorithm's efficacy in real-
world industrial applications, achieving interactive performance. Comparisons with al-
ternative methods highlight the algorithm's effectiveness in collision detection. Overall,
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the proposed approach offers a robust solution to the narrow phase collision detection
problem in virtual environments.

Keywords: collision detection, 3D gaming algorithms, computer graphics, R trees,
bounding boxes, performance benchmark, innovations, model processing.

HeBkputunii IBan OjieKcaHAPOBUY — aCHipaHT 3-Tr0 pOKY HaBYaHHS [IHIITPOBChKOTO
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M.O. Jlyk’ssHenp, €.C. Cysnema
METO[, YTPYIITYBAHHS TEMIIOPAJIbHUX MVYJIbTUMOJAJIbHUX
IIOTOKOBUX JTAHUMX ITPUCTPOIB IOT
HA OCHOBI PEAKTHBHOT'O ITPOTPAMYBAHHS

AHomauis. Cmammsa npucssyeHa po3pobeHHI0 Memody y2pynyBaHHA MeMnopasbHUX NOMOKO
8ux daHux 8 mepexax npucmpois InmepHemy peyel (IoT). AkmyanbHiCmb NOACHIOEMbCSA HE0b
XIOHICmI0 epekmusHoOi 06pobKu OaHux npucmpois IoT y peanbHomMy yaci. Mema nossizae 8 po3
pobyi memody, W0 BPAxosye CKAAOHICMb ma cneyugiky nomokosux oaHux IoT. 3anponoHosaHo
BUKOpUCMOBYBAMU peakmusHe Npo2pamysaHHs 01 yepynyBaHHa OaHux. Y pesyismami noka
3aHO MOX/UBICMb NOOYO0BU TEPApPXii yepynyBaHHs 3 ypaxysaHHAM ocobiusocmeli npucmpois
IoT ma macwumab6osaHicme 3anpONOHOBAHO20 MEmMOOy.

Knto4osi cnosa: y2pynysaxHa, IoT, nomoKoBi 0aHi, peakmusHe npozpamyBaHHs, Myasmumooa
JIbHI OaHT.

ITocraHoBka mpoosemu. Mepexi nmpuctpoiB IHTepHeTty peueit (IoT) cTaooTh
BCe OiJIbIll PO3IOBCIOIKEHI Y TelepiliHii yac. Mepeski MOKYTb CKIaJaTHUCS 3 Pi3HO-
MaHITHUX IIPUCTPOIB, IO 36MPaIOTh AaHi Mpo moroxy, Tpadik, 3HIMaTh Bizeo abo
3BYK ToIo. 1i maHi MaioTh pi3Hi dopmaTH, BKIOUAIOUM TeKCTU, 300pakeHHsI, BiJleo
Ta YMCJIOBi 3HAUEHHS, Ta 30MPaIOThCS 3 Pi3HUX IKepesl Y peaibHOMY Yaci.

Jlsis1 06po6eHHsT TaHUX i MpeAcTaBlIeHHs pe3y/abTaTiB KOPUCTYBauy, AJIS Je-
SIKMX 3a/1a4 JaHi HeoOXiTHO IorepeaHbO 3TPYITYBATH 3a 03HAKOIO Yacy ixX reHeparirii.
Pi3HOMAaHITTSI IPUCTPOIB Ta MOKIMBUX JaHUX YCKIAAHIOE TIpOLieC yrpynmyBaHHs. Ta-
KOX YCKJIAIHIOIOTH 3a[aUy MOK/IMBI pO36iKHOCTI Y Yaci, CHpMUMHEeHHI TeXHIYHMMU
0COOJIMBOCTSIMU IIPUCTPOIB Ta MePEXK, L0 IlepeaaloTh BiITIOBiAHI JaHi.

TakuM 4MHOM, iCHY€ HEOOXigHICTh y po3pobIli ePeKTMBHUX METOIiB YIpyITy-
BaHHSI TeMITOPAJbHUX MYJIbTUMMOJAJIbHUX MTOTOKOBMUX HaHMUX MpUCTpoiB IoT, saKi 6
3a6e3mevyBa/iM MBUAKY Ta TOUHY 0OPOOKY IIMX JaHUX B peaJibHOMY Yaci, BpaxoBYIO-
Y IXHIO CKIaJHICTh Ta crienndiky.

AHaJti3 ocTaHHIX JOCTiIKeHb i myosikamin. /i yrpyrmyBaHHSI JaHUX iX He-

00XigHO BM3HAYMTU 3a ITIEBHMM ITapaMeTpPOM SIK HasiBHi 10 OAHi€l rpynu. Y BUIAIKY

© Jlyk’suenb M.O., Cynema €.C., 2024
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YIpyIyBaHHS TEMIIOPAJbHUX AAaHUX KPUTEPIEM € caMe yac, BiITTOBIIHO MOCTA€ 3a-
JIaya CMHXPOHi3allii JaHuX.

3amava CMHXPOHi3allil MOTOKOBMX JAHMX € BiIOMOIO Ta Ma€ 3HA4YHY KiJbKiCTh
crioco6iB BupimeHHs. o crBopeHHsT Mepesk IoT 3amava cuHxXpoHi3arii icHyBania i
Ist iHmmx gaHux. [IMpoKoro po3CIIOBCIOMKEHHSI HAOyaM MEeTOIM CHMHXPOHi3allii
MYJIbTUMEIiiHUX TAaHUX.

Cepen, OCHOBHMX ITp00JIeM CMHXPOHi3allii HassBHi HACTYIIHI: 3aTPUMKU MEpEeXxi,
MepexkeBi GaykTyaillii, GayKTyallii Ha KiHIIeBUX CCcTeMaX, pO30isKHiCTbh rOAVMHHMKIB,
Ipeitd romyMHHMKIB, Opeiid MBUAKOCTI, PO30iKHICTD MepexKi, po30ikHicTb Bimobpa-
skeHHS [1]. BigmoBigHO icHYIOTH crioco6u CMHXpOHi3alii yacy 3a moromoroi NTP
a60 GPS. TakoK iCHYIOTb aJrOPUTMIUHI CITOCOOM BUpillleHHST TPOo6aeMy CUMHXPOHi-
3amii [1] Ta crmocobu KomIeHcallii 3aTpUMOK TIpU BifloOpaskeHHi MYIbTUMeIiTHUX
IaHux [2]. BiamoBigHi criocobu cuHXpOHi3allii iCHYIOTb i 711 MepexX MPUCTpoiB [3].

O6poo6xka manux [0T po3mominseTbCs HA IBi KaTeropii: makeTHy Ta MOiiHY 00-
poOKy. ITakeTHa 06poOKa edeKTMBHA IMPM POOOTI 3 BEIUKUM OOCSITOM OaHMX, SIKi
30MpalThCS IIPOTSITOM IIEBHOrO Ilepiofy dYacy, y TOiM vac SIK IofiifHa o6pobka
BUKOHY€E aHaJIi3 HaHuX 0e3 iX 30epiraHHs Ta MPUIHSITTS pillleHb IJIS1 KOXKHOT'O OKpe-
MOTO 3aI1Cy cUCTeMU [4].

Ilist peanizaiiii BUMor 10 06po6KM JaHMX B peajqbHOMY uaci mjist 10T, Hemomas-
HO OyJIM 3aITPOITOHOBAHI pillleHHS Ha OCHOBI KOHIIEMIIii apXiTeKTypy, OpieHTOBAHOi
Ha moxii (EDA), 110 npu3Beso 10 pO3BUTKY HOBOI IOC/TITHMUIIBKOI 00J1acTi, Bimomoi
SIK 06po6Ka cknaguux rnogiii (CEP) [4]. CEP BriItouae 06po6Ky, aHasi3 Ta KOPeJsIliio
MOTOKIB IMOZii 3 pi3HMX JixKepesl JaHMX 3a JOIIOMOTOI0 PO3MOAiIEHUX CUCTEM Ha OC-
HOBI IMOBiIOMJIEHb 3 METOIO BUJTyYeHHS BUCOKOPiBHEBMX 3HAHb Maitke B pealbHOMY
yaci.

[l makeTHOI 06pOOKM iCHYIOTh METOAM CMHXPOHi3allii mo moxisim [5], mpore
BOHM OPi€HTOBaHi Ha BM3HAUEHHS OJIHi€l MOZii, TaKOi SIK CIUIECK, CTPUOOK UM OJHa-
KOBMI1 3BYK Ha 6araTboX JaTuMKax ogHOYacHO. Yepes 1ie CMHXPOHi3allisl 110 TOMAisIM B
3araJbHOMY BUITQZKy He MOXe OyTM 3acTOCOBaHa A0 pisHOMaHiTHMX Mepex 10T, a
JiuIile 0 JesIKUX 3 HUX.

MeTa pociaigykeHHs. MeTOW AOCIiIKeHHSI € po3po0JeHHS MeTOHy YIrpyIly-
BaHHS TEeMITOPaJIbHMUX MTOTOKOBUX JaHMUX MpUCTPoiB 10T, 1110 103BOMIMB 6 BpaxyBaTu
MIpY yIpymyBaHHI Taki 0CO6JIMBOCTI, SIK MOK/IMBI MepeskeBi 3aTPUMKU MPU AOCTABLI
IAHMX Ta Pi3HMUII0 CMHXPOHI3allil TOAMHHMKIB Y Pi3HUX OPUCTPOSIX.

BuknageHHsI OCHOBHOIO mMarepiany gociaigkeHHs. PisHi cucremu IoT mo-

OymoBaHi Ha piSHOMaHITHMX IIPOTOKOJIAX, i CTBOPEHHS €AMHOI Ta IJI00aJIbHOI CHUC-
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Temu a5l Mepexi 10T, ska Moke mpaioBaTy pa3oMm, € CKIaJHUM 3aBOaHHSIM [4]. V
IIbOMY KOHTEKCTi pileHHs 17151 po6oT 3 nanumu IoT moBMHHO BifIoBigaTy geKiab-
KOM BMMOTaM.

3arporioHoBaHe PillleHHsT TOBMHHE OYTM JOCTAaTHbO 3arajbHUM, 100 3UMTATU
IaHi, [0 HAAXOHSATh 3 pisHUX cucteM IoT y HeobximHMX dopmaTax. BOHO MOBMHHO
MaTM 3HaTHICTb OOpOOJSITM TeTeporeHHi IIOTOKM [OAaHMX 3 MiHiMaJbHUMMU
MoaudikalisiMM HasiBHMX KOMIIOHEHTiB. BOHO MMOBMHHO MaTy MOKIMUBICTb BUKOHY-
BaTy aHATITUKY B peabHOMY 4Yaci JJIs1 3aCTOCYHKIB, SIKi TOTPeOYyIOTh OTIepaTUBHOCTI.
HapeliiiTi, BOHO MOBMHHO BpaxOBYBaTM MOK/IMBI 4acOBi BiIMiHHOCTi, MOPOIKeHi
0COGIMBOCTSIMM POOOTH PO3IIOIi/IEHUX MePEX IMTPUCTPOIB.

OO6poOKa IOTOKIB 3a3BMYail BUKOPUCTOBYETHCS IS pOOOTH 3 BEIMKUM 00CS-
rOM JIaHMX, e HaBaHTaXKeHHSI Ma€ OYTU PO3Mo/iijieHe MiXX KiJIbKOMa SIpaMu IIpolie-
copa abo HaBiTh KiJIbKOMa 00UYMCIIOBAIbHMMM By3jiamMu. ToMy Migxiz, SKuii BUKOHYE
arperailii Ha IIMX IOTOKax, ITOBMHEH 3abe3MevyyBaTy MacIITaOOBaHICTh Ta Hajmili-
HiCTb, 11100 He CTaTy roJIOBHOIO MPo6eMoI0 MeToAy B 1iijiomy [6]. Takoxk MeTon Mae
3a0e3I1euyBaT iepapXiuHy MOOYIOBY, sika 6 pernpeseHTyBana Qi3MuHy abo JIOTiUHY
CTPYKTYPY (IIPUCTPOiI MOXKYTh OYTH pO3IiieHi 3a TUIlaMy abo 3a reorpadiuHmum po3-
TallyBaHHSM).

BupiinieHHsT mpobjieMy CMHXPOHi3allii yacy Moyke OyTM 3[1i/iCHEHO 3a JTOIIOMO-
rOI0 TIPOTOKOJIiB CMHXPOHi3aIlil 4acy B Mepexi (HallpuKiaj, BUKOPUCTOBYIOUM MPO-
TOKOJI MepeskeBoro uacy (NTP) abo rinobanbHOi cucTeMu no3uiiionyBaHHs (GPS) [1].
IIpore, oyst 6araTbox MpucTpoiB 10T maHe pimeHHST MOXKe He MiIiATH yepe3 HeMOX-
JIMBICTb BCTAHOBJIEHHSI Yacy Ha AEeSIKUX MPUCTPOSIX, 3aBUCOKY 1iHy npuiimaua GPS,
TTOPiBHSIHO 3 I[iHOI0 CaMOro IPUCTPOIO, 3TaMaHuii IIpuitMad abo BiICYTHICTb CUTHA-
JIy Ha JIesIKUX TePUTOPIisX (TTpuitmMau 3aKpUTHUii OYIiB/iel0, caM CUTHaJ MOoJaB/IeHU
ab0 K migMiHeHMit). BigmoBigHO BCTaHOBIEHHS Yacy Ma€ BimOyBaTUCS Ha IMIPUCTPOSIX
TaKOX i iHIIMMM criocob6amu, SIKi Jal0Th MEHIIY TOYHICTh CMHXpPOHi3allii, o BuMa-
ra€ MOK/IMBOCTI BpaxyBaHHS MOTEHIIIITHMX pO36iKHOCTEN B Yaci, CIpUUMHEHUX Ha-
JAMITyBaHHSIMY TOAVMHHUKIB MPUCTPOiB. TakoX Mae OyTH BpaxoBaHa 3aTpUMKa Py
repefavi JaHUX Bif, MPUCTPOIB A0 cepBepy (HAMMPMKIAM, 3aTPMMKa IIPU BUKOPUC-
TaHHi CYITYTHMKOBOTO TepMiHa/Iy MOKe CKJIafaTu JeKiJibKa CeKYH/).

PeanizyBaTu maHi BUMOTM 3alpOIIOHOBAHO 3a JIOTIOMOTOK0 PeaKTMBHOTO MpPO-
rpaMyBaHHSI, [0 MPUCTOCOBaHe 10 POOOTH 3 MOTOKAMM AAHUX Ta MOKe OyTU BUKO-
pUCTaHo i ixX 06’eaHaHHs [7]. Takok maHuit crioci6 migxoauTs i Ajist poboTH 3 1o-
TOKaMM y peajbHOMY 4aci. [IpMkiaagomM crioco0y 3 peakTMBHOTO MPOrpaMyBaHHS €
Group]Join [8], 1m0 703BoJIsIE 06’ €AHYBATH ITOTOKM Bif IBOX JIsKepeJ IJIs MOUTYKY TPYII
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Mixk HUMM. Takok GroupJoin Ma€e MOXJIMBICTh Ha/IalITYBaHHSI OUiKyBaHHS OJIs [a-
HMX 3 IBOX Ji3KepeJl, 10 J03BOJISI€E BpaxyBaTy PiSHULIIO Y Yaci HAAXOOKeHHS BiJl TIpU-
CTPOIB I10 MepexKi.

Ha pwuc.1 300paskeHNi1 3aIIpOIIOHOBAaHMIA METOJ YIPYITyBaHHSI T€MITOpPaJbHUX
MOTOKOBUX JAHMUX 3 BUKOPUCTAHHSM PEAaKTUBHOIO MPOrpamMyBaHHS, a caMe Ha OC-
HOBi omepatopa GroupJoin. Ha mouaTKy HeOoOXifHO iHiIlianisyBaTu yrpymyBaHHS, a
came nepenat o GroupJoin BigMoOBigHI MTOTOKM OaHMUX BiJ IBOX MPUCTPOIB Ta Ha-
JALITYBaHHS IJ1s1 pOOOTHU. BUKOpUCTAHHS JINIle IBYX IOTOKIB AJIS1 €AMHOI JTaHKMU ie-
papxii 3ymoByieHe came ocobauBicTio GroupJoin, sSIKuit mIpaifloe 3 ABOMa ITOTOKaMM
manux. Hapasi BimOyBaeThCsl OUiKyBaHHSI OTPMMAHHSI JAaHMUX BiJl TOJIOBHOTO MpPHU-
ctpoto. [Ipy oTpuMaHHiI JaHMUX, MOXKIMBO IMOYaTH MOPIBHSIHHS 3a TIEBHUM KPUTEPieM
3 nojganbiiuM (OpMYBaHHSIM Ipynu. Y pasi, SKIIO MPONMILIOB Yac OUiKyBaHHS ¢Gop-
MYyBaHHSI TPy, MOXJIUBO chOpMyBaTH TPYyITy JIUIle 3 JaHUMM Biji TOJTOBHOTO TpPU-
CTpOI0 AJ1s1 TIOJaJIbINOi mepenavi uux naHux. Kpurtepiem dbopmyBaHHS TpyIu y 3a-
TIPOIIOHOBAHOMY MeTO/Ii € caMe Yac OTpUMMAaHHS 3 I03BOJIeHOI0 MOXKuoKoio. [Ipore, 3a
HeOOXiTHOCTI, 110 YaCTUHY METOAY MOXKINBO MOoAMubiKyBaTy Ijs GopMyBaHHS Ipy-
MM TaKOX 3a I0JaTKOBMMMU KpuTepissmu. Yac ouikyBaHHS HOpMyBaHHS Ta MaKkcuMa-
JIbHO JT03BOJIeHA MOXMOKAa Yacy MOXKYTb BCTAHOBJIIOBATHCSI BiAIIOBiZHO M0 O4iKyBa-
HUX YMOB POOOTM CUCTEMM, TaKMX SIK MaKCMMaabHUII Yac po30isKHOCTI TOAVMHHMUKIB
MIPUCTPOIB Ta YaC HAAXOMKeHHSI JaHuX. TakoxX MoXk/IuBa Moaudikailiss aaroputmy,
mo 6yme dopMyBaTH TpyMy OAHOKPATHO [Jisi KOXKHOTO eJleMeHTY JaHUX TOJIOBHOTO
npuUcTpor. OCKIIbKM MeTOH, 3aCHOBaHMII Ha peakKTMBHOMY IpOTpaMyBaHHi, MiCJs
dbopmyBaHHS I'PYIM BUKIMKAETHCS TOisI GOPMYBaHHS TPYIN, 110 O3BOJISIE HA AT
BUKOPUCTOBYBATHU JIaHYy TPYIY.

JlJis TIofasnbllioro yrpymyBaHHS JaHUX BiOYBa€ThCsl aHAJOTiuHe 00’eTHaHHS
maHux 3i chopmoBaHMX Tpyml. TakKok MOSKJIMBO CTBOPUTM peasisaliifo, 1o Oyme
YIPYIOBYBaTU JaHi MiXX ITOTOKOM Cc(opMOBaHMX I'PYIl Bifl MEeKiJIbKOX MPUCTPOIB Ta
ITOTOKOM OTPMMAaHHS TaHUX Bif IPUCTPOIO.

Ijis1 3MeHIleHHsT BUTpAT MaM’sITi Ta 4acy Ipy MOAAJIbIIOMY YIPYIyBaHHI JaHi
JIOJIAIOThCSI A0 CITMCKY BXe cOpMOBaHOI rpynu 3aMicTb popMyBaHHS HOBOi. Takum
YMHOM MOXKJIMBO YIPYITyBaTH JaHi BiJl MOBibHOI KiJIbKOCTi MPUCTPOiB, chopMyBaB-
1M iepapxilo yrpynyBaHHS. 3aBISIKM IIbOMY MOXJIMBO PO3IOIIIMTU ITPOIeC YTPymy-
BaHHSI MiX pi3HMMM TpollecaMu, 3a06e3eunBIlM MaclITaboBaHICTh Ta PO3MO/iIeH-
HSI PecypciB cucTemu Ijis1 OOUMCIEeHHS SIK MiX SIpaMy IIpoliecopa, Tak MOSKIMBO i

pisSHUMM CepBepaMu.
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[l TiepeBipKy poOOTH 3aIIPOIIOHOBAHOIO METOAY Oyjia CTBOpPEHAa peastisaillis 3
BUKOpucTaHHSIM 6i6mioTeky Rx miist .NET. Ockinbku 6i61ioTeka Rx, 110 iMIieMeHTye
pi3HOMAaHITHI MeTOIM [IJis peaKTMBHOIO IIPOrpaMyBaHHsSI, Ma€ peajisarlii ajs 6ara-
TbOX MOB IIpOrpamyBaHHS [9], peanisaiisi 3alIpOIIOHOBAHOI'0 METOIY MOXJIMBA Ha
iHmmx ratTgopmax.

MNoyatok ) @ @

OuiKyBaHHA AaHnX
Bia mignernoro
MPUCTPOID

[HiYianizauia
ob'eqHaHHA NOTOKIB

—

OuiKyBaHHA AaHnX
Bifl rONOBHOIMO
NPUCTPOID

CTBOpEHHA rpynu
naHux

Tak

Yn He BuiALLIOB
ac OYiKyBaHHAZ

CTBOpEHHA Tpynu
OaHuX nuie 3
[aHUMU TONOBHOTO

CnogilleHHA npo
3HaXOMKEHHA Tpynu

Hi
Yu cnisnagaoTs

OaHi 33 yacoMm

[aHi Haninwnm? |

CnogilleHHA npo
3HAXOMKEHHA TPYNn
OaHuX nuLe 3
[aHUMU TONOBHOTO

( KiHelb

PucyHok 1 — MeTop, yrpyItyBaHHS TOTOKOBUX JaHUX 3 BUKOPCTAHHSIM PeaKTu-

BHOTO ITpOTpaMyBaHHS

JlJ1s1 TIOpiBHSIHHST poOOTM MeTOAY TaKoK OyJia CTBOpeHa HaiBHa peastisallis, 10
BUKOHY€E YTPYITyBaHHSI MK CIMCKaMM JaHUX 3aMiCTh YTpyIyBaHHS MOTOKOBUX [ia-
HuX. Ha puc.2 306paskeHnit pe3yabTaT 6eHUMapKYy, MIBUAKOIIS 1151 HeBeIMKOI KiJb-
KOCTi € CXOXO0I0, ITPOTe MpPU 3POCTaHHI KiJIbKOCTI JaHUX [J1s1 YTPYITyBaHHS IIBUAKO-
Ilist AJ1s1 yTPYIyBaHHST TOTOKOBUX TaHUX 3MeHINyeThCs. 1leit Ta HACTyImHI 6eHUMapKu

Oysiu 3aryIeHi Ha maHii KoHdirypartii: win10-x64, .NET 8, intel i7-7700HQ.
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PucyHOK 2 — Pe3ynbTaTy nepeBipKy poboTH peastizalliii MeTOMiB

3 BUKOpUCTaHHSIM RX Ta HaiBHOI peasti3ailii

Ha pwuc.3 306paxkeHuii pe3yabTaT 6eHUMapKy [IJisl 3alPOIIOHOBAHOI peatizallii
JIJIST Pi3HOI KiJIbKOCTI eMYJISITOPiB MPUCTPOIB, 1110 reHepyloTh AaHi. IIIBUAKICTh reHe-
pyBaHHS gaHuXx csrae 40 TUCSAY 3a CEKyHy CyMapHO [J151 BCiX IPUCTPOiB. OUiKyBaHO,
MpYU 3POCTaHHI KiJIbKOCTiI MPUCTPOIB 3pOCTa€ i BUKOpUCTAaHA MaM’siTb. [IpoTe, mpu

TTOZBOEHHI KiJIbKOCTi MPUCTPOiB KoedillieHT 36ibIIIeHHS BUKOPUCTAHOI MEHIIe HiX

y IBa pasu.

