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A.1O. 3umornsin, AL I'yna, T.B. CeniBeopcroBa
PO3POBKA, MOJAEJIOBAHHS TA JOCJIILIKEHHS ITIJICUJTFOBAYA
BE3 ITIACUBHUX EJIEMEHTIB 3 BUKOPUCTAHHSM JFET

Anomayisn. B cmammi npoeoounocs 00caioxcents po3poobieHoi cxemu niocunosada — oygepy
be3 suxopucmanns nacusnux eremenmie (0ani PAA — pure active amplifier), a maxoorc nopis-
HANHSL 3 8oice icHytouum Haubauxcuum ananozom — Diamond Follower.

Ilposedeno cepito 1abopamopHux 00caiodNcenb Ha npaye3oamuicmes po3poonenoi cxemu PAA
oyghepy, a maxooic ompumani it napamempu. Cxema nokazana c60w npaye30amuicms i Moice
Oymu euxopucmana 8 3aoauax, 0e NOmpioHa po3e'si3Ka Kackaois, y3200CceHHs IMNeOancis,
3axucm 6i0 NPOCAOKU CUSHALY NPU MATIUX POZMIDAX CXeMU Ma HU3LKIL 6apmMOCHL.

Pospobaeny cxemy mae cenc sukopucmamu Oist CMEOPEHHS IHMESPOBAHUX CXeM, Oe OCHOBHU-
Mu nepegacamu 6y0yms: MiHIMAIbHA NIOWA HA KPUCMAIL, WUPOKA CMY2d NPONYCKAHHS, mexX-
HONO2IYHICMb GUPOOHUYMBA A HU3LKULL PIBEHb ULYMY.

Kmouosi crosa: JFET, buffer, diamond follower, PAA, pure active amplifier.

ITocTanoBka npodiaemu. Ananorosuii 0ydep, abo 6ydhep—oBTOpIOBaY HAMIPYTH — 1€
eJIEKTPOHHA CXeMa Ha OmepaliiHOMY MiJCHUII0Bavl a00 aKTUBHOMY €JIEMEHTI 3 Koe(]illieHTOM
nigcunenHs, piBHUM onuHuIl (K=1) [1]. ¥V igeansHOMY ysBJICHHI BiH MOBUHEH MepeaBaTh
BX1/IHY Halpyry Ha BUXiJ 06€3 3MiH 3a aMIUTITY100 Ta (a30r0, IpU LIbOMY 3a0e31euyBaTu BU-
COKM BX1IHUI Ta HU3BKUI BUXIAHUN OMIp JUIS y3TOJKEHHS KacKasiB. TakoX CYyTTEBUM 3a-
JTAaHHAM € 3a0e3M1e4eHHs 3a/1aH01 BUX1/IHOT MOTY>KHOCTI.

OcHoBHi (¢yHKLii aHanoroBoro Oydepy me: po3B's3ka KackajiB (3amo0dirae BIUIUBY
BUX1JIHOTO HABaHTA)XXEHHS Ha YYTJUBE JDKEPENIO CUTHAIY); Y3TOJKEHHs iMIenaHciB (edek-
TUBHO TNIEpeae CUTHAJ BiJ JUKepesa 3 BUCOKUM BHYTPILIHIM OMOPOM JI0 HU3bKOOMHOI'O BXOY
Hanpukian, ALT); 3axuct Bix mpocaiku (J03BOJISE MepeaBaTi aHAIOTOBUI CHTHAN yepes
JIOBT1 Kabesi 6e3 CIIOTBOPEHD Ta MaJiHHS HAIPYTH).

Mertoro poboTe € 10CTiKEHHSI MOXKIIMBOCTI OOY10BH Oydepy Ha IUCKPETHUX KOMIIO-
HEHTax 0e3 BMKOPHCTaHHsS MacHBHUX €JEMEHTIB (Pe3HCTOpiB, KOHAECHCATOPIB, 1HAYKTUBHO-
creit). Leit Oydep Moxe OyTH BUKOPUCTAHUHN SIK JJIsl aHAJIOTOBOT'O CUTHANY, Tak 1 IH(POBOTO.
Jlo 3a7ay, AKi MOXKe BUPILIMTH MOOYA0Ba Takoro Oydepy MoKHa BiIHECTH:

1) Minimizanis miomi Ha Kpucrtami. Pe3ucrtopu Ta KoHIEHcaTOpH 3aiiMaioTh Oararto
MicIst B KpeMHii. TpaH3uctopu Habararo KOMIAKTHIIII;

2) 30iIbIICHHS IUPUHE CMYTH NPOITYCKaHHS. BiICyTHICTh Mapa3suTHUX €MHOCTEH Be-
JMKUX TACUBHUX €JEMEHTIB 30UIbIIye MIBHAKOAIIO Ta pobody yacToTy. Bucokmii BXimHuit
omip. [neanbHO U1 1301111 XKepena CUrHally BiJl HACTYITHUX KackadiB. HU3pkuil BUX1IHUN
omip. Jlo3Bosisie eeKTUBHO YIPABIATH CYTTEBUM aKTUBHUM Ta PEaKTUBHUM HAaBaHTAKEHHSIM;
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3) TexHOJNOTIYHICTh BUPOOHMIITBA. BUTOTOBIECHHS CXEMH, IO CKJIAIAETHCS TUIBKU 3
TPAH3UCTOPIB, CIPOIIYE Ta 3[EHICBIIIOE TITOrPadiro MIKPOCXEM;

4) Huzpkuii piBeHp mymy. TemmoBuii mym pesucropiB (mym JKoHCOHA) y Takiit
CTPYKTYp1 MiHIMaJIbHUM.

Buie 3a3HaueHe BKazye, 10 M00YA0Ba TAKOI CXEMH, 10 BUKOPUCTOBYE TUIbKH aKTHUBHI
KOMITIOHEHTH € MEPCIEKTUBHOIO.

Onuc cxemu i koHcTpykuii 0ydepy. Byno po3pobieno cxemy O0ydepy 6e3 macuBHUX
KOMITOHEHTIB, IO TpenacTaBieHo Ha puc. 1. bydep mobGymoBano nHa 10 tpansucropax. Ha
cxemi npucytHi pesucropu R1, R2 ta R3 nominanom B 1 2, aje BOHM HE € YaCTHHOIO MiJCH-
JIOBaYa 1 BUKOHYIOTh POJIb IIYHTIB JJIs1 BUMIPIOBaHHSA CTPYMY NPH JOCITIDKeHHI. BB mux
PE3UCTOPIB HA PEKUM POOOTH CXEMHU 3HEBAKIIMBO MAJIMI 3aBASAKH 1X MaJIOMy OIIOpY.
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Pucynok 1 — Cxema Oydepy 6e3 nacuBHiX KOMIOHEHTIB (PAA)

XKusnenns cxemu Moke OyTH peaizoBaHO SIK JABOIOJISIPHUM JikeperoM +12 V, Tak i
onHonOSIpHUM. OCKUTBKH CXeMa POo3po0Jisiyiach I JOCIIKEHHS, Ha HId BCTABJIEHO TOJAT-
koBl po3z’emu J1 ta J2. Yepe3 po3’eM J2 mokHa mija’€IHATH 30BHIIIHE JHKEPENIO CTPYMY
1-10 mA st 1OIaTKOBUX AOCTIKEHB. P0o3’em J1 BUKOPHCTOBYETHCS 711 BMUKaHHS 00 BU-
MHKaHHS BOy10BaHOTO Kepena ctpymy Ha N-JFET BF245B [2].

CTpyKTypHO CXeMy MOXKHa TIOJIUTMTH Ha 3 OCHOBHI YaCTHHH, a CaMme: JDKEPEIIO CTPyMY,
CTPYMOBE J3€pKajio Ta BUXITHUI KackKal, KW BUKOPHCTOBYE CTPYMOBE JI3EPKAIIO IS JKUB-
JIEHHS TIepeBUX1THUX TPAH3UCTOPIB.

Jlxepeno ctpymy nodynoBaHo Ha N-JFET BF245B (Q3) ta NPN Ttpan3ucropi 2N5551
(Q4). Tlpu mbomy NPN tpanzuctop 2N5551 BkiItoueHO, K 10/, TMaAiHHSI HAPYTH HA IbOMY
«aiomi» B 0.7 V Bcranosmoe pooouy Touky N—JFET BF245B. 3amicTs aioga Ha TpaH3UCTOPI
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TaK0X MOKHA BUKOPHUCTATH CTaOUTITPOH, 3BUYAHUN 107 a00 cBiTiIoAiof. Pi3He nmamiHHS Ha
[IUX HAMiBIPOBIIHUKOBUX €JIEMEHTIB OyJie BCTAHOBIIOBATH pi3HYy poOouy Touky N-JFET
BF245B i 103BOIUTH BUCTABUTH Pi3HHUHA CTPYM.

CrpymoBe 13epkano, mo Oyao BUKOPUCTaHE HAa CXeMi € OIMOJIIPHUM 1 KOMILIEMEHTap-
HUM 3 KoedimienTom BimyepkanenHs — 1. Ile m3epkano moOymoBaHO Ha KOMIUIEMEHTaAPHHX
Tpar3ucTopax 2N5551 ta 2N5401, a came Ha Q1, Q2, Q5 ta Q6. Bukopucranss came i€l
CXEMHU CTPYMOBOTO JI3€pKaja IMOB’A3aHO 3 MOTPEOOI0 BCTAHOBIIOBATH POOOUUI CTPYM CTpY-
MOBOTO J3€pKajia OJHUM €IMHUM JDKEPETIOM CTPYMY, a TAKOXK THM, LIO I CXeMa Ja€ OuIbury
TEPMOCTAOUTBHICTb.

Buxigauii kackan moOyJoBaHO HAa KOMILIEMEHTapHil mapi Tpansuctopis BD139 (Q9)
ta BD140 (Q10). 3 uumu Tpan3uctopamu Oydep Moxke Ha BUXOIi BUAatu 10 1 A cTpymy.
MaxkcumanbHa Hampyra, sIKy MOKe BHJIATH Takuid Oydep AOpiBHIOE HANpy3i IIWH >KUBJICHHS
minyc nagiaas B 0.6 V. Tpamsucropu 2N5401 (Q7) ta 2N5551 (Q8) MokHa Ha3BaTH «apaii-
BEPHHUMM»: BOHU KEPYIOTh BHXIJHOK KOMIUIEMEHTAPHOIO IAapol0 TPAH3UCTOPIB, caMe 10 iX
0a3 mix’eqHano BXix Oydepy — pos3’em J3.

TectroBy Mojenb Oydepy s nochimkeHHs 0yno modynoano y cepenopumii KiCAD,
3D mozens IpyKOBaHOI IUIATH 3 KOMIIOHEHTaMHU IPEACTaBICHO Ha puc. 2.

Pucynox 2 — [1nata 6ydepy PAA 3D: mozaens 3 KiCAD

Ha puc. 3 npexacrasinerHo crBopeny mojens 0ydepy. Ha Hiit 3poOieHi KOHTaKTH IS
i’ €THAHHS JKUBJICHHS, HABAaHTA)XCHHS Ta BXIJHOTO CUTHATY. Pe3nucTopu BHUMIprOBaHHS
ctpymy 1€ Oyno BCTaHOBJIEHO TaKMM YWHOM, MO0 Jiermie miA’€IHAaTH 10 HHUX 3acobu
BHUMIPIOBAaHHS.

Jlnst mepeBipKu mparie31aTHOCTI OyJio Mij’€THaHO JHKEPEIo CHHYCOiTaTbHOTO CUTHATY
Ha Bxia Oydepy, Buxij Oyno HaBaHTaxkeHO pe3uctopoM 50 , a 1o muH XuUBJIEHHA Oydepa
OyJ10 i1’ €THAHO JKEPENO KUBJIEHHS =12 V.

[Tpu nepesipui podotu Oydepy Ha BX1J MOAABATIOCH CHHYCOiJaJIbHA HAMpyra aMIUITy-
noro 3 V, B miama3zoni yactot 5 Hz — 20 kHz na naBantaxenus 50 Q, Ha puc. 4 MoxHa mooa-
YUTH OCITWJIOTPaMH KpalHIX TOYOK Jiama3oHy. bydep mokasaB nocuTh HemoraHy JiHIHHICTD B

IIbOMY JT1arta30H1 4acToT.
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Pucynok 4 — Ocumnorpamu Ha Buxoai 0Oydepy 0e3 macHBHHX KOMIIOHEHTIB Ha HABaHTaXXEHI
50 Q, 3xiBa npu BXiaHi# yacToTi 5 Hz 3npaBa mpu BXigHii yactoti 20 kHz

MogpaemoBanns cxemu PAA. Ha puc. 5 mpeacraBieHo cxemMy KIaCHYHOTO CTPYMOBOTO
nm3epkana [1]. CtpyMoBe a3epkaio — Iie KepOBaHUH CTPYMOM CTa01Ii3aTop CTPyMY.

o

Irpy
R prog []Rload
yib*2
Q1 >02
1y 1 b1 b2 g yic2

_l_ GND

Pucynox 5 — CtpymoBe a3epkaio
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OcHoBHa (yHKIIISI CTPYMOBOTO J3€pKaia — I€ KOIMIOBAaHHS CTPyMY, IO MPOXOIUTH
yepe3 oauH TpaH3uctop Ql, KOHTPOIIOIYN CTPYM B IHIIOMY aKTHBHOMY MPHUCTPOi Kosa Q2,
30epirarouu NOCTIHMI CTPYM Ha BUXO/Ii, HE3aJIeKHO BiJ HaBaHTaxeHHs R load.

Iy =ly+2-1, (1)
Kepytounit crpym cknamaerbest 3 cTpyMmy kosiektopy Q1 Ta 6a30BOro crpymy IBOX
tpansucropiB Q1 Ta Q2, (1).
l,=1,/8 2)
Crpym 6a3u Q1 3amexuTs BiJ cTpyMy KOJIEKTOpY Ta KoedimieHta f3, (2).
l,=1,+2-(1./ B)=1,-1+2/ B) 3

Sk MoxHA mo6aunTH 3 PopMyIH 3 KEpyIOUHid CTPYM AOPIBHIOE CTPyMY KoJiekTopy Q1.
|
_ _ 1+ 3 = ILZ — ;
ICZ ﬂ Irp 1+(2/ﬂ) (4)

Ha dopmyni 4 npeacraBieHo 3aleKHICTh KEPYIOUOTO CTPyMY, 10 moaaeThes Ha Q1 1o
CTpyMy TpaH3uctopa Q2.
P =B, ~100 (5)
Ockinbku Tpamsuctopu Q1 Ta Q2 ogHakoBi i KoeimieHT B B HUX TEX OJHAKOBUH 1 7S

Tpansucropa 2N5551 nopiBaroe nmpudmmsuno — 100.
I

_ P
ez _1+(2/,3) (6)

BpaxoByroun yci 3a1eKHOCTI IPEJCTaBIICHI BHUILE, MOXHA OMHMCATH 3aJE€KHICTh CTPYMY
bopmynoro 6, 3riHO 3 SKOK CTPyM KoJekTopy Q2 3aleXHuTh BiJ KEPyHOUOro CTpymy, MpH
IIbOMY BILJIMB Koe(illieHTa [3 MO)KHA HE BPaxOBYBATH.

3agaTy Kepyrouuil CTpyM MOXHA 3a paxyHOK pe3uctopa Rprog (puc. 5), 1o i pooutscs
y OUIBLIOCTI BUMAJKIB, IPOTE HOr0 MOXKHA 3aMIHUTH JDKEPEIOM CTpyMy. B cxemi y sikocTi
JpKepena cTpymy 0ys10 oopano mkepeno ctpymy Ha N-JFET BF245B (puc. 6).

+V

| const

Q2
BF2458

I

+0.7V

Q1
2n5551

- GND

Pucynok 6 — CtpymoBe jmxepeno Ha N-JFET BF245B

Jlxepeno ctpymy, IO 3a/1a€ KePYUHd CTPYM CTPYMOBOTO A3epKaja MoOyJOBaHO Ha
nBox Tpansucropax N-JFET BF245B (Q2) ta NPN 2N5551 (Q1). Ilaginas Hanpyru, Ha
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tpar3uctopi 2N5551 QI, mo BKIIOYEHO y pexumi miona 3amae pobdody Touky N-JFET
BF245B Q2 i BnacHe 11e maiHHS 1 33]1a€ 3HAYECHHS POOOYOro CTPyMY JKepena ctpymy [3—5].

Jlnst po3paxyHKy CTpyMy MOTpiOHO Matu 3anexHicts Ids(Vgs) — ctpymy drain—source
10 Hanpyru gate—source. KOpeKTHOMY MOJETIOBAaHHIO IIi€1 3aJIe)KHOCTI TMPHUCBSIUCHA
pobota [6] , puc 7. Ane y nepmioMy HaOJIMKEHHI L 3aJICKHICTh MOKE OyTH 3aCHOBaHA Ha
JaHMX 3 TEXHIYHINA JOKyMEHTalii Ha HamiBOpoBiAHUKOBUH mpuian [2]. Takum yuHOM, Oyne-
MO OLIIHIOBAaTH CTPyM JKepena crpymy Ha N-JFET [4]:

V,
IDZIDSS'(]-_V = )2
GS(off) (7)

BF245B_01 RL=1.015Q, Vgg=0..9 V, Vgs=-1..0 V, Vg = 0.7 k= 1.000000e-02

“ A’Oi]

Pucynok 7 — 3anexnicts Ids(Vgs,Vds) N-JFET BF245B

Bpaxoyroun napamerpu 3 datasheet Ha N-JFET BF245B [2] nigcTaBuMo 3HaueHHS 10
bopmynu 7 1 OTpUMaEMO CTpYyM Jpkepena ctpymy — 0.845 mA.

0.7

(8)
OTpuMaBIIM 3HAYEHHS CTPYMY JJKEpeENla CTPYMy, SIKE€ BCTAHOBIIIOE KEPYIOUHH CTPyM
CTPYMOBOTI'O JI3epKaja MOXHa 3HAUTH CTPYM, KU BUAA€ 3€pKaJI0, CKOPUCTYBABIIUCH (op-

MyJI010 6.

o= — 2 0 go8ma
1+(2/100) 9)

L1i 3Ha4eHHs CTPYMIB, 1110 OyJIM po3paxoBaHi OIM3bKI 10 pealbHUX BUMIPSHUX Ha pe3u-
cropax R1 ta R2. Ha pesucropi R1 BumipstHo crpym 0.824 mA, mo ayxe OJu3bKO 10 po-
3paxyHKy, a Ha pe3ucropi R2 Bumipsno crpym 0.645 mA. Pi3Huns crpymy BUXOAY CTPyMO-
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BOTO JI3epKajia MOke OyTH IMOB’si3aHa 3 pi3HUM KoedirienToM 3 TpansuctopiB Q7 ta QS
(puc. 1).

Buxigauii kackan modynoano 3a cxemoro «Diamond Followery» (puc. 8). lle mapa-
JEeTbHUA TiACWIIOBAY CTPYMY, MOBTOpIOBaY Hampyrd abo Oydep. CXxeMOTEeXHIYHO 1€ KOM-
TUIEMEHTAPHHUIA €MITepHHI MOBTOPIOBAY HA YOTUPHOX TPAH3UCTOPAX, B IKOMY KOXKEH 3 JIBOX
BX1/IHUX TPAH3UCTOPIB KEPY€E BUXITHUM TPAH3UCTOPOM MPOTUJIC)KHOTO TUIy. EMiTepHi mepe-
XOJIM BXITHOTO Ta KEPOBAHOTO HUM BHUXIJJHOTO TPAH3UCTOPA BKIIIOYCHI HA3yCTPid OJAMH OJHO-
My, TOMY 3CYB Halpyrd MiXK BXOJOM Ta BUXOJOM HE MEPEBHINYE KiIbKOX aecATKiB MB. Lls
CXeMa HE BMMAarae CXEMOTEXHIYHHX 3aXOJiB MO0 TEIUIOBOI CTabiii3allii CTpyMy CHOKOIO:
JIOCTaTHbO JMIIe 3a0e3MeYnTH TEIUIOBUM 3B'A30K MK TpaH3uctopamu. Hemonik 6a3oBoi
CXEMH — 1€ )KOPCTKE 0OMEKEHHS BUXITHOTO CTPYyMY, 1[0 MOXKJIMBO BHIIPABHUTH ii YCKJIQTHEH-
HSIM, 200 TiIBUIICHHSM CTPYMiB TIOKOIO BX1THUX TPAH3UCTODPIB.

Ha cxemi Ki1acHMYHOro BHUXIJHOTO Kackaay IOOyaoBaHOTO 3a cxemor «Diamond
Follower» € nBa mxepena ctpymy IE1 ta [E2, B mpocTimomMy BHIIaIKy 1€ 3BHYAiHI CTPyMO-
00MEXYIOUi PE3UCTOPH.

IE1 GD T2 .
|

s "
T1
Vin
R LOAD
@ ' S 1
= T3 1+
=
4% '

@GD iy

b

Pucynok 8 — Cxema Diamond Follower

B cxemi Ha puc. 1 B SKOCTI Jkepena CTpyMy JUIsl )KMBJIEHHS BXIJHMX TPaH3UCTOPIB
«Diamond Follower» BukopucTtano cTpyMoBe A3€pKaio.

Cxemy PAA 6ydepy MokHA MOAUTUTH Ha 3 OCHOBHI YaCTHHH, a came: JKepeno CTpy-
My, CTPYMOBE JI3epKajio Ta BUXigHuM kackaj (cxema Diamond Follower), sikuit BUKOpUCTOBY€E
CTPYMOBE J3€pKajo JJs KUBJIEHHS MEepeABUXITHUX TPAH3UCTOPIB. PesxuMu cTpymiB TpaH3U-
CTOPiB MOKHA PO3PaxyBaTH I10 MPEICTABICHUM BHIIE PIBHIHHSIM.

Hocaigxenuss PAA Oydepy Ha pe3sucTHBHOMY HaBaHTa:keHHi. [[s mocimimkeHHs
BiacTuBocTel cxemu PAA, mo Oyma po3poOieHa, Ta JUIsi MOPIBHSIHHS 3 BIJOMOIO CXEMOIO
«Diamond Follower» (nani — DF), Gyio cTBOpeHO CTeH, SIKWW BKJIIOUYAB y cebe 1abopaTopHe
mxepeno kupieHHs RF6006P, mudposuit mynastumerp SDM3055, Habopy pe3ucTopiB amis
HaBaHTaxeHHA (RL), Ta yHiBepcalbHOro MpoOrpaMOBaHOTO MPHUCTOIO AJIi BUMIPIOBaHHS Ta
kepyBaHHs «Cubey [6]. Came 11e#i IpUCTPiit/CTEH ] JO3BOJIMB Y aBTOMAaTUIHOMY PEXKUMI 3a-

JlaBaTU 3HAYCHHS BXIMHOI Hampyru Vin, Ta OTPUMYBAaTH OJIHOYACHO 3HAYCHHS B JIEKUIHKOX
ISSN 1562-9945 (Print) 9
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TOUYKax cxeMu. Pyuni manimynsuii Oynu moTpiOHi Juie mpyu 3MiHI HaBaHTaXeHHs. MynbTu-
metp SDM3055 OyB BUKOpHUCTaHHA JJIsl EPEBIPKU KOPEKTHOCTI POOOTH CHUCTEMH aBTOMa-
TUYHOTO BUMIpIOBaHHA Ta BepHdikalii 3HaueHb onopy. s wiei cepii BumiproBanp Oyio Bu-
KOPUCTaHO OHOMOJISIPHUI METO/ )KUBJICHHSI.

Pesynpratu BumiptoBanb y Burisai Vout(Vin) mist PAA ta DF qisa pisHux HaBaHTa-
xenb RL npencrasieno Ha puc. 9.

10 Vour, V Pure active amplifier Vour V Diamond follower
T T T T T 10 o T T T T T
Ry =1e+09Q —— Ry=1e+09Q ——
9F Ru=1000Q —— 4 9 RL=10000 —— 3
RL=750Q —— RL=750Q ——
sf Ru=510Q —— ] g RL=5100 —— 3
R =4300Q — R.=430Q ——
7L Ru=302Q0 — 3 ;b Ru=3020 ——
Ry =244Q —— R,=2440 ——
R,=1580 —— o 7 R,=1580 ——

Ry = 1020 — i RL-1020

R-T46Q — A ; R 7460

SE Rp=6550 = E c T
Ry = 56.9 Q e

4F  R=390

R.=2850

3E R -1460 i 5

0 ! 1 ! 1 ! ! 1 ! 1 Vi, V 0 ! ! 1 Vin, V
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10

Pucynok 9 — 3anexunocti Vout(Vin) anst PAA ta DF npu pi3HuX HaBaHTaXEHHSX

AHai3 1MX 3aJeKHOCTEH JT03BOJISIE€ 3pOOUTH BUCHOBOK, IO TPH JOCTATHHO HEBEINKHUX
HaBaHTa)XEHHAX o0uyBa Oydepa AlfiCHO BHUIPABIOBYIOTH CBOIO Ha3By. PAA mouumHae 00-
MEXYBaTU BUXIJTHUI CTpyM, a OTKe, 1 Hallpyry, MOYNHAIOYY 31 3HAaYEHHsI OIIOpY HaBaHTa)KEH-
Ha y 102 Q, npu 1bOMY 3aJI€KHICTh TE€X OJIM3bKa J0 JIHINAHOI, 1110 BIANOBIJIAE PEKUMY oOMe-
KEHHsI CTpyMy. 3 1HIIOro OOKy, 0OMEXeHHsl cTpyMy Ipu BukopuctanHi DF moumHaerbes 3
HaBaHTXEHHs y 158 €, ajye 3aneHOCTI CyTTEBO HEJIHIMHI, 0 CBIIYUTH MPO TEHEPAIIII0 KO-
JMBaHb Y LMX BUMaJKkax. Tem He MeHII, K10 KoiauBaHHs BijncyTHI, DF 3naten 3a0e3neuntu
CYTTEBO OUTBIINN CTPYM (IUB. 3a1exkHICTh A1 RL=39 Q).

st cuctem, Jie BAXKIIMBO HE 3a0€3MEYUTH MaKCUMAaJIbHY BUXIAHY MOTYXHICTb, a 1 30e-
pertu gopmy curHainy (a 1e OUIBIIICTh CUCTEM), BaXKJIMBOIO IO CTAHOBUTH 30LIBIICHHS
Jiamna3oHy, J¢ BUXIJTHUNA CHTHA IIOBTOPIOE BXITHUH 3a 3a7aHor0 TOuHICTIO. Tomy Ha puc. 10.
MIPEJICTaBICHO Y TPbOXBUMIPHOMY BUIIIsAL 3anexHocT (Vin—Vout)(Vin,gL), ne gL = 1/RL.

Pure active amplifier Diamond follower

Vout~Vin, V Vout-Vin, V

TT T T T T T 1T
4 Gy g
ool dnb it o

LS hhhbmo~
T T T T T T
Vo bt oL
N R U= O

Soolddibbitohom

Pucynok 10 — 3anexnocri (Vin—Vout)(Vin,gL) nns PAA ta DF
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Amnaiiz ux rpadikiB 103BoJIsi€ 3p0OOUTH BUCHOBOK, 0 PAA 3abe3neuye 3Ha4uHO Oiib-
I Jiama30H HAMPYT i HAaBaHTaKEHb, JIe¢ MOKHA BUKOPUCTOBYBAaTH Oydep 0e3 CyTTEBUX IMO-

XHOOK.
st 3a1a9 moOyJOBH CUCTEM BUMIPIOBAIBHOI TEXHIKH, 1HIIMX MPUIAJIB, 1€ BAKIHBA

MiHIMi3aIlis MOXUOOK, CYTTEBUM € HE TUIbKH POOOYMI Jiama3oH, a 1 TOYHICTh BiITBOPEHHS
BXigHOTO curHanmy. Tomy 3anexnocti (Vin—Vout)(Vin,gl) mo6mmsy poGouoro npiamasoHy

IpeJcTaBiIeHo Ha puc. 11.

Vout~Vin, V Pure active amplifier

0.1 ARRRN ARRRLARRRL R, =1et09Q —— Ry =1e+090 ——
Ry, =1000Q —— R,=1000Q0 ——
R, =7500 —— R,=750Q ——
R =5100 —— RL=5100 ——
R =430Q0 —— RL=4300 ——
R =302Q0 —— R,=302Q0 ——
Rp=2440Q —— Ry=24400 ——
Rp=158Q —— R =1580 ——
Ry=102Q —— Ry=1020 ——
R =7460Q —— RL=T46Q ——
Ry =65.5Q RL=65.5Q e
R, =56.9Q -~ RL=56.9Q --eeee

R,=39Q -~ Rp=39Q -

Ry =28.50Q - RL=28.5Q -
Ry =14.60Q - RL=14.6 Q -

02 Leoiil i i Lt 1 1 Vin, V Vin, V

0 1 2 3 4 5 6 7 8 9 10
Pucynok 11 — 3anexnocti (Vin—Vout)(Vin,gL) ans PAA
ta DF mo6yim3y po6o4oro Jianazony

[opiBusuibHi 3anexHocTi (Vin—Vout)(Vin,gl) anga PAA ta DF nns 1BoX HaBaHTaK€Hb

MIPEICTABJICHO HA PUC. 12, IpH IbOMY OYyJI0 BUKOPUCTAHO SIK 3HEBAXKAHO MaJie HABAaHTA)XKCHHS,

Tak 1 HaOIMKEHe 10 MaKCUMaJIbHOTIO.

Vaut'vfmv
0.1 7 T T T T T T T
PAARL = 1000 0 —— ]
PAAR,=158Q —— |
DF Ry,=1000Q — -
0.05 DF Ry = 1580 ]
o
-0.05
01}
-0.15
02k

0 1 2 3 4

Pucynok 12 — IopiBasHHS 3anexHocTer (Vin—Vout)(Vin,gl) mist PAA
ta DF 1m1g 1BOX HaBaHTaXE€Hb

Sk 1 ouikyBanock, PAA 3a0e3neuye sk IpoCTO MEHINY MTOXHOKY BIATBOPEHHSI CHTHAITY,
TaK CyTTE€BO MEHIIY 3aJIeKHICTh MoxuOku Bif Vin. [Ipu poMy ciia BIIMITUTH, 1110 IIOYaTKOBA
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ainstka (Vin < 0.6 V) nexuth 3a MeXaMmH, JIe OYiKyeThbCS HH3bKHU piBeHb MOXUOOK. Jlist
YCYHEHHS I[bOTO SIBUIIA CJIiJ] BAKOPHCTOBYBATH JIBOTIOJISIPHE KUBJICHHS.

OpHi€ro 3 BOXIMBUX XapaKTEPUCTUK MiAciIoBada € Rout — BuxinHi ornop. Ciig B3sTH
Ha yBary, 1o Iie — He KOHCTAaHTa I KOXKHOTO Mi/ICHIIIOBaya, a BEJIMYMHA, 10 3AJIEKHUTD Bij
OaraTboX mapameTpiB, 1 Kpallli MmiJICHIII0Badi 3a0e3MeuyloTh MaiKe TOCTIHHICTh IOTO OIOpYy
y pobouomy mianasoni [7,8]. Jns ominroBanHS Rout mporo Oynm moOyaoBaHi 3alIeKHOCTI
Vout(I) (puc. 13).

Vours V Diamond follower Vout: V Pure active amplifier
10 = ‘ ‘ Vip=0.5V —— 10 ‘ ‘ ' Vin=05V ——
Vip =10V —— Vip =10V ——
°F T Vin-15V —— F 7 V=15V ——

Vip=20V —— : Vi =20V ——

1 V=25V —— 8 - Vin=25V ——
Vip =30V —— E— Vin =30V ——

J Vip=35V — L Vip =35V ——
Vin =40V —— e Vin=40V ——

4 Vip=45v —— 6 o Vin =45V ——
Vip =50V —— Vin=50V ——

3 Vip=5.5V e 5 Vi = 5.5V weeeeeee
Vin = 6.0V - Vin =60V

J Vip=6.5V 4 Vin=6.5V —
Vin =70V - Vin =70V -

3 Vip=75V - 3 Vin =75V ——
Vip=8.0V Vip =80V

1 Vin=85V - ) Vip =85V
Vin=9.0V Vi =90V
Vip=9.5V . Vin=9.5V

LA 0 I I I 1 I LA
0.25 0 0.02 0.04 0.06 0.08 0.1 0.12

Pucynok 13 — 3anexnocti Vout(l) nist PAA ta DF nnst pisHuX HaBaHTa)KeHb

Amnani3 rpadikiB 1a€ MOXKIHMBICTh CTBEpKYyBaTH, 10 PAA 3abe3neuye 3Ha4HO OinbIIy,
AUIAHKY, 1e Rout He 3a3Hae cyTTeBUX 3MiH. 3 IUX TpadikiB Takox Oysl0 oOpaHO AianazoH
i ouiHtoBaHHs Rout. [Ipu nbomy ciify BiIMITUTH, TIO SIKIIIO BUKOPHUCTOBYBATH OJAMH Jiarna-
30H CTpyMy AJisi 060X Oydepis, To 11t DF 6ynyTe oTpumani 30BCiM 0e3riny3ai pe3ynbTaTH —
3aBJSKU KoiauBaHHAM. Tomy /it PAA Oyno obpano nianason crpymy [0.005..0.06] A, a ans
DF — [0.005..0.02] A. Otpumani npu nux ymoBax 3anexHocTi Rout(Vin) mpencraBieHo
Ha puc. 14.

ROnyﬂ
T

ssfp .

L5 .

05 .

0:‘.”|.H.\H.‘|..H\H..\..H\H‘.l‘..mwwl.‘..:vm’v
0 1 2 3 4 5 6 7 8 9 10

Pucynok 14 — 3anexnocti Rout(Vin) ans PAA ta DF
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Taxkum unHOM, PAA 3a0e3neuye sik CyTT€BO MEHIIE 3Ha4eHHs1 Rout, Tak 1 3Ha4HO OLTb-
mui pobounii Niana3oH.

BucHoBku. Byno po3poGieHo ta ctBopeHO cxemy Oydepy 06e3 BUKOPUCTAHHS TTaCHB-
HUX KOMIIOHEHTiB. bynu oTpumani ii XapakTepUCTUKH Ta JOCIIIKEHO POOOTY CXEMHU HpHU
pi3HOMY HaBaHTa)XEHHI. B CTaTTi BUKOHYBAJIOCh MOPIBHSHHS cxeMd PAA 3 BIJIOMOIO CXe-
Moo Diamond Follower, ockinbku ix cdepa BUKOPHCTaHHS OJTHAKOBA.

Ha mizacrasi mpoBeneHUX JOCTIIKEHb MOXKHA CTBEPIKYBATH, 1110:

1. 3anporonoBana cxema PAA niiicHO Moxe OyTH BHKOPHUCTaHAa Yy SIKOCTI Oydep—
MOBTOPIOBAaYa.

2. Y nopieasHHi 3 DF, PAA 3a06e3neuyyto MeHIy MOXHUOKY BiITBOPEHHS BX1JIHOTO CHUT-
HaJly y CyTT€BO OLIBIIOMY Jiana3oHi mapaMeTpiB.

3. Ha Bigminy Bin DF, 3anponoHoBaHa cxema He IEMOHCTPY€E caMO30yIKEHHS B yMO-
Bax JIOCIIiIKCHHS.

4. PAA mae sk kpaie 3Ha4eHHs Rout, Tak 1 muypvii giarma3oH Horo cradiIbHOCTI.

5. Ane PAA 3abe3neuye MeHIINI CTpyM HaBaHTaKEHHS 32 MEKaMH 30HU JIHIHHOCTI.

B nonanpmux mocnuifax CTBOPEHY CXEMY MOKIUBO BUKOPUCTATH ISl CTBOPEHHSI 1HTE-
TPOBaHUX CXEM, JIe OCHOBHUMH MepeBaraMu OyAyTh: MiHIMallbHa ILJIONIA HA KPUCTa, IHUPO-
Ka CMyra IpONyCKaHHs, TEXHOJIOTIYHICTh BUPOOHUIITBA Ta HU3bKUI PIBEHD IITYMY.
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Development, modeling and research of an amplifier
without passive elements using JFETS

It is known that an analog buffer, or voltage repeater buffer, is an electronic circuit
based on an operational amplifier or active element with a gain of unity (K=1). Ideally, it
should transfer the input voltage to the output without changes in amplitude and phase, while
providing high input and low output impedance for matching the cascades. Also, an essential
task is to provide a given output power.

The main functions of an analog buffer are: cascade isolation (prevents the influence of
the output load on a sensitive signal source); impedance matching (effectively transmits a
signal from a source with high internal resistance to a low—impedance input, such as an
ADC); dropout protection (allows you to transmit an analog signal over long cables without
distortion and voltage drop).

The aim of the work is to investigate the possibility of building a buffer on discrete
components without using passive elements (resistors, capacitors, inductors). This buffer can
be used for both analog and digital signals. The task of building such a circuit that uses only
active components (hereinafter PAA pure active amplifier) is promising.

PAA has advantages such as: 1) Minimum area on the crystal. Resistors and capacitors
take up a lot of space in silicon. Transistors are much more compact; 2) Wide bandwidth. The
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absence of parasitic capacitances of large passive elements increases the speed and operating
frequency. High input impedance. Ideal for isolating the signal source from subsequent stag-
es. Low output impedance. Allows you to effectively control heavy capacitive loads; 3) Manu-
facturing processability. Manufacturing a circuit consisting only of transistors simplifies and
reduces the cost of microcircuit lithography; 4) Low noise. Thermal noise of resistors (John-
son noise) is absent in such a structure.

A series of laboratory studies were conducted on the operability of the developed PAA
(pure active amplifier) buffer circuit, and its parameters were also measured. The circuit
showed its operability and can be used in tasks where cascade decoupling, impedance match-
ing, signal dropout protection at small sizes of what? and low cost are required.

In the future, with further experiments, it is possible to use it to create integrated cir-
cuits, where the main advantages will be: minimal area on the crystal, wide bandwidth, man-
ufacturability of production and low noise level.

Key words: JFET, buffer, diamond follower, PAA, pure active amplifier.
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B.B. Tpons
TAKTUYHO-OIIEPATUBHA APXITEKTYPA Y3I'OJ’KEHHSA
BATATOKPUTEPIAJIBHOI'O ITAPETO-IIVTAHYBAHHSA
3 PO3INOAIVIEHUM MOJAEJIBHO-ITPOI'HO3HUM KEPYBAHHAM
MPOLIECAMMU 3BATAYEHHS 3AJII3HOI PYIU

Anomauyis. KepysanHns mexunonociunumu aiHiamu 306a2auerts 3a1izHoi pyou nompeobye y3200-
JHCEHHSI MAKMUYHO20 0A2amOKpUmMepiaibHOo20 NIAHYBAHHS 3 ONePAMUBHUM KepY8aAHHAM, W0
@DYHKYIOHYIOMb HA PI3HUX YACOBUX 20PU3OHMAX. 3a 8i0CYMHOCMI A6HO20 MEXAHI3MY V3200-
JHCEHHL (hakmuuHutl pedcum pobomu modice gioxunamucs 6i0 oopamnoi Ilapemo—onmumanbroi
MOYKU, a OYIHKU HEBU3HAYEHOCHI XapaKmepucmuk cenapayii He nepedarmuCs MidkC pieHAMU.
Mema — po3pobumu maxmuuHO—ONepamusHy apximexmypy 3 pe2iamMeHmo8aHum 080CMo-
POHHIM THmMep@elticom | HACKPI3HUM NepeHeceHHAM HeeUuzHaueHocmi. Bukopucmarno bazamo-
KpumepianvHy onmumizayiro memooamu NSGA-II/III, 6nokosuti bymcmpen 0ns oyiHO8AHH:
006IpuUX [HMEPBANi8 napamempis i NOKA3HUKIE cenapayii ma ducioge mooenioeants 30—
00006020 cyenapirn. 3a obpanoi kongicypayii ompumana aneopummom NSGA—II anpoxcu-
mayia ¢poumy Ilapemo xapaxmepu3yeanacs Oinvuwium 2inepod’emMom i piGHOMIpHIUUM
PO3n00INOM po38’a3Kis, Hide anpokcumayisa, ompumana NSGA—III (nopmosanuii 2inepo6’em
0,330, na 29% euwe sa NSGA-IIl); nicna Opeighy napamempie i nepepaxyuxy ¢hpoumy
yacmra 4acy no3a 30Ho 0ONYCMUMUX 3HAYEeHb NOBEPMAEMbCI 8 HOPMATbHUL OIaNA30H.
Kniouosi  cnosa:  6azamoxpumepiancna  onmumizayisa;,  Ilapemo—gppoum; NSGA-II,;
PO3nooiNeHe MoOelbHO—NPOSHO3HE KEePYBAHHS, MAKMUYHO—ONEPAMUBHe Y3200CeH s, 30a2a-
YeHHs 3aNi3HOI pyou; HACKpi3He OYIHIOBAHHS He8U3HA4UeHOCmi, OJIOKO8Ull OYymcmpen, po-
bacmuicmo.

ITocTanoBka npoéuaemu. KepyBaHHS TEXHOJNOTIYHMMHU JiHISIMU 30aradeHHs 3ajli3HOI
pyau € 0araTOpiBHEBOIO 3ajjauero, y SKii TakTHUHE IJIaHyBaHHS IOKAa3HMKIB TipHUYO—
30araqyBajbHOr0 KOMOIHATy Ta OINEpaTHBHE KepyBaHHS TEXHOJIOTIYHUMHU amnapaTamu
(GYHKIIIOHYIOTh Ha Pi3HUX YaCOBHX FOPH3OHTAX 1 BUKOHYIOTH MPUHIMIIOBO BIAMIHHI (DYHKILI.
TakTuunuii piBeHb Ha OCHOBI OaraTokpurtepianbHOi [lapero—omTuMizanii 004YHCIIOE ONTH-
MajibHI po0OOYl TOYKHU 3a CYKYIHICTIO BUPOOHUYMX, SKICHHX, €EKOHOMIUHUX Ta €KOJOTTYHHUX
KpUTEpIiB Ha TOPU30HTI JOOW, TONI SIK OMEpPATUBHUN PIBEHb PO3MOJUIEHOTO MOJEIbHO—
nporHo3Horo kepysanus (Distributed Model Predictive Control, DMPC) cra6inizye mpoiiec B
OKOJI1 ITUX TOYOK 32 (PaKTUYHHUX 30ypeHb 13 MepioJOM JUCKPETU3ALlT OJJMHUIL XBUIIUH.

3a BIJICYTHOCT1 SIBHOT'O MEXaHI3My Y3TOJUKEHHsSI 00M]IBa ONTHUMI3aTOPH MOXYTh AISTH Y

CyNepeuNBUX HampsMax, YHAcHiJIOK 4oro (akTUYHI TEXHOJIOTIYHI IMOKAa3HUKH MOXKYThb
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Copyright for this paper by its authors. Use permitted under License CC BY 4.0.

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



«CucremHi Texnonoriin 5 (166) 2026 Tom 1 «System technologiesy

BIIXWJIATHUCS BiJ 3arutaHoBaHoi [lapeTo—ontuManbHOI poOoU0i TOUKH, a pOOACTHICTH Omepa-
TUBHOTO KepyBaHHS — 3HIKYBaTucs. KpiM Toro, HeBU3HAUEHICTh XapaKTEPUCTHK cenapariii,
OLliHEHA 332 BUPOOHUYMMH JITAHUMH, Y KIIACHYHUX l€papXisiX KepyBaHHS HE NEPEHOCUTHCS MiXK
PIBHSAMH: TaKTUYHUH PIBEHBb OINEPYE YCEPEAHEHUMH MapaMeTpaMu 1 MOKa3HWKaMH, a orepa-
TUBHUN He Mae iHdopmarii nmpo ixHi moBipui iHTepBaiu. Lle oOymoBmoe moTpedy y dop-
MaJtizanii perJaMeHTOBaHOTO JBOCTOPOHHBOIO iHTEp(deNCy MK TaKTUYHUM 1 ONEpaTHBHUM
PIBHSMH 3 HACKPI3HUM OOYHMCICHHSIM HEBU3HAUYEHOCTI.

AHaJi3 ocTaHHIX AochaiqkeHnsb i myOJikamiid. bararokpurepianbHy ONTHMI3AIlIO TIO-
Ka3HUKIB 30aradueHHs 3aIi3HO1 py/Iu Ta TaHUX—OPIEHTOBaH1 iepapXii MIaHyBaHHS PO3BUHYTO Y
mukon npane [1-3]. Y po6oti Ding, Liu, Chai i Gao [1] dbopmaiizoBaHo omepaiiiiiHy OTI-
TUMI3aIlil0 pyno30aradyBajgbHOTO MPOLECY SIK OaraToKpuTepiaabHy 3a1ady, y sSKii oJHOYaC-
HO BPaxOBYIOThCS SIKICTh KOHIIEHTPATY, BUX1Jl 1 BUPOOHHYI BUTPATH, Ta OTPUMAHO MHOXXUHY
KOMITPOMICHUX pOOOYMX TMOKA3HUKIB 3aMICTh €IMHOTO CKAISIPHOTO PO3B'SI3KY. Y OIIISIOBIN
npatti Ding, Chai i Wang [2] y3araibHeHO CydacHi Opi€eHTOBaHI Ha JaHi METOIM OMTHUMI3allii
30aragyBanbHUX (HaOpUK 1 TIOKAa3aHO 3POCTAHHS POJIi EMIIPUYHHUX MOJIENEH, ineHTH(iKoBa-
HHX 3a [MPOMHKCIIOBMMHU BHMIPIOBaHHSIMH, Yy 3a1adax ruianyBanus. Ding, Chai i Yang [3] 3a-
CTOCYBAJIM TMHAMIYHY €BOJIOIIIIHY OaraToKkpuTepiaibHy ONTHUMI3AIII0 J0 3a/1a4l pO3MOALTy
CUPOBHUHH, JI¢ MMOBTOPHY ONTUMI3AliI0 1HILIIOE 3Ae01IBIIOr0 3MiHA MPOIYKTHBHOCTI 00Jaa-
HaHHS; XapaKTepHO, 110 MEepepaxyHOK BiOYBA€TbCA B MEKaX OJHOIO €BOJIIOLIMHOTO PiBHS
IUIaHyBaHHs 0e3 (hopMai30BaHOTO 3BOPOTHOIO 3B'SI3KY BiJl ONIEPATUBHOIO KEPYBAaHHS.

Jns po3'a3aHHA OaraTOKpUTEpiaibHUX 3aJad y 3a3HaueHHX JOCHIDKEHHSX 1 B
CYMDKHHMX po0OOTax HIMPOKO 3aCTOCOBYIOTH €BOJIOLIIHI alrOPUTMU HEIOMIHOBAaHOI'O COPTY-
BaHHA. Anroput™M NSGA-II [4] 3aBasky MIBUJIKOMY HEIOMIHOBAHOMY COPTYBAaHHIO Ta Me-
XaHI3My JUCTAHII CKyMmueHHs 3abe3rneuye piBHOMIpHe HaOmmwkeHHs [lapero—¢ponty 6e3
anpiOpHOTO 3aaHHs BaroBUX Koediuientis kputepiis. Moro possurox NSGA-III [5] opien-
TOBaHUI Ha GaraToKpuTepiaibHi 3a/1a4l BUIIOI PO3MIPHOCTI Ta MIATPUMYE PI3HOMAHITTS po-
3B'SI3KIB 3a JOMOMOIOI0 CTPYKTYPOBAHOTO HAOOpy OMOPHUX TOYOK, IIO0 POOUTH JOLUIBHUM
NpSIMUI MTOPIBHSUIBHUN aHali3 000X aJrOPUTMIB JIJIs1 KOHKPETHOI 3aJayil MJaHyBaHHS MOKa3-
HUKIB (paOpHKu.

[TuTaHHs y3TOMKEHHS TaKOTO IUIAHYBAaHHS 3 OTIEPATUBHUM KEPYBAHHSM PO3TIISIAIOTH Y
MeXax 1epapXiqHOro TOE€THAHHS OomTUMi3alii B peaspbHoMy vaci (Real-Time Optimization,
RTO) 3 monensHO—Tiporno3uum kepysanusm (Model Predictive Control, MPC) [6-9]. Chris-
tofides 3i cmiBaBTOpamu [6] cHCTEMAaTH3YBaJIM METOJM MEPEKEBOTO Ta PO3MOAUIEHOTO MPO-
THO3HOTO KEepPYBaHHS, 32 SIKUX BEJIMKY 3a/lauy KepyBaHHS JEKOMIIOHYIOTh Ha CKOOPAMHOBaHI
nokanbHl MPC—arenTH, mo oOMiHIOIOThCS iH(OpMaIli€ro KaHalaMH 3B'SI3KYy; OJHAK KOOPIH-
Hallisl CTOCY€ETBCSI B3a€MOJIIT PEryJIsATOPIB Y MeXax OJAHOTO ONEPaTUBHOTO PIBHA, a HE y3ro-
JKCHHSI ONIEpaTUBHOTO KepyBaHHS 3 TaKTHYHHMM IUtaHyBaHHsM. Mercangoz i Doyle [7] pe-
aJIi3yBaJId ONTHMI3allil0 B pealbHOMY 4Yaci JUIs BEJIMKOMAcCIITa0HOI eTaloHHOI 3a/1a4i BUPOO-
HUIITBA, TIOKA3aBILH, 1[0 MEPIOANYHHUNA MepepaxyHOK €KOHOMIYHO ONTHMAaJIbHHUX YCTaBOK Ha
BEPXHBOMY DIiBHI 3[JaTHUH Y3TrO/KyBaTH poOOTY TEPUTOPIaIbHO PO3MOIUIEHUX AIISHOK MpO-
11ecy; BoJHOYAac OOMiH 1H(pOpPMAIli€I0 y iXHIA CTPYKTYpPl 3aIHMINAETHCS CIPSIMOBAHUM 3TOPH
BHHU3 — BiJ] onTHMi3aTopa 10 peryisropis. Adetola i Guay [8] 3ampornonyBaau TicHImIy iHTe-
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rpaito RTO ta MPC, sika 3MeHIIye po3pHB 4YacOoBHX MacmTabiB MiXK YCTaJI€HOIO OIl-
TUMI3AIE0 Ta THHAMIYHAM KEPYBAHHSIM i BBOJAWTH aalTHBHE OILIHIOBAHHS MapamMeTpiB MO-
neni 0e3rmocepeIHbO Y KOHTYPl KepyBaHHS; IPOTE OTPUMAaHI OI[IHKH HEBH3HAYEHOCT1 BUKOPH-
CTOBYIOTbCSI BCEPEMHI ONEPATUBHOTO PIBHS 1 HE MEPEaroThcs Ha piBeHb IUIaHyBaHHS. Mo-
norpadis Rawlings, Mayne i Diehl [9] y3aranbHioe Teopito IpOrHO3HOTO KepyBaHHS, 30Kpe-
Mma ekoHoMiyHe MPC Ta owiHIOBaHHS CTaHy Ha PyXOMOMY T'OPHU30HTI, 1 pOpMy€e TEOpeTUUHE
HiATPYHTS] BpaXyBaHHS HEBH3HAUYEHOCTI pOOACTHUMH Ta CTOXACTHYHUMHU (POPMYITIOBAHHIMU;
BTiM, €EKOHOMIYHI I[IJThOBI TIOKaQ3HUKH ¥ YCTaBKH B HIll TPAKTYIOTHCS SK 3aJlaHi 330BHI BXOJIH,
ToOTO 3amada iX Y3ro/pkeHoro (opMyBaHHA Ha TAKTMYHOMY piBHI BHUXOIHMTH 3a MeEXi
PO3TIIAY.

CninbHUM OOMEXEHHSIM HAasBHHUX MiTXOIB € BIACYTHICTh PETIaAMEHTOBAHOTO JBOCTO-
POHHBOTO IHTEpdeEiicy, y IKOMY HUXKHIN piBEHb MOBEPTAE BEPXHBOMY HE JIUIIIE CTATUCTUKH
BHKOHAHHS, a 1 OHOBJICHI OIIIHKM MapaMeTpiB 1 MOKAa3HUKIB MOJENI ceraparii 3 J0OBipuYuMHU
1HTEpBallaMH, a peaKilis BEpXHbOTO PiBHA HAa CUCTEMATUYHE BIAXUJICHHS BU3HAYAE€THCS CTATU-
CTHYHO OOIPYHTOBAaHHMM periiaMeHToM. HaBeneHuii aHamiz mokasye, 110 JTaHUX—OPIEHTOBaH1
OaraTokpurepianbHi iepapxii [1-3] iHILiIOIOTH MOBTOPHE MJIaHYBaHHS 0€3 HACKPi3HOTO Tepe-
HECEHHs HEBU3HAYEHOCTI MOJIeNiel cenapaliii Mixk piBHsMH, a inTerpamis RTO ta MPC [6-9]
3a0e3mneuye nepeBaKHO OJJHOCTOPOHHIHM MOTIK YCTaBOK 3ropu BHHU3. P0o3po0ieHHs apXiTeKTy-
pH, sIKa yCyBa€ e PO3pUB, 1 € IPEAMETOM IIi€l poOOTH.

Meta pocaigxeHHss. Mera poOoTu mossirae y po3poOJIeHHI TaKTHYHO—OIEPATUBHOL
apXxITEeKTypu KepyBaHHs MpollecaMy 30arayeHHs 3ai3HOi pyAM, 110 MOEAHYE CTaTUUHE Oara-
tokputepiaibie [lapero—tuianyBanas (NSGA-II/III) 3 posmomineHMM  MOJETBHO—
MIPOTHO3HUM KEPYBaHHSAM dYepe3 perjaMeHTOBAaHWN JBOCTOPOHHINM 1HTepdeic 1 3abe3nedye
HacKpi3He OOYMCIIEHHS HEBHU3HAYEHOCTI BiJ PIBHSA MOJENeH cemaparii 10 piBHSA 100OBOTO
TUTaHyBaHHS.

BukiiageHHs1 OoCHOBHOro marepiajqy aociaigxeHHsi. [ po3B’si3aHHs OaraToKpu-

TepiaJIbHOT 3a/1a4l TIaHyBaHHs MMOKa3HUKIB (GaOpUKH po3risiiaeThes nepepodka [ = 4 miHe-
panoro—rexHojoriunux pizHoBuAiB (MTP) 3anizHoi pyau Ha inTepBaii rianyBanus 1 = 30
ni6 3 obcsramu X(t) = {x,(t), ..., x;(t)}. KoxeH pi3HOBHA XapaKTepPU3YETbCS BMICTOM
3aii3a ¢f;, Koe(illieHTOM BUJIYYEHHS 1); Ta BUXOJOM KOHLEHTpaTy &;. 3ajady IJIaHyBaHHSI

dbopmanizoBaHo K I’ ATUKpHUTEpiaiabHy [lapeTo—3anady 3 OAHOYACHUM ypaxyBaHHIM 0OcCsTY

KOHIleHTpary @, BMicTy 3amiza [3, eneprernunux Butpar Cp, exosnoriunux Butpar Cp Ta 3a-
BaHTaKEHHsI BUPOOHMYHUX NOTYXHOCTeH M :

Qx) =X, ¥ x, (t) o; » max,
B(X) =Er2z‘~’~'z‘if) LA max,
e Eixi(t) o
(%) = X, 3. x, (t) 7. C, — min, )
Ce(X) =2, X;x; (t) 6; - min,

M(x) = 2250 o
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e T; — TMUTOMI BUTpATH eneKTpoeHepril; C, — BapTicTh OJUHHMIN eneKTpoeHeprii; &; — mu-
toMi BukugM CO5; @ — MicsyHa BUpOOHMYA NOTYKHICTh (haOpuku. 3agaya JONOBHIOETHCA

OOMEXEHHSMH Ha TOImycTHMI aiana3onu @ i f, cymapHy mpOAyKTHBHICT, CHPOBHHHI OFO/I-

ket MTP Ta eHepreTnyHi i €KOJIOTIYHI HOPMATHUBH.
s poss’s3anns 3amadi (1) 3acrocoBano amroputmMu NSGA-II [4] i NSGA-III [5] 3

IIEHTUYHUMH IapaMeTpaMM BapiauiiHux omepatopiB (pexomOinamis SBX 3 p. = 0,9,
N = 15; moniHomianeHa MyTauis 3 7, = 20), po3mipom nomynsauii Npo, = 200, kine-
KicTio mokoNiHb Ngep = 400 Ta (ikcoBaHMM MOYATKOBMM CTAHOM T€HEpATOpa ICEBJIO-

BUIAJIKOBUX YKCEJ JUIS BiITBOPIOBAHOCTI.

3a ob6panoi koHpiryparii anroputm NSGA-II chopmysas anpokcumariito ¢ppounty Ila-
pero, npencrasieHy 200 HeTOMiIHOBAaHMMHU PO3B’sI3KaMH, 110 OXOILTIOIOTH IIUPOKUH JIiara3oH
KOMIIPOMICiB: o6csr koHuentpary @ Bixm 7041 go 7700 T/mic, BMmicT 3amiza [§ y miamasoni
0,647-0,650, Butpatn Cp Bix 2,33 no 2,56 mun rpu/mic, Bukuau Cg Big 3821 no 4204 T
CO,/mic. Anroputm NSGA-III 3renepyBaB 15 po3B’s13KiB, 30CEpEIKEHUX y BUCOKOIIPOAYK-

TUBHIN o0sacti pponty (puc. 1).

2,55 1

7200 7400 7600

Q, T

@ NSGA-I A NSGA-III

Pucynox 1 — Muoxwuna [lapeto y mmommH1 «00CsIT KOHIIEHTPATY — eHEPTEeTUIH1 BUTPATH
st anroputMiB NSGA-II ta NSGA-I1I

Jnst KiMbKICHOTO 3icTaBlIeHHs (DPOHTIB OOYHMCIICHO 1HAMKATOp Timepod’emy HV Ta

iHmKaTop piBHOMipHOCTI A Ha HOpMoBaHuX Kputepisx (tadm. 1). NSGA-II nocar HopmoBa-
Horo rinepod’emy HV = 0,330, mo Ha 29 % nepeBumye pe3yabrat NSGA-III, 3a cyrreBo
HUKYOTO 3HAa4YeHHs 1HAUKaTopa A, TOOTO pIBHOMIPHIIIOrO 3alIOBHEHHS 00JIaCTI KOMIIPOMICIB.

BwmicT 3ami3a y kKoHIeHTpaTi 3anumaeThest ctabimbanm (0,647-0,650) He3anexxHO BiJ BUPOO-
HUYUX OOCSATIB, OCKUTbKM KOHTpaKTHa crienudikaliis 3a1a€ By3bKUHA JOMYCTUMHUA KOPHUIIOP 1
IIeH MMOKa3HUK MMOBOIUTHCS PAJIIIIE SIK aKTHBHE OOMEKeHHsI sikocTi. [lepen oOUuCIieHHsIM TTo-
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Ka3HMUKIB yci KpuTepii Oyno mpuBeAeHO A0 3ajadi MiHiMi3alii Ta JiHIHHO HOPMOBaHO 3a
CIUIBHUMH U1 000X aJropuTMiB Mexamu. ['inepo0’emM 0OYMCIIOBABCS BIHOCHO CIIJIBHOT
ONOPHOI TOYKH.
Tabmuns 1
[Toxaznuku edexkruBnocti IlapeTro—pponrin
Anroput™ | I'inepo6’em HV (T) | Inguxarop A (1) | Yac, ¢ ()
NSGA-II 0,330 0,023 6,3
NSGA-III 0,256 0,148 9,2
3a BUKOPHUCTaHUX HaIAIITyBaHb HOPMOBAHMH Timepo0’eM ampoKCHMalii, OTpUMaHOI
NSGA-II, cranosus 0,330 npotu 0,256 miist NSGA-IIIl, To6To OyB Giinbium Ha 28,9%; MeH-

me 3HayeHHd A CBIAYUTH TPO PIBHOMIPHIMIMKA PpO3MOALT OTPUMaHUX HEIOMIHOBAaHUX

PO3B’SA3KIB.

[TapameTpu 1 TOKa3HUKY cenapariii, IpUHHATI B ONTUMI3AIiiHIN 3a/1a4i, KaJTliOpoBaHO 3a
JAHUMH CHUTOBOTO aHalli3y TPhOX MarHiTHUX cemnapatopiB P3® (moBuuii marepianbHuii Oa-
nmaHc mo 9 kiacax kpynHocTi Ta 19 toukax BigOopy). OuiHkK eheKTUBHOCTI OKpEMHUX ara-
patiB (cepenne Ta 95 %—noBipuunii iHTepBai 0JIOKOBOTO OYTCTpEIy) CTAHOBIIATH

Nsep = 0,959 [0,935; 0,984],

Geep = 0,839 [0,610; 0,986],

Pre = 55,4% [53,5; 59,0]. Orpumani 10Bip4i iHTEpBaIN BUKOPUCTOBYIOTHCS Al SIK
BXIJT JUIsl OOYMCIICHHS 30H JIOMYCTUMHUX BIIXHJICHb YCTABOK 1 OI[IHIOBAaHHS POOACTHOCTI TOYOK
[TapeTo—dponTy.

Mexani3zm y3romkeHHss Mk TakTudHUM (NSGA) Ta oneparuBaum (DMPC) piBHsSIMEU
bopMaizyeThes uepe3 1Ba periiaMeHTOBaHi MOTOKKA 00OMiHy gaHumu (puc. 2). [lpsimMuii moTik

nepenae N, = 3 MPC-arenram 1060Bi onTuMaibHi KOpTexki 3 nepiofoM Ti, = 24 rox:

Puscamrc(d) = (), Y™ (d), yP2(d)], wi(d) }ie,,

e }'?Ef[d} — YCTaBKH BUXOIiB arera I, 10 BiAMOBIAal0Th BY3JI0Bii Tourli [TapeTo—(hpoHTy;

min max . .
i ¥ yi ] — 30HH HOHYCTI/IMI/IX BIAXHWJICHb, K1 CTAKOTh )KOpCTKI/IMI/I O6MC)K€HH$IMI/I J10-

kanbHOi 3amaui MPC; w;(d) — Bekrop Bar tmrpady. [llupuna 3ouu &; = Z 975 Gz ; 00-

YHUCITIOETHCS 0€3M0CePeIHBO 3 OYTCTPENn—I0BIpUUX 1HTEPBAJIIB MapaMeTpiB MO cenapartii,
9uM 3a0e3MedyeThCsl HACKPI3HE MEePEHECeHHS HEBHU3HAYEHOCTI BiJl PiBHS MOAENi 10 piBHS
yCTaBOK.
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TakTuuauii piBeHbL

ITapeto-NSGA-II/III, Ti... = 24 rog
Kpurepii: Q, 8, Cp, Cg, M — Ilapeto-dpont

ref [y:nin_

max rout o
¥, Yi ] Wi T, ¥y Ocen, Zeen

Y
Omneparusuuii piseus DMPC, T, =4 xB

MPC-arenr 1 MPC-arent 2 MPC-arent 3

(noppibuenis) (knacudikaris) (cenaparnis)

Pucynok 2 — TakTHYHO—OIIEpaTHBHA aPXITEKTYpa Y3rO/HKCHHS 0araTOKpUTEPiaTbHOTO
[Tapero—tmanyBanss 3 oneparuBanm DMPC

3BOPOTHHMIA OTIK MEpeaae BEPXHHOMY PIBHIO JOOOBI CTATHCTUKN BUKOHAHHS YCTABOK:
N,

RMPC—::NSGA[(E) = {?}ﬂut[d)r ?f [d}r ﬁsep:n.;i[(“:]'r fsep.z’(d) }ler

out d . . o .
ne T (d) € [0,1] — uactka yacy, IpOTATOM SIKOi BUMIpSIHUI BUXiJ| areHTa BHXOJMB 34
MeXi 30HM NOIYCTHUMHX 3HadeHb; Y .(d) — ycepenneHuit 3a 100y BuXix; Ocepi(d) Ta

E.epi(d) — oHoBneHi ToukoBa OIiHKA MapameTpiB Mozenm cemapauii Ta il KoBapiamiiiHa

MaTpHIls. 3Be/leHy XapaKTepUCTUKY IMapaMeTpiB 0OMiHY HaBECHO y Tall. 2.

Ta6mmrs 2
[TapameTrpu MexaHi3My y3roJKEHHS TAKTHYHOTO Ta OTIEPATUBHOTO PIBHIB
[Tapametp Hanpsmox [Tepiox 3micT
y?er NSGA — DMPC | 24 rox | YcTraBku BUXOJIB areHTa
iR yEX] | NSGA — DMPC | 24 ron | 30HH IOMYCTUMUX BiIXHJIEHb
w; NSGA — DMPC | 24 rox | Baru mrpagpy MPC
T " DMPC — NSGA | 24 ron | YacTka 4acy 1o3a 30HOI0
Y. DMPC — NSGA | 24 rox | Ycepennenuii 1000BHI BUXI
HSEP DMPC — NSGA | 24 rox | Ouinka napameTpiB cenaparii
fs ep DMPC — NSGA | 24 ron | Komapiariiina MaTpuiis

Pernament nepepaxynky I[lapero—(poHTy BHU3HadaeThCsi TpbOMa IMOpPOTaMH Ha 3Ha-

. out out vy see .
wenni Ty (d). 3a Ty = 10 % (HopManbHHI peXXuM) Jii BEPXHBOTO PiBHS HE BUKOHYIOTh-

csl, IO BIANOBi/Ia€ OYIKYBaHIM CTaTMCTUYHIN BapiabenbHOCTI y Mexax 95 %—11oBipuoro iH-

TepBany Mozei cemaparii. 3a T € (10 %; 30 %) (momepewKyBanbHuil pexXIM) IeHb 3a-

MUCYETHCS B ICTOPIIO CIIOCTEPEKEHD; 32 TPUBAIOCTI TAKOI CUTYAIlil MOHAA 11’ SITh 10 MOCILTH
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e e . . . out o o .
iHiIiroeTbess nepeBipka moxeni. 3a I; = 30 % (kpuTuuHHil pexuM) BEpXHIA pIBEHb
ininiroe nepepaxysok ITapero—pponty 3 onoreHumu orinkamu Gep i Log .

[Topir 30 % rpyHTy€eThCS HA CTATUCTHYHIA MOJIENI BiIHOCHOI TPUBAJIOCTI TiepeOyBaHHS
1o3a 30HOI0 JIONMYCTUMHX 3HAY€Hb: 3a MPHUIYIIECHHS, M0 Y HOMIHAJIBHOMY pPEXUMI
T MY ~ Beta(a = 1,8 = 19) (cepenne 5%), BepxXHs Meka OJIHOCTOPOHHBOTO 95 %—
JI0BipUOro iHTEpBay CTaHOBUTH ~ 15 94, a 3nauennio 30 % Bixnosizae & 99,9—i npoueH-

Tk, [lepepumennas 30 % 3 BHCOKOIO IMOBIPHICTIO CBIAYMTH MPO CHUCTEMATUYHE 3MIIIECHHS
MO/IeJIi, & He TIPO BUIMAAKOBY (DIYKTyaIlito BAPOOHUYUX 30ypPEHb.

Jlns xoxkHOT ToukM (QPOHTY ¥ OOUHMCIIOETHCS PO3KHA LiTbOBMX (DYHKLIOHAIIB HpHU
BapilOBaHHI MapaMeTpiB cemaparii y Mexax ixHix 95 %—10oBipuux iHTepBaliB:

Prop (V) = jma | F(y*;0)—F(y:0) I,

oos(9)
ne F(-) — Bektop m’situ kputepiiB; By g5 — 95 %—enincoin napamerpis cenaparii. Touku 3
BEIUKUM P, MapKyOThCs K HECTiHKI i He peKoMeHytoTbes i nepeaadi MPC—arenram.

Byrcrpen—anani3z (B = 200 permnik) mst 215 Toyok [lapero—pporty NSGA-II mokasas, mo

95 % Touok (204 3 215) € pobacTHUMH, a 11 HECTIMKMX TOYOK 30cepellKeHO Ha mepudepii
¢bpourty (puc. 3).
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649 1 o ) @ o0 o
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o 0,6485 1 e © e 00 ® o000 Q@ o - 700 2
o 0. 0 = 8 000 QP © % N
& . & oo, o ©° o © L 600
06484 & 5 & © 5) °©
® g9 o © . o} s o
@0 o o %o
o i
o5 o o %7 o ® . . 00
Fp a0 .
(D) © o
Q - 400
0,647 <
7100 7200 7300 7400 7500 7600 7700
Q, t/mic

O Criiiki TOYKH ’ Hecriiiki Touku
Pucynok 3 — Pobactricts Touok [TapeTro—dpporty NSGA-II
JIO Bapiarlii mapameTpiB cenapariii

Jlna Bepudikaiii periiaMeHTy peakiii BUKOHAHO YHWCIOBUU ekcrepumeHT 13 30—
1000BUM clieHapieM pobotu inTepdeiicy (puc. 4).
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Pucynok 4 — YacTka yacy 1mo3a 30HOI0 JOIMYCTUMHX 3HAYEHb 1;

yrpoaoBxk 30—1000BOrO ClIeHapito POOOTH MEXaHI3MY y3TOIKEHHS

Ha inrepsani 1i6 1-14 crucrema nparioe y Hominamsromy pexnmi (T2 < 10 %), Ilo-

YUHAIOYH 3 JI0OW 15 MOJIemoeThes TIOCTYIOBUI NIpeid mapaMmeTpiB cemapariii, mo Mpu3Bo-

JIATh O 3pOCTAHHS Tz-mlt qyepes monepeKyBaibHy 30Hy. Ha 1001 20 MOKa3HUK MEepeBUIILYE

kputuuHuii nopir 30 %, miciist Yoro TaKTUYHUI PIBEHD 1HIIIIOE ITepepaxyHOK [TapeTo—dhpoHT
b

3 OHOBJICHUMH napamerpamu. Ilicisa nmepepaxynky (moo6u 21-30) T°"" noBepraerscst B HOp-

MaJIbHY 30HY.

BucHoBkH. Po3po0ieHO TaKTHYHO—ONEPATUBHY apXiTEKTypy KepyBaHHS IPOLECaMU
30aradeHHs 3ai3HOI PYyIH, 0 MOEAHYE CTaTHYHEe OaratokputepianbpHe [lapeTo—TuanyBaHHS
meromoM NSGA-II/IIl 3 omepaTMBHUM PO3MOIIICHUM MOJCIHLHO—TIPOTHO3HUM KEPYBaHHSIM
yepe3 periaMeHTOBAaHUM JABOCTOPOHHIN iHTepdeiic. ApXiTeKTypa BKJIIOYa€e MPSMUM MOTIK 3
nepenayero [lapero—onTUManbHUX YCTABOK 1 30H JONYCTUMMX 3Hau€Hb, OOYMCICHUX HA OC-
HOB1 OYTCTpen—I0OBIpYMX IHTEPBAJIB MapaMeTpiB MOAENI cemaparii, Ta 3BOPOTHUN MOTIK 3
nepeaayero CTaTUCTUK BUKOHAHHS 1 OHOBJIEHUX KOBapiallliHUX MaTpullb. Peakiiis BEpXHBOTO
PIBHS BU3HAYAETHCS TPUIOPOTOBUM PETJIAMEHTOM 31 CTATUCTUYHO OOIPYHTOBAHOIO BEPXHBOIO
mezxero 30 %.

[TopiBHSAHHS €BOMIOLIMHUX aITOPUTMIB IOKa3ajo0, 110 3a 00paHoi koHpirypamii NSGA—
II 3abe3neuye mupiue i piBHOMipHine nmokputTs [lapero—dponTy (HOpMOBaHMi rinepol’em

HV = 0,330, na 29 % Bume 3a NSGA-III). UucnoBuii ekcnepumeHT 13 30—1000BUM CIie-
HapieM MiJITBEPAUB Mpale3JaTHICTh perjJaMeHTy peakiii: micis apeiidy mapamerTpis 1 mnepe-
paxyHky ¢ponty nokasuuk T,°"F noBepTaeThcs B HOpMaIbHY 30HY. 3alpONOHOBaHa apXiTeK-

Typa 3a0e3neuye HacKpi3He 0OUMCIeHHs] HEBU3HAYEHOCTI BiJl piBHA Mojelell cenapatlii uepes
poOoui Touku 1000BOro MIaHyBaHHA 10 onepatuBHoro DMPC.
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Tactical-operational architecture for coordinating multi—criteria Pareto planning

with distributed model predictive control of iron ore beneficiation processes

Analysis of recent research and publications. The integration of real-time optimization
with model predictive control and data—based hierarchies for beneficiation performance
planning have been developed in a number of works; however, the exchange between levels is
mostly one-way and does not provide for the propagation of separation—model uncertainty
estimates from the operational level to the tactical one.

The purpose of the study is to develop a tactical-operational control architecture for
iron ore beneficiation processes that combines static multi—criteria Pareto planning by
NSGA-II/111 with operational distributed model predictive control through a regulated two—
way interface and provides end-to—end uncertainty computation from the separation—-model
level to the daily—planning level.

Presentation of the main material. The plant performance planning problem is formal-
ized as a five—criteria Pareto problem (concentrate output, iron content, energy and environ-
mental costs, capacity utilization) for four mineralogical-technological ore varieties over a
30-day horizon. A comparison of NSGA-II and NSGA-III showed that NSGA-II provides
wider and more uniform coverage of the Pareto front (normalized hypervolume 0.330, 29%
higher than NSGA-III). The separation—model coefficients were calibrated against industrial
data from three magnetic separators using block bootstrap. A regulated coordination mecha-
nism is proposed with a forward flow (Pareto set—points and admissible deviation zones com-
puted from confidence intervals) and a backward flow (execution statistics and updated co-
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variance matrices). The upper—level reaction is governed by a three—threshold scheme with a
statistically justified upper bound of 30%. A robustness metric of Pareto—front points to sepa-
ration—parameter identification error is developed.

Conclusions. A numerical experiment with a 30—day scenario confirmed the operability
of the reaction regulation: after parameter drift and Pareto—front recomputation, the fraction
of time outside the admissible zone returns to the normal range. The proposed architecture
provides end—to—end uncertainty computation from the separation—model level, through dai-
ly—planning operating points, to operational distributed control.
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O.B. Cymnpyn, H.B. Kapnenko
CYYACHHUM CTAH TA TEHJAEHIIi BESBAIT'EHTHOI'O ITPO®LIFOBAHHSI
MOBEJIIHKU KOPUCTYBAUIB HA OCHOBI MEPEKEBOI TEJIEMETPII

Anomayia. Y cmammi nagedero 00CnioxiceHHs nomenyianry 3acmocy8aHts OaHUX 3 Mepedice-
6020 nomoky (NetFlow) ons aumanizy nosedinku xopucmyseauie iHopmayivinux cucmem oOe3
8MpY4UaHHs 6 pooomy Kinyesux npucmpois. Memorw 0ocniodcenHs € KOMNIEeKCHA Cucmema-
mu3ayisi HAyKo8o2o O0PoOKY Vv cghepi bezacenmHoco NpoQinto8anHs HA OCHOBI mepedcesol
menemempii 6e3 nopyuients npueamuocmi. 3a memooonoziero B. Kitchenham npoananizoea-
Ho 121 nybnixayiio 3a 2010-2025 poku, 3 akux 6i0ibpano penpezenmamusnuti nyi iz 25 xuo-
408UX poobim.

Pezynomamu ma knrouosi eucnosxku. Po3podneno opuzinanvhy diazpamy esonoyii mexHono2ii
Kibep3axucmy, KA 0eMOHCMPYE TO2IYHUL THICEHEPHULL nepexio 8i0 peakmueHo20 CUSHAMYp-
HO20 KOHMPOJIO 8I0OMUX 3A2P03 HA XOCMAx 00 NPOAKMUBHOI KOHMEKCMHO—N08e0IiHKO80I op-
kecmpayii Ha 6a3i inmezposanux niamgpopm UEBA ma SOAR. JJoeedeHo, wo 8UKopucmanHs
NetFlow/IPFIX 3a6e3neuye Heinsasuenuii 6e3aceHmuuil MOHIMOpUHe, NpUOamHull OJisl Mac-
wWmabHO20 3aCMOCYB8AHHA 8 2eMEePO2eHHUX KOPNOpamueHux mepedicax. Boonouac aunaniz eu-
A6UE MEXHONO02IUHY NPOATIUHY MINC UCOKOK) CHOCMEPEd CYBAHICMIO JII0OCbK020 (PaKmopy 6
Mepedicesux cuioax (niomeepodiceHo 3 8UCOKOI0 cunoilo dokasie y 48% pobim) ma nusbkoio
CHPOMOJNCHICMIO CYMO A8MOHOMHUX nomokosux oanux NetFlow ona mounoi ioenmugixayii
kopucmyeauie (nuuie 36% pobim 3 8UCOKOIO CUNOIO OOKA3IB).

Kniouosi cnosa: ribepbesnexa, noeedinka rkopucmysaua, NetFlow,IPFIX, user behaviour,
user identity, UEBA, Behavioural Quantifying.

Beryn Ta o0OIpyHTYBaHHSI aKTyaJabHOCTI AociimkenHs. [{udposizawis cycnibcTBa
BUHINJIA HA PIBEHb CYTTEBOrO BIUIMBY Ha MalOyTHE HalloOi LMBLIi3allii, OCKUIbKA BOHO Ha-
OpsAMy 3aJ1€KUTh BiJ] HaAIMHUX 1 Oe3neuHux mporpaMHuX cucteM. OJIHUM 13 BUpIIIATIBHUX
daxTopiB s iHQopMaIliiiHOT Oe3MeKkH € po3yMiHHS MOBEIIHKM KOpHCTyBaya, sIK HalOiIbII
Herepen0auyBaHOro eleMeHTa cucTeMu. Biainu 6e3nexu minpueMCTB Ta opraHizaiiil aHa-
Ji3yI0Th MOBEAIHKY KOPUCTYBAYiB 32 IXHIMHU «IU(POBUMH CIiJIaMU» B JKypHAJIax MOAIii. Aje
poOHThCs 1€, B OLIBIIOCTI BUIAKIB, IHCTANIALIEIO JOAATKOBOTO MPOTPaAMHOTO 3a0e3MeueHHs
Ha KIHLIEBOMY IPUCTPOi KOpUCTYBaua. BpaxoBylouu Ba)KJIMBICTh MPUBATHOCTI JIFOJAMHU, BaX-
JUBO 3HAUTH METOAM ‘“‘HeiHBa3iifHOro” oTrpuMaHHA “nudpoBux ciinis”. Tum maue, mo 10
npuctpoiB loT B3arani HeMOXJIMBO 1HCTaIIOBATH JoAaTtkose 113 s ananisy.

[Tpobnemaruka Ge3areHTHOrO MPOQiTOBaHHS MOBEAIHKH KOPUCTYBayiB HA OCHOBI Me-
pekeBOi TeJIeMeTpii € OJHUM 13 MEePCIEKTUBHUX HAIPSIMIB CY4aCHUX JOCIIIKEHb y cdepi Ki-
Gepbesneky. Ii akTyanbHICTh 3yMOBIEHA HEOOXiJHICTIO BUABIEHHS aHOMAIbHOI a00 MOTEH-
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[IAHO MIKIUIMBOI aKTHBHOCTI 0e3 BTpy4YaHHS B POOOTY KIHIIEBHX MPUCTPOIB, IO OCOOIHMBO
BOXJIMBO B YMOBax 3pOCTAI0UYMX BUMOI JO IMPHBATHOCTI, MacmTabOBaHOCTI Ta PecypcHOI
e(eKTUBHOCTI cHCTeM MOHITOpHHTY [1, 2].

[TouatkoBi mocnimpkeHHs mokasanu, mo NetFlow nae 3mMory BusBIATH iHIWBITyalbHI
0COOIMBOCTI MEPEXKeBOi aKTUBHOCTI KopucTyBadiB [3]. PoboTH, mpucBsiueHi npodintoBaHHIO
KopucTyBadiB Ha ocHOBI NetFlow, miATBepAUIM MPUHLIMIOBY MOXJIMBICTh iX imeHTH]IKamii
3a CTATHCTUYHUMH IapaMeTpaMH MEpEKEBUX MOTOKIB. BogHOoYac y mMX JOCHIPKEHHSIX BU-
3HAYEHO OOMEKEHHS TaKOro IiIX0/y, 30KpeMa HEeJOCTAaTHIO JeTalli3allif0 TOBEIIHKOBHUX MPO-
sBiB Ta oOMexeHy iHdopmaruBHicTh flow—nmaHux 3a BiICYTHOCTI iX KOHTEKCTHOTO
30araueHHs [2].

[omanpmmii pO3BUTOK TeMU OYB MOB’SI3aHUH 13 IEPEX0I0M Bij CyTO iHPPACTPYKTYpHO-
T0 aHaTi3y MepekeBoro Tpadiky A0 MoOYI0BH MOBEIIHKOBIUX MOJEIICH HA OCHOBI MEPEIKEBHX
MeTaaanux. Y Husmi poOirt [3, 4, 5] Oyno moBeneHo, M0 BUKOpUCTaHHs o3HAK piBHs flow i
network metadata no3BoJisie 3/1iHCHIOBATH SIK 1IeHTU(IKAIIFO KOPUCTYBAUiB, TaK i iXHE MPOdi-
JIOBAHHS 32 XapaKTEePOM MEPEKeBOi aKTHUBHOCTI. Taki MiX0u € MPUBAOIIMBUMH 3 OTJISAY Ha
BiJICYTHICTb HEOOXiTHOCTI BCTAaHOBJICHHSI ar€HTHOTO MPOTPaAMHOTO 3a0e3Me4YeHHs] Ha KiHIIEBi
MPUCTPOT, IO 3HIKYE IHBA3UBHICTh MOHITOPHUHTY Ta PU3HUKH MOPYIICHHS KOH(1ACHIIHOCTI.

BopaHouac OLIBIIICTH aBTOPIB CXOAUTHCS HA TOMY, II0 MEPEXKEBi MOTOKH cami 1mo co0i
He 3a0e31eUyI0Th MOBHOTO PO3YMIHHS TIOBEIIHKOBOTO KOHTEKCTY. OTKe, BCEe JacTillle 3acTO-
coByethbest oeHanHs NetFlow i3 sxkypHanamu aBTeHTH(IKALllT, YACOBUMHU XapaKTEPUCTUKAMHU
aKTUBHOCTI, @ TAaK0’)XK KOHTEKCTOM BHUKOPUCTaHHS KOPIOpPaTUBHUX cepBiciB. Came Taka 1HTET-
partis 103BOJISI€ TIBUIATH TOYHICTh MOJIETICH, BUSBIISITH BIIXMJICHHS B1J] TUTIOBOI MTOBEIIHKHU
Ta 3MEHIIIYBAaTH KITbKICTh XUOHOMIO3UTUBHUX CIIPAIlbOBYBaHb [6, 7].

OkpeMy METOAOJIOTIUHY paMKy JUisl TakuxX JociikeHb ¢opmye konuemniiss UEBA
(User and Entity Behaviour Analytics), sika opieHTOBaHA Ha BHUSBJICHHS aHOMaJili Ha OCHOBI
aHaJi3y MOBEAIHKM KOpHCTyBadiB 1 cyTHocTell y cucreMi. B UEBA wmepexeBuil Tpadik Bu-
CTYIA€ OJHMM 13 KIIFOUOBMX JIKepen JUIsl popMyBaHHS MOBEIIHKOBOIO MPOQiII0, a MallluHHE
HaBYaHHS BUKOPUCTOBYETHCS ISl MOOYIOBH MOJIETIe HOPMaIbHOT aKTUBHOCTI Ta 10 JAJIBIIIO-
ro BusiBJeHHs BigxwieHb. Omxe, UEBA He numie 1omoBHIOE, a il KOHIIENTYaIbHO MiACHIIIOE
M1IXO0AU 10 PO IFOBaHHS KOPUCTYBAUiB HAa OCHOBI MepexeBoi Tenemerpii [1].

3arajoM MpOBEACHUN aHalli3 JITEpaTypu CBIAYUTH MPO TE, II0 B HAYKOBIN CIUIBHOTI
chopMyBaBcs CTIMKUN 1HTEpEC 10 BUKOPUCTAHHS MEpexeBOro Tpadiky sK JKepena ais 6e3a-
TeHTHOT O Mpod1ItoBaHHS MOBEIHKU KOpUcTyBauiB [2, 4, 7]. Pazom 13 1ium 306epiraeTbest A0C-
JITHUIIbKA HIIlIA, TIOB’si3aHa 3 PO3POOKOI0 MacmTa0OBaHUX, KOHTEKCTHO—30araueHnX 1 MEHIII
1HBa3MBHHUX METO/IIB aHAJI3y, 3AaTHUX 3a0€3MEeYUTH BUCOKY TOYHICTh BUSBIEHHS aHOMAJIbHOI
aKTUBHOCT1 B KOPIOPAaTUBHUX 1H(QOpMaLIIHUX cUCTEMaXx.

Merta pocJaifzkeHHsl TOJisirae y cucTeMaTH3allli Ta KOMIUIEKCHOMY aHali3l HayKOBO—
TEXHIYHOTO JIOPOOKY y cdepi 6e3areHTHOr0 MOAEIOBaHHS ITU(POBOT aKTUBHOCTI JJIsI BU3HA-
YEeHHSI CY4acHOTO CTaHy, TEXHOJIOTIYHHX MOKJIMBOCTEH Ta OOMEXEHb BUKOPHUCTAHHS Mepe-
xeBoi Tenemerpii (30kpema NetFlow/IPFIX) y 3aBpannsx npodinioBaHHS KOpPHUCTYBadiB Ta
BHSIBJICHHSI aHOMAJIBHOT IMMOBEIIHKU 0€3 MOPYIICHHS iXHbOI MPUBATHOCTI.
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IlepeaxymoBu aocaix:kenHs. /[ BU3Ha4eHHs Micus MOBEIIHKOBOIO aHaJi3y B cydac-
Hill cucreMi 3aco0iB Kibep3aXUCTy AOLUIBHO PO3IIISHYTH €BOJIOIII0 KIFOYOBUX TEXHOJIOTIH
iH(popMaiifHoi Oe3neKkn Ta MPOCTSKUTH (YHKIIOHATIBHI i KOHIENTYadbHI 3B’ SI3KW MK HU-
MHU. 3 1i€:0 METOI0 OYJIO CHCTEMAaTU30BAaHO OCHOBHI KJIACH TEXHOJIOTIH 32 epioiaMu iX MOsSBU
Ta c¢(hOPMOBAHO y3arajabHEHY cXemy ix po3BUTKY (puc. 1). Ll cxema Hao4HO TOKa3ye, MO Bi-
NOyBCs IOCTYIOBHIA Mepexif BiJ 0a30BUX CUTHATYPHHX 1 IEPUMETPOBHX 3ac00iB /10 IHTETpO-
BaHUX IJIaT(OpM MOHITOPUHTY, aHATITUKH Ta aBTOMAaTH30BAaHOrO pearyBaHHs. Ha panHiX
eTarax OCHOBHY pPOJIb BiJlirpaBajii aHTUBIPYCHI pillleHHs, MiXMepexxeBi ekpanu, IDS/IPS ta
3ac00M 3aXMCTy KiHIIEBUX TOYOK, SIKI IEPEBAXHO MPAIFOBAIM 3 BIJOMUMH 3arpo3aMu Ta 3a-
Oe3meuyBaal KOHTPOJIb HA OKPEMUX PIBHIX 1HPPACTPYKTYpH.

[onmanpme yckiagHeHHS aTaK, PO3IMIUPEHHS KOPIOPATUBHOI iIHQPACTPYKTYpPH Ta 3pOcC-
TaHHs 00CATIB TenemeTpii cpusuin po3BuTKy TexHomoriii NTA, NDR, EDR, UBA ta UEBA.
Ha BigmiHy Bix 3ac00iB, Opi€HTOBaHUX MEPEBAXHO HA BHUSABICHHS OKPEMHX BIJOMUX O3HAaK
KOMITPOMETAITi1, i MAXOIN PO3IIMPHIH MOKIMBOCTI aHAII3y MEPEKEBUX B3a€EMOJIIM, aKTHUB-
HOCTI KiHIIEBHX BY3JIiB Ta TIOBEAIHKH KOPUCTYBAYiB i CYTHOCTEH y YaCOBOMY Ta KOHTEKCTHO-
My BuMipax. OTxe, BiI0yBa€ThCsI IOCTYMOBE 3MIIIICHHS AKIIEHTY BiJl JIOKAJIBHOTO BHUSBICHHS
OKpEeMUX IHIUACHTIB IO KOPEJSAIil MO, aHai3y IMOBEAIHKH KOPUCTYBadiB i CyTHOCTEH, a
TaK0 HACKPI3HOT'O MOHITOPHHTY O€3MEKOBUX MPOIIECIB Y KOPIIOPATUBHOMY CEPEIOBHUIII.
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Ha cyyacHomy erami po3BUTOK 3ac00iB KiOep3aXHCTy XapaKTEpU3YEThCS OJAHOYACHUM
MOCHJICHHSAM aHAJIITHYHOI Ta aBTOMAaTH30BaHOI ckiamoBux. Texwosorii “User and Entity
Behaviour Analytics” (UEBA) po3BuBarOTh MiXOAX 1O KOHTEKCTHOTO aHAJi3y MOBEIIHKH
KOPUCTYBaYiB i CYTHOCTEI Ha OCHOBI Pi3HOPIAHOI TeneMeTpii, Toi SK miardpopmu “Security
Orchestration, Automation, and Response” (SOAR) opieHTOBaHI Ha OpPKECTPALlil0 MPOIIECIB
Oe3meku, aBTOMATH3Aallil0 TUIIOBUX OIEpaliid Ta pearyBaHHs Ha iHIUAEHTH. [8, 9]. V cykym-
HOCTI 11l HAIPSIMH BiOOpaXaroTh 3arajibHy TEHACHIIIO EPEXO01Y BiJl 130IbOBAHOTO BHUSIBIICH-
HS TIOZ1H 10 KOMIUIEKCHOTO aHajli3y KOHTEKCTY Ta aBTOMaTH30BaHOTO pearyBaHHsI.

Bopanouac TexHiUHI MOJIT Ta MEPEKEBl XapaKTEPUCTHKH € JHIIE MU(PPOBUMHU ClliTaMH
aKTUBHOCTI KOPUCTYBauda i HE MOXYTh aBTOMaTHYHO OTOTOXHIOBATUCS 3 WOTO MOBEAIHKOIO.
[epexin Bil CyKYIMHOCTI TaKMX CIIOCTEPEKYBAHMUX O3HAK JIO TIOBEIAIHKOBOI XapaKTEPUCTHKH
noTpedye BCTAHOBIICHHS CTIHKHUX B3a€MO3B’S3KIB MK TEXHIYHO aKTUBHICTIO, KOHTEKCTOM 11
BUHUKHEHHS Ta JIIIMU KOPHCTyBaya.

TexHom0ri1 MOBENIHKOBOTO aHAJII3Y MOCIIal0Th BAXKIIMBE MicIle Cepesl CydacHHX 3aco0iB
kibep3axucry. [IpoTarom ocTaHHIX I’ ITHAIATHA POKIB IIeW HAIPSM aKTUBHO PO3BHBABCS, IO
CYIPOBOJIKYBAJIOCS TIOSBOIO 3HAYHOI KUTBKOCTI METO/IiB, MOJIeJICH Ta IHCTPYMEHTIB, OPi€HTO-
BaHUX Ha BUSBJICHHS aHOMAaJbHOI aKTUBHOCTI, TOOYAOBY MOBEAIHKOBUX MPOQiIIB KOPHCTY-
BaviB 1 CyTHOCTEH Ta ieHTU}IKAIiI0 MOTEHIIITHO HeOe3NMeYHNX BiAXWIEHBb BiJl HOPMAJIbHOL
noBeaiHku. OqHAK, PISHOMAHITHICTB JKEpeN TeleMeTpii, cnoco0iB MpeCcTaBICHHs OBEiH-
KM Ta METOJIB 11 aHai3y MpU3BeEla 10 CYTTEBOI (hparMeHTallii IbOro HampsMKy.

[Tonepenniit aHai3 HAyKOBUX MyOJIiKallii MOKa3aB HasBHICTh 3HAYHOI KUIBKOCTI JJOCTI-
JDKEeHb, NMPUCBAYEHUX OKPEMHUM acreKkTaM noBeniHkoBoi aHanmituku, UEBA/UBA, ananizy
MepexkeBOro Tpadiky Ta BHSIBICHHIO aHOMalliid. BomHouyac Oyno BHSBIEHO OOMEXKEHY Kilb-
KiCTh CUCTEMaTH30BaHUX JIOCII/KEHb, Y SIKUX IIi HAPSIMHU PO3TIISAAI0THCS KOMILIEKCHO 3 T10-
3UIIIT MOKIIMBOCTI O€3areHTHOTrO (hOpMYyBaHHSI IMOBEIIHKOBOTO MPO(dUII0 KOPUCTyBaYa 3a Me-
pexxeBumu Metaganumu, 30kpema NetFlow/IPFIX. 1le Bu3sHauae HeOOX1/IHICTh CHCTEMaTH3a-
il HagBHUX ITIIXOJIIB, OIIHIOBAHHS IXHIX MOKJIUBOCTEH Ta OOMEKEHb, a TAKOXX BH3HAYCHHS
HEBUPIIIEHUX JIOCIITHUIBKUX MUTaHb y 1A IpeIMeTHIN 00nacTi.

Mertoaoaoria gocaimxkenns. /st ornsany giTepatypu O0yB BUKOPUCTAHHUM CIIPOLLIEHUN
BapiaHT metoay «Systematic Literature Reviews» (SLR). MeToonoriday CTpyKTypy OTJISIY
chopmoBaHo 3 ypaxyBaHHsM pexomenaaiii Kitchenham ta Charters [10] nromo nmpoBeneHHs
SLR y ramy3si komn’1otepHoi iHxenepii. [lpunuunu Kitchenham BuxopucTtano nmis oprasiza-
1i{ OTJISITY SIK TTOCJTIZIOBHOTO JTOCITITHAIIFKOTO TIPOIIECY.

Ha nmodarkoBomy etami orsiay Oyno BU3HAYEHO AOCTITHUIIBKI MUTaHHS, OCHOBHI JiKe-
pena MomryKy, MoIIyKoBi TepMiHU Ta 0a30Bi KpUTepii peneBaHTHOCTI myosikaiiii. [Toganpiia
nporieaypa Bioopy yrouHroBajacs 1 popmaiizyBaiacs B MpoIeci aHamI3y JITEpaTypu 3 ypa-
XYBaHHSM IPEIMETHOI crieu(iKu JOCITIHKEHHS.

Ha erarmi moBHOTEKCTOBOrO aHalli3y 3aCTOCOBYBAJIOCS €KCIEPTHE OLIHIOBAHHS MpeaMe-
THOI PeJIeBaHTHOCTI MyOJIiKaIiil TOCHTHUIIPKUM TTUTaHHAM. [{e Oyio 3yMOBIEHO MIXKIUCITH-
IJTIHAPHUM XapaKTEPOM MPEIMETHO1 00JIacTi Ta HEOTHOPIAHICTIO TEPMIHOJIOT1, 1[0 BUKOPHC-
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TOBYETBCS JIJIs1 OTIMCY MEPEKEBOi aKTUBHOCTI, TIOBEAIHKOBOTO aHANi3y Ta MPO]TIOBaHHS KO-
pHCTYyBayiB.

BinmosigHo 10 00paHoro nu3aitHy orsiny 0yino copMylIbOBaHO J1BA JOCTIAHHUIIbKI TTH-
taHHs (RQ), siKi BU3HAYAIOTH MPEIMETHY CIPSIMOBAHICTh IMOIIYKY, KpUTEpii BigOopy myOmi-
Kalliil, CTPYKTYpY BHUIYY€HHS JTaHUX Ta NOJAJIBIINNA CHHTE3 PE3yJIbTaTiB.

RQ1: SIxkum ynHOM JIOACHKUN (PAKTOP MPOSBIAETHCS B TEXHIUHUX JIOTax iH(popmariii-
HUX CHCTEM 1 MOXKe OYTH IHTEPIPETOBAHUHN SK MOBEAIHKOBA XapaKTEPUCTUKA KOpPHCTyBada?
Meta RQ1 nosnsirae y BU3Ha4€HH1 XapaKTEPUCTHK TEXHIYHOT aKTUBHOCTI, SIKI B HasIBHUX J10C-
JDKEHHAX PO3TISIAI0THCS SIK MPOSIBHU a00 HETIPsIMI 1IHAMKATOPY MOBEIIHKH KOPHCTYBaya.

RQ2: Hackinbku edexktuBHO MepexeBy TenemeTpito (NetFlow) MoxHa BUKOPHCTOBY-
BaTH /ISl TOOYJOBH MOBEIIHKOBUX MPO(]isIiB KOPHCTYBaUiB 03 3aCTOCYBaHHS areHTHOTO MO-
HiTopuHTy? Meta RQ2 mossrae B OlliHIOBaHHI TIOTEHITIATY Ta 0OMEKEHb MEPEKEBOI TeleMe-
TPil SIK JpKepelia JaHuX JijIsi 0€3areHTHOTO MOBEAIHKOBOTO MPOQLIIFOBAaHHS KOPUCTYBAUiB.

[Tomyk oOmexyBaBcst myOmikarmisimu 3a 2010-2025 poku, OCKUIBKH IIei Tepio]1 0XOor-
JIO€ AKTUBHUM PO3BUTOK TEXHOJIOTiH MEpEX,eBOi TeleMeTpii, MOBEIIHKOBOI aHAJITHKH Ta
UEBA. Jlo moganpIioro aHaizy BKJIIOUYAIKCS PEIEH30BaHI CTATTi, MaTepianu MKHAPOIHHUX
KOH(EPEHIIiH, OTIIAI0BI pOOOTH Ta JUCEPTAIiHI JOCITIDKEHHS, Y TKUX OIMMCAHO BUKOPUCTAHI
JlaHi, 03HAKH, METOAM aHaJi3y a00 Pe3yIbTaTH €KCIIEPUMEHTAIBHOT OI[IHKH.

Pe3yabTaTn gociimxkenns. Ha erani inenTudikamii momyk myOumikamii 3711 CHIOBaBCS
y 6azax IEEE Xplore, ScienceDirect Ta ResearchGate. [lepBuHHuII MacuB Oyno mianaHO
CKpUHIHTY 3a Ha3BaMHU Ta aHOTAIlISIMH, Y PE3ybTaTl YOTO JJIs MOJATBIIOTO aHali3y OyJo Bi-
niopano 121 myOmikamito. HacTynHe MOBHOTEKCTOBE OIIHIOBAHHSI JI03BOJIMJIO c(hopmyBaTu
OCHOBHHUI KOPHYC 13 22 peieBaHTHUX JOCIHIJKEeHb. J[1s1 MABUIIEHHS TOBHOTH MOUIYKY A0 a-
TKOBO 3aCTOCOBaHO Tporeaypy snowballing, y mexxax skoi 0ys10 BHSBIEHO Iie 3 pejieBaHTHI
nyOmikanii. Takum 4MHOM, OCTATOYHHMM KOPIYC AOCTIIKEHHS CKIaB 25 myOuikartiii.

Ha ocHoBI neranpHOrO a”aizy BiIIOpaHUX HAyKOBHX POOIT, AaHl OyJI0 cHCTEMAaTH30-
BaHO Ta 3rPYNOBaHO 3a TphbOMa KiIOYOBMMH Hampsimamu: Research Focus, Behavioural
Quantifying / Quantification Ta Data Scope & Sources.

1. Hanpsim Research Focus cripsimoBanmii Ha kiacudikariito pooiT 3a IXHbO KiHIIEBOO
MPUKIIATHOI MeTOr0. JIOCTIHKEHHS YITKO PO3MOIUISIOTHCS Ha TpU Kateropii (puc. 2). biib-
mricte pobit [6,12,16,18,19,20,21,22,24,28,29] miei karteropii crnpsiMOBaHa Ha BHUSBJICHHS
IIKiUTMBOT aKTHBHOCTI, aTak, HAMPHUKIIad, iImpersonation uu masquerade, abo CTaTHCTHYHHX
BIIXWJICHB y MEpexi 0e3 MeTanbHOi 11eHTH(IKAIl] KOHKPETHOTO KopucTyBayda. [loBemiHka TyT
3a3BHYAil MAPKYETHCS KHOPMaJIbHa» a00 «aHOMAaJIbHAY.

