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NPUJIAAOBYAYBAHHS TA PAAIOTEXHIKA

H.A. Ocmanuwun, B.1. Manosiox [lpotunoxexHa cucrema Ha ocHoBi moayiist NodeMcu V3 ESP8266

JUTSE TOOYTOBOTO 3aCTOCYBaHHS !
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MiKkporporecopa x86-64 B 3aauax JiHIHHOT anreOpu
P.I 3anyxnsax, B.B. Jloseuii besaneka mam’sti y C++: iminiatuen WG21 (lifetime, contracts, safety 44
profiles) Ta emmipryHMIA aHAII3 Open-source MPOEKTIB
PEDEPATU 51
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EJIEKTPOHIKA, EJJEKTPOHHI KOMYHIKAIIII,
IMNPUJIAJOBYAYBAHHS TA PAJIOTEXHIKA

YK 614.842.435 DOI:10.15330/itee.2025.2.01
H. A. OCTAIIUIINH, B. 1. MAH/]3FOK, Ook. ¢is.-mam. nayx

MMPOTUIIOXKEXHA CUCTEMA HA OCHOBI MOAYJIsI NODEMCU V3 ESP8266
JJISA TIOBYTOBOI'O 3ACTOCYBAHHA

Beryn

[Iupoke BUKOPUCTAHHS CYYaCHUX EJCKTPOHHHUX KOMITOHEHTIB 1 IIM(PPOBUX METOMAIB 00pOOKH
iH(popMallii TPU3BOAUTH 10 ICTOTHOI “iIHTeNeKTyani3amii” TexHiYHux 3aco6iB. Llndposi cucremu Ha
OCHOBI MIKPOKOHTpPOJIEPIB 1 CEHCOpIiB 3aCTOCOBYIOTHCS [UIS MiABHINEHHS THYYKOCTI Ta
(GYHKI[IOHAIBHOCTI TEXHIYHUX MPUCTPOIB UISIXOM O0pOOKHU JaHUX Y pEaIbHOMY 4aci Ta MPUHHATTS
pimens Ha Miciii 6e3 ydacti neHTpansHoro komn 'orepa [1]. CyuyacHi TexHiuHiI 3aC00M OXOPOHH, 10
SKMX HacaMIepes] MOXKHA BITHECTU CUCTEMH €JIEKTPOHHUX MOKEKHUX CUTHATI3allil, HAKOMUYY 0T
Ta IHTEPIPETYIOTH JIaH1 BiJ] IIUPOKOTO CIIEKTPa CEHCOPIB JIJIsi PAHHBOTO BUSBIICHHS 3arpo3 [2]. Jlani
CUCTEMH MOXKYTh OyTH 3aCTOCOBAaHI SIK TOBHICTIO IHTETPOBaHI CUCTEMH a00 CHUCTEMU, B OCHOBI SIKUX
nexarh (QYHKIIOHATEHO HE3aJIe)KHI KOMITOHEHTH, 3’€JIHaHI depe3 MUGpoBi MHMHU Ta Mepexi [3].
CyuacHi TeHJEHII PO3BUTKY €JIEKTPOTEXHIKM Ta €JIEKTPOHHOI TEXHIKHM, B OCHOBI SIKOI JICKHUTb
MIKpOMiHIaTIOpU3allis, BUMAararoTh BHKOPHCTAHHS IIUPOKOI HOMEHKIATYpPH MAJONOTYKHUX 1
MaJIOTa0ApUTHUX NPUCTPOIB Ta BHUPOOIB, [0 BUKOHAHI HAa HOBIM KOHCTPYKTHUBHIH OCHOBI
€JIEKTPOPATIOCIIEMEHTIB, OCKUIBKM MIKPOCXEMH 3 BHUCOKMM CTYNEHEM I1HTerpaiii J03BOJISIOTH
3HaYHO 3MEHUIMTH MAacorabapUTHI XapaKTePUCTUKU CKIAQAHUX MPUCTPOIB MPH OJHOYACHOMY
MIJBUIIEHHI eHeproe(eKTUBHOCTI Ta mBUAKOAIL [4, 5]. Ha cydacHOMy ertarii po3BUTKY JOCSTHEHHS
HayKM 1 TeXHIKM Yy cdepl eNeKTpOHHOI TEeXHIKM JalTh MOXIUBICTh ICTOTHO 3MEHIIUTH
Macora0apuTHi  XapaKTEPUCTHKM  EJNEKTPOHHHUX MPHUCTPOIB 32 paxyHOK BUKOPUCTAHHS
OJTHOKPUCTAJIBHUX MIKPOKOHTPOJIEPIB 1 BOAHOYAC MOJIMIIMTH iX TMOKAa3HUKM HaaIHHOCTI 1
JIOBTOBIYHOCTI Ta SKICHI XapaKTepUCTUKH, IO MIATBEP/DKEHO CYYaCHUMHU PO3POOKaMH
IHTErpOBaHUX CUCTEM 0OpPOOKHM CUTHAJIIB 1 BOY/I0BaHMX aJlTOPUTMIB po3Mi3HaBaHHS [6)].

AKTYyalbHICTh pO3POOKH MOPTATUBHUX HEOPOTHUX CHCTEM I0XKEKHOI CHTHaNi3alii Ha OCHOBI
MIKPOKOHTPOJIEPIB Ul MOOYTOBOIO 3aCTOCYBaHHS 3YMOBJIEHA 3pOCTAlOYOI0 KIJIBKICTIO MOXKEXK Y
KUTIIOBOMY CEKTOpl Ta HEOOXIJHICTIO 3a0e3NeyeHHs] paHHbOTO BHSBIICHHS 3aropsHb 3
MiHIMaJIbHUMH BUTpaTaMu. [lokexi B )KUTIOBUX MPHUMILICHHAX 3aIMIIAI0OTHCSA OJHIEI0 3 BarOMHX
MPUYMH TpPaBMaTU3My Ta CMEPTHOCTI, L0 MIJAKPECTIOE COI[iaIbHy 3HAUYyIIIiCTh BIPOBAIKEHHS
JOCTYITHUX aBTOHOMHHMX cucteM Jerekuii [1]. CywacHi gocmijpkeHHS y c¢epi CEHCOPHHX
TEXHOJIOTi  JIOBOAATH, IO IHTErpallis JaT4ydKiB JAUMy, TeMIeparypu Ta Tas3iB 13
MIKPOKOHTPOJIEPHOIO OOpPOOKOI0 CHUTHAINIB J03BOJISE IMiJIBUIIUTH TOYHICTh BUSABICHHS IMOXEXI Ta
3MEHIIUTH KUIbKICTh XUOHUX CHpanboByBaHb [7]. PO3BUTOK MiKpOMiHIaTIOpHU3allii Ta TEXHOJIOT1H
KOPITyCYBaHHsI MIKpOcXeM 3a0e3reuye 3MeHIIEHHS MacorabapuTHUX XapaKTePUCTHUK 1 MiABUILICHHS
HAJIIHOCTI eJEeKTPOHHUX MPHUCTPOIB HpU 3HIKEHHI iX BaprTocTi [8]. BukopucranHs cydacHuX
OJTHOKPUCTAJIBHUX MIKPOKOHTPOJIEPIB 13 HU3BKHM EHEPrOCHOKHUBAHHSAM CTBOPIOE MOXKIIUBICTD
peastizailii aBTOHOMHUX, €HEProeeKTUBHUX Ta (PYHKIIOHAIbHO THYYKUX CHCTEM, JAOCTYIHHUX AJIs
IIMPOKOT0 KOJIa KOPUCTYBaviB y MoOyToBUX yMoBax [9, 10]. Takum 4MHOM, MOETHAHHS COLIAIBHOT
moTpeOu y MiABUIIEHH] PIBHS MOXKEXHOT O€3MEKH HACEIEHHS 3 TEXHIYHUMHU JTOCATHEHHSIMH Y TaTy31
BOYJJOBaHUX CHCTEM OOIPYHTOBYE NOLUIBHICTH 1 CBOEYACHICTh PO3POOKH MOPTATUBHUX HETOPOTHX
MIKPOKOHTPOJIEPHUX CHUCTEM TOXKEKHOT CUTHAITI3AITIT ISl )KUTI0BOTO cektopy [11].
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Mertoro nanoi poOOTH € po3podOKa MOKEKHOI curHamizamii Ha 6a3i miatdhopmu NodeMcu V3
ESP8266, sikuii 32 TEXHIYHUMH XapaKTEPUCTHKAMU HE MOCTYMAETHCS IIMPOKO BUKOPUCTOBYBAHUM
y TaKMX CHCTEMax MIKpOKOHTposiepaM Arduino, JaBadiB AWMy, raszy, TeMIIEpaTypH 1 BOJIOTOCTI,
BiOpartii, pesie Ta GSM-Moayist A1t OOMiHY TaHUMH.

Hpununnu GyHKIIOHYBAHHS CHCTEMM TOKEKHOI CUTHAJI3AIil

CucreMa IOXKEKHOI CHUTHAJII3alil SBIsS€ COOOK KOMIUIEKC TEXHIYHHUX 3ac00iB, OCHOBHUM
MIPU3HAUYCHHSAM SKOTO € BUSIBICHHS MOXEX1, 00poOKa 1 HaJaHHs y 3aJaHOMY BUIJISAJII TOB1AOMJICHHS
PO MOXKEKY HA 00’ €KTi, IKHH HEOOXI1THO 3aXMCTUTH, CIEIiabHOT iH(pOpMaIii A7 BUAa4i KOMaH,T
Ha YBIMKHEHHS aBTOMATHYHUX IPHUCTPOIB MOXKEKOTaCiHHA Ta KEpPyBaHHS IHIIUMHM TEXHIYHUMU
3aco0amu. Byzap-sfika cucTeMa MOKEXHOI CHTHaNi3alii CKIala€eThes 13 MOXKEKHUX ONOBIITYBadiB,
MPUHMaIbHO-KOHTPOIBHUX TMPHUJIAAiB, 3BYKOBHX 1 CBITJIOBHUX OIIOBIIyBayiB, TEXHIYHMX 3ac0O0IB
nepenayi iHpopmamii 10 MyJnbTiB HEHTPATI30BAHOTO CHOCTEPEKEHHS, MYJIbTIB 3B’ SI3KY MOXKEKHUX
yacTuH [12].

BukopucToByBaHI Ha JaHMKA Yac CUCTEMH 1 TEXHIYHI 3aco0M IMOXKEKHOT CHUTHAII3aMil
KJIaCU(IKYIOThCS 32 HACTYITHUMHM OCHOBHUMHU O3HAKAMU:

1) 3a mnpusHaueHHSM (IpUIaJd OXOPOHHOI CHTHami3amii 1 CHUTHAJIBHO-IIYCKOBI OJIOKH
aBTOMaTMYHHUX YCTAHOBOK MOXKEKOTaCIHHS, PUWIAN MTOKEXKHOT CUTHAJI3a1li1);

2) 3a BHJOM TEXHIYHHMX 3ac00iB (YCTaHOBKM IIOKEKHOI CHUTHANi3allii, CHCTEMHU Iepeaadi
CHOBILIEHb IPO MOXEXY, O0’€qHAaHI MYyJIbTH LEHTPATI30BAaHOI'O CIOCTEPEKEHHS, MPUIAIH
MOXKEXKHOI CHTHAIIi3allli CHemiaJbHOr0 MPHU3HAYCHHS, 30KpeMa, IS Pi3HUX BUIIB TPAHCIOPTY —
aBTOMOO1JIBHOT'0, BOJTHOTO, 3aJIi3HUYHOT0, TTOBITPSHOTO) 1 00’ €KTIB CIIEIIAIbHOTO MPU3HAYCHHS );

3) 3a KOHCTPYKTHBHMM BUKOHAHHSM (3BUYAiiHe, NHJIC3aXHUIICHE 1 BOJO3aXUILCHE,
BUOYX03aXHUIIEHE);

4) 3a BUAOM JIiHI BUKOPHCTOBYBAHOTO 3B’sI3Ky (JIiHIT MichbKOi TenedoHHOT Mepexi, JiHil
eJIEKTPUYHOI MEepexXi, paJioKaHall, CreliajabHi MPOBIAHI 1 ONITOBOJIOKOHHI JiHii);

5) 3a BUJIOM TIJIKJIFOUCHHUX OIOBIIIYBaviB (CIEIiajdbHi — MPU3HAUYCHI JJISI POOOTH B MEBHHUX
yMOBax; yHi1()iKOBaHI — pearyoTh Ha I€BHY MIEPBUHHY O3HAKY MOKEX1; KOMOIHOBaHI — pearyloTh Ha
JIeK1JIbKa NEPBUHHUX O3HAK MOMXKEXK1);

6) 3a eneMeHTHO 023010 (QYHKI[IOHATBHUX BY3iB (€JICKTPOMEXaHiYHi, Hd OCHOBI TUCKPETHHX
HaMIBIIPOBIIHUKOBUX Ta IHTErPaIbHUX MIKPOCXEM, MIKPOIIPOLIECOPIB Ta KOMOIHOBaHO1 0a3n).

3amponoHoBaHa Kiacugikaiis Moxke OyTH pO3IIMPEHa 3a paXyHOK BpaxyBaHHs 1HIIUX O3HAK,
K1 BIUIMBAIOTh HA HAWBaXJIMBIILI XapaKTEPUCTUKN CUCTEM OKEKHOI CUTHAIII3alll].

3aranoM Oyjb-fiKa CHCTEMa aBTOMATHUYHOIO IPOTUIIOXKEKHOTO 3aXUCTY Y CBOEMY CKJIaji
MICTUTh PAJ MIJCUCTEM: OMOBIIIEHHS JIIOJIeH MPO MOKEXKY 1 KEpyBaHHS €BaKyalli€lo; aBTOMaTUYHE
BUJAJICHHS IUMY; YCTAaHOBKU MOYKEKOTACIHHS; IMOKEKHA CUTHAITI3aLlis.

CTpykTypHa cXemMa TMOXEXKHOrO OIOBIllyBaya Yy 3arajbHOMY BHIVIAJI MOXe OyTu
IpeCTaBIIeHa, SIK TIOKa3aHo Ha puc. 1.

.-_“Eamm. Tecm cusHazu

2| e .

- exexmpusHul ' Pisern

- . nopory
Hamxg: Cxenma
auuHe UyTmHBEE . L PeneiE BR
cepeno- ATeMEHT [lizcamioEay OOpOORH TpHCTPIH
pame —_ CHTHATY

l Koxaxpecn
Unx Baok agpecamii o
Puc. 1. Y3aranpHeHa CTpYKTypHA CXeMa MOKEKHOTO OIOBIlyBaya
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Takum 4YWHOM, TpH PO3POOJICHHI TPHUCTPOIO HEOOXITHO BPaxOBYBATH BHUINE 3a3HAYECHI
0COOJMBOCTI (PYHKITIOHYBAHHS CHCTEM IOKEKHOI CUTHAITI3AIli].

OCHOBHI eJleMeHTH PUCTPOIO Ta HOro peaJstizaiis

1. ITnamghopma NodeMCU V3 ESP8266. [1yis peanizalii 1aHOTO IPOEKTY OYJI0 BUKOPUCTAHO
miatdpopmy NodeMCU V3 ESP8266 (puc. 2), ocHamenuii BOygoBanuMm moxayiaem Wi-Fi, mo
J03BOJISIE JIETKO TMiAKIo4Yatu mpuctpoi a0 Iarepuery 6e3 momatkoBux wmoxayniB. NodeMCU
niarpumye xuBiieHHs uepe3 USB a6o uepe3 VIN 5 B 1 mae BOypoBanwmii cTabiiizaTop, MO CIPOIIYeE
KUBIICHHS Ta MigKmoueHHs nepudepii. IlepeBaroro Momysisi € BUCOKa TaKTOBA YacTOTa Mpolecopa
ESP8266 (80—160 MI'ty) mpotu 16 MI'ti y Arduino Uno, 1o 103BoJsi€ mBHALIE 00pOOISTH IaHi Ta
BUKOHYBaTH ckianaHi anroputMu. NodeMCU mae MeHIIH po3Mip Ta iHTETpOBAaHUN MPOrpamarop,
110 crpoirye npomuBky yepe3 USB, Toai sk mus Arduino iHOA1I mOTpiOEH 30BHIMIHIA MPOTrpaMarop.
Yci ui dakropu pobnsate NodeMCU V3 ESP8266 O6inbm npumatauMm ans loT-mpoekris,
aBTOMATHU3aIll] Ta JUCTAHLIMHOTO MOHITOPUHTY B MOPIBHIHHI 3 KJIacuyHOO maTdopmoro Arduino.

3

(1 53]

Puc. 2. Moayns NodeMCU V3 ESP8266

2. Jasau zazy/oumy MQ-2. ]JlaBau ra3y, moOymoBaHuii Ha 0a3i rasoanamizatopa MQ-2,
JI03BOJISIE BHSIBJIATH HAsBHICTb B HABKOJHUIIHBOMY IIOBITPi BYTJIEBOJAHEBHUX TIa3iB: HpoOHaH Yy
kinpkocTi 0,2 + 5 mpomine; metan — 5 + 20 mpomine; Oyran — 0,3 + 5 mpowmisie; BOJAeHb —
0,3 = 5 mpomise; AianazoH yyTIMBOCTI 10 qumy — 300 + 10000 ppm; yac BIATYKY HE MEPEBHIYE
10 ¢). /laBau MO>kHa BUKOPHCTOBYBATH JIJIsl BUSIBJIICHHSI BUTOKIB TPOMHICIIOBOTO Ta3y 1 3aTUMIICHHS.
BuxinHuMm pe3ynpTaToM € aHaJOroBUHM CHUTHAJ, NPOMOPLIHHUI BMICTY Ta3iB, 1O SKUX YyTJIMBUH
razoaHaiizarop. BizyanbHe 300pa’keHHs 1aBaya Ta eJIEKTPUIHOI CXEMU TTOIaHO PHC. 3.

)
(e}
o

2

e

2

L8]

1 ] = cc
o oo LED
® sicaes o) A o T
™) (e [ 5 A 20 oo 2
w0 -(\ [] l: [ el _LCI aout :
?}, / = = 5

a)

Puc. 3. Monynb naBada razy/numy MQ-2 (a) ta iforo enektpudHa cxema (0)
3. dasau zazy MQ-7. JlaBau razy MQ-7 nae MOXJIMBICTbh BUSIBJISATH YaJHHH ra3 mpu Horo

koHueHTpauii 10 + 1000 ppm, yyTauBICTh JaBada CTaHOBUTH 3 %; yac BIATyKy — | ¢, yac BiAMOBil
— 30 c. BizyanbHe 300paxeHHsI 1JaBadya Ta HOro eNeKTPUYHOT CXEMU TOJJaHO pHC. 4.
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Puc. 4. Monyns naBada razy MQ-7 (a) Ta fioro enexrpudna cxema (0)

4. /asau memnepamypu i eonococmi DHT22. Jlaau DHT22 nobpe mniaxoauts ams
BUMIPIOBaHHS BOJIOTOCTI 1 TeMIepaTypu B NPHUMIIIEHHI, IO JaCTh 3MOTY JUIS OUIBII TOYHOTO
KOHTPOJIIO MOXeKHOT curHanizanii. Jliama3zon BumiproBanus Bosorocti — 0-100 %, Temneparypu —
-40 + 80°C; TouHicTh BUMiprOBaHHA Bosiorocti — + 2 % RH, Temmeparypu — £+ 0.5°C. Burmsin
JlaBayva Ta Horo elekTpuyHa cxema MojJaHi Ha puc. 5.

et : DHT22
et e i DA i
N DC 5V !
A e «” L 1 I
Pt bo34 OHT | : 5
G GND ! 3 :

A\ ! * !

a) i :

........................

0)

Puc. 5. [laBau Temmepatypu i Bosiorocti DHT227 (a) Ta #ioro enekrpudHa cxema (0)

5. Jlasau egiopayit SW-420. Jlasau SW-420 pearye Ha BiOpamiro. OcHoBHa cdepa
3aCTOCYBaHHS — JETEKTyBaHHs BiOpaliii B OXOPOHHHMX CHUTHai3alis, MPOTHYTIHHUX CHCTeMax 1
JeTeKTyBaHHs 3emiieTpyciB. Ha koprryci MOAysst MICTSThCS 1Ba CBITIOA10/1M — YEPBOHUM 1 3€TICHUM.
UYepBOoHUH CBITIOAIOA MiAKIIIOYAETHCS 1O BUBOJY KUBJICHHS 1 TOPUTh, KOJIM Ha MOJYJIb MOJAETHCS
Harpyra >KHBJICHHS. 3€JIeHUI CBITIONIO MIAKIIOYAETHCS 10 MUGPOBOTO BUXOAY 1 CBITUTHCS, KOJIU
JaBay crparboBye. UyTIUBICTh JlaBauya PETYJIOETHCS MOTEHLIOMETPOM, SIKMM pO3TalloBaHUM Ha
miati. BizyaneHe 300pakeHHs JaBaya Ta HOro el1eKTpUYHOI CXeMH MOAAaHO puc. 6.