80

60
Wa]
s
P
-
=

3 40
c
[u]
I
[}])
E
g

m 20

0

25 50 75 100 125

MpUCTpOI, WO reHepyoTb gaHi
PucyHok 3 — PesynbpTaTyt mepeBipku poboTH pesisailii meTomy

3 BUKOPUCTAHHSIM RX o BuUaineHi mam’siti
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Ha puc.4 306paskeHMi1 aHAJOTiYHMIT 6@eHUMAapK 10 MPOBEAEeHOro Ha puc.3, aje
BMMipIOBaBCS YaC BUKOHAHHS YyrpynyBaHHS. [loMiTHe aHajoriuHe 3pOCTaHHS BUTpa-
YyeHOi mam’sTi 10 IonepeIHboro 6eHYMapKy, TOOTO IPU MOJABOEHHI KiJTbKOCTi Ipu-
CTPOIB YaC BUKOHAHHHS 3POCTA€ MEeHIle HiXK Y IBa pa3n.

Cepen, 0co6/iMBOCTelt 3alpOIMOHOBAHOTO METOAY BapTO Bi3HAUUTU MOXKIIM-
BiCTb MOOYIOBM iepapXii yrpymyBaHHS, IO TO3BOJISIE THYUKO peai3oByBaTU He0O-
XigHI BUMOI'M YIPYIyBaHHS 3 ypaxyBaHHSIM OCOOGJIMBOCTEN SIK CaMMX IIPUCTPOIB, Tak
1 IX MiAK/IIOUEeHHS 00 Mepexi. BinmoBigHo, JaHe HaJAITYBaHHSI BUMAarae vyacy i pe-
CYpCiB /ISl aHaJIi3y Ta BCTAHOBJIEHHSI HEOOXiJHMUX MapaMeTpiB Ajis1 KoHGirypaitiii j1a-
HOK METO[y.

JIJIsT CIIpollleHHSI HaJIallITyBaHHSI MOXK/IMBE CTBOpeHHsI Moaudikailii meromy,
10 HA KOKHI JIaHIli Oyae yrpyrnoByBaTy IaHi oJpa3y Bif 6araTboX MPUCTPOIB, IIpU
1IbOMY 3MEHIIMBIIM MOXK/IMBICTh HaJAIITYBaHHS KOKHOI OKpeMOi JIJaHKM Ta, BiAIlo-
BiJTHO, CITPOCTUBIIMN IMOOYIOBY i€papxii.
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MpuUcTpoi, Wo reHepyoTb AaHi

PucyHok 4 — Pe3ynbTaTu iepeBipku poboTH pertisailii metomy

3 BUKOPUCTAaHHSIM Rx o YaCy BUKOHaHHA

BucHoBku. OTske, 3aIIpONIOHOBAHO METO/, IO M0O3BOJISIE OymyBaTu iepapxiio
YIPYIYBaHHS MYJAbTUMOJLQJIbHUX TE€MIIOPAJIbHMUX MOTOKOBUX NAaHUX BiJl MPUCTPOIB
[0T 3 MOXIMBICTIO HaJAIITYBaHHS 4acCy OYiKyBaHHS Ta MaKCMMaJIbHOTO 4acy Bif-
MiHHOCTi MiK YaCOBMMM MiTKaMM y IaHMUX Bill pi3HUX IPUCTPOIB. 3 0COOIMUBOCTE
BapTO BiAMITUTM HEOOXimHICTh MOOYNOBM i€papxii yrpymnmyBaHHS 3 BUIIJIEHHSIM TO-

JIOBHUX TIPUCTPOIB, 1110 3yMOBJIeHa TPUHIIUIIOM poboTu GroupJoin y Rx.
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TakosK, 3aBOSIKM PO3[iJIieHHIO YIpyITyBaHHS Ha OKpeMi JJaHKM, 3aIllpOIOHOBA-
HUIt MeToA, MOykKe OyTM po3mieHNii Mixk OKpeMMUMH ImpoiiecaMu, 1o 6yayTh BimoyBa-
TUCSI Y OKPEMMX IMOTOKAX ITporpamMu abo, MOKJINBO, ¥ MiX pi3HMMM cepBepamu, 3a-
6e3meuyiouM mMaciiTaboBaHicTb. TOOTO, ITOCTABIEHI 1T IJIsT MeTody Oy/M 3arajioMm
mocsirHyTi. CTBopeHa peasni3ailisi Ha .NET migTBepaynaa MOKIUBICTh BUKOHAHHS MOC-
TaBJIeHMX 3aBAaHb 3alPOIIOHOBAHMM METOJIOM.

3 0c06/IMBOCTEl 3aMIPONIOHOBAHOIO METOy BapTO Bif3HAYMTU MOKJIUBICTb Ha-
JIAIITYBAaHHS KOXXKHOI OKpPeMOl JIaHKM B i€papxii yrpynyBaHHS, 10 € YHiB€PCAIbHUM
pileHHsIM 1151 6araTboX MOKIMBUX cucTeM npuctpoiB IoT. V pasi BigcyTHOCTI He-
00XimHOCTI T/IMOOKOro Ha/MAIITYBAaHHSI KOXKHOI OKpeMOoi JIaHKM MOXK/IUBO ITPoay6IIio-
BaTyM HaJALITyBaHHS IJIS1 YCiX JTAHOK, MPOTe MepCreKTUBHUM BOAUA€E€ThCSI CTBOPEHHS
MeTOAy YTPyIyBaHHS, IO JO3BOJIUTh OJHOYACHO YIPYIIOBYBaTHM MaHi Bifl 6araTbox
MIPUCTPOIB.
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Method of aggregating temporal multimodal streaming data
from iot devices based on reactive programming

Recent advancements in Internet of Things (IoT) technologies have led to an
exponential increase in the generation of temporal multimodal streaming data from
various IoT devices. Aggregating and processing this data efficiently poses significant
challenges, including scalability, reliability, and synchronization issues. This paper
proposes a novel method for aggregating temporal multimodal streaming data from IoT
devices based on reactive programming principles.
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We begin by analyzing recent research and publications in the field to identify
existing challenges and limitations in aggregating temporal data from IoT devices. The
key problem addressed in this study is the efficient aggregation of data streams while
ensuring scalability, reliability, and synchronization across different devices.

The primary objective of this research is to develop a method that can hierarchically
organize and aggregate temporal data streams from IoT devices while addressing the
challenges of scalability and reliability. To achieve this, we leverage reactive
programming techniques, specifically the Groupjoin operation, which allows for the
seamless integration of data streams from multiple sources.

Our method involves initializing the aggregation process by passing relevant data
streams from two devices to the Groupjoin operation and configuring the settings for
operation. Additionally, we introduce flexibility in the aggregation process by allowing for
the hierarchical structuring of data streams based on physical or logical criteria.

Furthermore, we discuss the implementation of our proposed method using the Rx
library for .NET, which provides implementations for various programming languages,
ensuring its adaptability across different platforms. We benchmark the performance of
our method against a naive implementation, demonstrating its efficiency and scalability
in aggregating temporal data streams from IoT devices.

In conclusion, our proposed method offers a scalable and reliable solution for
aggregating temporal multimodal streaming data from IoT devices. By leveraging
reactive programming principles, we address key challenges in data aggregation and
provide a flexible method for organizing and processing data streams efficiently.
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[.B. AugproxaHos, T.O. KopoTeeBa
MO/JIEJIb CEPBICY I'ETEPOTEHHOI PO3ITIOJIJIEHOI BA3U TAHUX
AJII MACHITABYBAHHS ITPOTPAMHUX CUCTEM

AHomauyis. ¥ cmammi po327sHymo aKmyasabHiCmb 20pU30OHMANIbLHO20 MACWMAbYBAHHA Npo
2pamHux cucmem, sKi nompebyroms sukopucmarHa CYBJ] 053 onpautoBaHHs BenuKux 06'emis
cmpykmyposaHrux, JSON, 2eonpocmoposux OaHux, npu Usomy, mMaw4u sumozu 3abe3neyeHHs
ACID snacmusocmeli ma yinicHocmi 0aHux. [IposedeHo aHani3 iCHy4Yux npodykmis, HaBedeHo
ix ocHosHi nepesazu ma HedOMiKU, CQHOPMYnbOBAHO nNpobremy €OUHOI MOYKU BIOMOBU,

BUpILIEHHS po3pobiieHO MOOesib Cepsicy 2emepoceHHOi po3nodineHoi 6a3u O0aHUX, CKIAOeHo
onuc ii xapakmepucmuk ma apximexkmypu. 3 3acmocysaHHam mexHonoeii Kubernetes nposedeHo
00CniOXeHHA MempuKk npodykmusHocmi knacmepa b/l Ha 6a3i po3pobieHoi Modeni, NOKa3HUKU
AKUX Y NIOCYMKY MAOMb KPAW] 3HAYeHHS Y NOPIBHAHHI 3 PO32/IAHYMUMU PILUEHHAMU.

Kntoyosi cnosa: po3nodineri CYb/, knacmep 6a3 daHux, OLTP, ACID, JSON, 2eonpocmoposi OaHi,
20pU30HMaAbHE MAClumMabysaHHs, NPOOYKMUBHICMb 63 OaHUX.

IToctraHoBKa mnpooGsemMu. Po3BuToK iHOpMalliiiHMX TEeXHOJIOTiil, iX mMacoBe
BUKOPMCTAHHS AJ1s1 aBTOMAaTu3allii rpoiieciB y GpiHaHCOBUX, TEXHOJIOTIYHUX, MeINY-
HMX, HAYKOBMX, JepskaBHMX Ta iHIIMX cdepax CcydacHOTO CBiTy, TIJi06a/ibHA
1dpoBi3allisl MoC/ayT MOTPedye CTBOPEHHS CKIATHUX MTPOTPAMHMX CUCTEM JIJIST OII-
pamoBanHsl high-load HaBaHTaskeHb Ha BeMMKUX 00’eMax JaHMX, SIKi MOXYTb OYTU
TpeiCTaB/eHi B CTPYKTYPOBaHMX Ta HeCTPYKTypoBaHMuX dhopmatax. Cepes ocTaHHIX
BapTO BiI3HAUMTU CyTTeBe 30imbiieHHsT JSON Ta reonpoCcTOPOBUX JaHMUX OCTAHHIMU
pokamMu. B cBoio uepry, meit ¢GakT CTaBUTh HOBi BMMOTM IOJI0 MOTpe6 MaciiTady-
BaHHs CVYB]l, sike Moske OyTM peasi3oBaHO 3a paxXyHOK BuKopucTtaHHS NoSQL
pillleHb 3 MATPUMKOIO AaHoro ¢yHKIioHany. OpHak, NoSQL 6a3m maHux
MiATPUMYIOTh JIMIlle HeCTPYKTypoBaHi dbopmaTy, a ix apxiTekTypa 30ymoBaHa Ha
ocHOBi BASE TpaH3akiliitHO1 MozeJi (BiICYTHICTb MUTTEBOI Y3TOJI)KEHOCTi), ToMy B,
IIbOTO TUIy HEe MOXYTb B TIOBHiii Mipi 3aMiHUTM pesLiiiHi OJs1 TIPOEKTIB,
opieHToBaHux Ha OLTP Ta ACID BnactuBocTi. ToMy po3pOOHMKYM BUMYIIIEHI BUKO-

puctoByBaTu Aekinbka TuiB CYB] 3 pi3HOI0 KiJbKiCTIO €K3eMIUISIPiB KOXXHOTO, B

© AunpioxaHos [.B., KopoTeepa T.O., 2024
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3aJIeXKHOCTI BiJi HaBaHTa)keHHS. [IpoTe B 1IbOMY BUMNAAKY JUIIAKTHCS HACTYITHI IIPO-
6;eMu: BifCyTHICTh MaciiTaOyBaHHS OfHi€l 3 pensuiitHux 6a3 maHux [1, 2], a TakoxK
IucreTyepu3aliii 3’emHaHb Ha piBHi cepBiciB 6i3Hec Jyioriku [1, 3], 110 y CBOIO Uepry
YCKJIQIHIOE apXiTeKTypy CepBEPHMUX 3aCTOCYHKIB, iX MaciiTabyBaHHS, MiATPUMKY Ta
CYTIPOBiJl, MPOrpaMHUX CUCTEM.

AHaji3 ocTaHHIX HOCTiAKeHb i mmyoOsikamin. [IpoaHanisyBaBiy BiAIoBimHi
TeMaTUUHi CTAaTTi Ta HAYKOBi JixKepesia, OyJIO 3HAIEHO IeKilbKa pillleHb, SIKi J03BO-
JITIOTh PO3TOPTaTM PO3MOAiNeHi KiaacTepu 6a3 JaHMX 3 IMiATPMMKOI HEOOXiTHOTO
SQL ¢yukiionany. Aje, BOHM BCe OJJHO MAlOTh I€BHi HEHOTiKM: OIMH BY30Jl KOOP-
IMHATOP, SIK By3bKe MicIle BCi€i cucTeMu, BiICyTHiCTh rimobanbpHOro ingekcy — Citus
DB, Greenplum DB [4, 5]. Cockroach DB He migTpumye TpaH3aKkiliii BUCOKOI
CKJIaHOCTI, 306epeskeHi Mpolieypu Ta Tpurepu [6], MpoCyHyTi MOXKIMBOCTi CTOCOBHO
reo 30H Ta O6ekariB JOCTYIHI juile mjisi enterprise Bepcii. Volt DB mae o6MeskeHHS
Ha po3Mip 6a3y B 3aJI€KHOCTI BiJ po3Mipy mam’sITi, He MiATpUMYy€e 30BHIlTHI K/TIOUi,
check constraints, JSON Ttumn maHux [7], mocTayaeTbCs 3a IUIATHOIO JiilleH3i€lo. B

Tabsa. 1 HaBemeHO BiAMIiHHOCTI MiX LIMMM MPOAYKTaMM, iX OCHOBHi MepeBaru Ta

HeJOJiKMN.
Tabmuug 1
OCHOBHi XapaKTepUCTUKM PO3IOAIIEHUX pesIsiiitHuX 6a3 JaHUX
Bnactusocri Citus DB Greenplum | Cockroach DB Volt DB
DB
Workloads OLTP OLAP OLTP OLTP
IHinoBa Mozeb + + - -
Posnogin nanux distributed | evenly, ran- ranges, geo partition per
value, size domly (enterprise) node
'nmobanbHMit - - + -
iHIeKc
Pe3epByBaHHS, - - + memory re-
THYUYKiCTb Mac- (enterprise) striction
mTabyBaHHS
FK, check con- + + + -
straints
SQL proc., triggers + + - +
JSON data & oper- + + restricted op- -
ators erators
l'eompocTOpOBi + + + +
JaHi
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MeTta pocihimkeHHs. MeTow [OCTiIKeHHSI € po3pobka Mojesi cepsicy
pO3TOoAieHoi CcuUCTeMM YIpaBIiHHS 6asaMu OaHUX, SIKA Mae€ IiATPUMyBaTH
cTpyktypoBaHi, JSON, reompoctopoBi mani, ACID Habip BiacTMBOCTEN, HamgaBaTH
MOSK/IMBICTb ITPO30pOi iHTerpaiii 3 KIieHToM yepes eauuuii API, mpu mpomy 3a6es-
IIeuyI0uy THyYKe MacIITabyBaHHS BCiX KOMIIOHEHTIB ITPOrpaMHOi CMCTEMM.

IIporpamHa peasni3zauniss Moaei. BpaxoBylounu OCHOBHI acieKTy MPOeKTyBaH-
Hs poO3MojijieHnx 6a3 maHuX, OyJI0 po3po0JIeHO MOpeab CepBiCy reTeporeHHOi
posnoguieHoi CYB/l, 0CHOBHMMM BMMOTraMy peasti3allil Kol €:

e 3 060Ky KjacTepa — €IMHMI1 iHTepdeiic Ta pi3Hi iioro peasnisaiiii s mpoBe-
IleHHST JOCiiKeHb 3 pisHuMu Bl mpoayKTamu;

e 3 0OOKy KiIieHTa - e€auHuMii iHTepdeiic I ITPO30poi B3aeEMOmii 3
IHCTpYMEHTOM TeCTYBaHHS, OJJTHAKOBI T€CTOBI ClleHapil Ajis pi3HuX Bl NpOayKTiB;

e Po3pgineHHss BcbOro GYHKIIOHAJY Ha OKpeMi He3aJeXXHi KOMIIOHEHTMH,
B3a€MO/IiSI IKMX BigOyBa€eTbCs uepe3 BHYTPIlIHI iHTepdeiicu;

e [lapanenbHa 0Opo6Ka 3alNUTIiB y 6araTOIMOTOYHOMY PEXKMMi, MOXK/IUBICTb BU-
KOPUCTAHHS [EKiJIbKOX eK3eMIUISIpiB CepBiciB IjIs1 THYYKOrO MacIITaOyBaHHS
MIPOTPaMHOI CUCTEMU;

e 30ip Ta arperalisi BHYTpPillIHbOI CTAaTUCTUKMU 3[IilICHIOETHCS y (DOHOBOMY
pexxuMi 3 MiHiMaJlbHMUM BIJIMBOM Ha MPOAYKTUBHICTD K/IacTepa;

e Oxpema B]I myst 36epekeHHsT MeTaJgaHMX, 3a0e3neueHHs ii BMCOKOTO piBHS
HaIifHOCTi, JOCTYITHOCTI Ta MPOAYKTUBHOCTI, HXU3bKOI BapTOCTi Iepeaavi JaHUX Bif
1iei b1 oo BCiX TOUOK BUKOPUCTAHHS B Kj1acTepi.

Ha puc. 1 300paskeHO apxiTeKTypHY cXxemMy MoJeJsli, po3poOKa SIKoi BUKOHaHA 3
3actocyBaHHAM Massively Parallel Processing (MPP) migxony.

‘ = DB Cluster

Node 1

— KR
: iz | |Node2 = Node3 | | HIE :
Client Metadata Client

DB

Client Client

Stat collector
Legend Service

<

Y

PoapobnioBaHa KOMNOHEHTa ¢

l:l Byson knactepa B[]
Stat aggregator
g € >
, Service Stats API
Pennika B[

PucyHoK 1 — ApxiTeKTypHa cxeMa MOJieJli cepBicy

pO3MOIiyIeHOl cucTeMM KepyBaHHS 6a3amMu JaHUX
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Y 4KOCTi ompalloBaHHSI [OAaHMX Ha KOXHOMY BY3Jli BUKOPUCTOBYETHCS
PostgreSQL v15.3 3 PostGIS posmmpenHsm - pensitiiitia CYB]I 3 miaTpumkoo JSONB
Ta Geometry TumiB maHux. [l BysJa 3 MeTaJaHUMM BUKOPUCTOBYETHCS MacIITabo-
BaHe NoSQL pimenns Redis Stack, sike po3ropTaeTbCs B IBOX €K3eMIUISIpax: OCHOB-
Ha B]I Ta nomaTkoBa perutika. Ile Bupimrye mpo6ieMy oJHOTO By3Jjia KOOPAMHATOpPA, B
production ekcrityaraiiii MeTagaHi MOXyTb 6yTU MaciITaboBaHi Ha NOJATKOBI BY3JM
KJacTtepa, MpM I[bOMY 3abe3IeuyeThCcsl OJHOYACHE OIMpPAIIOBAaHHSI 3alMUTIB IS
nekinbkox DB Proxy ek3semmuispiB. Po3mogiyl JaHMX MiXK By3JlaMM peajli30BaHO Ha
ocHoBi Hash-based sharding anroputmy. BiH Moske 6yTu 3aCTOCOBaHMUIA IJISI OHOIO
abo pekinbka momiB distributed 06’ekTa, SIKMit yOCOOJIIOE CYTHICTh OJJHOTO 3aIucy
TIeBHOrO JaTa ceTy. [IporpamHa cucTteMa po3pobsieHa Ha OCHOBI Java 17 3 BUKOpU-
cTaHHSIM Spring dbpeliMBOPKY Bepcii 6.

XapaKkTepuUCTUKM MPOTPAMHOIO MPOAYKTY:

e 3abesnevyeHHs pO3IOIITY HAaHMX cepeld, BY3JiB KaacTepa IIPO30po MIJIsl
KJIi€HTa;

e [limTpMMKa UMCIIOBMUX Ta TEKCTOBUX TUITIB JaHux a1 distributed 06’ekra;

e [IlinTpmmka JSON Ta reormpocTOPOBUX TUIIIB JaHUX OIS aTPUOYTIiB TaOIUIIb;

e MOKIMBICTh TapayieiIbHOI OOPOOKM OJHOTO 3alMUTy Ha MEKiJIbKOX BY3j1ax
KJIacTepa, arperailisi pe3y/bTaTiB B OJJHY BiITIOBi/ib AJIsI KJIi€HTA;

e 30ip Ta arperaiiist CTaTUCTUKM 32 HACTYITHMMM ITapaMeTpaMu: HOMep By3ja
kiactepy, B/l cyTHicTh, rpyma 3anuTiB. MeTpuMKM: KiJIbKiCTb 3aIllMTiB, KiJIbKIiCTb
3aMisTHMX YHiKaJbHMX 3ammciB B/l cyTHOCTi, cepemHiit yac 0OpOOKM 3 pO3PaxyHKy
pO3MoAdiJieHHs Ha KOKHUIA 3a1uc;

e leHepallis 3MiCTOBHMX [J1aTa CeTiB 3aJaHOro o6’emy st KOXHOI BJI
CYTHOCTI;

e CTBOpeHHS Ta 3aIlyCK CLieHapilB TeCTyBaHHS MPOAYKTUBHOCTI IS KOXHOI
Bl cyTHOCTi i [HOeKiIbKOX OOHOYACHUX 3’€QHaHb, 3 MOXJIMBICTIO 3[iliICHIOBATU
MOC/TiAOBHO Pi3HI TUIM 3alUTIiB Ta aHA/Ii3yBaTH iX YCHIIIHICTh BUKOHAHHS, GOpMY-
BAaTM CTATUCTUKY IO TpyIiaM 3alluUTiB IJ1s1 KOKHOTO CIleHapilo.

30BHiIIHI MporpaMHi iHTepdericu:

e RESTful Client API — CRUD omepaiiii gjist iHTerpatiii 3 iHCTpyMeHTOM TeCTy-
BaHHS MPOAYKTUBHOCTI 3 miaTpuMKow JSON dopmary;

e RESTful API 3 minTpumkoo TSV ¢opmaTy Ajis1 B3a€EMO/ii 3 cepBicoM CTaTu-
CTUKMU.

JocnigKeHHSI IPOAYKTUBHOCTI pO3p006sieHoi Mozesti. /I CTBOPeHHS Kila-

crepy B/l 3 TppOX BY3JIiB Ta PO3rOpPTaHHS PO3pPOOJEHOI MTPOrpamMHOiI cucTeMu 6GyJI0
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3actocoBaHo Minikube - 11e serkoBaroBa peasisaiiiss Kubernetes mjist 1oKaJbHOTO
BUKOPUCTAHHS. XapaKTepUCTUKM KOMIT'IOTepa, Ha SKOMy OyJl0 IIpOBeAeHO
mocnimkeHHs: MacBook Pro 2,9 GHz Intel Core i7, 16 GB RAM, 500 GB SSD, macOS
Ventura 13.6. CTBopeHa BipTya/ibHa MallluHa Ha 6asi rinepsizopa Hyperkit: 4 vCPU,
6GB RAM, 20GB HDD. [Isis iporpamMmyBaHHS ClleHapiiB HaBaHTaKeHHSI Ta TeCTyBaHHS
MIPOAYKTUBHOCTI O6y/10 BUKOpHUCTAHO iHCTpyMeHT Gatling, miist reHepailii 3MicTOBHUX
nmaHux — 6i6aioreky Datafaker. Crivcok garta ceTiB 3 iX XapaKTepuCTUKaMy BKa3aHO y
Tabs. 2. [IJis TpeThOro AaTa CeTy BUKOPUCTAHO Mepeiik reorpadiuHmMx Ha3B 3 CAlTy
Science Base-Catalog 3 ix KoopamHaTtamyu y dopmati 3araJbHOIPUITHITOI CUCTEMU
npoctopoBoi mpuB’sa3ku (SRID) 4326, sikuii IIpeACcTaB/si€e MPOCTOPOBi AaHi 3 BUKOPU-
CTaHHSIM KOOPAMHAT AOBTOTM Ta IIMPOTU Ha IMOBEPXHi 3emii, SIK BU3HAYE€HO B
crangapti WGS84. KinbkicTs 3amuciB y 45000 B KOKHOMY [1aTa CeTi MifibpaHo ex-
CIIepMMEeHTa/JIbHO [IJIS 1Ii€i KoHdirypallii, mo6 3amobirT BUKOPUCTAHHIO swap Ha
BipTyasibHili mamuHi B/l knacrepy.

