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AHOTANIA

AKTyanbHicTb. PO3MISHYTO 3a7auy CTPYKTYpPHOTO JOHAIAIITYBaHHS IIONEPEAHbO CHHTE30BAaHMX MOZENCH Ha 0a3i IITy4HHX
HEHpPOHHHUX MepexX AJ 3a0e3MeueHHs BIaCTHBOCTI IHTEPIpPETadenbHOCTI IpH poOoTi i3 BeaukuMHu 00’ emamu naHux. O6’€kTOM 110-
CITIDKEHHS € TIPOLIEC CTPYKTYPHOTO JIOHANAIITYBAHHS IITYYHUX HEHPOHHUX MEPEX 3 BUKOPUCTAHHIM aalTHBHUX MEXaHi3MiB.

MeTta po6oTu nojsirae y po3poOii METoxy CTPYKTYpPHOTO HOHAIAIITYBAHHS HEHPOHHUX MEpex JUIs IiABUIISHHS IIBHIKOCTI iX
poOOTH Ta 3MEHIIICHHI PECYPCOEMHOCTI IPpH 0OPOOIIl BEIUKUX JaHUX.

MeTona. 3anporoOHOBAaHO METOJ| CTPYKTYpPHOTO JOHANAIITYBaHHS HEHPOHHUX MEPEeX Ha OCHOBI aJalTUBHUX MEXaHI3MIB 3aI03u-
YEHHX 13 HeHPOEBOJIOLITHNX MeTOAIB CHHTe3y. Ha rouaTky MeTo]] BUKOPHCTOBYE CHCTEMY IHIMKATOPIB JJIsL OLIHKH iCHYIOUOT CTpY-
KTYpH LITYYHOI HEWPOHHOT Mepexi. OuiHKa IPYHTYEThCS Ha CTPYKTYPHHX OCOONMBOCTSX Heiipomoneni. [TotiM oTpuMmani iHAMKATO-
PHi OLIHKH TTOPIBHIOIOTHCS 13 KPUTEPiaIbHUMHU 3HAYCHHAMH JUIsl BUOOPY THIYy CTPYKTYPHOTO JOHAJAIITYBaHHs. Y SIKOCTI BapiaHTiB
CTPYKTYpPHOTO JOHAJAIITYBaHHS BUKOPHUCTOBYETHCS BapiaHTH MYTAaIliiHUX 3MiH 13 TPYIIH METOiB HEHPOEBOMIOIOHHOT MoaAniKarii
TOTIONIOT1] 1 Bar HepoMmepeski. MeTo 103BOJIsI€ 3HU3UTH PECYPCOEMHICTS IMiJ] Yac poOOTH HEHPOMOIENi, 3a paXyHOK MPUIIBHIAIICHHS
00pOOKH BEIMKHX JAHHX, IO PO3IMIUPIOE TI0JIE MPAKTUIHOTO 3aCTOCYBAHHS MITYYHNX HEHPOHHUX MEPEK.

Pe3yasTaTn. Po3pobiennii MeTox peanizoBaHO Ta JOCITIIKEHO Ha IPHUKIANI BUKOPUCTAHHS PEKYPEHTHOI IITYYHOI Mepexi THITY
JloBra KOpoTKO4YacHa maM’sTh IpU BHUpILIeHHI 3amavi kiacudikauii. BukopucTanHs po3po0JIeHOr0 METOAY 03BOJIHIO 30LIBIIUTH
HIBUJKICTh pOOOTH HEHPOMOJIEI 3 TECTOBOK BHOIpKOIO Ha 25,05%, B 3aI€XKHOCTI BiJl BHKOPHCTOBYBAaHUX OOUYKCITIOBAIBHUX PECYp-
ciB.

BucnoBku. IIpoBeseHi eKCIIEPUMEHTH MiTBEPIMIIN NPALE3JaTHICTh 3alIPONOHOBAHOTO MAaTEMAaTUYHOTrO 3a0e3NeUYeHHs 1 103B0-
JISIIOTh PEKOMEHyBaTH HOro /Uil BUKOPUCTAaHHS Ha MPAKTUL IPH CTPYKTYPHOMY JOHAJIAIITYBaHHI IONEPEAHBO CHHTE30BaHUX HEM-
poMoJeneil Ui MOJaNbIIOro BUPILICHHS 33/1a4 JiarHOCTYBaHHs, IPOTHO3YBaHHSI, OIIHIOBAaHHS Ta PO3Mi3HaBaHHS 00pa3iB 3 BUKOPH-
CTaHHSIM BEJIHUKHX JaHUX. [IepCIIeKTHBHU MOAANBIINX JOCIIKEHb MOXKYTh IIOJISTaTH B OLIbII TOHKOMY HaJAIITYyBaHHI CUCTEMH iHIH-
KaTOpIB Il BU3HAYEHHS 3B SI3KiB, IO KOAYIOTh 3a4yMJIEHI JaHI 3 METOIO JOJATKOBOTO MiABUINEHHS TOYHOCTI poOOTH Mozeneil Ha
OCHOBI HEHPOHHUX MEpExK.

KJIFOUYOBI CJIOBA: inTepnpeTadesbHicTh, TONOJIOTIS, JOHAIAITYBaHHS CTPYKTYPH, HEHPOEBOJIIOLs, HEHPOHHI MEepexi.

ABPEBIATYPH WANN — Weight Agnostic Neural Networks;
IoT — Internet of things; PHM - pexypeHTHa HEHpOHHA MEpeKa;
LSTM — Long short-term memory; [ITHM — mTydyHa HEMpOHHA Mepexa.
OBS — Optimal Brain Surgery;
TWEANN - Topology and Weight Evolving Artificial HOMEHKJIATYPA
Neural Networks; & — He3aJIe)KHa 3MiHHa;

© Jleowenko C. /1., Omiitauk A. O., Cy66otin C. O., 'opman €. O., Kopuienko O. B., 2021
DOI 10.15588/1607-3274-2021-3-8

86



e-ISSN 1607-3274 PanioenexTpoHika, inpopmaTuka, ynpasminas. 2021. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 3

E sample — QYHKLIS OMMIIKH;

C — MbkHeipoHHi 3B’s13ku [ITHM;

Criteondcompl — KPHTEPil YMOBHOT CKIaHOCTI;

E — BimHOCHA mOMMIIKa;

Esample — MOMHMIIKA MOJIEIIi Ha TECTOBIi BUOIPLII;

errol;|ass — MOMIIIKOBI €K3EMILISIPH;

Erroryy — TounicTs pobotu IIIHM;

f (W, &) — MaTeMaTHuHa MOIEITH;

FB. —3BopotHi 38’a3ku y LIIHM;

FF. —npsimi 38°s3km y [ITHM;

ind z(;clt:\) — IHANKATOp JIOTIYHOI TPO30POCTi | -TO Hel-
pOHa |L-TO IIapy Mepexi;

iNdgegrconn — IHAMKATOp CEPeNHBOi  3B’SI3aHOCTI
HIHM;

iNdgistrate — IHIMKATOp PO3PIMKEHOCTI 3B’S3KIB Me-
pexi;

iNdjogtransp — IHAMKATOP JOTIMHOI po3opocti ITHM

iNd memor — IHAMKATOP BUKOPHUCTAHHS 1AM’ SITi;

k — kinbkicTh MiXKHEIpOHHUX 3B’s13KiB y LITHM.

L — xinpkicts mapis y IITHM;

| — xinbKicTh HEWPOHIB HA BXOJI MEPEKi;

Nj — MHOXXHMHa HEHPOHIB Ha BXOZI MEPexi;

N, — MHOXHHA HEMPOHIB Ha BUXOAI MEPExKi;

N, — MHOXHHA HEHPOHIB MPUXOBAHOIO LIAPy Mepe-
Ki;

N — 3aranpHa KinbKicTs Heiiponis B IITHM;

NN — mryyHa HelipoHHA Mepexa;

NN param — MeTa-napamerpu (inpopmawuis) npo me-
PeKY;

NNstryct — cTpykTypa Mepexi;

NumN,, — gmcio HefiponiB y p-my mapi ITHM;

NumW (i) _ KIJIBKICTh Bar i -ro HEWpOHY y W -My
mapi HTHM;
Wi
Numw, ()
urapi [IIHM, o aopiBH010TH 0
NUmbersayp — KUIBKICTh SK3EMILISIPIB Y BHOIPII;

— KiNbKicTh Bar i-ro HEHpoHY y L -My

p — KimeKicTh HelipoHiB Ha Buxoni ITHM;

I — KUIBKICTh HEHPOHIB y puxoBanoMy mrapi HIHM.
param — napamerpu [IIHM;

SaMpP st — KUIBKICTh €K3eMILIAPIB y HaBualbHiM BU-
Oiprri;

SaMPpEeat — KUIBKICTD O3HAK Y HaBYANIbHIM BUOipmi

struct — ctpyxrypa HIHM;

Sample — Bxinna Bubipka naHux;

Val; — obmexxenns Ha ckiaaanicts ILTHM;

Val, — obmexennst Ha po3mipHicTs IITHM;

W — CYKYIIHICTb ITapaMeTpiB perpeciiiHoi Moaeni;

Wgpe — KiJIBKICTb 3BOPOTHHX 3B’SI3KIB Ul PEKYpPEHT-
HUX Helpomepex (Wgg, == {WI,WZ,...,WJ- });
WgE, — KuIbKicTh IpsAMHX 3B’SI3KiB HelpoMepexi

(Were = (W, Wa oo Wi });
Wy—¢ — Baru 3B’43KiB, 110 JOPiBHIOIOTb HYIIIO.

BCTYII

BrpoBamxenns texHounoriit, Ha kmranrt: [oT, Bimma-
JICHUX CEHCOPHHUX CHUCTEM Ta MEPEX IOIOMarae MpOMHC-
JIOBOCTSM MiABHIIUTH e(peKTUBHICTh [1-5], mpoTe Mox-
JUBOCTI aHAJI3yBaTH BENWYE3HI OOCATH HAasBHUX TaHHUX
came TOZi, KON Iie HeoOXiqHO — B peXWMi OHJIAH, 3a-
JIMIIAIOTHCS 3HAYHO OOMEXEHHMH. 3a3BUYail 11e 00yMOB-
JIEHO CKJIQJHOINAaMU 3 0OpOOKOI0 BENUKUX TaHUX B pea-
npHOMY Yaci [6]. IIpenoOpoOka gaHuX MOXKe 1HOI 3aiiMa-
TH 3aHaATO OaraTo 4acy i Tak camo OyTH JOCHTH pecyp-
coemHO0. ToMy BapTo 3BEepHYTH yBary Ha camy MOJEJb,
SIKa BUKOPHUCTOBYETHCS TSI POOOTH.

3aBnaHHs TMOMIYKY ONTHMAIbHOI CTPYKTYpH HEHpOH-
HOI MepeXi TICHO IOB’s3aHa 3 MpobiieMaMy HeJOHABYAH-
HS Ta TmepeHaBYaHHA [6—8]. 3aHanTo MpOCTi Mepexi He
3aTHI aJeKBAaTHO MOMIEIIOBATH IUILOBI 3aJIEKHOCTI B
peampHUX 3aBIAHHAX. 3aHAATO CKIAJHI Mepexi MaioTh
HAQJTUIIKOBE YHCJIO BIIBHUX MapaMeTpiB, sIKi B MpoIeci
HaBYaHHS HAJIAIITOBYIOThCS HE TUIBKM Ha BiJHOBIICHHS
IITBOBOT 3aJICKHOCTI, ajie 1 Ha BiATBOpPEeHHS 1ymy [9, 10].

B po6oti aBTOpHM TPOIOHYIOTH METOJ CTPYKTYpHOI
ONTUMI3alil, 10 IPYHTYEThCS Ha aZaNTHBHUX MeEXaHi3-
Max HeWpOEBOIIIOIIMHUX MiIXOIB AJIsI TOUITYKY HaiOUIbII
onTUMalbHOI cTpyKTypu LITHM, 1110 BUKOPUCTOBY€ETHCA Y
SIKOCTI MoieNi Tipu 00poOIIi JaHUX.

O0’€KT HoCTiKeHHs — MPOLEC CTPYKTYPHOTO JTOHA-
namryBanHs HTHM.

IcHyIO4I METOIHM CTPYKTYPHOTO JOHANAINTYBAaHHS CH-
HTE30BaHUX HEHpOMOJENel XapaKTepH3YIOTHCS HHU3KOIO
HenouikiB [6—8]. [y nesikux MeTOoHiB Il HemoIiK:A 00y-
MOBJIEHI HEOOXITHICTIO O0paxyHKy AOAATKOBUX MeTama-
pMeTpiB, 10 3HAYHO MiABHIIYE BHUMOTU J0 OOYUCIIOBA-
JBHHUX pecypciB. JlJist IHIIMX METO/IIB HEJOMIKH OB’ s13aH1
i3 By3bKOIO 00JacTiO crenu@iuHux 3a1ad BiIIOBIIHUX
HEpoMoJIeTIeH.

IIpeamer pocaizkeHHsT — METOJ| CTPYKTYpHOTO JI0-
HanawryBanHs [ITHM.

Ha cporopnimmHiii 1eHb iCHye Tpyra MeToiB HeHpOeBo-
JIOL[IHOTO MIZXOIY, IO OAHOYACHO BUKOHYIO MOIH(IKALII0
ToroJorii Ta mapamerpiB Hefipomozeni — TWEANN [11,
12]. Ilpote, 3arampHuii mpouec cuHTesy HoBoi IITHM
MOXe OyTH 3aHaJTO PECYpCOEMHHUM Ta HEAOpEYHHM. To-
MY, ¥ poOOTi 3aIpOIIOHOBAHO MifXi, IO 0a3yeThCs HAa BHKO-
PHCTaHHI MYyTamiifHUX 3MIiH Ta CHCIM(pIYHNX IHANKATOPIB 1
KPUTEPIiB I CTPYKTYPHOTO JIOHANAIITYBAHHS BXKE TIOTIepe-
nHBO cuHTe30BaHux 1ITHM.

Meta pod6oTn — po3poOka METOIY CTPYKTYPHOTO II0-
HanamryBanHs [[IHM 1ng migBuImeHHS MIBHAKOCTI iX
poboTH Ta 3MEHIIEHHS PECYypPCOEMHOCTI MpH 0OpoOIi
BEJIMKHX JTAHUX.
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1 IOCTAHOBKA NPOBJIEMH
Hexaii mMaemo nomnepeaHbO CHUHTE30BaHYy HEWPOMO-
nenb NN i3 BU3HAYeHOIO CTPYKTYpOIO Ta 3HAYEHHSIMH

napamerpis NN = (struct, param). CrpykTypa
struct = {N,C}, N = {Ni ,Nu, Ny },C = {C} — BH3HAYeHa
cykymnHicTio HeifpoHiB N = {Ni, No, Nh} , 10 CKJIaJa€Th-

M IMHOKHH BXITHUX

N; b= 12,0 N,

Ci 13
N; = N, N

R

s BUXITHUX
N, = {NOI’N02 yeees NOp ;, p= 1,2,...,|N0| Ta TPUXOBAHUX
HeliponiB N, = {Nhl,th,..., Nhr },r = 1,2,...,|Nh| Ta MHO-

JKMHH Bar W = {Wk} 3B S3KIB C = {CI,CZ,...Ck },k = 1,2,...,|C|

MK HEHpOHaMU.

Toni 3amava cTpykTypHOro poHanmamTyBHHs [ITHM
TOJIsSIra€ B TOMY, 100 BHECTH CTPYKTYPHI 3MiHH /10 iCHY-
10401 CTPYKTYpH Mepexi
struct'= {N',c', N'= {N'; ,N', ,N', },c'={¢'} Taxum un-
HOM, 100 30UIBIIMTH piBeHb il iHTeprperadeNbHICTh
Criteondcompt — 1> 3@ YMOBH, 10 TOUHICT POOOTH HE 3Me-

HIryeTbes Error, < Erroryy .

2 0TJIs1 A IITEPATYPHU

OcTaHHI IocTimKeHHs BOCTOHCHEKUX HAYKOBIIIB TOBE-
JH, M0 BIPOJOBXK CHY (0co0IHMBO, TTIHOOKOTO CHY) y
JIOACEKOMY MO3KY BiIOYyBalOTBCS TPOIECH OYHIICHHS,
abo «brainwashed» [13—15]. 3arajomM MO)XHa BIAMITUTH,
IO JOCIIKSHHsI JJOBEIH, 1110 MiJl Yac CHY MO30K IPOBO-
JIUTh TIPOLIECH BIIOPSIKYBaHHS HaOyTol iHdopmamii 3a
pPaxyHOK CKOPOYEHH:, BUIAJEHHs ab0 J0AaBaHHS HOBHX
3B’SI3KIB MK HeWpoHamu. POOOTH 3acBiywid, IO Iif
Yyac CHy HEHpOHH 3MEHIIYIOTHCS B PO3Mipax 1 MiK HUMHU
BHUHHKAIOTh TIPOCTOPY, SIKI 3allOBHIOIOTHCS MO3KOBOIO
pinnHOIO. PesynpTaTé crioctepekeHb BUCHHX 3aCHOBaHI
Ha BIAKPUTTI Tak 3BaHOI TTiIM(ATHYHOI CHCTEMH, sIKa [Ii€
B MO3KY CHELIaJIbHO ISl BUJAJICHHS IIKIUINBUX PEYOBHH
[14, 15]. KniTuHE MO3KY-MOXIIUBO, TIiaIbHI KIITHHH, SIKi
OTOYYIOTh 1 MIATPUMYIOTh HEWPOHH, 3IL[YJIIOIOTHCS T[Tl
yac cHy. Lle mpu3BoaUTh 10 301IBIICHHS MKKIITHHHOTO
HPOCTOPY B PEUOBHHI MO3KY, 1110 B CBOKO Yepry MiJCHUIIIOE
MIPUIUIMB DiZIMHY, SKa BUHOCHTH 3 MO3KY TOKCUHH [l4,
15]. Tox, IpUITYIICHHS PO TE, IO CX0X1 METOH OITH-
Mizamii crpykrypu mrydynux ITHM 3moxyTh BUpimuTH
psz icHyIOUHX 1pobieM He € 6e3rpyHTOBHUM (pHc. 1).

OBS — meron cHpomeHHS CTPYKTYpH perpeciiiHoi
Moneni, Hanpukian, [ITHM [16, 17]. OcroBra igest OBS
MOJISITae B TOMY, IO Ti eneMeHTH mMozeni abo IIIHM, ski
MalOTh MaJiil BIUTUB Ha MMOMIJIKY allpOKCHUMAIlii, MOKHA
BHUKIIOYUTH 3 MOJelNi 0e3 3HaYHOTO IOTipPIIEHHS SKOCTi
anpokcumariii [16, 17].

JeransHo npencraButu Meton OBS moxna Hactym-
HuM unHOM. Hexail 3amana Bubipka Sample, moxens

f(W,s). Jlyist cnipolieHHs! CTPYKTYpHU perpeciiinoi Mopeni
BUKOHYIOTBCS HACTYIIHI Kpoku [16, 17]:

1) HanamwTOBYyEMO MOJENb, OTPUMYEMO IApaMeTpH
w¥ = arg min(Egample W/ f ,Sample)lj;

2) ISt IpUpOILEHHST W * +AW BHpIlIyEMO ONTUMi3a-
iiHy 3a7a4y, 3HAXOJUMO JJIsl KOXKHOTO 1HACKCY | MiHi-
MalbHe 3HaueHHs JlarpamxkuaHa Lj ;

3) obmpaemo cepen L; miHimanmbHe, Biacikaemo eie-
MEHT MOJIEJ, BIAMOBIAHUIA | -My TTapaMeTpy;

4) nomaeMo a0 BEKTOpa mNapaMmeTpiB W*, BeKTOp
NPUPOLIEHb AW , BIAMOBIHUH BiJICIYEHOMY Mapamerpy;

5) oTpuMyeMO CHpoOILIeHy Moaens. Mopenb mepeHa-
JIAIITOBYBATH HE MOTPIOHO;

6) mpoleaypy MOXKHA MOBTOPIOBATH J0 THX Iip, ITOKU
3HAa4YEHHS MOMUJIKH HE MepeBEPILUTD 3a34aJIeriIb 3a/IaHe.

Perynspu3anis B MAaIIMHHOMY HaBYaHHI — METOJ JO-
JIaBaHHsI JESKUX NOIATKOBHX OOMEKEHb /10 YMOBH 3 Me-
TOI0 BUPININTH HEKOPEKTHO TOCTaBJIEHE 3aBIaHHS abo
3anobirtu nepeHasuanss [18, 19]. Ls indopmarist gacto
Mae BUTIsI Tpady 3a CKIaaHicTh Moaeni. Hanpuknan,
e MOXYTb OyTH OOMEXEHHs IJIaJKOCTI pe3yJbTyIHo4ol
¢byHKIIT a00 0OMEXKEHHSI 332 HOPMOIO BEKTOPHOI'O MpOC-
topy [18, 19]. 3 GaifeciBchkoi TOUKH 30py Oarato METOJIB
peryisipu3ailii BiOBIIaI0Th OJABAHHIO JICIKUX ampiop-
HUX PO3MOALTIB Ha mapamerpu Moneini. Halwactime Bu-
nusioTh [18, 19]:

1) L -perynspusanito, abo perymsapu3samis Jacco-
perpecieto;

2) L, -perynsipusanito, abo peryispusalis perpeci-
cro Pimxa.

B ocHOBiI L, -perymspu3sanii JeXHTh ZOCUTH HPOCTa

ines. Sk 1y Bumaaky L, -perynspusanii, Mu pocTo j10-
nmaeMo mTpad mo movarkoBoi ¢yHKIii BuTpar. [logidHO
Jo Toro, ik B L, -perynspusanii MM BHKOPHCTOBYEMO

L, -HOpMyBaHHS Ul TIOTIPaBKH BaroBux Koe(iIi€eHTiB, B
L, -perynsapusanii MH BUKOPUCTOBYEMO cIeliansHe L -

HOpMyBaHH:. L, -perymspuzamiss nomomarae BHPIIINTH

npobnemy nepeHapuanas moxeni [18, 19]. Cyte B ToMmy,
0 HAATO BaXKKi BAaroBi Koe(ii€eHTH BiAMITOBXYIOTH IIi-
HiI0 HaWKpamoi BiIMOBiTHOCTI, MOOyIOBaHy Ha OCHOBI
MiHIMi3aIlil KBagpaTa IMOMHWJIOK, BiJf OCHOBHOI TCHIEIIII.
L, -perynsipusanisi cripusie po3pipkeHocTi GpyHkuii, Konn
mume  jgesiki  (akTopu  HE  JOPIBHIOIOTH  HYIJIIO.
L, -perynspusanis cpuse MosABI MaJuX BaroBUX Koedi-

LIEHTIB MOJIEN, aJie He CIIPUsE iX TOYHIH PIBHOCTI HYIIO
[18, 19].

WANN - 1e apxirtektypa [IIHM, npencrabineHa pos-
pobunkamu Google, 31aTHa IMITYBaTH BPOJDKEHI IHCTHH-
KTH 1 pediekCH XKUBUX ICTOT, 3 MOJAIBIIAM JOHABYAH-
HAM TpoTaroM kutTs [20, 21]. A Takok MOXe 3HAYHO
3MEHIIIy€ KiJIBKICTh 3B’SI3KIB BCEpEOMHI Mepexi, ITiIBU-
LIYFOYH THM CaMHM iX MIBUIKOIIIO.

3araipHa cxeMa poOOTH METOIY IyKe CXOXKa Ha Hei-
poeBostowiitai Metoau cuntesy [ITHM [20, 217:

1) crBOprO€eThCs momyJstist mpoctux [ITHM;
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XBuUIISL AKTUBHOCTL
HEeHpOoHiB

XBHIISL aKTHBHOCTI
CIIUHHOMO3KOBOT
PpiouHU [l BUBEACHHS
HaUIMIIKOBHX 3B SI3KiB
Ta HeHfpoHiB

XBHIISI aKTHBHOCTI
OHOBJICHUX HEHPOHIB

Pucynok 1 — XBrbononiOHUIA IpoIiec BIOPSIIKYBAHHS Ta OYMIIEHHS MO3KY [13]

2) KOXXHa Mepeka iHimianizye BCi CBOi Baru OJHUAM
YHCIIOM, MNPUYOMY JUIS LIMPOKOTO Jialla3oHy YHCEI:
w=-2..+2;

3) oTpuMaHi MepexXi COPTYIOThCA 3a AKICTIO PIMICHHS
3aj1a4i i 3a KUIbKICTIO HeWpOHiB (y OiK 3MEHIIICHHS);

4) y yacTHHI KpaliuX NpeICTABHUKIB I0JA€ThCS OANH
HEWpOH, OJJMH 3B’s130K a00 3MIHIOEThCS (YHKIISI aKTHBA-
1ii B 0JTHOMY HEHPOHI;

5) mi moaudikoBaHi Mepei BHKOPHUCTOBYIOTHCS B
SIKOCTI MOYATKOBUX JUIsl HOBOI iHIIiaii3awii — Tak MeTo.
TIOBEPTAETHCS 10 MEPIIOTO KPOKY.

[Ipu nmopiBHAHHI X METOJIIB Ta IMiIXOJIB MOXXHA 3pO0OH-
TH HACTYIHI BUCHOBKH: MOPIBHAHHS yCi Cy4acHI METOIH
cTpykTypHOi ontemMizanii ITHM mMaroTe HU3KY HEeIOIIKiB.
Tax OBS Ta Metomu Perymspusamii MatoTs Xopoie Teo-
peTHYHe OOIPYHTYBAaHHS Ta BHKOPHCTOBYIOTHCS BXKE IO-
CTaTHbO JABHO, MPOTE CIiJ 3a3HAYMTH, IO 1[I METOAU
BUMAaraloTh JIOJaTKOBHX OOpaxyHKIB MeTa-apaMeTpiB
npo IIIHM. Binem Toro, BapTo 3a3HAYMTH, IO IIi 0Opa-
XYHKH 3HA4HO Ii/IBUILYIOTh PECYPCOEMHICTh: 3HAYHO
TTiIBUIIYIOTHCSI BUMOTH JIO T1aM’ATi Ta 0OYHMCITIOBAIBHUX
MOTYXHOCTEH — Y MaHOyTHROMY II€ MOXKE TPHU3BECTH IO
HEMOXXJIMBOCTI a00 crmabkoi MPOIyKTHBHOCTI Hapajieib-
HUX Momudikamiii mmx MeromiB. TakoX BaXIIUBO
mmaMm’sITaTH MPO CKIAJHICTh 3aCTOCYBaHHS DPETyIsSIpU3arlil
U crienuigHIX 3a1ad, apKe IS UX METOJIB IIHCHO
BayxmBa — moxigHa ¢yskmii. IloximHa, € KIIIOYOBOIO,
OCKIJIbKM METO/IM 0a3yroThCsl Ha TPaJIiEHTHOMY CITYCKY,
SKAH B OCHOBHOMY PYXa€ThCsl B HANPSAMKY noxigHoi. [Tpu
KBaJIpaTUYHOMY WICHI YMM OJMXK4ue BeNWYMHA 3HaXO-
JUTHCSI 10 HYJIsI, THM MEHILOIO CTa€ MOXi/IHa, TOKH TaKOX
He HaOJNM3UTBCS A0 Hyma. ToMmy B Takidl curyanii 3MiHK
npu Perymspuzanii Oyayte HeictorHumu. HaiiBaxusi-
010 X pucoro € Te, mo OBS Ta mMetonn Perymnspuzarii
Maif’ke HEMOXKJIMBO 3aCTOCOBYBATH JUIA CTPYKTYPHOI OI-
tumizanii ITHM i3 ckiaagauMu CTPYKTypaMu: peKypeHTHI
IITHM 3i 3BopoTHEMH 3B’si3kamMu abo rimboki [NHM i3
JIeKiTbKa MU MPUXOBAHUMH IIapaMu HEHpOHiB. 3 iHIIOTO
60oky, WANN BHTpaiOTh uepe3 Te, 10 MOXKYTh MOCTYIIO-
BO 3miHtoBatu tomojorito [IIHM Ta nHamamroByBatu ii
BIAMOBIIHO 70 3axadvi. Takox CIil Bi3HAYUTH 3HAYHY

nepeBary WANN 3a paxyHOK TOro, 1o Hemae HeoOXil-
HOCTi 30epirati Ta 00paxoByBaTu MeTa-liapaMeTpu Me-
pexi. IIpore uepe3 HemocTaTHE TeOpPETHYHE OOIPYHTY-
BaHHSI II51 TEXHOJIOTIS MOKH [0 HEPO3MOBCIOKEHA.

3 MATEPIAJIM TA METOJHU

HeiipoeBomoniiini Meroau mnependavyaioTb BUKOPHC-
TaHHA crieu}iYHNX reHeTHndHuX oneparopis [11, 22, 23].
B psiai poOiT mpomoHyBanocs BUKOPUCTOBYBATH aarTH-
BHI MeXaHi3MH MyTalii. 3arajoM BH3HAYUMO OCHOBHI
BUJIM MYTaliif, 1[0 MOXXYTb BUKOPUCTOBYBATHCS MIPH CHUH-
te3i [IIHM [22, 23]:

1) nomaBaHHs MpuXoBaHOTO HelipoHa. HoBuii HelpoH
JIOZIAETHCSL pa30M 3 BXIJIHUM 1 BUXiIHUM 3B’si3kamu. [Ipu
IBOMY BHXIJHMH 3B’SI30K HEHpoHa HE MOXe WOro
3B’S13yBaTH i3 BXiJJHUM HEHPOHOM;

2) BUAAIECHHS BHIAJKOBO OOPaHOTO NPUXOBAHOTO
HEelpoHa pa3oM 3 yciMa BXITHHMH i BUXITHUMH 3B’s3Ka-
Mmu. IIpy npOMy SIKIIO YTBOPIOETHCS HPOOLT B iHAEKCAX
HEHpOHIB, MO 3ANHIIMINCI, TO MPOBOIUTHCS KOPEKIIis
iHAeKkciB. BXigHi Ta BUXigHI HEMPOHU MEpexi HE MOXYTh
OyTH BHIANIEHI;

3) nonmaBaHHs 3B’S3Ky. BHMmagkoBMM 4YMHOM BU3HA-
YalOThCS 1HAEKCH MOYAaTKOBOTO 1 KiHIIEBOIO HEWPOHIB B
IIHM, npencrasieHoi MyTyro4oi ocoouHorw. [Ipu pomy
3B’S130K HE MOXKE 3aKiHUyBaTHCS BXiJHUM HEHPOHOM.
Bara 3B’3Ky BH3HAYa€ThCsl TaKOXX BHUITQJKOBO 3 Jliaraso-
ny [-0,5; 0,5]: w; = Rand [— 0,5;0,5]. Skmmo B Mepexi Bxke
iCHy€e 3B’S30K 3 AHAJIOTIYHAMHU BXITHAMH 1 BUXiTHUMH
HelipoHaMu, TO HOTO Bara 3aMiHIOETHCS Ha BUIIAAKOBY;

4) BUpmaneHHS BHIAAKOBO oOpaHoro 3B’s3ky. Ilpm
IIbOMY MOXK€ BHHUKHYTH CHUTYallisl, KOJIH BHIAISAETHCSI
OCTaHHI# 3B 530K y MPUXOBAaHOIO HEWpOHA. Y LbOMY BH-
NajKy HEWpOH TaKOX BUAAISETHCS, 1, SKIIO HEOOXIIHO,
MIPOBOINTHCS KOPEKIIis 1HJEKCIB HEHPOHIB MepexKi;

5) 3MiHa QyHKUii akTHBaLil BUIIAIKOBOTO MPUXOBaA-
HOTO HEUPOHY.

TakuM 4MHOM, 3a JIOTIOMOTOI0 MYTAaIlil MOXHA TOYKO-
BO 3MiHIOBAaTH napamerpu crpykrypu LITHM.

Tox 3a3HAUMMO, IO TAKUM YMHOM CXOXKI MEXaHi3MHU
MOXXYTh BUKOPUCTOBYBATUCS JUIS ONTHUMI3alii CTPYKTYpH
norrepenHpo cuHTe3oBanux [IIHM. Came Tomy mpormoHy-
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€ThCS BUKOPUCTOBYBaTH AJANTHBHUHA MEXaHI3M MyTamil
NpoTe 3 IEBHUMH JIOAaTKOBUMH YCTaHOBKaMH. XaOTHYHE
JoJaBaHHs (BUIAJICHHS) HEHPOHIB 1 3B s3KIB MOXE IpH-
3BECTH JI0 CHUTYyallild, KOJU, HAPUKIIaJ, B Mepexi Oarato
HEeWpoHiB 1 Mano 3B’s3KiB. Binbin jorivHuM Oyne 3acto-
COBYBATH Pi3HI BUAW MYTalliil B 3aJI€)KHOCTI BiJl 0COOIH-
BOCTEH apXiTEeKTypH Mepexi, MpeAcTaBIeHOI MYTYIO4Ol
ocobuHoro. s iboro Oyzie BBEAGHO KPUTEPIi Ta 1HJUKA-
TOPH, JUTS OLIHIOBAaHHS Ta PEryJLii po3Mipy Ta HampsM-
Ky PO3BHUTKY MEpPExXi.

BukopuCTaHHS MEpIIOr0 KPHUTEPil0 3aCHOBAHO Ha
MIPUITYIIEHH], 0 YUM OLIbIIe €IeMEHTIB B CyMi Y BXil-
HOMY Ta BHXIJHOMY BEKTOpi HAaBYaIbHOI BHOIPKH (UM
OUTBIIOI0 € CyMapHa KiNbKICTh BXIIHUX 1 BUXITHUX HeEil-
POHIB), TO, HMOBIPHO, OLIBII CKJIAJIHA Mepexa HeoOXiaHa
JUIsl BUPIIICHHS [IOCTABJICHOTO 3aBAaHHA. OOUYMCIIIOEThCS
Jpyruii KoedilieHT 3a Takoro dhopmyiioro [24-28]:

Critcondcompl Mt (D
Ns

Tobro, ynMm Oinbine Oyne HEHPOHIB y Mepexi, TUM

MEHIIMM Oyjie 3HAQYCHHS KPUTEPIIO Criteogeomp 1 3 THM

MEHIIOI0 HMOBIpHICTIO Oyzie oOpaHa MyTamisi, IO JI0Ja€e
HOBHH NPUXOBaHUH HEUPOH [24-28].

[epmmii ke inuKaTop Oyae BUKOPHCTOBYBATHCS JUIS
OLIHKA HAJMIPHOCTI BHKOPHCTaHOI mam’sTi. Sk Oymo
3a3HAYCHO BUIIE, HEHpOMepeKi BOJIOIIIOTh IaM’SITTIO, 1110
peanizyeTbess BaraMu 3B s3KiB [24-28] Uum MeHme ma-
M’ATh MeEpexi, THM MeHIle o0pa3iB BOHa MOXe 3a-
nam’sitatu. [IpoTe, B cuTyalii KoM JBI Mepexi 3 pi3HUM
00’eMoM mam’saTi 3a0e3leuyloTh HEOOXiJHY TOUHICTh
po3mizHaBaHHS (OLIHIOBaHHS), TO MepeKa 3 MEHILOI0
nam’sITTIO, 3BICHO Ma€ Kpallli y3arajbHIOI0Yi BJIaCTHBOCTI.
Hanmiphicte maM’siTi Mepexi OynemMo XapakTepH3yBaTh
3a JIOTOMOTOI0 KoedimieHTa HaAMIpHOCTI A7t 30epiranas
HaBYaIBHOI BUOIpKH [24—28]:

Were +Wepe
Samppst - SAMP Eeat

)

ind memor —

SIkmmo indyemor > 1, TO maM’aTh Mepexi HaJUTHIIKOBA

(po3MipHicTh maM’siTi Mepexi Oinblie po3MipHOCTI Ha-
BYaNbHOT BHOIpKH). KO iNdmemor =1, TO Mepexa Moxe

3amam’SITaTé BCIO HaBYaJIbHY BHOIPKY (PO3MIipHICTH Iia-
M’ATI Mepexi JIOPIBHIOE PO3MIPHOCTI HaBYAJILHOT BUOIp-
ku). SIKImo indyemor <1, TO Mepeska He 3MOXKE B TOUHOCTI

3amaM’siITaTH BCIO HaBYAIBHY BHOIpPKY (PO3MIpHICTH ma-
M’SITI Mepeski MEHIIIe PO3MIPHOCTI HaBYaJIbHOI BHOIPKN),
OJIHAK TIPH [IbOMY Mepexa Oylie MPOSIBIATH y3aralbHIO0-
4i Ta ampoxcuMyrodi 31i0H0CTI [24-28].

Jloriuna mpo30picTh Mepeki B 3HAUHIN Mipi 3aJIeKHUTh
Bijl 3arajibHOI KIIBKOCTI 3B’SI3KIB B MEPEXi 1 KUIBKOCTI
3B’SI3KIB, IO 3’€THYIOTh KOHKPETHI HEHpPOHU (KiJIBKOCTI
BXOJIiB HEHPOHIB NpuxoBaHux mapiB) [24-28]. Yum me-
HIIIE 3B’S3KiB, TUM MPOCTIIIE Mepexa i TUM 3py4Hile
BOHA JIJIS aHAJI3y Ta IHTepIpeTallii JItoJuHo. Tox iHIuU-

KaTop PO3PIIKEHOCTI 3B’S3KiB MEpexi MPsIMOTo IOIIH-
PEHHS BU3HAYUMO 3a hopmymoro [24-28]:

. Wy,—
ind gistrate = L w=0 ) (3)
2. NumN(,_)NumN
pn=l1
L
ne 0 <Wy_g < > NumN(,_)NumN,,
pn=1

[HnuKarop cepeqHbOi 3B’A3aHOCTI HEHPOHHOI Mepexi
TIOKa3y€e CepeiHIO KUTBKICTh BXOJ[iB HEHPOHIB BCiX MIApIB,
Kpim nepioro [24-28].