Ve

L4
[Ce

LTEm |+

LM393

Puc. 6. [TaBau BiOpauii SW-420 (a) Ta ioro enekrpuyHa cxema (0)
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6. Pene. Monyne 1-kanambHOrOo pene 5 B, 15-20MA ansa cropamnboBYBaHHS, TOOTO MOXKeE
ynpasistucs 6esnocepentbo 3 BuBoaiB NodeMCU V3 ESP8266. BximtoyaeTbest JIOTITYHUM HyJIEM,
BUMUKAETHCS JIOTTYHOIO OJTUHHIICIO.

7. GSM mooyne M590. 1le By3pKoCTeniadi30BaHUN MPUCTPIN, TPU3HAYCHUN BUKIIOYHO JUIS
obminy SMS Tta mepemaudi manux uyepe3 GPRS, mo poOuTe #oro igeasbHUM 11 aBTOHOMHHX
cucrem MoHiTopuHTy Ta loT-maruukis (puc. 7). Jianazonu yacror: 900 ta 1800 MI'n. Hampyra Big
3,3 B no 4,5 B (pexomenaosano 3,9 B — 4,2 B). Moaynbs norpedye BUCOKOTO CTpyMy (110 2 A) y
MiKOBI MOMEHTH Tepeiadi JaHHX.

E3

oo

] &

02:01 1IN0
06sw ms £5 (B
y “Jd ‘J'

.s_c‘,vg_'ttl"u

wig u

3480 11/ sem0y Ag e npow Oscn

RMO0R I -M006 wnsyoeds goy

Puc. 7. GSM-moayns M590

Maroun feKiibKa JaBadiB i MIKpOKOHTPOJIEp, MOTPIOHO TOYHO 3HATH, 5K JaHI EpeAaloThCs Ha
MikpokoHTpoinep. Koxken maBau migkmodenuit 1o moxyiss NodeMCU V3 ESP8266 na mpsamy i
nepenae NUQPPOBH a00 aHATIOTOBUNA CUTHAI, SIKUH 00pOOIISE€THCS MIKPOKOHTPOIEPOM. 3aI€KHO Bif
PiBHS CUTHAJIy MIKPOKOHTPOJIEP BHPAXOBYE, UM MOTPIOHO MOAABATH MOJANBIINI CUTHAT HA pele,
MOKEXKHY CTaHIIII0 a00 Ha MOXKEXHY CUTHAJI3AIliIo.

JlaBaui MOXKHA TAKIIOYATH HA MPsIMY IO JIiHII MMepeaadyi CUTHAIy 10 TOXKEXKHOI CTaHIlli, ane
Takuii curHan OyAe JOCUTh He SKICHUM, OCKUJIBKM JlaBadli MaloTh Pi3HI BUXIJIHI CHUTHANU (K
1M(pOBHIA 1 AaHAJIOTOBHIT), 1110 MOKE MPU3BECTU 0 HENPABUIIHHOI pOOOTH MOKEXKHOI CUTHAJI3ALI.
brox cxema po0OTH TPUCTPOIO TOXKEXKHOI cHUrHami3amii 300pakeHa Ha puc. 8, a cxema
T IKJIFOYEHHS BC1X KOMIIOHEHTIB Ha pucC. 9.

MQ-2

ANANOIOBMA CHrHan

o
=2 i
rasy

|
+ Curnan KepyBanua : Mopnyns

NodeMCU

ESP8266
— — Wi-Fi MCU

paran [~ |l ADC | GPIO |

Temn./sonor, ) UART = UART

GPIO//URT

+t 4 v

sw-420 | "
- Jarunx viGpauii | e (N’NII{ ‘ Curman Tpusorv SMS/[\]mmuu
% =

7 SMS /

I ) Call Alerts

Cnpena / Curuanizayin

Puc. 8. Biiok-cxema poOOTH IPUCTPOIO MOKESHKHOT CUTHATI3ALIT
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M5%0

Peae

SW-420

Puc. 9. [ligxmroueHHs JaBayiB i MOAYJIIB 10 MIKPOKOHTpOJIEpa

[Iporpamuanii ko ans (GYHKIIOHYBAaHHS IPUCTPOIO HamucaHuii MoBoro C++ y cepemoBuIi
po3poOku Arduino IDE 3 BukopuctanHsaMm cnerudiuaux 0i0mioTek mis pobotu 3 mnepudepiero
ESP8266. CyTth mporpamu moJyisira€ y CTBOPEHHI HUKIIYHOTO JITOPHUTMY MOHITOPUHTY Oe3IeKu:
MIKPOKOHTpOJIEp TMOCTIHHO OnuTye IUGPOBI Ta aHAIOTOBI CUTHATM 3 JATYUKIB 3arpo3u (AuM,
YagHUi ra3, BiOpaiis) Ta MOPIBHIOE MOKA3HUKH TEMIEPAaTypH 3 KPUTHYHUM IMOporoM. Y pasi
BUSBIICHHSI HEOE3MEKU CHCTeMa MHUTTEBO aKTMBYE BHKOHABUMU MEXaHI3M yepe3 pele Ta 1HIIIIoe
nepeaady TPUBOXKHOTO crioBimeHHs yepe3 GSM-nutio3.

Oco0nuBicTiO poboTH KOoAy € Bukopuctanus SoftwareSerial ans B3aemoii 3 moaynem M590
3a pgomomoror0 AT-komaHJ, 00 JJ03BOJSE 3BUIBHUTH ocHoBHHU amapatHuii UART mis
HaJaro/pkeHHs cuctemu depe3 komm'torep. Ockinbkn NodeMCU wmae oOMexeHy KUIBKICTb
aHaAJIOTOBUX BXO/IB, KOJI a1aNTOBaHUM Mi 00poOKy nudposux curaaiis ("0" ab6o "1") Bix qaTuukis
cepii MQ, J1e mopir CHpaloBaHHS IONEPEIHbO HAJAIITOBYETbCA BPYYHY 32 JOIOMOTOIO
BOYZIOBaHUX Y MOJYyJIi OTeHIioMeTpiB. Lle 3a0e3medye BUCOKY MIBUAKICTh peakIlii Ta CTabUIbHICTh
pPOOOTH HABITh IPU OOMEKEHHUX pPecypcax KOHTpPOJIEpa.

BucnoBku

Po3rnsiHyTo OCHOBHI HpUHIMNM  (YHKIIOHYBAaHHS CHCTEM TOXKEXHOI CHTHami3aii,
3aMpoNOHOBAHO MPOTOTUI MPUCTPOIO IJIi MOHITOPUHTY CTaHy MPHUMIIIEHb MIOA0 IX BIANOBIAHOCTI
yMOBaM TOXKEXHOT0 3axucTy Ha 6a3i miuardopmu miaarpopmu NodeMCU V3 ESP8266 ta naBaui
UMy, Ta3y, TeMmIepaTrypu, Bojorocti Ta BiOparii. Hammcano mnporpamHuii kKoj st poOOTH
MPUCTPOIO. 3alporOHOBaHY CHCTEMY MOXHA YCIIIIHO BUKOPHCTOBYBAaTH Ha 00’€KTaxX, Ji¢ BIUIUB
Hebe3neyHux (akTopiB MOKEkK1 MOXKE MPU3BECTH IO TpaBMATU3MYy Ta 3aruoeri Jito1eH.
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SOFTWARE ENGINEERING
IHXXEHEPIS ITPOTPAMHOI'O 3ABE3IIEYEHHA

YJIK 004.056.5:004.8 DOI:10.15330/itee.2025.2.02
1. M. JIA3APOBHY, kano. mexu. nayx, A. J{. KBACHIOK

HMOPIBHAJIBHUI AHAJII3 TPAHC®OPMEPHUX MOJEJIEHN TA I'BPUIHUX
APXITEKTYP VY 3AJAYAX BUSABJIEHHSA ®IINUHI'OBOI'O KOHTEHTY

Beryn

31 CTPIMKHUM pO3BUTKOM iH(MOpPMAIIfHO-KOMYHIKAIHHUX TEXHOJIOTiH Ta IIMPOKHM
BIIPOBA/PKEHHSIM IIM(PPOBUX CEpBICIB (DIIIMHIOBI aTaKu 3aJMILAKOTHCS OJHIEI0 3 HAHOLIbII
MoImMpeHnx 1 Hebe3meyHux 3arpo3 y chepi kidepoOesneku. DIMMHT IPYHTYETbCS Ha METOIAx
coliaNbHOI 1HXXeHepii Ta mependadae CTBOPEHHs IOBIIOMIIEHb a0o BeO-pecypciB, IO IMITYIOTh
JIETITUMHI CEPBICH 3 METOI0 OTPUMAHHA KOH(IACHIIHHUX TaHUX KOPUCTYBadiB, 30KpeMa OOJIIKOBHX
JAHUX, TUIATDKHOI 1H(pOopMaIlii Ta nepcoHabHUX Bigomoctel [1]. IlocriitHa eBomrOIis (QIITMHTOBUX
TEXHIK YCKJIAJHIOE iX CBO€YACHE BHSBIICHHS Ta 3HIDKYE €(PEKTHUBHICTh TPAAMLIHHUX 3aXHCHUX
MEXaHi3MiB.

Knacuyni migxoan 10 BUABICHHS (PIIIMHTOBOTO KOHTEHTY, SIKi 0a3yrOThCS HAa CHTHATYPHOMY
aHalizi, CHmUcKax 3a00pOHEHHMX JIOMEHIB abo0 pydHOMYy GOpMyBaHHI MpaBWI, AEMOHCTPYIOTh
oOMexeHy epeKTHBHICTh B yMOBAX JJMHAMIYHOTO PO3BUTKY aTak. Taki MeTOH HE 3J]aTHI aJICKBATHO
pearyBaTM Ha HOBI BapiaHTH (INIMHTOBUX TOBIIOMIIEHb, IO BIAPI3HIIOTHCS CTHIIICTUKOLO,
CTPYKTYPOIO Ta MOBHHMH OCOOJIMBOCTSIMH. Y 3B’SI3KY 3 IIMM aKTyaJIbHUM HampsSMOM JIOCII/KEHb €
3aCTOCYBaHHA METOIB MALIMHHOTO Ta TJIMOOKOTO0 HABYAaHHSA JJIs aBTOMAaTM30BAaHOTO aHAII3y
tekcroBoro Ta HTML-koHTEHTY.

CyuacHi metoau 06poOku npupoanoi MmoBu (Natural Language Processing, NLP) 103BossitoTs
e(eKTUBHO aHaNli3yBaTH CEMaHTHYHI Ta KOHTEKCTyaslbHI 0CcOOIMBOCTI TeKcTiB. Oco0nuBy yBary
IIPUBEPTAIOTh TpaHchopMmepHi Mozeni, 30kpema BERT, ski 3aBisku MexaHi3My caMoOyBaru 37aTHi
BpaxoByBaTH IJ00albHI 3al€KHOCTI y TeKcTi. IlapanenbHO aKkTUBHO AOCHIJIKYIOThCS T1OpHIIHI
apxiTektypu [2], mo mnoexHyrooTh 3ropTkoBi HeilpoHHI Mepexi (CNN), pekypeHTHI Mepexi 3
nosrotpuBaiow nam’sarrio (LSTM) ta mexanismu yBaru. Taki Mojeni J03BOJSIOTH OAHOYACHO
aHaJIi3yBaTH JIOKaJIbHI TEKCTOBI AaTEPHU Ta JOBFOTPUBAIIUI KOHTEKCT MOB1IOMJIEHbD.

AHaJii3 0OCTaHHIX J0CTiIZKeHb Ta my0rikanii

VY paHHIX TOCHIIKEHHSX MpOoOJeMH BUSABICHHS (IIIMHIOBUX aTaK 3aCTOCOBYBAJMCS KIACHYHI
QITOPUTMH MAIIMHHOTO HABUYaHHA, Taki sSK HaiBHUW OaeciBchkmii kiacudikarop [3], meTton
OnopHUX BeKTopiB [3] Ta norictuuna perpecis [3]. JlaHi miaxoau BUMaraiu nornepeIHboro py4Horo
B1JI0OPY O3HAK, 30KpeMa 4acToT CJiB, N-TpaM Ta CTPYKTYPHHUX XapaKTEPUCTHK BeO-CTOpPIHOK. Xoua
Taki METOJIU JIEMOHCTPYBaJIU IMPHUMHATHI pe3yJbTaTH Ha OOMEXEeHHMX Habopax HaHWX, BOHU HE
3a0e3neyyBaii JOCTaTHHOTO PIBHS y3arajlbHEHHsI Ta IOTaHO MpAalfoBaIM 3 HOBUMHU THIIAMHU aTak.

[Topanemmii po3BUTOK OTpUMAaNIM HEHpOMEpEKEeBI MiIXOAH, 30KpeMa 3rOpPTKOBI Ta PEKYpPEHTHI
HeripoHHi Mepexi [4, 5]. CNN 3apexkomeHayBan cede K e(h)eKTUBHUM THCTPYMEHT JIJIsi BUSIBIICHHS
JIOKAJIbHUX IIA0JIOHIB y TEKCTaxX, TAKUX K XapakTepHi (gpa3zu abo CIOBOCIONYyUYEHHS, IpUTaMaHH1
¢immaroBUM moBigomiieHHsM. LSTM [6], y cBorO depry, 03BOJUIN MOCIIOBATH JIOBTOTPUBAII
3aJIeKHOCTI MIJK CJIOBAaMH Ta BPaXOBYBATH 3arajbHUNA 3MICT MOBIIOMIIEHb.

3nauyHuil mpopuB y ramy3i NLP OyB nocsarHyTuii 13 mosiBoro TpaHc(pOpMEpHUX MOJEINEeH.
Monens BERT [7] daktuuHo crana 3aralbHONPUMHATAM CTaHAApPTOM JJs Oaratbox 3amaad
kiacudikamii TEKCTy 3aBISKU JIBOHANPSIMICHOMY MOJIEIIOBAHHIO KOHTEKCTY Ta BHUKOPHUCTAHHIO
MeXaHi3My caMmoyBaru. Pazom i3 THM, BUCOKa OOYHCIIOBalIbHA CKJIAIHICTh TpaHC(HOpMEpiB Ta
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BHMOTH JI0 BEJTUKUX OOCATIB HABYAIBHUX JAaHUX CTUMYJIIOBAIH TOMAJIBIII JOCIIKECHHS T10pUIHUX
apXiTEeKTYp, SIKi TOEAHYIOTh NIEPEBAr PI3HUX THIIB HEHPOHHUX MEPEK.

DopMyJII0BAHHA JIeH CTATTI

OCHOBHOIO METOI0 JOCHI/DKEHHS € eKCIePUMEHTAJIbHE TMOPIBHAHHS  €(EeKTUBHOCTI
tpanchopmeproi moaeni BERT Tta riopumaux HeiipomepexeBux apxitektyp CNN ta LSTM 1
CNN, LSTM ra Attention y 3aia4i BUsIBI€HHS (ilIMHTOBOTO KOHTEHTY. /it JOCsATHEHHS 11i€l MeTH
OyJI0 MPOBEACHO CEPit0 eKCIepruMeHTiB 13 BukopucTanHsaM K-Fold kpoc-Baminarii Ta craHImapTHUX
METPUK OLIIHIOBAHHS SKOCTI KiIacu(ikarii.

MeTo10J10Tis TA OCHOBHMI MaTepiaJj 10CHiI)KeHb

Y pochiKkeHHI BUKOPUCTAHO 3arajabHOM0CTyHUM HaOip nanux [8], mo mictute HTML-Be6-
CTOpIHKH, Kiacu(dikoBaHi sk ¢imuHroBi ado seritumHi. [loyaTkoBo maHi Oynu mpencTaBiieHl Y
dopmati SQL-apxiBy Ta 3romom ekcroproBani y ¢dopmar CSV s momaneinoi oOpoOku y
cepenosuii Python.

Jlyist aHami3y BUKOPHCTOBYBaJIMCS 1BI OCHOBHI o3Haku: htmlContent, mo mictuts HTML-k01
CTOpiHOK, Ta isPhish, sxa Bu3Hauae knac BeO-konTeHTY. [licns nmonepenHboi 0OpoOKu HAOIp JaHUX
ckimaga 10 373 3amucu, cepen SIKUX MepeBakaid (PIIIMHTOBI CTOPIHKHM, IO BKa3y€e Ha HASBHICTh
nucbanaHcy Kiacis.

[Torrepenust 06poOKa TEKCTY € KPUTHYHO BaXKJIMBOIO JUIA 3a/1a4 00poOKH pupoaHoi MoBH [9],
0CcO0JIMBO y KOHTEKCTI BUSBJIECHHS (IIIMHIOBOTO KOHTEHTY. Y MeXaX pOOOTH 3aCTOCOBYBAJIUCS
ountenass HTML-kopy, TOokeHi3allis, JeMaru3aliisi, BUIaJICHHS CTOIM-CIIB Ta (opMyBaHHS Oirpam.
Taxuit miaxig A03BOJMB 3MEHIIMTU IIYM y JaHUX 1 30€pertu 3Hauylll JEKCHYHI Ta KOHTEKCTHI
O3HAKH.

[TinroToBneHi TeKCTOBi naHi Oynu BUKOpHCTaHI A (OpMyBaHHS BEKTOPHHUX IPEACTABICHb
[10], sxi mojaBanvcs Ha BX1J AOCHIKYBaHUX MoOJened, 3a0e3reduyroun KOpPEKTHI YMOBH JUIs
MOJAJIBIIONO MOPIBHSUIBHOTO aHaNli3y TpPaHC(OPMEPHUX Ta TIOpUAHUX apXITeKTyp Y 3amadi
BUSIBJICHHS (DIIIMHTOBOTO KOHTEHTY.

VY Mmexax IOCHiKeHHs MPOBEICHO MOpiBHIBHUEN aHami3 TpaHchopmepHoi mozaeni BERT Tta
JBOX TIOpUIHUX HEHPOMEPEKEBUX apXITEKTyp Ha OCHOBI 3rOPTKOBHX 1 PEKYpEHTHHUX MIapiB.
OOpani Mozemni BIPI3HAIOTBCA CIOCOOOM BWIIYYEHHsS Ta Y3arajJbHEHHS TEKCTOBMX O3HAK, IO
JI03BOJISI€ OLIHUTH 1X €()EKTUBHICTD y 3a7aul BUABICHHS (IIIMHTOBOTO KOHTEHTY.

Tpancpopmepna mozaens BERT peanizoBana Ha ocHOBI nosermeHoi apxiTektypu DistilBERT,
sKa 3abe3nedyye OamaHC MK SKICTIO Kiacudikailii Ta OO0YMCIIOBAIBHOI CKIATHICTIO. Mojeinb
npuiiMae Ha BXiJl TOKEHI30BaHMH TEKCT Ta (OpMYye KOHTEKCTyallbHI BEKTOPHI MPEICTABICHHS 3a
nornomororo MexaHizMmy self-attention. [Inst 3amaul knacudikaiii BUKOPHUCTOBYETHCS MPOMIKHUN
MOBHO3B sI3HUH 1Iap 13 HemiHiiHOI0 akTHBaniero ReLU Ta map Dropout 3 xoedinientom 0.3, micns
4oro BUXiHU# map 13 pyHkuiero Softmax ¢popmye HMOBIPHICHY OLIIHKY HaJ€KHOCTI KOHTEHTY /10
BiJIMOBIAHOTO KJIacy.

bazora ribpuana apxitektypa CNN Ta LSTM mnoennye JIOKaabHHMIA Ta TOCHTIIOBHUM aHAIi3
TekcTy. Ha mepiiomy erami TOKEHH NMEpETBOPIOIOTHCSA y BEKTOPHI MPEACTABIECHHS 3a JIOTIOMOTOIO
nonepeaHbo HaBueHUx emOemniHriB GloVe. 3roprkoBuit map ConvlD 3 128 ¢iasTpamu
3a0e3neuye BUIYUYCHHS JIOKAIbHUX MAaTEpHIB, XapaKTepHUX Ul (DIIIMHTOBUX MOBIJOMJIEHb, MiCIs
yoro 3actocoByeTbcsi map MaxPooling 1 3MeHHmIeHHS po3MipHOCTI o3Hak. OTpumani
MOCTIIOBHOCTI HepeAaTbess 10 pekypeHtHoro mapy LSTM 3 128 rowitamm Ta L2-
PEryspu3aIli€ro, SIKUA MOJENIOE JOBrOTPUBAl KOHTEKCTyalbHI 3alexHOCTi. [lisi 3MeHIeHHs
PHU3UKY TepeHaBUaHHS BUKOPUCTOBYeThCcsl Dropout, a ¢iHanbHa kiacudikaiis 371HCHIOETbCS 3a
JIOTIOMOT 010 TI1apy Softmax.

Posmmpena ribpugna apxitekrypa CNN, LSTM Tta Attention € mojaapliuM pPO3BUTKOM
0a30BO1 MO/EN Ta OMOBHIOETHCS MeXaHi3MamHu yBard. Ilicis eTamy 3ropTKOBOi 00poOKH
3acTocoByeThcs — self-attention, sKkuii 103BOJsiE MOJENi 30Cepe/KyBaTHCA Ha  HAHOLIbII
iHpopmaTuBHUX (PparmeHTax TekcTy. JlomaTKOBHI KOHTEKCTyanbHUH mmap yBaru miciss LSTM
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TIJICUJTIOE PEJIEBaHTHI 03HaKM repen GiHanpHOI Kinacudikaiiero. Takui miaxia 3ade3nedye OLIbIn
THy4YKe y3araJlbHeHHs iHpOpMallii Ta MiJBUILY€E 3AaTHICTh MO BUABISTH MPUXOBaHi (IIIMHTOBI
MaTepHH.