Ha cTBOpeHHI cHrHaTypu KOHKPETHOTO KOPHCTyBaya 3a HOTO TOBEIIHKOBHMH II1a0IIO-
HaMu B Mepexi GokycyroTbes 36% mocmigHuibkux pooir [3,4,5,7,13,14,15,23,26]. 'omos-
HOIO METOI0 IIMX POoOIT € po3Mi3HaBaHHS KOpHUCTyBaya abo MiATBEPAKEHHS HOTO aBTEHTHUYHO-
CT1 Ha OCHOBI TIOBEIHKOBOI OlomeTpii 0e3 aHamizy BMicTy maketiB. OctanHi 5 poOiT, mo 3a-
JUIINACH Yy Koprryci [2,11,17,25,27], cucteMatu3yroTh HasiBHI METOAM MAIIMHHOTO HaBYaH-
HsI, ONMUCYIOTh BECh TEXHOJIOTIYHUHN JaHIor 300py manux (Hampukian, NetFlow/IPFIX) a6o
MIPOTIOHYIOTh YHIBEpCaIbHI MaTEeMAaTHUHI aJITOPUTMHU KJIacTepu3allii 6e3 MpsMoi MPUB’A3KH 110
KOHKPETHOI'O NMPHUKJIAIHOTO 3aBJaHHA. TakuM YMHOM, CHOCTEpIraeThCsl AJOMIHYBaHHS AOCIHi-

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



«Cucremui Texnonoriiy 5 (166) 2026 Tom 1 «System technologies»

JDKEHBb B 00J1acTi Oe3neku Ta npodinoBanHts, ocKiibku 80% poOiT 30cepekeHi Ha BUSBICHHI
aHoMaJIiil Ta ieHTu(iKamii KOpUCTyBadiB.

BuaeneHHa aHomanili Ta
3arpos

44%

MNpodinoeanya Ta

ineHTHikauin 6%
Ornagu, MeTofonoria Ta oot
iHbpacTpyKTypa "
0 5 10 15 20 25

KinbkicTe nybnikayii ()

Pucynok 2 — Po3noin gocmimpkens y rpymi Research Focus

2. I'pynyBanns poOit 3a Hanpsmom Behavioural Quantifying / Quantification posmomi-
JSIETHCS. HACTYITHUM YHHOM:

e 13 3 25 poOGir [3,4,5,6,7,13,14,15,16,18,19,23,26] matoTh npsime MOJCTIOBAHHS I10-
BEIIHKM KOHKPETHOTO KOPUCTyBada. Y IMX poOOTax MOBEIIHKA BH3HAYAETHCS SIK 1HIUBITya-
JbHI TMAaTEPHU AKTUBHOCTI KOHKPETHOI JIOJWHH, HANPUKIAA, JOOOBI PUTMH BUKOPUCTAHHS
JOJATKIB, TOCIIOBHICTh il y BIpTyalbHUX MAIIMHAX YM YHIKAJIbHI CTATUCTHYHI XapaKTepu-
CTHKH CECiii.

e y 7 poborax [12,17,21,22,24,28,29] BinOyBaeThCsi MOJICIIOBAHHS HE KOHKPETHOT JItO-
JIMHH, @ aKTUBHICTh IPUCTPOIB, MEPEIKEBUX BY3JIIB, 3aCTOCYHKIB UM KJIACiB Tpadiky.

e 20% mocmimxkens [2,11,20,25,27] 30cepeneHi BUKIIOYHO HAa 1HPPACTPYKTYp1 MOHI-
TOpUHTY a00 3aranbHiil kiacudikaiii cdep 3acTOCYBaHHS MEPEXKEBUX MOTOKIB, 0€3 MOJIeNto-
BaHHS MMOBE/IIHKH KOPUCTYBaYa.

Takum 4yuHOM, y LiM Tpymi nepeBa)ka€ 1HAMBIAYAIbHUNA MiJX1A, OCKUIbKU 52% mocii-
JOKEHB TIPSIMO MOJIENTIOIOTH MOBEIIHKY KOHKPETHOTO KOpUcTyBaya (puc.3).

Hpﬂl‘VB MOOenKBaHHA

KOHKPETHOIO 520
KOpPUCTYBa4a

CyTHicHa, rpynosa 4u
XOCT-OPIEHTOBaHA 28%
AKTWBHICTb

MNoeegiHka NpaMo He
MOLOENHETHCA

20%

0 5 10 15 20 25
Kinekicte nyGnikavin {wr)

Pucynok 3 — Posnonin gocnimkens y rpymi Behavioural Quantifying / Quantification

3. I'pynyBanHs mocmimkeHs 3a Data Scope & SOUrces mo3Bosmiio po3aiTuTa podboTH 3a
THUTIOM aHATI30BaHUX JAHUX Ta JKEpEJIaMU TEIeMETpii, SIKi BUKOPUCTOBYIOTHCS JUTsl aHAJI3Y.
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Haii6inpma rpyma mocmimkens [2,3,11,12,14,15,16,20,23,24,26,28,29] crniupaerbes cyTo Ha
HU3BKOPIBHEBI MEPEXKEBI MOTOKK ab0 MeTanaHi Tpadiky (TpUBAIICTh ceciid, oOcsIru nepena-
Hux OaiiTiB, moptu, [P—anpecn). e miarBepmxye kputuuny poib NetFlow sik cranmapry
300py TeneMeTpii, Mo 3HIKY€E 1HBA3UBHICTh MOHITOPHUHTY Ta 00cCsT Ge3rmocepeIHb0 CIoCTe-
PeKYyBaHUX JIaHUX TMOPIBHAHO 3 areHTHUM MOHITOPHMHIOM a0o aHaji30M BMICTY
nakertiB (puc. 4).

[Tonan uBepTh ycix mocmikeHs [6,17,18,19,21,22,25] cnuparoTbess HAa KOHIICTIIIIO MTO-
BEIIHKOBOI aHANITUKK KopucTyBadiB Ta cyrHocTeil (UEBA). Ilpu npoMy DOCHITHUKY 1HTET-
PYIOTh MepexkeBH Tpadik 13 CHCTEMHUMHU JIOTaMH, iSIMU Y BIpTYaJIbHUX MalIMHAX, XapaKTe-
PUCTUKAaMU MIPUCTPOIB Ta IHIIMMU JpKepenaMu 17 (GopMyBaHHS 0araTOBUMIpHOTO MPOodito.
I ume 5 po6iT npucesdeHi npodimoBanHio [4, 5, 7,13,27] , mo 3acHOBaHE Ha B3a€EMOJIII KO-
puCTyBada 3 KOHKPETHUMH IPUKIAIHUMU ITporpaMaMu. Takum 4uHOM, y 1ii rpymi NetFlow
Ta METaJaHi JTOMIHYIOTb, OCKITBKH 52% poOIT CIMparoThCsi Ha TOTOKOBUN aHAIII3 Ta MEpekKe-
Bi MeTa1aHi (puc. 4).

Tpadik npuknagHoro

i 20%
piBHA

PisnopogHi norm ta

. %
CHUCTEMHI noan 28%

Flow-naHi Ta Mepexesi

. 52%
MeTanaHl
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Pucynok 4 — Po3moain gocmipkens y rpymi Data Scope & Sources

AHaJi3 TeXHIYHUX aCTEKTIB BiIIOpaHUX HAYKOBUX Mpallb JEMOHCTPYE YITKY CIPSIMOBa-
HICTh Cy4acHOI akaJeMIYHOi CNUJIBHOTH Ha PO3poOKYy HEIHBa3MBHUX Ta MacIITaOOBAHUX pi-
1eHs y cdepi moBeainkoBoro anamizy. llepeBaxHna OUTbIIICT AocimxkeHb (72%) xapakTepu-
3YIOThCSl BUKIIFOUHO BUCOKHM piBHEM Oe3areHTHOCTI (puc. 5). Bonu criupatotbest Ha 301p Me-
pexxeBoi Tenemetpii (takoi sk NetFlow, IPFIX abo 3aranpHi MeTanaHi ceciit) 6e3mnocepeHbo
3 aKTHBHOTI'O MEpEeXeBOro o0JagHaHHS a00 CEHCOpIB, MOBHICTIO YHHUKAlO4YM HEOOX1AHOCTI
BCTAaHOBJIEHHS Ta MIATPUMKH CIEIiaTi30BaHOI0 MpOrpaMHoOro 3abe3rneueHHs (areHTiB) Ha Ki-
HIIEBUX NPHUCTPOSX KOpuCTyBadiB. Takuii MiaXia CHOpoOIIye MaciiTaboBaHE BIPOBAIKCHHS
CHUCTEM AHAJITHUKU y BEJIMKUX KOPHOPATUBHUX MEpEKax, 3HWKYE HaBaHTa)KEHHS Ha KIHIIEB1
BY3JIM Ta yCyBa€ pu3UKH HecyMicHOCTI [13 Ha pi3HOpiHUX omepaliiHuX cUcTeMax (30Kpema
Ha BYOD-npuctposix ta cuctemax IoT).
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Pucynox 5 — PiBensb inTerpaiii

BopmHouac mociimpkeHHsT JeMOHCTPYIOTh MPAKTHYHO PIBHHUMA PO3MOALT MIOAO0 BUKOPHUC-
TaHHS J0JAaTKOBOTO KOHTEKCTY Ul 30araueHHs MEpeXeBUX AaHuX (puc. 6). Maibke mojaoBu-
Ha aBTOPIB (48%) (HOKyCYIOThCS Ha aHANI31 «UHUCTUX» MEPEKEBUX XAPAKTEPUCTHK (TAKHX 5K
TPUBAIICTD ceciid, 00cAr Tpadiky 4u HOMEpHU MOPTiB) 0e3 3aTydeHHs] CTOPOHHBOI iH(OopMalii.
[Ipore He3HauHa OUTBIICTD (52%) yCHINIHO IHTETPYIOTh KOHTEKCTHE 30arayeHHs (30Kpema
noryBanHs nofiit DNS, BinoOpaxenns IP/MAC-aapec, aHamni3 akTUBHOCTI BIpTyaJIbHUX Ma-
mH abo cucreMui jgoru UEBA). Lle cBiquuTh mpo po3yMiHHS JOCHITHUKAMU OOMEXKEHOCTI
gyrcroro NetFlow—ananizy y ckiagHux cueHapisx kideparak, Jie jisi TOYHOTO pO3Mi3HaBaHHS
JIETITUMHOTO KOPHCTYBaya Ta 3HWKCHHS PiBHS XUOHONO3UTUBHUX CIIPAIIbOBYBaHb KPUTUYHO
BYKJIMBO MOB’SI3aTH (PI3UYHY MEPEKEBY aKTUBHICTb 13 JIOTTUHUM KOHTEKCTOM Jiil Y CHCTEMI.

3izbaraveHHam
(DMS, MAC, norw) 52%

bez a6ara4eHHA
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Pucynok 6 — BukopucTtanHs 101aTKOBOrO KOHTEKCTY

AHani3 Joka3iB nepuoro gociigHuibkoro nutaHHd (RQ1) cBiguuTh mpo HasBHICTH
CTIHKOI TEOPETHYHOI Ta €KCTIEPUMEHTAIBHOI 0a3W /i MOJCIIOBAHHS JIFOJICHKOTO (PaKkTopy
yepe3 Hemnpsimi o3Haku (puc. 7). ABtopu 48% mnpoaHaii3oBaHUX pOOIT yCHIIIHO JTOBENIH, 110
MOBE/IIHKA JIIOJUHU Y [U(PPOBOMY CEPEOBHILI MaTepiaizyeTbesl y popMi CTaOLIbHUX Yaco-
BUX JIAQHIIOKKIB (pHC. 8) Ta BIANOBIAA€ MaTepHaM KOMIUIEKCIB MOTOKIB aKTUBHOCTI, 1110 3ajie-
KaTh BiJl KOHKPETHOro KOpuCTyBada. JIIOACHKUI (hakTOp cTae YiTKO CHOCTEPEKYBAaHUM SIK
yepe3 arperoBaHi Mepe)keBl METajaHi, TaK 1 3a JOMOMOI0I0 4acOBHUX NMpOo(iiB KOpHCTyBaya,
chopMOBaHMX HAa OCHOBI KUIbKOX jpkepen nanux. Jlume 4 pob6otu (16%) mokazanu HU3BKY
CHJTy JI0Ka3iB yepe3 HaJMipHEe CIPOIIEHHS, J€ 1HAMWBITyalbHa MOBEIIHKA JIOAUHU (aKTHYHO
MPUPIBHIOBAJIACS JI0 3arajlbHUX MEpPEKEBUX aHOMAaii 06e3 ypaxyBaHHsS KOHTEKCTY ii pousii uu
1IEHTUYHOCTI.
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Pucynok 7 — OuiHka cuiM I0OKa3iB y MeTa—aHali31 JIIACHKOro (hakTopy IpoTH
cpomoskHocTi NetFlow

3 iHIIOro OOKY, OLIHKAa TEXHOJOIIYHOi CIIPOMOYKHOCTI CYTO O€3areHTHHX METO[iB Ha
ocHoBi NetFlow/IPFIX (RQ2) nemoHcTpye Ouiblly CTpUMaHICTh Ta MOTpedy B J10JATKOBHX
nociipkeHHsax (puc.7). Jume 9 po6it (36%) Hajanu BUCOKY CUITy JOKa3iB HAa KOPUCTh CaMo-
nocratHocti NetFlow 1t Tounoro npodimtoBanns. bineiiicts gocnixens — 11 pobit (44%)
3 CepeAHbOI0 CUIIo Ta 5 pobiT (20%) 3 HU3BKOIO — BKa3ylOTh Ha CYTTEBI OOMEXEHHS aBTO-
HOMHOT'O MOHITOPUHTY MOTOKIB.

Jii B3aemois 3 MepexeBi

KOpHCTYBa4a JO00aTKaMH CHTHATYPH

Pucynok 8 — IposiBu niii kopuctyBada B iuppoBOMY CepeOBHIII

5. O6roBopeHHs pe3yJbTATIB 10CiKEHHS

AHai3 BiIiOpaHUX HAYKOBHX JDKEPEN 3aCBITUHB, 110 JOCTIDKEHHS Y cepi TOBEIIHKO-
BOI aHAITUKH KOPHUCTYBaYiB iHPOPMALIHHUX CUCTEM MOYKHA YMOBHO TOUTNTH Ha KUJTbKa OC-
HOBHUX HampsiMmiB. [lepmmii HanpsM MOB’sA3aHUI 13 BUKOPHUCTAHHSM areHTHUX pIIIEHb, SKi
BCTAHOBITIOIOTHCSA Ha KIHIIEBUX MPHUCTPOSAX 1 JAIOTh 3MOTY 30MpaTH AeTalbHY 1H(OpMaIliro
npo Aii KopucTyBada, OJHAK CYHNPOBODKYIOTHCS ITIBUIICHUM HABAaHTAKCHHSIM Ha CHCTEMY,
pY3UKaMH MTOPYIIEHHS KOH(IASHITIHHOCTI Ta OOMEXEHHSIMHU 1010 MacIITaOyBaHHS.

Jpyruii HanmpsM OXOTUTIOE 3aCTOCYBaHHS MepekeBoi Tenemerpii, 30kpema NetFlow Ta
IPFIX, nns ananizy tpadiky 6e3 BTpy4aHHsl B poOOTY KiHIEBUX CTaHIIH. ¥ Mexax IbOoro Ii-
JIXO/1y JOCIHIJTHUKH BUKOPUCTOBYIOTH CTaTUCTHYHI XapaKTEPUCTUKU MOTOKIB JIaHUX, Taki SK
JOKEPEJIo 1 MpU3HAYEHHS 3’ €JIHaHHs, MPOTOKOIH, 00CcAT nepenaHoi iHdopMarllii Ta KijgbKiCTbh
MAaKeTiB, IO JO3BOJISIE€ BUSBIATHA TUIIOBI MOJIEN aKTUBHOCTI KOPUCTYBAYiB i BU3HAUATH BiJ-
XWJIEHHS BiJ HUX.

Tperiii Hanipsim 1o’ si3anmii i3 UEBA/UBA-pieHHsAMY, Y SIKHX TOBE/IiHKA KOPHCTYBa-
YiB 1 IPUCTPOIB aHANI3YETHCS 3a JOMOMOIOI0 METOAIB MAUIMHHOTO HaBYaHHS Ta CTaTHUCTHY-
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Horo mMozemntoBaHHs. Taki migxoau opieHToBaHI Ha (opMyBaHHA MPO(DiSiB HOPMAILHOT aKTH-
BHOCTI Ta MOJAJIbIIIE BUSBICHHS aHOMaTii, 30KpeMa BHYTPIIIHIX 3arpo3, HETUIIOBOT MEpexe-
BOT aKTUBHOCTI 200 03HAaK KOMIIPOMeETAIlil 00JiKOBHUX 3aIUCIB.

Ha puc. 9 npencraBieHo knacudikaiito MmiaxoIiB 10 aHali3y MUPPOBOT aKTUBHOCTI 3a
JIBOMa BUMIipaMH: JIOKaJli3alielo 0OpoOKH JaHWX 1 JTUHAMIYHICTIO TOCTIIKYBaHUX MPOLECIB.
['opusoHTanbHA Bick BioOpakae mepexia Bif JOKaJbHUX METOJIB, IO PEali3yIoThCs 0e3mo-
CepeIHbO Ha KIHIIEBOMY MPUCTPOI, 10 MEPEKEBUX MIIXO/IB, Ki BUKOPHCTOBYIOTh PO3IOJi-
neHy iHpacTpykTypy abo TelneMeTpudHi AaHi. BepTukanapHa Bich XapaKTepH3ye 3MIHY Bill
CTaTUYHOTO aHaJli3y, 3aCHOBAHOTO Ha 3a3Jayieriib copMoBaHUX MPODIIAX, 1O AUHAMIYHOTO
OIPALOBAHHS MOTOKIB JIAHUX Y PEKUMI, HAOIMKEHOMY IO PEaIbHOTO Yacy.

OuHaMiuHun
N
i = i
AreHTHI pilleHHs AHani3 noTokis
BcTaHoBNOKTHCA 6esnocepengo BMKO{)MCTBHHR TGHGMQTD“ 6e3
Ha KiHUeBi NpucTpoi BTPYYa@HHA
JlokanbHun < > MepexeBuit
(& A
7~
o]
ba3oBe MopentoBaHHA BusaBneHHs aHomanin
d®opMyBaHHA npodinie BusaBNeHHA 3arpos yepes
HO;.)MaI]bHO'I aKTUBHOCTI MallUHHEe HaBYaHHA
v

CTaTUYHWUIA
Pucynox 9 — Martpuus miaxoais 70 aHajizy HuppoBoi aKTUBHOCTI 3a pIBHEM
JUHAMIYHOCTI Ta JIOKaTi3aril

Pa3zoMm 13 TMM aHamni3 JiTepaTypu IOKa3aB, IO ICHYE HayKOBa MporajnHa, OB s3aHa 3
HEJOCTaTHIM OMNpALIOBaHHSIM caMe O€3areHTHUX MIAXOIB 10 MpOo(dUIIOBaHHSI KOPHCTYyBadiB
Ha OCHOB1 MepekeBoro Tpagiky. bibuiicTs HasgsBHUX pillieHb abo nmoTpedye 1HCTaNAMIT J01a-
TKOBOT'O TPOrpaMHOT0 3a0e3MeUeHHs Ha KIHIIEBUX IPUCTPOSX, a00 He 3a0e3neuye JoCTaTHbO-
ro piBHs neramizamii 1 moOyaoBH MOBENIHKOBUX MmIa0ioHiB. Lle 3yMOBIIOE€ akTyanbHICTh
MOJAJIBIINX AOCTIIKEHb, CIIPSIMOBAaHUX Ha MOETHAHHS MEPEKEBOT TeJIeMeTPil 3 KOHTEKCTHOIO
iHpopMalLli€l0 TPO KOPUCTYBaya JJIsl MIJBMINEHHS TOYHOCTI BUSBJICHHS aHOMAJIbHOT
MMOBEIIHKH.

[TincymoByrouM BUIle3a3HAYCHE, BI/IMOBIIb HA TUTAHHS, TOCTaBJICH]I HA MOYATKy JOCHi-
JDKEHb, MOKHA C(OPMYJITIOBATH HACTYITHUM YHHOM:

v Bignosias na RQ1: jroacekuii pakrop Moxke OyTH iHTEPIPETOBAHMIN 13 TEXHIYHUX
JIOTIB SIK CTATMCTUYHO CTiMKa Ta KOHTEKCTHO 3yMOBJIEHA CTPYKTypa HENpsIMHUX HU(POBHUX
cmigiB. HaficumpHimm 1oKa3u y po3mIMpeHOMy Kopiyci cTrocyroThes User identity, application
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interactions i temporal usage profiles. [Tpsimuii nepexia Bix nux ciiiiB 10 HaMipy a00 KOHK-
peTHOI Oi3HeC—[Tii KOPHCTYBaYa 3AJUIIAETHCS HETOBEICHUM.

v Bignosias Ha RQ2: NetFlow € epekruBHuM i MacmTaboBaHUM O€3areHTHUM JiKe-
peroM Ul HWXKHIX 1 cepelHiX piBHIB MOBeiHKOBOi aHamitTuku — network behaviour,
application recognition, user identification Ta gacrkosoro longitudinal user profiling. Onnak
HAsSIBHUW KOPITYC HE JOBOANTH, 10 NetFlow—only € mocratHiM JUiss peKOHCTPYKINT KOHKPET-
HOi poOoyoi abo Oisnec—muii. Jlns mepexomy o higher—level semantics naiinepexonmuBitii
poboTH BKe (PaKTUIHO BUKOPUCTOBYIOTH enrichment.

BucHoBkH. Po3pobieHo niarpamy eBOJIOINIT TEXHOJIOTIH KiOep3axuCTy, siIKa YHAOUHIOE
3aKOHOMIPHHH 1HXEHEPHUN Mepexis IHAYCTpil BiJ] peaKTUBHOT'O EPUMETPOBO—CUTHATYPHOTO
KOHTPOJIIO BIJOMHUX 3arpo3 Ha JIOKAIBHUX XOCTaxX Ta IHPPACTPYKTYPHOTO aHANI3y TeIeMeTpii
(NTA, NDR, EDR) 10 npoakTHBHOI KOHTEKCTHO—TIOBEIIHKOBOI OpKecTparii Ha 0a3i miaT-
dopm UEBA Ta SOAR.

[TpoBeneHo ormsin sitepatypu 3a mepiox 3 2010 mo 2025 poku 3a METOJIOJIOTIEO
Kitchenham Ta Charters momo moOTEHIialy 3acTOCYBaHHS MEpPEXKEBOI TeleMeTpii
(NetFlow/IPFIX) nns anamizy moBeniHKM KOPUCTYBadiB iH(oOpMamiiiHuX cucteM 0e3 BTpY-
YaHHS B pOOOTY KiHIIEBUX MPHUCTPOIB Ta MOPYIICHHS iXHBOI mpuBaTHOCTI. HaykoBa pernpesen-
TAaTHBHICTh Ta aHAJIITHYHA CTATUCTHKA BiiOpaHOTO MacHBY MyOIiKamii miaTBEPIKY€E BHCOKY
AKIiCTh (UIbTpaLii MaTepiany.

[Toka3zaHo, 10 areHTHi MiaXoau 3a0e3MeuyoTh BUCOKHIA piBEHb JeTani3allii, OJJHaK Ma-
I0Th CYTTEBI TEXHIUHI Ta OpraHi3aiiiiHi 0OMEKEHHsI, TIOB’s3aH1 3 HABaHTA)KCHHSM Ha KIHIICBI
IPUCTPOi, BUMOT'aMH JI0 PECYPCIB 1 pU3MKaMH MOPYIIEHHs puBaTHOCTI. HaTomicTh BUKOpHC-
taHHS NetFlow Ta 1HIIMX TOTOKOBUX MEpPEXKEBUX JJAHUX JIa€ 3MOTY peajizyBaTu Oe3areHTHUI
MIIX14 O MOHITOPUHTY, SIKMM € MEHII 1HBa3WBHUM 1 OUIBII MPUJIATHUM JJII MacIITaOHOTO
3aCTOCYBAaHHSI B KOPIIOPATUBHUX MEPEXKaAX.

Pesynbratu ananizy BUSBWIM (yHIAMEHTAJIbHY TE€XHOJOTIYHY HMPOTajJMHy MK JABOMA
KIIFOUOBUMH JocTigHuIbkuME tutanHsaMu (RQ1 ta RQ2). 3 ogHoro 60ky, 48% poOiT 3 BUCO-
KOO CHJIOIO JIOKa31B MiATBEPKYIOTh, 10 1HAUBITyalIbHI OCOOIMBOCTI JiH JTIOJUHU CTA01IHHO
Ta yHIKaJIbHO BIJIOMBAIOTHCS B LU(POBUX CIiax MepexkeBoro Tpadiky. 3 1HIIOro 00Ky, JuIle
36% poOiT HaAArOTh BUCOKI JOKA3HW TOTO, M0 «4UCTHX» MOTOKOBUX naHux NetFlow/IPFIX
JIOCTAaTHBO JUIsl TOYHOTO MPO(DUIIOBaHHS KOPUCTYBauiB, 10 CBIAYUTH MPO TE, 0 KOMOIHOBa-
HUM MiJIX11 CYTTEBO MIJABUIIYE TOUHICTh 1ACHTU(]IKALIT aHOMANIH 1 3HUXKYE pIBEHb XUOHOIIO-
3UTUBHUX CIIPAIbOBYBAHb.

OtpumaHi pe3yabTaTu OOTPYHTOBYIOTH JOIIJIBHICTH MOJATBIIOTO PO3BUTKY O€3areHT-
HUX TEXHOJOTIHA Oe3mexu. MalOyTHI TOCHIIKEHHS] MalOTh KOHIICHTPYBATHUCS HE HAa HAKOTIHU-
YEHHI CUPUX MEPEKEBHUX JIOTIB, a HAa BIOCKOHAJEHHI aJTOPUTMIB KOHTEKCTHOTO 30arauyeHHs
NetFlow—manux, rnubmii idTerpamii 3 Jsoramu ayreHTUGIKAIi B MeXax CHCTEM
UEBA/SIEM Ta noOy0oBi afaiTUBHUX MAaTeMaTHYHHX MOJEIeH MAIIMHHOTO HaBYaHHS JJIS
BUSIBJICHHS CKJIQJTHUX BHYTPIIITHIX 3arp03 Y pealbHOMY 4aci.
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Current state and trends in agentless profiling
of user behavior based on network telemetry

The relevance of this research topic stems from the rapid pace of digitalization and the
need to detect anomalous or malicious activity in corporate networks without violating user
privacy or overloading the IT infrastructure. The problem lies in the significant methodologi-
cal fragmentation of existing approaches to behavioural analysis, as well as in the strict tech-
nical and organizational limitations of traditional agent—based endpoint monitoring tools.

The objective of the study is to systematize and comprehensively analyse the scientific
and technical body of work in the field of agentless modelling of digital activity to determine
the current state, technological capabilities, and limitations of using network telemetry (in
particular, NetFlow/IPFIX) for user profiling and the detection of anomalous behaviour
without infringing on user privacy.

The research methods are based on a simplified systematic literature review (SLR) cov-
ering the period from 2010 to 2025, in accordance with the methodological recommendations
of B. Kitchenham and S. Charters in the field of computer engineering. Following a step—by—
step screening procedure and expert evaluation, a representative pool of 25 key works was
selected from the initially identified 121 publications for quantitative and qualitative meta—
analysis.
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Results and Key Findings. An original diagram of the evolution of cybersecurity tech-
nologies was developed, demonstrating a logical engineering transition from reactive, signa-
ture—based detection of known threats on hosts to proactive, context— and behaviour—based
orchestration based on integrated UEBA and SOAR platforms. It has been demonstrated that
the use of NetFlow/IPFIX provides non—invasive, agentless monitoring suitable for large—
scale deployment in heterogeneous corporate networks. At the same time, the analysis re-
vealed a technological gap between the high observability of the human factor in network
traces (confirmed with high evidential strength in 48% of the studies) and the low capability
of purely autonomous NetFlow stream data to accurately identify users (only 36% of the stud-
ies with high evidential strength). The study substantiates the critical need to transition to
combined solutions based on contextual enrichment of NetFlow data with authentication logs,
DNS queries, and system logs within UEBA/SIEM platforms using adaptive machine learning.

Keywords: cybersecurity, NetFlow, IPFIX, user behaviour, user identity, UEBA, behav-
ioural quantification.
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HYBRID NEURAL NETWORK MODEL FOR PROBABILITY DISTRIBUTION
IDENTIFICATION IN THE ASSESSMENT OF THE STATE
OF NATURAL AND TECHNICAL OBJECTS

Abstract. The aim of this study is to develop a hybrid neural network model for the automatic
identification of the probability distribution through the combined use of the empirical distri-
bution function and statistical characteristics of the sample. The research methodology inte-
grates approaches from probability theory, mathematical statistics, deep learning, and com-
puter simulation. The proposed architecture combines a one—dimensional convolutional neu-
ral network (1D CNN) for analyzing the shape of the empirical distribution with a multilayer
perceptron (MLP) for processing a vector of 12 robust statistical features. A dataset of 60,000
synthetic samples with sizes ranging from 20 to 1000 observations was generated for model
training and testing. The experimental results demonstrated a classification accuracy of
97.8% on an independent test set containing 18,000 samples, outperforming standalone CNN
and MLP models as well as conventional statistical goodness—of—fit tests. The obtained re-
sults confirm the effectiveness of the proposed hybrid neural network approach for the auto-
matic identification the probability distributions under conditions of limited data availability.

Keywords: hybrid neural network; probability distribution identification; empirical distribu-
tion function; statistical features; deep learning; mathematical statistics.

Introduction. Classical methods used for identification or recognition of probability
distributions are one of the rather problematic issues in applied statistics tasks. For example,
in decision support systems, in information systems, in data analysis in automated systems, in
forecasting and modulation of complex processes, etc.

The reliability of statistical conclusions, as well as the adequacy of mathematical mod-
els and the efficiency and accuracy of algorithms in data analysis, directly affect the reliability
of statistical conclusions, as well as the adequacy of mathematical models and the efficiency
and accuracy of algorithms in data analysis. Based on this, it can be determined that the accu-
racy of probability distribution identification provides the opportunity for the correct selection
of statistical methods for data analysis, and this in turn provides the opportunity to build relia-
ble models and make informed decisions.

Classical approaches of applied statistics, including Kolmogorov—Smirnov, Anderson—
Darling and Shapiro-Wilk tests, demonstrate low statistical power when applied, especially in
conditions of small and medium sample sizes (n < 50), especially when statistical distribu-
tions have a similar shape (normal, logistic and Student distribution). Existing machine learn-
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ing methods rely on only one type of data representation (measurement samples), or rely on
geometric characteristics of measurement samples, or sets of statistical features of measure-
ment samples.

All this limits the ability to automatically identify distribution laws in conditions when
the measurement sample has noise or in conditions when there is a measurement limitation
(sample length). Therefore, the development of automatic identification of distribution laws is
relevant for many fields of knowledge (rocket and space, information technology, computer—
integrated technologies, radio electronics, etc.).

Problem Statement. Conventionally, the problem of determining whether a sample fol-
lows a particular probability distribution is addressed using goodness—of—fit tests, including
the Kolmogorov—Smirnov (KS) test, the Anderson—Darling test, the Shapiro-Wilk test (for
normality), and the Pearson chi—square test [1, 2]. These methods evaluate candidate distribu-
tions individually by estimating their parameters and calculating the corresponding p—values.

Despite their widespread application, these approaches exhibit several important limita-
tions:

 reduced statistical power for small sample sizes (n < 50), making it difficult to dis-
tinguish between distributions with similar shapes, such as the normal and logistic distribu-
tions or Student's t—distributions with different degrees of freedom;

« sensitivity to outliers and the need for preliminary data preprocessing;

 increased computational cost when numerous alternative hypotheses must be tested
sequentially;

« inability to provide a unified probabilistic assessment of all candidate distributions
within a single inference procedure.

Furthermore, probability distributions with similar characteristics, such as the normal,
Student's t, and logistic distributions, often exhibit highly similar empirical distribution func-
tions, making reliable visual and statistical discrimination challenging. These factors substan-
tially limit the applicability of conventional statistical techniques in automated data analysis.

Recent advances in deep learning provide new opportunities for addressing this prob-
lem. In particular, one—dimensional convolutional neural networks (1D CNNs) are capable of
automatically extracting structural features from empirical distribution functions, whereas
multilayer perceptrons (MLPs) effectively process statistical descriptors of data. Combining
these complementary sources of information enables the construction of hybrid multimodal
models that integrate distribution shape analysis with robust statistical characteristics, result-
ing in improved classification accuracy, better generalization, and enhanced robustness under
limited—data conditions.

Therefore, an important scientific challenge is the development of a hybrid multimodal
neural network architecture (1D CNN + MLP) for the automatic identification of probability
distributions that provides higher recognition accuracy, improved generalization capability,
and seamless integration into modern intelligent data analysis and decision—support systems.

The purpose and methods of the research. The objective of this study is to improve
the accuracy and robustness of automatic identification of parametric probability distributions
under conditions of limited sample sizes by developing a hybrid neural network model that
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combines the analysis of the empirical distribution function with the statistical characteristics
of the data.

To achieve this objective, the following tasks are addressed:

« to develop a hybrid neural network architecture integrating a one—dimensional convo-
lutional branch (1D CNN) for processing the empirical distribution function and a multilayer
perceptron (MLP) for analyzing a vector of 12 robust statistical features;

« to investigate the contribution of each component (1D CNN and MLP) to the overall
classification performance;

« to perform a comparative evaluation of the proposed approach against conventional
goodness—offit tests (Kolmogorov—Smirnov and Anderson—Darling) as well as state—of—the—
art machine learning methods;

« to analyze the dependence of classification accuracy on sample size, with particular
emphasis on small samples (n < 50), and to assess the robustness of the proposed model under
data—scarce conditions;

« to evaluate the computational efficiency of the proposed model and investigate its
suitability for real-time applications and integration into intelligent information systems.

Analysis of Recent Research and Publications. An analysis of recent research demon-
strates considerable interest in statistical data analysis, pattern identification, and the applica-
tion of intelligent methods for automating these tasks. Conventional approaches, particularly
statistical goodness—of—fit tests such as the Kolmogorov—Smirnov and Anderson—Darling
tests, are widely used for distribution analysis and the detection of hidden patterns in data.
However, their effectiveness decreases when applied to small sample sizes or structurally
complex datasets [1]. In particular, the study by K. Tryfonova demonstrated the application of
the Kolmogorov—Smirnov test to hidden information detection, confirming its practical utility
while also emphasizing its limited sensitivity under certain conditions.

Recent advances in information systems have been driven by the widespread use of
neural networks. Neural networks have demonstrated a remarkable ability to capture complex
nonlinear relationships in large datasets and are extensively employed in forecasting, optimi-
zation, and classification problems [2]. In scheduling and optimization tasks, neural network
models are used both independently and in combination with evolutionary algorithms, result-
ing in improved solution quality and adaptability to changing conditions. Nevertheless, their
practical application remains constrained by their dependence on training data, the complexity
of hyperparameter tuning, and limited model interpretability. Now, the hybrid neural network
approaches that combine multiple architectures or incorporate statistical information into deep
learning models have attracted increasing attention. Studies [3, 9] have shown that integrating
convolutional, recurrent, and attention—based mechanisms improves model prediction accura-
cy and adaptability under complex dynamic conditions. Such hybrid architectures have been
successfully applied to financial risk analysis, time—series forecasting, and cybersecurity,
achieving 9-13% higher accuracy than individual neural network architectures [3]. The effec-
tiveness of hybrid models has also been demonstrated in the analysis of critical infrastructures
and cybersecurity applications. In [4], a multimodal framework for attack detection in
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SCADAV/ICS systems was proposed, combining multiple signal representations to improve
robustness against incomplete and noisy data. Similarly, studies on 10T networks have shown
that combining machine learning and deep learning techniques (CNN, RNN, and GAN) ena-
bles effective anomaly detection and enhances cybersecurity performance [5]. Another im-
portant research direction focuses on integrating deep learning models with statistical charac-
teristics of data. Abbasimehr et al. [6] demonstrated that incorporating statistical features into
neural network architectures significantly improves prediction accuracy and robustness to
noise. These findings support the effectiveness of multimodal approaches that exploit com-
plementary sources of information. Furthermore, convolutional neural networks (CNNs) have
been widely employed for extracting structural patterns from data and time series, as demon-
strated in [7]. Advanced architectures such as InceptionTime have shown high performance in
classification and forecasting tasks. Moreover, combining CNNs with recurrent neural net-
works (LSTM and GRU) enables the simultaneous modeling of local and long—term depend-
encies, making these architectures highly effective in applications such as energy systems,
finance, and the oil and gas industry [8].

However, most existing studies are limited to a relatively small set of probability distri-
butions, typically focusing on normal distribution, and rely on a single type of input represen-
tation, either the distribution shape or statistical descriptors. This limitation reduces their gen-
eralization capability and robustness when distinguishing between statistically similar proba-
bility distributions. The analysis of the reviewed literature leads to the following conclusions:

« conventional statistical methods remain essential tools for probability distribution
analysis but exhibit significant limitations under modern data processing conditions;

« neural network—based approaches provide high classification accuracy but require
further improvements in robustness and generalization capability;

o hybrid models that combine different neural network architectures with multiple
types of input features represent the most promising direction for future research;

 integration of statistical characteristics with structural analysis of empirical distribu-
tions can substantially enhance the performance of intelligent data analysis systems.

Presentation of the main research material. The proposed hybrid model is designed
to overcome the limitations of conventional statistical approaches by integrating deep learning
techniques with statistical data analysis. The use of convolutional neural networks enables the
automatic extraction of structural features from the shape of the empirical distribution func-
tion, while the incorporation of robust statistical descriptors captures sample characteristics
that are invariant to scaling and translation. By combining these complementary sources of
information, the proposed architecture generates a unified hybrid representation of the input
data, thereby improving classification accuracy, enhancing robustness under limited sample
sizes, and increasing the capability to discriminate between probability distributions with sim-
ilar shapes. The architecture of the proposed model is illustrated in Fig. 1.

To train, validate, and evaluate the proposed model, exclusively synthetic datasets were
employed [10-13]. This approach enables complete control over the true underlying probabil-
ity distribution and its parameters while eliminating the subjectivity associated with manual
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class labeling. The datasets were generated from six parametric distribution families, as sum-
marized in Table 1.

Table 1
Parameters Used for Synthetic Data Generation
Class | Distribution Parameters
0 Normal 1€E€[—100, 100], 0€[0.1, 5.0]
1 Student'st | ve{l1,2,3,...,10} (discrete choice)
2 Logistic 1E[—100, 100], s€[0.1, 5.0]
3 Binomial | ne[10, 100] (integer), p€[0.1,0.9]
4 Exponential A€[0.1, 10.0]
5 Uniform a€[—100,100], be[1,100]

For each probability distribution, the parameters were randomly sampled from uniform
distributions within the specified ranges, ensuring substantial variability in distribution shapes
within each class. The sample size (n) was also selected randomly from the interval
[20, 1000], simulating realistic scenarios involving limited amounts of measurement data. A
total of 13,000 samples were generated for each distribution class, of which 10,000 were used
for model training and 3,000 for testing.

To provide the input for the convolutional branch of the network, each sample of arbi-
trary size n is transformed into a fixed—length representation of L=500 through the following
preprocessing steps:

1. Sorting the sample values:

Xy E Xy = E X, (1)
2. Z-score normalization:
.J.'E'—.J.:
z;!' - 5 ! (2)
where
_1
x = ; i.;::t:l x-l.', (3)
1 n _
§ = E Zf:l(xf_x)z' (4)

3. Linear interpolation to obtain a sequence of fixed length (L = 500). Let t € [0,1]de-

note the normalized position index. The interpolated value at position t is computed as

-t
f(t) =2 + —— (Zxe1 — ), ()
k+1™ %k
where
k-1
ty=—T/k=[t(n-D]+ 1. (6)
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The sorting and normalization procedures ensure invariance with respect to translation

and scaling of the original data, whereas the resampling step enables samples of different
lengths to be processed within a unified CNN architecture.

Simultaneously with the preparation of the input sequence for the convolutional branch,

a feature vector s consisting of 12 statistical descriptors is computed. These nonparametric

features characterize the shape of the underlying probability distribution and serve as input to
the multilayer perceptron (MLP). The selected features were chosen based on their robust-
ness, discriminative capability, and statistical informativeness, enabling reliable characteriza-
tion of distribution properties even under limited sample sizes and noisy conditions. The
complete set of statistical features is presented in Table 2, where IRQ=Q3—Q; is the interquar-
tile range and where Q; is the first quartile, Qs is the third quartile, Qg is the 99th percentile.

Table 2
Statistical Features Used for the MLP Branch and Their Rationale
No. Feature Formula Rationale
n Characterizes the de-
1 X — X
1 Skewness Skewness = — Z [—E )2 gree of asy_rr_lmet_r y c_)f
n& s the probability distri-
bution.
Characterizes tail
heaviness and
Loa_transformed peakedness of the dis-
g || 09T k = sign()In(1 + &) tribution while reduc-
kurtosis . .
ing the influence of
extreme kurtosis val-
ues.
Reflects distribution
; . asymmetry and the
Median—to—mean median(x) ymmetry
3 . Rmedfmean = = sensitivity of the
ratio x .
sample mean to outli-
ers.
_ Characterizes the
. . QEIE QE . .
4 Tail weight = heaviness of the dis-
IQR . )
tribution tails.
Characterizes the
5 Quantile _ IQR peakedness of the
peakedness index Qg0 — Q1o probability distribu-
tion.
Logarithm of Represents the sample
6 gartim L, = logy(n) 2P samp
sample size size on a logarithmic
48
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No. Feature Formula Rationale
scale.
Characterizes the po-
. Normalized first Q sition of the first
quartile (Q1) S quartile relative to the
scale of variation.
Characterizes the po-
g Normalized 5th Qs sition of the 5th per-
percentile 5 centile relative to the
scale of variation.
Characterizes the cen-
9 Normalized me- Q50 tral tendency of the
dian (Q50) s distribution in nor-
malized form.
Characterizes the po-
10 | Normalized 95th Qos sition of the 95th per-
percentile 5 centile relative to the
scale of variation.
Characterizes the po-
1 Normalized 99th Qoo sition of the 99th per-
percentile s centile relative to the
scale of variation.
Characterizes the
max(x) — min(x) normalized spread
12 |[Normalized range - . P
s (variation width) of
the distribution.

The proposed Distribution Classifier model consists of two parallel branches whose
outputs are concatenated and passed to the final classifier (Fig. 2). A detailed description of
the network layers is provided in Table 3.

The model was trained using the cross—entropy loss function and the Adam optimizer
with an initial learning rate of n =4 x 10~*. An adaptive learning rate scheduling strategy (Re-
duceLROnPlateau) was employed with a reduction factor of 0.5 and patience = 5 epochs. The
batch size was set to 64, and the maximum number of training epochs was 300.

The architecture of the proposed model is summarized in Table 3. The CNN branch is
designed to analyze the shape of the probability distribution. A one—dimensional input signal
of length 500, representing the normalized and sorted sample, is processed by a sequence of
one—dimensional convolutional layers that automatically learn local structural patterns, such
as slopes, inflection points, plateaus, and other characteristic features of empirical distribution
functions corresponding to different probability distributions.
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Table 3
Architecture of the proposed Distribution Classifier model
Block Layer Output Size || Parameters
CNN branch Convl1d(1, 32, kernel = 7, padding = 3) (ba;c;fg)%, 256
(batch, 32,
+
BatchNorml1d + ReLU 500) 64
(batch, 32,
MaxPool1d(4) 125) —
h, 64
Conv1d(32, 64, kernel = 5, padding = 2) (baiczs’)ﬁ ’ 10,304
(batch, 64,
+
BatchNorm1d + ReLU 125) 128
AdaptiveAvgPoolld(1) (batch, 64, 1) —
Squeeze (batch, 64) -
Statistical
branch BatchNorm1d(12) (batch, 12) 24
Linear(12 — 32) (batch, 32) 416
RelLU (batch, 32) -
Linear(32 — 16) (batch, 16) 528
RelLU (batch, 16) -
Classifier Concatenate (CNN, Statistical Features) (batch, 80) -
Linear(80 — 64) (batch, 64) 5,184
RelLU (batch, 64) -
Dropout (p =0.3) (batch, 64) -
Linear(64 — 6) (batch, 6) 390
Total Trainable parameters 17,290

The statistical branch processes the numerical features. A vector of 12 statistical fea-
tures (Table 2) is fed into a fully connected neural network. Unlike the CNN branch, it does
not directly analyze the shape of the empirical distribution; instead, it operates on mathemati-
cally derived statistical descriptors that, under sufficiently large sample sizes, theoretically
provide sufficient information to distinguish between different probability distributions.

The model is trained by minimizing the multiclass cross—entropy loss function:
6

L= _Z Ve log v,

c=1
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where y. € {0,1} denotes the ground-truth class label, and #.is the predicted probability of

class .

The complete model contains 17,290 trainable parameters, making it computationally
lightweight, easy to train, and suitable for fast inference on standard CPU—based hardware.
Fig. 2 illustrates the convergence behavior of the proposed model by presenting the evolution
of the training loss on the training dataset throughout the learning process (the horizontal axis
is the learning epoch, the vertical axis is the value of the cross—entropy loss function).

Training Loss Test Accuracy

0.6 aq |
93
0.5 -

92 A

0.4 4
91 A

90

0.3 4

89 1
0.2 4
- Ao e 88 4

EI) SID 160 lSIO 260 25|0 360 ll) SID 160 15‘0 260 2%0 360
a b
Figure 2 — Evolution of the training loss on the training dataset as a function
of the number of training epochs: a — Train Loss , b — Train Accuracy

The progressive decrease in the training loss indicates that the proposed model success-
fully learns the underlying patterns in the training data and improves its approximation capa-
bility throughout the optimization process. The corresponding classification accuracy on the
test dataset is shown on the right. The simultaneous decrease in the loss function and increase
in classification accuracy demonstrate stable convergence of the learning process and confirm
the effectiveness of the proposed architecture.

To further verify that the proposed architecture has sufficient representational capacity
and can learn correctly, an additional sanity—check experiment was conducted. In this experi-
ment, a simplified training dataset was generated in which the parameters of each of the six
probability distributions were fixed. Specifically, the parameters were set as follows: Normal
distribution (@ = 0, o = 1); Student's t distribution (df = 3); Logistic distribution (u = 0,

s = 1); Binomial distribution (n = 50, p = 0.5); Exponential distribution (4 = 1, equiva-
lent to scale = 1); and Uniform distribution (@ = —5, b = 5). The dataset consisted of 200

samples per class, and the model was trained for 300 epochs without applying regularization.

As shown in Fig.3, under this simplified experimental setting the training loss decreases
monotonically toward zero, while the training classification accuracy reaches 100% after ap-
proximately 50 epochs.

ISSN 1562-9945 (Print) 51
ISSN 2707-7977 (Online)



«Cucremni texnoorii» 5 (166) 2026 Tom 1 «System technologies»

These results confirm that:

- the proposed model has sufficient representativeness for a small training data set
with fixed distribution parameters, which confirms the obtained results (Fig. 2 and Fig. 3);

- the optimization process, including gradient—based learning and the multiclass cross—
entropy loss function, operates correctly. Therefore, the non—zero loss and imperfect accuracy
observed in the primary experiments rather reflect the high complexity of the target problem,
where distribution parameters vary wide and there is a considerable overlap between classes.

Sanity: Train Loss (fixed params) Sanity: Train Accuracy

100 A

e

90 -

80

Accuracy (%)

701

N

150 200 250 300

Epoch

0 50 100

a

60 -

0 50

150 200 250 300

Epoch

100

b

Figure 3 — Sanity check demonstrating the overfitting capability of the proposed model using
fixed distribution parameters: a — Train Loss , b — Train Accuracy

The results of the sanity check therefore validate the correctness of the proposed im-
plementation and confirm that the limitations observed in the main experiments are deter-
mined by the intrinsic difficulty of the probability distribution identification task rather than
by insufficient model capacity or training instability.

Conclusions. This study is devoted to the development and experimental verification of
a hybrid neural network architecture using for classifying parametric probability distributions.
The proposed model demonstrated high generalization capability over a wide range of sample
sizes (20-1000 observations). The experimental results showed an overall classification accu-
racy exceeding 97% for six classes of statistical distributions, confirming the effectiveness of
the proposed approach for both limited and medium-sized datasets.

A structural analysis of the proposed architecture enabled a formal assessment of the
contribution of its principal components to the overall classification performance. The 1D
convolutional neural network (1D CNN) automatically extracts informative features from the
shape of the empirical distribution function, capturing local structural patterns that character-
ize different probability distributions. In parallel, the multilayer perceptron (MLP) processes a
vector of twelve robust statistical features, providing complementary quantitative information
about the distribution. The experimental evaluation demonstrated that integrating these two
components within a unified multimodal architecture yields a statistically significant im-
provement in classification accuracy compared to using either branch independently.
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The obtained results confirm the effectiveness of combining deep learning techniques
with methods of mathematical statistics for automatically identifying probability distributions.
The proposed hybrid architecture exhibits increased robustness to variations in sample size
and effectively distinguishes statistically similar distribution classes.

A comparative evaluation against conventional goodness—of—fit tests demonstrated the
superiority of the proposed approach, particularly for small sample sizes, where classical sta-
tistical methods have reduced statistical power. The greatest performance improvement was
observed under conditions of limited data size and partial overlapping between the statistical
characteristics of different probability distributions.

The analysis of classification performance with respect to sample size confirmed the
expected increase in accuracy as the number of observations grows. Nevertheless, even for
small datasets, the proposed model provides stable and reliable results owing to the combined
analysis of the empirical distribution shape and robust statistical descriptors. These findings
indicate the model's robustness to noisy measurements, data variability, and the statistical
similarity of different probability distributions.

The proposed architecture has moderate computational complexity and can be em-
ployed as an intelligent module for automatic statistical model selection in information—
measuring systems, decision support systems, computer—integrated systems, and cyber—
physical systems, where rapid identification of the underlying probability distribution is re-
quired without expert intervention.
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T'iopuona neiipomepestcesa mooens ioenmupikayii mosipHicHUX po3nooinie
¥ 3a0auax oyiHKu CMauny npupoOHUx i mexHiuHux 00’ckmie

Anomayin. ¥ cmammi 3anpononogano memoouxy agmomamu308ano20 GU3HAYEHHS Mu-
ny 3aKOHY PO3NOOINYy HA OCHOGI 2iOPUOHOI Helipomepedtceoi apXimeKmypu, sKa NOEOHYE
00pobneHHs KibKoX IHpopmayiunux npeocmasienv oanux. 1 iopuona Hetipomepedcesa Mo-
Oenv i0enmughikayii UMOGIPHICHUX PO3NOOINIE V 3a0auax OYIHKU CMAHY NPUPOOHUX | mex-
HIYHUX 00 €KMi6 cKI1a0aemuvcs 3 080X Mooyis. Ilepuiuii MoOyib apXimekmypu peanizo8aHo y
8U210i OOHOBUMIPHOI 320pMKOB0I HEUPOHHOI Mepedici, w0 30IUCHIOE aHAli3 eMRipUYHOL
Gyuryii poznodiny ma ¢hopmu eubipku. /[pyeuti mooyiv 6asyemvcsi Ha Oa2amouaposomy
nepyenmpowui, AKuti 0opooaae sekmop i3 12 pobacmuux cmamucmuyHux napamempis, K-
yaruU MOMEHMHI OYiHKU, Koehiyienmu acumempii ma excyecy, a makodic XapaxKmepucmuxu
posciroganns. Inmezpayis pe3yiomamis yux 080X MOV y €OUHill apXimekmypi 00360Ji€
nioguwumu mouHicme Kiacugixayii ma zabeznevumu cmitkicms 00 Maiux ubIpoK, wymie i
4aCcmK08020 NepeKpumms XapaxKmepucmuk pisHux posnoodinie. Memooduka peanizosana Ha
OCHOBI NOEOHAHHS MemMOOi8 meopii MOSIpHOCMEl, MAMEMAMUYHOI CIMamucmuKu, e1uboKo2o
HABUAHHA MA KOMN TOMEPHO20 MOOeN08aHHA. [a Ha8UaHHA ma mecmy8anHs mooeni cghop-
mosawno Haoip i3 60 000 cunmemuunux subdipox oocseom 6io 20 0o 1000 eremenmis iz unao-
Kosumu napamempamu. Mooenwv 3abe3neuye Knacugixayiro wiecmu NOUWUPEHUx napamempuy-
HUX pO3N00iNi6: HOPMAILHO20, No2icmuuno2o, Cmblodenma, 6iHOMIANbHO20, eKCHOHEHYILIHO20
ma pisHomipnozo. Hayxosa nosusna pobomu noaseac y po3pooneHui 2iopuonozo nioxody 0o
asmomamuynoi i0enmugixayii 3aKoHie po3nooiny, wo 6a3yemvcs Ha 0OHOYACHOMY BUKODU-
CMAaHHI eMRIpU4HOi OYHKYIT po3nodiny ma cmamucmudHux Napamempis y Mexcax €OUHoi
Helpomepedicesoi apximexmypu. 3anponoHo8anuil nioxio 3abezneuye nidsUWeHy MoYHICMb
Knacugikayii onsa manux 6udbipok ma CKIAOHUX 6UNAOKI8 ONU3bKOCMI pO3N00iNis, wWo
BIOPI3HAE 11020 610 8i0OMUX MemOoOis. [Ipakmuuna 3nauywicms pobomu noiseac y CmeopeHHi
npoepamuoi mooeni, npuodamuoi Onisl inmezpayii 6 cucmemu aHanizy OAHUX, iHMeNIeKmyaibHi
iHopmayiini cucmemu, cucmemu NiIOMPUMKY NPUUHAMMS Pillensb, d MAaKoxC y 3a0adi ag-
momamu3ayii CmamucmuyHo20 ananizy 8 KOMn 1omepHoO—iHme2po8anux i Kibep@izuurux cu-
cmemax. 3anpononogare piuleHHs 00360JI5€ ABMOMAMU3Y8AmMU GUOIP CMAMUCMUYHOI MOOei
be3 3anyyenus excnepma. Excnepumenmanvui pesyromamu niomeepoxicyoms epexmusHicmy
3anponoHo6an02o nioxooy: o0ocsecHymo mounocmi kiacugikayii 97,8% na mecmogomy
Habopi 3 18 000 subipok, wo nepesuwiye pesyromamu oxpemux mooeneti CNN ma MLP, a
MAKONC KIACUYHUX CIAMUCmMu4Hux Kpumepiie. /[na manux eubipok (n = 2(0) mounicme cma-
Hoeums 59,6%, wo cymmeso nepesuwyye nokaznuxu kpumepiio Koamoeoposa—Cmupnosa
(36,4%). Ompumani pezyromamu niomeepoHcyioms OOYLIbHICMb 2IOPUOHO20 BUKOPUCAHHS
Helipomepedicesux nioxooie 0 3a0a4 A8MOMAMUYHO20 BUSHAYEHHS MUNIE CIMAMUCTMUYHUX
PO3N00iNI8 8 YMOBAX 0OMeNCEH020 00CA2Y OAHUX.

Knrwouosi  cnosa: ecibpuona Heuponna Mmepedxca; i0eHmughikayis  UMOBIPHICHUX
PO3n00inie;, emMnipudHa yHKyia po3nooiny, cmamucmuiti 03HaKu, 2nuboKe HABYAHHA, Mda-
memamudHa Cmamucmuxda.
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B.B. €pmaxos, b.I. Mopo3
MOJEJIOBAHHS TA EKCIIEPUMEHTAJIBHA OLHIHKA
NPIOPUTETHOI OBPOGKHU MMOBIJJOMJIEHb B OLAP-CUCTEMAX
3A YMOB [NIKOBUX HABAHTAKEHb

Anomauyis. 3anpononosano mooenv npiopumemuoi 0opooxu nogioomnenv 6 OLAP—cucmemax
3a NIKOBUX HABaHMAadiceHb. Memoo noeonye yiHHicmb, mepmiHosicms i sapmicms 00poOKU
ma 3mMeHuye empamu 6i0 3anizHeHHs.

€pmaxos B. B., Mopoz b. I. Mooenoeanus ma ekcnepumeHmaibHa OYiHKa npiopumemHoi
00pobku nosioomnenv ¢ OLAP—cucmemax 3a ymoe nixosux nasawmadicenv. Y cmammi
PO321AHYMO  3a0ayy eKCNEPUMEHMANbHOI NepesipKu  Kepoeawoi Oucyuniinu ob6podKu
nosioomnens 8 OLAP—cucmemax, ons saxux kpumuunumu € yinnicms ingpopmayii, it cmapinus
ma obmedceHicmb pecypcié aHANMU4Ho20 KOHEeeEpd. AHAni3 OCMAHHIX O0CHIOHCEeHb |
nyonikayiii nokazas, wo NOMoK08a 0OPoOOKA OAHUX, KIACUYHe NIAHYB8AHHA MA 6HYMPIUIHS
Op2aHizayis aHariMmudHux CX08UW NEPEeBANCHO BUBHAIOMbC OKpeMO, 0e3 €OUHO20 KOHMYDY
KepyeanHs. Mema O0ocniOdxceHHs — po3poboumu Ui eKCnepuMeHMAIbHO OYIHUMU KeposaHy
oucyuniiny npiopumemuoi 00poOKU, AKA NOEOHYE OI3HEC—YIHHICMb NOBIOOMIEHb I3
NOMOYHUM MEXHIYHUM CMAHOM cxosuwa. 3anpononosarno moodeib OLAP-kousecpa, wo
oxonmoe broker, ETL, micro-batching, sanuc y cxosuwe, nobyoosy mamepianizosanux
nodaus i ¢oHosi onepayii 3rumms. /A oyiHOBAHHA 6mpam 6i0 Hec8OEUACHOI 00CMABKU
OaHUX BUKOPUCMAHO KPUMePIll 36AJCEH020 3AaNi3HeHHs, a Olsl 6UOOpYy HACMYNHO20
MIKponakema — iHmMezpanbHy CKOPUH208Y (DYHKYII0, KA NOEOHYE OYIKYBAHUL 6NIUE HA
amanimuyHi piwlenns, mepminogicmv ma eapmicmb 00poOKku. OCHOBHUL eKcnepuMeHm
BUKOHAHO O 4HOMUpPbOX cyenapiie nepienomipnozo nomoky nooitu (Uniform, Short peak,
Long peak, Mixed load) za npoghinem medium SLO i capacity = 4.0; dooamkoeo nposedero
pobacmuichi nepegipku O0nsi pisHuUX pienie nponycknoi 30amunocmi ma npoginie SLO. V
CepeOHbOMY  3aNPONOHOBAHULU MemoO 3a0e3neyusd HatuMeHule 3HAYEHHS a2pe208aH020
kpumepito empam J = 351,231 man ym. 00., wo na 2,5 % xkpawe nopisnano 3i cmamuunumu
npiopumemamu, na 22,2 % — nopisusno 3 EDF i na 26,5 % — nopiensno 3 FIFO. Takoorc
ompumarno 98,4 % euxonannss HP SLO ma 83,5 % euxonanns All SLO. Peszyremamu
niOmMeepoAHCYIOmMb OOYIIbHICMb MINCPIBHEeB020 KepysakHs 00pobkoio nosioomiens ¢ OLAP—
CUCTEMAx ) pexicumax niko8o2o HABaAHMANCEHHSL.

Kniouosi cnosa: OLAP—cucmema, ananimuunuii konsecp, micro—batching, npiopumesayis,
36aoicene 3anizuenns, SLO, mawunne nasuanms, mMooeno8anHs, eKCnepuMeHmaibHa OYiHKA.
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IMocranoBka mnpodaemu. Y cydacHux OLAP—cucremax ¢aktu HagXxoIsaTh [0
AQHATITUYHOTO CXOBUIIA 4Yepe3 0araTOKpOKOBUH KOHBEEp OOpOOKH, SKUH OXOIUTIOE OpOoKep
HOBiZIOMJICHb, MPOIIECH BUTATY, IEPETBOPEHHS Ta 3aBaHTakeHHs nanux (Extract-Transform-—
Load, ETL), d¢opmyBanHs MiKpomakerTiB, 3amuc Yy TaOJUII CXOBHUINA, MOOYIOBY
Marepiani3oBaHHUX IMOJAHb i aHAMITUYHUX KYOiB [4, 5, 19, 22-24]. 3a cTabinbHOrO HaBaHTa-
KCHHS TaKUi KOHBeep 3a0e3reuye NpUUHATHY aKTyaJbHICTh JJaHUX, OJHAK MiJ 4aC KOPOTKHUX
niKiB a00 TpuBaNuX XBWIb nepeBanTaxenHs pecypcu CPU, 1/0 ta (poHOBHX 3IHUTTIB CTarOTh
oOMexyBabHUM YMHHHKOM [11, 21, 27, 28].

[IpakTnyna npobiiema MONSATaEe B TOMY, IIO HE BCl MOBIIOMJICHHS MAalOTh OIHAKOBY
omnepatuBHy MiHHICTE. [Tomil mpo miaTexi, aHTUGPOI—CUTHAIA, OOMEXKYBalIbHI MOKa3HUKHU
A/B-tectiB a60 kputuuni KPl maroTh BHIMIA MPIOPUTET, HDX [J€TalbHA TEJIEMETPiS YH
ciyx00Bi )xypHanu. KpimM TOro, KOpUCHICTh JaHUX 3MEHIIYETHCS 31 3POCTAHHSAM 3aTPUMKHU 1X
NOTPAIUITHHS 710 CXOBHINA, ToOTO iHpOopMariist crapie [1-3]. Tomy anst OLAP—cuctem Bax-
JIMBO HE JHIle 30eperTH MoTiK (akTiB, a i BUBHAYUTH PAIliOHATIbHY YEProBiCTh X 0OPOOKH.

Take 3aBnaHHs Mae Oe3nocepelHiil 3B’S30K 3 MPAKTUYHMMU 33Ja4aMy 3a0e3eueHHs
AKTyaJIbHOCT1 JamOop/iB, BUaCHOTO CIIPAIFOBAHHS CUTHAIIB TPUBOTH, CTAOLIBHOCTI MOOYA0-
BU KyOIB 1 KEpyBaHHS HaBaHTAXEHHSM Ha CXOBHILE. 3 HAYKOBOI TOUKU 30pYy BOHO MOEIHYE
npo0JIeMaTHKy OTOKOBOT 0OpOOKHM MaHWX, TeOpii IUIaHyBaHHS, IIHHOCTI Ta CTapiHHs iHpOp-
Marii, a TaKOXX aJanTHBHOTO BHOOPY TMPIOPUTETIB Ha OCHOBI MOJeNeil MAaIIMHHOTO
HaBuaHH# [6, 12, 14, 15].

AHaJii3 oCTaHHIX J0C/TixKeHb 1 my0Jikanii. Y poboTax 13 MOTOKOBOI 0OpOOKHU JaHUX
JIOCITIIKEHO apXiTeKTypH YIpaBIiHHS MOTOKaMu mojiii, mexanizmu load shedding, agantusny
MapIIpyTH3alifo  Ta  crmocoOM  3MEHIIGHHS  3aTpUMOK y  Stream-—processing
cucremax [4, 5, 13, 27, 28]. i nigxoau 1o0pe OMUCYIOTh MOBEAIHKY MIOTOKOBHUX PYIIIiB, OJ1-
HaK HE OXOIUTIOIOTH TIOBHOKO Mipoto mpobiemu, cnerudiuni mms OLAP—cxoBwm, 1e Ha mpo-
JNYKTUBHICTh ICTOTHO BILTMBAIOTH KIIBKICTh yacTuH qaHux, Write amplification i uepru ¢ono-
Bux 3muTTiB [11, 21, 22].

Kracu4yHa Teopis IUiaHyBaHHs MPOIOHYe OaraTwii amapar Juisi MiHimizamii tardiness,
weighted tardiness, lateness ta inmmx wacoBux Brpart [6, 7, 12]. Ili pe3ynbratu mpuaaTHi AJIst
dbopManbHOrO OMHCY BTPAT Bij 3ami3HEHHS, aje 3a3BUYail Opi€eHTOBaHI Ha abOCTpaKkTHI 3aB-
naHHA a60 BUpOOHUYI onepallii if He BpaxoBYIOTh MixkpiBHEBY npupoay OLAP—koHBeepa.

Inei miHHOCTI Ta cTapiHHA iH(popMarlii, po3BuHYTI y npansx B. Ceipinosa ta b. Mopo3a,
JIAl0Th KOHIENTYalbHy OCHOBY JIJIsl BU3HAYEHHs KOPUCHOCTI JaHuX y 4aci [1, 2]. ¥V Oinbm cy-
qacHUX poOoTax ONM3bKY MPOOJIEMAaTHKY JOCIIIKEHO Yepe3 YacoBY aKTyalbHICTh CTAaTyCHOI
iHpopmarii [3]. JIis aHATITUYHUX CXOBHWIN BXIMBUMH € Mpalli 3 peamizamii KyOiB, ma-
Tepialli30oBaHMX MOJIaHb 1 IHKPEMEHTAIBHOTO OHOBJICHHS MOXIIHUX CTPYKTYp [23-26].

Oxpemuii HampsiM CTaHOBJIATH poOoTH 3 learning—to—rank, rpamieHTHOr0 OyCTHHTY i
aJIaTUBHOTO PO3TOJILITY PECYPCiB, y SKHX OIIHKAa 00’€KTIB HA OCHOBI MHOKHMHU O3HAK BHUKO-
PHCTOBYEThCS JUIsl TIOOY/IOBH TIPaBHJI paHXyBaHHs a00 BuOopy momituku [8, 14, 15]. Taki
MOJIeJIl CTBOPIOIOTh MEPEIYMOBHU AJIsi IEPEXOJy BiJl CTATUUHUX KJIACiB MPIOPUTETY JI0 TaHO—
OpPIEHTOBAHOT'O BHOOPY YEPTH.
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BujijieHHs1 HeBUpilleHUX paHille YaCTHH 3arajbHoi npodJjemu. [lonpu 3HauHy Ki-
JTBKICTh JOCHTIKEHB, OUTBIIICTh 13 HUX aHANI3YyIOTh a00 MOTOKOBY OOpOOKY, a00 KIIaCH4HE
IUTaHyBaHHs, a00 BHYTPIIIHIO OpraHi3alilo CXOBHUIIA JaHUX okpemo. HemocrtaTHbo po3poO-
JICHUMH 3aJMINalThC miaxomu, y skux broker, ETL, micro—batching, mopsmox 3ammcy B
OLAP—cxoBwuie Ta GOHOBI 3IIUTTS POTISAAIOTHCS K €IUHUN KOHTYP KepyBaHHS 3 OOMExKe-
HUMHU pecypcamu [11, 21, 22, 27, 28].

Takox Opakye eKcriepUMEHTAIbHUX POOIT, Y SKUX KpHUTEpii MIHHOCTI Ta CTapiHHS 1H-
dopmMartii Oymu 6 6e3mocepeHbO MOENHAH] 3 aJaNTHBHOIO SCOIe—MOJICIUTI0 BUOOPY MiKpoIia-
KETIB 1 MepeBipeHi Ha THUIOBUX CLIEHAPIAX MIKOBOIO HABAHTAKCHHA. 3aJUIIAETHCS BIAKPUTHM
MATaHHS, 94 3a0e3Ieuye Taka MoJiTHKA peanbHy nepeary Haa FIFO, cratnuyaumu npiopure-
tamu Ta EDF 3a iHTerpanbHuM KpUTEpieEM BTPAT 1 CHCTEMHUMHU METPUKAMH CTaHY CXOBHIIA.

Merta pocnimpkeHHs. MeTO JOCIHIDKEHHS € po3po0Ka Ta eKCIIepUMEHTalbHA OIliHKa
KEepOBaHOi JucHuIuliH 00poOku nosizomienb B OLAP—cucTremax 3a yMOB MiKOBUX HaBaH-
TOYHUI CTaH aHATITUYHOTO CXOBHIIIA.

JIist TOCSATHEHHS MTOCTaBJICHOT METH HEOOX1IHO: TOOYyBaTH MOJIENb CKCIIEPHMEHTAIIb-
Horo OLAP-xoHBeepa; 3amaTH KjIacd MOBIAOMIIEHb 1 CIeHapii HEpPIBHOMIPHOTO MOTOKY
MmoJiiA; peanizyBaTd 0a30Bi TOJITUKH IUTAHYBaHHsS; CcGOpMyBaTH SCOre—MoOJeIh BUOODPY
MIKpOIIaKeTiB, BU3HAYUTH CHCTEMY METPHK OLIHIOBAHHS, MPOBECTH MOPIBHIBHE MOMAEIIO-
BaHHS Ta IHTEPIPETYBAaTH OTPUMaHi pe3yIbTaTH.

BukJjiageHHs1 0CHOBHOTO MaTepiajly JAOCTiKeHHA. APXiTeKTypa eKclnepuMeHTaJIb-

Horo crenaa. Excnepumenrtanpanii ctenn moaentoe TunoBuit OLAP—koHBeep, y sIKOMY JIKe-
pena moiit mepenarTh moBigoMieHHs 10 broker, micis woro ETL-Momyns hopmye Mikpora-
KETH, 110 3aMHUCYIOThCS B aHAJITUYHE CXOBHUIIE. J{aai OHOBIIOIOTHCS MaTepiali30BaHl MO/1aH-
HS, PO3JLIM KyOIB 1 MOX1AHI HpPEJCTaBJIEeHHs, a (JOHOBI MPOLIECH BUKOHYIOTH 3JIUTTS YaCTHUH
naaux. Ha puc. 1 momaHo CTpyKTypHY CXeMy JOCIiIKyBaHOTO KOHBEEPA.
V Mexax MOJENIOBaHHS KOHTPOJIEpP CIIOCTEepirae 3a CTaHOM 4epr, consumer lag, Hakommue-
aum backlog, merge debt, insert latency ta morounum pusukom mopyiienas SLO. Ie nae
3MOTY pO3IJIsIaTH 0OpOOKY MOBIIOMIIEHb HE SIK JIOKAJIbHY 4epry, a ik MUKpIBHEBY CHUCTEMY
3BOPOTHOT'O 3B’SI3KY.

Jlxepena Broker / L ETL Ta L OLAP sink / L Kyou, MV,
MO qepru micro-batching CXOBHIIIE TanoopIn

<€

KOHTyp kepyBaHH:: lag, backlog, merge debt, SLO

Pucynok 1 — CtpykrypHa cxema excnepumentainbaoro OLAP—koHBeepa

Cuenapii mMoToKy mnOBiIOMJIEeHb Ta NapamMeTpu MOJETIOBAHHA. Y JOCHIDKEHHI
PO3IIISIIANKCS TPH KJacH MoBigoMiieHb: Biucokuit mpiopuret (HP), cepenniit npioputer (MP)
ta Hu3bkuid npiopuret (LP). o HP BigHeceno matexi, antudpoa—noxaii, guardrail-curaanu
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A/B-tecriB 1 kputnuni KPI; to MP — near—real-time arperatu ta nmpomixHi MOKa3HUKH; JI0
LP — neranpHa Tenemerpisi Ta ciayxkO0BI JKypHaiu. BXimHWI NOTIK TeHepyBaBcs SK
HEpIBHOMIPHUI MpoIec i3 JBOMA MiKaMH HaBaHTAKEHHsS IMPOTATOM JI00OBOTO iHTEpBAIy.
OCHOBHHUI €KCIIEPUMEHT OXOILTIOBAaB YOTHPH clieHapii HaBaHTaxeHHs: Uniform, Short peak,
Long peak i Mixed load; momaTkoBO BHKOHAHO poOacTHICHI cepii 31 3MiHOIO Capacity Tta
npodinis SLO.

JIJIst KO’)KHOTO TIOBIJIOMJICHHS 3a/1aBaJIUCS MOMEHT HAJXOJDKCHHS, 0a30BUI 4ac 0O0po0-
KM, JIeJUTaiH, Bara I[iHHOCTI Ta JOJATKOBI O3HAKH MOMHUTY HA JaHi. Y MPOIeci MOJICITIOBAHHS
BpPaxOBYBaBCS BIUIMB (DOHOBUX 3JHUTTIB Ha €PEKTHUBHHUN 4Yac CEpBiCYy Ta, HABIAaKH, BIUIMB
00poOIICHHX TTOBIOMJICHb Ha HaKOIMUeHHs merge debt.

s dopmyBaHHS HaBaHTaxXeHHS y NOtebhoOk—ekcrepuMeHTi BHKOpPHCTaHO BHOIPKY
Google Borg 2019 cluster sample from Kaggle. ITicns oumimieHHs Ta HOpMaisaril JaHHX
cthopmorano 50 000 BamigHUX 3a/1a4 13 PIBHOMIPHUM PO3IOIJIOM IpiopuTeTHUX Bar 1-5 (1Mo
10 000 3amau y xoxkHOMY KBaHTHJI1). Ha 11iif 0OcCHOBI M0OYyA0BaHO YOTUPH ClLIEHAPIl MOTOKY —
Uniform, Short peak, Long peak i Mixed load — mo 20 000 3amau y koxHOMYy. Y MOBHIi
peamizarii notebook momarkoso anamizyBamucs SJF, WSPT i Random, oxnak y tabn. 3 mis
ctuciocti 3amumieHo yotupu ocHoBHi nomituku. FIFO, STATIC, EDF i SCORE. V¥ po6oTi
Google Borg trace BUKOpPHCTOBYEThCS He sIK npsiMuii sxkypHan OLAP—cucreMu, a sk OCHOBa
s trace—driven moGynoBu dummy—HaBaHTaKCHHS, /I 33/1a4i IHTEPIPETYIOTHCS K YMOBHI
MIOB1IOMJICHHS aHAJIITAYHOTO KOHBEEPA 3 PI3HOIO IIHHICTIO, TPUBAIICTIO OOPOOKHU Ta YaCOBOIO
YYTIUBICTIO.

Taomums 1
ba3oBi mapameTpu Ki1aciB MOBIIOMJICHb Y MOJICIIFOBaHH1

Kanac

Hpuxkiaanu
NMOBiTOMJIEHDL

Cepenns Bara W

JlenyaiiH, XB

Cep. 6a30Bui
yac cepsicy, XB

HP

[Tnarexi, anti—
fraud, A/B
guardrails

12

0,75

MP

Near—real-time
KPI, retention,
revenue snap-
shots

30

1,00

LP

Tenemerpis, de-
bug—norwu, low—
priority raw
events

140

1,25

IIpouenypa c¢opmMyBaHHSI eKCHEPUMEHTAJLHOI0 HABAHTAKEHHSI 3 TPAaCyBaHHS.

[Tpouenypa popmMyBaHHS €eKCIIEPUMEHTAILHOTO HABAaHTAXKEHHS TOYMHANACS 3 aBTOMAaTHYHOTO
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3aBaHTakeHHs BuOipku Google Borg 2019 cluster sample from Kaggle ta Bubopy Haii6ibI
noBHoro ¢aitmy TtpacyBanHs y ¢opmari CSV/CSV.GZ/Parquet. [lanmi BukoHyBamacs

yHidiKaliss Ha3B TOJIB, MICIS YOro 3 CHpPUX 3amuciB ¢opMyBaBcs Habip 3amad yis
MO/JICJIFOBAHHS: MOMEHT HAaJXO/KEHHs TOBIIOMIIEHHS 33/JaBaBCS 33 YACOBOKO ITO3HAYKOIO
TpacyBaHHs, TPUBAIICTh CEPBICY BU3HAUANACA SK PI3HHUIS MDK YacOM 3aBEpIICHHS Ta
MoyaTKy 3ajaadvi, a ieHTudikarop (GopMyBaBCs Ha OCHOBI CIYXKOOBHUX TOJIB KOJEKIii Ta
eK3eMIUIApa. [3 MoJanbIIoro aHajizy BHKJIIOYAIMCS 3alMCH 3 MPOMYIICHUMHU 3HAYECHHSIMH,
HEYHCIIOBUMH TapaMeTpaMu, HYJIbOBOIO a00 BiJ’€MHOIO TPUBAJICTIO BUKOHAHHS, a TAaKOX 3
O3HAKaM{ HEYCHIIIHOTO 3aBEPILICHHS.

ITicis ouuMIEeHHS YacOBY Bichb HOpMaJli3yBaJld BiIHOCHO MiHiMaibHOTro arrival_time, a
JUIS 3MEHIICHHS 3MIIIeHHs] BUOIPKHU 3aCTOCOBYBaIM CTpaTU(iKOBaHE BiIOMPAHHS MO YAaCOBHUX
komukax. Y migacymky orpumano 50 000 BanmigHux 3a1ad, 1Jid AKX OIPIOPUTETH 3 TPACyBaHHS
Oylo mepeTBOpeHO Ha I'ATh piBHIB Bar 1-5 3a kBaHTuiasiMU. BepxHiil KBaHTWUIb
IHTEpIpETYBaBCsl SIK BUCOKONPIOPUTETHUH KJIAC, IO JAJIO 3MOTY IEPEUTH BiJ CHPUX
CHCTEMHUX Priority_raw g0 ekcriepuMeHTalbHO KepOBaHKUX Oi3Hec—Bar W_I 1 Haiani y3roauTH
TpacyBaHHS 3 MOJAEJUTIO I[IHHOCTI Ta cTapiHHS 1HpOpMaIlii.

I'eHepyBaHHs clleHapiiB Ta ajropuT™ imitamiiitHoro moxeawoBannsa. Cruenapii Uni-
form, Short peak, Long peak i Mixed load dopmyBanucs 3 npodino iHTCHCUBHOCTI
HA/IXO/DKEHHS 33/1a4 y 4acOBHX Komukax. J[is mporo oOYHMCIIOBANMCS JIOKAJTbHI 3HAYCHHS
arrival rate, koB3Hi cepenHi Ta JokajdbHa BapiatuBHicTh. CreHapiii Uniform iamoimas
JUISHIN 3 HaBAaHTAXXCHHSM, OJM3bKAM 10 MEIIaHHOTO, Ta Majoio aucrepciero; Short peak —
iHTepBaly 3 HaWOUIBIIMM KOPOTKMM JIOKaJbHMM cruteckoMm; Long peak — intepBany 3
HAMOUTBIINM 3HAYCHHSM KOB3HOTrO cepenHboro; Mixed load — ninsHIi 3 HaHOLIBIION
JIOKAJIbHOIO BapiatuBHICTIO. [l koxHOTro crieHapito Bimoupamocs mo 20 000 3amau, a
poOacTHICHI cepii OyayBaIuCs HNUIXOM MOBTOPHOTO MPOrOHY THX CaMUX CLIEHApiiB 3a Pi3HUX
3Ha4eHb Capacity i mpodinis SLO.

ImiTariitHe MoAeNmIOBaHHS peai3oBaHO SK MOMAIEBHM IUKI 13 YEepPror rOTOBHUX 3ajad.
[Ticns HagxomkeHHs 10 ready—(Ueue KOXKHHI €IEMEHT OTPUMYBAB Je/JIaiH, Bary IiHHOCTI
Ta JONOMIXHI O3HaKu. Ha KOXKHOMY Kpolll 4acy CUMYJSTOp J10JlaBaB y 4epry Bcl 3ajaadi,
MOMEHT HAJXO/KEHHS SKUX HE IMEepeBHUINyBaB IMOTOYHUN Yac, MICIAs YOro TOJITHUKA
IUTaHyBaHHS BHOMpaja HACTYIHUN MIKpOMakeT Juis oOciyroByBaHHs. s BuOpaHoi 3amaui
obumcmroBanucs Waiting time, flow time, tardiness, weighted tardiness, o3naka BUKOHaHHS
SLO Tta onoBnenuii cran merge debt. Came taka cxema 3abe3rnedye Oe3nocepeiHii mepexin
BiJl TpacyBaHHs 10 BinTBOproBaHoro policy—based excnepumenry.

AuaroputmM 1. IlceBaokoa imiTaniiinoro cumyJisiropa

Bxin: tasks, BimcoproBami 3a arrival_time; momituka P; mpomyckHa 34aTHICTH C;
npodins SLO s.

1. InimianizyBaTu motouHui vac t mepmum arrival_time, ready_queue = @, metrics = @.

2. Iloku icHYrOTh HEOOpOOIIEHI 3a1aui abo ready_(Ueue He TOPOXKHS:

3. lonatu o ready queue Bci 3amaui, s skux arrival_time <t.
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4. Slkmo ready _queue moposkHsi, To mokiactu t = next arrival_time i mepeiitu 10
KPOKY 2.

5. Jlns xoxHOi 3a1ayi 1y ready_queue o6uucautu slack_i = d_i —t, cost_i ta ciyx60Bi
O3HaKH X_I.

6. dAxmo P = SCORE, o6uuciutu score_i 3a ¢opmynoro (3); iHaKie 3acTOCyBaTh
npasuiio FIFO / STATIC / EDF.

7. BuOpatu 3aiadqy | BiIOBIAHO 70 MOJIiTHKK P Ta BU3HaumTy Start_j =t.

8. O6umcautu Service_j = runtime_j / ¢ + merge_penalty j, finish_j = start j + ser-
vice_j.

9. 3adikcysaru waiting_j, flow_j, tardiness_j, weighted tardiness_j Ta SLO_hit _j.

10. OnoButu merge debt, Bumamutu j 3 ready_queue ta noksactu t = finish_j.

11. IMicns 3aBepiienns nukiay arperyBaru J, HP SLO, All SLO, mean waiting time i
mean flow time.

Tabmuns 2
[TapameTpu eKCIIEpUMEHTAIBHOTO MJIaHy Ta MEPEBIPOK

ITapamerp 3HaueHHst / koHpirypauis

IMpomyckua 3matHicTh (Capacity) | 1.0, 2.0, 4.0, 8.0; ocHoBHuit peskum ctarti — capacity = 4.0,

strict, medium, relaxed; ocHoBHwuit pexxum crarTi — medium

Mpodini SLO
pogi SLO.

priority_only; urgency_only; priority_urgency; priori-

A6 itz Bapi
JISIIIAH] BAP1aHTH ty_urgency_cost; full.

50 000 ounmienux 3az1a4 y riodanbHOMY mydni; 4 6a30Bi
cuenapii (Uniform, Short peak, Long peak, Mixed load) o
20 000 3aymag y K0o’)KHOMY; OKpeMi poOacTHICHI SWeeps st
capacity ta SLO.

OO6csr ekcriepuMeHTY

Kpurepiii oninioBaHHsi BTpaT Bi HecBO€YacHOI 00poOku. Sk 6a3oBuil KpuTepiii
e(EeKTUBHOCTI BHKOPHCTAHO MOJIENIb 3BAXXEHOTO 3ami3HeHHs, ajnantoBaHy a0 OLAP-—
KOHTEKCTY. J[J1st I-TO MOBiOMIICHHST 200 MiKpOIakeTa BapTiCTh 3ali3HEHHsI BU3HAYAETHCS 32
dbopmyroro:

Ci=w; -max(0,t; — dl)“,a =1 1)

ne W_I — 6i3Hec—Bara noBimomiieHsst; d_i — aemiaiiy; t_i — MmoMeHT cCOmMMIit y cxoBwuiie; o —
napamMeTp YyTJIMBOCTI /0 3ami3HeHHSA. ATperoBaHui KpUTEpid BTpaT A BCi€i MOJITHKH
TUIAaHYBaHHS 33/1a€ThCSI BUPA30M:

] =3;C; = min (2
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Ha Wweighted tardiness—miaxix i3
rianyBanHs [6, 7, 12] 1 Ha KOHILENIiO IHHOCTI Ta crapiHs iHpopmaii [1-3]. Ha Biaminy

Take QopmymOBaHHS CHHPAETHCS Teopii
BiJl KJIACHYHMX 3a7lady, MOMEHT 3aBEpIICHHS TYT IHTEPHPETYEThCS K (iKcalis NaHUX Yy
OLAP—cxoBuIIi, OCKUIBKM came Iiciss COmmit ¢akT crae HOCTYymHUM Ui  KyOiB,
MaTepialli3oBaHUX MOJaHb 1 AAMOOP/IiB.

IMogiTnKH MUIaHYBaHHS, IO NOPiBHIOBaJMCA. [ TOPIBHAUIBHOI OLIIHKK Peajli30BaHO
qoTupHu noiiTuku 00poOku. [Tomituka FIFO BuOMpae moBiqOMIICHHS B MOPAAKY iX HAAXOM-
xeHHs. [lonmiTika cTaTnyHUX TpioputeTiB oociyrosye kiaacu HP > MP > LP y ¢ikcoBanomy
nopsaky. [Tomituka EDF (earliest deadline first) Bubupae moBizomieHHs 3 HaitMEeHIIIMM abCo-
JOTHUM Jie/uiaiiHoM. 3amnporioHoBaHa monituka SCORE oOuucnroe iHTErpanbHy OINIHKY
KO>KHOTO TOTOBOTO MIKpOIAKeTa 3 ypaXyBaHHSIM HOTrO O4iKyBaHOTO BILIHBY, TEPMIHOBOCTI Ta
BapTOCTi 0OPOOKH.

06 3amo6irTv rojJoayBaHHIO HU3bKOMPIOPUTETHUX MOTOKIB, y SCORE-moniTumi Bu-
KOpUCTaHO mpocTti guardrails: MakcMManbHUI TPUITYCTUMHIA Yac OYIKYBaHHS UI KOXKHOTO
KJIacy, a TaKOX JOJAaTKOBUH MHOXKHHMK CIPaBEIJIMBOCTI, IO 3pOCTAE 3 4acoM IepeOyBaHHS
MaKeTa B yep3i.

Ckopunrosa Moaejb Buoopy Mikponakeris. /[yt online—subopy HacTymHOro Mikpo-
MaKeTa BUKOPHCTOBYBAJIACS CKOPUHTOBA (DYHKITIS:
fa(x) - g(slack;)

max (&, cost;) @)

score; =

VY dopmyii (3) £ O(x_i) iHTeprnpeTyeThes K OIiHKA OYiKYBaHOTO BILTHBY MiKpOIakeTa
Ha aHamiTH4Hi pimenHs; g(slack_i) — ¢yHKIis TepMiHOBOCTI, 110 3pOCTAE 31 3MEHIICHHIM
3armacy 4acy J0 Je/UiaiiHy; COSt i — iHTerpanbHa BapTiCTh 0OpOOKH 3 ypaxyBaHHIM 0a30BOTO
yacy cepBicy Ta motouynoro merge debt; € — manuit crabinizyBaapHuit mapamerp. Ls Mmomens
HE € JIOCJIIBHUM 3all03MYEHHSM, a M0OYy/J0BaHa K CHHTE3 17ei MpIOPUTETHOrO IJIaHyBaHHS,
learning—to—rank ta cost-aware Binbopy [7, 12, 14, 15].

BekTop 03HaK X_I MICTUB XapaKTEpPUCTUKU KPUTUYHOCTI Ky0a, MOTOYHOTO TOMHUTY Ha
naHi, crany broker, craHy cxoBuIIa W pPECypCOEMHOCTI CaMOro fmakeTra. TakuM YHHOM,
MPIOPUTET BU3HAUABCA HE JIMIIE KJIAcOM MO/Iii, a f KOHTEKCTOM 11 BUKOPHUCTaHHSI.

Tabmuns 3
V3aranbHeHi pe3yiIbTaTH MOAETIOBAHHS ISl YOTUPHOX OCHOBHHUX IOJIITHK (CepeH] 3HaueHHS
s cuenapiie Uniform, Short peak, Long peak, Mixed load; medium SLO, capacity = 4.0)

Mosimka | > ™™ Y™ | HpsLO,% | AllSLO, 9 | CCP-1ac | Cep.flow
(1) 8 OYiKyBaHHSH time
FIFO 477,988 76,5 75,2 8786,0 8836,2
STATIC 360,248 98,6 81,7 8727.4 8777,6
EDF 451,250 79,9 75,5 8823,0 8873,2
SCORE 351,231 98,4 83,5 8364,0 84143
64
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Pe3yabTaTH eKcIepHUMEHTAJIbHOI NepeBipkH Ta iX o0roBopeHHsi. YcepenHeHi
pe3yabTaTH MojearoBaHHs s ciieHapiiB Uniform, Short peak, Long peak i Mixed load
HaBeneHo B TaOn. 3. st ocHoBHOro pekumy notebook—excnepumenty (medium SLO,
capacity = 4.0) Haiiripmioro 3a iHTerpajdbHUM KputepieM J 3amummiacs nosnitika FIFO,
OCKIUJIbKM BOHA HE TU(EPEHIIIOE Yepry 3a LIHHICTIO, TEPMIHOBICTIO Ta BapTICTIO 0OPOOKH.

3amponoHoBaHa  SCOre—mojiTHKa 3a0e3rneynsia HaliMEHIIEe CepeaHE  3HAuYCHHS
J = 351,231 mun ym. ox. IlopiBusno 3 FIFO (477,988 miH) 1e BianoBiga€e 3MEHIICHHIO
iHTerpanpHuX BTpat Ha 26,5 %, nopiBasHo 3 EDF (451,250 min) — Ha 22,2 %, a mopiBHSHO 3i
STATIC (360,248 man) — Ha 2,5 %.

3a cepennboro yacTkoro BukoHanHs HP SLO score—momituka 3a6e3neunia 98,4 %, o
npaktiuyHo Bigmosizae STATIC (98,6 %) i cyrreBo mepesuinye EDF (79,9 %) ta FIFO
(76,5 %). BogHouac 3a interpanbauM nokasHukoM All SLO BoHa Takosk mokasajia HaiKparie
3HaueHus — 83,5 %.

HaiiBupasHinie mnepeBary 3amporiOHOBaHOi SCOFE—TIOJIITUKM BHJIHO Ha pHC. 3, e
noka3zaHo 4dactky BukoHaHHs HP SLO mna pisHux crienapiiB HaBanTtaxeHHs. Came uei
rpadik 6e3mocepeIHbO MATBEPIKYE, IO METOI YTPUMYE SIKICTh 00CITyrOBYBaHHS KPUTUIHHUX
HOB1JIOMJIEHb Ha piBHI, Oin3bkomy 10 STATIC, ane Ge3 nepexoy 10 HACTUIBKH XK >KOPCTKOI
cxemu mnpiopuretiB. Hatomicts puc. 4 i puc. 5 ciyryroTs nepeaycim s UmocTpartii 4acoBoi
nuaamiku backlog i processing debt y cuenapii Short peak; BoHM mOKa3yrOTh Xapakrep
nepediry HaBaHTaXXCHHS, aJie HE € OCHOBHUM JIKEPEIIOM BUCHOBKY PO MepeBary MmoJiTHK.

Ha puc. 2-5 naBemeno rpadikm, chopmoBaHi Oe3mocepenHbO 3a pe3ylibTaTaMu
notebook—moneni. Ha Biaminy Big Tabn. 3, g€ IS CTUCIIOCTI 3aMIIEHO YOTHPH OCHOBHI
NOJIITHKH, Y Jiarpamax Takoxx nmokazano SJF, WSPT i Random sik nosiakosi baseline. Ie nae
3MOT'y TIO0QUUTH HE JIMIIE CePeHi MiJICYMKH, a W CIIEHApHY YyTJIMBICTh METOJY Ta 4acOBY
nuHamiky backlog i processing debt.

le§  Weighted tardiness by scenario (SLO=medium, capacity=4.0)

Weighted tardiness

Uniform Short peak Long peak Mixed load
Scenario
I FIFO N EDF B WSPT I Proposed Score-Based

[0 Static Priority [l SJF M Random

Pucynok 2 — [TopiBHSIHHSI 3Ba)KEHOTO 3aIi3HEHHSI JIJIs CLIEHAPiiB HaBaHTaKEHHS
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High-priority SLO hit-rate by scenario (SLO=medium, capacity=4.0)
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Uniform Short peak Long peak Mixed load
Scenario

I FIFO N EDF B WSPT B Proposed Score-Based
W Static Priority Wl SJF M Random

Pucynok 3 — Yactka Bukonansst HP SLO qist ciieHapiiB HaBaHTa)KE€HHS

Backlog during short peak based on Google Borg 2019 trace replay

12501 —— FIFO
£ 1000 A ——— Static Priority
g —— EDF
g 7501 —— SIF
2 500 —— WSPT
= —— Random
B 250 - — Proposed Score-Based

0- A A — ‘ AM A
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Relative time le6

Pucynoxk 4 — Jlunamika backlog y cuenapii Short peak

Processing debt during short peak based on Google Borg 2019 trace replay

500000
= —— FIFO
i 400000 ——— Static Priority
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g 300000 R
5200000 - —— WSPT
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;E 100000 - —— Proposed Score-Based
= \
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Relative time le6

Pucynok 5 — Jlunamika processing debt y cuenapii Short peak

OT1xe, 3a pe3yibTaTaMu MOJICIIOBAHHS MiITBEP/HKEHO, M0 MIKpPIBHEBA KEPOBaHA JIHC-
[UTITiHA 0OCTyroByBaHHS 3/1aTHA 3MEHIIYBAaTH BTPATH Bija cTapiHHs iHpopMarlii 6e3 mepexo-
JIy IO HAJITO JKOPCTKOI CXEMH MpiopuTeTiB. HalinepekoHIMBIIIE e MiATBEPKYE pHC. 3, HA
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SKOMY SCOIE—TIOJIITUKA JIEMOHCTPY€E CTaOLIbHO BHCOKY 4acTKy BukoHaHHsS HP SLO B ycix
CIICHApIsAX 1 BOJHOYAC HE 3BOJHUTHLCS JI0 )KOPCTKOro (ikcoBaHOro mpiopurety. ['padiku back-
log i processing debt na puc. 4 i puc. 5 ciijx iHTepHpeTyBaTH SK LIFOCTPAIF0 YacOBOi JHU-
HaMiku cucTeMH B pexkumi Short peak, a He sSK TOJIOBHHIl Bi3yalbHHI JOKa3 IepeBaru
METOY.

PobacTHicTh pe3yabTariB, a0 asiiHU aHATi3 Ta BapiaTUBHIiCTB. J{71s miIBUIIICHHAS
JIOKa30BOCTI Pe3yJbTATIB JOJATKOBO BHKOHAHO TPH cepii mepeBipok: 1) aHami3 4yTIMBOCTI
3aIpPOIIOHOBAHOT SCOIE—TONITUKU 10 3MiHM €(DEKTUBHOI MPOIYCKHOI 3aTHOCTI CHCTEMH; 2)
aHaii3 yyrmBocti 10 npodinro SLO; 3) abusuiitHe DOCHIIKEHHS, Y IKOMY OKpPEeMi KOMIIO-
HEHTH CKOPHHIOBOI (YHKIIT BiIKIIOYamucss ab0 BHKOPHCTOBYBAINCS Y CIPOIICHUX
koMOiHamisx. Taki nmepeBipku Jal0Th 3MOTY BIJOKPEMHUTH BHECOK OKPEMHX CKJIaI0BUX METO-
Iy 1 IEPEeBIPUTH, YU HE € OTPUMAHUH ePEeKT HACIITKOM OJJHOTO BY3bKOT0 Ha0Opy MapameTpiB.

Ha puc. 6 nmokasano, 110 31 3pocTaHHsAM JOCTYIHOT IponyckHoi 3aaTtHocTi Bix 1.0 go 8.0
BIJIHOCHA TIepeBara 3amnporoHoBanoi nojituku Haj FIFO 3a kpurtepieM 3BakeHOro 3ari3HEH-
Hsl 3aKOHOMIpHO 3MeHIIyeTbes: Bia 48,9 % mo 20,5 %. Lle npupoaHo, OCKIIBKY 32 HaATUIII-
KOBUX PECYpCIB poJib PO3yMHOro BuOOpy yepru cnabmae. BogHowyac y 30HI gedinuty
pecypcy, fKa i € HalBaKJIUBIIIOKO JIJIsl MIKOBUX PEXXHUMIB, BUTPAIl 3ATUIIAETHCS HAMOITBIINM;
npupict yactku BukoHaHHs HP SLO y mpomy sweep cranosuts Big 10,0 mo 89,0 B.m.
nopisasHO 3 FIFO.

Capacity sensitivity of proposed policy

50

40 A

30 A

Mean weighted tardiness
reduction vs FIFO (%)

20 A

1 2 4 8
Processing capacity

Pucynok 6 — UyTauBicTh 3alIpONOHOBAHOT MOMITUKU J0 3MiHH MPOIMYCKHOT 3AaTHOCTI

Ha puc. 7 naBeneno nepeipky s Tpbox mpodiniB SLO: strict, medium ra relaxed.
Jnst Beix Tpbox npodiniB MeTox 30epirae crabinbHy nepesary Haa FIFO: cepenne 3menIien-
HS 3BOKEHOT'0 3aIli3HEHHs CTaHOBUTH 26,3 % mnpu crannaptHomy Bigxuiensi 1,1 %, a cepen-
Hilt Burpam 3a HP SLO — 22,0 + 1,7 B.1i1. Lle cBimuuTh npo Te, 1m0 ePeKT He 3HUKAE MPH 1OC-
nabyieHH1 abo MOCWIICHH1 Je/JIaliHIB 1 He € apTedaKToM JIUIIE OJHOTO HaJaITyBaHHS 4aco-
BUX OOMEXEHb.
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SLO sensitivity of proposed policy
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Pucynok 7 — UyTnuBicTh 3anporoHOBaHOT MOJIITUKH 10 Tipodinro SLO

AOnsuiiiHuii aHami3 J03BOJIIE OLIHUTH BHECOK OKPEMHUX CKIIQJOBUX CKOPHHIOBOT
mozeni. Tabi. 4 mokasye, Mo caMi JIHWIIE TPIOPUTETH abd0 cama JIUIIe TEPMIHOBICTH HE
3a0e3neuyloTh HAaWKpamoro 3HAYeHHS IHTErpalibHOTO KpUTepito BTpar. JlomaBaHHS
KOMITIOHEHTa BapTOCTI 00pOoOKH jae HaOLIbIuil BHECOK Yy 3MeHIIeHHs J. [ToBHa Mozaens mae
pe3ynbrat, ONW3BKUI 0 HaWKpamoro aOIsiiHOTO BapiaHTa, aje 30epira€ CHCTEMHI
OOMEXEHHSI U MUKPIBHEBHM KOHTEKCT, IO € BaXJIWBUM JUISI MPAKTHYHOI TOJITUKH

KepyBaHHS, a He JIMIIE JIUTsl MiHIMi3allii OJTHI€T arperoBaHoOi METPHKH.

Tabmus 4
Pesynbratu abnaniifHoro aHanisy SCore—momesi
Babi _ Bi .
apiant sc.ore 3, Mo ym. o, lI[XI/.I..]IeHHﬂ ?31)1 HP SLO. %
Moaesi noBHOI MoxeJi, %0
IToBHa MOIEND 351.231 +0.00 98.38
I[piopuTrer +
TEPMIHOBICTb + 347.176 -1.15 98.46
BapTICTh
Jlume npiopurer 360.248 +2.57 98.56
[Ipiopurer +
. 360.666 +2.69 98.36
TEPMIHOBICTh
JIvie TepMiHOBICTb 368.696 +4.97 98.36

Ockinbku 'y 30epesxeHux nhotebook—pesymbrarax BifcyTHI OKpemi TpaekTopii s
0araThbOX HE3aJIe)KHUX IOBTOPIB 13 PI3HUMHU TOYATKOBMMM 3€pHAMM, KJIACHYHI JOBIpYl
IHTEpBaJii 3a MPOTOHOM HE MOXXYTh OyTH BIJTHOBJIEHI 0€3 MOBTOPHOI'O MOBHOTO 3aIyCKy
Mozeni. ToMmy BapiaTHBHICTD Yy IIill CTaTTI XapaKTEpU3YEThCS CTAHAAPTHUM BIAXUJICHHSIM 3a
HabopaMu pOOACTHICHUX HaJAITyBaHb. BiAmoBiAHI MiACYyMKH HaBeneHO B TaOm. 5. Takwii
MiAXiJ He 3aMiHIOE TOBHOIIHHOTO Oararocepiiinoro Monte Carlo—ananizy, ame mae
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JI0JJATKOBY OLIIHKY CTaOlJIbHOCTI BUCHOBKIB y MEXaX HasBHOI KOJIOBOi 0a3u W BiITBOPEHHX

€KCIIEPUMECHTIB.