[HauKaTOp JIOTIYHOT MPO30POCTi | -T0 HEWpOHA L -TO

Iapy Mepexi Indgcm} Oy/ie BU3HAYATHCSI TUIIOM BUKOPH-
croByBaHOi (yHKMi{ akTuBarii [24-28]. Jnsa miHiitHOI Ta

noporoBoi (QyHKIH akTuBaLii HpuimMeMo: Indzgct,\)

JUTs BCIX iHIIMX QYHKIH akTuBarii ind ,510“3 0.

ind degrconn = T
2. NumN
p=2 4

W:

zLj Z " (Numw 64) — Numw, 041,
p=2 =l

Buxonsuu 3 1poro, Koe(illieHT JIOTiYHOT MPO30POCTi
HIHM ind oo ransp OyAeMO po3paxoBysaTHcs Tak [24-28]:

L NumN,
Z Z Ir"dactlv
. _ p=1 i=l
Indlogtransp - L > (5)

iNdgeg rconn O NUMN,,
p=l

iNdgeg rconn # 0

Ha puc. 2 mpencTaBieHO y CXEMaTHYHOMY BHITIII
npouec BuOOpy THiy myTtauii. Ha puc. 2 BHKOpHCTOBY-
I0ThCs Taki mosuauenus: Val; ta Val, — neBHi rpanuysi

3HAYCHHS, 10 BH3HAYAKOThCA JUIA 3aBIAHHS. YMOBHO
mporiec BUOOPY THITy MyTaIlii MOXKHA PO3IUTATH Ha JIBi
TJIKM 110 IEPIIOMY YMOBHOMY HIEPEXOLY.

4 EKCIIEPUMEHTHN

JIyisl eKcriepriMEHTaNBHOTO JIOCHIPKEHHST Pe3yJIbTaTiB
BUKOPHCTAaHHS 3alpOIIOHOBAHOTO METOJY OITHUMi3aLil
ctpyktypu IIIHM nposenemo psin tecryBanb. Ha puc. 3
HaBeseHo npukiaja pexypentHoi IINHM. fIk BunHO 3 pu-
cyHKy crpykrypa IITHM e HagMipHOIO, 3a3BHYail B TaKHX
Meperkax € HyJIbOBI Baru y IESIKMX CHHOIICHCIB.

Hus pobotn OymemMo BHUKOPHUCTOBYBATH BHOIpKY Ha-
Hux — Habip nanux npo yckiagHeHHs iHpapKTy Miokapaa
[29-31]. IIpobnemu peanbHOI CKIAAHOCTI HEOOXiTHI IS
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TECTYBaHHS 1 MOPIBHAHHS Pi3HUX METOJIB iHTEICKTyallb-
HOTO aHall3y NaHWX 1 po3mi3HaBaHHS 00pa3iB. [IpomoHo-
BaHa BUOIpKa MOXe OyTH BHUKOPHUCTaHA JUIsi BHPIILICHHS
NPaKTUYHO Ba)KJIMBOI'O 3aBAAHHA: POIHO3YBAaHHS yCKJa-
JIHeHb iH(apkTy Miokapia Ha OCHOBI iH(popmanii mpo
nalieHTa Ha MOMEHT HAJXOIDKCHHs 1 Ha TpeTiil IeHb roc-
miTampHOTO Tepioxy [29-31].

Iadapkr Miokapna — onHa 3 HaAHCKJIAAHIIIUX MPoOIEeM
cydacHoi mequuuan [29-31]. Toctpuii iHapkT Miokapaa

OB’ SI3aHUH 3 BIHCOKOIO CMEPTHICTIO B MEPIIHNA PiK IMiCIIS
HBOTO. 3aXBOPIOBAHICTH iM 3aJUIIAETHCS BUCOKOIO Y BCIX
kpainax. OcOOJMBO 1€ CTOCYEThCS MICHKOTO HACEIICHHS
BHCOKOPO3BUHEHUX KpaiH, SIKE MiUIA€ThCS BILTUBY XPOHi-
YHUX CTPECOBUX (PAKTOPIB, HEPETYISIPHOTO 1 HE 3aBXKAU
30aymancoBaHoro xapuyBaHHs [29-31]. ¥V CnomydeHux
[lTaTax, HampuKIaa, OLIbIIEC MUTEHOHA JFOACH MOPIYHO
CTpaXAatoTh Bix iHPapkTy, 1 200-300 THCSY 3 HUX OMU-
parots Bix roctporo IM no npuOyTTs B nikapHio [29-31].
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ITepeOir 3axBoprOBaHHS y MALI€HTIB 3 iH(APKTOM Bif-
OyBaeTbcs mo-pisHOMY. MoXe mpoTikaTi 6e3 yCKIaJHEeHb
a00 3 yCKJIaJHEHHSMH, SIKI HE MOTIPUIYIOTh JOBIOCTPOKO-
BHH IIPOTrHO3. Y TOM Ke Yac OJU3bKO MOJOBHHH XBOPHUX B
TOCTPOMY 1 HIJITOCTPOMY TI€pioJiaX MarOTh YCKJIaIHEHHS,
SIKI TIPU3BOJSATH /IO 3arOCTPEHHS 3aXBOPIOBAHHS 1 HaBITh
cMeprti. HaBiTh OCBiqUeHU (axiBels HEe 3aBXKIU MOXKE
nepen0aYuTH PO3BUTOK X YCKJIAJHEHb. Y 3B’SI3KY 3
UM IIPOTHO3YBaHHS yCKJIaJHEHb IH(QApKTy Miokapna 3
METOI0 CBOEYACHOTO MPOBEICHHS HEOOXITHHUX IMpodisak-
THUYHHX 3aXOIB € BaXKJIMBAM 3aBIaHHSM.

XapakTepucTHKH HabOpy JaHuX y Tadmuii 1.

Tabnuus 1 — 3aranpHa XapakTepUCTHKa BUOIPKH JaHUX

Myocardial infarction complications Data Set
XapakTepucTika Gararo- Kinbkicth ek3eM- 1700
BHOIpKH BUMIpHa | IUIApiB
XapaKTepMCTnKa nifici K1J1§K10TL aTpu- 124
aTpuOyTiB OyTiB

ITixg gac TectyBanHs OymeMo 3BepTaTH yBary Ha 4ac
poboTr Mepexi Ta po3MoAia yacy 3a irepanismu. [omat-
KOBO OyJIeMO OIIIHIOBaTH TO4YHICTH pobotH [22, 23]. s
I[bOT'0 BBEJIEMO BiJJHOCHY MOMUJIKY, SIKa B [[bOMY BHUITIKY
Oyzie 00UMCITIOBATHCS, SIK BIJIHOLICHHS KITBKOCTI HEBIPHO
JIIarHOCTOBAHUX 00 €KTIB J0 3arajlbHOrO PO3Mipy BHOIp-
k¥ (KUTBKOCTI 11 €K3eMILISIPIB):

_ EITolg)ass

= -100% . (6)
Numbergampi

TouHicTh poOOTH — HE € LIILOBUM NapaMeTpoM, Mpo-
T€ BaKJIHMBO, OO ONMTHMI3aIlisl HE TIOTipIIaia IOTo 3Ha-
YEHHS.

5 PE3YJBTATHU
YV Tabnmmi 2 HaBeICHO MOPIBHAHHS Pe3yNbTaTiB po0o-
TH JJ15 3BUMAifHOT Mepeki Ta MepeKi MicIs ONTHMi3allii.

Ta6muus 2 — [TopiBHSIHHSL pe3yJIbTaTiB podoTH
Yac pobotH, ¢ ITomunka, %
7621 42
5712 3,4

3Buuaiina Mepexa
OnruMmi3oBaHa MepeKa

Ha puc. 4 naBeneHo rpadix, o AEMOHCTPYE Pi3HULIIO
y PO3MOALTI Yacy Mix iTepariisimu mig yac podotu [ITHM.

6 OBTTOBOPEHHSI

3 Ttabmumi 2 BHAHO, MmO dYac pPOOOTH 3HAYHO
ckopoTHBcsi. lle MOSICHIOETBCS THUM, IO ONTHMIi30BaHA
MepeXka He 3afio€ 3aiiBl CHHOICHUCH Ta HCHPOHH, IO
3HAYHO TPHUIIBHIIYE POOOTY i3 Hew. Takok BaxiIuM €
T€, M0 TOYHICTH POOOTH ONTUMI30BAHOI MEpEKi 3pocia.
Takuii epekT MOKHa TMOSICHHTH THM, LIO HaaMipHA
CTPYKTypa MepeXi Mae HaJUTMIIKOBE YHCIIO BUIBHHUX Ma-
paMeTpiB, sIKi B MpoLeci HABYaHHS HAJALITOBYHOThCS HE
TUIBKM Ha BiJHOBIIEHHS LIJILOBOI 3aJCXKHOCTI, aje 1 Ha
BIATBOPEHHS IIyMY, [0 MOXE BIUIMBATH HA TOYHICTbH PO-
6otu.

[lig wac anamizy rpagika MOKHA 3pOOUTH BHCHOBOK,
IO SIK pa3 HaJMipHa TOIOJIOTiYHA CKIIAJHICTh MEPEeXi 10
ONTUMI3allil MPU3BOANUTH O PI3KHX CTPUOKIB y 4aci Mix
itepamissiMa. Y ToW ke wac rpadik po3nominy uis
ONTUMIi30BaHOI Mepexi Ounbll miaaBHUi. | Xoua meBHi
CTpUOKHM BCE X €, X BIUIMB 3HAYHO MEHIIE Ta YaCTKOBO
HOro MOKHAa cHnucaTd Ha OCOOJIMBOCTI  CKJIagHOT
PEKYPEHTHOI apXiTeKTYpH MEpPexi.

Tako) BapTO 3a3HAYUTH, IO CIPOIICHHS CTPYKTYpH
[ITHM BmiiBae i Ha peCypcOEMHICTb, @ caMe Ha BUKOPHC-
TaHHA naM’saTi. 3a3BH4aii, HaWOIabIIe ImaM’sATi BUMAaraec
mporiec cepiamizamii Bar CHHOMNCHCIB. OCKUIBKH ONTHMI-
30BaHa CTPYKTypa Ma€ MEHIIY KUIbKICTh HEHpOHIB Ta
3B’S3KIB MK HAUMH — II€ CKOpPOYY€ BHTPaTH HaM’sTi Ha
30epEeKEHHST MEPEXKIi.

BUCHOBKH

BupinieHo aktyanabHy HayKOBO-TIPUKIAAHY NpoOseMy
CTPYKTYPHOT'O JOHaNaITyBaHHs cuHTte3oBanux [IIHM.

HaykoBa HOBH3HA IOJISIra€ B TOMY IIO PO3pOOJICHO
METOJl CTPYKTYPHOTO JIOHAJallTyBaHHS CHHTE30BaHUX
IITHM Ha OCHOBiI HEHpPOEBOJIIOLIMHOTO IMiIXOLy 3 BHKO-
PHCTaHHSIM CHCTEMH IHIMKATOPiB Ta KPUTEPiiB A ajam-
TUBHOTO BH3HAYECHHS MYTAIiHHUX 3MiH. Y 3alporoHOBa-
HOMY METOJli BUKOPHUCTOBYIOTHCSI CHCTEMa IHAMKATOPIB
Uis omiHkH icHyrodoi crpykrypu LITHM. BpaxoByroumn
OTPUMaHy OLIHKY 3a CTPYKTYPHUMH OCOOIMBOCTSIMH Ta
CIMPAIOYHCh HA KPUTEpiaiibHI 3HAYCHHSI, OOUPAETHCS THIT
CTPYKTYPHOTO JIOHAJIAIITYBaHHS. Y SKOCTI BapiaHTIB CT-
PYKTYPHOTO JOHANAIITYBaHHS BUKOPHCTOBYETHCS Bapia-
HTH MYTaliiHUX 3MiH i3 TPYIH METOJIB HEHpPOEBOJIIOLI-
TOTOJIOTIT 1  Bar HEWpOMEpeKi.

=——He ontaMizoBana LITHM

= QOnraMizosara [ITHM

OHHOI  Momudikarii
140
- . W\
.\ WV VLT VoW
= A
: " LA I . AV
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Pucynok 4 — Po3nozin yacy Mix iTepauisMu
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3anporoHOBAHNA METOJ JIO3BOJISIE 3HU3UTH PECYpPCOEM-
HICTB TIiJl 9ac pOOOTH HEHPOMOEi, 3a paXyHOK IPHUIIBHU-
JIIIeHHS 0OPOOKHU BETMKUX JAHUX.

IIpakTnyna uwiHHiCTL TONATaE B TOMY, WIO
PO3B’A3aHO TIPAKTHYHI 3aBAaHHS CTPYKTYpHOTO IOHaJa-
IITYBaHHS Ta CIPOUICHHS TMOMNEpPEeIHbO CHHTE30BaHUX
HIHM, siki MOXYTb BUKOPHUCTOBYBATHCS JUISl J1arHOCTY-
BaHHs, MPOTHO3YBAaHHS, OI[IHIOBAHHS Ta PO3Ii3HABAHHS
00pa3iB. bkl TOro, BpaxoBYIOUH TOJIETIIEHY CTPYKTY-
py Taki Helipomopeni MOKHa BHKOPHUCTOBYBATH IPH PO-
00Ti 3 BeNMKMMHU 00’€MaMH BXIHUX JaHuX. Pe3ynbratn
eKCTIEPUMEHTIB TOKa3alu, IO 3alpONOHOBAaHUH METON
no3Bossie O mpopimuta ITHM ans ii momambimoro
BUKOPHCTaHHS y SKOCTI MOJEN JUId JiarHOCTYBaHHS,
IIPOTHO3YBAHHSI, OL[IHFOBAHHSI TA MOJETIFOBAHHS.

IlepcneKTUBH MOAATBIINX JOCTiZKeHb IOJSTAOTh
y po3po01i, TOCTIKEeHI Ta IMIDIEMEHTalii KpUTepialbHOT
CHCTEMH, IIO JAO03BOJHTH OUIBII TOHKO OLIHIOBATH CTPYK-
TYypHI €JEeMEHTH, [0 KOJYIOTh 3allyMJICHI JaHi Ta iX
3B’s13ku. 1le 703BONMTH 10ATKOBO 3MEHIIUTH OOYHUCIIIO-
BaJbHI BUMOTH Ta 30UIbImMTH TO4HicTh pobortn IITHM,
10 B CBOIO YEPry 3HAYHO PO3IIMPHUTH KOJIO MPAKTUYHOTO
BUKOPHUCTaHHsI HEHpoOMOaeneH.
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KopHuenxo A. B. — acniupant kadenps! nporpaMmubix cpeacts HaimoHnansHOro yHuBepeurera «3anopoxcKas HOJUTEXHUKA,
3anopoxbe YKpauHa.

AHHOTADIUSA

AKTyaJbHOCTB. PaccMoTpeHa 3amada CTPYKTYpHOTO M3MEHEHHU MpeaBapUTEbHO CHHTE3NPOBAaHHBIX MOZeel Ha 0a3e MUCKycC-
CTBEHHBIX HEHPOHHBIX CeTeH s oOecIieyeHus CBOMCTBA HHTEPIPETaOeIbHOCTH IIpU padoTe ¢ GombmMu o6beMaMul JaHHBIX. O0b-
€KTOM HCCIIEJOBaHUs SBISCTCSA MPOLIECC CTPYKTYPHOIO U3MEHEHUM HCKYCCTBEHHBIX HEHPOHHBIX CETEll C UCIOIb30BaHUEM alalTUB-
HBIX MEXaHU3MOB.

Heas padoTsl 3aximovaeTcsi B pa3paboTKe METOA CTPYKTYPHOTO U3MEHEHHs HEHPOHHBIX CEeTeH VISl MOBBIIICHHUST CKOPOCTU HX
PpaboThl U YMEHBIIEHHH PECYPCOEMKOCTH MPH 00pabOoTKe OONBIINX JaHHBIX.

Mertona. [Ipemnoxen METOA CTPYKTYPHOIO JIOHACTPOMKHM HEMPOHHBIX CETEH Ha OCHOBE aJalTUBHBIX MEXAHW3MOB 3aMMCTBOBAH-
HBIX W3 HEHPOABOIIIOIMOHHEIX METOJIOB CHHTE3a. B Hauanme MeTOx MCHONB3yeT CHCTEMy MHAMKATOPOB JUIS OLEHKH CyIIECTBYIOMIEH
CTPYKTYpBI HCKYCCTBEHHOW HeHpoHHOU ceTH. OIeHKa OCHOBBIBAETCS Ha CTPYKTYPHBIX OCOOCHHOCTSX HeiipoMoneneid. 3aTeM moiy-
YEeHHbIe UHUKATOPHBIE OLICHKN CPaBHUBAIOTCS C KPUTEPHANBGHBIMU 3HAYEHHUSIMH ISl BEIOOpA THIA CTPYKTYPHOTO N3MEHEHHUH. B Ka-
YECTBE BAPUAHTOB CTPYKTYPHOI'O M3MEHEHUS UCIIOIb3YETCsl BAPUAHTHI MyTAllUOHHBIX U3MECHEHHUI U3 TPYIIIB METOJ0B HEHPOECBOIIIO-
LIMOHHON MOJU(HUKALMK TOIIOJIOTHH U BECOB HelipoceTn. MeTos MO3BOJISeT CHU3UTh PECYPCOEMKOCTh BO BpeMsl paboThl HellpoMoJie-
JIe, 3a cYeT yCKopeHHs oO0paboTKH OOJBLIMX JaHHBIX, YTO PACHIMPSET I10JIe MPAKTHYECKOro IPHUMEHEHUS] UCKYCCTBEHHBIX HEHPOH-
HBIX CETEH.

Pe3yabTatel. Pa3zpaboraHHblil METO peann30BaH U HCCIECAOBAH Ha IPUMEPE HCIIOIb30BAaHHS PEKYPPEHTHOIN UCKYCCTBEHHOH Ce-
TH TUIA JONTasi KPATKOBPEMEHHAs! TaMSATh IIPU PEIICHUH 3a4a4un Kiaccuukanuy. Mcnone3oBanne pa3pab0oTaHHOTO METOAA MO3BO-
JUJIO YBEIWYUTH CKOPOCTh pabOTHI HEHPOMOJEIH C TECTOBOM BBIOOpKOH Ha 25,05 %, B 3aBUCHMOCTH OT HCIIOIB3YEMBIX BBIYHCIIH-
TEJIBHBIX PECYPCOB.

BriBoasl. IIpoBeeHHBIE KCIEPUMEHTHI TIOATBEPAMIN pabOTOCIIOCOOHOCTD PENIOKEHHOTO MaTeMAaTHIECKOT0 00eCIedeH s 1
MO3BOJIAIOT PEKOMEH/I0BATh €ro JUId MCIOJIb30BaHUS Ha NPAKTUKE IIPU CTPYKTYPHOU NOHACTpOIiKe IpeABapUTEIIbHO CUHTE3UPOBaH-
HBIX HelfpoMozenel isl JaJbHEeHIIero pelieHys 3a4au AMarHoCTUPOBaHKs, IPOTHO3UPOBAHUS, OLICHUBAHUS U pacllo3HaBaHUs oOpa-
30B C HCIOJIb30BAHUEM OONBIIMX AAHHBIX. [lepCreKTHBEI AanbHEHIINX HCCIEAOBAaHMH MOTYT 3aKIIOYaThcs B Oosiee TOHKOH Ha-
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ABSTRACT

Context. The problem of structural modification of pre-synthesized models based on artificial neural networks to ensure the
property of interpretation when working with big data is considered. The object of the study is the process of structural modification
of artificial neural networks using adaptive mechanisms.

Objective of the work is to develop a method for structural modification of neural networks to increase their speed and reduce
resource consumption when processing big data.

Method. A method of structural adjustment of neural networks based on adaptive mechanisms borrowed from neuroevolutionary
synthesis methods is proposed. At the beginning, the method uses a system of indicators to evaluate the existing structure of an artifi-
cial neural network. The assessment is based on the structural features of neuromodels. Then the obtained indicator estimates are
compared with the criteria values for choosing the type of structural changes. Variants of mutational changes from the group of
methods of neuroevolutionary modification of the topology and weights of the neural network are used as variants of structural
change. The method allows to reduce the resource intensity during the operation of neuromodels, by accelerating the processing of
big data, which expands the field of practical application of artificial neural networks.

Results. The developed method is implemented and investigated by the example of using a recurrent artificial network of the
long short-term memory type when solving the classification problem. The use of the developed method allowed speed up of the
neuromodel with a test sample by 25.05%, depending on the computing resources used.

Conclusions. The conducted experiments confirmed the operability of the proposed mathematical software and allow us to rec-
ommend it for use in practice in the structural adjustment of pre-synthesized neuromodels for further solving problems of diagnosis,
forecasting, evaluation and pattern recognition using big data. The prospects for further research may consist in a more fine-tuning of
the indicator system to determine the connections encoding noisy data in order to further improve the accuracy of models based on
neural networks.

KEYWORDS: interpretation, topology, structural adjustment, neuroevolution, neural networks.
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ABSTRACT

Context. A model and training method for observational context classification in CCTV sewer inspection vide frames was
developed and researched. The object of research is the process of detection of temporal-spatial context during CCTV sewer
inspections. The subjects of the research are machine learning model and training method for classification analysis of CCTV video
sequences under the limited and imbalanced training dataset constraint.

Objective. Stated research goal is to develop an efficient context classifier model and training algorithm for CCTV sewer
inspection video frames under the constraint of the limited and imbalanced labeled training set.

Methods. The four-stage training algorithm of the classifier is proposed. The first stage involves training with soft triplet loss and
regularisation component which penalises the network’s binary output code rounding error. The next stage is needed to determine the
binary code for each class according to the principles of error-correcting output codes with accounting for intra- and interclass
relationship. The resulting reference vector for each class is then used as a sample label for the future training with Joint Binary
Cross Entropy Loss. The last machine learning stage is related to decision rule parameter optimization according to the information
criteria to determine the boundaries of deviation of binary representation of observations for each class from the corresponding
reference vector. A 2D convolutional frame feature extractor combined with the temporal network for inter-frame dependency
analysis is considered. Variants with 1D Dilated Regular Convolutional Network, 1D Dilated Causal Convolutional Network, LSTM
Network, GRU Network are considered. Model efficiency comparison is made on the basis of micro averaged F1 score calculated on
the test dataset.

Results. Results obtained on the dataset provided by Ace Pipe Cleaning, Inc confirm the suitability of the model and method for
practical use, the resulting accuracy equals 92%. Comparison of the training outcome with the proposed method against the
conventional methods indicated a 4% advantage in micro averaged F1 score. Further analysis of the confusion matrix had shown that
the most significant increase in accuracy in comparison with the conventional methods is achieved for complex classes which
combine both camera orientation and the sewer pipe construction features.

Conclusions. The scientific novelty of the work lies in the new models and methods of classification analysis of the temporal-
spatial context when automating CCTV sewer inspections under imbalanced and limited training dataset conditions. Training results
obtained with the proposed method were compared with the results obtained with the conventional method. The proposed method
showed 4% advantage in micro averaged F1 score.

It had been empirically proven that the use of the regular convolutional temporal network architecture is the most efficient in
utilizing inter-frame dependencies. Resulting accuracy is suitable for practical use, as the additional error correction can be made by
using the odometer data.

KEYWORDS: Sewer pipe inspection, convolutional neural network, error-correction output codes, Siamese network,
Information-Extreme Learning, information criterion, LSTM, GRU.

ABBREVIATIONS lyk is a v-th set of ordered video frame sequences
BB is a Building Block;
CNN is a Convolutional Neural Network;
GRU is a Gated Recurrent Unit;

for training;
Ly is a v-th set of ordered labels of video frame

LSTM is a Long Short-Term Memory; sequences for training;

MSCC is a Manual of Sewer Condition Classification; . V is a number of labeled frame sequences for
PACP is a Pipeline Assessment Certification Program;  training;

SLAM is a Simultaneous Localization and Mapping; W is a number of labeled frame sequences for
TCN is a Temporal Convolutional Network; testing;

1D is a One-Dimensional space; K, is a size of v -th set for training;

2D is a Two-Dimensional space. K, is a size of w -th set for testing;

NOMENCLATURE N is a size of high-level feature set;

train . . Z is asize of set of classes;
D, " is the labeled frame sequences for training;

D is the labeled frame sequences for testing;
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e, is a &, -th parameter which impacts on feature

&

representation, & =1, ;

f

., 1s a &, -th parameter which impacts on efficiency

of decision rules, &, =1,Z, ;

TP, is a numbers of true positives for decision rule of
z-th class;

FP, is a numbers of false positives for decision rule
of z-th class;

FN, is a numbers of false negatives for decision rule
of z-th class;

b: is a binary reference vector (center of optimal

container) for class X, ;

* . . . . .
d, is a radius of optimal container for class X in

Hamming distance units;
f(x) is a function describing the feature extractor;

X, 1s a image randomly selected from the mini-batch;

a

Xep Is a nearest neighbour in the minibatch belonging

to the same class;

C(x) is a function returning the image class;

X¢hn 1S @ sample image from the mini-batch which is
the closest among the samples of opposite classes, but

located further than hard negative sample;

e is a single column matrix, e =[L, 1, ..., I]T ;

A is a regularization coefficient;

f,(x) is a the value of sigmoid layer output i for input
image;

b,; is a value of i-th bit of the reference vector of the

z-th class to which the image x belongs;

E, is a Z-class information criteria, a function of the

accuracy characteristics;

agk) is a false postive rate on k-th traning step for z-th

class;

ng) is a false negative rate on k-th traning step for
z-th class;

ngz) is a true positive rate or sensitivity on K-th
traning step for z-th class;
D(zkz) is a true negative rate or specificity on k-th

traning step for z-th class;

d is a distance measure defining the hyperspherical
container radii in the radial basis of Hamming space;

{d} is a set of concentric radii of data distribution in
class z with the centre b, .

INTRODUCTION
Sewer pipes are critical infrastructure items which
require frequent monitoring. The most widely used
method for analysis of sewer pipe conditions involves the
CCTV inspection of the pipes view to identify the defects

and faults inside the pipe. Each of the detected defects
and faults is assigned a standardised code in accordance
with the applicable local standards, among which the
most common are the British MSCC5 and American
PACP6 or PACP7 [1].

The preparation of a report on the condition of
inspected sewer pipes in accordance with the standards
requires careful examination and detailed analysis of the
collected CCTV inspection videos. The use of computer
vision and machine learning techniques for CCTV
inspection footage analysis can increase productivity and
reduce costs [2].

To achieve the correct defect coding it is necessary to
have information about the location, orientation, shape,
severity and proximity of the defect to the upstream and
downstream manholes and sewer line branches
(laterals/service connections/taps). In turn, contextual data
on the orientation and relative location of the inspection
camera in the pipe is needed to extract such information.
Such data, however, as a rule is not available in the
explicit form. This makes observation context recognition
a relevant task.

Orientation and relative position of the camera can be
determined with the help of visual odometry or
simultaneous localization and mapping (SLAM) methods
[3]. However, CCTV inspection videos generally already
contain superimposed distance readings measured by a
mechanical odometer. Correct defect coding also does not
require high degree of precision in respect of the camera
optical axis angle and relative position in relation to the to
the center of the pipe. Employing a computationally
efficient frame sequence classifier to estimate the camera
orientation instead of computationally complex SLAM
algorithms is therefore more appropriate. In this case
alphabet of classes can be expanded to include various
non-standard situations which need to be processed
correctly.

A modern approach to the classification analysis of the
sequence of video frames involves the use of deep neural
networks. Important steps in the classification analysis of
individual video frames or their sequences are the feature
descriptions of both individual frames and the
relationships between them, as it has a direct bearing on
the effectiveness of the resulting decision rules.

Convolutional neural networks are still the most
effective approach to image feature description at present.
Where the analysis of time series is concerned, the
undisputed leaders are recurrent and temporal
convolutional networks, dilated versions of which provide
a speed advantage without information loss [4]. The end
results, however, depend not only on the architecture of
the model, but also on the methods of machine learning
and regularization employed. This is especially true where
the labelled training dataset is small and variability of
observations is high. The study of the effectiveness of
different model architectures and training methods for
specific applications thus remains a relevant task, as no
single universal approach to data analysis exists and
steady emergence of new research continually changes
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the paradigm, forcing a rethink of the current body of
knowledge and highlight new directions for further
research.

The research goal is development of an effective
deep learning model and its training method for
recognizing the context of observations during CCTV
sewer inspection. The object of research is the process
of detection of temporal-spatial context during CCTV
sewer inspections. The subjects of the research are
machine learning model and training method for
classification analysis of CCTV video sequences under
the limited and imbalanced training dataset constraint.

1 PROBLEM STATEMENT

Let V  sequences D\t/rain ={lyx Ly lv=LV;

k=1,K,} and W sequences DI ={ Tk Lk |

w=LW ;k=1LK,} are collected of labeled video
frames for training and testing, respectively. Let the set

{x§ |z= I,_Z} is characterized by observation context in

pipe, be given. In this case, the dataset is unbalanced, the
minority class can contain twice as many samples as the
majority.

Moreover, the structure of the vector of model
parameters is known

g =< el""’efl""’e31’ fl,..., ffz’"" sz > (1)

1 +5,=E.

In this case, the constraints Rgl (el,...,egl,...,eal)g 0,
Re, (fis-es fe 5o f5,) <0 are impose on parameters.

It is necessary to find by machine learning an optimal
values of parameters g (1) which provide to achieve the

maximum value of micro averaged F1 score for context
classifier

A
2> TP,
Fi= z

z z Z ’ )
2> TP, + Y FP, + 3 FN,
z z z

g*=argrnélx{Fl(g)}. 3)

When the model functions in its inference mode, it is
necessary to provide high confidence of classification of
frame context on test images.

2 REVIEW OF THE LITERATURE

Early algorithms for CCTV sewer inspection video
frames classification analysis employed edge and contour
detection methods for feature description [5]. Such an
approach, however, ignores a large amount of contextual
information and necessitates particular attention to the
design of a post-processing algorithm. An algorithm of
this kind would require a large number of handcrafted
parameters and conditions, which can lead to

incompleteness of decision rules or contradictions
between them due to the human error. Gabor filters offer
a more flexible and theoretically sound approach to visual
feature extraction [6]. However, models of this type are
characterized by insufficient information capacity for
computationally efficient description of contexts under
conditions of complex defect and/or design features
combinations.

Much progress in the field of visual data analysis had
been achieved within the framework of the deep machine
learning, based on hierarchical feature description. A
distinguishing feature of hierarchical feature extractors is
their higher information capacity in comparison to models
with one hidden layer [7, 8]. At present deep
convolutional neural networks are still considered the
most effective for image feature description [8]. In the
field of time-series analysis, the leading positions are
occupied by recurrent and temporal convolutional
networks. Their dilated versions provide a speed
advantage without loss of information [4] in both
customary, centered, and causal model output variants.
However, some observational contexts or their parts are
rare and can have significant intra-class variability,
leading to imbalances and a scarcity of labeled samples
corresponding to complex and irregular situations. This
imposes limitations on the use of deep models sensitive to
the volume and balance of labelled training data.

One of the ways to increase the efficiency of models
with a limited amount of marked data is to use the ideas
and methods of information theory and synthesis of
decision rules within a geometric approach. An example
of geometric approach methods are Siamese neural
networks, where the fitness function makes use of
constraints and relationships between the distances
between samples of the same and different classes [9].
Siamese networks have shown the greatest efficiency in
few-shot learning and meta-learning algorithms, but they
are most commonly used for feature embedding.

Information theory and coding methods are a natural
choice for increasing the resistance to noise, such as
artifacts and limited visibility. For example, error-
correcting output codes implement end-to-end pseudo-
ensemble, increase the multi-class classification accuracy
and Improve Probability Estimation for Adversarial
Robustness of Deep Neural Networks [10].

However, the existing methods of binary class code
selection does not take into account the internal structure
of classes. Information-extreme machine learning
methods provide optimization in the information sense of
the decision rule parameters based on error-correcting
output codes [11]. However, information-extreme
learning does not provide end to end deep model learning
mechanisms. Thus, the combination of ideas and methods
of Siamese neural networks and information-extreme
learning offers considerable promise for further
improvement of data analysis models, in particular for
context analysis in CCTV sewer inspections.
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3 MATERIALS AND METHODS

Classification analysis of CCTV video frames in the
simplest case can be performed by a single convolutional
network. Such network can be trained both in the
traditional way and as a part of Siamese or generative
models. However, in the situations of loss of visibility or
significantly close proximity of the camera to the pipe
walls, images lose the large part of their useful context
information. This necessitates the analysis of each frame
in conjunction with the neighbouring frames to restore the
context information. In general case context detection
model will have the 2D convolutional neural network at
the lower level for spatial feature extraction and 1D
temporal network for analysis of cross-frame
dependencies (Fig. 1).

Decisions

—>

| Decision rules

2

Temporal Network
(1D CNN or RNN)

Intra-frame
relations
modeling

Frame
embedding

Video

frames e

Temporal window

Figure 1 — Generalized architecture of context classifier
model

For separate frame analysis the use of MobileNet
general purpose convolutional network is proposed [9].
Only a convolutional backbone without fully connected
layers is used [9]. Fig 2 a depicts the classic convolutional
network variant and Fig 2b its modification used for
research of the proposed training method.

Global Average Pooling is used for dimensionality
reduction and a Dropout pseudo-ensemble with 50% of
the input features dropping is used for regularization [5,
9]. Fully connected and sigmoid layers form the output
feature set.

Image classifier model’s decision rules contain the
rounding layer which produces the binary coded
representation and radial-basis function defining the
object’s belonging to a certain class, with classes
separated by hyper-spherical containers in binary
Hamming space. Each hyper-spherical container is
defined by the binary reference vector (container center)
and container radius in Hamming distance units. In this
case radial-basis membership function p,(b) for N-

dimensional binary vector b is

N
Mz (b)=1-3 b @by /d;, )
i=1

where b; — binary reference vector (center of optimal

container) for class X, ; d, — radius of optimal container

z

for class X, in Hamming distance units.

MobileNet backbone
Global Average Pooling 2D Layer

Dropout Layer (rate=0.5)

Dense Layer (128 nodes)

Sigmoid Layer

Dense Layer

Softmax Layer

a
MobileNet backbone

Global Average Pooling 2D Layer

Dropout Layer (rate=0.5)

Dense Layer (128 nodes)

Sigmoid Layer

Rounding Layer
RBF Layer

b
Figure 2 — Architecture of classic and modified variants of the
convolutional network for frame-by-frame classification : a —
baseline image classifier model structure; b — proposed image
classifier model structure

Temporal network can be implemented using one of
the popular model architectures, such as 1D dialated non-
causal convolutional network, 1D dialated causal
convolutional network, Recurrent neural networks with
Long Short-Term Memory (LSTM), Recurrent neural
networks with Gated Recurrent Units (GPU).

The Base Block (BB) convolutional temporal
networks is depicted in Fig. 3 The first layer of the BB is
a 1D dilated convolution with kernel size k = 3 where the
dilation factor is doubled for each subsequent BB, i.e. 1,
2,4, 8.

Dilated Conv
1x1 Conv

Figure 3 — Basic block of Temporal Convolutional Network

Fig. 4a gives an illustration of the receptive field
(black arrows) of an output activation from a single stage
with three stacked BBs with regular convolutions.
Regular convolutions have a receptive field that expands
equally wide to the right as it does to the left. This means
that it looks as far into the future (right) as it looks into
the past (left). Thus the current frame context will be
clarified using the information in both past and future
frames.
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Figure 4 — Temporal Network with Non-causal (regular)
convolutions

Fig. 5 illustrates temporal neural network with casual
convolutions which amplify the forecast productivity
nearer to the right edge. In this case, the curt frame
context will be completely defined on the basis of the
characteristics and interrelationships of the preceding
frames.

p __/.f--f/"} ,;’;Q =
— - — - — -~
! /;; %j Pe f Zﬁ :
1 88 AV T AV T AV |~ ~
P 68668 EEEEEEES
to Iy tnv-1
Figure 5 — Temporal Network with causal convolutions

LSTM has memory blocks connected by successive
layers, and it enables the network to selectively memorize
the input training data through a unique three-gate
structure (Fig. 6a). The line across the top of the diagram
is the cell state C, and represents the internal memory of
the unit. The line across the bottom is the hidden state h,
and the i, f, 0, and g gates are the mechanism by which

the LSTM works around the vanishing gradient problem.
During training, the LSTM learns the parameters for these
gates. Instead of the input, forget, and output gates in the
LSTM cell, the GRU cell has two gates, an update gate
Z,and a reset gate I (Fig. 6b). The update gate defines
how much previous memory to keep around and the reset
gate defines how to combine the new input with the
previous memory. There is no persistent cell state distinct
from the hidden state as in LSTM.

To compare and trace the changes in productivity as a
function of the proposed solutions, training will be
performed in stages. First the single-frame detection
model will be trained in a traditional manner and with the
proposed  training method without taking the
neighbouring frames into account. Then the best trained
model is chosen and its feature extractor, the layers
located up to and including the sigmoid layer, is used for
frame embedding into the temporal detection model.
Every neural network type will be trained with both
traditional and the proposed training method. The
capacity hyperparameter, responsible for the network size
will be grid-optimized for each model.

h,

by

Figure 6 — Cell of Recurrent Neural Network:
a—LSTM cell; b — GRU cell

Traditional training method involves an addition of
Dense layer with Softmax output normalization, error
backpropagation and cross-entropy loss function, such as
Adam, to the feature extractor.

The modified method consists of 4 stages necessary to
create a binary feature description used to form the
information-extreme decision rules (Fig. 7)

Phase | : Training feature extractor
as part of siamese network with
triplet mining and regularized loss

[)
Phase Il : Computation of binary code
for each class

1

Phase Ill : Training with joint binary
cross-entropy loss using binary code
for each class as label

)
Phase IV : Optimization of hyper-
spherical container for each class in
Hamming space based on information
criterion

Figure 7 — Proposed training method stages

The first stage involves training with soft triplet loss
and regularization component for penalising the binary
code output rounding error. The mode input receives a
mini-batch with M images of every class. The loss
function is calculated as

os exp(([f(xy) ~F(xgp)])

exp([£(xa) = £ (xep ) + exp((x4) ~ F (X))
+FME(xy)T (e = F(x,)) +F(xep) ' (€= F(xgp)) +
+ £ (Xghn) " (€= F(Xghn)), (%)

L=-
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Xy = ar min f(x,)-f(x 6
ep gx:C(x):C(xa)" (x) -, (6)
Xshn = arg C(){I)lj&ré(xa) "f(Xa)—f(X) , (7

X
£ (xa)-FCO|Exa )£ (xp)

The next phase is needed to determine the binary class
code in accordance with the error-correction output codes
principles but also accounting for intraclass and interclass
relationships. The training set of Z classes

{xzsz=1,Z,s=1,n,} containing n, samples of z-class,

is encoded with a  binary

{bz,s,i |z= l,_Z, s=1Ln,,i= I,_N} with dimensionality N.

representation

The binary coding of input image X, is achieved by

rounding the i sigmoid layer output to the whole number.