TakuM 4YUHOM, Y JOCHIJDKEHHI OXOIUICHO TPU Pi3HI MiAXOAU 10 O0OpOOKH TEKCTOBOTrO BeO-
KOHTEHTY: TpaHc(popMepHUH, TOpUIHUN 3rOPTKOBO-PEKYPEHTHUN Ta TIOPUAHHUHN 13 MEXaHI3MOM
yBaru, 1o CTBOPIOE OCHOBY JUIsl 00’ €KTUBHOTO MOPIBHSUIBHOTO aHAMI3Y X e(EeKTUBHOCTI.

s 3a0e3neueHHs 00’ €KTUBHOCTI pe3yibTaTiB 3actocoBaHo K-Fold kpoc-amipamiro [11], mo
JI03BOJISIE OL[IHUTH 3/IaTHICTh MOJIEJICH 10 y3aralbHEHHS Ta 3MEHIINTH BIUIMB BHUITAJKOBOTO MOILITY
TaHUX.

Y mpOMy JOCTIIKEHHI MPOBEICHO MOPIBHUIBHUN aHAJ3 OCHOBHUX MOJICTH 3 BUKOPHCTAHHSIM
KUTPKOX METPHUK OIIIHKU I BU3HAYCHHS iX €(EeKTHBHOCTI B 3aaadi Kiacu@ikailii BeO-KOHTCHTY.
30Kkpema, MOZIeITi MOPIBHIOBAIUCS 32 TAKUMHU KPUTEPISMU:

Precision Ta Recall. 1li MeTpuku BUKOPHCTOBYBAJIUCS ISl OIIHKH €(PEKTHUBHOCTI KOXKHOTO
METOAY BEKTOpHW3alii y MpaBHJILHOMY BHUSBJICHHI MIKIIUIMBOTO KOHTEHTY. Precision Ta Recall
BU3HAYAIOTHCS SIK:

- True Positives
Precision = — ”r . (1)
True Positives + False Positives

True Positives
Recall = — —. (2)
True Positives + False Negatives

F1-mipa. F1-mipa o0umcitoeTsest 3a OpMyIioro:

Fl=2x Precision x Recall (3)

Precision+ Recall -

TounicTh (Accuracy). 3arajbHa TOUHICTb KJIacU(iKalil BA3HAYAETHCS SIK:

True Positives+True Negatives 4
Total Samples ' (4)

Accuracy =

OxpiM 3a3HauYE€HUX METPHK, JIs OUIbII MOBHOI OI[IHKM Ta MOPIBHAHHS 3arajbHOi €()eKTUBHOCTI
kinacudikamii Monenel BukopuctoByBanacs merpuka AUC. Bona BigoOpaxae 34aTHICTh MO
PO3pI3HATH pEJIeBaHTHUM (LIIbOBHUM) Ta HEpPEIeBAaHTHUM (HELUIbOBUI) KOHTEHT NpPU PI3HUX
noporax Kiacugikarii.

AUC o6uncmoetsest gk miomra mig ROC-kpuBoro (Receiver Operating Characteristic), 1o
BiJJOOpaxae 3aIeKHICTh PIBHS ICTUHHUX IMO3UTHBHUX BiJl PiBHS XMOHOMO3UTUBHUX CIIPALbOBYBAHb!

AUC = j.TRP(t)d (FPR(t)). (5)

Pesynbratu excniepumeHTiB i TpaHchopmepHoi Mozaeni BERT naBeneni na puc. 1 a) Ta
puc. 1 6). AHasi3 KpUBUX HaBYaHHA JMB. puC. | a) IEMOHCTpY€E MIBUIKY KOHBEPIeHIII0 MOJEII Ta
JOCATHEHHS] BUCOKMX 3HaU€Hb SIK TPEHYBAJIbHOI, TaK 1 BasliJalliiHOI TOYHOCTI Ha piBHI 6Ju3bK0 0.9.
Ile cBiguuth npo 3xatHicTh BERT edexTuBHO BimokpemimoBaTd (DIIIMHTOBI MOBITOMJICHHS BiJ
neriTiMHUX. BojHOYac HanTO BHCOKA TpPEeHYBaJbHA TOYHICTH MOXKE BKAa3yBaTH HA MOTEHINIHHUN
PHU3UK NEpeHaBYaHHS, 10 MiATBEPAXKY€EThCS CTabi3alliel0 BaliJaliifHol BTpaTH 0e3 MoAajbIIoro
MOKpAIICeHHS.

TennokapTa Kopemnsii METpUK AUB. puc. 1 6) moka3ye CHIBHUI B3a€MO3B 30K Mk Accuracy,
Precision Ta Recall, o ¢BiguuTh Mpo y3rokeHy MOBEAIHKY MOJIEN 32 OCHOBHUMH MOKa3HUKAMU
akocTi. BogHowac cnmalmia kopensimisi mMixk Accuracy Tta F1-score moske BKasyBaTH Ha IE€BHY
HEPIBHOMIPHICTh Y POOOTi 3 pi3HUMH KJIACAMH.

Pesynbrat st riopuanoi apxitrektrypu CNN Ta LSTM HaBeneni Ha puc. 2 a) Ta puc. 2 0).
KpuBi HaBuaHHS AMB. pUC. 2 a) AEMOHCTPYIOTh Mail’ke MakCUMaJbHY TPEHYBaJIbHY TOYHICTb, 110
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MOEHYETHCA 31 CTaOUTI3aIIel0 BaigaIliiHOT TOYHOCTI Ha piBHI Omm3bko 93%. Taka pizHUIT Mk
TPEHYBJILHUMH Ta BaTiJAI[ifHUMU MMOKAa3HUKAMHU CBIUUTH MPO HASABHICTH O3HAK IEPEHABYAHHS.
BastinaniiiHa BTpata 3aMIIa€ThCs BiTHOCHO CTa01IBbHOO, IPOTE il 3HAYCHHS BKa3ye Ha MOXKJIIUBICTD
MOJIAJIBIIOT ONITUMI3AIII] apXITEKTYPH.

Training Progress (Accuracy & Loss)
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Puc. 1. a) [Ipouec HaBuaHHs: 3MiHa TouHOCTI Ta BTpat st BERT. 60) Anani3 kopensuii Mixk Accuracy,
Precision, Recall, F1 ta AUC micanst nposenensst nposenerust K-Fold kpoc-aninanii aias BERT

Amnaiti3 Kopernsiii MeTpuK JUB. puc. 2 0) BusBise cnabky abo HaBiTh HETATUBHY KOPEIALIIO
AUC 3 iHIMMH TOKa3HUKAaMH, 110 O3HA4Yae€ OOMEKEHY 3/1aTHICTh MOAeNi €(pEeKTUBHO PO3PI3HITU
KJIacu mpu 3MiHI mopory kmacudikamii. Ile € BakauBUM OOMEXEHHSM Y KOHTEKCTI
He30alaHCOBaHMX HAOOPIB IaHUX, XapaKTEPHUX JUTS 33]1a4 BUSBJIICHHS (IIIMHTOBOTO KOHTCHTY.
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Puc. 2. a) IIpornec naBuanus micist npoenenHs K-Fold kpoc-Banmipanii ayist CNN ta LSTM. 6) Anani3 kopesnsiii
Mix Accuracy, Precision, Recall, F1 ta AUC micnst nmposenennst K-Fold kpoc-Bamimamii st CNN ta LSTM

AUC

o
N
N

Pesynpratn aiis mogeni CNN, LSTM Tta Attention HaBeneHi Ha puc. 3 a) ta puc. 3 0). AHami3
npolecy HaBYaHHSA JMB. PUC. 3 a) MOKa3ye 3pOCTaHHS TPEHYBAJIbHOI TOYHOCTI 0€3 CyTTEBOTO
MOKpAIIEeHHs BaJiIaliiiHOl, 0 3HOBY BKa3y€ Ha PU3WK MEepeHaBYaHHs. BojHOYAC BUKOPHCTaHHS
attention-mexanisMy JO3BOJIIE MOJENi  30CEpeKYBaTHCS Ha HaWOUTbII  iHPOPMATHBHUX
(dbparMeHTax TEKCTY, 10 MO3UTHBHO BIUIMBAE HA OCHOBHI METPUKH SIKOCTI.

Kopensuiiiauit anamiz nuB. puc. 3 06) IEeMOHCTpye OUIBII Y3TOJKEHY IOBEIIHKY METPHUK
nopiBHAHO 3 6a30Bor0 MoaeuTto CNN ta LSTM.

PesynbraTn, HaBemeHi B Tabmumi 1, BimoOpakaroTh e(eKTHBHICTH TpaHC(POpPMEpHOI Ta
riOpuIHUX HEHpPOMEpEeKEBUX MojJeNed y 3a7adi  BHUSABIEHHA (DIINIMHTOBOTO  KOHTEHTY.
Tpancpopmepna monens BERT nemoncTpye cTabinbHi pe3ynpTaTtu 3 mokasHukoM Accuracy = (.95,
a Takox Omm3pkumu 3HadueHHsIMH Precision (0.91), Recall (0.87) ta Fl-score (0.88). Lle cBiguuth
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PO 3AATHICTH Mojeli edEeKTHBHO BPaXOBYBAaTH KOHTEKCT TEKCTOBHUX TOBIAOMJICHb, OJHAK il
MPOAYKTUBHICTD MOCTYNAETHCA TIOPUIHUM ITiJIX0/IaM Y MeKaX MPOBEICHOT0 EKCIIEPUMEHTY .

Training Progress (Accuracy & Loss)

Metrics Correlation Heatmap
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Puc. 3. a) [Ipouec mHaByanHus micins nposeneHHs K-Fold kpoc-Banmigamii gt CNN, LSTM Tta Attention-MexaHi3M.
0) Anani3 xopemsmii Mixk Accuracy, Precision, Recall, F1 ta AUC micis nposenerns K-Fold kpoc-Bamimarmii
st CNN, LSTM Tta Attention-MexaHi3m

AUC

['i6puana apxitektypa CNN ta LSTM 3a6e3neuye mokpamieHHst BCiX OCHOBHUX METPHUK SKOCTI
knacudikamii, gocsratoun Accuracy = 0.97 ta Fl-score = 0.91. Otpumani pe3ynpTatu
HIATBEPIXKYIOTh €(DEKTUBHICTh MOEAHAHHS JIOKAJIBHOIO aHaNI3y TEKCTY 3a JJOIMIOMOI'0K 3rOPTKOBHX
I1apiB i3 MOJEIIOBAHHM ITOCIiTJOBHOTO KOHTEKCTY.

HaiiBumii nmokasuuku npojemonctpyBana monenb CNN, LSTM Ta Attention, sika mocsiria
MakcuMalibHOTO 3HaueHHs Accuracy (0.98), a Takox HaliBummx 3HaueHb Precision (0.94) i Recall
(0.92). Ile Bka3zye Ha TO3UTHBHMH BIUIUB MeEXaHI3My YyBard, SKAH JO3BOJSE MOZENI
30cepeKyBaTucs Ha HalOUIbII iHQOpPMaTUBHUX (parMeHTax TEKCTY Ta MiABUILYE €(pEeKTUBHICTh
BUSIBJICHHS (DIIIMHIOBHX MoBioMIIeHb. He3Hauna piznuis y 3HaueHHi F1-score (0.90) nmopiBHsHO 3
moaemto CNN + LSTM wmoxke OyTu moB’si3aHa 3 0OamaHCOM MDK TOYHICTIO Ta TOBHOTOIO
Kiacudikarii.

Tabmums 1
Metpuku HaBYaHHS MOJIEIEN
Merton Accuracy Precision Recall F1-score
BERT 0.951 0.912 0.873 0.882
CNN T1a LSTM 0.974 0.931 0.901 0.915
CNN, LSTM ta ATTENTION 0.980 0.942 0.920 0.931

3aramoM pe3yiabTath Tabmuui 1 cBig4are, MO0 TiOpUAHI MOJENI MEPeBEpIIYIOTh
tpanchopmeprnii miaxin BERT 3a OunbmiicTio MOKa3HUKIB, a BUKOPUCTAHHS Attention-mexaHizMmy
3a0e3neuye OOJAaTKOBE IMIJBUINEHHS SKOCTI kiacuikamii y 3agadi BHUABICHHS (IIIMHTOBOTO
KOHTEHTY.

BucnoBku

OTpumaHi pe3ylbTaTH JOCHIKEHHS CBIAYaTh NP0 BHUCOKY €(QEKTUBHICTh TiOpUIHHUX
HEHPOMEPE)KEBUX apXiTeKTyp Yy 3agadi BUSBIEHHS (INIMHTOBOTO KOHTEHTY TMOPIBHSIHO 3
tpanchopmeproro moaewmo BERT. TlpoBenenmii anamiz mokazaB, mo BERT pemonctpye
ctabinpHi 3HaueHHs Accuracy, Precision, Recall ta Fl-score, mo cBim4uTh mpo 34aTHICTH MO
BpaxoOBYBaTH KOHTEKCT TEKCTy, MPOTe il MPOAYKTHUBHICTh MOCTYMAETHCSA TIOPHIHUM TMiAXOaM,
0c00JIMBO Y BpaxyBaHHI1 JIOKAJIbHUX NATEPHIB 1 JOBFOTPUBATIMX 3AJIEKHOCTEH.

Mopens CNN Ta LSTM 3a0e3nedye moKpaimieHHs] BCiX OCHOBHUX METPHK, MiATBEPIKYIOUN
e(pEeKTUBHICTh MO€JHAHHS 3TOPTKOBHX INApiB S BUAUICHHS JIOKAIBHUX O3HAK TEKCTY Ta
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PEKYpEeHTHUX IIapiB s MOJENIOBAaHHS IOCIIJOBHOIO KOHTEKCTy. HaiiBuili mOKa3HUKU
npoaeMonctpyBana moaens CNN, LSTM Ta Attention, Ae 0AaTKOBUN MeXaHi3M yBaru J03BOJISE
MOJICNII 30CEpeIKyBaTUCA Ha HaWOLIbII 1H(GOpPMATUBHMX (parMeHTax TEeKCTY, ITABUIIYIOYH
TOYHICTh Ta TMOBHOTY BHSBJICHHS (DIIIMHIOBUX IOBiZOMIIEHb. BOgHOYAC eKCIepUMEHTaNbHI JaHi
MOKAa3yIOTh O3HAaKH IEpEeHAaBYaHHsS Ta KOJMBAHHS BajiJaliifHOI BTpaTH, IO BKa3ye Ha MOTpedy
JOJAaTKOBOI peryisipu3aiii Ta onTUMi3alii rineprnapamerpis.

3arangom pe3yJIbTaTH JOCTIKCHHS MiATBEPKYIOTh, 10 T1I0pUIHI apXiTEeKTYpH MEPEBEPIIYIOTh
tpanchopmepuuii miaxix BERT 3a OinbmicTio moka3HUKIB fKOCTi, a moegHanHs CNN, LSTM ra
Attention € mepCrHeKTHBHUM HAMPSIMOM Uil HOOYIOBH MPAKTHYHHX CHCTEM KiOepOe3IeKH.
[Momanpini JOCHIKEHHS JOLIIBHO CHpPSMYBAaTH Ha IHTErpamilo TpaHchOpMepHHX Monenen i3
riOpUIHUMH TX0JaMH, 3aCTOCYBaHHS METOMIB OajaHCyBaHHsS JIaHMX Ta JAITaIlil0 MOJEICH 10
JTUHAMIYHUX (QIIIMHTOBHX aTaK.
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CREATION OF AN IDEFO FUNCTIONAL MODEL FOR
THE INFORMATION SYSTEM OF
THE INTERNATIONAL STUDENT YOUTH MEETING CENTER

Introduction

Project Goal and Rationale. The International Student Youth Meeting Center (IMC) is a
unique, highly complex environment designed to foster cultural, educational, scientific, and
innovative cooperation between student youth from Ukraine and the Republic of Poland. Managing
such a multifaceted facility — which integrates accommodation, catering, modern scientific
laboratories, virtual reality halls, and large-scale youth projects — is impossible without a robust,
modern IT infrastructure. The lack of a unified, automated Management Information System (MIS)
can lead to inefficiencies in resource allocation, communication breakdowns, and a reduced
capacity to support joint start-ups and international dialogue.

The primary goal of this project is to justify the necessity of implementing advanced
Information Systems and Technologies at the IMC and to develop a clear functional model of its
business processes. By utilizing the IDEFO methodology, this study maps the interactions between
various center departments, demonstrating how an integrated software environment can optimize
operations, ensure security, and support the center's core mission of facilitating international
research and innovation projects.

IT Infrastructure and Core Processes. To design an effective Information System, it is crucial
to understand and structure the core functional areas of the IMC. The facility operates not only as a
research organization but also provides comprehensive accommodation and event services. Instead
of viewing these as isolated hotel departments, the system architecture models them as
interconnected data-processing nodes:

+ administrative and financial modules: requires ERP (enterprise resource planning) solutions
to manage HR, accounting, and compliance with national regulations;

 property management system (PMS) / front desk: the software module designed to perform
room reservation functions must operate in real-time within a general reservation system. It handles
guest registration, financial settlements, and tracks room availability dynamically;

» housekeeping and catering logistics: relies on inventory tracking algorithms and scheduling
software to maintain facility standards and manage food and beverage operations, ensuring
continuous supply chains without manual tracking;

* security integration: the IT system must synchronize with access control, video surveillance,
and automated fire safety networks to ensure the safety of youth participants, especially during
mass events;

» IT Service Core: the central backbone ensuring the operability of computer systems, local
networks, telecommunications, and access to international educational databases.

The problems that will be solved as a result of the investment project implementation include:

« the lack of an active, stable dialogue between student youth from Ukraine and the Republic
of Poland as a foundation for the stability of developing relations between the countries;

« the lack of awareness regarding opportunities for effective cooperation between students of
both countries in developing educational activities in higher education within strategically
important directions of Ukraine's development;
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+ the lack of awareness regarding opportunities for effective cooperation between student
youth of both countries in undertaking and developing project-based, cultural, innovative, and
research activities;

» the lack of practice in creating joint start-ups, implementing innovative ideas, and
conducting joint research between students of both countries.

The activities of the International Student Youth Meeting Center aim to provide the following
services:

+ organization of international youth scientific and practical conferences, seminars, symposia,
exhibitions, and forums;

+ organization of thematic summer schools in the fields of history, politics, and culture
(economic, political, customs);

 assistance in organizing various youth events for students from our country and other
countries;

+ organization of open lectures and seminars on history, politics, culture, and domestic studies
for school and university students from Ukraine and other countries, especially EU countries;

 searching for and facilitating the establishment of new contacts to create partnerships
between youth from different countries in the implementation of youth projects and programs;

+ searching for sources of co-financing for socio-cultural, innovative projects, and youth
exchange programs;

+ organizational assistance for the stay of young people from other countries in Ukraine (at the
IMC);

» maintaining tourist flows for the Bukovel tourist complex during the busiest periods (from
December 1 to March 1) [1].

Business process analysis for IT integration

To analyze and reorganize these business processes for IT integration, the high-level CASE
tool AllFusion Process Modeler (BPwin) was used, supporting the IDEFO functional modeling
methodology. The main advantages of this methodology are its simplicity, accuracy, and intuitive
graphical representation of complex IT interactionsin this project, the International Student Youth
Meeting Center of Ukraine and Poland is considered a research organization. However, the Center
provides the following services:

* provision of accommodation (rooms),

* room service,

« provision of food/catering,

« provision of conference rooms,

* provision of computer laboratories,

+ organization of leisure and recreation,

* organization of the enterprise's accounting and financial work,

« organization of the security service work in the hotel.

Hotel Services and Departments. Hotel services and departments can be classified according
to various operating methods. According to one method, hotel services and departments are divided
as follows:

* revenue centers: these are units that generate direct profit by directly selling services and
goods to guests; they include rooms, restaurants, bars, and others;

 support centers: these include the economic department, accounting, planning department,
personnel department (HR), engineering, and technical service; i.e., units that generate indirect
profits.

A widely used method is the classification of hotel services into front of the house and back of
the house, which is based on the degree of contact between employees of a given department and
the customers. The reception and restaurant belong to the front of the house, while the kitchen and
accounting belong to the back of the house. Employees of the latter group do not have direct contact
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with customers. Training for employees of these two groups is conducted according to different
programs, and their offices are clearly separated. Even their uniforms are different [2].

Administrative and Management Services. The administrative service is responsible for the
organization and management of all services of the hotel complex. It resolves financial problems
and personnel issues, creates appropriate working conditions for hotel staff, and monitors
compliance with relevant standards and rules regarding occupational safety, fire safety, and
environmental protection. Most often, this service includes: a secretary, financial service, personnel
service, an ecologist, and fire safety inspectors.

Reception and Accommodation Service. The Reception and Accommodation Service (RAS) is
called the "face of the hotel" because the first impression a guest receives of the hotel complex
depends on this service. The service includes: administrators, receptionists, cashiers, doormen,
porters, bellhops, and concierges. The main task of the RAS is to ensure the smooth operation of
customer service from the hotel door to the room door. The main functions of the RAS include:
meeting and greeting the guest; guest registration; processing settlement documents; primary
calculations; luggage delivery and escorting the customer to the room; assistance in moving to the
room; tracking and accounting for changes in the number of rooms.