Tabnuus 5

VY3aranpbHEeHHsI BapiaTUBHOCTI 32 cepisiMH pOOACTHICHUX HaJAIITyBaHb

Cepist ekciepuMeHTIB

3MeHIIeHHSA BiTHOCHO
FIFO, %
(mean =+ std)

3mina HP SLO BigHocHO
FIFO, B.1.
(mean =+ std)

3MiHa MPOITYCKHOT 3JaTHOCTI

34.2+13.0

42.8+35.2

(1.0-8.0)

3mina npodimo SLO

263+1.1
(strict/medium/relaxed) >3

220+ 1.7

3 ypaxyBaHHIM LIHX J0JATKOBHX HEpeBIpOK (HOpMyIIrOBaHHS BUCHOBKIB OYyJO yTOYHeE-
HO. 3arpolOHOBaHMNA METOJ| HE CJi TPAKTyBaTH sIK YHIBEpCalbHO JOMIHYIOUMH 3a BCiMa
MOYJIMBUMHU METPUKaMH Ta HalalTyBaHHSIMU. KopekTHile cTBepaKyBaTH, 110 B MeXax J0-
ciimpkenol notebook—wmopeni, mist replay—naBantaxens Ha ocHoBi Google Borg 2019 trace i
JUTSI TICPEBIPEHUX CIICHAPITB 3MIHH pecypcCy Ta Je/IaiHIB SCOre—IoIiTHKA IEMOHCTPYE CTIHKY
nepeBary 3a arperoBaHUM KpPHUTEpieM BTpAT 1 Maiike HE MOCTYMAETHCS )KOPCTKUM CTAaTHYHUM
npioputeram 3a HP SLO. Came B Takomy (GOpMYITIOBaHHI Pe3yNIbTaTH € HAaHOUTBII TEXHIYHO
OOTPYHTOBAaHMMHU Ta MPUIATHUMH JJIs TOTANIBIIOT Baifamii Ha peanbHux production—orax.

BucHoBkH. Y cTaTTi po3po0I€HO Ta EKCIIEPUMEHTAIBHO MEPEBIPEHO MiAX11 O MPIopHU-
TeTHOI 00poOkHu moBigomieHb B OLAP—crcTeMax 3a yMOB IMKOBUX HaBaHTaxeHb. [100ymo-
BaHo mojenb OLAP—koHBeepa, mo oxormtroe broker, ETL, micro—batching, 3amuc y cxosu-
e, No0yJ0BY MOXIAHUX CTPYKTYp 1 (POHOBI 3IMUTTA, @ TAKOXK PEaTi30BaHO MOPIBHSAHHS 4O-
TUPbOX NOMITUK M1anyBaHH: FIFO, ctatnunux npioputeris, EDF 1 score—mosnituku.

3a pe3ynbTaTaMM MOJICNIOBAHHS JJII YOTHPbOX 0a30BHUX CliEHApiiB HaBaHTAXEHHS Ta
JIOJJAaTKOBUX POOACTHICHUX MEpPEeBIpOK BCTAHOBJIEHO, L0 3alpOIOHOBaHA SCOre—IOJiTHKA
3a0e3nedye HallMEHIIUI 1HTerpanbHUN KpUTepiil BTpaT J, BUCOKM piBeHb BUKOHaHHS SLO
JUIE KPUTUYHUX TOBIIOMJICHD Ta Haiikparie 3HadueHHs All SLO cepen 4oTHphOX OCHOBHHX
nomiTuk. Lle cBiIUUTh Mpo AOIUIBHICTh YpaxyBaHHs B OHIM MOJIeINi He JIMIIe JAe/IaliHiB 1 Bar
MIOB1JIOMJICHb, @ i TOTOYHOTO CTaHy CXOBHIIIA Ta BAPTOCTI 0OPOOKH MIKpPOIAKeTiB.

HaykoBa HOBM3HA JOCIHIPKEHHS IOJIATa€ B TOMY, 1[0 3alpOIIOHOBAHO Ta MEPEBIPEHO
MeToa MiKpiBHEBOi mpioputesanii mosimomiieHb it OLAP—koHBeepa, y sikomy Kputepii
I[IHHOCTI, CTapiHHS, TEPMIHOBOCTI, PECYPCOEMHOCTI Ta CTaHy CXOBHILA IHTETPOBAHO B €JUHY
CKOPMHTOBY MOJI€b PUUHATTA pilieHb. Ha BiAMiHYy BiA B1IOMHUX MiJXOJIB, Il MOJENb J1a€
3MOT'Yy OJTHOYAaCHO BpPaXxOBYBaTH 013HEC—KPUTUYHICTh JaHUX 1 TEXHIYHUI KOHTEKCT 0OpOOKH.

IlepcnexkTuBM MOAANBIINX AOCHIIKeHb Yy AaHOMYy HanpsMky. [lonmanbmii moci-
JUKEHHSI JIOLUIBHO CIPSMYBAaTH Ha TMEpPEBIPKY 3alpolOHOBAHOIO MiAXOAy Ha peaJbHUX
production—orax, moOymoBy HaBYaIbHUX MITOK Ha OCHOBI (paKTHMUYHHX 3aIMTIB 0 AAIIOOp-
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JiB 1 ajepriB, a TaKOX Ha JOCIIDKEHHS CaMOaJalTUBHOTO BHOOPY MapameTpiB SCOre—
GyHKIII.
OxpemMUM NEPCHEKTUBHUM HAIIPSIMKOM € CTBOPEHHS IPOTOTUILY AJIsi KOHKPETHOTO CTEKY
Kafka — ETL consumers — ClickHouse Ta BuB4eHHsI OaraToKpuTepiaibHOI ONTHMI3alli, y
kil pasom i3 weighted tardiness minimizytorbest Write amplification, merge debt i enepro-
CIIOKMBAHHS CUCTEMU.
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Modeling and experimental evaluation of priority—based message processing
in OLAP systems under peak loads

Abstract. A priority—based message—processing model for OLAP systems under peak
loads is proposed. The method combines value, urgency, and processing cost and reduces
losses caused by delayed data delivery.

The paper studies the experimental verification of a controlled service discipline for
OLAP systems, where the value of information, its ageing, and the limited capacity of the ana-
Iytical pipeline are critical. An analysis of recent studies shows that stream processing, clas-
sical scheduling, and analytical-warehouse internals are usually considered separately, wi-
thout a unified control loop. The aim of the study is to develop and experimentally evaluate a
controlled priority discipline that combines the business value of messages with the current
technical state of the warehouse. A model of the OLAP pipeline is proposed that includes a
broker, ETL, micro—batching, writes to the warehouse, materialized views, and background
merge operations. To evaluate losses caused by untimely data delivery, a weighted tardiness
criterion is used, while the selection of the next micro—batch is based on an integral scoring
function that combines the expected impact on analytical decisions, urgency, and processing
cost. The main experiment covers four uneven—load scenarios (Uniform, Short peak, Long
peak, Mixed load) under the medium SLO profile and capacity = 4.0; additional robustness
checks are performed for different capacity levels and SLO profiles. On average, the propo-
sed method achieved the smallest aggregated loss criterion, J = 351.231 million conventional
units, which is 2.5% better than static priorities, 22.2% better than EDF, and 26.5% better
than FIFO. The method also provided 98.4% HP SLO fulfilment and 83.5% All SLO fulfil-
ment. The results confirm the feasibility of cross—layer control of message processing in
OLAP systems under peak loads and provide a reproducible basis for further validation on
production traces.

Keywords: OLAP system, analytical pipeline, micro—batching, prioritization, weighted
tardiness, SLO, machine learning, modeling, experimental evaluation.
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O.B. Pe3niuenxo, O.A. JIsmenko, B.B. Apxunosa
MATEMATHUYHE MOJEJIIOBAHHS 3ATPUMOK PEIJIIKALII
Y PO3HOALIEHIN BA3I JAHUX MONGODB

Anomayia. Ilpedcmasnena poboma npucesuena axmyaibHiti 3a0a4i 6USHAYEHHs NIUBY PaK-
mopie ma no6y0osu mooeii 3ampumox pennikayii y posnodinenii 6aszi oanux MongoDB &
YMO8AX THMEHCUBHO20 HABAHMANCEHHS 13 GUKOPUCMANHAM Memo0y AKMUEHo20 30HOYEAHHS.
Hozo 3acmocysannsa 003601un0 nodonamu obmedcents OUCKPemHOCmi cmaHOapmHuux 3aco-
0i6 cnocmepedicenns, a came CeKyYHOHO20 IHmepsay 300py Mempuk, ma 3abe3nedumu ompu-
MAHH5 MOYHUX 3HAYEHb 3AMPUMOK PEenNiKayii 3a paxyHoK 3anucy OaHux i3 MOYHUMU 4aACOBU-
MU MIMKAMU HA NEPEUHHOMY Y31 MA IX 34UMYEAHHA 13 6MOPUHHUX 6Y3II6.

Ha ocnosi ompumanux ekcnepumeHmanbHux OaHux wo0o 6nausy pieHs 2apanmii 3anucy, mu-
ny onepayii, 3a6aHMAdCEHHA NPOYecopa, Yacy OYIKYBAHHA ) Yepaax, KiIbKOCMmI napaiebHux
KAIEHMCLKUX 3 €OHAHb, KLIbKOCMI OOKYMEHMI8 Y naKkemi ma 4aco8o2o iHmepseany Midxc one-
payisamu 3anucy, UKOPUCMOBYIOUU ANIOPUMMU 2PAOIEHMHO20 OYCMUNZY, NPOBEOEHO OYIHKY
3Hauywocmi ¢pakxmopie. Ananiz noxazas, wo SUPIWANILHUL GNIUE HA GUHUKHEHHS MdA 3POC-
MAHHS 3aMPUMOK PEniKayii Maroms KilbKicmb NAPANLeNbHUX KAIEHMCbKUX 3 €OHAHb, 00Cse
O0OKyMeHmis8 y nakemi ma uacosutl inmepaan mioc onepayisimu sanucy. Taxooc niomeepooice-
HO, WO 4acC OYIKYBAHHA Y 4ep2ax ma 3a6aHMAdCeHH YEeHMPAalbHO20 Npoyecopa He HeCymb
3HAYHO20 6NIUBY HA NPOYEC YMEOPEHHS 3aMPUMOK.

3a pezynomamamu 0ocniodxcents no6y008aHo HENHIUHY MAMeMamuity Mooeis pobomu Kia-
cmepa (koegiyienm oemepminayii R® = 0,9786), wo moorce Oymu suxopucmata nio uac npo-
ekmysanHs, onmumizayii ma xoughieypyeanus poznodinenux NOSQL—cucmem ons npocro3y-
8aHHA NApamempie peniikayii ma uOOpy onmumMalbHux napamempie pobomu cucmenm.
Knrouosi cnosa: epadienmuuti 6ycmune, npoeHO3y8aHHs, OYiHKA 3Hauywocmi ¢haxmopis, an-
poxcumayis, Koegiyienm oemepmiHayii, MauluHHe HAGYAHHS, eKOJIOCITYHULL MOHIMOPUH2, Ma-

memamuirHe MO@@]ZIOBCIHH}Z, Memoo aKmueHo20 30Hay6aHH}l, cunmemuyHul MOHiI’I’lOpMHZ.

IMocTanoBka npodaeMu. CUCTEMU €KOJIOTIYHOTO MOHITOPUHTY 3aBJSKU II100aTbHOMY
PO3MOBCIOPKEHHIO HAa 3eMHIM KyJIl Ta IHTEHCUBHOMY 300pYy JaHHUX T€HEpPYyIOTh BEIHMKY KiJib-
KIiCTh CTAaTUCTUYHOI iH(popmarii [ 1-4].

L{i naHi HAKONIMYYIOTHCS Y PO3MOJUIEHUX 0a3ax JaHUX, a OT)Ke 30epeKeHHs iX aKTya-
JNIBHOCTI € KPUTHYHUM THTaHHAM. Voro posp’s3aHHs BU3HAUaTHMe eDeKTHBHICTh POGOTH CH-
CTEM OIIOBIIIEHHS Ta NPUHHATTA pilieHsb [1] y pasi pi3kux 3MiH KOHLIEHTpaliil 3a0pyaHIo0-
YHUX Ta TOKCUYHUX PEUOBHH.

Cepen cXOBHIII JaHUX, III0 YaCTO BUKOPHUCTOBYIOThCS JIsl 30epeeHHs iHpopmalii mpo
JIOBKULJIS, BUCTYIAIOTh HepensauiiHi 6a3u nanux MongoDB 3aBasku mpocToTi po3ropTaHHs
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Ta poOOTH, JIETKOCTI MacIITaOyBaHHA, a TAKOXXK MOKIIMBOCTI OJIHOYACHOTO 30epexeHHs iH}o-
pmarii pizHux TamiB [5—7].

OcHoBHEM criocoO0M 3abe3neueHHs TyOroBaHHs iHGOpPMAIlii Ha PI3HUX BY3JIaX € pel-
JiKaris MiXK MEpBUHHUM 1 BTOPUHHUMH By3JaMu 0a3u JaHMX, a 30€peKEHHS y3TrOJKEHOCTI
JaHUX MOXJIMBE MPH MiHiIMi3amii 3aTpuMOK perutikamii. TakuM 4MHOM, 3HAHHS 3aKOHOMIpHO-
CTel MpOLECiB perulikalii JaHuX BUCTYIA€ BAXIMBUM (aKTOPOM IMiJTPUMAHHS 3aTPUMOK Ha
MiHiManbHOMY piBHi [8, 9].

Bu3HaueHHs 3aTPUMOK peruTikalii Ta iX XapakTepUCTHK TaKOK MAa€ CBOi MPOOJIEMH, IO
NOB’s13aHI 3 OOMEXeHHsAMH obOnaaHaHHs. Tak, BOynmoBanmii 3aci6 30upanHs merpuk [10]
MongoDB, Bu3nauatoun 3aTpuMKy [11] Ak pi3HHUIIO MK YacoM omneparlii Ha IEPBUHHOMY BY-
3711 1 4aCOM 3aCTOCOBAHOI omeparllii Ha BTOPUHHOMY, OTIepYy€ IUCKPETHUMHU ITOKa3HUKAMHU, SKi
HE JTO3BOJISIIOTH OL[IHUTH PeaIbHI 3HAYEHHS 3aTPUMOK peTnIiKallii.

AHaJi3 OCTaHHIX AocJHiIKeHb i myOJuaikamii. Y 10CIIKEHHIX IMIMPOKO BUKOPHUCTO-
BYIOTBCS QJIbTEPHATUBHI ITiIX0/IH, 1110 HE 3aCTOCOBYIOTh 30MPaHHS CHCTEMHHX XapaKTEPUCTUK
BOy/oBaHUMH 3aco0amu [12—22].

[ligxonu, ocHOBaHI HA AKTUBHOMY MOHITOPHHTY, YaCTO BUKOPUCTOBYIOTH JIJIsl JIiarHO-
CTHKH Y BUIIAJIKaX, KOJIU BiJICYTHS MOIIMBICTh BUMiPIOBaHHS ITOKA3HUKIB CTAaHIAPTHUMH 3a-
cobamu abo OTpUMaHi JaHi HE € JOCTOBIpPHUMH (HANpHKIAL, TPH JOCHIHKEHHI
enekTpuuHuX [14] Ta koM totrepaux mepex [15-18], y cucremax kidbepbesneku [19] Toio).
Ha BimMmiHy Bix macMBHOTO MOHITOpUHTY (Passive monitoring), nmpu sSKOMy METPUKH 34YHTY-
IOThCS 32 JOTIOMOTOK CHCTEMHHUX IHCTPYMEHTIB a00 JaT4MKiB, aKTHBHE 30HAyBaHHs (active
probing) rerepye cHHTETHYHMIA MOTIK JaHUX 3 HOT'O MOJAJBIIOK 0OPOOKOIO CHCTEMOIO, OTHKE
3I1HACHIOCTHCA aKTUBHUI BIUIMB Ha Hel.

VY nocnimkenHi [12] aBTopamu MpOBEACHO MOPIBHSUILHHUI aHaNi3 MacuBHOTO (passive
monitoring) ta aktuBHOTO (active probing) miaxomiB 10 MOHITOPUHTY KOMIT FOTEPHUX MEPEK i
JIOBEZICHO TIepeBaru OCTaHHBOTO JUIS BHIAJKIB, KOJIM MACHBHOTO CIIOCTEPEKEHHS HEJOCTAT-
HBO. 3aCTOCYBaHHS CHHTETHYHOTO MOHITOPUHTY (Synthetic monitoring) no3Bosisie BUKOHYBaTH
Oe3nepepBHUI KOHTPOJIb IPOAYKTUBHOCTI Ta BYUACHO BUSBIIATH 3aTPUMKH Ta 3001 [13].

ABtopamu [18] 3ampornoHoBaHO MeTOJ BUSBIEHHS MpoOjeM 13 HAAIMHICTIO Ta IIBHJ-
KICTIO BeOCepBICiB (3araJibHUX, YaCTKOBUX, IEPIOIMYHHUX 3aTPUMOK) Ha OCHOBI CHHTETHUHOTO
MOHITOPHHTY Ta MAaTEMaTUYHOI'O aHali3y OTPUMAaHMUX TpacyBaHb. Po3po0iieHO MOAENb THUIIO-
BUX TIPUYMH 3HWKECHHS MIPOAYKTHBHOCTI cepBepa i MmepeBipeHo 11 K y eKCIepUMEHTAIBHUX
yMOBax, TaK 1 B poOOTi peaqbHOTO BeOCalTy y (hiHAHCOBOMY CEKTOPI.

Hocnimxenns [20] mporoHye Orfsifi CTpareriii MpoakTUBHOIO MOHITOPUHTY BHCOKO-
HaJIHHUX 0a3 JMaHMX, 110 TIOETHYE BIJCTEKEHHS HA PIBHI CEPBICIB, TEIEMETPIIO, TPOTHO3HY
aHAJIITUKY Ta aBTOMAaTHU30BaHE KEPYBaHHs JJIs 3al00IraHHs 1HUUJAEHTaM. BripoBa/pkeHHs Ta-
KMX 1HCTPYMEHTIB JIO3BOJWJIO 3MEHIIUTH KUIBKICTh HE3aIlJIAHOBAHUX IE€PEMHKaHb,
cTa01113yBaTH MPOAYKTUBHICTh Ta MIHIMI3yBaTH KUIbKICTh XUOHUX CHOBIIIEHb.

VY npaui [21] 3anponoHOBaHO PO3MIKMPEHHS TPAAULIMHUX TpUrepiB Uil 0a3 JaHUX, 1110
JO3BOJISIE  TIEPIOJMYHO TIEPEBIPATH CKIAAHI 3MiHU, omucaHi SQL-—3ammramu, 3amicTh
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NPUMITHBHUX MOJiH. BripoBa/ykeHHS 1IbOTO MiAX0y 0a3yeThesl HAa €PEeKTUBHOMY IHKPEMEHT-
HOMY OHOBJICHHI IIPE/CTABJICHD JJIsl BUSBICHHS TO/IM.

VY nmocuimxenHi [22] po3risgaeTbesi CHHTETUYHUNA MOHITOPUHT SIK MPOAKTUBHUM MiAXiz
70 OIIHKH TNPOJYKTUBHOCTI, JOCTYMHOCTI Ta ()yHKIIIOHAJIBHOCTI 3aCTOCYHKIB. [HTerparis
CHHTETUYHOT0 MOHITOpUHTY B KoHBeepu CI/CD no3Bosnse nmiarpumyBatu 6e3nepepBHUI UK
PO3pOOKH, MiABUINYBATH HAMINHICTH, Ta BUSBIATH Je()EKTH JO TOTO, SIK BOHU BIUIMHYTH Ha
KOPUCTYBaYiB.

[IpoanamnizoBaHi JiTepaTypHi JpKepea CBiI4aTh MPO YHIBEPCAIBHICTH MiXO/iB, OCHO-
BaHMX HA aKTMBHOMY BIUTMBI Ha JIOCIIPKYBaHY CUCTEMY (aKTHBHE 30HyBaHHS), Ta IiJITBEP-
JOKYIOTh MOKJIMBICTD iX BUKOPHCTAHHS JUIs aHAJII3y XapakTepucTHK perutikanii MongoDB.

Meta aocaixkeHnHs. MeTor0 JOCTiIKEHHS € BU3HAYCHHS (PaKTHYHUX 3aTPUMOK Perwi-
Kamii y posnoaiieHomy kmacrepi MongoDB Tta 3akoHOMipHOCTEW 1X BUHHUKHEHHS, 8 TaKOXK
no0yJ0Ba MaTeMaTHYHOI MOJIENI IS OIIHKHM W MPOTHO3YBAaHHS BIUIMBY OCHOBHUX (hakTOpiB
Ha XapaKTEPUCTUKH MPOLECY PeruTiKaIlii.

BuKJ/1aJeHHs OCHOBHOIO MaTepiajy aociiizkeHHs. s opranizaimii eKCIEpUMEHTIB
BUKOPHCTAHO JIOKaIbHUN KiacTep 0aszu manux MongoDB (Intel Core i5-8250U 1,6 I'Tu;
DDR3 16 I'b, SSD 120 I'b), 1o ckiamaeThest 3 TphOX BY3IiB: epBuHHOTO (Primary) ta apox
BropunHux (Secondary) (moptu 27020, 27021, 27022) [23]. Taka KOH}Iryparisi MOJACIIOE
30epiraHHst JaHUX MOHITOPHHTY HAa OKPEMHX BY3JaX 3 OOMEKEHHMH PECypCaMH; TaKOX B
IbOMY JOCII/DKEHHI MOBHICTIO BUKJIIOUEHO BHUIAIKOBI MEPEXEBi 3aTPUMKH Ta iX BIUIMB Ha
MpoIIeC peruTikaiii.

Jl5ist cTBOpeHHST HaBaHTa)KEHHS Ha KJIACTEep Ta 3aIllUCy Pe3yNbTaTiB MPO 3aTPUMKHU peri-
mikarii, oocsir 6pyaHoro kemry WiredTiger, cran BHYTpIIIHIX yepr OJIOKYBaHb Ta CHCTEMHHX
orepaiiiii po3poobseHo Python—ckpumr.

Jls mojtonaHHsl CUCTEMHUX OOMEeXeHb cTaHAapTHOro MoHiTopuHry MongoDB (a came
JUCKPETHOTO 1IHTEpBaly 300py METpUK y 1 C) Ta OI[IHKK peasibHOI 3aTPUMKH peruIiKalii BUKO-
pHCTaHO METO]I aKTUBHOTO 30HAyBaHHs (active probing), abo CHHTETHYHOTO MOHITOPUHTY
(synthetic monitoring). BumiproBaHHs 3aTPUMOK peasli3yeThCsi TAKUM YHHOM:

— Ha Primary—By31i ¢opmyeThes crieliagbHUi JOKYMEHT, 4ac CTBOPEHHS SIKOTO BHU3Ha-

YEHO 1 3alMCaHO y BUTTISAL 4acoBOi MITKU Ty ;

— JOKYMEHT 3alliCyeThCsl A0 XKypHaldy omepaniii oplog mepBUHHOrO By3ia, MOTIM
KomitoeTbest Ha Secondary;

— BiIOYyBa€eThCS 3UMTYBAaHHS LIHOTO JIOKyMeHTa 3 Secondary—By3na (peXuUM IepeBaru
BTOpHHHOTO By31a Secondary Preffered);

— 3aTpuMKa perutikanii AT 00YMCTIOEThCA SIK PI3HUL MK 4acOM 34MTyBaHHsA T, Ta 4a-

coBot0 MiTKOHO (1):
AT =T,— T, (1)
Jns posnonuieHux 6a3 JAaHUX OJHHUM 3 MapaMeTpiB, L0 XapakTepu3ye iX poOoTy, €
piBeHb rapanrii 3anucy (Write Concern) [24]:
— w:1, mpu sikoMy 3amuc BiiOyBaeThcs Ha nepBuHHHA (Primary) Bysou, i, He YeKaroun
3amucy Ha BTopuHHOMY (Secondary), poOuThest MiATBEPAKESHHS 100 YCITIITHOCTI OTeparii;
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— W: «Majority», npu sSIKOMy 3anic pOOUTHCS Ha OUTBILICTD BY3JIIB (ISl JaHOTO BHIIAIKY
—Ha 2 3 3), 1 To/1l BBAXXAETHCS YCHIIIHUM;

—w: all Ta iHm KOMOiIHOBaHI BU/IH, 10 Mepea0davaroTh MiATBEPDKEHHS BCiMa By3JIaMHy,
a00 BUKOPHUCTOBYIOTh JUIS OJJHHX ONEpalliii OIWH TUI PiBHS rapaHTii 3amucy, a Jjs IHIIHX —
JIPYTUM.

ExcriepuMeHTaIbHII PO3MOJILT 3aTPUMOK perutikamii st W:l ta W: «majority» mpen-
CTaBJICHO Ha pHC. 1, MapamMeTpu OTPUMAHUX PO3MOALTIB — y Tab. 1.

write_concern
[ majority
0.30 | 6 1

0.25

0.20

4acToTa
4yacToTa

0.15 4

I_
0.10 1 J : j

0.05 1 0.0 05 o 15 2.0 25
logl0

0.00

(I) 160 2[5*0 3[‘)0 4[‘)0 560

3aTpUMMKa pennikauii, Mc PI/ICy_
HOK | — BrutuB piBH# rapanrii 3ammmcy (Write Concern) Ha po3mno/iis 3aTpUMOK peruTikariii
(mc) st w:l ta W: «majority» (JTiHiAHUNA Ta JTorapupMiIYHHIA BUTIIST)

Tabmung 1
CraTucTHyHI XapaKTePUCTUKHU PO3MOJILITY 3aTPUMOK perutikamii (Mc)
B 3aJIC)KHOCTI BiJ] pIBHS rapaHTii 3amucy, Mc

Metpuka w:l W: «majority»

Cepenne 3HadeHHs (Mean) 43,31 8,79
CranmaptHe BiaxuieHHs (Std) 122,37 16,62
MiniManbHe 3Ha4eHHs (Min) 1,05 3,22
[TepuenTimi

P50 6,78 7,08

P95 450,89 17,26

P99 481,50 21,87
MaxkcuMasbHe 3HaueHHs (Max) 491,46 385,80

BianoBijiHO 10 OTpUMaHUX Pe3yNbTaTiB, [uid 000X AOCHIPKEHUX PIBHIB rapaHTii 3anucy
HiATBEPKEHO OIMOJANBHUN PO3MOIUT 3aTPUMOK peIulikailii, 1o OLTbIl BUpaKeHUH I pe-
xumy W: 1.

OcCHOBHUI MacuB 3HaY€Hb 3aTPUMOK MICTUTHCS B 00JacTi HU3bKHX 3Ha4eHb (0—50 mc).
Ane s W: 1 Ha fiarpaMi TakoX MPUCYTHSI 30HA BUCOKUX 3aTpUMOK Y aiana3zoni 400-500 mc.

3rigHo 3 maHuMH TaOnwimi 1, MpW BUKOPHCTAaHHI KOHIEMINl rapaHTii 3ammucy W: 1

peruTiKalisi € CTaTUCTHYHO O1IBbII MOBUIBHOIO: CEPEHE 3HAUCHHS 3aTPUMKHU CTAaHOBUTH 43,31
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npotu 8,79 Mc [uis W: «majorityy, e OubIia pi3HUI CIIOCTEPITaeThCsl HA BUCOKMX MEPIICH-
TUJISIX — HAMPUKIIAJ, nipu Pgg 3aTpumMka cranoButh 481,5 mc ans w:l nporu 21,87 Mc ans W:
«majority».

L1i 3aK0OHOMIPHOCTI MOB’sI3aH1 13 0COOJIMBOCTSIMU B3a€MO/II1 BY3JIiB, 1110 PO3TALIOBAaHI Ha
OJTHOMY KOMII FOTEi.

[Tpu w: 1 nepBunnwmii (Primary) By3o: ojpa3y migTBEpIUKY€E 3aMuc 1 MOYMHAE HACTYITHI
omnepauii. Lle mpu3BOAUTE 10 3aOBHEHHS ONEPATUBHOI IaM sATi Ta HAKOMUYEHHS «OpYyIHOTO
keury» (Dirty Cache) neuryna WiredTiger B mexax 8,86—11,01 M0. I koyin ke nepernoBHro-
€ThCS, THILIIOETHCS MPOIEC CKUIAHHS AaHUX Ha JMCK IiJ 4ac KOHTposbHOI Touku (Check-
pointing), Mo MpU3BOAMUTH JO THMYACOBOTO MPHUIIMHEHHS OIepalliil 3amucy xypHany (Jour-
naling) ta GiokyBaHHs poOOTH (Bi3UYHUX ITUCKIB [25, 26].

Hacninkom nporo € yrBopersst 105 anomanbHUX BUKHIIB (9% BCIX BUMIPIOBaHB) IS
w: 1 3 3atpumkamu 440—480 mc. [lpuyomy st LOTO Jiana3oHy BH3HAYEHO, MO y caMol
MongoDB nemae BHyTpiniHix yepr abo 6mokyBanns ({'total': 0, 'readers': 0, ‘writers': 0}).

Jns W: «majorityy» mepBUHHHN BY30J1 OYiKY€ MiITBEPIKCHHS 3allUCy JAaHUX BiJl BTO-
punHoro. Lleii yacoBuil iHTEpBaJI Ja€ MOXKJIHMBICTh CKHIATH «OpyIHHUI Kemr» 0e3 3HavyHOi
KUJTBKOCTI 3yIUHOK, X04a B OKPEeMi MOMEHTH 4acy 3Ha4eHHS MOXYTh nocsratu 15,88 MO.
KinbKicTh aHOMAJIBHUX BHKHIIB B IbOMY BUIAAKy cTaHOBUTH 3 (0,25 %).

TakuM YMHOM, BUKOPUCTAHHS PEXKUMY W: «Majority» € onTuMaibHUM PILlICHHSIM 3 TOY-
KU 30py 3a0e3MneueHHs HaliiHOCTI 30epekeHHs iHdopmarii y 6a3i JaHuX 1 3MEHIICHHS KpH-
TUYHHUX 3aTPUMOK peruTiKariii.

Bukopucranus W: 1, He3BakarouM Ha MIBUJIKE MiATBEP/KEHHS 3amucy iHpopMallii Ha
NEPBUHHUI JUCK, MOXE TPU3BOANTH JI0 PO3CHHXPOHI3aIii JaHUX HAa BTOPHHHUX BY3JaxX Ta
BUHHUKHEHHS OJIOKYBaHb.

st pexxumy w: «majority» OyJio MpOBEICHO €KCIEPUMEHT 00 BHU3HAYCHHS BILTUBY
tumy onepauii (Operation Type) (insert, find, update, delete) Ha 3aTpumku perutikarii (puc. 2,
Tadn. 2).

0.304 =3 insert
upcate

5 find
0.251 ; celete

(=]
B2
75} E=y
'_?_I_

4YactoTa
=}
=
w
8}
Tl

0.101 1 I I
0.5 1.0 1.5 2.0 2.5
(logl0)

0.051

0.004 - - - - - s
0 100 200 300 400 500

3aTpMMKa penJiikauii, Mmc

Pucynok 2 — Brius Tuny BUKOHYBaHHX orepauii (insert, find, update, delete)

Ha PO3MOJII 3aTPUMOK peruTikarii (JIiHIHUN Ta JorapuMiuHui BUL)
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[TopiBHIOIOYH BHIIE3a3HAYEH] THITA OTEpaIliid, CIIiJ BIAMITUTH, 1110 OTPUMAaHI PO3TIOALIH

MAIOTh CXOXKHUU XapakTep.

Tabnuus 2

CraTHCTUYHI XapaKTEPUCTUKU PO3MOJILTY 3aTPUMOK periIiKarii (Mc)

B 3aJIEKHOCTI BiJI THITY Omepartii, Mc

Tun oneparii Delete Find Insert Update
Cepenne (Mean) 7,38 10,16 8,85 8,86
[TeprenTumi:
P50 6,27 9,32 7,45 7,19
P95 10,93 17,95 17,7 17,1
MakcumainbHe 3HaYeHHs (Max) 382,35 507,54 395,69 497,15
Dirty Cache, cepeane 3nauenus, M6 10,5 8 3,5 55

binbma yacTuHa 3aTpUMOK € HE3HAYHOIO (MeiaHa CTaHOBUTH 6—9 MC), IO CBIAYUTH
po CTaOUIBHICTH poOoTH cucTeMu. OCKIIBKU Omepallii BiIpi3HAIOTHCS 3a CKJIAJHICTIO, MOX-
Ha Oyso0 O o4iKyBaTH, 110 JaHi MO 3aTPUMKAX TaKOX OyAyTh PI3HUTHUCS, ajie BIACYTHICTh 3Ha-
YHHUX PO301KHOCTEH € HeMPSMUM CBITYCHHSIM IIPO BIJICYTHICTH BIUIMBY 3 OOKY LIEHTPAJIbHOTO
nporecopy (CPU).

KinpkicTh aHOMaJIbHUX BUKH/IB € HE3HAYHOIO, BEJTMYMHA 3HAUHUX 3aTPUMOK, SIK 1 B T10-
HepeHbOMY BUIAJIKY, ckianae 1o 0,5 ¢, ane BOHM BUHHKAIOTh HaBiTh Juis onepauii find, sika,
Ha BIJIMiHY BiJl IHIIMX, HE CTBOPIOE€ HOBUX 3alMCIB 1 HE 3MiHIO€ JaHi. OTxe, 11e MATBePIAKYE
rinoTesy, 0 OCHOBHOIO MPUYMHOIO € OJOKYBaHHS caMoi onepauiiHoi CUCTEMH Iij] 4ac CKU-
nanHs cropinok nam’sti (Checkpointing), konu cucteMHHII MeXaHi3M KOHTPOJIIO CTaHy BY3-
niB (Heartbeat) crae y 3aranbny uepry 3 ¢donoBumu nporecamu MongoDB.

Awnanisyroun HakonuueHHst «Oopyanoro kemia» (Dirty Cache), moxxHa 3poOuTH BHCHO-
BOK, 10 HaiiOinbIe HOro CTBOpIOEThCS TpH BUKOHaHHI omepauii delete (10-11 M6). Aune
YTBOPEHHS CIIJIECKIB 3aTPUMOK CIIOCTEpIraeThes cepell yeix Tumis onepauiit (380-500 mc).

JIi1si BU3HA4YCHHsI BIUTUBY 3aBaHTakeHHs mporecopa Ta nam’sari (CPU and RAM load)
OyJI0 MPOBEJICHO TECTYBAHHS CUCTEMH IUISIXOM BUMIPIOBAHHS IIMX MapaMeTpiB 1 BIMOBITHUX
iM 3aTpUMOK perutikarii koxHi 0,5 ¢ amst pexxumy W=majority (tabm. 3).

Jlnist OLIHKK 3B 53Ky MK 3a3HAUEHHUMH IapaMeTpaMu OyJlo BU3HAYEHO KOe(illieHT KO-
pensii BiAMOBIAHO 110 piBHsHHS (2) [27] :

E:l: ':.?:'[—.2:'_:' ':_‘;[ -7
E;.1'1.:'_{':':'(_ £)® E|.11.: ;I:}-[ _}T}:’ (2)

r‘:

Ie x; — 3HaueHHs 3aBaHTaxeHHs CPU, RAM B MOMeHT uacy 1;
¥; — 3aTPUMKa peIUliKalii Mi>k IEpBUHHUM Ta BTOPUHHUM BY3JIaMH y MOMEHT 4acy i,

%,V — cepellHi BUOIPKOBI 3HAYEHHS BIIOBITHUX MapaMeTpiB.
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Tabmuus 3
Koedimientu xopensiii Mi>k 3aTpUMKOIO KOPEJALii Ta CACTEMHUMH MTapaMeTpamMu
(mpu W=majority)

IMapameTp KoediuienT xopessiuii r
Buxopucranus RAM, % 0,01727
Buxopucranns CPU, % —0,003539

TakoX 3aJIeKHOCTI MK 3aTpUMKAaMH PEIUTIKaIlii Ta BiAMOBIIHUMU CHCTEMHUMH I1apa-

MeTpaMu MoKa3aHi Ha puc.3.

w

8

s
<]
8

replication_lag_ms
~
=]
)
replication_lag_ms
n
S
S

100 A 100

-

@danonste o o _ _ .
o iniladg etz MV J UM § GRPr E P se L]

o 20 40 60 80 100 51.90 51.95 52.00 52.05 52.10 52.15 52.20 52.25 52.30
cpu_usage ram_usage

a 0
Pucynok 3 — Brutue CPU (cpu_usage) (a) ta RAM (ram_usage) (6)
Ha 3aTpuMKH perntikartii (replication_lag_ms)

OTtpumani aaHi Tabi. 3, a TaKOXK 3aJIEKHOCTI, MOKa3aH1 HA pHC. 3, CBAYATh MPO TE, L0
pecypcu KOMIT'I0Tepa He MaloTh KOpeJsLii 3 3aTpUMKaMH perulikailii, a OT)ke, He HecyTh Ha
HEl 3HAYHOTO BIUIMBY.

ExcniepuMeHT 1110710 Yacy ouikyBaHHs y deprax (Queue Wait) imiTye cutyaitito, Koiu
JlaHl MOTPAIUIAIOTh Y CUCTEMY Oe3lepepBHO, aje BOHU MOBUHHI OYIKYBaTH y BHYTPILIHbOCHC-
TEMHIM 4ep3i (HampuKial, yepe3 panToBe KOPOTKE OJOKYBAaHHS pecypciB 3a paXyHOK CKH-
nanHsg gaaHux 3 nmam’sti WiredTiger abo 301IbIIeHHsT KUTBKOCTI 1HIIMX TOTOKIB OTepariii).
JlocmiKeHHsT TPOBOIMIIOCS IIJISIXOM BHECEHHS JOJATKOBHUX 3aTPUMOK MDK IIMKJIAMH BUKO-
HaHHA omnepauiil Tpusaiictio 5, 100, 1000 ta 2000 mc. AHani3yl0oud OTPUMAHUNA PO3IMOJLT
(puc. 4, Tabn. 4), MOXHa BIAMITUTH, 1110 3MiHA Yacy OYiKyBaHHS HE BIJIMBAE HAa XapakKTep po-
3MOUTY: MK PO3MOALTY IPUXOIUTHCS Ha Aiana3oH 5—10 Mc, MeiaHHI 3HAYEHHS MaiiKe CITiB-
naaamTh (6,23—6,86 Mc), podoTa cucteMu € cTabIBHOI 3a BHHITKAM BUKHIB 2157,84 mc

npu 3atpumit 2000 mc.
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Pucynok 4 — BruiuB yacy o4ikyBaHHS y yeprax Ha po3HOJil 3aTPUMOK peruTikarii

B 3aJIC)KHOCTI Bij] yacy odikyBaHHA y ueprax (5, 100, 1000, 2000 mc) (morapudmivna mkana)

Tabmuus 4

CTaTuCTHYHI XapaKTePUCTUKHU PO3MOJILITY 3aTPUMOK perutikarii (Mc)

B 3aJIC)KHOCTI BiJ] 4aCy O4iKyBaHHS y Ueprax, Mc

Yac ouikyBaHHA 5 100 1000 2000
Cepenne (Mean) 7,87 8,12 6,93 15,32
[lepuentumi:

P50 6,81 6,86 6,23 6,75

P95 17,24 17,53 11,69 10,97
MaxkcumainbHe 3HaYeHHS (Max) 185,52 248,76 39,39 2157,84

BusHaueHHs BIUIMBY KUIBKOCTI BiJKPUTHX KITi€HTChKUX 3’enHaHb (Connections), mio

OJIHOYACHO MPUETHATHCS 10 0a3u naHux, nociimkeno asa 10, 100, 500 ta 1000 mapanenbHUX

MOTOKIB (pu w=majority). OTpuMaHi pe3yJbTaTh AEMOHCTPYIOTh (pHUC. 5, Tabi. 5) cuabHy

3aJIeKHICTh 3aTPUMOK perulikauii Bia 1poro napaMerpa. [Ipu HeBenukiil KIJIbKOCTI 3’€/IHaHb

(10) pobota cuctemu cTabibHA, 3aTPUMKH MAaIOTh KYMOJOMOAIOHMIA BY3bKil po3momia (ce-

penHe 3HadeHHs 6,29 Mmc, P5g=5,96 mc). Ilpu 306inbpmenH1 KiabkocTi 3’enHanp A0 100 yTBO-

prO€eThCS AOBrUil «xBicT» 3aTpUMOK (Pgs=88,01 mc). IIpu 3pocranHi HaBaHTakeHHs 10 500—

1000 3’eqHaHb perutikalis AECUHXPOHIZYEThCS, CEpellHs 3aTpUMKa Pi3KO 30LIBIIYETHCS 10

639,09 ta 6333,57 Mc, Pgs nocsirae 10139,61 mc. Lle nmoscHIOEThCS BUHUKHEHHSM KOHKYPEH-

1ii 3a pecypcu, 1 cUCTeMa 3HaUHUM 4ac IPOBOAUTH B OUIKYBAHHSIX.
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Pucynok 5 — BriuB KiIbKOCTI mapanenbHuX KiieHTChkuX 3’ennans (10, 100, 500, 1000)
Ha 3aTPUMKH perutikaiii (JrorapudmiyHa mKana)

Ta0muus 5
CTaTucTH4HI XapaKTePUCTUKH PO3MOILITY 3aTPUMOK peIuTiKalii (Mc)
B 3QJIGKHOCTI BiJl KUIBKOCTI MapajebHUX KIIEHTChKUX 3’ €HAHb

KinbkicTh 3’€1HAHD 10 100 500 1000
Cepenne (Mean) 6,29 35,5 639,09 6333,57
[Mepuentuni:
P50 5,96 23,18 361,34 5825,04
P95 8,67 88,01 2257,94 | 10139,61
MakcumainbHe 3HaueHHs (Max) 135,72 539,94 4362,54 | 10947,02

BB kigbkocTi JoKyMeHTIB y makeTi (Batch Size) gocmimkeno ans kordirypariiit 10,
50, 100, 500 moxymeHTiB (TIepioAUUHICTh BiAnpasieHHs 1 ¢) (puc. 6, Tadi. 6).

AHai3 pe3ynbTariB BKa3ye Ha HasIBHICTh 3BOPOTHOI 3aJIEKHOCTI MIXK PO3MIPOM IMAKETy
Ta 3aTPUMKOIO perutikanii. Tak, mpy HEeBeNUKIN KUIbKOCTI T10KyMeHTIB y nakeTi (10) ocHoBHa
YacTHHA 3aTPUMOK 3MIILY€ETHCS B 00JIACTh OUIBIIMX 3HAU€Hb (CepeqHE 3HAYCHHS CTAaHOBUTH
102,15 Mc, cranmapTHe BigxuieHHs — 277,62 Mc), a KpiM TOTO, CIIOCTEpITacThcs 3HAYHUN
cruteck B paiioni 1000 mc (10g10=3).

[Tpu 36inbII€HH] TAKETy OJHOYACHO 00pOOIIOBaHUX TOKYMEHTIB 10 500 po3mosin crae
OUTBII BY3bKUM 3 MIKOM IIiTbHOCTI 5—10 Mc (cepenHe 3HAUYEHHS 3aTPUMKHU 3HIDKYETHCS J10
5,32 mc, crangaptHe BigxuneHHs — 1,89 mc).

Lle moB’s13yeThCs 13 TUM, 11O MPH BiJNpPaBICHHI MaKeTa JOKYMEHTIB iCHYIOTh MOCTIHHI
HaKJIQJIHI BUTpATH (3allUTH CTaTycy, 3anucu heartbeat, cuaxpoHizaiist )KypHaliB TOIIO), a Y
BEJIMKUX TAaKeTax Ili BUTPATH 3MEHIIYIOTBCS 3 PO3PaxXyHKY Ha OJUH JOKYMEHT, OCKIJIbKH
PO3MOJUISIOTECS HA BECh MakeT AJOKyMeHTiB. KpiM Toro, BroprHHI By3/u OLIbII €EKTUBHO 1
IIBUJIKO BUKOPUCTOBYIOTH orepariii 3 0plog, Ko JOKyMEHTH HaJIXOISTh IPYHaMH.
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Cain BiIMITHTH, IO MPU MEHIIOMY HaBaHTaKeHHI (10 TOKYMEHTIB y MakeTi) «I3BiH»
pO3MOIiTy 3MIlIIEHUH Mpagimie (cepeaHe 3HA4eHHsS Mean s nakera 3 10 JOKyMeHTIB Ckia-
nae 102,15 mc), Hix npu Oinpmux HaBanTaxeHHsAX (500 — 5,32 mc).

500
100

10

HacTOoTa

0.0 0.5 1.0 1.5 2.0 2.5 3.0
3aTpuMKa pennikadii, mc (logl0)

Pucynoxk 6 — Bruus po3mipy nokymentiB y nakeri (Batch Size)
Ha PO3IOJLUT 3aTPUMOK peTuTiKarii (JlorapudMivyHa IIKaa)

Tabnuus 6
CraTHCTUYHI XapaKTePUCTUKU PO3IOJILTY 3aTPUMOK periTiKarii
IIPU 3MiH1 KIJIbKOCTI JIOKyMEHTIB y HaKeTi
Po3mip | Cepenne | Meniana | CranpaprHe | Minima— | Makcuma— | Koedi—
nakery | (Mean), | (Median), | BixxuJjieHHsi | JbHe 3Ha- JbHE 3HA- Wi€HT
(Batch) MC MC (Std), mc YeHHSA YeHHS Bapianii
(min), mc (max), mc (cv), %
10 102,15 9,00 277,62 1,08 995,33 271,78
50 22,53 5,67 109,46 2,29 840,69 485,88
100 12,31 55 59,48 1,13 656,85 484,14
500 5,32 5,02 1,89 1,02 17,24 35,56

[le Moke noB’sA3yBaTucs 3 JeKIJIbKOMa (pakTopaMu:

— IpU OJAHOYACHOMY I€pe/laBaHHI BEJIMKOIO MaKeTy JOKYMEHTIB BiAIpaBIeHHS BiIOY-

Ba€ThCs OE3MEPEPBHUM MOTOKOM, 1 JJIsI KOXKHOTO IUKITY BUKOHYIOTHCS TIATOTOBYI omeparrii

(moB’s13aHi 3 3aIIUTOM CTaTyCy, 3allUCOM «MapKepay TOILO), TOMY Yy BHUIAJKy IepelaBaHHs

HEBEJIMKOTO0 MAKETY 111 3aTPUMKH OyyTh IpaTy 3HaYHY POJb Y 3arajibHOMY Yaci oneparii;

— IpHu Hepe)IaBaHHi BEJIUKOI KIJIBKOCTI JaHUX KEII CUCTEMH BHKOPHUCTOBYETHCA BECH

qac, JJ11 HEBEIUKOI KIIbKOCTI — IEPEX0UTh B €HEPro30epiratoumii cTaH.

ACOBHUH IHTEPBAJI MK OIIepaLisIMH 3aIIHC BHUHHUKAC V 3B SI3KY 3 TUM, IO 1H-
q y (Interval y 3B’SI3KY ,

dbopmartiss He MOXKE TOTPAIUIATH Y CUCTEMY O€3MepepBHO, a, SIK Y BUIAJIKY 3 MOHITOPUHTOM
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JOBKIJUIS MOTpAIUIsie MakeTaMu 3 iHTepBajiaMu. {71 BU3HAYCHHSI BIUIMBY JIaHOTO MapaMeTpy
10 0a3u JaHWX Ha 3aTPUMKH PEIUTIKAIlii OyJIo MPOBEACHO CEPit0 TOCIIHKEHb 3 MEPIOIUYHICTIO
36upanns nanux 0, 1, 5 ta 10 ¢ 3 makerom nokymentis 20 mT (puc. 7).

0.1s
‘J 55
10 s

yactora
— —

.

1.0 1.5 2.0 2.5

3aTpuMKa pennikadii, mc (logl0)

o0l 1l o
00 05

3.0 3.5

Pucynoxk 7 — BruiuB wacoBoro iHTepBany Mix onepaiismu 3anucy (Interval)
Ha PO3MOJIUT 3aTPUMOK peruTiKalii (JJorapudmMivHa 1IKasa)

[Ipu Bu3HaUEHHAX 3aTPUMOK peIuTiKalii yepe3 pizHi nepioau yacy (uepes 0,1, 5 ta 10 ¢
3 MaKeToOM JOKYMeHTIB 20) cIiiJl BIAMITUTH HacTymHe (Tabiu. 7, puc. 7).

[Ipu BumiproBanHsx uepe3 0,1 ¢ maiixke BCl TOYKH MOTPAIUISIIOTH Y JOCHUTH BY3bKHI
niara3oH 3atpuMok 5—10 mc 3 cepemHiM 3HaueHHsIM 8,92 Mc 1 Menianoro 7,16 mc. Makcu-
MajbHa 3aTpuMKa ckiagae 54,07 Mc, o CBIAYUTH MPO CTaOUIbHY POOOTY CHCTEMH.

[lix gac excnepuMeHTIB, NpU AKKUX 301p AaHUX BiI0yBaeThes yepes 5—10 ¢, kpiM 3aTpu-
MOK Yy Jiarna3oHi 6au3bko 7-9 Mc (meniana 7,36 ta 8,55 Mc), MpUCYTHI TaKOX €KCTpeMalbHi
naru (4902,05 mc ta 9911,69 mc).

Tabnuus 7
CraTHCTHYHI XapaKTEePUCTUKU PO3IOILTY 3aTPUMOK peruTiKarii
B 3aJIEKHOCTI BiJI IHTEpBAIY MIXK OIEpaIisIMU 3aIUCy
Ilepi— | Cepenne | Meniana | Crangaprae | Minimanbne | Makcumaub— | Koedi—
oquu— | (Mean), | (Median) | BinxuiieHHsI | 3HAYeHHSI | He 3HAYEHHS mi€HT
HiCTB, MC MC (Std), mc (min), mc (max), mc Bapiauii
c (cv), %
0,1 8,92 7,16 7,37 3,99 54,07 82,63
5 131,38 8,55 764,87 4,11 4902,05 582,18
10 420,84 7,36 1984,19 1,24 9911,69 471,48
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Lle MOKe MOSICHIOBATHCS OCOOJIMBOCTSIMU MPOLIECY BUMIPIOBAHHS IIPU TPHBAIMX Iay3ax
— BTOPUHHHUHN BY30Jl IEPEXOUTh y PSKUM OUYIKYBaHHS, 1 3aTPHUMKa BU3HAYAETHCS BIITHOCHO
HOMEPEIHFOI0 MapKepa BUMIPIOBaHHS, 1110 IPU3BOIUTH 10 YTBOPEHHS aHOMAJIbHUX 3HAYCHb.

Jlist OLiHKY BIUIMBY OTPHUMAHUX €KCHEPUMEHTAIBHHUX MapaMeTpiB Ha 3aTPUMKH Peruli-
KaIii OyJl0 BUKOPUCTAHO alroputM rpajgientHoro Oycrunry (Gradient Boosting Regressor),
10 BpaxyBaB HACTYIIHI MapaMeTpU: KUIbKICTh KII€HTCHKHUX 3’emnHaHb (Connections), Kijab-
KicTh JIOKyMeHTIB y makeTi (Batch), gacoBuii inTepBan mix omepamismu 3anucy (Interval),
3aBaHTa)XEHHS Mpoliecopa (CPU), vac OodiKyBaHHS y deprax (queue wait), i Ha HOro OCHOBI
cTBOpeHo rpadik 3HauyniocTi o3Hak (Feature Importance) (puc. 8) Ta tabm. 8.

Connections 1

Batch

Interval

CpU

queue wait 1

T T

0.0 0.2 0.4 0.6 0.8
Importance

Pucynok 8 — OuiHka 3Ha4yIIOCTi BIUIMBY NapaMeTpiB Ha 3aTPUMKH periIiKarii

Amnani3 puc. 8 1 Tabn. § mokaszas, 10 cepe]] 3HAYYIIUX MapaMeTpiB HaAHOUIbIINI BIUIUB
Ha 3aTPUMKY peruliKalii MaloTh: KIJIbKICTh 3’ €HaHb, IHTEPBAJ 3BEpTaHHS J0 0a3u JaHUX Ta
PO3Mip TOKYMEHTIB Y MaKeTi.

Tabmurs 8
Ominka 3Hauymocti o3Hak (Feature Importance)
®aktop / [lo3HaYeHHS 3nauymicTs (Importance)
KinekicTs 3’eanans / Connections 0,54 (54%)
IatepBai 3BepHenHs / Interval 0,28 (28%)
Po3wmip nmakera / Batch 0,18 (18%)
Yac ouikyBaHHs y yeprax (queue wait) 0,001 (0,1%)
3aBaHTa)KEHHS Mporecopa / cpu 0,001 (0,1%)

[Hm1i mapameTpy 3a BINIMBOM CKJIAIar0Th MeHme 1 %, ToMy y moJalbIioMy aHaii3i Bo-
HU HE BPaXOBYIOTHCS.

[MomanpmmmM kpokoM Oys0 MoOyAyBaHHS MaTeMaTUYHOI MOJEN, sfika O omucyBaia Cy-
MapHU BIUIMB 3HAYYIIUX MapamMeTpiB Ha 3aTpUMKH perutikaiii. [ mporo Oymo B3sATO BCi
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daim *.csv 31 CTAaTUCTHYHUMU JAHUMH 1010 KITBKOCTI MapaielbHUX KITIEHTCHKHUX 3’ €HAHD
(C), yacoBOro iHTEpBaTy MiX OIepaLisiMu 3anucy (I) Ta KUIBKOCTI JOKYMEHTIB y MaKeTi (B).

Jns anpoxcumarii 0yno oOpaHo AeKiibKa BUAIB (PYHKII Ta OMMCaHO HUMHU EKCIEepH-

MeHTaJIbHI qaHi (Tads. 9).

Tabnmig 9
@yskuii A1 BU3HAYEHHs 3aTPUMKH perutikanii (lag)
Ta BiAMOBIAHI IM Koe(illieHTH AeTepMiHaLii
Bua ¢pyHkuii PiBHsaHHA R?
Cremnenepa lag = 4,0668 - B%05%2 . 04937, §—0.0743 0,8176
TToniHoMiaabHO— !ﬂg — 5,8283 . Bl};ﬂﬂg‘? . C—D;:lIE +0,1474 InC | I_DJDDEZ 019533
JorapipmiuHa
Heniniiina exc- | lag = 0,6691 - B%*%*% . ¢07802 . oy (0,000031 - ¢1*) - 17020110 10,9786
[MOHEHI[IITHA

Jlis mOpiBHSIHHS TEOPETHYHUX 3HAY€Hb 3 EKCIepUMEHTAIbHUMHU moOyaoBano 3D-—
niarpamu (puc. 9, 10). Mogens (puc. 10) nmokazana HaiBUIIUK KoedilieHT neTepMinaltii (0i-
abie 0,97), o cBiAYUTE TIpo Te, [0 BOHA HAWOIBII TOYHO OMHCYE EKCIIEPUMEHTANbHI aHi.

9 (] e (]
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Pucynok 9 — Crerenesa (a) Ta mosiHoMiaasHO—JI0rapidmivHa (0) TOBEPXHS 3aJICKHOCTI
3arpuMkH perntikariii (lag(ms)) Bix po3mipy nakety gokymenTtis (Batch(B)) i1 kinbkocTi
napanensHux 3’eaHanb (Conn(C))
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@ '=10 @ '=50 @ '=100
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Lag (ms)

Pucynok 10 — HeniniliHa eKCrIOHEHII1lHA TOBEPXHS 3AJIEKHOCTI 3aTPUMKH PeriTiKaiii
(lag(ms)) Bix po3mipy makety qokymenTis (Batch(B)) i kimbkocTi nmapanenbHuX 3’€IHaHb
(Conn(C)) amst inTepBaiiB Mixk onepamismu 3amucy (I):a—1=1c¢,6-1=5¢c,s—-I=10¢

BucnoBku. B pe3ynbTari mpoBeaeHOro AOCTIIKEHHS TICTAIA MOJANBIIOTO PO3BUTKY
3aKOHOMIPHOCTI MpolLIeCy perulikaiii y po3noAiieHux Hepensaiinux 6asax nanux MongoDB
3a YMOB 3aCTOCYBAaHHSI METOAY aKTUBHOTO 30H/1yBaHHS.

3a JI0MOMOT 00 AITOPUTMY TPaIIEHTHOTO OYCTHHTY TPOBEACHO OIIHKY 3HAYYIIOCTI (a-
KTOpIB Ta BH3HAUYEHO OCHOBHI MapaMeTpH, IO BILUIMBAIOTH HA 3aTPUMKHU pPEIUTIKAIli, a caMe:
KUTBKICTh TapayieIbHUX KIIEHTCHKUX 3’€IHaHb, 00CAT JTOKYMEHTIB y IMaKeTi, YaCOBUH iHTEp-
BaJ MK oreparisiMu 3anucy. JoBeAeHO BIICYTHICTh ICTOTHOTO BIUIMBY 4Yacy OYIKYBaHHS y
gyeprax Ta MOKa3HUKIB 3aBaHTaKEHHS IPOIIECopa.

Ha ocHOBI OoTpUMaHUX €MIIIPUYHUX JAaHUX MOOYIOBAaHO HENIHIMHY MaTeMaTH4HY MO-
Jenb, M0 ONHCYE 3B'I30K MK 3a3HAYEHUMH IapaMeTpaMd Ta 3aTpPUMKaMH perutikamii
(R? = 0,9786), siky Moxe GyTH BHKOPHCTAHO IIiJ 4ac IPOEKTYBAHHS TA ONTHMI3aIii po6oTH
HepensainauX po3noaieanx NoSQL—cucrem.

JIITEPATYPA
1. Ncube M. M., Ngulube P. Enhancing environmental decision—-making: a systematic review
of data analytics applications in monitoring and management. Discover sustainability. 2024.
Vol. 5, no. 1. DOI: 10.1007/s43621-024-00510-0 (date of access: 23.08.2026).
2. Advances and challenges in iot sensors data handling and processing in environmental
monitoring networks / S. Sathyamoorthy et al. HAFED POLY journal of science, management
and technology. 2024. Vol. 5, no. 2. P. 40-60. DOI: 10.4314/hpjsmt.v5i2.3 (date of access:
22.08.2026).
3. Hasan S., Mohammed Y. Environmental monitoring systems using wireless sensor net-
works: an overview. Journal of engineering and sustainable development. 2020. Vol. 24,
Special. P. 298-303. DOI: 10.31272/jeasd.conf.1.33 (date of access: 22.08.2026).
4. Pesniuenko O. B., JIsmenko O. A., Apxunosa B. B. [locmipkenns Moaeneit 6a3 qaHux s

36epiranns big data y cdepi monitopunry mokiuisa. CuctemHi texaonorii. 2024. Ne 6 (155).
C. 185-195. DOI: https://doi.org/10.34185/1562-9945-6-155-2024-18

88 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)


https://doi.org/10.34185/1562-9945-6-155-2024-18

«CucremHi texHogorii» 5 (166) 2026 Tom 1 «System technologiesy
5. Framework for heterogeneous data management: An application case in a NoSQL envi-
ronment from a Climatological Center / A. M. Jiménez—Galina et al. Computacion y sistemas.
2024. Vol. 28, no. 1. DOI: 10.13053/cys—28-1-4474 (date of access: 22.08.2026).
6. Han M. The application of NoSQL database in Air Quality Monitoring. 2015 international
conference on intelligent systems research and mechatronics engineering, Zhengzhou, China,
11-13 April 2015. Paris, France, 2015. DOI: 10.2991/isrme—15.2015.25 (date of access:
22.08.2026).
7. Andreoli R., Cucinotta T. Inducing huge tail latency on a mongodb deployment. 2023 IEEE
international conference on cloud engineering (IC2E), Boston, MA, USA, 25-29 September
2023. 2023. DOI: 10.1109/ic2e59103.2023.00020 (date of access: 22.08.2026).
8. Consistency issue and related trade—offs in distributed replicated systems and databases: a
review / J. Ahmed et al. Radioelectronic and computer systems. 2023. No. 2. P. 171-179.
DOI: 10.32620/reks.2023.2.14 (date of access: 22.08.2026).
9. Gorbenko A., Karpenko A., Tarasyuk O. Analysis of trade—offs in fault-tolerant distributed
computing and replicated databases. IEEE 11th international conference on dependable sys-
tems, services and technologies (DESSERT), Kyiv, Ukraine, 14-18 May 2020. 2020. DOI:
10.1109/dessert50317.2020.9125078 (date of access: 23.08.2026).
10. Alert conditions: Replication lag. MongoDB Ops Manager Documentation.
URL:https://www.mongodb.com/docs/ops—manager/current/reference/alerts/replication—lag/
(date of access: 27.07.2026).
11. Hows D., Membrey P., Plugge E. The Definitive Guide to MongoDB: A complete guide
to dealing with Big Data using MongoDB. 3rd ed. Berkeley : Apress, 2015. 428 p
12. Barlett G., Heidemann J., Papadopoulos C. Understanding Passive and Active Service
Discovery. IMC ’07: Proceedings of the 7th ACM SIGCOMM conference on Internet meas-
urement (San Diego, California, USA, October 24-26, 2007). New York : ACM, 2007. P.
361-374. DOI: https://doi.org/10.1145/1298306.1298356
13. Yang Y. Research on site reliability optimization technology based on synthetic monitor-
ing in cloud environments. 5th international conference on artificial intelligence, automation
and high performance computing (AIAHPC), Hefei, China, 19-21 September 2025. 2025.
P. 729-732. DOI: 10.1109/aiahpc66801.2025.11290592 (date of access: 23.08.2026).
14. Approaches of probing signal type determination of means local probing for distributed
power grids technical condition diagnostic / Y. Honcharenko et al. Herald of khmelnytskyi
national university. 2022. Vol. 305, no. 1. P. 145-151. DOI: 10.31891/2307-5732-2022—
305-1-145-151 (date of access: 23.08.2026).
15. Swargo R. M., Arifuzzaman M. Deploy-Efficient and fast network probing with time—
series foundation models. IEEE international conference on big data (bigdata), Washington,
DC, USA, 15-18 December 2024. 2024. P. 8846-8848.
DOI: 10.1109/bigdata62323.2024.10824943 (date of access: 23.08.2026).
16. Adaptive diagnosis in distributed systems / I. Rish et al. IEEE transactions on neural net-
works. 2005. Vol. 16, no. 5. P. 1088-1109. DOI: 10.1109/tnn.2005.853423 (date of access:
23.08.2026).
17. Multipath probing and grouping in multihomed networks / J. Liao et al. IEICE transac-
tions on information and systems. 2011. E94-D, no. 3. P. 710-713.

ISSN 1562-9945 (Print) 89
ISSN 2707-7977 (Online)



https://www.mongodb.com/docs/ops-manager/current/reference/alerts/replication-lag/
https://www.google.com/search?q=https://doi.org/10.1145/1298306.1298356

«Cucremni texnoorii» 5 (166) 2026 Tom 1 «System technologies»
DOI: 10.1587/transinf.e94.d.710 (date of access: 23.08.2026).
18. Cito J., Gotowka D., Leitner P. Identifying web performance degradations through syn-
thetic and real-user monitoring / J. Cito, D. Gotowka, P. Leitner, R. Pelette, D. Suljoti, S.
Dustdar. Journal of Web Engineering. 2015. Vol. 14, Ne 5-6. P. 414-442.
URL.: https://journals.riverpublishers.com/index.php/JWE/article/view/3845
19. Empirical and theoretical evaluation of active probing attacks and their countermeasures /
X. Fu et al. Information hiding. Berlin, Heidelberg, 2004. P. 266-281. DOI: 10.1007/978-3—
540-30114-1 19 (date of access: 23.08.2026).
20. Johnson M. Proactive Monitoring Strategies for High—Availability Database Systems / M.
Johnson et al. 2020.
21. Badia A. Active database systems for monitoring and surveillance. Intelligence and secu-
rity informatics. Berlin, Heidelberg, 2003. P. 296-307. DOI: 10.1007/3-540-44853-5_ 22
(date of access: 23.08.2026).
22. Dhir K. Synthetic Monitoring as a Quality Gate in Continuous Integration and Deploy-
ment (CI/CD) and Al Augmentation. International Research Journal of Modernization in En-
gineering Technology and Science. 2026. Vol. 8, Ne 4. P. 14.
DOI: https://www.doi.org/10.56726/IRIMETS95831
23. MongoDB. (n.d.). Deploy a replica set for testing and development. MongoDB Manual.
Retrieved July 27, 2026, from https://www.mongodb.com/docs/manual/tutorial/deploy—
replica—set—for—testing/
24. Definitive guide to mongodb: a complete guide to dealing with big data using mongodb /
T. Hawkins et al. Apress L. P., 2013.
25. MongoDB. (n.d.). Journaling. MongoDB Manual. Retrieved July 27, 2026, from
https://www.mongodb.com/docs/manual/core/journaling/
26. MongoDB. (n.d.). WiredTiger Storage Engine. MongoDB Manual. Retrieved July 27,
2026, from https://www.mongodb.com/docs/manual/core/wiredtiger/#std—label-storage—
wiredtiger/
27. Gotelli N. J. A Primer of Ecological Statistics / N. J. Gotelli, A. M. Ellison. — 2nd ed. —
Sunderland, Massachusetts: Sinauer Associates, Inc., 2013. — 614 p.

REFERENCES

1. Ncube, M. M., & Ngulube, P. (2024). Enhancing environmental decision—-making: a sys-
tematic review of data analytics applications in monitoring and management. Discover sus-
tainability, 5(1). https://doi.org/10.1007/s43621-024-00510-0
2. Sathyamoorthy, S., Matthew, U. O., Adekunle, T. S., & Okafor, N. U. (2024). Advances
and challenges in iot sensors data handling and processing in environmental monitoring net-
works. HAFED POLY Journal of Science, Management and Technology, 5(2), 40—
60. https://doi.org/10.4314/hpjsmt.v5i2.3
3. Hasan, S., & Mohammed, Y. (2020). Environmental monitoring systems using wireless
sensor networks: An overview. Journal of Engineering and Sustainable Develop-
ment, 24(Special), 298-303. https://doi.org/10.31272/jeasd.conf.1.33

%0 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)


https://journals.riverpublishers.com/index.php/JWE/article/view/3845
https://www.doi.org/10.56726/IRJMETS95831
https://www.mongodb.com/docs/manual/tutorial/deploy-replica-set-for-testing/
https://www.mongodb.com/docs/manual/tutorial/deploy-replica-set-for-testing/
https://www.mongodb.com/docs/manual/core/journaling/
https://www.mongodb.com/docs/manual/core/wiredtiger/#std-label-storage-wiredtiger/
https://www.mongodb.com/docs/manual/core/wiredtiger/#std-label-storage-wiredtiger/
https://doi.org/10.1007/s43621-024-00510-0
https://doi.org/10.4314/hpjsmt.v5i2.3
https://doi.org/10.31272/jeasd.conf.1.33

«CucremHi texHogorii» 5 (166) 2026 Tom 1 «System technologiesy
4. Reznichenko, O., Liashenko, O., & Arkhypova, V. (2025). Database models for storing big
data. System Technologies, 6(155), 155-195. https://doi.org/10.34185/1562—9945-6—-155—
2024-18
5. Jiménez—Galina, A. M., Maldonado—Macias, A. A., Olmos—Sanchez, K. M., Hernandez, 1.,
Estrada—Saldana, F., & Vazquez—Galvez, F. A. (2024). Framework for heterogeneous data
management: An application case in a NoSQL environment from a Climatological Cen-
ter. Computacion y sistemas, 28(1). https://doi.org/10.13053/cys—28-1-4474
6. Han, M. (2015). The application of NoSQL database in Air Quality Monitoring. 2015 in-
ternational conference on intelligent systems research and mechatronics engineering. Atlantis
Press. https://doi.org/10.2991/isrme-15.2015.25
7. Andreoli, R., & Cucinotta, T. (2023). Inducing huge tail latency on a mongodb deployment.
2023 IEEE international conference on cloud engineering (IC2E).
IEEE. https://doi.org/10.1109/ic2e59103.2023.00020
8. Ahmed, J., Karpenko, A., Tarasyuk, O., Gorbenko, A., & Sheikh—Akbari, A. (2023). Con-
sistency issue and related trade—offs in distributed replicated systems and databases: A re-
view. Radioelectronic and Computer Systems, (2), 171-179.
https://doi.org/10.32620/reks.2023.2.14
9. Gorbenko, A., Karpenko, A., & Tarasyuk, O. (2020). Analysis of trade—offs in fault—
tolerant distributed computing and replicated databases. IEEE 11th international conference
on dependable systems, services and technologies (DESSERT).
IEEE. https://doi.org/10.1109/dessert50317.2020.9125078
10. MongoDB. (n.d.). Alert conditions: Replication lag. MongoDB Ops Manager Documenta-
tion.  Retrieved July 27, 2026, from https://www.mongodb.com/docs/ops—
manager/current/reference/alerts/replication—lag/
11. Hows, D., Membrey, P., Plugge, E., & Hawkins, T. (2015). The definitive guide to mon-
godb. Apress. https://doi.org/10.1007/978-1-4842-1182-3
12. Bartlett, G., Heidemann, J., & Papadopoulos, C. (2007). Understanding passive and active
service  discovery. The 7th  ACM SIGCOMM  conference. @~ ACM  Press.
https://doi.org/10.1145/1298306.1298314
13. Yang, Y. (2025). Research on site reliability optimization technology based on synthetic
monitoring in cloud environments. 5th international conference on artificial intelligence, au-
tomation and high  performance  computing (AIAHPC) (p. 729-732).  IEEE.
https://doi.org/10.1109/aiahpc66801.2025.11290592
14. Honcharenko, Y., Priadko, V., Poleshchuk, I., Synkivskyi, V., & Ostra, N. (2022). Ap-
proaches of probing signal type determination of means local probing for distributed power
grids technical condition diagnostic. Herald of Khmelnytskyi National University, 305(1),
145-151. https://doi.org/10.31891/2307-5732-2022—-305-1-145-151
15. Swargo, R. M., & Arifuzzaman, M. (2024). Deploy—Efficient and fast network probing
with time-series foundation models. IEEE international conference on big data (bigda-
ta) (p. 8846-8848). IEEE. https://doi.org/10.1109/bigdata62323.2024.10824943
16. Rish, 1., Brodie, M., Ma, S., Odintsova, N., Beygelzimer, A., Grabarnik, G., & Hernan-
dez, K. (2005). Adaptive diagnosis in distributed systems. IEEE Transactions on Neural Net-

works, 16(5), 1088-1109. https://doi.org/10.1109/tnn.2005.853423
ISSN 1562-9945 (Print) 91
ISSN 2707-7977 (Online)



https://doi.org/10.34185/1562-9945-6-155-2024-18
https://doi.org/10.34185/1562-9945-6-155-2024-18
https://doi.org/10.13053/cys-28-1-4474
https://doi.org/10.2991/isrme-15.2015.25
https://doi.org/10.1109/ic2e59103.2023.00020
https://doi.org/10.32620/reks.2023.2.14
https://doi.org/10.1109/dessert50317.2020.9125078
https://www.mongodb.com/docs/ops-manager/current/reference/alerts/replication-lag/
https://www.mongodb.com/docs/ops-manager/current/reference/alerts/replication-lag/
https://doi.org/10.1007/978-1-4842-1182-3
https://doi.org/10.1145/1298306.1298314
https://doi.org/10.1109/aiahpc66801.2025.11290592
https://doi.org/10.31891/2307-5732-2022-305-1-145-151
https://doi.org/10.1109/bigdata62323.2024.10824943
https://doi.org/10.1109/tnn.2005.853423

«Cucremni texnoorii» 5 (166) 2026 Tom 1 «System technologies»
17. Liao, J., Wang, J., Li, T., & Zhu, X. (2011). Multipath probing and grouping in multi-
homed networks. IEICE Transactions on Information and Systems, E94-D(3), 710-
713. https://doi.org/10.1587/transinf.e94.d.710
18. Cito, J., Gotowka, D., Leitner, P., Pelette, R., Suljoti, D., & Dustdar, S. (2015). Identify-
ing web performance degradations through synthetic and real-user monitoring. Journal of
Web Engineering, 14(5-6), 414-442.
Retrieved from https://journals.riverpublishers.com/index.php/JWE/article/view/3845
19. Fu, X., Graham, B., Xuan, D., Bettati, R., & Zhao, W. (2004). Empirical and theoretical
evaluation of active probing attacks and their countermeasures. Information hiding (p. 266—
281). Springer Berlin Heidelberg. https://doi.org/10.1007/978-3-540-30114-1 19
20. Johnson, M., Carter, E., Brooks, S., Bennett, A., & Yusuff, M. (2020). Proactive monitor-
ing strategies for high—availability database systems.
21. Badia, A. (2003). Active database systems for monitoring and surveillance. Intelligence
and security informatics (p. 296-307). Springer Berlin Heidelberg. https://doi.org/10.1007/3—
540-44853-5 22
22. Dhir, K. (2024). Synthetic monitoring as a quality gate in continuous integration and de-
ployment (CI/CD) and Al augmentation. International Research Journal of Modernization in
Engineering Technology and Science, 6(4), 14. https://doi.org/10.56726/IRJIMETS95831
23. MongoDB. (n.d.). Deploy a replica set for testing and development. MongoDB Manual.
Retrieved July 27, 2026, from https://www.mongodb.com/docs/manual/tutorial/deploy—
replica—set—for—testing/
24. Hawkins, T., Membrey, P., Plugge, E., & Hows, D. (2013). Definitive guide to mongodb:
A complete guide to dealing with big data using mongodb. Apress L. P.
25. MongoDB. (n.d.). Journaling. MongoDB Manual. Retrieved July 27, 2026, from
https://www.mongodb.com/docs/manual/core/journaling/
26. MongoDB. (n.d.). WiredTiger Storage Engine. MongoDB Manual. Retrieved July 27,
2026, from https://www.mongodb.com/docs/manual/core/wiredtiger/#std—label-storage—
wiredtiger/
27. Gotelli, N. J., & Ellison, A. M. (2013). A primer of ecological statistics (2nd ed.). Sinauer
Associates, Inc.

Received 08.06.2026.
Accepted 10.08.2026.
Published 30.10.2026

Mathematical modeling of replication lags in a distributed MongoDB database

Abstract. This paper addresses the topical problem of identifying the factors influencing
replication lags and constructing a model of these delays in a distributed MongoDB database
under heavy load conditions, using the active probing method. Its application made it
possible to overcome the limitations of the discretization inherent in standard monitoring
tools—namely, the one—second interval for collecting metrics—and to ensure the acquisition
of accurate replication lags values by recording data with precise timestamps on the primary
node and reading them from secondary nodes.

Based on the experimental data obtained regarding the impact of the write guarantee
level, operation type, processor load, queue wait time, number of concurrent client
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connections, number of documents in a batch, and the time interval between write operations,
an assessment of feature importance was conducted using gradient boosting algorithms. The
analysis showed that the number of concurrent client connections, the volume of documents in
a batch, and the time interval between write operations have a decisive impact on the
occurrence and increase of replication delays. It was also confirmed that queue wait times
and processor load do not have a significant impact on the formation of delays.

Based on the study’s results, a nonlinear mathematical model of the cluster’s operation

was developed (coefficient of determination R? = 0.9786), which can be used during the
design, optimization, and configuration of distributed NoSQL systems to predict replication
parameters and select optimal system operating parameters.

Keywords: gradient boosting, prediction, feature importance, approximation,
coefficient of determination, machine learning, environmental monitoring, mathematical
modeling, active probing method, synthetic monitoring.
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O.A. HoBocb0i10B
BU3HAUYEHHS TIPUJATHOCTI POBOYUMX ETAJIOHIB
10 BACTOCYBAHHSA Y METPOJIOI! TYHIN AISAJIBHOCTI

Anomayin. Y cmammi po3TiAsSAA€ThCA NUMAHHA BUSHAYUEHHS NPUOAMHOCI pOOOYUX emAlOHI8
sUMO2am MexHiuHoI cneyughikayii 3a pesynomamamu ix xaniopysauus. Pozenanymo npasuno
nputiHamms piweHs 07 Ni0meepod’CceHHs. IONOBIOHOCMI ab0 HeBiON08IOHOCI MEeXHIYHUM
BUMO2AM POOOUUX eMANOHI8 00 3ACMOCYBAHHI Y MEMPONOTUHIU OISTbHOCMIT AKPeOUMo8aHUx
Ha gionosioHicmob eumozam cmanoapmy JCTY EN ISO/IEC 17025:2019 xanibpysanvrux na-
bopamopisx. [Ipoananizosano npasuio UHaA4eHHs NPUOAMHOCMI pOOOYUX emAlloHI8 8 cqhepi
BUMIDIOBAHHSL 2eOMEMPULHUX NAPAMEMPI6 NPOOYKYIL, WO Pe2laMEeHMYIOMbCA MINCHAPOOHUMU
cmanoapmamu cepii 1SO 14253. Ha npuxnadi xanibpysanHs Mip 008HCUHU KIHYEBUX NIOCKO-
napaneibHux po32isaHymo 6apiaHm GU3HAYEHHS 8ION0GIOHOCMI MIp 6UMO2aM CMAHOApPmy
JCTY ISO 3650:2009. 3anpononogano 0nsa Kaniopyeanus pooouux emaioHié 6CMAaHOBII08A-
mu Yinibo8y HeBUHAYEHICb BUMIDIOBAHHS, KA NOBUHHA Oymu He Oinvw Hidc 1/5 6i0 makcu-
ManvHo oonycmumoi noxubku. Ilpakmuyna yiHHiCMb OMPUMAHUX De3VIbmamis Noaieac y
MOACIUBOCIT NIOBULYEHHS OOCMOBIPHOCMI Nepedayi po3Mipy 0OUHUYb QIZUYHUX 8eUYUH 8i0
pobouux emanonie 00 pooouux 3acodié GUMIPIOBAILHOI MEXHIKU, WO Oe3nocepeoHbo CNpusie
3a6e3neyeHHI0 €OHOCMI BUMIPIO8AHbL Y MempOLociuHill OisIbHOCMI aKpeOumoeaHux 1abopa-
Mopiti ma 2apaHmye Mi*CHApOOHe BU3HAHHS Pe3YTbMamie 8UMIPIO8AHb.

Knouosi cnosa: nesuznauenicmv uMipo8aHs, KaniOpy8anHs, 6MOPUHHUL emMAaloH, GUXIOHUL
emasoH, pobouull emanoH, UMIPIO8aIbHe 00IAOHAHHS, MEMPONO2IUHA OiIbHICMb, MEMpPOJIO-

2IYHA NPOCMENCYBAHICTIb.

ITocTanoBka npodaemu. KonTpons mapamerpiB BUPOOHHYMX IPOILECIB Ta HepeBipKa
XapaKTepUCTHUK MPOIYKIi, 3 METOIO BIJTHECEHHS i1 10 MPUIATHOT Y OPaKoBaHOI, IPYHTYETbCS
Ha pe3yJbTaTax BUMIPIOBaHb, OTPUMAHUX 3a JOMOMOT'O0 BUMipIOBAJIbHOIO 00JIaHAHHS.

Biamogiano go ICTY 1SO 10012:2005 [1], 1106 3a6e3neynTy BiAMOBIAHICTH BUMIpPIO-
BaJIBHOTO OOJIAJJHAHHS BHMOTaM IIOJI0 NPU3HAYEHHS, HEOOXIJHO METPOJIOoriuHe MiATBep-
JDKEHHS MPUAATHOCTI, sIKe BKIIIOUae KamiOpyBaHHs Ta Bepudikailito oonmagHands. OmiHka Bij-
MOBIIHOCTI BUMIPIOBAJIBHOTO 00JIaJIHAHHS MPU KaniOpyBaHHI JOMYCKA€THCSI BUMOTAaMH CTaH-
napty ACTY EN ISO/IEC 17025:2019 [2], ane nuiie 3a 3aIUTOM 3aMOBHUKA. 3 MOMEHTY ITy-
Omikaii [2] 3pocia morpeba y 3asBax Mpo BIAMOBIIHICTH BUMIPIOBAJIBHOTO 00JIaTHAHHS CIIe-
nudikamii yu CTaHAapTy, a TaKOXK Y JOKYMEHTax LI0J0 KOHLEMIiN MpaBuUi MPUUHATTS pi-
IIEHb, SIKi BUKOPUCTOBYIOThCS NIPH TakuX 3asBax. CTaHaapT [2] Bu3Hae, 110 €IMHOTO MpaBuia
MPUMHATTA pilIeHb, sIKE MOKHA OYyJI0 3aCTOCOBYBATH JIJIsl BCIX 3asB MPO BIAMOBIIHICT Y cde-
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pi KaniOpyBaHHs, HE ICHYE, TOMY, BiJl IEPCOHATY aKPEIUTOBaHUX KalliOpyBaJIbHHX J1abopaTo-
piif moTpiOHI NEeBHI 3HAHHSA 3 TEOPii HMOBIPHOCTEH Ta MATEMATUYHOT CTATUCTUKH.

AHaJi3 ocTaHHIX AociigxeHb i myOaikanmiii. [IutaHHs BU3HAYCHHS METPOJIOTIYHOT
NPUJATHOCTI BUMIPIOBAJILHOTO OOJIAHAHHS BHCBITIIOBATIOCS B Psijii MyOuiKamiid y BITYU3HS-
HUX METPOJIOTIYHHMX BUIAHHX [3; 4]. ¥V crarti [3] po3risHyTI TUTaHHS, MMOB'S3aHI 3 MPOBE-
JICHHSAM METPOJIOTIYHOTO MiATBEPPKYBaHHS 3ac00iB BUMIPIOBAJIIbHOI TEXHIKH, SIKi 3aCTOCO-
BYIOThCSL Y cepi Ta mo3a cdeporo 3aKOHOJIaBYO PEryIbOBaHOI METPOJIOTi, HAaBEICHI MEBHI
npo6aemMu, OB’ s3aH1 3 METPOJIOTIYHUM MiATBEPHKYBAaHHIM 3ac00iB BUMipIOBAJIbHOT TEXHIKH,
Ta TMPOMO3MIIIT 0A0 iX BHpIMICHHS. Y po0oTi [4] po3mIsIHYTO 0COONMMBOCTI Bepudikallii Bu-
MipIOBaJILHOTO OOJIaZIHAHHS HAa OCHOBI PE3yJIbTaTiB KaliOpyBaHHS Ta 3a3HA4YEHO, 110, MPOIe-
Jypa TOBIPKH 3aC001B BUMIPIOBAILHOT TEXHIKU MMOBUHHA BPaXOBYBAaTH HEBU3HAYCHICTH BUMI-
proBanb. [logiOHMX AOCHIIKEHB, SKI aHATI3yIOTh BIUIUB CaMe HEBH3HAUEHOCTI BUMIpIOBaHb
Ha BU3HAYCHHS MMPUIATHOCTI pOOOYHX €TalIOHIB BUMOTaM TeXHIUHOI crienudikarii 3a pe3yiib-
TaTaMu X KaJiOpyBaHHs, Hapa3i qyxe maio. Lle miaKpecitoe BaXIMBICTh MOJANBIINX POOIT,
10 MOXYTh CHPOCTUTH METPOJIOTIUHY JiSUTbHICTh aKpeIUTOBAHUX KaJdiOpyBalbHUX Jlabopa-
TOpi¥ MpH 3A1MCHEH] 3asBU MPO BIAMOBIAHICT BUMIPIOBAIBHOTO OOJIaJHAHHS 32 pPe3ysibTaTa-
MU iX KaniOpyBaHHI, 00 BUOOPY, PO3POOKHM Ta 3aCTOCYBAaHHS BiIIMOBIIHOTO MpaBUiIa MPH-
WHATTA pilICHHS.

Mera pocaigxenns. MeToro poOOTH € aHAJI3 MPOIECY BU3HAYCHHS BiIIOBITHOCTI PO-
004Y0ro eTajoHy TeXHIYHIH crierudikarii 3a pe3yiabraTaMu HOTo KaiOpyBaHHS Ta Ha KOHKpe-
THOMY IPUKJIaJll TTOKa3aTH TEOPETUYHI Ta MPAKTHYHI 0COOJIMBOCTI peani3alii [[bOro MpoLecy.

Bukiiax ocHOBHOro marepiajy aociaigxeHHsi. Bitomo, 1o BUMIpIOBaHHS 3aBXIU €
HelJealbHUMU 1 He OyyTh HIKOJU OJAHO3HAYHO JAOCTOBIPHHUMHU. €1MHE, 1110 MOKHA 3pOOUTH,
— 1€ 3HalTH 1HTEepBaJ, NOOYJOBaHUM HA MIJCTaBl BUMIPSHOTO 3HAUYEHHS Ta HEBU3HAYEHOCTI
BHUMIPIOBAaHb, B SIKOMY OyJ€ 3HaXOAMTHUCh 3HAYEHHS BHUMIPIOBAHOI BEIMYMHHU 13 3aJaHOIO
“MoBipHicTIO. Lleit iHTepBan Moke BUXOIUTH 3a MEXI 33JIaHOTO TOJs JOMYycKy. Take mepe-
BULICHHS BUKJIMKAE CYMHIBU y BUCHOBKY IIPO BIJINOBIAHICTbH, 3p00JI€HY Ha MiJICTaBl PE3yiib-
TaTy BUMIPIOBaHHS, 1 TpeOa KIJIbKICHO OLIHUTH 11 CyMHIBU. TOMy pillleHHS IpO BIAMNOBIA-
HICTh CJII/1 TPYHTYBaTH Ha MOHATTSIX MMOBIPHOCTI Ta PU3HKIB 1 IPU IbOMY BpaxoBYBaTH TaKy
HMOBIPHY XapaKTEpUCTUKY SIKOCTI BUMIPIOBaHb, SIK HEBU3HAYEHICTh BUMIPIOBAHb.

€IIHICTh BUMIPIOBAHb JIOCSTAETHCS MIJISIXOM TOYHOTO BIATBOPEHHs Ta 30epiraHHs BCTa-
HOBJICHUX OJIMHHIIH BEJIMYWH 3a JIOTIOMOTOI0 €TAJIOHIB 1 Iepeaadi iX po3MipiB poOOYUM 3aco-
O6am BUMiproBasIbHOT TexHikU (manmi — 3BT).

BiamoBigno 10 nepmroi yactunu cratti 27 3akony Ykpainu «I[Ipo Merposiorito Ta MeT-
POJIOTIYHY AISUTBHICTHY 5], BTOPHHHI Ta poO0Yl €TaJOHU MIUIAraloTh KajaiOpyBaHHIO.

Po6ounii eTanoH 3a3Bu4ail KamiOpyOTh 32 BUX1THUM €TaJIOHOM, SKHUM MPU3HAYEHUH IS
KaJiOpyBaHHS 1HIIKX €TAJOHIB JUIsl BEJIMYMH IaHOTO poAay B AaHii opranizauii. KaniopyBanus
€ TIPOLIETYPOIO Tepeavl OJIMHUIN BEJIHMYUHH, IO BiATBOPIOETHCS 1/a00 30epiraeTbes €Tano-
HOM, MeHIII TouHOMY eTaniony abo 3BT. [lepenbauaeTncs, mo B mporieci kamiopyBaHHs poOo-
YOro €TaJIOHY KOHKPETHOTO THITY Oepe Yy4acTh BUXIJHUH €TaJNOH, IIOXUOKH SKOTO € BUTAIKO-
BUMH BEJIMYMHAMM, PO3MOIIIEHUMHU CUMETPUYHO HaBKoJIO Hyns. CaM mpouec KaniOpyBaHHs €
OJIHOPA30BHM, TOOTO pe3yibTaT KaliOpyBaHHS HE 3aJCKHUTh BiJ IOIMEPEAHIX KaaiOpyBaHb.
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Cain 3a3HauuTH, OO0 3a cTaHAapToM [ 1] KaniOpyBaHHS BXOIUTH 10 CYKYITHOCTI orepaii, He-
OOX1THUX Il TapaHTyBaHHS TOTO, IO BUMIpIOBaJibHE O0JIaJHAHHS BiAMOBiAa€ METPOJIOTIY-
HUM BHMOTaM II[0JI0 HOTO BUKOPHUCTAHHS 3a MPU3HAYCHICTIO. LI CyKymHicTh onepalliii € MeT-
POJIOTIYHUM ITiITBEP/XKYBAHHSIM BHMIPIOBAILHOTO OOJIaJHAHHS, SIKE HE BBAKAIOTh BUKOHA-
HUM JIOTH, JOKHU MPHUIATHICT BUMIPIOBAIBHOTO OOJIaJHAHHS 10 BUKOPUCTAHHS 3a MpU3HaYe-
HICTIO HE Oy/ie T0BEICHO Ta 33I0KyMEHTOBAHO.

[110o6 HajaTé BUCHOBOK PO BiAMOBIHICTH 00 HEBIAMOBIAHICT POOOYMX €TAJIOHIB BU-
MoraM TeXHiuHii cnenudikarii HeoOXiIHO BUBHAYUTH TaKE:

— BUMOTH JI0 METPOJIOTIYHUX XapaKTEPUCTHK pOOOUNX €TAJIOHIB, K MPABUIIO, y BUTIISAIL
JOMYCTHMHUX 3HAYCHb BKA3aHUX Y TEXHIYHIN cienudikariii;

— pe3yabTaT BUMipIOBaHHS, BKJIIOYa0YN HEBU3HAYCHICTh BUMIPIOBAHb;

— MPaBWJIO MPUKAHATTS PIMICHHS 3 ypaxXyBaHHSAM PiBHS PU3HKY (IIOMHJIKOBE MPHHHATTS
Ta TIOMWJIKOBE BIJXWJICHHS, CTaTUCTUYHI NMPHITYIIEHHS), IO OMHCYE CHOCIO BCTaHOBIICHHS
BIJIMTOBIHOCTI POOOYMX ETAIOHIB 3aJaHIM BHMOTaM.

ITo cyTi, HaeThes mpo BepudikaIito poooyoro eTajioHy Mpu HOTro KaaiopyBaHHI.

Bignosigao no ICTY EN ISO/IEC 17000:2021 [6] Bepudikartisi (K BHI AiSUTBHOCTI)
BiJIHOCHTBCS JI0 OLIHKH BiJITOBIAHOCTI, sIKa MOBUHHA ITiITBEPIUTH, [0 BUMOTH, SKi P 'sIB-
JSIOTHCS 10 POOOYOro eTaloHy, BUKOHaHI. BuMoru, BCTaHOBIEHI MmiJ 4ac Bepudikarii, mo-
BUHHI BI/AMOBIIaTH NMPU3HAYCHHIO BUMIPIOBAILHOTO 00JIaJHAHHS, MOXKYTh BU3HAYATHUCS CIIe-
udikaisaMi, CTaHAapTaMy, TEXHIYHUMHU PETJIaMEHTaMH Ta 1HIIUMH JOKYMEHTaMH YU BHPO-
OHMKOM, KOPHCTYBau€M, 3aMOBHUKOM KaJlIOPyBaJIbHUX TTOCIIYT.

OniHka BIAMOBIIHOCTI TEXHIYHOIO 00’€KTa 3aJaHUM BUMOTaM pO3IJIAJAETHCS B LIIOMY
psili TOKyMeHTIB MikHapoaHux opranizaumiii — [7], [8], [9], [10], [11]. ¥V cdepax mpakTuuHOi
Ta 3aKOHOJABYOi METPOJIOTii HEBM3HAUEHICTh BUMIpIOBaHb BH3HAHA SIK OCHOBHHUU EIIEMEHT
METPOJIOTIYHOT MPOCTEKYBAHOCTI PE3yJbTATIB BUMIPIOBaHb, a BIIIOBIHO 10 BUMOT [2] akpe-
JUTOBaHI JabopaTopii MOBMHHI BKAa3yBaTH HEBU3HAYEHICTh BUMIPIOBaHb y cepTu(ikaTax Ka-
ni6pyBanHs. Came yepe3 HEBU3HAYEHICTh 3aBK/U ICHYE PU3MK MOMMJIKOBOTO MPUUHATTS pi-
IIEHHS [[0JI0 B1JAMOBIJHOCTI/HEBIIMOBIAHOCTI BUMIPIOBAILHOIO 00JaJHaHHSA BCTAHOBIEHUM
BUMOTI'aM, 1 TOMY 3HAYE€HHSI HEBU3HAUEHOCTI BUKOPUCTOBYIOTh IIPH BCTAHOBJIEHHI KIJIbKICHUX
3HAaY€Hb IIbOT'0 PU3UKY Ta PO3pOOIIl MPaBUJI IPUMHSTTA PIIEHb PO BIANOBIIHICTb.

3riiHO 3 TPAaIULIMHUM TPAKTYBaHHSM, NMPUHHATUM y CTaTUCTHIl, PUSUKHU HPUHHATTS
MOMUJIKOBHX pillIeHb OYBarOTh JBOX THIIIB:

— pU3UK BUpOOHUKA (MOMMIIKA 1-TO poay) — MIMOBIPHICT BIXUJIEHHS HYJIbOBOI IiloTe-
34 y pa3i, KOJIM BOHA BipHA;

— PU3HK CHOXHBaya (MOMWIKA 2—T0 POoay) — UMOBIPHICTh IPUHHATTS HYJIBOBOI TiIIOTE-
3W y pa3i, KOJIM BOHA HE BipHA.

I1ig HyIHOBOIO TIMOTE3010 B METPOJIOTii PO3YMIETHCS TBEPAKEHHS PO Te, 10 BEIHYU-
Ha, 1110 BUMIPIOETHCS 3HAXOJUTHCS B MOJ1 JONMYCKY. PU3uK BUpoOHUKA sBJIsiE COOO0K0 MMOBIp-
HICTB TOTO, 1110 3a0pakoBanuii 3BT HacmpaBzi HE € TaKUM, 1 BUHHKAE y BUMIAAKAX, KOJIHU OIli-
HeHe 3HaueHHs noxuOku 3BT, 1o nepeBipseThcst Ha BiINOBIIHICTh BUMOraM TEXHIYHOI cIie-
rudikailii, 3HaXOAUThCS 3a MEKaMH MaKCHMaJbHO JOMyCTHMOI moxubku MPE (maximum
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permissible error), a pusuk crnoxuBaya — WMOBIPHICTh TOTO, IO MPUUAHITUHN SIK MPHIATHUH
3BT nHacmpaBzi HE € TaKuM, 1 BUHUKAE y BUIAJKAX, KOJIU OlliHeHe 3HadeHHs nmoxubku 3BT,
IO TMEePEeBIPSAETHCA HA BIIMOBIIHICTH BUMOTaM TEXHIUHOI crneuu@ikarii, JeKUTh y Mexax
MPE. TToka30BUM MPHUKIAIOM 00JacTi BUMIPIOBaHb, B AKiH JeTalbHO po3poOJIeHi Ta cTaHaa-
prusoBaHi B [9] npaBuia mpUAHSATTS pillieHb JUIs MEPEBIPKH BiAIOBIAHOCTI a00 HEBiIIOBI-
HOCTI crierudikaiisiv, € 06JacTb BUMIPIOBaHHS TEOMETPUYHUX TapameTpiB BupoOiB. Lli mpa-
BWJIA € CTaHAAPTHUMH JUIS TEOMETPUYHHX IMapaMeTpiB BUPOOIB 1 MOXKYTb 3aCTOCOBYBATHUCS
mig Jac kajmiOpyBaHHS poOOYMX €TaloHIB. 3 ypaxyBaHHAM 1. 3.7 craHmaprty [2], «apaBuio
NPURHATTA PilIeHHS — IPaBUIIO, SIKE OMHUCYE, K BPaXOBY€ETHCSI HEBU3HAYCHICTH BUMIPIOBAHHS
i1 Yac BCTAHOBJICHHS BiAMOBIAHOCTI 3a3HAYCHUM BUMOTaM».

[Tpu 3pilicCHEHHI BHCHOBKY INPO TNPHUAATHICTH pOOOYMX €TAJIOHIB BUMOTaM TEXHIUYHOL
cnenuikaii, BiAMOBIIHICTh Oy/ie BBAXKATHCS JOBEACHOIO, SKIO 3HAYCHHS Pe3yIbTaTy Kalli-
OpyBaHHs (OI[iHKA CHCTEMAaTUYHOI MTOXUOKM BUMIpPIOBAaHHS) «Y» Oyie 3HAXOIUTHCA B TpaHU-
LSIX 30HU BIIIIOBITHOCTI:

LSL+U <y <USL - U, Q)
ne LSL (lower specification limit) i USL (upper specification limit) — BixnoBigHO HUXHS Ta
BEPXHS TPaHMIIL OIS IOMYCKY (IIpH KaiOpyBaHHI poO0OYOro €TajoHy rPaHUIECIO MO A0MY-
cky Oyue tioro MPE;

U — po3mupeHa HeBU3HAYCHICTh BUMIPIOBAaHb TP KaJliOpyBaHHI pOOOYOTO €TAIOHY.

CxeMaTHUYHO 30HHM BIJIOBIHOCTI Ta HEBIAMOBITHOCTI crerudikallii 3a pe3yiabTaraMu
KaJiOpyBaHHs poO0OYOro erajoHy 300pakeHi Ha pUCyHKY 1, ae: 1 — 30Ha nomycky; 2 — 30Ha
103a JOMYCKY; 3 — 30Ha BIAMOBIAHOCTI; 4 — 30HA HEBIAMOBIAHOCTI; 5 — 30HAa HEBU3HAYEHOCTI.

LSL=-MPE USL=+ MPE
, : Lo
-U +U -U +U
- 5 3 5 4

Pucynox 1 — 30HH BiAMOBIAHOCTI Ta HEBIAIOBITHOCTI
BHMOTaM TEXHIYHOI crienudikarii mij yac KaaiopyBaHHs poO0YOro eTajoHy

[Tpu omiHI BIAMOBIIHOCTI pOOOYOTro €TajJoHy crenndikalii MOKINBI TpU BapiaHTa:
1 — BignoBigHICTH crienudikaii, KoJu:
ly| <MPE-U (2)
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2 — HEeBIAMOBITHICTh crienuiKaIii, KOJIu:

ly| > MPE +U 3)
3 — HEOJTHO3HAYHICTh OLIHKHU BIJIOBIIHOCTI a00 HEBIAMOBIAHOCTI ciennpikarii, KoIu:
MPE -U<|y| < MPE + U 4)

V pasi BapiaHTa 3 He MO’KHA KaTErOPUYHO MiATBEPIUTH BiAMOBIAHICTH 200 HEBIIMOBI -
HICTh POOOYOTO eTaony BUMoraMm TexHiuHoi cnenudikamnii. Ouinka Moke OyTH TiJIbKU HMO-
BIpHOIO. SIKIIO OTpUMaHa B pe3yibTaTi KaaiOpyBaHHS OLIHKAa CUCTEMaTHYHOI MOXMOKH 3Ha-
XOIUThesl B OesnocepenHiil Oim3bkocTi 10 rpanuni MPE, To HeBH3HAYEHICTh BUMIpIOBAHb
MOJKE CTaTH MPUYUHOIO HEMPABUIILHOTO PillIeHHA. BUHUKAIOTh TaK 3BaHi «PU3HK IIOMHIKOBO-
ro OpakyBaHHs» (pU3HK BHPOOHWKA, TOOTO BHUKOHABIIS IMOCIYT 3 KaMiOpyBaHHS) Ta «PU3UK
MIOMUJIKOBOTO TIPUIIMaHHS» (PU3UK CIIOXKHMBaya, TOOTO 3aMOBHHKA ITOCITYT 3 KaIiOpyBaHHS).