1, if fi(x,4)>0.5;
e 0, otherwise.

Binary reference vector b, for class z can be

calculated by [rank-wise] comparison of frequency of
binary ones in z class with the background binary ones
frequency in the training set

1 & 141 &
L, if —Y>b .:>—>—Yb..::

0, otherwise.

Reference vector b, for class z is used as a sample

label in further training with Joint Binary Cross Entropy
Loss, which is calculated for each training sample x as

N
L==3"(b,;logf;(x)+(1-b,;)log(l-f;(x))).
i=1

The last stage of machine learning is related to the
optimization of container radius by information criterion
to account for the boundaries of deviation of binary
representation of observations in each class from the
corresponding reference vectors.

E, =maxE,(d). (8)
{d}

Entropy criteria for a bi-alternative evaluation system
(Z =2) and equally probable hypothesis, representing the
most statistically difficult case, can be expressed as a
function of accuracy characteristics as follows [11]

E(Zk):“% © OL(Zk)(d?lo log> 55 a(Zk)(dzm *
a®@+D® @) o (@)+DN ()
B (d) B (d)
D (@+pM @ DX +pP @)
Dy, (d) Dy, (d)

log, +
k k
DI (@ +B () D () +BL ()
DY@ Py
@O @) 2 0 ® 0O |
o (@+DEN@) ol (@+DY(d)

©

4 EXPERIMENTS

The current article considers all the training stages and
their corresponding results obtained on the dataset
provided by Ace Pipe Cleaning, Inc.

Class alphabet used to detect the observation context
without taking into account the content of the
neighbouring frames contains 10 main context classes
(Table 1). This alphabet contains ignore, side and
connection classes. Samples for these classes are easy to
collect and label, however they do not provide complete
certainty as to the camera orientation, as it is not clear
which pipe wall camera is facing (Fig. 8).

Class alphabet used to detect the observation context
with taking into account the content of the neighbouring
frames contains 11 main context classes (Table 2).
Temporal features have to provide complete certainty as
to the camera orientation, hence there is no ignore class
and side and connection classes have been replaced by
Right, Left, Top, Bottom, Right connection, Left
connection, Top connection and Bottom connection. Semi
Left, Semi Right, Semi top, Semi bottom classes are
replaced by the corresponding Right, Left, Top, Bottom.
Temporal window for consideration of the neighbouring
frames is set to 128 frames. This window was selected as
a multiple of 2 and was experimentally selected as being
close to optimal for various models. Parsing labelled

video files {Dsrain} and {D\t,SSt} ensures the formation of

variable quantity of samples for each class..

Prior unsupervised learning of the upper convolutional
layers on unlabelled samples from the intended usage
domain is aimed at increasing the subsequent supervised
machine learning efficiency. It is worthwhile considering
the influence the parameters of the growing sparse coding
neural gas algorithm used in unsupervised learning have
on the results of supervised learning. Table 1 presents the
machine learning results and quantity Nc of generated
convolutional filters (neurons) as a function of the
parameter v, which characterises the accuracy of coverage
of the training set by the convolutional filters.

Before training, the entire dataset is balanced by
applying augmentation to minor classes (0—5% change in
scale, £5% rotation, £5% change in brightness).

Each model has a number of hyperparameters which
define its configuration and capacity. Optimal
hyperparameters are first selected for each architecture

© Moskalenko V. V., Moskalenko A. S., Zaretsky M. O., Panych A. O., Lysyuk V. V., 2021

DOI 10.15588/1607-3274-2021-3-9

102



e-ISSN 1607-3274 PapioenexrpoHika, inpopmaTuka, ynpasminas. 2021. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 3

and a comparison of results obtained from various
architectures with these parameters. Models are trained
during 60 epochs. The hyperparameters are selected with
a view to avoid the noticeable overtraining effect.

Table 1 — Class set for the single-frame context classifier

model
Desig- Number of | Names Description
nation examples of
of class context
X0 5000 Forward | Camera pointing forward
! along the pipe
X9 3000 Side Camera is pointing at the
2 . .
pipe wall facing left,
right, down or up, when it
is hard to understand
which part of the pipe
(top, bottom, left of right)
the camera is pointing at
X9 1000 Semi Incomplete right turn,
3 right orientation of the camera
can be clearly determined
from a single frame
X© 1000 Semi left | Incomplete left turn,
4 orientation of the camera
can be clearly determined
from a single frame
x© 320 Semi top | Incomplete turn upwards,
3 orientation of the camera
can be clearly determined
from a single frame
X© 180 Semi Incomplete turn
6 . .
bottom downwards, orientation
of the camera can be
clearly determined from a
single frame
X9 2100 Con- Another pipe connecting
7 nection to the main
X0 500 Man- Point of entry into the
8 . . .
hole pipe for inspection, from
the manhole to the
beginning of the pipe
proper
X0 152 Col- Collapsed pipe, further
9 .
lapse movement forward is
impossible
X?O 100 Ignore Situations to be ignored
for processing purposes

Backbone of Mobilenet with the capacity coefficient
set to 0.25 and input resolution set to 160x160 pixels was
used as a single-frame feature extractor. Temporal
convolutional network has 1 stage configuration with 7
BBs. Quantity of feature channels in convolutional filters
of the first layer is set as C=128, to match the
dimensionality of image embedding. The last layer of the
temporal network is connected to the Dense layer, which
contains 128 nodes with sigmois activation function.
GRU and LSTM recurrent networks contain one layer
with 128 units. States of each unit are submitted to the
Dense layer which also contains 128 nodes with sigmoid
activation function. After the sigmoid layer of either
model two additional output layers analogous to those
depicted in Fig. 2 are used, dependent on the chosen
training method.

Figure 8 — Sample images of each class :

a —class Xf ; b—class Xg ; ¢ —class Xg ; d —class Xﬁ ;e—
class Xg ; f—class Xg ; g —class X(7) ; h—class Xg ;1—class

X9 ;j—class X7,
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Table 2 — Class set for context classifier model accounting for

neighbouring frames content
Designation Number Names of Description
of class of context
designation examples
X? 4500

Camera
pointing
forward along
the pipe
Incomplete or
complete right
camera turn
Incomplete or
complete left
camera turn
Incomplete or
complete
camera turn
upwards
Incomplete or
complete
camera turn
downwards
Connecting
pipe on the
right
Connecting
pipe on the left
Connecting
pipe at the top
Connecting
pipe at the
bottom

Point of entry
into the pipe
for inspection,
from the
manhole to the
beginning of
the pipe proper
Collapsed pipe,
further
movement
forward is
impossible

Forward

X 1500 Right

X2 1420 Left

X 400 Up

X 180 Down

Right con-

X© 500
nection

Left con-
nection
X0 150 Top con-

8 nection
Down con-
nection

X2 500

X9 75

500 Manhole

170 Coll
X9, ollapse

Fig. 9 depicts the change in F1 score on the test
dataset during the classifier training with the baseline and
proposed (Fig. 7) methods. The test dataset was created
by selecting 15% of the samples from each class
represented in Table 1.

0.9
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Epochs
Figure 9 — Dependency of F1 score on test dataset from training
epochs for single frame context classifier without accounting of
neighbouring frames

Analysis of Fig. 9 shows that up to 30 epochs both
training methods are performing with similar efficiency.
However, the third phase (Fig. 7) of the proposed method,
employed after 30th epoch, increases accuracy by 6%.
Hence the feature extractor trained with the proposed
training method is used for embedding into the high-level
neural network.

Fig. 10 depicts the change in the F1 score on the test
dataset when training the frame classifier which accounts
for the neighbouring frames. Training is done with the
baseline method but with varying architectures of the
temporal network. Test dataset is created in the same way,
but selecting 15% of the samples of each class
represented in Table 2.

0.9
0.81
0.7
®
)i ’
o 0.6 i
_f ------ F1_val_cnn_causal
e I === F1_val_cnn_regular
y K4 —— F1_val_gru
0471 1/ —.= F1_val Istm
0 10 20 30 40 50 60
Epochs

Figure 10 — Dependency of F1 score on test dataset from
quantity of training epochs when training with the baseline
method for context classifier with accounting of neighbouring
frames

Analysis of Fig. 10 shows that the accuracy of
recurrent networks during the initial training epochs
increased slower than that of the convolutional networks.
However, during the final stages the accuracy effectively
reached a plateau with the results for different networks
converging to virtually indistinguishable values. Amongst
the convolutional network regular rather than causal
architecture shown the best result. F1 score for the regular
temporal network reached 0.87, whereas F1 for LSTM
and GRU model stands at 0.843 and 0.839 respectively.

Fig. 11 shows the change in test dataset F1 score when
training the classifier which accounts for the neighbouring
frames trained with the proposed (Fig. 7) method using
different temporal network architectures. Test network
was formed in the same way by selecting 15% of the
samples of each class illustrated in Table 2.

Analysis of Fig. 11 shows that accuracy of recurrent
networks in the case is also inferior to those of the
convolutional networks. Regular structure model had
likewise shown to be the leader among the convolutional
networks. However, the maximal F1 score for the model
with the regular structure trained with the proposed
method is 92%, which exceeds the baseline training
method results on the same network by 4%.
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Figure 11 — Dependency of F1 score on test dataset from
quantity of training epochs when training with the proposed
method for context classifier with
accounting of neighbouring frames

Thus the advantage of using a convolutional model for
observation context analysis and the proposed multi-
phase training method had been established. It was also
empirically proven that the regular convolutional
temporal network architecture is the most efficient in
utilising interframe dependencies. Resulting accuracy is
suitable for practical use, as the additional error correction
can be made by using the odometer / distance counter
data.

6 DISCUSSION
It is worth considering not just the aggregated metrics
but also the confusion matrix to properly evaluate the
efficiency of the proposed approach. A normalised
confusion matric derived from the model with regular
TCN trained with the conventional approach is presented
in Fig. 12.
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Figure 12 — Normalized confusion matrix for the optimal
context classifier based on regular TCN trained with the
conventional approach

Analysis of the confusion matric presented in Fig. 12
shows that the lowest accuracy corresponds to the
complex classes : Right Connection, Left Connection,
Top Connection and Manhole. These classes combine
both camera orientation and distinctive structural
elements of the sewer system.

Fig. 13 depicts the normalized confusion matrix for
the context classifier based on the regular TCN trained
with the proposed approach.
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Figure 13 — Normalized confusion matrix for the optimal
context classifier based on regular TCN trained with the
proposed multi-phased approach

Analysis of Fig. 13 shows that the forward class is
intersecting with almost all the other classes. In
comparison with the conventional training methods, the
proposed solution ensures increase in detection accuracy
for complex context classes, such as Right Connection,
Left Connection, Top Connection and Manhole.

Despite the improvement in accuracy, training on the
same data is still not error-free. Some connections can be
missed and for connections in 10:00-02:00 sector the
camera orientation can be confused with the connections
in the 02:00-05:00 and 07:00-10:00 sectors. This can be
due to the insignificant difference between the specific
degrees of partial camera turn. However, the impact of the
erroneous context classification at the intersection of the
context classes on the effectiveness of sewer pipe
inspection is outside the scope of this study.

CONCLUSIONS

The scientific novelty of the work lies in the new
models and methods of classification analysis of spatial
and temporal context for automation of CCTV sewer
inspections under the limited training dataset and data
imbalance constraints.

Model contains a 2D convolutional network which
produces feature embedding as an output of the sigmoid
layer and 1D temporal convolutional regular network with
the sigmoid and [rounding] output layers with radial-basis
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AHOTAULIA

AKTyaJabHicTb. Po3po0ieHO Ta HOCHIIKEHO MOAETh Ta METOA HaBYaHHS A Kiacu]ikalii KOHTEKCTIB CIIOCTEPEKEHHS Ha
Kazpax BineoiHcHekuil cTigHuX TpyO. OO’€KTOM MOCHIIKEHHS € IPOLEC BHSABICHHS IPOCTOPOBO-4aCOBOTO KOHTEKCTY IMiJ dac
iHcnekniit crivamx TpyO. [Ipemmerom MOCHiKEHHS € MOZENH Ta METOJ MAIIMHHOTO HAaBYaHHS U1 KiIacH(ikamiHHOTO aHamizy
KazpiB BiZIeOiHCIIEKNii B yMOBaX 0OMEKEHOT0 Ta He30aJlaHCOBAaHOTO HAOOpy PO3MIYEHHX HaBYaJIbHUX JaHUX.

Meta fpocaigTKeHHs] — pO3poOIeHHsT e(EKTUBHUX MOZENI 1 METOLY MAIIMHHOTO HABYaHHS I KiacU]iKaliifHOro aHaizy
KOHTEKCTY BiJICOK/IpiB iHCIIEKUii CTIYHUX TPYO B yMOBaxX OOMEXKEHOro 0O0Csry Ta He30alaHCOBAHOCTI PO3MIYEHOTO HABYAJILHOTO
Habopy DaHUX.

MeTtoau aociif:keHHsl. 3allPONOHOBAaHO YOTHPHOX ETAHUM aNropuTM HaBuaHHA kiacudikaropa. [lepmuit eram mossrae y
HaBYaHHI 3 HOPMaJIi30BaHOIO TPUILIETHOIO (YHKII€I0 BTPAT i PEryJsipU3yIOUOI0 CKIIAJ0BOI0, siKa MTpadye 3a MOMHUIKY OKPYTIICHHS
BHUXIJTHOTO CHUTHAIy 10 IBiKOBOro nojaHHs. HacTymHuil eram Mojsrae y BU3HAUCHHI JBIHKOBOTO KOy VISl KOXKHOTO KIIacy s
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peamizarnii KoJiB, [0 BUIPABISIOTh HOMIJIKH, AJle 3 YpaXyBaHHSAM BHYTPINIHBOKIACOBHX Ta MDKKJIACOBHX BimHOIMIEHb. OTprMaHUH
STAJIOHHMH JBIKOBHH BEKTOP Ul KOXKHOTO KJIacy IOTIM BUKOPHUCTOBYETHCS SIK LITbOBA MITKa ITiJ] YaCc HACTYITHOTO €Tary HaBYaHHS
3 OIHAPHOIO KPOC-CHTPOIIiiHOK (yHKIl€0 BTpaT. OCTaHHIi eTanm MAIlMHHOTO HABYAHHS IOB’SA3aHHWU 3 ONTHUMI3AIi€0 MapaMeTpiB
NpaBUjIa NMPUHHATTS pillleHb 3a iHGOpPMaLifHUM KpUTEpieEM Ul BU3HAYSHHS MOIYCTHMHX MEX BIIXWICHHS ABIHKOBOTO HOJAHHS
CIIOCTEPEKEHb KOXKHOTO KJAcy BiJ BiJNOBIZHOIO €TaJOHHOrO BekTopa. Posrismaerbcst 2D 3ropTKOBHH E€KCTPAKTOp O3HAK Y
MOEIHAHHI 3 TEMIOPAJIbHOI0 MEPEXEI0 ISl aHAI3y MIXKKaJIpOBHUX 3anexHocTell. PosrisnaloTecs Bapiantu 3 1D 3ropTkoBa Mepexa 3
JipSABUMH PEryJIApHUMHM 3ropTkamu, 1D 3roprkoBa Mepexa 3 JIpBUMH NPUYHHHO-HACIIJKOBUMHM 3rOPTKaMH, PEKypEHTHa Mepexka
LSTM Tta pekypentna mepesxka GRU. IlopiBHSHHA epeKTHBHOCTI MOAENEH MPOBOAUTHCS HAa OCHOBI MiKpo ycepemneHoi F1-mipw,
004HcIIeHOT Ha TeCTOBOMY HabOpi TaHHX.

PesyabTaTn. Pesynbratu, otpumani 3a Habopom manux, HaganuMm Ace Pipe Cleaning, Inc, miaTBepmKyOTh IPUIATHICTh MOJCII
Ta METOXy AJISl MPAaKTHYHOTO BHKOPHCTAHHS, OCKUIBKM OTpPUMaHa TOYHICThH JOpiBHIOE 92%. ITopiBHSHHS pe3yibTaTiB HaBUAHHS i3
3aIpONOHOBAHUM METOJOM Ta TPAAWIIHHMM METOIOM IIOKa3ano repesary Ha 4% 3a Mikpo-ycepeqHUM 3HadeHHSM F1-mipm.
Ionmampmmit aHami3 MaTpUIli TMOMIJIOK TOKa3aB, IO HAMOUIBII CYTTEBE MiJBUIICHHS TOYHOCTI MOPIBHSAHO 31 TpaIuLiiHIMHU
METOJaMH JJOCATAETHCS ISl CKJIQIHUX KIIACiB, SIKi HOETHYIOTh SIK OPi€HTALiI0 KaMEepH, TaK 1 0COOIMBOCTI KOHCTPYKLIi CTiYHOT TPyOH.

BucnoBkn. HaykoBa HOBU3HA pOOOTH MOJIATAE Y HOBUX MOJICIAX Ta METO/aX KiIacH(DiKaI[iifHOro aHalli3y MPOCTOPOBO-4aCOBOTO
KOHTEKCTY Ul aBTOMATHU3allil BilCOIHCHEKIi CTIYHUX TPyO B yMOBax OOMEXKEHOro OOCSIry Ta He30alaHCOBAHOCTI PO3MIYECHHX
HAaBYAJILHUX JIaHUX. Pe3ysbTaTi HaBYaHHS, OTPUMaHI 32 IPOIIOHOBAHMM METOJIOM, TIOPIBHIOIOTECS 3 PE3yJIbTaTaMU, OTPUMaHUMH 32
JOTIOMOTOI0 TPaJHIIIIHOr0 MeTOy Kiacu]ikalliifHOro aHasisy 300paXkeHb. 3anpoNOHOBAHHUIA METO/] IPOICMOHCTPYBAB IiepeBary Ha
4% 3a MiKpo-ycepeJHeHUM 3HaueHHAM F1-mipu.

Emmipruano Oyno moBeneHo, Mo TeMITopaibHa Mepeka Ha OCHOBI 1D 3ropTkoBoi Mepexki 3 AipsSBUMHU PETyISIPHUMH 3TOPTKAMU €
HaOLTBII e()eKTUBHOIO [UTS aHANI3Y MIKKaJIPOBHUX 3asIexkHOCTeH. OTprMaHa TOYHICTH 3a0e3medye MpUAaTHICTE OTPUMAaHUX MOAeIen
JUIS IPAKTHYHOTO BUKOPUCTAHHS, OCKLUIBKH JJOJATKOBE BUITPABJICHHS IOMHJIOK MOXKHA peaizyBaTH Ha OCHOBI JaHUX OJOMETpA.

KJIIOYOBI CJIOBA: iHcniekmist CTiYHHX TpyO, 3rOpTKOBa HEHpOHHA Mepexa, KOAW 3 CAaMOKOPEKIIi€I0 ITOMHIIOK, ciaMChKa
HeWpoHHa Mepexa, iHpopMaliiiHo-eKcTpeMalbHe HaBuaHHs, iHdopmariiauit kpurepiit, LSTM, GRU.

YJIK 004.891.032.26:629.7.01.066
MOJEJIb U METOJ OBYYEHUA NJIAd KTACCUPUKAIIMOHHOI'O AHAJIN3A KOHTEKCTA KAJIPOB
BUJEOUHCIIEKIIMA CTOYHBIX TPYD

MockaJjienko B. B. — xanj. TexH. HayK, JOIEHT Kadeapbl KOMIbIOTEpHbIX Hayk, CyMCKO#l TOCYIapCTBEHHBIH YHHUBEPCHUTET,
Cywmpl, YKpanHa.

3apeunxnii H. A. — acmpaHT Kadeapsr KOMITBIOTEPHBIX HayK, CyMCKOH rocyIapcTBEHHBI YHUBepcuTeT, CyMbl, Y KpanHa.

Mockajenko A. C. — KaHJI. TeXH. HayK, CTaplINii MperoiaBarens Kapeapsl KOMIBIOTEPHBIX HayK, CyMCKOH ToCyIapCTBEHHBIH
yausepcuter, CyMmbl, YKpauHa.

IManbra A. A. — MarucTp HHKCHEPHH, aCCUCTEHT KadeIpsl KOMIBIOTEPHBIX HayK, CyMCKOH rocyaapCTBEHHBIN yHUBEPCHUTET,
Cywmsl, Ykpausa.

JIbiciok B. B. — marucTp nmkeHepun, coocHoBartenb komnanuu Molfar. Al sp. z 0.0., I'nanck, Ilonbmra.

AHHOTAIUSA

AKTyalIbHOCTB. Pa3zpaboTaHbl M McClenOBaHbl MOAETb M METOJ OOY4YEeHHUsS I KIacCH(PUKALMM KOHTEKCTOB HAOJIOACHUS Ha
KaJipaXx BUJICOMHCIEKIMU CTOYHBIX Tpy0. OOBEKTOM HCCIENOBaHUS SBISIETCS MPOIECC PAacMo3HaBaHHUS MPOCTPAHCTBEHHO-
BPEMEHHOTO KOHTEKCTa BO BpPEMs HMHCIIEKIMI CTOYHBIX TpyO. IIpenmeToM mccienoBaHUs SIBISIETCS MOJETb M METOJ MAIIMHHOTO
o0ydeHns1 Ui KIACCH(HUKAIMOHHOTO aHann3a KaJpoB BUACOMHCIEKIMM B YCJIOBHSX OTPAaHWIEHHOTO M HecOATaHCHPOBAHHOTO
Habopa pa3MEYeHHBIX 00YUarONINX TaHHBIX.

Leap nccaenoBanus — pazpaborka 3(hGHEeKTUBHEIX MOIEIN M METOa MAIMHHOTO 00yYeHUs IS KIIacCH(UKAIMOHHOTO aHaIN3a
KOHTEKCTa BUICOKAIPOB MHCHEKIMH CTOYHBIX TPYO B YCIOBHSIX OIpaHHYEHHOro 00beMa M HecOAIaHCHPOBAHHOCTH Pa3MEUYEHHOTO
o0ydaromero Habopa JaHHBIX.

MeTtoas! ucciaexoBanus. [IpeioKeHO YETBIPEXITAIHBIN AITOpUTM 00yueHHMs Kiaccudukaropa. [lepBblii oTam 3akiIro4aeTcs B
o0y4eHHH C HOPMAaJM30BaHHOW TPUILIETHOrO (YHKIMEH NOTeph M PEryISIpU3UPYIOIIeH COCTABISIIONISH, KoTopas mTpadyer 3a
OmMOKY OKpYIJICHHSI BBIXOJHOTO CUTHajda K JABOWYHOMY IpencrapieHHio. CIleIyIOmuMi ATam 3aKiIiovyacTcsi B ONpeAeiIeHUH
JBOMYHOTO KOJA JUIl KaXIOro Kiacca Juisl pealu3allid KOJOB, HCHPABISIOMINX OLIMOKHM, HO C Y4YEeTOM BHYTPUKIACOBBIX HU
ME)KKJIACCOBBIX OTHOLICHUH. I1oydeHHBIN 3TaNOHHBIA JBOMYHBIA BEKTOP JUId KaXKAOIO KJIACCA 3aT€M MCIOJb3yeTCsA Kak IieeBas
METKa BO BpPeMsI CIIE/IYIOIIero dTana o0y4deHus ¢ OMHApHOW KPOCC-OHTPONMHHOW (QyHKuMel motepb. [lociaeaHuii Tan MalinHHOTO
o0ydeHHsl CBA3aH C ONTUMHU3AIUEH MapaMeTpOB MpaBUia MPUHATHS PEIICHUH 3a HH()OPMAIIMOHHBIM KPUTEPHEM AT ONIPEASIICHUS
JOTYCTUMBIX HPEJeNIOB OTKIOHEHHS JBOMYHOTO MPECTaBICHUS HAOMIOACHNH Ka)KIOTo KJlacca OT COOTBETCTBYIONIETO STAJOHHOTO
BekTopa. PaccmatpuBaercss 2D CBEpTOUHBIH JKCTPAaKTOp NPHU3HAKOB B COYETAHWH C TEMIIOPAIBHOW CETHIO IS aHain3a
MEXKKaJIPOBEIX 3aBHCHUMOcTed. PaccmatpuBatoTcst BapmanTsl 1D cBepTOUHOH ceTH C ABIPSIBEIMH PETYJSIPHBIMH CBepTKamu, 1D
CBEPTOYHOM CETH C ABIPSABBIMH IIPUYMHHO-CICICTBEHHBIMHM CBEpTKaMM, peKyppeHTHas cetb LSTM u pexyppentHas cers GRU.
CpaBHeHue 3p(eKTHBHOCTH MOJieNiel IPON3BOIUTCS HAa OCHOBE MHUKPO ycpelHEeHHOH F1-Mepbl, KoTopast BEIYHUCIISIETCS HA TECTOBOM
Habope JTaHHBIX.

PesyabTathl. Pesynbrarhl, modyueHHble Ha Habope HaHHBIX, npenoctaBieHHbIM Ace Pipe Cleaning, Inc, moarBepskparoT
MIPUTOJHOCTh MOJEIH M METOfAa Ul MPaKTUYECKOTo HCIOJIb30BaHUS, TaK KaK IOMydeHHas TOuHOCTh paBHa 92%. CpaBHeHHe
pe3ynbTaToB 00Yy4EHHUs 3a MPEATOKEHHBIM METOIOM C Pe3yJIbTaTaMM 33 TPAAUIMOHHBIM METOJOM MOKa3ao MPperMyIiecTBo Ha 4%
3a MHKPO-YCpeAHEHHbIM 3HaueHueM F1-mepbl. [lanpHelmuii aHaaus3 mMaTpuipsl ommMOOK IOKa3asl, 4TO Hamboyee CyIIeCTBEHHOE
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TIOBBIIICHHE TOYHOCTH MO CPABHEHUIO C TPAUIIMOHHBIMA METOAMH JOCTHIAETCs JUIS CIIOXKHBIX KITACCOB, KOTOPBEIE OOBEUHSIOT KaK
OPHEHTAIMIO KaMepbl, TAK X 0COOEHHOCTH KOHCTPYKIIUU CTOYHOM TPYOBI.

BroiBoabsl. Hayunas HoBu3Ha palOoTBl 3aKJIIOYAETCS B HOBBIX MOJIEIM M MeETOJE KIACCH(DUKALMOHHOTO —aHalM3a
MPOCTPAHCTBEHHO-BPEMEHHOTI'O KOHTEKCTa JUIsl aBTOMaTH3allMY BUACOMHCIICKIIMH CTOYHBIX TPYO B YCIOBUSX OrpaHUYEHHOTO 00beMa
U HecOanaHCUPOBAaHHOCTH Pa3MEUCHHBIX OOYYaloIINX NAHHBIX. Pe3ynbTaThl 0OyueHHs, MOTyuUEHHBIE IO MpEIaraéMoMy METOLY,
CPaBHMBAIOTCSI C PE3yJIbTaTaMHU, MOTYUYSHHBIMU C IOMOIIBIO TPAAUIIMOHHOTO METO/1a KIAacCU(PHUKAIIMOHHOTO aHaIu3a U300paXeHHH.
ITpennoxxeHHbIH METOA TPOAEMOHCTPHPOBAI IPEUMYIIECTBO Ha 4% 32 MUKPO-yCpeAHEHHbIM 3HaueHHeM F1-Mepsbl.

OMmmuprdecku ObIIO T0Ka3aHO, YTO TEMIIOpaIbHAS CeTh HAa OCHOBE 1D CBEPTOYHOM CEeTH ¢ ABIPSBBIMH PETYISPHBIMU CBEPTKAMHU
siBIsIeTcs Hanbomee 3(GEeKTUBHOMN JUIs aHAIM3a MEXKAIPOBBIX 3aBHCHMOcTel. [lomydenHas TOYHOCTH oOecreuynBaeT IPUTOAHOCTD
MOTyYeHHBIX MOJIEIIEH JUIsl MPAKTHIECKOTO NCTIOIb30BAHHS, IIOCKOIBKY JOTIOMHUTEIRHOE HCTIPABICHNE OMIMOOK MOXKHO PEai30BaTh
HA OCHOBE JAHHBIX OJIOMETpa.

KJIIOUEBBIE CJIOBA: uHCnieKIus CTOYHBIX TPYO, CBEpTOUHASI HEHPOHHAS CETh, KOJBI C CAMOKOPPEKINEH OMMOO0K, cHaMcKast
HeWpoHHas CeTh, HHPOPMALMOHHO-3KCTpEMalIbHOE 00yUeHue, HHpOopMaoHHsbIi kputepuii, LSTM, GRU.
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ABSTRACT

Context. In this paper, a problem of a discrete data array approximation by a set of elementary geometric algorithms and a rec-
ognition model representation in a form of algorithmic classification tree has been solved. The object of the present study is a concept
of a classification tree in a form of an algorithm trees. The subject of this study are the relevant models, methods, algorithms and
schemes of different classification tree construction.

Objective. The goal of this work is to create a simple and efficient method and algorithmic scheme of building the tree-like rec-
ognition and classification models on the basis of the algorithm trees for training selections of large-volume discrete information
characterized by a modular structure of independent recognition algorithms assessed in accordance with the initial training selection
data for a wide class of applied tasks.

Method. A scheme of classification tree (algorithm tree) synthesis has been suggested being based on the data array approxima-
tion by a set of elementary geometric algorithms that constructs a tree-like structure (the ACT model) for a preset initial training se-
lection of arbitrary size. The latter consists of a set of autonomous classification/recognition algorithms assessed at each step of the
ACT construction according to the initial selection. A method of the algorithmic classification tree construction has been developed
with the basic idea of step-by-step arbitrary-volume and structure initial selection approximation by a set of elementary geometric
classification algorithms. When forming a current algorithm tree vertex, node and generalized attribute, this method provides align-
ment of the most effective and high-quality elementary classification algorithms from the initial set and complete construction of
only those paths in the ACT structure, where the most of classification errors occur. The scheme of synthesizing the resulting classi-
fication tree and the ACT model developed allows one to reduce considerably the tree size and complexity. The ACT construction
structural complexity is being assessed on the basis of a number of transitions, vertices and tiers of the ACT structure that allows the
quality of its further analysis to be increased, the efficient decomposition mechanism to be provided and the ACT structure to be built
in conditions of fixed limitation sets. The algorithm tree synthesis method allows one to construct different-type tree-like recognition
models with various sets of elementary classifiers at the preset accuracy for a wide class of artificial intelligence theory problems.

Results. The method of discrete training selection approximation by a set of elementary geometric algorithms developed and pre-
sented in this work has received program realization and was studied and compared with those of logical tree classification on the
basis of elementary attribute selection for solving the real geological data recognition problem.

Conclusions. Both general analysis and experiments carried out in this work confirmed capability of developed mechanism of
constructing the algorithm tree structures and demonstrate possibility of its promising use for solving a wide spectrum of applied
recognition and classification problems. The outlooks of the further studies and approbations might be related to creating the other-
type algorithmic classification tree methods with other initial sets of elementary classifiers, optimizing its program realizations, as
well experimental studying this method for a wider circle of applied problems.

KEYWORDS: algorithmic classification tree, image recognition, classification, classification algorithm, branching criterion,
geometric algorithm.

ABBREVIATIONS NOMENCLATURE
TS is a training s;lectlon; M" is a manifold of real vectors of dimensionality
ST is a test selection; n:

RS is a recognition system;
IR is an image recognition;
GA is a generalized attribute;
RF is a recognition function;

n is a total number of the problem attributes (the at-
tribute space dimensionality;
w; is a discrete object of the initial TS;

LCT is a logical classification tree; u is a value of a class of discrete object W belonging;
ACT is an algorithmic classification tree; m is a total number of training pairs (known classifi-
GAT is a generalized attribute tree; cation objects) of the initial TS;

BAS is a branched attribute selection. | is a value of a class of discrete object X belonging;

fr is a recognition function;
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xg is a vector (point) of a space set by the problem
condition;

H; is a set of classes set by the initial TS;

G; 1s a set of manifolds of relevant objects w ;

P is a constructed generalized attribute;

4; , A; is a pair of arbitrary vectors with M ",
a;,b is apair of arbitrary real numbers;

o, 1s a center of mass of the classes H( and H;

ngy, np is a capacities (masses) of the classes H and
Hl 5

z is an arbitrary point of the classes H( and H; par-
tition plane;

7 is a fixed hemisphere radius in the attribute space
of the problem;

S is a vector of the classes H|, and H; partition;

& is a vicinity of a fixed point with M" ;

p is a constructed RS efficiency;

K¢,U is a manifold of all the class H( hemispheres;

K;,Y is a manifold of all the class H; hemispheres;

k;,I; is a hemisphere sequence;

dmin (w;) 1s a radius of a hemisphere with a center at
the point W, ;

d(wp,wy) is a distance between the points w, and
wy;

dy is a minimal distance to a neighboring class;

p; 1s a capacity of the relevant GA in a form of a hy-
perellipse;

E is a GA manifold in a form of elementary hyperel-
lipses;

Sl-j is a GA set in a form of hyperplanes;
Pl-j is a GA set in a form of hyperparallelepipeds;

K l.j is a GA set in form of hyperspheres;

q 1s a total number of GA in the algorithm tree.

INTRODUCTION

An important problem that often faces the engineer is
the task of automatic building the systems for processing
large arrays of information and decision-making systems.
Effective solving these problems will allow one to pass to
computer a difficult work of designing a complex
recognition system and to release the creative engineer's
potential to solve other, more important, problems. In
addition, automation of algorithmic and software design
of specific recognition systems is the key to their high
efficiency for each real task, and, therefore, it will ensure
the rapid development of various branches of science and
technology [1-5].

As of today, more than 3.500 recognition algorithms
(based on different approaches and concepts) are known
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having certain limitations when being used (i.e. accuracy,
speed, versatility, reliability etc). In addition, each of the
algorithms is limited to a specific application, and this is
certainly the weakest point not only of these algorithms,
but also of recognition systems based on the relevant
concepts. Information technologies based on the
mathematical models of image recognition are widely
used in socio-economic and environmental information
processing systems. This is due to the fact that this
approach allows one to eliminate the shortcomings of
classical methods and achieve fundamentally new results,
rationally using the capacity of computer systems [3].

The most of available methods of training selection
processing in the recognition function construction do not
allow one to achieve the required level of the recognition
system accuracy and adjust their complexity in the
process of designing these systems. The methods of
constructing recognition systems based on the
classification tree methods [2] are free of such
shortcoming. The peculiarity of the logical tree method is
the possibility of complex use of many known recognition
algorithms (methods) to solve each specific problem of
constructing a recognition scheme. It is based on a single
methodology — the optimal approximation of the training
selection by a set of generalized attributes (autonomous
algorithms) included in some scheme (operator), built in
the course of training process.

The object of study is a general concept of the deci-
sion tree, namely, the algorithmic classification tree con-
structions built on the basis of a scheme of approximating
the training selection array by a set of elementary classifi-
cation algorithms.

The decision tree concept [6—8] and its relevant library
realizations (LightGBM, XGBoost), though being close in
idea (the logic tree scheme), do not allow realization of
the concept of algorithmic classification tree consisting of
a set of vertices — the different-type autonomous classifi-
cation algorithms. One should take into account that the
generalized attribute set tree is, in fact, the algorithmic
tree reflection.

The subject of studies includes the methods, algo-
rithms and schemes of constructing the classification al-
gorithmic trees in the image recognition tasks.

Presented study allows overcoming these system limi-
tations of constructing the recognition systems by synthe-
sizing the algorithmic trees of classification. Their main
specific feature is the modular tree structure and the pos-
sibility of applying an arbitrary recognition algorithm or
method in the process of synthesizing the classification
scheme [9—11].

The objective of the work is to elaborate the method
of the RS classification model construction on the basis of
the scheme of training selection array approximation by a
set of elementary classification algorithms. Note that the
classification system schemes obtained are characterized
by a tree-like structure and the presence of autonomous
classification algorithms as their own structural elements.
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1 PROBLEM STATEMENT

In this paper, we shall consider algorithmic implemen-
tations of a generalized attribute (algorithm) formation in
the algorithmic tree method, which is used in the finished
software system and is based on the geometric separation
of images using geometric objects. It should be noted that
for an arbitrary geometric algorithm or recognition me-
thod the main role is played by the distance between the
objects in the space for which the recognition problem is
solved.

Let M" be a manifold 7 of dimensional real vectors
(i.e. we deal with the 7 -dimensional space). Under im-
ages we mean the system of subsets (classes) Hj,...,H},

in the manifold M " . The training selection, in turn, is set
by a sequence:

(WlafR(Wl)s-"?WlafR(Wm))- (1)

Here w; e M", fr(w;) € {1,2,...k}(i=1,...,m), and if
Jrw)=u,u e{l,...,k}, then the object w; belongs to the
image H, . The objects w; are, in fact, the vectors

(points) xf,xé,...,qu set in this space.

To simplify explanation of the principal idea, let us
assume that k <{0,1}, i.e. the objects may belong to the
two classes H or H; (the binary classification case)
only. Furthermore, we shall assume that a certain metrics

is set at the space M ", i.e. this space is metrical. We
shall denote some distance between the vectors 4; and

A; in this space as ||A,~ -4 | . It is evident that the way of

i
choosing the distance between them has several solutions,
for instance:

N
b) 4 - ;] = 2 -7 @

Note that here Al-=x1i,...,xfg, Aj:xlj,...,x;é. For
example, the hyperplane algorithm operation results in
one or more generalized attributes Pj , which, in fact, are
the parameters of some hyperplanes that allow all the
classes H; of the manifold M" to be partitioned. A quite

large number of such partitioning (hyeperplane
constructing) ways are available here.