The function of client registration and check-in is performed by the reception. An
administrator, receptionist, and cashier, or a person performing these functions, work here.
Currently, two basic principles of organizing the reception service work are common:

« the American principle: based on the interchangeability of employees. If necessary, any
employee can replace a colleague and perform their functions. This allows the registration process
not to slow down in the absence of one of the employees;

» the European principle: based on a clear division of functions between employees and
forbids the replacement of one employee by another [3].

Reservation Service. The customer service process begins with reservation, which means
ordering places and rooms. Reservation functions are performed by hotel reservation managers or
directly by the Reception and Accommodation Service. As a rule, a tourist or businessman who
does not want to deal with the difficulties of renting temporary housing will necessarily contact
such a service and submit a request for booking a place or room.

The software module designed to perform hotel room reservation functions operates in a
"confirmation/rejection” mode regarding time within the general hotel chain reservation system or
autonomous operation. The functions of the reservation service include:

« accepting applications and processing them;

+ preparation of necessary documentation — arrival schedule for each day (week, month,
quarter, year), room status charts;

« applications are accepted by phone, fax, mail, and using computer reservation systems.

Every order must contain the following information: date and time of arrival; approximate date
and time of departure; number of guests:

* room category (suite, class);

+ room amenities (bath, shower, TV, fridge, safe, mini-bar, etc.);

« catering services (breakfast only, half board, full board);

« price (when determining the price, it must be precisely specified what the guest pays for —
for the entire stay, for one day, for each resident, accommodation only, accommodation and board,
accommodation and breakfast, etc.);

» name and initials of the person paying the bill (or name of the organization);

+ type of payment (cash, cashless, credit card);

« special requests (advance booking of a restaurant table, transfer, possibility of keeping an
animal in the room, etc.).

The organization applying for the reservation also provides its details (name, address,
telephone, fax, bank account number, etc.). In the event that the hotel can provide the requested
accommodation services, the organization must receive a confirmation of the application.
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Otherwise, it must send a refusal. Confirmation of the application is a special notification that the
guest will receive accommodation at the hotel. The message usually contains the confirmation
number, the date of the guest's expected arrival and departure, the category of the reserved room,
the number of guests, the number of beds, and other specially agreed requirements. To clarify all
accommodation details and exclude disputes, it is desirable for the guest to have the message upon
arrival at the hotel.

Every reservation request and cancellation must be registered. If a cancelled order is not
registered on time, there is a high probability that the room will remain unsold. One of the
characteristics of the hotel product as a service is the inability to store it. If a room remains unsold,
potential revenue from such a service is lost. In their operations, hotel companies often resort to
guaranteed confirmation of applications. This means they confirm the reservation only after
receiving appropriate payment guarantees from the client in case the client is late or does not arrive
at all. Such guarantees are primarily a prepayment of 50 or 100% of the daily accommodation cost
or accommodation for the entire period, as well as information about the client's credit card
number [4].

Hotel Support and Housekeeping Service. The housekeeping service can be called the most
important unit of the reception and accommodation service. It is the part of the hotel team that
creates the atmosphere of hospitality in the hotel. This unit employs the maximum number of
employees compared to other services (up to 50% of the staff). These employees service various
premises (rooms, public areas, special purpose rooms: entertainment centers, fitness centers, etc.),
ensuring appropriate sanitary and hygienic standards, and providing laundry and dry cleaning
services. This unit may include a repair department, laundry, etc.

The head of the economic support service (Executive Housekeeper) reports to the General
Manager or Chief Engineer. The manager is responsible for the effective work of their unit, i.e.,
teaching, ensuring motivation, and controlling employees. They must have appropriate training and
be able to organize the unit's work, recruit staff, and control costs and orders. The deputy head
develops the staff work schedule, prepares a report on the status of rooms, and is responsible for
cleaning and the condition of the room fund [5].

Room Service (Room Attendants). The most important function of room service is maintaining
the required level of comfort and sanitary conditions in hotel rooms, as well as in public spaces
(halls, lobbies, arcades, corridors). The room operations service is led by a manager; subordinates,
floor maids, supervisors, stewards, and some other categories of employees report to him.

Maids perform cleaning. This is their main duty. Rooms are cleaned regardless of whether they
are occupied or vacant. Rooms are cleaned daily, and after a guest's departure — general (deep)
cleaning is performed. Every day, the maid performs current and (if necessary) intermediate
cleaning of rooms. When cleaning a room after a guest's departure, in addition to standard
functions, the maid's duties include checking the room, changing bed linen and towels, and
replacing information materials available in the room. General cleaning of rooms and the entire
residential part of the hotel takes place at least once every 10 days. Depending on the type of hotel,
each maid cleans and arranges from 16 to 20 rooms a day. The time spent on cleaning depends on
the proportion of vacant and occupied rooms (cleaning vacated rooms takes more time).

If a suite consists of several rooms, the cleaning process always starts in the bedroom, then
continues in the living room and other rooms. Work ends with cleaning the bathroom. Daily
intermediate cleaning in rooms is done if necessary and if conditions for cleaning exist. When
cleaning a room after a guest's departure, additional functions of the maid include: checking the
room, changing bed linen and towels, and replacing information available in the room [6].

Catering Services (Food and Beverage). This unit is an integral part of the hotel business
because without a table there is no hospitality. Hotel restaurants represent not only the prestige and
face of the hotel but also a main source of income (about one-third of the hotel complex’s income).
A hotel without a restaurant is just a "bed"; a person must first eat well and only then sleep. When
organizing services in restaurants (cafes) of hotel complexes, the following meal plans are usually
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offered: full board (three meals a day — breakfast, lunch, and dinner); half board (two meals a day —
breakfast plus lunch or dinner); breakfast only (one meal).

Security Service. The security service ensures the maintenance of order and the safety of hotel
customers. In recent years, the problem of security has become very relevant, especially in the
hospitality industry. International conflicts, the wave of crime and terrorism, illegal arms and
explosives trade — all these factors can affect the safety of guests and hotel staff in all countries.

The hotel complex is characterized by threats of a natural, man-made, and environmental
nature, as well as terrorism and crime. Currently, the most dangerous is the threat of a terrorist act,
which can lead to a large number of victims, creating an atmosphere of fear, disrupting the normal
functioning of the hotel, and causing the loss of the positive tourist image of the hotel or the region
as a whole. Particular attention should be paid to the professionalism of security personnel, as well
as technical security measures on site. To have a constant influx of tourists and run a successful
business, it is necessary to improve the hotel's security system, i.e., regularly carry out a range of
organizational, methodological, technical, and other activities that ensure the hotel's full autonomy
in solving security problems, including terrorist threats.

The daily work of security officers includes a thorough inspection of the protected area (every
2 hours), constant contact with all regular services of the hotel complex, exchange of information
about suspicious persons and objects, etc. It is also important to establish active cooperation with
territorial law enforcement agencies. When conducting mass events, an inspection of the premises
by a cynologist with a dog trained to search for explosives is necessarily carried out.

It is necessary to constantly improve technical security means. It is desirable that video
surveillance be organized in the central lobby as well as on the hotel floors. Instructions regarding
fire safety measures should be developed. All employees should be allowed to work only after
passing fire safety training (which is marked by their signature in a special log). Equipped smoking
areas, the procedure for disconnecting electrical appliances, people evacuation plans, fire alarm
systems, etc. — all these are elements of the fire safety system. It is also necessary to know the
features of fire safety in facilities with a large number of people. In particular, 50 or more people
cannot be at one emergency exit at the same time. It is forbidden to block escape routes and exits.

Instructions on how to act on duty when receiving a fire signal and failure of fire automation
systems should be placed in the hotel control rooms. Recently, requirements have been introduced
for the installation of thermal sensors reacting to temperature increase (up to 30-35 °C) and smoke.
Any kind of production and storage rooms containing explosives and flammable materials can be
organized in hotel rooms. All hotel customers must know the fire regulations. The security system
in the hotel will be effective only if all employees take part in this work, and the specific features of
the enterprise are taken into account [7].

IT Service. The IT service ensures the operability of computer systems that support the work
of all hotel departments, including reception and accommodation, catering, food and material
storage, the business center, boutiques, accounting, the secretariat, the telephone exchange, the
marketing department, etc. The IT service typically deals with the maintenance of the computer
system that ensures the operation of the hotel's engineering and technological equipment. It should
be noted that modern computer systems cover all points of sale and enable immediate settlement for
the client upon their departure from the hotel. The hotel's computer network should have access to
other computer systems, including international ones for hotel reservations, transport, excursions,
theater tickets, etc. Currently, the computer system serves as an operational form of
telecommunication for the hotel's internal operations and interaction with the external
environment [8].

Creation of an IDEFO functional model for the information system

To analyze and reorganize business processes, the high-level CASE tool AllFusion Process
Modeler (BPwin) was used, which supports the following methodologies:
+ IDEFO (functional model);
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* DFD (Data Flow Diagram);

» IDEF3 (Workflow Diagram).

AS-1S Model. IDEFO Diagram. The functional model aims to describe the existing business
processes within the enterprise (the so-called AS-1S Model) as well as the ideal state—the target to
be achieved (the TO-BE Model). The main advantages of this methodology are its simplicity,
accuracy, and intuitive graphical representation. In IDEFO, the modeled system is represented as a
set of interdependent activities (tasks or functions) that interact with the environment as a whole. A
model in IDEFO notation is a system of hierarchically organized and interconnected diagrams,
comprising a context diagram and child (decomposition) diagrams at various levels. The context
diagram provides a general description of the system and its links to the external environment; child
diagrams describe fragments of the system (from general to specific).

The process of providing IMC services is quite diverse, encompassing a set of basic
accommodation and catering services for guests staying at the hotel, as well as various additional
services, such as modern projects, leisure, and recreation. The scope of additional services depends
on the specifics of the projects to be implemented at the IMC, its own conceptual approach to
service provision, and the requirements established by the Vasyl Stefanyk Precarpathian National
University. Local conditions allow for organizing activities on the outskirts of the center, and the
available infrastructure facilitates travel and hiking in the high mountains, as Ukraine's largest
mountain ranges, the Gorgany and the Chornohora ridge, are located nearby.

Today, basic services include hotel security, which satisfies a crucial guest need: peace of mind
and safety regarding both their person and their belongings. Hotel operations, like those of any
company, are impossible without well-established accounting and financial work. At the same time,
for the operation of a hotel enterprise to be stable under market conditions, its results must be
competitive; therefore, market research activities regarding hotel services are essential.

Building the information system model begins with a description of the enterprise's (system's)
functioning as a whole in the form of a context diagram. The activities of the IMC are regulated by
a range of legislative, executive, regulatory, statutory, organizational, and methodological
documentation, as well as the Statute of the Vasyl Stefanyk Precarpathian National University. The
following are used as controls for the "Provision of IMC Services" process (Fig. 1) (control arrows):

1. Legislative and executive regulations of Ukraine (legislation, standards, and rules applicable
to the country's tourism industry);

2. Orders and regulations of administrative bodies reflecting the regional specifics of the hotel
industry;

3. Standards of ethics, aesthetics, and psychology: IMC employees must adhere to the rules of
ethics, aesthetics, and psychology when interacting with the center's clients;

4. Internal rules and methods of IMC work: specific to particular hotel services, the so-called
corporate culture;

5. Orders and regulations of the Vasyl Stefanyk Precarpathian National University.

To carry out service activities, the following are necessary (process inputs):

1. Consumers (Clients): those wishing to stay at the hotel;

2. Payment methods for provided services, ensuring the profitability (profit) of the operation —
the goal and essence of the activity;

3. Information on the service market, allowing for the maintenance of a specific level of
service quality and operational improvement;

4. Logistics providers;

5. Ideas for project implementation.

Service activities in the hotel are realized by (process mechanisms):

1. Existing infrastructure (a set of facilities, premises, management systems, communications,
etc., supporting the activity);

2. Materials and technical resources (technological equipment, furniture, bed linen, tablecloths,
household and technical appliances, office equipment, etc.);
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3. Personnel of various structural units (services) of the hotel;
4. Information-technical complex (computer labs, electronic library).
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Fig. 1. IDEFO Context Diagram. Functioning of the IMC

In this case, the results or outputs of the process of providing hotel services at the IMC will be:

1. Provided services;

2. Acquired material assets;

3. Information on consumer and market requirements regarding hotel services;

4. Hotel income (Profit);

5. Financial documentation (invoices);

6. Implemented projects.

Fig. 2 presents the AO decomposition diagram covering the same modeling domain. In this
diagram, each function is represented by corresponding rectangular blocks arranged in order of
priority (from the top-left corner to the bottom-right corner). Each block (performed function)
possesses appropriate interfaces, consisting of boundary elements presented in the context diagram
and internal arrows connecting specific functions. As can be observed, functions (blocks) 1, 2, and
3 are interconnected; that is, the output of the previous function feeds into the subsequent function.
Functions (blocks) 4-7 are independent of blocks 1-3; that is, they can be executed in an
autonomous mode. At this stage, their inputs and outputs are described only by boundary arrows
that separate the modeled object from the environment.

The input for the first block "Provide Rooms" (Fig. 3) is the "client's need for this service." As
a result of executing this function, the client is assigned a room for which they pay; that is, they
transition from the status of seeking accommodation to being settled in a specific hotel room. The
execution of this function is carried out using the following mechanisms: personnel, material and
technical resources, and available infrastructure.
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A detailed description of the processing process is shown in Figure 3.

The room assignment process can be accomplished by performing the following activities:

1. Room reservation;

2. Room preparation;

3. Payment confirmation;

4. Guest settlement (Check-in);

5. Guest departure (Check-out);

6. The "Food Service Provision™ process can be presented as the realization of five functions: 1
— "Purchase raw materials™; 2 — "Prepare the dish™; 3 — "Accept the order"; 4 — "Prepare the order";
5 —"Accept payment";

7. All these processes are interconnected and carried out in the sequence shown in the diagram
(Fig. 4), as the result of one process is necessary for the realization of the next (the output of the
previous one is the input for the next).
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Fig. 4. Extended diagram of the "Food Service Provision™ business process

Fig. 5 presents the child diagram of parent unit 3 (from diagram AOQ), the process "Maintaining
Cleanliness of Premises.” It includes three functional blocks:

1. Maintaining cleanliness in public areas — lobby, corridors, etc.;

2. Inside the premises — hotel rooms;

3. Maintaining order and cleanliness on the hotel complex grounds — access roads, parking,
recreation zone, and other adjacent areas that require systematic cleaning of both debris left by
tourists staying at the hotel and debris resulting from natural processes (fallen leaves, snow, etc.).

Cleaning of all facilities is carried out in accordance with the orders and instructions of the
hotel management, regulations, methods, and recommendations developed in the hotel, and in
compliance with ethics, aesthetics, and ergonomics.
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Fig. 6 presents the child diagram of the fourth function of the business process (Fig. 2, diagram
AO0) — "Ensure Hotel Supplies" (Node A4).

This function is divided into four sub-functions:

1. "Check stock availability";

2. "Create a list of necessary goods and services";

3. "Pay bills for services and goods";

4. "Warehousing".

The function "Organize Accounting and Financial Work™ (Fig. 7) in the hotel is performed by
the accounting staff. The input to this function involves various types of payments for services
provided, as well as purchased materials and technical assets. The result of successful activity is
income ensuring financial profit.

The function "Organize Hotel Security" (Fig. 8) is performed by the security service personnel.
The inputs to the block are: the need to ensure the guest's peace of mind and the safety of their
person and belongings, as well as the property and the entire accommodation infrastructure; and
information on scientific and technological progress in this area of activity within the hotel services
market. Of particular importance for the performance of this function as a control mechanism is the
ethics of interaction with consumers, as was typical for functions 1-3, especially in emergency
situations.

The last and most important function is "Project Implementation,” since the main idea of the
IMC is establishing contacts between the youth of neighboring countries. Therefore, information
and technical support, namely 2 modern computer laboratories, an electronic library, and virtual
reality halls, provide the opportunity to implement various interesting international youth projects:
sports competitions, e-sports championships, etc.
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Conclusions

The study presented the conceptual framework and functional modeling of the International
Student Youth Meeting Center (IMC), a strategic project designed to strengthen cooperation
between the youth of Ukraine and the Republic of Poland. The IMC is not merely a hospitality
facility but a multifunctional environment fostering educational, cultural, and innovative
development.

The application of the IDEFO methodology allowed for a detailed analysis of the center's
business processes. By decomposing the system into key functional blocks—ranging from standard
hotel operations (accommodation, catering, housekeeping) to complex administrative and security
functions — we established a clear structural model for the center's management. The distinction
between front-of-house and back-of-house operations, along with the detailed mapping of inputs,
outputs, controls, and mechanisms, provides a solid foundation for the efficient organization of the
enterprise.

A critical component of the IMC highlighted in the model is the "Project Implementation”
function. Unlike standard hotel complexes, the IMC integrates advanced IT infrastructure, including
computer laboratories and virtual reality halls. These facilities are essential for the center's core
mission: facilitating international youth projects, startups, and e-sports competitions.

In summary, the creation of the IMC, supported by a robust information system and clearly
defined business processes, will significantly contribute to:

1. cross-border integration: establishing a stable dialogue between Ukrainian and Polish
students;

2. regional development: supporting the tourism potential of the Bukovel region during peak
and off-peak seasons;

3. innovation and Education: providing the technical resources necessary for modern scientific
and creative collaboration.
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COMPUTER ENGINEERING
KOMII'IOTEPHA IH)KEHEPIS

YK 681.325+004.4 DOI:10.15330/itee.2025.2.04

B. I. I'OJIOTA, kano. mexu. nayx, B. M. 'PUI'A, kano. mexh. nayx,
T. I PEHHKO, A. B. MOPI'VH

BUKOPUCTAHHS BEKTOPHUX IHCTPYKIIN MIKPOITPOIIECOPA X86-64
B 3AJIAYAX JITHIMHOI AJITEBPA

Beryn

CyuacHuid eram pO3BUTKY 1HPOPMALIMHUX TEXHOJIOTIH XapaKTEePU3YEThCA CTPIMKUM
3pOCTaHHSM OOCATIB JaHUX, IO WUIralTh 00podui B pexumi peanpHoro yacy. Coepu
3aCTOCYBAaHHS BUCOKOIIPOAYKTUBHUX O0UMCIECHb 3HAYHO PO3IIMPUIIMCS: BiJl KIIACHYHOTO HAyKOBOI'O
MOJICITIOBaHHS (PI3WYHUX MPOIECIB Ta MPOrHO3YBaHHS MOTOJM 10 3aBIAaHb INTYYHOTO iHTEJEKTY,
MIMOOKOT0 MAaIIMHHOTO HaBYaHHS, OOPOOKH MOTOKOBOTO BiJIeO HAJBHCOKOI PO3AUIBHOI 37aTHOCTI
Ta KpunrtorpadidyHoro 3axucty iHdopmarii. Y BCiX 3raJlaHux Taldy3sX OCHOBHA 4YacTKa
00YHCITIOBAJILHOTO HABaHTAXKEHHS IIPUIIA/Ia€ Ha orepallii Ha/l BEKTOpaMH Ta MaTPULIIMHU.

TpuBanmuii 4ac WIABUIIEHHS MNPOAYKTUBHOCTI IPOrPAaMHOTO 3a0e3ledeHHs] J0CATanocs
eKCTEHCUBHUM LUIAXOM — 3@ PaxyHOK 3POCTaHHS TaKTOBOI YaCTOTH LEHTPAIbHUX HPOLIECOPIB.
CyuacHa mapagurma MiJBUINEHHS MIBHIKOMII 3MicThiacs B OIK apXiTEKTypHOTO Iapajelni3my.
OnHi€r0 3 KIIOYOBUX TEXHOJOTIM, M0 J03BOJIsA€ €(QEKTUBHO BUKOPUCTOBYBATU PECYpPCH
[EHTPAIILHOTO MPOIECOpa € TPUHIMII «OJHA IHCTPYKIisA — MHOXKMHA gaHux» (Single Instruction,
Multiple Data (SIMD)).

Posmmpenns apxirektypa x86-64 Advanced Vector Extensions (AVX), Hagano po3poOHUKaM
JUI BUKOpUCTaHHs 256-01ToBI perictpu YMM, 110 103BoJIsie BUKOHYBATH apu(METHYHI oneparii
HaJ BICbMOMa 4HclIaMu OAMHapHOi TouHOCTi (float) abo "woTMpma ymMciaMu MOJBIMHOI TOYHOCTI
(double) 3a omun MmammHHMA TakT [1, 2]. Ile TeopernuHo HO3BOMNSE 3OIMBIIMTH MIBUIKOMIIO
nporpaMm y 4-8 pasis.

[Tompu Te, 0 cy4acHi KOMMiIATOpU MOB BHUcOKoro piBHs (C++, Rust) maroTh MexaHizMu
aBTOBEKTOpH3allii, BOHH HE 3aBXIW T€HEPYIOTh ONTUMAIGHUI MAIIMHHUHA KOJ 4Yepe3 CKIaIHICTh
aHaJi3y 3aJeKHOCTeH JaHuX Ta ympasiiHHA nam'sattio [3, 4]. ToMmy Ay CTBOpEHHS KPUTHUYHO
BaXJIMBUX O010y110TEK, ApaiiBepiB Ta sAep OOUYMCIIOBAIBHUX CHUCTEM BUKOPHCTOBYETHCS MOBa
acemOnepa [6, 7]. BesmocepenmHs omnTuMi3ailis Ha piBHI aceMOJEPHUX KOMAaH/ J03BOJISIE
PO3pOOHUKY TIOBHICTIO KOHTPOJIOBATH PO3MOJLT PEriCTpiB, IUIAHYBaHHS KOHBEEpA KOMaH] Ta
poboty 3 kemi-mam’TTio [8].