Tabmuig 2

Omuc XxapakTepUCTUK JaTa CETiB

Harta cetr | Twum distributed | 3miHioBaHe 3HaueHHS | TuI MOJIB IS ClieHApPiiB
value UPD cueHapiio rowmyky ta UPD kiroua
TextDS Varchar(130) Varchar(1300) Int(8), Varchar(130)
JsonDS Int(8) JSON with 20 random | JSON key:val pair
properties Varchar (6-12:10-20)
GeoDS Int(8) Geometry(POINT) Int(8), Geometry(POINT)

JocimKeHHsT TPOAYKTMBHOCTI pOOOTM MHpPOrpaMHOiI CUCTEMM 3aCHOBAHO Ha
BifIMpaIfoBaHHi BCiX ClieHapiiB [IJIsT KOXKHOTO AaTa ceTy npoTsarom 120 cekyHz (OKpim
create Ta delete) mias gecsitu ogHouacHux BJI 3’eqHaHb, MpYM IIbOMY JaHi 3 1aTa CeTy
BUKOPUCTOBYIOThCSI Y BUIIAAKOBIiH mocaimoBHocTi. ClieHapiit create BUKOHYBABCS 10
TIOBHOTO BiATIpallloBaHHS [aTa ceTy, ciieHapiii delete 3actocoByBaBcs mjst 5000
3aMMCiB 3 KOSKHOTO faTta cety. ITicjist BifgpalitoBaHHS KOKHOTO ClieHapilo uepe3 Mpu-
KJIaHMII TporpamMunii inTepdeiic ctatuctuku (API) oTpuMyBainch 3HaUeHHSI MeT-
PUK MPOAYKTUBHOCTI JJIsI TIOIAIbIIIOTO aHaTi3y. 3MICT ClieHapiiB Ta iX MOC/IiJOBHICTD

3aMMUTIB 10 6231 JAaHUX BKa3aHO y Tab. 3.
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Tabnmnig 3
[Mepenik ciieHapiiB TeCTyBaHHS MPOIAYKTMBHOCTI pOOOTH KacTepa
HasBa cuieHapito [TocnipoBHicTh 3anuTiB 40 B/,
Create create
Update updateByDVal, findMany, findById
Find findByDVal, findMany, findByld
FindJson findByJson, findByld
FindByPoint findByPoint, findByld
FindByDistance findByDistance, findByld
Delete delete

Ha puc. 2 mnpencraBieHO TOPiBHSHHSI pe3yjabTaTiB TeCTyBaHHS BJacCHOI
po3pobnenoi mogeii, Citus DB v12.1 with PostGIS v16, Cockroach DB v23.1 3 3acto-
CyYBaHHSIM create ciieHapiio.

Yac 0bpobku create 3anmTis, McC
80,00
70,00
69,22
60,00
50,00 55,87

52,53
40,00

30,00
20,00
=l ®
0,00

TextDS JsonDS GeoDS

m Mogens m CitusDB CockroachDB

PucyHok 2 — Yac 06po6Kku create 3ammTiB 151 BCiX /1aTa CETiB

Po3pob6iieHa Mozenb Ma€ Kpaliliii MOKa3HMK MPOIYKTUBHOCTI y 2 pa3u 3a 06u/I-
Ba B]l mpoaykTu gjsi reo maHux. [Jas iHIIMX TUIIB OaHUX — Yy 1,6 pasu Kpaile Bif
Citus DB tay 2,35-2,5 Big Cockroach DB. [Isist Bcix B]I, TpoIyKTiB CTBOpPEHHS 3aII1Cy
3 reo JaHUMM NOTpedye y 1,24-1,8 6isbllie yacy HixX IJ1s1 iHIINX TUTTIB JaHUX.

PesynbTaTyt oHOBJIeHHS 3a distributed 3HaueHHsIM IpeCcTaBA€HO HA puUC. 3y
BUTJISAII MeTpuKHM yacy 06pobku updateByDVal 3anuTiB 3 Update ciieHapito s BCix

JaTa CeTiB.
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Yac 06pobkn updateByDVal 3anuTie, mc

3000,00
2500,00
2000,00
1500,00

1489,18
1000,00

500,00
541,77 521,37
95,14 93,16 14065
0,00 — —

TextDS JsonDS GeoDS

H Mogene M CitusDB CockroachDB

Pucynok 3 — Yac 06pobku updateByDVal 3ammTiB aj1s1 BCix gaTa ceTiB

Po3pobsieHa Moje/ib Ma€ Kpalli 3HaueHHS MEeTPUKM IPOAYKTUBHOCTI Y
nopiBHsIHHI 3 iHmMMM B/ mpomykrtamu B 5,6-10,6 pa3 6e3 ypaxyBaHHSI pe3yabTaTy
Ha TextDS pata ceri s Citus DB. 3HaueHHS 11i€i MeTPUKM Cifl BiTOKPEMUTU Bif
iHIIMX, BOHO BiApi3HsieTbcs y mopiBHSIHHI 3 Cockroach DBy 4,7 pa3su ta'y 27 pa3 Bif,
3HAYeHHS BiAIIOBiZHOI MeTpuKM po3pobieHoi mopesi. He3Baykaiouy Ha CTBOPEHMIA
inmekc mis distributed TekcroBoro noss TextDS parta cety, Citus DB mae Hairipiimii
TMOKa3HUK TMPOAYKTUBHOCTI 3alUMTy OHOBJIEHHSI HNAaHUX Tabauilb, 3aMucu SIKUX
PO3IOUISIIOTBCS B KJIACTEPi Ha OCHOBI 1HILIOrO YHIKaJIbHOI'O iHAEKCY Ha TEKCTOBOMY
T0Ji, HixK Ha igeHTMUdikaTopi y BUrIsAi integer primary key. [Ins naTta ceTy, B IKOMY
y sKocTi distributed 3HaueHHSI BUKOPUCTOBYEThCST integer primary key, Citus DB
Tokasye HabaraTo Kpailuii pe3yibTar, ajie Bce OAHO Iporpae iHmmm B/l mpoaykTam.
VY NOpiBHSIHHI 3 MONepeaHiM TeCcToM, 30epira€TbCsl TeHAEHIIisI TOro, IO OHOBJIEHHS
3aIMCiB 3 Teo JaHUMU TTOTpebye OibIie yacy.

JocnaimkeHHSI METPUKM MTPOAYKTMBHOCTI IJIsT 3alMTiB, SIKi TIOBEPTAIOTh OaraTo
pSIKiB HaBeJleHO Ha puc. 4 y BUT/sAAi uacy o6pooku findMany 3anmuTy 3 pe3y/ibTaToOM
y 100 pstakiB 3 Toro sx Update ciieHapiro.
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Yac 06pobku findMany 3anuTis, mc
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PucyHok 4 - Yac 06pobku findMany 3anmTiB [ij1s BCix JaTa ceTiB

He BpaxoBytoun meTpuky Citus DB mss JsonDS mata ceTy, po3pobieHa Moelb
3HOBY Mae€ Kpaliuii pe3yabTaTy 3,2-8,5 pa3u, a 3 BpaxyBaHHSIM Iiei MeTpuku y 14,9
pasu. Citus DB noka3sye Haliripimnii pesynbTaT oTpuMaHHs JSON 3amnucis.

MeTpuKM 3aMuTiB IJIS TIONIYKY 3a aTpubyTamu Ta imeHtudikaropom JSON ma-
HMX, @ TAKOX 1X BUIAJeHHIO 1TOKa3aHOo Ha puc. 5. He BpaxoBywoum pe3ynabTaTy I0-
myKy gauux y Citus DB kiacTepi, SIKi 3HOBY MalOTh HalTipIlli 3HaUeHHS, po3pobJieHa
MOJe/b Ma€ HaliKkpalli MoKasHuKM y 3,4-4,7 pasu Big iHmmx Bl mpoaykTiB. [Topssaok
po3TallyBaHHS MeTpPMK 3a IX 3HaueHHaIMu mjs1 delete 3amuTiB Mae Ty XK
MOCJIiIOBHICTD, SIK i IJis Create omepallili, BiATIOBiAHO 1Ii 3HAYEHHS BiPi3HSIOTHCS
MiX cobor y 1,6-3,4 pasu.

Yac 06pobku 3anuTis ana JsonDS, mc
700,00

600,00
500,00
400,00
300,00
200,00
217,43 197,97
100,00
22,93 77,44
0,00 N N s Nl

findBylson findByld delete

m Mogen mCitusDB CockroachDB

PucyHok 5 — Yac 06po6ku 3anuTiB it JsonDS mata cety
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Pe3ysibTaTyt OCTAaHHBOT'O TECTY IMTPOAYKTMBHOCTI 3aMMTIB IOILIYKY Ir'e0 JaHUX [IJIsT
pi3HMX KJIacTepiB MOKa3aHi Ha puC. 6.
Yac 06pobku 3anuTie NowyKy ana GeoDS, mc

1800,00
1600,00

1595,75

1471,04

1400,00
1200,00

1092,10

1000,00

800,00 742,03

600,00
400,00 226,75
200,00 94,36

0,00 |

CockroachDB

findByPoint findByDistance

® Mopens m CitusDB

PucyHok 6 — Yac 06po6Kky 3anmuTiB moIryKy aist GeoDS maTa cety

YV 1bOMy BUITQAKy METPUKMU po3pobieHoi momeni y 7,9-11,6 pasiB Kpatie Bif
iHIINMX KIacTepiB [Jisl 3alMUTY MOIIYKY 10 KOOpAMHATaX, y 6,5-7 pasiB Kpaiie Aj1s1 3a-
MUTY TOIIYKY 3a BiACTAaHHIO 3 COPTYBAHHSIM.

VY Tabn. 4 HaBeAeHO ITOKA3HMKM BUMKOPUCTAHHS IMaM’SITi Ha piBHI BipTyaJbHOL
MalllMHY SIK MiHIMaJIbHiI Ta MaKCMMa/IbHi 3Ha4€HHS 10 BCIM CIleHapisiM TeCTyBaHHS,

a TaKoXX CymMapHUii po3Mip ¢aityioBoro cxoBuiia IJisl JaHUX KaacTepa.

Tabmuus 4
BukopucTanHs anmapaTHUX pecypcCiB Ha piBHI BipTyaJbHOI MalllMHU
Knacrep Used memory Free memory Buff/cache File
min max min max min max store
Mopenb 1.0Gi 1.1Gi 1638Mi | 1740Mi | 2.9Gi 3.0Gi 1192Mi
Citus DB v12.1 | 1.0Gi 1.1Gi 822Mi | 887Mi | 3.9Gi 4.0Gi 697Mi
CockroachDB | 2.7Gi 2.9Gi 142Mi | 372Mi | 2.6Gi 3.0Gi 1622Mi
v23.1

IIi mani moxkasyiorh, mo Cockroach DB moTpebye Haiibinbile amapaTHUX
pecypciB, Citus DB mae HajimeHIINit po3Mmip cxoBMIlla, po3pobjeHa Mopeab Mae€
Kpallli [TOKa3HMKY 3a 00’€MOM BiJIbHOI ITaM’sITi.

BuUCHOBKM Ta MNEepCHeKTMBU MNOJAJNbIIMUX HOCTiIAKeHb. Y  CTaTTi
aKTyasizoBaHo npobaemy macmtabyBaHHsa CYB]I st reo po3IojiijieHux cucTeM, sKi
MaloTh MiATPUMYBATU CTPYKTYpOBaHi Ta HecTpyKTypoBaHi maHi (JSON, geospatial)

IJIsT TIpoekTiB, opieHToBaHMX Ha OLTP Ta ACID BmactubocTi. I[IpoBemeHO aHaii3

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

141




«CucTeMHi TexHoaorii» 4 (153) 2024 «System technologies»

icHytounx mporpamHux mpoayktiB (Citus DB, Greenplum DB, Cockroach DB, Volt
DB), HaBe[leHO 1X OCHOBHI XapaKTepUCTUKU, IIepeBaru Ta HeJOTiKN.

Po3pob6ieHa BjacHa MoOMe/ib CEpBiCy reTeporeHHoi po3nopineHoi B, sika
ycyBa€ TMpob6ieMy €OMHOI TOUKM BiMOBM, Ma€ €OuMHMII iHTepdeiic I mpo3opoi
iHTerpaiii 3 KJIi€HTOM, HaJa€ MOKIMBICTb THYYKOTO MAacCIITaOyBaHHSI BCiX
KOMITIOHEHTIB mporpamMHoi cuctemu. IIpoBegeHHSI OOCHiAKEHHSI MPOLYKTUBHOCTI
K1acTepiB Ha ocHOBi aHanoriB Citus DB, Cockroach DB mokasye Kpalili pe3yJabTaTu
I po3pobsieHOi Mogesi. Y Tmopanblniii pobOOTi IUIAHYETHCS peasi3yBaTu
Nepepo3noAil JaHUX Ha OCHOBI METPUK MPOAYKTUBHOCTI [8], @ TaKOX MpPOBECTU
IOCTiIKeHHST 3 ypaxXyBaHHSIM (aKTopy pervtikairii.
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The service model of a heterogeneous distributed database

for software system scaling

The article explores the topicality of horizontal scaling for software systems that re-
quire the use of database management systems (DBMS) to process large volumes of
structured, J]SON, and geospatial data, while maintaining requirements for ACID proper-
ties and data integrity. An analysis of existing products is conducted, outlining their main
advantages, disadvantages and identifying issues such as single points of failure, tech-
nical limitations, and lack of support for necessary functionality. To solve these issues, a
service model of a heterogeneous distributed database is developed, providing a descrip-
tion of its characteristics and architecture. Using Kubernetes technology, performance
metrics of the database cluster based on the developed model are investigated, demon-
strating superior performance compared to the products discussed.

Keywords: distributed DBMS, database cluster, OLTP, ACID, JSON, geospatial da-
ta, horizontal scaling, database performance.
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A. Rudakova, Y. Lebedenko, H. Rudakova, D. Nilova
DESIGN OF A CONTROL SYSTEM WITH A PREDICTIVE MODEL
FOR A TWO-DRIVE MANIPULATOR WITH A PARALLEL STRUCTURE

Abstract. This work intends to contribute to the corpus of knowledge on parallel manipulators
and their control by making the most use of Model Predictive Control. We aim to investigate par
allel manipulator kinematics, dynamics, and control strategies in detail in order to open up op
portunities for enhanced performance, flexibility, and precision in these robotic systems.

Key words: frame installation, manipulator, model predictive control, parallel structure, control
system.

Introduction. Parallel manipulators have attracted a lot of interest and atten-
tion in the field of robotics and automation recently because of their distinctive
qualities and possible uses. These manipulators, often referred to as parallel robots,
differ from their serial counterparts in the way that their linkages and joints are set
up, and as a result, they have advantages including increased rigidity, increased pay-
load capacity, and higher precision [1]. Parallel manipulator design and control have
become important research fields, fostering advancement in a variety of sectors in-
cluding aerospace, industrial, medical robotics, and more.

Given in [1] their intricate kinematics and dynamics, parallel manipulators pre-
sent a considerable challenge for effective control. Because of its proficiency in
managing complex systems with nonlinearities, uncertainties, and restrictions,
model predictive control (MPC), a sophisticated management approach, has become
well-known. MPC is an intriguing option for the control of parallel manipulators be-
cause of its predictive character, which takes into account future system behaviour
and enables real-time adaptation and optimization.

Analysis of recent research and publications. To set the stage for our explo-
ration, we delve into the foundational concepts of parallel manipulator kinematics
and dynamics, highlighting key design parameters and considerations. We then
delve into the principles of Model Predictive Control, elucidating its strengths and
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suitability for addressing the trajectory tracking in complexities inherent in the par-
allel manipulator system.

As we embark on this journey of investigating parallel manipulator model pre-
dictive control, it is imperative to acknowledge the pioneering work and significant
contributions made by researchers in this interdisciplinary domain. By building upon
the advancements made thus far and embracing the potential of MPC, we aim to fur-
ther propel the field of parallel manipulators, opening new avenues for their utiliza-
tion in various high-impact industries.

An example of such a frame installation of a parallel structure (fig. 1a) is a re-
search stand with two guide rods which consist of a metal frame, which is equipped
with two stepper motors, drives, hinges and a working body, which can be used as
any technological tool such that paint head for varnishing, paints, cutting tools
etc. [2].

In order to move the working tool (body) on the site, we need to move the car-
riages along the guide rods. This is ensured by the operation of drivers.

At Kinematic scheme of frame installation, is illustrated on fig. 1b [2], where

l.,,1., =1 - rod lengths, p the platform on which the working tool is installed,

cl»

d/2=-x, =x, - distance between the supports, S, =0, S, =0 - initial posi-

tions of the carriages, k,, k, - carriages.

a) Layout of the installation b) Kinematic scheme
Figure 1 — Two-drive manipulator with a parallel structure

A Kinematic Diagram is a powerful visual representation that elucidates the
mechanical structure and motion characteristics of a manipulator. It conveys crucial
insights into the relationships between different components and their roles in
achieving controlled movement. In fig. 1 b we present a detailed Kinematic Diagram
that illustrates the essential components and connections within the manipulator
system. This diagram serves as a valuable tool for comprehending the manipulator's
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mechanical arrangement and its capabilities in achieving precise and controlled mo-
tion.

To initiate movement, we implement a controlled process that guides the actu-
ator's motion from its initial point to a new position within the predefined working
area.

The actuator's movement is characterized by a series of incremental steps,
where it traverses a path from the initial point to its target position. This path is de-
termined by the proposed trajectory, which may involve straight-line motion,
curves, or even complex patterns based on the specific requirements of the task.

An example of moving the actuator within the working area [2] from the initial
point with coordinates  (x,,y,)=(-0.1,-0.2) to the final point

(x;,y;)=(0.1,-0.15) along a straight line given as y(t) = 0.25 x(t) — 0.175 is con-

sidered on fig. 2.

Loz -01 0 01 02y
Figure 2 — Trajectory to track
In fig. 3 velocity and acceleration of the executive body, movement of carriag-

es, and carriage velocities are shown respectively. These figures are modeling the
behavior of the parallel manipulator in Ideal conditions for a given example.

03— 03 02—
s I N 5 0.1
v 0.11—r g1 02 B B vsl $
0 X . S > Obemp—cbnd L L,
a i 2 .1 S
..... ~0.1—— — S B | R _OJ\/
-02—t—1—1—1—% K
-03 ot -02
0 04081216 2 24 0 04081216 2 24 0 04081216 2 24
tm tm tm
a) Velocity and accelera- b) Movement of carriages c) Carriage velocity

tion of the executive body
Figure 3 — Simulation results of the parallel manipulator
behavior under ideal conditions
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To determine the mathematical model of this system, first studied its individu-
al components. Two-phase hybrid stepper motors [3] are used to move the working
body. The block diagram of the closed-loop control system of a hybrid stepper motor
is presented in fig. 4.

Position

ajustment Speed control Current | ] H-bridge Stepper motor I Load
P regulation drive PP deceleration

Figure 4 — Block diagram of the closed-loop control system

]

The inner circuit implements tracking of the winding current to a given current
so that the hybrid stepper motor can smoothly output torque under the micro-step
drive. The outer loop is a position loop, the goal is to track the output load at a given
position. The transfer function of each stepper motor component is described in the
block diagram shown on fig. 5.

K K, K, 1 X 1 1
Shpy ; K, +— > k, - N -
>(T>K’"+ s +K'”‘ﬁ» Ps HT,,s+1 Ls+R Js+B| |s

Figure 5 — Block diagram of the transfer function of a stepper motor system

The mechanical motion of the drivers refers to the physical movement and be-
havior of the mechanical components within the control system that are responsible
for translating electrical signals into motion. These drivers play a critical role in con-
trolling the movement of the load and managing the applied load torque. The me-
chanics of the motion involve the interaction between the stepper motor, load, and
the mechanisms that facilitate controlled motion.

The mechanical motion of the drivers can be described as follows:

do
I—+Bo=T,-T,, (1)
dt
Tsz(X’Y)_)Var’ (2)
Te:Keiq OI'Te:KeNziq, (3)
di
L—L4 Ri,=u, 4)
dt
ISSN 1562-9945 (Print) 147

ISSN 2707-7977 (Online)



«CucTeMHi TexHoaorii» 4 (153) 2024 «System technologies»

du .
THE+M=KH1H, (5)
KIiJ'Aidt+KPiAi=iH, (6)
dA @ )
K,, o +Kp,A0 =1i,. (7)

Such that (1) and (2) describe the mechanical motion of the control system's
load and the applied load torque, respectively. These equations quantify the rela-
tionship between the load's dynamics and the torque being exerted on it. Equations
(3) and (4) model the torque applied to the stepper motor shaft and the electrical
characteristics of the stepper motor, respectively. These equations establish the re-
lationship between electrical signals and the resulting mechanical torque. Equations
(5) illustrates the H-bridge drive, which is a circuit configuration commonly used to
control the direction of current flow in a stepper motor. Equations (6) and (7) repre-
sent the PI (Proportional-Integral) current and PD (Proportional-Derivative) posi-
tion regulators, respectively. These equations outline the control mechanisms that
adjust the motor's current and position to achieve the desired motion. In equation
(7) the integrated component is reduced in order to simplify the calculations.

The stepper motor orchestrates the coordinated motion of parallel actuators in
the mechanical world, converting rotating power into linear motion via mechanical
linkages. Parallel manipulators use complex equations, transformations, and optimi-
zation approaches to synchronize the movements of interconnected links and joints
in the world of mathematics. The necessity to achieve harmonious motion in parallel
configurations unites both domains while having different mechanisms and mathe-
matical expressions, demonstrating the interplay between mechanical design and
mathematical analysis. Therefore, a mathematical model of the system must be used
to build a control system.

The aim of the research. This paper aims to explore the application of Model
Predictive Control to parallel manipulator, focusing on its design, dynamics, and
control strategies. By investigating the interplay between parallel manipulator
mechanisms and advanced control techniques, we seek to enhance the performance,
accuracy, and versatility of these robotic systems. The integration of MPC into paral-
lel manipulator control offers the potential to address challenges related to trajecto-
ry tracking, obstacle avoidance, and efficient energy utilization.

Presentation of the main research material. Due to fig. 1b, the mathemati-
cal model that governs the movement of the carriages S; and S; based on the given
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coordinates (x,y) provides a systematic framework to understand and control the
motion of the system [4]. This model encapsulates the essential principles that dic-
tate how changes in the input coordinates translate to adjustments in the positions
of the carriages.

The mathematical model elucidates the intricate relationship between the in-
put coordinates (x,y) and the movement of the carriages S; and S.. By establishing
this connection, the model facilitates a deeper understanding of the system's behav-
ior and serves as a foundation for effective control and optimization strategies.

1 ~(S,-8S) -4 -a’
__'(Sz_sl)' 9 2 )
2 (S, -8 +d

=
|

<
Il

llfsz+Sl_d.\/—(sz—sl)2+4-12—d2).
2 | (S,-8p*+d*

The subsequent transformation involves converting an angle, related to the
orientation of the carriages, into the corresponding motion of the stepper motor.
This transformation is a crucial step in translating desired angular adjustments into
specific motor actions.

The transformation equation serves as a bridge between the abstract angular
concept and the tangible motion of the stepper motor. This transformation allows
for seamless integration of control commands, guiding the stepper motor to achieve
the desired positions that correspond to the calculated carriage coordinates. Trans-
formation of the angle to the motion of the stepper motor:

Sy =0,Ny,S,=0,N,. )]

The loading torque of a stepper motor is a critical parameter that influences the
motor's performance and behavior. It refers to the twisting force exerted on the mo-
tor shaft when it is required to move or hold a load, overcoming various resistances
and external forces. Understanding loading torque is essential for ensuring the step-
per motor operates effectively and reliably in different applications.

Loading torque of the stepper motors is as follows:

Sy: Ty =8,(01,0,), (10)
Sy Ty, =8,(00,0,). (11)

Accurately estimating the loading torque is crucial for proper stepper motor se-
lection and control. If the motor is subjected to insufficient torque, it may fail to
move or hold the load effectively, leading to missed steps, instability, or stalling. On

ISSN 1562-9945 (Print) 149
ISSN 2707-7977 (Online)



«CucTeMHi TexHoaorii» 4 (153) 2024 «System technologies»

the other hand, providing excessive torque can result in excessive power consump-
tion, motor overheating, or even damage to the motor or load.