Thus, this work faces a problem of constructing the
classification tree model with parameters p and structure
L that should be optimal F(L(p,w;), fg(w;)) — opt) with

respect to the initial TS data.
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2 REVIEW OF THE LITERATURE

This study continues a cycle of works devoted to the
problems of discrete object recognition (classification)
tree-like schemes [9-15]. They raise issues of
constructing, using and optimizing logical trees. Thus, it
is known from [16] that the resulting classification rule
(scheme) constructed by an arbitrary method or algorithm
of branched attribute selection has a tree-like logical
structure. The logical tree consists of vertices (attributes)
grouped by tiers and obtained at a certain step (stage) of
the recognition tree construction [17]. An important
problem that arises from [10] is that of synthesizing
recognition trees, which will be actually represented by
the algorithm tree (graph).

In contrast to existing methods, the main feature of
tree recognition systems is that the importance of
individual attributes (groups of attributes or algorithms) is
determined with respect to the function that defines the
objects partition into classes [18, 19]. Please keep in mind
that the numerical value of the specified importance
characterizes the error of the objects partition into classes.
Suppose that at the first step of recognition tree
constructing, an arbitrary recognition algorithm is used,
and, as a result, we obtain some formula (generalized
attribute). This formula implements a certain level of
recognition. The function takes several values depending
on the attribute values. These values characterize the
paths (classes), and there are ways in which this formula
“works well”, there are those in which it “works bad”, and
there is no improvement in the level of recognition. It is
clear that for these attribute values (paths) one has to take
other algorithm that will create other formula (generalized
attribute), etc. Thus, in recognition methods based on
(algorithmic) trees, it is necessary to repeat such
algorithm selection until we obtain the required level of
recognition quality [11].

A basic issue of selecting branching criterion in the
classification tree scheme structure, whose selection may
be affected by the problem specificity, was raised in [20].
The issues of generation and interpretation of classifica-
tion rules in the LCT structures are raised in [14]. The
problem of assessing the attribute informativity [15] in
constructing the classification tree vertices remains topi-
cal and requires further studying the direction of pre-
processing and analyzing the initial data structures [21].
Moreover, the presence of limitations in terms of generat-
ing the LCT structure is the disadvantage of the function-
alities of assessing the attribute quality in the above
works. Thus, the work [8] opens fundamental questions
regarding decision tree generation for the case of unin-
formative attributes. A possible way to improve this work
might be the use of attribute combinations and sets to
generate informative vertices of the LCT structures. The
ability of the LCT/ACT (i.e. logical and algorithmic clas-
sification trees) structures to perform one-dimensional
branching and analyze individual variable impact, impor-
tance and quality allows one to work with different-type
variables in the form of predicates.
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For the case of the ACT models, the question of as-
sessing the quality of the corresponding structure
branches, i.e. of the autonomous classification algorithms,
remains relevant [10]. Here the search for effective crite-
ria for branching tree structures is the way of improving
the ACT structure methods. This concept of logical trees
is actively used in the intellectual data analysis, where the
ultimate goal is to synthesize a model that predicts the
value of the target variable based on a set of initial data at
the system input. In [22], an important issue of analysis of
the classification quality of the decision tree sets was
raised. A possible way to improve the overall quality of
classification is the use of decision tree ensembles, bug-
ging and boosting mechanisms [23-25]. Note that these
schemes will provide the classification model with neces-
sary accuracy only if there is an effective branching crite-
rion [24]. In this case, as a test of the constructed LCT
models, it is appropriate to use the cross-validation
scheme taken from [26].

The disadvantage of this approach is the final com-
plexity of the classification models and the need in the
procedure of final model cutting-off. In regards to appli-
cation, there are a large number of methods and algo-
rithms that implement the decision tree concept, but the
most widely used and widespread are their two represen-
tatives (i.e. the C4.5/C5.0 Ross Quinlan scheme and the
CART (Classification and Regression Tree) scheme). The
C4.5/C5.0 scheme wuses the so-called theoretical-
information criterion as a criterion for selecting a node,
while the CART algorithm is based on calculating the
Gini index (a statistical indicator of the attribute differ-
ence), which takes into account the relative distances be-
tween class distributions within metrics. The main exam-
ples, parameters and mechanisms of this classification
tree scheme can be developed from open resources [27—
31]. The shortcoming here is the relatively weak effi-
ciency in terms of vertex selection in comparison with
other modern methods and schemes of the LCT struc-
tures. The main idea of methods and algorithms of
branched selection of ACT algorithm attributes and verti-
ces, in contrary to the neural network approach [32-34],
can be defined as the optimal approximation of some ini-
tial TS by a set of ranked classification algorithms. Then
the central question from [11] comes to the fore, i.c. a
problem of choosing an effective branching criterion,
selecting vertices, attributes and features of discrete ob-
jects for the LCT schemes and choosing algorithms for
ACT.

3 MATERIALS AND METHODS
At the next stage of the study, for the case of binary
classification, we shall construct such a generalized
attribute (a particular hyperplane) that would separate
these classes in the most efficient way. One of the easiest
ways of such construction would be:
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S .
Lif Zajx;~+b20;
L. . =1
P(x{, X)),y Xo) = JS
0,if Zajx;+b<0.
i1

s

Lif Y% —a;)?-b*<0;

.. . j=1

P(X{, X5, X5) = s

0,if Y (xh—a;)*-b*>0.
j=1

Note that here a;,b are the arbitrary real numbers.

Also, it is clear that a simple and effective division of
the classes H,H; is possible only if the hypothesis of

compactness in the space of these classes is valig. The
latter means that all points of each of these classes are at a
relatively small distance from each other, i.e. there are
such points (centers of mass of these classes), around
which they are grouped. Obviously, in this case it is
appropriate to choose the arithmetic mean of the
submabifolds H,,H; as the above centers. Thus, when

constructing the GA, it is sometimes important to take
into account the capacity of each of the submanifolds. We
shall mean by the capacity (mass) of a manifold the
number of pairs of objects from the training selection of
type (1), for which relation f(w;)=j holds true:

ZWi ZWi
cH, cH.

cp =0 oy = 3)
no m

Just the points cy=(c{,...c2) and ¢ =(c},...c})
shall be the centers of mass of the classes H and Hj,
while the numbers ny and n; will be their capacities
(masses). Since ng,n; have to influence directly P (i.e.

the hyperplane location in space), it seems reasonable to
assume as follows:

§—Cp _ ny

. “)
c—S ny
It follows directly from (4) that:
g— nicy +npcy . (5)

ny +n;

In accordance with the training selection data, the
centers of mass of the classes H, /{, and their capacities
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ny,n,» as well as the point §, are calculated. This point

S will be a result of selection of the most successful
division of the classes H, H;. Such selection will be the

better, the wider are the relevant classes separated from
each other in space. After constructing the attribute P , all
the points W not exceeding S belong to the class H,

whereas all the remaining points belong to the class H; .

In view of all mentioned above, we will step-by-step
describe the scheme of division of classes by means of a
hyperplane. Note only that in our case the training process
is carried out at once for all objects of the initial selection,
but this assumption is not a limitation.

At the initial stage, based on the training selection
data, calculation of the centers of mass and capacity of the
classes H,H; is carried out. Note that these two

operations can be done with a single processing of the
training selection. The next step is to find the point of
division between the centers of mass of the classes,
through which the desired plane will pass separating
them. Therefore, first the distance between the centers of
mass of the classes is calculated depending on the type of
the distance determination in space, which was fixed at
the beginning of the algorithm. At the second stage,
depending on the capacity of the classes H,H;, location

of the point S that lies on the line connecting them is to
be found. We draw a plane through a certain point S
normally to the line connecting the centers of mass of two
opposite classes. The equation of this plane will look like:

(z—=5)-(c1 —¢p)=0. (6)

Note that z denotes here an arbitrary point of the
plane (6), and we deal with a scalar product of the vectors
x-y . Then the following attribute could be taken as the

generalized attribute P :

P(Z)— l,l'j[(Z—S)'(Cl—Co)ZO; (7)
~10,if (z—5)(¢; — ) <O.

If P(z)=1, then z should be related to the class H,
while if P(z)=0, z should be related to the class H.
Thus, in this case the classes Hy and H; will be

separated by a plane (6) that crosses a straight line, which
connects the centers of mass of the above classes at the
point S and, in addition, is orthogonal to this line.

After the generalized attribute P is built, it should be
checked. Such check of the generalized attribute P shall
include repeated checking all the objects of the training
selection for their recognition correctness. One essential
peculiarity should be noted here, namely, the errors of
two categories are possible in testing the attribute P
during the recognition tree method operation, when the
attribute P will be only one of many constructed
generalized attributes. The first category of errors in not

critical, when the dividing plane due to not fully correct
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construction will fail to cover a part of objects belonging
to one of classes (it is not critical, because 'not covered'
part of objects will be passed for processing to another
recognition algorithm). The second error category, a
critical one, will lead to impossibility to build the dividing
plane and occurs in case the above plane covers objects of
other class.

The algorithmic implementation of both training and
recognition suggested above can be applied to various
class regions, the full separation of which is achieved
especially for a set of objects of class selection from non-
intersecting space regions. Such sets of objects (points)
can be completely separated from those of points from
any other class, if their regions in space do not intersect.
Note that the main disadvantage of this implementation is
that, in general, separation of the class regions is, as a
rule, not optimal and depends directly on the efficiency of
the choice of the attributes. The training selection
informativity and adequacy are also important [9, 15].

Consider the local algorithm of generating attributes
in a form of hyperspheres. The most efficient and
universal geometric algorithm is the hypersphere one. The
scheme of this algorithm, which will be described below,
in order to form generalized attributes (the GA sets) ,
builds at each step a hypersphere of the following form:

n
> (x; - ai)2 <r. The algorithm of training selection
i=1
approximation by hyperspheres is very similar, in general,
to the hyperellipse algorithm (and is its further conceptual
development), where the attribute is described by

n
inequality ZC,- (x—x,-)2 <r. Its high versatility, in contrary

i=l
to other algorithms, is based on the fact that even if the
compactness hypothesis is not fulfilled, it is possible to
construct a sequence of attributes that would separate
objects of one class from those of the other one. Note that
the only condition for this is prohibition of overlapping
objects of different classes. The principle of operation of
this algorithm is to approximate the region of the
corresponding class by a set of hyperspheres that would
cover all its objects (points). Moreover, the main attention
should be paid not so much to the description of the class
region by hyperspheres, as to the efficiency and cost-
effectiveness of this description. That is, the process of
approximation of an arbitrary class should take place with
the construction of a minimum number of hyperspheres
(generalized attributes).

Note that in order to store in the computer memory
some hyperspheres that approximate a certain region, it is
enough for each of them to memorize the coordinates of
the hypersphere center and radius. If we give a certain
parameter (radius), each point in the space (training
selection element) will become a hypersphere. Let us

describe a simplified scheme of the hypersphere
algorithm and consider the following possible
assumptions:

113



e-ISSN 1607-3274 PapioenexrpoHika, inpopmaTuka, ynpasminas. 2021. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 3

a) there are no object with M" in the &-vicinity of

each point W; of the initial selection;

b) there are objects with M " in the &-vicinity of point
w; , but all of them belong to the same class together with
point W; ;

¢) there are objects with M " in the &-vicinity of point
W, , but they may belong to different classes.

Assumption (a) is not entirely preferable, as it is
unlikely that some approximation by a certain sequence of
geometric figures will be better than the training selection
itself. Assumption (b) will be the closest to reality,
however, in this case of the &-vicinity of the point w;, we
know information about the point W; itself only. From
the previous statements we can draw the following
conclusion: each point (object) w; belongs to a certain
class H j together with the &-vicinity.

The initial stage of the hypersphere algorithm deals
with processing the data of the training selection in order
to calculate the center of mass of the class Hy. When

processing the data of the training selection of the form
(1), for each point (vector) w;, for which the relation

fr(w;) =0 is valid (it is assumed that the object belongs
Hy), the distance to the
neighboring class H; is calculated in parallel, being

to the neighboring class

determined by the ratio:

min (W) = miﬂ (W —Wj )- (®)
wjeH,

The quantity d;,(w;) is used to determine the radius
of a hyper sphere centered at the point w;. The radius
r(w;) will be equal to d,;,(wj)/2 and results from the

following considerations: dividing the distance to the
neighboring class in half is necessary to ensure that the
hyperspheres with centers at the points w;(W; € Hy) and

wj(wj € Hy) do not intersect. This, in turn, may lead to
uncertainty in the classification process.

After actual determining the radii of the hyperspheres
describing the class H, one may construct a certain
manifold K, and write to it all the hyperspheres of the
class H(. Note that their number will be equal to that of
objects in the training selection for which equality
fr(w;j)=0,(i=1,...,m) will hold true. Note that we have
fulfilled the first task (i.e. description of the class H

region with the help of hyperspheres), although it is clear
that this approximation will not be optimal.

This stage of the algorithm operation relates to finding
the most efficient and cost-effective description of the
hyperspheres of the class Hy region. To do this, for each
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of the elements of the manifold K, (hyperspheres W,
with radius d;,(w;)/2) we calculate the quantity m(w;)

of all Wj for which

frR(Wj)=0,(i=1,...,m) and the following relation holds
true:

equal to the number

r(w;) <d(wj,wj). )
Here d(w;,w j) determines the distance in space
between the objects w; and wj . Therefore, it is clear that

the quantity m(w;) characterizes the number of points in
the space of the class H(, which will be described by a
hypersphere centered at w;. Let’s call this quantity the
hypersphere capacity. After calculating the hypersphere
capacities from the manifold K, one has to select (and
remove) that with the largest capacity, i.e. k;, and place it
into the manifold U , which will contain the hyperspheres
of the optimal H class approximation. The manifold
Ky is also subject to additional processing, i.e. removing
from it all the elements (hyperspheres), the centers of
which fall under the hypersphere |(1 region, i.e. meet the
condition r(k;) <d(w;,wj).

After constructing the first element of the sequence of
approximating hyperspheres of the manifold U , this
construction scheme must be repeated, returning to the
second stage. The process will continue until the desired

sequence of hyperspheres is constructed that fully
describes the class H(. Note that even in the worst case

of the location of the classes H(,H; in the space the

generalized attribute, nevertheless, will be constructed,

and only the number of hyperspheres will be equal to the
number of objects W, from the training selection that
belong to H,. After describing the region of the class
Ho  (hyperspheres belong to the manifold
Uk, ki) ), a

hyperspheres for the next class

sequence of approximating
H; is constructed
according to the similar scheme (result is
The process of recognizing new objects W, that enter

the input of the classification system will proceed via the
following scheme: first the hyperspheres of the manifold

U will be checked, i.e., if |k J- —Wi|sr(k ;). the object
w; belongs to the class H,. Then the hyperspheres of the
manifold Y will be checked, and if [l —wj| <r(l}), then

the object W; belongs to the class H;. However, there is

a third option, when for a certain W; none of the previous

conditions will be met, then this object will be denied
classification. The reason is not getting into any of the
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class H,H; regions. The restriction we imposed at the

beginning of the description of the hypersphere algorithm
scheme (i.e. that the training selection specifies
partitioning into two classes H(,H;) is not mandatory.

An arbitrary selection of the objects w; that define
partitioning into an arbitrary number of classes H; can be

reduced to a training selection of two classes, for
example, partitioning into H and into all other classes,

ie. H{,H,,..,H;. After finding the approximating

sequence for H,, the training selection is again

partitioned into H; and H,,H3,....,H;, and so on.

The main disadvantage of the above scheme of
approximation by the sampling hyperspheres is the
significant amount of calculations that appear with a
dramatic increase of the training selection volume. First
of all, this is due again to the constant cyclic processing of
the selection to build each subsequent hypersphere, that
is, if the desired sequence of hyperspheres consists of ten
elements, the selection will be processed the same number
of times. There is only one way to overcome this problem,
i.e. to find a sequence of hyperspheres that approximates
the working class with a less number of elements. This
can be achieved after making structural changes to the
scheme of the hypersphere algorithm.

To do this, at the very beginning of the algorithm

operation the center of mass of the class ¢y according to
scheme (3) and the value d;,(cy) of the distance to the
neighboring class (8) are calculated for the class Hj.
After performing the above operations, we obtain the first
desired hypersphere with a center at the point ¢, of the

radius 7(cq) = dpin(co)/2 . Of course, having calculated

its capacity and corrected the training selection, one can
see that the selection size is significantly reduced, i.e.
most of working class elements will be excluded from it.
Next, the scheme of operation of the algorithm for
constructing a sequence of hyperspheres will coincide
with that previously described, but the number of steps
will be significantly reduced due to the first, successfully
constructed, element of the sequence sought.

Consider the local algorithm for generating attributes
in the form of hyperellipses. In the previous local
algorithm, some hypersphere was chosen at each step to
form attributes, but it is clear that other spatial geometric
objects, such as hyperellipses or hyperparallelepipeds, can
also be used as attributes (see discussion below). Let us
describe the essence of the algorithmic implementation of
training selection approximation by hyperellipse, which is
a further development of the concept of space
approximation by hyperspheres and in some cases allows
a simpler and more cost-saving description of the class
region to be achieved.

Let us assume again that a known -classification
training selection with the objects w; of type (1) is set in

the n -dimensional space. To simplify the algorithm step
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explanation, we assume that &k ={0,1}, i.e. the objects
may belong to the two classes, i.e. Hy or H; only. In

addition, we shall assume that a certain metrics (2) is set
in this space.

The initial stage will be the primary processing of the
training sample and the construction of two manifolds G

and Gy, which will contain the objects of selection of the
corresponding classes Hy, Hy,ie. w; €G;,if w; e H;.
Such distribution of the training selection objects is
necessary for the further construction of hyperellipses and
calculation of the minimum distance to the next class.
Having fixed, for example, a manifold H,, we shall
calculate for each object w; the following number d;,
that belongs to it:
(10

dpin(W;) = min d(wy,wy).
Wo &t
wieH,

Here d(wg,w;) is a distance between the points w
and w . In fact, the quantity d;,(w;) shall fix for each
object w; with H, a minimal distance to the neighboring
class Hj (i.e. to the nearest object of this class).

Recall that, by definition, an ellipse is the geometric
location of points, the sum of the distances from which to
two fixed points (foci) is a constant value. It is clear that it
is natural to take pairs of objects (vectors, points) from
the set H as the above foci.

After calculating the measure of distance between
each of the objects of the class H|, and the neighboring

class Hj, one has to sort and select all the pairs of points
(w;,w;) from this class, for which the following

inequality will be valid:

d(wi,a)+d(w;,a) <do(w;,w;).

an

Here (aeH;), and dg(w;,w;) = min ((w;,w;),a).
: acH,; ’

In fact, this inequality expresses the condition of the
ellipse. The quantity d,, characterizes the minimum

distance to the next class. All the pairs of points (w;, w;)
found will be selected in a special manifold £, having
additionally introduced the quantity r(w;,w;), ie. the

radius of the hyperellipse, which will be equal to
do(w;,w;)/2. Its division in half is carried out for the

reasons similar to the reasoning of the division of the
hypersphere radius in the previous algorithm. Note only
that all pairs of points (w;,w;) found must satisfy the

condition of the hyperellipse (11), in the right part of
which should be the value of its radius.

After performing the second stage, we obtain a
manifold E that will contain all possible hyperellipses
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actually describing the class H(. An important point here

is that none of them will contain points (objects) of
another class H;, but this approximation will not be

complete. That is, in contrast to the hypersphere
algorithm, in our case there may be points (objects) that
will not lie in the region of any of the hyperellipses of the
manifold £. It is clear that to a large extent this will be
the result of the complex arrangement of classes (images)
in space.

After the previous actions, we obtain an
approximation by the sequence of hyperellipses of the
manifold £ rom a given training selection. After that,
one has only to select the most effective description of the
class, i.e. to find among the elements of the manifold £
those that would provide the most optimal description of
the class H(. To ensure this condition fulfillment, it is

necessary to calculate for each hyperellipse its capacity
p;- This value for each hyperellipse will show the

number of objects with H ), the distance to which is less

than or equal to its radius.

It is clear that, knowing the capacities of each of the
hyperellipse of the manifold E, we can already select
that one for which this value will be the largest, and
therefore, carry out a partial approximation. Note only
that, in the terminology of the logical tree methods,
hyperellipse will already be some generalized attribute,
but covering (unambiguously classifying) a certain part of
the class H( only. That is, the process of construction

(selection) of further hyperellipses must be continued. To
do this, one has to remove from the class H those

objects W; that fall within the classification region of the

first generalized attribute found (it is clear that their
number is equal to the hyperellipse capacity). After that,
one may proceed to the next step, i.e. to select the next
best hyperellipse (generalized attribute), for which it is
necessary to return to the first stage of the algorithm.

This sequence of actions will be carried out until such
a sequence of hyperellipses is generated that completely
approximates the class H( (the number of steps of the
algorithm will coincide with their number). However, a
second option is possible, when such elements will belong
to the class H( from which it is impossible to construct

such hyperellipses that will not cover the objects of the
neighboring class H;. The appearance of such objects is

explained by the complex arrangement of -classes
(images) in space; and will result in classification failures
that require some other recognition algorithm to
recognize.

It is clear that after finding the sequence E of
hyperellipses that will cover the class H, the

hyperellipses are constructed in a similar manner to
approximate all other classes of training selection ( /; in

our case). The process of recognizing new objects in the
hyperellipse algorithm corresponds by its structure to the

same stage in the previous hypersphere algorithm. That is,
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each w; of the unknown classification that enters the

input of the recognition system should be checked
sequentially for compliance with the conditions of
hyperellipse. The condition of the test will be to verify the
fact that the distance between w; and the centers of the

hyperellipse should not exceed its radius. If w; is absorbed

by one of the hyperellipses, it will be assigned to a class
that approximates this hyperellipse. If none of the
conditions are met, an object of unknown classification
(failure) will be generated for the object w; .

The weakest point in such an algorithm scheme in
terms of time consumption is the construction of all
possible hyperellipses, which will simply be reduced to
the usual search. It is clear that in many cases a significant
part of them will be rejected at the stage of verification
either due to overlapping of the class area (incorrectness)
or due to relatively insignificant capacity values
(duplication of hyperellipses). A cardinal solution of this
problem is to find and select the so-called “boundary”
points and build a manifold £ of hyperellipses based on
them. Note only that the scheme of this process will be
considered in the following geometric algorithm of
hyperparallelepipeds, and can proceed in several stages.

It is clear that the relatively high cost of computing
capacity with constant each-step (cyclic) processing of the
training selection is also an important disadvantage of
such an algorithm scheme for constructing hyperellipses.
One of the possible solutions of this problem may be to
work only with those hyperellipses that are obtained at the
first step of the algorithm. The downside in this case is
that there is a high probability of non-optimal or
incomplete approximation of the training selection, first
of all, this is due to the fact that the elements of the
manifold £ do not vary with each step. It should be
emphasized that in the software implementation of real
recognition problems, it is important to find the middle
ground between the volume of calculations to elaborate
the resulting classification rule. That is, the choice of, for
example, the scheme of initial processing of the training
selection should depend, first of all, on its volume.

Also note that since the hypercsphere algorithm is a
partial case of the hyperellipse algorithm, that is, if the
hyperellips turns into a hypersphere, then the number of
hyperellipses will not exceed that of hyperspheres, which
approximate this class based on the hyperphere algorithm.
It does not follow from this that such an algorithm scheme
will always lead us to the desired coverage of the class
region (at least, by hyperspheres).

4 EXPERIMENTS

Note that the tree algorithm method uses one of the
four simple geometric recognition algorithms as the
attributes, i.e. the hypersphere algorithm, the hyperplane
algorithm, the hyperellipse algorithm and the
hyperparallelepiped algorithm. Their operation principle
is to approximate the training selection by appropriate
geometric objects [11]. The result of each of these
algorithms is one or more generalized attribute(s)
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(corresponding geometric objects), which describe a
certain part of the training selection. Moreover, there may
be the cases when the algorithm fails to construct a
generalized attribute due to the complex arrangement of
classes in the n-dimensional space. It is also possible that
the constructed attributes do not approximate fully the
selection (objects that do not fall under this approximated
region are called classification failures).

Let a training selection of 2.000 elements be the only
information about the nature of the manifold M partition
into the classes H;. Note that here we deal with the

objects w; described by three attributes and grouped into

the four classes. So, the problem is to distribute objects of
unknown classification over one of four classes. The
presented selection contains the data of chemical analysis
of the diesel fuel content (the task of assessing the quality
of fuel) in a simplified version (the number of attributes is
reduced from fifteen to three) to demonstrate the very
concept of the algorithmic tree. Note that in this case
there is no test sample, i.e. we will not assess the
efficiency of the constructed system, but will only
approximate the data with a set of generalized attributes
(algorithms).

At the first stage, we shall assess the efficiency of
each of the algorithms, on the basis of which the general
classification scheme will be built, with respect to the
initial training selection (Table 1).

Table 1 — Assessment of the efficiency of elementary
geometric algorithms for classifying discrete objects with
respect to the initial selection

Class number Class 1 Class 2 Class 3 Class 4
Algorithm type
Hypersphere 0/32 0/16 0/18 0/11
algorithm
Hyperellipse 0/12 2/4 0/10 15/3
algorithm
Hyperparallelepi- 0/6 1/5 0/7 9/6
ped algorithm
Hyperplane 21/9 14/6 0/2 12/6
algorithm

The cells present the efficiency of each of the
algorithms with respect to the classes of the initial
training selection. The first number is responsible for the
quantity of objects that are denied in classification by the
appropriate algorithm, and the second one is responsible
for that of generalized attributes (geometric objects),
which approximate the corresponding selection class.
Depending on the initial choice of the algorithm as the
recognition tree vertex, the process of constructing the
resulting classification scheme can be completed with a
different number of steps. Possible classification scheme
is presented in (Fig. 1).

It can be seen from Table 1 that the efficiency of all
the algorithms, except for the hyperplane one, with
respect to the Class 1 is 100%, so it can be applied to any
algorithm (of course, except for the hyperplane
algorithm). At any further stages of recognition scheme
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construction, this algorithm is selected again, and it has
been proven to be the most efficient and economical one
with respect to all other classes of the initial selection. In
addition, each of the generalized attributes generated by it
represents the coordinates of the center of the hypersphere
and its radius and requires a minimum amount of memory
for its storage.

Training selection

Class 1

('I:|:-.-1 / Sy
¥ Complete scheme
Figure 1 — Example of RS constructed

The recognition scheme (Fig. 1) is built of algorithms,
the efficiency of which was evaluated with respect to the
number of generalized attributes, which they use to
describe the training selection. Thus, two algorithms were
used to approximate the Class I: first, the hyperplane

algorithm had constructed the GA Sll , which described it
only partially. At the second stage, the hyperparallelepiped

algorithm is applied, i.e. the attributes Plz and Pl3 that

finally completed the recognition of this class. At the
following stages of recognition the hypersphere (attributes

K %,K 22,]{ };,K f ) and the hyperplane algorithms (attribute

S%) are again applied. Note that in order to build this

scheme three different recognition algorithms are used not
directly affecting each other's operation. That is,
completely different in principle and ideology algorithms
could be applied instead of them, allowing one to
construct a recognition scheme with arbitrary complexity
and efficiency. Only the efficiency of each of them for a
fixed selection and the information capacity of the
generalized attributes generated by them are important.
That is, the tree method operates with ready-made
(constructed) attributes only, and it may not be interested
in what algorithm or method they were obtained.

This recognition scheme is constructed on the basis of
a logical tree method and can be represented as a certain
algorithmic scheme (operator) built by some algorithm to
minimize or maximize the corresponding functionality,
based on which the importance of the attribute, group of
attributes or the efficiency of the recognition algorithm
uniquely related to classification errors are assessed (it
crosses the method of attribute branched selection).

Note that the tree method based on the input (training
selection) data and the range of algorithms for generalized
attributes stored in its library constructs (generates) a
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certain scheme optimal by memory costs (complexity)
and recognition efficiency (system). Under the scheme in
this case we mean a set of numerical parameters for
elementary attributes that best approximate the initial data
array [14] (meaning the definition of the decisive scheme
and the 1. Vitenko’s generalized attribute). Thus, in our
case, the arguments of the constructed recognition scheme
are the class attributes (hypercoils, hyperellips, etc.) or
interclass attributes (hyperplanes). The parameters of the
specified attributes and the general structure of the system
(scheme) are stored in the computer memory.

Each of the schemes constructed by the tree method
will be a general recognition system that can be used for
practical work (processing large arrays of experimental
data in the form of data arrays). Note also that the
resulting scheme will be to some extent a new recognition
algorithm (of course, synthesized from known algorithms
and methods). In addition, for these classification systems
it is not necessary to store in the computer memory the
objects of selection on which it was constructed, i.e. large
information arrays. The latter, in turn, leads to the fact
that the process of constructing recognition system based
on the tree method is largely similar to the process of
information  compression  (meaning methods  of
information compression with losses) or encoding.

5 RESULTS

Thus, based on the classification tree method and
modularity principle, Uzhhorod National University has
developed a software package Orion III to generate
autonomous recognition systems. The algorithmic library
of this system has 11 recognition algorithms, among
which are the geometric algorithmic implementations
suggested above. This system allows other autonomous
algorithms to be connected given the provision of the data
exchange interface with the module for generating
recognition schemes (the open architecture principle).
Due to the use of external algorithms, which can be based
on arbitrary concepts, a high versatility of the software for
a wide range of recognition tasks is provided. Note also
that the system allows generation of autonomous
recognition systems in two modes — the automatic (with a
step-by-step assessment of the efficiency of a set of
algorithms with respect to the training selection) and
interactive (choice of vertices and algorithms of the
algorithmic tree depend on the operator) ones. This
approach provides to a great extent high versatility in
solving application tasks (it shifts responsibility to the
implementation of an autonomous recognition algorithm),
requires less attention to the task specifics (interpretation
of attributes), and, on the other hand, imposes high
requirements on the completeness and adequacy (quality)
of training selections.

The principal task here was to construct an
autonomous recognition system based on geological data
(the problem of oil-bearing bed separation). The
mathematical model of recognition objects in this case is
presented in the form of attributes of the x;,x;,...,x, -
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sets. Their following main properties were used to
recognize objects (12 basic elementary attributes and 10
additional ones):

— bed thickness;

— clay solution resistance;

—resistance p; on the standard potential probe;

—resistance on the gradient probes at the lateral
logging sounding with the 4, =0.5 m size;

—resistance on the gradient probes at the lateral
logging sounding with the 4, =1 m size;

—resistance on the gradient probes at the lateral
logging sounding with the 4, =2 m size;

—resistance on the gradient probes at the lateral
logging sounding with the 4; =4 m size;

—resistance on the gradient probes at the lateral
logging sounding with the 4, =8 m size;

— inverse probe;

—rock resistance;

— well diameter;

— clay cake thickness.

The training sample provides information about the
objects of two classes (the oil-bearing bed class and the
water-bearing bed class). At the stage of examination, the
constructed classification system should ensure effective
recognition of objects of unknown classification with
respect to these two classes. Before starting work, the
training selection was automatically checked for
correctness (searching and deleting the same objects of
different belonging, i.e. the first-kind errors), although the
system has implemented a scheme for additional training
and error correction in the classification tree (the ATEC
algorithm), since generation took place automatically,
then this algorithm was not used.

Note that the training selection consisted of 1.250
objects (of which 756 were the oil-bearing ones), and the
efficiency of the constructed recognition system was
assessed on a test sample of 240 objects. The data from
training and test selections were obtained on the basis of
geological exploration in the Transcarpathian region during
the period from 2001 to 2013. The methods of training
selection approximation on the basis of hyperspheres and
hyperellipses were used as the fixed algorithms (only
geometric algorithms were selected from the library, and
their algorithmic schemes were described above). The test
use of a set of other library algorithms provided generation
of an algorithmic tree of much greater complexity. It
should also be noted that increasing of the set of algorithms
negatively affects the total generation time of the system
(in automatic mode) due to their step-by-step assessment
with respect to the training selection.

Also, the resulting number of generalized features was

18 per 756 objects of the oil-bearing bed class and 22 per
The

constructed autonomous classification system is based on

494 objects of the water-bearing bed class.

the recognition scheme presented in Fig. 2.
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Note that if one assesses the efficiency (with respect to
compression — the description of the training selection
data) of the constructed scheme of the system of discrete

object classification by the formula p:IOO—(IOO-&)
m

and amounted to 96.8%.
Note that this recognition system was constructed for

two different configurations:
1) (Conf No. 1 Intel 15 8500 / Ram 8GB);
2) (Conf No. 2 AMD FX8370 / Ram 16GB).

I'raining selection — 1,250

Hyperellipse algorithm

Construction time: 368 s
Number of GAs: 10

Oil-bearing beds

Construction time: 286 s, Hypersphere algorithm

| Number of GAs: 8
Oil-bearing beds

o " " ——— »!

Construction time: 382 s Hyperellipse algorithm

Number of GAs: 13

Hypersphere algorithm Water-bearing beds
Construetion time: 301 s,

Number of GAs: 9

o Water-bearing beds
Classification failures

Total construction time: 1,337 5.
Total number of GAs: 40

Figure 2 — The layout of the RS constructed on the basis of
geological data

The whole process took 1.586 seconds and 1.337
seconds, respectively, what is largely due to the increase
in the processor frequencies, disk subsystem speed and
assembler optimization.

Note also that the hyperplane and hyperparallelepiped
algorithms appeared not very suitable for this recognition
system, since they 'refused' to work on this array of
geological data (training selection). It should also be
noted that the hyperellipse algorithm 'failed' to perform a
complete approximation of the class regions, and was
used in conjunction with another algorithm to simplify the
resulting recognition scheme. At the stage of evaluating
the effectiveness of the system constructed, 221 of 240
objects of the test sample were successfully classified (5
objects were denied classification). This pretty good result
(certainly, 1250 objects are not enough to build a normal
highly efficient classification system volume) is mainly
due to the use of the hypersphere algorithm to
approximate the training selection. This allowed one to
ensure effective separation of the class region even at an
incomplete (inadequate) selection due to increasing the
number of generalized features.

6 DISCUSSION
Note that the structure of the algorithm tree con-
structed within this work (the ACT model) operates only
with ready-made (constructed) sets of generalized attrib-
utes (elementary geometric classification algorithms), and
it may not be interested in any general algorithm or

© Povkhan . F., Mitsa O. V., Mulesa O. Y., Melnyk O. O., 2021
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method (scheme, rule, method) they are obtained, and
each of the schemes constructed by the algorithmic tree
method will be a general recognition system that can be
used for practical work (processing large arrays of ex-
perimental data in the form of discrete sets of arbitrary
nature). An important point is that the resulting classifica-
tion scheme (tree of algorithms) will be to some extent a
new recognition algorithm (of course, synthesized from
known algorithms and methods), and the resulting ACT
structure (new classification scheme) is characterized by
high versatility with respect to the application and rela-
tively compact structure of the model itself (within the
scope of the problem presented in the work, the GA sets
of only two types were used). However, the ACT struc-
ture requires relatively high hardware costs for storing the
generalized attributes (or their sets) and the initial assess-
ment of the quality of classification algorithms according
to TS. Moreover, the ACT models, in comparison with
the LCT structures, have a high-speed classification rules,
comparable hardware costs for storage and operation of
the tree structure and high quality of classification.

CONCLUSIONS

New simple algorithmic implementations for
approximating an array of geological data by a set of
generalized features (elementary geometric algorithms of
algorithms) have been suggested in this paper. The ACT
structure is a graph-schematic structure with a dimension
of 40 generalized attributes and generation time of 1.337
seconds, and for the tree synthesis two eclementary
geometric algorithms have been used.

An approach to the synthesis of new recognition
algorithms based on a library (set) of already known
algorithms and methods has been developed. That is, an
effective scheme for recognizing discrete objects based on
the tree method is presented with a step-by-step
assessment and selection of generalized features at each
step of the scheme synthesis. The efficiency of the
developed discrete  object classification scheme
(geological data) was 96%.

The scientific novelty of the obtained results is based
on the fact that the proposed method of the ACT struc-
tures on the basis of a set of autonomous recognition and
classification algorithms assessment and ranking for gen-
erating the classification tree structure (the ACT model).
Moreover, at each step of the classification tree branching
a certain part of the TS (or its submanifold) is approxi-
mated.

The practical value of the obtained results is that the
method of constructing the ACT models (the LCT/ACT
structure) was implemented in the library of algorithms of
the universal software system ORION III to solve various
practical classification (recognition) problems for differ-
ent arrays of discrete objects. The practical tests con-
firmed the efficiency of mathematical software, proposed
ACT models and developed software that allows one to
make recommendations on the use of this approach (the
algorithm tree models) and its software implementation
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for a wide range of applications for discrete object classi-
fication and recognition.

Prospects for further research may be directed to-

wards the development of algorithmic classification trees
methods, i.e. the methods of cutting-off and minimizing
the ACT structures, optimizing software implementations
of the ACT construction method, as well as its practical
testing on the manifold of real classification and recogni-
tion problems.
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3AJAYA AITPOKCUMAIIIT MACUBY TUCKPETHUX JAHUX HABOPOM EJJEMEHTAPHUX TEOMETPHUYHHX
AJI'OPUTMIB

IoBxan I. ®. — 1-p TexH. HAYK, JOLCHT, TOLEHT Kadeapu nporpamuoro 3abezneuenns cucreM JIBH3 Yikropoacekuii HartioHa-
JIBHUH yHIBEpCUTET, M. YXKropon, YkpaiHa.

Mina O. B. — 1-p TexH. HayK, IOIEHT, 3aB. Kadeapu iHGopMaiiHUX yIpaBIsIounx cucreM i rexuoinoriid. IBH3 Yxroponcekuii
HAI[lOHAJBbHUHN YHIBEPCHUTET, M. YIKropoJ, YKpaiHa.

Myneca O. FO. — n-p TexH. HayK, JOICHT, TOUEHT Kadeapu kibepHeTHKU Ta mpukiagHoi matematuku JIBH3 Vikropoacekuii
HaliOHAJBbHUN YHIBEPCUTET, M. YKropoz, YKpaiHa.

MeabHuk O. O. — KaHJ. TeXH. HayK, AOLEHT, IOLUEHT Kadeapu nporpamHoro 3adesneueHus cucrteMm JBH3 Yxropoacekuii Ha-
LIOHANBHUHA YHIBEPCUTET, M. Y KTopoa, YKpaiHa.