OCHOBHUMH BHCOKONPOJIYKTUBHUMH MIKpPOIIPOLIECOPAMH Y HACTUTBHUX 1 TOPTaTUBHUX
komm'totepax € cepii Core 13/15/17/19, Ultra Bin Intel ta cepii Ryzen 3/5/7/9 Bin AMD. OcHoBHUMEU
acemOyiepamMu 11 ux MikpokoHTposiepiB € MASM, NASM, FASM ta GAS. B ocBiTHROMY
CepeIOBHILI aKTHBHO BUKOpUCTOBYeThC NASM acemOuep [9-11]. Lle 3ymMoBieHO O€30TLIaTHUMU
muenmismu “Simplified BSD License” 1 “FreeBSD License”, miaATpuMKOIO pi3HUX IU1aThopm
Windows, DOS, Linux, BSD, MAC OS Tta HaliHOBIIIUX BEKTOpHUX IHCTPYKHii AVX, AVX2,
AVX-512.

TakuM 4YMHOM, Ha JaHUl Yyac aKkTyaJbHUM € BUKOPUCTAHHS BEKTOPHHUX IHCTpYKUiH AVX
MIKpPOIIpOIIecCOpiB X86-64, 0 T03BOIUTH BUKOPHUCTATH arlapaTHUHA Mapajieii3M B 00poOIIi JaHUX Ta
H1ABUIIUTH MPOAYKTUBHICTH IPOTrpam, 0coOIMBO /IS 3a/1a4 JiHiiHOT anredpu.
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1 AHaJjii3 Cy4acHOro CTaHy Ta MepCcneKTHBY PO3BUTKY BEKTOPHUX 00UYMCJIEHb

1.1 EBounronisi apxitexktypu npouecopis: Big SISD no SIMD

Knacuuyna apxitektypa ¢on HeiiMana mnepenbadae MOCHiJOBHE BUKOHAHHS KOMaHI 32
MPUHITUIIOM «OJHA IHCTPYKIis - oguHuyHi gaHi» (Single Instruction, Single Data, (SISD)). V rtaxkiit
MOJIeJTi JJIs I0/IaBaHHs JIBOX MacHBiB 3 N €JIeMEHTIB mpoiiecop 3MylIeHUH BUKOHATH N orepamin
3aBaHTaXeHHs, N omepamiidi jgomaBaHHs Ta N omepamiii 30epekeHHs pe3ynbraty. Lle cTBoproe
3HAaYHE HABAaHTa)XCHHS Ha OJIOK JIEKOAyBaHHsI IHCTPYKIIii Ta IWHY JaHUX.

Jis moponaHHs 1poro Oap'epy Oyno pospobiero TtexHonorito SIMD. CyTh TexHOJIOTII
MOJIsSITa€ B TOMY, 1[0 OJ{HA IHCTPYKIIisI 1HIIIFOE BUKOHAHHS OJIHI€T i Tiel sk apudmeTudHoi mii Haxa
I[IJTIM BEKTOPOM 3Ha4eHb OJHOYAcHO. Lle 103Bose peanizyBaTy mapanelni3M Ha piBHI JaHHX, a HE
Ha PIiBHI ONEpAIliifHOT CHCTEMH, IO CYTTEBO 3MCHINYE HAKJAJHI BUTPATH Ha TEPEMHUKAHHS
koHTekcTy [12]. Ipuknaau apxitektyp SISD Ta SIMD nokaszano Ha Ha puc 1.

A1 B1 A1 A2 A3 A4 + B1 B2 B3 B4
h 4 A 4 BekTopHuit perictp
I
bnok KepyBaHH$ | 200 |
OnHa 7 T | | Muoxuna
v v onepawig \/ \/ onepatii
b 4 Ha TaKT \ ALU /\ ALU / Ha TaKT
A1+ B1 [ |
BekTopuuii perictp
JL
TakToBUK 4 ¥V Y VY VY
CUrHan C1 TakTosuit C1 C2 C3 C4
CUrHan
SISD (Single Instruction, Single Data) SIMD (Single Instruction, Multiple Data)
a 6

Puc. 1. Apxitekrypu SISD ta SIMD: a) nonaBanust onepanuis (A1)+(B1);
6) nomaBanHs BekTopiB (A1,A2,A3,A4) + (B1,B2,B3,B4)

1.2 Oruasig po3mmpens cuctemu komanja Intel x86-64

EBodroriiss BEKTOPHUX PO3LIMPEHb apXITEKTypH x86-64 BigOyBanacs MOETanmHO, KOKHE HOBE
MTOKOJIIHHS 301IBIIYBAJIO PO3PSAAHICTD PETICTPIB Ta PO3LIMPIOBATIO HAOIP TOCTYIHUX 1HCTPYKIIIH.

1. MMX (MultiMedia Extensions, 1997). Ilepma cnpoba BupoBamkenas SIMD. B MMX
BUKOPHUCTOBYBaKCS 64-01TOBI pericTpy, siKi (i3WYHO HAKJIAJaJIMCS Ha PEricTpu CHiBIIpoliecopa
(FPU), 1o yHeMO>KIMBIIOBAJIO OJJHOYACHY POOOTY 3 AificHMMU unciamu Ta MM X-KoMaHJaMH.

2. SSE (Streaming SIMD Extensions, 1999). Hactynuuii kpok, 1o no1aB 128-6iToBi perictpu
XMM (XMMO0-XMM15 y 64-6itHomy pexumi). Lle mo3Boamno oOpobnsitu dotupu 32-0iToBi
gyucIa 3 miaBardoro kpamnkoro (float) oqrouacuo. [Hoganemi Bepcii (SSE2, SSE3, SSE4.1, SSE4.2)
J0Jaly MATPUMKY 4Kces 1Mo/aBiiHOoI TouHocTi (double) Ta po3mupunu GyHKIioHaN 1t podOTH 3
UMMM YUCIIAMH.

3. AVX (Advanced Vector Extensions, 2011). B AVX po3mupeno perictpu ao 256 6irt
(YMM), mo no3Bonuino obpobnsatu Bxe 8 uncen float abo 4 uncna double 3a TakT. Baxkiausoro
0cOOJIMBICTIO CTajla 3MiHa CHHTAaKCHCYy aceMOJepHMX KOMaHJ 3 JBOOIEpPaHIHOTO Ha
TPUONIEPAHTHUM.

4. AVX2 (2013). Posmmpeno MoxumBOCTi mepmoi Bepcii AVX, 0JaBIIM TMOBHOIIHHY
MiATPUMKY 256-0iTOBUX omepartii Haa miauMu drciaamu Ta iHctpykiiii FMA (Fused Multiply-Add),
SK1 BUKOHYIOTh MHOXKEHHS Ta JTOJaBaHHs 3a OJIMH KPOK 06€3 BTpaTu TOYHOCTI.
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5. AVX-512. HaiicyuacHime po3mupenss 3 512-6itoBumu perictpamu ZMM, sike nocTymnHe
MEPEBAXHO Y CEPBEPHUX Iporiecopax (Xeon) Ta BUCOKONPOAYKTUBHUX HACTIIBHUX KOMII'FOTEpax.

1.3 ApxiTtekTypHi ocodsmBocTi AVX Ta pericTpoBuii ¢paiin Y MM

Jlis BUKOHAHHSI BEKTOPHHMX omepariii y Habopi komana AVX BHKOPHCTOBYIOTHCS PETiCTpH
YMM. V 64-6itoBoMmy pexumi pobotu mporecopa (Long Mode) mporpamicty moctymHo 16
perictpis: YMMO — YMM15.

Koxnuii perictp YMM (puc. 2) mae noxkuny 256 6it (32 6aiitu). ApXiTEKTYpPHO MOJIOJIIII
128 6it perictpy YMM Bianosigatots perictpy XMM (ycnaakoanomy Bin SSE). Ile 3abe3neuye
3BOPOTHY CYMICHICTh: KOMaH]I, 10 NpaIioloTh 3 SSE, aBTOMaTHYHO 3MiHIOIOTH MOJIOAIITY YaCTHHY
YMM, 3anumarouu cTapiy yacTuHy 0e3 3MiH (y JesIKUX pexuMax) abo oOHyIsroun i.

256-6iT YMM perictp
Monogwi 128 6it (XMM) Crapuii 128 6iT

>

A
Y

Y

A
A

floatO | float1 | float2 | float3 | float4 | float5 | float6 | float7

32-bit  32-bit 32-bit 32-bit 32-bit 32-bit 32-bit 32-bit
float float float float float float float float

Puc. 2. Ctpyxkrypa perictpa YMM

YMM He Mae (iKCOBaHOTO THUIMY, a MIATPUMYE 3amakoBaHI 1 CKaJsApHI (opMaTé IaHMX:
32xint8, 16xint16, 8xint32/float, 4xint64/double.

Baxnuoro BuMororo mpu po6oTi 3 AVX € BUpIBHIOBaHHS JaHUX Yy maM'saTi. [l 1OCSATHEHHS
MaKCHMaJbHOI IIBMJKOAII aJpecu IOYaTKy MacuBIB MOBMHHI OyTHM KpaTHUMH 32 OaiiTam.
BuxopucTtanHs HEBUPIBHSIHUX JaHUX (IHCTPYKLII TUILy vmMOVUpSs) MOX€E MPU3BOAUTH 10 Tpadin
IPOAYKTUBHOCTI.

MosxnuBo, HalOLIbII NPUMITHUM acnekToM AVX € BHUKOPUCTaHHS HOBOTO CHHTAaKCUCY
koMmaHJ. binbmicts AVX KOMaH BUKOPHCTOBYIOTh (hopMaT 3 IBOX ONEpaH[iB JpKepesa Ta OAHOTO
orepaH/ia MpU3HAUYEHHS:

InstrMnemonic DesOp, SrcOpl, SrcOp2,

J€ InstrMnemonic O3HAyae€ MHeMOHiKy AVX KOMaHJI, a2 DesOp, SrcOpl i SrcOp2 NO3HA4YarOTh
oTepaH/IM MPHU3HAYCHHS Ta JDKEpes BIAMOBiIHO. Maiibke Bci omepaHIy JKepeaa € HepyHHIBHUMHU
(ToOTO HE 3MIHIOIOTHCS IIiJI YaC BUKOHAHHS KOMAH/M), 32 BUHATKOM BHIIAJKIB, KOJU PETICTP
orepaHjia MpU3HAYCHHS 30iraeThCsl 3 OJHUM 13 PEricTpiB ONepaH/iB JKepena.

Hogi komanau AVX nojineHi Ha HACTYMHI MATPYIIH:

- mupokoMoBHa TpaHcislis (Broadcast);

- 3mimyBaHHs (Blend);

- nepectasneHHs (Permute);

- Bu100yBaHHs Ta BcraBieHHs (Extact and Insert);

- nepecunianHs 3 mackoro (Masked move);

- 3MiHHMM OiToBUH 3¢cyB (Variale bit sift);

- 36upanns (Gather).

2 AaroputMiuHe 3a0e3Me4eHHs] BEKTOPHUX 004MCIeHb

2.1 BekTopu3sauisi 6a3oBux onepauii

[Tepm HIK TEpeXOAWTH JO PO3B’sA3yBaHHS 3a4ad JIiHIWHHOI anreOpu, HAMpHUKIAZ CHCTEM
JHIMHUX PIBHAHB, HEOOXITHO PO3POOUTH €PEKTHBHI aITOPUTMH JUIsl 0A30BHX Olepauiid JoJaBaHHS
BEKTOPIB (pHUC. 3) Ta MHOKCHHS BEKTOpa Ha CKaJIsp.
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Hexait 3amano nBa Bektopu A ta B po3mipom N:
A={ay,a,, ... ,apnq }, B={by,by, ... , b1}

Onmnepariss nonaBanas BekTopiB (C = A + B) y ckamsgpuomy Burisini (SISD) ommcyerbes
dhopmyioro:

Ci=ai+ bii Je i=0, ey N-1. (1)

[Ipu Bukopuctanui posmupeHHs AVX 3 uuciaamu omuHapHoi TouHocTi (float, 32 O6itm) y
256-6iToBuii perictp YMM mnomimaerbest 8 enemenTiB. Lle mo3Bonsie 3MiHuTH Joriky nukiy (1).
Ingexc i 30imbIIyeThCs He Ha 1, a Ha 8 3a KOXKHHIA KPOK.

Tozi anropuT™ BEKTOPHOTO JOJaBaHHS Oy/e HACTYITHUM:

1. 3aBaHTaXXUTH § €IEMEHTIB MacUBY A y PETicTp ymml.

2. 3aBaHTaXUTHU 8§ €IEMEHTIB MacuBy B y perictp ymm2.

3. BUKoHATH 1HCTPYKIIiF0 BEKTOPHOTO JOJaBaHHs vaddps ymm0, ymml, ymm2.

4. 36epertu pe3yabraT 3 ymmO y mam'ste MacuBy C.

5. IToBTOproBaTH 17151 BCiX OJIOKIB O 8 YHCEIL.

Sxmo N He kparHa 8, BUHMKae npobdiiema "3anumikiB" MacuBy. 3aJMIIOK elleMeHTiB (Bix 1
10 7) HeoOX1AHO 00pOOIATH KIACUYHUM CKAJISIPHUM METOJIOM a00 BUKOPHUCTOBYBATH MAaCKyBaHHS.

Ha puc. 3 nokazaHo cxemy BEKTOPHOTO JojaBaHHs. Bekropu 4 i B po3mimeHi y nam'ari i
MICTATH MO BiciM 32-0iTOBUX 3HAuU€Hb 3 IUIABAIOUOIO Kpamkor. Bektopu A i B 3aBaHTaXYIOThCS Y
perictppy YMM 1 i YMM2 ta nogarothcsi KoMaH00 vaddps ymmO, ymml, ymm2. Pe3ymsrar
3 perictpa YMM 0 3anucyeTbest y nam'siThb.

Macus A (float) Macwus B (float)
32 bit 32 bit 32bit 32bit ... 32 bit 32 bit 32 bit 32 bit

A0 | A1 A7 | A8 BO | Bt B7 | B8

NN NEERRREN

float | float | float | float | float | float | float | float float | float | float | float | float | float | float | float
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

YMM perictp 1 (gxxepeno A) YMM perictp 2 (axepeno B)

OpHa iHeTpyKUis
8 ogHoYacHUx goaasaHb

Vector ADD Operation (vaddps)
L 4
[float 0] float 1 | float 2| float 3| float 4| float 5 [ loat 5 | fioat 7 | YMM pericTp 0 (pesynbrar)

o e A4 BTSSR =

Pe3yanaT B Macusi C (float)

Puc. 3. Cxema BEeKTOPHOTO JI0IaBaHHS

2.2 AaroputmivHi ocodamBocti metoay Kopaana-I"ayca

Opniero 3 MOMMpPEHUX 3ajgad JIiHIAHOI anredpu € po3B'A3yBaHHSA CHCTEM JIHIMHHX
anreOpaiuaux piBHAHb (CJIAP). Merox Xoppana-I'ayca — 1ie eeKTUBHUI NpsMHIA alropuT™M
po3B's3yBanHa CJIAP, saxuil Ga3yeTbcsi Ha 3BEACHHI PO3MIMPEHOT MaTpUIll KOe(]illieHTIB 0
J1aroHAJIbHOTO (OTMHUYHOTO) BUIIISY 32 JIOTIOMOTOO €JIEMEHTapHUX MepeTBOpeHb psikiB [13-14].
Ile BmockoHaneHa Bepcis metomay laycca, sika Bigpa3y Ja€ 3HA4YeHHs 3MIHHHUX 0€3 3BOPOTHOT
I1JICTAaHOBKH.

Hexait 3anano CJIAP y matpuunomy Burisiai AX = B, ne A — matpuiis koedirientiB NxN, B —
BEKTOp BUIbHUX YJICHIB.
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OcHogHi etanu Metoxy JKopaana-I“ayca:

1. Cxknamanus posmmpenoi matpuili NX(N+1), HmUifxom JOMOBHEHHsSI CTOBIIIEM BUIBHUX
YJICHIB CTOBIIII MaTPHIll KOSDIIIEHTIB.

2. Ha koXHOMY KpoIli | BUOHpa€eThCs HEHYJIBOBUH €JeMEeHT aji (0akaHO MaKCHMAlIbHHA 3a
MOJTyJIEM), SIKUI CTAE BEyUHM.

3. Psanok, KMl MICTUTH BEAYUYHH €JIEMEHT, TUINTHCS Ha LIEH eJIeMEHT, 100 3po0uTH Bemrydnit
€JIEMEHT piBHUM 1.

Anroputm cknanaetbes 3 N itepariii. Ha xosxaomy kporii K (1e K — HOMep Beaydoro psiaka)
BUKOHYIOTBCS JBI JIii:

1.Hopmauizaiiiss Beaydoro psiaka. Yci eleMeHTH K-ro psjaka IUTSThCA Ha JllaroHaJbHHMA
CIIEMEHT akk:

ak]- .
a,; <« —%,j=k, ..., N.
kj Ak J
2. OGHyneHHs 3MiHHHX cTOBIIS. Bin ycix iHmmx psukiB 1 (ne 1 1= K) BigHIMaeTbes Bexy4uii

PAIOK, TOMHOKEHHUI Ha BIAMOBITHUM KOS(IIIIEHT Aik:
ajj <— dijj - Aik" akj.

Came apyra aisi € HaOLIbII PECYPCOEMHOIO, OCKUIBKM BOHAa BUKOHYETHCS ISl BCIX PSAKIB
Matpuii. OHaK BOHA 11€aTbHO MIAXOIUTH sl BeKTopu3arlii. KoedilieHT aik € cTaauM s BChOTo
I-ro psiaKa Imijg yac ofHiel omeparii BiHIMaHHS.

[TocnimoBHICTH onTUMI3aIlil 00UMCIIEHb 3 BAKOPUCTAHHS BEKTOPHUX IHCTPYKIiH AV X:

Jlnist omparifoBaHHsI i-ro psiaKa:

1. 3aBaHTaXUTH EIEMEHTH [TOTOYHOTO I-T0 psiKa (&jj) y BiciM KoMipok perictpa YMM.

2. 3aBaHTaXUTH KoeQilieHT aik (MHOXXHUK) Yy BICIM KOMIpPOK iHIIOro perictpa YMM
iHCTpyKITiero TupakyBanHs Broadcast (puc. 4).

3. 3aBaHTaKUTH €IEMEHTH BEIY40ro psjKa (akj) y BiciM KOMipoK iHmoro perictpa Y MM.

4. Buxonaru onepauiss FMA (Fused Multiply-Add) ans 06’eqHaHOro MHOKEHHS 1 J10/1aBaHHS
(a-b + ¢ 3a ouH KPOK) OTHOYACHO IS BCIX 8 €JIEMEHTIB MOTOYHOTO PSIIIKA.

CkansipHe 3HaJYeHHs

Mam'aTb
(32-bit float)

Onepauia NoLwMpeHHs
(Broadcast)

42.0

float 0 | float1 | float2 | float3 | float4 | float5 | float6 | float7

32-bit 32-bit 32-bit 32-bit 32-bit 32-bit 32-bit 32-bit
float float float float float float float float

Puc. 4. [Tpuanun po6otr komMauau THpaxxyBaHHs (Broadcast)

2.3 biosioTexa Ha acem0J1epi 3 BUKOPUCTAHHAM iHCTpyKLili AVX/AVX2

s peanizanii anroputmy XKopnana-I'ayca Oyna ctBopeHa 6i0mioTexn Ha acemOnepi NASM 3
HAaCTYIMHUMHU IHCTPYKLISIMM Tpoliecopa. ¥Yci 1HCTpyKUii MawoTh mnpedikc V, IO I03BOJSE
BUKOPHUCTOBYBATH TPU ONIEPAHIH.

1. [HcTpyKIiT nepecuIanHs JaHuX:

* ymovups ymml, [mem] (Move Unaligned Packed Single) — 3aBanTaxxenus 256 6ir (8 float) 3
nam'sTi B perictp. BukopuctoByerbest Bepcist ups (unaligned), ockinbku BoHa Oe3mneuHila, SKIIO
JaH1 He BUPIBHIHI HA MexX1 32 OaiT.
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* vmovups [mem], ymml — 30€pEKEHHS JIaHUX 3 PETICTpPa B MaM'STh.

* vbroadcastss ymml, [mem] (Broadcast Scalar Single) — xitouoBa KOMaHIa T METOIY
I"ayca. Bona 6epe onne 32-0iToBe 4MCIIO 3 TaM'ATi Ta 3alI0BHIOE HUM YBeCh 256-01TOBHIA pericTp.

2. ApudmeTndH1 KOMaHIH:

* vaddps ymml, ymm2, ymm3 — JOJABaHHs 3alMakoBaHMUX yucels (ymml = ymm2 + ymm3).

* vmulps ymml, ymm2, ymm3 — MHOXCHHS 3allaKOBAHUX YUCECII.