Here, transforming the coordinates of a working point into the position of a
stepper motor is a fundamental process in control systems and robotics. It involves
converting abstract spatial coordinates into specific motor movements that drive the
system to desired locations. This transformation bridges the gap between conceptual
positions and actionable instructions for the stepper motor.

At its core, the transformation of coordinates into stepper motor position in-
volves a multi-step procedure that harmonizes the geometric properties of the sys-
tem with the mechanical characteristics of the motor. This process can be broken
down into several key components:

Oi et =Y ref \/l x—x . (12)

The control vector is multidimensional, with each element or component cor-

responding to a distinct aspect of motion control. For instance, in a system with a
robotic arm, elements of the vector might dictate joint velocities, angles, or even end
effectors forces. In the realm of autonomous vehicles, the control vector could en-
compass steering angles, accelerations, or braking forces. The richness of this vector
lies in its ability to accommodate various degrees of freedom and dynamic attributes,
rendering it a versatile tool for diverse applications.

Then, the control vector is described as:
2

del,ref (t) d 01,ref (t)
Up =0y (), Uy = g T BT
t
2 (13)
0 ( ) dez,ref (t) d ez,ref ()
u, = t)y, yy =——, U, = ——.
4 2,ref 5 dt 6 dtz

The control vector, denoted by u , encompasses a diverse array of variables,
each assuming a distinctive role in shaping the trajectory of the system. These ele-
ments are associated with specific purposes, contributing to the overall control
strategy for the system.

Firstly, u, is responsible for controlling angles and directing the influence of

0 on the system's behavior. It plays a crucial role in determining the orientation

1,ref

of the system. Secondly, u, governs the slopes and captures the changes in ¢, .

over time. Its control allows for adjustments to the rate of change of the angle.
Thirdly, u, is dedicated to controlling the system's acceleration, and it closely moni-
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tors the second derivative of ¢, . . By regulating acceleration, it manages the sys-

1,ref

tem's responsiveness to changes mn gl,ref .

Similarly, the control variables u,, u, and u, take on analogous roles for

5

0 . They are responsible for controlling the angles, velocities, and accelerations

2,ref

associated with ¢ respectively.

2,ref 2
The collective interplay of these control variables governs the system's trajec-
tory, ensuring a coordinated and responsive behavior to achieve desired dynamic re-
sponses. The system's performance is guided by the carefully designed control strat-
egy, ensuring efficient and effective control of the system's states and responses.

The vector of the states q = (ql,qz,qS,q4,q5,q6,q7,q8)T represents a collec-
tion of state variables pertaining to the system under consideration. The individual
components of ¢ are defined as follows:

q, =0, (q, = 6,) corresponds to the first (second) angle in the system;

4y = igie 1 (4 =400 o) denotes the first (second) driver current;

di . di .. . . . .
q, = —2r L (g =9 2 represents the time derivative of the first (second)
’ dt ! dt

driver current, reflecting its rate of change;

d 2. 2.
_ Lariver 1 _ Lariver 2
q 4 2 ( q 8 =

dt dt
cond) driver current, indicating its acceleration.

) stands for the second derivative of the first (se-

Together, these state variables ¢ define the current state of the system and

serve as crucial components in modelling and analyzing the system's dynamics and
behaviour.
Finally, the mathematical model in space states is suggested as:

q=Aq+f(q)+Bu,

B (14)
y=Cq,
where we have
(w @ 0 0 0 0 0 ow
| 0 0 0 0 0 0 0 0 |
0o o 0o 0 0 0 0 0
A:|a41 A, G, a, 0 0 0 0 |
o o o 0 a; ag, 0 o0l
I 0 0 0 0 0 0 0 0 I
0 0 0 0 0 0 0 0
LO 0 0 0 Qg Qg Qg assJ
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where

- B K, y: K,

a, = | y Ay = [ y g5 = I-’a%: P
R KKyl -R-K,K, 1 R
ay= y Ay = y Qg3 = s Ay = ==
T,LK, T,LK Ty T, L
 -K,KyB KKyl -R-K,K, 1 R
a85_ ’a86_ ’a87_ ,agg—_ - .
T,LK, T,LK, Ty T, L

Matrix A is structured to embody the interactions between specific state varia-
bles, showcasing the interconnectedness of the system's dynamics. Each a; element
of the matrix A corresponds to the coefficient of the j— th state variable in the dif-
ferential equation governing the rate of change of the i-th state variable. In other
words, a; represents how the j-th state variable influences the rate of change of the
i-th state variable. a;; could represent how q; affects its own rate of change, a,; might
indicate how ¢; influences the rate of change of g4, and so on. Similarly, matrix B
embodies the role of control inputs, highlighting their influence on steering the sys-

tem's evolution.

(0 0 0 0)
| 0 0 0 0 0 0 |
| 0 0 0 0 0 0 |
B:|b4l by Dby 0 0 0 |
lo o o o o ol
I 0 0 0 0 0 0 I
0 0 0 0 0 0
LO 0 0 bg, Dby bseJ
where
KKy Ky, b KKy Kpy + KKKy, KKKy,
q = » Vg = » Dz =
T,L T,L T,L
KKKy, K KyKpy + KKy Kpy KKKy,
by =—"—""""",bg= ybhgg=—"—"—".
;L TyL ;L

The vector f elegantly encapsulates nonlinear effects, showcasing their de-
pendence on specific state variables.

f=(g,(a,,45) 0 0 f(ay,a5) &,(q1,a5) O O f,(q,,d5)) ,
where

1 1
gl(ql’qs):_YTLw 82(q,,495) = _YTLZ)
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K .K K .K

Ii Ii H
Ty f5(q1,05) = - ——2-T
L1y /2 1 5 T IK

Ii L Ii

H

fl(quqs)z_ Lo+

L

Moreover, Matrix C is designed to extract pertinent information from the state
vector, allowing for a focused understanding of the system's behavior through the
observed outputs. It is obtained by

B [1 1 0 0 0 0 O Oj
0 00 01 1 0 0

Based on the state-space model, it becomes possible to design a model predic-
tive control (MPC).

MPC is a sophisticated control strategy that anticipates future system behavior
using a mathematical model and optimization techniques. In MPC design, a dynamic
model of the system is created, and predictions are made for its future states based
on different control inputs. The controller then optimizes a sequence of control ac-
tions over a defined prediction horizon to steer the system toward desired perfor-
mance while accounting for constraints and disturbances. This predictive approach,
coupled with real-time feedback, enables MPC to finely orchestrate complex pro-
cesses and systems, ensuring optimal decision-making and responsive control in a
wide range of applications across industries.

Suggested following MPC designing:

min J(AéTQA§+AaTRA&)1t ) (15)
Ug
subj.to g = Aq + f(q) + Bu
L ’ (16)
y=Cq,
OSul,u4sH,uz,u5|£VmaX ,u3,u6|£amax, 17
OSql’qSSH’qZ’q()Sidriver max ° (18)

The MPC model presented offers a powerful framework for steering dynamic
systems along precise trajectories. The essence of this model lies in its ability to op-

timize control inputs, represented by u,,... ,u,, to minimize a performance cost over

time. This cost, expertly expressed as a quadratic combination of state deviations
Aq and control increments Au , underscores the strategy's focus on achieving both
stability and efficiency.

The objective function is to minimize a quadratic cost over the time horizon.
The cost function consists of two parts: a state cost Q (a positive semi-definite ma-
trix that weighs the importance of different state variables) and a control input cost
R (a positive definite matrix that weighs the importance of different control inputs).
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The model (16) embraces a set of dynamic constraints that encode the system's
behavior. To ensure practicality, the model enforces a set of bounds (17)-(18) that
reflect physical and operational limitations. The goal of the MPC is to minimize this
cost function (15) with respect to the control input sequence u .

The optimization problem is solved over a finite time horizon, where the state
and control input trajectories are predicted for a certain future time period. Overall,
MPC enables optimal decision-making and responsive control by leveraging predic-
tive models and optimization techniques, making it applicable across a wide range of
industries and applications. The mathematical model provides a rigorous framework
for understanding and controlling the motion of parallel manipulators, laying the
groundwork for further analysis and optimization.

Conclusion. In conclusion, the integration of Model Predictive Control (MPC)
into parallel manipulator systems offers a promising avenue for advancing their con-
trol capabilities and performance across various applications. Through comprehen-
sive exploration of the fundamental principles underlying parallel manipulators and
the inherent power of MPC, the potential benefits of combining these technologies
can be realized.
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IIpoexmyeaHHsA cucmemu Kepy8aHHs 3 NPOZHO3YI0UO0I0 MOOEJLII0
07151 080NPUB0OHO20 MAHINYIAMOpa napaneabHoi cmpykmypu

LIa cmamms mae Ha memi 6U8UUMU 3ACMOCYBAHHS MOOeli NPO2HO308AH020 Kepy-
8aHHs 00 NApanebHO20 MAHINYAIMOPA, 30CePEOHCYUUCH HA 11020 KOHCMPYKUil, OUHA-
Miyi ma cmpamezisx kepysaHHs. Inmezpauis MPC y napanenvHe Kepy8aHHs MAHINYS1-
mopom dae nomeHuian 01 8upilleHHs: Npob.JieM, N08 SI3AHUX i3 8I0CMEHEHHIM MPAEK-
mopii, yHUKHEeHHAM nepewkod ma e(pekmueHuUM 8UKOPUCMAHHAM eHepeii. Mamemamu-
uHa modenb 3abe3neuye MouHy 0CHO8Y 0Jis1 PO3YMIHHS Ma Kepy8aHHs pyXoM napaniens-
HUX MAHinyasimopis, 3akaadar4u 0CHO8Y 0Ji11 N00aIb020 aHaizy ma onmumisayii. 3a-
805KU 8CEOIUHOMY 00CNI0HCEHHIO (PYyHOAMEHMAILHUX NPUHYUNIB, WO JIeXAmb 8 0CHOB8I
napanenbHux MaHinyaamopis, i BHympiwHs0i nomyxHocmi MPC moxcHa peanizysamu
nomeHyitiHi nepesazu NOEOHAHHS YUX MEXHOJI02ill.
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I.0. Ocramnenpb, B.B. [I3106a, B.B. Pycenbkuii
3ACOBU IJi1 BUBUEHHS ITEHTU®IKAILIIL TA ABTEHTU®IKAIIIT
3A OBJINYUYSIM

AHomauyis. B pobomi po32ns0aomsca npuHyunu po3pobKu ma opeaHizayis npo2pamHux 3acoobis
0714 BUBYEHHSA MexaHi3my 6iomempuyHoi asmeHmuikayii 3a obauy4am. 3acobu moxyms bymu
BUKOPUCMAHI 8 HaBYabHOMY npoueci. Memoto pobomu € po3pobka 3acobis. BupiwysaHi 3adayi:
BUGIp HAbOPY KIDYOBUX MOYOK 06/1UYYS, BIOPI3KIB MiX HUMU mMa iXx cniBBIOHOWEHb; pO3pobKa
CMpyKmypu ma npoepamHo20 3abe3nedyeHHs KoMniexcy 3acobis. [lpedcmasneHo opeaHi3ayito
KomnJiekcy 3acobis. [lpoepamHe 3a6e3nedeHHs po3pobieHo Ha Mosi (++ 3 BUKOPUCMAHHAM 00
o0amkosux 6i61iomek, HaBeOeHO 0CHOBHI NpuKaAadu ma emanu (io2o pobomu.

Knioyosi cnosa: i0eHmudpikauis, asmenmudpikayis, Giomempis, 06/UYYS, KIOYOBI MOYKU,
OpenCV, Dlib.

ITocranoBKa mpooOsemMn. B cyyacHux iHGoOpMaliiiHuMX Ta TeleKOMYHiKalliii-
HUX CUCTeMaxX BCe aKTya/IbHIlIMM CTa€ MUTAHHS 3axuUCTy iHdopmailii, omHUM i3
IIUISIXiB BUPILlIeHHS SIKOTO € BIIPOBAIKeHHS MeXaHi3MiB Ta cucteM imeHTHiKalii Ta
aBTeHTU(IKallii KOpUCTYBauiB, cepel SIKUX BCe OiBINOI IOIMYJISIPHOCTI HAOYBaIOTh
cucteMu biomeTpuuHoi imeHTMikalii Ta aBTeHTMUdIKalii. Cepen HAMIIOMYJISIPHi-
MIMX, HAMYy>)KMBAHIIIMX Ta JaBHO BimoMux 6GioOMeTpUYHMUX METOAMK € b6iomeTpist 06-
nmnyusi. Ha cboropHi icHye BesiMKa KiIbKiCTh CUCTEM, 110 BUKOPUCTOBYIOTb TaKi Me-
toauku. OTKe, 3a7adya BUMBUEHHSI METO/iB MAallIMHHOTO PO3ITi3HABaHHSI Ta IIOPiB-
HSHHS 00/IMY B MexXaHi3Max imeHTudikamii Ta aBreHTHdiKalii 1mig yac MmiaroToBKu
Ta MigBuUIeHHs KBamidikaiii BinAmoBimHMX (axiBIiB ab0 B HaBUAJbHOMY ITpOIIECi
CTYEHTIB € aKTyaJIbHOIO.

AHaji3 ocTaHHIX DOoCTimKeHs i myosrikaiiin. biomeTpis 06aMyUUs BiTHOCUTh-
Cs1 0 CTaTUUYHUX GiOMEeTPpUUHMUX METOIMK, 1[0 BUKOPUCTOBYIOTD JJ1s1 aBTeHTUdiKalii
disionoriuni BigMiHHI pucK Ta 0COOGJMBOCTI 0COOM — KOpMcTyBadya. Metomuku 6io-
MeTpii 06IMUYs ITOMiISIIOTHCSI HA MeTOAMKM 32 POPMOIO0 i reoMeTpieio 06myusi, abo,
iHIIMMM C7I0BaMU, Ha IBOBUMIpHIi Ta TpuBUMIpHi (2-D ta 3-D) [1].

2-D meTonuky 6asylOThbCSl Ha BM3HAUEHHI KIIUOBUX TOUOK 0OaMUUS (TTOJIO-

KeHHSI Hoca, migbopiaas, oueit, m06a, Toiro) [2]. ITic/ist CTBOpeHHS KIIOUOBMUX TOYOK

© Ocramnenp [1.0., I3106a B.B., Pycenpkuii B.B., 2024
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bopMy€eTBHCSI BEKTOPHA MOAETh 00/IMYUs, 3a SIKOI B MOAAJIbIIIOMY BM3HAYAETHCS Bi-
IMiHHA XapaKTepucTuKa. ['0JI0BHOIO MepeBarol0 TakKMxX METOAMK € Te, 10 3a YMOBU
BMKOPUCTAHHS BiAIIOBigHOro 061aJHAHHS, MOK/IMBE PO3ITi3HaBaHHS 0COOM Ha 3Ha-
yHMX BifcTaHsax. Hemomiky MeTOAMK ITOB’sI3aHi 3 BUMOTraMy 0 YMOB poOOTH: sICKpa-
Be OCBiT/IEHHSI, KYT IIOBOPOTY 00JIMYYSI, HASIBHICTh OKYJISIPiB, 60opoay i T.i.

3-D meToavikM CKJIQOHIIII B peasi3aliii, aje IpoCcTi B BUKOPUCTaHHI [2]. B ocHO-
BHOMY, BCi METOOMKM, SIKi 0a3yIOThCSI HA TeOMeTpii 06aMuYsl, BiIpi3HIIOTHCS TUM,
110 BUKOPYMCTOBYIOTh Pi3Hi YacTUHM 06/1Muust 1151 GOpMYBaHHSI 0COOIMBOCTEN KOPH-
CTyBaua, a TaKOX Pi3HMM OOJaTHAHHSIM JJISI 3HATTS HOKa3HMKiB. OCHOBHOIO Bif-
MiHHICTIO € Te, 110 TaKi MeTOAMKM ITepeadadaTb GOPMYBaHHS TPUBUMIPHOI MoieTi
Ha OCHOBI JEKiJIbKOX IBOBMMIipHMX 3HiMKiB. KiJbKicTh 3HIMKiIB ab0 KaapiB Bapilo-
€TbCS, aJie UMM BOHA OiJibllle, TUM Oi/bIlla TOYHICTh pOOOTH. 7151 TTOOYIOBYU TPUBU-
MipHOI MOJe/li MOXYTbh BMKOPMCTOBYBATUCSI OJlHA ab0 AeKijJibKa Kamep. Bimomumu
MeTomaMyu (opMyBaHHSI TPUBUMIPHOI MoJeJli €: 3BOPOTHA cTepeodoTorpaMmeTpis,
CTepeoCKOIlisl, Ta3epHe CKaHyBaHHS. [lepeBaramy Takux METOIMK € IOPiBHSIHO Oi-
JIbIIA CTiMKiCTh IO 3/1aMy, HM3bKa YYTAMBICTb IO 3MiHM MOJIOKEHHST 0OIMYYSsI, BUCO-
Ka MIBUKICTh OINpAIOBaHHS BXiIHMUX TaHUX. ['0JIOBHMM HeI0JIiKOM € MMOPiBHSIHO BU-
COKa BapTiCTh 0OJIaJHAHHS.

MeTa pociaimkeHHsA. MeTolo pobOTH € po3pobOKa MporpamMHMUX 3aco0iB BU-
BueHHS 2-D meTomuk 6iomerpuuHoi aBTeHTMiKaIii 3a o6amMyusam. Po3pobioBaHi
IIporpaMHi 3aco0M MOXXYTh OYTM BUKOPMCTaHi B HAaBYaJIbHOMY Ipolieci. B po6orTi Bi-
IIOBiTHO IO METH ITOCTaB/IeHi Taki 3aayi: BMOip HAOOPY KIIOUOBMX TOUOK 00U,
Bipi3KiB MiXkK HMMM Ta iX CIiBBigHOIIEHb; pO3p00Ka CTPYKTYpU Ta IPOrpPaMHOrO 3a-
6e3reueHHsI KOMILJIEKCY 3aC00iB.

OcHOBHMIT MaTepian mocaigskeHHs. [Ipy TOpiBHSIHHI 061U eTajloHa Ta KaH-
IuaaTa MOKHA BUIIJIMTU TaKi eTarn:

— 3HaxoKeHHsT 00/muus Ha PoTo;

— ®opMyBaHHS KIIOUOBUX TOYOK;

— Hopmanisatiis;

— ®opMyBaHHS BiJIpi3KiB;

— @®opMyBaHHS CHiBBiAHOIIEHb;

— TlopiBHSIHHS CIiBBiAHOIIEHb.

Ha eTrami Hopmasi3aiiii BiOyBaeThCsl reoMeTpuUHe BUKPUBIeHHS POTO KaHAM-
JaTa [Jisi YCYHEeHHSI TIOMMJIKOBUX JaHUX. [IJIs1 1IbOTO BUKOPUCTOBYETHCS QJITOPUTM
RANSAC, sikuit popmye mopenb criocTepeskeHHs. LInsixom oOupaHHS BUITAAKOBUX

TOYOK (hOPMYIOTHCSI TIOMMUJIKOBI CIIOCTEPEsKEeHHS (T. 3B. BUKMUIM) Ta MIPABWIbHI CIIO-

158 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CucreMHi TexHonorii» 4 (153) 2024 «System technologies»

cTepeskeHHs. SIKIo 6araTto criocTepeskeHb B MOJIeI NPUXOOSATh Ha IMPaBWIbHI, TO i
MOJe/1b BBaXXA€ThCS IPaBUJIBHOIO 1 BUKOPUCTOBYETHCS [j11 HOpMasisanii [3].

dopMyBaHHS BiZipi3KiB BiIOYBAE€THCS Y BUIJISAI BiICTaHi MiXK KIIOUOBMMM TOY-
Kamu (y Bursigi EBkiimoBoi Hopmu). EBKITimoBa HopMa sIBjisie CO6010 KOPiHb i3 CymMu
KBaJIpaTiB KOOpAMHAT BeKTopa. [IJis BUKOPUCTAaHHSI B HABUAJIbHUX LIIIX cpopmoBa-
HO [eCSThb BiAPi3KiB i IT’SITh CITIBBIJHOIIEHb MiXK HUMM (TIOMIAPHO MEPIInii C APYTUM,
TpeTiii C YeTBepTUM i T.HI. — AUB. puUC. 1):

— Bigpizoxk L1 MiXX BHYTPIlIHIMM KyTOYKaMU OYeii;

— Bigpisok L2 MiXX KpaiilHbOIO BepXHbOIO TOYKOIO HA HOCI Ta HM>KHbOIO TOUKOKO
Ha migbopiami;

— Bigpisok L3 Mixk 30BHILlIHIMU KyTaMl OUeii;

— Bigpisok L4 npsiMoi 4yacTMHM HOCY;

— Bigpizoxk L5 mMixk KyTamu JIiBOro OKa;

— Biapisok L6 - mmpuHa 1iBOro oxa;

— Biapisok L7 Mixk KyTaMu IIpaBoro OKa;

— Biapisok L8 - mmpyuHa npaBoro oka;

— Bigpizok L9 mixk KyToukamu ryo;

— Biapisok L10 mix KpaliHiMMy TOYKaMM HOCa.

J1J1s1 KOSKHOTO CITiBBiJHOIIIEHHS 3a pe3y/ibTaTaMM aHasli3y CTaTUCTUIHUX JaHUX
BY3HAUEHi TPAHMYHO JOMYCTUMi IMOXMOKM (BiIXMIEHHS MiX €TaJIOHOM i KaHIua-
TOM). [I7151 CITiBBigHOIIIEHD TTepILoro i APYToro Bipi3KiB Oyia ob6paHa AOMyCcTMMa I10-
xubka 10%, o Tpetboro i uerBeproro 15%, m’saroro i mocrtoro 15%, choMoro i Bo-
cemoro 15%, nep’sttoro Ta mecsroro 10%. Takosk, Tpeba 3ayBaskuTu, 110 GOTO IIPO-
XOJIUTD TePeBipPKY IMPY CHiBIaIiHHI 4-X Ta Gijbllle CITiBBiTHOIIEHD.

Po3po6oBaHMiT KOMIUIEKC 3ac00iB CKJIAHA€TbCs i3 MOOATKY, B SIKOMYy Oymde
TIpOBOANUTHMCS aBTeHTUdiKaIis, 6a3 dororpadiit pisHoro posmipy y dopmari jpeg ta
Mo/IeJTi 3HaXO0/IKeHHS TOUOK. BuMoramu 1o ¢hoTo KaHAUAATY (IKuit 6yme MpoxXoauTu
aBTeHTU(IKaIIiI0) €: HAIBHICTb 06/Muus Ha HoTo, PoTO Mae O6yTH y 3araJbHOBUKO-
pucTtoByBaHUX (popmarax (jpeg, png i T.[.) Ta MaTu po3Mip He MeHIie Hix 300 Ha 300
TTiKCeJIiB.

Jl7is1 po3po6KM Mporpamu 6yJi0 BUPillIeHO BUKOPUCTOBYBATU MOBY IpPOTpamy-
BaHHs C++ Ta cepemoBuiile mporpamyBaHHs Visual Studio 2022. Kpim Toro, BUKOpU-
cTaHi gonaTkosi 6i6;mioTeku OpenCV [4], Dlib [5] Ta wxWidgets [6].

OpenCV [4] siBnsie co6010 6i6/I1i0TEKY KOMIT IOTEPHOTO 30Dy, sIka HeobximHa st
KOHBepPTYBaHHS 300pakeHb Y €AMHMUI (popmaT, 3 IKMM MOXKYTb IIpalfoBaTH iHIIIi Oi-
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omiorexkn. Takosk OpenCV BUMKOPUCTOBYETHCS AJ1s1 TpadiyHOro BimoOpaskeHHs Bimpi-
3KiB Ta TOYOK Ha GOTO.