AHOTAIIA

AKTyanbHicTb. B po6oTi po3B’si3aHa 3a/a4a anpoKCHMMallil MaCHBY IHCKPETHUX JAaHUX HaOOPOM €JIEMEHTapHUX T€OMETPUYHUX
QITOPHUTMIB 1 IIPEICTABICHHS MOOYI0BAaHOI MOZEI PO3Mi3HABAHHS y BHUIJISII alTOPUTMIYHOTO AepeBa kiacudikamnii. O6‘exToM na-
HOTO JIOCJII/DKEHHS € KOHIICTIis JiepeBa Kiacuikallil y BULIISL JepeBa anroputMis. [IpenmMeToM NOCIiKEHHS € aKTyallbHI MOJIEN,
METOIM, AITOPUTMH Ta CXEMH MOOYIOBH PI3HOTHITHHUX AepeB Kiacudikariii.

Meta. Metoro naHoi poOOTH € CTBOPEHHS MPOCTOro Ta €(heKTUBHOTO METOLY Ta alrOPUTMIUHOT CXeMH MOOYA0BU ASPEBONOAI0-
HUX MOJIe/iel po3Mi3HaBaHHs Ta Kiacudikalil Ha OCHOBI JiepeB ajJropuTMIB AJIs HAaBYaJBHUX BHOIPOK JUCKPETHOI iHpopMaril Beau-
KOTO 00°‘eMy, KU XapaKTepPHU3YETHCS MOIYJIBHOIO CTPYKTYPOIO 3 HE3aJCKHHUX AITOPUTMIB PO3Mi3HABAaHHS OLIHEHMX Ha OCHOBI Ja-
HHX TI0YaTKOBOT HAYAJIbHOI BUOIPKH IS IIMPOKOTO CIEKTPY HPHUKIAIHUX 331a4.

Merton. IIpononyeThest cxeMa cuHTE3y JAepeB Kiacugikamii (IepeB anropUTMiB) Ha OCHOBI allpOKCHUMAIlil MAacuBY JaHHX Habo-
POM eJIEeMEHTapHUX T'€OMETPUYHHUX aJITOPUTMIB, sIKa JUIS 3aJJaHOi OYAaTKOBOI HABYAIBEHOI BHOIPKY JIOBUIEHOTO po3Mipy Oymye nepe-
BonoiOHy cTpyKTypy (Mozens AJIK), sika ckiagaeTbesi 3 HAOOPY aBTOHOMHHUX alTOPUTMIB Kiacu(ikaiii Ta po3ni3HaBaHHS OLliHe-
HUX Ha KOXXHOMY Kpoiti, etami modymoBu AJIK 3a 1aHOK0 Mo4aTKOBOK BHOIpKO. Po3pobiieHuii MeTon mo0y10BH aIrOPUTMIYHOTO
nepeBa kiacudikaiii OCHOBHA i/ies SIKOTO IOJIsIrae B 110 KPOKOBIH anpoKcuMallii HauaabHOi BUOIPKHU TOBUTBHOTO 00°€My Ta CTPYKTY-
pu HaOOPOM €JIEMEHTAPHUX I'€OMETPUYHMX anroputMiB kiaacudikauii. Januit meton mpu ¢GpopMyBaHHI MOTOYHOI BEpLIMHH AepeBa
AITOPUTMIB, By371a, y3aralbHEHOI O3HAKH, 3a0e3neduye BUAUICHHS HAHOUTbII e(heKTHBHUX, SKICHUX E€IEMEHTapHUX AITOPUTMIB KiIa-
cudikamii 3 mogaTkoBOro Habopy Ta 10O0YyAOBY JHIIE THX HNIIAXiB B cTpyKTypi AJIK e BimOyBaeTbcss HAWOUIbIIA KUTBKICTh TIOMUIIOK
kiacuikamii. Po3pobiena cxema cuHTe3y pe3ybTyIO4oro aepeBa kinacugikanii, Mmozxeni AJIK mo3Boisie 3HaUHO CKOPOTUTH PO3MIp
Ta CKIamHICTh JiepeBa. CTPYKTypHa CKIAAHICTh KOHCTPYKIil AJIK omiHIO€ThCS HA OCHOBI KUTBKOCTI TIEPEXO/iB, BEPIIMH Ta SpycCiB
crpykrypu AJIK, 1110 103BOJISIE MTIABUIIUTH SIKICTh HOTO HACTYITHOTO aHANi3y, 3a0e3NeYnTH e()eKTUBHUI MEXaHi3M JEKOMITO3HLIT, Ta
oynyBaru ctpykrypu AJIK B yMoBax ¢ikcoBaHMX Ha0OPiB 0OMeKeHb. MeTO1 CHHTE3Y JEePEB AITOPUTMIB JT03BOJISIE Oy IyBaTH Pi3HO-
THIHI JepeBOoAiOHI MOl pO3Mi3HaBaHHsI 3 PI3HUMH MMOYATKOBUMHU HaOOpaMu efleMeHTapHuX Kinacu(ikaTopiB 3 Hamepe, 3a1aHoI0
TOYHICTIO /IS IIHPOKOTO KIIACy 3a/1a4 Teopii MITYyYHOTO iHTEICKTY.

PesyabTaTtu. Po3pobnenuii Ta mpencraBieHui B gaHiil poOOTi METO anmpoKcHManii TUCKPETHUX HaBYAIBHUX BUOIPOK HAOOpOM
CJIIEMEHTapHUX T€OMETPUYHUX aNTOPUTMIB OTPUMAB MPOTpaMHy peati3alilo Ta OyB JOCITIHKEHHUH 1 MOPIBHIHUI 3 METOAMH JIOTid-
HUX JAepeB Kiracugikamii Ha OCHOBI CeJIeKIii eleMeHTapHUX O3HAK IIPH PO3B’S3Ky 3a/adi PO3Ii3HABAHHS PEAbHUX JaHUX Te0JIoTid-
HOT'O THILY.

BucnoBku. [IpoBeneni B naniii poOOTi 3arajbHUil aHaI3 Ta EKCIICPUMEHTH IMiATBEPANIN MPaIe3AaTHICTh PO3POOICHOTO Mexa-
Hi3My NOOYIOBU CTPYKTYp J€PEB AITOPUTMIB Ta IMOKAa3yIOTh MOXIIMBICTh HOTO IEPCHEKTUBHOIO BUKOPUCTAHHS IJIsl PO3B SI3KY LIH-
POKOT0 CIEKTPY MPaKTHUYHUX 3a7ad po3mi3HaBaHHs Ta Kiacudikauii. [TepcriekTHBH moganbUIMX JOCTIIPKEHb Ta anpobamiii MOXyTh
HOJISATaTH B CTBOPEHHI METO/(IB aJrOPUTMIYHOrO JepeBa Kiacu(ikamii iHIIKMX TUIIB 3 IHIIUMU TOYaTKOBUMHU HabopaMu elieMeHTap-
HUX Kiacu(ikaTopiB, ONTUMIi3amii HOro MporpaMHHUX peai3alliif, a TaKOX EKCIICPUMEHTATbHUAX TOCTIHKEHHIX AaHOTO METOAY Ha
OUTBII ITUPOKOMY KOJIi MPAKTUYHUX 3a/1a4.
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3AJAYA ATIMPOKCUMALIUU MACCHUBA JUCKPETHBIX JAHHBIX HABOPOM 3JIEMEHTAPHBIX
IF'EOMETPUYECKHX AJITOPUTMOB

Moxan U. ®@. — 1-p TexH. HayK, AOLEHT, HOLEHT Kadeapsl mporpaMMHOro obdecriedenust cucreM I'BY3 Vikroponckuit Hamuo-
HaJIbHBII YHUBEPCUTET, I'. YIKIopoJl, YKpauHa.

Mumna A. B. — 1-p TexH. HayK, JOLEHT, 3aB. Kadeapsl HHGOPMALMOHHBIX YIPABISIOIINX cucTeM U TexHosoruii ' BY3 Vikropon-
CKMI HallUOHAJIbHBIA YHUBEPCUTET, I'. YKIropos, YKpauHa.

Myueca O. FO. — 1-p TexH. HayK, TOLEHT, TOUCHT Kadeapbl KNOSPHETHKH U MPUKIaAHOi Matematnku [ BY3 Vikropoackuii Ha-
LIMOHAJILHBIN YHUBEPCUTET, I'. YKropoJ, YKpauHa.

Measnuk E. A. — kaHA. TeXH. HayK, JIOLEHT, TOLUEHT Kadeapsl mporpaMMHOro obecneuenns cucteMm ['BY3 Yxropoackuit Ha-
LIUOHAJIbHBII YHUBEPCUTET, I. Y3KIopoJ, YKpauHa.

AHHOTAIUSA

AKTyanbHOCTh. B pabote perrena 3ajaya annpoKCHMaluy MacCHBa JUCKPETHBIX JAHHBIX HAOOPOM DJIEMEHTApHBIX T'€OMETpPH-
YeCKHUX aJTOPUTMOB U ITIPEICTaBICHUS ITOCTPOCHHON MOJENHM PACIO3HABAHUSA B BHUIE aJrOPUTMUYECKOTO JepeBa KIacCH(HKALMH.
OOBEKTOM JJaHHOTO MCCIIEIOBAHUS SABIISETCA KOHLETIINS JePEeBbeB KiacCH(pUKaLUK B BUAE AepeBa aaropurMos. [IpexmeroM uccie-
JOBAaHUSI SBIISIOTCS aKTyalIbHBIE MOJEIIH, METO/BI, AITOPHTMBI M CXEMBI IOCTPOCHHS Pa3HOTUITHBIX A€PEBBEB KIIaCCH(DUKALIUH.

Heas. Lensio nanHoi paboTHI SIBISETCS CO3MaHKUE MPOCTOrO M 3()(HEKTHBHOTO METOA U AITOPUTMUIECKOH CXEMbI IOCTPOCHHS
JIPEBOBHIHBIX MOJIENIeH PacIio3HaBaHKS U KIACCU(UKAIUK HAa OCHOBE JAEPEBHEB AITOPUTMOB JUIS O0YYAIONIUX BEIOOPOK JHCKPETHON
napopmarmu Gonbioro oobsema. [Ipudem oHHM XapakTepu3yeTcsi MOIYJILHOM CTPYKTYPOH M3 HE3aBUCHMBIX alTOPHTMOB pacHo3Ha-
BaHUsI, OLICHEHHBIX Ha OCHOBE JJAHHBIX HAYaJIbHOW 00yuJaromieil BEIOOPKH ISl IMPOKOTO CIICKTPa IMPHUKIAIHBIX 33/1a4.

Merton. IIpenaraercs cxema CHHTE3a JIepeBbeB KiIacCH(HKAIMU (IepPEBbEB aITOPUTMOB) HA OCHOBE alIIPOKCUMAIMN MAcCHBa
JAHHBIX HaOOPOM 3JIEMEHTapHBIX T'€OMETPUYECKUX aITOPUTMOB, KOTOpas IS 3aJaHHON MCXOIHOH oOyuarommeil BBIOOPKH MPOM3-
BOJILHOTO pa3Mepa CTPOHT APEBOBUAHYIO cTpyKTypa (Mozens AJIK), KoTopas cocTOMT U3 Habopa aBTOHOMHBIX aJTOPUTMOB KJIACCH-
(¢uKanyy M pacrlo3HaBaHUs, OICHEHHBIX Ha KaxaoM dtane noctpoeHus AJIK mo maHHO# mcxomHoi BeiOopke. Paspaboran meron
TIOCTPOCHUS aTOPUTMHUYECKOTO JAepeBa KIAacCH(pUKAIUK OCHOBHAS HAEs] KOTOPOTO 3aKIIOYaeTCs B MO MIArOBOH ammpOKCHMAINU
HavyaJIbHOU BHIOOPKH MPOU3BOIBEHOTO 00BbEMa U CTPYKTYPHI Ha0OPOM 3JIEMEHTapHEIX TeOMETPHIECKIX aIrOPUTMOB KIaCCH(HUKAIHN.
Jannb1ii MeTox npy GopMHUPOBAaHUN TEKyINEH BEPIIMHBI lepeBa aJrOpPUTMOB, y3l1a, 0000IIEHHOTO MpU3HAKa, 00EeCIIeYnBaeT BhIIe-
nenue HanbOoiee (P(HEKTUBHBIX, KAUECTBEHHBIX AJIEMEHTAPHBIX AITOPHUTMOB KJIACCH(UKAIUK U3 HAYAIBHOTO Habopa M JOCTPOUKY
TOJIBKO TeX myTeit B cTpyktype AJIK rae nmpoucxoaut HanboJbllee KOMUISCTBO OMIMOOK Kiaccuukamnuu. Pazpaborana cxema CHH-
Te3a pe3yNbTHpYIOLIero JnepeBa knaccudukanmu, moaenu AJIK mo3BoiisieT 3HAYUTENIBHO COKPATHTh pa3Mep U CIOXKHOCTh JiepeBa.
CTpyKTypHas CJI0)KHOCTh KOHCTpYKUuH AJIK oneHMBaeTCsl HA OCHOBE KOJMYECTBA MEPEXO0B, BEPLIMH U sIpycoB cTpyKTypbl AJIK,
YTO MO3BOJISAET MOBBICUTH KAYECTBO €ro MOCIEAYIOIIero aHamu3a, ooecnednts 3p(GEeKTUBHBIA MEXaHU3M JICKOMIIO3UIIMH, U CTPOUTH
cTpykTypsl AIIK B ycnoBusx (UKCHPOBAaHHBIX HAOOPOB OrpaHHUYECHUH. MeToj cHHTEe3a JEepPEeBLEB ANTOPHUTMOB IO3BOJISIET CTPOHUTH
Pa3HOTHUIIHBIE APEBOBUAHBIE MOJEIH PACHO3HABAHMS C PA3TMYHBIMH HAYaIbHBIMH HA0OpaMH >IEMEHTapHBIX KJIACCH(PHUKATOPOB C
3apaHee 3aJaHHOH TOYHOCTBIO ISl IIMPOKOTO Kiacca 3a1a4 TEOPHU HCKYCCTBEHHOTO MHTEIUICKTA.

Pe3yabTartsl. PazpaboTanHblil 1 IpeCcTaBICHHBIA B JaHHOW paboTe METO alIpOKCUMAIIMHU TUCKPETHBIX 00yJaromuX BEIOOPOK
HabOPOM 3JIEeMEHTapHBIX TEOMETPUUECKUX AITOPUTMOB IOy IPOrPAMMHYIO pean3aliio U ObUT MCCIIEIOBAH U CPaBHEH C METO-
JIaMH JIOTHYECKHX JIEPEBbEB KIACCU(PUKAINN HAa OCHOBE CEJICKIIMH JIEMEHTAPHBIX PU3HAKOB IIPU PELICHNH 3aJa4l PACIIO3HaBaHUS
peanbHBIX JaHHBIX T€0JIOTMYECKOTO THIIA.

BoiBoabl. [IpoBeneHHbIe B 1aHHOM paboTe 00l aHAIN3 U HKCIIEPUMEHTHI TOATBEPANIN PaOOTOCIOCOOHOCTh pa3paboTaHHOTO
MEXaHU3Ma MOCTPOCHUSI CTPYKTYP AEPEBHEB ANTOPHUTMOB U MOKAa3bIBAIOT BO3MOXHOCTH €r0 MEPCHEKTUBHOTO HCIIONB30BAHUS IS
pelIeHns MUPOKOTO CHEKTpa MPAKTHUECKUX 33/1a4 PACIIO3HABAHUS U Kiaccu(UKauy. IlepcreKTHBE JaTbHEHIINX HCCISAOBAHIN 1
anpodanuii MOTyT 3aKJIIOYaThCs B IOCTPOSHHU METOJOB AITOPUTMHUYECKOTO JiepeBa KIacCH(HKAIMU IPYTUX TUIOB C JPYTHMH Ha-
YaJbHBIMA HaOOpaMU 3JIEMEHTapHBIX KIaCCH(HKATOPOB, ONTUMU3AIUH €T0 IPOTPaMMHBIX pealH3alnii, a TakKe 3KCIePHMEHTAIb-
HBIX HCCJIEJIOBAHUSIX JTAaHHOTO METO/Ia B OoJiee MIMPOKOM CIIEKTPE IMPaKTHYECKUX 3aad.

KJIFOUEBBIE CJIOBA: anropurMudeckoe 1epeBo KilacCu(pHKaIMK, paclio3HaBaHus 00pa3oB, KIacCU(PHKALKs, AITOPUTM
Ki1acCH(UKALNK, KPUTEPUH BETBICHUS, TCOMETPUUECKUI aITOPUTM.
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AN INTELLIGENT MODEL BASED ON DEEP TRANSFER LEARNING
FOR DETECTING ANOMALIES IN CYBER-PHYSICAL SYSTEMS

Sukhostat L. V. — PhD, Associate Professor, Institute of Information Technology, Azerbaijan National Academy of
Sciences, Baku, Azerbaijan.

ABSTRACT

Context. The problem of detecting anomalies from signals of cyber-physical systems based on spectrogram and scalogram im-
ages is considered. The object of the research is complex industrial equipment with heterogeneous sensory systems of different na-
ture.

Objective. The goal of the work is the development of a method for signal anomalies detection based on transfer learning with
the extreme gradient boosting algorithm.

Method. An approach based on transfer learning and the extreme gradient boosting algorithm, developed for detecting anomalies
in acoustic signals of cyber-physical systems, is proposed. Little research has been done in this area, and therefore various pre-trained
deep neural model architectures have been studied to improve anomaly detection. Transfer learning uses weights from a deep neural
model, pre-trained on a large dataset, and can be applied to a small dataset to provide convergence without overfitting. The classic
approach to this problem usually involves signal processing techniques that extract valuable information from sensor data. This paper
performs an anomaly detection task using a deep learning architecture to work with acoustic signals that are preprocessed to produce
a spectrogram and scalogram. The SPOCU activation function was considered to improve the accuracy of the proposed approach.
The extreme gradient boosting algorithm was used because it has high performance and requires little computational resources during

the training phase. This algorithm can significantly improve the detection of anomalies in industrial equipment signals.
Results. The developed approach is implemented in software and evaluated for the anomaly detection task in acoustic signals of

cyber-physical systems on the MIMII dataset.

Conclusions. The conducted experiments have confirmed the efficiency of the proposed approach and allow recommending it for
practical use in diagnosing the state of industrial equipment. Prospects for further research may lie in the application of ensemble
approaches based on transfer learning to various real datasets to improve the performance and fault-tolerance of cyber-physical sys-

tems.

KEYWORDS: anomaly detection, acoustic signal, transfer learning, spectrogram, scalogram, cyber-physical system.

ABBREVIATIONS

XGBoost is an extreme gradient boosting;

AUC is the area under the receiver operating charac-
teristic curve;

CPS is a cyber-physical system;

SPOCU is a scaled polynomial constant unit;

PCA is a principal component analysis;

MIMII is a malfunctioning industrial machine investi-
gation and inspection;

LOF is a local factor outlier;

GMM is a Gaussian mixture model;

OC-SVM is a one-class support vector machine;

STFT is a short-time Fourier transform;

CNN is a convolutional neural network.

NOMENCLATURE
v is the minimum loss reduction needed for splitting;
A is a regularization term;
X is a time-frequency signal representation;
F is the number of frequency bins;
T is the time dimension;
Xj is a signal block;
| is the length of the feature vector;
o is a window function;
®O(m,7) is the Fourier transform;
v is the loss value of the XGBoost algorithm;
G(X) is an activation function;
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Y; is an objective optimization function;
K is the number of decision trees;
¢y 1s an independent tree with leaf scores,

@ is the space of the regression tree;
Q is a regularization term.

INTRODUCTION

An abnormal state of a cyber-physical system (CPS)
can be caused by faulty components, temporary failures,
misconfiguration, cyberattacks, or their combination [1,
2]. An adversary intervenes in CPS to manipulate the
readings of sensors or actuators, leading to abnormal sys-
tem operation.

Anomaly detection in an industrial scenario is essen-
tial because undetected failures can lead to critical dam-
age. Early detection of anomalies can improve the reli-
ability of fault-prone industrial equipment and reduce
operating and maintenance costs.

The development of Industry 4.0 has led to new tech-
nologies for efficient and reliable monitoring of such sys-
tems. Thus, modern CPSs include devices that form a
multi-sensor configuration. These systems simplify the
data collection process, resulting in the availability of
large datasets. Consequently, there has been an increase in
the development of data mining methods for detecting
anomalies [3].



e-ISSN 1607-3274 PapioenexrpoHika, inpopmaTuka, ynpasminas. 2021. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 3

The classical approach to such problems usually in-
volves signal processing techniques that extract useful
information from sensor data.

The object of study is complex industrial equipment
with heterogeneous sensory systems of various nature.
For this purpose, preliminary data processing is required
to extract the most informative features [4]. It is usually a
very time-consuming task that requires expert knowledge.

The subject of study is methods for detecting anoma-
lies in industrial equipment signals based on transfer
learning. Images of signal spectrogram and scalogram are
reviewed for a more accurate classification of equipment
failures. The SPOCU (scaled polynomial constant unit)
activation function [5] is considered to improve the accu-
racy of the proposed approach. The XGBoost algorithm is
applied because it has high performance and requires little
computational resources at the training stage.

The purpose of the work is to use transfer learning in
combination with the XGBoost algorithm to improve the
accuracy of detecting an abnormal state from acoustic
signals of CPS.

1 PROBLEM STATEMENT
Suppose we are given an acoustic signal that has a

time-frequency representation X € RET , where T is the
time dimension, and F is the number of frequency bins.
For a given signal dataset, it is necessary to find the func-
tion F:X — R such that F(X) is higher for abnormal
samples than for normal operation recordings. The acous-
tic signal is split into fragments using a sliding window
X € R‘th
| -dimensional feature vector using a feature extractor for
each Xj. A pre-trained deep neural network is considered

(t<T). Here it is proposed to extract the

a feature extractor. Then some anomaly detection algo-
rithm F is trained on all features from the fragments of

the dataset A ={X;eRTT}IL,.

2 REVIEW OF THE LITERATURE

The detection of anomalies in industrial equipment is
becoming an important area of research. The difficulty
here is to obtain information from several sensors that
differ in their specific acoustic properties [6]. Researchers
propose new methods and expand existing algorithms for
detecting industrial equipment faults [6—13].

Morita et al. [7] proposed principal component analysis
(PCA) with local factor outlier (LOF) and Gaussian mix-
ture model (GMM) to detect abnormal sounds in the pres-
ence of limited computing resources and a small dataset.

Paper [8] described an approach that combines pre-
trained OpenL3 embeddings with the reconstruction error
of an interpolation autoencoder using GMM as the final
predictor. The parameters were set individually for each
machine using the results from the development set.

Michau and Fink [9] developed an architecture for
learning a meaningful and sparse representation of high-
frequency signals. They combined both the wavelets the-
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ory and deep learning for classification and anomaly de-
tection tasks.

The application of autoencoder deep learning architec-
tures for unsupervised acoustic anomaly detection based
on Dense and convolutional neural networks (CNN) was
considered in [10]. The energy features of the mel-
spectrogram were extracted from the raw sounds. Several
preliminary experiments were conducted to tune the auto-
encoder hyperparameters.

Tiwari et al. [11] proposed an ensemble of two sys-
tems capable of recording anomalous system behavior. In
the first system, an outlier detection method based on the
nearest neighbor search was proposed. In the second sys-
tem, i-vectors and GMM are applied for anomaly detec-
tion. The negative log-likelihood is used as its anomaly
scores.

OutlierNets, a family of very compact deep convolu-
tional autoencoder architectures adapted for real-time
acoustic anomaly detection, were proposed [12]. It has
extremely low complexity and matches or exceeds large
convolutional autoencoder architecture by AUC (area
under the receiver operating characteristic curve) exhibit-
ing microsecond scale latency on embedded hardware.

The efficiency of acoustic anomaly detection based on
image transfer learning was studied [13]. The authors
considered various deep neural models. Results showed
that features extracted with ResNet18 and ResNet34 with
GMM and OC-SVM (one-class support vector machine)
achieved the best average AUC. It confirmed that the im-
age-based features with transfer learning models might
achieve competitive results in acoustic anomaly detection.

The following conclusions can be drawn summarising
the analysis of the current research state in detecting
anomalies from industrial facilities acoustic signals:

1) A small amount of work was focused on transfer
learning for feature extraction and failure detection in
industrial machines.

2) All the functionality of deep neural networks is not
taken into account.

All this confirms the relevance of this study.

This paper proposes a new method for the automatic
detection of acoustic signal anomalies based on transfer
learning. The signal spectral information is considered as
input data for the proposed model. The addition of the
XGBoost algorithm improves the accuracy of CPS fault
detection. Experiments on a real MIMII (malfunctioning
industrial machine investigation and inspection) dataset
have shown the effectiveness of the proposed approach
and can help experts diagnose equipment malfunctions.

3 MATERIALS AND METHODS

The paper proposes an approach to detecting machine
signal anomalies using transfer learning. Transfer learning
uses weights from a deep neural model, pre-trained on a
large dataset. It can be applied to a small dataset, provid-
ing convergence without overfitting.

The proposed approach to detecting machine signal
anomalies from images using transfer learning consists of
the following steps: pre-processing, feature extraction
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using a deep neural network, feature fusion, and classifi-
cation based on the XGBoost algorithm (Fig. 1).

The considered signals are pre-divided into cells of
128 samples with 64 samples overlap. A scalogram based
on a wavelet transform and a spectrogram based on a
short-term Fourier transform are extracted from the sig-
nals (STFT). STFT splits the signal into several overlap-
ping blocks, multiplying them by the Hanning window
function:

O(w,1) = joo 0(t)o(t —t)e 2 lqt |

—00

()

where o is a window function.
And the Morlet wavelet is considered in the wavelet
transformation to obtain more informative images [14]:

y(t) = e_th2 /2 cos(mt), (2)

where B is a parameter that controls the shape of the

mother wavelet.

Acquisition of the scalogram and spectrogram images
is performed in parallel. Visual representations (RGB) of
128x128x3 size are then sent to a deep neural network.

Since deep learning models are trained on large data-
sets of various images, they can be applied to anomalies
detection in signals from industrial facilities. Each of the
model layers is responsible for different image features.

In this paper, in order to extract features from spectro-
gram and scalogram images, the following pre-trained
deep neural networks are considered: Xception [15], Mo-
bileNet [16], DenseNet-121 [17] and InceptionV3 [18].

The MobileNet model is a small network that contains
depth-separable convolutions and improves recognition
performance [16]. The InceptionV3 network includes
parallel convolutional layers that are then combined to

Spectrogram Scalogram

_-.W —_— Feature Extraction :

i

il

Feature Extraction

Spectrogram

Scalogram

!WI'\"‘H('I “"

l

produce a result [18, 19]. The Xception network is a lin-
ear set of residual convolutional layers [15, 20]. The sum-
mation operation speeds up the transition from one model
layer to another [21]. The considered DenseNet model is
used to collect information from all levels of the network
and transfer it to subsequent levels when there is not
enough data for training [17].

The fully connected layer was treated as a feature vec-
tor using a pre-trained model. The results are combined to
extract information about various characteristics and re-
duce recognition errors. Thus, the total size of the feature
vector is 1x1024.

In this work, SPOCU [5] is considered in the proposed
model as an activation function in hidden layers to im-
prove the accuracy of anomaly detection in image-based
signals and is calculated as follows:

G(X) = pH[%&j—pH ®). 3)
where &€ (0,1), p,{>0 and
r(c), x=c
H(x)=4r(x), xe[0,c), )
0, x<0

—2x*+2) and 1<c<w. According
p=3.0937, £=0.6653

with r(x) = x> (x>
to (3), here
£=4.437.
Then the resulting feature vector is fed to the
XGBoost classifier, which was proposed by Chen et al. in
2016 [22]. XGBoost is a regression tree that supports the
classification task. The basis of the algorithm is to opti-
mize the value of the objective function. In this case, the
objective optimization function is defined as follows:

C=o, and

Deep Neural Network
(Inception, MobileNet,
DenseNet, etc.)
model

XGBoost
Algorithm

Feature
Fusion

Normal / Anomalous

Figure 1 — Flowchart of the proposed approach
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K
=2 0c(x), dxe®, ®)
k=1
where K is the number of decision trees, ¢y is an inde-

pendent tree with leaf scores, @ is the space of the re-
gression tree. In this case, the loss function is given by the
following equation:

L) =2 0(%i. i) + 2 Q) , (6)

where v is the loss value of the XGBoost algorithm, V;

is the predicted output, Q is a regularization term that
prevents overfitting (7).

Q<¢)=yK+%x||w||2, %

where K is the number of leaf nodes, W is the score on
each leaf, y and A are constants to control the degree of

regularization.
Thus, we get the following:

.
Lo~ D || 201 (W

=1 Liel;

Dohi+A|w

Iel

+— +K. 8
2 Y (3)

where g; is the first derivative, and hj is the second de-

rivative of loss function, respectively.
For the XGBoost method, the learning rate is 0.001,
number of trees to fit 100, maximum tree depth 6, y=0

and A=1.
4 EXPERIMENTS

This section provides the experimental dataset de-
scription, the evaluation metrics, and the experimental
results to evaluate the proposed approach based on trans-
fer learning.

The dataset of CPS under normal and abnormal oper-
ating conditions is considered to evaluate the proposed
approach [23]. The audio dataset was collected using a
circular microphone array consisting of eight separate
microphones as 16-bit audio signals with a sampling rate
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of 16 kHz [23]. It contains eight separate channels for
each segment. The MIMII dataset contains the sound of
four different machine types: valves, pumps, fans, and
sliders. For each type of machine, different real anoma-
lous scenarios were considered: pollution, leakage, rotat-
ing imbalance, rail damage, etc. MIMII also contains data
for four machine IDs (00, 02, 04, and 06). Different sig-
nal-to-noise ratio levels (6 dB, 0 dB, and —6 dB) were
considered in the dataset. It consists of 26.092 “normal”
sound segments and 6,065 abnormal sound segments.

The “normal” and abnormal signatures for all machine
types in the time domain of the MIMII dataset are shown
in Fig. 2 ((a) — (d)) and Fig. 2 ((¢) — (h)), respectively.

STFT spectrogram and scalogram based on wavelet
transform for fans, pumps, sliders, and valves are shown
in Fig. 3 and 4, respectively.

Performance evaluation of the proposed model is
based on the following metrics: precision, recall, and F-
measure.

The precision measure determines as the number of
objects classified as positive that are truly positive:

Precision = _TP . )
TP +FP
where TP defines true positive values, TN are true nega-
tive values, FP are false positive values, and FN are false
negative values.
The recall measure is used to determine the part of the
positive samples selected by the classifier:

TP

Recall =——.
TP +FN

(10)

F-measure combines the recall and precision metrics:

2 x Recall x Precision
Recall + Precision

F —measure =

an

All considered metrics are widely used performance
indicators in machine learning [24].
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Figure 2 — Waveforms of normal ((a)—(d)) and abnormal operation ((e)—(h)) for four considered machines:
a, e — Fan; b, f— Pump; ¢, g — Slider; d, h — Valve
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Figure 3 — Short-time Fourier transform spectrogram of the four considered machines (ID: 00) under normal ((a)—(d)) and anomalous
((e)—(h)) conditions at -6dB SNR:
a, e — Fan; b, f— Pump; ¢, g — Slider; d, h — Valve
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Figure 4 — Continuous wavelet transform scalogram of the four considered machines (ID: 00) under normal ((a)—(d)) and anomalous
((e)—(h)) conditions at -6dB SNR:
a, e — Fan; b, f — Pump; ¢, g — Slider; d, h — Valve
5 RESULTS Table 1 — Performance evaluation of the proposed approach
In this paper, the experiments are conducted in Python Model Metric Machine

2.7.13 using various libraries, including Tensorflow, Li- Fan | Pump | Slider | Valve

. Recall 87.0 95.0 98.0 100
brosa, and Keras. Intel Xeon (R) CPU X5670 @ 2.93GHz | Inception+ [— =t ——o—— e

* 24 with 24 GB of RAM machine was used. XGBoost F-measure | 92.3 90.6 08.1 96.3
This study analyses and compares various deep learn- . Recall 100 88.0 | 98.0 100

. . . Xception+ —
ing models (such as Xception, Inception, DenseNet, and XGBoost |_Frecision | 842 | 100 100 | 92.6
MobileNet). They are trained on the MIMII dataset and F-measure | 968 | 928 | 981 95.3
. . . Recall 96.0 88.0 94.0 100
applied to feature extraction from spectrogram and scalo- Mobilenet+ — = 8.7 957 100 %2
o ! XGBoost recision . . X
gram. Recall, Precision, and F-measure were considered F-measure | 920 | 909 | 961 972
as evaluation metrics. b o Recall 99.9 | 96.0 | 98.0 100
e Precision | 870 | 100 | 100 | 97.

XGBoost

F-measure 98.2 97.1 98.1 97.7
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Hyperparameters optimization was performed using
cross-validation. The combination of parameters was cho-
sen based on the lowest training loss and the highest accu-
racy. The best performance of the model was observed
with a batch size equal to 32. Also, the evaluation of the
learning rate was performed on different values. The ac-
curacy of the model decreased with the increasing learn-
ing rate. It is important to note that all four considered
models achieved high accuracy by decreasing the learning
rate to 0.001.

The results of the experiments are shown in Table 1.
Comparison of various deep neural models showed that
Densenet+XGBoost outperformed the other considered
models in detecting anomalies from machine signals ac-
Models

formed well for a Slider machine using recall and preci-
sion metrics. Even though all models showed the best
results in terms of recall for a Valve-type machine, they
were inferior to Densenet+XGBoost according to preci-
sion and F-measure.

Thus, the Densenet+XGBoost model turned out to be
the best. In order to evaluate its performance, it was com-
pared with such models as Alexnet [13], ResNetl8 [13],
ResNet34 [13], SqueezeNet [13], IAEO3 opt [8] and
PCA+LOF+GMM [7] for all types machines and machine
IDs (00, 02, 04 and 06) according to the AUC metric (Ta-
ble 2). Densenet+XGBoost showed the best performance
of all machine types, resulting in average AUCs of 93.1%,
97.3%, 98.4%, and 93% for fan, pump, slider, and valve,

cording to the F-measure metric.

Incep-
tion+XGBoost, XceptiontXGBoost, and Densenet per-

respectively.

Table 2 — Comparison of mean AUC of different transfer learning models on the MIMII dataset

Machine Fan Pump Slider Valve
Model 00 02 04 06 00 02 04 06 00 02 04 06 00 02 04 06
AlexNet+tGMM 57.7 | 61.7 | 539 | 945 | 84.1 | 70.8 | 81.6 | 66.0 | 98.3 | 80.9 | 61.4 | 57.5 | 60.2 | 69.2 | 59.9 | 53.5
[13]
AlexNet+OC-SVM | 51.0 | 73.1 | 59.7 | 932 | 77.5 | 56.4 | 81.1 | 60.1 | 96.2 | 81.4 | 53.6 | 56.5 | 61.6 | 73.6 | 48.3 | 48.9
[13]
ResNet18+GMM 62.6 | 64.1 | 593 | 944 | 845 | 713 | 84.0 | 683 | 99.1 | 858 | 688 | 65.6 | 583 | 73.3 | 60.2 | 56.9
[13]
ResNet34+GMM 58.7 | 656 | 57.0 | 909 | 784 | 66.8 | 87.9 | 63.2 | 99.6 | 90.4 | 82.5 | 69.1 | 73.0 | 79.1 | 60.1 | 61.9
[13]
ResNet34+0C- 50.1 | 67.4 | 57.5 | 83.0 | 649 | 51.5 | 81.2 | 60.2 | 96.8 | 85.0 | 71.4 | 643 | 756 | 77.8 | 64.3 | 53.1
SVM [13]
SqueezeNet+OC- 55.6 | 648 | 46.2 | 788 | 86.7 | 494 | 884 | 623 | 99.2 | 81.5 | 594 | 71.6 | 69.0 | 71.3 | 53.1 | 58.2
SVM [13]
Morita et al. (2020) | 67.4 | 87.1 | 793 | 96.2 | 72.5 | 704 | 942 | 87.1 | 97.7 | 759 | 96.9 | 942 | 99.4 | 91.8 | 94.2 | 80.7
[7]
TAEO3 opt [8] 655 | 833 | 714 | 98.1 | 844 | 77.8 | 98.0 | 789 | 959 | 84.0 | 979 | 85.9 | 100 99.7 |1 99.8 | 98.8
Densenet+XGBoost | 93.6 | 95.1 | 87.9 | 959 | 97.7 | 969 | 97.8 | 97.1 | 99.6 | 99.5 | 97.2 | 973 | 93.8 | 95.7 | 939 | 88.6
6 DISCUSSION onstrated the reliability and robustness of the proposed

The proposed model made it possible to achieve a signifi-
cant improvement in anomaly detection according to the
data of machine sensors according to AUC 95.45%, com-
pared to the previously proposed models [7, 8, 10, 13].
Densenet+XGBoost improved by about 8% over the PCA
model [7] applied to the log spectrogram of the audio
signal combined with LOF and GMM on the MIMII data-
set. Grollmisch et al. [8] proposed a method combining
OPENL3 embeddings and interpolation autoencoder
(IAEO3 opt) for acoustic signals anomaly detection.
Compared to the IAEO3 opt model, the Dense-
net+XGBoost model has improved by approximately 7%
[8]. Densenet+XGBoost gave comparable results (AUC
95.5%) on the reviewed MIMII dataset. Coelho et al. [10]
used CNN and Dense network in combination with an
autoencoder for the task of unsupervised acoustic anom-
aly detection, where the results averaged 72.0%, 73.1%,
91.8%, and 78.9% for the fan, pump, slider, and valve,
respectively. The accuracy of the proposed method is
93.1% for the fan, 97.3% for the pump, 98.4% for the
slider, and 93.0% for the valve, which is significantly
higher than the above result. The results on the MIMII
dataset showed that the Densenet + XGBoost model out-
performed other approaches. The 10-fold-cv results dem-

© Sukhostat L. V., 2021
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CONCLUSIONS

The urgent problem of detecting anomalies is solved
based on acoustic signals from industrial equipment.