* vsubps ymml, ymm2, ymm3 — BiIHIMAaHHS 3allaKOBaHUX YUCEI.

* vdivps ymml, ymm2, ymm3 — IUIEHHS 3allaKOBaHUX YHCET (BI/IKOpI/ICTOByeTBCSI Inpu
HOpMaTi3alii psaKa).

3. Komangu FMA (Fused Multiply-Add) — s AVX2:

e vfmsub213ps ymml, ymm2, ymm3 — Qi1 KOMAHIA ymml = (ymm2 * ymml) - ymm3.

Buxopucranass FMA [1103BoJisi€ MiABUIIMTH TOYHICTh, OCKUIBKH TPOMDKHUN pe3yJbTaT
MHOKEHHS HE OKPYTIISIETHCSI, & 30€pIiraeThCsi 3 MTOBHOIO TOYHICTIO IO MOMEHTY BiJITHIMAaHHS.

2.4 CTpyKTypa JaHHX i AITOPUTMHU 3 BUKOPUCTAHHAM BEeKTOPHHUX ONepauin
Martpuii B nam'siTi KOMITIOTEpa TOJaHi K OJHOBUMIPHHI MacuB, JIe €IEMEHTH 30epiraloThCs
psakamu. Jloctynm no emementa A[i][j] 3mificHioerbes 3a immexcom iX(N+1), ne N+1 — mmpuna
PO3MUPEHO] MaTPUII.
ANTOPUTM BEKTOPHOT'O MHOKEHHSI:
1. I[TouaToxk.
2. IlepeBipka, un KiIbKicTh eeMeHTiB N > 8.
3. Skuo Tak:
* 3aBaHTAXXUTHU § uncel 3 MacuBy 4 B YMMO;
* 3aBaHTaXXUTHU 8 ymceln 3 macuBy B B YMM1;
* BUKOHATU KOMaHAy vmulps ymmO, ymmO, ymml,
* 30epertu Y MMO;
* 30UIBIINTH MMOKaXYUK Ha 8 ereMeHTiB (32 Oaiitn);
* IOBTOPHUTH IHKIL.
4. Sxuro Hi (a00 € 3aTUIIOK):
* 00poOUTH €eMEHTH IO OJIHOMY KJIACHYHUMHU KoMaHAaMU SSE (ckaisipHO).
5. Kinenp.
biiok cxema merony JXKopaana-I'ayca nmokaszana Ha puc. 5.

(' Moyatok ) BHyTpiLwHin uvkn BekTopuaadii no J

(EnimiHavis)

i

Hi Aﬁuniﬁ

umkn no K
(0 go N-1)

Broadcast koediuieHTa
(factor = matrix[I][K])

v

1
1
1
1
:
1
:
]
1
1
E
1
1
:
3aBaHTaxXeHHs1 BEKTOPIB psakiB !
(vec_rowl, vec_rowkK) '
1

:

]

1

'

1

:

:

:

1

]

1

)

:

)

1

BHYTpiWwHin
uukn no |
(0 po N-1)

Hopmanisauis K-ro pagka
(BekTopHe AineHHs: ¢
row[K] /= matrix[K][K]) Hi

v

Hopmaniaauis psakis

BHyTpiLuHiV LD K-l 36epexeHHs BeKTopa paaka
Hi (store vec_rowl)

A
L——»{ Kineup ) """"""""""""""""""""

Puc. 5. briok-cxema merony XKopaana-T'ayca

v

BekTopHe MHOXeHHs1+BigHiMaHH:
(FMA: vec_rowl -= factor * vec_rowK)

v

=
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AnroputMm Metony JKopaana-I'ayca:

1. 3oBuimHii muki mo K (8ig 0 o N-1).

2. Hopmamizamist K-ro psaka (BeKTOpHE JUICHHS ).

3. BayrpimHiit nuki o | (Bix 0 g0 N-1).

4. Ilepesipka | 1= K.

5. Buyrpimmniii mmkn Bektopmszamii mo J: TupaxyBanus (Broadcast) koedimienta —
3aBaHTaXeHHs psAgKa — MHOxeHHs + BigHiManHa — 30epekeHHs.

3 Peauizanis nporpam ta aoc/il:keHHs e)eKTUBHOCTI 0i0mioTexn

3.1 CTpykTypa nporpam Ta opraizauisi J1aHux

[Tpwitasito BekTOpu30BaHi (yHKIii acembiepa o0'enmnyBaTH y 0i0Mi0TEKH, IO JO3BOJISE iX
BHKOPHCTAHHS Yy MOBaxX IporpaMyBaHHS BHUCOKOro piBHs [15, 16]. Pospobneni ¢yskiii 3
BUKOPHUCTaHHAM BEKTOPH30BaHUX IHCTPYKIili AVX o06'eqnano y 0i0iioTeky Ha MOBi acembiepa
NASM nns 64-6iToBoi apxitektypu Windows (Win64 nomoBieHocTi BUKIUKIB). [Iporpamuuii koxa
CTPYKTYPOBAHO Ha KiJIbKa JIOTITYHUX MOJYJIB:

1. Ceknis maHux (.data Ta .bss): BigmoBimae 3a 30epiranHHs rIo0adbHUX 3MIHHHUX Ta
KOHCTaHT. KIIOYOBUM MOMEHTOM € BHKOPHCTAaHHS IUPEKTUBU BHPIBHIOBAaHHS align 32. Lle
KPUTHYHO HEOOXimHO asi iHCTpYKUid AVX, OCKUIBKM JOCTYN IO HEBUPIBHSIHOI MaM'siTi MOXe
CIPUYUHHUTH BUHITKOBY cHUTYallito (crash) abo cyTTeBe maiHHSA MPOYKTHBHOCTI.

2. Cekmiss  komy (.text): MICTHTh TpONEAYpH  VectorAdd, VectorMul Ta
GaussJordanSolve

3. Makpocu: Bukopucrano makpocu mpenporecopa NASM miis craHmapTu3aiiii mpoJory ta
enitory GyHKIiH (30epeKeHHS PETiCTPIB rbp, rsp, rsi, rdi), MO COPOIIYE YUTAIBHICTD KOAY.

s B3aemopii 3 onepamiiHOI CHCTEMOIO Ta BHBEICHHS PE3YJIbTaTiB BUKOPUCTAHO (DYHKIIiT
Windows API (WwriteConsolea, ExitProcess) Ta (yHKii ctangapTHoi 6i0mioreku C (printf),
HKITIOYEH] Yepe3 KOMIIOHYBaJIbHHUK.

3.2 PeaJiizaniss 6a30BUX BEeKTOPHUX onepauiii

Huxde mokazaHo ¢parMeHT po3pobiieHoi mporeaypu AoJaBaHHS BeKTOpiB. OCHOBHUHN LMK
00pobiisie o 8 enemenTiB Tumy float 3a iTepartiro.

Posgpyx 1 - Peajsizaiis BEKTOPHOI'O IONABAHHS (QparMeHT)
; Bxinmui napamerpu (Win64 convention):

; rcx — IOKaXuMK Ha MacuB A

; rdx - MOKaxumMK Ha Macub B

; r8 - mokaxumk Ha MacupB Result

; r9 - kximepkicTe ejgemeHTiB N

global VectorAdd AVX
VectorAdd AVX:

push rbp

mov rbp, rsp

; OcHOBHMM LUK (0oOpoOka O 8 uYuce)

XOor rax, rax ; OOHyYJIEHHS JI1uMyIbHMKA
.loop block:
cmp rax, r9 ; IlepeBipkxa KiHLSA MacCuUBY
jge .cleanup ; SKIWO NPOMIIM BeChb MacCMB - BUX1z

; BaBaHTaXeHHsS IOaHUX (BUKOPUCTOBYeThbCa unaligned nms Gesnexn)
vmovups ymmO, [rcx + rax*4] ; 3aBaHTaxeHHs 8 float 3 A
vmovups ymml, [rdx + rax*4] ; 3aBaHTaxeHHsa 8 float 3 B

; BekTopHe IoIaBaHHSA
vaddps ymmO, ymmO, ymml ; YMMO = A + B

; 30epexeHHS pesyJbTaTy
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vmovups [r8 + rax*4], ymmO

add rax, 8 ; Kpox uukyiy +8 ejemMeHTiB
jmp .loop block

.cleanup:
; TyT posMimyerbcsa xon obpobku "szanuumky" MacuBy (gxmo N He kpaTHe 8)
; ... (peanizoBaHO uepes cKajgpHl koMaHIM xmm - addss)

mov rsp, rbp

pop rbp

ret

3.3 Peanizauis sinpa merony Kopaana-I'ayca

HaiiGinpIn ckjiaHUM € BEKTOpHU3allil BHYTPINIHBOTO LHUKITY, J€ BiIOYBAEThCS BiIHIMAHHS
psaakiB. Jlnsg omTuMizaimii BHUKOPUCTAHO KOMaHAy vbroadcastss, ska AyOJIIO€ TMOTOYHHIMA
koedimient K = aix Ha Bech perictp. Lle 103BosIsIE YHUKHYTH HUKIIYHOTO 3BEPHEHHS 0 MaM'sTi 3a
OJIHUM 1 TUM CaMHM 3HAUYEHHSIM.
Pozsgpyk 2 - BexkrTopms3anis BigHIMaHHS PSAOKIB
; YMM2 MicTuTh THpaxoBaHuM koebinienT (multiplier)

; RDI Bkasye Ha norouHuym panok (Target Row)
; RSI Bkasye Ha BeOyuulM PAOOK (Pivot Row)

.inner loop simd:
; BaBaHTaxeHHs 8-MM €JIEMEHT1B BeIydoro psaIKa

vmovups ymmO, [rsi + rbx*4]

; 3aBaHTaxeHHs 8 eJleMeHT1B psamka, WO 3MiHoOETbHCH

vmovups ymml, [rdi + rbx*4]

; OBumciyieHHs: Row[]j] = Row[]j] - Multiplier * Pivot|[7j]

vmulps ymmO, ymmO, ymm2 ; YMMO = Pivot * Multiplier
vsubps ymml, ymml, ymmO ; YMM1 = Target - (Pivot * Mult)

; 30epexeHHS pel3yJbTaTy Haszal y naM'4arTh

vmovups [rdi + rbx*4], ymml
add rbx, 8 ; Hacrtynui 8 crornuis
cmp rbx, rl0 ; llepeBipka Ha kiHeub psnka

jl1 .inner loop simd

3.4 MeToauka TeCTYBAaHHS Ta XapaKTEPUCTUKH TECTOBOT0 CTEHAY

Jis omiHKM e(EeKTUBHOCTI PO3pPOOJIEHUX aJIrOPUTMIB MPOBEAECHO CEpil0 EKCIIEPUMEHTIB.
BumiproBanHs yacy BUKOHAHHS 3J1MCHIOBAJIOCS 3a JOMOMOTOIO IMPOIECOPHOT 1HCTPYKINI rdtsc
(Read Time-Stamp Counter), sika MoBepTa€e KUIbKICTh TaKTIB MpoIiecopa 3 MOMEHTY ckunaHHs. 1le
3a0e3nevye HallBUIy MOXIIUBY TOYHICTh BUMIPIOBaHb, HIBEIIOIOYN MOXHOKU CHCTEMHOTO TaiiMepa
OC.

KoHdirypariss amapaTHOro Ta TNpPOrpaMHOTO 3a0€3MEYEeHHS, Ha SKOMY IPOBOJHIIOCS
TECTYBaHHsI, TOKa3aHa B Tab. 1.

3.5 AHaJi3 pe3yabTaTiB eKCIIePUMEHTIB

Byno npoBeaeHo nopiBHSAJIbHE TECTyBaHHS JIBOX Bepciit anroputmy po3s'szyBaHHs CJIAP:

1. SISD (Scalar): kmacuuHa peanizaiis 3 BUKOpUCTaHHAM ofHoro perictpa FPU/XMM mns
OJTHOTO YHCIIA.

2. SIMD (AVX): onTuMi3oBaHa peaiizallis 3 BUKOpUCTaHHAM 256-0iToBux perictpiB YMM (8
YHUCEN OHOYACHO).

TecTyBaHHS MPOBOAMIIOCS Ha BUIMAJIKOBO 3T€HEPOBAHMX KBAJPATHUX MATPHUILIX PO3MIPHICTIO
Bim 256%x256 no 2048x2048. [lns xokHOI po3MipHOCTI TecT 3amyckaBcs 10 pasiB, MiCas YOro
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oOumncaoBasIoCsT cepenHe apu(MeTHYHEe 3HAYeHHS 4Yacy BHUKOHaHHS (y MUIbHOHAX TaKTIiB
mpoiiecopa).

Taomuns 1
[TapameTp 3HauCHHS
LenTpanbhwuii mporecop (CPU) Intel Core i5-11400H @ 2.70GHz
ApXiTekTypa x86-64 (Rocket Lake)

MMX, SSE4.2, AVX, AVX2, FMA3
16 GB DDR4-3200
Windows 11 Home (64-bit)
VS Code + NASM 2.15
Release (0e3 HasaropKyBanbHOi iH(opManii)

[liaTpumKa iHCTPYKILi#
OmneparuBHa nam'ats (RAM)
OnepartiiiHa cucrema
CepenoBuiiie po3poOKH
Pexum koMl

PesynbraTi BUMiproBaHb (y TakTax mpoiecopa) moKa3aHo B Ta0I. 2.

Tabmuns 2
Posmipuicts matpuni | Yac Bukonanns SISD | Yac Bukonanus AVX, [IpuckopenHns,
(N) (10° TaxTiB) (10° TaxTiB) pasiB
256 45.2 8.8 5.14
512 385.6 68.9 5.60
1024 3120.5 510.4 6.11
2048 25890.1 4050.8 6.39

Sk BUJIHO 3 TaOJl. 2, BUKOPUCTaHHS BEKTOPHHUX 1HCTPYKLiHM 3a0e3nedye CyTTeBe MPUCKOPEHHS
oOuuciens. TeopeTnunuit MakcumyMm npuckopens st AVX (06podxka 8 uncen float) cranoButh 8
pasiB. Ha npaktuii orpuMaHo koedimieHT y mexax 5.1 — 6.4 pasis.

BinxuneHHs BiJ TEOPETMUYHOTO MaKCHMyMy IIOKa3aHO Ha puC. 6 1 IMOSCHIOETHCS TaKUMU
¢bakTopamu:

1. IlpomyckHa 3AaTHICTH HaM'AITI:
OTPUMYBATH iX 3 OIEPaTUBHOT MaM'ATi.

2. HaknmaaHi BUTpaTH: yacTHMHA 4acy BHUTPAuya€eThCs Ha MIJTOTOBKY LMKIIB, 3aBaHTaKEHHS
KoeilieHTiB Ta 00pOOKY "3aMUIIKIB" MacHBiB, SIKIi BUKOHYIOTHCS CKaJIIPHO.

3. Kemr-npomaxu: mpu BeIMKUX po3MIpHOCTAX MaTpullb (2048 1 Ouiblle) AaHI MEepecTaroTh
BMimtarucs y L2/L3 kem nporecopa, 110 30UIb1Iy€e 3aTPUMKH JIOCTYITY 10 JaHHX.

npouecop OOYHMCIIOE JaHl MIBUAILIE, HDK BCTHUIae

===SISD (be3 Bekropuzauii) ===AVX (Bekropusaris)
70
60
250
=X
T
= 40
oo
g
= 30
m
Q
520
10
0
256 512 1024 2048 4096 8192
Po3smip marpuui (N)
Puc. 6. 3ane)xHOCTI YaCy BUKOHAHHS BiJ PO3MIpiB MaTpHUIlh
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Bucuosxku

VY craTTi pO3rIISHYTO aKTyaJlbHY HAayKOBO-TIPAKTHUHY 337a4y PO3B'S3yBaHHsS CHUCTEM JIHIHHUX
anreOpaiyHuX piBHSHb 3 BHKOPHUCTAHHSIM MOBHM acemOyiepa 1 BEKTOPHHUX IHCTPYKIIA AVX.
[Tokazano, mo ckaisipHa Mojens oduncienb SISD Buuepnana MOKIMBOCTI €KCTEHCUBHOTO POCTY
npoayktuBHOCTI. [lepexin qo BexkTopHOi Momeni obuuciaeHbr SIMD e kmo4oBuM (hakTOpoM is
MPUCKOPEHHSI 00pPOOKH BETMKUX MACUBIB JaHMX. AHAJi3 CUCTeMHU IHCTPYKIiii AVX mokasas, 110
BUKOPUCTAHHS TPHUOINEPAHIHOTO CHHTAKCUCY O3BOJISE€ MPUCKOPUTH BUKOHAHHS apu(MeTHYHHX
orepauii i ONTUMi3yBaTH BUKOPHCTAHHS PETiCTPOBOTO (aily.

Po3pobiieHo anroputMu aiisi 6a30BMX BEKTOPHHUX OIllepallid (J1ogaBaHHs, MHOXKCHHs) Ta
BekTopu3oBaHoro merony JKopmana-I'ayca. CtBopeHo 6i0mioreky (yHKIiH Ha MOBi acemOiepa
NASM 3 Bukopuctanasam iHcTpykiid AVX. PeamizoBano meron XKopaana-I'ayca 3 BAKOpUCTaHHSIM
po3pobienux 6ibmioTeuHnx QyHKITIH.

[IpoBeneHO eKCIepUMEHTANbHE JIOCHIKeHHSI Ha TECTOBUX MATPHUIIX PO3MIPHICTIO BiJ
256x256 nmo 2048x2048. OrpumaHO NPHUCKOpPEHHS OOYHMCIICHb Bil 5 10 6 pa3iB MOPIBHSHO 3
KIACUYHOI0 peanmizamiero. OTpuMaHi pe3ynbTaTd IMOKa3ylOTh JOUUIBHICTH BHUKOPHCTAHHA
aceMOyiepHux (YHKIIH 3 BeKTOpHUMH IHCTPYKUisMH AVX/AVX2 y KpUTUYHUX IO MIBUAKOMIIT
JUISTHKaX KOY.
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P. I. 3AIIVXJIAK, xano. ¢iz.-mam., nayx, B. B. JOBI'UH, xano. mexu. nayx

BE3ITEKA ITAM’ATI ¥ C++: IHHHIATUBU WG21 (LIFETIME, CONTRACTS,
SAFETY PROFILES) TA EMIIIPUYHUMN AHAJII3 OPEN-SOURCE ITPOEKTIB

Beryn

C++ 3anumiaeThCsi KIFOYOBOK MOBOK CHUCTEMHOTO TIPOTPaMyBaHHS 3aBJISKH BUCOKIH
MIPOYKTHUBHOCTI, KOHTPOIIIO HAaJ pecypcamu Ta baratum abcrpakiiisM. BogHodac caMme TOCTYITHICTh
HU3BKOPIBHEBHX MEXaHI3MiB (BKa3iBHUKH, apu(MeETHKa ajapec, HEiHiliaTi30BaHa MMaMm’siTh, PyYHE
KepyBaHHs OydepaMu) 3yMOBIIOE PU3MKH MOPYIICHHS memory safety. YpasznuBocti mam’siTi
JeKaTh B OCHOBI 3HAYHOI YaCTWHU IHIMJCHTIB OC3MEKH y BEIUKUX MPOTPAMHUX CHUCTEMax, a
undefined behavior (UB) [2] (UB) y C/C++ cTBOpIo€ T0aTKOBHI KJIAC MIOMUJIOK: MTPOrpaMa MOXKe
JIEMOHCTPYBAaTH KOPEKTHY IOBEIIHKY B OJHUX YMOBax i OyTH Bpa3iIMBOIO a00 HEKOPEKTHOK B
THIIHX.

Octannimu pokamu B Mexax WG21 [2] akTuBizoBaHO poOoTy Haj «OesneuHimow CH++y» sk
noegHanHsAM: (1) mpodisiB Ta KOHTPAKTIB, IO JO3BOJSIOTH IiJBUILYBAaTH PIBEHb MEPEBIPOK; (2)
dopmanizanii lifetime-ananizy (3oxkpema Ha ocHoBi Core Guidelines Lifetime profile [3]); (3)
MPAaKTUK Ta IHCTPYMEHTIB (KOMITUISTOPHI NOIEpePKEHHsS, CTAaTUYHUN aHami3, caHitaizepu [1]).
Mera 1iei pobotrm — Hamatu orisan i”imiatuB WG21 [2] Ta mokasaTH  BiATBOPHOBAHHMA
eKCTIEpUMEHTAIBHUN 3pi3 VI TPhOX PENPE3CHTaTHBHHUX Open-source 0i0moTex.

3aBiaHHs JOCIIKEHHS:

1) cucremarusyBaru Hanpsimu Lifetime Safety [3, 8], Contracts [5], Safety Profiles [4, 6, 7];

2) po3poOUTH TPOTOKON €KCHEpUMEHTy (g++ + caniTtaiizepu [1]) Ta oTpumaTu BUMIpIOBaHi
pe3yabTaTu;

3) iHTepnpeTyBaTH pe3yabTaTh y KOHTEKCT! 1HimiatuB WG21 [2] Ta 0OMeXeHb eKCIIEpUMEHTY.