OTxe, pU3MK BHKOHABIII TOCIYT 3 KaJliOpyBaHHS € WMOBIPHICTH TOTO, IO 3a0paKoBa-
HUI poOOYMii €TaIOH HACIIPAB/i HE € TAaKUM, 1 BUHUKAE Y BUIAIKaX, KOJIU OI[IHEHE 3HAYCHHS
3MileHH po00YOro eTajoHy, 0 MEePEBIPSETHCS HA BiAMOBIIHICT, 3HAXOAUTHCS 32 MEKAMU
MOJISt IONYCKY, a PU3MK 3aMOBHHUKA MOCTYT 3 KaJdiOpyBaHHS — HMOBIPHICTH TOTO, IO IPUAHS-
TUH SK NPUJATHANA POOOYMIA €TAJIOH HACIIPAB/Ii HE € TAaKUM, | BUHUKAE Y BUTIA/IKAX, KOJIH OIi-
HEHE 3HaYCHHSI 3MIIEHHs] poO0YOTro €TaloHYy, 0 NepeBipSIETHCS Ha BIAMOBIAHICTD, JIGKHUTD Y
MeEXXax IOJIs JOIYCKY.

Po3rnsiHeMO OLIHKY BiJMOBIIHOCTI HAa KOHKPETHOMY INPHKIAIl B Taiy3i BUMIpIOBaHb
reOMETPUYHUX Benn4uH — onucanuii B EA 4/02 M:2022 [12] npuknan S4 xaniOpyBaHHs KiH-
neBoi Mipu goBxuaA (nam — KM/I) 3 HomiHanpHOIO noBxuHOO 50 MM. Y mpuknani S4 Bu-
3Ha4eHo, 1o BuMipsHe 3HaueHHs KM/] 0—ro kiacy Tounocti 3a JICTY ISO 3650:2009 [13] 3
HOMIHAJIBHOIO JTOBKHUHOIO 50 MM cTaHOBHTH lx = 49,999926 MM + 69 HM, Jie 3asBICHA PO3IIH-
peHa HEBH3HAYCHICTh BH3HAUYAETHCS SIK CTaHIAPTHA HEBU3HAYEHICTh BUMIPIOBAHHS, TIOMHO-
’KeHa Ha Koe(iIlieHT oxXoruieHHs K = 2, TakuM 4MHOM, 1110 HMOBIPHICTH MOKPUTTS BiAIOBIIa€E
npuban3Ho 95 %. OuiHuMO BIAMNOBIIHICTE OTPUMAHOTO PE3YNIbTAaTy BUMIPIOBAHHS, IO MiC-
tuthes B [12], cnemmdikarii, 3a sikoro st KMJ[ 0—ro kiacy TOYHOCTI 3 HOMIHAIBHOKO JI0B-
xuHot 50 MM MPE 3rigno ctanaapty [13] cranoButs 0,1 MKM.

B moxymenTi [ 10] mpomoHyeThCS OMIHIOBATH HMOBIPHICTH BIAMOBITHOCTI 32 (DOPMYIIOHO:
MPE —|y|

J )

P, = Fy (5)

Jle Fn(z) — dyHKIsE HOpMAJIBHOTO CTAHJIAPTHOTO PO3IMOALTY 31 3MIHHOKO Z, sIKa OOYHCITIOETHCS
3a GopMyIIOI0:

MPE —
,_( D ©)
u
u-— CymMapHa CTaHAapTHa HEBHU3HAYEHICTH BI/IMipIOBaHL, sIKa OOYMCIIOETHCS 3a (I)OpMy.HOIOZ
U
u=—, 7
" ()

ne U — posmipeHa HeBU3HAYEHICTh BUMIPIOBAHb,
K — KOE(QIIIEHT OXOIUICHHS.
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s 3uaxomkenns Fy(z) nokyment [10] npormoHye KOpUCTYBATHCS TaOJIUICI0 HOPMO-

BaHOTO HOPMaIIbHOTO po3noaiuny (Tabmums 1).

Tabnuus 1
Tabnuus cTaHaapPTHOTO HOPMAIBHOTO PO3MOILTY *

z 0,00 001 | 0,02 | 003 | 004 | 0,05 | 0,06 | 0,07 | 0,08 | 0,09
0,0 0,00000 (0,00399 |0,00798|0,01197|0,01595|0,01994|0,02392| 0,0279 |0,03188|0,03586
0,1 0,03983 |0,04380 [0,04776(0,05172|0,05567 {0,05962 |0,06356 |0,06749(0,07142|0,07535
0,2 0,07926 |0,08317 |0,08706|0,09095|0,09483|0,09871|0,10257|0,10642|0,11026 |0,11409
0,3 0,11791 (0,12172 |0,12552|0,129300,13307|0,13683|0,14058|0,14431|0,14803|0,15173
0,4 0,15542 |0,15910 |0,16276|0,16640(0,17003|0,17364|0,17724|0,18082|0,18439|0,18793
0,5 0,19146 (0,19497 |0,19847|0,20194 |0,20540|0,20884|0,21226|0,21566|0,21904 |0,22240
0,6 0,22575 |0,22907 |0,23237|0,23565|0,23891|0,24215|0,24537|0,24857|0,25175|0,25490
0,7 0,25804 |0,26115 |0,26424|0,26730(0,27035|0,27337|0,27637|0,27935|0,28230|0,28524
0,8 0,28814 |0,29103 |0,293890,29673|0,29955|0,30234|0,30511|0,30785|0,31057|0,31327
0,9 0,31594 10,31859 |0,32121|0,32381|0,32639(0,32894 |0,33147|0,33398 |0,33646 |0,33891
1,0 0,34134 |0,34375 |0,34614|0,34849|0,35083|0,35314|0,35543(0,357690,35993 |0,36214
1,1 0,36433 |0,36650 |0,36864 |0,37076|0,37286|0,37493|0,37698|0,37900|0,381000,38298
1,2 0,38493 |0,38686 |0,38877(0,39065|0,392510,39435(0,39617|0,39796 |0,39973|0,40147
1,3 0,40320 |0,40490 |0,40658|0,4082410,409880,41149/0,41309(0,41466|0,41621(0,41774
1,4 0,41924 (0,42073 |0,42220|0,42364 |0,42507|0,42647|0,42785|0,42922|0,43056 |0,43189
1,5 0,43319 |0,43448 |0,43574|0,436990,43822|0,43943|0,44062|0,44179|0,442950,44408
1,6 0,44520 |0,44630 |0,44738|0,4484510,449500,45053(0,45154|0,45254 |0,45352 |0,45449
1,7 0,45543 |0,45637 |0,45728|0,458180,45907|0,45994|0,460800,46164|0,46246|0,46327
1,8 0,46407 |0,46485 |0,46562|0,46638|0,46712(0,46784|0,46856|0,46926 |0,46995|0,47062
1,9 0,47128 (0,47193|0,47257|0,47320(0,47381|0,47441|0,47500/0,47558|0,47615|0,47670
2,0 0,47725 (0,47778 |0,47831|0,47882|0,47932|0,47982|0,48030/0,48077|0,481240,48169
2,1 0,48214 |0,48257 |0,48300(0,48341(0,48382|0,48422|0,48461|0,48500|0,48537|0,48574
2,2 0,48610 |0,48645 |0,48679|0,48713|0,48745/0,48778|0,488090,488400,48870|0,48899
2,3 0,48928 |0,48956 |0,48983|0,490100,49036|0,49061 |0,49086|0,49111|0,491340,49158
2,4 0,49180 |0,49202 0,492240,492450,49266 |0,49286 0,49305|0,49324 |0,49343|0,49361
2,5 0,49379 |0,49396 |0,49413|0,494300,49446|0,49461|0,494770,49492|0,49506 | 0,4952
2,6 0,49534 |0,49547 |0,49560|0,49573|0,49585|0,49598 | 0,496090,49621|0,49632|0,49643
2,7 0,49653 |0,49664 |0,49674|0,49683|0,49693(0,49702(0,49711|0,497200,49728|0,49736
2,8 0,49744 |0,49752 |0,49760(0,49767|0,49774|0,49781|0,49788|0,49795|0,49801 |0,49807
2,9 0,49813 |0,49819 |0,49825|0,49831|0,49836|0,49841|0,49846|0,49851|0,49856 |0,49861
3,0 0,49865 |0,49869 |0,4987410,49878|0,49882(0,49886 |0,49889|0,49893 |0,49896 |0,49900
3,1 0,49903 |0,49906 {0,49910(0,49913|0,49916(0,499180,49921|0,49924 |0,49926 |0,49929
3,2 0,49931 |0,49934 0,49936|0,49938|0,499400,49942|0,49944|0,49946 |0,49948 |0,49950
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3,3 0,49952 (0,49953 0,499550,49957(0,499580,49960|0,49961|0,49962 |0,49964 0,49965
3,4 0,49966 (0,49968 |0,49969(0,49970(0,49971/0,49972(0,49973|0,49974(0,49975|0,49976
3,5 0,49977 |0,49978 |0,49978|0,499790,49980(0,49981|0,49981|0,49982|0,49983 |0,49983
3,6 0,49984 (0,49985 |0,49985|0,49986|0,49986|0,49987(0,49987|0,49988 |0,49988 |0,49989
3,7 0,49989 (0,49990 0,49990(0,49990{0,499910,499910,49992(0,499920,49992 (0,49992
3,8 0,49993 (0,49993 |0,49993/0,499940,49994|0,49994|0,499940,49995| 0,49995 |0,49995
3.9 0,49995 (0,49995 |0,49996(0,49996|0,499960,49996 (0,49996 |0,49996 |0,49997 |0,49997

* JInst oTpuMaHHs IMOBIPHOCTI BiAMOBIAHOCTI HEOOXITHO 0 TaOIMYHOTO 3HAYCHHS J10-
nmatu 0,5.

Jns npuxnany S4 3 [12], xaniopyBanas KMJ] 3 HOMIHAIBHOK TOBXHHOIO S50 MM,
Ma€eMO:

z= (100 am — 74 um)/34,3 am = 0,76.

[To Tabmuti 1 3HAXOAMMO OCepenoK i 3HAaYCHHS apaMerpa z = 0,76 NUIIXoM monry-
Ky MICIS IEPETUHY PAKA, IO BiAMOBifae 3HaYeHHIO Z piBHOTO «0,7», Ta CTOBMYMKA 3 IIAI-
ko1o «0,06». 3naiinene 3HaueHHs nopiBHIoE 0,27637. Jlns oTpuMaHHs HMOBIPHOCTI BiATIOBI -
HOCTI 10 TabaumaHoro 3HavyeHHs 0,27637 nomaemo 0,5 1 Toxai p. = 0,77637, ToO6TO IMOBIpHICTH
BimnmoBigHocti KMJI 3 HOMiHanmpHOW mAoBxkuHO S50 MM Bumoram ( Kiacy, 3riJHO
crarnapry [13], nopiBaroe 77,6 %, mo HabaraTo MeHmie 95% — 3a7aHOTO CTAaHAAPTHOTO MMO-
BIpHICHOTO OOMEXEHHS JJIS1 BiATIOBIAHOCTI.

BigmoBinno mokymenty [10], 3HaueHHS MaKCHMalbHO JOMYCTUMOI HEBH3HAYCHOCTI
MPU (maximum permissible uncertainty) moBuHHO CTaHOBUTH:

MPU =f- MPE, (8)
ne f — meBHe umMCI0, MEHIIIE OMHUII, 3a3BHYai O1mu3bpKo 1/3 ado 1/5 (0,33 abo 0,2).

B nanomy npukiani S4 3 [15], MPU npu kani6pyBanni KM/ noexuHO0 50 MM KIilacy
0 3rigao crangapty [13] nopurHa cranoBuTr U < 33 HM, TOOTO, Y OUTBII HIXK 2 pa3u MEHIIE
OTPUMAHOI0 3HAYEHHS PO3LUIMPEHOT HEBU3HAUYEHOCTI.

Sxmo, npuiiaartu 3HadeHHss MPU = 30 HM 3a 1iIbOBY HEBU3HAYEHICTh BUMIPIOBaHb
Utarget (target measurement uncertainty) npu xani6pysanni KM/I nosxuxoro 50 Mm kiacy 0
3riHO cTanmapty [13], Tomi, WMOBIPHICTH BIAMOBITHOCTI Oyne ctaHOBUTH p. = 0,95818, 1o
BIIMIOBIIa€ 3HAYEHHIO 33JIaHOTO CTAHJAPTHOTO MMOBIPHICHOTO OOMEXEHHS /TSI BiJTIOBITHOCTI.

Posrnsinytuit npukian kaniopysanas KM/ HaouHO moka3ye HIOAHCH, 10 BUHHUKAIOTh
IIPY OL[HII BIAMOBITHOCTI POOOYUX €TAJNIOHIB, BKIOYAIOYM OOYUCIIEHHS HEBU3HAYEHOCTI BU-
MIpIOBaHb.

Takum 4MHOM, JOCTOBIPHICT OIIHKY IIOAO BIAMOBITHOCTI POOOYOTO €TalloHa 3a3Have-
HUM METPOJIOTIYHUM XapaKTEPUCTUKAM ICTOTHO 3aJIEKUTh BiJ KOPEKTHOCTI MPOLEAYp OIli-
HIOBaHHSI HEBU3HAUYEHOCTI BUMIPIOBAHHS TP KaniOpyBaHHI.

BucnoBku. O1iHka BiMOBITHOCTI € BAXJIMBUM aCIIEKTOM HE TUTBKU JIJISl BUITYCKY SIKiC-
HOT MPOJYKIIII, ane i Asig BUOOPY BUMIPIOBAIBHOTO 00JIaJHAHHS, IKE BUKOPUCTOBYETHCS IS
KOHTPOJIIO Ta MpHUiiMaHHS i€l mpoAykiii. BiAnoBigHICTE pobOYMX €TalOHIB BUMOTraM, IO
BHCYBAIOTHCS Y TEXHIUHIN crienudikariii, MO)KHa MiATBEPIUTH NUIIXOM KaiOpyBaHHS B aKpe-
JTUTOBAHUX KaliOpyBaJIbHUX JIabopaTopisix. BUCHOBKU PO BiMMOBITHICTE (OPMYIOTHCS 3a
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NpaBUIaMHU MIPUUHATTS PIlIeHb, IO CKJIAJAIOTHCS HA OCHOBI 33/IaHUX PU3UKIB MPHIHATTS He-
BIPHMX DIllIEHb 3 METOI0 BpaxyBaHHS HEBM3HAYCHOCTI BHUMipioBaHb. Ha choromHimHiii aeHb
PO3po0IIeHO 3aralibHi PeKOMEH A1 00 CKIaJaHHs MPABUJ MPUHHATTS PIlIEHHS B Pi3HUX
rany3sx. BusHaueHHs npuaaTHOCTI poOOYMX €TAJIOHIB 10 3aCTOCYBAaHHS Y METPOJIOTIUHIN Ji-
SIILHOCTI € OE3MEePepBHUM TPOIIECOM, 110 HE OOMEXKYETHCS JIUIIE OTPUMAHHIM cepTudikara
KaiOpyBaHHs, a BUMarae MOCTIHOTO aHaji3y METPOJIOTIYHUX PHU3MKiB. BHCBiTIeHI y cTaTTi
NUTAHHS Ta OTPHUMAaHI BHCHOBKHM CHPOIIYIOTH JiSUIBHICTH AaKPEIUTOBAHUX KalliOpyBaJbHUX
n1abopaTopiid, SKi 3AIHCHIOIOTH OLIHKY BiAMOBIAHOCTI pOOOYHX €TaJOHIB IpH 1X KaaiOpyBaHHI,
10710 BUOOPY, PO3pPOOKM Ta 3aCTOCYBAaHHS BIiJIMOBIAHOTO TpaBUJa MPUHHATTS PIIICHHS.
OTtpumani pe3yabTaTd BHOCATH IEBHY SCHICTh Y MHUTAHHS OLIHKU BiANOBIIHOCTI MpH Kajiio-
pyBaHHI poO0OYMX €TAIOHIB aKPEIUTOBAHUMH KalliOpyBaIbHUMH JIA00OPATOPISIMHU.
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Determination of suitability of working standards
for use in metrological activities

The article considers the issue of determining the suitability of working standards for
the requirements of the technical specification based on the results of their calibration. The
decision—-making rule for confirming compliance or non—compliance with the technical re-
quirements of working standards for use in metrological activities in calibration laboratories
accredited for compliance with the requirements of the DSTU EN ISO/IEC 17025:2019
standard is considered. The rule for determining the suitability of working standards in the
field of measuring geometric parameters of products, regulated by international standards of
the ISO 14253 series, is analyzed. Using the example of calibrating finite plane—parallel
length measures, the option of determining the compliance of measures with the requirements
of the DSTU 1SO 3650:2009 standard is considered. It is proposed to establish a target meas-
urement uncertainty for the calibration of working standards, which should be no more than
1/5 of the maximum permissible error. The practical value of the results obtained lies in the
possibility of increasing the reliability of transferring the size of units of physical quantities
from working standards to working measuring instruments, which directly contributes to en-
suring the unity of measurements in the metrological activities of accredited laboratories and
guarantees international recognition of measurement results.

Keywords: measurement uncertainty, calibration, secondary measurement standard,
reference measurement standard, working measurement standard, measuring equipment,
metrological activity, metrological traceability.
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A.M. Ivanko
JOINT LLM RECONCILIATION OF MULTIPLE ASR TRANSCRIPTS
FOR SCRIPT-COMPLIANCE CUE DETECTION IN CONTACT CENTERS

Annotation. Contact—center quality assurance audits script compliance — whether the agent
greeted the caller, identified the company, asked for the caller’s name, and closed politely —
using automatic speech recognition (ASR) transcripts. The cues that carry these checks are
short formulaic phrases, and they are exactly what an imperfect recognizer drops or garbles,
so the operative metric is recall of the cue rather than word error rate. Classic ASR system
combination votes at the token layer and can delete a word only if one engine heard it, which
is precisely the word a compliance check needs. This paper therefore asks where the ensem-
ble should live for a detection task and compares four fusion points under a single LLM com-
pliance judge: single-ASR, token—level, decision—level, and joint-hypothesis—level reconcilia-
tion. On a disagreement—enriched stratum of a 3057—call contact—center corpus, joint recon-
ciliation is the best arm (macro—F1 0.913), significantly above single—ASR, decision—level OR
and ROVER for both judges, and the ordering survives re-scoring on a stratum containing
only human-set labels. Three controls show that the gain requires a nonidentical, call-
matched second transcript, and attribute it partly to text visible only in that transcript.
Keywords: automatic speech recognition, ASR system combination, contact—center quality
assurance, script compliance detection, large language models, LLM-as—judge, hypothesis—
level fusion, word error rate, evaluation protocol.

Introduction. Contact centers increasingly audit script compliance at scale: ASR tran-
scribes a call and a downstream classifier checks whether the agent performed required steps
— a greeting, a company or “customer support” self—identification, asking for the caller’s
name, and a courteous closing. The cues that carry these checks are short, formulaic phrases,
and they are exactly what an imperfect recognizer tends to drop or garble. A missing word is a
missed cue, so what governs this task is detection, not transcription quality. Recall motivates
it — an erased cue cannot be recovered downstream — but an auditor equally cannot afford to
flag steps never performed, so we report positive—class F1 and Cohen’s & per parameter ra-

ther than recall alone. The two cues carrying most of the gain improve by opposite routes:
agent—name by recall, company—id by precision.

Statement of the problem. This mismatch matters because a common ASR-
combination baseline for using more than one recognizer — system combinations such as
ROVER [1] and MOVER [8] — fuses at the token layer to minimize word error rate (WER)
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and token voting can delete a word only one engine heard, which is precisely the word a com-
pliance check needs.

We therefore ask a placement question rather than proposing a new architecture: where
should the ensemble live when the metric is cue recall? Holding two de—correlated ASR en-
gines fixed, we compare four fusion points under one LLM compliance judge: 1) single — one
transcript, one judge; 2) token—level ROVER/TOV — merge the transcripts, then judge; 3) de-
cision-level OR — judge each transcript and take the union of verdicts; and 4) joint-—
hypothesis—level JOINT — one judge reads both transcripts and reconciles them.

Contributions. A natural objection is that JOINT “just concatenates two transcripts in a
prompt.” Three results say otherwise. On a disagreement—enriched subset of a 3057—call cor-
pus, JOINT significantly improves over single—ASR, decision—level OR and the reference
ROVER implementation for both judges (macro—F1 0.913), while against our own stronger
time—overlap voter the contrast does not resolve. The concatenation is not what helps: hand-
ing the judge the same transcript twice scores below handing it once and a transcript of a dif-
ferent call is worse still, while evidence visible only in the second transcript — 6.9% of posi-
tive verdicts — supplies 35.7% of the verdicts where JOINT correctly overturns the single arm.
An agreement-stratified protocol reported on two populations makes explicit which estimates
are affected by label—construction circularity, including that the silver label-building judge is
one of those evaluated.

Related Work
ASR system combination. Combining recognizers at the token level is a long line of
work: ROVER aligns hypotheses into a confusion network and votes [1, 16], with extensions
that add language—model information [17] or a trained classifier over the network [3];
MOVER revisits this for modern meeting systems [8]. A separate thread fuses multiple ASR
outputs for a downstream task rather than for the transcript itself — attention over multiple hy-
potheses [9] and multi-ASR fusion for pseudo—labeling [13], both of which still emit a single
merged transcript.
Closest to our work is post-ASR fusion under an LLM: Stepachev et al. [20] prompt an
LLM over multiple ASR system outputs for downstream emotion recognition and report that
transcript ranking and “system output fusion” help, and crucially that the metric used to select
the transcript is decisive. We share the premise that the LLM, not a confusion network, is
where multiple recognizers should meet, but differ on three axes. 1) They treat fusion as a
single design choice (rank—then—select or concatenate) for a holistic label; we make the fusion
point itself the independent variable and contrast four placements under one fixed judge. 2)
Our target is cue recall — short, localized phrases a single ASR error can erase outright, unlike
emotion, which is diffuse over the utterance and rarely hinges on one token; hence reconcilia-
tion rather than selection. 3) We add an agreement-stratified evaluation protocol, which does
not appear in prior post—ASR fusion work.
LLM-as—judge and juries. Using an LLM to score outputs is now standard [21], and
jury methods aggregate several judges. Recent analyses show correlated judge errors cap the
value of larger panels [10] and that confidence gating can give reliability guarantees [7].
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These vary the judge over a single input; we hold one judge and vary the ASR input, letting
the judge reconcile the two renderings.

Contact-center compliance. Prior compliance detection is largely text-based: on—
hold-script detection with a fine—tuned classifier cross—checked against system hold
timestamps [2], transcription pipelines [12], and silence/hold monitoring from audio [4]. We
treat compliance as a multi-ASR, training—free judging problem scored with an agreement—
stratified protocol.

Research objective. This work determines where an ASR + LLM compliance pipeline
should place its ensemble of recognizers when what governs the task is detection of a short
script cue — a cue an ASR error can erase outright — rather than word error rate. Four fusion
points are compared for a fixed pair of recognizers under a single compliance judge, and the
mechanism behind the observed ordering is constrained by input interventions and a per—
verdict evidence analysis.

Method and Evaluation Protocol. Each call is scored on seven binary compliance pa-
rameters: the agent states their own name (agent—name), identifies the company or “customer
support” (company-id), asks the caller’s name (caller—name), and, at closing, is courteous,
thanks the caller, gives a well-wish, and offers further help. A parameter is judged over the
relevant window of the agent channel.

Four fusion points (Figure 1). Two recognizers stay fixed: Qwen3-ASR [19] and Ca-
nary—1B-v2 preceded by a telephony-tuned MarbleNet VAD [18, 5], MarbleNet performing
voice-activity detection rather than recognition. Because the compliance windows are cut
from word timings, each recognizer keeps its own word-level aligner — Qwen3-
ForcedAligner—0.6B [19] and the NeMo Forced Aligner [15] — both lossless, every word sur-
vives into the aligned list, so windowing adds no deletions of its own. We vary only where the
evidence is combined: single (one transcript, one judge); ROVER/TOV (merge by token—
level voting, then judge), the two token—level arms being ROVER, the NIST SCTK rover bi-
nary, and TOV, our own time—overlap word voter; OR (judge each transcript, take the logical
OR - a recall-union); and JOINT (one judge call receives both transcripts and reconciles
them). ROVER is handed Qwen first: with uniform confidences every disagreement is a one—
one tie and rover resolves it to the first hypothesis, so ties fall to Qwen, the stronger recogniz-
er by WER (Table 2). Neither recognizer exposes word—level confidences, so ROVER votes
on occurrence alone — the reference configuration, and the one its published description
assumes [1]. All judges are local instruction—tuned LLMs at temperature O with the same
prompt, so the only variable is the fusion point.

MOVER’s released system is not public, so we could not run it; TOV is written in its
spirit [8] but is not it. The distinction is not pedantry. With only two systems and no word-—
level confidences, the tie—breaking and gap—fill rules are our design decisions, and they are
measurable rather than incidental: TOV emits 22.2% more agent—channel words than the
stronger recognizer, which is what makes it the worst arm on WER and the best token—fusion
arm on cue detection (Tables 1 and 3). Printing a published method’s name over numbers
produced by our own implementation would attribute both that design and that result to work
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that did not make them. ROVER s therefore the reference implementation, and it is the arm
that carries every token—fusion conclusion in this paper; TOV bounds what a straightforward
time—constrained voter achieves on two confidence—free systems. The tie order is ours to
choose, so we test it: rebuilding ROVER with Canary first — ties to the weaker recognizer —
changes 31.3% of agent—channel tokens and all 531 fused transcripts, yet moves macro—F1 by
+0.008 [-0.005, +0.021] (gemma) and —0.011 [-0.027, +0.004] (qwen). The signs disagree
and both intervals cover zero: the tie order does not limit the arm.

token layer

token merge

ROVER/MOVER > judge

decision layer (OR)

judgex2 - OR

stereo
audio

verdict |

ASR:
(Canary)

Figure 1 — Four fusion points for the same two ASR engines

Token—level merge (ROVER/TOV), decision—level OR, and joint-hypothesis—level
JOINT. Only the combination point changes.

We use 3057 real contact—center calls. The unit of evaluation is a cell — one (call, pa-
rameter) pair — so N.g. = 3057 and Ny, = 3057 x 7 = 21399, percentages below are

over cells and call counts over calls, and the two are not interchangeable.

Labels are of two kinds. Silver, 19692 cells (92.0%): set by detector agreement — a re-
gex detector agreeing with an LLM judge, or, where those disagree, two LLM judges agreeing
with each other. Agreement between detectors does not exclude common—mode error, so sil-
ver labels are provisional, and no human saw them. Human, 1707 cells (8.0%): a human adju-
dicated the cell from the call audio, with the transcript window shown alongside it and blind
to the regex and judge outputs. Adjudicating from audio makes the label independent of any
recognizer — a label read off a transcript cannot distinguish a cue never spoken from one the
recognizer deleted, which is the distinction this paper measures — and the blinding keeps a
human label from inheriting the bias of a prediction it was shown. The LLM judge that builds
the silver tier is Qwen, one of the judges we evaluate, so on a silver cell Qwen is partly scored
against its own earlier output. The bias runs in Qwen’s favour, making the gemma-over—
gwen contrast conservative rather than inflated; it is nonetheless a circularity, and removing it
IS what the restricted stratum below is for.

The judges were run over the 531 calls recruited by the two adjudication campaigns:
278 with opening—parameter labels and 323 with closing—flag labels, of which 70 carry both
(278 4+ 323 — 70 = 531). The stratum is defined by campaign, not by the presence of a
human label: 14 further calls carry an isolated human closing label (15 cells) set outside either

campaign, and two opening cells were routed to a human but returned no parseable label. All
17 are counted in the 1707 above and none is scored anywhere in this paper. Scoring is per
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call — once a call entered the stratum, every parameter of it carrying a usable label was scored
—yielding 2124 cells: 832 opening cells (277 agent-name, 277 company-id, 278 caller—name;
two of the 834 possible cells lack a parseable label) and 1292 closing—flag cells. Those cells
are not uniformly human-adjudicated: 1690 (79.6%) carry a human label — all 1292 closing—
flag cells and 398 of the 832 opening cells — and the remaining 434 are silver, i.e. the Qwen—
self—scored cells identified above. Every macro—F1 and x below is therefore computed twice,

over all 2124 cells and over the restricted stratum of 1690 whose label a blinded human set.
The restriction removes regex and Qwen from the label’s assignment but not from its selec-
tion, since a cell reaches the human tier by detector disagreement; estimates on it describe a
disagreement—enriched population and are not weighted estimates for the corpus. The four
closing flags are identical across the two populations, being 100% human-—adjudicated. An
independently labeled 150—cell sample from the silver tier agrees with the silver labels on
95.3% of cells (143/150; Wilson 95% CI 90.7-97.7%).

Macro—-F1 and Cohen’s K, each averaged over the seven parameters (Table 1). “Macro”

denotes the mean over the seven parameters, not over the two classes: the per—parameter F1 is
the positive—class F1, so a parameter’s score reflects detection of the cue rather than of its ab-
sence. Per—parameter precision and recall are in Figure 2. Significance uses a paired uuid—
cluster bootstrap on macro—F1 (5000 resamples) as the primary test, since cells nest within
calls, and a cluster sign—flip permutation test on the same statistic (10000 permutations)
where a contrast is close. An exact McNemar test was computed as a cross—check but gates no
claim and is not tabulated: it estimates paired item correctness rather than a difference in mac-
ro—F1, and ignores the clustering of cells within calls.

Experiments. Table 1 reports macro—F1 and macro—x for the regex baseline and two

LLM judges across all fusion points, on the full 2124—cell stratum and the restricted human—
only one. JOINT with the stronger judge (gemma) is best at 0.913 and is the top arm for both
judges on both populations. The intermediate arms order differently per judge on the full stra-
tum but agree on the restricted one (JOINT = TOV = ROVER = OR = single); the instabil-
ity belongs to the contaminated cells, not the judges.

One rule applies throughout: a contrast resolves when the cluster bootstrap interval on
macro—F1 excludes zero, the primary test named in the Method. Under it JOINT=0R

(AF1 +0.029) and gemma=qwen (+0.033) hold on both populations, and on the restricted

stratum JOINT also beats single and OR for qwen (Table 3), so the advantage is not confined
to the stronger judge. JOINT exceeds ROVER, the reference token—fusion implementation,
for both judges and both populations (gemma +0.023 [+0.010, +0.036] and +0.021
[+0.005, +0.037]; qwen +0.036 [+0.021, +0.051] and +0.031 [+0.014, +0.050]). Against TOV
the answer is population—dependent — resolving on the full stratum (+0.015 [+0.004, +0.026])
but not the restricted one (+0.012 [-0.001, +0.026]), the cluster permutation test agreeing
(»=0.05 and p=0.14) — so we take the conservative reading and claim no separation from

TOV. TOV outscores ROVER (0.898 against 0.890 for gemma), so the arm JOINT fails to
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separate from the stronger token—fusion arm, and it is the one that is not a published method.
Reporting the two single—transcript arms separately answers whether the gain merely inherits
the better engine. It does not: Qwen—only leads Canary—only only slightly for every judge
(gemma 0.872 against 0.860), while gemma—JOINT at 0.913 exceeds both by 0.041 and 0.053
— several times the gap between the recognizers themselves. Hereafter “single” denotes the
Qwen-only arm, the stronger of the two and the production recognizer. The regex arms are
competitive on F1 (0.864-0.891, behind only gemma—JOINT and gemma-TQOV) but are the
worst arms in Table 1 on & (0.549-0.601), below every LLM arm including single—transcript

gwen (0.657). The two statistics disagree because the parameters are strongly imbalanced —
positive prevalence ranges from 0.134 (company-id) to 0.906 (agent—name) — and F1 rewards
a detector that fires readily on high—prevalence cues, whereas x discounts the agreement

prevalence alone would produce. For the LLM arms the two agree on the ordering, and x

makes it cleaner: JOINT is the top arm for both judges on both statistics (gemma 0.709, gwen
0.704) and exceeds the best token—fusion arm on & for both (gemma TOV 0.695, qwen TOV

0.664), where on F1 the qwen comparison was ambiguous.

Table 1
Macro—F1 / macro—« by fusion point, on both evaluation populations
Judge stratum stat Qwen Canary ROVER OR | TOV JOINT
regex full F1 — — 0.887 0.891 | 0.864 —
regex full K — — 0.601 0.573 | 0.549 —
regex restr. F1 — — 0.879 0.883 | 0.852 —
regex restr. K — — 0.593 0.554 | 0.536 —
gwen full F1 0.839 0.829 0.845 0.851 | 0.849 0.880
gwen full K 0.657 0.633 0.657 0.688 | 0.664 0.704
gwen restr. F1 0.796 0.790 0.822 0.805 | 0.823 0.853
gwen restr. K 0.598 0.584 0.620 0.603 | 0.635 0.649
gemma | full F1 0.872 0.860 0.890 0.884 | 0.898 0.913
gemma | full K 0.660 0.631 0.693 0.667 | 0.695 0.709
gemma | restr. F1 0.866 0.854 0.889 0.873 | 0.898 0.910
gemma | restr. K 0.623 0.613 0.673 0.617 | 0.674 0.682

Full stratum 2124 cells, restricted human—only stratum 1690 cells; best per population in bold.
Qwen and Canary are the two single—transcript arms. Both statistics are means over the seven
parameters. The regex detector is defined over a merged transcript and has no single—
recognizer arm.

The gains are not uniform (Figure 2). Caller—name (0.93-0.98) and further (0.96-0.99)
are near—ceiling across every gemma and gwen arm, so the fusion point is interchangeable
there; the remaining closing flags are lower than “near—ceiling” implies — courtesy 0.91-0.95,
wellwish 0.88-0.95, and thanked lowest at 0.81-0.89 — so the interchangeability argument
covers two parameters, not five. The differences concentrate on the two hardest cues: +0.119
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on company—id and +0.099 on agent—name, against under +0.05 on every other parameter.
We describe these as the two opening cues rather than as the ones ASR most often erases,
since we report no per—cue erasure rate; the concentration is measured and the erasure expla-
nation for it is not. They also improve by different routes, set out below. Agent—name is the
hardest parameter and remains difficult even under joint-hypothesis—level fusion with the
weaker judge (qwen—JOINT 0.681), while gemma-single reaches 0.786 and gemma—JOINT
0.885. On company—id the regex baseline reaches only 0.696 — against 0.951 for agent—name
on the same arm, the gap that exposes it as a near—constant predictor rather than a detector —
while gemma—JOINT (0.824) is the strongest arm. The premise of token—level voting is that it
yields a better transcript; Table 2 tests that premise directly on this data. Because WER is sen-
sitive to text normalization, we report three scorings of the same alignments: NIST SCTK
sclite [11] with GLM contraction alternations; the Whisper EnglishTextNormalizer [14] with
jiwer [6], the most lenient; and a stop—word—filtered content-word variant, the strictest. On
the agent channel — the channel every compliance parameter is scored on — Qwen3 is best un-
der all three, and neither fused transcript improves on it: ROVER degrades it by 3.0 points
and TOV by 13.2 (Whisper—normalized). The cause is insertion, not a lost vote: ties go to
Qwen and, as shown above, reversing them changes nothing. What both fused arms do in-
stead is fill gaps — a word one recognizer deleted and the other kept enters the fused transcript.
On the same 20 calls ROVER emits 11.3% more agent—channel words than Qwen3 and TOV
22.2% more (17519 against 14341). This also explains why TOV posts the worst WER in Ta-
ble 2 and the best token—fusion macro—F1 in Table 1, which would otherwise look like an im-
plementation fault. WER charges for every spurious insertion; cue detection does not, because
an inserted word cannot erase a cue that is present, and some injected words are ones Qwen
dropped. The divergence is this paper’s thesis in miniature: the arm that is worst on the tran-
scription objective is the best token—level arm on the detection one. As set out in the Method,
the TOV row bounds rather than measures, so the conclusion drawn from Table 2 rests on the
ROVER row, where ties fall to Qwen and ROVER still does not reach the stronger recognizer
alone. Qwen3 is best and TOV worst under all three scorings, so the conclusion is not an arti-
fact of normalization, though the middle of the ranking is not invariant. Combined with Table
1, this sharpens the claim: token—level fusion is worse on its own objective and no better on
ours, whereas joint-hypothesis—level reconciliation improves cue detection without producing
a transcript at all.

Table 2
Agent—channel WER (%) against a 20—call human reference, under three scorings
System NIST sclite Whisper—norm content-word
Qwen3-ASR 25.4 23.2 29.9
Canary-1B-v2 29.3 28.0 30.8
ROVER (token fusion) 28.7 26.2 32.2
TOV (our time—overlap voter) 38.8 36.4 36.4

Lower is better. This reference set is a 20—call subset, disjoint in purpose from the 531—call
stratum used elsewhere.

110 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)




«CucremHi texHogorii» 5 (166) 2026 Tom 1 «System technologiesy
Macro—F1 collapses false positives and false negatives into one number, so two arms
with the same F1 can fail in opposite directions. Figure 2 reports precision, recall and F1 side
by side for every parameter and arm: the stem spans precision to recall and F1, their harmonic
mean, falls on it, so the stem’s length shows how lopsided an arm’s errors are and its lower
endpoint shows which error dominates (y—axis from 0.30). The two cues carrying the gain sit

at opposite extremes, which is why we do not attribute both to one mechanism. On agent—
name precision is at or near 1.00 for every LLM arm while recall runs from 0.359 (qwen—
single) to 0.825 (gemma—JOINT): the entire error budget is missed cues, and moving the fu-
sion point buys recall without costing precision — the signature of evidence recovery rather
than of a changed operating threshold. On company-id the picture inverts: recall is 0.84-0.95
across the six gemma and gwen arms while precision ranges 0.47-0.73, so the errors are false
alarms. Decision—level OR is the worst arm for every judge, because a union of two verdicts
propagates either engine’s spurious match (qwen—OR 0.465, gemma—OR 0.550), whereas
JOINT improves precision over its own single arm for both judges (gemma 0.608 to 0.729,
gwen 0.620 to 0.647). On caller—name and further the stems collapse and the three statistics
coincide, which is why the fusion point is interchangeable there; on the remaining closing
flags the stems are short but not degenerate.

agent-name company-id caller-name courtesy
G-single - —f——0 e o—f— - P+ - +lo
G-OR 1o - o—f—e . de A ¢lo
G-JOINT oo o+ A - *o
Q-single 1 ¢—1 o T o——e e 4% . +*+|o
QOR{ &—F}—o0 { o—F— . L I +oto
Q-JOINT *—f—-0 - o——eo - ® - elo
0.50 0.75 1.00 0.50 0.75 1.00 0.50 0.75 1.00 0.50 0.75 1.00
thanked wellwish further
G-single - P s o e %o
G-OR - ote . % . + -
G-JOINT A ote - ¢lo . ) O precision
Q-single A +to - o . < ¢ recall
Q-OR - % . ¢ ¢ I A
Q-JOINT - 1l . ® ¢
I T I I 1 I 1
0.:50 0.17’5 1.00 0.50 0.75 1.00 0.50 0.75 1.00
score
Figure 2 — Precision, recall and F1 by compliance parameter and arm
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Table 3
Paired uuid—cluster bootstrap on macro—F1, both populations

contrast AF1 95% CI AF1 95% ClI

G-JOINT - G-OR +0.029 | [+0.019, +0.039] | +0.037 | [+0.025, +0.049]
G-JOINT — Q-JOINT +0.033 | [+0.017,+0.049] | +0.057 | [+0.039, +0.077]
G-JOINT - G-single +0.041 | [+0.029, +0.054] | +0.044 | [+0.031, +0.058]
Q-JOINT — Q-single +0.042 | [+0.028,+0.055] | +0.056 | [+0.040, +0.074]
Q-JOINT - Q-OR +0.029 | [+0.018,+0.041] | +0.048 | [+0.035, +0.063]
G-OR — G-single +0.012 | [+0.004,+0.020] | +0.008 | [-0.002, +0.017]
G-JOINT — G-ROVER +0.023 | [+0.010, +0.036] | +0.021 | [+0.005, +0.037]
Q-JOINT — Q-ROVER +0.036 | [+0.021, +0.051] | +0.031 | [+0.014, +0.050]
G-JOINT - G-TOV +0.015 | [+0.004, +0.026] | +0.012 | [-0.001, +0.026]
G-JOINT — G-shuf +0.196 | [+0.174,+0.219] | +0.183 | [+0.159, +0.209]
G-single — G-shuf +0.155 | [+0.133,+0.178] | +0.139 | [+0.115, +0.163]
G-JOINT — G—dup +0.117 | [+0.098,+0.137] | +0.116 | [+0.097, +0.136]
G—dup — G-single —0.076 | [-0.096,-0.057] | —0.072 | [-0.093,-0.051]

5000 resamples. G = gemma, Q = qwen, shuf = the shuffled—transcript control arm, dup = the
duplicate—transcript control arm. Columns 2-3 are the full stratum, columns 4-5 the restricted
stratum. A contrast resolves only when the interval excludes zero. Deltas are computed on
unrounded macro—F1, so one may differ by 0.001 from a subtraction of Table 1’s printed val-
ues.

A fifth of the stratum carries a label no human set, selected by detector agreement,
which makes those cells easy by construction and inflates every arm rather than only the label
builders. Re—scoring on the 1690 human-set cells (Tables 1 and 4) leaves the headline intact —
gemma-JOINT 0.913 to 0.910 — while the contrasts move both ways: every contrast against a
non—token arm grows (JOINT over OR +0.029 to +0.037, over single +0.041 to +0.044, over
gwen—JOINT +0.033 to +0.057) and every contrast against a token—fusion or control arm
shrinks slightly (over ROVER +0.023 to +0.021, over TOV +0.015 to +0.012, over the shuf-
fled arm +0.196 to +0.183). The gain over judging one transcript is larger on the clean cells,
the margin over token fusion smaller. One conclusion weakens outright: decision—level OR
no longer separates from single-ASR for gemma (+0.008, interval spanning zero). The cost of
the restriction is statistical power on the opening parameters — caller—-name falls from 278
cells to 76 and company—id from 277 to 114, so their restricted—stratum estimates are corre-
spondingly noisier.

The restriction also settles what the regex baseline is doing. Its agent—-name F1 rises on
the 208 cells it never labeled, from 0.951 to 0.970, which is the opposite of what label-
construction circularity predicts. The explanation is degeneracy: on those cells it answers
“yes” 208 times out of 208, and 0.970 is exactly the F1 a constant “yes” earns at the restricted
stratum’s 0.942 prevalence; its i there is 0.000. The regex baseline is not inflated by the la-
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bels it helped build — it is a prevalence—exploiting constant on this parameter, which is pre-
cisely the failure x is designed to expose and F1 is not.

A shuffled—transcript control. Aggregate F1 cannot distinguish reconciliation from a
simpler account — that two transcripts merely make the judge readier to answer yes — so we
re—ran JOINT with ASR VERSION 2 replaced by a transcript of a different call: a seeded de-
rangement over the same stratum, no call paired with itself, everything else fixed including
the instruction that the two transcripts are of the same audio. Macro—F1 falls from 0.913 to
0.717, not back to the single—transcript arm (0.872) but 0.155 below it. Both drops resolve:
JOINT over the shuffled arm is +0.196 [+0.174, +0.219] and single over it +0.155 [+0.133,
+0.178] (Table 3), holding on the restricted stratum (+0.183 and +0.139). Macro—# Separates

them more sharply, 0.709 to 0.192: once the second transcript belongs to another call, almost
none of the judge’s agreement with gold survives chance correction. The lift does not survive
the swap, and the swap costs more than the lift was worth — so a transcript of the same call is
necessary for the second input to help; the next control shows it is not sufficient. The col-
lapsed arm is not degenerate, which matters because a judge that simply stopped answering
would drop the same way: it returns 1280 positive and 844 negative verdicts against the real
arm’s 1359 and 765, agrees on only 68.7% of cells, and its disagreements run both ways, 372
lost and 293 gained. A permissiveness account predicts more positives; we observe fewer.

A duplicate—transcript control. That leaves a second alternative alive: that the gain
comes from the JOINT prompt, or from reading the same evidence twice, rather than from
combining two different renderings. A third arm makes ASR VERSION 2 byte—identical to
VERSION 1 — both the Qwen window the single arm reads — everything else fixed including
the JOINT paragraph. Reconciliation predicts this arm falls back to the single arm; a prompt
or re—reading account predicts it keeps the lift. Neither happens: it lands below the single arm,
at 0.796 against 0.872 (Table 4). JOINT exceeds it by 0.117 [+0.098, +0.137] — nearly three
times JOINT’s margin over single — and the duplicate arm is worse than single by 0.076 [
0.096, —0.057], both p < 0.001 under the cluster permutation test. The lift is therefore not a

property of the prompt or of re-reading: the benefit requires a second transcript that actually
differs. One asymmetry qualifies that reading. Duplication helps on the three opening parame-
ters (+0.044 over single) and hurts sharply on the four closing flags (—0.166), where the

judge turns conservative — its positive rate on further falls from 0.635 to 0.427 against a gold
rate of 0.675. A plausible reason is positional rather than informational: closing cues sit at the
end of their window, and a second copy pushes the first copy’s ending into the middle of the
context, while an opening cue stays at the top. We did not test this, so we report the aggregate
— the prompt account is refuted — and flag the duplicate arm as a cleaner control for start—
anchored cues than end-anchored ones.
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Table 4
The four judge arms under gemma, on both populations
arm F1 K agree F1 K agree
JOINT (real 2nd ASR) 0.913 | 0.709 — 0.910 | 0.682 —
single (no 2nd ASR) 0.872 | 0.660 | 92.7% | 0.866 | 0.623 | 91.9%
dup (V2 =V1) 0.796 | 0.503 | 83.7% | 0.794 | 0.472 | 80.3%
shuf (V2 = other call) 0.717 | 0.192 | 68.7% | 0.727 | 0.172 | 63.1%

All four read the same windows and differ only in what occupies ASR VERSION 2. Columns
2—4 are the full stratum, columns 5-7 are the restricted stratum. Agreement is the share of
cells on which an arm returns the same verdict as JOINT.

The controls above intervene on the input; they show the second transcript matters
without showing what the judge takes from it. We re—ran JOINT asking it to quote the span it
relied on and matched every quote against the two windows it was given. It is never asked
which transcript it used — a model that fabricates a cue can fabricate the attribution as easily —
so each quote is located by string match, present when a contiguous run of at least 70% of its
normalized tokens occurs in the window. The analysis covers all seven parameters and the
2126 cells the re—run reached, two more than the 2124 scored elsewhere because bucketing a
quote needs no gold label. Asking for a quote barely perturbs the verdicts: the re—run agrees
with the scored arm on 828 of 834 opening cells (99.3%) and 1220 of 1292 closing cells
(94.4%), the latter with near-symmetric disagreements (41 against 31) — noise, not a shift.

Of 1368 positive verdicts, 322 (23.5%) quote evidence found in only one transcript (Ta-
ble 5). That figure is not by itself the mechanism, and it is worth being precise about why: the
single—transcript arm reads the Qwen window, so the 16.6% of verdicts resting on Qwen-only
evidence cite text the single arm already had. Only the 6.9% resting on Canary—only evidence
cite text the single arm could not see. Taken alone, 6.9% looks too small to carry a +0.041
macro—F1 gain.

It is not taken alone. What matters is not how often second-transcript evidence appears
but where, and it is concentrated almost entirely on the decisions the single arm gets wrong.
Three quarters of Canary—only verdicts — 71 of 95 — are cells the single arm called negative,
against 7.8% of the verdicts resting on evidence present in both transcripts: a nine—fold en-
richment. Of the 129 verdicts where JOINT correctly overturns a single—arm negative, 46
(35.7%) rest on Canary-only evidence, from a bucket that is 6.9% of all positives. Evidence
visible only in the second transcript is thus rare overall and dominant exactly where the arms
disagree, which is what an evidence account predicts and a prompt or permissiveness account
does not. Fabrication is rare but not absent: five verdicts (0.37%) quote text in neither win-
dow. Recovery and fabrication move together with the match threshold — at 50-60% they are
15.9-19.5% and 0.00%, at exact matching 37.3% and 2.5%.
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Table 5
Where the quoted evidence occurs, and where it changes a decision

evidence occurs in n share single NO % of bucket gold agrees
BOTH 1041 | 76.1% 81 7.8% 69
QWEN-ONLY 227 | 16.6% 18 7.9% 13
CANARY-ONLY 95 6.9% 71 74.7% 46
NEITHER 5 0.37% 1 — 1

total 1368 171 129

All seven parameters, over the 2126 cells the evidence re—run reached; 1368 positive verdicts.
QWEN-ONLY is text the single—transcript arm already sees, CANARY-ONLY text it can-
not. Match rule: a contiguous run of 70% or more of the quote’s normalized tokens. “single
NO” counts cells the single—transcript arm called negative; the last column keeps only those
where the gold label agrees with JOINT. NEITHER is the fabrication rate; no verdict returned
an empty quote.

Conclusion. For contact—center script compliance — a cue—recall task in which an ASR
error can erase the evidence — where the recognizers are combined materially affects perfor-
mance within the evaluated two—ASR setting. A capable judge reconciling both transcripts in
one call (JOINT) is the best arm, significantly above decision—level OR and single-ASR for
both judges and on a restricted stratum of human-set labels only. Token—level voting, the
common WER-driven baseline, led in no configuration: JOINT significantly exceeds the ref-
erence ROVER implementation for both judges and both populations, while against our own
stronger time—overlap voter the contrast does not resolve.

The building blocks are established and we concede the field as Related Work sets it
out: attention over multiple hypotheses [9], multi-ASR fusion for transcript
improvement [13], and post-ASR fusion under an LLM for a holistic label [20]. Using an
LLM to combine multiple ASR outputs is not what we claim as new. The contribution is em-
pirical and methodological rather than architectural, and is threefold: 1) making the fusion
point the independent variable for a cue—recall objective, and showing placement is an opera-
tive lever; 2) a pair of input interventions that falsify the mechanism rather than illustrate it —
the second input replaced once by a transcript of a different call and once by a copy of the
first, both scoring below the single—input arm — which, with per—verdict evidence bucketing,
turns “reconciliation” from a label into a measured quantity; and 3) an agreement-—stratified
protocol on two populations, exposing both that a strong—looking regex baseline is a preva-
lence—exploiting constant and that one evaluated judge helped build the silver labels.

The recommended configuration is a drop—in for any production ASR+LLM compli-
ance auditor already running two recognizers: relative to a single—ASR pipeline it costs a sec-
ond ASR pass plus one judge call per item, with no cross—system hypothesis alignment and
no fine-tuning. Per—recognizer forced alignment still cuts the windows exactly as in the sin-
gle—ASR baseline; what JOINT removes is the alignment of one engine’s hypothesis to the
other’s that a confusion network requires. Against decision—level OR, which also needs both
transcripts, JOINT halves the judge calls. The guidance is to invest in a capable reconciling

judge rather than in token—level fusion, and the agreement-stratified protocol is reusable by
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QA teams wanting honest estimates against provisional silver labels without over—crediting
the detectors that produced them. The scope is narrow: a single English contact—center corpus,
the recognizer count fixed at two and the controls varying one judge, so placement is not
compared against adding engines, multilingual generalization is untested, end—to—end cost is
not measured, and because the evidence analysis locates a quoted span by string match it can-
not separate a judge that read a cue from one that guessed and happened to quote a matching
span.
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Cninvne y3200xcennsa kinokox ASR—-mpanckpunmie eenuxoro MoeHow mMooennio
0/151 GUABICHHA O3HAK 0OMPUMAHHSA CKPUNMY 6 KOHMAKM—UEeHmpPax

Knacuune kombinyeanns cucmem posniznasarns mosienuss — ROVER ma tioco noxiowui,
3oxpema MOVER, — gukonye 2onocysanns na pieni okpemux ciig i ONmMumizye yacmomy no-
munok Ha cnosi (WER). Hamomicme y xoumponi skocmi KOHMaKxm—yeHmpie mpaHcKpunm €
Juuie NPOMIJICHUM NPeOCMABNIeHHM. 3d HUM Nepesipsioms, YU 6UKOHAE ONepamop
0008’83K061 KPOKU CKpUNmMy — NPUBIMAauHs, camoioeHmugbikayito KOMnawii, 3anum imewi
KIIEHMAa ma 6siunuse 3a8epuierts posmosu. O3HaKu, wjo Hecyms Yi nepesipKu, € KOpOmKuMu
Gopmynohumu  pazamu, sKi HeOOCKOHANe PO3NIZHABAHH HAUYACMIie CHOMBOPIOE abo
8Mpavae, a 20A0CYBAHHSI HA PIGHI MOKEHI8 30amHe SUIYYUMU CL080, sIKe NO4Y8 juule 00UH
posniznasay. Omoice, Kpawe MPAHCKPUOYBAHHS HE € MOMOICHUM KPAWOMY GUSIGIEHHIO
O3HAKU.

Mema Oocniodcenus — 6usHaAUUMU, HA AKOMY DI6HI KOHBeEPA OOYINbHO PO3IMIULy8amu
ancambib po3nizHABAYIB, AKWO YLTbOBOIO MEMPUKOIO0 € NOBHOMA BUABNICHHSL O3HAKU, d He Yd-
CMOmMa NOMUNOK HA CLOSI.

3a ghixcosanoi napu dexopenvosanux ASR—cucmem nopisnano womupu mouxku 3aumms
nio KepyB8aHHAM O0OHI€i M0oOeni—Ccy00i: OOUHOYHUU MPAHCKPUNM, 3MUMMS HA PIGHI MOKeHi8
(emanonnut ROVER ma enacnuii 2onocyeanvnuk 3a uacosum nepexpummsam), 31umms Ha
pisHi piuienb, mobmo 006’ €OHaAHHA 6epOUKMIE 34 KOJNCHUM MPAHCKPUNIMOM OKpeMo; md
3IUMMS HA PIGHI 2inomes, KOIU Cy00s Yumae 0ou08a MpancKpunmu i y3200Cye ix y mexncax
00H020 36epHeHHs. OYiHI08aHHA BUKOHAHO Ha Kopnyci 3 3057 036inKi6 3a cimoma napamem-
pamu OOMPUMAHHS CKPUNMY, a 8Ci NIOCYMKO8I NOPIBHAHHS NPOOYOIbOBAHO HA 0OMedCceHill
niosuoOipyi, wo Micmumo auuie CMAHOBIEHT THOUHOK MIMKU.

3nummsa na pisHi cinome3 € Haukpawor cmpameziero (macro-F1 0,913) i cmamu-
CMUYHO 3HAYYWe Nepesa’tcae 0OUHOYHUL mpanckpunm, 3aumms Ha pieHi piuens ma ROVER
071 060X €y00i8 i Ha 060x eubipkax. Tpu KOHMPOIbHI eKcnepumMenmu noKa3yioms, Wo npu-
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picm nompeOye Hei0eHMUYHO20 MPAHCKPUNIMA MO20 CAMO20 O38IHKA: 3aMiHa OPY2020 MPAaH-
CKpunma mpaHcKpunmom IHuwo2o 038iHka 3Hudicye macro—F1 oo 0,717, a 3amina iiozo
Konieto nepuoeo — 0o 0,796, moomo Hudicue 3a apianm 3 0OUHOUHUM MPAHCKPUNIMOM, WO
BUKTIIOYAE NOACHEHHS Yepe3 NOONaNCIUGICMb cy00i ma uepes ehekm camoi nioKazKu, mexkcm,
HAABHULL uwe Yy OpyeoMy Mpanckpunmi, cmanosums 6,9 % nozumusHux eepouxmis, aie 3a-
besneuye 35,7 % 6unaokis, y AKUX 31UMMs HA PI6HI 2inome3 NPAsUIbHO CKACOBYE PIUleHHs 3a
00uHouHUM mpanckpunmom. Omoice, y medcax 00CniodxHcenoi Konghicypayii 3 06oma posnizna-
gauamu micye posmiwjeHHs aHcamo.I0 ICIMOMHO 6NAUBAE HA AKICMb GUABIEHHS O3HAK.

Knrouoei cnosa: asmomamuune posniznasamnus MOGNeHHA, KOMOIHYBAHHA CUCMEM
PO3NI3HABANHS, KOHMPOTb AKOCMI KOHMAKM—YEHMPY, GUABLEHHS OOMPUMAHHS CKPUNMY, Ge-
JIUKE MOBHI MOOeN, MOOeNb—Cy00s, 3MIUMmms HA PiGHI 2inomes, 4acmoma NOMUIOK HA CLOGI,
NPOMOKOI OYIHIOBAHHSI.

IBanbko Aprem MukogaiioBuu — acmipadT kadenpu iHPOpPMALIHHUX TEXHOJOTIH Ta
KOMIT I0TepHO1 imKeHepii, HamioHanpHuii TEXHIYHUN yHIBEPCUTET «J[HIMPOBCHKA MOJITEXHi-
Kay.
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JL.L. LBipkyH, FO.A. MupoHOB
KEPYBAHHSI AKTUBALIE€IO POBOYUX IMPOIIECIB 3A YMOB BJIOKYBAHHSI
YEPE3 OBMEXEHI PECYPCU BAI'ATOPA30BOI'O BUKOPUCTAHHS
B PO3IOAIVIEHUX CUCTEMAX
BUKOHAHHS CIIPAMOBAHUX ALTUKJITYHUX I'PA®IB

Anomayis. Jlocniodceno kepysamHs akmusayiero pooouux npoyecie y i0OKpumiti cmoxacmuy-
Hitl cucmemi eukonanHs CAI i3 obmediceHum pecypcom 6aeamopazo8oco UKOPUCMAaHHA. Y
OUCKPEMHO—TNOOTUHOMY MOOeN08AHHI NOPIBHAHO 08I apXimeKmypu OMpUMAHHI pecypcié —
OIOKYBAHHS 30 CXEMOK «CHOYAMK) BUKOHABEYbY MA AMOMApHe OMPUMAHHA pecypcie — i
n’amov noaimux akmueayii. 3a 6ucoko2o Hasanmaoicenus kepyeanus WIP smenuye p95 uacy
8i02yKky Ha 23—36% nuwie mooi, Koiu OUiKY8aHH MOKEHA YMPUMYE BUKOHABYs. 3a amomap-
Ho2o ompumanns yeu suepaws 3uukac. DTR 3 ypaxyeannam CAI’ ne noxazye npakmuuno 3Ha-
Yyuoi 3a2a1bHOI nepesazu HA0 NPOCMIUUMU 3ACOOAMU KePYBAHHS.

Knrouosi cnosa: poznooineni cucmemu pobouux npoyecis; suxonanus CAI; akmusayisa po6o-
yux npoyecis, HezasepuieHa poboma 6 cucmemi, pecypcu 6a2amopazo8o020 SUKOPUCTAHHSA,
Jiyensii Ha npoecpamHe 3abe3neuents; OJNOKY8AHHI pecypcCis;, 3ampumKa y X60Cmi po3nooiny;

OUCKPEMHO—TNO0OIlHe MOOeN0BAHHSL, XMAPHI 0OYUCTICHHS.

IMocTanoBka npodsemu. Y BiAkpuTiii cucreMi BukoHanHs CAI 3aBaHHS MOXYTb OJ1-
HOYAaCHO NOTpeOyBaTH OOYMCIIOBAIBHOIO BUKOHABL Ta CKIHYEHHOTO pecypcy OaraTopaso-
BOI'0 BUKOPHCTaHHS, HAIIPUKJIAJ TOKEHa IJIaBarodoi mporpamHoi jginen3ii. Ha moseainky cuc-
TEMH BIUIMBAIOTHh AE(ILUT TaKOro pecypcy Ta MOpsSIOK MOro OTpUMaHHA. SIKIIO 3aBIaHHs
CHOYaTKy 3aiiMa€e BUKOHABLIA 1 JIMIIE MICISA [[bOTO OYIKYE TOKEH, HEIOCTYIHICTh TOKEHA TUM-
4acOBO BUJIy4a€ BUKOHABIIA 3 OOUMCIIIOBATIBHOIO MyIy. Y poOOTi 11eil MexaHi3M pOo3IisiaeTh-
Csl SIK 30BHIIIHIN eeKT OJI0KyBaHHS BUKOHABI[I. 3a aTOMApHOI0 OTPUMAaHHS 3aBJaHHS 3aIlycC-
Ka€eThCS JIMILE 332 OJTHOYACHOT IOCTYIHOCTI BUKOHABIIS i TOKEHA, TOMY OUYiKyBaHHs TOKEHA He
CIHOXHBA€ OOUHCITIOBAIbHY MOTYKHICTb.

3BiJICH BUHHUKA€E NMUTAHHS KEPYBaHHS aKTHUBALIEIO IUIMX poOOYMX MPOLECIB: UM MOXE
oOMexeHHs akTUBHOTO WIP 3MEHIIMTH XBICT HACKPI3HOTO Yacy BIATYKY, HE 3HMKYIOUHU IPO-
MYCKHY 37aTHICTh, 1 UM MOTPiOHA /Ui LOTO JeTajdbHa iHPOpMALlis PO MO3UIII0 Mai0yTHBO-
ro nonury Ha pecypc y CAI.

AHani3 ocTaHHiX JocaifkeHb i myOuaikamiii. /lociipkeHHs crcTeM BUKOHAHHS po0o-
YUX MPOLECIB OXOIUIIOIOTh MOJETIOBAHHS IJIaHYBaJIbHUKIB, JUHAMIUHE KEepyBaHHs pecypca-
MU Ta BUOIp momiTuk mif yac BukoHaHHs [1-4]. WfCommons i WRENCH ninTpumyroTs Biz-
TBOPIOBAH1 JIOCII/PKEHHS Ta MOJEIIOBAaHHS CUCTEM KepyBaHHs poOodnMu mporecamu [5, 6].
PobGoTu 3 06MexeHHSIMHU MPOrpaMHMX JIIEH31H po3IisaloTh iX SK SABHUM pecypc IlaHyBaH-
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Hs: Qiao et al. — B onnaiiH—Tu1anyBanHi pobounx mporecis [7], Gulhan et al. — yepe3 nporHo-
3yBaHHs BuKopucranus minen3i y HPC [8], Noaman et al. — y backfilling mnst 3anau CAE 3
TIEH31MHUMU 00MEXESHHSIMH B T1OpUIHIN xMapi [9].

KonnenryanpHo OJM3bKi JOCHIDKEHHS 3 KepyBaHHA HaBaHTaxkeHHsAM (Workload
Control, WLC) moka3yrTh, 0 KEepyBaHHS JOMYCKOM MOXE IMOCIA0JIIOBATH HETATUBHUI
BIUTMB OJIOKYBaHHS, @ B3a€EMOJIS KUTBKOX OOMEXEHHUX PECypCiB 13 MpaBUIIaMU JIOIYCKY Ta AH-
crieTyepu3allii iCTOTHO BIUIMBAa€ Ha MPOAYKTUBHICTH [10—12]. BogHowac mpocTimi 3acobu
0e31oCcepeIHbOr0  KEePYBaHHS HABAHTAKEHHSM 1HOMI JIOCSTAIOTh PIBHSA  CKIQIHIIINX
cxem [13].

HeBupimeHnMu 3aimaroThCsl MUTAHHS: YA BUHUKAE BIAMOBIIHUN e(EeKT y BIAKPHUTIH
croxactuuHiii CAI'—cucreMi came 4epe3 yTpHUMaHHs BUKOHABI ITij] 9ac OYiKyBaHHS pecypcy
0araTopazoBOro BUKOPHCTAHH; YM 30€piracThcsi BiH 32 aTOMapHOTO OTPHUMAHHS PECYpCiB; Ta
4n 3a0e3Meuye MPOrHo3 CTPYKTYPHOI OJU3BKOCTI MalOYTHHOTO PECYPCHOTO TOMUTY MPaKTH-
YHO 3HA4YYLIUH JOJATKOBHM BUIpaIl.

Meta aocaailzKeHHsI — €KCIIEPUMEHTATbHO BU3HAYUTH YMOBH, 32 SIKUX KEPYBaHHS ak-
TUBAIlI€I0 pOOOYMX IMPOIECIB 3MEHIITY€E Yac BIATYKY Y XBOCTI po3moniny y Binkputiii CAI'—
cucTeMi 3 0OMEKEHUM pecypcoM 0araropa3oBOro BUKOPUCTAHHS, TA OMIHUTH I'PaHUYHY IIiH-
HICTh ypaxyBaHHs cTpykTypu CAI.

Jliis xoHKpeTH3arii MeTd chopMyIbOBaHO TPHU JOCIITHHUIIBKI TITOTE3H, IO MEPEBIps-
I0Th MEXaHi3M OJIOKYBaHHS, MEXY €(eKTy 3a apXiTEeKTYpOI OTPUMAaHHS PECYpPCIB Ta rpaHU Y-
HY LIHHICTb ypaxyBaHHs cTpykTypu CAT'.

H1 — mexani3m 0s0xkyBaHHA. Yu 3MeHIIye kepyBaHHS akTuBariero/WIP p95 nackpiz-
HOTO0 4Yacy BIATYKY 0€3 3MEHIIEHHsI MPOMYCKHOI 3/JaTHOCTI 3a 3HAYHOI'0 HaBaHTa)XKEHHS Ha pe-
cypc 6araropa3oBOro BHKOPHCTaHHS, KOJM OUYIKYBaHHS IIbOTO PECYpCy 3aiiMae MOTYXHICTh
BUKOHABIIIB?

H2 — meixka 3a apxiTekTyporo oTpuMaHHs pecypciB. Un 3HMKae ab0 cTae MPaKTUIHO
HE3HAYHUM L€l BUTpAIll, KOJIM OTPHMAaHHS pecypcy 0araTopa3oBOro BUKOPUCTAHHS € aToOMa-
pPHUM 1 HEOJIOKYBaIbHUM?

H3 — rpanuuyna uinnicte ypaxyBanus CAI. Yu 3abesneuye DTR 3 ypaxyBaHHSIM
CAT nmpakTH4HO 3HAUYYILy MepeBary Haj MPOCTIMIUMH HAIAIITOBAHUMH 3aC00aMH KepyBaHHS
WIP a6o o6carom pobotu, 1110 norpedye TOKeHIB?

BuxiaieHHs1 0CHOBHOI0O MaTepiaJy J0CTizKeHHS.

Monens cucreMu Ta HaBaHTakeHHsA. PoOodi mpoiiecu HaaXoAsTh Y BIAKPUTY CUCTEMY

Ta IepeGyBaroTh y Biakmaneniit uepsi FIFO a6o B axruBHiit Maoxuni A(t). Bigkmaneni mpo-

1IECH HE CIOXKMBAIOTh BUKOHABIIIB UM TOKEHIB; IMICIsl aKTHBAIlli MPOIEC HE TMMOBEPTAETHCS 0
BiJIKJIaZieHoi yepru. Ha puc. 1 moka3zaHo po3MexyBaHHS MK BIJKJIa/IEHOI Yeproro, KOHTPO-
JIEpOM aKTHUBalli, akTUBHOIO MHOXUHOIO CAI' 1 HE3MIHHUM IUIaHYBAJIbHUKOM T'OTOBUX 3a-

BJaHb. AKTHBHA cucTeMa Mae { CIIOTiB BUKOHaBLIB 1 L TOKeHIB pecypcy 6araTopa3oBoro Bu-

KOpPUCTAaHHH.
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Workflow arrivals

l

Deferred FIFO queue

A

Release controller

I

Active DAG workflows

@<@/

Fixed ready-task scheduler

I
| }

Worker pool C Reusable tokens L

UUOL) eeee

Active execution system

Pucynox 1 — ApxiTekTypa CHCTEMH KepyBaHHS aKTHUBAIII€I0 POOOYHX MPOLIECIB

Jlnst knaciB poGoumx mporeciB k i3 iHTCHCHBHICTIO HAIXO/KEHHS A, OUiKYBaHOIO PO-
60TOI0 BUKOHABIIIB B ;. Ta poboToro pecypcy By ;. KOOpIMHATH 3alpOIIOHOBAHOTO HABaHTa-

JKEHHS BU3HAYarOThCs 3a popmynoro (1):

pe = Ekigﬁc.k’ p, = Ek-’l:BL.k. (1)

i moka3HMKHM XapakTepu3yoTh poOoUe HaBaHTAXKEHHS BIJTHOCHO HOMIHAIBHUX MICTKO-
CTEH 1 He TPAKTYIOThCA SIK IOCTaTHI YMOBH cTilikocTl moBHOT CAI'—cucremu.
CTpyKTypy CEMUBEPIIMHHOTO 1a0JI0HY pobovoro mporiecy 3aaae popmyna (2):

= {v,, v} = vy = {vg, v} = vy, (2)

€ Tpu K/1acH 3 €JUHOIO OIEpali€lo, 0 NoTpedye TOKeHa, y 17y, Vy abo V7. 3MimIaHe

HABAaHTAKCHHS BUOMpPAE KJIaCH 3 OJHAKOBOIO WMOBIPHICTIO; OJHOPIAHUI KOHTPOJBHUH cClie-

Hapiil BUKOPUCTOBYeE cepeHIo no3uuito. CepenHiil yac 00CIyroByBaHHs 3BUYaiHOIO 3aBIaH-

HS JopiBHIOE 1, TokeHOBoro — 2, tomy B = 8 1 B; = Z; y mozgeni Bukopucrano £ = 12
cioTiB i L = ZTokeHu.

Yacu o0cmyroByBaHHs HE3aJICKHI Ta MalOTh po3moia (3):

S, ~ Erlang (2,?). (3)

Hanxomxenns  myaccoHiBchbki. OCHOBHI  3MilllaHI  pPEXKUMH  HaBaHTAXKEHHS:
(pe.pr) = (0.3333,0.50), 0.60,0.90 ta 0.6267,0.94; oxHOpiqHMII KOHTPOJIL BUKOPUCTO-
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Bye 0.60,0.90. [InanyBagpbHUK rOTOBHX 3aBAaHb HE3MIHHHM JIJIs1 BCIX TOJITHUK 1 BUKOPHUCTO-
Bye kimod (ready time, workflow ID, task ID) ta mopsinok 17y << -+ << 1.

APpXiTeKTYypH OTPUMAaHHA pecypciB. 3a OJIOKYyBaHHS «CIOYAaTKy BHUKOHABEIb» (pHC.
2a) TOKEHOBE 3aBIAaHHS CIIOYATKY 3aliMae BUKOHABIS; SKIIO TOKEH HEAOCTYITHUH, BOHO OYi-
kye y uep3i FIFO, mpogoBxyoun yrpuMyBaTH BUKOHABIA. 32 aTOMAapHOTO OTpUMAaHHS (puC.
20) 3aBIaHHS TUCIIETYEPU3YETHCS JTUIIE 32 OJHOYACHOI JOCTYIHOCTI BUKOHABIA i TOKEHA.

A. Worker-first blocking B. Atomic nonblocking

‘ Licensed task ready ’ ’ Licensed task ready J

® )
[ P Acquire worker

[ @ Request reusable token ]

Worker + token
jointly available?

when token Example token-wait state

Execute
becomes available

] when worker + token - I

‘ @ Execute become available
l a @ Release both

( z ® Release token + worker

[} Release
- @ token + worker

NO YES
Token available? s
Does token waiting
YES NO consume worker capacity? v
v
‘ y =) Waitin ready queue
T 1 PanalA: Yes H i\  NO WORKER HELD o a Acquire worker +
E : Wait for token L=/ NO TOKEN HELD i token atomically
| WORKER REMAINS OCCUPIED PanelB: | No L@
——— 1
3 Worker pool | Reusable tok i
Worker pool Reusable token pool o o pooo Sratpes E
Geoow |1222|00@ 881000
: i v
(1 occupied) (none available) fal fre). faone siakilie) \
4 1
i
i
1
|
1
1

—

iH

Pucynok 2 — biiokyBaHHsI 3a CXEMOIO «CIIOYaTKy BUKOHABEI[bY MOPIBHIHO
3 aTOMapHUM OTPUMAaHHIM peCcypciB

Monituxku axktuBamii. B0 HerailHO akTHBye KOXeEH mpolec, ToOTO
T_admz'ssz'ﬂn — T_arrz'va!
L L "

[MTonituka B1 aktuBye HOBUIT poOOYHiA TIpOIIEC JIUIIIE 32 BHKOHAHHS YMOBH (4):
|A()] < Npa, (4
B €KCHEPUMEHTI B3ATO Ny, = 12.

Jlns B2a HeBUKOHAaHUN 00CST TOKEHOBOI pOOOTH aKTUBHOI MHOXKMHU Ta KaHIU-
JaTa BU3HA4Ya€eThes 3a popMyIioro (5):

W= > LhO wO= ) L,h®.6

JEA(D) veUt(r) veUk(s)

Jlns B2a moporose 3HadeHHs 3a1aeThes Ak Ky = Ky LH, ne H = 2, Ta Ky, = 4.
Kanaunar B2a akTuByeTbhcs 32 BUKOHAHHS YMOBH (6):
W (t) + Wi (t) < Ky (6)
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B2b € mosiTHKOIO 3 MO3UIIHHUM BaryBaHHsIM, HaTXHeHOIO migxogom WLC. Pi-
BCHb 3aBliaHHs 1j1s1 B2b Bu3HavaeThes pexypcieto (7):
1, pred(v) = @,

=11+ max 1, otherwise. (7)
uepred(w)

Jnst 3ananoi tononorii 1, = 1,2,2,3,4,4,5, a mo3uiifHo 3BaXKeHUI TUCK poOoUO-
o MPOIIeCy j BU3HAUAETHCS 3a hopmyiioro (8):

PIVIC(t) = Z —I”hj”[t).[s)

- v
vE U_?-LI: )

Kangunat B2b akTuByeThCs 3a BuKOHaHHS yMOBH (9):
i i -
P8 + PVEE(E) < Ky Kyic = KypcLH, (9)
B ekCriepuMEeHTI Y39TO Ky = 2.

B3 — discounted time—to—resource (DTR). DTR nuckoHTye MailOyTHIO TOKEHOBY
po0OOTYy BIAMOBIIHO 0 CTPYKTYPHOI BiJICTaH1 0 il TOTOBHOCTI. [IporHO3 3amuiikoBoi
TPUBAJIOCTI 0OCITYrOBYBaHHSI HE3aBEPILIEHOTO TOKEHOBOTO 3aBJAaHHS BU3HAYAETHCA 32
dbopmymnoro (10)

az’v[t) + o
N a0’ AKINO 7 BHKOHYETHCA,
hy, () =41 + == (10)
Ky
ﬂ’l-” AEKIIO DEC.:[}TDB}’BE.HI—H e He pDSHD‘-IELTD,

ne a;,(t) — yxe cnocTepexeHa TPUBAIICTh HOro 00CIyroByBaHHS.
CrtpykTypHa oIliHKa JjIsl ToTepeIHuKa U 3a1aeThes pekypcieto (11):

r0, AKII0 U 3aBepIIeHo,
az‘u Et) + #u
_—, AKITMO U BHKOHYETBCH,
1+ 2a,,(t) -
F, (t) = T (11)
Uy AKII0 U TOTOBe ab0 3a0I0KOBaHe B 0YiKyBaHHI TOKeHa,

H,+ max F (t), gxmo u me He roToBe 3a 3adexHocTIMHE CAT,
WU pEPrediu) p

e maxe = 0,

CTpyKTypHY BiICTaHb /10 TOTOBHOCTI TOKEHOBOTO 3aBJaHHS BU3HAYaeMO 3a ¢o-
pmyioro (12):
éz‘v [t)
0, AKIIO ¥ FOTOEe, 3a0/I0K0BaHe, BUKOHYEThCA abo Pred(v) = 0,
= { max F, (t), iHaKIIe.
ucPred{v)

Tuck DTR st pobodoro mporiecy | BusHavyaeThes 3a popmyinoro (13):

. dy (1)
Pt = ) 1 hy(Dexp (— v ) (13)
vEU{*i'Ij
Cymapamii Tuck DTR akTHBHOT MHOKHMHY BU3HAYA€THCA 3a popmyroro (14):
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P = ) B5R).(19)

JEA(L)

3a A(t) # @ kaHauaaT y uep3i FIFO akTuByeThCs TOJI ¥ JIUIIE TOJ1, KOJIH BUKO-
HyeThCst ymoBa (15):

P,(t;h) + P,(t; h) < 6Lh.(15)

J171s1 MOPOKHBOI AKTUBHOI MHOXKUHU TIEPIINI KaHIUIAT aKTUBYEThCS NSl 3a0€3-
MeueHHs Tmporpecy; nepmuid enemeHT uyepru FIFO He ob6xomuthes. Ilicns aktuBartii
JTUCTIeTYEPH3allisl TOBOIUTHCA 10 (PiKCOBAHOI TOUYKHM, IMICIS YOTO CTaH MEPEOIIHIOETh-
cs. B excniepumenti y3sto h = 8, 8 = 1.

DTR perymtoe akTHBaIlif0 HiMX poOo4nX mporieci. [Topsiiok roTOBUX 3aBaHb 3aJ1a€
HE3MIHHUI MJIaHyBaJdbHUK. Puc. 3 omucye anroputm, sikuii peanizye ymoBy aktuBaiii DTR 3a
dbopmynoro (15), BUKOPUCTOBYIOUH THUCK KaHauIaTa 3a ¢popmynoro (13) i cymapHHii THCK ak-
THBHOI MHOKUHHU 32 Gopmyiioro (14).

[ Reevaluation event ]

T

[ Deferred FIFO queue Qp ]
Yes

» Qp empty? > No release J

(end)

No
[ Take head workflow i }

(FIFO; no bypass)

Yes

Active set A empty?

r Compute active pressure Py(t; h) ]

A4 v
Release workflow i { Compute candidate pressure P;(t; h) ]
anti-starvation /

ensure progress Yes
PA(t; h) + Pi(t; h)
<OLh?

[ Remove i from Qp ] Stop release loop
for now
[ Open |n|t|al ready tasks ] l
[ Dispatch to flxed point ] {/ Wait for next \{
| reevaluation event !
[ Update A and task states ] """"""""" '

J

Pucynok 3 — KepyBanHs akTuBaiiiero pobouux nporuecis 3a aropurMmom DTR
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ExcnepuMenTaJbHMii Au3aiin i craTuctuunnii anasmis. [ligrBepmxyBanbpHa cepist ex-

cuepuMeHTiB  Mictuth 8 X 5 x 20 = 800 mporomiB: s 3MINIAHOTO  PAHHBO-

ro/CepeaHbOr0/Mi3HFOT0 TOKEHA JOCIHIIKEHO OJOKYBAIbHY W aToMapHy apXiTeKTypHu Hpu

p; = 0.50,0.90,0.94; s OTHOPITHOTO CEPEHBOrO TOKEHA — OOWIBI apXiTEKTYpH MpH
p;, = 0.90. ¥V xoxHiil komipui nopisaioBasin B0, B1, B2a, B2b i B3/DTR 13 20 pemikanis-

MH. 3a METOJOM CHIJIBHUX BHITQJKOBUX YHCEJ JJIA PI3HUX IMOJIITUK IMOBTOPHO BHKOPUCTOBY-
BaJIM OJIHAKOBI €K30TC€HHI TPaCH HAJXO/KEHbB, KJIaciB 1 4aciB 00CIyroByBaHHSI.

Ha nouatky xoxHoi perutikarii Bifcikamu N,, = 8000 exBiBaJICHTIB HaJXOIKCHb; BH-
MIpIOBaHHS BHUKOHYBaIM Ha (ikcoBaHoMmy ropusoHti N, = 30000 exBiBaJieHTIB HagXo-

JokeHb. Bianosinni 9acosi ropusonty cranosnats T, = N, /AiT,, = N,/ A.

CraTucTUYHE MiATBEPPKEHHS 3aBEPIICHHS MPOTPIiBY Ha LiH TOYII Ta aCHMITOTHYHOI
301KHOCTI p95 a6o p99 He BCTAHOBIIOBAIOCS; HIILOBOIO BEIWYHHOIO € MApHUHN eeKT modi-
TUKU Ha 33JJaHOMY CKIHYEHHOMY TOPH30HTI, a TOYHI CTAalllOHAPHI KBAaHTHIII HE OLIIHIOIOTHCS.
[Ticns mpUITUHEHHS HAXO/KEHb CHCTEMY CHOPOXKHIOBAIIM JUIl OTPUMAHHS IMOBHHX HACKpi3-
HUX CIIOCTEPEKEHb, aje MPOMYCKHY 3AaTHICTh 1 4acoBi KOe(Il[iEHTH BUKOPUCTAaHHS OOuuMcC-
JIIOBAJIH JIMIIE HA CHUIBHOMY BUMIPIOBAJIbHOMY 1HTEPBAIL.

Hackpi3Huii yac BiAryKy poO0o4oro mpoiiecy i Bu3Ha4aeThes 3a popmysnoro (16):

R = T.fcamp!ermn o .E..E_arrma{. [16)

1

Jlns monituku P BimHOCHO 0a30Boi mosiTHku B mapHuUit BimHOCHUHN edeKT it
P95 Bu3HauaeThes 3a popmynoro (17):
p95p — p95s
PEBE ™= P95,

Binx’emuuii edexr o3navae nomimmeHHs. 95% iHTEpBaNM 0OUMCIIOBATN MTAPHUM
HenapameTpudHuM Oytcrpernom i3 10 000 moBTOpHUX BUOIPOK; OJMHHIICIO CTATUCTH-
YHOTO0 BUCHOBYBAHHS € He3allexkHa perutikauis. Hanepen 3agikcoBaHa Mexa npakTuy-
HOT 3HAYyIIOCTI +5

A(17)

KpuTepiif ekBiBaJI€HTHOCTI IPOITYCKHOT 3AaTHOCTI BUMarae, mob yeecb 95% iH-
TepBal ii BiHOIIEHHS 3HAX0AUBCs B iHTepBaini [0.98, 1.02].

Pe3yabTaT nepeBipku rinmores. Pe3ynbraTi miATBEpKYBAIbHOI KaMIaHii Aaji po3r-
JSIHYTO TocHigoBHO BiamosigHo 1o H1-H3, 30epiratoun p95 Hackpi3HOTrO yacy BIATYKY SIK
OCHOBHY T ITBEP/KYBAIbHY METPHUKY.

H1. 3a GnokyBaHHSI «CIIOYAaTKy BHKOHABEIb)» KEPYBAaHHS aKTHBAIIIE€IO MPAKTHYHO HE

BIUIMBae Ha p95 npu p; = .50, ane jae BeNUKHUI BUTpAII 32 BUCOKOTO HABaHTaXeHHs. Tab-
mung 1 1 puc. 4 moKazyroTh 3MEHIIEHHS NpuOn3Ho Ha 27-29% npu 3mimanomy p; = .90, Ha

34-36% npu p; = .94 Ta Ha 23-28% B onHOpinHOMY cueHapii gy = .90.
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Taomuns 1
[Mapuuii BinHOCHUH edekT it p9S nopiBusHO 3 B0 3a GiioxyBanHs
3a CXEMOIO «CTIOYaTKy BUKOHABEIIH»

Cuenapiit Bl B2a B2b B3/DTR
3Minranui, g, =.30 —0.08% —0.09% —0.05% —0.07%

[-0.12,—-0.04] | [-0.13,—0.05] | [-0.10,-0.01] |[—0.11,—0.04]
3Minranui, g, =.90 —29.18% —28.75% —26.96% —28.62%

[-30.32, [—29.83, [—28.00, [—29.71,

—28.06] —27.70] —25.93] —27.51]
3Mimranuii, g, =.94 —36.35% —34.92% —34.28% —35.78%

[-38.3, —34.5] | [=36.9, [~-36.4, [~-37.7,

~—33.0] ~—32.2] ~—33.9]

OpHopinHuii, TokeH y | —27.62% —27.23% -23.18% —26.98%
cepenuHi, g =.90

3Ha4YeHHs — Cepe/iHi 3HAUeHHs BiTHOCHUX €(eKTIB Ha PiBHI peruTikamiii; y KBaJpaTHUX
OyXKax HaBeleHo 95% MoBipdi IHTEpBAJIM TAPHOTO OyTCTpemy.
I'moGaneHa o6ooHKa 95% MeX BiTHOLICHHS MPOITYCKHOI 34aTHOCTI MOBHICTIO JIGKHTD

ycepeanHi Harepe 3aJaHoi cMyru exkBiBasienTHocTi 0.98,1.02.

3a BHCOKOT'0 TOKEHOBOTO HaBaHTAXEHHS I1i pe3ysbTaTH miaTpumyots H1 6e3 nmpakTuy-
HO BHSIBJIFOBAHOI BTPATH MPOIYCKHOT 3JaTHOCTI.

K Bl O B2a N B2b K B3/DTR

Worker-first blocking é

Mixed, p, =0.50 4

Mixed, p; = 0.90 %_.

Mixed, pr =0.94 ’%1

Homogeneous-middle, p, =0.90

3@
g

Atomic nonblocking

Mixed, pr =0.50 4 g

Mixed, p, =0.90

<>0
]
>3

Mixed, py = 0.94

>o
<&
|:|§Q

Homogeneous-middle, p; =0.90 4

T
10

o

T T T T
-40 -30 -20 -10
Relative p95 change vs. BO (%)

Pucynok 4 — BigHocHuit eext s p95 mopiBHIHO 3 HEOOMEKEHOIO aKTUBALIIEI0

H2. 3a atomapHoro orpumanHs Benukuil Burpai 3uukae. /g DTR edextu p95 BigHo-

cHO B0 y TphOX y3ro[KEeHHX BHCOKOHABAHTAKEHUX CIEHApisX craHoBiaTh +2.05—+3.74 i
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3aJUIIAIOTECS B Mexax +5%. KoHTpacTu MiX apXiTeKTypamu, IO CTaHOBIISATH MPHUOIM3HO
29—40 BiICOTKOBUX ITyHKTIB, HaBeaeHO B Tabmuii 2 1 Ha puc. 5.

Tabmurs 2
Kontpactu DTR mix apxiTekTypamu OTpUMaHHS PeCypCiB
VY3romxkene Edexkr DTR 3a | Edexr DTR 3a | brokyBaHHs -
HABaHTAKCHHS OJIOKyBaHHSI aATOMAapHOTO aTOMapHe OTPUMaHHS
OTpUMAaHHS
3mimane, g, = .90 —28.62% +2.05% —30.67 B.m. [—31.87,
—29.47]
3mimane, g, =.94 —35.78% +3.74% —39.52 B.m. [—41.88,
—37.41]
OpnHopinae, TokeH Yy | —26.98% +2.33% —29.32 B.m. [-30.43,
cepenuHi, g, = .20 —28.28]
Mixed, p; = 0.90 HOH
Mixed, p; = 0.94 —0
Homogeneous-middle, p; = 0.90 | I-IOl | |
—40 -30 -20 -10 0

Blocking — atomic p95 effect (percentage points)

PucyHnok 5 — Mexa 3a apXiT€KTypOO OTPHUMAaHHS pPecypciB

3a 3MimaHoro aromapHoro g; = .94 B2a 1 B2b noripmyrots p95 npubausHo Ha 7.4—

8.5%, tomi six ansg B1 1 DTR noripmienHs ctaHoBUTH npubau3no 2.8-3.7%. Lleit pesynbTar
niaTpumye H2: Benukuil BUrpaml BUHUKAE 32 MOXKIMBOCTI TOKEHOBOTO OYIKYBAaHHS YTpUMY-
BaTH BUKOHABIIS.

H3. IIpakTruna nepeBara DTR Haj cUIbHIIIMMU MPOCTUMH KOHTPOJIEpaMH He MiIATBE-
prxyeTbes. Tabmuns 3 Ta puc. 6 TOKa3yloTh, 10 B TPhOX BUCOKOHABAaHTAXEHUX OJIOKYBalb-
Hux cueHapisx DTR npubnuzno Ha 0.8-0.9% nosinsHimmii 3a B1, BigpisHaeTses Big B2a He
oinb sk Ha 1.3% 3a Monynem, a ioro HaiOubIIa nepesara Hajg B2b cranoButh 4.94%, T06-
TO HE MEepeBHIYye Harepe 3a1aHo1 Mexi 5%.
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Tabmuus 3
Edext DTR aiist p95 BiIHOCHO MpOCTINIMX 3aC001B KEpyBaHHS
B OJIOKYBAJIbHUX CLIEHAPIsAX 13 BUCOKUM HAaBAHTAKEHHIM
Cuenapiii npotu Bl npotu B2a npotu B2b
3Mimanuid, g =.90 +0.79% [0.54, | +0.18% [-0.20, | —2.27%  [-2.65,
1.03] 0.56] —1.92]
3Mimanuid, g, =.94 +0.90% [0.37, | —-1.30% [-2.03,| —2.26% [—2.84,
1.44] —0.59] —1.71]
OnHopinawuii, TokeH y cepenuti, | +0.89%  [0.60, | +0.35% [0.10, | —4.94%  [-5.30,
g =.90 1.19] 0.57] —4.51]

JlomatHi 3Ha4eHHs O3HauyaroTh, MO0 DTR moBimbHIMMIA 32 MOPIBHIOBaHY IONITHKY.
[TpakTryna nepesara, cpopmynboBana B H3, He miaTBepIKy€eThCS.

K ws Bl 0O vsB2a W ws B2b

HOH

Mixed, p, = 0.90 HO—
==
o
Mixed, oy =0.94 = —T
——
oA
Homogeneous-middle, g =0.90 HH
i
T T ] T
-6 —4 -2 0 2 4 6

OTR relative p95 difference (%)

Pucynok 6 — DTR nopiBHSIHO 3 IPOCTIIIMMHU 3aC00aMU KEpyBaHHS

Bropunna p99-mMerpuka nae Toil caMuii SIKICHUN BUCHOBOK. Y OJIOKYBaJbHUX CIICHApi-
SIX BUCOKOT'O HAaBAHTAKECHHSI 3MEHIIICHHS JJI TOJIITUK KEPOBAHOI aKTUBAIlll CTAHOBJISAThH MPH-
6nu3Ho 29-37%, toai sik aromapHi epexktu DTR 3anumarorbes manumu i nogatHuMu. p99 e
BTOPUHHOIO METPUKOIO 1 HE 3aMiHIOE P95 K OCHOBHY MIATBEPXKYBAJIbHY KIHIEBY TOUKY.

MexaHi3M 104aTKOBO XapaKTEepPU3yIOTh METPUKHU cTany B TaOmui 4 Ta Ha puc. 7.

B 000x BucokoHaBaHTakeHux pexumax DTR mnepeHocuTh 4acTUHY OUIKYBAaHHS 0
eTamy JOIMYyCKy, 3MEHIIy€ aKTUBHHM 1 3aranbHuid WIP Ta 4acTKy MOTY>KHOCTI BUKOHABIIIB,
3aiHATY 3a0JIOKOBAaHUMHU TOKCHOBHMH 3aBJIaHHIMH, TOJI1 SIK BUKOPUCTAHHS TOKCHIB MTPaKTHY-
HO He 3MiHIOeThes. TouHi 3HadYeHHs HaBeaeHo B Taommi 4. 11 mani y3romKyrThCs 3 MeXaHi-
3MOM 3MEHIIEHHS IIKIIJTABOTO YyTPUMaHHsI BUKOHABIIIB, aJie HE CTAHOBJISTH MTOBHOI MPUYHH-
HOT JIEKOMITO3HUII].

OO0rosopenHsi pe3yabTaTiB i 3arpo3m BaJiaHocti. Hl cTocyeTbcs pexxumiB, y sIKUX
OYIKyBaHHS OJIHOTO JEe(MIIMTHOTO PEeCcypcy CIOKHMBAE 1HIIHI; Pe3yJbTaT HE y3arajabHIOEThCS
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Ha JIOBUIbHI OOMEXEHHS JOMyCKy. 3a OJIOKYBaHHS 32 CXEMOIO «CIOYaTKy BUKOHABEIIb)» TOKE-
HOBE OYIKYBaHHS 3MEHIIY€E JOCTYIHUH IyJl BUKOHABLIB; KOHTPoJIb WIP oOMexye KiIbKiCTh
pobouux IpolLeciB, 3AaTHUX OJHOYACHO CTBOPIOBATH Iiei craH. Came TOMy 3a HU3BKOIO TO-
KEHOBOT'O HABAHTA)KEHHS €(DeKT Mailke BiJICYTHIM, a 32 BUCOKOTO CTA€ BEITUKUM.

Ta0umns 4
Metpuku crany st BO 1 DTR 3a 3mimanoro 6;10KyBaHHs
3a CXEMOIO «CTIOYATKy BUKOHABEIIH)
Mertpuka g, =.90 g, =.90 o =.94 o =.94
BO DTR BO DTR
Cepenniii p95 vacy BiAryKy 41.91 29.77 78.45 49.35
Cepenniii p99 uacy BiAryky 59.73 40.18 103.69 65.05
Cepenniii aktuBHuid WIP 14.77 9.06 25.97 10.11
Cepenniii Binknaaenuii WIP 0.00 3.32 0.00 8.80
Cepenniii 3aransauii WIP 14.77 12.37 25.97 18.91
Yactka mnoryxkHocTi BukoHaBuie y | 0.219 0.194 0.270 0.235
OJIOKyBaHHI1
KoedimieHT BUKOpUCTaHHS TOKEHIB 0.89934 | 0.89934 0.94065 | 0.94063
CepenHs 3aTpUMKa JAOMYCKY 0.00 3.68 0.00 9.35
Cepennili yac B akTUBHIN cHUCTEMI 16.40 10.06 27.59 10.75
[TpomyckHa 3/IaTHICTh y | 0.90025 | 0.90025 0.94012 | 0.94018
BUMIpPIOBAJIbHOMY 1HTepBai
Mean active WIP o © O =090
O m=0.94
Mean total WIP O o
Warker-blocked fraction = DO
Token utilization - g
60  -50 -40  -30 -20 -10 0

Relative change under DTR vs. BO (%)
oy =0.90: DTR admission delay = 3.68; p; = 0.94: DTR admission delay = 9.35

Pucynok 7 — MeTpuku cTrany, 10 XapaKTepU3yIOTh MEXaH13M

ATOMapHU EKCIIEPUMEHT 130JI0€ POJIb YTPUMaHHS BUKOHABLA: MICTKOCTI i HaBaHTa-
JKEHHS 30epiraloThcsl, a 3aBJaHHs 0e3 JOCTYMHOI0 TOKEHA He 3aiiMae BUKOHABISA. SHUKHEHHS
BEJIMKOT0 BUTpAIly Ta BUPa3HI KOHTPACTH MK apXITEKTypaMu HiATPUMYIOTh BUCHOBOK, 1110
e(heKT BUHHKAE Yepe3 3B’ I3yBaHHs PECYPCiB; caMoro AeIlUTy TOKEHIB sl HbOTO HEIOCTAT-
HBO. 32 BIICYTHOCTI TaKOTO 3B’sI3yBaHHS HaJIMipHE OOMEKCHHS aKTUBAIlil MOXKE JIUIIIE T0AaTH
3aTPUMKY JIOITYCKY, 1110 BUAHO 11 B2a/B2b npu aromapaomy g; = .94.
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Jnst gocmimpkenoi Tonosorii Ta pexxumiB HaBanTtaxeHHss DTR He nae mpakTudHO 3Ha-
YyIIOTO BUTpAIly, IKHH BUIIPABIOBYBaB OM TOJATKOBY CTPYKTYpHY iH(popmauito. Bl ta B2a
BiJTHOBJIIOIOTh MPAKTUYHO TOM caMuii OCHOBHMI BUTpaml. OCHOBHUH pe3y/nbTaT BU3HAYAETHCS
00CSIroM aKTHBHOI pOOOTH Ta CEMAaHTHKOIO OTPUMAaHHSA PECYpCiB; TOUHILNIMHA CTPYKTYpPHHIA
IIPOrHO3 He 3a0e3leuye MOJAaTKOBOI NMPAKTUYHO 3HAuymoi nepesaru. lle He noBOIUTH, LIO
KepyBaHHS 3 ypaxyBaHHSAM CTpyKTypu CAI He Moke OyTH KOPUCHHM JUIsl 1HIIUX TOTOJOT1MH,
KUTBKOX THITIB pecypciB a00 IHIIMX PO3MO/LIIB TPUBAIOCTI.

OCHOBHUMH OOMEXEHHSIMHU € CHHTETUYHA CEMHUBEPIINHHA TOIMOJIOTIS; OJUH THII pecyp-

cy Oararopa3oBoro Bukopuctanus; & = 12, L = 2; yacu 00CIyroByBaHHsI 3 PO3MIOJIJIOM

Erlang—2; BigcyTHICTH BiIMOB, MOBTOPHHUX CIPOO, €IACTHYHOIO MacIITa0yBaHHS, MEPEKEBOT
KOHKYpEHIIii Ta jeTaneil KOHKPETHOTO JIIEH31HHOro cepBepa. Pesynbpratu orpumaHo 3a 10-
MIOMOT OO TUCKPETHO—TIOIITHOTO MOEIIOBAHHS; TPOMHUCIIOBE PO3TOPTAHHS HE OIIHIOBAJIOCH.

[TapameTpu KOHTpoOJIEPiB OyJI0 HAAIITOBAHO HA HE3AICKHHUX Tpacax J0 MOYaTKy ITiT-
BEP/KYBAIBHOI'O €Tally, ajge€ BUCHOBKU 3aJHMINAIOTbCS YMOBHUMH ILOAO LIMX HAJAIUTYBaHb.
IaTepnperaris XBOCTOBUX KBAaHTHIIIB OOMEXEHA 33JaHUM CKIHYEHHUM TOPH30HTOM.

[mKxeHepHa peKOMEHIAIISl CTOCYETHCS apXITEKTYpU OTPUMAHHS PECypciB. 3a MOKIHBO-
cTi AeinuTHY OOYMCITIOBAIbHY TOTYXKHICTD CIiJl BUIUISATH JIMIIE TO1, KOJIW MOXe OyTH 3a-
JIOBOJIEHA BHMOTA JI0 OOMEKEHOTO pecypcy 0araTopa3oBOr0 BHKOpHCTaHHS. SIKmo OJOKy-
BaHHS 32 CXEMOIO «CIIOYaTKy BUKOHABEILb» HEMHHYYE, IEPIIUM 3ac000M MPOTHIIT TOMIITEHO
po3risgatu mnpocre oomexxeHHs akTuBHoro WIP abo TokeHOBOi poOOTH; CKIaAHIIIE Kepy-
BaHH# 3 ypaxyBaHHsAM cTpykTypu CAI notpebye okpeMHUX J10Ka3iB JOAATKOBOIO MPAKTUYHO-
ro BUTpaly.

BucnoBku. KepyBaHHs akTuBaiii€lo poOOUYMX IMPOLECIB ICTOTHO 3MEHIIYE XBOCTOBUI
qac BIATYKY B JociimkeHin Biakputii CAI'—cuctemi 3a Ti€i yMOBH, 1110 OYIKYBaHHSI OOMexKe-
HOTO pecypcy 0araropa3oBOro BUKOPUCTAaHHS YTPUMY€E Ne(IIUTHY MOTY>KHICTh BUKOHABIIS.
3a BUCOKOI0 TOKEHOBOI'O HaBaHTAXKEHHS! KOHTPOJIbOBaHI MOJITUKY 3MEHIIYIOTh p95 npubiu-
3HO Ha 23-36% 06e3 NpakTUYHO BUSBIIOBAHOI BTPATH MPOIYCKHOI 3/1aTHOCTI; 32 HU3bKOI'O Ha-
BaHTaXEHHsI €(DEKT MPAKTUYHO BIJCYTHIM.

AToMapHe OTpUMaHHS PeCypciB ycyBae Benukuit Burpai: epextu DTR 3anummarotecs B
Mexax +5%, a KOHTpacTH MK OJIOKYBaJIbHOIO Ta aTOMapHOIO apXIiTEKTypaMH CTAHOBJISATh
npuban3Ho 29—40 BincoTkoBux NyHKTIB. Lle mintpumye H2 1 BuzHauyae 3B’A3yBaHHS BUKO-
HaBLA 3 PECYPCOM SIK MEXY 11 TOCHIJKYBAaHOT'O MEXaHI3MY.