The scientific novelty of obtained results is that a
transfer learning approach with the XGBoost classifier is
proposed. There has been little research done in this area,
and therefore studies are underway on various pre-trained
deep neural model architectures to detect anomalies. The
spectrogram and scalogram of the acoustic signal were
considered as input data for the proposed architecture.
The SPOCU activation function [5] was used to improve
the accuracy of the proposed approach.

The practical significance of the obtained results is
that experiments on a real MIMII dataset showed the ef-
fectiveness of the proposed approach and can help experts
in diagnosing equipment malfunctions. Comparison with
other known methods proves the superiority of Dense-
net+XGBoost in terms of anomaly detection accuracy.

Prospects for further research are in the develop-
ment of ensemble approaches based on transfer learning
using other real datasets to improve the performance and
fault-tolerance of CPS.
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YK 004.056

IHTEJEKTYAJIbHA MOJIEJIb BUSIBJIEHHS AHOMAJIIM Y KIBEP®I3IYHUX CACTEMAX HA OCHOBI
TJINBOKOTO TPAHC®EPHOI'O HABUAHHSI

Cyxocrar JI. B. — kauj. TexH. HayK, JOIeEHT, [HCTUTYT iHpopManiitHux Texnomnoriii, HanionansHa akanemis Hayk A3sepOaifmka-
ny, baky, Azep6aiimkaHn.

AHOTAIIA

AKTyalbHicTh. Po3risHyTO 33124y BUSBICHHS aHOMaJIii CUrHAIIB Kibepdi3nuHUX CHCTEM Ha OCHOBI 300pakeHb CIIEKTPOrpaM i
ckasorpaM. O6’€KTOM IOCIIKEHHS € CKJIaJHE IPOMHUCIIOBE YCTATKYBaHHsI, SIKE Ma€ HEOAHOPIHI CEHCOPHI CUCTEMH PIi3HOI MPUPO-
.

Merta po6oTu. Pozpobka MeTomy BUSBICHHS aHOMAJIill CUTHAIIIB Ha OCHOBI TpaHC(EepHOTO HABUaHHS Y MOEIHAHHI 3 AITOPUTMOM
€KCTPEMAaJIBHOTO IPalieHTHOrO OYCTIHTY.

MeToa. 3anpoNOHOBAHO IIIXiM Ha OCHOBI TPaHC(EPHOrO HABYAHHS i €KCTPEMATBHOTO IpaJiceHTHOTO OyCTiHTY, po3poOeHui
JUISL BUSIBJICHHS] aHOMaJIii B aKyCTHYHHX CUTHaJaxX Kidep(iznuHux cucteM. Y 1ii obnacti Oysio IpoBeieHo Majlo JOCIiKeHb, 1 ToMy
BUBYAQINCS PIi3HI apXiTEeKTypH 3a3jajieriib HaBYEHHX IJIMOOKMX HEHPOHHHMX Mojejei, 00 MOJIMIINTH BHSBICHHS aHOMaJii.
TpancdepHe HaBUaHHS BUKOPUCTOBYE Baru 3 IIIMOOKOI HEHPOHHOI MOJE, MOMepeJHhO HABUCHOI HA BEJIMKOMY HaOopi MaHHX, i
Moke OyTH 3aCTOCOBaHE 10 HEBEINKOro HaO0Opy HaBYAIBHHX JaHUX, 10 3abe3mnedye 301kHICTh Oe3 nepenaByanus. Kimacuunuii min-
X1/ 10 Takoro poay mpodieM 3a3BU4ail BKIIIOYA€E B cede METOAN OOpOOKH CUTHAIMIB, SIKi O3BOJISIFOTH OTPUMYBATH KOPUCHY iH(OpMa-
LiI0 3 JTaHUX CEHCOpiB. Y Il CTaTTi BUKOHYETHCS 3aBJAHHS BUSABICHHA aHOMAIil 3 BUKOPHCTaHHSAM apXiTEKTypH TTHOOKOTO Ha-
BYaHHSI U1 pOOOTH 3 aKyCTHYHUMU CUTHAJIAMH, 3 SIKHX HONEPEIHBO BUTATYIOTHCS CIIEKTPOrpaMu i ckanorpamu. OyHKIIs aKTHBALIi
SPOCU 6yna po3rmisiHyTa Iyl MOJIIIISHHS TOYHOCT] 3aIIpOIIOHOBAHOTO MiIX0/y. ANTOPUTM €KCTPEMAIBHOTO IpaieHTHOTO OyCTiH-
ry OyB BUKOPHCTaHHH, OCKIIBKH BiH Ma€ BHCOKY IPOJYKTHUBHICTH i BUMarae Majo o0YMCIIIOBAIBHHUX PECYpCiB Ha eTari HaBYaHHS.
3acTocyBaHHS JQHOTO AJITOPUTMY JO3BOJISIE JIOMOITHCS 3HAYHOTO MOJIIINCHHS BHUSBJICHHS aHOMAJid B CHIHalax MPOMHUCIOBOTO
o0JaiHaHHS.

PesyabraTi. Po3pobnenuii niaxin peatizoBaHuii IPOrpaMHo i JOCTIHKEHMH i Yac BUPILICHHS 3aBIaHHs BUSBIICHHS aHOMAJil
B aKyCTHYHHX CHTHaJIaX Kibepdiznunux cucrem Ha Habopi qanux MIMIL.

BucHoBku. [IpoBeneHi exciepuMEHTH MiATBEPIMIN MPale3AaTHICTh 3alIPOIIOHOBAHOTO MiAXOAY 1 TO3BOJISIOTH PEKOMEHIYBATH
HOro JuIsi BUKOPUCTAHHS Ha IPAKTHLI NPU BUPILICHHI 3aBJaHb J[IarHOCTYBaHHS CTaHy HPOMHUCIOBOrO YCTaTKyBaHHs. IlepcnekTusu
MOJANBIINX JOCTIIKEHb MOXYTh IIOJISITaTH B 3aCTOCYBaHHI aHCAMOJIEBUX IIJXOMIB Ha OCHOBI TpaHC(EPHOro HABUAHHS IO PI3HUX
peanbHUX HAaOOPIB JAaHUX JUIS MiJBUIIEHHS MTPOIYKTHBHOCTI Ta BIIMOBOCTIIKOCTI Kibep(i3HIHUX CUCTEM.

KJIFOUYOBI CJIOBA: BusiBiieHHs aHOMaiil, aKkyCTUYHHN CUTHAJ, TpaHC(EpHEe HaBYaHHs, CIIEKTporpama, ckajiorpama, Kidepdi-
3WYHA CHCTEMa.

YK 004.056

UHTEJUIEKTYAJBHAS MOJEJIb OGHAPYKEHUS AHOMAJIMI B KHBEP®U3NYECKAX CUCTEMAX HA
OCHOBE I''IYBOKOI'O TPAHC®EPHOI'O OBYYEHHUSA

Cyxocrar JI. B. — kaHa. TexH. Hayk, OomneHT, Muactutyr MHpopMmanmonnsix TexHomoruii, Hammonansaas Axagemus Hayk
Asepbaiipkana, baky, AzepOaiikan.

AHHOTALUA

AKTyanbHOCTh. PaccMoTpeHa 3aaua oOHapy)keHUs] aHOMAaJIMH CUTHAJIOB KMOEp(U3MUECKUX CHCTEM Ha OCHOBE M300pakeHWi
CIIEKTpOrpaMMm ¥ ckajorpaMM. OGBEKTOM HCCIIeJOBaHUS SBISIETCS CJI0KHOE IPOMBIIUICHHOE 000pyJ0OBaHNEe, KOTOPOE MMEET HEOll-
HOPOJHbIE CEHCOPHBIE CUCTEMBI PA3IUYHOM MPUPOIBI.

Iean padorsl. PazpaboTka MeTona oOHapyXEeHUSI aHOMAJIN CUI'HAJIOB HA OCHOBE TpaHC(EpHOro oOy4yeHUsl B COUETAHUH C al-
TOPUTMOM SKCTPEMATIBHOTO IPaJHEHTHOTO OyCTHHTA.

Merton. [Ipemnosxer moaxo Ha OCHOBE TpaHC(HEPHOTO OOYUEHHS U IKCTPEMAIBHOTO TPAIUCHTHOTO OyCTHHTa, pa3paboTaHHbIH
JUIsl OOHAPYKEHHS aHOMAJIHH B aKyCTHUECKUX CHTHanax KHOep(hU3HIecKux cucTeM. B aToit o6nacTu ObUIO IIPOBEAEHO Mo HCClle-
JIOBaHUMH, U II09TOMY HM3y4aJHCh Pa3INYHBIC apXUTEKTYpPHI 3apaHee OOYUEHHBIX ITyOOKHMX HEHPOHHBIX MOAENEH, YTOOB! yIIydIINTh
obHapyxeHue anoManuii. TpancdepHoe 00yUeHHE UCTIONB3YET Beca U3 rIyOOKON HEWPOHHOM MOJIEIH, IPEIBAPUTEIBLHO 00YICHHOMN
Ha 00JBLIOM HAa0Ope TAaHHBIX, K MOXKET OBITh NPHMEHEHO K HeOOJNIbIIOMY HAaOOpy 0O0ydYaloIuX NaHHbBIX, YTO 0OECIeurBaeT CXOAHU-
MocTh 6e3 nepeoOyuenns. Kinaccnueckuil moaxoa K Takoro poaa npodiemMaM oObIMHO BKIIIOYAET B ceOs MeToabl 00pabOTKH CUI'HA-
JIOB, KOTOPBIE T03BOJIAIOT U3BJIEKATh MOJIE3HYI0 MHGOPMALIMIO U3 JAHHBIX CEHCOPOB. B 3TOM cTarbe BHIIONHACTCS 3a/1a4a 0OHapyxKe-
HUSI aHOMAJIMH C MCIOJIB30BAaHUEM apXUTEKTYpBI TTyOOKOro 00ydeHust Juist paboThI ¢ aKyCTHUECKUMH CHTHAJIAMU, U3 KOTOPBIX MPe-
BapUTENNBHO M3BIEKAIOTCS CIIEKTPOTpaMMEI U ckanorpaMmsl. Oynkmus aktusaruy SPOCU 6blu1a paccMOTpeHa [UIS yITydIIeHUs TOd-
HOCTH HPEIUIOKEHHOTO MOAX0Aa. AJITOPUTM HKCTPEMAIBHOTO TPAJAMCHTHOr0 OyCTHHTa OBLI MCHOJIB30BAH, IOTOMY YTO OH OOJlaiaeT
BBICOKOH ITPON3BOJUTEIBHOCTHIO U TPeOyeT MaJlo BEIYHCIUTENEHBIX PECYPCOB Ha dTare o0ydeHus. [IpuMeHeHre TaHHOTO anroput-
Ma HO3BOJIET JOOUTHCS 3HAYUTEIBHOTO YIIYUIIeHHs] 0OHAPY)KESHUSI aHOMAJIMIT B CHTHAJIaX ITPOMBIIIIIEHHOTO 000pYX0BaHMSI.

Pe3yabTaTtsl. PazpaboTaHHbIi 101X0/] peann30BaH MPOrpaMMHO U MCCIIEJOBAH IIPH PEIICHUH 33/1au¥ 0OHapy>KeHUsI aHOMAaJIUH B
aKyCTHYECKHX CHTHalIaX kubepdusndeckux cucreM Ha Habope nanueix MIMIL

BoiBoabl. IIpoBeieHHBIE SKCIIEPUMEHTHI MOATBEPAUIH PAOOTOCIOCOOHOCTh MPEIOKEHHOTO MOAX0Aa U MO3BOJAIOT PEKOMEH-
JIOBaTh €T0 JUISl UCIIONB30BAHMS HA MPAKTUKE TPH PEHICHUN 331a4 JHATHOCTHPOBAHMS COCTOSIHUS IIPOMBIIIIEHHOTO 000pyA0BaHMSI.
[NepcriekTuBBI JanbHEHIINX HCCIEIOBAHMI MOTYT 3aKJIIOYATHCSI B IIPUMEHEHUH aHCAMOJIEBHIX MOAXOM0B Ha OCHOBE TPAHC(EPHOTO
0o0y4eHHsI K pa3IMYHBIM peaTbHBIM HAa0OpaM JAaHHBIX JUIS HOBBIMICHUS IPOM3BOIUTEILHOCTH M OTKa30yCTOHIMBOCTH Kubephusude-
CKHX CHCTEM.

KJIFOYEBBIE CJIOBA: oOHapykeHHE aHOMAJIMi, aKyCTHYCCKUN CHUTHAI, TpaHCepHOe 0O0ydYeHHE, CIIEKTpOorpamma, CKajo-
rpamma, kubepdusuueckas cucrema.
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IMPOI'PECUBHI IHOOPMAIINHI
TEXHOJOTIII

PROGRESSIVE INFORMATION
TECHNOLOGIES

INPOI'PECCUBHBIE HH®OPMAILIMOHHBIE
TEXHOJIOT'NA

VJIK 004.9

THOOPMAIIMHA TEXHOJIOI'ISI IPOCYBAHHS IHTEPHET-PECYPCIB
B IIOIIYKOBUX CUCTEMAX HA OCHOBI KOHTEHT-AHAJII3Y
K/IIOYOBUX CJIIB WEB-CTOPIHOK

Bucouska B. A. — KaHx. TexH. HayK, HIOIEHT, noueHT Kadenpm «laHopmariiiHi cucreMu Ta Mepexi,
Hamionansnuii yHiBepcuret «JIpBiBChKa moiTexHiKay, JIbBIB, YKpaiHa.

AHOTANIA

AxTyanbHicTh. CBo€uacHHII Ta KOPEKTHHMH aHAJi3 MPOIECY BiABiMyBaHb IHTEpHET-pecypciB, SIKi NPH3BENH O YCHINIHOL
KOHBEpCil eIeKTPOHHOro Oi3Hecy, JOCUTh BaXJIMBUI Ta aKTyaJbHUH IJIsl ycIiIIHOro ympasiiHHs Web-caiiToMm. Binmosinuumit
KOPEeKTHHH aHaii3 Tpadiky, sIKMH SK INPHUHOCUThH YCHILIHI KOHBEpCil, TaK i HE YCHIIIHi, JaCTh MOXIIMBICTh BHSBUTH NPUUYMHCHY
BIUTUBY Ha IMOKa3HHUKHU Ta KPUTEPil KOHBEPCil Ta 103BOJUTH BUMIPSITH e(EKTUBHICTD 3MiH, sIKi 3AIHCHIOIOTh HA CAMTI s 301IbIICHHS
konBepcii Tpadiky. s BupilieHHs AaHUX MpoOiieM Ta JOCSTHEHHsI BiIIOBIIHUX Liieil eIeKTPOHHOT KoMepIlii HeoOXiqHO He JuIe
30upaTH iHGOpMAIiI0 MI0A0 IisUTPHOCTI KOPHCTYBaviB cucTeMu Ha Web-caiiTi, a i BU3HAYUTH KOHKPETHI MOKAa3HUKH e()EeKTHBHOCTI
Web-caiity, mo0 B HmomanpOIOMy BIUIMBATH HA iXHi 3MiHH B OiK MOKpaIleHHs CTpaTterii BeJEeHHS eNeKTpOHHOro OizHecy. Takum
YUHOM Tpeba pO3pOOHMTH Ta BIPOBAIUTH AHATNITHYHHNA METOJ CYNpPOBOAY TEKCTOBOTO KOHTEHTY IHTEepHET-pecypciB eIeKTpOHHOI
KOMepIil Ha OCHOBI aHaJi3y KIIOYOBHX IOKA3HHWKIB e(ekTuBHOCTI Web-caiiTy, 0coONMBO 3BEpHYBIIM yBary Ha BH3HAUCHHS
MHOXXHHH PEJIEBAHTHUX Ta aKTyaJIbHHUX KIIOYOBHX CIIB, 33 SIKUMH POOJIITH HEPEXOIH 3 MOLIYKOBUX CHCTEM IOCTiHHI KOpUCTYBaui,
TTiT SIKUX TIPU3BEITH JI0 3pOCTaHHS KOHBEPCIi eEKTPOHHOTo Oi3Hecy.

MeTo10 A0CTiTAKEHHS € PO3POOICHHS TEXHOJIOTIT MpOCcyBaHHS [HTEepHET-pecypciB eIEKTPOHHOI KOMEPIIii Ha OCHOBI PE3yJbTaTiB
Web-ananitTukn kmo4oBux nokaszHUKIB ctopiHok sk KPI ta KSI wepes dbopmyBaHHS peneBaHTHOI MHOKHHH KIIFOUOBHX CIIB SIK
feedback akTuBHOCTI OCTIHHOT ayauTOPIi.

Meton. Po3po0ieHO aHamiTHYHUI METON NpPOCYBaHHS [HTEpHET-pecypciB Ha OCHOBI aHaNi3y KIIOUYOBUX MOKa3HUKIB
edexrrBHOCTI Web-caiiTy, sknii OCHOBHHI Ha TPHOX OCHOBHUX aJTOPUTMax ajJrOPUTMI BU3HAYECHHS NMPOOIEMHUX MICLb CTPYKTYpH
CalTy Ul MOJAJbLIOl ONTHMI3alii, aJropuTMi ONTUMI3allii 3aX0JiB 3 MapKETHUHTY IMOLUIYKOBHX CHUCTEM, aJTrOPUTMIi IPOCYBaHHS
CaliTy Ta pO3paxyHKy HOro e()eKTHBHOCTI.

Po3pobieno 3aranpHi peKOMEHIALIl 3 TPOEKTyBaHHS CHCTEM OIPAIIOBAaHHS 1HPOPMAIIHHUX PecypciB, BIIMiHHI BiJl iCHYyIOUHX
HasIBHICTIO JIOJATKOBUX MOJIYJNIB, SIKi CYTTEBO BIUIMBAIOTH Ha pe3ysbTaTH NpocyBaHHS Web-caiity B mpocropi InTeprer mis
MOJANBIIOTO JOCATHEHHS YCHIINIHOCTI KOHBEpCil eJIEKTPOHHOI-KoMeplil abo 30UIbIIeHHS 3HA4eHb HUX MOKa3HWKIB. Cepen HHUX
MOJyJIb [HTepHET-Marasuny, MapKeTHHTY, MOy Ib-Komipaitep Ta Web-maiictepa. 11 KOKHOTO 3 HUX po3paxoByroTh BracHuii KPI.
Ile nactp 3Mory eQeKTHBHO IPOCTO peasli30ByBaTH ONpALIOBaHHS IHPOPMAIHHMX pecypciB Ha piBHI PO3POOHHKA CHCTEM
(3MEeHIIeHHS pecypciB Ta yacy Ha PO3pPOOJICHHS, MOKPAIIEHHS SIKOCTI pOOOTH CHCTEM OIpalioBaHHs iHpopMaIliiHUX pecypcCiB).

PesyabTaTn. B poboti po3pobieHo Ta IeTalibHO OMHMCAHO HA OCHOBI pe3ylsibTaTiB mpouecy Web-aHaliTHKH HapaMeTpu Ta
KpUTepii OI[HIOBaHHS PIBHS YCHIITHOCTI BEICHHS ENEKTPOHHOro Oi3Hecy. Takox po3poONeHO MmporpaMHi 3aco0H CyNpPOBOIY
TEKCTOBOTO KOHTEHTY I[HTepHeT-pecypciB Ha OCHOBI aHali3y KIIOUOBHX IMOKAa3HUKIB edekTuBHOCTI Web-caitty. s netampHOTO
aHami3y (QYHKLOIOHYBaHHS Ta INPOCYBaHHS |HTEpHET-CHCTEM eNeKTPOHHOI KoMmepii Tumy IHTepHeTr-razera Ta IHTepHET-)KypHANT
PpO3po0IJIeHO Ta BHIPOBAKEHO 12 pI3HUX CHUCTEM BIAMOBIMTHO 3 MiATPUMAHHSAM ISl KOXKHOI 3 HHX PI3HOK KUIBKICTIO €TarliB
KHUTTEBOTO IUKIY KOHTEHTY. IIpoBe/ieH0 KOMII'IOTepHUH EKCIICPHMEHT aHalli3y KIIOYOBHX MOKA3HHKIB edekTuBHOCTI Web-caiiTy.
CepBic BelIcHHsI CTATUCTHKHU BiJBiyBaHbh Web pecypcy J03BOJISIE OIIHUTH 301IBIICHHS 00CSTIB MPOJaXy TEKCTOBOTO KOHTCHTY Bill
IPSIMO  TIPOTIOPLIHHOT  3aIeKHOCTI 30UIbIICHHS KITBKOCTI BinBimyBaHb Web pecypcy, KUIBKOCTI HOCTIHHHMX KOPHCTYBadiB,
HEePCIEKTUBHOCTI MAPKETUHIOBHX 3aXO0IiB.

BucHoBku. BusiBneHo, 1m0 HasBHICTh BIANOBITHMX MOAYJIB B CHCTEMax OINpALIOBaHHsS iHGOpPMAIHUX pecypciB crpuse
30imbpIIeHHI0 OOCSTIB peamizalii TEKCTOBOTO KOHTEHTY MOCTIHHOMY KOpHCTyBady Ha 9 %, aKTHBHOTO 3aTydYeHHS YHIKaIbHHX
BiJ[BigyBauiB, MOTEHNIfHMX KOPHUCTYBadiB Ta PO3MIMPEHHS MEX LLTbOBOI Ta perioHambHOI ayautopii Ha 11 %, meperiasHyTHX
cTOpiHOK Ha 12 %, yacy BinBimyBaHHS iH(pOpManiitHux pecypcis Ha 7 %.
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KJIIOYOBI CJIOBA: KOHTEHT, TEKCTOBHH KOHTEHT, IHTepHeT-pecypc, Oi3Hec-Ipolec, CHCTeMa YIPaBIiHHS KOHTCHTOM,
JKUTTEBUH LIMKJI KOHTEHTY, [HTepHeT-rasera, Web-caiiT, BinBimyBaui, Web-cTopiHka, KUIBKICTh BiJBiJaHb, iHpOpMALiIHHIN MTOLIYK,
BiJICOTOK BiJIBilyBaHb, KOHBEPCis Bi/IBilyBaHb, MOKa3HUK KoHBepcii, KPI.

ABPEBIATYPA
OKR — Objectives and Key Results;
KPI — Key Performance Indicators;
KSI — Key Success Indicators;
BCS — Balanced Score Cards;
CPM - Cost Per Mille;
RIA — Rich Internet application;
ITA — Installable Internet application.

HOMEHKJIATYPA
K., — koedillieHT KOHBEpCii;
N, — KiIbKiCTb KOHBEPCIif;
N,; — 3arajipHa KUIBKICTh BiZIBiyBaHb Web-calTy;
N,, — 3arajbHa KUIbKICTb BiJBigyBauiB Web-caiity;
N, — 3arajbHa KUIBKICTH BiiBigyBaHb Web-caiiTy,

IiJ1 4ac SIKUX TOBap J0JABABCS Y KOIINK;

N,,;, — 3araibHa KiJbKiCTb BiiBimyBauiB Web-caiity,
M1 9ac SIKUX TOBAp J0JABABCS Y KOIIIUK;

S,n — Web-pecypc;

MiS — MOZ[yJ'I]) IHTepHeT-MaFa?)l/IHy;

M, —MOIynb MapKETUHTY;

M, — Mozynb-KOMIpaiTep;

M,,, —vonynb it Web-Mmaiictepa;

S, — cepeHiil koedilieHT KOHBEPCi;

S., — CepenHs BapTiCTh 3aMOBJICHb;

S., — cepemHs BapTICTb Ha BiABiAyBaHHA abo
cepelHsl KOPUCHICTD BiJIBilyBaHHS;

S,, — cepenusa ROI abo cepenHe HOBepHEHHS Ha
IHBECTHIIIT;

P., — BigcoTok npuOyTKy BiJl HOBUX BilBilyBauiB;

1,, — 1HIEKC HOBUX HOKYNLIB @pU IEPLIOMY
BiJIBiyBaHHI — HOBU Bu3HaYeHUi KPI;

ROI — po3paxyHOK TIOBepHEHHS Ha IHBECTHIIi B
Google Analytics;

Income — mpubyTOK;

Expenses — Butparuy;

RR — po3paxyHOK HOpMH IPHOYTKY;

P, — BiACOTOK TpaH3aKIIiii Bil HOBUX BiJBilyBauiB;

P,, — BIICOTOK HOBHX BifIBilyBadiB CauTy;

P,. — BincoTok BiBiIyBaHb 3a THIOM 3aco0y uepes
AdWords;

K., — xoeoimienT koHBepcii minel (y BiIcOTKax) 3a
TUIOM 3aco0y uepe3 AdWords;

P, — BIICOTOK BiIBiyBaHb 3a THIIOM KOMIIaHii
yepe3 AdWords;

P, — BiICOTOK KOHBepcii Il 3a TUIOM KOMMaHIi{

gepe3 AdWords;
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1., — iHIeKc KOHBepCii 1iel 3a TUIIOM KOMIIaHii;

S,+ — cepenniii ROI 3a Tunom xoMiaHii;

P, — BIICOTOK HOBHX Ta THX, LIO MOBEPHYIHCH,
BiJIBilyBa4iB;

P,, — BIACOTOK HOBMX Ta THX, LIO MOBEPHYJIHCS,
MOKYIIIIB;

K, — xoediuieHT BIi3HaHHA OpeHIy;

I vk~ 1HJIEKC SIKOCTI KOMIIaHii;

P.,(x) — ¢yHKUis BU3HAYEHHS BIACOTKY KOHBeEpCii
IiJTed 71 BiABiMyBaHB BiJ KOMIIaHIi X;

Npg — KIUIBKICTH IOLIYKOBHX 3allUTIB i3 HAa3BOKO
Openny;

N, — KUIBbKICTh IPSAMUX BigBimyBaHb Web-caiity;

N,, —3arajbpHa KUIbKICTh IOIIYKOBHX 3alUTiB;

aq

Sy — cepenHs TpuBalicTh nepebyBaHHs Ha CaMTi
gepe3 AdWords;
Spy — CEPelHs KUIBKICTh NEPErIsfiB CTOPIHOK 3a

BigBiayBaHHs yepe3 Google Analytics;

P,, — mokasHuk BigMOB (y BIICOTKax), HalpHKIa[
JUISL OJHI€T CTOPIHKH SIK B, ;

Sye — CepelHs KUIBKICTh KIIKIB Ha pekiami 3a N

BiJIBilyBaHb;
P, — BiZICOTOK 3aLliKaBJIEHOCTI Bi/BilyBauiB;
P,, — BIACOTOK HOBUX BIJBilyBauiB Ta THX, IO

noBepHyJucs yepe3 Google Analytics;
P, —  BIACOTOK  IOBTOPHHUX
KOpUCTYBa4a, sIKi  BiEOyJnucs 3  IMONEPEAHHOIO
BIJIBIZIyBaHHsI MCHIIIC HDXK 3a f; IHIB (PO3PaxoOBYIOTH 3a
nmanumu Google Analytics);
P, — BiIcOTOK IOBTOPHUX Bi/BillyBaHb KOPUCTYyBaua,

BiJBiAyBaHb

K1 BIIOYJHMCSI 3 MONEPEAHBOTO BiJBilyBaHHS MIXK #| Ta £,
mHiB npu < t, (po3paxoByroTb 3a nanumu Google
Analytics);

P, — BIICOTOK IOBTOPHHX BiJBilyBaHb KOPHCTYBaua,

SKi BimOyJNHCS 3 TONEPEIHBOTO BiNBiAYBaHHA TOHAM f,
IHIB (po3paxoByIOTh 3a nannmu Google Analytics);

anp — KUJIBKICTh OJHO-CTOPIHKOBHX BiBiyBaHb IS

uiei cropinku yepe3 Google Analytics;

]Vinp — KUIBKICTh BI1JABIAYBAaHHSA KOPHUCTYBadaMH III€1

CTOpiHKH Hanpsamy yepe3 Google Analytics;

N, — cepemHs KUIbKICTh KJIIKIB Ha peKIami uepes
AdWords;

N — 3arajbHa KilbKiCTh BiaBiqyBaHb uepe3 Google

av

Analytics;
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N,

vr
N,,.=1000, sx s CPM);
N,; — 3araipHa KiJbKiCTh Hii Ha calTi depe3

AdWords;
N, —3arajipHa KiJbKiCTh 3alliKaBICHHUX BiIBIAyBauiB

gepe3 AdWords;
N, — 3arajpHa KiJIbKIiCTh BiABigyBauiB uepe3 Google

— KUJIBKICTH BiJIBiJyBaHb JJIs aHami3y (3a3Buyaid

Analytics;

K, — OKa3HMK KUIbKOCTI BiABidyBadiB, BiBITyBaHb
Ta TepeTyIAIiB CTOPIHOK;

P, — BigcoTok BinBimyBauiB, y SIKMX MIATPUMYETHCS
aHIIIiHChKa/yKpaTlHChKa MOBA;
P, — BiACOTOK BiIBilyBauiB, SKi BUKOPUCTOBYIOTbH
KOHKpeTHHI Opay3ep uepe3 Google Analytics;
P, — BiIpOCTOK BiBigyBadyiB, ki BUKOPUCTOBYIOTb
KOHKPETHY OlepaliiiHy CUCTeMY;

B, BiJICOTOK BIiJBiJyBadiB, SIKIi MalOTh BHCOKY/
CepelIHIO/HU3bKY PO3/LIbHY 3JJaTHICTh €KpaHy;

Pup — BIZICOTOK BiJIBiyBadiB, y  S[KHX
BUCOKOUIBHIKICHE MiJKIIIOYEHHS 10 [HTepHeT;

B,, — BigcoTok MOOLIBHUX BiABilyBadiB uepes3
Google Analytics;

Pep — BIJICOTOK BUJaHHSI CTOPIHOK 3 TIOMHUJIKOIO;

K, — NOKa3HUK BHYTPIIIHBOTO IOLIYKY;

S,y — CepenHs KiJbKiCTh BiJIBiyBaHb 3a BU3HAUCHUH
repiox vacy;

S, — CepelHs KUIbKICTh yHIKaIbHUM BiJBilyBadiB
3a BU3HAYEHUIi Niepios yacy — ;

Sypt — CepelHs KUIbKICTh MEPEerysiiiB CTOPIHOK 3a
BH3HAYCHUH MepioJl yacy;

Sypy — CEPeNHs KUIbKICTh IEPEIVSAIB CTOPIHOK 3a
BiJIBiTyBaHHS;

N, — 3arambHa KUIBKICTB BHIAHHX CTOPIHOK 3
TIOMHIIKOIO;

N, —3arajibHa KiIbKiCTb [EPETISIHYTHX CTOPIHOK;

P;,s — BIICOTOK BiJBiyBaHb, B SKHX BUKOPHUCTOBYIOTb
MOIIYK IO CalTy;

Sys — CepemHs KITBKICTh pEe3yNbTaTiB IOIIYKY,
MIEPETIIAHY THX 3a MOIIYK;

P, BiJICOTOK BiJBiAyBadiB, SKi HOKHHYIH CaHT
TCIIA IEPErTIsAY pe3yJIbTaTiB MOIIYKY;

P,,s — BIICOTOK BinBimyBadiB, SKi MPOBOAATH JACKIIbKa
MOIIyKiB 1O  caiiTy Ha TPOTA3i  BigBIAyBaHHI
(BpaxoByrOUM JEKiIbKa IMOLIYKIB YIS OJHOIO i TOTO X
KITFOYOBOTO CJIOBA);

T,s — cepenHii uac nepeOyBaHHS Ha CaWTi Ui
BiJIB1lyBaHHS MiCJIS IOLIYKY;

Swp — CepellHsd KiJbKiCThb CTOPIHOK, MHEperyisHyTHX
BiJIBilyBaYaMH IIiCJIsl TIOIIYKY;

P,, — BIICOTOK BigBiAyBadiB, SIKi BUKOPHUCTOBYIOTH
MOLIYK [0 CaNTy;
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P, — BIICOTOK BifIBilyBauiB, sIKi HE BUKOPHUCTOBYIOTh
HOILIYK IO CalTy;

P BIJICOTOK KOHBEpCili Bim BiABiIyBayiB, IO
BHKOPHCTOBYIOTH ITOIIYK IO CAHTY;

P,y — BIICOTOK BiZIMOB TMiCJs BiJBiJyBaHHS OJHi€l
CTOPIHKH K Pe3yJIbTATy MOIIYKY;

P, — BIICOTOK TOKYIIIB cepelx BiIBigyBadiB, IO
BHKOPHCTOBYIOTH IOIIYK IO CAlTy;

P BIICOTOK 3IOiHICHEHUX TIOKYIIOK Cepen
BiJIBiAyBadiB, 10 BUKOPHCTOBYIOTH TOIIYK IO CANTY;

Py, — BIICOTOK  BiABiAyBawiB, IO IEPErIAHYTH
OiypIe & CTOPIHOK MiCHA 3ICHEHOTO MOLIYKY;

P,;s — BIICOTOK BiIBigyBadiB, IO MPOBEIH OLIBIIC ¢
Yyacy Ha CalTi MicJisl 3A1HCHEHOTO MOIIYKY;

N,;s — KUIBKICTh HYJILOBHX PE3YJIBTATIB MOIIYKY IO
caiiry;
P,,, — BIICOTOK HYNBOBHX DPE€3yNbTaTiB MOIIYKY MO

CalTy CTOpIHOK;
Nops 3arajlbHa KUTBKICTh HYJIBOBUX PE3YJIbTaTiB
MOIIYKY CTOPIHOK;

N,ps — 3arajpHa KiIbKICTb IEPEMIAHYTHX CTOPIHOK
MOUIYKY;

K ¢ — IOKa3HUK BUKOPHCTaHHS IOLIYKY IO CAHTY;

N, — KiIBKICTb BiJBiyBaHb 13 HOIIYKOM IIO CalTy;

N, — KUIBKICTb BiJIBiyBaHb 0€3 HOILIYKY IO CalTy;

P, — BIZICOTOK HOBUX BiJ[BiZlyBaiB CaiTy;

P, — BIZICOTOK yHIKaJIbHHX BiJBiTyBadYiB;

S,y — CepeHs KUTbKICTh MIePETIISIiB 32 BiABIIyBaHHS;

Si, — CepeIHs TPUBANICTH BiJIBiTyBaHHS;

See — cepenHill koedimieHT KOHBEpPCii;

P,y BiICOTOK BIIBiqyBadiB, B3aEMOMIIOYUX 3
PI3HMMH BHIAMU MOJAHHS KOHTEHTY, TaKUMU SIK
MaciITadyBaHHs, TAHOPAMYBaHHS, MEPErJIsi]] HACTYITHOTO

CIIKYBaHHS,
P,,, BIICOTOK BiABiIyBauiB, fKi 3aIlyCKalOTh Pi3Hi
BUKOHAHHS TMOMil, HANpUKIaa, MPOrpaTd, IMaysa,

HACTYITHUH, PEUTHHT, HATUCKAHHS Ha PEKJIaMi;

Py, — BiICOTOK B3a€MOJIIi 3 CaliTOM, TOOTO BUKOHAHHS
NeBHUX [ii, HANPHKIaN, MiJIUCcaTUCS, 3apPEECTPYBATUCS,
3pOOUTH KOMEHTap, BU3HAYUTH PEHTHHT, 10JaTH B IAIKy
oOpaHe;

$1, — 3HAUCHHS MipH KOPHUCHOCTI CTOPIiHKH;

R., — KopuCHICTP MeTH BiIBigyBaHHS (Ha OCHOBI
KOPHCHOCTI IIel) Ta KOPUCHICTH BiABigyBaHHS (Ha
OCHOBI TaHUX TPaH3aKI[iil eJIEKTPOHHOI KOMEepIIii);

R.. — noxim (KOPUCHICTB) Bijl €IEKTPOHHOT KOMEPILil;

N,y — yHIKaJIBHI IEPETIISN CTOPIHOK;

N,; — KiIbKICTh BiJIBiZlyBaHb;

N, — KUTBKICTh TPaH3aKIIii;

N, — KUTBKICTh KOHBEPCIH;

R, — KOPUCHICTP BifIBilyBaHHS 3 HIOIIYKOM IO CauTy;

Ry KOPHCHICTH BiIBigyBaHHS 0e3 IOUIyKy IIO
caiTy;

Nj;, — KUTBKICTB BiIBITyBaHb 3 IOITYKOM IIO CaiTy;

Ap, — po3mip npulyTKy.
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BCTYII

AHai3 ¢iay)00BOro KOHTEHTY PO Bi/IBilyBadYiB JyXe
BOXJIMBUI, ajleé MajJoO XTO BHUKOPHCTOBYE HOTO B SIKOCTI
KepiBHHUIITBA JI0 il B ynpasiinHi Web-pecypcom [1]. Ane
OUIBIIICTE TOYMHAIOTH PO3YMITH, IO MOXKHA CYTTEBO
30LIBIINTH NPUOYTOK — BJABIYI 1 HABITH BTPHYI — SIKIIO
MPOCTO B3HATH, AKWHA Tpadik 3 OLIBIIO HMOBIPHICTIO
MIPUHOCHUTH KOHBEpCii, mo moam poobusTe (i doro He
poOnaTh) Ha KOHKpeTHOMY Web-caiiTi i K BUMIpATH
e(peKTHBHICTE 3MiH, $Ki 3OIHCHIOIOTH Ha calTi s
30inbIIeHHS KOHBepcil Tpadiky [2].

Lini ta xmogoBi pesyiapraté OKR moB’s3ami 13
po3yMiHHAM wineit  Oi3Hecy. HeoOxigHo cnovaTky
YCBiIOMHTH Il 1[I, a BXE TMOTIM 3aiMaTHCS
KOHKPETHHUMH TOKa3HHKaMu eQeKkTuBHOcTi Web-calTy
[3]. Lle moBuHHO OyTH y3TrOXKSHHM, Ta MIOYMHATH Tpeda 3
nocranoBku OKR [1-5].

1. CxitacTv CIIMCOK 3aliKaBiIeHuX ocil.

2. [IpoBecTn «MO3KOBHI IITypM» i3 3alliKaBICHUMHU
ocobamu.

3. Buznauntu cnucok OKR (BrimrounTd Bce, IO
MOXHa OIIIHUTH SIK ycmix st Web-caiita).

—I'enepyBaru OinbIe 3BEpHEHB, SKi MPUBOIATH [0
NPOJAXKIB.