Dlib [5] — 6i6ioTeKka, sika Ma€ MOTY>KHMI (QYHKIIOHAT pOOOTH 3i MITYyYHUM iH-
TEJIEKTOM [JIs1 3HAXO/KeHHSI 00/IMY i KJIIOUOBMX TOUYOK Ha HUX. B GibmioTerni icHye
MO/IeJIb, SIKa POOUTH MOXKIMBUM 3a ii TOMOMOIOI 3HAiTKU 68 KIIUOBMX TOUOK Ha
006IMYYi.

wxWidgets [6] — 6i6mioTeka st cTBOpeHHs rpadiuHoro iHTepdeiicy, ska mMae
HeoOXiIHI iHCTpyMeHTHM, Taki SIK CTBOpPeHHSI 6araThboxX BKIaAOK (notebook) Ta Tab-
JIUIIb.
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Pucynok 1 - CxemaTtuuHe 300paskeHHSI BiIpi3KiB Ha 06Mu4i

Po3po6sieHnii KOMILJIEKC 3acO0iB MOKHA BMKOPUCTOBYBATM B HaBUYAJbHOMY
Tpolieci IJis IeMOHCTpallii eTarniB 6iomeTpuuHoOi igeHTUdiKallii Ta aBTeHTUDIKAIii
3a 06MuusaM. KomIuiekc g03BOJIsIE PO3T/ISIHYTY TaKi eTarnm:

— 3HaXO)KeHHS K/II0UOBMX TOUOK Ha 06IMyyi;

— (opMyBaHHS BiIpi3KiB HA OCHOBI 3HaliIEHUX KIIOUYOBUX TOUOK;

— ((dopmyBaHHS CITiBBigHOIIIEHb HA OCHOBI cpopMOBaHMX BiJIpi3KiB;

— 3piBHSHHS BiZIpi3KiB 3 Bi0oOpaskeHHSIM pe3yJIbTaTy 3PiBHSIHHS;

— 3HaXOKeHHS 3HaueHb CITiBBigHOIIIeHb, ChOPMOBaHMX HAa OCHOBI BiIpi3KiB.
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[IpuKk/Iagy OCHOBHMX eTamiB poOOTM KOMIUIEKCY Ta BilIIOBiIHMX €KpPaHHMUX
dbopm (BikoH) HaBeneHi Ha puc. 2 — 6. [Ipukiag ekpaHHOI (GOpMMU 3aBaHTAKEHHSI BU-
XiAHUX TaHUX 3 BUKOPUCTAHHSIM (OTO 3 BIAKPUTUX [pKepes HaBeJeHuit Ha puc. 2.

Etanu ¢opmMyBaHHS KIIOUOBMX TOUOK Ta HOpMasti3allii B Imporpami o6’eIHaHi.
[Tpukiaay pe3yabTaTiB poOOTM BKa3aHMX €TAIliB 3 BUKOPUCTAHHIM (POTO 3 BigKpu-
TUX JKepes HaBeleHi Ha puc. 3 Ta 4. B 060x HaBegeHMX BUIAAKaxX (opMyBaHHS
K/IIOUOBMX TOYOK Ta HOpMaJli3allis poiilijia HOpMaIbHO.

HactynHum etanoMm € ¢opMyBaHHS Bifipi3KiB, mporpama ¢hopMye Biapi3ku 6e3
BTPY4YaHHS KopucTyBaua. [Ipukiaj pe3yabTaTy HaBeJleHO Ha puc. 5.

HacTynmHuM eTaroM poO60THM € pO3paxXyHOK CITiBBigHOIIIEHb BifIpi3KiB Ta iX Mo-
piBHsIHHS. IIporpama BMBOAUTh pe3y/bTaT Ha eKpaH y BUIJISAI Bigpi3KiB, IO CITiB-
M/ Ha CXeMaTMYHOMY MaJIIOHKY Ta BiIMOBiIHMM 3arucom B Tabaui. [Ipuknazm pe-

3yJIbTATy HaBeJIeHO Ha PUC. 6.

B Autentification = O X

Bubip daiinie  Hopmanizauia Ta 3HaXOKEHHA KNIOYOBMX TOUOK  Dopiy sigpizkis  3pi CMiBBIAHOLIEHD

[na npoxoakerHa asTeHTikauii HeobxigHo:

1.06patu poto etanoHy kHonkoro " Bubpatu oo etanony”
2. OBpatn doTo KaHaNAaTY 32 akum Byae npoxoauTi
D:\cmake\build D:\cmake\build aeTHeTUGiKauto, kHonka "Bubpath doTo kaHauaaty”
\x64\Release \x64\Release 3. HatucryTu kronky “MiaTeepauty ssig ganHnx”
\Hugh_Grant_0003.jpg \Hugh_Grant_0001.jpg

Bubpatu poto etanony Bubpatn poto kaHaugaty

¢ First

MiaTeepanTh BBIA ABHHUX

PucyHOK 2 — BikHO 3aBaHTa)keHHSs (POTO eTasioHa Ta KaHAUAATA

®oTo eTanoHy 33 AKMM NPOBOANNACHL HOPMaNiZauia DoTo KaHAWAATY i3 NPOBEAEHOID HOPMANi3aLito

PucyHOK 3 — 3HaX0IKeHHS KII0UOBMX TOYOK ITPY KOPEKTHO MOAaHUX (POTo
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DoTo ETaNOHy 33 AKMM NPOBOAMNACH HOPMaNi3aLia ©oTo KaHAMAATY i3 NPOBEAEHOI HOPManNi3aLito

PucyHOK 4 — 3HaXOIKeHHS KIIOUOBMX TOUOK ITPY IIOBEpPHEHOMY 00JIMYYi KAHAMIATY

B Autentification — O X

Bubip daiinie Hopmanizauin Ta 3HaxogxenHa ktouoenx Todok ; POPMYBaHHA BIADISKIE | 3pigHAHHA CRIBEIAHOLIEHE

Tabnua BIACTEHEN MK TOUKMN M TOUKIMN
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PucyHnok 5 - IIpukinaz pesynbTaTy GopMyBaHHS BiZlpi3KiB
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B Autentification

P

L2
L3/L4
L3/L6
L7/L8
Lg/L10

Hassa cniegigHOWeHHA

3nay. ANA eTanoHy

0.297331
3.288957
3.200000
3.750000
1.368621

0312917
3.200530
3.000000
2948272
1.427153

3Hau. AnA KkaHgupata | Jlonyctume BigxwWaeHHA

- O

Bubip daiinie Hopmanisayia Ta 3Haxo4KenHa knouoem: Touok  QopmysanHa eigpizkie  [TOPIEHAHHA CMIBEIAHOLLEHE

Bw npoiwam aeTeHTMdIKaLio
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PucyHok 6 — IIpukiaz pe3ynbTaTy MOPiBHSIHHS CIiBBiAHOIIEHD Bifgpi3KiB

Po3pobiieHa mporpaMa Moxke OYTM BMKOPUCTaHa B HaBYAJIbHUX IJIIX Y SIKOCTi
JIeMOHCTpAIliifHOro 3ac00y, HaIIPUK/IA P IMPOBeIeHHi JJabopaTOpHMUX abo IMpak-
TUYHUX 3aHSATb CTyIeHTaM.

BucHOBKM. B po60Ti po3ISHYTI MPpUMHIMIIM PO3POOKM Ta OpraHisaliis mporpa-
MHMX 3aC00iB [IJIs1 BUBUEHHS 6ioMeTpuuHOi imeHTudikaiiii Ta aBTeHTMdiKaIii 3a 00-
IUYYSIM. 3a pesyJbTaTaMy aHaTi3y CTaTUCTUUYHUX TaHUX 3p006ieHO BMUOip BigpiskiB i
CITiBBiHOIIIEHb MiXXK HUMM, JIJISI KOSKHOTO CITiBBiAHOIIIEHHS BUM3HAuUeHi rpaHUYHO J0-
ITyCTUMi ITOXMOKM (BigZXMIeHHSI MiXX eTaJIOHOM i KaHaumaToM). B pamkax po6oTu po-
3pobsieHO IporpamMHe 3abesmeueHHsT Ha MOBi C++ 3 BUMKOpPMUCTAHHSIM 0ibjIioTeK
OpenCV, Dlib Ta wxWidgets. HaBefgeHO OCHOBHI IpuUK/IaAyu Ta eTanyu nporpamu. I1o-
Ka3aHo, 1110 po3po0bJieHi 3ac00M MOXYTb OYTM BUKOPUCTaHi B HaBYaJIbHOMY ITPOIIECi.
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Tools for studying of facial identification and authentication

One of the most common and popular among biometric techniques is biometry of
face. Currently, a large number of information systems have been created using these
techniques. Thus, there is a problem of studying the methods of machine face recognition
during the training of relevant specialists. The aim of the work is to develop a software
tools for studying the mechanism of biometric face authentication. Face is static biometry
methodic. For implementation in the developed tools the method of comparison on key
points was chosen. The main stages of comparing faces are: finding a face in a photo,
formation of key points, normalization, formation of segments, formation of relations,
comparison of ratios. A high-level cross-platform programming language C++ with the
use of additional libraries was chosen to develop the software of the tools. An open face
database was used to work with the tools. The tools have a demonstration nature. During
its use, you can explore and study all the components of the process of biometric identifi-
cation and authentication of the user by face: demonstration of the process of finding of
key points on the face, forming of distances between points, calculating of their ratios
and their comparison; comparison of etalon and candidate photos during the procedure
of identification and authentication and response. Examples of the main processing
stages of the complex and the corresponding screen forms (windows) are given. The com-
position of the tools and software are developed in the work, the main examples and
stages of its work are given. It is shown that the tools can be used in the educational
process, for example in laboratory or practical classes.
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B.10. llapuxk, .M. buukoBa, C.M. Knmin, }0.0.Kani6epna
KOHKYPEHTHUI AHAJII3 ICHYIOUMX ITPOTPAMHUX 3ACTOCYHKIB
JJISI IIOKPAIIEHHS MEHTAJIBHOT'O 3/10POB’S1

AHomauyis. Poboma nosiseae y nposeoeHH KOHKYPeHMHO20 aHAMI3y ICHYIYUX NPOePaMHUX 30
CMOCYHKIB, CNPAMOBAHUX HA NOKPAUWEHHSA MeHMaabHo20 300pos'a awdel. BusHavyeHo ¢yHKYIo
Ha/bHI BUMO2U 00 MOGI/IbHO20 3ACMOCYHKY 0/1 NOKPALYeHHs MeHmasnabHo20 300p0oB8’s ma npose
0eHO KOHKYpeHMHUU aHaMI3 1ICHYIYUX 3aCmMoCyHKiB. byno npoaHanizosaHo 10 3aCmMOCYHKIB, AKI
Hadarme Kopucmysayam pi3HOMAHIMHI iHCMpyMeHmu 015 CaMOBOOCKOHANIGHHA Ma PO3BUMKY
noumusHuUx cmpamezili KoniHey 31 CmpecoMm ma He2amusHUMU emMoyiamMu. 3a 0onoMo20K Yux
3aCMOCYHKIB KOpUCMYBAYl MOXYMb CKOpucmamucs meOumauyi€ern, NCuxosoeiYHUMU mecmamu,
NNIGHYBAHHAM Ma BeOeHHAM WO0eHHUKA HACMPO, NCUXO0N02TYHOK NIOMPUMKOK Yepe3 Yyam
6oma abo iHMepakmMusHy mepanito, a MAKoX iepamu ma 3as80AHHAMU O/ NIOBULEHHS No3u
mugHo20 mucneHHs OOHAK BOHU MAKOX Marme CB8Oi BIOMIHHOCMI. [eaKi 3 HUX cneyiani3ylomscs
HG KOHKpemHux acnekmax ncuxi4Hoz2o 300pos'a, Hanpuknad, meoumayii (Svitlo, Tuwa, Calm),
donomo3i npu denpecii (MoodTools), abo ncuxonoziyHomy mecmysanHi (PsychTests). [Jeski, Ak
Talkspace 1 Youper, nponoHytoms ncuxoso2iyHy niompumky yepes 4am 6oma abo iHwi iHmepax
musHi iHcmpymeHmu. Jlesiki 3acmocyHku, ak Happify ma BetterMe, akyeHmyoms Ha ni0BuLeHHT
emMouiliHo2o 61a20N01y44s Ma NCuxon02iyHomy po3sumeky. Ceped 0OpaHux 3aCMOCYHKIK HeMae
JKOOHO020, AKUL 6U NOBHICMIO 3000B0JIbHAB BUMO2GM, KT MU BUCYBAEMO 00 HALIO20 3ACMOCYHKY.
Cepe0 BIOYUCHAHUX pilueHb HASBHI JULie MeoumamusHi NPaKkmuku. Tox po3pobka maxkozo 3a
CMOCYHKY 6yOe aKmyaibHOK Ma KOPUCHOK 0718 YKPAiHCbKO20 CycninbCcmea.

Knioyosi cnosa: KOHKYpeHmMHUl GHAI3, Npo2pamHi 3aCMOCYHKU, NOKPAUJeHHA MeHMAabHOo20
300p08's, ncuxiyHe 300po8's

IToctraHoBKa mpooeMu. Y CydaCHOMY CBiTi MUTaHHS IICUXiYHOTO 3/I0POB’S €
OIHMM 3 HalOiNbII aKTyadbHUX. 3a JaHUMM BcecBiTHBOI opraHisailii oOXopoHu 3710-
poB’si, moHa 450 MibiiOHIB JII0/Ieli TT0 BCbOMY CBiTY CTPaskIalOTh Bif, pi3HUX IICUXi-
YHMUX PO37a/liB, 3 IKMX 6araTo MOXKHa MomepeauTy Ta BWIiKyBaTtu [1]. YKpaiHa, sK i
6araTo iHIIMX KpaiH, He € BUHSITKOM i CTUKAEThCS 3 IIpobieMaMu Y 11iii cdepi. 3a ga-
Humu MO3 VkpaiHu, CTaHOM Ha IoYaTok jaucronana 2022 poky 3a AOIOMOIOK [0

TICUXOJIOTIB i rcuxiaTpiB 3BepHyAMCcS 650 Tuc. ykpaiHiiB. s nmopiBHsSHHS, v 2019-
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MYy 3a ICUMXiaTpUYHOIO JTOIIOMOIOKI 3BepHysocs 6m3bko 302 Tuc. rpomMajsgH. 3a
OCTAHHIMM JAaHUMU:

e 71% yKpaiHIIiB BiZuyBalOTh CTpec a60 3HepBOBAHICTh;

o e 2% yKpaiHIliB 3BepTaloThCs A0 (paxiBIis.

HenmocTaTHICTh AOCTYITY 10 IICMXOJOTiYHOI JOMOMOIM Ta MiATPUMKU € Cepiio3-
HMM OOMEsKeHHSIM [IJisl 6araTboX YKPaiHIliB, 0COOJMBO AJIST TUX, XTO MIPOXKUBAE Y Bifl-
IaJIeHMX perioHax abo Mae 0OMeskeHi MOXKJIMBOCTI IJIs OTPMMaHHS KBaTiikoBaHOi
IIOTIOMOTH.

V 3B’SI3KY 3 IIMM, PO3p0OKa MOOIIbHOTO 3aCTOCYHKY JJISI ITiATPUMKM MEHTaIb-
HOTO 3[J0POB’Sl CTA€ aKTyaJIbHUM 3aBHaHHSIM. Takuit 3aCTOCYHOK MOsKe CTaTy JOCTY-
IMHMM Ta e(eKTUBHUM iHCTPYMEHTOM IJIs IOKpaIlleHHS MCUXiYHOIO CTaHy YKpaiH-
CbKOTO HaceneHHs. [IpoTe, ycriniHa po3podKa TakKoro 3aCTOCYHKY BMMara€ KoMIuie-
KCHOTO IMiAX0Ay Ta yBaru 10 AeTaseii.

Merta mociigskeHHs. BisHaueHHS GYHKIIIOHAIBHUX BUMOT 10 MOOiJIbHOTO 3a-
CTOCYHKY 151 TIOKpallleHHSI MEHTaJIbHOTO 3[40POB’Sl Ta MPOBEeAEeHHSI KOHKYPEHTHOTO
aHaJIi3y iCHYIOUMX 3aCTOCYHKIB.

BusHaueHHsI (PYHKIIiOHAJTbHUX BMMOI O MOOUIBHOTO 3aCTOCYHKY IJISt
MOKpalleHHS MeHTA/IbHOTO 3J0POB’s.

1. BOT «0COOMUCTNI TICUXOJIOT»:

» 3aCTOCYHOK MOXXe BUKOPUCTOBYBATU IITYYHUI iHTENEKT Oj1s1 (PYHKIIIOHY-
BaHHS yaT-00Ta, KU MOKe BecTu Oecimy 3 KOpMUCTyBadyaMM IO ixXHi
Mpo6ieMy 3 MEHTAJIbHUM 3[TI0POB 'SIM.

e BoT moXe HamaBaTu KOPUCTyBauyaM IMiATPUMKY Ta MOpaay, a TAKOX MOXe
JIOTIOMOTTH IM 3HAMTYU pecypcy Ta JOTOMOTY.

2. TecTu 111 CAaMOOIIHKM

e 3aCTOCYHOK MOe IMPOIIOHYBAaTU KOPUCTyBauaM MPOMTU TeCTU IJISI OL[iHKU
piBHSI CTpecy, TPMBOIM, Aenpecii Ta iHIIMX acleKTiB MEeHTaJIbHOTO 300POB S.

e Pe3ynbTaTu TeCTiB MOXYTb AOIIOMOITM KOPMUCTyBauaM Kpalle 3pO3yMiTu
CBiif cTaH Ta BUBHAUMUTH, SIKa JIOTIOMOra iM MoTpioHa.

3. OcobucTnii MOgeHHUK:

e 3aCTOCYHOK MOke IIpOIIOHYBaTM KOPMCTyBauaM BeCTM OCOOMCTHIA IIO-
IeHHMK, e BOHM MOXXYTb 3aIMCyBaTH CBOi TyYMKM, IOYYTTS Ta TOCBII.

» BeneHHS 1IOeHHMKA MOKe JOTIOMOITM KOPUCTyBayaM Kpaiie 3p03yMiTu
cebe Ta cBOi IMpo6IEMM, a TAKOXK MOKe JOITOMOITH iM BiJICTEXXYyBaTU CBit
nporpec.

4. Crarri:

ISSN 1562-9945 (Print) 167
ISSN 2707-7977 (Online)



«CucTeMHi TexHoaorii» 4 (153) 2024 «System technologies»

e 3aCTOCYHOK MOe MPOIIOHYBAaTM KOPUCTyBadyaM OOCTYII OO HayKOBO-
OOI'PYHTOBAHMX CTaTeli MPO MEeHTaJbHe 3[I0POB's, IICUXOJIOTiIUHiI po3aan
Ta CII0COOM X IMOJOJIaHHS.
e CraTTi MOXYThb OOIOMOITM KOPMCTyBauaM [i3HATUCS OilbIle Mpo CBOi
Mpo06JIeEMM Ta 3HANTYU CIIOCOOM iX BUPILIeHHS.
5. KoHTaKkTM OHJIalH MCUX0JIora:
e 3aCTOCYHOK MOKe MPOIMOHYBATM KOPUCTyBa4yaM MOXJIMBICTb 3B'SI3aTUCS 3
OHJIAMH-TICMXO0JIOTOM /ISl OTPUMAaHHSI IpodeciitHoi JOITOMOTH.
e OHJIAMH-TICMXOJIOT MOXXe OOIMOMOITY KOPUCTyBayaM JiarHOCTYBaTU Ta Jii-
KyBaTH IPo6eMI 3 MEHTATbHUM 3[I0POB SIM.
6. Maria «IcuxoJyoru Imopyy»:
e 3aCTOCYHOK MOe IPOIIOHYBAaTU KOPUCTyBayaM MaIly 3 IICUX0JIOTaMu, SIKi
MpaLTh Y IXHbOMY paiioHi. lle Moxke JOMOMOTTH KOPUCTyBayaM 3Haii-
TU TICUXOJIOTa, 3 SIKMM BOHM MOXXYTb 3yCTPIiTHUCSI 0COOMCTO.
7. Pi3HOMaHITHI NpaKTUKN:
e 3aCTOCYHOK MOXXe ITPOIOHYBAaTy KOPUCTyBauyaM Pi3HOMAHITHI IPaKTUKU
17151 TOKpalleHHS MEHTAJIbHOTO 3[I0POB 'S, TaKi SIK:
IluxanbHi BIipaBu
Mepnuraliii
My3uka 1y MmeguTaliin

© O O O

IcTopii Ha HiY
o 3BYKM [IJIS pestakcailii
8. 3miHIO¥iCS i po3BMBali KOPUCHI HABUYKI:
» 3aCTOCYHOK MOXe AOTIOMOTITI KOPUCTyBauaM pO3BUBATU KOPUCHI HaBUU-
KU, TaKi SIK:
0] BigmosimaabHICTD
o [losuTuBHe cTaBieHHS A0 Mpobiiem
0 BHyTpiliHs rapMOHist
o IlosuTuBHe cTaBiaeHHSs [0 cebe
3aCTOCYHOK MOKe 6yTY MepCcoHasi30BaHmit 151 TOTpe6 KOXKHOTO KOPMCTyBayva.
KopucTtyBaui MoxxyTh BUOpaTty, siki GyHKIIii iM mOTpibHi, i HaymamTyBaTH iX BifMoBi-
ITHO JTO CBOiX MOTpeo.
KoHKypeHTHMIT aHajIi3 IPOrpaMHMX 3aCTOCYHKIB JJII MEHTAJIbHOIO 310-
poB’s. [Iyig mpoBeleHHsT aHaji3y BimiOpasy BilMOBigHI 3a TeMaTUKOI Ta QYHKIIiO-
HaJIOM 3aCTOCYHKM, SIKi JOCTYIHI B YKpaiHi Ta 32 KOPLOHOM Ta BU3HAUMWIM IX Ilepe-

Bary Ta HemoTiKu. [IJis aHastisy Oy/iu B3SITi HACTYITHI 3aCTOCYHKM:
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Svitlo — MeauTatii ykpaiHncpkoio (YKpaiHa)

Tuma — Meauranii ykpaiHCbKOIO (YKpaiHa)

BetterMe: MeHTasibHe 30p0oB’s (YKpaiHa)

VOS - Ilnan ncuxivyHoro 3m0poB’s (YKpaiHa)

PsychTests (ITosbiia)

Happify (CIIA, Hpio-Jopk)

My Mood Tracker: Mood Control (ITosbiia)

Calm - Sleep, Meditate, Relax (CIIIA)

Talkspace Therapy & Counseling (ITosbiiia)

10. Youper — CBT Therapy Chatbot (CIIIA, Can-®paHIINCKO)
VKpaiHcbKi gomaTtkmu ajist meperaiii: Svitlo - Meguranii ykpaiHcbKolo,

N A A o i

Tuma - MeauTaiii ykpaiHcbKol0 Ta BetterMe: MeHTa/lbHe 340POB’S.

YkpaiHcbKuit gomaTtok Svitlo [3] miciiss BcTaHOBIEHHS MPOIIOHYE MPONTHU TeCT,
100 BU3HAUUTY €MOIliifHuI cTaH abo K, MOKHA ITPOCTO 0OpaTy MeAuTallilo 32 Ha-
cTpoeM. TYT TaKOX € MPaKTUKM [JisI OUIbII MillHOTO CHY, 3HV)XeHHSI TPUMBOTH Ta paH-
KOBi 3aHATTS. OCOOAMBICTH 3aCTOCYHKY — MOsKHA 36epiratu obpaHi 3amucu, 1106
npociyxaTu ix oduiaiit. [2]

3a cnoBamu po3pobHUKIB «Tutii» [4], 1le - MPOBIIHUK 10 BHYTPIlIHbOTO CITO-
KOI0 Ta MEHTJIbHOTO 340POB'sl. Micisl 3aCTOCYHKY — JOTIOMOITU YKPAiHISIM PO3BU-
HYTY HAaBUUKY PEryIIOBaHHS CTPeCy, MOKPAIIUTU CTOCYHKM 3 COO0I0 Ta BBECTU YCBi-
IOMJIeHi 3BMUKM B CBOE XXUTTS. B HbMY AOCTYIHI MPAaKTUKU [IJIS1 3aCIIOKOEHHST PO3Y-
MY, ITIOKpAILeHHS SIKOCTi CHY Ta 3MillHEHHSI IICUXO0JIOTYHOI CTiIKOCTI.