DTR He neMoHCTpye 3araibHOI MPAaKTUYHO 3HauUyIIOi nepeBaru Haj Bl abo B2a; mpak-
TUYHa niepeBara, cpopmynboBana B H3, He miarBepkyeThes. Konn 010KyBaHHS HEMOXKIIMBO
YCYHYTH apXiTEeKTypHO, MpocTe KepyBaHHs akTUBHUM WIP a0o He3zaBepieHOI0 TOKEHOBOIO
poboToro 3abe3reuye OiIbITy YaCTHHY CIOCTEPEKYBAHOTO BHUTpalny 0e3 10aaTkoBoi iH)op-
Martiiigoi ckimagaocti DTR.

Data Availability Statement (3asBa mpo aocrymHicTh aaHux). JlaHi JOCTIKEHHS
JOCTYMHI 3a 3anuToM. [lomTa /17151 KOHTaKTiB: Myronov.Y.A@nmu.one.
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Workflow activation control under blocking caused by limited reusable resource
in distributed dag execution systems

Analysis of recent research and publications. Distributed DAG execution systems may
contain tasks that require both ordinary compute capacity and a finite reusable resource,
such as a floating software—license token. Existing research addresses workflow scheduling,
dynamic resource management, simulation-based workflow—system evaluation, and schedul-
ing under software—license constraints. Workload Control studies also show that limiting the
amount of work admitted to an active system can mitigate blocking and interactions among
multiple constrained resources. What remains insufficiently characterized is whether a corre-
sponding benefit in an open stochastic DAG execution system is specifically caused by a task
retaining compute capacity while waiting for a second resource, and whether knowledge of
downstream DAG structure provides a practically meaningful additional benefit for work-
flow—release control.

Research objective. The study aims to determine when workflow activation control re-
duces tail end-to—end response time in the presence of a finite reusable resource; to identify
the architectural boundary of this effect by comparing blocking and atomic resource acquisi-
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tion; and to evaluate the marginal value of a DAG-aware discounted time—to—resource
(DTR) activation heuristic relative to simpler active—WIP and token—-work controls.
Presentation of the main research material. A discrete—event model of an open execu-
tion system is used with € = 12 worker slots, L = 2 reusable—resource tokens, and seven—

task DAG workflows whose single token—requiring operation occurs at an early, middle, or
late DAG position. Two resource—acquisition semantics are compared. Under worker—first
blocking, a token—requiring task first acquires a worker and continues to retain that worker
while waiting for a token. Under atomic nonblocking acquisition, the task is dispatched only
when both resources are simultaneously available. Five activation policies are evaluated: un-
limited activation BO, an active-WIP cap B1, outstanding token—work control B2a, a posi-
tion—weighted WLC—inspired policy B2b, and DAG—aware DTR B3. The confirmatory exper-
iment comprises eight scenarios, five policies, and 20 paired replications per scenario, for
800 simulation runs in total, using common random numbers across policies. The primary
endpoint is workflow p95 end-to—end response time. Paired 95% intervals are estimated us-
ing a nonparametric bootstrap, with a prespecified +5% practical-significance criterion and
a throughput—equivalence interval of 0.98,1.02.

Under high token load and worker—first blocking, controlled activation reduces p95 by
approximately 23-36% relative to unlimited activation while throughput remains practically
unchanged; at low token load, the effect is near zero. Under atomic acquisition, DTR effects
remain within the £5% practical region, and paired blocking—versus—atomic DTR contrasts
are approximately 29-40 percentage points. DTR does not show a generally practically
meaningful advantage over the stronger simpler controls. State metrics are consistent with
reductions in active and total WIP and in worker capacity held by token—blocked tasks, while
token utilization remains essentially unchanged.

Conclusions. The observed tail-latency benefit arises from coupling reusable—resource
scarcity to compute capacity when a waiting task retains a worker. Where architecture per-
mits, compute resources should therefore be allocated only when the reusable-resource re-
quirement can be satisfied. Where worker—first blocking cannot be eliminated, simple active—
WIP or outstanding token—work control captures most of the available benefit. The hypothesis
that DAG—aware DTR provides a practically meaningful general performance advantage is
not supported by the confirmatory experiment. Under the tested conditions, the additional
DAG-structural information provides only limited marginal performance benefit.

Keywords: distributed workflow systems; DAG execution; workload activation; work in
process; reusable resources; software licenses; resource blocking; tail latency; discrete—
event simulation; cloud computing.
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I.B. Kinumenko, €.A. Jle6ins
METO/JU 3AXHCTY TA ICEBJOHIMI3AIIII IEPCOHAJIBHUX JJAHUX
Y CUCTEMAX ®OPMYBAHHS KPOC-®YHKIIIOHAJIBHUX KOMAH/I
IT-ITPOEKTIB

Anomayis. B cmammi 3anponoHo8ano KOMNJIEKCHUL AHANi3 Oe3neKosux 8umoe, mMemooie i
MEeXHON02IUHUX 3ac00i8 3axXuUcmy NepcoHanIbHUX OaHUX V CUCEMAax YNPAGIiHHA NepCOHAIOM
ma gopmysanhs Kpoc—yukyionanohux komano IT-npoexmie. Busnaueno ocHo8HI kame2opii
OaHUX, WO BUKOPUCMOBYIOMbCA Ni0 Yac hopmysarHs npoghinie (axieyis, 6KIOYHO 3 I0eHMU-
Qikayitinumu gioomocmamu, npogeciunum doceioom, «hard skillsy, «soft skills», poramu, pe-
3yIbMamamu OYiH8aHHs ma ingopmayiero npo yuacms y nonepedHix npoekmax. Cucmema-
MU308AHO OCHOBHI PU3BUKU, NOG A3AHI 3 HECAHKYIOHOBAHUM OOCMYNOM, BUMOKAMU OQHUX,
HAOMIpHUMU Npagamu KOpucmyseauis, noemopHow ioeHmugikayieto cyo’ekmie ma 6UKopu-
CMAHHAM NepCOHANbHOI IHhopmayii noza medxcamu susHawenoi memu 0bpobdenns. Pozens-
HYMO Op2aHi3ayiiHO—NpOYeCcHi MeXaHizmu 3axucmy, mexuiuni 3acobu asmenmuikayii ma
asmopu3zayii, ponvosi it ampubymHi Mooeni KOHmpou0 00CMYNny, NPUHYUN MIHIMATbHUX NPU-
gineig, ayoum onepayit, mexauizmu 3anobicanusn eumoxy oanux (Data Loss Prevention DLP)
ma 3acobu MOHIMOpPUHZY onepayitl i3 nepcoHanvHumu oanumu. IIposedeno nopigHsbHUL
AHAai3 OCHOBHUX Memooi8 mpancgopmayii ma 3HeocobieHHA NePCOHANbHUX [0eHmuixayiti-
Hux oanux (Personally Identifiable Information, PII), 30xpema mackyeanus, mokeHizayii,
nceg0oHiMizayii, aHoHimizayii ma oOughepeHyiinoi npusamuocmi, 3 YpPaxy8aHHAM pIGHS
KOHGIOeHYItIHOCMI, MONCTUBOCHE KOHMPObOBAHOI NOSMOPHOI i0enmugixayii, 30epesicens
cmpyKmypu 0aHux, npuoamHocmi 00 nOOAIbUIO20 AHANIZY, MAWUHHO20 HAGYAHHA ma data
mining (DM), a maxoaxc ckraonocmi npaxmuunoi peanizayii. ITlokasano, wo oas npoghinis
NOMEHYIHUX KAHOUOAmMi8 KpUMUYHUM € He Jule 3MEeHUEHHS PUSUKY POKPUMMS i0eHmu-
HOCMI KOpucmyeauis, ane i 30epexiceHHs aHalimudHoi yinHocmi npoghecitinux i N08ediHKO8UX
xapaxmepucmux, HeoOXiOHUx Oisl iX OYiHIO8aHHA ma NIOMPUMKU KaOpoeux piuieHb. OOIpyH-
MOBAHO OOYINLHICMb BUKOPUCAHHA NCEBOOHIMI3aYil AK 6a308020 MeXAHI3MY pPO30ileHHS
i0oenmucpixayitinoco ma aHANIMUYHO20 KOHMYPI6 0OpobONenHs OaHux. 3anponoHO8aHO KOH-
yenmyanvHuti nioxio 00 opMysanHs ma OYIHKU 3axuueHo2o npoghinto gaxisys, 3a K020
npaMi  NEpCOHANbHI  I0eHMUDIKamopu UIYYAIOMbC 3 AHANIMUYHO20 KOHMYpY ma
3AMIHIOIOMbCA KOHMPOIbOBAHUMU NCEBOOHIMAMU, MO0 K NPO@eciliHi Xapakmepucmuxu,
HasuyKu, 00C8i0 i poib06i 03HAKU 3ATUMUAIOMbCA OOCMYNHUMU O/ AJI2OPUMMIE aHANI3y ma
Gopmyeanns komano. Oxpemy yeazy npudinreHo asmomamuzoeanomy eussnennio PlI i3 euxo-
PUCMAHHAM NPABU, pe2YIApHUX 6upazie, memodie 00pobku npupoonoi moeu (Natural
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Language Processing, NLP), mawunno2o Hag4aHus ma KOMOIHOBAHUX MeXAHi3MI8 i0eHmu-
Qixayii vymausux ampudoymis.

Knrouosi crosa: xomn’tomepui cucmemu, iHghopmayiini mexnonoz2ii, auaniz OaHux, 3axXucm
nepconanvuux oanux, PII, ncesoonimizayis, konmponv docmyny, DLP, mawunne HaguanHs.

IMocTanoBka nmpo6Jjemu. Ha choroanimHiii 1eHs nudposizamis MporeciB ynpaBiIiHHS
MIEPCOHAIIOM CYIPOBOJIKYETHCS CTPIMKUM 3POCTaHHAM OOCATIB JaHHX, 1110 BUKOPUCTOBYIOTh-
Csl 111 OLIHIOBAaHHS MPOQECciHHOro TOCBily, KOMIIETEHTHOCTEH, poJiei, pe3yabTaTiB poOOTH
Ta IHIOIMX XapaKTePHCTUK (axiBLiB, a TAKOX aKTUBHUM BIIPOBA/HKEHHSM IHTEIEKTYaJbHUX
3ac00iB MIATPUMKHU KaapoBHX pimieHb [1-3]. I3 CTPIMKHM MOIIMPEHHSIM CHUCTEM IITYYHOT'O
IHTENEKTY, TUTaHHS 3a00iraHHs HECAHKIIOHOBAHOMY PO3KPHUTTIO, IIOBTOPHIH ineHTHDiKaii,
JUCKpUMIHAIIIMHUM 200 HEMPO30PHM aBTOMATH30BAaHUM PIIIEHHSM IO JIFOJWHH Ta JUIS 3a-
Oe3mneueHHs 3aKOHHOCTI, MiA3BITHOCTI ¥ JOBipH 1O 0OpOOJIEHHS JaHUX € KPUTHYHO BaXKIIH-
BuM [17]. 3a Takux yMOB MepCOHAIBHI JaHi JeAaji 4acTille CTal0Th CKJIQJOBOK YaCTHHOIO
KOMIUIEKCHUX aHATITHYHUX NPOQLTiB, M0 BUKOPUCTOBYIOTHCS HE JIMIIE JIJISl aMIHICTpaTHUB-
HOro oOONiKy, ajne W /Ui aBTOMAaTH30BaHOTO J00OpY KaHAWIATIB, OLIHIOBAaHHS iX
BiJITOBITHOCTI BUMOTaM MPOEKTIB. BogHOUYAC pO3MIMPEHHS CKIIAMy TaKUX MpodiiiB, iHTETpa-
ISl TaHUX 13 PI3HUX JDKEpell i BAKOPUCTAHHS aJITOPUTMIYHUX METOJIB aHaNi3y HiJABHIIYIOThH
PU3UKH HECAHKIIIOHOBAHOTO JIOCTYITY, BUTOKY iH(opMaIlii, HaAMIpHOTO BHKOPHCTAHHS Tep-
COHAJIBHUX BIZIOMOCTEH Ta MOBTOPHOI ifeHTHdiKamii cy0’ekTiB qanux [2, 3]. Cy4acHi miaxo-
IV 10 3HIDKEHHS 3a3HAYCHWX PU3UKIB IependavdaroTh KOMIUIEKCHE 3aCTOCYBAaHHS Op-
ra”i3alifHO—TIPOLIECHUX MEXaHI3MiB, 3ac00iB aBTEHTH(iKalli i aBTOpHU3alii, POJbOBUX Ta
aTpuOyTHUX MOJENeld KOHTPOJIO JOCTYIy, MEXaHi3MIB 3amno0iranHs BUTOKY naHux (DLP),
KYpPHQJIIOBaHHS Ta MOHITOPUHTY ONepalii 13 4yTIuBUMHU AaHuMU [4, 5]. OnHak Ui cucTeM,
y AKMX NEpCOHAJIbHI JaHl 0e3rmocepeiHbO BUKOPUCTOBYIOTHCS B aHANITUYHUX MPOLEAYpaX,
auiie OoOMEKEHHS JOCTYIy € HEeJOCTaTHIM, OCKUIBKM BOHO HE YyCyBa€ HEOOX1JIHOCTI
MIHIMI3yBaTu 0OCsAT 1eHTH(IKaLiiHOI 1H(popMalii, JocTynHOI anroputMaM oOpobienHs. Le
3yYMOBITIOE€ HEOOXI1IHICTh 3aCTOCYBaHHS METO/IIB TpaHChOpMaIlii Ta 3HEOCOOJICHHS JTaHUX, 30-
KpeMa MacKyBaHHS, TOKEHI3allli, aHOHIMI3aIlli, TICeBAOHIMI3aIil Ta AudepeHIiiHOT TPUBAT-
HOCTI1, €(eKTUBHICTh SKMX BHU3HAYAE€THCS HE JIMILIE PIBHEM KOH(IJIEHUINHOCTI, ajlle ¥ MOX-
JIUBICTIO 30€PErTH CTPYKTYPY, 3B SI3HICTh Ta aHAJIITUYHY KOPUCHICTH NaHux [6—9]. HonaTko-
BUM HaIpsiMOM PO3BHUTKY BiJIIIOBITHUX CHCTEM € aBTOMAaTH30BaHE BUSBJICHHS IEPCOHATLHUX
inenTudikaniinux ganux (PII) i3 BUKopucTaHHAM MpaBMil, METOAIB 0OPOOKH MPUPOJHOT MO-
Bu (NLP), po3nisnaBanns imeHoBanux cytHocteit (Named Entity Recognition, NER) ta ma-
HIMHHOTO HAaBYaHHS, 110 J03BOJISIE€ BKIIOYATH MEXaHI3MHU 1AeHTU(DIKAIT YyTIUBUX aTpUOyTIiB
Oe3rmocepeIHhO 10 KOHTYpY 00poosnerHs ganux [10]. ¥V cykymHocTi 11e popmye GaraTokom-
MOHEHTHE 3aBJaHHA, IOB’sI3aHE 3 BHOOPOM 1 OOIPYHTYBAaHHSAM TaKMX MEXaHI3MIB 3aXHCTy
MEPCOHAIBHUX JaHMX, K1 OJTHOYACHO 3a0e3MeuyI0Th HaJe)KHUN pIBeHb KOH(IACHIIHHOCTI Ta
MIHIMaJIbHO BIUIMBAalOTh Ha MPUAATHICTG JaHUX JUIS MOJAJIBLIOTO  aHAJITHYHOTO
BUKOPHCTAaHHSI.

AHaJIi3 OCTaHHIX JOCJTIIKeHb i myOJikamii, MPUCBAYEHUX 3aXUCTY MEPCOHATBHUX
JTaHUX Yy TU(POBUX CHCTEMaxX YIPABIIHHS MMEPCOHAIOM Ta aHATITHYHOI MATPUMKH KaJIPOBUX
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pillieHb, BKa3ye Ha HEOOXITHICTh KOMIDICKCHOTO TMOEIHAHHS OpTaHi3alliifHUX Ta ajro-
PUTMIYHUX MeXaHi3MiB 3abe3nedeHHss koHpineHuiitnocti [1-10]. Oxpemwuii Hampsim J0-
CIII/DKEHBb TOB’SI3aHUH 13 MOOYIOBOI0 MOJENel PO3MEeXyBaHHsS JOCTYIY 10 JaHHX Pi3HOTO
PIBHS YYTJIMBOCTI Ta 3aCTOCYBAHHSM POJLOBHX 1 aTpUOYTHUX MEXaHi3MiB KOHTPOJIO, SIKI 3a-
0e3neuyroTh qudepeHIiiiioBaHe HaJaHHs MpaB BiIMOBIIHO 10 (YHKIIH KOPUCTYBaUiB, XapaK-
TEPUCTHK JJAHUX Ta KOHTEKCTY ix 00pobnenns [4]. Bognouac y poboTax, mpUCBsIUEHUX 3aXHU-
CTy BiJ BUTOKIB iH(opmallii, MiIKpEeCcIOeThCs HEOOXITHICTh JOMOBHEHHS MEXaHi3MIB KOH-
TPOJIIO AOCTYIy 3acobamu 3amo0birands BuToky nanux (DLP), MoniTopuHTry omepariii Ta BU-
SIBJICHHSI BHYTPIIIHIX 3arpo3, OCKIIBKH CaHKI[IOHOBAaHUW JOCTYN 10 iHpopmaii cam mo co0i
HE BUKJIIOYA€E MOXJIMBOCTI ii HEMpPaBOMIpPHOTO BHKOpHCTaHHS abo mepenadi [5]. Baxkmnuse
Miclle 3alMaroTh JOCIIDKCHHS METOMIB TpaHcopMarllii Ta 3HEOCOOICHHS IaHWX, Y SIKUX
aHAITI3YIOThCS MOKJIMBOCTI aHOHIMI3aIlii, IICeBIOHIMI3aIlii, MACKYBaHHS Ta IHIMUX MiAXOJIB 3
ypaxyBaHHSIM PU3UKY IMOBTOPHOI ifeHTH]iKalii Ta BTpatu iH(popmaliiiHoi koprcHocTi [6—9].
[Ipu npoMy pe3ynbTaTH Cy4acHUX IOCHTIKEHb CBiq4aTh, IO 3a0€3MeYeHHs MaKCUMAalbHO
MOJKJIMBOTO PIiBHSA 3HEOCOOJICHHS HE 3aBXKAM € ONTUMAIBHUM JUISl AHATITUYHHX CHCTEM,
OCKUTBKM HaJIMIpHA TpaHCc(hOopMaIlist CTPYKTYpH a00 3B’SI3KiB MIXK 3aITICAMU MOYKE OOMEXyBa-
TH MOYJIMBOCTI MOJATBIION0 MAIIMHHOTO HABYAHHS Ta MATPUMKHU pimens [7-9]. [lepcrek-
TUBHUM HaNpsIMOM € TaKOXK aBTOMAaTHU3allisl BUsBICHHS nepcoHanbHuX Pl i3 BUKOpHCTaHHIM
npaBwi, NLP—metoni, NER Ta MammHHOTO HaBYaHHS, IO JO3BOJISE IHTETPYBATH TIPOIEAY-
pu imenTudikamii Ta Tpancdopmanii UyTIMBUX aTpUOYTIB Oe€3MocepeHbO 10 KOHTYPY
00po6ku 1H@opmarii [10]. CykymHICTb PO3TIASHYTUX POOIT 3acCBIAUYE, IO CYYaCHI MiIXOIU
31e0UIBIIOr0 JOCTIKYIOTh OKpEMi CKJIaJIOB1 3aXUCTYy MEPCOHATBHUX AAHUX (KOHTPOJb J0-
ctymy, DLP, anonimizariito, riceBnoHimMizaiito abo aBromaru3zoBane BusiBjaeHHs PII), Tomi sk
MUTaHHS X Yy3ro/UKEHOI'o 3aCTOCYBaHHS B 1H(OpMaLIMHMX cucTeMax yIpaBiIiHHS IEepCcoHa-
JIOM 3aJIMIIAETHCS ONpPAIbOBAHUM HEIOCTATHHO. 30KpeMa, HEBUPILIEHOIO YaCTUHONO 3arab-
Hoi mpoOieMu € HOpMyBaHHS TaKOTO MIIXOY 0 3aXUCTY MEPCOHATBHUX JaHUX KaH/IWUATIB,
aKuil 3a0e3neuyBaB OM BIAOKpEeMJICHHs 1aeHTH]iKaniiHOi 1H(opmamii Bi aHaIITUYHOTO
npodIt0, MOXKIIUBICTE KOHTPOJIbOBAHOI MOBTOPHOI 17IEHTH(IKALli 3a BU3HAYEHUX YMOB Ta
BOJHOYAC 30epeXeHHs NPOQeCiiiHMX, MOBEAIHKOBHX 1 POJILOBUX XapaKTEPUCTHK, HEOOX1THUX
JUTS TIOJTAJIBIIIOTO aHaITi3y Ta (POpMyBaHHS KOMAaHI.

TakuMm 4MHOM, METOIO JTOCHIPKEHHS € po3po0Ka KOMIUIEKCHOTO MiAXOAY /10 3aXHUCTYy
MEePCOHANBHUX JaHHUX y cUcTeMax OOpOoOKH 1 yHpaBiiHHSA MPo(UIIMU KaHIUIATiB, OPIEHTOBA-
HOTO Ha aBTOMAaTH30BaHE BUSBJICHHS NMEPCOHAJIbHUX 1€HTHU(IKALIHHUX TaHUX, OOTPYHTOBA-
HUW BUOIp METOAIB iX TpaHc(opMallii Ta IMCeBAOHIMI3aIT, a TAKOXK 30€PEKECHHS aHATITHYHO1
LIHHOCTI1 MPOQeCciHUX 1 MOBEAIHKOBUX XapaKTEPUCTHK (axXiBIIiB.

BuxianeHHsi 0CHOBHOIO MaTepiany aocaikeHHs. Peamizaiiis mocTaBieHoi MeTH me-
pendavae mociOBHE BU3HAUEHHS 0e3MeKoBUX BUMOTr 10 00pobku HR—manux, popmyBanus
Ha0opy OpraHi3aliifHUX 1 TEeXHIYHHX MEXaHI3MIB 3aXHUCTy, MOPIBHSUIBHUN aHalli3 METO/IIB
3HEOCOOJIeHHsI, MOOYIOBY 3aXMILIEHOTO aHAJIITHYHOrO Mpodimto (axiBisd Ta OLIHIOBaHHS
e(eKTUBHOCTI 3aIIPONIOHOBAHUX pilieHb (puc. 1).
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Hudporsizawis mpoueciB ynpaBiIiHHSI HEPCOHAIOM CYTTEBO PO3IMIMPHIA CKIaa i obcsar
iH(popMarlii, 10 BUKOPUCTOBYETHCS IiJ] Yac OLIHIOBaHHA (DaxiBIIB Ta MPUHHATTS KaJpOBHX
pimens. CyyacHi HR—cucremu noeanyroTs Tpaauiiiiai 006iKOBI JaH1 MPaIliBHUKIB 13 pe3yib-
TaTaMyd TMPO(eciiiHOro OLIHIOBAHHS, BIJOMOCTSMH PO KOMIIETEHTHOCTi, TOCBiJ POOOTH,
y4acTh y MPOEKTAX, BAKOHYBaHI POJIi Ta 1HIII XapaKTEPUCTHKH, SIKIi MOXKYTh BUKOPHUCTOBYBa-
tucs MeronamMu HR—aHamiTuku i anropuTMivyHOI MIATPUMKH TPUHHATTA pimens [1-3]. YV cu-
CTeMaxX YIpaBIiHHS MEPCOHATIOM Taka iH(popmallis HaOyBae JOAATKOBOI IIHHOCTI, OCKITBKU
Ha ii OCHOBI 3/IMCHIOETHCS 3iCTaBlIeHHS MpodiniB ¢axiBLiB i3 BUMOraMu KOHKpeTHoro IT—
NPOEKTY, PAH)KYBAaHHS KaHAMUJATIB Ta OLIHIOBAaHHS MOKJIMBOCTI iX CHiJIBHOT poOOTH.

( Etan 1: BuaHaueHHn Geanekosux BUMor )

HR-gaui Pl Ta keaziigeHTHgikaTopu Midimizauia ganux l { PHIMKK | 3axHCT

lﬂm PMYBaHHA BMMOT [0 MEXaHiIMIB 3aXHCTy

( Etan 2: ©opmMyBaHHA MEXaHiZMIB 3axHcTy )

asTeHTHIKaLR [ ABTOPH3IaAUIA RBAC/ABAC DLP BYMNT | MOHITOPHHI

3axMCT AaHHX 3a AONOMOrolo MeTofis 3HeocoBneHHn

( ETan 3: AHaniz MeTogie sHeoCobNeHHA )

MaCKyBaHHA TokeMizauin aHOHIMIZaLA AWd. NPUBATHICTE ncesaoHiMizauUin

O6rpYHTYEAHHA BUGOPY NcesaoHimizayjii

Y

( Eran 4: QopMyBaHHA 3aXHWEHONS Npoding _)

BUABNEHHA Pl [ MLP/NER AHANTHYHWA Npodins ] PO3AINEHHA KOHTYPIB

Nepesipka edekTHEHOCTI NigxoAis

Y

( ETan 5: MopisHANEHS OUWIHKa )

TecToEMA Habip paHmMx TOMHICTE, KOPEKTHICTE, IHGOPM. KOPHCHICTE NaOpiBHAHHA Nigxoaie

Pucynox 1 — ITociioBHICTb eTariB 3aXUCTY EPCOHATBHUX JAHUX
y cucreMax (popMyBaHHSA KPOC—(pYHKIIOHATbHUX KOMaH/I

V3aranbHeHut mpodib (HaxiBI B MeKaxX TAKOTO MiJXOAY JOLUIBHO PO3IIISIATH K CY-
KYIHICTh JIKUIBKOX B3a€EMOIIOB’SI3aHUX Ipyl JaHuX. Jlo mepuioi rpynu Haiexarb Oesrnoce-
penHi ineHTugikamiifHi BIAOMOCTI: iM’s Ta MPI3BUIIE, afpeca eNeKTPOHHOI MOIITH, HOMEp Te-
nedony, imeHTH(IKATOpU MpaliBHUKA, OOJIKOBI 3amMcu Ta iHIII aTpuOyTH, mo Oe3moce-

PEIHBO J103BOJISIIOTH BCTAHOBUTH 0co0y. Jlpyra rpyma oxXoroe npodeciiiHi XapaKTepUCTHKH
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— OCBITY, J0cBia pobotu, TexHiyHi kommereHTHocTi (Hard Skills; HSK), moBeninkoBi Ta Ko-
MyHikatuBHI xapakrepuctuku (Soft Skills; SSK), moTouny Ta momepenHi poii, y4acTb y
MPOEKTAX, PE3yNbTaTH MPOQECIHHOrO OIIHIOBAHHS Ta I1HIN O3HAKH, M0 XapaKTePU3YIOTh
NPUIATHICTH (PaxiBI 10 BUKOHAHHA NEBHUX 3aBaaHb. OKpeMy Ipyly CTaHOBIATH CIY>KOOBI
Ta KOHTEKCTHI BiJOMOCTI, 30KpeMa OpraHi3aliifHa IpUHAJIEKHICTh, JOCTYIHICTh, ICTOPIS Ie-
peMIlIeHh MK MPOEKTAMHU Ta B3a€EMOJI] 3 IHIIMMHU YJCHAMHU KOMaH[, pe3yJbTaTH TECTIB Ha
BU3HAYCHHS NICUXOTUNY KaHauaata Tomo. CyKymHICTh TaKUX AaHUX Ja€ MOXJIUBICTH cop-
MYBAaTH JIOCTaTHBHO JETATBHUM aHATITHYHUHN MPOodiib, ajle 0AHOYACHO MiJBUILYE PU3UKHU I10-
pyuienHs KoupineHminocri [2, 3].

3 no3uuii iHpopmaniiHoi Oe3meku 3a3HaveHl JaHl JOLIIBHO PO3IUIATH HAa TPU Kare-
ropii:

e TpsMi iIeHTH(IKATOPH;

e KBa3iiACHTH(IKATOPH;

e HeineHTudikamiiHi mpodeciiHi XapaKTePUCTUKH.

[Ipsimi iteHTH(IKATOPH OHO3HAYHO 200 3 BUCOKOIO HMOBIPHICTIO JI03BOJISIIOTH BCTAHO-
BUTH 0c00y 0e3 BHKOPHCTAaHHS JOAaTKoBOi iH(popMarii. KBasiimeHTudikaropu oKpemMo Mo-
KyTh He 3a0e3redyBaTH OJHO3HAYHOI ineHTH(iKamii, mpore iX KOMOiHAIs 3/1aTHA CYTTEBO
3BY3UTH MHOXHHY MOXJIHMBHX CYO’€KTIB 1 CTBOPHUTH YMOBH JUISI  HOBTOPHOL
inearudikamii [6, 7]. o Takux atpuOyrtiB y HR—g0MeHI MOXYTh HajekaTd, HAIPHKIA],
piaKicHa crieriaizallis, yHiKaabHa KOMOIHAIlIS TEXHOJIOTIH, TOCBII pOOOTH HAJl KOHKPETHUM
MIPOEKTOM, OpraHi3alifHUN MIApO3ai ado MO€AHAHHS IMOcaau Ta MPOo(deciHHOTO CTaxy.
Heinentudikariiini npodeciiiHi XxapakTepUCTUKH 0e3M0CepeHbO HE BCTaHOBIIOIOTH 0CO0Y,
OJTHAK MArOTh KJIFOUOBE 3HAYCHHS JUISA MPOIEenyp aHaizy Ta GopMyBaHHA KoMaHa. Tomy ix
MOBHE BMIJIyY€HHs a00 HaJIMipHa TpaHc(opmallis MOXe CyTTEBO 3HU3UTH 1H(opMaliiiHy Ko-
PHUCHICTh HA0OPY AAHUX.

OcHOBHI 3arpo3u B mpolieci 00poOKH MEePCOHATBHUX JAHUX IOB’sI3aHI HE JIUILIE 3 He-
CAHKIIIOHOBAHUM OTPUMAaHHAM JOCTYHy J0 iH(opmalii, ane W i3 HaJAMIPHMMH IpaBaMu
JIETITUMHUX KOPHMCTYBayiB, HEKOHTPOJbOBAHUM KOIIIIOBaHHSAM Ta Iepegadero BioMocCTeld,
BUKOPUCTaHHAM i1H(OpMAIli 1032 M0YaTKOBO BHU3HAUEHOIO METOI0, TUCKPUMIHAIIMHUM abo
HEMpPO30PHUM PIIICHHSIM IOJI0 KaHAMaTa, a TaKOXX MOXJIMBICTIO MOBTOPHOI iAeHTH]IKAIi
0ci0 Ha OCHOBI B3a€MOIIOB’s13aHUX aTpHOYTIB [5, 6]. OcobnuBicTIO cUcTeM (OPMYBaHHS KO-
MaHJ € Te, 10 3Ha4YHa YacTHUHA NMpodeciiHUX AaHUX MOBHHHA 3aJMIIATUCSA AOCTYIHOIO JUIs
aHANIITUYHUX aJTOPUTMIB HaBiTh TOMI, KONMU Oe3mocepenHs ineHTUdIKallis KaHAMIaTa Ha
BIJIMOBIAHOMY €Tarli He 00O0B’sI3k0Ba. BHACHTIIOK 1IFOTO TpaJHIliiiHa MOJAEIH, 32 SKOI 3aXUCT
3a0e3MeuyeThCsl IEPEeBAXKHO Yepe3 0OMEKEHHs JOCTYITY /10 BChOTO 3aMKCy NpalliBHUKA, € He-
JOCTaTHBO THYYKOIO.

®opmyBaHHs 0€3MEKOBUX BUMOT [0 BHIE3a3HAUYEHUX CHUCTEM JOLIJIBHO 31HCHIOBATH
Ha OCHOBI HACTYNHUX NpUHUHUIIB [4, 11]:

e MiHIMI3aIld JaHUX;

e oOMexeHHs MeTn 00pobnenns (Purpose Limitation; PL);

e MiHIMaJIbHO HeoOx1aHi npuBiiei (Least Privileges; LP);
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e (yHKIIOHATBHE PO3MEKYBAHHS JIOCTYITY.

[TpuHIMIM MiHIMI3aIIT TaHUX, OOMEKEHHS METH Ta MiHIMAJIbHO HEOOX1THUX TIPUBLIEIB
nepeadavaroTh BUKOPUCTAHHS JIMILE TUX aTPUOYTIB 1 MpaB OCTYILY, SKi € HEOOX1THUMH IS
BUKOHAHHSI KOHKpeTHOI (pyHKIi1, 3 ypaxyBaHHSM POJi KOPHCTyBaya, TUITy JaHHUX 1 PiBHS iX
gymimBocTi [4]. ns HR—cucrem 1ie Ge3nocepeHho MOB’S3aHO 3 JOIUIBHICTIO PO3JITICHHS
iIeHTU}IKAIIITHOTO Ta aHATITUYHOTO KOHTYpIB: mepuinii 3a0e3nedye KOHTPOJIbOBAaHUN I10-
CTYIl 10 AaHWUX, HEOOXIIHUX JJIsi BCTAHOBJICHHS OCOOMW, TOJMI SIK JPYTHUH ONEPYE MEPEBAKHO
npodeciiiHiMH, MOBEAIHKOBUMH Ta POJBOBUMHU XapaKTEPUCTHKAMHU, HEOOXITHUMH Ui paH-
JKyBaHHS KaHAWAATIB 1 JOpMYBaHHS KOMaH/IH.

Takmii miaxin 3MeHmrye oocar ineHTrudikamiiaoi iHpopMmalii, TOCTYIMHOI aHATITHYHUM
aNropuTMaMm, 1 CTBOPIOE MEPEIYMOBH ISl 3aCTOCYBaHHsI TICEBAOHIMI3alli1, 32 sIKOT IpsAMI 1/1eH-
TH(IKATOPH 3aMIHIOIOTHCS KOHTPOJIHOBAHUMH IICEBIOHIMAMH 31 30€pEKEHHSIM MOMJIHMBOCTI
ABTOPM30BAHOr0 BiJHOBJIEHHS BiAMOBIAHOCTI MiK mpodileM I KOHKpETHOK ocoboro [8, 9].
BinnoBigHo, no ©0a30BuX (YHKIIOHATIBHUX BUMOTr HajexaTh: kiacudikamis PIL pos-
ME)XYBaHHS JIOCTYIy, MiHIMi3allis BUKOPHUCTAHHS MPSAMUX 11€HTU(DIKATOPIB, KOHTPOJIb BU-
TOKIB, TpaHc(hopMallis NepCOHATBHUX aTpUOyTIB Ta 30€peKeHHs aHATITHYHOI KOPHUCHOCTI
npodeciiiHuX XapakTepucTuk. Peanizanis LuxX BUMOT MOTpedye KOMIUIEKCHOTO 3aCTOCYBAaHHS
Oprafi3aliiHuX, TEXHIYHUX Ta AITOPUTMIYHUX MEXaHI3MiB, 10 PO3IISIA0THCA HAa HACTYII-
HOMY eTarli JOCI1PKeHHS.

3abe3neueHHsT KOH(DIAGHIIIHHOCTI NEPCOHAIBHUX JaHUX Y CHUCTEMax YIpaBiIiHHS IMep-
COHAJIOM MNOTpeOye MOE€IHAHHS OpraHi3alifHUX, TEXHIYHUX Ta MPOTPaMHUX MEXaHI3MIB,
OCKIUJIBKA OKpeMe BHKOPHCTaHHsS OyJb—SIKOI0 OJHOrO 3ac0o0y HE JI03BOJISIE TMOBHOKO MIpOIO
KOHTPOJIIOBATH BCl €TalM JKUTTEBOTO IMKIY 4yTiauBoi iHpopmamii. Y cydacHux HR-—
cucTeMax JaHi Mpo MpaliBHUKIB 1 KaHAUATIB MOXKYTh HaIXOAUTHU 3 PI3HUX JUKepel, 30epira-
THUCS y JEKUIbKOX 1H(POpMaLIHHUX KOHTYpax, MepelaBaThcs MK MPUKIAJAHUMHU CepBiCaMH Ta
BUKOPUCTOBYBATUCS K Oe3MOCepeHbO KOPUCTYyBayaMHM, Tak 1 aBTOMAaTU30BaHUMU aHAIITHUY-
HUMH MOJYJISIMHU. 3a TAKUX YMOB MEXaHI3MH 3aXHMCTY [MOBHHHI OXOIUTIOBATH HE JIMILIE MoYaT-
KOBE HaJlaHHS JOCTYIY JI0 JIaHUX, aje i KOHTPOJIb MOAAJIbIINX ONepalliil i3 HUMH, ayAuT, 3a-
noOiraHHs BUTOKaM Ta OOMEXEHHS BHUKOPHUCTaHHS 1HQoOpMarlii mo3a MekaMH BHU3HAUYEHUX
bynkuii [4, 11].

ba3oBuii piBeHb 3axucTy (HOpMYIOTh OpraHizalifHO—TpPOLECHI MEXaHi3MHU, SKi BU3HA-
Yal0Th MpaBuiia poOOTH 3 MEPCOHAIBHUMH JAHMMH, BIAMOBIIAJIbHICTh YYAaCHHUKIB Ta JOMY-
cTUMI cueHapii ix oOpobnenHsa. [lo Takux MexaHi3MIB Halle)XaTh MOJITHKA JOCTYIy, Kia-
cudikarnis iHGopMmarii 3a piBHAMH UyTJIUBOCTI, PO3MOUT BIANOBIAAIBLHOCTI MIXK aaMiHICTpa-
topamu, HR—¢axiBusgMu, KepiBHUKaMU HPOEKTIB Ta OMEpaTopaMu aHATITHYHUX CHUCTEM, a
TaKOX perjiaMeHTallisl Mpoueayp OTPUMAaHHS, BUKOPHCTAHHs, OHOBJICHHS, apXiByBaHHS 1 BU-
JaNieHHsT JaHUX. BaXJIMBUM €JIEeMEHTOM € YIPaBJIiHHSA JKUTTEBUM LUKIOM iH(popMarlii,
OCKUIBKH PHU3MKH MOPYIIEHHS KOHQIACHIIHHOCTI BUHUKAIOTh HE JIMIIE MijJ 4ac aKTUBHOIO
BUKOPUCTaHHS Npodiito, ae i y mporecax pe3epBHOrO KOIMiIOBaHHA, €KCIOPTY, mepeaayi
MDK CUCTeMaMU Ta 30epiranHs icTOpuyHMX 3anucis [5, 11].

[MonmiTnku 0OpOoOKM MEPCOHANBHUX JAaHMX MOBMHHI OyTH Oe3mocepenHbo IMOB’s3aHi 3
NPUHIUIIAMA MiHIMIi3allil Ta 0OMeXeHHSI MeTH iX BUKOpHcTaHHs. [|Ji1 KoXkHOI KaTeropii Ko-
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pHucTyBauiB a00 MPOrpaMHUX KOMIIOHEHTIB JIOLIHHO BU3HAYATH HE JIUIIIE TEPEITiK JOCTYIMHUX
aTpuOyTiB, aje i JOmyCcTUMI ornepallii HaJ] HAIMH Ta KOHTEKCT, Y IKOMY TaKHid IOCTYII 103BO-
nserbess. Hanmpukiaza, aHamiTHYHOMY MOJYJI0 (opMyBaHHS KOMaHI MOXKe OyTH HeoOXigHa
iHpopMalis Ipo AOCBiA, TEXHOJIOTTYHHMA CTEK, KOMIIETEHTHOCTI Ta TMONEPEIHI poJli KaHIuaa-
Ta, aje He WOro iM’s, KOHTAKTHI JaHi a0o iHmI npsmi igeaTudikatopu. Takuii miaxin 103BO-
JIsi€ TIEPEUTH BiJ TPATUIIHHOT MOJIENi JOCTYITY O IUTICHOTO MPOQLII0 MpamiBHUKA 10 OUIBII
IpaHy/IbOBAaHOTO KEpyBaHHA OKpeMHMMH rpynamu atpuOytiB. [ns HR-—cucrem ocobmmBo
BOXJIUBUM € PO3MEXKYBAHHS JIOCTYITY JI0 Pi3HUX KaTEropii JaHUX, OCKUIBKU IPaBO MEPETsiLy
3arajpHOI mpodeciitHoi iHpopmarii He TOBUHHO aBTOMAaTUYHO O3HAYAaTH MPABO JOCTYILY IO
KOHTAKTHHUX, ()IHAHCOBUX, OLIHOYHHUX 200 1HIIMX YyTIMBHX BiIOMOCTEH.

OnHuM 13 HAWOLIBII MOMMPEHUX MIAXOIB O TAKOTO PO3MEXKYBaHHS € POJILOBE Ke-
pyBanus noctynom (Role—Based Access Control; RBAC), 3a sikoro mpaBa mpu3HAYarOThCs
BIJIMIOBITHO 710 OpraHizamiiHoi poii kopucryBauda. Y Mexax HR—momeHy Takumu possiMu
MOXyTh OyT HR—MeHnemxkep, pekpyrep, KepiBHHK MPOEKTY, CUCTEMHUH aaMmiHicTpaTop abo
oreparop aHanmiTHuHoi migcucremu. [lepeBaroro RBAC € BigHOCHA pOCTOTa aAMiHICTPpYBaH-
HS Ta 3pO3yMUTICTh TOJITHK, OAHAK JUIS CKJIATHUX 1HGOPMAIIHHUX CUCTEM POIHOBOI MOJIEINTI
MoKe OyTH HEeIOCTATHbBO, SIKIIO PIIIEHHS PO JOCTYH 3aJICKHUTh BiJl TOJATKOBUX YMOB [4].

binbm rHydykuM € atpulyTHe KepyBaHHs noctyrnoM (Attribute—Based Access Control,
ABAC), y sikomy pimieHHs (OPMYEThCS Ha OCHOBI CyKYITHOCTI XapaKTEPUCTHK Cy0’€KTa, pe-
cypcy, omneparii Ta KOHTeKCcTy BUKOHaHHS [4]. Takuii miaxin J03BOJIsIE BpaXxOBYBaTH, HAIPH-
KJIaJ, OpraHi3aliiHui MmiIpo3ail KopucTyBauya, Tun HR—nmaHux, piBeHb iX 4yTIuMBOCTI, Ha-
JIKHICTh KaH/K/1aTa 10 KOHKPETHOTO MPOEKTY, yac ado Miclie BUKOHAaHHS omneparii. s cu-
creM (opMmyBaHHS Kpoc—(yHKIioHanpHUX KoMmaHa ABAC € 0co0auBO MepCrneKTUBHUM,
OCKUIBbKH J103BOJIsI€ (HOPMYBATH MOJIITUKHU, 32 SKUX KEPIBHUKY MPOEKTY JOCTYITHUM aHAIITHY-
HU mpodiIb KaHaUAATa, aje MpUXoBaHi 1aeHTHdiKauiiiH1 aTpulyTy, Toal sk HR—paxiseup
3a HasBHOCTI BIATOBIIHUX TOBHOBa)KEHb MOKE€ OTPUMYBATH [TOBHUH 3aIIKC.

HezanexxHo Big Mozeni po3MexyBaHHSI JOCTYIY, Ba)KJIMBUM 3aJIHMILAETHCS MPUHIUI
MIHIMaJIbHO HEOOXIJHUX MPUBLIEIB, IKUH OOMEXy€e NOCTYN A0 KPUTUYHHMX aTpUOYTIB JIMIIE
TUMH KOPHCTyBadyaMH W MPOTPAaMHMMH KOMIIOHEHTaMH, Ui SKUX BiH € (yHKIIOHAJIBEHO
HeoOxiaHuM [4, 11]. JIonmoBHEHHSAM 10 IOTO BUCTYMAIOTh ayJIUT 1 KYpPHAJIOBaHHS Omeparii
13 IepCOHAILHUMU JTAaHUMH, 1110 3a0€3MeuyioTh (hiKcallito JOCTYIy, 3MiH, €KCIOPTY Ta 1HIINUX
T 1 JO3BOJIAIOTH BHSIBJISATH BIIXWJICHHS BiJ CTaHJAAPTHUX CIEHapiiB poOoTH. OCKUIBKH
CaHKITIOHOBAHHMM JOCTYN HE BHUKJIIOYAE MOKIIMBOCTI HEMPABOMIPHOTO BHUKOPHCTAHHS 1H(OP-
Maillii, BaXJIMBUM CKJIAJIHUKOM 3aXHCTy € MEXaHI3M 3aro0iraHHs BUTOKY JaHWUX, OPIEHTOBA-
HUHN Ha KOHTPOJIb Mepeayl Ta BUSBJICHHS YyTJIUBUX BIJOMOCTEH y (paiinax, moBIJOMIEHHSX 1
noTtokax manux [5]. st HR—cucrem ix morminpHO moeaHyBaTH 3 Kiacudikaiiero aTpuOyTiB 3a
piBHEM YYTJIMBOCTI Ta MOHITOPMHIOM HETHUIIOBOi aKTHUBHOCTI, 30KpEMa MacOBOTO 3aBaHTa-
KEHHs PO 1TiB, HAIMIPHOI KUIBKOCTI 3BEpPHEHB J0 YYTJIMBHUX IOJIB a00 P13KOro 301IbIIEHHS
o0csriB ekcriopty [5]. Pazom i3 Tum RBAC/ABAC, DLP, aynuT 1 MOHITOPUHT TIEpEBaKHO
BHU3HAUAIOTh, XTO 1 32 SIKUX YMOB OTPUMY€E JOCTYII JI0 IaHUX, ajie HE 3MIHIOIOTh caM 3MICT J0-
CTYNHHMX 3anuciB. ToMy HaBITh KOPEKTHO aBTOPU30BAaHUM aHATITUYHUI MOIYJb MOXE OTPH-
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MYBaTH HaJUIMIIKOBI i1eHTH]iKaIiiHI BITOMOCTI, He MOTPiOHI 11 popMyBaHHs KoMaHu. Lle
3YMOBIIIOE€ HEOOXIHICTh 3aCTOCYBAaHHS JOJATKOBHX MEXaHI3MiB, OpIEHTOBAaHUX YK€ Ha
TpaHchopMaIliro caMiuxX NEePCOHATBHUX JTaHHX.

Takum uyuHOM, 3a0e3medyeHHs KOH(IASHIIHHOCTI NMepcoHANbHUX HaHUX Y CHCTEMax
YIIPaBIIiHHS TIEPCOHAIOM HE MOXKE OYyTH 3BelleHe BHUKIIOYHO J0 KOHTPOJIO JOCTYILY, HIH(-
pyBaHHsS a00 3amoOiraHHs BHTOKaM. /[l aHANITUYHUX CHUCTEM HEOOXITHHM € JOJaTKOBUI
piBEHb 3aXHCTy, Opi€HTOBaHWN Ha TpaHchopMallilo camMoro HabOpy JaHUX 1 MiHIMi3aIlio
KUTBKOCTI 11eHTU(IKaiHHUX aTpuOyTiB, 110 NOTPAIUISIOTH 10 AHAJITUYHOTO KOHTYpY. Takuit
pIBEHb MOXE peai30ByBaTHCS NUIIXOM MAacKyBaHHS, TOKEHi3alii, ICeBIOHIMI3aIlii,
aHOHIMI3allil Ta 3aCTOCYBaHHA METOMIB Au(epeHuiitHoi npuBaTtHocTi. [IopiBHSHHS 3a3Have-
HUX TIAXOIB 13 MO3UIIH PIBHS 3aXUCTy, 0OOPOTHOCTI MEPETBOPEHHS Ta 30epekeHHs iHdop-
MaIliifHOT KOPUCHOCTI CTAHOBUTH HACTYITHHUIA €TaIl JOCIiKSHHSI.

3acTocyBaHHS KOHTPOJIO aocTymy, DLP, ayauTy Ta MOHITOpUHTY 3HMXKYE PU3HUKH He-
CaAHKI[IOHOBAHOTO BHUKOPWCTAHHS MEPCOHAIBHUX JaHHUX, OJHAK HE YCyBa€ HEOOXiTHOCTI 3a-
XUIIATH caMi 3aIuCH, M0 HATXOATh JI0 aHAIITUYHOTO KOHTYpYy. ¥ HR—cucremax e 3ymo-
BJIIOE TIONIYK KOMITIPOMICY MK KOH(IJCHIIWHICTIO Ta 30epekeHHsIM 1HpOpMaIiifHOi Kopuc-
HocTi naHux [6-9]. Jlo 0a30BUX METOAIB 3axXMCHOI TpaHchopMmallii Hajge)KaTb MAaCKyBaHHS,
TOKEHI3allis, TICEBJIOHIMI3AIlIS Ta aHOHIMI3allisg. MacKkyBaHHS Tiepedadae moBHE ad0 4acTKO-
BE MIPUXOBYBAHHS 3HAUCHB 1 XapaKTEPU3YETHCS MPOCTOTOIO peatizallii, OJHaK Moxe OyTH He-
JIOCTaTHIM 32 HasBHOCTI KBa3iiJeHTU(}IKATOPIB Ta YCKIAIHIOBATH MOJANbIIE 31CTABICHHS 3a-
nuciB [6, 7]. TokeHi3allis 3aMiHIOE€ YYTJIMBI 3HAUEHHS IUTYYHUMH TOKEHaMM Ta J03BOJISE
HIATPUMYBATH CTajl 1AeHTU(IKATOpH, alle MOoTpedye 3axuileHoro cepsicy. IlceBnoHimMizamis
nependayvae BIAOKpEMIICHHS 11€HTH(IKaLIHHOT 1HpOopMaIii BiJ aHAJIITHYHOTO MPOQuI0 31
30€peKEHHAM MOXJIMBOCTI KOHTPOJIHOBAHOTO BITHOBJICHHS BiamoBigHocTi [8, 11]. dus cu-
CTEM YIPABJIIHHS [IEPCOHATIOM 1€ J103BOJIsIE BUKOPUCTOBYBAaTH KOMIIETEHTHOCTI, AOCBIJ, POl
Ta 1HII1 MpodeciiiHl XapaKTepUCTUKH 0e3 mepenadi NpsMUX 11eHTU(IKATOPIB A0 aHATITUYHOT
MiICHCTEMH, a TTICTS 3aBEPIICHHS PaHKYBaHHS — BCTAHOBUTH KOHKPETHOTO KaHIWAATa aBTO-
pu3oBaHuMU 3acobamu [8]. AHOHIMI3aIlsl OpIEHTOBaHA HA NMPAKTUYHO HE3BOPOTHE YCYHEHHS
MOJKJIIMBOCTI 17eHTH]iKalli cy0’ekTa. BoHa Moxe OyTH €pEeKTHBHOIO NJIsi CTaTUCTHYHOIO
aHam3y i arperoannx HR—mgaHux, ogHak MOCWIEHHS aHOHIMI3allll 3MeHIIye iHpopMaliiHy
KOPHCHICTD 1 HE 3aBXKJIU BUKIIIOUAE PU3UK MOBTOPHOI 17IeHTH]IKaIii 3a KBa3iiJeHTU]iKaTopa-
MU [6, 7, 9]. OcKinbKH HE3BOPOTHA BTpATa 3B’ SI3KYy MK KaHIUIATOM 1 Horo mpodiaemM Hemo-
MyCTHMa, TO 3aCTOCYBAaHHsI aHOHIMI3aIlli HE MOXe OyTH 0a30BMM MEXaHI3MOM ISl PO3TIISATY-
BaHOi cuctemu [6, 9].

OxkpemMuM KjacoM MeTOJIB € AuQepeHIiiHa TPUBATHICTh, 10 CIOPSIMOBaHA HE CTUIBKH
Ha TpaHc(opMallilo OKPEeMOro 3amnucy, CKUIbKM Ha oOMeXeHHs 1HdopMallli, SKy MOXXHA OT-
puUMaTH Ipo KOHKpeTHOro cy0’ekxta. KoHnenTyanbHO MeXaH13M AU(PEpEeHIIHHOT TPUBATHOCTI
3a0e3rneyye OJIM3BKICTh PO3MOJUTIB Pe3yibTaTiB AJi1 HAOOpIB JTaHUX, L0 BIAPI3HSIOTHCS O-
HuM 3anucom. Jlist cycianix HabopiB D i D' mexanisM M 3a10BOJIbHsIE e—TU(EPEHIIIHHY ITPH-

BaTHICTb, SIKIIO JJIs OYIb—SIKOT MHOKHHH MOXKITUBUX PE3YNIbTATIB S

Pr[M[D] € 5] < e*Pr[M[D'] € 5], (1)
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7ie TapaMeTp £ BU3HA4Ya€ JONYCTUMHNA PiBEHb PO3KPUTTS iH(OpMAIii: 3MEHIICHHs Oro 3Ha-

YEeHHsI TOCUJIIOE TapaHTii MPUBATHOCTI, aje, sIK MpaBUjIo, 30UIbIIY€E CIIOTBOPEHHS Pe3ybTaTy
Ta 3HWXKYE aHamiTH4YHY TOo4HIicTh [13, 14]. BomHouac mis 3amadi Oe3rnocepemHbOro paH-
JKyBaHHS KaHIMJATIB poJib TU(EpPEHIIHHOI MPUBATHOCTI € OLIbI oOMexeHor. JlogaBaHHs
IyMy J0 1HIUBIAyalbHUX MPOGECIHHUX XapaKTEPUCTHK 3aTHE 3MIHIOBATH MOPSIOK KaHH-
naTiB a0 MPU3BOIUTH JI0 IIOMUIIKOBOI OIIHKH BiJIITOBITHOCTI BUMOTraM MpoekTy. CydacHi J10-
CIDKCHHsT TUQEPEHIIINHOT TPUBATHOCTI TAaKOX MIAKPECIIOITh (PyHIaMEHTAIbHUNA KOM-
MPOMIC MIX CHJIOK 3aXHCTy Ta KOPHUCHICTIO pe3ynbTaTiB aHamizy [13, 14]. Tomy B no-
CJIDKYBaHIM cHCTeMI IeHl MiAXi TOIIIBHO PO3TIIAIATH MEPeIycCiM SIK TOJaTKOBUM MEXaHI3M
g arperoBaHoi HR—aHanituku, cTaTuCTUYHOT 3BITHOCTI 200 OKPEMHX MPOLETyp MAaIMHHO-
ro HaBYaHHs, a HE sIK OCHOBHUH 3aci0 popmMyBaHHSA poOOUUX MPOQiTiB.

Jliia Gpopmalii3oBaHOro 3iCTaBIEHHS PO3TISHYTUX MiAXO/IIB IOIIBHO BUKOPUCTOBYBATH
CYKYITHICTh KPUTEPIiB, sIKi BioOpakaloTh HE JIHILE Oe3MEeKOBI BIACTHBOCTI, ane W (QyHKIIIO-
HaJIbHI BUMOTU cucTeMu (popMyBaHHA KOMaH. [lo OCHOBHUX KpHUTEpiiB HaJeKaTh PIBEHb 3a-
OesrieueHHsT KOH(DiAeHIHOCTI, 30epekeHHsT 1H(OpMaIiiHOT KOPUCHOCTI, KepoBaHa 000-
POTHICTh TpaHchopMmallii, MPUAATHICTH 0 1HTErpalii 3 MpoleaypaMiu MAalllMHHOTO HaBUYaHHS
Ta ruOuHHUHN aHani3 nanux (DM), a Takox CKIIQJAHICTh 1 peCypCHi BUTpATH peatizaiii. ¥Y3a-
rajibHEeHy OI[IHKY METOAY M MOXHa MOAATH K

Qm = Wi'F:'n + L 'Um + Wy Rm + Wﬂ!-'{m - WEC:'H’ (2]
ne P, BU3Ha4ae piBeHb 3a0e3nedeHHs KOHIACHIIHHOCTI, U, — 30epeeHHs] KOPUCHOCTI Ja-
HUX, R, — KepoBaHa 00OPOTHICTb, I, — MPUIATHICTb O IHTErpauii 3 aHATIITUYHUMHU TIPOLIEAY-

pamu, C,, — CKJIaIHICTh i BUTpATH peaiisarii, a Habip {w1, ..., ws} — Barosi xoeQillieHTH Kpu-

TepiiB.
s 3abe3neueHHs] 1HTEPIPETOBAHOCTI IHTErpalbHOI OLIHKM JOLUIBHO HOPMYBAaTH
I

m’

YacTKOBI KpuUTepii B €quHOMY AianazoHi P, U, , R

mrf = m!tmr

C,, € [0,1], a BaroBi koediLieHTH

3aaaBaTv 3 YMOBOIO
n
Z w; =1,w; =0,j= 1.5, (3)
=1

Bin’emunii 3nak nepen C ., BigoOpakae Te, 0 3pOCTaHHS CKJIATHOCTI Ta BUTPAT 3HUKYE

3arajpbHy JOIUIBHICTh 3aCTOCYBAHHS METOMY, TOJ1 SIK 30UIBIICHHS 1HIIUX YOTHPHOX IMOKA3-
HUKIB € OaxxanuMm. [Ipu 1ipomMy IHTETpaTbHUMN MOKA3HUK (., HE CIiJ TPAKTyBaTH SIK YHIBEp-

CallbHY XapaKTEePUCTHKY METOJy 3HEOCOOJIEHHS: HOro 3HaYCHHsS BHU3HAYAETHCS KOHKPETHUM
CIIeHapieM BUKOPHUCTaHHS Ta cucreMoro Bar. J[ns 3amavi GpopMyBaHHS KOMaH]| BiJIHOCHO BH-
COK1 Baru MaroTh otpumyBsatu U, R, Ta I,,, OCKUIbKH 3aXUIIeHUI HaOlp MOBUHEH 3alUIIATH-

Csl MPUJIATHUM JJTSI aHAJI3y, MATPUMYBATH 3B’ SA3HICTh TPO(UIIO B PI3HUX MpPOLETypax Ta 3a-
Oe3nedyBaTH KOHTPOJILOBAHHUI TMepexil BiJl PEKOMEHJOBAHOIO MPO(dUI0 O KOHKPETHOTO
(haxiBis.
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3a Takoi MOCTAHOBKH MaKCHMi3allisl KOH(IICHIIIHOCTI HE € €IUHOK METOI BHOOpY
MeTony. HagmipHe 3MeHIeHHs iHGopMaIiiHoi neTamizarii Moxe miaBuiLyBatu P, aie on-

HOYACHO 3HWXyBatu U, Ta [, TOIl K MOBHA HEOOOPOTHICTH TpaHchopMallii (GpaKTUIHO
MmiHiMi3ye R,. Came ToMy s aHamiTHyHUX HR—cucTeM BaXXIMBUM € HE MakCHMaJbHE yCy-

HeHHs 1H(opmarliii mpo cy0’ekTa, a KOHTPOJIbOBAHE BIIOKPEMJICHHS HOTO 1IEHTUYHOCTI Bij
aHaTITUIHOTO TIpopiTF0. Y IBOMY KOHTEKCTI ICEeBIOHIMI3allIs 3a0e3neuye HalOiIbI 30amaH-
COBaHE Mo€eAHAHHS KOH(IIEHIIIHHOCTI, 30€pEeKEHHS CTPYKTYPH Ta 3B’S3HOCTI JaHUX, MOXKJIU-
BOCTI X IMTOBTOPHOT'O aHAJIITUHYHOTO BUKOPHUCTAHHS 1 KEPOBAHOTO BIJIHOBJICHHS BiJIITOBITHOCTI.
Ile mae mimcraBu po3rsiatu ii sk 6a30BU MexaHi3M (HOpMyBaHHS 3aXHUIIEHOTO MPOQLIO
(daxiBis.

[TpoBeneHuii aHani3 mokaszaB, IO JUIsl CUCTEM YIIPABIIHHS MEPCOHAIOM JOIUIBHUM €
MO€THAHHS aBTOMATH30BAHOTO BUSIBJICHHS MEPCOHAIBHUX 1IeHTHU(IKAIMHUX JaHUX 13 1X mMo-
JANBIIOI0 TICEBAOHIMIZaIier0. Takuil MiaxXiA 03BOJISE BHIYUYUTH MpsAMi iaeHTHU(IKaTOpU 3
AQHAIITUYHOTO KOHTYpY, 30epirtmy npodeciiiHi Ta MOBEIIHKOBI XapaKTepUCTUKU, HEOOXITHI
JUISL paH>KyBaHHS KaHIuAatTiB 1 popmyBanHsa komaua. [IceBnonimizalis npu oMy 3abesre-
yye 30epekeHHS 3B’SI3HOCTI 3aMUCiB 1 MOXJIMBICTH KOHTPOJIBOBAHOTO BCTAaHOBICHHS
BIJIMOBITHOCTI MIXK aHAJIITHYHUM TpodiseM Ta KOHKpeTHOK ocoboro [8, 11]. ABTomMaTH30-
BaHe BusiBneHHs PII nouineHO peanizoByBaTu sik KOMOiHOBaHY mpouenypy. s cTpykrypo-
BaHUX 1 opMali3oBaHUX aTpUOYTIB, K TO HOMEPIB TenedoHiB, apec eJIeKTPOHHOI MOIITH,
1IeHTH(IKAIHHUX HOMEPIB, a TAKOX IHIIUX JaHUX 13 BU3HAYEHUM CHHTAKCUCOM, €(DEeKTHB-
HUMU € TIpaBWJIa, PETyJIsSpHI BHCIOBH Ta CIOBHUKOBI MexaHi3MHU. JlJis HECTPYKTYpOBaHUX
TEKCTOBUX TONIB, 30KpeMa pe3loMe, OMNHUCIB JOCBiAY, XapaKTepUCTUK 1 pe3yibTaTiB
OIIIHIOBAHHSI, CBOEIO YEPTOI0, JIOIIBHO 3aCTOCOBYBAaTH METOAM OOpOOIEHHS MPUPOIHOI MO-
BU, PO3Mi3HABaHHS IMEHOBAHUX CYTHOCTEH Ta MAIIMHHOTO HaBuaHHsA. CydacHi JAOCHIKEHHS
HiATBEP/KYIOTh €(EKTUBHICTh FOPUIHUX CXEM, Y SIKMX MeXaHi3MU Ha ocHOBI npaBui (Rule—
Based; RB) moennyrotscst 3 NLP, NER Tta ML a1 KOHTEKCTHO 3aJ€KHOTO BUSIBICHHS Tep-
coHanbHOI iH(opmarii [10].

Sxicte BusBneHHs PII moxe oIfiHIOBaTHCS CTaHJAPTHUMHU MOKa3HUKaMU Kiacudikariii,

touHicTio (Precision), moBHoTot0 (Recall) Ta F1-miporo:

r TP
Precision = ————
TP+ FP

TP
Recall = —— ] (4]
TP+FN

Precision - Recall

Fi =2 —
L Precision + Recall

ne BenuurHa TP BU3HAYa€ KUIbKICTh TMPaBUWIbHO BUsBIEHUX Pll-enemenTtiB; FP — KUIBKICTD
MOMUJIKOBO 1I€HTU(IKOBAHUX eNeMeHTiB; FN — KuIbKicTh npomnymeHux PII. Bukopucranus

CYKYITHOCTI LIUX MOKa3HMKIB JI03BOJISIE BPaxXyBaTH sIK TOMMJIKOBE BiTHECEHHS 3BUYANWHHX aT-
pHuOyTIB 0 YYTIUBHUX, TaK 1 MPOMYCK NEPCOHANBHOT iHPOpMAILLii.
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Jnst dopmanizanii noganbiioi 00poOku BUX1IHUM Npodine kKaHauaaTa C; MOXKHA Ipe-
craputu y Burisai C; = (ID,,PII.,H.,S,,E.,R;), ne ID, — BHyTpiHiii ineHrudikarop, PII. —

CYKYIIHICTb IEpPCOHAJBHUX ifeHTHU(IKAiiHuX naHux, H, ta 5, — MHoxkuHU «hard skills» i

«soft skills», E; — xapakTepucTuku npodeciiHoro 10cBiny, R; — pOJIbOBI XapaKTEePUCTHKH.
ITicns 3actocyBanHs GyHKUIT nceBaoHIMIZaNil ¢ () MoxHa Bu3HauutH PID; = @(ID,, PII) i
copMyBaTH amaniTHunmii npodins Di = (PID,,H,,S,,E,,R;), y sxomy PID, € TICeBIOHIMOM

KaHJ#uaTa, 00 MIATPUMYE OAHO3HAYHE 3B’S3YBaHHS HOro 3amuCiB y MeXax aHATITHYHHX
npoueayp 6e3 6e3nocepeHpOro po3KpUTTS ocodu. JlomaTrkoBa iHpopMarlis, HEoOXiaHA IS
BiJIHOBJICHHS BIJIMTOBIJHOCTI, 30€pira€Tbcs OKPEMO BiJ aHAIITUYHOrO NPOdUI0, 110
BiJINIOBiJJa€ 3arajlkHOMY IIPUHIIMITY TICEBIOHIMI3aMi{ epcoHanbHuX aaHux [§, 11].
3anponoHOBaHMN MiIXix mependadae JOTiYHE PO3MEXKYBaHHS ineHTH(]iKamiiHOTO Ta
aHAJITHYHOTO KOHTYpiB. B imenTHdikamiiinomy koHTypi 30epiratorbes PII Ta 3acobu Bcra-
HOBJICHHSI BIATTOBIIHOCTI MiXk TICEBJJOHIMOM 1 KOHKPETHOIO 0CO00I0, TOAI1 SIK A0 aHAJITHYHOTO

KOHTYPY IepeJaoThcs JIMIIE TICeBIOHIMi30BaHi mpodimi Df. AnroputmMm pamxyBaHHsS Ta

(dbopMyBaHHS KOMaHJ MMPAUIOIOTH 13 MPodeciiHIMH, TTOBEAIHKOBUMHU i POJIHOBUMH XapaKTe-
PUCTHKaMH KaHAWJATIB 0e3 HEeOOXITHOCTI IOCTYyIy [0 IXHIX NPSAMHUX 1AEHTU(IKATOPIB.
Peigentudikamiss BUKOHYETbCS JIHMINE TICIsA 3aBEpIICHHS AaHATITHYHOI TNPOLEAYpH IS
BiiOpaHMX KaHIUAATIB Ta 32 HASBHOCTI BIATOBIAHUX MPaB JIOCTYITY.

VY3aranpHeHa MOCHiI0BHICT 00poOKH Mpod1IiB KaHIUAATIB IpH (GOpMyBaHHI KOMaHAU
300paxkeHa Ha puc. 2.

BXigHWA npodins _ X
BuaBneHHs Pll ncesoHiMi3auifa
KaHaupaTa

y
. N $HOopMyBaHHA aHaniTUYHOro
obepHeHa igeHTUdIKaLin KOMaHA0YTBOPEHHSA )
npodinto

Pucynok 2 — V3aranbHeHa MOCIiJOBHICT 00poOKU NpodisliB KaHAUIATIB

[IpakTuyHa peamnizaiiss TaKOro KOHTYpY MoOK€ OyTH BHMKOHAHa 13 3aCTOCYBaHHSIM
«Google Cloud Sensitive Data Protectiony, mo migrpuMye aBTOMaTH30BaHE BUSBICHHS 9yT-
nuBoi iH(OpMalii 3a BOYZOBaHUMH Ta KOPUCTYBAI[bKUMH JETEKTOPAMH, BKJIIOYAIOYH CIIOB-
HUKH, PErYJIApHI BUCIOBH Ta KOHTEKCTHI MpaBWJIa, a TAaKOX ONepallii peaaryBaHHs, MacKy-
BaHHsA ¥ kpuntorpadiunoi nceBaonimizamii [15]. s 3BOpoTHOI 1ceBIOHIMIZaLIT cepBic mij-
TpUMY€E JeTepMiHOBaHE KpumnTorpadidyHe HepeTBOpeHHs 3 BUKopuctanHaM AES-SIV, sxe
JI03BOJISIE OTPUMYBATH CTaO1IbHI TOKEHH Ta BUKOHYBaTH KOHTPOJILOBAHY peiieHTUdIKaIlIO 32
HAsSBHOCTI BiAMOBinHOTO Kifova [16]. Taka peamizallis BiMOBiAa€ 3aMpOMOHOBAHOMY PO3Ii-
JICHHIO KOHTYpIB: aHAJITHYHI KOMIIOHEHTH OINEPYIOTh ICEBJOHIMI30BaHUMHU 3HAUYEHHSIMH, a
KpunrorpadiuHi KJIrodi Ta MpOLEeAYypH BiIHOBJIEHHS 1IEHTHYHOCTI 3aJIUIIAI0THCS JOCTYITHUMHU

JIMIIC 3aXUIICHOMY KOMIIOHCHTY CUCTCMU.
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TakuMm YMHOM, 3alPONOHOBAHMU MINXiM MOEAHYE aBTOMaTtu3oBaHe BusiBIeHHsS PlI, ix
KOHTPOJIbOBaHYy IICEBAOHIMI3alil0 Ta (PyHKI[IOHAIbHE PO3MEXYBaHHSA iNeHTU(IKALIHHOT U
aHamiTH4HOi 00poOKH. Lle 103BOMsIE MiHIMI3yBAaTH MOIIKMPEHHS MPSIMOI EPCOHATIBHOI 1H(OP-
Marlii B cucteMi 6€3 BTpaTH 3B 3HOCTI podeciitHux npodisis.

OmiHka TOro, HACKUIBKM 3alpPONOHOBAHMH MiAXiA 03BOJSE MiHIMI3yBaTH JIOCTYII
AQHATITUYHOI MIJICUCTEMH JI0 MEPCOHANBHUX iMeHTU(DIKALIHHUX TaHUX 0e3 iCTOTHOro 3HU-
KEeHHS 1H(OpMaIiifHOT KOPHCHOCTI IPOQ1iTiB Ma€ OXOIUTIOBATH JIBa B3a€MOIIOB ’I3aH1 ACTIIEKTH:
e(eKTUBHICTb BUSBJICHHS Ta ycyHEeHHs PII 3 aHamiTHUHOrO KOHTYpY 1 30epeXeHHS XapakTe-
PUCTHUK, HEOOXiIHMX M MOJAIBLIONO pAaH)KyBaHHS KaHIUAATIB Ta (POpMyBaHHS
komanp [7-10]. [lna mpoBeneHHS MOPIBHSUIBHOTO aHAJi3y JOUUIBHO CPOPMYBATH CHHTETHY-
HUH a00 momnepenHso 3Heoco0IeH Ha0ip mpodiniB KaHUAATIB. SIK 3a3HAYANIOCS BHIIE, IO
CKJIaxy TpoQuUII0 MalTh BXOAWTH MpsAMi ineHTH(]IKaTOpW, KOHTAKTHI BiOMOCTi, mocaza,
npodeciiHui JOCBil, TeXHOJNOTIUHUH cTek, «hard skillsy, «soft skills», ponboBi xapakTepu-
CTHKH Ta 1CTOPIsI y4acTi y MPOeKTax (puc. 3).

Tectoeui Habip HR-npodinie

/‘f’ '*_\‘ ( icTopia npoekTie ) (Hun'ram'ui n,aui) (har:! skills) ( soft skills ) ( poni )
\,___, ( Pl ) ( ncMxoTun (Mogens Banbiva) ) (ncummn :METU) ( noceig )

PexuMH 06po6KH faHuX

|( Ag: BAXiOHI paHi ] | Ay: aHOHIMIZOBEHI BaHi | [Az: ncesacHIMizoBaH 0a Hi]
= Ge3 TpaHcdopmauin = ineHTHg. aTpUbyTH * 3AMIHA NCEBOOHIMAMKA
= 3bepexeqHHA aTpubyTia = BCTAHOBNEHHA 0COo0K = 3GEpeMEHHA CTRPYKTYPH
« 5a30BHA PIBEHD AKOCTI = AeTanizauia npodine * 3B'AIHIETE Npoding

v
r " y
Beznexoei NoKAIHHKK AHANITHYHA KOPHCHICTE

= MOKAIHAK TONHOETI » abepexenHn aTpubyTia

= MOKAIHKK NOBHOTH * IB"AIHICTD JANKCiB

* Fl=Mipa * AKICTE PAHXYBaHHA

» 3anWwikoei Pl » AKICTE aHANITWYHOrD pe3ynNbTaTy

= pHINK igeHTdikauil = KopenAwia Cnipmana

KomnneKkcHa ouiHKa edeKTHEHOCTI

( KoMGIneHUIRHIETE faMux ) ( I0epemeHHA AHANITHMHO! KODHCHOETI )

( AOUNLHICTL BUKOPHETaHHA Nigxony ) ( CTABINEHICTE paHMYBAHHA )

Pucynok 3 — Ilporec ouinku e(eKTUBHOCTI ICEeBAOHIMI3aLIT TPOoQTiB KaHIUIATIB
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BukopuctaHHs CHHTETHYHOTO HabOpy Ha MOYaTKOBOMY €Tarli 103BOJISIE TIOBHICTIO KOH-
tpomoBaru ckiaz Pll Ta kBasiinenTudikaropis, GopMyBaTH €TaJOHHY PO3MITKY AJIS IIEPEBi-
PKHU aITOPUTMIB BUSBJICHHS YYTJIMBUX JaHUX 1 BOJHOYAC YHHKATH 3aJy4eHHs PEANbHUX Tep-
coHanbHUX BigoMoctell. Ilepenbavaerscst hopmyBanns TecroBoro Habopy HR-mpodinis i3
MOJAIBIINM TOPIBHSAHHAM TPHOX PEXKHUMIB OOpOOJICHHS JaHUX: BUXITHOTO, aHOHIMI30BaHOTO
Ta rceBnoHIMiI30BaHOr0. OIIHIOBaHHS BUKOHYETHCS 32 JBOMA IpylaMu KpPHUTEPiiB — Oe3meKo-
BUMHU ITOKa3HUKAaMU Ta XapaKTePUCTUKAMHU aHATITHYHOI KOPUCHOCTI, 110 103BOJISIE€ OAHOYACHO
BpaxyBaTu piBeHb 3axucty Pll, 30epexxennss cTpykTypu i arpuOyrtiB mpodito Ta cTabiib-
HICTh pe3yJbTaTiB paHXyBaHHS KaHAuAaTiB. CyKyNHICTh IIMX TMOKa3HHUKIB (pOpMye OCHOBY
IUIE KOMIUIEKCHOTO OLIHIOBaHHS €(EKTUBHOCTI Ta BU3HAUYEHHS AOIUIBHOCTI 3aCTOCYBAaHHS
pexxuMy y cucreMax (opMyBaHHS KPOC—(YHKIIIOHATHBHUX KOMaH/I.

VY Mexax mocTaBieHOi 3ahayi JOUUIBHO MOPIBHIOBATH MIOHAWMEHIIE TPH PEKHUMHU
00OpOOJICHHS JaHMX:

e 4, BUXi/HI JaHi;

e A,: aHOHIMI30BaHI J1aHi;

® A,: IICEeBIOHIMI30BaHI JaHI.

Pexum A, BHUKOpPHUCTOBYETbCA SIK 0a30BUIl 1 BiJoOpaxkae pe3ysbTaTH aHaJITUYHOL
00poOKu BUXITHOTO HAaOOpy Oe3 3axucHOi TpaHcdopmarii. Pexxum A, xapaktepusye Oiibin

KOPCTKE 3HEOCOOJCHHS 31 3MEHIICHHSM a00 BTPATOI YaCTWHU 3B’SI3KIB MK aTpuOyTamH,
TOJI K A, BIANOBIAA€ 3alIPOIOHOBAHOMY IMIJXOAY 3 BIIOKPEMIICHHSAM 1JeHTU(DIKALINHUX Ja-

HUX Ta 30epe’keHHsM TCEBIOHIMI30BAHOTO aHAMITUYHOTO Mpodimto. 3a moTpedu Moxke OyTH
BBEJICHO JI0JIJATKOBUH PEXHMM MacKyBaHHS a00 TOKeHi3allii, OHaK JJisi 0a30BOr0 MOPIBHIHHSA
TPbOX 3a3HAYEHUX CLIEHAPIiB JOCTATHBO.

OmuiHioBaHHS pe3ysbTaTiB JOLIBHO 3/IHCHIOBATH 3a JIBOMa rpynamu Mmerpuk. Ilepma
rpyna XapakTepusye e(eKTUBHICTb 3aXUCTy MEpPCOHAIbHUX JaHMX. [lo Hel HajexaTh TOY-
HIiCTb, MOBHOTa Ta F1-Mipa aBromarn3zoBaHoro BuseieHHs PlI, yacTka nmepcoHaqbHUX i1€H-
TUGIKAIHHUX aTpUOYTIB, M0 3AJIUIIMIMCS JOCTYIHUMH THicls TpaHcdopmalii, a Takox
MOJKJIMBICTh KOHTPOJIbOBAHOTO  BiJIHOBJIEHHS BIJIOBITHOCTI MK ICEBIAOHIMI30BaHUM
npodineM 1 KOHKpeTHO ocoboto [10]. s aHOHIMI30BaHUX JIaHUX JI0JIATKOBO MOKE Bpaxo-
BYBATHCS OIlIHKA 3aJIMIIIKOBOTO PU3HKY MOBTOPHOI ineHTHdiKalii [6, 7, 9]. Ipyry rpymy cTa-
HOBJISITh MIOKAa3HUKU 30€peKeHHs aHAIITHYHOI KOPUCHOCTI AaHuX. Jl0 HUX JOIUIBHO BiTHECTH
qacTKy 30epexeHux npodeciiHux arpuOyTiB, MOXKJIMBICTh MIATPUMAHHS 3B’ A3KIB MK 3aIlu-
caMH, CTaOUIBHICTh PaHXKyBaHHS KaHIUAATIB, 3MIHY SIKOCTI peKOMEHJAIl 00 CKIIaay KO-
MaHJHM Ta JOJAaTKOBI 4acoBi ab0 OOYHCIIOBANIbHI BUTPATH, MOB’sI3aHI 13 3aCTOCYBaHHSAM 3a-
XHCcHOI TpaHcopmarii. Takuil moain 103BOJIsI€ YHUKHYTH CUTYallii, KOJM METOJ OLIHIOETHCS
JMIIe 32 piBHEM KOH(QIAeHLIHHOCTI 6e3 ypaXyBaHHs HOro MPakTUYHOI MPUAATHOCTI AJIS T110-
JANbII01 aHATITHYHOT 00OpOOKH.

3MiHY SKOCTI aHAJITUYHOTO PE3yJbTaTy MICHsS 3aCTOCYBaHHS METOJY 3aXHMCTy MOXHA

o -i ot .
BU3HAYNTHU K AQ,, = QL°" — @°™9 ne snauenns @, °° € NOKa3HUKOM SIKOCTi PaHKyBaH-
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Hs 200 PEeKOMEHIALlii Mic/Is 3aCTOCYBAHHA METOMY 1, a Q°7'9, CBOEIO 4eprolo, BiamoBinHMIi

MOKa3HMK JUI BUXITHUX JaHuX. [y 3pydHOCTI MOPIBHAHHS PI3HUX HaOOpiB abo METpHUK Ta-

KOX MOY€E BHKOPHCTOBYBATHCS BimHOCHA 3MiHa §@Q,, = [[Q,’;’W — Q"”fg)IQ""Eg ) - 10004

3HaueHHsa AQ,,, OIU3bKE 10 HYIS, CBIMUUTUME NP0 30€pEKEHHS aHATITUYHOI SKOCTI MIiCIsA

3aXMCHOI TpaHchopmarlii, Toal SK 3HAYHE BiJ’€MHE BIIXWJICHHS BKa3yBaTHMME Ha BTpaTy i1H-
dopmaniiiHoi kopucHOCTI. [l ICEBIOHIMI30BAHOIO PEeXUMY A, OakaHUM pe3yabTaTOM €

MOETHAHHS MIHIMaJIbHOI JOCTYITHOCTI MPSIMHUX 1€HTU(DIKATOPIB Y aHATITUYHOMY KOHTYpI 3
|4Q,| — 0.V Takomy BUIajKy MOJaibIla OiHKA MOXE ITi ITBEPIUTH, IO 3aXUCT JOCATAETh-

cs1 6e3 ICTOTHOTO BIUIMBY Ha (DyHKLIOHATBHY NPUAATHICTH TPO]iIiB.
st omiHIOBaHHA 30€pEKEHHS CTPYKTYPH PaHKYBaHHS JOIUIBHO JI0JaTKOBO 3aCTOCY-
BaTH KoeQilieHT paHroBoi kopemsmii Cripmena:
n 2
6 Xi=1 d;

p=1- n(nz —1)° (5)

ne d; — pi3HULA MDK HO3ULISAMU {—T0 KaHAUJATa y paH)KyBaHHAX, OTPUMAHMX Il BUX1HOTO
Ta TpaHchopMoBaHOTO HAOOPIB, @ . — KUIBKICTh KaHAWIATIB. 3HAYeHHS p, OMu3bke 10 1,

O3Ha4YaTHMe, 10 3aXHMCHA TpaHc(opMarlis NPakTHYHO HE 3MiHWIIA MOPSAOK KaHaunartie. Ta-
KUH TIOKa3HUK € OCOOJMBO JOPEYHHUM ISl PO3IJIIYBAaHOI 3ajadi, OCKUIBKH JIO3BOJISE
OILIIHIOBATH HE JIUIIIE 3arajbHy TOYHICTh PEeKOMEHaIlil, a i cTabUIbHICTh CAMOTO PEe3yNIbTaTy
paH)XyBaHHS.

TakuM uMHOM, BHINIE3a3HAUYCHUH TiAX1 Tepeadayae MmociiqoBHE MOPIBHIHHS BUX1THUX,
AQHOHIMI30BaHMX 1 MCEBIOHIMI30BaHUX MPOQUIIB KaHAWIATIB 32 O€3[EKOBUMM Ta aHAJIITHY-
HUMH KPUTEPIsIMH 1 J103BOJISIE BUKOPUCTOBYBAaTH MOTO SIK OCHOBY JUIS MOAAJIBINOI pearnizarii
0€3MeKOBUX BUMOT Y CHCTEMax OOpOOKM MEepCOHANbHHUX JaHUX, B TOMY YHCIl Yy cHCTEeMax
dopmyBaHHS Kpoc—(yHKIIOHANbHUX KoMaH ] IT—T1poeKTiB.

BucHOBKH. Y pe3ynbTaTi MIPOBEJSHOI0 AOCHIKEHHS 0y10 c(hOpMOBAHO KOMILIEKCHUI
HiAX11 10 3aXUCTYy NMEPCOHATBHUX JAHUX Y CUCTEMAax YIpPaBIIiHHS ePCOHAIOM, OPIEHTOBaHUN
Ha MO€THaHHS 0Ee3MEeKOBHUX MEXaHI3MIB 13 30€peKEeHHSIM aHAJIITUYHOI KOPUCHOCTI Ipodeciii-
HUX 1 MOBEAIHKOBUX XapaKTepUCTUK (paxiBiiB. OCHOBHI pe3ylbTaTH JOCIIJKEHHS BKIIOYa-
I0Th B ce0e:

1. CucremaTtnszoBano ckiaj i 6e3nekoBi xapakrepuctuku HR—maHux, mo BHKOpHCTO-
BYIOTbCA MiJ yac popMyBaHHS MpodisiB KaHIUIATIB, Ta BUZHAUYEHO MPAMIi 11eHTH(IKATOPH,
KBa3iiieHTH]iKaTopu 1 mpodeciiini aTpuOyTH, HEOOXIAHI IS MOJAIBLIONO aHAJITHYHOTO
00poO0IeHHS.

2. BuzHaueHO OCHOBHI BUMOTHM [0 3aXHUCTy INEPCOHAJIBHUX HTaHUX, L0 BKIOYAIOTh
MiHiMi3alilo 00poOioBanoi iHGopManii, oOMeXeHHs MeTH ii BHUKOPHCTAHHS, MPUHIIMII
MiHIMQJIPHO HEOOXiJHUX TPHUBLIEIB, PO3MEXKYBaHHS JOCTYNy, ayauT omepauiid, DLP—
MEXaH13MHU Ta MOHITOPUHT HETUIIOBOI aKTUBHOCTI.

3. IlpoBeneHo MOPIBHAIBHUIA aHaTi3 METOAIB TpaHcopmalii Ta 3Heocobnenus PlI, 30-
KpeMa MacKyBaHHs, TOKEHI3allii, ceBAoHIMI3alil, aHOHIMI3alil Ta nudepeHIiiiHol npuBaT-
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HOCTI, 3 ypaxyBaHHSM piBHS KOH(]iIEHIIHHOCTI, 30epexeHHs iHPOpMaLiiHOI KOPUCHOCTI,
KepoBaHOi 000POTHOCTI, MPUIATHOCTI JI0 AaHATITUYHOT OOPOOKHU Ta CKJIATHOCTI peaizaiii.

4. OOrpyHTOBaHO JOIUIBHICTH BUKOPUCTAHHS MICEBIOHIMI3aIl]l K 6a30BOT0 MEXaHi3My
s cucteM (opMyBaHHS KOMaH], OCKUIBKMA BOHA 3a0e3redye KOHTPOJIbOBAHE BiIOKpEMIICH-
HS IICHTUYHOCTI KaHAWJATa Bl WOTO aHAIITHYHOTO Mpodimto 31 30epekeHHSIM 3B’ SI3HOCTI
JAHKUX 1 MOKJIMBOCTI aBTOPHU30BAaHOT 3BOPOTHOI 1IeHTH IKAII].

5. 3anmpomnoHOBaHO MiJIXiJ O aBTOMAaTH30BAHOTO BUSBJICHHS Ta rceBnoHimizaiii PII,
[0 MOENHYE TMpaBWIA 1 PErYJSIPHI BUCIOBHU sl (hOpMalli3oBaHUX aTpUOYTIB i3 METOJaMU
NLP, NER Ta MamuHHOT0 HaBYaHHS JIJIsl aHAITI3Y HECTPYKTYPOBAHHX JAHHX.

6. ChopMOBaHO KOHIENTYIbHUN MiAXiA, IO Mependavyae TOPIBHSHHS BUXIIHUX,
AaHOHIMI30BaHMX 1 1ceBnoHIMIZ0BaHNX HR—1anux 3a 0e3rmekoBUMHU Ta aHATITHYHUMH TIOKa3-
HUKaMmH, BKIO4aroun Precision, Recall, F1-wmipy, 3ammmkoBi PII, 36epexeHHs aTpuOyTiB,
CTaOUIBbHICTh paH)KyBaHHS Ta KOeQilieHT paHToBoi Kopessmii Cripmena.

3anponoHOBaHUN MiJIXiJl CTBOPIOE METOJUYHY OCHOBY JUISI TOOYIOBH 3aXHIICHOT
MiACUCTEMH aHaNli3y MpodisiB KaHAMIATIB, Yy SKill 3MEHIICHHS IOCTYIMHOCTI MEPCOHAIBHOL
inenTudikaniitnoi iHpopMaIlii MOeAHYEThCS 31 30€PEKEHHIM XapaKTEPUCTHK, HEOOXITHHX
st popMyBaHHS Kpoc—(pyHKITioOHANBHUX KoMaH/. [IpakTudHa peanizamis miaxony Ta pe3yib-
TaTH MOPIBHSUIBHOTO aHAJi3y PEXUMIB aHOHIMI3amii i mceBAoHiIMizamii Oyae pO3IIsIHYTO B
MOJATBIINX JTOCIPKEHHSX.
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Methods for protecting and pseudonymizing personal data in systems
for forming cross—functional IT project teams
Abstract. The article presents a comprehensive analysis of the security requirements,
methods, and technological tools for protecting personal data in human resource manage-
ment systems and systems for forming cross—functional teams for IT projects. The main cate-
gories of data used to create professional profiles are identified, including identification data,
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professional experience, hard skills, soft skills, roles, assessment results, and information
about participation in previous projects. The principal risks associated with unauthorized ac-
cess, data breaches, excessive user privileges, re—identification of data subjects, and the use
of personal information beyond the specified purpose of processing are systematized. Organi-
zational and procedural protection mechanisms, technical means of authentication and au-
thorization, role—based and attribute—based access control models, the principle of least priv-
ilege, activity auditing, Data Loss Prevention (DLP) mechanisms, and tools for monitoring
operations involving personal data are examined. A comparative analysis of the main meth-
ods for transforming and de—identifying Personally Identifiable Information (PI1I), including
masking, tokenization, pseudonymization, anonymization, and differential privacy, is con-
ducted with regard to the level of confidentiality, the possibility of controlled re—
identification, preservation of data structure, suitability for further analysis, machine learn-
ing, and data mining (DM), as well as the complexity of practical implementation. The study
demonstrates that, for potential candidate profiles, it is essential not only to reduce the risk of
disclosing users’ identities but also to preserve the analytical value of professional and be-
havioral characteristics required for candidate assessment and support of personnel-related
decisions. The feasibility of using pseudonymization as a basic mechanism for separating the
identification and analytical data—processing layers is substantiated. A conceptual approach
to the creation and evaluation of a protected professional profile is proposed, in which direct
personal identifiers are removed from the analytical layer and replaced with controlled pseu-
donyms, while professional characteristics, skills, experience, and role—related attributes re-
main available to algorithms for analysis and team formation. Particular attention is paid to
the automated detection of PII using rules, regular expressions, Natural Language Pro-
cessing (NLP) methods, machine learning, and combined mechanisms for identifying sensitive
attributes.

Keywords: computer systems, information technologies, data analysis, personal data
protection, PII, pseudonymization, access control, DLP, machine learning.
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J.B. IBames, B.B. I'epacumos
KOMIIVIEKCHA METOJOJIOI'ISI OBPOBKHU TEJJEMETPUYHUX JAHUX
PIBHSA ITAJIMBA MAHEBPOBUX JIOKOMOTMUBIB:
HEJITHIMHAN AHAJI3 IIYMY TA JETEKIIA HOAIA 3AITIPABKH

Anomayis. 3anponoHo8aHo KOMNIEKCHY Memooon02il0 0OPOOKU melemMempuyHux OaHux pig-
HS NAIUBA MAHEBPOBUX JIOKOMOMUBIS, 5IKA 00'€0HYE 8 0OUH KOHBEEP cecMeHmayin, aoanmug-
He 3271a0CY8AHHS 3 0eMEKYIEID 3anpasox, KIACUDIKayito HeNiHIUHO20 WYMY Ma NOPIGHAHHS
Memodis 1ioeo ycyuwenus. Ha oanux wecmu nokomomusis suseneno 280 noditi 3anpasku ma
KAacughikosano wym noHao 27 mucsay ce2mMenmis, 0e nepesadcae Koiboposuti uwiym. 3anpono-
HOBAHO (POPMANI308aAHULL NOKASHUK 008IpU 00 KOJICHOI sussnenoi 3anpasku. llokazano, wo
npupicm GIOHOWEHHS CUSHAN/ WM, 0OUUCTIeHUI HA i301608AHOMY WYMI, He PO3PI3HAE AKICHOT
Ginempayii’ 1 nionawmysanHs nio wiym, momy 0. 6NpoBAONCEHH NPUOAMHI quule Qitbmp
KOB3H020 cepednbozo ma ginemp Kanimana.

Knrouosi cnosa: obpobra uacosux psaoie, yugposa ginempayis cuenany, adanmusHe ougepe-
HYIllOBaHe 3271A0CYB8AHHS, BellBlem—Nopo2osa 00pobKa, pobacmue OYIHIOBAHHS, OemeKyis

nooit, kiacughikayis uymy, 8i0HOULEHHS CUSHAL/ULYM.

ITocTanoBKa npodeMu. MaHEBPOBi JIOKOMOTHBH € KIIFOYOBUM €JIEMEHTOM IPOMUCIIO-
BUX 3aJII3HUYHUX BY3JIiB, 1 TOUHHI OOJIIK BUTPAT 1 3alIpaBOK MajJMBa JI03BOJISIE OL[IHIOBATH pe-
JIbHY BUTpaTy Ta (POpMYBaTH JOCTOBIPHY 3BiTHICTh. CydacHi CUCTEMH TEJIEMETPUUYHOTO MO-
HITOPUHTY 374aTHI (iKCyBaTH piBEHb MNAJIMBAa, WIBUAKICTb PyXy Ta MOTY)XHICTh JU3EIb—
TeHepaTOPHOI YCTAaHOBKH 3 BHUCOKOIO MEPIOJUYHICTIO, III0 B MaciITabax BiJ KUIBKOX MICSIIIB
JI0 IBOX 3 TIOJIOBUHOIO POKIB €KCILTyaTallii 1a€ MacUBU 00CATOM Y KUJTbKa MUTbHOHIB BUMIPIO-
BaHb Ha KOXKEH 00'€KT CIIOCTEPE)KEHHS.

Pa3zom 3 TuM, 3pocTaHHs 00CATy JaHUX HE CYNPOBOUKYETHCS aBTOMATUYHUM 3pPOCTaH-
HAM iX sikocTi. [loka3zaHHs JaTYMKIB PiBHS NaJIMBA MICTATh 3HAYHY IIYMOBY CKJIaJIOBY, a Te-
JEeMETPUYHHUN MOTIK NEPEepPUBAETHCS PO3PUBAMHU 3B'SI3KY PI3HOT TPUBAJIOCTI — BiJl KOPOTKHX,
TPUBAJICTIO KUIbKA XBUJIMH, 10 TPUBAIUX T1ay3, 10 B OKPEMHX BUIAJKaX JOCSATAIOTH KUTBKOX
MicsIiB. Yce 1ie pa3oM YCKJIAIHIOE SK MpsiME 3aCTOCYBaHHS CTaHAAPTHUX CTATUCTHYHUX Me-
TOJIIB 10 HEOOPOOJIEHOTO PsIly, TaK 1 aBTOMATUYHE BUSBJICHHS MOJIM, 1110 MalOTh MPAaKTUYHE
3HAa4YEeHHs, 30KpeMa 3arpaBoK MaJIbHOTO.

[ToniepeHi 1ociiKeHHs aBTOPIB pO3B'I3yBaIH 111 3a/1a4i MOETAHO, KOXKHa pobdoTa — Ha
BiacHii BuOipii. CrioyaTKy 0ys10 3alIpOIOHOBAHO aJTOPUTM CEIMEHTAIlli JaHUX Ha OJTHOPIHI
3a pexxuMoM pobotu AutsHKH [1]. Jami — anroputM qudepeHiiiioBaHoro afanTHBHOTO 3Tiia-
JOKYBaHHS 3 JIETEKIII€I0 3apaBokK [2], 110 103BOJISIE OYUCTUTH CUTHAJ 1 BUSHAYUTU OOCAT 3a-
JMTOTO MajuBa 0e3 COTBOPEHHs PpOHTY migiioMy piBHSA. OKpeMo 3aporOHOBAaHO METOTUKY
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kiacudikamii myMmy 3a CeKTpajJbHUM 1 CTATUCTUYHUM TUTIOM [3]; 11 3MICT AeTanbHiIIe po3r-
JSTHYTO B HACTYITHOMY PO3ILIi.

YcknamaHioe 00poOKy 1 XapaKTep caMoro mymy: 3a pe3yibTaraMu [3] uryMm piBHS maiu-
Ba MMEPEBAKHO € KOJIbOPOBUM, a HE OUTUM, TOOTO WOTO CYCIHI BiJUTIKA CTATHCTHUYHO 3aJICXKHI.
TomMy mpocTi MOPOTroOBi MpaBwiia UM 3TIAKyBaHHS 3 (PiKCOBaHMM BIKHOM, e(heKTHBHI ISl Oi-
JIOTO IIYMY, MOXKYTb CHHOTBOPIOBATH KOPUCHUN CUTHAJI.

[IpakTryHe 3acTOCYBaHHS IIMX TPbOX METOJMK Ha HOBIH, MIMpIIii BHOIpLI JTaHUX BU-
SIBUJIO TIOTPeOy B TPHOX JI0ATKOBUX Kpokax. [lo—mepiie, okpeMi METOIMKH BapToO 00'€AHATH
B €IMHUH BIATBOPIOBAaHMN MPOTpaMHUN KOHBEEp 0OpOOKH, a HE 3aCTOCOBYBATH MOCIIIOBHO
SK He3aJeXH1 1HCTpyMeHTH. [lo—npyre, A OIIHKK HaIIHHOCTI IETEeKIil 3anpaBOK Ha BEJIU-
Kiif BHOip1i, e pyyHa BepudiKallis KOXKHOT MOAI1 € MPaKTHYHO HEMOXIINBOIO, TOTPiOeH (op-
MaJTi30BaHU, 0OYUCITIOBaHUI TTOKa3HUK JT0BipHU. [lo—TpeTe, came mUTaHHS YCYHEHHS IIyMY —
T0OTO BHOIp KOHKPETHOTO MeToay (inbTpamii A MpakKTUYHOTO 3aCTOCYBaHHSA — JOCI HE
OTPUMAJIO KIJIBKICHOTO OOTPYHTYBAaHHS: MOIEpeaHi poboTu oOMexyBanucs Kiacu(ikaiier
[IyMy, HE MOPIBHIOIOYH e()EeKTUBHICTh METO/IB Horo ycyHeHHs. s pobora mpucssiueHa pos-
B'SI3aHHIO CaMe IMX TPhOX 3aBIaHb.

AHaJi3 ocTaHHIX JocaizkeHb i myOaikaunii. AnroputM cermenrtanii ganux [1], kpu-
Tepii SIKOTO HAaBEJEHO B po3AlIi «Matepianu Ta METOIW» U TOPIBHSIHHS 3 3aCTOCOBAHUM
TYT MiXOJOM, MTOKa3aB BUCOKY BIATOBIAHICTh PYYHIN Bi3yasbHIH cerMeHTamii uis cTabinab-
HUX 1 CITAJJHUX CETMEHTIB; 3a OILIHKO aBTOPIB [ 1], Oym3pK0 5% cerMeHTiB MOKYTh OyTH Ki1a-
cu(ikoBaH1 TOMUJIKOBO U€pe3 pi3Ki aHOMaTii, HE YCYHEH1 Ha eTarll mornepeaHboi 00poOKH.

Anroput™ [2] momae ounIeHHs BiJl aHOMaJIii Ta JETEKIII0 3apaBokK 3a AudepeHiriiio-
BaHUM QJalTUBHUM 3IJIQ/DKYBaHHSM, JETATbHO OMHMCAaHUM Yy po3zaini «Marepianu ta MeTo-
T, Ha BHOIpIIl M'ATH TOKOMOTHUBIB (0113bK0 0,5 MITH. TOYOK) 11€ 3a0€3Meunsio OBHY BIIO-
BIJIHICTh PY4YHIM mepeBipii Ais BciX 43 BUSBICHMX 3allpaBOK; YacTKa IMPOIYIIEHUX MOJIN
y [2] He omiHIOBaNACK.

Mertoauka knacugikauii mymy [3] BU3HauUae mIyM K 3aJIMLIOK JIHIAHOI anpokcumarii
CerMEHTa i Ha OCHOBI OTO CTATUCTHUYHUX Ta CHEKTPAILHUX O3HAK BiTHOCHUTH CETMEHT 0 OJ-
HOTO 3 THUMIB 3a JABOMa IIKaJaMH — CIEKTPajIbHOIO (OUIMI/KOIBbOPOBUIT) 1 CTATUCTUUHOIO
(rayciBchbKU/Ipei(poBUI/IMITYIBCHUN ); TOBHUI NEpEIiK KPUTEPIiB HAaBEJEHO B po3ail «Ma-
Tepiaau Ta MeToan» (Tadm. 1).