— 3aBaHTa)KyBaTH Oijble KaTajoris y ¢popmati PDF.

— CrnioHyKaTd KJi€HTa J0 OJHOYACHOI MOKYIKH
JIEKUTBKOX TOBapiB/MOCHYr (TUM CaMUM 301JIbLIYI0YN
CEpPEIHIO BAPTiCTh 3aMOBJICHHS ).

— CrpusiTé CTBOPEHHIO OibII BITI3HABaHOTO OpeHza
a00 POIYKTY.

— 30umpmmTH Tpadik.

— 3abe3neuyBaT 0OCIYrOBYBaHHS KIEHTIB (CKOpPO-
TUTH KUTBKICTH I3BIHKIB B KYJIIICHTP).

—bynyBatn B3a€MOBIIHOWICHHA 13 BiABigyBayamu
(HampuKaa, TOCATHYTH 30UIbIIEHHS KOMEHTapiB B 071031,
MIOBITOMJICHB Ha (hopyMmi TOII0).

4. Bupinuti  Ta  4iTKO  c(OpMYIIIOBATH
(3ocepeautncs Ha camux BaxiuBux 5—10 OKR).

Jns BupilleHHS JaHUX TpoOJieM Ta JIOCSTHEHHS
BIJINIOBITHUX IUJICH €JIEKTPOHHOI KOMEpIlil HEOOXiqHO HE
mumie  30upartd  iHQoOpMamif0  IMOAO0  AISUTBHOCTI
KOpHCTyBadiB cucTteMn Ha Web-caiiTi, a i BHU3HAYUTH
KOHKPETHI ITOKa3HUKHN ePeKTHBHOCTI Web-caiiTy, mob B
MTOJIANTBIIIOMY BIUTMBATH Ha iXHI 3MiHH B OiK TOKpamieHHS
cTpaterii BeZeHHS eleKTpoHHoro Oi3Hecy [6—8]. Taxmm
YHHOM Tpeba PO3pOOUTH Ta BIPOBAAWTH AHATITHIHHUHA
METOJ CYNPOBOJY TEKCTOBOIO KOHTEHTY IHTepHeT-
PECYPCIB  €ICKTPOHHOT KOMEpIi Ha OCHOBI aHai3y
KJIFOYOBUX MOKa3HUKIB ehektuBHOCTI Web-caiity [9—12].

MeTo10 10CTiTzKEeHHSI € PO3pOOJICHHS iHpOpMaLiiHOT
TEXHOJIOTIT NMPOCYBaHHS [HTEpHET-PECYPCiB EIEKTPOHHOI
Komepuii Ha OCHOBI pe3synbrariB  Web-anamitukn
KITFOYOBUX MTOKA3HHUKIB CTOPIHOK.

Jns  pocsarHeHHs MeTH Oynu  ITOCTaBIICHI
3aBIaHHS:

— pO3pOOHUTH  aHANITHYHHH  METO.
IaTepHeT-pecypcie  Ha  OCHOBI  aHAJI3y
MOKa3HUKIB eekTuBHOCTI Web-caiity;

OKR

Takli

MIPOCYBaHHS
KITFOUOBHX
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— pO3poOMUTH Ha OCHOBI pe3yibTariB mpoiecy Web-
aHAJITUKU TAapaMeTpu Ta KpUTepii OLIHIOBAHHS PIBHS
YCHIIITHOCTI BEICHHS EJIEKTPOHHOTO Oi3HECY;

— po3poOuTH  mporpamMHMil  3acid  CympoBOIY
TEKCTOBOI'O KOHTEHTY IHTepHeT-pecypciB Ha OCHOBI
aHaJi3y KIIOYOBHX IIOKa3HHWKIB edekTuBHOCTI Web-
caiTy;

— IIPOBECTH KOMIT FOTEPHUI EKCIIEPUMEHT ~aHAIII3y
KITIOYOBUX MOKa3HUKIB epekTuBHOCTI Web-caiiTy;

—OTpUMaTH  Ta  NpPOAHANI3yBaTH  Pe3yJbTaTH
eKCIIepUMEHTAIBHOT ampoOartii 3aMpoIIOHOBaHO1
TEXHOJIOTii MPOCyBaHHs [HTEpHET-pecypciB eIeKTPOHHOI
KoMepIlii Ha OCHOBI pe3ynbraTiB  Web-aHamiTHKH
KJIFOUYOBUX MOKA3HHUKIB CTOPIHOK.

1 IIOCTAHOBKA INPOBJIEMHU

KPI cyTTeBO 3MIiHIOIOTBCS B 3AJIEXKHOCTI BiJ CEKTOpa
e-0i3Hecy, HanpukiIaj, po3apiOHa TOPTiBIsL, TYpH3M,
texHoJjorii, B2B, ¢inancu tomo [1]. HaBite Bcepenuni
il CEKTOPIB ICHYIOTh BEJHUKI BIIMIHHOCTI, HAIPHUKIA],
NpoJaX NyTIBOK, TypiB 4M aBia OureriB, po3apiOHa
TOpTiBIs CyBeHipamMu abo opmsarom [2]. Hasite mnpu
TOPIBHSIHHI 3 KOHKYPEHTaMH 3 TOYHO TaKUMH X LIISIMU
OIIHKH MOXYTh OYTH TITBKH IyXe NpuOmm3HuMHu [3].
Tounnii NDIAX, KWW TOBHHHI TPOMTH BiABimyBawi IS
JOCSTHEHHS METH, Ta iX BpakeHHS Bl IbOTO MpOLECy
OynyTe BiZMiHHEUMH s KoxHOro Web-caiity [4].
Haiibinpmi 3MiHM B OHX HampsMax MOXYTh 3pOOUTH
3HaYHUH BIUIMB Ha KoedimieHTH KoHBepcii  [5].
Hampukian, mMeHemxepu 3 po3apiOHOI TOPriBii XOUyTh
PO3pI3HATH  BiABIAYBaHHS ICHYIOUHX IIOKYIIIB BiX
BijBinyBauiB He-mokymiiB [1]. Tomy BHKOpHCTaHHS
CTaHAAPTHOTO KoedilieHTa KOHBepCii 3a raiy33io Moxe
BBecTH y omaHy. KoeoinieHTn xoHBepcii st e-koMepiii
MOJKHA PO3pax0OBYBATH Pi3HUMHU criocobamu [1].

Key = ]]\\icv s Koy = ]]:[[cv s Key = ]]\\]/cv s Koy = ]]chv :
vt vr vtb vrb

B HaBeneHOMy CIIEICKYy MOKHA TaKOX CJIIOBO KOHBEpCil
3aMIHUTH Ha CJIOBO TpaH3akuii. I[HmmMMHu crnoBamy,
BiJIBilyBa4 MOJKE 3IHICHUTH TOKYTIKY 1, SIKIIO HOMY IyXKe
crono0aBcs CaldT Ta OpraHizallis mpouecy MOKYIKH, TO
BiH BEPTA€ThCA, MOOU 3pOOHTH IOAATKOBY IOKYNIKY Ha
MPOTs3i OAHOTO 1 TOTO X CeaHcy BiABimyBaHHA [6].
B 3anexxHocTi Bix Toro, sikuit iHCTpyMeHT Web-aHamiTHKH
BHUKOPHCTOBYIOTh Ta SIKi 3roJi1 MPUIHATI B Opraxisarii, e
MOXKHa BH3HAUUTH SK OJHY KOHBEpCil0 3 JIBOMa
TpaH3akIisiMi abo /B KOHBepCii 3 JBOMa TpaH3aKIisIMU
[7-8]. Hampuknan, Google Analytics mnokaxe oaHy
KOHBEPCII0 Ta JBI TpaH3aKIli, TaKk SK BiJBiIyBau CTaB
MOKYIILIEM, a II€ MOXKE BiOYTHCS TUIBKM OIMH pa3 Ha
MpoTsI3i ceancy BinBimyBanuA [1]. [{o iHIINX BHYTPIIIHBO
caifToBHX (haKTOpiB, siKi cyTTeBo BrmMBaloTh Ha K, Ta
TOMY MOXYTb YCKJIQIHUTH MOKJIMBOCTI JUISl TTOPiBHSHHS,
BiTHOCSIThCS HACTYIHI [9—12]:

—BuauMicTe Web-caliTy B IOLIYKOBHX CHCTEMax
(mpupoaHi Ta omIavy BaJbHI Pe3yIbTAaTH MOIIYKY);
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— 103a0U1iTI (3py4YHICTH Ta MPOCTOTA BUKOPHCTAHHS)
caiiTy (JIETKICTh MEpEeMIIEHHs MO CaiTy, IHTYiTHBHO
3po3yMijia CHCTeMa HaBirarfii);

— aJieKBaTHICTh BijgoOpakeHHsT Web-caliTy y Bcix
OCHOBHHX Opay3epax;

— HEOOXIZHICTh TONEPEeAHbOI peecTpanii/aBTopu3aii
JUTS TIOKYTIKY;

— Yac BIATIOBi/II Ta 3aBaHTaKEHHSI CTOPIHKH;

— SKICTh TEKCTOBOTO Ta TpadigHOTrO
CTOPIHKH;

— BUKOpPHUCTaHHS (DaKTOpiB 301MBIIEHHS TOBIpH, SKUX
AK JIOTOTHIHM CHUCTeM O€3MEeKH MOKYyNOK, TIOJITHKA
KOH(DIACHIIHHOCTI, rapaHTis, BUKOPHUCTAHHS
mnpyBaHHs Uil CTOPIHOK, Ji€¢ BUKOHYETHCS OIUIATa,
peKOMEHAIIIT KITIEHTIB TOIIIO;

— HasBHICTh HENPANIOIOYHUX MOCHIAHb YU BiJICYTHICTD
JIeSIKUX 300paeHb;

— IIBUJIKUH Ta TOYHUH MOIITYK HA CAMTI.

KOHTCHTY

2 AHAJII3 JHITEPATYPHHUX JI’KEPEJI

IcHytoTs BimoMi mporpaMHi 3aco0M Ui aHalizy
BEJCHHS eJeKTpOHHOro Oi3Hecy. OpHuM i3 camMux
Bimomux cucrtemMa Google Analytics [1]. Lle moTyxHMiA
IHCTpYMEHT 300py NaHWX TH CKIaJaHHS 3BiTiB. AJle BiH
HE 3JaTHUHA nomimmuta poboty caiity [2—4]. dusa Toro,
00 mpoaHaNi3yBaTH Ta IHTEPHpPETYBAaTH AAaHHI 3BITIB, a
MTOTIM MPHUCTYNUTH A0 Iiif, HEOOXiMHUH WITKUH aNrOpUTM
niit Ta 3maromkeHa komauaa [13]. Kpim Toro HeooxigHmit
JIOZIATKOBUHM IHCTPYMEHT, sIKii OyB HaiamTOBaHWW Ha
KOHKPETHHH €JIeKTPOHHHWI Oi3HeC 3 BpaxyBaHHSM HOTO
ocobmuBocTeii [14]. B Oinbiocti 6i3HEC-OpraHizaiiisax mo
BCBOMY CBITY JUIA OWIHKM pe3yibTaTiB  poboTn
BHKOPHCTOBYIOTh KJIIOUOBI MOKa3HUKH edexTuBHOCTI KPI
[3]. Ix iHKOMM HA3MBAIOTH KIIFOUOBHMH IIOKA3HHKAMH
yemimuocti  KSI  abo  30amaHcoBaHOIO  CHCTEMOIO
noka3HukiB BCS. KPI BUKOPHCTOBYIOTh B aHATITHYHHX
BiJIIiTaX KOMMAaHIN JJIs OLIHKK CTaHy CIpaB B Oi3Heci [7—
8]. Sk Timpkm opranizamis BctaHoBuTh OKR, it
mOTpiOHMI cHOCiO OIIHKM YCIHINIHOCTI CBOET AiSITBHOCTI.
Taky oLiHKY ZO3BOJSIOTH OTPUMATH KITFOUOBI MTOKa3HUKU
eexTHBHOCTI . AHanoriuno, y Web-anamituii KPI — e
Web-10Kka3HUK, KUl CYTTEBO BAXKIIMBUI JUIsl TOCSATHEHHS
ycIixy oprasizanii B oH-naini. Bumoru no KPI [1].

1.B oOimemocti Bumagkie KPI — me koedirieHr,
BIJICOTKOBE BiJIHOIIIEHHS a0 cepesiHeE, a He OlpalboBaHe
gucio. Ile mae MOKIUBICTH MMOAABATH JaHI B KOHTEKCTI.
[Tpukinan HeonpanboOBaHUX JAHUX:

— Web-caiftr Buopa BTpaTHB 15 3aMoOBIEHB, TaKk SK
cepBep, SKUH OIpalboOBYye 3aMOBIEHHS IHTepHeT-
MarasuHy, He BiITOBiIaB Ha MPOTsI3i M XBHIIHH;

—3a MuHynMHH TIDKOCHb BTpadeHo N MOXIHBOTO
npulyTKy, TaKk sSK CHCTEMa 3aMOBIICHb HE MPAIo€ IS
BiJIBilyBauiB, sIKi BUKOPHCTOBYIOTh Firefox;

— MuHYJIOTO MICSIISI BUTPaueHO L IpoIIOBUX OJUHUIIb
Ha KIo4oBi cioBa PPC-cucremu, siki He ITpUHECIN HisIKOT
KOHBEpCii.

2.KPI noBunen Oytm mnoB’s3aHuii i3 wacom. lle
T IKPECITIOE 3MiHH Ta 1X MIBUIKICTb.
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3.KPI cnyrye ctumysioMm [uis i, BaXIHUBHX IS
Oi3Hecy. binmpiricte mapaMeTpiB MOXKHAa BHMIpSITH Ta
OIIIHUATH, aje I[I¢ He pOOHUTh IX KIIOYOBUMH IS
YCHINIHOCTI OpraHizarii.

Binmprra yactunra ckinagHoi podotu mo miaroroBku KPI
ckimanaerbes 13 Bu3HayeHHs OKR. Kiro4oBi pesynbrati,
SIKI BHKOPHUCTOBYIOTh U BU3HAUCHHS IUIeH, — [e 1 €
KPI. Tpeba nume mneperBoputé ix B peanbHi Web-
MTOKa3HHKH, SKi € B HaIBHOCTI [5].

Anroputm miarorosku KPI [1-3].

1. Busgauntn OKR. KPI mae Bimmosigatm Oi3Hec-
LUTSIM OpraHizaltii.

2. IlepetBoputt  OKR B KPI, TOOTO BH3HAYHTH
KOHKpeTHI Web-noka3HUKH, SIKi BiJIOBINAtOTh Oi3Hec-
uisstm OKR (tabn. 1), Hampukian, dac HemepepBHOT
poboTHu cepBepa, MBUIKICTh BIAMOBINI cepBepa, HOTATKU
npo Oyxab-siki oddaaHoBI KOMIIaHii, IKi MOXYTh BINBAaTH
Ha 1udpH, 3MIH , BHECEHI Ha caiTi, iHopmamnio mpo
3aITyCK HOBHX TOBapiB ab0 BiATryKaX KOPHCTYBadiB TOIIO.
Bce me momomoske Kpamie 3po3yMiTH JaHi 3BITiB Ta,
BiMTOBIAHO, 301LTBIINTH 1X IIHHICTE [1-5].

3. IlepeBiputn, mo KPI — me mokxa3HUKH, SKI MOXKHA
BHUMIPSITH Ta SIKi CHOHYKAIOTh 10 ii.

4. CtBopuUTH iepapxivHi KPI-3BiTH. Tpeba
BIIEBHUTHCS, IO JI0 KOXHOro ortpumyBada KPI-3BiTy
NpUXOJATh HEOOXinHI Homy nani. Yum Outbin nopevHa
3anporoHoBaHa iH(opMalis, 3 THM OLIBIIOI YBarow Ta
3aIliKaBJICHICTIO JI0 HEl BITHECYThHC.

5. Busnauntn uyactkoBi KPI. Opna i3 caMmmx
MIOTTYJISIPHUX — 30UTBIIEHHS KoeimieHTa KOHBEpCii caiTy.
3a3BHuail 1iel MOKa3HUK JIETKO OLIHUTH, aji€ B TOM JKe Jyac
BiH 3aHAJTO CYNEPEWINBUI — BiABimMyBad abo 3HifiCHIOE
KoHBepcito, abo wi. Hampukmam, sKmo KoHBepcis
CKJIAJIA€THCS B TOMY, 100 3aBaHTAXXUTH (ailil, TO mepexig
Ha CTOpiHKY Moke OyTr yacTkoBuUM KPI. [lo anamoriaamx
yactkoBux KPI BimHOCATBCS:

— Mepexij] Ha CTOPIHKY KOHTaKTH;

— s 0araTocTOpiHKOBOI  (hopmu
3allOBHEHHSI IIEPIIOT CTOPIHKY;

— JIOCSITHEHHSI BH3HAYAJIbHOTO MOMEHTY B TIpoleci
3allOBHEHHS (OpMU;

— Tepexi Ha CTOPIHKY aKIIii;

— 3aITOBHEHHS T10JIS 3aIIUTY TOLIYKY IO CauTy.

6. Iloegpatn  KPI. Ilicms ¢opmyBaHHS CHHCKY
HeoOxiganx KPI mis kokHOro mpeicTaBHUKA BiImimy
MOEAHANWTEe iX Ta BUKIIOUITH MoBTOpeHH:I. Mera KPI —
30CepelMTICS Ha BaXJIMBUX IOKa3HUKaX Juisi Oi3Hecy.
Sxmo B KPI-3BiTi momani Bci Kiro4oBi (akTopw, sKi
HEeOoOXimHI Iy OWIHKM ycmimHocTi, To koxHuit KPI
MOBUHEH cKJanatu moHaiimenmre 10% Bix uutoro. Skmo
BaxkiuBicTe ogHoro KPI cknamae madararo menme 10%,
TO Horo Tpeba BUAANMUTH a0 IMOEAHATH 3 IHIINM, OOM
orpumary Oinpin 3HauHUE KPI.

3anury  —
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Tabmums 1 — [Mpuxnan nepersopenss OKR B KPI [1]
OKR mpescTaBHUKIB 3anpononosani KPI
BiJUILIIB
301IBIINTH KITBKICTD
Bi/IBilyBauiB, sKi
HPHUXOMATH Ha CailT 13
HOLIYKOBHX CHCTEM

BigcoTok BijiBigyBayiB 3 MOMIYKOBHX
CHCTEM.

Bingcotok koHBepCii, siki
3ICHIOIOTH BiJIBiyBadi, 10
MPUHAIUIE Ha CAlT 3 MOLUIYKOBHX
CHCTEM.

BijcoTok BijiBiyBaHb, Iijl 4ac SKUX
BiJBilyBaui 10JJal0Th TOBApH B
KOILIKK.

BijgcoTok BiBixyBaHsb, Mij 4ac SKUX
Bi/IBiyBaui J0Jal0Th TOBapH y
KOIIHK Ta 0()OPMISIFOTH 3aMOBIICHHSI.
BijcoTok BijBiyBaHs, Iijl 4ac SKUX
BiJIBiZyBadi micis JoJaBaHHS
TOBApiB y KOIIKK IEPEPUBAIOTH
o(opMIICHHSI 3aMOBJICHHS

Bincotok BinBiyBaHsb, Mij 4ac SKUX
BiJBilyBayi 3aJIMLIAI0Th KOMEHTapiit
B Ononi a60 3aBaHTaXYIOTh
JOKYMEHT

BincoTok BiBiyBaHb IiJ] 4ac SKUX
BiZIBiZyBaui 3aIIOBHIOIOTH (hOpMY
3BOPOTHOTO 3B’5I3KY a00 HATHCKAIOTh
Ha ToCHIaHHs mailto.

CepenHiii yac 3HAXOPKCHHSI Ha CalTi
3a Bi/IBiyBaHHS

CepenHs KiJIbKiCTh TEPETIIsIiB
CTOPIHOK 3a BiJIBi{yBaHHS

CepenHs BapTiCTh 3aMOBJIEHb
CepenHs KiNbKiCTb TOBapiB 3a
TpaH3aKLilo

Bincotok BijBityBaHb, Mij 4ac SKUX
OyJia eperisiHyTa TiIbKH OJIHa
CTOpiHKa *HOKa3HHK BiIMOB)
BincoTok BHYTPIIIHIX MOLIYKIB 1O
caiTy, sIKi IPUBEINH 10 HYJIHOBHX
pe3yJIbTaTiB

Bincotok BinBiyBaHb, SKi IPUBEIN
110 BiANIPaBIICHHS 3asBKU B CIIYXO0Y
HiATPUMKH.

ITponasaru Ginbie
TOBAPIB/MOCITYT

30UIBIIUTH KUTBKICTh
BiJIBiyBauiB, siKi OepyTh
y4acTts B po0oTi caiity

IIponaBatu KinieHTaM
OinbIIIe CYIyTHIX TOBapiB

30iIbUINTH TTO3UTHBHE
BPaXXEHHSI KJIIEHTIB BiJ
cairy

KPI-3BiTH He € mOCh He MiHHE Y Yaci. BoHrm MOXyTh
Ta TOBHHHI 3MIHIOBAaTHCS Ta €BOJIOLIOHYBATH, IO Mipi
TOTO SIK TPEACTABHUKH BiJIIIB HaydaTbCd pPO3YMITH
nokasHuku Web-caiiTy ta poOUTH il AJ1s1 BHECEHHS 3MiH
[6—7]. PexomennoBaHo meperisaati cnrcok KPI xoua 6
pa3 B kBaptan. Hanpukian, mnpeacTaBHUKY Biagiry
OHJIaH-MapKETHHTY SBHO OyJe IlikaBa pI3HULS MIX
BiJBiAyBauamMu 3 monrykoBux cucreM (SE) Ta He 3
nomrykoBuMm tpadikom [14-18], Ta ska ¥MOBIpHICTH
KoHBepTalii 1poro Ttpadiky (HanpuKiIam, KOHBEPCIEO
Moxe OyTH 3amoBiieHHs Typy) [4—7]. IIpuxmax KPI-3BiTy.

1. B micsui /+1 npuOyTok Bij 3aMOBIICHb B OH-JIAWH
3HHU3HUBCA Ha X% MOPIBHIHO 3 MiCALIEM i.

2. Mpubmmzno  »% Bci  BinBimyBauiB  Web-caifTy
MPUXOIATH 3 TOIIYKOBUX CHCTEM.

3.lns  BigBigyBaWiB 3  TOIIYKOBHX  CHCTEM
AMOBIPHICTh BXO/DKCHHA B CHCTEMY OGOpPMIICHHS
3aMOBJICHHS Maibke B Kk pasiB  BUIA, HDK JUIS

Bi/IBilyBauiB, sIKi IPUHIIUIM HE 3 MOIIYKYBaiB.

4. Ins  BigBimyBauiB 3 PPC-cuctem HMOBIpHICTB
BXOJ/UKCHHSI B CHCTEMY O(OPMIICHHS 3aMOBJICHb Ha d|—
a,% BHIIE, HDK JUIA BiJBiAyBadiB, SKi 3HAHILIN CaHT B
MIPUPOTHUX Pe3yJIbTaTax MONTYKOBOI BHAYI.
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5. Tak sik mMexaHi3M odopmieHHs 3aMoBiIeHHS Web-
caiiTy He maTpuMye Opaysepu, BinMinHi Big Name, Web-
CaiT BTpavae z,—z, TPOIIOBHUX OJMHUIIb B MICSLb.

Jii, sixi MOBHHHI 3pOOUTH NPEICTABHUKH BIIIIIB Ha
ocHoBi 11boro KPI-3BiTy:

— IlepeBipuTH, YN € IPUYMHOIO MAAiHHA OHJIAWHOBUX
NpUOYTKIB CE30HHWUH (aKTOp, SKUH XapaKTepHUH I
BCi€l raiy3i 9d TiTBKU IS OHJIAHHOTO KaHaly.

—Ha mepmmit mormsan, y%  BiaBimyBadiB, sKi
NPUXOAATH Ha CalT 3 MOIIYKOBUX CHCTEM — MOXe OyTu
Oy)XK€ BHCOKMM IIOKa3HHKOM. AJle 4YM Le pe3yibTar
e(heKTUBHOI cTpaTerii MapKeTWHTY MOUIYKOBHUX CHCTEM
YH IPOCTO 1HII KaHaJIH NPAIOI0Th HE Iy’kKe e()eKTUBHO?

—TIlpu Bucokux a;—a,% 30uTbIIMTE Oromker PPC-
KOMIIaHIi — BOHHM BiJJMIHHO MpAIIOIOTh. AJie MOXIIUBO
rapHi pe3yJbTaTH TyT 0OyMOBIICHI HEIONPAIIOBAHHSAM B
obyacTi NONIyKOBOi ONTHMI3amii, TOMy JaHe HHUTaHHS
HEeoOXiTHO JOCIIANTH JeTaJbHIIIe. Xoua B
KOPOTKOTEPMIHOBIH TEPCHEKTHBI Ma€ CEHC 30UTBIIUTH
oromker PPC-koMmmanii.

— CTBOpiTh  Kpammii ~ MexaHi3M  OQOpMIICHHA
3aMOBJICHB, AKiH Oyiie miATpUMYBAaTH i iHII Opay3epH.

B pesymbrati cermenranii KPI-3BiTax B 3a3BHyaid
OTPUMYEMO 3aHaATO OaraTto JeTanbHOi iH(popMarlii, sika
30BCIM HE MOTPiOHA IJIsi TOro, MO0 JaBaTh BKa3iBKH
pobitHukamM [7-8]. A pO3pOOHMKY MapKEeTHHIOBOi
cTparerii Taka iHdopmaris, HaBIIaKK, TPOCTO HEOOXiHA,
Hanpukian, KPI-3BiTi no npuHumy iepapxii [1-5].

1. [lupexTopy 1O MapKeTHHI'y KOMHaHii po3apiOHOi
Toprieii HeoOXiaHi iepapxiuni KPI-3BiTH, Hampukmam,

— Cepenniii koedimieHT KOHBEpCIl.

— CepenHst BapTiCTh 3aMOBJICHHSI.

— BuTpaTn Ha 3aiydeHHS BigBiAyBadiB.

2. Po3pobHMKY MapKeTHHTOBOi cTpaTerii HeoOXimaHa
Ta X iH(opMaris, cerMeHToBaHa 3a 3aco0amu (OmIadeHi
abo TpUPOJHI pe3yibTaTH IOIIYKY, MAapKETHHI MO e-
mo1ITi ab0 MoKa3 OaHepiB TOIIO).

CerMmeHratlisi 3a JIOIIOMOTOI0 METOJy NMOTJIHONEHHS B
JNAaHHI — II¢ BIAMIHHWHA CMOCIO IIBUAKO 3pO3yMITH
MOBEJIIHKY PI3HUX CErMEHTIB BiBiMyBadiB. BuzHauusIm
KITIOYOBI CErMEHTH BiIBiTyBadiB, IKi MPUXOAITH HA CAWT,
MOKHA CTBOPHUTH Ui HUX CIEIlialbHI mpodim, moon
pobutnu okpemi 3BiTH. Taki OKpeMi CErMEHTOBaHi 3BITH
JTO3BOJISIFOTH OUTBIN JI€TANbHO, IIBHAKO Ta €(PEKTHBHO
JIOCTI/IKYBaTH MTOBEIIHKY Bi/IBiTyBadiB.

CerMenrariis B OIIBIIOCTI BHIIAAKIB BKIIIOYA€ THII
Bi[BiZyBaua, JpKepeso mepexoxy abo reorpadiune
MiclIe3HaXO0/PKeHHs BiiBiayBaua [19-21], Hanpuknan:

— IPUKJIaIU CEIMEHTIB 3a TUIIOM BijIBiTyBaua;

— HOBI Ta Ti 1[0 MOBEPHYJIKUCS BiJBiMyBaui;

— KIIIEHTH Ta HE KITIEHTH;

— HOBI BiJBiAyBadi, sKi € KiieHTamMu (200 Ti, IO
MTOBEPHYJIHCS BiIBiMyBadi, SKi € KIIIEHTAMH);

— IIPUKIIaU CErMEHTIB 3a [HKEPENIOM BiBiTyBadiB;

— BiABimyBaui, fAKi TPUHIDIA B Pe3yJbTATi IOIIYKY
(abo He B pe3ybTaTi MOIIYKY);

— BiABimyBaui, fKi NPUHNUIM 32 TAPTHEPCHKUMHU
mporpamMamMu (abo He 3a MapTHEPCHKUMH IIPOTPaMaMu);



e-ISSN 1607-3274 PapioenexrpoHika, inpopmaTuka, ynpasminas. 2021. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 3

— BiZIBiMyBaui, SKi TPUHANDIM TIIBKH 3a OIUIavy
BJILHUMH pe3yJIbTaTaMH MOUIYKY;

— BiABiAyBaui, sIKi NPUHLIUIM TUIBKKA 32 TPUPOJHUMH
pe3ysbTaTamMu HOMIYKY;

— BiZIBiTyBaui, SKi MPUALILIA TUTHKA 3aBISKH PO3CHIILI
IO €JICKTPOHHIH MOIIITI;

— MPUKIATA CETMCHTIB 3a
MiCLIe3HAXOPKCHHSIM;

— TinmpkH BiABimyBadi 31 JIbBOBa, TiNBKM 3 YKpaiHH,
€Bporu To1110;

— TUTBKHA ~ peTiOHaJbHI
Adpuxa, Okeanis Tomro);

— ykpaiHOMOBHI BijBimyBaui (abo BiaBigyBaui, sKi
BUKOPHCTOBYIOTh BCI 1HIIII MOBH CBITY).

Ilpu BUKOHAHHI CerMeHTAIlii HEOOXiTHO 3HAWTH
OamaHc MK scHICTIO iHpoOpMamii Ipo TMOBEIIHKY
BIJIBiJTyBaYiB Ta BEJIMKAMU oOcsramu ganux [19-21].

Junst imocTpanii npukiagy 3a pojisIMH B OpraHizamii
obpano Web-caiitr [aTepHeT-Typm3mMy. bizHec-mimi #oro
JBOSIKi: IPOJIaBaTH TYPH Ta HAMAraTHCs OTPUMATH 3asBKH
Ha npodeciitni mocmyru. J{ns uporo nHa Web-caiiti €
JEKiTbKa OCHOBHHX PO3/LTIiB:

— Posain InTepHer-marasuH. Mera: NpoJaTH
TYPUCTHYHI TypH, L[iHA SKUX BiJHOCHO BHCOKA ITOPIBHSHO
3 1miHamMu B Ounpmiocti [HTepHET-MaraswHiB  Takoro
Harpsmy.

—Pozpgin renepanii 3BepHEeHb 3a mociayramu. Mera:
Hamarartucs, oOW BigBiAyBadl poOwim 3asBKH Ha
npodeciiiii mociayru (eKcKypcii, TpeHIHrH, Mopagy Ha
MPOBEACHHS CKCKIIO3MBHUX MAaHAPIBOK 13 Tijamu,
KOHCYJIBTAIlil Ha CKJIAJaHHS HAWBiAyanbHUX TypiB). Lle
TaKOX JIOPOTi MOCIYTH

— Posnin npocyBannsa Openna. Hamucanns crareit ms
OJI0TiB, B SIKWX JAIOTHCS TIO3UTUBHI MPaKTHYHI OPaIy MO
opraHizamii BiINOYHMHKY Ha OCHOBI MOCIYT Ta TYpIiB,
noganux Ha Web-caiiti komnasii.

reorpadivHIM

BigBimyBaui(€Bpoma, Asis,

3 MATEPIAJIM TA METOHU
3 ToukM 30py mpusHaueHbp Ha Web-caifti S, icHye

Monynb IHTepHeT-marasuHy M, MOAYIb MapKETHHIY

M,,., Mopymb-Komipaitep M, (momomora s

cp
HalMCAaHHIM SIKICHOTO Ta €(QEeKTUBHOTO YHIKalIbHOTO
KOHTEHTY, TOOTO JJIsl aBTOPIB, )KypHAIICTIB, KOMipaiTepiB
KoHTeHTHoro Web-caiity) Ta M, Momyns mns Web-

Maticrepa. s KOXKHOTO po3paxoByroTh BiracHuil KPI:

Sy =< Mo, M

A

mr’Mcpstm >

VY caiita 3 MmoxyneMm [HTepHET-MarasmHOM, HMOBIPHO,
6impme Bcroro KPI, i3 gxux MokHa obOpaTh, Tak SK
OCHOBHY MeTy (TIOKYTKY) IOCTaTHBO TPOCTO OLIHUTH. |
MeTa CalTy (CHOHYKAaTH BiJgBiAyBadiB JONATH TOBap B
KOIIIMK) BH3HAYCHA JOCTaTHHO sicHO. B Google Analytics
€ LUTMH PO3.IiI, SIKUI MPUCBSIYCHUIT 3BITaM 3 eNeKTPOHHOT
komepuii. Ane Oinbmricte KPI kpame B3sTH i3 iHIINX
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MomynmiB. OkpiM  KUIBKOCTI  BiIBimyBadiB

N, .

npononoBani KPI myist momyns [HTepHer-mara3uny:

Ml‘S =< NVV’SCC’SCO’SCV’SVO’P}’IV’I}’IV >

S.. Ta S, pospaxoBye Google Analytics B po3aini
CJICKTPOHHA KOMEpIliss. 3a 3aMOBYCHHSIM BIH TaKOX
pO3paxoBye 1Ba THIM 3HAYEHb S, — KOPHCHICTH METH
BiIBiAyBaHHSI (Ha OCHOBI KOPHCHOCTI IIiyeif) Ta
KOPHCHICTh BiIBimyBaHHA (Ha OCHOBI JaHWX TPaH3aAKIIiH
eJNIeKTPOHHOI komepuii). DopMmyna s poO3paxyHKY
noBepHeHHs Ha iHBecTHlil B Google Analytics

I -
RO = [ncome Expenses ’
Expenses

Bim’emue 3mauenas ROI rooputre mpo Te, mI0
BTpadyaeTe TPOIIi: BUTPATH HA 3alydCHHS BiIBiAyBadiB
Oinmplle 32 BUTpaTH. 3BHYAWHO, INPH 3allyCKy HOBOI
kommanii ROI, ckopimie Bchoro, Oy/ae Bix’€MHHUM 0 THX
mip, MOKM He 30UIBIIMTBCS KUIBKICTH BiJBINyBadiB, IO
MOBEpHYJIHMCS, Ta OpeHx He CcTaHe BII3HAHWUM, IO
mpuBeJie 10 30UTBIICHHS KOHBepcii. 3Buuaitno, ROI — e
MOKAa3HUK €(EeKTHBHOCTI Uil 3arajbHOrO BaJlOBOTO
npudyTKy. BiH He BpaxoBye, SIKMI MPUOYTOK OTPUMAETE
Bil mpomax. BiH He BpaxoBye TaKOX KUIBKICTh
TpaH3aKMii uu BigBigyBauiB. Hanpukian, ROI ams meskoi
KOMMaHii (3aHaOTO MEHTpalli30BaHOi) MOXe OyTH
BHCOKHM, a TPUOYTOK TIPH IIOMY — HEBETUKUM. A TpH
Oinbin HE3bKkoMy ROI MeHm crierfianizoBaHoi KOMIMaHii
npuOyTOK MoOXe OyTH JOCTaTHbO BEIMKUM 3aBJSKU
BEJIMKIN KUTbKOCTI BimBimyBauiB. Dopmynia Juis HOPMH
NpUOYTKY BUTIISIAE HACTYITHUM YHHOM:

RR = Income — Expenses

Income

3BitT® Mo HOpMi mpubyrky Ta ROI mpucytHi B
AdWords. 511 TOKYIIKH TOPOTHX TOBapiB, B TOMY YHCIIi
TypiB, 3a3BUYall HEOOXiTHO OULTBIIMIA Yac Ha PO3AYMH,
HDK UL TOKYNKH JeIIeBUX TOBApiB, HANPHKIA,
CyBeHipiB. 3a3BHuUaii 1¢ eKBIBaJIEHTHO KiJBKOCTI
BiJBiAyBaHb, AKi HEOOXiIHI A HMEpEeKOHAHHS 3MIHCHUTH
nokynky. Take KPI, sk P, , H03BOJINTb B3HATH,

XapakTepHO YW Le Ans cailty 3 [HTepHeT-Typusmy.
3HadeHHs WMOBIPHOCTI TOrO, INO HOBI BigBiAyBadi
CTaHyTh HOBHMH KJIIEHTAMH TIPH MEPIIOMY BiIBiTyBaHHS
JIOTIOMOXKE po3paxyBatH [, :

3HaueHHs [,,, =] TOBOPHUTH MpO Te, 110 HOBUI Ta TOM,

IO TOBEPHYBCS BiBiIyBaui CTaHYThb KIIEHTaMH 3
OJTHAKOBOIO HWMOBIpHICTIO. 3HA4YCHHs MeHIe | O3Hauae,

139



e-ISSN 1607-3274 PapioenexrpoHika, inpopmaTuka, ynpasminas. 2021. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 3

II0 HOBWH BIiIBiAyBau CTaHE KIIEHTOM 3 MEHIIO
HMOBIPHICTIO, HDXK TOH, IO MOBEPHYBCSA. A 3HAYCHHS
Outerie 3a 1 oO3HAauae, IO HOBHH BiJgBiAyBa4 CTaHe

KIIEHTOM 3 OLUIBIIOK HMOBIpPHICTH, HI TOH, IO
moBepHyBCs.  3amydyeHHs Ha  Web-caliT  rapHux
BiZBiTyBauiB (THMX, IO TEHEPYIOTb MpoJaxi abo

3BEpPHEHHS 3a MOCIyraMu) — IIe OJHa i3 TOJOBHHX 3ajad
MapkeTHHTy. OHIIAifHOBHI MapKeTHHT BKJIIOYAE HACTYIHI
JUKepena:  TOMIyKoBa  omTuMizamisi  (Oe3KOITOBHE
pamxyBaHHA B TMOINyKOBHX cucTemax), PPC-pexiama
(mmaTHi  pe3ynbTaTH  IIOMIYKY), OaHEepHa pekiama,
MapTHEPChKI MEpeXKi, MapKEeTHUHT OJIOTiB, MOCHIAHHS 3
IHIIMX CalTIB Ta MAPKETHHT 110 €JIEKTPOHHII MOIITI.