BetterMe: MeHTabHe 3[10pOB’s [5] — 11€¥1 3aCTOCYHOK ITPOIIOHY€E ITpOrpamMm JJist
KOMILJIEKCHOI TYpOOTM IIpO MEHTa/IbHE 3[0POB'S, IO MICTATh MeAUTAllil, TeXHiKu
CaMOJIOTIOMOT'M Ta AuXajibHi BIpaByu. OCOOGIMBICTh 3aCTOCYHKY— icTopii Ha Hiu. Ile
KOPOTKi PO3MOBifi UM YPUBKM KHMKOK YKPAiHCbKMX NMUCbMEHHMUKIB, 10 ynuTae One-
Ha KpaBelip Ta iH11i gukTopu. JlomaTok 6e3riaTHUIA.

JlaHi 3aCTOCYHKM CXOXi 3a CBOIM (pyHKIIIOHAJIOM, TOMY JaMO 3arajbHi Xapake-
PUCTUKM [IJIS1 HUX:

[TepeBaru:

e VYKpaiHOMOBHMUIT KOHTEHT: JlaHMi1 3aCTOCYHOK HaJa€ MOXJIUBICTh KOPUCTY-
BayaM MpallloBaTy 3 MeOUTAL[isIMU, 10 BUKOHAHI YKpaiHChKOIO MOBOIO, 110 CIIPUSIE
Oi/1bIII TJIMOOKOMY PO3YMiHHIO Ta CIIPUMHSITTIO.

e Jlerkuii mOCTYII: 3aCTOCYHOK MOKe 3a0e3MeUnTy JerkKuit TOCTYIl 10 MeauUTa-

TUBHMX BIIPaB YKPAiHChKOIO MOBOIO, III0 OCOGIMBO BaKIMBO IJISI TUX, XTO IITyKa€
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[JIMOOKMIA KOHTAKT i3 CBOIMM BHYTPIIIHIMM IIpoilecaMy uepe3 MOBY PiIHOTO cepe-
IIOBUIIIA.

e KynbTypHa 3B's3aHicTb: [Ij1s1 YKpaiHIiB @00 TUX, XTO I[iKaBUTHCS YKPAiHCh-
KOIO KYJIbTYPOIO, LIei1 3aCTOCYHOK MOKe HaJaTy YHiKaJbHUI NOCBiA MenuTallii, Bi-
IobOpaskalouy Ta MiATPUMYIOUM IXHIO KYJIbTYPHY iIEHTUYHICTb.

Hepomikn:

e OOMekeHMI1 KOHTEHT: SIKII0 KOHTEHT 3aCTOCYHKY 0OMeskKeHMii, KOpUCTyBavi
MOYTb IIBUIKO BUYEpPHaTy AOCTYITHI MeAUTATUBHI pecypCu.

e MoOBHMIT KOHTeKCT: [IJis TUX, XTO He BOJIOJi€ YKPalHCbKOK MOBOIO, 1ieil 3a-
CTOCYHOK MOKe OyTY HempuIaTHUM ab0 MeHII eeKTUBHMM Uepe3 MOBHi 6ap'epu.

VOS - IlnaH ncuxiyHoro 3popos’s [6]. Le uinicHa niatdopma, po3pobiieHa
TICUXOJIOTAMU, SIKi TOTIOMOKYTh KOPMCTyBauaM CTBOPUTM ITO3UTUBHMUIT 00pa3 cebe
Ta IYXOBHY CUJIY 3aBISIKM 0COOMCTOMY IUIaHY 0/1arOImoTyqysi.

[TepeBaru:

e [lepconanizoBanmit miaadH: VOS BMKOPUCTOBYE IITYUYHMII iHTEJEKT, IIOO
CTBOPUTHU TI€PCOHAJII30BaHMIi TUIAH MCUXIYHOTO 3J0POB'SI HA OCHOBi BallluX MOTPeO
Ta Bogob6aHb. lleii maH Moske BK/IOUATH B cebe pi3Hi iHCTPYMEHTHU Ta pecypcu, Ta-
Ki SIK BelleHHS IIOAeHHMKA, BifIcCTeXKeHHSI HAaCTPOIO, AMXa/ibHi BIpaBu, MeguUTallilo,
adipmairii Ta JOCTYII 70 TepaIreBTa.

e llinomo6oBa migTpuMKa: [Io1aTOK MPOIIOHYE I1iI0M000BMIf YaT 3 KOHCY/IbTAa-
HTaMM, SIKi MOXYTb HaJaTy eMOIIiiiHy MiATPUMKY Ta JOIIOMOITY BaM BUPIIIUTU Ba-
mri mpo6sieMu. Y pasi moTpebu Bac TaKOK MOXKYTb 3'€IHATH 3 JIILIEH30BaHUM IICUXO-
JIOTOM.

e BiacrexxeHHst nporpecy: VOS m03BoJisie BiICTEXXyBaTH Balll HACTPIit Ta MPO-
rpec 3 yacoM. lle Mmoxke TOMTOMOI'TM BaM IMOGAUNTH, SIKi MeTOAM MPalllo0Th IJIs Bac, a
SIKi Hi.

e [IpocToTa BUKOpUCTaHHS: [J0AATOK Ma€ MPOCTUIA Ta iIHTYiTUBHO 3PO3YMiInii
inTepdeiic, 1m0 poOUTH HOT0 JETKUM Y BUKOPUCTAHHi.

e JloctymnHicTb: VOS mocTymHuit 6e3KomToBHO B App Store Ta Google Play.

Hepomikn:

e He Bci pyHKIuii gocTyrnHi 6e3KomTOBHO: [esKi 3 HalKOPUCHIMMX GYHKITi
VOS, Taxi SIK I0CTYII 10 TeparieBTa, JOCTYIIHi JinIie 3a ITiAI1CKOIO.

e OOmexeHa KOHDimeH1iliHICTh: [leski KOPUCTyBadi BUCTOBUIU 3aHEITOKOEH-
HS 1010 KOoH(pimeHIiliHOCTI cBOix maHuX y VOS. BaxJuBO MPOUYUTATU IOJITUKY
KOHQiIeHIIifIHOCTi mporpamu, Mepiil HiX i1 BUKOPUCTOBYBATH.

e JloctynHicTh MOB: 3apa3 VOS moCTyIHMI ullle aHIIiiCbKOI MOBOIO.
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PsychTests [7]. 3acTOCYHOK € iHCTpYMEeHTOM [IJisl IPOBeJeHHS MCUXO0MOTiUHUX
TEeCTiB Ta OL[IHIOBAHHS TCUXOJOTIYHMX IapaMeTpiB. BiH MiCTUTb MIMPOKUIT CIIEKTP
TeCTiB, [0 T03BOJISIOTh KOPMCTYyBavyaM Hi3HATUCS OiJbllle PO cebe, CBOi XapaKTepu-
CTUKU, BJACTUBOCTI Ta CTABAEHHS 10 Pi3HUX CUTYaIlili.

[lepeBaru:

o [lnupoxuii criekTp TectiB: PsychTests mpormoHye mMMUpoOKMit CIIEKTP TECTiB, SIKi
OXOILTIOIOTH Pi3Hi aCITeKTM 0COOMCTOCTi, KOTHITUBHI 31i6HOCTi, €MOIIii Ta ITOBeIiHKY.

e bBeskomtoBHMI moctyi: BinbiricTs TecTiB Ha PsychTests gocTyrHi 6e3Ko1i-
TOBHO.

e [IpoctoTa BuKopuctaHHs: Be6-cait PsychTests mpocTuii y HaBiralii Ta Bu-
KOPMCTaHHI.

e AHOHiIMHIicTb: Baii BifimoBizi Ha TecTu € KOHQIAeHLIIAHUMU.

e IlIBMaKi pesynbTaTu: BibLIiCTh TECTIB JAaIOTh pe3y/bTaTU Bipa3dy Iicias iX
3aBepIIeHHs.

Henomniku:

e He Bci TecTu € HaykoBO OOrpyHTOBaHMMM: [lesIKi 3 TeCTiB, JOCTYIMHMUX Ha
PsychTests, He IpoIIM peTebHy HAaYKOBY IIePEBipKY.

e Hemae nmpodeciiiHoi inTepmnperatii: PsychTests He nmporoHye npodeciitHoi
iHTepnperallii pe3yJbTaTiB TECTiB.

e Moske 6yTM HeTOUuHUM: Jlesiki TeCT MOKYTh OYyTM HETOUHMMM abo He Ha-
OiAHMMMA, SIKIIO 1X He TIPOXOAUTY B HaJIeSKHUX YMOBaX.

e Moske 6yTH MIKigAMBUM: [lesKi TeCTU MOXKYTb OYTH IIKiIJIMBUMM JIJISI JTIOAEA
3 MIeBHMMM TICUXOJIOTIUHMMM TTpO6IeMaMu.

e Hemae miaTpumku ykpaiHCbkoio MOBOIO: Hapa3si PsychTests He migTpumye
YKpaiHCbKY MOBY.

Happify [8]. 3acTOCyHOK € iHCTpyMeHTOM [,i51 MiABUIIIeHHS IIACTS, 3MeHIlIeH-
HSI CTpecy Ta MOoKpaleHHs MICUXiYHOro 6j1aromonyqysi. BiH nmpomnonye KkopucTyBauam
pi3HOMAaHITHI BIpaBH, irpM Ta 3aBHaHHS, SIKi 6a3yIOThCSI HA ICUXOJIOTIUHMX IPUH-
1MIax, 1mob MOMOMOITHU JIIOASIM PO3BMBATU MO3UTHBHE MUCIEHHS, MOKpAIlyBaTH
HACTPili Ta 3HMKYBATU PiBeHb CTpecCy.

[IepeBaru:

e TlosutuBHMII migxin: Happify 3ocepemKkyeTbcsi Ha MO3UTUBHIN TICUXOJOTII,
JoroMaralouy Bam 30CepeIuTICS Ha XOPOIIUX peuax y CBOEMY KUTTi. Lle moxke mo-

ITOMOI'TH BaM ITOKpAIINUTHU CBIiit HaCTpiﬁ Ta 3araJibHe CaMOIIOUYyTT.
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e PiznomaniTHi BipaBu: Happify mpormoHye mupoKuii CIieKTp BIIpaB, CIIPSIMO-
BaHMX Ha IOKpallleHHS BalllOro MCUXIYHOrO 3J0POB'S, TAKUX SIK irpu, MeauTallii,
BISIYHICTh Ta KOTHITMBHO-IIOBEJiHKOBA Teparis.

e CrninbHoTa: Happify Mae akTUMBHY CITiIbHOTY KOPUCTYBaUiB, SIKi MOXKYTb ITi-
TPUMAaTH BaC Ha BalIOMY IIJISIXY 0 IMOKPALleHHS IICUXiYHOTO 340POB S.

e JlocTymnHicTh: JlomaToK AOCTYITHMIT 6Ge3komTOBHO B App Store Ta Google
Play.

Hepomikn:

e He € 3aminoro npodeciitHoi monmomoru: Happify He € 3amiHoio mipodeciitHoi
IoromMoru. SIKimo Bu 6opeTecsl 3 Cepilo3HMMMU IIpoGIeMaMy TICUXiYHOTO 340POB'S,
BayK/IMBO 3BEPHYTMCS 3a JOIIOMOIOI0 10 KBajiikoBaHOro (haxiBIis.

e JlesiKi BIpaBM MOXYTb OyTu He 1js Bcix: [desiki BupaBu B Happify MoXyTb
OyTM He MiAXOISITh AJ1s1 JIIoAeli 3 TeBHUMM ITpobieMaMi ICUXiuHOTO 310POB 'S.

e OOMeskeHa KOHQimeHIIiMHiCTh: [lessKi KOpUCTYBaui BUCJIOBUIM 3aHEITOKOEH-
HS 1010 KOHGimeHIIiitHOCTI cBOiX gaHux y Happify. BaskninBo npounTtaTit MOMITUKY
KOH(DigeH1i/iHOCTI MporpaMu, Tepiil HiX ii BUKOPUCTOBYBATH.

e JlocTymHicTh MOB: 3apa3 Happify mocTymHmit nuine aHIIiiChKOIO, iCIIAHCh-
K010, paHIly3bKOI0, HiMeIbKOI0, ITIOPTYTraabCbKOM0, iTailiChbKOIO Ta SITOHCHKOK MO-
BaMMU.

My Mood Tracker: Mood Control [9]. 3acTocyHOK mociB 2 Micile B KOHKYpPCi
«Harikpamuit mogatok ajs 3mopoB’st 2011». ImeanbHMiII KOMIIAHbIIOH IJisSI BifCcTe-
’KeHHSI HaCTPOIO Ta eMOIliif, a TaKOX YCbOTO iHIIOro, 110 MOXe BIUVIMHYTU Ha CaMO-
MOYYTTS.

[TepeBaru:

e [IIpocTmii Ta iHTYITMBHO 3po3yMimii: Lleii momaToK Mae mpocTuii intepderic,
[0 pOOMTH 10TO JIETKUM Y BUKOPMUCTAHHI HaBiTh JIJISI JIIOAEI, SIKi He 3HalioMi 3 MOOi-
JIbHUMM AOAATKAMMU.

e BiacrexkeHHS HACTpOIO: [l0IaTOK MO3BOJISIE BaM BifCTeKyBaTU CBili HACTPiit
IIPOTSITOM JHSI, BUOMPAIOUM 3 Pi3HUX €MOIIiil, TAKUX SIK IIACJMBUIA, CYMHMIA, 3JIMIA,
TPUBOKHUIA TOIIO.

e Cratuctuka: My Mood Tracker Hamae BaM CTaTUCTMKY BallOro HACTPOIO
MIPOTSITOM TVDKHSI, MiCSILISI Ta POKY. Lle MoXKe JOTTOMOITM BaM MOOAYMTH 3aKOHOMIp-
HOCTI Ta ileHTndiKyBaTu TpUrepu, sIKi BIVIMBAIOTh Ha Balll HACTPiiA.

e HaragyBaHHS: Bu MoskeTe BCTaHOBUTM HarajayBaHHS, 100 MUTU BOAY, 3a-
iMaTucs CIiopToM, MeOMUTyBaTy ab0 poOuTHM iHIII pedi, SKi IMOKpaUlylOTh Ball Ha-
CTpiti.
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e IlinTpumka cribHOTM: My Mood Tracker Ma€e akKTUMBHY CITiTBHOTY KOPUCTY-
BaUiB, SIKi MOXYTb HaJaTU MiATPUMKY Ta MOPAAN.

Henomniku:

e Hemae mepcoHasnisanii: JJooaTok He IPOIOHYE KOOHUX IePCOHATi30BaHUX
(dYHKIIiI, TAaKMX SIK TTepCOHAJIi30BaHi IJIaHK a60 peKoMeHaIlii.

e OOMekeHi MOKJIMBOCTI BifgcTeskeHHS: [IomaTOK JO3BOJISIE BiICTeXYyBaTH -
IIe Balll HACTpiii, ajie He iHII (akTopu, SIKi MOXYTh BIUIMBATM Ha Ballle IICUXiyHe
3I0POB'sl, TaKi SIK COH, XapuyBaHHS a00 (i3MuHa aKTUBHICTb.

e Hemae moctymy go TeparneBTta: My Mood Tracker He mpoIIOHY€E IOCTYIy 10
TeparieBTa ab0 iHIMX GaxiBIliB 3 MCUXiYHOTO 3T0POB'S.

e JlocTymnHiCcTh MOB: 3apa3 AOAATOK AOCTYITHUI JIMIlle aHT/IiliCbKOI0 MOBOIO.

Calm - Sleep, Meditate, Relax [10]. Lle momyasspHMi1 3aCTOCYHOK /151 3HSTTS
cTpecy, MOKpallleHHs CHY Ta ICUXiYHOro 6aromosyqusi. BiH IporoHye KOpucTyBa-
yaM IIMPOKUI CIIEKTP 3BYKOBUX Ta Bi3yaJbHUX PeCypCiB, TaKMX SIK 3BYKU MMPUPOJIH,
MY3MKa JIJIs1 pejiakcallii, I/inboKi MmeauTallii Ta pi3Hi BIpaBy AJIsI 3HSITTSI CTPECY.

[TepeBaru:

e Cnokiit i penakcarist: Calm mpomnoHye MMPOKNUiA CIIEKTP MeIUTALiHMUX Ta
peJlakcallifiHMx BIIpaB, 1110 JOMOMAaralTh 3aCITOKOITY PO3YM Ta TiJo.

e JlokpaieHnii COH: 3aCTOCYHOK IPOIOHY€E Pi3HOMAaHITHi 3BYKM [JIsI TOJIEr-
IIIeHHS 3aCMHAHHS Ta MOJIIIIIeHHS SKOCTi CHY.

e MeauTallist ajs rcuxigysoro 3g0poB's: Calm BriIoyae B cebe rimoBaHi Memu-
Tallii, CIpSMOBaHi HA 3MEeHIIIeHHS CTPeCy, MiABUILEHHS yBaru Ta MOJIIIIIeHHS 3ara-
JIBHOTO CAMOTIOYYTTSI.

e [linTpuMmka ¢i3zMyHOrO 340POB'S: 3aCTOCYHOK MOXKe BKJIIOUATH B cebe Taki
eJleMeHTH, SIK Jora-TMpakTuka abo AMxajabHi BIIpaBHu, SKi AOMIOMAaralTh MOKPAIIUTU
di3MuHe caMOIOUyTTS.

e [loctymnoBuit po3BuTok: Calm Hamae KOpMCTyBauaM MOSKIMBICTb MOCTYIIOBO
PO3BMBATU CBOK MPAKTUKy MeAuTallil Ta pejiakcallil, MOYMHAI4YM 3 KOPOTKUX CeCiii
Ta IMOCTYIIOBO 301/IbIIYIOUM iX TPUBAJICTh.

Hepomikn:

e BapricTb: [esaKi ¢yHKIIii Ta KOHTEHT Y 3aCTOCYHKY MOXYTb OyTM TOCTYIIHI
JIIIe 3a MIaTy, o MOXKe BifjiIKaTy JesIKUX KOPUCTYBauiB.

e He nig Bcix: Xoua 6araTo Jofeii MOXYTbh 3HATU KOPUCTb Y MeguUTallii Ta
penakcartii, e miaxig moxke 6yt He e(eKTUBHUM JIJISI BCiX KOPUCTYBaUiB.

e HeoOximHicTh cTasoi mpakTuKu: JIesIKMM JIIOASM MOKe 3HamZoOMTHCS dYac,
11106 3BUKHYTU OO0 MeAUTAIliiHUX TeXHIK i T06aYnTH pe3yabTaTu.
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e BimcyTHicTh iHAMBImyasisanii: [Ijs1 JesIKMX KOPUCTYBadiB MOKe OYTU BaXKKO
3HANTY BiAIIOBiAHY IJISI HUX MeIUTAlLliiiHy TexXHiKy abo peyiakcalliitHuit MeTof,.

Talkspace Therapy & Counseling [11]. Lle momynsipHMii 3aCTOCYHOK [Jisl
OTPUMAHHS TICUXOJIOTIYHOI MiATPUMKM Ta KOHCY/JIbTYBaHHS. BiH IPOIIOHYE MOXIJIM-
BiCTb CIIJIKyBATHCS 3 JIilleH30BaHMMM IICMX0JIOTaMy Ta TepalieBTaMyu yepe3 4arT, Bi-
Ileo- ab0 ay1ioI3BiHOKMA.

[lepeBaru:

e JloctymnHicTh: Ilnatdopma Talkspace Hamae JOCTYI [0 Tepalrii Ta KOHCYJ/Ib-
TYBaHHS 3 OyIb-SIKOTrO Micisl, me € [HTepHeT. Ile 0cO6GJMBO KOPUCHO IJIST TUX, XTO
Mae 0OMeskeHy MOSKJIMBICTb 0COOMCTO 3yCTpivaTHCs 3 TepalleBTOM uepe3 Po3MillleH-
H$1, yac abo iHIIi 06CcTaByHN.

e Komdopr: [esiki moam BiguyBawTh OibIly KOMGOPTHICTh B 0OTOBOpPEHHI
0CoOMCTHUX ITPOOJIEM 3a TOTIOMOTOI0 TEKCTOBMX MOBiZOMJIEHb 400 YUaTy, HiX y BiIK-
pUTOMY O6/IMYYi 70 06/1MUUsi. 3aCTOCYHOK JT03BOJISIE BUOMPATH, KOJIU i e BM XoUueTe
PO3MOBJISITM 3 TepareBTOM, 1[0 MOXe OyTU 3pYYHUM [JISI TUX, XTO Ma€ 3aiiHATUIA
rpadik.

e Kpamuit moctyn no TeparneBTiB: Ilnmatdopma Talkspace 3a6e3meuye MOKIN-
BiCTb CHiJIKYBaHHS 3 TepalieBTaMM 3 Pi3HMMM CIieljiaii3amisiMmmy Ta JOCBiIoM, AO3BO-
JITI0UM 3HAMTU TOTO, XTO HaliKkpalle MiAXOAUTb [IJIs BalllUX MOTpeo.

e IliHoBa pocTymHicTh: I[lOpiBHSIHO 3 TpagulliiHMMM CeaHCaMM Teparii,
Talkspace moske 6yTH 6i/bIl JOCTYITHMM (iHAHCOBO, OCOOIMBO JIJIsT TUX, XTO Ma€ 00-
MexkeHi (hiHaHCOBi MOKIMBOCTI.

Hepomikn:

e OOMesxeHicTh B MeTomax: Talkspace 3a3Buyait 0OMeXXyeTbCSI TEKCTOBUM CITi-
JIKYBaHHSIM, TOJi SIK iHIIII MeTOAM Teparlii, Taki sIK apT-Teparriss abo I'PyMoBi cecii,
MOXXYTb OYTY He TOCTYITHMMM a60 MeHI e(peKTUBHMUMU Uepes 1110 TaThopmy.

e 3aTpMMKa B CITiJIKyBaHHi: Tak SIK CIiJIKyBaHHS BiOyBa€TbCs yepe3 TeKCTOBi
TIOBigOMJIEHHS, MOKe OyTU 3aTpMMKa B 00MiHi iHopmalii€to, 110 MoKe YCKIaTHUTU
HeBiIK/IaaHi CUTYyallii.

Youper - CBT Therapy Chatbot [12]. Lle 3acTOCYHOK, IKI}f TIPOTIOHY€E KOHCY-
JAbTYBAaHHSI 3a JOIOMOTOI0 4YaT-00Ta, 3aCHOBAaHOTO Ha MeTOHax KOTHITMBHO-
ToBeiHKOBOI Teparii. Yepe3 yaT-60Ta Youper, KOPUCTYBadi MOKYTh ITPOBOIUTH Pi-
3HOMAaHITHI BOpaBy Ta 3aBOAaHHS, COIPSIMOBaHI Ha PO3YMiHHS Ta 3MiHY IIKiJJIMBUX
MUCJIeli Ta IaTepPHiB MOBEeIiHKMA.

[TepeBaru:
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e JloctynHicTb 24/7: KopucTyBadi MOXYTb OTPUMATH IMIATPMUMKY Ta IOpaau B
OyIb-sSIKMI1 Yyac, KOu 1ie MoTpibHO, 6e3 ouikyBaHHS Ha Yac MpUitomMy y TeparneBTa.

e [IpuBaTHicTb: B3aemogmis 3 uaT-60TOM 3abe3Ieuye aHOHIMHICTh Ta KOHpime-
HIIHICTD, 10 MOKe OYTM BaskJIMBUM IJIs1 JTIIOAEN, SIKi BiZuyBalOTh CTpeC UM HecIlo-
Kili CTOCOBHO OOTOBOPEHHSI CBOiX ITP006JIeM 3 iHIIVMM JTI0IbMM.

e OcBiueHicTh: Youper Hajae KopucTyBauam iHdopMallilo Mpo ixHi eMoriii,
peaxiiii Ta cTpec, 1[0 AOMOMarae im Kpaiiie 3po3yMiTH BJIaCHi ITOYYTTS Ta Mii.

e [IpakTuuHicTh: [Ijis1 6araTb0X KOPUCTYBAUiB B3a€MO/isl 3 4aT-00TOM MOXKe
OyTu OiIbI 3PYUHOI0, Hi)XX ITOCTiliHi 3yCcTpiui 3 TepareBTOM.