JocnimkeHHss Mae XapakTep BiATBOpIOBaHOro case study Ta He MpETeH]ye Ha CTaTUCTUYHO
penpe3eHTaTUBHY OLIIHKY Bciei ekocuctemu C++

Kuaacu nomuiiok i posb undefined behavior (UB)

ITin memory safety y xonrekcti C++ 3a3Bu4ail po3yMilOTh 3amoOiraHHsi abo BUSBJICHHS
NpUHAWMHI TakuX KJIaciB MOMIIOK: out-Of-bounds mocTynu (YMTaHHS/3aMUC 1032 MEXKAMH
Oydepa), use-after-free (moctynm micist 3BinbHeHHs), double free, dangling references/iterators,
HEKOPEKTHE MEePETBOPEHHSI TUIIIB Ta MOPYLIEHHs] BUPIBHIOBaHHS. 3HAYHA YaCTHMHA TAaKUX CUTYyalii
kiacudikyeTbes ctangaproM sk UB, 1o Hajae KOMIOUIATOPY CBOOOLY onTUMi3aliil. SIk HacliIoK,
UB moxe MaTh HEO4eBHIHI MPOSBH, BKIIOYHO 3 BUIAJCHHIM «3aXHCHUX» IMEPEBIPOK MiJ Yac
OITUMI3aIlii.

RAII Ta iHBapianTH 4acy KUTTH

RAII (Resource Acquisition Is Initialization) € ¢yHmamentansHuM MexaHisMmoM C++ s
KEpyBaHHsI pecypcamMH: pecypc HaOyBaeThCs i dYac iHimiamizamii o0’€KkTa 1 3BIIBHAETHCS B
nectpykropi. Omnak  RAIl  He  ycyBae morpedy y  NIpaBWIbHOMY  KepyBaHHI
MMOCUJIAaHHSIMHU/BKa31BHUKaAMU Ha OO0 €KTH, Yac >KUTTS SKUX MOXKE 3aBEPIIUTHCS paHiIle 3a dYac
xuTTs nocunanHsa. Came neit po3pus (lifetime mismatch) mopomxye dangling references Ta use-
after-free. Crarnuni npasuna (uanp., Core Guidelines Lifetime profile [3]) Ta KOHTpaKTH MOXKYTb
¢dopmanizyBaTH iHBapiaHTH Ta 3pOOUTH IX MEPEBIPKY CUCTEMHIIIOH.

IncTpyMeHTaNbHMIL piBeHb: caHiTalizepn

CaniTaif3epu - 11e IHCTpYMEHTH, 110 JOJAI0Th IHCTPYMEHTYBAHHS 10 KOAY i/l Yac KOMITLJISIII.
AddressSanitizer (ASan) [1] BusBIsie mmpoke Koo moMuitok mam’siti (out-of-bounds, use-after-free
TOIIIO) 1 MIMPOKO 3aCTOCOBYETHCS B iHAYCTpIi Ta open-source. UBSan cripsimoBanuii Ha BUABICHHS

44 ISSN 3083-7618 Information Technologies and Engineering Electronics No. 2 (2025)
elSSN 3083-7626



BUKOHYBaHUX TiposiBiB UB (mepenoBHEHHs, HEKOPEKTHI 3CyBH, TOPYIICHHsS BHPIBHIOBaHHS,
HEKOPEKTHI MEepPEeTBOPSHHSI THUIIB TOIIO). Y po0oTi caHiTaiizepu [1] 3acTocoBaHO SK MPAKTHYHUI
KPUTEPiil «BUSBICHHS MPOOJIEM y TECTOBUX CIICHAPISX.

IniniatuBn WG21: Lifetime, Contracts, Safety Profiles

ITin Lifetime Safety [3, 8] y pamkax WG21 [2]/SG23 yacTto MaioTh Ha yBa3i PO3BUTOK
MiXOMAIB, IO JTO3BOJISIIOTH KOMIILISTOPY/aHaIi3aTopy BUSBIATH TUIOBI Bumagku dangling (use-
after-free) Ha OCHOBI JIOKaJBHOIO aHaNi3y, HE BHMararouyd IOBHOIIIHHOrO borrow-checker Ha
kmTanT Rust. PenpesenraruBaum nokymentom € omuc Core Guidelines Lifetime profile [3], ne
dbopmaitizoBaHo HaOIp MpaBWII 1 MAXIA 10 JIAarHOCTUKH THUIIOBUX MOMHJIOK Yacy JKHTTS (30KpeMa
gyepes aHOTaIii/aTpuOyTH Ta aHai3 TOBEPHEHUX 3HAUCHB ).

KoHTpakTi H03BOJISIOTH 3a/laBaTH MPEYMOBH, MOCTYMOBH Ta TBEPIDKCHHs (assertions) sk
yactuHy iHTepdeiicy. Lle mae moxmuBicts: (1) moxymeHTyBatu iHBapiaHTH; (2) BHKOHYBaTH
MEPEeBIPKU 3 PI3HUMH peXUMaMH (BiJ, BUMKHEHHUX JO KOPCTKHUX); (3) 1HTErpyBaTu KOHTPAKTH 3
npodinssmMu 6e3nieku Ta hardening crangapTHOi 6i0Ti0TeKH. Y KOHTEKCTI memory safety KoHTpakTu
KOPHCHI JJisi MO3HAYEHHS MPUMYIIEHb LIOJ0 PO3MIPiB, HEMOPOXKHOCTI, JOMYCTUMUX Jliala3oHiB,
BaJIITHOCTI BKa31BHUKIB/iTEpaTOpiB, 10 3MEHIYe iiMoBipHicTh UB.

Safety Profiles [4, 6, 7] po3rasgaroThCs SK MeXaHI3M «KOH(ITypOBaHUX» OOMEXEHb 1
MEPEBIPOK, M0 MOXKYTh 3aCTOCOBYBAaTHCS JO KOJy O3 MOBHOI 3MiHM MOBH. lmes monsirae y
BHU3HaueHH1 npodinis (Hamp., lifetime/type nmpodini) sk cykynmHOCTI 3a00pOH/BUMOT Ta CIOCO0IB X
nepeBipku (KOMIuIATOp, 6i0moTeKka, craTHuHuid aHaii3, caHitaiizepu [1]). [Ipodim MoxyTs OyTn
ajanrtoBaHi 10 nomenHy (embedded, safety-critical Tomo) i ciBicHyBaTH 3 icHyt0ouuM C++ KOJOM.

MertopnoJiorisi ekciepuMeHTy

O6’exktamu nocnipkeHHs: oOpaHo Tpu momyisipHi C++ 6ibmioreku pizHOoro macmrady: fmt
(bopmarysanns), spdlog (;toryBanns) Ta nlohmann/json (JSON). Meta — oTpumartu BiITBOPIOBaHi
METPHUKHU Ha peanbHOMY Koji: (1) KUIbKICTh HOIEepePKeHb KOMIIIIATOpa Yy KOH(Iryparii «warnings-
lite»; (2) KUIBKICTh YHIKaJbHUX CIIpalloBaHb ASan mijJ 4ac BMKOHAaHHA TeCTiB; (3) KUIbKICTh
yHiKanpHUX cripaitoBadb UBSan (psaaku ‘runtime error:’) mia 9ac TecTiB. JloAaTkoBO ¢ikCyrOThCS
commit-inentudikatopu ta LOC (cloc).

CepenoBuiie BUKOHAHHS

Ornuc cepeoBHINa BUKOHAHHS HAaBEIeHO B TaouI. 1.

Tabmmng 1.
XapaKTepI/ICTI/IKa CCPCAOBHUIIa BUKOHAHHSA
[TapameTp 3HaYeHHs
0S Ubuntu (Linux kernel 6.8.0-101-generic, x86 64)
CPU 16 logical cores (nproc=16)
Compiler g++ (Ubuntu 13.3.0-6ubuntu2~24.04.1) 13.3.0
CMake 3.28.3
Make GNU Make 4.3

IIpoToxou 30ipku Ta TectTyBaHH4 (g++)

Jlns 3abe3neueHHs BiITBOPIOBAHOCTI 3aCTOCOBAHO TPHM He3aJekHI KOH(irypamii 30ipku st
KOXHOTO TIPOEKTY. YCl KOMaHAM BHKOHYBAIHMCS B OKpPeMHX IUpeKTopisx 30ipku. [lapanenizm
cknamanHs: ‘make -j4° (cTabinpHUI pexKM), TECTH 3aIycKaics depes ctest --output-on-failure’.

Kondiryparis A: momepemkenns (warnings-lite):
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cmake -DCMAKE_CXX_COMPILER=g++ -DCMAKE_BUILD TYPE=Debug \

-DCMAKE_CXX_FLAGS="-Wall -Wextra -Wpedantic -Wshadow -Wconversion -Wsign-conversion -
Wnull-dereference -Wdouble-promotion -Wformat=2 -Wduplicated-cond -Wduplicated-branches
-Wlogical-op -Wuseless-cast"
make -j4 > warnings_build_lite.log 2>&1
grep -E "warning:|warning\(" warnings_build_lite.log | wc -1
KoHdirypauia B: AddressSanitizer (ASan) [1].
cmake -DCMAKE_CXX_COMPILER=g++ -DCMAKE_BUILD_TYPE=Debug \

-DCMAKE_CXX_FLAGS="-fsanitize=address -g -fno-omit-frame-pointer" \

-DCMAKE_EXE_LINKER_FLAGS="-fsanitize=address" ..
make -j4 > asan_build.log 2>&1
ctest --output-on-failure 2>&1 | tee asan_ctest.log
grep -oE "SUMMARY: AddressSanitizer: [A-Za-z0-9_-]+" asan_ctest.log | sort | unig -c
KoHdirypauia C: ASan + UBSan.
cmake -DCMAKE_CXX_COMPILER=g++ -DCMAKE_BUILD TYPE=Debug \

-DCMAKE_CXX_FLAGS="-fsanitize=address,undefined -g -fno-omit-frame-pointer" \

-DCMAKE_EXE_LINKER_FLAGS="-fsanitize=address,undefined"” ..
make -j4 > asan_ubsan_build.log 2>&1
ctest --output-on-failure 2>&1 | tee asan_ubsan_ctest.log
grep -oE "runtime error: [~:]*" asan_ubsan _ctest.log | sort | uniq -c

Jlnise OpiBHSHHS MPOEKTIB PI3HOTO po3Mipy BHKOpHcTaHO Hopmamizamito Ha 10 000 psakiB
koxy (LOC):
OTxe, OCHOBHI pe3yJIbTaTH HaBeIeHI B TaOI. 2.

Tabmus 2.
Pe3ynpraty BUKOHAHHS EKCIIEPUMEHTY
[poext Commit LOC Iomepemkenns | ASan UBSan
(yHIK.) (yHIK.)
fmt 82553a7a5b78e446f7f559d7h968f606652ee5d2 | 18740 | 18 1 0
spdlog 0f7562a0f9273cfc71fddc6ae52ebff7a490fa04 3636 0 0 0
json (nlohmann/ 8167d2f64122c3ef7e5a0d9cab239fdba37aa54c | 48347 | 0 0 0
json)
HopmMmanizoBaHi METpUKH €KCIIEPUMEHTY MPOJAEMOHCTPOBAHO B Ta0I. 3.
Ta6mus 3.
HopmanizoBaHi MeTpukH
[Mpoekt warnings / 10k LOC ASan / 10k LOC UBSan / 10k LOC
fmt 9.61 0.53 0.00
spdlog 0.00 0.00 0.00
json (nlohmann/json) 0.00 0.00 0.00

Ha pucynkax 1-4 mnpoJeMOHCTPOBAaHO JiarpaMH pe3yibTaTiB IpPH EKCIIEPHUMEHTIB Ta
BUSIBJIEHHS PI3HUX YMHHHUKIB.

[Tix yac 3amycky TectoBoro Habopy fmt B koH¢irypamii ASan/ASan+UBSan 3adikcoBano
onuH yHikanpHui iHIMaeHT: SUMMARY': AddressSanitizer: allocation-Size-t00-big'. Jlokamizartis
BKasyBana Ha TecT util test.format system error’ (¢aiin fmt/test/format-test.cc’, psgox 278).
ASan mnepepBaB BHMKOHAHHS, OCKUIbKM 3alUTaHUA pPO3MIp BUAUIEHHS MaMm 4TI IEpEeBHILyBaB
MaKCUMaJIbHUH MiATpUMYBaHU# JiMIT. BaxuBo, 110 11e He 000B’SI3KOBO BKa3y€e Ha €KCIUTyaTOBaHY
ypa3auBiCTh y 010mioTeni sIK Takii — y TecTax MOXYTh OyTH HEraTHBHI CIIEHapii Ta TMEepeBipKU
rpaHnyHUX yMoOB. OnmHak caM (PakT BUSIBICHHS HEKOPEKTHOTO 3alUTy JEMOHCTPYE KOPHCHICTh
caHiTal3epiB K IHCTPYMEHTY JII PAHHHOTO BHSIBJICHHS IOMHUJIOK KEPyBaHHS pecypcamMu abo
HEKOPEKTHOI 00pOOKH JaHMX.
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KinbKicTb NonepepeHb KoMmninsTopa (warnings) ASan: yHikanbHi cnpaujoBaHH:
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Puc. 1. KinpKicTh TOTIEpeIKEeHb KOMITIIATOpa (Warnings) Puc. 2. YHikanpHi cripaiioBanas ASan

HopmanizoeaHi warhings (Ha 10 000 LOC) HopmanizoeaHi ASan (Ha 10 000 LOC)
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Puc. 3. HopmaiizoBani warnings (#a 10 000 LOC) Puc. 4. Hopmanizoani warnings (#a 10 000 LOC)

OOrpyHTyBaHHS pe3y/bTaTiB Y KOHTeKCTI iHiniatus WG21

VY xouirypamii warnings-lite monepemxenns 3’ sBuucs aume B fmt (18), Toxi sk spdlog Ta
nlohmann/json 3i0panucs 06e3 momepel eHb y 3aJaHoMy HaOopi mpamopi. lle imocTpye, 110
«YUCTOTa» IIOJMO TOMNEpEHKEHb € BJIACTUBICTIO HE JHMIIE SKOCTI KOXy, a W CTHIIIO HPOEKTY,
cneun(piku TeCcTiB Ta KOMIUIATOPHUX HanamTyBaHb. HopmamizoBanuii moka3Huk i fmt
cranoBuTh 9,61 warnings/10k LOC.

ASan BHABHMB OJMH YyHIKaJbHUHM iHUMZEHT y fmt Ta He BusABMB chpamioBanb y spdlog i
nlohmann/json. UBSan ne 3adikcyBaB k0JHOTO ‘runtime error:’ y TeCTOBUX CIIEHAPISIX YCIX TPhOX
npoekTiB. [le Moxke o3Hauatu: (1) BiacyTHicTh UB y mOKpuUTHX TecTamu NUsxax; (2) HasBHICTh
UB, ske He akTuByBajocs B Mexax TectiB; (3) UB, mo mposBiseTbcs numie i 1HIIAMHA
KOMITUIATOpaMH/TIpanopisMu/uiatpopmamMu. TakuM YMHOM, pe3yJibTaTH CIiJl IHTEPIPETyBaTH SIK
«BHUSBJIEHO 32 YMOB KOHKPETHOTO €KCIIEPUMEHTY», a He K a0COMIOTHHI JT0Ka3 BiacyTHOCTI UB.

Binnosinnicts kiaciB npoduaem nanpsimam WG21

®dikcariss 1HIUACHTY, TOB’SI3aHOTO 3 HEKOPEKTHUM BHUIUJICHHSM TIaM’ ST, KOpEIoe 3
motuBaniero HanpsamiB WG21 [2]: lifetime/type npodini Ta KOHTpakTH HauijieHi Ha Te, o0 abo
3a00poHsITH HeOe3NeyH1 maTepHu, a0 poOHUTH 1X TEepeBIPIOBAaHUMH Ta KEPOBAHUMHU. 30KpemMa:
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 Lifetime Safety [3, 8] moxe 3menmyBaru pusuku dangling/usc-after-free wepes amamis
MOXO/KEHHS IIOCHIJIaHb Ta TTOBEPHEHUX 3HAYCHb;

» Contracts [5] mO3BOJISIIOTH BUPaXATH NEPEAYMOBH (HANPHUKIAT, IOMYCTUMI DPO3MIpH,
Jiarna3oHu, BaJiIHICTh apryMEHTIB) 1 KEpYBaTH CEMAaHTHUKOIO NIEPEBIPOK;

* Safety Profiles [4, 6, 7] HamalOTh MEXaHi3M OTOJIOMIEHHS Ta 3aCTOCYBaHHs HA0OPIB 0OMEKEHb
(mampukiian, 3abopoHa reinterpret cast abo oOOMEXEHHS CHUPUX BKa3iBHHUKIB) BIJIMOBIIHO 10
JOMEHHHX BUMOT.

OOMexeHHsI eKCIIEPUMEHTY:

1) Bubipka 3 Tppox 610J1I0TEK HE penpe3eHTye BCio ekocuctemy C++.

2) BusiBieHHs caHiTaii3epiB 3aJICKUTh Bl TECTOBOI'O OKPUTTS T2 YMOB BUKOHAHHS.

3) ¥V TecTtoBux Habopax MOXYTh OyTH «HETaTHBHI» TecTH (Hampukiazu, assert-test y fmt), mo
HaBMHCHO NPHU3BOJIATH JI0 aBaAPIHOT 3yITUHKH.

4) PesynpTatil oTpuMano i g++ 13.3; iHII KOMIUIATOpU ab0 HalTamTyBaHHS MOXYTh JIaTH
1HII CTIpaIfOBaHHS.

5) Iloka3uuku warnings 3ajekaTh BiJ HA0OpYy MpanopiB i MOMITUKU MOMEPEIKEHb Y MPOEKTI.

IopiBHsAHHSA 3 oNepPeAHIMH eMIIIiPUYHUMHU JOCTiTKEHHAMU

Otpumani B poOOTI pe3ynbTaTH JAEMOHCTPYIOTh HHU3bKY YacTOTy runtime-BHUSBICHb
(ASan/UBSan) y Tppox 3piaux open-source 0i0Ji0OTeKaxX 3a YMOB BUKOHAHHS INTATHUX TECTOBHX
HabopiB. Taki crocTepekeHHsl Y3TrO/JKYIOTbCA 3 BUCHOBKAMU HH3KHM MOIEPEIHIX €MIIpUYHUX
JOCIHiKeHb, TpucBsideHnx npobnematuii undefined behavior (UB) Ta 6e3mexkn mam’siTi B MOBax
cimeiictBa C/C++.

3okpema, y pobOori Yang Ta iH. [11] mokazaHo, moO HaBiTh 3a HAIBHOCTI (HOpPMAILHO
KOPEKTHOTO KOAY KOMIUIATOPHI ONTHUMI3allii MOXKYTh 1HIYKYBaTH HEKOPEKTHY MOBEIHKY 32 YMOB
UB, mo ycknaaHwoe ioro BusiBieHHs. Lle migkpeciroe, mo BiACYTHICTH runtime-cIpaiioBaHb y
KOHKPETHOMY €KCIEpUMEHTI He €KBIBAJIGHTHA BiJICYyTHOCTI MOTEHLIHHO HEOE3MEUHUX KOHCTPYKIIN
y KoJoBii 0a3i. HaToMicTh 1€ CBITYUTH MpO Te, M0 B MEXKax MPOTECTOBAHMX CIIEHAPIiB Taki
KOHCTPYKIIi a00 BiCyTHI, 800 HE aKTUBYIOTHCS.

JlocnimkeHHsl, IpUCBSiUEH1 aHami3dy BpasiuBocTed y mpukiagax C/C++-xony 3 BIIKpUTHX
mkepen [12], neMOHCTpPYIOTh, IO 3HauyHa YacTWMHAa memory-related MOMMIOK BHMHUKae Yy
(¢parMeHTax 3 HEJOCTATHIM TECTYBaHHSIM ab0 y HaBUYaJIbHMX/IEMOHCTpaliHMX mNpukianax. Ha
IIOMY TJII HU3bKa KUIBKICTh CIpalioBaHb y O0ibmiorekax fmt, spdlog Ta nlohmann/json moxe 6yTu
MOSICHEHa BHCOKHMM pIBHEM 3pUIOCTI LUX MPOEKTIB, HasBHICTIO po3BuHeHux Cl-maiinnaiiHiB Ta
PEryJIsipHOTO BUKOPHCTAHHS IHCTPYMEHTIB CTATUYHOTO i AMHAMIYHOTO aHAII3Y.

VY poborax, mpucBsueHux Rust Ta memory-safe moBam [13], miaKpecarOeThCS POJIb CTATUYHUX
MEXaHI3MIB MEPEBIPKU Yacy KMTTSA Ta BIACHOCTI K CIOCOOY pajMKalbHOTO 3MEHIIEHHS KJaciB
noMuiIok use-after-free i dangling references. Y npomy xonrekcri iniriaruen WG21 momo Lifetime
Safety [3, 8] Ta Safety Profiles [4, 6, 7] MOokHa pO3TIAIATH SIK €BOMIOIIMHUI MIIX1T 10 YaCTKOBOL
IMIUIEMEHTalli NOoMIOHMX TrapaHTiii y Mexax IicHytouoi mapaaurmu C++.  Otpumani
eKCTIIEpUMEHTANIbHI PE3yJIbTaTH OMOCEPEAKOBAHO MiATBEP/KYIOTh JOLUIBHICTh TAKOTO MOETAITHOTO
MIJICUJICHHSI TapaHTid: HaBiTh O€3 IMOBHOI 3MIHM MOBHOI MOJENI TOEIHAHHS TECTyBaHHSA Ta
caHiTai3epiB JO3BOJISIE 3HU3UTH NMPOsiBH memory-related nedexTiB y BUKOHYBaHUX CIICHAPISIX.