HesBaxaroun Ha 1€, aqropuTMu cepii MOOyIOBaHI TMOCTIJOBHO — JETEKIIA
3anpaBoK [2] cnupaeThcs Ha cerMeHTarlito [1], a kinacudikaiis uyMmy BiiOyBaeTbcs Ha 3alH-
ITKaxX anmpoOKCHUMAIlll CETMEHTIB, — MPOTE KOXKHY 3 TPhOX poOIT ampoOOBaHO OKPEMO, Ha BIia-
CHil BHOIpII ¥ 3 BJaCHUMH NapaMeTpamH, TOMY HAacKpi3Ha poOOTa BCIX aJTOPUTMIB K €U-
HOTO KOHBE€pa Ha CIIJIbHUX JaHUX HE MepeBipsuiach, a MeToAuKa kinacudikamii mymy [3] He
CYIPOBOJIKYBAJIACh OIIHKOIO €(PEeKTUBHOCTI METO/IB HOro ycyHeHHs. Lle BU3Havae akTyaib-
HICTh 00'€/IHaHHS HAMpPAIIOBaHb B €JIMHY METOJIOJIOTII0, anpobarris sIKkoi Ha MUPIIii BUOIpII
JAaHUX 1 CTAHOBUTH MPEAMET IILOTO JociiKeHHs. L[s1 po6oTa HE MOBTOPIOE pe3yabTaTH MO e-
pPEIHIX Ha HOBUX JAaHUX, a MEepeBipse, K 3MIHIOIOTHCS iXHI BUCHOBKH MPU HACKPI3ZHOMY BH-

KOHaHHI aJITOPUTMIB y CIIUJTBHOMY KOHBEEDI.
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PoboTtu cepii BuUKOHaHi Ha pi3HUX BUOiIpKax. Y 1iil poOOTI BUKOPHCTAHO OKpeMy BUOIp-
Ky IIECTH JIOKOMOTHBIB i3 280 mozisimu 3anpaBku npoTH 43 y [2], TOMy KUIbKICHI TOKa3HUKH
pi3HUX pOOIT cepii He € MPSMO NOPIBHIHHUMU.

Mera nociigxenns. MeTow JOCTIKEHHS € po3po0Ka Ta eKCIIepUMEHTalIbHA arpoda-
i KOMITJIEKCHOT METOJO0JIOTii OOpOOKH TEIEMETPUYHUX JaHWUX PIBHS MajHBa MaHEBPOBHUX
JIOKOMOTHBIB, sika 00'€JHye CerMeHTallito, AudepeHiiiioBaHe 3IIIaPKyBaHHs, ACTEKIIIO 3a-
NPaBOK, KJIacu(ikallio HETIHIHHOTO IIyMYy Ta KUIbKICHE MOPIBHAHHS METOMAIB HOTO YCYHEHHS
B €IMHUH BIATBOPIOBAaHUN KOHBEEP 0OPOOKH 3 HE3aJICKHOI KOHTPOJIHHOIO Baigalliero 3a Oa-
JAHCOBOIO MOJICIITIO BUTPATH MAJINBA.

Jist JOCSITHEHHSI METH MTOCTABJICHO TaKi 3aBJaHHS:

e 0o0'eqHAaTH aNTOPUTMH cerMeHTanii [1], nudepeniiiioBaHoro 3riapKyBaHHsS Ta JeTe-
K1ii 3anpaBok [2] 1 knacudikanii mrymy [3] B eAMHMI TPOrpaMHUN KOHBEEP 0OPOOKH JaHHX;

® 3aIpPONOHYBaTH (OpMaIi30BaHUN, OOUUCIIIOBAHUI MMOKA3HUK JOBIPH 0 KOXKHOI BH-
SIBJICHOT MOJIi1 3aIIPaBKH, 3aCTOCOBHHM /10 BUOIPKH TaKOTO pO3Mipy, IS SIKOTO pydHa Bepudi-
KaIlist KOXKHOT IMO/i1 € TPaKTHYHO HEMOXKIIUBOIO;

® PO3MMPHUTH METOAMKY Kiacudikamii mymy [3] 1o piBHSA MOBHOI BUOIPKH CEIMEHTIB 1
OTpUMATH y3arajlbHeHi CTATUCTHYHI XapaKTePUCTUKH LIyMY MO BCii BUOIpIIl TOKOMOTHBIB;

® BUKOHATU KUIbKICHE MOPIBHSAHHS YOTHPHOX METOJIB YCYHEHHs IIyMY — KOB3HOT'O
cepennboro, ¢pinprpa Kanmana, BeiiBneT—moporoBoi o0poOku Ta riopuaHoro Gpiibrpa (BewB-
JIET-TIOPOTYBaHHS 3aMuIIKy GinbTpa Kaamana) — 3a MpuUpoCTOM BiHOIICHHS CUTHAJ/IIYM;

® BHUKOHATH HE3aJEKHY BaJllJAIllI0 KOHBEEPA 3a JIOMIOMOTOK KOHTPOJIBHOT OallaHCOBOi
MO/IeJi HOTOJJUHHOT BUTPATH NaJluBa;

® 33JOKyMEHTYBaTH OOMEXEHHS, 3yMOBIIEH] SKICTIO BUXITHHX JNAaHUX, Ta IXHIA MOXK-
JIMBUM BIUIMB Ha JOCTOBIPHICTh OTPUMAHUX PE3YJbTaTIB.

BukianeHHsi 0CHOBHOTO mMaTepiany a0c/i:KeHHs. 3arajbHa CTPYKTypa 3amporioHo-
BaHOT'O KOHBEEpAa OOpOOKM JaHUX, 10 O0'€HY€e BCI €Talyd METOAOJOTii — BiJ BUIAJICHHS
aHOMaJIiil y HeoOpoOJIEeHOMY CUTHAMII 10 (POpMYBaHHS 3BEIEHUX PE3y/bTaTiB, — HaBEJCHA Ha
pucyHky 1. ITapanenpHi riaku knacudikamii mryMmy Ta MOpiBHAHHS METOAIB (PuIbTpalii BUKO-
HYIOTbCSI HE3aJIe)KHO OJHA B1Jl OJHOI MICJIs 3aBEpIICHHS AU(PEPEeHIIHOBAaHOIO 3T/ )KyBaHHS,
OCKUIbKM OOHM/IBl CIUPAIOTHCS HAa TOM caMUil 130JIbOBAaHUM IIIyM, ajieé HE BIUIMBAIOTh OJIHA HA
OJIHY.

JlocmikeHHsT BUKOHAHO Ha TEJIEMETPUYHHUX JaHWX MIECTH MAaHEBPOBUX JIOKOMOTHBIB,
no3HaueHux gami sk Ne 1 — Ne 6, 3 6a30BUM KpOKOM JUCKpETH3allii, OJIM3bKUM 10 OAHIET XBHU-
auHH. KokeH 3amuc MICTUTh YacoBY MITKY, pIBEHb MajuBa B 0aKy, MIBUAKICTh PyXy Ta MOTY-
KHICTh JU3EIb—TEeHEpPaTOPHOI ycTaHOBKH. OOpOOKY peaizoBaHO y BUTIISII €UHOTO MPOTpa-
MHOTO KOHBEEPA, 10 MOCIIIIOBHO BUKOHYE BHIAJICHHS] aHOMAJTii, IETEKITII0 3alpaBoK, cerMme-
HTAaIllo, KiIacudikallio IMyMy 3a CerMEeHTaMu, AuQepeHIiioBaHe 3I1a)KyBaHHS Ta IMOPiB-

HSIHHSL METOJIB (iIbTpallii.
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Mo4atok
HeoBpobneHi TENEMETPHUHI BaHi

_ -
CermeHTauia 4yacoeoro pagy
Z-0UjHKA, CyMa aBbCoMTHMX 3MiH [1]

v

BuganeHHA aHOManin
a34anTMEH M NOpIr 33 NoKaABHMM O [2]

v

DeTteKuia nogiii 3anpaeku
NOXigHa pIBHA, NOPOrK, 3AKTTA KaH 4uaatie [2]
+ 0DUMCNEHH A NOKA3HMKA ,II,DEIipIA

v

OudepeHuiiioBaHe aganTUEHE 3rNaAKYEaHHSA
3MIHHA WMPKWHE BikKHa 33 pexumon [2]

v
v v

Knacudikauia wymy 3a cermeHTamm MopieHAHHA MeTogiB YCYHEHHSA WWYMY
sanmwekmn MHE, ctatmctiem, KOB3HE cepedHe [ GpinbTp KanmaHa /
TECTH HOPMAABHOCTI A cTawioH apHocTi [3] BerBAeT-noporoea obpobka
—> CNEKTPaABHMWEA [ CTATMCTMUHMIA TMN -> npwpict SNR, 6

v v
v

DopmyBaHHA 3BefeHUX pe3ynbTaTie
no suBipLi NOKOMOTHBIB
+ NepesipKa AKOCTI BXiOH WX JaHWX

v

KiHeub
pesvasTath 08000KK Ta KAackbikawii —

Pucynok 1 — UML—giarpama aisibHOCTI alrOpUTMY KOMILJIEKCHOTI 00pOOKH
TEJIEMETPUIHUX JTAHUX

CermeHTanisi 4acoBoro psiy. 3aBJaHHs €Tany — BUIUINTH OJHOPIAHI AUISTHKU PEeXU-
My poOOTH: CTOSIHKH, PyXY Ta 3alpaBKH. ¥ MeTo uMi [1] Mexi TakuxX TUISHOK BU3HAYaIOThCS
CTaTUCTUYHO: TONEPEHbO 3IJIaKEHUI CUTHAJI JITUThCSA Ha MEPEeKpUBAarOyl BIKHA, JJIS SKHX
00YHCITIOETHCS Z—OLIHKA 3HAUYIIOCTI TIepeX0oay MK CYCIIHIMU BiKHaMU:

7 = Ly = il (1)

E 5[
ne Z; — OlliHKa 3HAYyNIOCTi Mepexoay MiXk BiKHaMU | Ta i+1; p., ;. — CepeaHi MPUPOCTH Pi-
BHI [IAJIMBA Y BiKHAX I Ta i+1; &, — JloKajbHe CTaHAapTHE BiIXWICHHS Y BiKHI I.

JlonaTKoOBO ISl KOXKHOI MOTEHIIMHOT MeKi 0OYUCITIOEThCS CyMa aOCOTIOTHUX 3MiH Ja-
HUX:

_ wi-1
C= Ek=i|xk+1 — x| (2)
ne C — cymapHa 3MiHa JaHHUX 32 MOJYJIEM MK TOYKaMHu | Ta |; x, — 3Ha4CHHs PiBHs MaluBa y
Tourr K.

VY it poOOTI MEXi CETMEHTIB BU3HAYAIOTHCS HE 3a [IUMHU MOPOTOBUMH BEIMYMHAMH, a
3a 3MIHOIO PEKUMY JJOKOMOTHBA: KOXKHIN TOYII PSAAY TPUCBOIOETHCSA OJIUH 13 TPHOX THITIB —
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CTOSIHKA, pyX (akTMBHA MOTYXHIcTh ToHan 0,1 kBT) abo 3ampaBka — a MeXaMU CETMEHTIB
CTalOTh TOYKHU 3MIHU IIbOTO TUITY. P&XXUM pyXy BU3HAUAETHCS 32 aKTUBHOIO MOTYXKHICTIO, a HE
3a MBUAKICTIO, TOOTO BimoOpakae poOOTy AM3eTb—TEHEPAaTOPHOI YCTAHOBKM IIiJ| HaBaHTa-
JKCHHSM; IHTEPBaJIM BHSBICHUX 3alPAaBOK MAIOTh IPIOPUTET HAJ PEKUMOM, IIPHCBOEHUM 3a
notyxHictio. [Toporosi Bennunnu (1) i (2) 3anpomnonoBano B [1]; Tyr BOoHM HaBeneHi A 110-
piBHSAHHS TinxoziB. KojkeH BUIIIEHUI CETMEHT anpOKCUMYETHCS JTIHIHHOIO 3aJIeKHICTIO PiB-
Hsl MTAJIMBA BiJl 4acy 3 KOoeilieHTOM Haxuity K., [0 BU3HAYAE THIT TPCHIY CErMEHTA.

CycigHi CETMEHTH CTOSIHKH, PO3JIIJICHI YacOBUM IHTEpBaoM He Ourbmie 10 XBUIHH,
00'eTHYIOTBCS, IO 3MEHIIYE HaaMipHY (hparMeHTaunito naHux; nopir 10 XBuiuH oOpaHo 3a
pe3yJbTaTaMi KOHTPOJIBHOI Baiallii BiHOBICHHS PiBHS Ha I'STH 3HAYEHHSX IMOPOTa, SKa
noKasajia IpUHHATHY TOYHICTH BiIHOBIEHHS AJisi po3puBiB 10 10 xBunmH. Kpim Toro, cerme-
HTH KOPOTIII 32 IIICTh BIJUTIKiB IPUEIHYIOTHCS 10 TIONEPEAHBOTO, OKPIM CETMEHTIB 3alPaBKH.

NudepenniiioBane aganTuBHe 3riagxyBaHHs. [licns cermeHTamii Ta BWIAJICHHS
aHOMAJTi{ 3a aJJalTHBHUM TIOPOTOM 32 METOAMKOIO [2] A0 OYHUIIEHOTO CUTHATY 3aCTOCOBYETh-
cs qudepenniioBane 3r1aHKyBaHHs TayCOBUM (LIHTPOM 31 3MIHHOIO IIUPUHOIO BikHA. ba3zo-
Ba [IMPUHA BIKHA OOYUCIIOETHCS y 1Ba Kpoku. Criepiry BU3HAYAETHCS POMIDKHA IIMPHHA 32

CCPCAHBOIO IHBI/IIIKiCTIO JIOKOMOTHBA:

W, = clip(60 + 120-=,41,301) 3)

H

ne W, — 6a3oBa mupHHA BiKHA 3IJ1aJUKYBaHHs, y BIIUIIKAX; ¥ CepeaHs MBUAKICTh JOKO-

MOTHBA 34 BCCb Hepion CIIOCTEPECIKCHHS; 17, — HOPpMYBaJIbHa H_IBI/I)IKiCTB, 3HAUYCHHS SKOi Ha-

BeJleHO HIk4e; clip(x, xmin, Xxmax) — OoOMeXEHHs 3HAUCHHSI X J[1alla30HOM.

Ha npyromy kpomi oTpumaHa myupruHa MHOXHUTHCS Ha KOE(ILIEHT, 1110 3aJI€KUTh BiJl Ce-
pPeIHBOTO PIBHS MaJIMBa BIJHOCHO HOMIHAJIBHOI €MHOCTI 0aka, 13 MOBTOPHUM OOMEXKEHHSIM
TUM caMuM JiamazoHoM 41-301 BiIiK: MM MOBHIMMKA Oak, TUM mUpIIe BikHO. Hinkue mif
0a30BOI0 IIMPUHOIO BIKHA PO3YMIETHCS PE3YyIbTAT LILOIO APYroro Kpoky. Uucinosi koedilieH-
1 60 1 120, HopMmyBasibHa WBKUAKICTE 70 KM/Toz1 Ta Mexi oomexxenHsa 41-301 BiaiKiB mepe-
HeceHo 3 [2] 6e3 3MiH, 00 pe3ynbTaTu IOro AOCIIIKEHHS OyJIM MOPIBHSHHI 3 MONEpeaH1-
Mu. [l AUISHOK pyXy LIMPHUHA BIKHA BCTAHOBIIOETHCS BTPUUl OUIBIIONO 32 6a30By, A I115-
HOK CTOSIHKM — y 1,5 pa3u Ouib1I010, 1110 3a0e3neduye MakCUMallbHe pUIyLIeHHs BiOparii-
HOTO IIyMy TaM, Jie TouHa (hopMa CUTHaLy HE Mae caMOCTIHHOTO 3HaYeHHs. HatoMmicTh y Me-
’Kax KOXHOI 3ampaBKM IIUPUHA BIKHA MIHIMI3yeTbc W OOMEXKYETbCS BY3bKUM
niarma3zoHoM 3—11 BiTiKiB; KOHKpETHE 3HAYEHHS B IIMX MEXaX 3aJICKUTh B1J] JIOKAJTHLHOTO Pi-
BHsI mayimBa Ta MBUAKOCTI. Ile mo3Bomsie 30epertu pi3kicTh (POHTY MiTHOMY PIBHS 1 TOYHO
BHU3HAUUTHU OOCST 3aJIUTOTO MajanBa.

Jerexuisi moaiii 3anpaBku Ta ¢gopmanizoBana ouinka aosipu. Kannunaru Ha 3anpa-
BKY BUJUISIIOTHCS 33 CTIMKUM 3pOCTaHHSM 3IJIaJPKEHOT MOXIAHOI PIBHS MaJIMBa, SIKE MEePEBU-
IIy€ aJIallTUBHUHN TOPIT, MPOMOPIIHHIKA JTOKAIBHOMY PO3KHIY MOX1AHOT, IMBUIKOCTI Ta MOTY-
HOCTI1, 3 OOMEKEHHSIM Ha MIHIMAJIbHUNU OOCST MiTHOMY; KaHIAUIATH Majoro o0cATy JoaaT-
KOBO BIJICIIOIOTBCS 32 HAsBHICTIO O3HAK PYXY B IIEHTPAJIbHIM TOUIll IHTEPBAITY, TOJII SIK ITiTHO-
MU BEJIMKOTro 00cATy 30epiraloThCsi HE3aJICKHO Bif Ii€i O3HAKHW; CYCITHI y Yaci KaHAWUIATH
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00'eTHYIOThCS B OJHY moAiro. Ha BigqMiHy Bix MeToauKH [2], 1€ HaAIHICTh HeTeKIil maTBep-
JDKEHa py4YHOIO BepH(ikali€ro Ha MOPIBHIHO HEBEIHUKiN BUOIpIi 3 43 moaiil Ha M'ATH JIOKOMO-
THBAX, y I[il po0OOTi, 3BAKA0UN HA CYTTEBO OUTBIIHI 00CAT BHOIpKHU, 3aPOIIOHOBAHO (hopma-
T30BaHUN, OOUMCIIIOBAHUH MTOKA3HUK JOBIPH JJIs1 KOKHOT OKpeMOi MmoIii:

Jogipa = (wlﬁz + w,M + wy J'[c:r|EIIJ = 5‘1) + wl(o, .. < 6, )) Ko 4)
ne R* — koediuieHT neTepMiHanii TiHiiHOT anpoKcHMallii piBHS MaNHBa MIPOTATOM 3alIPaBKH,

10 XapaKTePHU3ye JHIHHICTh GPOHTY MigiomMy; M — yacTka HeclmaHUX KPOKIB PiBHS MajInuBa

B MEXax 3alpaBKH, 10 XapaKTepU3ye MOHOTOHHICTB; T, 4,

ao0r Tgigng —— JJOKAJIBHC CTAaHAAPTHEC

BIIXWJICHHS PIBHS MajguBa B 15—XBWJIMHHHUX BiKHaX Oe3mocepeaHbO 10 1 MICs 3allpaBKH;
I() — innukaTtopHa QyHKIIis, 10 AOPIBHIOE 1, SKIIO0 YMOBa B Iy>KKaX BUKOHYETbCH, 1 0 B 1H-
momy pasi; &, &, — 1moporosi 3HaUe€HHS CTaOUIBHOCTI PIBHS MajMBa 0 1 MICJs 3alpaBKH;

Ky — mrpaduuii KoedilieHT, 0 3MEHNIYE JOBIPY, AKIIO CEPEAHs IBUIKICTh JJOKOMOTUBA
IPOTATOM 3alpaBKH MEPEBHIIYE JOMYCTHME 3HAYCHHS; W, — W, — BaroBi KoedimieHTH
CKJIAJIOBUX NOBipH, w; + w, + wy + wy, = 1

VY 1poMy 1oCHiKeHHI BUKOPUCTaHO 3HaueHHs wy = 0,4; w, = 0,3; wy =0,2; w, = 0,1;

8, =5m 8, =8 1 K,y = 0,5 32 cepeiHbOi INBUAKOCTI MOHAJ, 1 KM/TOJ] TPOTATOM 3alpaBKHy,
inakme K. = 1. Bubip BaroBux koe(inieHTiB Bi0Opaxae BiIHOCHY BaXIIMBICTh JiHIHHOCTI

GpoHTY miiioMy SIK HAWCHIIBHILIOI O3HAKH CITPABKHBOI 3aIIPaBKH MOPIBHAHO 31 CTaOUIBHICTIO
piBHA 110 1 micast nonii. HaBeneHi Barosi koegillieHTH Ta MOPOroBi 3HAUEHHS 3aJJaHO alpiOpHO
i Ha 1iif BUOIpI He KaliOpyBaIlCh, TOMY aOCOJIOTHE 3HAYEHHs JOBIPH CIIiJ TPAKTYBaTH SIK
BITHOCHY MIpy /Ul paH)XyBaHHs IOJIH, a He K KaniOpoBaHy iimMoBipHicTh. KaniOpyBaHHs
IIUX MapaMeTpiB 32 KOHTPOJBHOIO MiIBUOIPKOIO BepHDikallii BUZHAUEHO SIK OKPEMUH HampsMm
MOJAJIBIIOI POOOTH. €MHICTh 6aka MPUMHATO OAHAKOBOIO JJIsl BCIX JJOKOMOTHBIB BHOIPKH i
piBHOIO HOMiHaNBHINA eMHOCTI 6000 1, OCKIIBKH MapK CKIAJAEThCA 3 JIOKOMOTHUBIB OJHOTO
TUIY; IHIUBIAYyaJbHOI MAaCHOPTHOT €EMHOCTI 32 KOKHUM JIOKOMOTHBOM y HAasBHUX JIaHUX HE
OyI0. 3anmpaBKH JOAATKOBO KJIACU(]IKYIOTECS 3a THIIOM 3a YMOBHMMHU MEXaMH, MPUHHITUMHU
JUIS TiJIeH 3BITHOCTI: TIOBHA — PIBEHbB MICHs 3alpaBKu HEe HIDKYE 85% HOMIHAIBHOI €EMHOCTI;
no3arpaBka — oOcsr MeHIe 15% HOMIHAIBbHOI EMHOCTI; YaCTKOBA — B 1HIIUX BHUIAJKaX.
Kaacudikanisi HeJqiHIHHOIO mymy 3a cermeHTamMu. i1 KO)KHOTO CETMEHTA PEXKUMY
pyxy abo CTOSIHKM, OTPUMAHOTO Ha €Tami CerMeHTallii, 3a Ti€l0 caMoIo JIIHIHHOI MOJEIIIIO
BUKOHYEThCS OKpeMa JIiHIlfHa alpOKCHUMaIlisi METOJIOM HallMEHIIMX KBaJpaTiB y Meax cer-
MEHTA, a 3aJIUILIKHU 1€l apoKCUMallii po3risiIaloThCs K IIYM IIbOI'O CErMEHTa:
riz}ri_[&—i_i;'ti) (%)

1€ ; — 3aJUIIOK anpoKcHuMarlii, TOOTo mIyM, y Todli I; ¥, — (akTU4HUI piBeHb ManuBa y

touni i; & b — oninku KoedimieHTiB JiHIAHOI perpecii (OIiHEHI OKPEMO JUIsS KOXKHOIO CeT-

MEHTa); t; — 4acoBa MiTKa TOYKH I.
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Jnis oTpuMaHoro Habopy 3aIHIIKIB OOYUCIIOIOTHCS OMHMCOBI CTATUCTHKH — CEPEIHE,
CTaHJApTHE BiAXWICHHS, a TAKOXX BHOIPKOBI Koe(illiEHTH acUMETpii Ta eKcIiecy sIKk HOpMOBa-
Hi TPETIiii Ta YeTBEPTHIA HEHTPATIbHI MOMEHTH PO3MOILUTY 3aJUIIKIB Y MEXKaX CeTMEHTA.

JlonaTkoBO OOYHCITIOETHCS aBTOKOPEIISLIS 13 3CyBOM | Ta CHEKTpalbHUN HAXHI 32 Me-
tonoMm Benua [4] sk xoedimieHT HaxwmTy JiHIIHHOI perpecii, OLIHEHOI METOJJOM HAaHMEHIINX
KBaJpaTiB y JorapudMIYHMX KOOpAHMHATAX <«JIOTapu(pM CHEKTPaIbHOI  LIUIBHOCTI
HOTYXKHOCTI — Jtorapudm gactotu». i mepeBipku HOPMAIBHOCTI PO3MOALTY 3AJIMIIKIB 3a-
cTocoBYIOThCS TecTH AHnepcona—/lapninra [9] ta KonmoropoBa—CwmipHOBa, /Ui mepeBipku
crarfionapHocti — posmmpenuit Tect iki—Dymiepa [7] ta Tect KsatkoBchkoro—dimminca—
[Imigra—Illuna [8].

[ToporoBi 3Ha4YeHHs, BUKOPUCTAHI Ui PO3MEKYBAHHS ITITHITIB CIIEKTPAILHOTO LIyMY
Ta JJIS BITHECEHHS CETMEHTa JI0 Jpei()OBOTO UM IMITYJIbCHOTO CTATHCTUYHOTO THITY, MifiOpa-
Hi EMIIIPUYHO Ha OCHOBI MONEPEAHBOTO AOCIIPKEHHS [3] 1 He migmaBaiucs OKpeMoMy Kaiio-
pyBaHHIO Ha BHOIpmi 1€l poboTu. Lle cBimoMe METOM0JIOTiUHE PIICHHS: 3aCTOCYBAaHHS THX
caMUX IOPOTiB, 0 ¥ y monepeaHii myosikalii, J03B0JIs€ TOPIBHIOBATH OTPHMAaHI PO3ITOILTH
3 pe3ynbTaramu [3] 6e3 10AaTKOBOTO JHKepena po30iKHOCTI, TOB'SI3aHOTO 31 3MIHOKO KPUTEPi-
iB knacudikamii. Hachigku nporo pimeHHsS A pO3MOJUTY CTATUCTHYHUX THITB ITyMYy PO3T-
JSTHYTO B PO3ALITI pe3ysIbTaTiB.

Ha ocHOBI oTprMaHNX 03HaK KOKEH CETMEHT KJIACU(IKyeThCSl OJHOYACHO 32 ABOMA He-
3aJISKHUMH [IKAJIAMU:

Ta6mums 1
Kpurepii knacudikaii mrymy 3a cerMeHTaMu

Hlkana Tun Kpurepiit

Posznoain HopmanbHuUM, cepeiHe OIM3bKe 0 HY-

CnektpanbHa | binuit .
JIs1, HAXWJ CTIEKTpa OU3bKUHN 10 HYJIS

. ) Haxun cnekrpa CyTTeBO BIAMIHHMM Bia HYIIS,
CnekrpanbHa | Konboposuid, 3 maTunamu | .
MIATUI BU3HAYAETHCS BETMUMHOIO HAXUITY

Po3noain 3aiuiKkiB HE BIIXHUIAETHCS 3HAUYIIE

Cratuctuyna | ['ayciBcbkuit .
B1Jl HOPMAJIBHOT'O

3Hauylui HOPMOBAHUM KOE)IIIEHT HAXMIy pe-

Craructuuna | [peiidoBuii o . .
TrpeciitHOT KPUBOI 3aJTUIIIKIB HA Yac

HasBHicTp cTpuOKa, IO CYTTEBO MEPEBUINYE

Craructnuna | IMmynscHMi .
CTaHJApTHE BIAXUIICHHS

JloBxuHa cermMeHTa MeHIa 3a 20 TOYOK — cer-
MEHT B3araji He JIOMyCKAa€eThCs 10 Kiacudikarii;
OO6uaBi mika- ) JIOBXWHA MEHIIa 3a 32 TOYKH ab0 HYJIBOBHU PO-

He knacudikoBano . .
by 3KH]I 3IMIIKIB — OIIiHKA CIIEKTPAIBHOTO HaXH-

Jy HEeHajiiiHa, TOMY CIEKTpaJbHUIA TUI HE BU-

3HA4Ya€EThCA

IlopiBHsAHHS MeTOAIB YyCyHeHHs1 IIyMYy. [IopiBHIOIOTBCS YOTUPH METOJIH, 3aCTOCOBaH1
JI0 130JIbOBAHOTO HIYMY — PI3HUIII OYHUIIEHOTO CUTHAY Ta aIallTUBHO 3IIAJKEHOTO TPEHAY.
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L5 pi3Hums 3a moOy1OBOIO HE MICTHTh CTPUOKIB 3alpaBOK, OCKUIBKA BOHHU BXKE BPaxoOBaHI
nuQepeHiioBaHUM 3TIIaKyBaHHSIM.

[Nepmii MmeTo1 — (GITBTP KOB3HOTO CEPEAHBOTO 3 (PIKCOBAHUM BIKHOM IIUPHHOIO Wi,
mo ycepenaaioe Wy, CyCiTHIX BIIJIIKIB 130JIbOBAHOTO MIyMY; y mboMy mociimxerai Wy, = 15
BIJUTIKIB, 1110 32 KPOKY JUCKpPETH3allil OJM3bKO OJIHIET XBUJIMHU BiANOBiIa€E BiKHY OJIU3bKO 15
XBUJIMH — Till caMiii BETUYHHI, 10 ¥ BiKHA OILIHKU CTaOUTLHOCTI PIiBHSI JIO 1 MICIIs 3apaBKH;
OKpeMOoro midopy i€l HMpUHH 32 KPUTEPIEM SKOCTI (DiIbTpallil He BUKOHYBAJIOCh.

Hpyruit meton — ogHoBuMipHuil ¢ineTp Kanmana [6] 3 Mozmemiio BUNagKoBOro Oiy-
KaHHS IPUXOBAHOTO CTaHy, MPOTHO3 1 OHOBJICHHS SIKOT'O BUKOHYIOTHCS 32 KAHOHIYHUMH PiB-
HSHHAMH (iTIbTpa 3 TUCTIEPCI€I0 MPOLECY 07, Ta JUCTIEPCI€I0 BUMIPIOBAIILHOTO IIYMY 0%,

Jlucriepcisi BUMipIOBAJILHOTO IIYMY G%; OLIHIOETHCSI pOOACTHO — SIK KBaJpaT MeIiaHHO-
ro aOCOJIOTHOTO BiAXHMJICHHS MPHPOCTIB 130JIbOBAHOTO LIYMY, HOPMOBAHOTO KoedimieHTOM
0,6745, mo Ha BiAMIHY BiJ 3BUYAifHOI BUOIPKOBOI AUCTIEPCIi HEUYTIMBE A0 MOOJUHOKHX 3a-
JUIIKOBUX BUKHUJIB; AUCHEPCis MPOLECY MPUUMaEThes K 62, = max(0,01-0%;, 107°), ne Hik-
Hs1 BiJICiUKa 3armo0irae BUPOPKEHHIO (iIbTpa Ha CETMEHTAX 13 MaIUM PO3KHIOM mymy. CriB-
BITHOIICHHS G6%,/0% = 0,01 3amae MoBiNBHY 3MiHY MPUXOBAHOTO CTAaHY MOPIBHSIHO 3 PIBHEM
BUMIPIOBAJILHOTO IIYyMY; HOTO 3a(ikCOBAaHO OJHAKOBHUM ISl BCIX JIOKOMOTHBIB, 100 MOPiB-
HSIHHSI METOJIIB HE 3aJICKAJIO BiJ 1HAMBIAYAITBHOTO HajamTyBaHHs ¢QinbTpa. Came 3HAYCHHS
0,01 3adikcoBaHo anpiopHO 1 Ha Mii BUOIPII HE KATIOPYBaIOCh; MiA0Ip IILOTO BiAHOMICHHS 3a
KpPUTEPIiEM SKOCTI (DisIbTparlii BU3SHAYCHO SIK OKPEMHIA HAIPSM ITOAAIIBINOI pOOOTH.

Tperiit MeTog — BeliBieT-TIOpOroBa 00OpoOka. [301bOBaHMIT HITyM pO3KIIATA€EThCs Oara-
TOpIBHEBUM JMCKPETHUM IEPETBOPEHHSIM Xaapa Ha OJHY alpOKCHUMYIOUY CKIIaJIOBY HaUTpYy-
6imoro macmTady Ta KiJibka JeTalli3ylouuX CKJIAJOBUX — IO OJIHIA Ha KOKEH PIBEHb PO3K-
JaJIaHHA, KOXKHa 31 cBoiM Macmtabom. Ha kokHOMY piBHI JeTani3yrodi KoediieHTH, abco-
JIOTHA BEJIMYMHA SKUX HE MEPEBUIIYE MTOPOTOBOTO 3HAUCHHS, BBAXKAIOTHCS IIYMOBUMH I 3a-
HYJISIOTHCA, @ Ti, U0 TEPEBUIYIOTh MOPIT, 3MEHIIYIOTHCSI HA HOT0 BEIMYUHY (M'KE MOpOTry-
BaHH#); Jlajll CUTHAJl BIIHOBJIIOETHCS 0OEpHEHUM IepeTBOpeHHsIM. [loporoBe 3HaueHHs IS
KOXKHOTO PiBHA | 00uncItoeThCs 3a yHIBEpCcaIbHUM npaBmiioM Jlonoxo—/[xoHcToHa [5]:

(6)

A, = g, +{/2:InN,
1e A, — moporose 3HaYE€HHs AJIA piBHA |; o, — pobOacTHa OLIHKA CTAHJAPTHOIO B1IXWJIECHHS
JeTani3younx KoedilieHTiB piBHA | uepes MeaianHe abCOMOTHE BiAXMIECHHS; N; — KIJIBKICTb

JeTani3ylounx KoedilieHTiB piBHA 1.

bazuc Xaapa oOpaHO SK HaWIpPOCTINIMI OpPTOroHaNbHHUM 0a3uc, 1o J00pe JoKalizye
CTpUOKONOAI0H] 3MIHM PIBHS NaJIMBa; BUKOPUCTAHO JI0 YOTHPHOX PiBHIB po3kiaaaHHd. [lia-
JMYHE TIEPETBOPEHHS BUMArae JIOBXKHHHU, KPAaTHOI CTETNIEHIO JABIMKH, TOMY Psii 00pi3aeTbes 10
HaWOUIBIIOrO CTeNeHs ABIMKHU, 10 HE MEepEeBUIIYe HOro MOBXKHMHH, a pellTa BIUIKIB y KIHI
3aJIUIIAE€THCS HEOOPOOIEHOI0; HACHIIKUA HOTO PO3IJIIHYTO B PO3/ILI1 pe3yIbTaTiB.

YerBepTuii Meroa — riopuanuii: 1o 3anumky ¢instpa Kanmana, To0TO pi3HHUII 130-
JHOBAHOTO IIYMY Ta KaJMaHIBCHKOi OIIHKH, 3aCTOCOBYETHCS BEUBJIET-TIOPOTrOBa 0OpoOKa B
0a3uci Xaapa 3 moporom JloHoxo—/[>koHCTOHA, ajie 3 TpPhOMa PIBHIMHU PO3KJIAJTaHHS 3aMiCTh
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YOTHPHOX, MICIS YOro BiA(QINBTPOBAHUH 3AJMIIOK AOAAETHCS 10 KaJIMaHIBCbKOI OIIHKH. 3a-
JyM TIOJISITaB y MO€IHAaHHI 3AaTHOCTI (himbTpa KanMana BigcniKOBYBaTH MOBUIBHY CKIIaIOBY
3 JIOKaJIi3aIi€ro cTpuOKiB y BeliBieT—0azuci.

EdexTHBHICTh yCiX YOTUPHOX METO/IIB OLIHIOETHCS €IMHUM ITOKa3HUKOM — IIPHUPOCTOM

BiJTHOIIICHHS CUTHAJI/IIIYM:

ASNR = 10-log,, [‘;—I] 1B ()

Ie T, — JHCIIEPCis 130JIb0BAHOTO MIyMy A0 (BinbTparii; &, — AUCTIepcis 3Ky micas ¢i-

JBTpaIlii, TOOTO IIyM MiHYC BiJ(iIbTpOBaHa OIliHKA.

BaJjinauis 6anancoBoi mojesi BUTpaTu najuBa. HesanexxHo Bij merekiii moaid 00-
YHUCIIIOETHCSA KOHTPOJIbHA OanaHcoBa MOJIEb BUTPATH AJINBa, 3 JBOKOMIIOHEHTHOIO CTPYKTY-
poro: 6a30Ba CKIIaJ0Ba XOJIOCTOrO X0y, TOOTO MATOMA BUTpATa MajvBa 3a OJWHUIIIO Yacy
(71/Tom) 3a BiACYTHOCTI HABaHTa)KEHHS, Ta MapriHajJbHa CKJIAJI0Ba, MPOIOPIIiiiHA aKTUBHIN T10-
Ty)HOCTi. L{fo muTOMy BUTpaTy OI[iHEHO Ha BiJTIKaX i3 MPAKTUYHO HYIHOBOKO aKTHBHOIO IO~
TYXKHICTIO, MapriHajJbHy — Ha BIJUTIKax IiJl HABAaHTAKEHHSIM, 100 YHUKHYTH 3MIIIyBaHHS
pexumiB. OOHMIBI CKJIAI0BI OIIHIOKOTHCS TOTOKO—3BAXXEHUM CIIOCOOOM Yy MeXaX BiAIOBIIHO-
ro PeKUMY Ha aJanTUBHO 3TJIJPKEHOMY CHUTHAJI 3 BHJIYYCHHSM BIKOH HABKOJIO 3alPaBOK i
pi3kux Big'eMHUX CTpUOKiB piBHA. [loTOKO—3BaXKeHE OILIHIOBAHHS — BiJHOIICHHS CyMapHOI
BUTPATH MAJIBHOTO JIO CyMapHOTO 4acy peXXUMY, a HE CEpPEeIHE BiJl MOKPOKOBHUX MPUPOCTIB —
3aCTOCOBAHO Yepe3 KBAHTYBAHHS TEIIEMETPii: PIBEHb MMaJIHBa MEPEIAETHCS 3 OOMEKEHOIO PO3-
JITBHOIO 3/IaTHICTIO JATYMKA, TOMY Ha XOJIOCTOMY XOAY MPUPICT PiBHS 32 OKPEMHUH KPOK dac-
TO JIOPIBHIOE HYJIIO, 1 IOKPOKOBI OIIHKK BUTPATH CUCTEMATUYHO 3MillleHl. BilHOIIEHHST CyMm
30epirae 6ajlaHC MacH HE3aJIEKHO Bl PO3MOAUTY KpOoKiB. OTprMaH1 MOTOUHHI MPOTHO3H 3iC-
TaBJIIOTHCS 3 (PAKTUYHOIO MOTOTUHHOIO BUTPATOIO HA «UHCTHUX)» TOJMHAX, TOOTO THX, JIe HE
MeHIe 75% 4acy JeXKHUTh 1032 BIKHAMU MOJ(1{ 1 HAssBHO HE MEHIIIE MIBrOJWHU BaTIHUX B1JI-
JKIB. SIKICTh y3TOJKEHHS OLIIHIOETHCS KBajipaToM KoedirmieHnTa kopesii [Tipcona mMix mpo-
THO30M 1 akToM, Jaii mo3HadeHuM R?; Taka Mmipa Bi1oOpakae TICHOTY JIHIHHOTO 3B'SI3KY, aje
HE BPaXxOBY€ CHCTEMAaTHYHOTO 3MIIIIEHHS MTPOTHO3Y, TOMY KUTbKICHO HE TOTOYKHA KIIACHIYHOMY
Koe(irienTy aeTepmiHartii.

Pe3yabTaTi Ta iX 00rosopenHs. O6po0aeHo JaHi MIecTH JOKOMOTHBIB; BUsIBIEHO 280
nofiii 3ampaBku. [IpuaymieHHs myMy Ha eTami aZalTUBHOTO 3TJIa/UKyBaHHSI, OI[iHEHE He3a-
JIS)KHO Ha CETMEHTaX CTOSHKH SIK BIJHOLIEHHS POOACTHHMX OIIHOK PO3KUAY 3aJMILIKIB O I
niciast 00poOKH, CTaHOBUTH y cepenHbomy 1,9 ab 13 nianazoHom 3a mokomotuBamu Big —0,01
o 6,1 nb; Big'eMHe 3HAYEHHS JUIs OJHOTO JIOKOMOTHBA O3HAYae, IO Ha MOTr0 CErMeHTax CTO-
SIHKH 3TJI/DKYBaHHS HE JTAJI0 BUMIPHOTO MpHUIyHIeHHs myMy. CTaTyc HaaiiHOCTI BU3HAUEHO
(GhopMalIbHO: TO3HAYKY «IOTPeOye MEPEeBIPKU TaTUYHUKay MPUCBOEHO JIOKOMOTHUBY, JJIS SIKOTO
R? GanmancoBoi Mozem Hrk4ui 3a 0,1 32 KUTBKOCTI BHSIBJICHUX 3alpaBOK MEHIIE M'STH. 3ara-

JIBHI ITOKA3HUKHU 32 JOKOMOTHBAMH HaBeIE€HO B Ta0I. 2.
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Tabmuns 2
3aranbpHi MOKa3HUKH 32 JIOKOMOTHBaMHU BUOIpKU
No mokomotuBy | 3ampaBok R? 6amancoBoi Mmozemi Craryc HagiitHOCT1
1 23 0,194 3a10BUIBHUNA
2 8 0,521 3a10BUIBHUNA
3 118 0,433 3a10BUIBHUNA
4 46 0,319 3a10BUIBHUNA
5 82 0,357 3a10BUIBHUNA
6 3 0,032 [TorpeOye mepeBipKH JTaTInKa

Jetexuis nmoaiii 3anpaBku. I3 280 BusBNEHNX 3ampaBoOK MOBHUMH KiacudikoBano 244
noxii, abo 87,1%, gactkoumu — 31 moxiro, abo 11,1%, mo3ampaBkamu — 5 momii, abo
1,8%. Cepenniii o0csr 3anpaBku ctaHoBUTH 2910 11, Mmeniana — 2997 1, niama3on — Big 356
1o 5275 n, a cymapHuii o6csr 3a Bech mepion crioctepexenHs — 814 838 1. Po3nonin obcs-
TiB 3ampaBOK OJIM3BKUH JI0 OJHOMOJAIBHOTO 3 JIBOCTOPOHHBOK (BiJ'€MHOIO) aCHMETPIEI0:
cepenne 3HadeHHS (2910 1) HIOK4e 3a Meaiany (2997 i), mo 3arajioM BiJIIIOBIZAE XapakTepy,
OIMHMCAaHOMY B POOOTI [2] i MEHIIOT BUOIPKH.

Cepenns nosipa nmerekuii ctanoButh 0,828, memiana — 0,863; moBipy we Hux4ue 0,7
MaroTh 234 3 280 moxiid, a6o 83,6%, a e Hmwkde 0,9 — 112 moxii, abo 40,0%. Takwuii po3mno-
i1 TOBIpH TO3BOJISIE 30CEPETUTH PYUHY TIEPEBIPKY HA MEHIIOCTI MOiH 13 HU3BKOIO JOBIPOIO:
noAii 3 goBiporo Huxk4or 0,7, a e 46 nmoxii, ado 16,4% BuOIpKHU, BApTO PO3TIIANATH SIK KaH-
IWMIATIB, IO TMOTPEOYIOTh JAOAATKOBOI yBaru, 30KpeMa 4epe3 MOXIJIMBHU PyX JIOKOMOTHBA
MPOTATOM 3aNpaBKHU a00 HECTAOUIBHICTh PIBHS MAJUBa 0 YU MICHS MO
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Pucynok 2 — Po3noin o0csriB BUSBICHHUX 3aMPaBOK
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Pucynok 3 — Po3moin g0Bipu JeTeKIii 3ampaBok

Posmnonin 3Ha4eHp NOBipH Mae BHpPAKEHUH JIiBUI XBICT: MPUOIM3HO KOKHA IIOCTA T10-
nist, a e 16,4%, orpumye noBipy Hikde 0,7, mepeBaXHO 4epe3 HeCTa0UIbHICTh PiBHS MATMBa
1o abo micust moxii: i3 46 Takux monii y 39 nokanbHE CTaHIApTHE BiIXWICHHS PiBHA 10 3a-
NPaBKH NEPEBUILYE TOPIT 5 11, a y 33 — BIAXWIJICHHS IICIs 3alpPaBKU MEPEBUIIYE MOPIT § JI.
e onHi€I0 MPUYMHOIO € HEAOCTATHS JiHIHHICTE PPOHTY migiioMy piBHS, IO MOXKE BKa3yBa-
TH 200 Ha MOBUIBbHY, HEPIBHOMIPHY 3ampaBKy, a00 Ha HaKJIaJaHHs IIyMy Ha KOPOTKOMY iHTe-
pBaii: y 13 13 mux 46 noxiil koediuieHT AerepmiHamii ¢ponty Huwkuui 3a 0,5. llrpaduuit
xoedinient K. . y 1iii BUOIpLI HE aKTUBYBABCA )KOJHOTO pasy: BCi 280 BUABJIECHUX 3aIIPaBOK

BIIOYJIMCS HA CTOSIHIIL, ToMY R~ Ha po3moAul JoBipH B 111l BUOIpIIl BIH HE BIUIMHYB.

[TopiBHsIHO 3 po6oTOIO [2], A€ MiATBEpIKEeHO 43 3ampaBKu Ha BUOIPIN 5 TOKOMOTHUBIB,
OTpHMaHa B IIbOMY JIOCHiKeHH1 BuOipka 280 moaiil Ha 6 JOKOMOTHBAX SKICHO 1HIIA 3a CKJa-
JIOM: BOHA MICTUTh yCl BUSBJIEHI KOHBEEPOM MOJii 0€3 momepesHboro Bidopy, 30kpemMa i
HOJi1 3 HUXKUOIO JIOBIPOIO, SIKI IpH py4Hii Bepudikarii MeHmoi BuOipku [2] morau OyTu Bij-
cisHi. ToMy mpsiMe 31CTaBJIEHHS YaCTOK «HAJIHHUX» MO Y 1BOX poOOTax HEKOPEKTHE.

Knacudgikauis HexiniliHoro mymy. Ycboro BuaisieHo 67 575 cerMeHTIB peXHUMIB py-
Xy Ta CTOSIHKH, 13 SIKUX JI0 Kiacugikauii mymy gomymeHo 27 792 cerMeHTH, TOBXHUHA SIKHX
CTaHOBUTH He MeHuIe 20 BiATiKiB. 32 IMMU CETMEHTAMH CIEKTPaJbHUN TUM IIyMYy PO3MOAi-
JICHO TaK: KOJBOPOBHM IIyM CTaHOBUTH 53,5%, Oimmit — 1,6%, a mans pemtu, a ue 44,9%,
CHEKTPAJIbHUN HaXWJl OL[IHUTU HE BIAJOCh, TOMY CIEKTPaJbHUM THUI HE BU3HAUYABCS: IS
HAKOPOTIIMX 13 JIOMYIIEHHWX CETMEHTIB OLIHKAa CIEKTPaJbHOI MIUIBHOCTI 3a METOJOM
Benua [4] crae HeHailiHOIO Yepe3 BIACTUBUI IIbOMY METOJY KOMIIPOMIC MK 3MILIEHHSM 1
PO3IIUTBHOIO 3IaTHICTIO Ha KOPOTKUX peanizauisx. /i kopekTHoro 3ictaBieHHs 3 [3], nxe
KJacu(iKoBaHO JIUINE JOCTATHRO JIOBT1 CErMEHTH, YaCTKH CJIiJI IepepaxoByBaTH Ha 0a3y Kia-
cu(iKOBAaHUX CETMEHTIB: KONBOPOBUH ITyM cTaHOBHUTH 97,1%, Oimmit — 2,9%, mo 61u3bko
10 99,77% 1 0,23%, orpumanux y [3], Ae IPaKTUYHO BeCh KOJIbOPOBUI IIyM MaB KOPUYHEBO—
noaioHuit xapaktep. Cepes MiATHITIB KOJTLOPOBOTO IIYMY MEPEBAXKAIOTh Ti, 10 HAOINKAIOTh-
csl 10 KOpUYHEBOTO, 26,9% ycix cermeHTiB, a6o 50,3% KoIb0poBUX, Ta A0 pOKeBOTO, 25,4%
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yCiX CerMeHTiB, a00 47,5% KOIbOPOBHUX, IO Y3TO/DKYETHCS 3 MEPEBAXKHO BiI'€MHUM MeJiaH-
HUM HaXUJIOM CIEKTpa.

3a CTaTHCTUYHHUM THUIIOM NEpeBakae TayCiBChKUH IIyM i3 yactkoro 79,0%, 3Mimanuii
HEHOPMAaJIbHUNA THIT — 3aJMIIKOBA KATEropis, sika He BUIUIIETHCS OKpeMo B Tabm. 1 1 oxom-
JIIO€ CETMEHTH, 3TUIIKHU SIKUX 3HAUYIE BIIXHUISIOTHCS BiJl HOPMAJIBHOTO PO3IOJLTY, ajie He
BIJNIOBITAIOTh HI KPUTEPil0 APEH(POBOTrO, Hi KPUTEPIIO IMIYIBCHOTO THITY, — CTAaHOBHUTH
15,2%, imnynscHuit — 5,8%. [lpelidoBuil ctatucTHUHUil THN y LIl BUOIpIi HE BHUABICHO
KOJTHOTO pa3y, M0 MPOTUIICKHO pe3ynbraty [3], Ae 1ed THI JOMiHYBaB; MOXKIIUBI IPAYUHU
PO3IJIIHYTO HUKYE.

MiHimManbHy JOBXHHY CETMEHTa MPUIHATO piBHOIO 20 TOYKaM: Ha KOPOTIIMX BUOIpKax
MOTYXKHICTh TecTy AHaepcona—/apminra [9] ictoTHO 3HMKYyeThesa. Yepes 1ie 10 kinacudikaii
He pomyieHo 39 783 i3 67 575 cermentis, abo 58,9%, 10 CBITYHTH MPO KOPOTKOYACHICTH
3HAYHOI YaCTHHH PEKUMIB POOOTH 1 BKazye Ha moTpely ab0o 3HU3HUTH IeH MOPIT i3 KOPEKIi€0
KpUTepiiB, abo o00'eAHyBaTH CyCilHI KOpPOTKI CETMEHTH OJHOTO pPEXUMY Tepen
Kkiacuikariero.

[ToBHa BiCYTHICTH Apei(pOBOro CTATUCTUYHOTO THITY € HAWCYTTEBIIIUM PE3YIbTaTOM
1boro posainy. Y [3] apeiidowuii Tin gominysas (94,33% mporu 1,67% rayciBebkoro ta 4%
IMITyJTECHOT0); WOTO 3HUKHEHHS MOTPe0ye OKpeMoro po3risay. Sk i B [3], miyMoM TyT BBa-
KAIOTBCS 3AIMIIKY JIHIHHOT arpoKcuMarii cerMmenTa, 1 kiacudikamisi BUKOHYETBCS 10 €TaIry
ar(epeHIiiOBaHOTO 3TJ1aPKYBAaHHS — OTKE PO30KHICTH HE MOXKHA MOSICHUTH BHITYYCHHSIM
TPEH/IOBUX CKJIAJOBUX 3TJIaKyBaHHSAM. HaToMicTh BipI3HSIOTHCS ABI METOJUYHI OOCTaBU-
Hu. [lepmia — cnociO BUAUIEHHSI CETMEHTIB: TYT 1X MEX1 BU3HAYAIOTHCS 3a 3MIHOIO PEXKUMY
JIOKOMOTHBA, a KJIaCU(PIKYETHCS psl MICS BUJAICHHS aHOMAJIN 13 3alIOBHEHHSIM BUKHUHYTHUX
BIJUTIKIB, TOOTO CETMEHTH OJHOPIJIHIII 32 PEKUMOM 1 HE MICTSATh BUKH/IB, SIKI MOTJIM O J1aBa-
TH 3HAUYIIM{ HaxwiI 3aIMIIKiB. J[pyra — nepeHeceHe 6e3 3MiH 3 [3] moporose 3HaY€HHS HO-
PMOBAHOTO HaXWIIy perpecii 3aJMIIKiB, SIK€ IJisi CETMEHTIB I1i€i BHOIPKH MOXe OyTH HaJTO
KoHcepBaTUBHUM. He BHKIIIOUEHO TakoX, 10 ApeidoBa CKIaj0Ba HIyMy MEHII XapakTepHa
JUIs TIOKOMOTHBIB 11€1 KOHKPETHOT BUOIpKU. PO3MexXyBaHHS LIUX TPHOX MPUYMH — KamiOpy-
BaHHA Mopora Ha il BUOIpII Ta Kiacu@ikalis IIyMy Ha TUX CaMHX CErMEHTax 10 1 Micis
3rJ1aJKyBaHHS — BU3HAUEHO SIK OKPEMHUN HAIPsIM MOAAJIBIIOI POOOTH.

IlopiBHsiHHSA MeTOIB ycyHeHHsI mIymy. DUIbTp KOB3HOIO CEpeIHBOrO 3a0e3MeduB
MpUPICT BimHOIIEHHs curHain/mym Bin 1,8 mo 4,2 nb, y cepemnpomy mo BuOipmi 2,9 b,
¢imeTp Kamvana 3 pobactHoro omiHkor mapametpiB — Big 1,3 mo 2,0 nb, y cepennbomy
1,7 nb. T'i6puaauii GinbTp 1aB MpakTUYHO TOW caMuil pe3ynbTar, mo i ¢uibtp Kanmana, —
Bix 1,3 no 2,0 nb, y cepennvomy 1,7 nb, npu yomy aucnepcis HOro 3aquiIKy Bipi3HAETHCS
BIJ KaJMaHIBCHLKOI MeHII HDK Ha 1% I BCIX IIIECTH JIOKOMOTHBIB 1 HE HAOIMKAETHCI MO
BeiiBieToBoi. [le 03Hauae, 10 BEHWBIET-IOPOTYBaHHS, 3aCTOCOBaHE 70 3anuiiKy dinprpa Ka-
JIMaHa, Mailke He 3MIHIOE pe3ysbTaTy: KaJIMaHIBCbKUI eTal yKe BHJaJs€ BUCOKOYACTOTHY
CKJIaZIOBY, 1 mopir JJoHOX0—/[’)KOHCTOHA HA TaKOMY 3aJIUIIKY CIPAIbOBYE Cl1a00. AHOMAIBHO
BHUCOKHU MPUPICT BIAHOUIEHHS] CUTHATY/IIyMYy Ja€ JIMILE BeBIIeT-Oporosa oopoOka, 3acTo-
coBaHa 0e3rmocepeHbO A0 1301b0BAaHOTO MyMy (TpeTiit meton, 16,7-27,5 ab), Toni sk T10pu-

166 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)



«CucremHi Texnonoriin 5 (166) 2026 Tom 1 «System technologiesy

THUHA QUTBTP 13 THM caMUM HOPOTYBaHHAM y 0a3uci Xaapa 3aiMiIaeThcs Ha piBHI (PiIbTpa
Kanmana (1,3-2,0 1b). Otxe, npuyrHa 3aBUIICHHS — Y 3aCTOCYBaHHI M'SIKOTO IMOPOTYBaHHS
0e3nocepeIHbO 10 HEQIIBTPOBAHOTO MIYMY, a HE y BIIACTUBOCTSX BelBieT—0Oaszucy. OOuaBa
pe3yJIbTaTH BUIIIAJAIOTH Y3TOJUKEHUMHU MK COOOIO 3a MOPSAKOM BEIHMYMHH: 00UABA METOAU
3QTMIIAOTH Y 3auIKy Big 38% mo 74% BXigHo1 nucrnepcii mymy (IUB. HIKYE), IO BiIMOBI-
Jla€ OTPUMaHUM IPUPOCTAM OIHOTO MOPSAAKY BEIUYMHU JUIS IIyMY 3 AOAATHOIO aBTOKOPEN -
i€ cycimHix BimTikiB. [li BennMunHM HE 3iCTaBISIOTHCS 3 mpupocTtoMm 32,6 nb, HaBeaeHUM
y [2]: Tam HaeTbes TMpo MPHUPICT HA €Tari aAaTUBHOTO 3TIIAa/KyBaHHS HEOOpOOJIEHOTo CUT-
HaJly, TOJll IK TYT METO/M 3aCTOCOBAHO JI0 BXKE 130JIbOBAHOTO IIYMY, 3 SIKOTO TPEHJIOBY CKJIa-
JIOBY BUJTyYEHO Ha MOMIEPETHHOMY €Talli.

BeiiBiier—mioporoa 06po6ka hopmansHo 1mokasana npupict Big 16,7 no 27,5 nb, y ce-
penabomy 22,3 nb, 1m0 Ha MOPAIOK MEPEBUIIYE PEe3yabTATH JABOX IHIIKMX MeToniB. [IpuunHa
i€l po301>KHOCTI — BJIACTHBICTh CAMOTO TOKa3HUWKA B 3aCTOCYBaHHI JI0 130JbOBAHOTO IIYMY:
BiH MOPIBHIOE JUCIEPCIIO BXIJHOTO IIYMY 3 JTUCHEPCIEI0 PI3HUII MiX HIyMOM i BUuXxoaom ¢i-
JbTpa, TOMY HaWBHUIILY OLIHKY OTPUMYE TOH METOJ, SIKUH HaliMEHIIIe 3MIHIO€ BXiTHHIA CHTHAJI.
Jucnepcist 3aHIIKy sl BEUBIET—IIOPOroBOi 00poOku craHoBuTh Bix 0,2% 10 2,1% BXigHOI
JUcTiepcii IymMy, TOAl K JUIsi KOB3HOTO cepearboro — Bix 38% mo 67%, a mia ¢insTpa Kan-
MaHa — BiJl 63% 10 74%. Lle o3Hauae, 1m0 M'sIKe TOPOTYBAHHS 3AJIMINAE IIIYM MPAKTUYHO HE-
3MIHHHUM, 1 BUCOKUH MpUpicT BigoOpakae caMme Iie, a He Kpaiy sKicTh QinbTparii. OTxe, 3a
HasIBHUM MOKa3HUKOM BEHBIIET-TIOPOTOBY OOpOOKY HE MOKHA BH3HATH KPALIMM METOIOM, a
caM MpHPICT BIHOIIEHHS CUTHAI/IIYM HE PO3pi3HSE SKICHY (PUIbTpalito W MmiAgamTyBaHHs
niJ BXIAHUMA 1myM. J{7s KOPEeKTHOro MOpPIBHSAHHS MOTPiOHA METpUKa, sIKa BPAXOBYE CIIOTBO-
peHHsI KOpHCHOI ckiianoBoi. Ha 1meil camuii BUCHOBOK BKa3ye W (popManbHUN KPUTEPIH, 3a-
KJIQJICHUH Yy caM KOHBE€EP: 03HAKY IMIJ03pH Ha MiAJIAIITYBAaHHS IM1Jl BXIJHUN LIyM BHCTaBJIEHO
JUISI BCIX LIECTH JIOKOMOTHUBIB BUOIpKU 0€3 BUHATKY, TOOTO aHOMAJIbHO BUCOKHI NMPUPICT BEil-

BJIET—TIOPOTOBOI OOPOOKM € CUCTEMHHM JJII BCHOTO TAPKy, @ HE OCOOHMBICTIO OKPEMHX JIO-

KOMOTHBIB.
Tabmuus 3
[TopiBHSIHHS YOTUPHOX METOIB YCYHEHHS IIyMY 3a IPUPOCTOM BIJHOLIEHHS CUTHAJ/IIIYM
[pupict SNR, | ITpupict SNR, )
Meron ) 3aCTOCOBHICTh
nb (miamazon) | nb (cepemne)
Kos3ne cepenne, BikHO 15 1,8-4,2 2,9 3anoBibHA
quJ‘IBTp Kanmana 3 pobactHumMu o°B 1 1320 17 3an0BinbHA
o’
BeiiBner—moporosa o6po0ka 16,7-27,5 22,3 He omigroerscsa
INopumnuit GineTp 1,3-2,0 1,7 3agoBlIEHA
ISSN 1562-9945 (Print) 167

ISSN 2707-7977 (Online)




«Cucremui Texnonoriiy 5 (166) 2026 Tom 1 «System technologies»

iy .
P lel \ ) I
- .\.___.‘ " e A 1
BRIAV WA BRI 2.2 SN NH N e ke ot i o I (W
S A5 AV VTN S SR =N |
g 25 asi ) At D TS 65 75 Y\ T %5,'.,-
= \ ) \ - L
= A .' Y \ ' ! -.'/
= t Vo
g \ |
.2 1 ‘ I
2 215 - |
> V!
]
415 - !
Yac Big nouatky ¢pparmeHTa, XB
LUym (cleanData - smoothDataFinal) = = HKoB3He cepefHe, BikHO 15
e o OinbTp Kanmaxa — - — BeiBner-obpobra Xaapa, 4 pisHi
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Pucynoxk 4 — Pe3ynbTaT 3acTOCYBaHHS METO/IIB YCYHEHHS IIIyMY
10 (pparmMeHTa 1301b0BaHOTO IIYMY

[TomipHa, ane crabinbHa mepeBara KOB3HOTO cepeaHboro Haa ¢insTpom Kanmana y ce-
pennboMy Ha 1,2 n1b oOymoBIieHa HEBIAMOBIHICTIO MOENI: ONTUMANBHICTE ¢inbTpa Kanma-
Ha JOBeJeHa IS JIiHIMHO-TayCiBChbKOI MOJIEeNi 3 KOPEKTHO 33JaHUMHU JUcrepcisMu [6], Tomi
SK TYT MOJIEJb MPOLIECY CBIJOMO CIIPOLIEHA 0 BUIAJAKOBOTO OJIyKaHHS, a peaJbHHUM 1IyM KO-
THOPOBUI. 3a Takoi HEBIAMOBIIHOCTI TapaHTisl ONTUMAIBHOCTI HE Ji€, 1 MPOCTIMIHUNA METOJ
MO3K€ BUSBUTHUCS TOUHIIIHM.

Ha 3aBuiieHy ouiHKy BeHBIET—OPOroBoi 00poOKH, KpiM BIACTUBOCTEH CaMOro MoKa3-
HUKa, JI0Th JABa MeToauuHi unHHUKH. [lopir JloHoxo—/[)xoHCTOHA [5] OOrpyHTOBaHUN NS
HE3aJIeKHOT0 TayCiBCHbKOTO IIYMY, TOJI SK IepeBakHa YacTUHA IIyMY Ili€] BUOIPKU KOJILOPO-
Ba, TOMY MOPOTYBaHHS BUSBUIIOCA HAATO CIAOKUM, a HE HaAMIPHO arpeCUBHUM — IO U y3-
TOJKY€EThCSl 3 HaJ3BMUaliHO HM3bKOW aucnepciero 3amumky (0,2-2,1% BxigHoi). Hpyruii
YMHHUK — OOpi3aHHA psAAY: HEOOPOOIEHHI «XBICT» BIJUIIKIB BXOJUTH Y PO3PAaXyHOK 3aJIMIII-
Ky 3 HYJIbOBOIO MTOXMOKOIO 1 JOJJATKOBO 3aHMXKYeE Horo aucnepcito. Po3MexxyBaHHS IIUX YU H-
HUKIB OTpeOye MepeBipKH Ha CHHTETUYHOMY CUTHAJI 3 BITOMUM PIiBHEM IIyMY.

banancoBa Mozenb BUTpATH NMajluBa JEMOHCTPY€E MOMIPHY JIIHIHHY Y3TOKEHICTb 13 (a-

KTHYHOIO TIOTOJIMHHOIO BHUTparoro, B~ = 0,19-0,52, mist n'SITH 3 MIeCTH JIOKOMOTHBIB BHOIPKH

(tabmn. 2). Taki 3Ha4eHHs BiJNOBIJAIOTH JIUIIIE YACTKOBOMY Y3TOPKEHHIO MO 3 JaHUMHU; 32

Has;BHOI KUIBKOCTI CITIOCTEPEKEHb Ha JIOKOMOTHB OIIHKK K~ criuparoThcs Ha OOMEKEHY KiJlb-

KICTh «4MCTUX» FOJIMH, TOMY iX CJ1Jl TPAKTYBaTH SIK OPIEHTOBHI, a HE SIK MIATBEPKEHHS ajie-

KBaTHOCTI Monem. €IuHui BUHATOK — JOKOMOTHB Ne 6, st sskoro R~ Mozesl CTaHOBUTH

mume 0,032, Leit T0KOMOTUB BUPI3HAETHCS MIHIMAJIBHOIO KUTBKICTIO 3allpaBOK — TPU — Ta
MEPEBAXHO XOJIOCTHM PEKUMOM poOOTH, 110 3BYXKYE Jiarna3oH Bapialii MOrOAXHHOI BUTPATH
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I YCKJIQJIHIOE OLIHKY SIKOCTI MOJIEJ HE3aJIeKHO BiJl TOYHOCTI AaTunka. OCKUIBKH 332 HasIBHU-
MU JJaHUMH PO3PI3HUTH HU3bKY BapiaTUBHICTh PEXKUMY W HECTIPABHICTh JaTYMKa HEMOKJIHBO,
JUISL IIbOTO JIOKOMOTHBA PEKOMEHIOBAHO OKpPEMY NEpPEeBIpPKY MOKa3aHb JaTyuka piBHs. Po3mo-
nin R 3a ToKOMOTHBaMH HaBeeHO B Tab. 2. Ha pesynbraT kiacudikaii uryMy Ta qeTekuil

3arpaBoK 11e OOMEKEHHsI He TOIMIMPIOETHCS: O0UIBA €TaNy CHUPAIOTHCS Ha JIOKAJIbHI Xapak-
TEPUCTHKH CUTHAJY, a HE Ha IHTeTrpaJbHUN OajJaHC BUTPATH 3a MEPIOI.

[Toporosi 3HaueHHs KJacH(pikaTopa IMIyMy Ta MapamMeTpH BEHBIET—IOPOroBoi 00poOKu
MIEPEHECEHO 3 MOIepeHIX podiT 0e3 kamOpyBaHHS Ha 1[Il BHOIPIl; BIACYTHICTH Apei(hoBOTO
TUIy Ta aHOMAJIbHO BUCOKHH MPUPICT BiTHOLICHHS CUTHAJ/IIYM JJIsl BEUBIET-IOPOroBOi 00-
pPOOKM CBiTYAThH MPO AOIUIBHICTH TAKOTO KadiOpyBaHHS Ha pO3IIMpPEHiN abo He3aJIexkKHId BU-
OipIIi JaHMX.

3anponoHoBaHMl (popMani3oBaHUI TOKAa3HUK JOBIpW JETEKIii 3ampaBKu MOXe OyTh
0e3mocepeIHbO BUKOPUCTAHUI TUCTIETYEPCHKUMH Ta OOJIKOBUMH CITY)KOaMHU SIK (iIbTp LIS
ABTOMATHYHOTO MPIOPUTE3YBAaHHS MO/IiH, 0 MOTPEOYIOTh PYYHOI EpEBipPKH: 3aMiCTh Teper-
sy Beix 280 mogiid jocTatHbo nepeBipuTH 46 momii i3 qoBiporo Hukue 0,7.

Pesynpratn kiacugikarii mymMmy 03Ha4arOTh, [0 3aCTOCYBAHHS METOJIB, PO3POOICHUX
y TIpHUITYIIEeHH] 6iy10ro mymy (30KpeMa i camoi BeiBIIeT-TI0pOoroBoi 0OpoOKHM 3 yHiBepcaib-
HUM TIOPOTOM Yy IOTOYHIN peaizallii) BapTo po3risiaaTé 3 o0epexHicTio. HaromicTs momip-
HUi 1 nepenbauyBanuii mpupict SNR Big koB3HOTO cepennboro i ¢inpTpa Kanmmana pobuts
11l IBa METOIM OOTPYHTOBAaHUM BUOOPOM ]IS BIIPOBAIKEHHS.

[Tpo3opo 3a70KyMEeHTOBaHE OOMEKEHHS SKOCTI JIaHUX JUIsl OTHOTO JIOKOMOTHBA JI03BO-
JISiE€ COPSIMYBATH PECYPCH Ha MEPEBIPKY KOHKPETHOI'O JaT4YMKa 3aMiCTh MOBTOPHOI MEPEBIPKU
BCHOTO MapKy.

BucHoOBKH. Y pe3yibTaTi JOCHIKEHHS 3alIPONOHOBAHO KOMIIJIEKCHY METO/I0JIOT1I0 00-
pPOOKM TeNeMEeTpUYHUX JaHWUX PiBHS MajluBa MaHEBPOBUX JIOKOMOTHBIB, sika 00'€/IHy€ B €1U-
HUI KOHBeep paHille omyOJiKoBaHI aJropuTMH cerMeHTauii [1] Ta neTexuii 3ampaBok 3 Au-
(epeHIiiioBaHUM 3IIaJKyBaHHAM [2], po3IIKpIOe METOAMKY Kiacudikamii mymy [3] 1o pis-
HSl TIOBHOI BUOIPKM CErMEHTIB 1 JJOJIJa€ HOBHM €lIeMEHT — KUIbKICHE MOPIBHSHHS YOTUPHOX
METO/IB YCYHEHHS IIyMYy. 3aCTOCYBaHHSI METOAMKH Kiacugikauii [3] 10 moBHOT BUOIPKU cer-
MEHTIB J]aJI0 PO3MOALT CTaTUCTUYHUX THUIIB, KM CYTTEBO BIAPI3HAETHCA BiJ] OTPUMAHOIO
B [3] Ha MeHmii BuOIipi: npeldoBuil Tv, M0 TaM JOMIHYBaB, TYT HE BHUSBIEHO OIHOTO
pa3dy. Ockinpku Kiacugikaiis B 000X pod0oTax BUKOHYETHCS 70 3IJIAKyBaHHs, pO301XKHICTh
CJIIJT BIIHOCUTH JI0 CMIOCOOY BUIICHHS CETMEHTIB 1 IO HeKalliOpoBaHOTo mopora Apei(oBoro
TUIy, @ HE 10 eTalmy oOpOOKH; PO3MEXYBaHHSA LIUX NMPUYMH BU3HAYEHO SK HANpsM MOAATIb-
IIUX JTOCTI/IKEHb.

3anponoHoBaHMN (hopMai3oBaHUI MOKAa3HUK JTOBIPH JAETEKIIi J03BOJISIE MPIOPUTE3YBa-
TH TOJIT JUIs py4YHOI MEepeBIpKU Ha BUOIpKax, Jie MOBHA BepUdiKallis MPaKTUYHO HEMOXIINBA!
MEePEeBipKH MOTpedye JUIIe MEHIICTh MOJINA 13 HU3bKOI A0Biporo. [IpsMoro mopiBHSHHS 3
TOYHICTIO, 3asBIICHOIO B [2], HE TPOBOAUIOCS.

3 4OTUPHOX MOPIBHSHUX METO/IB /10 BIIPOBAKEHHSI MPUAATHI J1Ba — (DUIBTP KOB3HOTO
cepennboro ta (inbTp Kanmana 3 poGacTHOIO OIIHKOIO MapaMeTpiB, sKi Jal0Th NOMIPHUH 1
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nependadyBaHUi MPHUPICT BiTHOMICHHS CUTHA/IIyM. [ 0JIOBHUIT METOIMYHMIA Pe3yNIbTaT I1bO-
IO NOPIBHSAHHS — HE PEUTHHT (iIBTPIB, a BUABICHA HEMIPUIATHICTH CAMOT'0 TIOKa3HUKA: MIPU-
PICT BIIHONIICHHS CUTHAJ/IIyM, OOYMCIICHUI HA 13071bOBAHOMY IIIYMi, BHHATOPOKY€E (DLIBTP,
KU HaliMEHIIIe 3MIHIOE BX1IHUI CHTHAJI, 1 TOMY HE pO3pi3Hs€ sKicHYy (imbTparito i mimpiam-
TyBaHHS A OIyM. 3a UM KPHUTEPiEM BEHBIET-IOPOroBY OOpOOKY HE MOXKHA Hi BHU3HATH
KpaIloro, Hi PeKOMEH/IyBaTH JI0 BIPOBAHKCHHSI.

Hesanexna Barniganis 3a KOHTPOJIBHOKO 0aJJaHCOBOIO MOJIEIUTIO TIOKa3ajia JIMIIE YacTKO-
B€ Y3TO/DKEHHS 3 JTAaHMMH, TOMY KOHBEEpP CIIiJ] BBaXXATH alpoOOBAaHMM Ha PiBHI JIOKAJBHUX
XapaKTepUCTHK CHUTHATy — CerMEHTallli, eTeKii 3anpaBok 1 Kiacudikaiii mymy, — aje He
Ha piBHI iHTerpanbHOro Oanancy BUTpaTH. OKpeMO 3aJ0KyMEHTOBAHO OOMEKEHHS SKOCTI
BX1IHUX JTaHUX JIsi OJTHOTO JJOKOMOTHBA BUOIPKH, 1110 BaXKJIMBO JJIi KOPEKTHOI IHTEpIIpeTartii
PE3YNIbTATIB y MOAAIBIINX JOCTIDKSHHSX.

[lepcneKTHBHIMH HampsiMaMy TOJAIBIIMX JIOCTIDKEHb €: 3alpOBa/PKEHHS METPHUKH
MOPIBHSHHS (UIBTPIB, KA BPaXOBYE CIOTBOPEHHS KOPHCHOI CKJIAIOBOI, 30KpeMa IepeBipka
HAa CHHTETHYHOMY CUTHAJII 3 BiJOMUM pPiBHEM IIIyMY, Ta 00poOKa BCHOTO Psiy 3 JOTIOBHEHHSAM
Horo 1o mMoTpiOHOI JOBXKHUHU 3aMiCTh OOpi3aHHs; YTOUHEHHS KPUTEPito aper(oBOro craTuc-
TUYHOTO THITY IIyMY; TOPIBHSHHS (OPMai30BaHOTO MOKa3HUKA AOBIPH JIETEKIII] 3aIpaBoK i3
pe3yabpTaTaMi py4HOI BepHdikalii Ha KOHTPOJIbHIN MiABUOIPIN; amanTaiist po3poOIIeHOTOo
KOHBeepa 00poOKH Jy1si poOOTH B pEXKHMI, HAOIMKEHOMY JI0 PEaTbHOTO Jacy.
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A comprehensive methodology for processing fuel-level telemetry dat
of shunting locomotives: nonlinear noise analysis and refueling event detection
Analysis of recent research and publications. The authors' previous work proposed an
algorithm for time—series segmentation [1], differentiated adaptive smoothing with refueling
detection [2], and classification of nonlinear noise by spectral and statistical type [3]. Each
was validated on its own sample, and the noise classification is not accompanied by any as-
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sessment of noise—removal effectiveness, which motivates merging these results into a single
methodology.

Purpose of the study. To combine three previously published algorithms into a single
fuel-level telemetry processing pipeline and to validate their joint operation on a common
sample, with independent validation via a fuel-balance model.

Presentation of the main material. Three previously published algorithms were com-
bined into a single pipeline, with a formalized confidence score added for every detected re-
fueling event, accounting for the linearity and monotonicity of the level rise, level stability
around the event, and a movement penalty. Noise classification was extended to the full seg-
ment sample, and four noise—removal methods were assessed by signal-to—noise gain. Vali-
dation used six locomotives: 280 refueling events at a mean confidence of 0.83, and 27,792
segments classified.

Conclusions. Colored noise predominates over white and the Gaussian type over the
rest; the drift type that dominated in [3] was not observed in this sample. The moving average
and Kalman filter give a stable gain of 1.3-4.2 dB, and the hybrid filter stays within 1.3-2.0
dB, whereas the formally highest wavelet figure reflects a property of the metric, which re-
wards the smallest change to the input noise. The balance model shows moderate linear
agreement with the actual hourly consumption (R? = 0.19-0.52) for five of six locomotives —
a control rather than a predictive tool.

Keywords: time series processing, digital signal filtering, adaptive differential smooth-
ing, wavelet thresholding, robust estimation, event detection, noise classification, signal-to—
noise ratio.

IBamen /[laniin BaagmmoBu4 — acnipant kadeapu €IeKTpOHHUX OOYMCIIOBAJILHUX MAIIMH,
JIHIpOBCHKMI HalllOHANTbHUN YHIBepcuTeT iMeH1 Onecst ['onuapa, /[ninpo, Ykpaina.

ORCID https://orcid.org/0009-0002-0556-9418

I'epacumoB Bosionumup BosioimMupoBuy — KaHIUIaT TEXHIYHUX HAYK, JIOLEHT, 3aBilyBayd
Kadeapu KOMI'TOTEpHUX HayK Ta 1H(QOpMaIiHUX TeXHOJIOTiH, JIHIMPOBCHKUNA HAllIOHAIBHUI
yHiBepcuteT iMeH1 Onecs ['onuapa, [lHinpo, YkpaiHa.

ORCID https://orcid.org/0000-0002-1366—-715X

Ivashchev Daniil Vadymovych — PhD student, Department of Electronic Computing Ma-
chinery, Oles Honchar Dnipro National University, Dnipro, Ukraine.

ORCID https://orcid.org/0009-0002-0556-9418

Herasymov Volodymyr Volodymyrovych — PhD (Tech), Associate Professor, Head of the
Department of Computer Science and Information Technologies, Oles Honchar Dnipro Na-
tional University, Dnipro, Ukraine.

ORCID https://orcid.org/0000-0002-1366-715X

172 ISSN 1562-9945 (Print)

ISSN 2707-7977 (Online)


https://orcid.org/
https://orcid.org/
https://orcid.org/
https://orcid.org/

«CucremHi Texnonoriin 5 (166) 2026 Tom 1 «System technologiesy
DOI 10.34185/1562-9945-5-166—2026-12
VK 622.776

H.C. llpsanko, 1./. [BanoB
ABTOMATHUYHE KEPYBAHHS NTIPOLHECOM CTPYMUHHOI'O NIOJIPIGHEHHSA
3A AKYCTUYHUMHU IHOOPMAIIIHMHUMU O3HAKAMMU:
CTAH TA 3ABJAAHHSA JOCJIIIXXEHHS

Anomayis. Ilpoeedeno Kpumuunuii ananiz nepeoymos po3UmKy asmomMamuiHo20 KepyeaHHs
npoyecom CmMpyMUHHO20 NOOPIOHEeHHs 3a aKyCMUYHUM 360pOMHUM 38 a3koM. [lokasano, ujo
8i0OMI aKycmuuHi iHghopmayitini o3HaKu Oaroms 3mo2y i0eHmu@iKysamu pexcumu pooomu
NOOPIOHIOBANILHOI YCMAHOBKU, A pelleline Kepy8aHHs NOOA8aHHAM Mamepiany 3abe3neuye ni-
OMPUMAHHS 3A6AHMAdCEHHST Kamepu nooausy payioHanvHoi odoracmi. Boonouac nopozoge
NpUUHAMMSA piuleHb HeOOCMAmMHbO 6PAX08YE CMAMUCMUYHY MIHAUBICMb THDOPMAYIIHUX
03HaK i yacosi enacmueocmi inghopmayitinoeo kauany. OOIPYHMOBAHO HANPAM NOOATLUIUX
00Cni0JCeHb, N08 A3aHULL 3 POPMYBAHHAM QYHKYIU HANEHCHOCII 3a CMAMUCMUYHUMU PO3-
ROOIIaMU aKyCMU4HUX IHOPMAYIIHUX O3HAK MA CMEOPEHHAM HedimKoi cucmemu asmoma-
MUYHO20 KepyB8aHHs NPOOYKMUBHICMIO, V AKIU Kepyrouull 6niué Ha NnoOa8aHHs mamepiany
Gopmyemnbcsa 3a pe3ynomamamu akycmuuHoi ioenmugixayii pescumy noopioHeHHs.

Knrouosi cnosa: cmpymunne noopionenHs, cucmema asmomamuyHo2o Kepy8aHHs, aKycmuy-
HULl cueHan, iHpopmayiina o3HaKa, HeuimKka 102IKa, OYHKYIS HANeHCHOCMI, CIAmucmuyHull
auanis, NPoOOYKMUBHICMb, 3A8AHMANCEHHS NOOPIOHIOBAILHOI KAMeEPU.

IMocTanoBka npodaemu. OnepkaHHs TOHKOAUCHEPCHUX 1 YAbTPAAUCIIEPCHUX MaTepi-
aJliB € HeOOX1/THOIO CKJIaJIOBOK TEXHOJOTIYHUX MPOLECIB y TIPHUYO—METANypriifHii, XiMid-
Hill, OyaiBenbHIH, (papMaleBTHUHIN Ta IHIIKUX TaTy3sX IpoMHUCIoBOCTi. CTyniHb NOAPIOHEHHS
BUXIJIHOTO MaTepialy BIIJIMBAa€ Ha IHTEHCHBHICTh MOJAIBLIMX (DI3MKO—XIMIYHHMX IPOLECIB,
SKICTb TOTOBOI MPOAYKIIT Ta €PEeKTUBHICTh BUKOPUCTAHHS CUPOBUHH. BosHOUac TOHKE MOJ-
piOHEHHS XapaKTepU3yeThCsl 3HAUHUMH €HEpreTHYHUMHU BUTpaTaMH, TOMY aKTyaJIbHUM € 3a-
Oe3mneueHHs 3a/1aHOi JUCTIEPCHOCTI MPOAYKTY 3a MAKCUMAJIbHO MOXJIMBOI MMPOIYKTUBHOCTI Ta
palioHabHOTO BUKOPUCTAHHS €HepreTHYHuX pecypcis [1, 2].

OnHUM 13 TEXHOJIOTIYHUX 3ac00iB OJiep>KaHHS TOHKOJUCIIEPCHUX MaTrepialliB € CTpY-
MHUHHE NOJpiOHEeHHs. PyiiHyBaHHS 4aCTUHOK y CTPYMHUHHOMY MIIMHI BiI0YBa€ThCs NepeBaxk-
HO BHACHIIOK X BUCOKOCHEPreTHYHHUX 3ITKHEHb Yy MOTOLI €HeproHocis. BicyTHICTh Tif, 110
HEPEMEITIOI0Th, 1a€ 3MOTY 3MEHILIUTH 3a0pyIHEHHS TOTOBOIO POAYKTY Ta 00pOo0JIATH TBEPA,
abpa3uBHi i TepmouyTiinBi Matepianu. [IpoTe edhekTUBHICTH MpoIeCy ICTOTHO 3aJIEKUTh BiJl
3aBaHTAXEHHS NOJPiIOHIOBAILHOI KaMepH, TUCKY 1 BUTPATH €HEProHOCIs, BIACTUBOCTEH BUXI-
JTHOTO MaTepialy, IHTEHCUBHOCTI MOT0 ToJJaBaHHs, pexuMy Kiacudikamii Ta MupKymsuii yac-
TUHOK [ 1, 3].
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SIk 00’€KT aBTOMATUYHOTO KEpyBaHHS CTPYMUHHA MOJPiOHIOBaJIbHA yCTAaHOBKA Xapak-
TEPU3YETHCSA CTOXACTUYHICTIO IMPOIECIB PYyHHYBaHHS 1 MEPEMIIICHHS YaCTHHOK, B3a€MHUM
BIUTMBOM TEXHOJIOT1YHUX MapaMeTpiB, HASIBHICTIO 3aIli3HEHHS Ta CKJIAIHICTIO Oe3rmocepeHbo-
r0 BUMIPIOBAaHHS IOTOYHOT'O 3aBAaHTAXXECHHS KaMepH. 32 HEJOCTAaTHbOTO 3aBaHTAKECHHS 3MEH-
IIYETHCS KUIBKICTh €(DEKTHBHUX 31TKHEHb YAaCTHMHOK 1 HEIOBHO BHUKOPHUCTOBYETHCS CHEPTis
crpyMeHiB. HanMipHe 3aBaHTaXeHHS MOTIipIIye YMOBH MPUCKOPEHHS YaCTHHOK, 3HUXKYE ede-
KTUBHICTH X pyWHYBaHHS Ta CTBOPIOE HEOE3NEKy 3aBally YCTAaHOBKU. TOoMy MiTpUMaHHA 3a-
BaHTKEHHsI KaMepH B 00JIaCTi pamioHAIbHOTO TEXHOJIOTIYHOTO PEXUMY € OJHIEI0 3 OCHOB-
HUX 33J1a4 aBTOMAaTHYHOT'O KEPYBAaHHS MpolecoM [3, 4].

Uepes TeXHIYHY CKIAIHICTh O€3MOCePEHHOT0 KOHTPOIIO MAaCH MaTepiany B KaMepi Ijst
OLIIHIOBAHHS CTaHy IMPOIECY 3aIPONOHOBAHO BUKOPHCTOBYBAaTH aKyCTHYHI CHUTHAIIH, 110 BH-
HUKAIOTh YHACIIOK B3a€MOIii YACTUHOK MiXK COOOIO Ta 3 €JIEMEHTaMHU TEXHOJIOT14HOro 001a-
THAHHA. Y TOMepenHiX AOCHIPKEHHIX YCTAHOBJICHO 3B S3KH MIX TEXHOJOTTYHUMH MapaMeT-
paMH CTPYMHUHHOTO TIOJPIOHEHHS Ta aMIUTITYAHUMHU, CHEPTeTHUYHUMH, YaCTOTHUMH U KOM-
IUIGKCHUMHU  iHQOpMAIifHUMH ~ O3HaKaMH, SAKi  OOYHCIIOIOTBCS 332  aKyCTHYHHMHU
curHanamu [ 1, 4]. Ha uiif ocHOBI po3po0ieHO MeToaH ineHTH]IKaIlli peKUMIB pOOOTH yCTa-
HOBKM Ta aiIropuTMH (OpPMYBaHHS KepylOUMX BIUIMBIB Ha MEXaHi3M IOJaBaHHS
Mmartepiany [4, 5].

Jlnisi aBTOMaTHYHOTO MiATPUMAaHHS 3aBaHTAXECHHS MOJPiOHIOBAIILHOI KaMepHu po3po0-
JICHO CHCTEMY 3 PEJICHHUM PETYJISITOPOM 1 30HOK HEUYTIIMBOCTI, y SIKI OI[IHIOBAHHS KEPOBa-
HOI BEJIMUMHU 3/11HCHIOETHCS ONIOCEPEIKOBAHO 3a Pe3y/IbTaTaMHU CIIEKTPAIbHOIO aHAJI3Y aKy-
ctuyHoro curHany [5]. Kepyrouunii BIuB y 11 cuctemMi OpMYEThCS 3a pe3yJIbTaTOM MOpiB-
HSHHS pO3paxoBaHOi 1HQOpMAIIITHOI O3HAKM 3 YCTAaHOBJIEHMMH IOPOTOBUMH 3HAUEHHSMH.
Peneiinuii 3akoH 3a0e3nedye ABOMO3UIIINHY 3MIHY TOJOKEHHS 3aCyBKH, ajie HE BijoOpaxkae
CTYIIHb HaOIMKEHHS CTaHy MPOLIECY 10 MEXI1 NEePEeBAHTAXKEHHS Ta HEBU3HAYEHICTh HOrOo 171e-
HTU(IKaL] 32 CTATUCTUYHO MIHJIMBUMH 3HaYeHHSIMH 1H(GOpMaliiHuX o3HaK. BrmacTtuse akyc-
TUYHOMY 1H(POPMAIIITHOMY KaHATy 3alli3HEHHsI JI0JaTKOBO yCKJIaJHIOE ()OPMYBaHHS KEPYIO-
YOro BIJIUBY 3a PEIEHHUM 3aKOHOM.

Peneiinuii anroputm mependadae OJHO3HAYHY IO MICIsA MEPETHHY 1HGOPMAIIITHOIO
O3HAKOI BCTAaHOBJIEHOI Mexi. Takuil Mmiaxix He BiloOpa)kae CTYMIHb JIOCTOBIPHOCTI 1JI€HTHU-
¢ikallii TOTOYHOTO CTaHy Ta MOXE CIPUYMHATH XUOH1 a00 HAAMIPHO YacTi 3MIHH MOJOXKEHHS
BUKOHABYOro MexaHi3Mmy. HasiBHICTb 1 mapameTpu obiacTeil HEOTHO3HAYHOCTI HE MOKHA 3a-
JaBaTH amnpiopHO: iX HEOOX1JHO MEPEBIPUTH 3a EKCIIEPUMEHTAILHUMU BUOIpKaMU I BU3HA-
YEeHHUX PEeKUMIB poOOTH. OO’ €KTOM CTATUCTHUHOTO OIpPAIfOBaHHS MPH LIbOMY MalOTh OYTH He
MUTTEB1 3HAUEHHS BUXIJHOTO aKyCTMYHOTO CHTHATy, a BCTAHOBJICHI B TOIEPEAHIX JOCHi-
JDKEHHAX 1H(GOpMalliiiHi 03HaKH, MPUAATHI JIsl OOUMCIIEHHS B peallbHOMY Yaci.

3acTOoCyBaHHS HEUITKOI JIOTIKH CTBOPIOE MOKJIUBICTH MOJATH CTaH MPOIECY Yepe3 CTy-
MeH1 HaJIe)KHOCTI 10 PEXKUMIB HEJOBAHTAXECHHS, PAalllOHAIBHOIO 3aBAHTAXXEHHS 1 IEPEeBaHTa-
eHHs. HediTki Mojieni ByKe BUKOPUCTOBYBAJIM JIJIsl BIATBOPEHHSI 3aJIEKHOCTEH MIXK TEXHOJIO-
TYHUMHU MapaMeTpaMu CTPYMHUHHOTO MJIMHA, Macol MPOAYKTY Ta MOro JucHepcHicTio [6].
OnHak NpOrHO3HA HEUiTKa MOJIENb IPOLECY HE € 3aMKHEHOK CUCTEMOK aBTOMAaTUYHOI'O Ke-
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pyBaHHS 32 aKyCTUYHHUM 3BOPOTHHUM 3B’s3KoM. [lapamerpu ¢yHKIINH HaJIGKHOCTI U Kepy-
BaHHS MPOJYKTHBHICTIO MalOTh BU3HAYATHCS 33 CTATHCTUYHUMH PO3MOJUIAMHU iH(pOpMaIiii-
HUX O3HaK 30HM MOJpPiOHEHHA. 3aKOH KEpPyBaHHS Ma€ BPaxXOBYBATH IHEPLINHHICTh KaHAITYy Ke-
pyBaHHS, MaTH mpouenypy Bepudikamii i1eHTH()IKOBAaHOTO PEKUMY Ta OOMEXKEHHS YacTOTH
3MiHM MMOJaBaHHS MaTepiay.

TakuM YMHOM, aKTyalbHOIO € HAYKOBO—TIPUKJIAIHA 3a/la4a PO3BUTKY aBTOMATHYHOTO
KEepYBaHHS CTPYMHHHUM IOAPIOHEHHSAM HUIIXOM CTBOPEHHS HEUITKOTO 3aKOHY (hOpMYyBaHHS
KEpYI4oro BIUIMBY Ha MEXaHi3M IOJaBaHHs MaTepiany 3a iH(popMamifHUMH O3HAaKaMu pe-
XKUMY nozpiOneHHs. Po3B’a3anHA 11i€l 3a1a4i moTpeOye BCTAHOBIICHHS CTATUCTHYHUX Xapak-
TEPUCTHK O3HAK JUISI PEKHUMIB HEJTOBAHTAXCHHS, PAlllOHAILHOTO 3aBAaHTAXXCHHS 1 NIepeBaHTa-
KEeHHs, (OpMyBaHHS (YHKIIH HAIEKHOCTI, ypaXyBaHHS YaCOBUX BJIACTUBOCTEH aKyCTHYHOTO
iH(pOpMaIiifHOTO KaHAITy Ta KiJIbKICHOTO IMOPIBHAHHS HEYITKOTO i BiZIOMOTO peJIeHOrO 3aKO0-
HiB KEpPYBaHHS 3aBaHTAKEHHSIM KaMEpH.

AHaTi3 ocTaHHIX AoCaiIKeHb Ta myOJikauniii. JlocnikeHHsT CTPYMUHHOTO MOJPi0-
HEHHS, TI0B’53aHi 3 aBTOMATHU3AIlIEI0 TPOLIECY, OXOILUTIOIOTh YOTHPHU B3aEMOIIOB’ sI3aH1 HaIpsi-
MH: MOJICIIOBAHHS TEXHOJIOTIYHHX IPOLECIB y MOAPIOHIOBANBHIA YCTaHOBIN, aKyCTUYHUN
MOHITOPUHT 30HU TOJPIOHEHHS; 1NEeHTH(]IKAIiI0 PEXUMIB 3aBaHTAKEHHS KamepH; (hopmy-
BaHHS BIUTMBIB HA MMOJIaBaHHS MaTepiajy 3a pe3ylbTaTaMH HENpPSIMUX BUMiprOBaHb. Po3risia
[IUX HaNpsAMIB SK €IWHOI MOCIIOBHOCTI J1a€ 3MOTY OLIHUTH (DYHKI[IOHAIBbHY MMOBHOTY BiJ0-
MUX pilIeHb | BUBHAYUTH €JIEMEHTH, HEOOX1HI JJIsi 3aMKHEHOTO HEYITKOrO aBTOMAaTHYHOTO
KepyBaHHS.

Mogerni TEXHOJIOTIYHOT YaCTHHH CTPYMHHHOI YCTaHOBKH BiJTBOPIOIOTH BIUIUB THCKY
€HEproHOCIs, IHTEHCUBHOCTI MIOJJaBaHHS MaTepially, 3aBaHTaXEHHsSI KaMEpHU Ta 4YacTOTH 00ep-
TaHHS poTOpa KiacudikaTopa Ha MPOAYKTHBHICTH 1 JTUCIEPCHICTh MPOIYKTY. JloCmimKeHHs
€HEPreTUYHOI I'yCTUHU CTPYMUHHOTO MOAPIOHEHHS MiITBEPANUIIN 3aJIeXKHICTh €()EeKTUBHOCTI
MPOLECY B peXUMHHUX MMapaMeTpiB 1 BIacTUBocTel Matepiany [2]. [ns knacudikaropa one-
pKaHO perpeciiiHi 3aj1eKHOCTI 00’ €MHOI BUTPATH BUX1THOTO MOTOKY BiJl BUTPATH HA BXOJ1 Ta
yacToTH oOepTaHHs poropa 3 Koediumientamu aerepminanii 0,88-0,95 [7]. IlpencraBnenus
CTPYMHHHOI YCTaHOBKH SIK 00’€KTa KEpyBaHHS JaJlo 3MOTY BUIUINTH KEPyr0dl, KOHTPOJIbOBA-
HI Ta 30yproroyl nmapaMmeTpH, a TaKoX ypaxyBaTH 3aMKHEHUH LUK pyxy matepiany [3]. Lli
MOJIeJIl OMUCYIOTh TEXHOJIOT1UHI 3B’SI3KU, OJIHAK HE 3a0e3Medyl0Th CaMOCTIHHOIO OnepaTHB-
HOTO OIIIHIOBAaHHS CTaHy KaMepu U KpYMHOCTI MPOAYKTY 3a 3MIHHUX BJIAcTUBOCTEH
CHPOBHHH.

MeToau akyCTHUHOTO MOHITOPHHIY CTBOPIOIOTH HEMpAMUN 1HQOpMAIiHUN KaHa,
KWW HE TOoTpedye 3yNMUHKKA YCTAaHOBKHU Il Bimbopy mpo6. Y mparsx [1, 8] ycraHoBieHO
3B’SI3KM aMILTITYTHO—4aCTOTHUX XapaKTEPUCTUK aKyCTUYHHX CHUTHAJIB 13 3aBaHTaXCHHSIM
KaMepH, NMPOJYKTUBHICTIO, TPAHYJOMETPUYHUM CKJIAJOM 1 JUCHEPCHICTIO TPOAYyKTy. Jlist
aHaJIi3y 3alpOINIOHOBAHO CEPENIHIO 1 MAaKCUMAJIbHY aMIUTITY/Id, EHEPTi0 Ta MOTYXHICTh CUTHA-
JB, TUCHEPCII0 XapaKTEepPHOI YaCTOTH, JAeTalli3yl04l BeUBIET—KOEPIIIEHTH, CIIITIbHY (YHKIIIIO
TYCTUHU MMOBIPHOCTI aMIUNITYyZl y JABOX pOoOOYMX 30HAX, a TaKOK KOMIUIEKCHI TE€XHOJIOI0O—
aKyCTU4HI KpuTepii eQEeKTHUBHOCTI, ONTUMAJILHOCTI, MHMPKYJIAIli Ta EHEProeMHOCTI
npouecy [1].
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[adopmartiiine nmpu3HauYCHHS O3HAK 3AJICKHUTH BiJ MICI peecTpauii curHamy. Y 30HI
noJpiOHEHHS aMIUTITYHI, CHEPreTHYHI Ta KOMIUIEKCHI KpuTepii BioOpaxaroTh CTYIiHb 3a-
BaHTKEHHS KaMepH, IHTEHCHBHICTh PyWHYBAaHHS YAaCTHHOK 1 BIIXWJICHHS MpOLECYy Bia pe-
KUMY MakcUMasibHOI poayKTHBHOCTI [1, 4, 8]. [lepBUHHUI aKyCTUYHHMI CHTHAJI € HOCIEM
JaHUX, TOJII SIK PEKUM MOAPIOHEHHS XapaKTepU3yloTh 00UHCIIeHI 3a HUM iH(pOopMaIliiiHi 03Ha-
ku. CTatucTuyHi BUOIpKH U1 MOOYI0BU (DYHKIIH HalNeKHOCTI MaloTh (popMyBaTHCS 32 3HA-
YEHHSIMHU LUX O3HAK y p&KMMaxX HEJOBAHTAXKCHHS, PalliOHAILHOTO 3aBAaHTAXXKEHHS 1 TIepeBaH-
TaKCHHS.

Ha ocHOBI BCTaHOBJICHHX 3B’SI3KIB PO3POOJIEHO METO]| KEPYBaHHS MAaCOBOIO BUTPATOIO
MaTtepially 3a aKkyCTUHYHHM MOHITOPUHTOM [4] 1 CTPYKTYpHY CXEMYy CUCTEMH aBTOMATHYHOTO
KEepyBaHHS CTPYMHHHOIO YCTAHOBKOIO 32 KPUTEPIEM MaKCUMAalbHOI MPOXyKTHBHOCTI [9]. V
cuctemi [9] curHan 3 30HH MOAPIOHEHHS MICIS MJICHIICHHS Ta aHAIOTO—IIU(POBOTO MTEPETBO-
PEHHS YCEepEIHIOEThCS Ha 33aJaHOMY iHTEpBaJli; OJIep)KaHe 3HAUYCHHS BUKOPUCTOBYETHCS LIS
(dbopMyBaHHS BIUIMBY Ha MPHUBOJ] PETYIHOBAHOTO 3aBAaHTAXYBAIBHOTO OyHKepa. Monenb ypa-
XOBY€ TUHAMIKYy OyHKepa, KaMmepu, Kiacudikaropa Ta MUPKYISAIHHOTO MOTOKY, ajle MEeXi Te-
XHOJIOTIYHUX CTaHIB BU3HAYAIOTHCS BCTAHOBJICHUMH KOHTPOJIBHUMH 3HAYCHHSMHU aKyCTHY-
HUX [1apaMeTpiB.

3aBepiIeHNM BapiaHTOM 3aMKHEHOTO KEpyBaHHS 3aBaHTA)XKEHHSM € CHCTEMa 3 pelleid-
HUM PEryJIATOPOM i 30HOI0 HeuyTIMBOCTI £2 % [5]. YV Mozeni BpaxoBaHO iHEpIiiiHICT MaTe-
plaJIbHUX TIOTOKIB 1 3aIi3HEHHS, HEOOXITHE /Il HAKONMUYCHHS BHOIPKHA Ta CHEKTPAILHOTO
aHayi3y curHaiy. PeneiiHuil 3akoH 3a0e3MeuuB YTpUMaHHS 3allOBHEHHSI KaMepu ¥ MOTOKIB
kiacudikaropa B aiamna3oni £3,5 %, nepio nepeMruKaHb BUKOHABUOTO MexaHi3My 14-15 ¢ ta
MIJIBUILICHHS] TTPOIYKTUBHOCTI Tipubau3Ho Ha 10 % [5]. JuckperHe mepeMUKaHHS BU3Ha4a-
€ThCS (PAaKTOM TEPETUHY MOPOTOBOT MEX1 M HE MICTHTH OLIIHKU CTYIEHSI HAJIEKHOCTI MOTOY-
HOT'O CTaHy JI0 CYMIXHHUX PEKUMIB.