Hepomikn:

e BinmcyTHicTh MoachKoro ¢akropy: Xoua 4aT-60T MOXKe HaZaTyU MEeBHY ITiIT-
PUMKY, BiH He MOXe 3aMiHUTU CIiJIKyBaHHSI 3 peaJibHMM TeparieBTOM, 0COOJIMBO B
CKJIAIHUX CUTYaIlisIX.

e OOmexeHi MosMBOCTi: Youper, SIK i OyIb-sIKMii 4aT-60T, Ma€ 0OMeXeHY
30aTHICTb PO3YMITM Ta pearyBaTy Ha CKJIa[Hi eMOIIiliHi CTAaHOBUIIIA.

e HemocraTHs mepcoHami3aliisi: Bzaemomis 3 4aT-60TOM MOske OYTM MEHII
edeKTUBHOIO IJIS JIIOMei i3 CKIaAHMMM Ta iHAMBITyaJIbHUMM MOTPeO6aMM, OCKIIbKM
BiH He MOXXe aJlaliTyBaTUCS 10 YHiKaJbHUX XapaKTePUCTUK KOSKHOTO KOpMCTyBayva.

e TexHiuHi nmpobiemu: Sk i y 6yJIb-SIKOTO MMPOTpamMHOro 3abe3mneueHHs, MO-
KYTh BUHMKATY TEXHIUHI TPO6GIEMU, SIKi MOKYTh ITepeIkomkaTy e(eKTUBHOCTI B3a-
€MOJIii KopucTyBaya 3 4aT-00TOM.

BucHoBku. [IporpamHi 3acTOCYHKM, SIKi ITpoaHa/Ii30BaHO B JaHiit poboTi, Ma-
I0Th CHiJIbHY METYy — JOTIOMOI'TM KOPUCTyBauaM 30eperti abo MoKpaiuT CBOE TICH-
XiuHe 340pOB'S yepe3 pi3HOMaHITHI MeTOaM, TakKi SIK MeauTallisl, ICUXO0JOTiuHI Tec-
TU, TJTAaHYBaHHS Ta BeJleHHS II0JleHHMKa HaCTpOolo, TICUXO0JIOTiYHa MiATPMMKA uepes
yaT-60Ta ab0 iHTEpaKTUBHY Tepallilo, a TaKOX irpu Ta 3aBOAHHS IJIST MTiIBUIEHHS
MO3UTUBHOTO MUCJIEHHS. BOHM HagalTh iHCTPYMEHTU [JIs1 CAaMOBIOCKOHAJI€HHS Ta
PO3BUTKY MO3UTUBHUX CTPATETil KOMiHTY 31 CTpeCOM Ta HeTaTUBHMUMM €MOIiSIMU.

OpHak BOHM TaKOXX MalOTh CBOI BilMiHHOCTI:

e Jlesiki 3 HUX CHelia/li3yl0oTbCSl HA KOHKPEeTHUX acIleKTaxX IMCUXiYHOTO 3/10PO-
B'sT, Hampukianm, Meaurtanii (Svitlo, Tuma, Calm), momomosi mpu gempecii
(MoodTools), abo ricuxosoriuHomy TecTyBaHHi (PsychTests).

e Jlesiki, sk Talkspace i Youper, mponoHyIOTh NICUXOJIOTIYHY MiATPUMKY yepes
yaT-60Ta abo iHII iIHTepaKTUBHI iHCTPYMEHTH.

e Jlesiki 3acTtocyHku, sik Happify Ta BetterMe, akileHTYIOTh Ha IigBUINEHHI
€MOILIi/fHOTO 6/1aroMmoJyyyst Ta MCUXOJOTIYHOMY PO3BUTKY.
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Cepepn o6paHMX 3aCTOCYHKIK HEMA€ SKOIHOTO, SIKMI 6U TMTOBHICTIO 3aJ0BOJIbHSIB
BMMOraM, SIKi MM BMCYBAa€MO [0 HAIIOro 3aCTOCYHKy. Cepep BiJUMCHSIHUX pillleHb
HasIBHi Jnille MeAUTaTUBHI MpakTuku. Toxk po3pobKa TaKOTo 3aCTOCYHKY Oy/e aKkTy-
aJIbHOIO Ta KOPMCHOIO [IJIT YKPAiHChKOTO CYCITi/IbCTBA.
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Competitive analysis of existing software applications for improving mental health

Formulation of the problem. In today's world, the issue of mental health is one of
the most urgent. Lack of access to psychological help and support is a serious limitation
for many Ukrainians, especially for those who live in remote regions or have limited op-
portunities to receive qualified help.

In this regard, the development of a mobile application to support mental health
becomes an urgent task. Such an application can become an accessible and effective tool
for improving the mental state of the Ukrainian population.

The aim of the study. Defining the functional requirements for a mobile application
to improve mental health and conducting a competitive analysis of existing applications.

Defining functional requirements for a mobile application for improving mental
health.

1. Bot "personal psychologist"

2. Self-assessment tests

3. Personal diary
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4. Articles
5. Contacts of an online psychologist

6. "Psychologists nearby" map

7. Various practices

8. Change and develop useful skills

The application can be personalized for each user's needs. Users can choose which
features they want and customize them to suit their needs.

A competitive analysis of mental health software applications.

To carry out the analysis, we selected applications relevant in terms of subject mat-
ter and functionality, which are available in Ukraine and abroad, and identified their ad-
vantages and disadvantages. The following applications were taken for analysis:

1. Svitlo — Meditations in Ukrainian (Ukraine)

2. Silence - Meditations in Ukrainian (Ukraine)

3. BetterMe: Mental health (Ukraine)

4. VOS - Mental Health Plan (Ukraine)

5. PsychTests (Poland)

6. Happify (USA, New York)

7. My Mood Tracker: Mood Control (Poland)

8. Calm - Sleep, Meditate, Relax (USA)

9. Talkspace Therapy & Counseling (Poland)

10. Youper — CBT Therapy Chatbot (USA, San Francisco)

Conclusions. The software applications analyzed in this work have a common goal
— to help users maintain or improve their mental health through various methods, such
as meditation, psychological tests, planning and keeping a mood diary, psychological
support through a chatbot or interactive therapy, as well as games and activities to pro-
mote positive thinking. They provide tools for self-improvement and development of posi-
tive coping strategies with stress and negative emotions.

However, they also have their differences:

» Some of them specialize in specific aspects of mental health, such as meditation
(Svitlo, Silence, Calm), help with depression (MoodTools), or psychological testing
(PsychTests).

» Some, like Talkspace and Youper, offer psychological support through a chatbot
or other interactive tools.

» Some apps, like Happify and BetterMe, focus on improving emotional well-being
and psychological development.
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Among the selected applications, there is none that fully meets the requirements
that we set for our application. Only meditative practices are available among the clear
solutions. Therefore, the development of such an application will be relevant and useful
for Ukrainian society.

Keywords: competitive analysis, software applications, improving mental health,
mental health

Iapuk Bnaguciaas I0piiioBuyu — crapunii BuKkiaagau kadbenapu iHbpopmaliiiHux Te-
XHOJIOTIM i cucTeM YKpPaiHChKOTO IeP>KaBHOTO YHIBEPCUTETY HAYKM i TEXHOJIOTIIA.
buukoBa /[lap’s MukonaiBHa — ctyaeHTKa rpynu KHO1-22 YkpaiHCbKOTO Aeps>kaB-
HOT'0 YHIBEPCUTETY HAyKU 1 TEXHOJIOTI.

Knim Cepriit MuxaiytioBuu — cTapiunii Bukiaagad Kadenpu iHbopmalliiiHUX TeX-
HOJIOTI# i cucTeM YKpaiHChKOTO JeP>KaBHOTO YHIBEPCUTETY HAYKM 1 TEXHOJIOTI.
Kanioepma HOpiit OneroBmuu — crapimii Bukiagad kadbeapyu iHpopMalifHUX TeX-

HOJIOTI# i cucTeM YKpaiHChKOTO JIeP>KaBHOTO YHIBEPCUTETY HAYKM 1 TEXHOJIOTI.
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PE®EPATU

YK 004.8

Xykos 0.0., lopberko B.I. ApanTuBHMM NigxiA A0 BU3HAYEHHA CTaHY BYJIUKA 33 JONOMO
rolo HeMpPOHHUX MepeX Ta aHanisy ayaio // CuctemHi TexHonorii. PerioHanbHMIA MiXBY3iBCbKMiA
36ipHWK HayKoBMx npaupb. Bunyck 4(153). — [IHinpo, 2024. — C.3 - 12.

Po3rnapaeTbcs eeKTUBHICTb BUKOPUCTAHHS TMOOKMX 3rOPTKOBUX HEMPOHHUX Mepex Ta
pi3HMX nigxofiB [0 06pOOKM ayaiocurHanie ans igeHTUdikalii npucyTHOCTI MaTKKU B BYIMKax. B
AKOCTi [Xepena [aHux AN MOAeneil HeMpOHHUX Mepex Oyno BMKOPUCTAHO MybmiyHMI Habip
ayaiogaHux. Po3rnsHyTo Ta npoaHani3oBaHO eeKTUBHICTb pOOOTH HABYEHMX MOLENei Ha TeCTo
BMX ayfio3anucax.

bi6n. 14, puc. 3.

YK 669.84.244.66

Benuuko 0.1., KamkiH B.H0., Pyabko K.B., KamkiHa JI.B. AHani3 po3BUTKY peakLii OKucieH
HA BYrneul HU3bKOBYIieLeBoi cTani B KoBwi nig Bakyymom // CuctemHi TexHonorii.
PerioHanbHMit MiXBY3iBCbKMI 30ipHUK HayKoBMX npaub. Bunyck 4(153). — [Ouinpo, 2024. —
C.13 -23.

3a pesynbTaTamMu MOJENIOBAHHA HA MaTeMaTWU4Hi Moaeni 3pobnieHa OLiHKA HABMMKEHHS
peakuiii aerasauii Ao piBHoBaru i 3'acoBaHi haKTopwW, WO BMIMBAlOTL Ha Hei. Po3paxyHKu
Tenno0o0OMiHy nokasanu, Wo nporpie 6ynbOalKK aproHy BifOyBaETLCA NPU rPAHUYHUX YMOBAX Nep
LWOro popy, i Yac “oro HarpiBaHHA 40 TeMNepaTypu MeTany cTaHoBuTb 0,2 0,4 CEKYHAW, iHWI npoue
CY1 He NiMiTyl0TbCA. 3riAHO 3 po3paxyHKamMu, MacooOMiH rasie B OynbbalLi 3 METaNoM NPOTiKaE Npu
3HauyeHHAx uucna bio audysinHoro — BiD MeHwe 0,2, wWwWo CBiguMTb NiMWe NpPO 30BHILIHE
NimMiTyBaHHA, TOOTO CTafi€lo, WO BM3HAYAE WBUAKICTb npouecy, € Andy3is Yyepe3 NpPUKOPAOHHMIA
wap. Lle Bignosigae BigOMWM NiTepaTypHUMW [AHUMM, 3rQHO 3 AKUMU NiMITYIO4OK NAHKOK
npoLeciB aerasauii € nepexij peareHTiB Yepe3 NPUKOPLOHHUIA WApP HA MiX(a3HOMY KOPAOHI MiX
MeTasnoM i razoBoto hazoio. MNpu nobyaosi AMHaMiYHOT Moaeni 3a i ocHOBY Gyna NpuitHATa BigoMa
MofeNb BaKyyMHOrO 3HEBYI/ELOBAHHA Ta ONOBHEHA MPOLLECOM O HOYACHOrO NPOAYBAHHA MeTany
aproHoMm. [1o 0CHOBHMX NONOXEHb L€l MOAENi MOXHa BiHECTY TaKi: npouecu  MacoobMiHy
MeTany 3 6ynbOALKOK aproHy Npu MOro CNAKWBaHHI, WO BifAOYBalOTLCA 3 ra3oM, HArpiTUM Ao Temne
paTtypu MeTany, i NiMiTyIOTbCA TiNbKM 30BHiWHbOW [udY3i€l0; B 3B'A3KY 3 THTEHCMBHUM
nepemillyBaHHAM CKNaj, MeTay 3a ioro 06CArOM BBAXAETbCSA MOCTIAHUM; BULANIEHHS PO3YUHEHUX
ra3is BifOyBaETbCA 32 TaKUMU CTaTTAMK BUTPAT: B Oynbbawku CO, B GynbbaLIKy aproHy i yepes no
BEPXHIO METaNy BiNbHY Bif WNaKy. fIK NoKasanu pe3ynbTaTu MOAENOBAHHSA, PeaKLis BULANEHHA
BOAHI0 6/M3bKa A0 PiBHOBAry, a KUCHIO  Aaneka Bif piBHoBaru. [ns BupaneHHs BOAHIO B Oyiib
OaWKM aproHy HeoOXifHO 30inblWyBaTW BUTPATYy aproHy, a KUCHIO  NoLly NOBEPXHi OGynbOallok
aproHy.

bi6n. 9.
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YK 004.6
Xypb6a A.0. locnigKeHHA MeToay (DPaKTaNIbHOrO CTUCHEHHA 300paXkeHb 3 MeTol no
KpaLWeHHA AKOCTI CTUCHEHHA // CucTeMHi TexHonorii. PerioHanbHMii MixBY3iBCbKUI 36IPHUK Hay
KoBux npaub. Bunyck 4(153). — iHinpo, 2024. — C.24 — 33.
B xoai pocnigxeHHs Gyna fieTanbHo npoaHanizoBaHa 6a3o0Ba BepCis CTBOPEHOr0 MPOrpamMHo

ro KOAy AJ/1f BHECEHHS HeoOXifHMX A0 3aBAaHHA 3MiH, Wob 36epiraTn 6a3oBe NpU3HAYEHHA NPO
rpamHoro npopykty. Kpim Toro, 6ynu npoaHanizoBaHi pe3ynbTaTi HanarogXeHHs, AKi CBig4aTth npo
NiABULEHHS Ta 3HUXKEHHSA NPOLYKTUBHOCTI KOAy. MopiBHIOYM BUXiLHI faHi, TAKOX MOXHA 3poOu
T BUCHOBKMW, WO BHECEHi 3MiHM [0Ope LEMOHCTPYIOTb THYYKICTb i PO3WMPIOKTL NPOrpamHi
MOXXIMBOCTI NPOAYKTY.

bi6n. 6,in. 2, Tabn. 1.

YK 629.7.036.54.

Bacunis C.C., TeproBa K.B. YucenbHe mopenioBaHHA npouecy BNAMBY NPOAYKTIB
AETOHaUii Ha HaA3BYKOBUM NOTiK NOBITPA // CucTeMHi TexHONOriT. PerioHanbHMiA MiXBY3iBCbKMiA
36ipHMK HayKoBKX npaub. Bunyck 4(153). — IHinpo, 2024. — C.34 — 40.

AKTyanbHicTb po60Tv 06yMOBNEHa HEOOXIAHICTIO MiABUILEHHSA WBMAKOATT i BENMYMHM KEpyIo
4oro iMNyNbCy PaKETHWUX ABWUTYHIB, A/ 3AiICHEHHA MaHEeBPiB B aTMocdepi. MeTa poboTH  OUiHKa
napameTpiB B3aEMOAIT NPOAYKTIB A€TOHALT 3 HA[[3BYKOBMM NOTOKOM MOBITPA. [INA AOCATHEHHS Me
TW 3aCTOCOBYETLCS YMCENbHE MOLENOBAHHS. Pe3ynbTaTi MOAeNtoBaHHsA OyayTb BUKOPUCTOBYBATUCS
AN NPOBEAEHHSA eKCNepUMEHTANbHUX JOCNiIKEHb.

bi6n. 8,in.3.

YK 004.4

OctpoBcbka K.H)., CroBnyeHko 1.B., OctpoBcbkuii €.B. Po3pobka nigxony AO BUABJEHHA
wKignueoro n3 ana android 3 BUKOPMCTAHHAM METOAIB rMUOUHHOro HaB4YaHHA // CucTeMHi
TexHonorii. PerioHanbHUI MiXBY3iBCbKMIA 30ipHUK HayKOBUX npaub. Bunyck 4(153). — [Hinpo,
2024. — C.41 - 46.

MeToto po6oT € po3pobka nmifxoay AN BUABNEHHS WKiAAMBOIO NPOrpaMHOro 3abe3neyeHHs
Ana onepauinHoi cuctemm Android Ha OCHOBI CTAaTUCTMYHOrO aHanidy C BUKOPUCTAHHAM METOAIB
rMMOOKOro HaBYaHHA. [Nf [OCATHEHHS NOCTaBNEHOi MeTM Oynu BupilleHi HAcTynHi 3apavi:
1. [locnipkeHHs ocobnmsocTeit Android mopatkie i po3pobka cnocoby nofiaHHA [oAaTKa Ais no
Aanbluoro aHanisy 6esneku. 2. [locnigKeHHs MeTofiB rMMOOKOro HaBYyaHHA i BMGIp HanbinbL
BiANOBiAHOrO 3 HMX. 3. Po3pobka nigxoay A0 BMABNEHHS WKiAAMBOrO NPOrpaMHOro 3abe3neyeHHs
ans Android 3 BUKOpUCTAHHAM MeTOAiB rIMOOKOro HaByaHHA. OCHOBHA iges nigxoay VABEHHA
Android popatku y BUrnAafi 306paxeHHs Ans NOAaNbLIOro aHanisy 3ropToBol HeMPOHHOW Mepe
Kelo, NpuyoMy B LIbOMY 300paxKeHHi Mmikceni npeacTaBnstoTb NocnifoBHicTb nap API BMKAMKy i
BiANOPHOMY MOMY pPiBHSA 3aXUCTY, KU BUBOAUTLCA 3 O3BOJTY, fiKe HE0OXiaHO ans BUknuky APL.

bi6n. 3.
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YK 004.45
Conoseit 1.B., Bopouek O.I. Po3po6ka nporpamHoi cuctemu ans BepeHHA umcgposoi

KapTKWU AOMALIHbOT TBapuHK // CucTemMHi TexHonorii. PerioHanbHU MiXBY3iBCbKUIA 30ipHUK Hay
KoBux npaub. Bunyck 4(153). — iHinpo, 2024. — C.47 - 57.

06paHOo TexHonorii Ta po3pobieHo MPorpamMHy CUCTEMY, WO MiIATPUMYE BeAeHHs uudpoBoi
KapTKW [OMalWHbOi TBapuHU. CMCTEMA CKNAAAETbCs 3 CepBEpHOi Ta BeO yacTUHM. BoHa iHTerpye
MeLUYHI 3anucy, iCcTOpii BaKUWMHALiA Ta MOHITOPUHI AKTMBHOCTI, WO CMPOLYE YNpaBAiHHA
3popos'amM TBapuH. Cuctema BKAoYae yHKUIT umudposoro nacnopty, wo niareepmxyerbcs QR
KOZOM, XXyPHan aKTUBHOCTEN Ta MEANYHI 3anucK, [OCTYNHI ANA BNACHUKIB TBAPUH i BETEPUHAPIB.

Nlit.12.1n.2.

YOK 004:02; 681.3; 519.217; 629:7

JlabytkiHa T.B. CnpoweHa imiTauinHa Mofenb HAaBaHTAXKEHHA B 3aMKHEHi Mepexi
KomyTauii nakeriB // CuctemHi TexHonorii. PerioHanbHWUil MiXBY3iBCbKMI 30ipHUK HayKOBMX
npaub. Bunyck 4(153). — iHinpo, 2024. — C.58 - 78.

Po3BuHYTO Migxif [O CNPOLWEHOro iMiTauiiHOro MOLENIOBAHHA HABAHTAXEHHA Mepexi
KoMyTaLii naketie. B 0cHOBI iMiTaLiliHOro NpeAcTaBNEHHA MEPEXHUX NPOLLECIB CPOLLEHA MATEMA
TUYHA MOJENb MepeXxi KoMyTaLii NakeTis, ska 3aCHOBAHA Ha AMCKPETM30BAHOMY OMMUCY CTaHiB 3a
BAHTAXXEHHA BY3/1iB Mepexi i BiANOBIAAE NpeAcTaBNeHHI0 MOTOYHOrO CTaHy Mepexi B 3ajayax
yNpaBniHHA i HABAHTAXKEHHAM.

Jit.20. in.3.

YK: 004.9:519.711

CykoBeHko K.I. IHcpopmauiiHa TexHOnoria MiATPUMKU NPUUHATTA pilleHb B 3apavax
BifjeocnocTepexkeHHA Ta MOHiTOpiHry // CuctemHi TexHonorii. PerioHanbHMI MiXBY3iBCbKUN
36ipHMK HayKoBMX npaupb. Bunyck 4(153). — [IHinpo, 2024. — C.79 — 86.

Po3rnapalotbcs BUKOPUCTAHHA BifEOAAHMX Y CUCTEMAX BifLeOCNOCTEPEXEHHA Ta MOHITOPUHTY
3 TOYKM 30py TEXHONOrMW KOMN'IOTEPHOr0 30py Ta CUCTEM MNIATPUMKW MPUIAHATTA pilueHb.
06roBoptOETLCA, AK iHPOPMaLiNHi TexHoNOriT fonomaralTb 36MpaTi, aHaNi3yBaT Ta BUKOPUCTO
BYBAaTU BigeofaHi Ana aBToMaTu3alii Ta onTuMisaLii npoueciB BiAeoCnoCcTepeXeHHs. 3BepTaETHCA
yBara Ha €TUYHi NWUTAHHS, NOB'A3aHi 3 NPMBATHICTIO Ta KOH(iAEHUiHICTIO 0Ci6, 300paXeHux Ha
Bifle0, i HaronowWye Ha HEOOXiAHOCTI YBAXHOT yBaru A0 LMX MUTAHb 1S 3aXMCTY NPaB rPOMALAH.

bion. 8.

YK 004.932

loHuapoB 0.T., THatyweHko Bik.B., Wesuosa 0.C. HepomeperkeBuir nigxip cermeHTauii
CiNbCbKOrocnoAapcbKux yrigb Ha CYNYTHUKOBUX 3006paykeHHAX // CuctemHi TexHonorii.
PerioHanbHuWit MixBY3iBCbKMIA 3GIpHUK HAyKOBMX mpaub. Bunyck 4(153). — [Owinpo, 2024. -
C.87 -101.

JlocnimKyeTbcs 3aCTOCYBaHHSA MOOKMX HEMPOHHUX MepeX, 3o0KkpeMa apxiTektypu U Net, s
CEMaHTUYHOT CermeHTalii CinbCbKOroCcnofapCbKMX yrib Ha CynyTHUKOBUX 300paXeHHAX. AHani3
OCTaHHIX MAOCNiAXeHb BKa3ye Ha noTeHuian Mmoaudikauin U Net y ToyHOMY BM3HAYeHHi
CiNlbCbKOroCnoAapCbKMX TEPUTOPIN 3 Pi3HOK CTPYKTYPOIO AaHuX. B cTaTTi nopiBHI00TLCA Moaeni 3
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Pi3HUMW  APXITEKTYPHUMWU BAOCKOHANEHHAMM, O [AEMOHCTPYIOTH MiABUILEHY TOYHICTb Ta
eheKTUBHICTb B 3ala4ax CermeHTauii.

bi6n. 8, in. 8.

YK 004.932

MiweHko M.C., THatyweHko Bik. B., CiHrep A.B. Knacudikauia ekoo6'eKTiB Ha cynyTHMKO
BUX 300paXkeHHsAX 3a gonomoroto PyTorch // CuctemHi TexHonorii. PerioHanbHuii MixBY3iBCbKUI
36ipHUK HayKoBUX npaub. Bunyck 4(153). — Axinpo, 2024. — C.102 — 109.

Y cTaTTi HaBefeHa NpaKTUYHA peanizalis anropuTMy Knacudikalii eKkoo6'eKTiB Ha CynyTHY
KOBUX 300paXeHHAX 3 BUKOPUCTAHHAM 6ibnioTekn rmnbuHHOTO HasyaHHA PyTorch. MeToto
AOCNIAXEHHS € MiABWLEHHS AKOCTI Knacudikauii 06'ekTiB Ha LUMDPOBMUX 300paXKEHHAX 3aBASKM
po3po0LLi Ta BUKOPUCTAHHIO MOLENT HEMPOHHOT MepeXxi.