Ornsan cyyacHMX TeXHIK 3a0e3nedeHHs memory integrity JJjis MOB 0e3 MOBHOI CTaTHYHOI
Oe3neku mam’sATi [14] Takok Harosiomrye Ha OaraTOpiBHEBOMY XapaKTepl 3aXHCTy: MO€JIHaHHI
MOBHHUX OOMEXeHb, MpoQiiB Oe3MeKH, KOMIIIATOPHUX MEPEBIPOK Ta runtime-iHCTPYMEHTYBaHHS.
PesynbraT 1bOTO  JOCHIDKEHHS  Y3TOMKYIOTbCS 3 TakUM  OaraTopiBHEBUM  IiIXOJOM:
BukopuctanHs ASan/UBSan y nmoeaHaHH1 3 AUCHMILIIHOIO PO3pOOKH Ta TECTYBaHHSAM Yy 3pUIMX
610;mi0TeKax JAEMOHCTPY€E MPAKTUYHY €(PEeKTHBHICTh IHCTPYMEHTAIBHOTO PiBHS, TOAL K 1HII[IaTUBU
WG21 MOoXyTh HaJlaTH JOJATKOB1 CTATUYHI rapaHTii Ha PIBHI MOBU Ta CTaHAAPTHOI 010JI0TEKH.

TakuM 9MHOM, pe3yJIbTaTH MPOBEACHOro case study He cynepedarb MOMEepeaHIM eMITIPUIHUM
CIIOCTEPEXKEHHSAM, a JONOBHIOIOTh X y NPHUKJIAAHOMY AacleKTi, AEMOHCTPYIOYM pealbHUN CTaH
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memory-safety y KOHKpeTHUX momyisipHux C++-Ipo€eKTax 3a yMOB CY4YacCHUX IHCTPYMEHTIB
aHaiizy. BojgHouac BOHM MIATBEPAXKYIOTh, IO IS TIOBHIIIO! KAPTHHH HEOOXiAHI MHpII BUOIpKH,
pi3HI KOMIUIATOpHI KOH(QIrypamii Ta J0JaTKOBI METOIM aHajidy, IO BH3HA4Ya€ HaNpPSIMHU
MOIAJIBIINUX JTOCIIIKCHb.

HaykoBa HOBHM3Ha pPOOOTH TMOJIATAE y TOEIHAHHI CHCTEMAaTU30BAaHOTO aHAJI3y Cy4acHHX
iriiatuB WG21 y chepi migumenns 6e3nexku C++ (Lifetime Safety, Contracts, Safety Profiles) 3
BIITBOPIOBAaHUM EMITIPUYHUM JIOCTI/DKCHHSIM pEaThbHUX Open-source IPOEKTIB Ha OCHOBI
CTaH/IaPTH30BAHOTO IMPOTOKONY 30IpKM Ta TECTYBaHHS 3 BHKOPUCTAHHIM cadiTaiizepiB (ASan,
UBSan). Ha BinmMiHy Bif CyTO KOHIIENTYaJbHUX OTJISAIIB a00 130JIbOBAHMX EKCIEPUMEHTATBHUX
3BITIB, y pOOOTI 3ampoNOHOBAHO IHTETPOBAHMM MiAXiJA, IO TOEAHYE HOPMATHUBHO-
crangapTu3aiiouii kKoHTekcT (WG21) 3 mpakTUYHUMH METpUKaMH (KUIBKICTh TONEPEIKEHb,
yHIKanpHI runtime-crpamroBands, HopMmamizamis Ha 10 000 LOC). Otpumani pe3yiabTaTu
J03BOJISIIOTh KOHKPETHU3YBaTH pealbHUHN piBeHB MposiBiB memory-related aedekriB y 3pimux C++
610mioTeKax 3a yMOB Cy4acHHX iHCTPYMEHTIB aHali3y Ta (pOpMYyIOTh eMITipUYHY OCHOBY JIJISl OI[IHKH
JOLTFHOCTI MOJAJBIIOr0 PO3BUTKY MpodiIiB Oe3meku Ta MexaHi3MiB ¢opMaiizallii yacy >KUTTS B
crarmapti C++.

BucHoBku

VY poboti cucrematn3oBano cydacHi iHimiatuBu WG21 [2] y cdepi minBumenns 6e3nexu C++
Ta TPOBEJICHO BIATBOPIOBAaHUH EKCIEPHMMEHT Ha TPhOX open-source OiOmioTexkax. Emmipuyni
pe3yabTaTh NoKaszanu BincyTHicTs UBSan-cripairoBanb y TECTOBHX CIIEHAPISAX Ta ONWH YHIKaJIbHUN
iHmuaeHT ASan y fmt, a TakoX BiIMIHHOCTI y KIUIBKOCTI KOMIUISTOPHHUX MoOmepemxeHb. Lle
MiATBEP/KYE, MO0 TOEAHAHHS IHCTPYMEHTAJIBHOTO piBHS (caHiTaiizepu [l], momepemkeHHs) 3
€BOJTIOLIIE€I0 MOBH (KOHTPaKTH, podini, lifetime-anani3) € mpakTHUHO OOIPYHTOBAHOIO CTPATETIELO.
[Momampma poboTa MOXE BKJIIOYATH PO3LIMPEHHS BUOIPKH, TMOPIBHSHHS KOMIUIATOPIB
(Clang/LLVM) Ta nocnipkeHHs BIUIMBY Pi3HUX MPOQLTiB/peXUMIB KOHTPAKTIB Ha peaslbHI KOJIOBI
0a3u.
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ABSTRACTS
PE®EPATHU

ELECTRONICS, ELECTRONIC COMMUNICATIONS,
INSTRUMENTATION AND RADIO ENGINEERING

EJIEKTPOHIKA, EJIEKTPOHHI KOMYHIKAIIII,
INPHJIAAOBYAYBAHHS TA PAAIOTEXHIKA

UDC 614.842.435

Fire alarm system based on NodeMcu V3 ESP8266 module for domestic use / N.A. Ostapyshyn,
V.1. Mandziuk // Information Technologies and Engineering Electronics : Scientific journal, 2025, Ne2, P. 7-13.

The work proposes a prototype of a fire alarm system based on the NodeMCU V3 ESP8266 platform. The
element base is selected for the implementation of the device using sensors MQ-2 smoke, MQ-2 gas, DHT22
temperature and humidity, SW-420 vibration, a trip relay and a M590 GSM module for exchanging SMS messages and
transmitting data via GPRS. The program code for the device is written in the C++ programming language.

Key words: fire alarm; microcontroller system; physical quantity sensor; structural electrical diagram; program code.

9 fig. Ref: 11 items.

YK 614.842.435

IMporunosxkexna cucrema Ha ocHoBi mMoayias NodeMcu V3 ESP8266 misi modyroBoro 3acrocyBanus /
H.A. Ocmanuwun, B.I. Manoswox Il Tabopmaniiiai TexHoorii Ta imkeHepHa enekTpoHika | HaykoBuit sxypaan, 2025,
Ne2, C. 7-13.

Y po6oTi 3amporoHOBaHO MPOTOTUI CHCTEMH ITOKEKHOT CHTHaMi3alil Ha 0a3i mardopmu miatgopmu NodeMCU
V3 ESP8266. Ilinidpano eneMeHTHY 0a3y Aisl peaiizamlii poOOTH NMPHUCTPOIO 3 BUKOPUCTAHHAM AaBadiB aumy MQ-2,
razy MQ-2, temnepatypu i Bosorocti DHT22, BiOpamii SW-420, pene crnpanpoByBanHs Ta GSM-moxymnst M590 ms
o0Miny SMS-moBinomineHHAMH 1 epenadeto naHux depe3 GPRS. Hamucano mporpamuanii Ko s poOOTH IPUCTPOIO
Ha MOBI niporpamyBanHs C++.

Kniouosi cnosa: noxexHa cUTHaI3allis; MIKPOKOHTPOJIEpHA CHUCTeMa; JaBad (i3MYHOI BENWYMHA; CTPYKTYpHA
eJIEKTPUYHA CXeMa; IIPOrPaMHUA KOJI.

In. 9. Bi6miorp.: 11 Ha3s.

SOFTWARE ENGINEERING
IHKEHEPISI ITIPOI'PAMHOI'O 3ABE3INIEYEHHS

UDC 004.056.5:004.8

Comparative analysis of transformer models and hybrid architectures in phishing content detection tasks /
I.M. Lazarovych, A.D. Kvasniuk // Information Technologies and Engineering Electronics : Scientific journal, 2025,
Ne2, P. 14-19.

The work demonstrates that the use of hybrid neural network architectures based on CNN, LSTM, and the
attention mechanism provides higher efficiency in phishing content detection compared to the transformer-based BERT
model. The experimental analysis conducted using K-Fold cross-validation and standard evaluation metrics confirmed
the advantages of combining local text analysis with long-term context modeling. It was found that the integration of
the attention mechanism increases classification accuracy and recall by focusing on the most informative text
fragments. The obtained results demonstrate the potential of hybrid approaches for building practical phishing attack
detection systems.

Key words: phishing content, phishing detection, natural language processing, transformer models, BERT, hybrid
neural networks, CNN, LSTM, attention mechanism, text classification.

6 fig. Ref: 11 items.

VJIK 004.056.5:004.8

IopiBHsabHMIl aHadi3 TpancdopMepHHX Mogenedl Ta riOpMIHMX apXiTeKTyp y 3aJadyax BHSBJICHHS
¢immuarosoro kourenry / L.M. Jlasaposuu, A.J]. Keacniok [l THbopMmaniitHi TeXHONIOTIT Ta iHKEHEpHA EIEKTPOHIKa :
Hayxosnit xypnai, 2025, Ne2, C. 14-19.

Y poOoTi moka3aHo, IO 3aCTOCYBaHHS TiOpUAHUX HelpomepexkeBHX apxiTekTyp Ha ocHoBi CNN, LSTM ra
MeXaHi3My yBaru 3a0esnedye BUIly eheKTHBHICTD BUSABICHHS (DIIIMHIOBOIO KOHTEHTY IOPIBHSHO 3 TpaHC(HOPMEPHOIO
mogemno BERT. [IpoBenenuit excriepuMenTaabpHuii anaiis i3 Bukopucranusam K-Fold kpoc-Banmipanii Ta crangapTHUX
METPHK SIKOCTI MiATBEpAUB TIepeBard IOEIHAHHS JIOKAJTHHOTO aHAN3y TEKCTYy W MOMIEITIOBAHHS JOBTOTPUBAJIOTO
KOHTEKCTYy. BCTaHOBIIEHO, 110 iHTETpallis MexaHi3My Attention MmiJBUIITY€E TOYHICTb 1 IIOBHOTY KJIacHQiKaIlii 3a paxyHOK
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¢dokycyBaHHs Ha HaiOUIbil iHQopMaTMBHMX (QparmenTax Tekcry. OTpuMaHi pe3yiabTaTH  CBiA4aTh IO
MEPCIIEKTUBHICTh T1OPUIHUX MIAXOIB ISl TOOYOBY MPAKTHYHUX CUCTEM BUSBIICHHS (QIIIMHIOBHX aTak.

Kniouosi croea: HiIMHIOBUI KOHTEHT, BUSBIICHHS (IIIUHTY, 00pOoOKa MPUPOAHOI MOBH, TpaHC(HOPMEPHI MOAEN,
BERT, riopunsi Heiponni mepexi, CNN, LSTM, mexani3m yBaru, kiacudikaris TEKCTY.

In. 6. Bibmiorp.: 11 Has3s.

COMPUTER SCIENCE
KOMIT'IOTEPHI HAYKH

UDC 004.9:005.5:640.41

Creation of an IDEFO functional model for the information system of the International Student Youth
Meeting Center / L.B. Petryshyn, M.L. Petryshyn // Information Technologies and Engineering Electronics : Scientific
journal, 2025, Ne2, P. 20-32.

The paper justifies the necessity of implementing advanced information systems and technologies at the
International Student Youth Meeting Center. The main goal of this project is to justify the need to implement advanced
information systems and technologies in the International Center for Student Youth Meetings and to develop a clear
functional model of its business processes. Using the IDEFO methodology, a functional model of business processes
was developed to optimize operations and support IT infrastructure.

Key words: information system, functional modeling, IDEFO, business processes, IT infrastructure, international
center.

8 fig. Ref: 8 items.

YJIK 004.9:005.5:640.41

CrBopenHst ¢yHkuionanbnoi moaeai IDEF0 pas indopmaniiinoi cucremu MIiKHApPOAHOIO LEHTPY
3ycrpiveii cryneHTchbkoi moaoni / JIb. Hempuwun, M.JI. Ilempuwun [/ Tadopmauiitai TexHomorii Ta iHKeHepHa
enexTpoHika : Haykosuit sxxypHan, 2025, Ne2, C. 20-32.

Y poboti oOTpyHTOBAaHO HEOOXINHICTH BHPOBAIKCHHS CyYacHHX IH(POPMAiHHUX CHCTEM Ta TEXHOJOTIH y
MixHapogHOMY WEHTpi 3ycTpiueill CTyaeHTChKOi Momoni. OCHOBHOIO METOI0 IIBOTO TPOEKTy € OOIPYHTYBaHHS
HEOOXITHOCTI BIIPOBA/KCHHS TEPENOBUX iHOOPMAIIHAX CHCTEM i TEXHONOTiH y MiXHapogHOMY IEHTpi 3ycTpiueit
CTYJCHTCHKOT MOJIOIi Ta pO3p0o0Ka 4iTKOT (PYHKI[IOHAIEHOT MOJICJIi HOTO Oi3HEeC-TPOIIeCciB. 3a JOMOMOTOK METOMOJIOTIT
IDEF0 po3po0bieno (yHKIIOHATBHY MOJEIb Oi3HEC-ImpOIeciB I ONTHMI3amii AisuibHOCTI Ta migxrpumkud IT-
1HQPACTPYKTYPH.

Kmiouosi  cnosa: indpopmariiitna cuctema, (yHKI[ioHaNIbHe MomemoBanns, IDEF0, 6isnec-niporecu, IT-
iHppacTpyKTypa, MDKHAPOJHUI LIEHTD.

1. 8. Bibmiorp.: 8 Hass.

COMPUTER ENGINEERING
KOMIT'KOTEPHA TH)KEHEPISA

UDC 681.325+004.4

Using vector instructions of the x86-64 microprocessor in linear algebra problems / V.I. Holota, V.M. Hryha,
T.G. Benko, A.V. Morgun // Information Technologies and Engineering Electronics : Scientific journal, 2025, Ne2,
P. 33-43.

The paper shows the use of AVX vector instructions when solving linear algebra problems. Algorithms and a
library of functions in the NASM assembly language have been developed for vector arithmetic operations (addition,
multiplication) and solving systems of linear equations using the Jordan-Gauss method.

The performance of the developed programs using vector SIMD and scalar SISD technologies when solving
systems of linear algebraic equations of different dimensions has been compared. According to the results of the
experiments, the calculation speedup is obtained from 5 to 6 times when using AV X vector instructions.

Key words: x86-64 microprocessor; computing technologies; NASM assembler; vector instructions; Jordan-Gauss
method.

2 tabl. 6 fig. Ref: 16 items.

VK 681.325+004.4

BukopucraHHs BeKTOPHUX iHCTPYKUiil Mikponpouecopa x86-64 B 3axauax Jiniiinoi anreépu / B.I. I'oroma,
B.M. I'puea, T.I'. benvro, A.B. Mopeyn Il TnpopmaniiiHi TexHONOTIT Ta iHXeHepHa eJeKTpoHika : HaykoBuii xxypHai,
2025, Ne2, C. 33-43.

Y po0boTi MoKa3aHO BUKOPHUCTAHHS BEKTOPHUX IHCTpYKUiH AVX npu po3B's3aHHI 3aiad JIHIHHOI anreOpu.
Po3pobiieno anropurmu i 6i0iiorexy QyHkuiidi Ha MoBi acemOiiepa NASM Juisi BEKTOpPHUX apU(PMETHYHUX OIepariii
(momaBaHHSI, MHOKEHHS) Ta PO3B’I3yBaHHS CHCTEM JIIHIHHUX anreOpaiuHux piBHAHL MeTooM JKoprnana-T"ayca.
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[TopiBHSHO IIBMAKOMIIO pO3pOOJICHHX NpoOrpam i3 BUKOPHUCTaHHSIM BekTopHOi SIMD i ckamspuoi SISD
TEXHOJIOTIH NpU PO3B’SI3yBaHHS CHUCTEM JIHIHHMX anreOpaiuHUX pIBHAHBb Pi3HOI PO3MIpHOCTI. 3a pe3yibTaTaMu
€KCIIEPUMEHTIB OTPHUMHO NPUCKOPEHHS 00YKCIIEeHb BiJl 5 10 6 pa3iB IpH BUKOPUCTAHHI BEKTOPHUX THCTPYKIIH AVX.

Kmouosi crosa: mikpomnporiecop x86-64; TexHosorii oouucieHb; acemonaep NASM; BEeKTOpHI iHCTPYKIIii; METO
Kopnana-T'ayca.

Tabm. 2. In. 6. bibmiorp.: 16 Ha3B.

UDC 004.43:004.415.5

Memory safety in C++: WG21 initiatives (lifetime, contracts, safety profiles) and empirical analysis of
open-source projects / R.l. Zapukhlyak, V.V. Dovhyi // Information Technologies and Engineering Electronics :
Scientific journal, 2025, Ne2, P. 44-50.

The study demonstrates memory safety in C++ in the context of ISO WG21 initiatives and an empirical evaluation
on real-world open-source code. We summarize typical undefined behavior (UB) and vulnerability classes related to
object lifetimes, out-of-bounds accesses, and resource misuse. We review WG21/SG23 directions: Lifetime Safety,
Contracts, and Safety Profiles as a staged approach to increase safety guarantees while preserving C++ performance and
ecosystem. We conduct a reproducible experiment on three libraries (fmt, spdlog, nlohmann/json) using g++ 13.3 with
AddressSanitizer and UndefinedBehaviorSanitizer, provide a build-and-test protocol, normalized metrics, tables, and
charts. The data show a low incidence of runtime findings in mature libraries under test coverage, while supporting the
relevance of both tooling and standardization efforts to reduce UB-related risks.

Key words: C++, memory safety, undefined behavior, lifetime safety, contracts, safety profiles, sanitizers, ASan,
UBSan.

3 tabl. 4 fig. Ref: 15 items.

VJIK 004.43:004.415.5

Be3sneka mam’ati y C++: inminiatuen WG21 (lifetime, contracts, safety profiles) Ta emnipuunnii anauis
open-source mpoektiB / P.I. 3anyxuax, B.B. Joecuii /| Tndopmariiini TexHomorii Ta iH)XEHEpPHA ENEKTPOHIKa :
Hayxosuit xypnai, 2025, Ne2, C. 44-50.

VY poboTi mokaszaHo, aHali3 1Mo MiJBUINEHHIO Oe3meku mam’siTi (memory safety) y C++ y KOHTEKCTiI CydacHHX
igimiatu [ISO WG21 Ta mpakTUYHOTO aHANI3y MOMHIJIOK Y pealbHOMY KOZi. Y3arampHeHO mpoOiemaTtuky undefined
behavior (UB) i xmaciB Bpa3nuBOCTEH, IO BHHHUKAIOTH YHACHIZOK ITOMHJIOK Yacy J>KHUTTA 00 €KTIiB, HOCTYHIB M03a
MexxaMu OydepiB Ta HEKOPEKTHOTO KepyBaHHS pecypcamu. Posrisiayro mimxomnm WG21/SG23 no dopmamizamii
Lifetime Safety, Contracts ta Safety Profiles (mpodini O6e3mekn) sk MexXaHi3MiB MOCTYIIOBOTO IIiIBUIICHHS TapaHTii
0e3 pyitHyBanHs ekocuctemu C++. [IpoBeeHO BIATBOPIOBAHWH EKCIIEPUMEHT Ha TPHOX open-source Oidmiorexax (fmt,
spdlog, nlohmann/json) i3 3actocyBamHsM g++ 13.3 Ta caHitaiizepiB  AddressSanitizer (ASan) i
UndefinedBehaviorSanitizer (UBSan). Ilomano mnpoTokos 30ipkH, TecTyBaHHs, 300py Ta HOpMalli3allii MeETpHK;
HaBeJIeHO Ta0NuIi pe3ynbTatiB i niarpamu. EMIipuuHi JaHi AEMOHCTPYIOTh HU3bKY YacTOTY runtime-rmoMHUIIOK y 3piIux
0i0yioTeKax 3a YMOB IOKPUTTS TECTaMH, ajie MiATBEPKYIOTh NPAKTUYHY I[HHICTh IHCTPYMEHTIB Ta HampsMiB
CTaHAapTHU3allii JJIsi CHCTEeMHOTO 3MeHIIeHHs pu3ukiB UB.

Kmiouosi cnosa: C++, 6esneka mam’sari, undefined behavior, lifetime safety, contracts, safety profiles, ASan,
UBSan.
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