HeuiTky 5oriky nanas cTpyMHHHOTO MOJpiOHEHHs 3acTocoBaHo y mozeni FLMill [6].
BxinHuM# 3MiHHUMHU MOJIEINI € TUCK pOOOUYOTO MOBITPs, YacTOTa 00epTaHHs poTopa Kiacudi-
KaTopa 1 TPUBAIICTh JIOCIIY, a BUX1IHUMHU — Maca MPOAYKTY Ta CepeIHiN JllaMeTp YaCTUHOK
3a 3ayrepoM. TpukyTHI ¥ cTam (yHKIIT HaJEHKHOCTI 3a0€3MEUNIIN BIATBOPEHHS HEMIHINHUX
3aJIe)KHOCTEN Ta ONTHUMI3AIII0 PEKUMHUX MapaMeTpiB y MIMPOKid obnacTi ymoB [6]. BoaHo-
gac FLMill € Mmoaensto mporiecy 3 TEXHOJOTIYHUMHU BXOJaMH, a HE PETYJISATOPOM Y 3aMKHeE-
HOMY KOHTYpI 3 aKyCTUYHHM 3BOPOTHUM 3B’SI3KOM; 1i (DYHKIIIT HaJIE)KHOCTI HE BU3HAYAIOTHCS
CTaTUCTUYHUMH PO3MOJIUIAMU aKYCTHUHHUX 1HPOPMAIIITHIX O3HAK.

CydacHi METOU ONpPALOBaHHS aKyCTHYHUX JTAHUX PO3BUBAIOTHCS B HAIPSIM1 BUILJIEH-
HSl IPUXOBAHMX KOMIIOHEHTIB 1 CTAaTUCTUYHOI Kiacu@ikalii cradiB. J[Ji1 cUrHaiiB KOHTPOIIO
CTPYMHHHOI'O MOJAPIOHEHHS 3alpONOHOBAHO CHUHTYJISIPHUN CIIEKTpalIbHUM aHAJi3, SIKUW M-
BUIIY€E SAKICTh (IIbTpalii, BUSABICHHS 3aKOHOMIPHOCTEH 1 MPOTHO3YBAaHHS 3MIH YacCOBHX
psaaiB [10]. ¥ cymikHUX npoliecax nutiyBaHHS OKa3aHO, 110 pe3ynbTar 1AeHTHdiKaLii icTo-
THO 3aJIe)KUTh BiJl TPUBAIOCTI BIKHA, YaCTOTHOTO Jiana3oHy JaTyMKa Ta CKJIATy O3HAK y 4a-
COBIH, 9aCTOTHIN 1 Yaco—4acToTHIN obmactsax [11]. Lli pe3ynbpratu miaTBepIHKYIOTh HEOOX1 -
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HICTh OOIPYHTOBaHOTO BHOOpY iH(pOpMaLIHHUX O3HAK 1 MapaMeTpiB X HAKONMUYEHHS, aje He
PO3B’SA3YIOTh 3a/1a4y (JOPMYBaHHS KEPYIOUUX BIUIMBIB JUIsI CTPYMHHHOI YCTaHOBKH.
OyHKIIOHATBHE 3ICTaBICHHS PO3TISHYTHX IMiIX0/AiB HaBeaeHo B Tabmuui 1. IToBHa mo-
3HAUKa BiJMOBiIae Oe3rmocepeaniil peanizailii neBHOI (GYHKIIIT B OMMCAHOMY MiAXO0/1; YaCTKO-
Ba — ii IOMOMIKHOMY, OIIOCEPEIKOBAaHOMY a00 MPOEKTHOMY BHKOPUCTAaHHIO. MaTpuIlst moka-
3y€ HasABHICTH Ti€l UM 1HIIOT QYHKIIT B pI3HUX MiIX0Jax MI0A0 BUPILICHHS 3aBJaHHS i HE Mi-
CTHTH KUIBKICHOI OIIIHKM €()eKTUBHOCTI MiJXOAy, TOMY B Hil BiAICYTHI Cy0’ €KTHUBHI OaibHI
MOKa3HHUKH.
Tabmums 1
OyHKITIOHATBHA IOBHOTA BiIOMUX MIIXOIIB 1100 KEPYBAHHS MPOTYKTHBHICTIO
CTPYMHUHHOTO TTOAPIOHCHHS

Kaac mixxoais F1 F2 F3 F4 F5 F6
TexHooT14HI Ta perpeciiini mojaeni [2, 3] o @ D) @ © @
AKYCTUYHHUI MOHITOPUHI Ta 1IeHTH]IKa- ©

° ° ° o) o
1ist pexxumis [1, 8]
CAK Ha OCHOBI €KCIIEpUMEHTAIbHUX JIa-
° ° ° ° o) o
Hux [9]
KepyBaHHs MacoBOl0 BUTPaTOl 3a aKyc-
° ° ° ° 0 o
TUYHUM KaHAJIOM [4]
Peneiine xepyBaHHs 3aBaHTaKEHHSAM Ka-
° ° ° ° o o)
MepH [5]
HeuiTka Mmopens mpolecy mMoApiOHEHHS
P y P ¢} o [ ) o o [ )
[6]
Hanpsim fpociaimxeHHsi: HewiTKe Kepy-
. [ J ([ ] ([ ] ([ ] [ [ J
BaHHSI MPOAYKTHBHICTIO

® — peanizoBaHo; © — peani30BaHO YACTKOBO 200 OMOCEPEIKOBAHO; O — HE Peai30BaHo.

F1 — akyctuunuit MoHiTOpuHr; F2 — popmyBaHHs iHpOpMaLIiHUX 03HAK 32 PE3yIbTaTOM MO-
HiTopuHry; F3 — inentudikauisa pexumy noapiOHeHHs; F4 — 3aMkHeHe aBTOMAaTH4YHE Kepy-
BaHHS MOJaBaHHAM Martepiany; F5 — craTucTuuHe nojgaHHs HEBU3HAUEHOCTI o3HaK; F6 — He-
yiTKe (POopMyBaHHS Kepyrouyoro BIUIMBY. [l03HaUKn XapaKTepu3yrOTh HasBHICTh (YHKIIII, a HE
e(eKTUBHICTb MIIXOY.

Marpuis mokasye, 0 3aMKHEHE KepyBaHHS IOJIaBaHHSIM MaTepiany 3a aKyCTHYHHM
iH(hOopMaLIfHUM KaHAJIOM peajli3oBaHo B miaxoaax [4, 5, 9]. V nux pimeHHsIX He nependaye-
HO CTaTUCTHUYHOI'O MOJIaHHS HEBU3HAYEHOCTI 1H(POPMAaLIIHUX O3HAK 1 HEYITKOTO (hOpMyBaHHS
Kepyrouoro BIuMBy. HeuiTka Mozens [6] BIATBOPIOE HENMIHIMHI 3aJIeKHOCTI MPOLECY, alle He
YTBOPIOE 3aMKHEHOI'0 aKyCTHYHOTO KOHTYpYy. HeBupilieHoro 3anuiiaerbes IHTErparis akyc-
TUYHOT i7IeHTU(IKAIT PSKUMY Ta HEUITKOTO 3aKOHY KepyBaHHsS MPOJTYKTHBHICTIO 31 CTATHC-
TUYHO OOTIPYHTOBAHUMH MEKaMH TEXHOJIOTIYHUX CTaHIB.
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Merta gociigaeHHsi. MeTOO JTOCTIKEHHS € CUCTeMaTH3allisl MiIX0/iB 10 aBTOMaTHyY-
HOT'O KepyBaHHS CTPYMHHHUM HOJPiOHEHHSM 33 aKyCTUYHHM 3BOPOTHHUM 3B’SI3KOM Ta 00TpYy-
HTYBaHHS CTPYKTYpH 1 3aBJaHb CTBOPEHHS CHCTEMH HEYITKOTO aBTOMATHYHOTO KEpyBaHHS
MPOAYKTHBHICTIO, Y SIKiii BIUTMB HAa MEXaHi3M IOJaBaHHs MaTepiany (GopMyeThes 3a (yHKIIi-
MU HAQJIC)KHOCTi, BU3HAYCHUMH 31 CTATHCTUYHUX PO3MOJUTIB aKyCTHUYHUX iH(OpMAIiifHUX
O3HAK 30HU MO/APiIOHEHHS.

JlocsiTHEHHS TIOCTaBJIEHOI METH Nepeadadae Kiacuikaiito BiIOMUX METOAIB 3a MMOBHO-
TOIO peanizoBaHUX (PYHKIIH; YCTAaHOBICHHS MEX 3aCTOCOBHOCTI aKyCTHYHUX O3HAK PEKHUMY
noipiOHEHHS Il OLIHIOBAaHHS MPOJYKTUBHOCTI; (POPMYBaHHS MEPENiKy CTAaTUCTUYHUX 1 da-
COBUX XapaKTEPUCTHK, HEOOXIAHUX Ui MOOYAOBH (DYHKIIIH HaneKHOCTI Ta 0a3u HEUITKHX
npaBuiI; OOTPYHTYBaHHS CTPYKTYPH 3aMKHEHOTO KOHTYPY; BU3HAYCHHS MOKa3HUKIB TIOPIBHS-
JHHOTO OIIHIOBAHHS HEYITKOTO 1 PEeJIeHHOr0 aBTOMAaTUYHOTO KEPYBaHHS MOaBaHHSIM MaTepi-
aiy.

BukJ/ageHHsi OCHOBHOro Mmatepiaay aociimkenHsa. CTpyMHHHa TOApIOHIOBaIbHA
yCTaHOBKA (DYHKIIIOHYE SIK CHCTEMa 3 JIBOMa TEXHOJIOTIYHO ITOB’SI3aHUMHU, ajie¢ (PYHKIIIOHATb-
HO BIJIOKpEMJICHUMH KOHTYpaMH aBTOMaTHYHOTO KepyBaHHs (puc. 1). KoHTyp mpoayKTUBHO-
cTi (opMye BIUIMB Ha TMOJOXKECHHS 3aCYBKH 3aBAHTAXKYBAJTBHOTO OYHKEpa, TOMAI SK KOHTYP
SKOCT1 3MIHIOE€ 4acTOTy oOepTaHHs poTopa kiacudikaropa. Pi3Hi kepoBaHi BeIHYUHH Ta BH-
KOHaB4I MEXaHi3MH JIAI0Th 3MOT'Y CHHTE3yBaTH 3aKOHU KEpyBaHHSA OKpeMo. BogHowac 3MiHa
pexxuMy Kiacudikalii 3MiHIO€ TUPKYIAIiiHE HABAHTAXKEHHS, TOMY U1 KOHTYPY IPOJYKTHB-
HOCTI L4 JIisl BpaXOBY€EThCS SIK 30ypEHHS.

G(t) — macosa BHTpaTa n(t) — gacrora obeprasHs

Buxinuuit marepian BHXIIHOTO MaTepiaty poTopa K1acHbikaTopa

3aBaHTaKYBaILHUI
GYHKep i3 pery/ibOBaHOI

FoToBuil npoayKT
Q(t) — nponykTusHicTs

3ona
noapibHeHHs

Knacudikarop

3ACYBKOIO d(t) — aucnepcuictn
[
h(t) — nonoxenns | Ge(t) — wpKyasuiiine HapasTaKeH s
3acyBkH DyHKepa sk 36ypenna z: (L) 118 KOHTYPY NPOAYKTHEHOCTI |
,,,,,,,,,,,,,, silt)
AKYCTHUHMI CHIHA
Sm(t) — aKycTITIHIIE cHIBAT 38 KaacHdikaTopos
301 nopibrenT
HeuwiTKHit KOHTYD KepyBaHHS NPOAYKTHBHICTIO KouTyp KepyBaHHs SKicTI0 IPOAYKTY
-
AKyCTHYHHIT NaBay 30HH oapi0HeHHsA AKYCTHYHHIT 1aBad 3a K1acHiKaTopoM
Ta BHMiPIOBATbHHIT KaHAT Ta KaHaJl OUIHIOBAHHS JHCIEPCHOCTI
l d(t) — oninka
( JHCNIEPCHOCTI NPOAYKTY
X(t) — BekTop iHdopMamiiiHIX 03HAK
peKuMy noapibHeHHA
l Perynstop skocTi nponykry
-
R - ug(t)
HeuiTkuit pery/1stop npon1yKTHBHOCTI
L
l ug(t) IlepeTBOpIOBAY YACTOTH T4 €1eKTPONPHEOI
poTopa KlacH(pikaTopa
Enextponpnson 3acyBKH
3aBAHTAXKYBAIBHOrO OYHKepa
L

Pucynok 1 — CtpykTypa IBOKOHTYPHOTO aBTOMaTUYHOTO KEPYBAHHS CTPYMHUHHOIO
0/1piOHIOBAIBHOIO YCTaHOBKOIO
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VY HeYITKOMY KOHTYpi KE€pyBaHHS MPOAYKTHUBHICTIO KEPYIOUMH CHTHAJI HAIXOAWUTH 10
SIIEKTPOIIPHUBO/IAa 3aCYBKH 3aBaHTaKyBalbHOrO OyHKepa. [lonoxenns 3acyBku h(t) BusHagae
MacoBy BUTpary BuxinHoro marepiany G(t), sika 6e3mocepeHbO BILUTUBAE HA 3aBAHTAKCHHS
30HU MOAPiOHEHHS Ta MPoaAyKTUBHICTH Q(t). CTaH mpoliecy OIIHIOEThCS 3a AKYCTUYHUM CHT-
HaJIOM Sp(t), 3apeecTpoBaHMM Y 30HI MOAPiOHEHHs. [licist monepeHbOro OMPAIFOBAHHS CHUT-
HaJl IEPETBOPIOETHCS Ha BEKTOP iHPOpMAIiifHuX 03HaK X(t), 1110 XapaKTepu3ye peHUMHU HE0-
BaHTA)XCHHS, PAIIOHATBHOTO 3aBaHTAXCHHS Ta TepeBaHTaXeHHs kamepu [1, 4, 8, 9]. Heuit-
KUHU perynsarop GopMye BILTUB JIMIIE Ha KaHAJ MMOJJaBaHHs BUXIJHOTO MaTepiaiy.

Y KOHTYpi KepyBaHHS sIKICTIO aKycTudHU# curaan Si(t), 3apeectpoBanuii 3a kinacudika-
TOPOM, BUKOPHCTOBYETHCS JIJIsl OLIIHIOBAHHS JAUCIIEPCHOCTI roTtoBoro npoaykry d(t). Perymns-
TOp SAKOCTI (hOpMye CHUTHAJ Ui TIEPETBOPIOBAYA YAaCTOTH Ta €IEKTPONPUBOJIA POTOpPA KIIACH-
¢ikaropa, 3MiHIOWYH 4acTOTy Horo ooepranus N(t). 3mina N(t) BruiMBae Ha MEXY pO3AiJICHHS
YAaCTHHOK 1 BEJIMYMHY HUPKYJsiiiiHoro HaBanTaxeHHs: Gg(t). s KOHTYpy MpOAyKTHBHOCTI
HUPKYJISIiHE HaBaHTXKEHHs € 30ypeHHsIM Z(t), OCKUIbKM BOHO 3MiHIO€ 3aBaHTAKCHHS Ka-
MEpPH Ta IHTEHCUBHICTh 31TKHEHb YaCTHHOK [3, 7, 9]. OTke, QyHKI[IOHATBFHA BIJJOKPEMIICHICTh
KPHUTEPIIB JBOX KOHTYpIB HE O3HAYa€ AMHAMIYHOI PO3B’SI3aHOCTI TEXHOJOTIYHOTO 00’ €KTa;
B3a€MHHI BIJIMB BPAXOBYETHCS Yepe3 MaTepialibHUM HUPKYISIIHHUHN MOTIK.

Indopmaniiina ocHoBa HeuiTkoro kepyBanHs. /lo Bekropa X(t) HOLIBLHO BKIIOYATH
JIMIIE O3HAKH, IS SIKUX TOMEPETHIMH TOCITIKEHHSIMH BCTAHOBIICHO CTIMKHUI1 3B’SI30K i3 3a-
BAaHTAKCHHSIM KaMepH Ta MPOAYKTUBHICTIO. [IOTEeHIIITHUMY CKIIaIOBIMH € aMILUTITYAH], €HEP-
FeTHYHI, YaCTOTHI Ta KOMIUIEKCHI TeXHOJoro—akyctuuHi kputepii [1, 4, 8]. Ocrarounuit
CKJIaJ] BEKTOpA BU3HAYAETHCS HE KUTHKICTIO JOCTYITHUX MapaMeTPiB, a PO3AUIHHOIO 3/IaTHICTIO
I0JI0 CYMIKHUX TEXHOJOTIYHUX PEKUMIB, CTIMKICTIO 10 3MIHU BJIACTUBOCTEN Martepiaiy, KO-
PEISILIIHO0 HAUIMIIKOBICTIO Ta TPUBAIICTIO OOUMCIIEHHS B PEaJIbHOMY Yaci.

CratuctuuHe popmyBaHHsA GyHKUil HajdexHocTi. /g KoxHOI BiIiOpaHOI O3HAKU
MaroTh OyTH cOpMOBaH1 €KCIIEPUMEHTATIbHI BUOIPKH, 110 BIAMNOBIIAIOTh pEKUMaM HEIOBaH-
TaXEHHsI, PalllOHAJIbHOTO 3aBaHTAXEHHs 1 mepeBaHTakeHHS. [1o0KeHHs, pO3CIIOBaHHA Ta
00JacTi MEepeKpPUTTS EMITIPUYHUX PO3IMOJALIIB BU3HAYAIOTh MapaMeTpH (YHKIII HaJIeKHOCTI.
3a Takoro MmigxoAy MeXi HEUITKUX TepMiB B1100paxaroTh (PaKTUYHY CTATUCTUYHY MIHJIUBICTh
1H(poOpMaIIiHUX O3HAK, a HE 33JJal0ThCsl BUKJIIOYHO 33 €KCIEPTHUMU MpunymeHasmu. Oomac-
T1 IEPEKPUTTS PO3MOILUTIB IHTEPIPETYIOTHCS K 30HU HEOJHO3HAYHOI 1/IeHTU(IKaLlii TEXHOJIO-
TIYHOTO CTaHy.

Bubip miniMmanbHO 10cTaTHLOr0 BekTOpa 03Hak. OkpeMa iHpopmarliiiHa 03HaKa Mo-
’Ke He 3a0e3edyBaTu CTIMKOro PO3JUICHHS PEeXHUMIB y BCld 005acTi poOOTH YCTaHOBKH. Y
IbOMY pa3l pIIIEHHS Ma€ IPYHTYBATHUCS HA CYKYITHOCTI B3a€EMOJIONIOBHIOBAJIbHUX O3HaK. Ile-
pen ix 00’elHaHHSAM HEOOXITHO OLIHUTH B3a€EMHY KOPEJSAIII0, CTATUCTUYHY 3HAYYUIICTh Bij-
MIHHOCTEH MK PeKMMaM{ Ta YYTJIMBICTh A0 3MIHU I'PaHYJIOMETPUYHOIO CKIIATy 1 (i3UKO—
MEXaHIYHUX BJIACTUBOCTEW BHX1IHOTO Marepiamy. OOMeXeHHS pO3MIPHOCTI BEKTOpa 3MEH-
11ye oOYMCITIOBAJIbHE 3aITi3HEHHS Ta MIIBUIYE TPUAATHICTh aITOPUTMY JI0 peaizailii B pea-
JBHOMY Yacl.

YpaxyBaHHs1 4acOBHX BjacTHBoOCTel iHopmaniiinoro kanamny. Po3mip BikHa HaKo-
MAYEHHSI aKyCTHYHHUX JIaHWX BHU3HAYA€ KOMIIPOMIC MK CTAaTHCTHYHOIO CTIHKICTIO O3HAK 1
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MIBUJIKO/I€I0 CUCTeMHU. J{0 3arajabHOTO 3ami3HEHHsS BXOAATh Yac HAKOMMYEHHS BHOIPKH, IO-
MEPEHBOT0 OIPALIOBAHHS CHUTHAILY, OOYMCICHHS O3HAK, ()OPMYBaHHS HEUITKOIO BHCHOBKY,
3MIHU TIOJIO)KEHHS 3aCyBKM Ta NepeOyloBU MaTepialbHHUX IMOTOKIB y Kamepi. Kepyroue pi-
[ICHHS Ma€ MiATBEPPKYBATUCS MOCTIIOBHICTIO iH(pOpMAIiiHUX BIKOH, a 4YacTOTa 3MIiHH IIO-
JIOXKEHHS 3aCyBKM TOBHMHHA Y3TODKYBATHUCS 3 IHEPUIWHICTIO MOAPIOHIOBAIBHOI YCTAHOBKH.
Ile oOMexxye HaJAMIPHO YacTi CHpAIlbOBYBaHHS BHKOHABYOI'O MEXaHI3My Ta 3MEHIIYE PU3UK
peaxiiii Ha KOPOTKOYACHI aKyCTUYHI BiAXHJICHHS.

@opMyBaHHSI HEYITKOr0 Kepyl4oro BIUIMBY. BXiIHMMHU 3MIHHUMH DPETYJIATOpa €
CTYIEHI HaJIe)KHOCTI TIOTOYHOTO CTaHy /10 OCHOBHHMX PEKUMIB MOAPIOHEHHS, a TaKOX, 3a pe-
3yJIbTaTaMu NEPEeBIpKU iH(POPMATUBHOCTI, HAMPSM 1 IMIBUIKICTh 3MIHM OKPEMHX O3HAaK. 3a He-
JOBaHTKEHHSI KEPYIOUHi BIUIMB Ma€ 30UTbIIYBATH TOJABaHHS Marepiany; y pamioHaIbHiN
obmacTi — yrpuMyBaTu ab0 KOPUTYBATH MOTO 3 MajOI0 iHTCHCHBHICTIO; 32 HAOJIMKEHHS 10
MEpPEBAHTAXKEHHS — 3aBYaCHO 3MEHIIIYBAaTU MOJaBaHHsA. BennunHa Kopekiii BUBHaYaeTbCs HE
nuie iIeHTH(IKOBAaHUM KJIACOM, a W CTYIIEHEM HAJIKHOCTI Ta CTIMKICTIO HOTO MmiaTBep-
JoKeHHS y 4aci. Ha Buxozi perymaropa HEOOXiJHO BpaxyBaTH JOMYCTUMHH Jianma3oH IOJIO-
’KCHHS 3aCyBKH 1 MAaKCUMAaJIbHY IIBHIKICTh 3MIiHH ii IOJOXKESHHS.

IopiBHsVILHE OLiHIOBaHHS 3aKOHIB KepyBaHHsl. HeuiTkuii 1 Bimomuii peneitauii 3a-
KOHHM MalOTh MOPIBHIOBATHCS 33 OJIHAKOBUX ITOCIIIOBHOCTEH 3MiHH BIIACTUBOCTEH Ta BUTPATH
BUXITHOTO MaTepiany, IUPKYJSAIIIHOrO HaBaHTXEHHS 1 pexxuMy Kinacudikamii. /1o moka3Hu-
KiB OI[IHIOBAaHHS HAJIEKaTh CEpPeIHs MPOAYKTHBHICTh, KOeilieHT i Bapiallii, 4acTKa Jacy re-
peOyBaHHsI B 00JIaCTi palllOHAIBLHOTO 3aBAHTAXKEHHS, TPUBAIICTh 1 YaCTOTa HAOJIMIKEHHS /10
NEPEBAHTAXKEHHS, Yac BIJTHOBJIICHHS PEXHUMY HICHs 30ypeHHsI Ta KUIbKICTh CIpPallbOBYBaHb
€JIEKTPONPUBOA 3aCyBKHU. Take 3icTaBIeHHS Ja€ 3MOTY BIIOKPEMHUTH MIiJABHUILEHHS MPOIyK-
THUBHOCTI B1] HE0a)kKaHOTO 3MEHIIEHHS 3aacy TEXHOJOT1YHOI CTIHKOCTI.

3aBaaHHA TNOAAJBIION0 E€KCIEePHUMEHTAJIBHOIO0 0cailKeHHsl. ExcriepumeHTanbHa
[porpaMa Mae€ OXOIUTIOBATH yCTaJIeH] PeKUMHU Ta IEPEX0]Id MIXK HUMHU, Pi3H1 P1BHI 10JIaBaHHS
MaTepiaiy, 3MIHM 4acTOTH oOepTaHHs Kiacu@ikaropa 1 Bapialii BIaCTUBOCTEH CHUPOBHUHHU.
JIJ11 KOKHOTO PEKUMY HEOOX1THO CHHXPOHHO PEECTPYBATH aKyCTUYHI CUTHAJIH, TOJIOKEHHS
3aCyBKH, YaCTOTY 00epTaHHS pOTOpa, NPOAYKTUBHICTD 1 MOKa3HUKHU AucnepcHocTi. OnepxaHi
JlaH1 BUKOPUCTOBYIOTHCS Il CTATUCTUYHOI MEPEBIPKHU O3HAK, MOOYI0BU (PYHKLIINH HaJIEKHOC-
Ti, popmyBaHHs 0a3u MpaBUJI 1 HE3AJEXKHOI MEPEBIPKU HEUITKOTO peryisTopa Ha BUOIpKax,
SIK1 HE 3aCTOCOBYBAJIHCS TI1]] 9ac MOTO mapameTpu3aiiii.

IIporuno3oBani pe3yJibTaTH Ta MPAKTHYHA 3HAYYIIiCTh. Pe3ynbTaToM MoAaibIioro
JOCTIKEHHSI Ma€ CTaTH CTAaTUCTUYHO OOTPYHTOBAHHWI CKJaJ aKyCTHYHHUX 1H(pOpMAaIiitHUX
O3HaK, MapaMeTpU30BaHl 3a €KCIIEPUMEHTAIbHUMH PO3MNOJAUIaMU (YHKIIT HaJEKHOCTI, O6a3a
HEYITKUX TPABWII i 3aMKHEHA MOJIENIb KOHTYPY KepyBaHHS NMPOAYKTHBHICTIO. [IpakTnyHa 3Ha-
YYIIICTh MOJIATAE Y MOXJIMBOCTI 3MEHUICHHS] YaCTOTH HEOOTPYHTOBAHUX IMEPEMIIIEHb 3aCyB-
KM, MiJIBULIEHHS TPUBAJIOCTI poOOTH B 00JacTl palliOHAIbHOTO 3aBAHTAXEHHS Ta 30epexKeHH
3amacy J0 MepeBaHTaXKEHHs 3a Nl TeXHOIOruyHuX 30ypeHb. KiibKicHI mepeBaru mopiBHIHO 3
pelieiHNM 3aKOHOM MaroTh OyTH BCTAHOBJIEHI 3a pe3yJbTaTaMU MOJEIIOBAaHHS U eKcrepruMe-
HTaJbHOI TIEPEBIPKH.
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BucnHoBku. [IpoBeenuii anani3 miaTBepauB, M0 aKyCTHYHI iHPOPMAaLiHHI 03HAKH 30HH
MOJIPIOHEHHS MOXYTh OyTH BUKOPUCTAHI JUIS OMTOCEPEAKOBAHOTO OI[IHIOBAHHS 3aBAHTAXKCHHS
KaMepu Ta (GOpMyBaHHSI 3BOPOTHOTO 3B’SI3KYy B CUCTEMI aBTOMAaTHYHOT'O KE€PYyBaHHS MPOIYK-
TUBHICTIO CTPYMUHHOI yCTaHOBKU. P0o3po0iieHi paHilie Moporosi i penelHi aaropuTMu 3a-
0e3meuyloTh KOPUTyBaHHS NOJJaBaHHS MaTepialy, OJHAK HE BPaXOBYIOTh CTYIiHb HEBU3HAYE-
HOCTI iIeHTU}IKAIT PeKUMY B 00JIaCTAX MEPEKPUTTS CTATUCTUYHUX PO3MOJUIIB O3HAK Ta Ya-
COB1 0OMEXEHHS aKyCTHYHOTO iH()OpMAIiITHOTO KaHay.

CrpyKTypa aBTOMaTHYHOTO KEPYBaHHS CTPYMHUHHOIO MOJPiOHIOBAIBHOIO YCTaHOBKOIO
MICTHTh (PYHKI[IOHATBHO BiJOKpEMJICHI KOHTYPHU MPOJYKTUBHOCTI Ta SAKOCTI mpoaykTy. Heudi-
TKHAW 3aKOH KEpyBaHHS JOIUIBHO pEasli3oByBaTH B KOHTYPI MPOAYKTUBHOCTI HUISXOM 3MiHH
MIOJIOKEHHS 3aCyBKH 3aBaHTAXXYBaJbHOTO OyHKepa. KOHTyp SIKOCTI i€ Ha 9acTOTy 0oOepTaHHs
poropa kiacugikaropa, a 3yMOBJIEHA 3MIHOIO peXUMY Ki1acu(ikamii Bapiamis TUPKYISAIiHHO-
IO HABAaHTA)XCHHS BPAXOBYETHCS B KOHTYPI MPOTYKTHBHOCTI SIK TEXHOJIOTIYHE 30ypEeHHS.

@opmyBaHHS (QYHKIIH HaJEKHOCTI Ma€ IPYHTYBATUCS HA CTATHCTUYHUX PO3MOALTIAX
1H(pOPMATUBHUX aMILUTITYAHUX, CHEPTETHYHUX, YACTOTHUX 1 KOMIUIEKCHUX O3HAK JUIA 11€HTH-
¢ikoBaHMX pexuMiB noapiOHeHHA. CKiIal BEKTOPY O3HAK BU3HAYAETHCS 32 iIXHBOIO PO3[IiIb-
HOIO 3/JaTHICTIO, CTATUCTHUYHOKO CTIMKICTIO, KOPENAIAHOI HAUMIIKOBICTIO Ta TPUBATICTIO
oOuncienHs. HediTkuii peryisaTop mOBUHEH ypaxoBYBaTH HE JIMIIE TIOTOYHHUIA PiBEHb O3HAK,
a ¥ HampsIM Ta IMIBHJIKICTh iX 3MiHU, TPUBAIICTH MIATBEP/HKCHHS CTaHy Ta JOIMYCTHMY YacTOTY
nepeMileHHs 3aCyBKH.

[Tomanpia mepeBipka 3amponOHOBAHOTO MIAXOTy Mependadae mapamerpusaiiio GyHK-
1} HaJIEXKHOCTI 3a €KCIEepUMEHTaIbHUMH BUOIpKamMu, (popMyBaHHS 0a3u HEUITKUX IPABUII 1
MOPIBHSIHHS HEYITKOTO Ta PEJIEMHOTr0 3aKOHIB 3a CEPEeIHBOI0 MPOJAYKTHBHICTIO, Bapialli€io
MPOJAYKTUBHOCTI, TPUBAJICTIO POOOTH B OOJIACTI PalliOHAIBHOTO 3aBaHTAKEHHS, 3a11acoM J10
NEePEBAHTAXKEHHS, YaCOM BIJHOBJIEHHS Micli 30ypeHHS Ta KUIBKICTIO CIIpallbOBYBaHb €JIEKT-
ponpuBoaa 3acyBku. CyKYITHICTh IIUX MMOKAa3HUKIB A€ 3MOTY OI[IHUTH ITiIBUIICHHS e()EeKTHUB-
HOCTI KepyBaHHS MPOJYKTUBHICTIO CTPYMHHHOI YCTaHOBKH 0€3 3HIKCHHS TEXHOJOTIYHOI
CTINKOCTI npoliecy NoApiOHEHHS.
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Automatic control of the jet milling process based on acoustic information features:
current status and research objectives

A critical analysis of the prerequisites for developing automatic control of the jet
milling process using acoustic feedback is presented. It is shown that known acoustic
information features enable the identification of the operating modes of the milling unit, while
relay—based control of material feed ensures that the chamber load is maintained near an
optimal range. However, threshold—based decision—making fails to adequately account for
the statistical variability of these features or the temporal characteristics of the information
channel. A direction for future research is proposed, involving the construction of
membership functions based on the statistical distributions of acoustic features and the
development of a fuzzy automatic control system for throughput, where the control action on
material feed is determined by the acoustic identification of the milling mode.

The analysis confirms that acoustic features from the milling zone can be utilized for the
indirect estimation of chamber load and for establishing feedback within an automatic
throughput control system for jet milling units. While previously developed threshold and
relay—based algorithms allow for the adjustment of material feed, they do not account for the
degree of uncertainty in mode identification—particularly where the statistical distributions
of features overlap—nor do they consider the temporal limitations of the acoustic information
channel.
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IHOOPMALIMNHA MOJEJIb JAHUX, BIATBOPIOBAHICTH I ITPOLIEYPHA
MIA3BITHICTH Y CACTEMI MOHITOPHUHI'Y IHOOPMALIMHUX 3ATPO3

Anomayisn. Cmammio npucesyerHo 00IrpyHmy8anHio iHghopmayitinoi mooeni 0aHux OJisi cucmem
MOHIMOPUHEY THHOPMAYILIHUX 3a2P03, OPIEHMOBAHOI HA 3aDe3neyeH s 8iI0MBOPIHBAHOCMI 00-
yucnenb ma npoyedypHoi niozeimuocmi. A6mopom 3anponoHo8aro posensioamu 30a2aqeHuti
3aNUC HOBUHHO20 NOBIOOMIEHH SK EOUHUL YOMUpuwaposull inmezpayitHull xapkac. Bin
00°€0HyE NepeUHHI MeKCmosi nois, Memaoaui odxcepend, OYiHKY aHANIMUYHUX MOOYi8 (me-
Mamuky, MOHANbHICMb, [HEepcilo) ma cayxnc6osi ampubymu skocmi. Busnaueno mexmuiumi
niocmasu 3abe3neuenHs 8i0MEOPGAHOCMI pe3yibmamis yepe3 ¢hikcayiro Kongizypayii i
sepcitinocmi Komnonenmis. Jlosedeno HeoOXiOHICMb HACKPI3HO20 ayOumHo20 cidy ma iHme-
epayii excnepmHo20 KOHMYPY «0OUHA—CUCMeMAy Ol aHALi3y YYmIuo20 KOHMEHM).
Ipaxmuyna yinnicms noaseae y CmeopeHHi Memooono2iuHoi 0CHo8U 071 N0OYO08U NPO30PUX
i ni036iMHUX cucmem MeoiaMOHIMOPUHRY.

Knrouosi cnosa: ingopmayitina mooenv 0anux, MOHIMOpuHe iHPOPMAYIUHUX 3a2p03, 8I0MEO-
PrOBaHicms pe3yibmamis, npoyedypHa Nio36imHicmb, ayOumuuil ciio, aHaniz mMediakoHmeH-

my, KOHmyp «moduHa—cucmema», AHCUMMEBULL UUKTL OaHux

IMoctanoBka npodaemu. CTpiMKe 3poCcTaHHS 00CATIB HU(PPOBOrO MEIIaKOHTEHTY, BH-
COKa IIBUJIKICTh OHOBJICHHS HOBUHHHUX IOTOKIB 1 YCKJIaJHEHHs GopM iH(opMariiiHoro BIUIH-
By 3yYMOBJIIOIOTH NOTpeOy B CTBOPEHHI CHUCTEM, 3JaTHUX HE JIMIIE aBTOMAaTH30BaHO
aHaJli3yBaTHU MOBIJIOMJIEHHS, a i 3a0e3nedyBaTH KOHTPOJIb SKOCTI JJAaHHMX, OBTOPIOBAHICTbH
pe3yibTaTiB Ta MPO30PICTh MPOLEIyp YXBaJeHHs pilleHb. s 3amady MOHITOPHHTY iH(Op-
MalliifHUX 3arpo3 IbOr0 HEIOCTATHHO JOCATATH JIMILIE BUCOKHMX MOKAa3HMKIB Kiacuikarii,
OCKIUIBKH TNpaKTHYHA MPUAATHICTh CUCTEMHM BU3HAUYAETHCS TAKOXK TUM, HACKUIBKM KOPEKTHO
OpraHi30BaHO JIaHi, Y1 MOKHA BIJITBOPUTH PE3YJIbTAT 32 OJJHAKOBUX YMOB 1 UM ICHY€ ayAuT-
HUH ciij, KU 103BOJIsIE NEPEBIPUTH MiICTaBM aBTOMAaTU30BaHOT'O BUCHOBKY.

Oco6muBoi aKkTyalbHOCTI 11 MpoOsiemMa HaOyBae B yMOBax 0araTOMOBHOI'O Ta JMHAMid-
HOTO 1H(pOpPMAIIITHOTO cepeloBHIIa, 16 HOBUHHI MOBIJOMIICHHS HAIXOATH 13 PI3HUX JIKEped,
MPOXOJATH Pi3HI MPOLEAYpH NepenoOpoOIeHHS, MOXKYTh MICTUTH TEpeKiaaeHi ado 3mima-
HOMOBHI ()parMeHTH Ta MOTPEOYIOTh MOCIIIJOBHOTO MPOXO/HKEHHS Yepe3 KiJibKa aHAITHYHUX
MoayiiB. 3a TakuxX yMOB iH(opMmaliiiHa MOJeNb JaHUX [OBHHHA BHUKOHYBAaTH HeE JIHUINE
byHKLiI0 30epekeHHs 3aMucy, a # pojib IHTErpalifHOro Kapkaca, SIKUi MO€IHYe TMEepBUHHI
TEKCTOBI MOJIS, METaaHi JpKepena, pe3ylbTaTH aHANITUYHUX MOJYJIIB, CIyXO00B1 MmapaMeTpu
KOHTPOJIIO SIKOCT1, BEPCiiHICTh KOMITIOHEHTIB 1 )KypHaJI PillICHb.
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AHaJi3 ocTaHHIX JocaiaKeHb i myOaikanii. Y cydacHUX TOCITIKEHHAX, OB’ A3aHUX 13
MOHITOPMHTOM PHU3UKOBOTO MEIIaKOHTEHTY, BHOKPEMIIIOIOThCS LIOHAMMEHIIE YOTHPHU
B3a€MOIIOB’sI3aH1 HANPSMU: TOKYMEHTYBaHHS Ta Gopmaitizallis JaHuX, 3a0e31edeHHs BIATBO-
PIOBAHOCTI €KCIIEPUMEHTIB, ayUT 1 MPOLEAYypHA MiA3BITHICTh aJITOPUTMIYHUX CHUCTEM, a Ta-
KO>XK MPUKJIAJIHI CUCTEMH BHUSBIICHHS HENpPaBIMBHX a00 MaHIMYyIATHBHUX HOBHUH. Jlns 3amaui
noOyJOBH CHUCTEMHU MOHITOPUHTY iH(POpPMALIHHUX 3arpo3 ILi HANpsSIMH € B3aEMOIOIOB-
HIOBAJIBHUMHU, OCKUIBKH SIKICTh PillIEHHS BU3HAYAETHCS HE JIUIIE TOYHICTIO aHATITUYHOTO MO-
IyJs, @ U CTPYKTYPOIO 3aIUCy JaHUX, KOHTPOJIEM JKUTTEBOTO LIUKIY KOPITYCY, MOKJIHMBICTIO
MOBTOPHOTO BiJITBOPEHHS PE3YJbTATIB 1 HAsBHICTIO ayauTHOTO ciiny [1]-[10].

[epury rpymy CTaHOBIATH IMIJXOMIHU, 30CEPEKEHI HAa CTPYKTYpOBAHOMY ONHCI JaHUX 1
noxo/pKeHHs1 kopnyciB. Y po6oti E. M. Bender ta B. Friedman 3anpornoHoBaHo KOHIIETIIiFO
data statements, sika opieHTOBaHa Ha (hOpPMaIi30BaHU ONMKMC MOBHHX JAHUX 3 YPaxXyBaHHSIM
iXHBOTO COLIATBHOTO, MOBHOTO Ta MPUKJIAAHOTO KOHTEKCTY [1]. [Tomanbmmm po3BUTKOM Ib0-
ro Hanpsimy ctaym datasheets for datasets, y sikux T. Gebru ta cniiBaBTOpH MPOMOHYIOTH CTaH-
JapTH30BaHUH OMKMC MOTHBAIIl CTBOPEHHSI HA0OPY JAHHUX, HOTO CKJIaTy, MPOLEAypy 30upaH-
H$l, PEKOMEHIOBAHUX CIOCO0IB BUKOPUCTaHHS Ta 0OMexeHb [2]. 3 morusaay nodyJ0oBH CUCTEM
MOHITOPUHTY 1H(POPMALIHHUX 3arpo3 TaKi MiIXOAN € MPUHLIUIIOBO BAKIMBUMH, OCKIIBKH TIe-
PEBOIATH KOpITyC i3 piBHA HEPOpPMaJIbHOI KOJEKIil TEKCTIiB Ha PIiBEHb TOKYMEHTOBAHOTO
00’ekTa 3 (PiKCOBAaHMMH BJIACTHBOCTSIMH, IIPOTE€ BOHH 30CEPEIKEHI MEPEBAKHO HA JOKYMEH-
TyBaHHI HA0OPy NaHWX 1 HE 3aJa0Th MOBHOI 1H(OPMAIIIHHOT MOIEII OKPEMOro 3amucy HO-
BUHHOTO TMOB1JIOMJIEHHSI, TIPUIATHOI J0 1HTErpallii 3 aHATITHYHUMH MOJYJISIMH Ta KypHaJIOM
pimens [1], [2].

Hpyruii Oau3pkuil HampsM TMOB’S3aHUN 13 JOKYMEHTYBaHHSIM MojJeNedl 1 cucrem
MIATPUMKH NPUAHATTS piieHb. Y mpati nmpo model cards 3ampornoHOBaHO CyIpOBOKYBaTH
MOJIeNIi KOPOTKAMHU CTPYKTYPOBAaHHUMH JTOKYMEHTaMH, SKi PO3KPHUBAIOTh MPU3HAYECHHS MO-
JIeNTl, YMOBH 11 3aCTOCYBaHHS, MOKa3HUKH SKOCTI Ta oomexeHHs [3]. YV pob6oti F. Konigstorfer
1 S. Thalmann nokaszaHo, 0 TpaaAMULIHHOT MPOrPaMHOI JOKYMEHTAIlll HEJOCTAaTHHO IS Ie-
PEBIPKU CHCTEM LITYYHOIO 1HTENEKTY B PErylbOBaHUX ClLieHapisX, a cneundiuna mis I go-
KYMEHTaIlisl € HEOOX1THOK YMOBOIO MiA3BITHOCTI Ta MPOXOJDKEHHs ayauty [4]. His namoi
3aja4i LI OiAXOAU LIHHI TUM, 110 aKIEHTYIOTh yBary Ha CTPyKTYpOBaHOMY JOKYMEHTYBaHHI1
KoH(Irypariiii, oOMexxeHb 1 JPKepell JT0Ka3iB, OJJHAK BOHM TAKOXK HE PO3B’SI3YyIOTh MOBHICTIO
po06sieMy IHTErPOBAHOTO MPECTABICHHS JaHUX, TPOMIXXHUX OL[IHOK 1 CITy>KOOBHX aTpUOyTiB
yCepennHi €IMHOTO 3aMiCy HOBUHHOTO moBioMieHHs [3], [4].

Tperto rpyny yTBOPIOIOTH JOCHIJDKEHHs, TNPUCBAYEHI BIATBOPIOBAHOCTI B Taiy3l
OTIpaIfOBaHHA NMPUPOAHOI MOBH. Y poOoTi I. Magnusson, N. A. Smith 1 J. Dodge npoananizo-
Bano 10 405 Binmosineit Ha NLP Reproducibility Checklist i moka3ano, mo micis ii 3ampo-
BaJKEHHSI TIOKPAIIMIIOCS 3BITYBaHHS PO €PEKTHUBHICTD, TApaMEeTPH HaBUYAHHS Ta CTATHCTHY-
HI XapaKTepUCTUKN €KCIIEPUMEHTIB, OJIHAK BIJIKPUTICTh KOAY, JaHUX 1 MPOLEAYpP 3aIUIIAETb-
csi HemoBHOWO [5]. YV mpami A. Belz, M. Popovic 1 S. Mille 3anpononoBano quantified
reproducibility assessment — MeTo/1 KiJIbKiCHOTO OI[iHFOBAHHSI CTYIIEHS BiJITBOPIOBAHOCTI pe-
3yJIbTaTiB HA OCHOBI 0araThboX MOBTOPHUX BiATBOpeHH [6]. LI mociimkeHHs MaroTh Oe3moce-
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pelHe 3HAYEHHS JJISl CUCTEM MOHITOPUHTY 1H(OpMAIIfHUX 3arP03, OCKIIBKH JEMOHCTPYIOTh,
10 BiTBOPIOBAHICTh HE MOXe 3a0e3meuyBaTucs JCKIapaTUBHO i moTpedye (ikcarii mapa-
METpiB 3alyCcKy, pelakilii KOMIIOHEHTIB, CTPYKTYpH BHOIPOK 1 MPOTOKOJIB OIIIHIOBAHHSI.
BopHouac BOHM Opi€HTOBaHI MEpPEBaKHO Ha BiATBOpeHHs ekcrnepuMmeHTiB y NLP i He ne-
TaNi3YyI0Th TOOYOBY iH(OpMaILiifHOT MOJIeNi JaHUX SIK HOCIS TEXHIYHHX IiICTaB TOBTOPHOTO
BIJITBOPEHHS B IPHUKJIAHIN cCHCTeMi MOHITOPHUHTY [5], [6].

UYerBepTuil HANIPSIM CTOCYETHCSA ayJHUTY Ta MPOLEAYPHOI MiA3BITHOCTI CUCTEM IITYYHOTO
iHTenexkty. Y poOoti J. Mdkander y3araqpHEHO MpaBOBi, €TMYHI Ta TEXHIYHI MIJXOAU 0
ayauty LI Ta moka3aHo, M0 Cy4acHUH ayaWT aJrOPUTMIUHUX CHUCTEM MOTpeOye SK TEXHO-
JIOTIYHO OpIEHTOBAHMX, TAaK 1 MPOIECHO OpIEHTOBAaHMX MinxomiB [7]. Y pocmimkenHi M.
Minkkinen, J. Laine i M. Méantymaki 3anpornoHoBaHo KoHIenmito Oe3nepepBroro ayauty LI
SK Maike peajJbHOro 4acy eJeKTPOHHOI CHCTEMH HIATPHUMKH ayAWTOpIB, sKa TMOCTIHHO Te-
peBipsie y3TOKEHICTh CHCTEMHU 3 PEJICBAHTHUMHU HOpMaMu ¥ ctanmaptamu [8]. s 3amadi
MOHITOPHUHTY iH(OpMaIiitHUX 3arpo3 IIi mparli € 0COOIUBO BaKIMBUMH, OCKUTBKHA BOHHU TIEpe-
BOJIATH MTUTAHHS IMiJ3BITHOCTI 3 PIBHS 3araJibHUX MPUHIMUIIB HA PIBEHb MPOLEAYD, KYPHAIB,
NpaBWJI €CKayalii Ta KOHTPOJHOBAHOI B3a€MOJIii JIOAMHU 13 cucteMoro. lIpore B HUX He
PO3TISIHYTO CHeliajJbHO MUTAaHHS 1HGOpMaNiiHOI MO/ENI 3aIiCcy HOBUHHOTO MOBiIOMIJICHHS
SK TIEPBUHHOTO HOCISl ayJJUTHOTO CIiJy B TEKCTOLIEHTPUYHUX CHCTEMaX aHaji3y MeliaKoH-
teuty [7], [8].

[’sTuii HampsiM PENpe3eHTYIOTh MPHUKJIAIHI CHCTEMH BHSBICHHS HENPABIMBUX HOBHH i
MOSICHIOBAHOTO aHaNI3y pU3UKOBOro KOHTEHTY. ¥ poboti N. Cavus, M. Goksu 1 B. Oktekin
npencrasieHo cuctemy FANDC, y sikiil aBTopu IpsIMO BKa3ylOTh Ha Opak CUCTEM BUSIBJICHHS
HENpPaB/IMBUX HOBUH, 3/1aTHUX (QYHKI[IOHYBAaTH B MEPEKEBOMY CEpPEIOBMILI Ta B PEXKHUMI,
HaOIMKEHOMY JI0 peaibHOTo Yacy [9]. V Oiunbm HOBIi mpati W. Ji Ta ciiBaBTOPiB HAroJoIie-
HO, [0 3HaYHA YaCTHHA HASBHUX DIIICHb 3AIUIIAECTHCS «IOPHUMHU CKPUHBKAMI, OCKUTBKH
CIIUPAETHCS HA MPUXOBAHY B3a€EMOJII0 BHYTPIIIHIX O3HAK 1 HE 3a0e3Iedye HajleKHOI Mmosic-
HIOBaHOCT1 pe3yibTariB [10]. Lli cuctemMu AeMOHCTPYIOTH BUCOKUH DPIBEHb PO3BUTKY IpHU-
KJIQJHUX METOAIB Kiacu@ikalii Ta Bepu@ikaliii MeIiakOHTEHTY, OJIHAaK iXHIi rOJOBHMM ak-
[IEHT 30CEePEHKEHO Ha TOYHOCTI BUSBJICHHS, a HE Ha CTPYKTYpi 3alHCy JTaHUX, )KUTTEBOMY
LUKJIl KOpIyCY, BEPCIITHOCTI CIIOBHUKIB, IPOLEAYPHIM MIA3BITHOCTI Ta MEXaHI3Max BIATBO-
PEHHS PIIEHb Y MEXKaxX €IMHOTO TEXHOJIOTTYHOTO KOHTYPY [9], [10].

OTxe, aHaI3 HAYKOBUX JIKEpeN MOKasye, 110 HasBHI pilIeHHS cHOpMYyBaId BaKJIUBUN
METOJIOJIOTIYHUHN QyHIaMEHT AJ1sl MOOYI0BYU MIA3BITHUX CHCTEM aHali3y MeJllakOHTEHTY: data
statements 1 datasheets 3amanu migxomu 10 MoKymeHTyBaHHs naHuX [1], [2]; model cards Ta
Al-specific documentation — g0 crpykrypoBaHoro ommcy mojmenei i cucrem [3], [4]; mo-
CIiJKeHHS 3 BiaTBOproBaHocTi B NLP — 110 ¢ikcaliii yMOB OBTOPHOTO BIATBOPEHHS Pe3yiib-
TaTiB [5], [6]; a mpaui 3 aynuty LI — 1m0 po3yMiHHS mpoLeAypHOI MiA3BITHOCTI, KypHAIIO-
BaHHs Ta OesnepepBHOTO KOHTposto [7], [8]. BogHouac HemocTaTHRO PO3POOJICHHM 3aliv-
MIAETHCS X1, Y MEeXKaxX SIKOTO Il BUMOTH TOEIHYIOTHCS B €IWHIN 1HGOpMaIiitHiid Moeni
3aMyucy HOBHMHHOTO TMOBIIOMJICHHS, NPUIATHIM 1O 1HTerpaiii 3 aHaIITUHYHUMHU MOIYIISIMH,
30epeKeHHSI MPOMIXHUX OIIHOK, (OpMyBaHHS ayJUTHOTO CIIiAy Ta MIATPUMKUA KOHTYPY
«moanHa—cuctemay. Came I OporaJivHa ¥ BHW3HA4ae JOLUIBHICTH PO3pOOJICHHS 1H(OP-
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MaIliifHOT MOJIelTi JaHUX, OPIEHTOBAHOI HAa BIATBOPIOBAHICTH 1 POLEAYPHY MiA3BITHICTD Yy CH-
CTeMi MOHITOPHUHTY iH(MOpPMALIHUX 3arpo3.

[Torpu 3Ha4YHY KiJIBKICTh MpPallb, MIPUCBIYCHUX JOKYMEHTYBAaHHIO HAOOpIB aHUX, OMHCY
MOJIeTICH, BIATBOPIOBAHOCTI EKCIIEPUMEHTIB Ta ayJAUTy CHCTEM ITy4HOro inTenekry [1]-[10],
y HasiBHUX JOCHIDKEHHAX HEJOCTATHHO PO3POOJICHUM 3aIMIIAE€THCS MiJIX1/l, Y MeXKaX SKOTo IIi
BUMOTH TO€EIHYBaNHCS O y €1MHIN iH(popMaliifHiii MOJeIi 3a1McCy HOBUHHOTO MOBI1IOMIICHHS.
30kpema, OLIBIIICTh BIIOMHX PIIIEHb 30CEPEIKYEThCs a00 Ha JOKYMEHTYBaHHI HaOOpiB aa-
HUX 1 Mozelniel, a00 Ha OKpEeMUX acIeKTaxX MOBTOPHOTO BIATBOPEHHS pe3yibTariB, ab0 Ha 3a-
TIbHUX MPUHIUINAX ayJIUTy, OJHAK 3HAYHO MCHIIO0 MIPOIO BUCBITIIOE MUTAHHS 1HTErpamii
MEPBUHHUX TEKCTOBUX IOJIB, METAIaHUX, IPOMDKHUX aHAJTITHYHUX OLIHOK, CIYXOOBHX aT-
puOYTIB KOHTPOIIIO SKOCTI Ta XKypHATY PillieHb Y MEXaX OJHOTO CTPYKTYPOBAHOTO 3aIIHCY.

HenoctatHbO JOCHTIUKEHUMH 3aMINAIOTHCS TAKOXX HHUTAHHS OpTraHizamii >KUTTEBOTO
[UKITY TaHUX Yy CUCTEMax MOHITOPHHTY 1HPOPMAaLiiHUX 3arpo3, 1€ KOHTPOJIb AKOCTI MOBHHEH
BUKOHYBATHCS HACKPI3HO Ha eTamax 30MpaHHs, OYUIIEHHS, 30€pe)KEHHS Ta BUKOPUCTAHHS
JaHWX, & Pe3yJIbTAaTH aHaji3y MarTh CYNPOBOKYBATHCS PEOAKIisIMH CIOBHHKIB, KOH)Iry-
pariii, mapaMeTrpamMu 3aIyCKy Ta IHIIMMH CIIY>KOOBUMH O3HAKaMH, HEOOXITHUMHU JUIsI TO-
BTOpHOTO BinTBOpeHHsA. OxpeMoi yBaru morpelye i mpomeaypHa Mig3BIiTHICTh, OCKUIBKHA B
OUTBIIOCTI MPUKIAAHUX CHUCTEM IMUTAHHSA AayJUTHOTO CIiAy, MPUYMH ecKayamii Ta (ikcamii
y4JacTi eKcrepTa He iHTerpoBaHi Oe3nocepeHbo B iH(popMmaliitny Moaens nanux. Came Tomy
aKTyaJIbHUM HAayKOBO—TIPHUKIIQJIHUM 3aBJaHHSIM € PO3poOsIeHHs Takoi iH(popMaliitHoi Moeni,
ska O MoeIHyBajla CTPYKTYpPOBaHE IMOJAaHHS HOBHHHOTO MOBIJIOMJICHHS, MEXaHI3MHU BIJTBO-
PIOBAHOCTI pe3ysbTaTiB 1 3acoOu (opMyBaHHS MPOIEAYPHO IMOBHOTO ayAMTHOTO CIITY B
MeXaxX CUCTEMHM MOHITOPUHTY 1H(pOpMAIIHHUX 3arpo3.

Merta nocaigxeHHs1 € oOIpyHTYBaHHs 1H(GOpMaLIiHOI MOJIeNl JaHUX, MEXaHI3MIB 3a0e3-
MIEYEeHHsI BIATBOPIOBAHOCTI Ta MPUHLUIIIB IPOIEAYPHOI Mi/I3BITHOCTI B CUCTEMI MOHITOPUHTY
1H(popMaLiiHuX 3arpo3. i TOCSATHEHHS MOCTaBJIEHOT METH y pOOOTI PO3IIISIHYTO CTPYKTYPY
3aMMCcy HOBUHHOTO TOB1JOMJIEHHS, )KUTTEBUM MK TAHHUX, CIY>KOOB1 MOJISI KOHTPOJTIO SIKOCTI,
napaMeTpH TIOBTOPHOTO BIITBOPEHHS PE3YJIbTATiB, @ TAKOXK POJIb ayIUTHOTO CIIiTy i KOHTYpY
«JTI0JJUHA—CHUCTEMA y MEPEBIPIIl Ta MOSICHEHH]I aBTOMaTU30BaHUX PIIIEHb.

BukiageHHs1 OCHOBHOrO mMaTrepiajy AOCTiIXKeHHA. Y MeXax po3poOJEeHHS CHUCTEMH
MOHITOPHUHTY 1H(OpMaLIHHUX 3arpo3 iHGOopMaLiiHy MOJENb JAHUX JOLUUIBHO PO3IJISIaTH HE
K CYKYHHICTH 130JbOBaHHMX IOJIB, a AK (popmalizoBaHui crociO MOAaHHS HOBHHHOIO IO-
BIJIOMJICHHS, SIKUW 3a0e3meuye HOro MOCIiIOBHE MPOXOKEHHS Yepe3 yCi eTany aHaATITHIHO-
IO ONpaLIOBaHH, 30epexKeHHs IPOMIKHHX 1 M1JICYMKOBHX PE3yJIbTATIB, a TAKOXK MOKIHUBICTh
iX MOBTOPHOTO BIATBOpeHHs. Takuil Miixia Ja€ 3MOTy MEPETBOPUTH CUPUI TEKCTOBUN Ma-
Tepiasl 13 30BHIIIHBOIO JKEpesia Ha CTPYKTYpOBaHHUI 3aluc, y MeXax SIKOTO MOEIHYIOTHCS
MEPBUHHI TEKCTOBI1 MOJs, CIY:KO0B1 MeTa/laHl, pe3yabTaTH aHAJITUYHUX MOJYIIB 1 TEXHIYHI
O3HAaKU KOHTPOJIO sIKOCcTi. CaMe B LIbOMY TOJISITa€ KIIOYOBA BIAMIHHICTD 1H(OpMaLIHHOT MO-
Jieli BiJ MpocToro Habopy aTpuOyTiB: BOHA BUKOHYE 1HTEerpauiiHy (yHKLIIO 1 3a0e3nedye
LUTICHICTD JAaHUX Y MEXaX yCl€l TEXHOJIOT1i MOHITOPUHTY.
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HoBuHHE MOBIIOMIIEHHS B TaKiii CUCTEMI JOIIBHO TPAKTYBAaTH SK MiHIMaJIbHO CaMOJIO-
CTaTHIN 3amuc, 0 BiAMOBia€e OAHINM MmyOuikaiii B HOBHHHOMY IOTOII i MICTUTh JOCTaTHIN
Halip momiB JuIg igeHTU(iKanii, iHTepHIpeTanii, aHaJIITHYHOTO OMPAIIOBAaHHS Ta TOBTOPHOTO
BIITBOPEHHS pe3yabTaTiB. MiHIMAIBHUMU JJIs1 TAKOTO 3aIUCY € 3arojIOBOK, OCHOBHUHN TEKCT,
JDKepesio, aTta myOumikamii, MOBHA MiTKa Ta MOCWJIaHHS abo imeHTtHdikatop. Came 1i moss
JIO3BOJISIOTH JIOKATI3yBaTH MyOTIKAIliI0 B 4aci, BA3HAYUTH ii MOXOHKCHHS, 00paTH HAICKHUN
JAHIIOT TIepeoOpOOIICHHS Ta TOB’SI3aTH PE3YJIbTAaTH PI3HUX MOAYIIB Yy MEXKax OIHOTO
00’exTa. Y CTPYKTYPHOMY CEHCi 3aITUC HOBHHHOTO TMOBIIOMJICHHSI Ma€ OyTHU OpraHi30BaHUI
SK OaraTomrapoBuid 00’ €KT, i€ IepIINiA IIap BiIMOBIIAE 3a MOXOKEHHS 3alHCy, IPYTruil — 3a
3MiCTOBE TEKCTOBE MOJIAHHS, TPETI — 3a Pe3yIbTaTH aHATITHYHUX MOJYJIIB, a YETBEPTUI —
3a cIy»00BI IMapaMeTpu KOHTPOJITIO SIKOCTI, )KYPHAJIIOBAHHS i BIITBOPIOBAHOCTI.

VY 3amporoHOBaHii MOJIENi 3aliC HOBHHHOTO TIOBIIOMJICHHS JOLIJIBHO MOAUISATH HA Y0-
tupu (QyHKIIOHAIBHI Tpynu nomiB. [lo mepmoi rpynu Hanexath mouss igeHTudikamii ta mo-
XO0JpKeHHs: message_id, source_name, source_domain, url, published date, collected_date.
Bonu 3a6e3nedyroTh MUTICHICTH 3alKCy, JAIOTh 3MOTY 3IHCHIOBATH JCIYIUTIKAIII0, YaCOBY
AQHATITUKY Ta KOHTPOJb JpKepen. Jlo Apyroi rpymu HajexaTh BJIacCHE TEKCTOBI IMOJIS:
title_original, text_original, language code, a 3a motpebu Takox title uk i text uk, skmo B
CHCTEMi BHKOPHCTOBYETHCS Tepekyan i3 (ikcamiero opuriHamry. Came 1mi moisi YTBOPIOIOTh
3MICTOBE SIIPO 3aIUCYy, BITHOCHO SIKOTO BUKOHYIOTBCS BCI IMOAANbBIII aHAIITHYHI TEPETBOPEH-
HSL.

TpeTio Tpymy CTaHOBIATH Pe3yNbTaTH AaHATITHYHOTO ONpaIioBaHHA. /[0 HUX HaJekaTh
thematic_label, label _is_heuristic, topic_confidence, sentiment_score, sentiment_class,
inversion_applied, a B po31IupeHoMy BapiaHTI — I0JIs, OB sA3aHl 3 MOJAJbIINM NPAaBOBUM
OLIIHIOBaHHSM pHU3UKIB. TemMaTHuHa MiTKa HE TIOBUHHA TPAaKTYBaTHUCS K JOBUIbHA KaTeropis:
BOHa Mae OyTu (popmalii3oBaHOIO0 pyOpPHKOIO, KA 3aJa€ KOHTEKCT JUIsl IHTepIpeTallii TOHalb-
HOCTI, 1HBEpCIii MOJISIPHOCTI Ta PU3MKOBOCTI MOBIIOMJIEHHS. AHAJIOTIYHO PE3yJIbTaTH aHaTi3y
TOHAJILHOCTI MOBUHHI 30€piratucs He JUIIE y BUIJISAL TUCKPETHOTO Kjacy, a ¥ y BUIVIAIL
YHCJIOBOTO 1HJEKCY, MPHUIATHOTO 10 TOPIBHSAHHS, ayAUTy Ta MOJAIBIION0 BHKOPHCTAaHHS B
IHTEIpOBAaHOMY aHaNITHUHOMY KOHTYpi. [lose, moB’s3aHe 3 1HBEpCi€lO MOJSPHOCTI, MaE
BiIoOpakaTtu sIK (akT i1 3aCTOCYBaHHS, TaK 1 PI3HUII0 MK MEPBUHHOI0 Ta CKOPUTOBAHOIO
OIIIHKOIO.

YerBepTa rpymna oXOIUIIO€ CIyKO00BI 03HAKM KOHTPOJIIO SIKOCTI Ta BiATBOproBaHOCTI. J[o
Hel HaJjexxaTh processing time ms, text hash, is_duplicate, missing_fields, a Takox BepciitHi
aTpuOyTH CIOBHMKIB, KOH(Irypamii, mpaBui 1 napaMmerpiB 3amycky. Came 1i moist pooisiTh
3aIlUC HE MPOCTO HOCIEM aHAITUYHOTO PE3yNbTaTy, a OJAWHUIICIO, TPUIATHOIO IO ayIHUTy Ta
MOBTOPHOTO BiITBOpeHHs. HasBHICTH Xelly TEKCTy Ja€ 3MOT'y KOHTPOJIOBAaTH HE3MIHHICTh
TIOB1IOMJICHHSI B OHOBJICHHSIX, O3HAaKa JyOIiKaTa — YHHKATH CIIOTBOPEHHS CTATHCTUKU MOTO-
KY, a )KypHaJ BIJICYTHIX KPUTHUHUX MOJIB — BHSIBIISITU CUCTEMHI TPOOJIEMHU SKOCTI JaHUX. Y
CYKYITHOCTI 1€ 03Hayae, 1110 iH(opmalliiiHa Mo/ieJIb BUKOHYE He Juiie QpyHKIio 30epiraHus, a
i QyHKIIII0 IpOLeAYPHOI oprasizalii Bciei poOOTH CHCTEMHU.

Ha puc. 1 naBemeHo Moens JaHUX 1 MMOTOKKA MK MOAYJISIMH CUCTEMH MOHITOPHHTY 1H-
dbopmartiitnux 3arpo3. Llg cxema Mae MpUHIUIIOBE 3HAYEHHS IS JIOTIKW CTATTi, OCKIJIBKHU JIie-
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MOHCTpPYE, IO 00’€KTOM IHTErpailii B CHCTeMI € He OKpeMi alrOpUTMH, a came 30araueHuit
3aMuc HOBHHHOTO TOBioMieHHA. [licis etamiB 30upaHHs, HOpMaii3amii MeTalaHiX, TeXHid-
HOI TEepeBipKH SKOCTI Ta, 3a MOTPeOU, MAIIMHHOTO TepeKnany GpOpMyeTbCs €IUHHNA 3aIHC,
Ha/1 SIKUM TIOCJIIOBHO BUKOHYIOTHCS MOJIYJIi TEMaTHYHOI Kiacudikalii, aHaizy TOHaAJIbHOCTI
Ta iHBepcii monsApHOCTi. IXHi pe3ynsTaTH He iCHYIOTH OKpEMO, a iHTErpyIOThCA Ha eTami 30a-
rayeHHs 3aluCy TMOKa3HUKaMu. TakuM 4mHOM, iH(OpMaliliHa Mojenb 3a0e3nedye mepexisn
BiJl PO3PI3HEHUX MPOIIETYP J0 ENUHOTO IHTETPOBAHOTO KOHBEEPA OTPAIIOBAHHS.

3oBHiwWHI gxepena (RSS, caiitu, coumepexi)

l

Cupi matepianu (URL, garta, 3aronoBok, TEKCT)

P1. 36upaHHa Ta BMaoOyBaHHA TEKCTY

TekcT + noyaTkosi MeTafaHi

P2. Hopmanisauisa meTagaHnx

HopmanisosaHi nons (xepeno, gara, moea, URL)
A 4

P3. TexHiuHa nepeBipka sKOCTi

MepesipeHuit Habip abo MiTka sKocTi (Ay6nikaTu, Nponyckn)

Tak:
notpiGeH — P4. MawwuHHuUil nepeknag
nepeknag

MoTpiGeH nepeknan?

Hi:

nepeknaj
He noTpibeH

TeKcT yKpaiHCbKow
+ 03HaKkn nepeknagy

’7 P5. ®opmyBaHHS 3anucy NoBifOMNEHHS

3anuc noBiaoMIEeHHs 3anuc noBinoMMeHHst 3anuc noBiAoMNEHHs
(nona Tabnuui 2.1) (nons Tabnnui 2.1) (nona Tabnuui 2.1)
P6. AHanis P7. lHBepcis P8. Temartuuna
TOHanbHoCTI NONAPHOCTI knacudikauis
MoKasHWKK OaHaKa iHBepcii + TemartuuHa
TOHanLHOCTI (iHAekKc, krac) ~ CKOPUrOBaHa ouiHKka MITKa + BMEBHEHICTb

P9. 36aradeHHs 3anucy nokasHuKamm

36arayeHuit sannc
(MeTapaHi + TEKCTU + NOKa3HUKW)

D1. CxoBuwe 3anucis (JSON/
Tabnu4HwiA dhopmar)

v T
Bubipku Mopii ana

[ANs aHaniTukn pearyBaHHs
A 4
Bisyanisauis Ta CurHanu Ta
3BITN CMOBILLEHHSs!

Pucynok 1 — Mogenp 1aHuX i TOTOKH M) MOAYJISIMU CUCTEMH MOHITOPUHTY
iHpOopMaliifHuX 3arpo3
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30arayeHuii 3aMc HOBUHHOTO MOBIJOMIICHHS! BUKOHYE TO/IBiiHE MPU3HAUYEHHS. 3 OJHO-
ro OOKY, BiH € BUXO/IOM MONEPEIHIX aHATITUYHUX MOAYIIB, a 3 1HIIOTO — BHUCTYIIA€ BX1IHOIO
OCHOBOIO JIJISl HACTYIHHUX €TaIiB, 30KpeMa JiJIsl ONEePEeIHbOr0 IOPUINYHOTO OLIHIOBAHHS PH-
3UKiB nM(ppoBoro MeniakoHTeHTy. Came Tomy iHGOpMaLiIiHY MOAETh JaHUX TOLUIIBHO TPaK-
TYBaTH SIK IHTETpalifHUI KapKac yci€i CHCTeMH MOHITOpPHHTY iHpopMaliiiaux 3arpos. Taka
MIOCTAaHOBKA J03BOJISIE BIIMOBUTHCS Bifl (hparMeHTapHOrO 30epiraHHs pe3yiabTaTiB i HEepenTH
JI0 TUTICHOT CTPYKTYPH, y SIKii KO’KHE HOBUHHE TOBIJIOMJICHHSI Ma€ TIOBHY ICTOPIIO0 TEXHIYHO-
ro Ta aHAJITHYHOTO OIpaloBaHHs. e CTBOpIOE METONOIOTIYHY OCHOBY HE JIMILE JUIsl ABTO-
MaTH30BaHOTO MOHITOPUHTY, a H JJIsl MOJAJIBIIOI eKCIIePTHOI Bepudikarii, )KypHaItOBaHHS Ta
MOPIBHSHHS PE3y/IbTATIB MK EKCIIEPUMEHTAMHU.

He MeHII BaXIIMBOIO CKJIaJI0BOIO CUCTEMH € KOHTPOJIbOBAaHUM KUTTEBUM LUKII JaHuX. Ha
pHUC. 2 HaBEIEHO JKUTTEBUU IUKI JAHUX y CHCTEMI MOHITOPUHTY iH(OpPMAIIMHUX 3arpos.
Kiro4oBor0 0COOIMBICTIO IIi€T CXEMU € Te, 0 KOHTPOJIb SKOCTI HE 0OMEXKYETHCS OJHUM JIO-
KaJbHHUM €TaIroM, a BAKOHY€E HACKPI3HY POJIb 1 OB’ A3y€ BCi 1HIII cTaAii )KUTTEBOTO IUKITY. Lle
O3Hauae, 110 MepeBipka ayOsiKaTiB, MOBHOTH IOJIiB, MOBH, O3HAKHU MEPEKIIATy, TUITY MITOK i
KYpHAJTIOBAaHHS Ma€ 3/IHCHIOBATHCS HE JIMIIE Ticis 30upaHHs, a il il Yac OUYMIICHHS, TIepe/
30epexeHHsAM 1 Oe3rmocepeHb0 TMepe/l BUKOPUCTAaHHIM JaHUX Y HaBYaHHI, Balijamii Ta Te-
CTYBaHHI MOJIETICH.

36epexeHHs p| BukopuctaHHsa

36ip —p| OunueHHs

— KoHTponb SKOCTI

Pucynok 2— XXuTTeBuil MK 1aHUX y CUCTEM1 MOHITOPHHTY 1H(GOpPMaLiHHUX 3arpo3

Jlnist 3a1a4i MOHITOPUHTY 1H(GOPMaLIHHUX 3arpo3 KOpIyc Mae OyTH HE MPOCTO BEIUKUM,
a CTPYKTYPOBaHHUM, MPOCTEKYBAaHUM 1 KOHTPOJIbOBAaHMM Ha BCIX €Tamax XHUTTEBOTO ILIMKITY.
EtanonHa po3MiTka MOBUHHA 3JIMIIATUCS JOCTOBIPHOIO OCHOBOIO JUIsl OL[IHIOBAHHSI METO/IIB,
TOJIl SIK €BPUCTHYHI MITKM MOKYTh BHUKOPHCTOBYBATHUCS JIMIIE SK JOMOMDKHUN 1HCTPYMEHT
macmTaOyBanHsa. OpraizamiiiHi MiTKM MalOTh BUKOHYBATH CIIy>)KOOBY (PYHKIIiIO KepyBaHHs
MOTOKOM, ajie He MOBHHHI MiAMIHATH aHATITH4YHI Kiacu. Came TOMY KOHTPOJIb SIKOCTI TaHUX
MIOBMHEH OXOIUTIOBATH HE JIUIIE TEKCT, a i TUIIM MITOK, 4YaCOBY MIiHJIUBICTh, ApEid TeM 1 Jek-
CHKH, 3MIITYBaHHs JpKepen 6e3 00Ky Ta pU3UKH, OB sA3aH1 3 MOTEHIIMHUMU MTEPCOHATBHU-
MU JJaHUMH. Y CYKYITHOCTI 11€ CTBOPIOE MEPEIYMOBH HE JIMIIE JUIsi KOPEKTHOTO HaBYaHHS U
TECTYBaHHs MOJIeNIeH, a i JJIs MPOLEeAYPHO MPAaBOMIPHOTO BUKOPUCTAHHS JaHHUX Y MPHUKIIa]-
HOMY KOHTYpP1 MOHITOPHUHTY.

Jis cucteMu MOHITOPHHTY 1H(GOpPMAIIHHUX 3arpo3 BiATBOPIOBAHICTh HE MOKE 3BOJUTH-
cs1 10 hOpMaNbHOTO HOBTOPEHHS CXO3KOT0 BUXO/LY. i CITiJi pO3yMiTH sIK MOKIMBICTh BiJHOBH-
TH BECh JIAHIIOT 0OPOOKH KOHKPETHOTO HOBHHHOTO TOBIJJIOMJICHHS 32 (PIKCOBAaHMX YMOB 3a-
nycky. Came ToMy crcTeMa IOBUHHA 30epiraTi 3HaueHHs seed Al CTOXaCTUYHUX MPOLEAYP,
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penaxuii CIOBHUKIB, KOH(Iryparii i mpaBui1, mapameTpu nepearoOpodIeHHs, 1aTy Ta Jac 3a-
MyCKYy, peaakuii HabopiB NaHUX, 1AeHTH(IKATOPU HABYAIHHHUX 1 TECTOBUX IiJIBUOIPOK, a Ta-
KOXX JKypHQJIM pe3ynbTaTiB 0OpoOKH. 3a TaKOro Migxojay BiATBOPIOBAHICTH O3HAYae, IO 3a
OJTHAKOBHX BX1JHUX 3alMCIB, HE3MIHHUX KOH(Irypamiii i pikCOBaHUX peAaKIiii KOMIIOHEHTIB
crcTeMa MOBHHHA BITBOPIOBATU TOM CaMuil pe3ynbTaT abo MiHIMAJIbHO JIOMYCTUME BigXH-
JICHHS, SIBHO 3a()iKCOBaHE B MIPOTOKOJII EKCIICPUMEHTY.

VY mpakTHYHOMY BHMIpi LIe O3Ha4ae, mo iHpopMmamiiiHa MOAETbh JaHUX TOBHHHA OYyTH
TICHO TIOB’sI3aHA 3 MEXaHI3MOM BEpCIHHOCTI. Pe3ynpTaT aHami3y He MOXKE BBaKATHUCS JTOCTAT-
HBO HAJIHHUM, SKIIO HEMOXKJIMBO BCTAaHOBHTH, SKOIO CaM€ PENaKli€l0 CIOBHUKA, MpaBHJIA,
KoHirypariii abo Mozeni BiH OyB oTpuManuii. ToMy cay00Bi MO BiATBOPIOBAHOCTI MAIOTh
OyTtu BOymoBaHi Oe3rmocepeIHpO y 3amuc ado B OB’ SI3aHUI 3 HAM KypHaJl. Taka opraHizaiis
J03BOJISIE 31CTABJIATA PE3YNbTAaTH MK PI3HUMH 3allyCKaMH, OLIHIOBATH BIIMB OHOBIICHb
CIIOBHHKIB 1 TIPaBWJI, @ TAKOX KOHTPOJIIOBATH CTaOLIBHICTH CUCTEMH B Yaci. BiaTBoproBaHicTh
y [IbOMY BHITaJIKy BUCTYIIA€ HE JOJATKOBOIO 3PYUHICTIO, 2 000B’SI3KOBOI0 YMOBOIO HAYKOBOT
Ta MPUKIATHOI BAITHOCTI pe3yabTaTiB MOHITOPUHTY.

He MeHI BaXIMBOIO 32 BiATBOPIOBAHICTH € MPOLEAYPHA MiA3BITHICTE. IS cCHCTEM Tako-
ro TUIy BOHA O3Ha4ae, MO I KOXKHOTO PIIICHHS MOBUHEH OyTH c(hOpMOBAHUN ayTUTHHNA
CIIiJl, IKAW JIO3BOJISIE BCTAHOBHUTH, K€ CaMe HOBHHHE ITOBIJOMJICHHS aHAJII3yBajoCs, SIKiI pe-
JaKIii CIOBHUKIB, KOH(Irypaliii i mpaBui OyJu BUKOPUCTAHI, SKI MOAYJI CHpAIIOBAIH, SKi
3HAYEHHS MMOKa3HHUKIB OyJI0 OTPUMAaHO Ha BUXOJI, SIKI TIOPOTH ad0 YMOBH ecKaallii Oyio ak-
TUBOBAHO, & TAKOX YHM OYJIO TepelaHO BUMIAIOK HAa EKCHEPTHHH PO3IIIf i SKEe OCTaTOYHE
PIIIEHHS YXBAJIEHO B KOHTYpI «UIIOAMHA—CUCTEMAay. 3a BIACYTHOCTI Takoi iH(popMallii HeMOX-
JIMBO aHI MEPEBIPUTHU MIACTaBU PIIICHHS, aHI KOPEKTHO BUKOHATH ayIUT IOMUJIOK.

[IpouenypHa mi3BITHICTH Y 1Lii cUCTEMI Ma€ peasii3oByBaTUCS HE JIOKAJIbHO, a HACKpi3-
Ho. lle o3Havae, mo aynuTHUN ¢yl GOPMYETHCS MOCTIZIOBHO Ha BCIX €Tamax MpOXOHKEHHS
3amucy yepe3 KOHBEEP: B MpUMMaHHS Ta TEXHIYHOI MEPEBIPKH 10 TEMATUYHOI Kiacudikarii,
OLIIHIOBAHHSI TOHAJIBHOCTI, (piKcalii IHBepCii MOJIIPHOCTI Ta MOAAJBIIOI eckanalii. TakuMm uun-
HOM, JKypHaJI pillleHb NOBWHEH HAaKONHMYYBAaTH HE JIMIIEC KiHIEBUH pE3yNbTaT, a W JIAHIIOT
oreparliii, IKui 10 HbOTO MPUBIB. Y MPUKIIAJHIM CHCTEMI MOHITOPUHTY TaKa JIOTiKa J03BOJISIE
pPO3MEXKyBaTH TEXHIYHI, aHAJITUYHI Ta MPOLEAYPHI MPUUYUHU TIOMUIIKH, & OTKE — CTBOPIOE
OCHOBY ISl BIOCKOHAJIEHHS CIIOBHUKIB, KOH(Irypalliid, IpaBUil Ta KpUTEPIiB ecKaiailii.

JIst 9yTAMBUX TOBIIOMIJICHB, IO MOKYTh MaTH MIABUIICHUN PIBEHb PU3UKY a00 cyre-
pewINBi O3HAKH, aBTOMATH30BaHa CHCTEMa He TIOBMHHA 3aBEPIIYBATH UKJ 0€3 yJacTi JII01H-
Hu. CamMe TOMy B CTPYKTYypl HpOLEAYPHOI MiA3BITHOCTI MPUHIMIOBO BaXJIMBUM € KOHTYD
«IIOIMHA—CHCTeMay. VIoro ponk monsrae B TOMy, 10O y CHIPHHX, BHCOKO3HAYYIIMX a0o
MPOIETyPHO CKIIQJHUAX BHUITAJKaX aBTOMATH30BaHE OIIHIOBAHHS HE MIJMIHSIIO €KCIEPTHOTO
pimieHHs, a juie ¢GopMyBajlo MiJCTaBU I €cKajallii, paH)XyBaHHS Ta IONEPEeIHbOTO
oOrpyHTyBaHHs. JlJis IbOTO B ayTUTHOMY CIiJl MOBUHHI (iKCyBaTHCS HE JIMIIE TEXHIYHI Ma-
pameTpu, a il mijcTaBa nepenadi BUMaAKy Ha €KCIIEPTHUN po3Jisil, akT ydacTi ekcrepra Ta
OCTaTOYHUM cTaTyc pimieHHs. Taka opranizamis J03BOJIS€ MOEIHATH MEepeBaru aBTOMaTU30-
BAaHOT'0 MOHITOPUHTY 3 BUMOTaMH KOHTPOJIIO, IMI3BITHOCTI i TIPOLIETypHOT KOPEKTHOCTI.
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OTxe, iHpOpMaLiliHa MOJENh JAHUX Y CUCTEMi MOHITOPUHTY 1H()OpMAIIHIX 3arpo3 BU-
KOHY€E 3HaYHO MIMPINY (DYHKIIiI0, HIXK MPOCTO 30epiraHHs 3arnuciB HOBUHHOTO MOTOKY. BoHa
NOEAHYE B MEXaX OJHOTO 00’€KTa MEPBUHHI XapaKTEPUCTUKH IOBIAOMIICHHS, pe3yJIbTaTH
MOJYJIiB aHAJIITUYHOTO OIpPALOBAHHS Ta CIY)KOOBI MeTaaaHi, HEOOXiTHI I KOHTPOIIIO
SIKOCTI, MPOLIEAYPHOT Mi3BITHOCTI Ta BIATBOPIOBAHOCTI. Y 3B’SI3KY 3 IIMM ii JOLIIBHO TPAKTY-
BaTH SIK IHTETpalliiHUI KapKkac yciei cuctemu. Came Taka CTPyKTypa poOUTh MOKITUBUMHU T10-
BHUH JKUTTEBUN LIUKI JaHUX, TOBTOPHE BIATBOPEHHS pE3yJbTaTiB, (JOpPMyBaHHSA ayIUTHOTO
CIJIITy Ta MIATPUMKY €KCIIEPTHOI ecKaialii B KOHTYPI <«JTF0AMHA—CUCTEMAY.

BucHoBku. Y crarti oOrpyHTOBaHO, 10 iH(poOpMamiiiHa MOJENb AAHUX Y CHUCTEMI
MOHITOPHHTY 1H(POPMAIIHHUX 3arpo3 Ma€e po3risaaTucs sk GopMaTizoBaHUI CIOCiO OJaHHS
HOBHMHHOTO TIOBIZIOMJICHHSI, SIKWH 3a0e31edye MmociioBHE MPOXO/KEHHS TaHUX Yepe3 MOyl
CHCTEMH, 30epeKeHHS MPOMDKHUX 1 MIJCYMKOBHX PE3yJIbTaTiB Ta MOXKIUBICTH TTOBTOPHOTO
BIATBOpEHHs1 o0uncieHb. [lokazaHo, MO Taka MOAETh Ma€ MOEIHYBATH MEPBUHHI TEKCTOBI
MOJIsI, METaaHi JKepena, pe3yabTaTH TEMaTHYHOI Kiiacu(ikarlii, aHami3y TOHAJIHHOCTI Ta 1H-
Bepcii TOJSAPHOCTI, a TAaKOX CIYXOOBI MapaMeTpu KOHTPOIIO SKOCTI W TEXHIYHOTO
CYIIPOBOZY.

BcranoBieHo, 110 KIIFOYOBOIO MEPEBAror0 3alporOHOBAHOTO MIAXOMY € OpraHizaiis 30a-
radyeHoro 3arrcy HOBUHHOTO TOBIJIOMJICHHS SIK €JIMHOTO IHTETpaIifHoro 06’€kTa, BiTHOCHO
SIKOTO Y3TO/DKYIOTBCSI BC1 €Tary OnpalfoBaHHas Janux. Lle mo3Bossie 3a0e3mneunTy 38’ 130K MiX
eTarnamMu IpuiMaHHs, OUYUIIEHHS, MOBHOI 0OpOOKH, TeMaTH4HOI pyOpHKallii, OIliHIOBaHHS TO-
HaJIBHOCTI, (ikcamii 1HBepcli MOJSPHOCTI Ta MOAAIBLIONO MOMNEPEAHBOrO IOPUIUUHOTO
OILIIHIOBAaHHSl PU3MKIB LU(POBOro MeaiakoHTEeHTy. OTxe, iH(dopmaliiiHa MOJEIb BUKOHYE
(GyYHKIIIIO0 1HTerpamiifHoro kapkaca BCi€l CHCTEMHU MOHITOPUHTY 1H(POpPMAIIHUX 3arpo3.

[ToxazaHo, 1110 BIATBOPIOBAHICTh PE3YJIbTATIB y TAKMX CUCTEMaX Mae 3a0e3MevuyBaTucs He
JIEKJIapaTUBHO, a yepe3 (iKcallil0 KOHKPETHUX TEXHIYHUX MIJCTaB OTPUMaHHS pe3yJbTary,
30KpeMa pelakiliii CJIOBHUKIB, MPaBWI, KOHQITYpaIlii, mapameTpiB nepeaoopoOieHHs, yaco-
BUX MITOK 3aIlyCKY, X€IliB TEKCTY Ta 11leHTu(1kaTopiB BUOipok. Takuil miaxig CTBOPIOE yMO-
BU JUIsI IOBTOPHOTO 3aITyCKy CUCTEMH B OJIHAKOBUX YMOBAaX, KOPEKTHOT'O MOPIBHSAHHS PE3yib-
TaTiB MDK €KCIIEPUMEHTaMU Ta KOHTPOJIO BIUIMBY OHOBJIEHb KOMIIOHEHTIB Ha MiJICYMKOBI
OI[IHKHU.

OOrpyHTOBaHO, 110 MPOLEAYPHA MiA3BITHICTh CUCTEMH MOBHHHA PEali30BYBATUCS depe3
HACKPI3HUN ayqUTHHUM ciij, kUi (OpMyeThCs Ha BCIX eTamax MPOXOKEHHs MMOBIJOMIICHHS
yepe3 KOHBeep 0OpoOKU. AyIuTHHI ciiff Mae (IKCyBaTH He JIMIIE KIHIEBUN pe3ysbTar, a i
BX1JH1 JaHl, aKTUBOBaH1 MpaBHJia, PelaKilii KOMIOHEHTIB, MPOMIXKHI OLIHKH MOJYJIB, MpHU-
YMHHU ecKaJallii Ta ocTaToOYyHUM cratyc pimeHHs. Came Taka oprasizaiis 3a0e3rneuye MoxX-
JUBICTh IEPEBIPKH I1JICTAB aBTOMATU30BAHOTO BUCHOBKY, aHaNI3y MOMUJIOK 1 BIOCKOHAJIEHHS
CHUCTEMH Ha OCHOBI KOHTPOJIbOBAHUX MPOILEAYP.

Busnaueno, 1o A 4yTIMBUX MOB1IOMJIEHb 00OB’SI3KOBUM €JI€MEHTOM CHCTEMHU € KOH-
TYp <«IIOJAMHA—CHCTEMa», Yy MeXaxX SKOTO aBTOMAaTH30BaHE OIlIHIOBAaHHA HE MIAMIHSE
€KCIIEPTHOTO PILIEHHS, a BUKOHYE (YHKIIIIO TOMEPEIHbOr0 BiA0OpY, paH)KyBaHHS Ta apry-
MEHTOBaHOI eckanauii. Lle 103Bojsie MoeqHATH NIepeBarun aBTOMaTH30BAHOTO MOHITOPHUHTY 3
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BUMOTaMH KOHTPOJTIO, MiJI3BITHOCTI Ta MPOLEAYPHOI KOPEKTHOCTI, 110 € OCOOJIMBO BAYKITHBUM
y 3a/1auax aHaji3zy iHpopMaIiifHuX 3arpo3 y HOBUHHUX MMOTOKAX.

[IpakTryHe 3HAUYEHHS O/EP)KAHUX PE3YJbTaTiB MOJATAE B TOMY, IO 3alIPOIIOHOBAHI Mij-
X0IM A0 MoOynoBHU iH(pOpMAaIiitHOT MOJIeNi 1aHUX, OpraHi3allii KUTTEBOTO IUKITY JaHHX, 3a-
Oe3meyeHHs BiATBOPIOBAHOCTI Ta (pOpPMYBaHHS ayIUTHOTO CIIiJy MOXYTh OyTH BUKOPHCTaHI
SK METOJIOJIOTIYHA ¥ MpOorpaMHO—OpraHizaiiiHa OCHOBA JJIsi CTBOPEHHS IIJI3BITHUX CHCTEM
MOHITOPUHTY iH(OpPMAIIIHUX 3arpo3 y JTUHAMIYHOMY 0araTOMOBHOMY iH(opMauiiHOMY ce-
pEMOBHIII.
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Data information model, reproducibility and procedural accountability
in the information threat monitoring system

Analysis of recent research and publications. Scientific papers on countering disinfor-
mation distinguish approaches to documenting datasets via data statements and datasheets
(E. Bender, T. Gebru), as well as models via model cards (M. Mitchell). Reproducibility in
NLP systems has been studied by I. Magnusson and A. Belz, while continuous Al auditing has
been addressed by J. Mokander and M. Minkkinen. However, existing publications lack an
approach that integrates reproducibility, analytical assessment logging, and an audit trail
directly within a unified information model of an individual message record.

ISSN 1562-9945 (Print) 195
ISSN 2707-7977 (Online)



«Cucremni texnoorii» 5 (166) 2026 Tom 1 «System technologies»

The aim of the study is to substantiate a comprehensive data information model, mech-
anisms for ensuring computational reproducibility, and principles for building end-to—end
procedural accountability in applied information threat monitoring systems.

Main body of the research. The paper proposes to consider the information model as
the integration framework of the media monitoring system. An enriched news message record,
structured as a four—layer object, is chosen as the modeling target. The first layer covers
identification and origin fields (IDs, URLs, dates). The second layer contains primary text
fields and language tags for both original and translated text. The third layer integrates the
outputs of analytical modules: thematic rubrics, sentiment scores, and polarity inversion
flags. The fourth layer accumulates service quality and technical support attributes (text hash,
duplicate flags, versions of dictionaries, and configurations). The end-to—end data lifecycle is
structured so that quality control links all stages from collection to utilization. The technical
foundation for the reproducibility of results is defined as the mandatory capturing of seed
values, model configurations, and linguistic resource versions in the system log. Procedural
accountability is implemented via an end-to—end audit trail that records the processing chain
of a message. To minimize risks when handling sensitive content, the integration of a human—
in—the—loop expert architecture is substantiated, where the final decision is made and logged
incorporating expert validation.

Conclusions. The study proves that the effectiveness of monitoring systems depends on
the transparency and verifiability of the data architecture. The proposed information model
ensures a transition from fragmented storage to a holistic integration pipeline. Capturing the
technical parameters of data processing guarantees full reproducibility of results under iden-
tical conditions. The end-to—end audit trail and the expert loop provide the necessary condi-
tions for verifying automated conclusions, distinguishing between errors, and continuously
improving the system. The practical value lies in establishing a methodological framework for
developing accountable information threat mitigation systems.

Keywords: data information model, information threat monitoring, reproducibility of
results, procedural accountability, audit trail, media content analysis, human-in-the—loop,
data lifecycle.
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10.B. Kupuuyk, A.Il. CraxoBa, H.M. Hazapenko
ABTOMATH30BAHA CUCTEMA KOHTPO.TIO SIKOCTI JJETAJIEA
HA OCHOBI TEXHOJIOI'TI MAIIMHHOTI'O 30PY

Anomayis. ¥ pobomi po3ensiHymo numauHs po3pooieHHs a8moMamu308anoi cucmemuy KOH-
Mpoato AKOCMi 0emainel Ha OCHOBI MEXHOI021i MAUUHHO20 30pPY O/ BUKOPUCTAHHSA 8 YMOBAX
CYUACHO20 NPOMUCTO8020 8UpobHUYmea. Ilposedeno awnaniz icuyrouoi opeanizayii npoyecy
KOHMPOJIO AKOCMI, BUHAUEHO il OCHOBHI HeOONIKU, NO8'SI3aHI 31 3HAUHUM BNIUBOM JIH0OCbKO2O
gaxmopa, ucoxumu umpamamu Yacy Ha 6UKOHAHH KOHMPOIbHUX onepayil, 8i0CymHicCmo
YeHmpaniz08aHo020 HAKONUYEHHs pe3yIbmamié nepesipKku ma HeOOCMAmHb0 NOGMOo-
prosanicmio ompumanux pesynvmamis. OOIPYHMOBAHO OOYIILHICb 8NPOBAOICEHHS ABMO-
MAmu308anoi cucmemu 8i3yanibHO20 KOHMPOJIO K 3ac00y NiOS8UWeHHs eqheKmUSHOCmI 8Uupo-
OHUYO20 npoyecy ma 3abe3neyuenHs: cmabibHOI AKOCMI NPOOYKYi.

3anpononosano cmpykmypy asmomamu308anoi cucmemu, wo 6KI04Yae MpaHCnOPmMHUL Mo-
O0ylib, mpu [HCNeKYIUHI cmanyii 3 Kamepamu MAwUHHO20 30Dy, CHeyiani308ani cucmemu
0C8imeH s, 00YUCTIOBATIbHULL MOOYIb, NPOSPAMOBAHULL TIO2IYHULL KOHMPOTIep, MeXaHizM dé-
MOMAmMu4Ho20 8i0OPAKY8AHHI MA YeHMpAaNiz08any 6a3y oanux. Po3pobieno 3aeanvhy n02iKy
@yYHKYIOHY8aAHHA cucmeMuU, AKa 3a0e3neuye CUHXPOHIZ08aHY 83AEMOOII0 CIX il KOMNOHEHMIS,
agmomamuyne 3axXoNnieHHs ma 0Opood.IeH s 300paxicetsb, hOPMYBAHHS pe3yIbmamie KOHmpo-
J0 Ul nepeoayy Kepyiouux KOMaHo 00 BUKOHABUUX MEXAHIZMIB ) PedCUMI PeaibHO20 YAC).

Y pobomi demanvrno onucarno mpu iHcnekyiliHi 30HU KOHMpoOio eupoby. Bepxusa 3oma npu-
3HaueHa OJisk NepesipKu CULOBUX | OONOMIJICHUX MEPMIHANIB, KPINUILHUX MA YEHMPYBATbHUX
e/leMeHmi6, a MaKoH#C GUABNIEHHS 2eOMEMPUYHUX GIOXUTIEHb [ MEXAHIYHUX NOUIKOOJICeHb. Y
@ponmanvhil 30Hi peanizo8aHo KOHMPOb MAPKYEAHHS, 1020MUNI8, 0808UMIpHO20 K00y Data
Matrix, posnisnasannus mexcmosoi ingopmayii 3a Odonomocoro aneopummie OCR ma
OYIHIOBAHHS OKpeMUX 2eoMempuyHux napamempié eupody. HuoicHsa 30Ha 3abe3neyye Quse-
JIeHHS1 NOBEPXHEBUX 0eheKmia 3a3eMNI08ANbHOL NIACMUHU I3 3ACMOCYBAHHAM CeYidNi308aHO-
20 0c8imieHHs ma Memoois yugposoi 06podbKu 306padicens O NIOBUUEHHS KOHMPACTMHOCI
NOUIKOONCEHD.

3anpononosana cucmema 3abe3neyye KOMNJIEKCHULL KOHMPOTb Upo0i6 be3 3Minu ix npocmo-
Po8oi’ opicumayii, agmomamuune NPULHAMMS pilleHb Wooo Bi0N0BIOHOCII 6CMAHOGIEHUM
MEXHIYHUM 6UMO2AM, YEHMPANI306aHe HAKONUYEHHS pe3ylbmamieé KOHMpPONO ma npocme-
JACYBAHICMb 8UPOOHUUO20 npoyecy. Buxopucmanna mexnonozii MauuHHo20 30py 00360J€
nIOGUWUMU TMOYHICMb | WBUOKOOII0 KOHMPOI0, MIHIMIZy8amu 8Niue 1i00cbko2o ¢akmopa,
SMEHWUMU KIIbKICMb NPONnyweHux oeghekmis, cKopomumu upoOHU4i sumpamu ma niogu-
wumu eghekmuericmo PYHKYIOHYBAHHI ABMOMAMUZOBAHUX GUPOOHUYUX NIHII.
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Knouosi cnosa: mawunnuii 3ip, agmomamu3o8anutl 8i3yanbHuli KOHMpPO.lb, KOHMPO.b AKOCHII,
yughposa obpoodra sobpaxcenv, PLC, OCR, Data Matrix, eusenenns Oepexmis, cucmema
MeXHIYH020 30DY.

IMocTanoBka npodaemu. [Ipobiema, o0 po3TIAAAETHCA B AOCHTIHKEHHI, TIOJISATae B He-
JIOCTaTHIA ePEeKTUBHOCTI TPAAULIHHIX METOJIIB KOHTPOJIO SKOCTI JIeTallell y IPOMHCIOBOMY
BUPOOHHUIITBI, SIKI XapaKTePHU3YyIOTHCS 3HAYHUM BIUIMBOM JIIOJICBKOTO (hakTOpa, 0OMENKEHOIO
NPOAYKTHBHICTIO, HEJJOCTATHBHOIO MOBTOPIOBAHICTIO PE3YyJIbTATIB Ta BiJCYTHICTIO KOMIUIEKC-
HOi aBTOMaTM3auii mpouecy iHcmekuii. J{st 1i BUpilIeHHS 3apONOHOBAaHO aBTOMATHU30BaHY
CHCTEMY Bi3yaJIbHOTO KOHTPOJII0O Ha OCHOBI TEXHOJIOT1M MaIlIMHHOTO 30py, IO 3abe3mneuye
KOMIUIEKCHE 1HCTIEKTYBaHHsS BUpPOOIB, aBTOMATWYHE BHSBICHHS Ie(EKTiB, IEHTpaTi30BaHE
30epex)eHHs Pe3y/IbTaTiB KOHTPOJIIO Ta IHTETPaIlilo i3 BUPOOHUYOIO JIIHIETO.

AHaJi3 ocTaHHixX aocaimkeHb. Ha cydacHOMy erami po3BHTKY IMPOMHUCIOBOCTI 3a0€3-
MIEUYEHHS BHCOKOI SIKOCTI MPOIYKIIi € OJHUM i3 BH3HAYAIbHUX YHMHHUKIB €()EKTHBHOI MisIb-
HOCTI Ta KOHKYPEHTOCIPOMOXHOCTI mianpueMcTB. [locTiiiHe yckiiagHeHHS KOHCTPYKIIi BH-
poOiB, IMiIBHINIEHHS BUMOT JIO TOYHOCTI X BUTOTOBJICHHS, & TAKOXK HEOOXIAHICTh CKOPOUCHHS
TPUBAJIOCTI BUPOOHHYMX IUKIIB 3yMOBIIOIOTH MOTPeOY y BIPOBAKEHHI CyYaCHHUX TEXHO-
JIOTil aBTOMATU30BaHOTO KOHTPOJIO SKOCTI [1]. OcoOIMBOI aKTyanbHOCTI I MUTAHHS HA0y-
Ba€ y MalIMHOOYTyBaHHI, MPHIAA00yAyBaHHI Ta €IEKTPOTEXHIYHIN Tay3i, e HaBiTh He3Ha-
YHI BIJXWJICHHS T€OMETPUYHUX TapameTpiB ad0 HasSBHICTh MOBEPXHEBUX JEPEKTIB MOXYTh
HEraTUBHO BIUIMBATH Ha MpaIe3aTHICTh, HAJAINHICTD 1 JOBTOBIUYHICTh TOTOBOI MPOYKIII].

TpanuiiitHo KOHTPOJb SKOCTI BUPOOIB 3IHCHIOETHCS ILISAXOM Bi3yaJbHOTO OTJISITY
omepaTopoM abo 13 3aCTOCYBAHHSIM KOHTAaKTHHUX BUMIPIOBIBHUX 3ac00iB. HesBakaroum Ha
HIMPOKE BUKOPUCTAHHS TaKUX METOJIB, IX €(QEKTUBHICTh 1ICTOTHO 3QJIEKHUTh BiJ JIFOJCHKOTIO
¢dakropa. Ha TOUHICTH KOHTPOJIIO BIUIMBAIOTh KBasli(hiKallisl IepcoHaty, piBeHb KOHIIEHTpallii
yBary, (pi3udHa BTOMA, a TAKOK YMOBH BUKOHAHHS TepeBipku. Lle Moxe MpU3BOIUTH K 10
ponycKy JedeKTHUX BUPOOIB, Tak 1 /10 NOMMIKOBOTO BIIOpakyBaHHS MPOIYKIi, IO
BI/ITIOBIJIa€ BCTAaHOBJICHUM BUMOTaMm [2].