3anponoHoBaHuUi Niaxif A03BONAE KnacudikysaTh BOLY, MiCKW, XMapu Ta 3e/eHy MicLeBiCTb
Ha CYNYTHWUKOBMX 3HIMKaX, MONErwyoYM aHani3 BeNMKUX OOCATB AaHWUX Ta OTPUMAHO CEPERHIO
TOYHicTb 95%. Voro 6yno npoTecToBaHO Ha CymyTHUKOBMX 3HiMKax Sentinel 2, oTpumanux 3 e
pe3Hs no cepneHb 2023 poKy ANA [OEAKMX YaCTUH XepCOHCbKOi Ta MwukonaiBcbkoi obnacreit,
YkpaiHa. [N HaB4aHHA MOLEeNi BUKOPUCTOBYETLCA NONEPEAHbO HaTpeHOBaHa apxiTekTypa ResNet.

bi6n. 7.

YOK 004.421.2

Heskputuii 1.0., AHTOHeHKO C.B. AHanis anropuTmiB BUABNEHHA 3iTKHEHb Y TPUBMMiPHUX
BipTyanbHux cepepoBuiax // CuctemHi TexHonorii. PerioHanbHUI MiXBY3iBCbKUI 30IpHUK Hay
KoBux npaub. Bunyck 4(153). — [Hinpo, 2024. - C.110 - 122.

Y uboMy BOCNiAXKEHHT NPONOHYETLCA HOBUIM aNTOPUTM BUABNEHHA 3iTKHEHb 15l eDEeKTUBHOIO
BY3bKO(a3HOro BUABNEHHA B [OfaTKax BipTyanbHoi peanbHocTi. [loegHyloun R pepesa Ta
OpieHTOBaHi po3MipHi pamku, BuUpiBHAHI no ocax (OAABB), anroputm edekTuBHO (inbTpye
npumitTueu. Lle 3MeHwWye KinbKicTb BigBiAyBaHb By3NiB, MiABMLLYE NPOLYKTUBHICTb 1 NMOM'AKLLYE
YucneHHi npobnemu 3 BigBifyBaHHAM. Takuit Nigxif 3HAYHO 3MEHLLYE 0OCArM OnepaLiin OHOBEHHS,
nigBuLLytoun 3aranbHy edhekTUBHiCTb. Lleit HoBWiI MeTop 3abe3neyye TOYHE BUABEHHS 3iTKHEHb,
CNpUAI0YM NOKPALLEHOMY MOLENIOBAHHIO BipTyaNbHOr0O CEPeA0BHULLa.

bi6n. 8,1in. 5, Tabn. 3.

YIK 004.67

Jlyk'aneup M.0., Cynema €.C. MeTop yrpynyBaHHA TeMNOpanbHUX MyNbTUMOAAJIbHUX NO
TOKOBUX AaHMX npucTpoiB IoT Ha 0CHOBi peakTMBHOro NnporpamyBaHHA // CuctemHi TexHonorii.
PerioHanbHMit MixBY3iBCbKMIA 30IpHUK HayKoBMX npaub. Bunyck 4(153). — [Owinpo, 2024. -
C.123 -132.

Y uin cTarTi [oCnifXyloTbCA 3afjaya YrpynyBaHHA TEMMOPaNbHUX MOTOKOBUX AAHWX
npuctpois IoT. ABTOpM aHani3yloTb HEAABHI AOCHIMKEHHA Ta nybnikauii, wob gocniguTn icHyloui
crnocobw pilleHHs 3apayi yrpynyBaHHs, Ta 0OrOBOPIOKOTb MOTEHUilHI pilleHHs uux npobnem. Y
CTaTTi MPOMOHYETLCA METO YrpynyBaHHA 3 BMKOPUCTaHHAM onepatopa GroupJoin. [oka3aHa
MOXNMBICTb peanisallii 3anponoHoBaHoro Metoay Ha .NET.

bibn. 9,1in. 4.
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YK 004.4
AupptoxaHos 1.B., Kopoteesa T.0. Mogenb cepBicy reteporeHHoi po3nogineHoi 6a3u ga

HUX ANA MacwrabyBaHHA nporpamHux cuctem // CuctemHi TexHonorii. PerioHanbHUit
MiXBY3iBCbKMI1 30IpHUK HayKoBMX Npaub. Bunyck 4(153). — OHinpo, 2024. — C.133 - 143.

Y cTatTi pO3rNsHYTO aKTyalbHiCTb FOPWU3OHTANIbHOTO MacWTabyBaHHA MPOrpaMHUX CUCTEM,
AKi noTpebytoTb BUKopucTaHHsa CYBJ, ans onpautoBaHHs BennKux o6'emie cTpyktypoBaHux, JSON,
reonpoCcTopoBMX [AaHWMX, MpWU LbOMY, Matoun BuMMOrnM 3abesneveHHs ACID BnacTuBocTen Ta
uinicHocti paHux. lpoBefeHo aHani3 iCHyKYMX NPOAYKTIB, HABELEHO iX OCHOBHI nepeBaru Ta
Heponiku, copMynbOBaHO NpobneMy EAUHOT TOYKW BiAMOBM, TEXHIYHUX OOMEXEHb, BiCYTHOCTI
MNiATPUMKK HeobxifHoro (yHKUioHany. Y sKocTi ii BupilleHHs po3pobneHo mogenb cepeicy
reTeporeHHoi po3nofineHoi 6asn aaHux, CKNAAeHo OMNMUC i XapaKTePUCTUK Ta apxiTeKTypu. 3 3acTo
CyBaHHAM TexHonorii Kubernetes npoBefeHo JOCNiAKEHHA METPUK NPOAYKTUBHOCTI knactepa B[]
Ha 6a3i po3pobneHOT Mogeni, NOKA3HUKM AKMUX Y MiACYMKY MaloTb Kpalli 3HAYEHHS Y NOPiBHAHHI 3
PO3MAHYTUMM PilUEHHAMM.

bion. 8.

YIOK 62 231:681.5

Pypakosa A.A., Jle6epenko 10.0., Pypakosa I.B., Hinosa [I.A. MpoeKkTyBaHHA cuctemu ke
PYBaHHA 3 NPOrHO3YI040I0 MOAEJIIIO ANA ABONPUBOAHOIO MaHiNyNATOpPa napanesibHOi CTPYK
Typu // CuctemHi TexHonorii. PerioHanbHWit MixBY3iBCbKUI 36IPHUK HAayKoBMX Mpaub. Bunyck
4(153). - iHinpo, 2024. — C.144 - 156.

Lia cTatTa Mae Ha MeTi BUBYMTW 3aCTOCYBaHHA MoAeNi NPOrHO30BaHOro KepyBaHHA A0 napa
NeNbHOro MaHinynaTopa, 30CepeAXyouncb Ha WOro KOHCTPYKLiT, AMHAMIL] Ta CTpaTerifx KepyBaH
HA. IHTerpauis MPCy napanenbHe KepyBaHHA MaHinynAaTOPOM Aae NoTeHLian Ans BUPiLIEHHA Npo
Onem, NoB'A3aHKX i3 BiIACTEXEHHAM TPAEKTOPIi, YHUKHEHHAM NEpPeWKos Ta eeKTUBHUM BUKOPU
CTaHHAM eHeprii. MaTemaTnyHa mogenb 3abe3neyye TOUHY OCHOBY ANA PO3YMiHHA Ta KepyBaHHA
PYyXOM NapanenbHuUx MaHinynAaTopiB, 3aKNafalym OCHOBY ANA NOLANbLIOTO aHaMi3y Ta ONTUMi3alii.
3aBasku BcebiYHOMY AOCTiMKEHHIO yHAAMEHTANbHUX NPUHLMMIB, O NEXaTb B OCHOBI Napanenb
HUX MaHiNynATOpiB, i BHYTPiWHbOI noTyxHocTi MPC MoxHa peani3yBaTh NOTeHLiliHi nepeBaru
NOEAHAHHSA LUX TEXHONOTIN.

bion. 4,in. 5.

YK 004.056.523

Ocraneub [.0., [3t06a B.B., Pyceubkuii B.B. 3acobu pana BuBueHHA ipeHTudikauii Ta
aBTeHTUdiKauii 3a o6auyuam // CuctemHi TexHonorii. PerioHanbHWit MiXBY3iBCbKUI 36ipHUK
HayKoBUX npaup. Bunyck 4(153). — xinpo, 2024. — C.157 — 165.

Po3rnspaotbcs NpuUHUMNWM PO3pOOKM Ta OpraHisauis nmporpamMHux 3aco6iB Ans BUBYEHHS
MexaHi3My 6GioMeTpuyHOi aBTeHTU(iKaLii 33 00/ MYYAM MO KAOYOBUM ToukaM. [lpepactaBieHo
opraHizauilo Komnnekcy 3aco6iB. HaBegeHo OCHOBHi NMpUKAaau Ta eTanu pobOTM NPOrpamMHOro
KOMNJEKCy, Wo po3pobneHnuit Ha MoBi C++ 3 BUKOPUCTAHHAM [0AaTKOBMX 6ibnioTek. Po3pobneHi
3ac061 MOXKYTb OyTY BUKOPUCTAHI B HaBYaNbHOMY NPOLEC.

bi6n. 6, 1in. 6.
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YK 004.91
Uapuk B.H0., buykosa .M., Kniw, C.M., Kani6epaa t0.0. KoHKypeHTHMI® aHani3 icHylOuMX
NPOrpaMHUX 3aCTOCYHKIB A/IA NOKPALEHHA MEeHTanbHoOro 3aopoB’a // CuctemHi TexHosorii.

PerioHanbHUit MixBY3iBCbKMIA 30IpHUK HayKOBMX npaub. Bunyck 4(153). — [Owinpo, 2024. -
C.166 - 179.

AHoTauis. Pobota nonsrae y npoBefeHHi KOHKYPEHTHOrO aHani3y iCHyKYMX NPOrpamHMx
3aCTOCYHKiB, CMPAMOBAHMX HA MOKPALEHHA MEeHTaNbHOro 340poB's soped. BusHaveHo
(YHKUiOHaNbHI BUMOTU 1O MOOiINBHOTO 3aCTOCYHKY ANs MOKPAWEHHs MeHTasbHOro 3A40poB's Ta
NPOBEAEHO KOHKYPEHTHUI aHani3 iCHylUYMX 3aCTOCYHKiB. byno npoaHanizosaHo 10 3acTOCyHKiB,
AKi HaAAlTb KOPUCTYBAYaM Pi3HOMAHITHI IHCTPYMEHTU 1A CAMOBLLOCKOHAIEHHA Ta PO3BUTKY N0O3K
TUBHMX CTpaTerin KOMiHry 3i cTpecom Ta HeratuBHMMM emouisamu. Cepen 0OGpaHMX 3aCTOCYHKIK
HEMA€E OJHOTO, AKMUIA 61 NOBHICTIO 3a40BOJILHAB BUMOraM, siKi MW BUCYBAEMO A0 HALIOrO 3acTO
cyHKy. Cepep BiUMCHAHUX pilleHb HASIBHI NULE MELUTATUBHI NPAKTUKK. TOX po3poOKa Takoro 3a
CTOCYHKY Oy/ie aKTyasbHOK Ta KOPUCHOK A YKPATHCbKOTO CYCMiNbCTBa.

bi6n. 12.
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UDK 004.8
Zhukov 0.0., Horbenko V.I. Using deep cnn architectures and tensorflow for bee
identification on images // System technologies. N 4(153) Dnipro, 2024. P.3 - 12.
The queen plays a vital role in reproduction and maintaining the colony's population.
Finding the best way to preprocess audio data and review it is an important task, that, if per
formed well, will help to track the bee hive population and its health state in general. Accord

ing to the evaluation results, MFCCs based models gave constant good results, and when used
on a limited audio dataset, pre trained model showed better performance than the one
trained from zero.

Bibl. 14, Fig. 3.

UDK 669.84.244.66

Velichko 0.H., Kamkin V.Yu., Rudko K.V., Kamkina L.V. Analysis of the development of
the carbon oxidation reaction of low carbon steel in a bucket under vacuum // System
technologies. N 4(153) Dnipro, 2024. P.13 - 23.

Based on the results of modeling on the mathematical model, an assessment of the ap
proach of degassing reactions to equilibrium was made and the factors affecting it were clari
fied. Heat transfer calculations showed that the heating of the argon bubble takes place un
der the limiting conditions of the first kind, and the time of its heating to the temperature of
the metal is 0.2 0.4 seconds, other processes are not limited. According to the calculations,
mass exchange of gases in a bubble with metal takes place at values of the Bio diffusive num
ber BiD less than 0.2, which indicates only external limitation, i.e. the stage that determines
the speed of the process is diffusion through the boundary layer. This corresponds to known
literature data, according to which the limiting link of degassing processes is the transition of
reagents through the boundary layer at the interphase boundary between the metal and the
gas phase. When building a dynamic model, the well known model of vacuum decarburization
was taken as its basis and supplemented with the process of simultaneous blowing of metal
with argon. The main provisions of this model include the following: processes of mass ex
change of metal with an argon bubble during its ascent, which occur with gas heated to the
temperature of the metal, and are limited only by external diffusion; due to intensive mixing,
the composition of the metal by volume is considered constant; removal of dissolved gases
takes place according to the following cost items: in CO bubbles, in argon bubbles and
through the metal surface free from slag. As the simulation results showed, the hydrogen re
moval reaction is close to equilibrium, and the oxygen removal reaction is far from equilibri
um. To remove hydrogen in argon bubbles, it is necessary to increase the flow of argon, and
oxygen the surface area of the argon bubbles.

Bibl. 9.

UDC 004.6

Zhurba A.0. Study of fractal image compression method with the purpose of improv
ing compression quality // System technologies. N 4(153) Dnipro, 2024. P.24 —33.

In the course of the study, the basic version of the created software code was analyzed

in detail in order to make the necessary changes to the task in order to preserve the basic
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purpose of the software product. In addition, the debugging results were analyzed to show
the increase and decrease in the performance of the code. By comparing the raw data, it is
also possible to conclude that the changes made demonstrate flexibility and extend the soft
ware capabilities of the product.

Bible 6, fig. 2, table 1.

UDK 629.7.036.54.

Vasiliv S.S., Ternova K.V. Numerical simulation of the influence of detonation prod
ucts on a supersonic airflow process // System technologies. N 4(153) Dnipro, 2024.
P.34 - 40.

The urgency of the work is due to the need to increase the speed and the magnitude of
the control impulse of rocket engines for maneuvers in the atmosphere. The purpose of the
work is to evaluate the interaction parameters of detonation products with the supersonic air
flow. Numerical modeling is used to achieve the goal. The simulation results will be used to
conduct next experimental research

Bibl. 8.,ill. 3.

UDK 004.4

Ostrovska K., Stovpchenko I., Ostrovsky Y. Development of an approach to the detec
tion of Android software using deep learning methods // System technologies. N 4(153)
Dnipro, 2024. P.41 - 46.

The purpose of the work is to develop an approach to detect malicious software for the
Android operating system based on statistical analysis using deep learning methods. To
achieve the goal, the following tasks were solved: 1. Study of the features of Android applica
tions and development of a method of submitting the application for further security analy
sis. 2. Research of deep learning methods and selection of the most appropriate of them. 3.
Development of an Android malware detection approach using deep learning techniques. The
main idea of the approach is to represent the Android application in the form of an image for
further analysis by a convolutional neural network, and in this image the pixels represent a
sequence of API call pairs and the level of protection against it, which is derived from the

permission required for the API call.

Bibl. 3.

UDC 004.45

Solovei I.V., Vorochek 0.H. Development of a Software System for Managing a Digital
Pet ID // System technologies. N 4(153) Dnipro, 2024. P.47 —57.

Technologies have been selected and a software system has been developed that sup
ports the management of a digital pet ID. The system consists of a server and a web part. It
integrates medical records, vaccination histories, and activity monitoring, which simplifies
the management of animal health. The system includes digital passport features, which are
verified by a QR code, an activity log, and medical records, accessible to pet owners and veter
inarians.

Ref. 12. IlL. 2.
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UDC 004:02; 681.3; 519.217; 629:7
Labutkina T.V. Simplified simulation model of load in a closed packet switching
network // System technologies. N 4(153) Dnipro, 2024. P.58 —78.
An approach to simplified simulation modeling of packet switching network load has
been developed. The simulated representation of network processes is based on a simplified
mathematical model of the packet switching network, which is based on a discretized descrip

tion of the load states of the network nodes and corresponds to the representation of the cur
rent state of the network in the tasks of managing its load.

Ref. 20. IlL. 3.

UDC: 004.9:519.711

Sukovenko K.G. Information technology for decision support in video surveillance
and monitoring tasks // System technologies. N 4(153) Dnipro, 2024. P.79 — 86.

The use of video data in video surveillance and monitoring systems is considered from
the perspective of computer vision technologies and decision support systems. It discusses
how information technologies assist in collecting, analyzing, and utilizing video data to au
tomate and optimize video surveillance processes. Attention is drawn to ethical issues related
to the privacy and confidentiality of individuals depicted in videos, emphasizing the need for
careful consideration of these issues to protect the rights of citizens.

Bibl. 8.

UDC 004.932

Honcharov 0., Hnatushenko Vik., Shevtsova 0. Neural network approach for segmenta
tion of agricultural lands on satellite images // System technologies. N 4(153) Dnipro,
2024. P.87 —101.

This study explores the application of deep neural networks, specifically the U Net ar
chitecture, for semantic segmentation of agricultural lands in satellite images. An analysis of
recent research highlights the potential of U Net modifications in accurately identifying agri
cultural areas with diverse data structures. The article compares models with various architec
tural improvements, demonstrating increased accuracy and efficiency in segmentation tasks.

Refs. 8, Figs. 8.

UDC 004.932

Mishchenko M., Hnatushenko Vik., Sinher Anastasiia Dzhei Implementation of satelite
image classification using PyTorch // System technologies. N 4(153)  Dnipro, 2024.
P.102 - 109.

This article presents a practical implementation of the satellite image classification task
using the PyTorch deep learning library. The aim of the work is to develop a neural network
model capable of classifying satellite images into four classes: water, sands, clouds, and
greenery.

Refs. 7.
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UDK 004.421.2

Nekvrytyi I., Antonenko S. Analysis of Collision Detection Algorithms in Three
Dimensional Virtual Environments // System technologies. N 4(153)  Dnipro, 2024.
P.110 - 122.

This study proposes a new collision detection algorithm for efficient narrow phase de
tection in virtual reality applications. By combining R trees and oriented axis aligned bound
ing boxes (OAABB), the algorithm filters primitives efficiently. It reduces node visits, enhanc
ing performance, and mitigates multiple visit issues. The approach significantly decreases
volume refresh operations, improving overall efficiency. This novel method ensures precise
collision detection, contributing to enhanced virtual environment simulations.

Bibl. 8, fig. 5, tabl. 3.

UDK 004.67

Lukianets M.0., Sulema Y.S. Method of aggregating temporal multimodal streaming
data from iot devices based on reactive programming // System technologies. N 4(153)
Dnipro, 2024. P.123 - 132.

This paper investigates the problem of aggregating temporal streaming data from IoT
devices. The authors review recent research and publications to explore existing solutions for
the aggregation task and discuss potential approaches to these issues. The article proposes
an aggregation method using the GroupJoin operator and demonstrates the feasibility of im
plementing this method on .NET.

Lib. 9, fig. 4.

UDK 004.4

Andriukhanov I., Korotyeyeva T. The service model of a heterogeneous distributed
database for software system scaling // System technologies. N 4(153) Dnipro, 2024.
P.133 - 143.

The article explores the topicality of horizontal scaling for software systems that require
the use of database management systems (DBMS) to process large volumes of structured,
JSON, and geospatial data, while maintaining requirements for ACID properties and data in
tegrity. An analysis of existing products is conducted, outlining their main advantages, disad
vantages and identifying issues such as single points of failure, technical limitations, and lack
of support for necessary functionality. To solve these issues, a service model of a heterogene
ous distributed database is developed, providing a description of its characteristics and archi
tecture. Using Kubernetes technology, performance metrics of the database cluster based on
the developed model are investigated, demonstrating superior performance compared to the
products discussed.

Refs. 8.

UDC 62 231:681.5

Rudakova A., Lebedenko Y., Rudakova H., Nilova D. Design of a control system with a
predictive model for a two drive manipulator with a parallel structure // System technol
ogies. N 4(153) Dnipro, 2024. P.144 —156.
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This paper aims to explore the application of Model Predictive Control to parallel ma
nipulator, focusing on its design, dynamics, and control strategies. The integration of MPC
into parallel manipulator control offers the potential to address challenges related to trajec
tory tracking, obstacle avoidance, and efficient energy utilization. The mathematical model
provides a rigorous framework for understanding and controlling the motion of parallel ma
nipulators, laying the groundwork for further analysis and optimization. Through comprehen

sive exploration of the fundamental principles underlying parallel manipulators and the in
herent power of MPC, the potential benefits of combining these technologies can be realized.

Bible 4, ill. 5.

UDC 004.056.523

Ostapets D., Dziuba V., Rusetskyi V. Tools for studying of facial identification and au
thentication // System technologies. N 4(153) Dnipro, 2024. P.157 — 165.

The principles of development and organization of software tools for studying the
mechanism of facial biometric authentication at key points are considered. The organization
of the complex of means is presented. The main examples and stages of the software complex,
developed in the C++ language with the use of additional libraries, are given. The developed
tools can be used in the educational process.

Bibl. 6, il. 6.

UDC 004.91

Tsaryk V.Yu., Bychkova D.M., Klishch S.M., Kaliberda Yu.0. A competitive analysis of
existing mental health software applications // System technologies. N 4(153) Dnipro,
2024. P.166 - 179.

Abstract. The work consists in conducting a competitive analysis of existing software
applications aimed at improving the mental health of people. The functional requirements for
a mobile application to improve mental health were determined and a competitive analysis of
existing applications was carried out. 10 applications were analyzed that provide users with
various tools for self improvement and development of positive coping strategies with stress
and negative emotions. Among the selected applications, there is none that fully meets the
requirements that we set for our application. Only meditative practices are available among
the clear solutions. Therefore, the development of such an application will be relevant and
useful for Ukrainian society.

Bible 12.
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HAHYV i IKAY, Vkpaina

HariioHanbHuiit TeXHIUHMIT YHiBEpCUTET
Vkpaiuu «KniBCbKMi OMITEXHIYHMUI IHCTUTYT»
imeni Irops Cikopcbkoro”, YKpaiHa

Jan Evangelista Purkyné University

in Usti nad Labem

VHiBepcuTeT iMmeHi lHa €BaHresicra I1ypkiHe,
VYeri Hag Jlabem, Yecbka Pecrry6itika
IIHIpOBCbKMIi HAlliOHAbHMI YHIBEPCUTET
imeni Onecs 'onuapa, YKpaiHa

V3KropoAcbKuii HalliOHAJIbHUI YHIBEPCUTET,
VxpaiHa

VKpaiHChbKUIi AepskaBHUI YHIBEPCUTET HAYKM i
tTexHoJori, HHI «IHCTUTYT IpoMMCI0OBUX Ta
6i3Hec TeXHOJIOoTii», YKpaiHa

VKpalHCbKUI fep>kaBHUI YHIBEPCUTET HAyKM i
TexHoJorii, HHI «IHCTUTYT TpOMUCIOBUX Ta
6i3Hec TeXHoJoril», YKpaiHa

HanioHanbHMIT TeXHIUHWMIA YHIBEPCUTET
«/IHITIpOBCHKa MOIiTexHiKa», YKpaiHa

YOpHOMOPCHKMIT HalliOHAJIbHMI YHiBEPCUTET
imeni [1.Morunu, YKkpaina

VKpaiHCbKUIi AepskaBHUI YHIBEPCUTET HAYKM i
TexHosorii, HHI «JHCTUTYT mpoMUCIOBUX Ta
6i3Hec TeXHOJIOTii», YKpaiHa

XapKiBCbKMII HALliOHAJIbHUI YHIBEPCUTET
paziioeneKTpoHiKM, YKpaiHa

Akademia Gorniczo-Hutnicza

KpakiBcbKka ripHMuo-mMeTanypriiiHa akageMist
im. C. Cramrina, ITonpina

VKpaiHCbKUI1 Iep>KaBHUI YHIBepCUTET HAyKU i
texHoorii, HHI « IHimpoBCbKMIt iHCTUTYT
iHbpacTpyKTypH i TpaHCIIOPTY»YKpaiHa
[HINMpoBCbKMUIi HalliOHAIbHMI YHIBEPCUTET
imeni Onecs T'onuapa, Ykpaina
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