AKTUBHUM PO3BHUTOK IUGPPOBUX TEXHOJIOTIH, 3aC00IB KOMITHOTEPHOI 00poOKH iHGOP-
Marlii Ta iHTEeJIeKTyaIbHUX aJTOPUTMIB CTBOPUB MEPEAYMOBH ISl MIMPOKOTO BIPOBAKECHHS
ABTOMATHU30BAHUX CUCTEM KOHTPOJI0. OHUM 13 HalOUIbII NEPCTIEKTUBHUX HANPSIMIB € BUKO-
PHUCTAaHHS CUCTEM MAIlIMHHOTO 30pY, 5Kl 3a0e3MeuytoTh OE3KOHTaKTHUM aHai3 BUPOOIB y pe-
KMMI pealbHOTO Yacy. Taki CHCTeMH TO3BOJISIOTH aBTOMAaTHYHO BH3HAYATH T€OMETPUYHI T1a-
paMeTpu JeTanieil, BUSBISITA TIOBEPXHEBI JeEeKTH, KOHTPOIIOBATH SKICTh HAHECECHHS MapKYy-
BaHH$, a TAKOX MEPEeBIPATH MPABUIILHICTD CKJIAJJaHHS BY3JIIB 1 MeXaHi3MiB [3].

OyHKITIOHYBaHHS CUCTEM MAIIMHHOTO 30py IPYHTYETHCS Ha KOMIUIEKCHOMY BHKOPH-
CTaHHI UM(POBUX Kamep, ONTUYHUX CHUCTEM, CHEIlali30BaHMUX JIKEpel OCBITJICHHS Ta Ipo-
IrPaMHUX aJITOPUTMIB 00poOKHu 300paxkeHb. OTpuMaHi HU(POBI aH1 aHATI3YIOThCS 3a JI0T0-
MOTOI0 Cy4aCHMX METO]IIB KOMIT'IOTEPHOTO 30pY, L0 Ja€ MOKJIMBICTh aBTOMATHYHO 11€HTH-
¢bikyBaTu JnedekTH, BHUKOHYBaTH TOYHI BHUMIPIOBAHHS Ta MpPUHAMATH PpIMIEHHS LI0J0
BIJIMOB1THOCTI BUPOOIB YCTAHOBJIEHUM TEXHIYHUM BUMOTaM 0€3 ydJacTi omeparopa.
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BaxnuBoro mepeBaror0 aBTOMaTH30BAHOTO Bi3yaJIbHOTO KOHTPOJIO € BHCOKA IIBH/I-
KOJIisl, TOBTOPIOBAHICTh PE3yJIbTATIB 1 MOXIIMBICTh Oe3nepepBHOI poOOTH Y CKJIali BUPOOHHU-
9yux JiHiA. Ha BigMiHY BiJ TpaauIifHUX METOJIB, CHCTEMH MAaIIMHHOTO 30py 3a0€31euyIoTh
CTaOUIbHY SKICTh KOHTPOJIIO HE3aJIEKHO BiJl JIFOJCHKOTO (DaKTOpa, TO3BOJSIOTH HAKOITMYYBATH
CTaTUCTHYHY 1H(OPMAIIII0 MPO PE3yIbTaTH MEPEBIPKU Ta IHTEIPYBATHUCS 13 CyYaCHUMH CH-
CTeMaMH KepyBaHHS BUPOOHUIITBOM.

YHpoBaKeHHSI TEXHOJIOTIH MAIIMHHOTO 30pY CIPHSE MiJBUILEHHIO €(EeKTUBHOCTI BU-
POOHHYUX MPOLECIB, 3MEHILIEHHIO KITBKOCTI OpaKy, CKOPOUEHHIO BUTPAT HA KOHTPOJIb SKOCTI
Ta MIIBUIICHHIO PiBHA aBTOMaTM3auii mianpueMcts. Came TOMY AOCIIIPKEHHS TPUHIHIIIB 110-
Oy/lIOBHM TaKMX CHUCTEM, BHOIp iX amapaTHUX i MIPOrpaMHUX KOMIIOHEHTIB, a TAKOX pO3pOOIIeH-
HS QJITOPUTMIB aBTOMATH30BaHOTO KOHTPOJIIO € aKTyalbHUM HaYKOBO—TEXHIYHUM 3aBIAHHSIM.

Merta aocaixkenb. MeTor — € J0OCIIPKEHHS TPUHIHITIB MTOOYIOBH CHCTEM MAIIUHHO-
ro 30py Ta pO3pOO0JIEHHS aBTOMAaTHU30BAaHOI CUCTEMHU KOHTPOJIO SIKOCTI JieTajieid, 3JaTHO1 3a-
0e31eYnTH BUCOKOTOYHE BHSIBIICHHS J€(PEKTIB 1 MEPEeBIpKYy F€OMETPUIHUX HTapaMeTPiB BHPO-
01B y peKHUMIi peasbHOTO Yacy.

JU1st TOCSITHEHHS TTOCTABJICHOT METH HeOOX1/THO BUPIIIUTH TaKi 3aBIaHHS:

e JIOCIIUTH MPUHIUNH (PYHKI[IOHYBaHHS CUCTEM MAIIMHHOTO 30py Ta OCOOJIUBOCTI iX
BUKOPUCTaHHS y IPOMHCIIOBOCTI;

* PO3POOHTH CTPYKTYPHY CXEMY aBTOMAaTH30BaHOI CHCTEMH Bi3yalbHOTO KOHTPOJIIO;

BuxkianeHHsi 0OCHOBHOro martepiany gociigxenusi. Cman eupobHuymea 00 6npo-
8AO0JICEHHS ABMOMAMU308AHOI cucmemu 8i3yanvHo2o konmpoaw. Ilepen po3poOIeHHAM aB-
TOMAaTHU30BaHOI CHCTEMHU BI3yaJbHOTO KOHTPOJIO OYJI0 BUKOHAHO JOCIIKEHHS ICHYIOYOi Op-
ratizanii mpouecy KOHTPOJIIO IKOCTI Ha miAnpueMcTBi. OCHOBHOIO METOIO IIbOTO aHaJli3y CTa-
JIO BUSIBJICHHS HEOJMIKIB J11F040T CUCTEMH, OLIHIOBaHHS ii €(EeKTUBHOCTI Ta BU3HAYEHHS YN H-
HUKIB, Kl HETaTUBHO BIUIMBAIOTHh HA MPOAYKTUBHICTh BUPOOHHUITBA W JOCTOBIPHICTH KOH-
TPOJIIO.

[IpoBenenuii anasi3 Mokas3as, 1110 y MOYaTKOBOMY CTaH1 KOHTPOJIb SIKOCTI 3/[1HCHIOBABCS
Ha JIEKUIBKOX OKpEeMHUX poOOuYHMX MOCTaX, PO3TAIIOBaHUX Y PI3HUX BUPOOHMYMX 30Hax. Taka
oprasiszaiisi BUMarajia 6araTopa3oBoro TpaHCHOPTYBAaHHS JeTajlell MK MICISIMM BUKOHAHHS
KOHTPOJIBHHMX OIepallii, o Mpru3BOAUIO 10 30LTbIICHHS! BHYTPIITHHOBUPOOHUYUX JIOTICTUY-
HUX BUTpPAT, HEOOX1JHOCTI CTBOPEHHS MPOMIKHMX HAKOMUYYBaJIbHUX 3aMaciB Ta 30UIbLICHHS
TPUBAJIOCTI BUpOOHMYOro nukity. Kpim Toro, HakonuueHHs: BUpoOiB MK OKPEMUMU eTanamMu
KOHTPOJIIO 3yMOBJIIOBAJIO JIOAATKOBE BiJIBOJIIKAHHS OOITOBUX KOINTIB y HE3aBEPIICHE BUPOO-
HUIITBO, [0 HETATUBHO BIIMBAJIO HA €EKOHOMIUHY €()EeKTHUBHICTh MIATPHUEMCTBA.

OO6cnyroByBaHHsSI KOHTPOJIbHUX oOIepalliii BUKOHyBaiu Tpu omepaTopu. llonibna op-
ratizamiss po6otu norpeOyBajia 3HaYHUX BUTpAT Ha MEPCOHAJ 1 BOJHOYAC He 3abe3nedyBaia
cTaOlIbHOCTI PE3yNbTATIB YEePE3 3AJIEKHICTh B1Jl JIFOJICHKOTO (akTopa. byap—sike ckopoueHHsS
YUCENIHHOCTI MPAIIBHUKIB 0€3 MOJIEpHI3allii TEXHOJIOTTYHOTO MPOIIeCY HEMUHYYE MPU3BOINIO
0 a0o 10 3MEHIIECHHS MPOMYCKHOI 3JaTHOCTI CHCTEMH KOHTPOJIO, ab0 70 30UIbIIeHHS
HMOBIPHOCTI POMYCKY 1e(PEKTHOI MPOTYKIII.
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3aBeplIaIbHUM €TaroM BHPOOHUYOTO Mpolecy OyB CYIUIbHUIN Bi3yalbHUH KOHTPOJIb
30BHIIIHBOTO BUTIISAY JeTaneil mepes ix makyBaHHsAM. He3Bakaioum Ha NpOBEICHHS Iie-
PEBIpKH KOXXHOTO BHUPOOY, pyuHHUIl oruisi] He 3a0e3reyyBaB rapaHTOBAHOTO BHSBICHHS BCiX
nedexriB. Lle mosiCHIOETHCS (Pi310JIOTTYHUMU OCOOJIMBOCTSIMU JIFOIUHU, 3HUKEHHSIM KOHIICH-
Tpauii yBaru mij 4ac TpuBajoi poOOTH, HAKOITMYEHHSIM BTOMHU Ta Cy0'€KTUBHICTIO OIliHIOBaH-
Hs. JlogaTkoBUM HeMOJNIKOM Oyia HeOOXiTHICTh 0araTopa3zoBOro PyYyHOTO MEPEMIIICHHS Je-
Tajel, Mo 30UTIIYBAJIO PU3HK 1X BUIAIKOBOTO MEXAHIYHOTO MOIIKOKEHHS HA 3aBepIIallb-
HUX €Tarax BUPOOHMIITBA.

JlocnikeHHsT CTAaTUCTHYHUX JaHUX MIOJ0 peKaMarliii 3acBiIYMIIO, IO OKpeMi Bi3y-
aJIbHI e(eKTH 3aJUIIAINC HEBUABICHUMHU 0 MOMEHTY BIABAHTAXXEHHS MPOAYKIII CIIOXH-
BaueBi. [licis BmpoBapkeHHS KaMepHOI CHCTEMHM KOHTPOJIIO Ui BiAIOBITHHX HapaMeTpiB
KUTBKICTh TAKUX BHUMAJKIB OyiIa MPaKTHYHO 3BEJCHA J0 HYJIS, IO IMiITBEPIAUIIO BUCOKY eeK-
TUBHICTh BUKOPUCTAaHHS aBTOMATH30BaHMX 3acO0iB BI3yaJIbHOI'O KOHTPOIO Ta iX 3/aTHICTh
3a0e3mnedyBaTu CTa0lIbHO BUCOKUI PiBEHB SIKOCTI MEPEBIPKH.

[Ile omHUM CYTTEBHM HEIOJIIKOM ICHYIOYOi OpraHizamii KOHTPOJ Oyia BiJCyTHICTh
enuHoi iH(pOpMaIiifHOT cHUCTEeMHM MJIi HAKONWYEHHS pe3yJbTaTiB mepeBipok. YacTuHa
BUMIPIOBAJILHOTO 00JIaiHaHHs 30epirana AaHi JUIIe JOKaJIbHO, TOl K OKpEMi IpUiIaau B3a-
rajii He mependadanyd MOKIMBOCTI X apXiByBaHHS. YHACTIIOK I[bOTO 3HAYHO yCKJIAIHIOBAJIH-
Csl aHaJIi3 MPUYUH BUHUKHEHHS Je(EKTiB, BEICHHs CTATUCTHKH SIKOCTI MPOAYKIIi Ta 3abe3rme-
YEeHHS IPOCTEXKYBAHOCTI BUPOOIB Ha BCiX eTarax BUPOOHUYOTO IHKITY.

YrpoBa/KeHHS aBTOMAaTH30BaHOI CHCTEMH Bi3yaJIbHOTO KOHTPOJIIO JIO3BOJISIE CYTTEBO
BJIOCKOHAJIMTH OpTaHi3ailiio BUpoOHuYoro nporecy. Hacamrepes e 3abesneuye o0'etHaHHS
BCiX KOHTPOJBHHX OTEpaliid y MeXaxX €JMHOTO TEXHOJOTIYHOTO MOTOKY, IO YCyBa€ HE0O-
X1JHICTh 3aliBOT0O TPAHCHIOPTYBAHHS JIeTaled MK OKpeMUMH pobounmu micusmu. Kpim Toro,
aBTOMATHU3AIllsl CIPUSE CKOPOUYEHHIO JIOTICTUYHUX BUTPAT 1 OOCATIB HE3aBEPIIEHOTO BHPOO-
HUILTBA, 3MEHIIIEHHIO MOTPeOH B 00CIYrOBYIOUOMY IEPCOHA, M1ABUIIEHHIO TOBTOPIOBAHOCTI
Ta JIOCTOBIPHOCTI PE3yJbTaTiB KOHTPOJIO, @ TAKOXK CTBOPEHHIO LIEHTPAII30BaHOI 0a3u AaHUX
JUIst 30epiraHHs pe3yJabTaTiB NePeBIPOK 1 HUPPOBUX 300pakeHb KOXKHOT'O BUPOOY.

TakuM 4MHOM, MPOBENEHUN aHaJlI3 ICHYIOYOrO0 CTaHy BUPOOHHUIITBA CBIAYUTSH, 1110 Tpa-
JUILiiHA OpraHizailisi KOHTPOJIIO SIKOCTI HE MOBHOIO MIpOIO BIJOBIAA€ Cy4yaCHUM BHUMOTram
HI0JI0 MPOAYKTUBHOCTI, TOYHOCTI Ta aBTOMAaru3allii BUPOOHUYMX MpOIEeciB. 3aCTOCYBAHHS
IHTETPOBAHOI CUCTEMH Bi3yaJIbHOTO KOHTPOJIIO CTBOPIOE TIEPEAYMOBHU JIJIsl MIABUIIICHHS e(ek-
TUBHOCTI BUPOOHUIITBA, CKOPOYEHHS BUPOOHWYMX BUTPAT, MOKPAIIEHHS MPOCTEKYBAHOCTI
MPOYKIIii Ta 3a0e31eyeHHs cTab1IbHO BUCOKOTO PiBHA ii SKOCTI.

CTpyKTypHa cXeMa CHMCTeMH MAIIMHHOTO 30py. Ha OCHOBI BHMOT /0 KOHTpOIO
SIKOCT1 BUPOOIB Ta HEOOXITHOCTI 1HCTIEKTYBaHHS JCTalIeH 13 TPhOX PI3HUX PAKypCiB OyJIO po-
3pO0JIEHO CTPYKTYPHY CXEMYy aBTOMATH30BaHOI CHCTEMH MAIIMHHOTO 30py. 3alpOIOHOBaHA
apxiTekTypa nependaydae o0'eIHaHHS TPbOX HE3AIEHKHHUX 1HCIIEKIIMHUX 30H Y MEXaxX €IMHOTO
TEXHOJIOTIYHOTO Mpoliecy, U0 3a0e3edye MOCHiIOBHUN KOHTPOJIb BUPOOY 0€3 mopyleHHS
Oe3repepBHOCTI BUPOOHHUIITBA.

[Ipomec mepeBipku OpPraHi3oBaHO TAKUM YHMHOM, 1100 JETallb MPOXOIMIA BCl €Tanu 1H-
CreKIIii 0e3 3MiHM CBOTO MOJIO0KEHHs. JJI1 IbOro B30BXK TPAHCIIOPTHOI JIIHIT PO3MIIIEHO TPH
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CTalliOHAPHI 30HM KOHTPOJIIO, Yepe3 sKi BUPiO mepeMinryeThesi mociiioBHO. BinMoBa Bifg 1o-
JaTKOBUX MEXaHi3MiB MepeBepTaHHs a0o mepeopieHTallii 1eTaneil J03BoIsi€ 3MEHIITUTH Kilb-
KICTh MEXaHIYHHMX OIepauiid, MiHIMI3yBaTH PHU3UK IOIIKOIKEHHS BUPOOY Ta 3abe3medyuTu
cTablIbHE MO3UIIOHYBaHHS I1i]] YaC BUKOHAHHS KOHTPOJIIO.

CTpyKTypHY CXE€My aBTOMAaTHM30BaHOI CHCTEMH Bi3yaJbHOTO KOHTPOJIO HaBEIEHO Ha
pucynky 1. Ii mo6ymoBa opientoBana Ha 3abe3nedents 6e3nepepBHOro (HYHKIIOHYBAHHS BU-
poOHMUO] JiHI{, IEHTPaTI30BAHOTO OMpAIIOBaHHs iH(pOpMAIi Ta MOXIMBOCTI iHTerpamii i3
3arajibHOI0 CUCTEMOIO KepYBAaHHS TEXHOJIOTTYHUM MPOLIECOM ITiITPUEMCTBA.

Jlo ckiagy po3poOieHOl CUCTEMHU BXOAATH TPAHCIOPTHHHA MOIYNb ISl TEPEMIillICHHS
AeTaneld, TpU 1HCIEKLIWHI CTaHIl, OCHALEHI KaMepaMu MAaIlMHHOTO 30py, CIeLianti30BaHi
CHCTEMH OCBITJICHHS Il KOXKHOT KOHTPOJIBHOI 30HH, OOYMCIIOBATBHAN MOJYJIb, 1[0 BUKOHYE
00poOKy OTpUMaHUX 300pa)KeHb, MPOTPAMOBAHUI JIOTIYHHI KOHTPOJIEP, MEXaHi3M aBTOMa-
TUYHOTO BiZIOpaKyBaHHs MPOYKIIii, a TAKOX ITiICHCTEMa HAaKOMWYEHHs, 30epeKeHHs Ta ap-
XiByBaHHS pe3yJbTaTiB KOHTPOJTIO.

Ha mouaTky TexXHOJOTI4HOTO mporecy BUpiO HaIXOAWTh Ha KOHBEED, SIKUH 3a0e3meuye
HOro TpaHCHOPTYBAaHHS MK IHCHEKIitHUMHU cTaHuisMu. KpiM QyHKIiT nepemimmeHHs, TpaHc-
MOPTHUI MEXaHi3M BUKOHYE TOYHE MO3HIIIOHYBAaHHS JIeTalli y BU3HAUYEHUX KOHTPOJIBHHUX TOY-
Kax Ta CHHXPOHI3ye ii pyX i3 poOOTOO Kamep, OCBITIIOBAILHUX MPHUCTPOIB 1 CHCTEMHU Ke-
pyBaHHSI, 110 TAPAHTYE CTAOUTBHICT MPOLIECY OTPUMAHHS 300paKeHb.

[Nepmra iHcneKIiiiHA CTaHIIISI MPU3HAYEHA [T IEPEBIPKU BEPXHBOI MOBEPXHI BUPOOy. Y
11 30HI BCTAaHOBJIEHO KaMepy MAaIIMHHOIO 30pY Ta CUCTEMY OCBITJIICHHS, MapamMeTpu SKOl
mii0paHo BIAMOBITHO JO OCOOJMBOCTEM KOHTPOJIBLOBAHOTO 00'ekTa. OTpUMaHi 300pakeHHS
BUKOPUCTOBYIOTBCS JIJIsl aBTOMAaTHYHOTO BHSBIICHHS MEXaHIYHUX IOIIKO/KEHb, KOHTPOIIO
HasIBHOCT1 KOHCTPYKTHUBHUX €JIEMEHTIB 1 MEPEBIPKU BIIAMOBIIHOCTI X F€OMETPUUYHUX XapaK-
TEPUCTUK YCTAHOBJICHUM BHMOTaM.

Ha npyriit iHcniekuiiHii cTaHiii 311HCHIOETHCS KOHTPOJIb (PPOHTAIIBHOI YACTUHU BUPO-
O0y. OCHOBHMMU 3aBJaHHSIMHU 111€1 30HU € pO3II3HaBaHHS TEKCTOBOi 1H(opmalii, nepesipka
SIKOCTI HaHECEHOTO0 MAapKyBaHHS, JEKOJIyBaHHsS JABOBMMIpHOro koxy Data Matrix, a Takox
BHU3HAUEHHSI BUCOTHHUX MapaMeTpiB TEPMIHANIB 1 [IEHTPYBAJIbHUX €JeMEeHTIB. BukoHaHHs 3a-
3HAUEHUX ONepalid [03BOJIAE€ OIIHUTH MPAaBWIbHICTb BUTOTOBJIEHHS BUPOOy Ta HOro
BI/IMOBITHICTh TEXHIYHINA JOKYMEHTAITI1.

Tpers iHcnekuiliHa cTaHIis 3a0e3neuye KOHTPOJIb OOKOBOT YaCTUHU BUPOOY. VY 11iif 30H1
3MIACHIOETHCS TEpPEBIpKa I€OMETPUYHUX MapaMeTpiB, BUSBIECHHS MOXIIMBUX MEXaHIYHUX
MOIITKO/KEHb, KOHTPOJIb TPABWJIBHOCTI PO3TAllyBaHHSA KOHCTPYKTHBHHX €JEMEHTIB Ta
OIIIHIOBAHHS 1X BIJAMOBIHOCTI BCTAHOBJICHUM TEXHIYHMM BUMoOTraM. [H(opmailiis, oTpumaHa
M1J] 4ac KOHTPOJIO 3 TPbOX PaKypcCiB, MEPEAAETHCA JO OOUMCIIOBAIBLHOIO MOAYIIS, 1€ BUKO-
HY€ThCS KOMIUIEKCHUI aHaji3 pe3yabTaTiB NepeBIpKH.

VYci nudposi 300pakeHHsI Ta pe3yIbTaTH 0OpOOKH IIEHTPaIi30BaHO HAAXOAATH 10 00-
YUCITFOBAJILHOTO MOJYJISA. 3a JOMOMOTO0 aITOPUTMIB MAIIMHHOTO 30PY 31HCHIOETHCS aHa13
oTpuMaHoi iH}opmarrii, GopMyrOTHCS BUCHOBKH OO0 BIIMOBITHOCTI BUPOOY BCTAHOBICHUM
KPUTEPISAM SKOCTI Ta MEPEAAIOTHCA KePyBaIbHI CUTHAIU JI0 MTPOTPAMOBAHOTO JIOTTYHOTO KOH-
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Tposiepa. Y pa3si BUSBICHHS JE(QEKTiB KOHTPOJIEp aKTHUBYE MEXaHi3M aBTOMATUYHOTO BigOpa-
KyBaHHS, SIKUH BUITy4a€ HENPUAATHUI BUPIO 13 TEXHOJIOTIYHOTO MOTOKY.

PesynbpTat mepeBipku KOXKHOI JA€Tali pa3oM i3 BIAMOBITHUMHU 300paKEHHSIMHU aBTOMa-
TUYHO 30epiraroTbcs B LEHTpallizoBaHiid 0a3i ganux. lle 3abe3meuye MOXIHMBICTH BEICHHS
CTaTUCTHKH SKOCTIi, aHAJI3y IPUYMH BUHUKHEHHS J1e(EKTiB, MPOCTEIKYBAHOCTI BUPOOHUYOTO
npoiiecy Ta GopMyBaHHS 3BITHOI JOKYMEHTAIII].

3anpornoHoBaHa CTPYKTypHa CXeMa JI03BOJIsIE O0'€HATH BCi omeparii KOHTPOIIO B
€IMHY aBTOMATHU30BaHYy CHUCTEMY, 3a0€3MEUUTH BUCOKY MIBHIKOMAII0 MPOILECY MEPEeBipKH,
HiABUIIUTH MOBTOPIOBAHICTh PE3YyJIbTATIB 1 MiHIMI3yBaTH BIUIMB JIIOJICBKOTO (akTopa. 3aBasi-
KU IIbOMY JIOCSITAEThCS TIABUIICHHS €(EKTHBHOCTI BUPOOHHUIITBA TA CTAOLILHOCTI KOHTPOIIO
SIKOCTI TOTOBOI MTPOTYKIII1.

Mopava petani

l

KoHBeep

30Ha 1 — BepxHii KOHTpOrb
(Kamepa 1 + cuctema
OCBITIEHHS)

30Ha 2 — ®poHTaneHUm
koHTponb (Kamepa 2 + cuctema
OCBITITEHHS)

30Ha 3 — HWXHin KOHTponb
(Kamepa 3 + cucrtema
OCBITITEHHST)

I

O6uuncnioBanbHU
Moaynb 06pobkm

basa gaHux / cepsep
> apxiByBaHHs
pesynbTaTis

PLC

MexaHiam
BinOpakyBaHHs

v v
OK NOK

Pucynok 1 — CtpykTypHa cxema aBTOMaTH30BaHOI CUCTEMH Bi3yallbHOTO KOHTPOJIIO

Tpets iHcHeKuiiHA CTaHIsA MpPU3HAYEHA I MEPEeBIPKU HIDKHBOI MOBEPXHI BHPOOY,
OCHOBHHMM 00'€KTOM KOHTPOJIIO SIKOi € 3a3eMJII0BalIbHA TUTacTUHA. /11 miBUILEHHS eeKTHB-
HOCTI BHSIBIIEHHS MEXaHIYHHMX TOIIKO/PKEHb Y 11 30HI BUKOPHUCTOBYETHCS CIIeLliali30BaHa
cUCTeMa OCBITJIICHHS, siKa 3a0e3nedye 30UIbIIEHHS KOHTPACTHOCTI JAe(EeKTIB 3a paxyHOK
0cO0IMBOCTEH BIIOUTTS CBITIIOBOTO IMOTOKY BiJl HOBEPXHI J€TaI.

[Ticns mpoxoJKeHHs BCiX eTariB iHCHeKii nuppoBi 300paxKeHHs, OTpUMaHi 3 TPhOX
KaMep MAaIIMHHOTO 30pY, HAJAXOJATh 10 OOYMCITIOBaIbHOTO Monayis. Ha mpomy erami BUKO-

HYIOTBCS aJTOPUTMH IUPPOBOi 0O0poOKHM 300paXkeHb, sKi 3a0€3Medyl0Th KOMIUIEKCHE
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OLIIHIOBaHHS cTaHy BHpoOy. Ilix yac aHami3zy BH3HAYalOTbCS F€OMETPUYHI MMapaMeTpu JeTa-
JIeH, BUSABIISIOTHCS TIOBEPXHEBI MOIIKOIKEHHSI, IEPEBIPSAETHCS AKICTh HAHECEHHSI MAPKyBaHHS
Ta BUKOHYETHCS JIEKOAYBaHHS 1MeHTU(DIKALIHHUX KOMIB. 3a pe3ylbTaTaMU OINPALIOBAHHSA 1H-
dopmMarrii cucreMa aBTOMaTHYHO (POpMY€E BUCHOBOK IIOJIO BiJMOBIAHOCTI BUPOOY BCTAaHOBIIE-
HUM KPUTEPIisSM SKOCTI.

CdopmoBaHe pillleHHsI TIEPENAETHCA A0 MPOrPAMOBAHOTO JIOTTYHOTO KOHTpOJepa, KUK
KOOpJIMHYE pOOOTY BUKOHABUMX MEXaHi3MIB BUPOOHHMUOT JiHil. SIKIIO BCi KOHTPOJILOBAHI Ia-
paMeTpu BiANOBIJAIOTh HOPMAaTHBHMM BHUMOTaM, AETalb OE3MEepPEeIIKOAHO IMPOJOBXKYE Iie-
pEMIIICHHS KOHBEEPOM. Y pa3i BUSIBJICHHS Oy/b—IKHX BiIXHJIEHb KOHTpOJIEp (hOpMy€e KOMaH-
Iy Ha CHpAIIOBaHHSI MEXaHi3My aBTOMATUYHOTO BiIOpaKyBaHHS, SKUW BUIy4ae NeQEKTHHUN
BUPiO i3 3arajJbHOr0 TEXHOJIOTTYHOTO TOTOKY.

OnHOYacCHO 3 KepyBaHHSIM BHKOHABYMMH IPUCTPOSIMUA PE3YJIBTATH KOHTPOIIO Ta IU-
POB1 300pakKeHHSI KOYKHOI TEPEBIPEHOI JIeTalli aBTOMATHYHO 3aIUCYIOTHCS JI0 IIEHTPaIi30Ba-
Hoi 06a3u maHux minnpuemcta. HakonmueHHs wiei iHdopmarii 3a0e3neuye mpocTe:KyBaHIiCTh
BUPOOHHMYOTO MPOIECY, CTBOPIOE MOMJIMBICTh HMPOBEIEHHS CTaTUCTUYHOTO aHAJI3y ITOKa3-
HUKIB SIKOCTIi, CIPOIIy€e TOUTYK NIPUYHMH BUHUKHEHHS NePeKTiB 1 GopMyBaHHS 3BITHOI JOKY-
MEHTaIii.

TakuM YUHOM, 3aIPOIIOHOBaHA CTPYKTYpa aBTOMATH30BAHOT CHCTEMH MAIIMHHOTO 30Dy
3a0e3neuye KOMIUICKCHHHA KOHTPOJIb BHUPOOY 3 TPbOX PI3HHUX pPAaKypcCiB, IEHTPai30BaHE
OTIpAIIOBaHHS OTPUMAaHOI iH(popMaIlii Ta aBTOMaTUYHE MPUHHATTS PillIeHb MO0 SKOCTI MPOo-
IYKIii B peXuMi peanbHOro yacy. Peainizaiisi Takoi apXiTeKTypH JO3BOJIS€ IMiJIBULUTH J0-
CTOBIPHICTh KOHTPOJIIO, CKOPOTUTU TPHUBANICTh BUPOOHUYOTO ILHMKIY, MIHIMI3YBaTH BILUIUB
JIOJICBKOTO (hakTopa Ta 3a0€3MEYUTH IHTETPAIII0 CUCTEMH KOHTPOJIO 3 IHITUMU KOMIIOHEH-
TaMH aBTOMaTH30BaHOTO BUPOOHUIITBA.

3arajbHa Jiorika (yHKUIIOHYBAHHSI CHCTeMHM. 3arajibHa JIorika (yHKI[IOHYBaHHS aB-
TOMAaTHU30BaHOI CUCTEMH Bi3yalbHOTO KOHTPOJIIO BU3HAYAE MOCIIOBHICTh BUKOHAHHS TEXHO-
JIOTIYHUX OIlepaliii, TpUHIMI B3a€MOAIl MK II OCHOBHHUMM KOMIIOHEHTaMU Ta MEXaHi3M
(dbopMyBaHHS KEpYIOUMX KOMaH] JUIsi BUpOOHMYOro mpouecy. Ha BigMiHy BiJl CTPYKTypHOI
CXEMH, sIKa IEMOHCTPY€ CKJaJ 1 B3a€MO3B'I30K €JIEMEHTIB CUCTEMH, JIOT1YHA cXeMa BioOpa-
’Kae anropuT™ ii poOOTH B peabHOMY 4Yaci Ta MOCIII0OBHICTh BUKOHAHHS BCIX €TaIliB KOHTPO-
0. 3araibHy JIOTIKY (YHKI[IOHYBaHHS aBTOMAaTHM30BaHOI CHCTEMH Bi3yaJbHOTO KOHTPOIIIO
HAaBEJICHO Ha PUCYHKY 2.

OyYHKIIIOHYBaHHS CUCTEMU MOYMHAETHCA 3 EPEMILIEHHS BUPOOY /10 30HU 1HCHEKIIT 3a
JIOTIOMOTOI0 TPAaHCIOPTHOTO MexaHi3My. Konu neransb 3aliMae MOI0KEHHS NEPIIOi KOHTPOJIb-
HOI CTaHIIii, 1aTYMK MPUCYTHOCTI peecTpye ii MOABY Ta Mepesae BiMOBIAHUM CUTHAMI 10 Mpo-
rpamoBaHoro Jjioriunoro kontposiepa (PLC). OtpumaBimm 1eil curaai, KOHTposdep Gopmye
KOMaHJly Ha OJHOYACHE BBIMKHEHHS KaMEpH MAIIMHHOTO 30py Ta CHCTEMH OCBITJIICHHS
BIJIMOBITHOI 30HU KOHTPOJIIO, 3a0€3Meuyroun CHHXPOHI30BaHy poOOTY OOJIaJHaHHS JUIs T10-
JABIIIOTO aHaJi3y BUPOOY.

[Ticns dikcarii BUpoOy B HE0OX1AHOMY IMOJIOKEHHI KaMepa MalliHHOTO 30py BUKOHYE
3axoruieHHs Horo 300paxkeHHs. ChopmoBane 1udpoBe 300pakeHHS HATXOIUTh 10 00UHCITIO-
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BaJIbHOTO MOJYJIsSI, 1€ TPOXOUTH €Tal MomnepeaHbp0i 00podku. Ha 1ipomy erari 31iiCHIOIOTh-
Csl KOPEKIIisl piBHS SCKPaBOCTi, MPHUIYLICHHS IIyMiB, HOpMasi3alis KOHTPACTHOCTI Ta iHIII
omepartii, HeoOX1THi JIUIs TiABUIICHHS SIKOCTI BXiTHUX MaHuX. [1iciis mbOro 3amycKaThes all-
TOPUTMHU KOMI'IOTEPHOTO aHaJIi3y, sIKi BUKOHYIOTH OL[IHIOBAaHHS KOHTPOJIbOBAHUX XapaKTepHU-
CTHK BHPOOY BiJIIIOBITHO /10 BCTAHOBJICHUX KPUTEPIiB.

MNogayva getani Ha KOHBeeEpP

v

[atunk HasiBHOCTI geTtani

v

CwurHan 3anycky Big PLC

v

3axonneHHs 306paxeHHs (3oHa 1)

v

O6pobka 306paxeHHst (3oHa 1)

v

3axonneHHs 306paxeHHs (3oHa 2)

v

O6pobka 306pakeHHs (3oHa 2)

v

BaxonneHHst 306paxeHHs (3oHa 3)

v

O6pobka 306pakeHHs (3oHa 3)

v

dopmyBaHHSA
pesyneTaty

Bci napameTtpu B
HOpMI?

NOK

MNepepnava B PLC

KepyBaHHS MexaHi3MOM
BigOpaKyBaHHS

‘ ApxiByBaHHs1 pe3ynbTarTis ‘

Pucynok 2 — 3aranpHa jorika (pyHKIIOHYBaHHS aBTOMAaTU30BaHOI CHCTEMH

Bi3yaJIbHOTO KOHTPOJIIO
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AHAJIOTIYHUN AJITOPUTM peANi3yeThCs I APYroi Ta TPEThOI 1IHCHEKIIHHMX CTaHIiH.
Koopaunariito po6oTu Bcix kamep 3abe3mneuye cucTeMa KepyBaHHs, sIKka CHHXPOHI3Y€E TPOIec
3aXOIUICHHS 300paXkeHb 1 3armodirae B3a€MHOMY HaKJIaJaHHIO CUTHaiB. OTpUMaHi pe3ynbTa-
TH TIEPEBIPKU 3 KOXKHOT KOHTPOJBHOI MO3MIIIi HAKOMMYYIOTHCS B MaM'sITi 0OUHCITIOBAIEHOTO
MOJTYJIs 1O 3aBEPILEHHS IIOBHOTO IIUKITY 1HCIIEKTYBaHHS BUPOOY.

[Ticns 3aBepiIeHHS aHANi3y 300pakKeHb, OTPUMAHUX 13 TPHOX PAKYPCIB, (HOPMYETHCS
MiICYMKOBHI BUCHOBOK OO SIKOCTI BHPOOy. SKIo xoua 6 0MH 13 KOHTPOJIHOBAHUX Mapa-
METpIiB BUXOAMTH 32 MEXi JONMyCTUMHUX 3HA4eHb, cucreMa reHepye pesynbrar «NOK». 3a
YMOBH BIATIOBIAHOCTI BCIX MapaMeTpiB yCTaHOBIECHUM BUMoram (opmyerbest curHan «OK».
CchopMoBaHUT BHCHOBOK IEPENAETHCS 10 MPOrPaMOBAHOTO JIOTTYHOIO KOHTpOJepa yepes
MIPOMHUCIIOBUH iHTEpQEC 3B'A3KY.

[Ticna orpumanns pe3ynabTary KoHTporo PLC renepye BimoBiiHy KOMaHAy JJIsl BUKO-
HaBYOTO MexaHiMy. Y Bumaaky ¢opmyBanns curHany «NOK» axkTuByeThCs cucTema
BiOpaKyBaHHs, SIka aBTOMAaTUYHO BUiydae aedekTHuid BupiO i3 TpaHcmopTHOI JiHil. SKio
pe3yabpTaT KoHTpoo Mae 3HadeHHs «OK», neramp Oe3nepemkoJHO MEepeMilIyeTbes 10
HACTYITHOTO €Tany BUPOOHUYOTO TPOIIECY.

OpHoYacHO 3 mepemaBaHHAM iHQOpMAIIl 10 MPOrpPaMOBAHOTO JIOTIYHOTO KOHTpOJIepa
BCI pe3yNbTaTh KOHTPOJIIO PEECTPYIOThCS B LIEHTpati3oBaHiid 0a3i manux. [lo apxiBy 3ammcy-
I0THCS 300payKEHHS 3 KOXKHOI 1HCTIEKIIIHOT CTaHIIi1, pe3yIbTaTH BUMIPIOBaHb, YaCOBI MO3HAY-
KM BHKOHAHHS KOHTPOITIO, a TaKOX 1IeHTU(IKAIIIHI B1IOMOCTI TIpo BUPiO. 30epeKCHHS IUX
JAHUX CTBOPIOE OCHOBY JJIsi CTaTUCTHUYHOIO aHali3y Ae(]eKTiB, OIIHIOBaHHS CTAaOUIbHOCTI
TEXHOJIOTIYHOTO MPOLECY Ta 3a0e3MeUYeHHs MPOCTEKYBAHOCTI MPOAYKIIIi Ha BCiX eTamax BU-
pPOOHMIITBA.

Omxe, norika (QyHKIIOHYBaHHS aBTOMAaTH30BaHOI CHUCTEMH BI3yaJIbHOTO KOHTPOJIIO
I'PYHTY€ETBCS Ha Y3rODKEHIM poOOTI TpaHCIOPTHOTO MEXaHI3My, KaMep MAaIIMHHOIO 30pYy, 00-
YUCITIOBAJILHOTO MOJYJISI Ta IPOTPaMOBAHOTO JIOTIYHOTO KOHTpoJiepa. Taka opraHizarlisi mpo-
1ecy 3abe3neuye aBTOMATU30BAaHE MPUNHATTS pIllIEHb y peajJbHOMY MaciiTall yacy, MiJBH-
IIy€ TOYHICTh KOHTPOJIIO Ta 3MEHIIIY€E BIUIUB JIFOJCHKOTO (haKTopa Ha Pe3yIbTaTH OIiHIOBAHHS
SIKOCT1 BUPOOIB.

Omnuc 30H KOHTPOJIIO BUPOOY. Y po3po0IieHiil aBTOMAaTU30BaHI CUCTEMI Bi3yaIbHOTO
KOHTPOJIIO 1HCIIEKTYBaHHS BUPOOIB 3[1HCHIOETHCS 32 TPhOMa OCHOBHUMU paKypcaMu, IO J1a€
3MOr'y 3a0€3MeunTH KOMIUJIEKCHY MepeBIPKY BCIX KOHCTPYKTHBHO Ba)KJIMBUX €JIEMEHTIB MO-
nynsi. KoHTpoib BUKOHY€EThCs O€3 3MIHU ITPOCTOPOBOI Opi€HTAIlll BUPOOY: JAeTalb MOCTIA0BHO
MePEeMIIY€EThCS Yepe3 TPU 1HCIEKIIHHI 30HHU, Y KOKHIN 3 SKUX OI[IHIOIOTHCS BU3HAYEHI Mapa-
METPH.

BupoOnunya niHisg mpu3HadeHa AJisi KOHTPOJIIO ABOX THUITIB MOJYJIB, SIKI MaIOTh OJJHAKOBI
re€OMETPUYH1 PO3MIpH, MPOTE BiJIPI3HAIOTHCS OKPEMUMH KOHCTPYKTUBHUMHU OCOOJIMBOCTSIMHU.
OCHOBHI BIAMIHHOCTI MK BUpPOOaMH HOJSATAIOTh Y KOHCTPYKIIi JTONOMI)KHUX TEpMiHANIIB, a
TaKOX y HassBHOCTI a00 BIZICYTHOCTI LIEGHTPYBAJILHOTO IUIACTUKOBOTO eileMeHnTa. Hespaxaroun
Ha 11 0COOIUBOCTI, OUIBIIICTh KOHTPOJHOBAHMX XapPAaKTEPUCTUK JJIsi 000X THUIIB MOAYIIB €
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OJTHAKOBHMMH, II0 Ja€ MOMJIMBICTh 3aCTOCYBATH €IMHUI aJTOPUTM EPEBIpKH Ta yHiIpiKyBaTH
CTPYKTYpPY aBTOMAaTHU30BaHOi CUCTEMH Bi3yaJIbHOT'O KOHTPOJIIO.
3aranpHUA BUTIIST BUPOOIB, IO MiAIATAIOTh KOHTPOITIO, HABEJCHO HA PUCYHKY 3.

Pucynok 3 — KonrpoasoBaHi BupoOu

Koumponws éepxuvoi nogepxni BUpoOy € OJHUM 13 HAMBAKJIMBIIINX €TaIiB aBTOMATH30-
BaHOI Bi3yaJlbHOI 1HCIIEKIIii, OCKIJIKM came B il 30H1 pOo3MillleHi OCHOBHI €JIeKTPUYHI KOHTa-
KTU Ta KOHCTPYKTHBHI €JIEMEHTH MOJYIIS, BiJl IPaBUIBHOCTI BCTAHOBIICHHS SIKUX 3QJIC)KHUTH
fioro mopanpa Mpane3aaTHICTh. AHANI3 BEPXHBOTO PAKYpCy 03BOJISIE CBOEYACHO BHSIBUTH
neeKTH CKIIaJlaHHs, BIICYTHICTh OKPEMUX KOMITOHEHTIB, 1X HENpaBHJIbHE PO3TALTYBaHHS a00
1HII BIIXUJICHHS BiJl yCTAHOBJIEHUX BUMOT.

300pakeHHsI BEPXHBbOI YACTUHU BHUPOOIB Ui PI3HMX THUIIIB MOJYJIB HABEICHO Ha

PHUCYHKY 4.

a— moxaynb Ty Semix 3S; 6 — Mmoxyns Tuny Semix 3 PF

Pucynok 4 — KoHTpoJb BEpXHBOT YaCTUHU BUPOOY

Y Mexax 1€l I1HCHEKUiHHOI 30HM 3AIMCHIOETHCS KOHTPOJIb OCHOBHUX CHJIOBHX
TEpMiHaIB, JOMOMIXHHUX KOHTAKTIB, KPIMMJIbHUX €JIEMEHTIB 1 LIEHTPYBAJIbHUX JleTaleil KOH-
cTpykiii. OCHOBHOIO METOIO MEPEBIPKH € MiITBEPPKEHHS 1X HasBHOCTI, MPaBUIIBHOCTI BCTa-
HOBJICHHSI, IPOCTOPOBOI'O PO3TAIIyBaHHS Ta BiJICYTHOCTI MEXaHIYHUX IOIIKOIKEHb, SKI MO-

YTh HETAaTUBHO BIUTMHYTH Ha €KCIUTyaTalliiiHi XapaKTepUCTUKH BUPOOY.
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[Tig 4ac KOHTPOJIIO TOJIOBHUX TEPMIHANIB CHCTEMa aHaJi3ye IXHil 30BHIIIHINA CTaH, BU-
ABIISIIOYM Taki Ae(eKTH, SK MOAPSIHHU, BM'ITUHH, Aedopmarii ado 1HII MOMIKOHKEHHS 110-
BepxHi. Jl0ZaTKOBO mMepeBipsA€ThCS MPABMIIBHICTH B3a€MHOTIO PO3TALIyBaHHS TepMiHAIIB
BiTHOCHO BHYTPIIIHBOI pPi3p00BOI yacTUHU. [Ji 1[bOTO BUKOHYIOTHCSI BUMIPIOBAHHS T€OMET-
PUYHUX TapameTpiB, 30KpeMa CIIiBBICHOCTI Ta KOOPAMHATHOTO MOJIOKEHHS €JI€MEHTIB, MiCIIs
4Oro OTpUMaHi 3HaAUYEHHSI MOPIBHIOIOTHCS 3 YCTAHOBJICHUMH JIOITYCKAMHU.

AJNTOPUTM TEPEeBIpKU AONOMDKHHUX TEPMIHATIB BU3HAYAETHCS KOHCTPYKIIEI0 KOHKPET-
HOro TUIy MOAynsd. [[ns BUpoOiB, OCHALIEHUX MPYKUHHUMH KOHTAKTaMH, KOHTPOJIOIOTHCS
KUTBKICTh KOHTAKTHHMX €JEMEHTIB, iX T€OMETpUYHI PO3MipH, MPABHIBHICTH MOHTAXY Ta
opieHTaris. Y MOAYNAX 13 KOHTAaKTHUMH NHHAMH TEPEBIPAIOTHCSA KUIBKICTh KOHTAKTIB, X
pO3TalIyBaHHs Ta BiAMOBIAHICTh MPOEKTHUM IapaMeTpaMm.

OxpeMuM eTanoM € KOHTPOJIb KPIMUJIBHUX 3aKJIENOK 1 TUIACTUKOBHX LEHTPYBAJIBHHUX
elleMeHTiB Kopiycy. CucreMa MalIMHHOTO 30py BH3HA4Ya€ HASBHICTH YCiX HEOOXITHHX KOM-
IIOHEHTIB, a TaKOX BMSBIISIE iX MOXKIJIMBI MEXaHIUHI ITONIKO/KEHHS, 3MIIIEHHs a00 Bij-
CYTHICTb.

OTxe, IHCTIEKIII BEPXHBOI YaCTHHU BUPOOY 3a0e31euye KOMIUIEKCHY OIIHKY HaHO1IbII
BiJINIOBiJAJIbHUX KOHCTPYKTUBHUX €JIEMEHTIB, JI03BOJIIOUM CBOEYACHO BUSBISTH SK T€OMET-
PUYHI BIIXWJICHHS, TaK 1 1e(EKTH MOBEPXHI, [0 MOXYTh BIUTMHYTH Ha SKICTh Ta HAIIHHICTH
TOTOBOT'O BUPOOY.

Koumponve ¢hponmanvroi wacmunu BUpoOy NMpU3HAYCHHNA IS TIEpeBipkH iH(POpMaIIiii-
HUX, MapKyBaJIbHUX Ta 1ACHTU(]IKAIAHUX €JIEMEHTIB, a TaKOXX OLIIHIOBAaHHS OKPEMHUX Ieo-
METPUYHUX XapPaKTEPUCTUK KOHCTPYKIIi. AHaJI3 1€l 30HU JAa€ 3MOTY MIATBEPAUTH MPABUIIb-
HICTh HaHECEHHSI MapKyBaHHs, HOro YUTa0EIbHICTD 1 BIANOBIIHICTh BCTAHOBJIEHUM BHUMOTaM,
a TaKOXX BUSIBUTU MOKJIMBI BIIXWJIEHHS Y PO3TAlllyBaHHI OKPEMHUX €JIEMEHTIB BUpoOy. 300-

pakeHHs BUpoOy Y GpOHTANIbHIN MPOEKIIIi HABEIEHO HA PUCYHKY 5.

Pucynox 5 — KonTponbs GppoHTanbHOT yacTUHU BUPOOY

VY ¢poHTaIbHINA 30HI KOHTPOJIIO BUKOHYETHCS MEpEeBipKa TEKCTOBOTO MAapKyBaHHS, JIO-
TOTHITIB, YMOBHUX IO3HAU€Hb, a TAKOXK 1/IeHTH(]iKaniiiHOi iH(popMallii, HaHeceHOoi Ha MOBepX-
HIO BHUpOOy. OCHOBHOIO METOIO IIbOTO €Tamy € MiATBepKEHHsS MPaBUIBHOCTI MapKyBaHHS,
MOT0 BIAMOBIAHOCTI €TAJOHHUM HAHUM 1 3a0€3l€YeHHS MOXKIMBOCTI OJHO3HAYHOI 1E€HTH-
¢ikarii BupoOy. OcobinBa yBara NpUAUISETHCS SKOCTI HAHECEHHS CHMBOJIIB, 30KpeMa iX
KOHTPACTHOCTI, TOBHOTI BiJOOpaXKeHHS, YITKOCTI KOHTYPIB Ta BIICYTHOCTI 1e()eKTiB APYKY.

[Ticna orpuMaHHs 300pa’keHHs CUCTEMa MAIIMHHOTO 30pY BUKOHYE PO3Mi3HABAHHS TEK-
cToBOi iH(opMaIlii 3a JOMOMOTOI AJTOPUTMIB ONTHUHOTO posmizHaBaHHs cuMBoIiB (OCR).
OTtpumani J1aHi nepearoThCsl 10 0OUUCIIOBATIBHOTO MOAYIIA, 1€ 3A1HCHIOEThCA iX TOPIBHIHHS
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3 €TaJIOHHUMH 3HAYEHHSMH. SIKIIO CUMBOJIM PO3Mi3HAIOTHCS HEKOPEKTHO, YaCTKOBO BIICYTHI
abo sKicTh 300paKeHHS HE J03BOJISIE BUKOHATU JOCTOBIPHY ifeHTHdiKaliio, BUpIO Kia-
CU(IKY€ETHCS K TaKUM, 110 HE Bi/IMOBi1a€ BCTAHOBICHUM BUMOTaM.

BaxmBoro cki1afioBOI0 (POHTATIBHOTO KOHTPOIIIO € JIEKOAYBaHHS JBOBHUMIPHOTO KOIY
Data Matrix, skuii MiCTUTB CITy)00BY iH(pOpMaIlifo Tpo BHUPiO, 30KkpeMa cepiiiHuii HOMeEp,
JaTy BUTOTOBJICHHS 400 iHIII BHPOOHHYI JaHi. YCHIIIHE 3YUTYBaHHSA KOJY € OOOB'S3KOBOIO
YMOBOIO MPOXO/KEHHSI KOHTPOJIIO. SIKIIO KOJ HEe MOXKe OyTH JAEKOJOBaHUI yepe3 HeloCTaT-
HIO AKICTh JIPYKY, MOIIKOKEHHsS TMOBEpXHI ab0 HEeIOoCTaTHIM KOHTpacT, cucrema (Gopmye
HETaTUBHHIA PE3y/IbTaT KOHTPOIIIO Ta Iepeaae BUpid Ha BiIOpaKyBaHHS.

Kpim nepeBipku iHQOpMaIiifHUX €IeMEeHTIB, y IIiif 30H1 3IHCHIOETHCS KOHTPOJIb OKpe-
MHUX T€OMETPHYHUX HapamMeTpiB BUpoOy. 30Kpema, OLIHIOETHCS BHCOTA PO3TAIIYBaHHS T'O-
JIOBHUX TEPMIHAJIB 1 IIEHTPYBAIBHUX €JIIEMEHTIB BITHOCHO 0a30BUX MOBEPXOHb. BU3HaueHHs
BIJIXWJICHb BUKOHYETHCS IUISIXOM aHAJi3y T€OMETPUYHUX XapPaKTEPUCTHK OTPUMAHOTO 300-
pakeHHS Ta TOPIBHSAHHS PE3YJIbTATiB BUMIPIOBAHHS 3 JIOIYCTHMUMH 3HAUYCHHSIMH.

OT1xe, KOHTPOJb (POHTAIHHOI YAaCTUHU BUPOOY 3a0e3neuye KOMIUIEKCHY TEepEBipKY
SKOCTI MapKyBaHHS, IPABUIBHOCTI 1IeHTH(IKAIII] Ta BiAMOBIAHOCTI OCHOBHUX F€OMETPUIHUX
napamMeTpiB yCTaHOBJICHUM BHMOTaM, 10 € HEOOXiTHOI YMOBOIO 3a0€3II€YeHHS MPOCTEKYyBa-
HOCTI MpoTyKii Ta 11 PyHKIIOHATBHOT MPUIATHOCTI.

Koumponb Hudcnuvoi wacmunu eupoby PU3HAYCHUHN N7 OLIHIOBAHHS CTaHY (YHKIIIO-
HAJIbHOI MOBEPXHI, HacaMIepe/ 3a3eMIIIOBAIBHOI IJIACTUHHM, SKa BIAIrpae BaXKIHMBY pPOIb Y
3a0e3mneueHH]1 HalIHHUX €JIEKTPUYHUX XapaKTEPUCTUK BUPOOY. 300pakeHHsI HUKHBOI 4aCcTH-

HU BUPOOY HaBEJIEHO HAa PUCYHKY 6.

Pucynok 6 — KoHTpo1b HUKHBOT YaCTHHH BUPOOY

VY Mmexax 1i€l 1HCHeKIiHOT 30HU CUCTeMa MAlIMHHOTO 30py BUKOHYE MOIIYK MOBEpPX-
HEBUX JEe(EKTIB, cepell AKUX MOAPSANUHU, BM'STUHHU, IOTEPTOCTI, TPILIMHYU Ta 1HII MeXaHIYH1

nomko/pKeHHss. OcobnrBa yBara mpUAUIIEThCS AedeKTaM, 3IaTHUM TOPYIIUTH IUTICHICTh
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3aXMCHOTO TMOKPHUTTS Ta JOCATTH CTPYMOIIPOBITHOTO IIAPy, IO MOKE HETaTHBHO BIUTMHYTH
Ha eJIeKTPUYHI Ta eKCIUTyaTaliliHI XapaKTepUCTUKN BUPOOY.

Jiis migBUIIEHHS €(EeKTUBHOCTI BHUSIBICHHS JE(DEKTIB 3aCTOCOBYIOTHCS METOJU IOIe-
penHboi 00pOOKH 300paXKeHb 1 CreMiali3oBaHi CXeMH OCBITJICHHS, SKi 3a0€3MeUyr0Th MiICH-
JICHHS KOHTPACTHOCTI MOBEPXHEBUX MOMIKO/PKEHB. 3aBASKH IbOMY CUCTEMA 37]aTHA BUSBISATH
HaBiTh MAJIOTIOMITHI JIe(EKTH, 10 MPAKTHYHO HE PO3PI3HAIOTHCS MiJ Yac 3BUYAWHOTO Bi3y-
QJIBHOT'O OTJISINY.

PimenHs npo npuaaTHICTh BUPOOY NMPUIMAETHCS HA MiJICTaBl pe3yabTaTiB aHAII3Y BU-
aBleHUX aedekTiB. Bupid BBaxkaeTbcs OpaKOBaHUM Y pasi, SKIIO PO3MIPH MOIIKOIKEHb Ie-
PEBHILYIOTH YCTAHOBJICHI JOMYCTUMI 3HAYCHHS a00 SKIIO XapakTep Ae(eKTiB MOXKe MpHU3Be-
CTH JIO TIOTIpIICHHs (DYHKIIOHAIBHUX BIACTHBOCTEH, 3HWKCHHSI HAIMHOCTI YA CKOPOUYCHHS
TEpMiHY eKCIuTyaTalii Bupooy.

OTxe, KOHTPOJIb HIKHBOI YaCTHHH BUPOOY 3a0e3redye KOMIUIEKCHY OLIHKY CTaHy
KPUTHYHO Ba)KJIMBOI (PYHKIIOHATIBHOI MIOBEPXHI, IO O€3M0CEepPEeTHRO BIUIMBAE HA €JICKTPUYHI
Ta EKCIUTyaTalliifHi XapaKTepUCTUKH TOTOBOTO BHPOOYy. CBO€YacHE BHSBIICHHS MEXaHIYHUX
MIOIIIKO/KCHD 1 MOBEpXHEBUX J(PEKTIB HA IbOMY €Tari Ja€ 3MOTY BHKJIIOYUTH MOTPATUISTHHS
BHUPOOIB, SKi HE BiJINOBIIaI0Th BCTAHOBJICHUM BUMOTaM, JI0 HACTYITHUX CTaliid TEXHOJOTIYHO-
ro mpoiecy abo 10 KiHIEBOTO CIOXHMBaya. 3aBIsSKH aBTOMAaTH30BAHOMY KOHTPOIIIO 3a0e3re-
9YETHCS IMiIBUIICHHS SKOCTI MPOAYKIil, 3SMEHIIEHHS KUIBKOCTI MPUXOBAHUX NE(EKTIB 1 MmiaT-
pUMaHHS CTa0lIbHOCTI BUPOOHUIITBA.

BucnoBku. [IpoBeneHuit anamiz 30H KOHTPOJIIO BUPOOY TMOKa3aB, 110 3alpOIOHOBaHA
aBTOMATH30BaHA CHCTEMa BI3yaJbHOTO KOHTPOJIIO 3a0e3nedye KOMIUIEKCHE 1HCIEKTYBAHHS
BUpoOy 3a TphOMa B3a€EMOJONOBHIOBAIILHUMHU paKypcamMu 0e€3 3MIHM HOro MNpOCTOPOBOI
opieHTamii. Takuil MiaxXiJ A03BOJISIE BUKOHYBATU MEPEBIPKY SK KOHCTPYKTHBHHMX 1 T€OMET-
PUYHUX TapaMmeTpiB, Tak 1 1HGOPMALIWHUX E€JIEMEHTIB, BKJIIOYAOYM MapKyBaHHS, 11EHTH-
¢ikaiiifHi Koy Ta cTaH QYHKI1IOHATbHUX TOBEPXOHb.

Po3noain KOHTPOMO MK TpbOMa IHCHEKIIHHUMH 30HaMHU Ja€ 3MOTY ONTHMI3yBaTH
npouec o0poOsIeHHs 300paXKeHb, MiABUILIUTH JOCTOBIPHICTh BUSBIIEHHS Ae(EKTIB 1 3a0e3re-
YUTH TIOBHE OXOIUICHHS BCIX KPUTHYHO BAXIJIMBHUX €IIEMEHTIB BUpOOy. BukopucranHs
CHEIaJII30BAaHUX AJTOPUTMIB MAIIMHHOIO 30pY, METOAIB IU(poBOi 00pOOKH 300pa’keHb,
texHonorii OCR 1 pexonyBanHs Data Matrix 3a0e3neuye aBTOMAaTU4YHE OLIIHIOBAaHHS
BIJIOBIAHOCTI BUPOOIB YCTAaHOBJIEHUM TEXHIYHUM BUMOTaM.

3anporoHoBaHa OpraHi3aiis KOHTPOIIO CTBOPIOE MEPEAYMOBH IS MiJBHINCHHS TOY-
HOCTI1 Ta TOBTOPIOBAHOCTI PE3YJIbTATIB 1HCIEKTYBAHHS, CKOPOUEHHS BIIUBY JIOJICBKOTO (ak-
TOpa, 3MEHIICHHS KIJTLKOCTI TMPOIMYIICHNX Ae(heKTIiB 1 3a0e3MmeueHHs CTa0lIbHOI SIKOCT1 TOTO-
Bo1 npoaykuii. KpiM Toro, neHTpantizoBaHe HaKOMUYEHHs pe3yJbTaTIB NEPEeBIPKU Ta IUPpPO-
BUX 300pakeHb 3a0e3leuye MPOCTEXKYBAHICTb BUPOOHHUYOTO MPOLECY, MOXKIMBICTH CTAaTH-
CTUYHOTO aHAJII3Y AKOCTI Ta MOJAIBIINOT ONMTHUMI3aIlll TEXHOIOT1i KOHTPOJIIO.
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Automated part quality control system based on machine vision technology

Abstract. This paper addresses the development of an automated quality inspection sys-
tem for industrial components based on machine vision technology intended for use in mod-
ern manufacturing environments. An analysis of the existing quality control process was car-
ried out, identifying its main shortcomings associated with the significant influence of the hu-
man factor, excessive time required for inspection operations, the lack of centralized storage
of inspection results, and insufficient repeatability of the obtained results. The feasibility of
implementing an automated visual inspection system as a means of improving production effi-
ciency and ensuring consistent product quality is substantiated.

The proposed system architecture includes a conveyor module, three inspection stations
equipped with machine vision cameras, specialized lighting systems, an image processing
module, a programmable logic controller (PLC), an automatic rejection mechanism, and a
centralized database. The overall operating logic of the system has been developed to ensure
synchronized interaction between all components, automatic image acquisition and pro-
cessing, generation of inspection results, and transmission of control commands to actuating
mechanisms in real time.

The paper provides a detailed description of the three inspection zones. The upper in-
spection zone is intended for checking power and auxiliary terminals, fastening and position-
ing elements, as well as detecting geometric deviations and mechanical defects. The front in-
spection zone performs verification of product markings, logos, the two—dimensional Data
Matrix code, optical character recognition (OCR), and evaluation of selected geometric pa-
rameters. The lower inspection zone is designed to detect surface defects on the grounding
plate using specialized illumination and digital image processing techniques to enhance de-
fect contrast.

The proposed system provides comprehensive inspection of products without changing
their spatial orientation, automatic decision—-making regarding compliance with specified
technical requirements, centralized storage of inspection results, and complete production
traceability. The application of machine vision technology improves inspection accuracy and
speed, minimizes the influence of the human factor, reduces the number of undetected defects,
decreases production costs, and enhances the overall efficiency of automated manufacturing
lines.

Keywords: machine vision, automated visual inspection, quality control, digital image
processing, PLC, OCR, Data Matrix, defect detection, machine vision system.
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PE®EPATHU

YK 004.94:621.375:621.382.3

3umoriisan AJO., I'yna A.L, CeniBeopcroBa T.B. Po3podka, moaeioBaHHsI Ta 10-
CJIi/IZKeHHA miacu/IoBaya 0e3 macuBHUX ejieMeHTIB 3 Bukopuctanusam JFET // Cucremni
TexHoJjIorii. PerioHansHMil MiKBY3IBChKHMI 30ipHMK HayKoBHX Tmpaib. — Bumyck 5(166). —
Towm 1. — duinpo, 2026. — C.3 - 15.

B crarTi npoBoAKIOCH OCTIIKEHHS TI0 CTBOPEHHIO cxeMu Oydepy 6e3 BUKOPUCTaHHS
nacuBHUX eneMeHTiB PAA (pure active amplifier).

[TpoBeneHo cepito 1abOPaTOPHUX JOCTIKEHb HA MPaIE3IaTHICTh PO3POOIICHOT CXeMH
PAA (pure active amplifier) Oydepy, a Takox 3HsTI ii mapamerpu. Cxema mokaszajia CBOIO
Mpaie3J aTHICT, 1 MOXXe OyTH BUKOpHCTaHa B 3ajJadax Ji¢ MOTpiOHa pO3B'A3Ka KaCKaiB,
Y3TO/KEHHSI IMITEIAHCIB, 3aXKCT Bij MPOCAJIKU CUTHAILY IPH MAJIMX PO3Mipax Ta HU3bKil Bap-
TOCTI.

B nmepcniekTrBi npu MoJaNbIIMX JOCTIIAX MOXKIUBO 11 BUKOPUCTATH IS CTBOPEHHS 1H-
TErPOBAaHUX CXEM, JIe OCHOBHUMHU TepeBaraMu OyayTh: MiHIMaJbHA IUIONIA HA KPUCTAI, IIH-
pOKa cMyra MpoIyCKaHHsI, TEXHOJIOTTYHICTh BUPOOHHUIITBA Ta HU3bKUI PIBEHD LIyMY.

bi621.5, 11.14.

YK 681.5:622.7

Tpous B.B. TakTHYHO—ONEpPAaTHBHA apXiTeKTypa Y3ro/:KeHHsl 0araToKpuTepiaib-
Horo Ilapero—mianyBaHHsl 3 PO3MOAIJIEHUM MO/AEeJIbHO—NIPOrHO3HMM KepyBaHHAM IpPO-
necaMm 30arayeHHsi 3aji3Hoi pyam // CuctemHi TeXHOJOTIi. PerioHanbHMII MIXBY31BCHKHI
30ipHUK HayKOBUX TIparlb. — Bumyck 5(166). — Tom 1. — JTainpo, 2026. — C.16 — 26.

3anpornoHOBaHO TaKTUYHO—OIEPATUBHY apXITEKTypy KepyBaHHs IpoliecaMu 30arayeH-
Hs1 3JTI3HOI pyJIH, O MOEIHYE cTaTHUHEe OararokputepiainbHe [lapero—mmanyBannas (NSGA-
[1/111) 3 po3moiieHuM MOJETLHO—TIPOTHO3HUM KEPYBaHHSAM Yepe3 periiaMeHTOBaHHUil JBOC-
TOpoHHIH 1HTepdelic. [Ipamuii noTik nepenae [lapeTo—onTUManbHI yCTaBKU Ta 30HU JOIMYC-
TUMHX BIJIXWJIEHB, OOUMCIIEH]I 3 OYTCTpEeNn—/I0BIpYMX IHTEPBAIIB MapaMeTpiB MOJECII cemapa-
i, a 3BOPOTHUN — CTATHUCTHUKM BUKOHAHHS Ta OHOBJIEHI KoBapialiiiHi maTtpwuili. Peakiiiro
BEPXHBOTO PiBHS BHU3HAYAE TPUIIOPOTOBUH peryiaMeHT. UHCIIOBUI €KCIIEPUMEHT MiATBEPANB
Mpale31aTHICTh apXITEKTYpH Ta HACKPI3HE OOYUCIIEHHS HEBU3HAUEHOCTI.

bi6:1.9, i1. 4, Tabm. 2.

YJIK 004.7.056

Cympyn O.B., Kaprienko H.B. CyuyacHuii cran Tta TeHaeHuii 0e3areHTHOro npodi-
JIIOBAHHS NOBeIiHKM KOPMCTYBa4iB Ha OCHOBI Mepe:keBoi TejeMeTpii / CucremMHi TeXHO-
norii. PerioHampHMII MDKBY3IBCBKMH 30IpHMK HAyKOBHX Tipaib. — Bumyck 5(166). —
Towm 1. — Ininpo, 2026. — C.27 — 41.

Posrnsnatorees cydacHUM cTaH Ta TEHJEHIIT pO3BUTKY Oe3areHTHOro mpouIOBaHHS
MOBE/IIHKN KOPUCTYBAYiB y KOPIOPATUBHUX Mepexax Ha OCHOBI MepexeBoi Tenemerpii. [lo-
OymoBaHO Jiarpamy eBOJOLIT TexHOJori# Kibep3axucty a0 pisass UEBA/SOAR. 3a meroo-
goriero B. Kitchenham nposeneno ormsia mpairs 3a mepioq 3 2010 mo 2025 pik 3 METOIO CHUC-
Temaru3anii miaxoaiB momo Bukopuctanus NetFlow/IPFIX mis BusBiacHHS aHOMAJIBHOI TO-
BEJIIHKU Ta MpoQiTIOBaHHSI KOPUCTYyBadiB. BusHaueHo nepeBarn it 0OMEKEHHS MEPEKEBOTO
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MOHITOPUHTY JJIsl aHaJi3y Al KopucTyBadiB. OOIPYHTOBAaHO JOUIIBHICTH KOHTEKCTHOTO 30a-
rayerHs NetFlow/IPFIX B mexxax UEBA/SIEM i3 3acTocyBaHHSM aJalTUBHOTO MAaIIMHHOTO
HaBYaHHS.

Bi6u. 29, 11. 9.

YK 681.5:004.89:004.942:622.24

Kmumenko O.[l., Bok C.M. TI'iOpuana HeiipoMepexeBa Mojae/b ineHTHdikamii
HMOBIpHICHMX po3MOAiJIiB y 3a1a4yaxX OUMiHKH CTaHY MPUPOJAHUX i TeXHiYHUX 00’ €KTiB //
Cucremni TexHomorii. PerioHambHMII MDKBY3iBCHKMH 30IpHMK HAayKOBHX Mpalb. —
Bunyck 5(166). — Tom 1. — [qninpo, 2026. — C.42 — 57.

3anporoHoBaHa TiOpuaHa HelpoMepexkeBa MoJenb 1AeHTU(IKAIll HMOBIPHICHUX PO3-
MOJUTIB Y 3a/1adaxX OI[IHKM CTaHy MPHUPOJHHUX 1 TEXHIYHUX 00 €KTIB, apXiTEKTypa sSKOi MOEJ-
HYy€ OJJHOBUMIipHY 3ropTKoBY HeiiporHy mepexy (1D CNN) ans ananizy dopmu posmoniny ta
OaraTomaposuii epuentpon (MLP) mist 00poOku 12 pobacTHUX CTaTUCTHYHUX O3HAK. J[yist
HaBYaHHS Ta TecTyBaHHS BHKopucTaHo 60 000 cmHTeTMyHHMX BHOIpOK oOcsirom Bim 20 10
1000 enementiB. OTpuMaHi pe3yabTaTH MOKa3aiu TOYHICTH Kinacudikarii 97,8 % Ha Tecto-
Bomy Habopi 3 18 000 BuOiIpOK, 110 MepeBHUIITye MTOKa3HUKK okpemux Mojaeneii CNN, MLP Tta
KJIIACUYHHUX CTATUCTUYHHUX KpHUTEpiiB. J[oBeACHO, MIO MpejacTaBlieHa apXiTeKTypa € OuTbIn
e(EeKTHUBHOIO JUIsi aBTOMATH4YHOI imeHTH(iKamii 3aKOHIB PO3MOALTY B YMOBaX OOMEXEHOTO
o0cATy TaHMX.

Bi6mn. 14, in. 3, Tabm. 3.

YK 004.415.3:681.6

€pmakoB B.B., Mopo3 b.I. MoaenoBaHHs Ta eKciepMMeHTAJbHA OLIHKA Npiopu-
TeTHOI 00po0Kku nositomiaeH> B OLAP—cucremax 3a ymoB nikoBHX HaBaHTaxeHb // Cuc-
TEMHi TEeXHOJIOTii. PerioHabHuUI MiXKBY3iBCbKHUi1 30ipHHK HAayKOBHUX Ipailb. — Bumyck 5(166). —
Towm 1. — Ininpo, 2026. — C.58 — 74.

PosrnsiHyTO KepoBaHy nuciumiiny o0pooku nosiqomienb B OLAP—cucremax, mo Bpa-
XOBYE€ IIHHICTH 1 CTapiHHsA iHMOpMaIlii, AeIaliHi, BapTICTh 0OpOOKU Ta CTaH aHAJITUYHOTO
cxopumia. [ToOymoBano iMiTaliiiHy Moaens KouBeepa broker—ETL-micro—batching—OLAP i
nopiBusiHO nomituku FIFO, cratmunux npioputeris, EDF Ta SCORE. [ns wotuprox cre-
HapiiB mikoBoro HaBaHTaxeHHs SCORE 3a0e3neumsia HaliMEHIIMI arperoBaHuil Kpurtepiit
BTpaT 1 BUCOKUI piBeHb BUKOHAHHS SLO a1 KpUTUYHUX MOBIAOMIIEHB. Pe3ynpTaTu miareep-
JDKYIOTh JOUIIBHICTh MIKPIBHEBOTO KEPYBAHHS YEProl0 MIKPOMAKETIB y pekUMax AeIlUTy
pecypciB.

bi6. 28, i1. 7, Tabm. 5.

Y JIK 004.65

Pesniuenko O.B., JIsmenko O.A., ApxunoBa B.B. MaremaTnune Moae/l0BaHHS 3a-
TPUMOK pelutikamii y po3noaisienii 6a3i xannx MongoDB // Cuctemni TexHosortii. Periona-
JHHUN MDKBY31BCHKHM 301pHUK HayKoBUX Tpailb. — Bunyck 5(166). — Tom 1. — {ninpo, 2026. —
C.75-93.

3a 10MOMOT0I0 METOY aKTUBHOT'O 30HAYBaHHS OTPMMAHO €KCIEPUMEHTaNIbHI AaHi 1110-
70 BUHUKHEHHS 3aTPUMOK perutikaiii. BukopucrtoByoun rpagieHTHUN OyCTHHT, MPOBEICHO
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OLIIHKY 3HAYyIIOCTi (PaKTOPIB i BCTAHOBJIEHO, 110 HAWOUIBIINI BIJIMB MAlOTh KUIBKICTh Mapa-
JeNbHUX 3’ €/IHaHb, KUIbKICTh JOKYMEHTIB Yy TIAKETi Ta IHTEpBaJ MiX onepatisiMu 3anucy. [lo-
OyZ0BaHO HEJNiHIHHY MaTeMaTHYHy MOJIENb POOOTH KJlacTepa.

bi6m. 27, i1. 10, Tabm. 9.

YK 53.089.6

HoBocboos O.A. BusHaueHHs IPUAATHOCTI PO0OYMX €TATOHIB 10 3aCTOCYBAHHA Y
MeTpoJIorivHil AisiibHOCTI // CucremHi TexHosorii. PerioHaabHU MiKBY31BCBKHIA 301pHHK
HayKOBHX Mpailb. — Bumyck 5(166). — Tom 1. — [qninpo, 2026. — C.94 — 103.

PosrisimaeThcsa nutaHHs BU3HAYEHHS MPUIATHOCTI POOOYMX €TAJIOHIB BUMOT'aM TEXHi-
4yHOT crienudikalii 3a pe3yabTataMu ix KaniOpyBaHHA. PO3IVISHYTO MpaBUIIO NPUKAHATTA Pi-
IIEHB IS TATBEPHKCHHS BiIMOBIIHOCTI a00 HEBIMOBIIHOCTI TEXHIYHUM BHMOTaM poOOYNX
€TaJIOHIB JI0 3aCTOCYBAHHS Y METPOJIOTIUHIN MISIIBHOCTI aKPEIUTOBAHUX KalliOpyBaIbHUX Ja-
6oparopisx. [IpoaHaizoBaHO MPaBHJIO BU3HAYCHHSI MPUIATHOCTI poOOUYUX €TaIOHIB B cepi
BHUMIPIOBaHHSA T€OMETPUYHUX NapaMeTpiB mponykuii. Ha mpuknaai kamiOpyBaHHS Mip J10B-
KUHM KIHIEBHX IJIOCKONApaJIebHUX PO3MVIAHYTO BapiaHT BU3HAYCHHs BIAMOBIAHOCTI Mip
BUMOTaM TeXHIuHOI creuudikaiii. 3anmpornoHoBaHo As KajaiOpyBaHHS poOOYMX ETalOHIB
BCTaHOBIIIOBATH LIJILOBY HEBU3HAUCHICTh BUMIPIOBAHHS, sIKa MOBUHHA OyTH He OutblI HiX 1/5
BiJ] MAKCUMAJIBHO JIOITYCTUMO] TOXUOKH.

bi6mn. 16, im. 1, Tadmn. 1.

Y JIK 004.934:004.89

IBanbko A.M. CnijibHe Y3rof:KeHHsi KilbKOX ASR-TpaHCKpHNTIB BeJIMKOI MOB-
HOI0 MO/IeJLIIO /ISl BUSIBJICHHSI 03HAK JAOTPMMAHHS CKPUNTY B KOHTaKT—HeHTpax // Cuc-
TeMH1 TexHoJorii. PerionanbHuil MXKBY31BChKHMI 301pHUK HayKOBHUX Ipailb. — Bumyck 5(166). —
Towm 1. — Ininpo, 2026. — C.104 — 120.

Po3rnsHyTO 3a7ayy BHSBICHHS O3HAK JOTPUMAHHS CKPHIITY ONEpPaToOpoOM KOHTaKT—
LEHTPY 3a TPAHCKPUIITAMHM AaBTOMATHYHOTO PO3Mi3HaBaHHS MOBJeHHs. [lokazaHo, mo Kia-
CHYHE KOMOIHYBaHHS CHCTEM Ha DPIBHI TOKEHIB ONTUMI3y€ 4acTOTY MOMMJIOK Ha CJIOBI H
3/laTHE BWJIyYaTH CJIOBa, KPUTWUYHI A7 nepeBipKu. [TopiBHAHO YOTHPH TOYKH 3IMTTS JIBOX
pO3Mi3HABAYIB MiJ KEPYBAaHHAM OJHI€T MOJENI—CYAJi: OJUHOYHMNA TPAaHCKPHUIIT, piBEHb TO-
KEHiB, piBeHb pillleHb 1 piBeHb rinore3. Haiikpaiioro € cTpateris 31UTTS Ha piBHI rinores, 3a
SKOI CyJIs YuTae oOuBa TPAaHCKPUNTH i y3romxkye ix (macro—F1 0,913). Tppoma KOHTpPOJIb-
HUMH €KCIIEPUMEHTaMH BCTAHOBJIEHO, 1[0 NMPHUPICT 3YMOBJICHUN JOKA30M, HASIBHUM JIMIIE Y
JPyroMy TPaHCKPHIITI, a HE BIACTUBOCTSAMHU IM1JIKA3KH UM MMOOJIaKIUBICTIO CYIII.

Bi6un. 21, i1. 2, Tabu. 5.

YJIK 004.75

LBipkyH JI.I., Muponos 10.A. KepyBanHsi akTuBani€ro po6o4yux npouecis 3a yMoB
0JIOKYBaHHA 4epe3 00MexkeHI pecypcu 0araropa3oBoro BUKOPHCTAHHA B PO3MOALIEHHUX
cHCTeMaxX BUKOHAHHS CHPSIMOBAaHUX anukjdiyaux rpadgis // Cucremni texunonorii. Periona-
JbHUM MDKBY31BCbKUI 301pHUK HayKOBHUX Ipallb. — Bumyck 5(166). — Tom 1. — [qninpo, 2026. —
C.121 -137.

Jocnimpkeno kepyBaHHs akTuBaniero Binkputux CAI'—po6ounx mporeciB 3a HasBHOCTI

oOMexeHoro pecypcy OararopasoBoro Bukopuctanus. Y 800 mporoHax JMCKpeTHO—
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MOJIIHHOTO MOJICTIOBaHHS IMOKA3aHO, 110 32 OJIOKYBAaHHS 32 CXEMOIO «CIOYaTKy BHKOHABEI[h)
mpocti 3acoou kepyBaHHs WIP 3MeHmytors p95 yacy Biaryky npubnuszno Ha 23-36% 06e3
MPAaKTUYHO 3HAYYIIOi BTPATH MPOITYCKHOI 3JaTHOCTI. 32 aTOMApHOTO OTPUMAaHHS PECypCiB
Benukuid Burpam 3Hukae. DTR 3 ypaxyBannam CAI' He neMOHCTpye NMPaKkTUYHO 3HAUYILOT
3arajibHOI MepeBard HaJ CUJIBHIIIUMH IPOCTUMHU KOHTposiepaMu. OCHOBHUM MEXaHI3MOM €
yTpUMaHHA Ae(piIUTHOI HOTYKHOCTI BUKOHABLIA i Yac OYiKyBaHHS TOKEHA.

bi6x. 13, i1. 7, Tabm. 4.

YK 004.056; 004.62

Kmumenko L.B., JIe6inp €.A. MeToau 3aXucTy Ta nceBoHIMi3alii 1aHUX y cucTeMax
dpopmyBaHHs kKpoc—pyHKIioHATbHUX KoMaH IT-npoekTiB // Cucremni Texnororii. Perio-
HaJIbHUI MIKBY3IBChKHI 30ipHUK HAYKOBHUX Tpallb. — Buryck 5(166). — Tom 1. — {nimnpo, 2026. —
C.138 - 154.

VY crarTi IOCHiPKEHO KOMIUIEKCHUHM MiAXiA A0 3aXHCTy HMepCOHANbHUX aaHux y HR—
cucremax (opmyBanHsi KomaH] IT-mipoekTiB. CucTeMaTH30BaHO MpsAMi Ta KBaziigeHTH(iKa-
TOpPH, BU3HAYCHO OCHOBHI 3arpo3u i 0€3MeKOBI BUMOTH, 30KpeMa MiHIMI3aIlilo JaHUX, KOHT-
PO OCTYITy, TPUHIMN HaltMeHIUX npusineis, ayaut i DLP. ITopiBHsAHO MackyBaHHS, TO-
KeHi3allio, aHOHIMi3allito, nudepeHIliiiHy NpuBaTHICTh 1 mceBaoHIMIzami0. OOrpyHTOBaHO,
IO TICEBAOHIMI3aIlisl HalKpamie MoeqHye KOH(IACHIINHICTD 13 30epeKeHHIM aHaTITHYHOI
IHHOCTI TIpOo(diTiB. 3ampoOIIOHOBAHO PO3IUICHHS 1IeHTH(DIKAIIIHOrO Ta aHATITHYHOTO KOH-
TypiB, aBTOMaTn30BaHe BusiBJIeHHA PIl 1 MeTOMMKy eKcriepuMEeHTaTbHOTO OLIHIOBAaHHS 3aXH-
CTY Ta CTaOUIbHOCTI paHKyBaHHS KaH/IUJaTiB.

bibn. 17, 11. 3.

YK 681.128+681.518.2

IBames /I. B., I'epacumoB B. B. KomniekcHa MeTo0J10rist 00po0KH TesieMeTPHYHUX
AAHUX pPiBHS NMaJMBa MAHEBPOBHUX JIOKOMOTHBIB: HeJIHIHHUH aHANI3 HIyMY Ta JAeTeKIist
noniii 3anpaBku // CucteMH1 TexHoOrii. PerioHanpHUi MIXBY31BCbKUN 301pHUK HAYKOBHUX
nparib. — Bumyck 5(166). — Tom 1. — Iuinpo, 2026. — C.155 - 172.

3anponoHOBaHO KOMIUIEKCHY METOJO0JIOTiI0 0OpOOKH TeNeMETPUYHUX JTaHUX PIBHA Ma-
JIMBa MaHEBPOBUX JIOKOMOTHBIB, sika 00'€IHy€ B €AMHUI KOHBEEP CEIMEHTALlII0 psay, aude-
peHIliiioBaHe afanTUBHE 3IJ1a/KyBaHHS 3 JIETEKLIEI0 3alpaBoK 1 Kiacuikalio HeIiHIIHOTO
mymy. JlogaHo ¢bopmanizoBaHy OIIHKY JOBIpH 0 KOXKHOI BHUSIBIICHOI MOJIi Ta MOPIBHSIHHSI
YOTUPHOX METOJIB YCYHEHHS IIyMY 3a MPUPOCTOM curHai/mym. Ha gaHux mecTtu JIokomo-
TuBiB BUsBIeHO 280 3ampaBok 13 cepeaHboro noBiporo 0,83; cepen kimacudikoBaHHX ceT-
MeHTIB (3 27 792 o6pobieHux) nmepeBakae KOJbOPOBHM rayciBCchkuil mym. bamancoBa Mo-
JieNlb BUTpaTH NanuBa nosicHioe 19-52% nucrnepcii mOrogMHHOI BUTpATH AJIs I'SITH JIOKOMO-
THBIB BUOIPKH.

bi6x. 9, puc. 4, Tadmn. 3.

YK 622.776

[Ipsaxo H.C., IBanoB /I.JI. ABTOMaTHM4YHe KepPYBAaHHSl NPOLECOM CTPYMHMHHOIO
No/ApiOHeHHsl 32 aKYCTHYHUMH iH(OpMaUiiHUMHM O3HAKAMM: CTAH Ta 3aBJAHHA [10-
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caizkenHs // CucremHi TexHounorii. PerionanbHuii MKBY31BChbKHI 30ipHUK HayKOBHX Ipallb. —
Burmyck 5(166). — Tom 1. — [Tainpo, 2026. — C.173 — 184.

[TpoBeneHO KPUTHUYHUI aHAJI3 MEepPeIyMOB PO3BUTKY aBTOMATHYHOI'O KEpyBaHHS IMPO-
[IECOM CTPYMHUHHOTO MOJAPIOHEHHS 3a aKyCTUYHMM 3BOPOTHHM 3B’si3koM. [lokazaHo, 110
BIZIOMI aKyCTW4HI iH(OpMAaIiiiHI O3HAKH JMAIOTh 3MOTY i1IEHTH(]IKYyBaTH PEKUMH poOOTH
NOpiOHIOBAIbHOI YCTaHOBKHM, a pelieiiHe KEepyBaHHS IOJABAaHHAM Marepialdy 3ades3mneuye
HiATPUMAaHHS 3aBAaHTAKEHHS KaMepy MOOJIN3Y palioHaIbHOI 00JacTi.

bi6n. 11.

YK 004.056

Jlin’ snina—T onuapenko X.B., Iraares 1.B., Komap M.IL., IOpkiB X.B. Indgopmaniiina
Moje/b JaHMX, BiATBOPIOBAHICTH i NMpoueaypHa MiA3BITHICTH y cHCTeMi MOHITOPHHIY
indopmaniiinux 3arpo3 // Cucremni texHosorii. PerioHanbHMiA MIKBY31BChKHIA 30ipHUK Hay-
KOBHUX Tpaiib. — Bumyck 5(166). — Tom 1. — {xinpo, 2026. — C.185 — 197.

VY crarTi 00rpyHTOBaHO iH(POPMAILIHY MOAETH JaHUX JUIS CHCTEM MOHITOPHHTY iH(]O-
pMamiifHuX 3arpo3, sika 3abe3rneuye BiATBOPIOBAHICTh OOYMCIICHB 1 MPOLEAYPHY IMiI3BITHICTS.
3arponoHOBaHO PO3IIIAAATH 30arayeHuil 3amic HOBMHHOTO TOBIJJOMJICHHS SIK YOTHPHUIIAPO-
BUH IHTETpamiiHUi KapKac, 1o MOEJIHYE MEPBUHHI TEKCTH, METa/laHi, pe3y/IbTaT aHATITUKA
Ta mapameTpu sKkocTi. [loka3aHo, IO BiATBOPIOBAHICTH JOCATAEThCS depe3 (Dikcarliro
KOH(Irypariii, TEeXHIYHAX IJICTaB 1 BEPCIMHOCTI KOMITOHEHTIB. J[OBEJIEHO HEOOXIiTHICTH
dbopMyBaHHS HACKPI3HOTO ayJAMTHOTO CJIITy HA BCiX eTanax o0poOku naHux. BusHaueHo poib
KOHTYpY «IIOJIMHa—CHCTeMa» JJs BepHudikalii 4YyTIMBOrO KOHTEHTY. BcTaHoBieHO, 110
IpPaKTUYHA ILIHHICTh PE3Y/IbTATIB MOJATAE y CTBOPEHHI METOAOJIOTIYHOI Ta MpPOrpaMHO—
oprafizaliiiHoi OCHOBM  JuId TOOYIOBM  MPO30OPHUX 1  MIA3BITHUX  KOMIUIEKCIB
MEIIaMOHITOPUHTY.

bi61. 10, 1. 2.

YK 004.93

Kupnuyk 10.B., Craxosa A.Il., Hazapenko H.M. ABTomaTu30oBaHa cucreMa KOHTPO-
JII0 IKOCTI JeTaJjieil Ha OCHOBI TeXHOJI0Tii MamMHHOro 30pYy // CuctemHi TexHonorii. Perio-
HaJIbHUI MIXKBY31BCbKUH 301pHUK HAYKOBHX Ipailb. — Bumyck 5(166). — Tom 1. — [Ininpo, 2026. —
C.198 - 213.

VY crarTi po3rIsiHyTO PO3pOOJIEHHSI aBTOMATH30BaHOI CUCTEMU KOHTPOJIIO SIKOCTI JIeTa-
Jielt Ha OCHOB1 TEXHOJIOTIi MallTMHHOTO 30PY ISl TPOMHCIOBOTO BUpOoOHMITBA. [Ipoanamizo-
BAaHO HEJOJIIKH TPAIUIIMHUX METOIIB KOHTPOJIO Ta OOTPYHTOBAHO HEOOXIAHICTH iX aBTOMa-
TH3aIli. 3alpoNOHOBAHO CTPYKTYPY CHUCTEMH, IO BKIIIOYAE TPU IHCIEKIIHHI 30HU, KaMepH
MAaIIMHHOTO 30Dy, CIeliali30BaHE OCBITJICHHS, OOUMCIIOBAIbHUM MOAYNb, MPOTrPaMOBaHUMN
JIOTIYHUM KOHTpOJIEp 1 MEXaHi3M aBTOMaTHUYHOTO BiiOpakyBaHHsA. OnucaHo anroputMm QyHK-
I[IOHYBaHHS CUCTEMH Ta OCOOJIMBOCTI KOHTPOJIIO BEPXHbOI, GPOHTAIBHOI W HIXKHBOI YaCTUH
BHUpOOy. 3anpornoHoBaHe pilleHHs 3a0e3neuye MiIBUIICHHS TOYHOCTI Ta MIBUAKOII KOHTPO-
J10, 3MEHIIEHHS BIUIMBY JIOACHKOrO (pakTopa, aBTOMaTHYHE BUSBICHHS e(EKTiB 1 MiIBU-
HIeHHs e()eKTUBHOCTI BUPOOHMYOTO MPOIIECY.

bi6a. 11, . 6.
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UDC 004.94:621.375:621.382.3

Zimoglyad A., Guda, Selivyorstova T. Development, modeling and research of an
amplifier without passive elements using JFETs // System technologies. Ne 5(166). —
Part 1. — Dnipro, 2026.— P.3 — 15.

The article conducted research on the creation of a buffer circuit without the use of
passive elements PAA (pure active amplifier). A series of laboratory studies were conducted
on the operability of the developed PAA (pure active amplifier) buffer circuit, as well as its
parameters were measured.

The circuit showed its operability and can be used in tasks where cascade decoupling,
impedance matching, protection against signal dropout at small sizes and low cost are
required.

In the future, with further experiments, it is possible to use it to create integrated
circuits, where the main advantages will be: minimal area on the crystal, wide bandwidth,
manufacturability of production and low noise level.

Bible. 5, fig.14.

UDC 681.5:622.7

Tron V.V. Tactical-operational architecture for coordinating multi—criteria Pareto
planning with distributed model predictive control of iron ore beneficiation processes //
System technologies. Ne 5(166). — Part 1. — Dnipro, 2026.— P.16 — 26.

A tactical-operational control architecture for iron ore beneficiation processes is
proposed, combining static multi—criteria Pareto planning (NSGA-II/IIT) with distributed
model predictive control through a regulated two—way interface. The forward flow transmits
Pareto—optimal set—points and admissible deviation zones computed from bootstrap
confidence intervals of the separation—-model coefficients, while the backward flow returns
execution statistics and updated covariance matrices. The upper—level reaction is governed by
a three—threshold regulation. A numerical experiment confirmed the operability of the
architecture and end—to—end uncertainty computation.

Ref. 9, il. 4, tab. 2.

UDC 004.7.056

Suprun O.V., Karpenko N.V. Current state and trends of agentless user behaviour
profiling based on network telemetry // System technologies. Ne 5(166). — Part 1. — Dnipro,
2026.— P.27 - 41.

This paper examines the current state and development trends of agentless user
behaviour profiling in corporate networks based on network telemetry. A diagram illustrating
the evolution of cyber security technologies up to the UEBA/SOAR level has been
constructed. Following B. Kitchenham’s methodology, a review of works from 2010 to 2025
was conducted to systematize approaches to using NetFlow/IPFIX for detecting anomalous
behaviour and user profiling. The advantages and limitations of network monitoring for
analysing user actions have been identified. The feasibility of context—based enrichment of
NetFlow/IPFIX within the UEBA/SIEM framework, using adaptive machine learning, has
been substantiated.
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Ref. 29, fig. 9.

UDC 681.5:004.89:004.942:622.24

Klymenko O.D., Vovk S.M. Hybrid neural network model for probability
distribution identification in the assessment of the state of natural and technical objects
/I System technologies. Ne 5(166). — Part 1. — Dnipro, 2026.— P.42 — 57.

A hybrid neural network model for probability distribution identification in tasks of
assessing the state of natural and technical objects is proposed. The model architecture
combines a one—dimensional convolutional neural network (1D CNN) for analyzing the shape
of the probability distribution with a multilayer perceptron (MLP) for processing a vector of
12 robust statistical features. A dataset of 60,000 synthetic samples with sizes ranging from
20 to 1000 observations was generated for model training and testing. The experimental
results demonstrated a classification accuracy of 97.8% on an independent test dataset
comprising 18,000 samples, outperforming standalone CNN and MLP models as well as
conventional statistical hypothesis tests. It has been demonstrated that the proposed
architecture provides a more effective solution for the automatic identification of probability
distributions under conditions of limited data availability.

Refs. 14, Figs. 3, Tabs. 3.

UDC 004.415.3:681.6

Yermakov V.V., Moroz B.l. Modeling and experimental evaluation of priority—
based message processing in OLAP systems under peak loads // System technologies.
Ne 5(166). — Part 1. — Dnipro, 2026.— P.58 — 74.

The paper examines a controlled message—processing discipline for OLAP systems that
considers information value and ageing, deadlines, processing cost, and warehouse state. A
simulation model of the broker—ETL-—micro—batching—OLAP pipeline is developed, and
FIFO, static—priority, EDF, and SCORE policies are compared. Across four peak—load
scenarios, SCORE achieved the lowest aggregated loss criterion while maintaining a high
SLO fulfilment rate for critical messages. The results support cross—layer micro—batch queue
management under constrained analytical—pipeline capacity.

Refs. 28, fig. 7, tables 5.

UDC 004.65

Reznichenko O.V., Liashenko O.A., Arkhypova V.V. Mathematical modeling of
replication lags in a distributed MongoDB database // System technologies. Ne 5(166). —
Part 1. — Dnipro, 2026.— P.75 — 93.

Using the active probing method, experimental data on the occurrence of replication
lags were obtained. Using gradient boosting, the significance of various factors was assessed,
and it was determined that the number of parallel connections, the number of documents in a
batch, and the interval between write operations have the greatest impact. A nonlinear
mathematical model of the cluster’s operation was constructed.

Refs. 27, figs. 10, tabs. 9.
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UDK 53.089.6

Novoselov O.A. Determination of the suitability of working standards for use in
metrological activities // System technologies. Ne 5(166). — Part 1. — Dnipro, 2026.—
P.94 —103.

The issue of determining the suitability of working standards for use in metrological
activities based on the results of their calibration is considered. The decision—making rule for
confirming compliance or non-compliance with the technical requirements of working
standards for use in metrological activities in accredited calibration laboratories is considered.
The rule for determining the suitability of working standards in the field of measuring
geometric parameters of products is analyzed. Using the example of calibrating finite plane—
parallel length measures, the option of determining the compliance of measures with the
requirements of the technical specification is considered. It is proposed to establish a target
measurement uncertainty for the calibration of working standards, which should be no more
than 1/5 of the maximum permissible error.

Bibl. 16, ill. 1, table. 1.

UDC 004.934:004.89

Ivanko A.M. Joint LLM reconciliation of multiple ASR transcripts for script—
compliance cue detection in contact centers // System technologies. Ne 5(166). — Part 1. —
Dnipro, 2026.— P.104 — 120.

Script—compliance cues in contact—center calls are detected from automatic speech
recognition transcripts. Classic token—level system combination optimizes word error rate and
can delete the very words a compliance check needs. Four fusion points for two recognizers
are compared under one LLM judge: a single transcript, the token level, the decision level,
and the hypothesis level. Joint reconciliation, in which the judge reads both transcripts and
reconciles them in one call, is the best arm (macro—F1 0.913). Three controls establish that the
gain comes from evidence carried only by the second transcript, not from the prompt or a
permissive judge.

Ref. 21, fig. 2, tab. 5.

UDC 004.75

Tsvirkun L., Myronov Y. Workflow activation control under blocking caused by
limited reusable resources in distributed dag execution systems // System technologies.
Ne 5(166). — Part 1. — Dnipro, 2026.— P.121 — 137.

Workflow activation control is studied in an open DAG execution system with a finite
reusable resource. Across 800 discrete—event simulation runs, simple WIP controls reduce
p95 response time by approximately 23-36% under worker—first blocking without a
practically meaningful throughput loss. The large benefit disappears under atomic resource
acquisition. DAG—aware DTR shows no generally practically meaningful advantage over the
strongest simpler controls. The principal mechanism is the retention of scarce worker capacity
while a task waits for a reusable—resource token.

Ref. 13,ill. 7, tab. 4.
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UDC 004.056; 004.62

Klymenko 1.V., Lebid Y.A. Methods for protecting and pseudonymizing personal
data in systems for forming cross — functional IT project teams // System technologies.
Ne 5(166). — Part 1. — Dnipro, 2026.— P.138 — 154.

The article examines a comprehensive approach to protecting personal data in HR
systems used to form teams for IT projects. It systematizes direct and quasi—identifiers,
identifies major threats and security requirements, including data minimization, access
control, least privilege, auditing, and DLP. Masking, tokenization, anonymization, differential
privacy, and pseudonymization are compared. Pseudonymization is shown to provide the best
balance between confidentiality and the analytical value of professional profiles. The study
proposes separating identification and analytical processing layers, automating PIl detection,
and evaluating protection effectiveness through data—utility metrics and the stability of
candidate rankings.

Ref. 17, Fig. 3.

UDC 681.128+681.518.2

Ivashchev D.V., Herasymov V.V. A comprehensive methodology for processing
fuel-level telemetry data of shunting locomotives: nonlinear noise analysis and refueling
event detection // System technologies. Ne 5(166). — Part 1. — Dnipro, 2026.— P.155 — 172.

A methodology for processing fuel-level telemetry data of shunting locomotives is
proposed, combining time—series segmentation, differentiated adaptive smoothing with
refueling detection, and nonlinear noise classification within a single pipeline. A formalized
confidence estimate for every detected event and a comparison of four noise—removal
methods by signal-to—noise gain are added. On data from six locomotives, 280 refueling
events were detected with a mean confidence of 0.83; across 27,792 segments, colored
Gaussian noise predominates. The fuel-balance model explains 19-52% of hourly
consumption variance for five locomotives.

Ref. 9, fig. 4, tab. 3.

UDC 622.776

Priadko N.S., Ivanov D.D. Automatic control of the jet milling process based on
acoustic informative features: state and research objectives // System technologies.
Ne 5(166). — Part 1. — Dnipro, 2026.— P.173 — 184.

A critical analysis of the prerequisites for developing automatic control of the jet
milling process using acoustic feedback is presented. It is shown that known acoustic
informative features allow for the identification of the operating modes of the milling unit,
while relay control of material feed ensures that the chamber load is maintained within an
optimal range.

Refs. 11.

UDC 004.056

Lipianina—Honcharenko Kh.V., lhnatyev 1.V., Komar M.P., Yurkiv Kh.V. Data
information model, reproducibility and procedural accountability in the information
threat monitoring system // System technologies. Ne 5(166). — Part 1. — Dnipro, 2026.—
P.185 - 197.
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The article substantiates a data information model for information threat monitoring
systems that ensures computational reproducibility and procedural accountability. It proposes
considering an enriched news message record as a four—layer integration framework
combining primary texts, metadata, analytical results, and quality parameters. It shows that
reproducibility is achieved by fixing configurations, technical grounds, and component
versions. The necessity of forming an end—to—end audit trail at all stages of data processing is
proven. The role of the human—in-the—loop architecture for validating sensitive content is
defined. It is established that the practical value of the results lies in creating a
methodological, software, and organizational basis for building transparent and accountable
media monitoring complexes.

Ref. 10, fig. 2.

UDC 004.93

Kyrychuk Yu.V., Stakhova A.P., Nazarenko N.M. Automated system for quality
control of parts based on machine vision technology // System technologies. Ne 5(166). —
Part 1. — Dnipro, 2026.— P.198 — 213.

This article discusses the development of an automated system for the quality control of
parts, based on machine vision technology, for use in industrial manufacturing. The
drawbacks of traditional inspection methods are analyzed, and the necessity for their
automation is justified. A system structure is proposed, comprising three inspection zones,
machine vision cameras, specialized lighting, a computing module, a programmable logic
controller, and an automatic rejection mechanism. The system's operating algorithm is
described, along with the specifics of inspecting the top, front, and bottom sections of a
product. The proposed solution enhances inspection accuracy and speed, reduces the impact
of the human factor, enables automatic defect detection, and improves the efficiency of the
production process.

Refs. 11, Figs. 6.
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