Jns Bu3HaueHHs Halkpamoro Ttpadiky HeoOXimHO
aHaimi3yBaTd KoediieHT KoHBepcii K, BHIpaTH Ha

KOMITaHito, orpuManuii npudytok Ta ROI. Tomy KPI st
MOZYJII-MapKETOJI0ora CyTTeBO nepeTuHaroThes 3 KPI ms
MOIyNIsA-MCHEIDKEpa  OH-TalH  Typu3Mmy. Baxiuea
BIIMIHHICT, TOJNIATA€ B TOMY, IO MAapKETOJOTH
3BEpTaAlOTh yBary He JIMIIEe Ha KoeillieHT KOHBepcii s
MTOKYTIOK, aJie 1 Ha KOHBEPCIIO IIiJIeH, TaK AK I1e TOBOPUTH
mpo moOymoBY BigHOIIEHb 3 BiABiXyBauamu, SIKi,
WMOBIpHO, 3TOJOM TMEpeHAyTh MO TOKYNKH. SIKIIo
MPOIYCTUTH TaKi ITOKa3HWUKU SIK 3arajibHa KUIBKICTh
BijBimyBauiB caiity, To KPI mis monyns-mapkerosora €
TaKUMHU:

Mmr =< PvstczaR/k’E:kslck’Srk»Pv sPob’Kvbstk >
Iamexc sxocti kommasii [/ v~ gmosuii KPI —
MOB’SI3aHMH 3  OILIHKOI TOr0o, HACKUIBKH J00pe

noOyJOBaHUI TapreTUHT KOMIIaHii, TOOTO HACKUIbKU
BOHM €()EKTUBHI B 3aJly4eHi I[ILOBOTO Tpadiky Ha cauT
OH-JIallH TYpU3MY.

Fy(x)

Py (x)

[Ipunyctumo, Hanpukian, mo P, =50% BinBigyBadiB

ka(x) =

mpuxoaTh 3 AdWords, ame mpoMmy mKepery KoMIaHil
Bimnosigae mmme F.,=20% xoHBepciit. Ll xommaHis
mpaioe HeeeKTHBHO, TaK SK SKIIO JBI KOMMaHIi
OJIHAKOBO TapreToBaHi i koxHa rerepye 50% tpadiky, To
nBi moBuHHI gaBatu 50% koHBepciil. SIKIO oHA NpaIoe
e(eKTUBHIIE 3a IHIIY, TEHEPYIOUd OLIblle BIACHOT
YaCTUHH KOHBEPCiH, TO, 3a BHU3HAUCHHSIM, I KOMIIAHis
Halikpale TapreHToBaHa. 3HadeHHs iHnaekcy [, =1.0

O3Hayae, IO BiJBiAyBad 3 JaHOI KOMIIAHIl 3MiHCHHUTH
KOHBEPCIIO 3 TaKOK U kK HMOBIPHICTIO, SIK 1 BiIBigyBad 3
Oynp-skoi iHIIOT KommaHii. 3HaueHHS [ vk <1.0 o3Hayae

BIJIMOBI/IHO, 110 BiABiAyBau 3 JaHOI KOMMaHIi 3IIHCHUTH
KOHBEPCII0 3 MEHIIOI HMOBIPHICTIO, HIK BiJBigyBad 3
Oynp-sikoi iHmOi KommaHii. A 3HaueHHs [ vk >1.0

BIIMOBITHO — BiABiAyBau 3IIMCHUTH KOHBEPCIIO 3
OiBIIOI IMOBIPHICTIO, HDK BiABiAYyBau 3 OyIb-gKOl
iHImoi koMnadii (Tadm. 1).
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Tabmuns 2 — [puxitagy aHanizy KoHBepcii [1]

Kommnanist Py ,% P.,,% P, » % Beix ]yk
;yf:fﬂ, KomBepciii (I;)}:B/ezpvim) (P! Py)
Goog!e 40,84 83,00 31,44 0,77
organic
Referral 29,59 73,00 27,65 0,93
Direct 16,22 39,00 14,77 0,91
Google cpc 4,90 11,00 4,17 0,85
YSM ppe 3,62 3,00 1,14 0,31
Forum 2,02 51,00 19,32 9,56
Yahoo! 0,56 3,00 1,14 2,04
Organic
Inure 2,25 1,00 0,38 0,17
PasomN | N, =100 | N, =264

Kommnanis mans gopyma — myxke mobpe TapreToBaHa
kommanig. Kowmmanis mis  Yahoo! Organic Takox
HEMoraHo TapreToBaHa, aje KiJbKiCTh KOHBEPCIH NOCUTH
HH3Ka, TOMY Ha HbOT'O He TpeOa 3BepTaTH yBary, HOKH HE
Oyzae 3i0paHo Oinbliie AaHWX. MOXXKHA BTpaTHUTH Oararo
yacy Ta 3YyCWJb Ha IOIIYK MPUYMHH, TOTO, YOMY
BiZBinyBaHHs 3 Yahoo! Organic Maibke B Tpu pasu
edpexruBHima, HiXX 3 Google organic. Xowa Hacmpasni
CTaTHCTUYHA BHOiIpKa 3aHAATO Mana.

KoeditieHT Bri3HaHHS OpeHITY:

qu +Nl‘v

Kyy=—=t
" Ny + Ny,

3BEpHITH yBary, o B GOpMyJIi MOUIYKOBI 3alUTH — LIe
KJIFOUOBI CJIOBA, SIKI BBOJSTHCS B NOLIYKOBHX CHCTEMaXx.
[Mpsimi BifBiyBaHHS BKJIOYEHI TOMY, IO iX 371HCHIOIOTH
JIIOAM, sSKi 3HAIOTh aapecy Web-caiiTy, a 3Ha4YWTh, Iei
OpeHn — Tpd YMOBI, IO BHUKIIOYEHO 13 3BiTIB
BinBiAyBaHHS Web-caliTy criBpoOiTHHKAMU.

Jist po3poOHUKIB KOHTEHTY CalWTy TI'OJIOBHA MeTa —
MaKCHUMaNbHe 3aly4eHHs ayauTopil. CKiUTbKH Yacy JHOIH
BUTPAYalOTh HA YMTAHHS KOHTEHTY CaWTy Ta SIKUH HOro
OCAT BOHM YHTAIOTh — OCh KJIIOYOBI MOKa3HWKH OILIHKa
3aJIy4eHHs ayAUTOPii.

Icuye Tpu kareropii koHTeHTHHX Web-cailTiB:

— inopmaliss Ipo MPOLYKT Ta opraHizaiii — caiTu 3
KOpIIOpaTHBHOIO  iH(oOpMalliero, caiitTh 3  ob3opamu
TOBapiB, OJIOTH, CalTH CIYXOW TEXHIYHOI MIATPUMKH,
caiiTh OHJIAWHOBHX TPECHIHTIB TOIIO.

— PexnaMHMii KOHTEHT — calTH 3 OE3KOIITOBHUM
KOHTEHTOM, SIKi OTPHUMYIOTH NPHUOYTOK BiJ TPOAAXKY
pexiraMu (0aHepiB UM TEKCTOBHX 00’ AB), SIKY PO3MIIIYIOTh
HOPS/L 3 IHIIMMHU KOHTCHTOM CaiTy.

— KOHTeHT 3a MiAMUCKOK — TOpSAA 3 OTPUMAHHAM
npuOyTKY BiJl PeKIaMH, MOXYTH NPOIIOHYBAaTH KOHTEHT
3a MiANKACKOI0, TOOTO KOPHCTYBad IUIATHUTH 32 MiAMHACKY
Ha OTPHMaHHS MaTtepiajiB (MOXINBO, OLTBII TIOBHI Bepcii
crateil).
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HesanexxHo Bix Oi3Hec-Mozeni caiTy, 30UIbIIEHHS
3aliKaBJIEHOCTI BiJIBIlyBa4yiB € KIIOUOBUM (HaKTOPOM
ycmixy. ToMy M 10 KOHTCHTY 3aBXJIU IIYKAITh CIIOCOOH
BKITIOYHTH B KOXKHY CTaTTIO YU CTOPIHKY JTOJIATKOBI TEMH,
o0 30UIBIINTH 1[I0 3alliKaBJIEHICTh. BiamoBigHo, I
CaliTiB KUIBKICTh BIJIBIIyBaHb 3a [ICHb, TIDKICHb YH
Micsb — e Baxiansuii KPI.

MC

> =<S1psS ps Poys S Poys Pys Ky P P

pv>ivvoRncstzvotave st’Plt>'

Cepepniii moKa3sHUK BiAMOB (y BiACOTKax) P MOXHa

nizHatucs yepe3 Google Analytics. 3 Touku 30py aBTOpa
KOHTEHTY BHCOKE 3HAaYeHHs P o3Hayae crabke

3alliKaBJIEHHs] BiJBilyBayiB, TOOTO ClaOKuii iHTEpec 10
caiity. CerMeHTanisl B bOMY BUIAIKy — HaHBayKJIMBIIIA
yMoOBa NpUHHATTS iH(GoOpManiiHuX pimens. [loka3HuK
BiJIMOB JUTSI OJTHI€1 CTOPiHKH:

M vnp
R/vp = .
N.
inp

CepenHsi KiNbKICTh KIIKIB Ha pexmami 3a N,

BiJIBiTyBaHb:
N
— cr
Snc - N "Ny
av
. P . Nya
IToka3HuK 3a1iKaBJIEHOCTI BiABiAyBauiB: K, = .
NllV
. . Lo . N,
BincoTok 3aiikaBieHOCTI BiBiAyBadiB: P, = N
vk

Juis aHami3y YacoBHMX TIOKAa3HHWKIB, TIIOB’SI3aHHUX 3
ITOBTOPHUM BIiJIBi{yBaHHSIM, HEOOXiTHO OOpaTH ifcaibHi
JUISL KOHKPETHOT Mojeli e-0i3Hecy 4acoBi HPOMIKKH
t,<t,. llpn ycnimnomy e-6isneci: B, >> Fy; >> Fj;.

3a3BUyail 1LOTO JOCATTH HEMOXJIMBO. AJjie TIpH
MEPIOJMYHOMY JIOCHI/DKeHHI IMX MOKa3HUKIB MOXHA
BUBECTH 3aKOHOMIPHOCTI JIJIsl KOPEr'yBaHHS KOHTEHTY, 1110
B CBOIO Yepry MOKpally€e CIiBBIHOIIEHHS X04a 0 5K

By 2P 2By

Beb6-maiictpy  BiamoBigaroTh 32 e(eKTHBHY Ta
Oe3nepepBHy poOOTY BeO-caiity. ToMy BOHH TOBHHHI
3HaTH, sike OyJe HABAaHTAXKCHHA Ha CEpBEpPH, TOOTO SKY
KUTBKICTh 3BEpHEHBb BIJBIOyBadiB IO cepBepa MOXKHA
ouikyBatd. Tako HEOOXiTHO 3HATH, sKi Opay3epw Ta
YCTAHOBKM MOBH 4YacTillle BCHOI'O BHKOPHCTOBYIOTH
KOPHCTyBadi.

M =<K gusPuts Pups Pus » Bur s Bup s Bum » o

up > ep’Kis >

[Toka3uuk N;, € OazoBuM a1 BeG-maiicTpiB Ta

BU3HAaYaeThes yepe3 Google Analytics:
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Ndu =< Snvt > Snut > Snpt > Sn]w >
BimcoTok BHIaHHS CTOPIHOK 3 TIOMHWJIKOKO, SIKHA
HEOOXiTHO 3BECTH JI0 MIHIMyMY:
N, ep
Pe =
7N

pp

IToxa3Hux BHYTPIIIHBOTO MOIIYKY TaKOX

BU3HaYaeThes yepe3 Google Analytics:

Kis:< P ius» Svrsa P uos» P unss Tsvsa Snup’ P uurs P unrs P ucs» P pop>
PCuS’ Pbusa Pkspa Putsa Nnnsa Pnrp >7

30KpeMa, P, = Nyyps/N,ps. Takok MOXKHA po3paxyBaTH JIs
MOTANTBIIIOTO AHAI3Y:

Y Mipy 30UIBIICHHA KiNBKICTH CalTIB e€IeKTPOHHOI
KoMmepiii, mo miaTpumMyrooTh RIA-TexHOmOrii, 3pocTae
HeoOXximHicTh Bu3HaueHHA 1 HuX KPI. RIA a6o IIA —
ne Web-nmogatok, mo Mae 06arato XapaKTepHUCTHK
TPamUIIfHOTO MporpamMHOro 3abe3nedueHHs. Kormemiris
TICHO TIOB’53aHa 3 OJHOCTOPIHKOBOIO MIPOTPaMOI0 1 MOXKE
JIO3BOJIUTH KOPUCTYBa4eBi IHTEPAKTUBHI (YHKIIIT, Taki sSK
nepeTsaryBanHs, poHoBe MeHto, penaryBanus WYSIWYG
tomo. HTMLS5 € cyuacHUM cTaHgapTOM  JAJs
PO3pOOICHHS PO3ILIMPEHNX BeO-Tporpam, o
MiATPUMYIOTBCS YCiMa OCHOBHHMH Opay3epamH.

Sk npasuiio, RIA-cucrema

— 3aIyCKAEThCS JIOKATGHO B CEpPEHOBHINI Oe3IeKn —
«micounuti» (sandbox) — MexaHi3M I O€3IeYHOTO
BUKOHAHHS IIPOTPaMm;

—3amycKaeTbca B Opay3epi Ta He mOTpedye
JIOIATKOBOT'O BCTAHOBJICHHS IIPOTPaMHOT0 3a0e3I1eUeHHS;

—mnepenae  Web-KIli€HTy ~ HEOOXiHY  YacTHUHY
KOPHUCTYBAaI[bKOTO  iHTepdelcy, 3aluIiandud OuTblry
YacTHHY (pecypcH MporpamH, JiaHi, TOIO) Ha cepBepi.

AHaNTHKM TIOBMHHI MHCIUTH Hi 3 TOYKH 30Dy
MePerIIAaiB CTOpiHOK Ky, a mil i momiit K, SKi BKa3yrOTh
Ha B3a€MOJil KOPHCTYBadiB/ BiJBilyBadiB/ IIOKYIIIB 3
caiitom. ToOTO HEOOXITHO 3TiTHO PE3yJIbTATIB aHATI3y
MTOKA3HUKIB TIepeBU3HAYNTH K, MHOKUHY [iii, sIKi MarOTh
3MIACHUTH BiJBiAyBadi, m00 I BBAXKAJIOCS B3aEMOIIETO 3
calToM, 30Kpema,

Kas =< P}'lV! PllV! Sl’lV! STV >'

Ioennyroun KPI B3aemonmii 3 caiitom K, Ta
BiJICTEXXEHHS MOAiN K, , MOJKHA BU3HAYUTH Taki KPI:

Kusa:a(Kdm KLIS):<PVCM7 PSLIM’ PSill) a>'

Buznauenns pizaux KPI nossonsie 3ocepenutncs Ha
THX  eJEeMEHTaX  OHJAMHOBOi  cTpaTerii, sKi €
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HallePEeKTUBHIIIAMHU I 3ajJly4eHHS  BiJBiAyBadiB,
reHeparlii 3BepHeHb, KOHBEPCiH i MPUOYTKIB €JIEKTPOHHOT
komepuii. Takox 1e J0MoMoXKe BU3HAYUTH ONTHMAIIbHY
CTPYKTYpy BeO-caliTy uis moOKpameHHS e(eKTHBHOCTI
WOro BUKOPHUCTAHHS Ta 30UIBIICHHS OOCATIB TOCTIHHUX
BiJIBiyBaWiB Ta TOKYIIB. 30KpeMa, TaKHUM YHHOM
MOXKHa BU3HAYUTH MHOXXHUHY HECS(CKTUBHUX BeO-
CTOpiHOK.  3aiflMalo4uch  QHATI30M  JaHUX  IPO
BiJIBilyBadiB, HEOOXiTHO ONTHMIi3yBaTH CTOPIHKH CaWTy
Juisl eEKTUBHOCTI MepeOyBaHHs KOPUCTYBAUYiB HA HHOMY.

Y Oaratb0X BHIAgKaX MOKPAIIUTH CalHT MOJXKHA,
HaIpUKIIAI, gepe3 BHITPABIICHHS HETPAIIOI0INX
nocwianb, 3Mmian URL-agpec CTOpiHOK BXOmMy JUist

e(eKTUBHOTO BIJBilyBaHHS BIiJBiJyBayiB HEOOXIJIHUX
CTOpPIHOK, a00 BIIKOPUTYBaTH KOHTEHT CTOPIHKH ISt
MOJJaHHS HEOOX1THOTO PEKJIAMHOTO TIOB1IOMJICHHS.

ANTOPUTM  BH3HA4YCHHS  TPOOJEMHUX
CTPYKTYPH CaWTy JUIs OAAIBIIOT ONTUMI3aLlii.

1. BusHaueHHs  MHOXUHH  Hee()eKTHBHUX
CTOPIHOK Yepe3 aHaii3 iX Mipu KOPHCHOCTI.

2. BusHaueHHS MHOXHMHH IOIYJISIPHUX
BXOJy Yepe3 aHalli3 MOKa3HHUKIB BiJIMOB.

3. Anami3 mxepeln Bxony (TMOIIyKOBI CHCTEMH, IJIaTHA
pexiiama, MOCWJIaHHS B JIMCTax e-TOIUTH, IMOCUIIaHHS Ha

MiCIlb
BEO-

CTOPIHOK

IHIIMX ~ caliTax, TpsMi BXOMKEHHS 3a  aJpecolo,
HAMpUKIAn, 3  icTopii  TOMEpeAHiX  BiABiIyBaHb
KopucTyBada abo meplie mpsiMe BiBilyBaHHS).

4. AHai3 KITFOYOBUX CJIiB BXOJY.

5. Bigyamizamist mepexofiB 1o caiity 3 OOKy
KOpHCTYBaya JUIsl TOCSATHEHHS METH.

6. OmiHKa yCIITHOCTI MOIITYKY TI0 CauTy.

Bu3HaunTH MHOXHMHY HEC(ECKTHBHHX  CTOPIHOK

IHCTpyMEHTaMH BeO-aHANITHKA MOXKHA depe3 aHaji3
CIHCKY TIOKa3HHUKIB:
— 3HAYCHHSI MIpU KOPUCHOCTI CTOPIHKH $1;;
- MHOXHHH HaUTIOMy ISIPHIIIINX
Bxony/Buxony (Top Landing and Exit Pages);
— JepeBo Bi3yamizamii mociigoBHocte#  (Funnel
Visualization).
Mipy KOPHCHOCTI CTOPIHKH pPO3pPaxoOBYIOTh SIK

CTOPIHOK

$I dx = (Rcv+Rec)/ N, upv-

ToOTo, SIKIIO CTOPIHKY X; MEPErisIaloTh BiABILyBaui,
SIKi JIOCSITAI0Th METY, TO KOPHUCHICTh i€l MeTH 301IbInye
KOPHUCHICTh CTOpPIHKK X;. UMM wacrilie mneperisiuaroTh
CTOPIHKY X; BiIBilyBaui, SIKi TOCATAOTh ITiJIi, i YAM BHIIA
KOPHUCHICTh METH, TUM OLIbIINM CTa€e 3HaueHHs $1;. Llei
CTOCi0 OIIHKM KOPUCHOCTI CTOPIHOK HE Ma€ BiJHOILIEHHS
Jo mined 1 koHBepcil. PamkyBaHHS CTOpIHOK 3a
3HAYCHHSIM $/,; BCTAHOBIIOE YEProBIiCTh iX ONTHUMI3allii.
HeouikyBaHi cTOpiHKM B Wili MHOXWHHI (SKi HE MaroTh
BIMHOIICHHSA [0 IIifieil) BKa3ylOTh Ha THpodiIeMy
CTPYKTYypH Ta KOHTEHTy BeO-caity. [lapanemsHO
HEOOXiTHO TpPOaHANI3yBaTH caMi IOMYJISApPHI CTOPIHKH.
OcHOBHE 3HAYEHHS NPU aHATI31 MHOXHHH THOMYJIIPHUX
CTOPIHOK — I TOKa3HUK BiJIMOB; SKIIO BiABiAyBadi
MOTPAIUIIOTE Ha CTOPIHKY BXOXY X; 1 3pa3y 3aJMIIAOTh
CaliT, TO I1e 03HaKa HU3bKOI 3aJIy4€HOCTI KOPUCTYBadiB B
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pobotry caiTy. SIKImIo y CTOpIHKH BXOIY X; BHCOKHI
MOKa3HUK BIZIMOB, TO KOHTEHT CTOPIHKH X; He
3aJJ0BOJIbHSE OYIKYBaHHS KOpUcTyBadiB. HeoOximHO
JIOCIIIZIUTH JKEPEIIo IePEeXO/IiB K B CEPEANHI caiiTy, TaK i
nepexofiB 3 iHmMUX Jokepen. CraTMCTMKa HU3BKUX
MOKa3HUKIB OCTAHHIX CHPUYUHSE aKTUBiI3yBaTH poOOTYy B
3aJISKHOCTI BiJl CAMUX MEPEXO/IIB B TAKUX HATPIMAaX:

— omrykoBa ontuMizanis (SEO);

— KaMIIaHii 3 OIIa4yBaHHMH Pe3yJIbTaTaMH MOIIYKY;

— o¢maitHoBl/ OHIAHOBI MAPKETHHTOBI 3aXOH;

— peKJiaMa Ta BeJCHHS CTOPIHOK B COLMEpPEeKax.

AHamni3 KIIOYOBUX CIIIB BXOAYy — L€ CIPaBXKHE
JIOCIHIJDKEHHSI PUHKY, TOOTO BiJBijyBayl MOBIIOMIISIOTH,
SKMHA 3MICT OYIKyBaJM OTPUMATH NpPHU BiJBIyBaHHS
caiity. Bisyamizamis mepexomiB 10 caiiTy 3 OOKy
KOpHUCTYBa4a JUIsS JIOCSATHEHHS METH J03BOJHTH OLIHUTH
npoOJieMHI Micus CTPYKTYypH caiiTy, 1€ TNOTeHUiHHUN
BiIBIlyBau/IIOKyIElb 3IMTOBXYEThCS 3 MpOOJIEeMamH,
HaNpUKJIaJ, HEKOpeKTHI abo He3po3yMmim abo ckimagHi
eTamny orIaTi/oOpMIICHHS 3aMOBJICHHS.

IMomyk mo caiiTy € BHYTPINIHIM IOUIYKOBUM
MEXaHi3MOM, SIKMH BiIBioyBadi 4YacTo 3aMiHIOIOTh
CHCTEMOI0 HaBiramii mo cailty abo meHto. J{ist KpymHUX
BeO-CalTIB 3 COTHSMHU a00 TUCSYAMU CTOPIHOK KOHTEHTY
MEXaHi3M  BHYTPIIIHBOTO  MOHIYKY €  BaXJIUBUM
KOMIIOHCHTOM TS BiZIBiyBauiB, KUl JO3BOJISIE IIBHUIKO
3HATH  HeoOXimHWI  KoHTeHT. [l  BHYTpIIHIX
MEXaHi3MiB TOIIYKY 3a3BHYali BUKOPUCTOBYIOTH TaKy K
apxiTeKTypa Ta MeXaHi3MM, SK 1 JUId 30BHIIIHIX
momykoBux cucteM sk Google. OrmiHka ycHminrHOCTI
MOIITYKY TIO CATy MOJIATae B aHAII31 MOKa3HUKA BiJIMOB, a
TaKOX IIe PsTy iHIIMX TOKa3HUKIB, 30KpeMa:

— TIOKa3HUK JOCATHYTOI KoHBepcii P.,=N,,/N,,-100%.

— MOKa3HUK aoxoay Pip=R.+R,,.

— IIOKA3HHK CepeHbOI KOPHCHOCTI:

S (Rer Re) (NN,

— pEWTHHI KOHBEpCIi B €JIEKTPOHHIN TOPTiBIIi:
R..:=N,/N,; -100%.

— TIOKa3HUK KOPUCHOCTI BiJIBiyBaHHS:
P =(R.+R,)/N,,.

BinBinyBau, sikuii BAKOPUCTOBYE TIOIIYK 110 CAWTy, B
JIeKiIbKa pa3iB LIHHIMKMN, HDK BiJBifyBad, sIKMU IMOLIYK
0 CcaliTy HE BHUKOPUCTOBYe. Tomy po3poOneHHS Ta
PO3BHUTOK CEPBICY IMOIIYKY MO CalTy e(EeKTUBHO BILUINBAE
Ha TIOKAa3HUKHM BIJIBIAYBaHHS CaiiTy 3a 30UIbILCHHS
00cAriB MOCTIiHOT ayTUTOPii. Jnst LLOTO
BUKOPHCTOBYIOTh OOYMCIIEHHS BIUIMBY Ha JOXiK (QYHKIT
[omykKy mno CaﬁTy ]ssp:(Rssv_Rsnv)']\/ssv’

Lle#l moKa3HMK pEryNIOe IUIAHW Ta CTparerii momo
MOJIaJIbIINX IHBECTHIIH B PO3BUTOK CEPBiCYy IOIIYKY MO
caiity. lleii mokasHmk mae cranoButd 80% MiCSIHOTO
JOXOJy IUisl BeO-caifty.
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Anroput™M  onmTUMi3amii  3axoIiB 3
noiykoBux cucreM (SEM).

1. JlocmipkeHHsT KIIFOUOBUX CINiB (JJIs1 OIUIauyBaHHX/
HEOIUIauyBaHHX Pe3yJIbTaTiB HOIIYKY).

— BigBigyBaui, sAki  TPUATILIH
MIPUPOTHUX TTOLTYKOBUX PE3YJIbTATIB.

— BigBimyBaui, sKi BHKOPHUCTOBYIOTH BHYTPILITHIH
MOILIYK MO CauTy.

2. OnruMmizamiss kammadii (oruladyBaHi pe3ysbTaTH
MOIITYKY).

3. OntuMizarnis cropiaku Bxoxy i SEO (momrykosa
ONTHMI3aIlis) (must OIIavyBaHUX/HEOIIAaTyBaHUX
Pe3yJIbTaTiB MOIIYKY).

4. Ontumizaiiisi MO3MLINH OTOJOMIEHHS AJIsl KaMmaHii
AdWords (omiauyBaHi pe3yJIbTaTH MOIIYKY).

MapKeTHHTY

BIAIIOBIAHO 110

— OnrruMizanis [MO3ULII 3a BiJ[BITyBaHHIM
(cTopiHKW/BiABiTyBaHHS, cepeaHs TPHUBAIICThH
riepeOyBaHHs Ha CaTi)

— OnruMizanis IO3MIIM 3@  BIICOTKOM  HOBHX

BiNBiAyBaHb (TIOKA3HWK BiMOB, IMOKAa3HHUK IOCSTHYTHUX
mepexomiB aus metd 1 [mmsa mimeir 2—4], mOKa3HHK
JIOCATHYTOI KOHBepcii, [mpuOyToK, TpaH3akImii, cepemHs
KOPHCHICTh, PSUTHHT KOHBEPCii B €JIEKTPOHHIN TOPTIBIi,
KOPHCHICTb BiJIBilyBaHH])

— Onrtumizalris MO3uIii 3a KOPUCHICTIO BiJIBITyBaHHS

— OnrruMizanist 3a yacom qus B AdWords

5. OntuMizanist Bepciii OroJiomieHb JUIs  KaMIaHii
AdWords (orutauyBaHi pe3ysbTaTy MOLIYKY).

Jns  KII04OBUX CNiB, SIKI IPHUHOCATH KOHBEPCIi,
HEOOXiTHO ONTHMI3YBaTH IHBECTHIIii, BCTAHOBIOIOYHN
MakcuManpHy Twtaty 3a kiaik (CPC) B AdWords.
Bemnmunna moBepuenHst Ha iHBectuiii (ROI) moBuHHA
OyTH MO3UTHBHOIO, TOOTO OTPUMAaHHHA JOXiJl TOBHHEH
MIepEBUILYBATH 3aTPaTH, TOOTO:

ROI = (Income—Expenses)/Expenses -100% > 0.
ROI 15t BasioBoro npubyTKy CKIIaaae
ROI,,=((Income-A,)/100—Expenses)/Expenses -100%.

Tobro MoOXKHa po3paxyBaTH Ha CKUIBKM BiJICOJKIB
(¢%) Oimpmie rTpomrel  AO3BOJICHO BHUTPATUTH  Ha
KOHKpeTHe Kimo4doBe cioBo B AdWords, 6e3 pusuky
orpumaru HeratmBHHH ROI. Ha mouatky 3amycky
kammaHii ROl moxke OyTW HeraTWMBHWM, MOKH OpeHI i
BeO-caiiT HeBimomi. BimBimyBawam 3a3Bm4ail moTpiOHO
KiTbKa BiIBiAyBaHb HOBOTO IS HHUX BeO-cailTy, meprr
HDX BOHHM 3IIHCHATH KOHBepcilo. Ane Taka curyamis (3
HeratuBHUM ROI) Moxxe OyTH NpPUIHSATHOIO TiNBKU
NPOTATOM KOPOTKOTO IEpioJy 4acy — MpUOJIH3HO KUIbKa
TH)KHIB, B 3aJeKHOCTI Bim cutyarii. 11{o0 oOuuciuTu
MaKCHUMAJbHY CyMY, Ky MOKHA BUTPATHTH Ha 3aITy4YCHHS
BiJIBillyBayiB — MaKCHMaJIbHI BHTpaTH Ha 3aJy4eHHS
Camax, HEOOXITTHO CKOpHCTATHCS (YOPMYIIOIO:

Cumax=(Income-4,/100)/(ROI,,/100+1).
3raroun  Koe(iIlieHT KOHBepCil MO  KOXXHOTO

KIJIIFOYOBOT'O CJIOBA, TETIEP MOXHa BHUpaxyBaTu
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MakCUMaJIbHy ATy 3a KK Cipax, MOMYCTHMY JUIS
JIAHOT'O KJIFOUOBOTO CJIOBA:

Cc‘max: Camax'RecC/ 100.

PesynbpraToM onmcaHol cucTeMH € Te, IO HE Tpeda
neperiayyBary 3a Kio4doBi cioa AdWords.

TemaTnka KIIOYOBMX CJIIB — 1€ TEPMiH, SKHAH
BUKOPUCTOBYETBCS B MAapKETHHTY MOIIYKOBHX CHCTEM
IUIsL OMUCY Habopy KITIOUOBHUX CIIB, SIKi TOYHO OIHCYIOTH
KOHTGHT CTOpiHKH. KOpeKTHO BH3HAueHa TeMaTHKa
KIIOYOBHX CIiB Ul TIOLIYKOBHX CHCTEM 3HAYHO
MOKpartye e(QeKTUBHICTh BiABIAyBaHHS KOPHCTyBadaMH
CHCTEMH SIK pe3yJIbTAT MOIIYKY.

Sk mpaBuiio, TeMu 3a3Bu4ail MicTITh 5—10 ¢pa3 Ha
CTOpPIHKY, KIIIOYOBI CJIOBa B SKHX HEPETUHAIOTHCA.
binbmie necstu nepeciyHux ¢pas mociaadioTh BIUIMB i
e(peKTUBHICTh CTOPIHKM — 3 TOYKH 30py 1 BpaKeHb
KOpHUCTYBaya, i paHXUPYBaHHS B IOIIYKOBHX CHCTEMax.
Slkmio Bke € CTOpiHKa, 3MICT SKOi Opi€HTOBaHE Ha OLIBII
HDK 10 xmo4oBHX (pa3, TO Kpamie CTBOPUTH OKpEMY
CTOpIHKY, TPHCBSYCHY NOAATKOBHM KIFOUOBHM CIIOBAM.
OCHOBHI TIOpa/Iu:

1. 3aBkau Tpeba CTaBUTH Ha Mepliie Miclle iHTepecH
BIiJIBi/lyBa4iB 1 KJIIEHTIB.

2. JInsa xamnaniii Tpeba BUKOPUCTOBYBATHU CIeLialbHI
CTOPIHKH BXOJY — JJIS BIIBiAyBadiB, sIKi MPUMIILIH SK I10
OILTAYEHUM, TaK 1 HEOIUTAYEHHM PEe3yJIbTaTiB MOUIYKY.

3. CropiHKH BXOAy MalOTh 3HAaXOAWUTHCS TOPAL
3aKJIUKY JO Hii.

4. KonreHT BeO-caiiTy Tpeba OyIayBaTW HaBKOJIO
TEMaTHKH KJIFOYOBHX CIiB i3 5—10 Kmto9oBuX ciiB i (pa3,
II0 ePETHHAIOTHCS.

5. Tpeba po3MiCTUTH  KOHTCHT, HACHYCHHUI
KITIOYOBUMH CJIIOBaMH, OJIMDKYE IO BEPXY CTOPIHKH.

6. Tpeba BuxopucroByBat B HTML-Terax <titl e>
KJIFOUOBI CJIOBA.

7. Tpeba BUKOPUCTOBYBATH KJIFOUOBI CJI0Ba B aHKEpax,
t00TO0 B HTML-Terax <a>.

8. Tpeba yHHMKaTH  pO3MIllyBaTH TEKCT B
300paxenHsx, Flash abo B iHmoOMy yrpoBakeHOMY
KOHTEHTI.

9. Tpeba BukopucroByBaTH (haifnm robots. t X t s
KOHTPOJIIO HAJ[ TUM, SIKi CTOPIHKY TIOBUHHI iHICKCYBaTHCA
MOIIYKOBHMH CHCTEMAaMH.

10. He Tpeba 3:10BXHMBAaTH KIIOUYOBHMH CIIOBAaMH 1 HE
3aliMaTHCS CIIaMOM IOIIYKOBUX CHCTEM.

1. ITprcBOEHHS KOPUCHOCTI IUISAM.

2. AKTHBAIlis 3BITIB €JIEKTPOHHOI TOPIiBIIi.

— BusHauuti  HEOOMeXeHy  KUIBKICTh  IfiJiel
(cTaHmapTHA KUIBKICTh — 4 IiJTi Ha KOXKHUH PoQiib).

— Bu3HaUMTH KUTBKICT 4Yacy Ta BiIBiJyBaHb, SKi
HeoOXiJIHI KOpUCTyBady, 00 3AIHCHATH KOHBEPCIIO.

— Jocmiantu obcsTr BKIaLy KOXKHOI I (TOBapy) B
3arajJpHUA TpUOYTOK BeO-caiTy.

— I'pynyBaTi 1ii 3a KaTeropisMu.

—I'enepyBaT CHHCKH OKpeMHX
OKpEMUX ITiIeit.

TpaH3aKLis 5K
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3. BijcniakoByBaHHS ~ HEKOMEPIIHHOTO
caiiTy  SIK  €JIeMEHTIB €JIeKTPOHHOL
(3aBanTaxenus pdf-¢aitnis, 300paxeHpb TOIIO).

4. BigcninkoByBaHHs 0 QIIaifHOBUX MapKETHHIOBHX
3axoiB abo oaliHOBUX Bi/BidyBadyiB.

— IIpectmxni URL-anpecu — B pasi BijoMoro OpeHzy
BeCh BEO-KOHTCHT PO3MIIIATH HA OJHOMY LEHTPAIbHOMY
JIOMEHI.

— Kogmosani URL-anpecu — B pasi Bigomoro OpeHmy
a00 SIKIIO Yy MPOIYKTIB BXKE € OKpeMi BeO-cailTH.

— IToeaHaHHs 3 MOUTYKOM — BiZIOMICTh OpeHIy MEHIIa,
HDK BIZIOMICTH MPOAYKTIB abo mocayr, abo IiiboBa
ayJUTOpis OUIbIIIe OPIEHTOBAHA HA I[IHY, HIXK Ha OpEH]I.

KOHTCHTY
KOMepIIii

4 EKCIEPUMEHTHA
Jns  nerampHOTO  aHamizy (yHKUIOHYBaHHA Ta
npocyBaHHS [HTEpHET-CHCTEM eNeKTPOHHOI KoMepuii

tuny [HTEepHET-Ta3eTa Ta [HTEpHET-KYypHANT PO3pOOICHO
Ta BIPOBAaPKEHO 12 pI3HUX CHCTEM BIATOBIAHO 3
MATPUMAHHAM IS KOXKHOI 3 HHX PI3HOIO KIIBKICTIO
eTamiB >KUTTEBOTO IMUKIY KOHTEHTY. TOOTO i pi3HUX

pearizoBaHHX CHUCTeM Oynu po3pobieHi He Bci MOIyi
abo Blarami He Oymm po3poOieHi  MiACHCTeMH
OIpaIfoBaHHs iHGOPMAIIfHUX pecypciB  sSK MOAYIb

InTepHeT-Marasuny M;;, MOAyiab MapkeTuHry M.,
Mozyib-Komipaiitep M., ta M,, wmomyas misi Web-

Maiicrepa. B Tabm. 3 momaHO CHHMCOK peali3oBaHUX
[HTEepHeT-CHCTEM eNeKTPOHHOI KoMmepuii i3 BKazaHHAM
HAsBHOCTI  pealli30BaHUX INJCHCTEM  OMNpAIIOBAHHSI
iHpOpMaLIHHUX pPeCcypciB 3 MIATPUMAHHIM JKHUTTEBOTO
LUKJTy TEKCTOBOTO KOHTCHTY.

Tabmums 3 — Peanizarist MOIyJIiB OIIpamioBaHHs iH(pOpMaLiHIX

pecypciB B pO3pOOJICHUX CHCTEMAX
Ne Anpeca M My, | My | M,
1 fotoghalereja- - +/— + T
vysocjkykh.com
2 vgolos.com.ua + + + +
3 tatjana.in.ua — — +/— +/—
4 presstime.com.ua + +/— + +
5 www.autochip.vn.ua +/— — + +/—
6 kursyvalyut.com — + + _
7 dobryjranok.com +/— +/— _ +/—
8 goodmornin +/— +/— +/— _
gua.com
9 3cur3JIbBiB.in.ua — — _ _
10 | victana.lviv.ua — - +/— +
11 | Colins.in.ua - - + +/—
12 | Momlet.in.ua - — +/— +/—

5 PE3YJIbTATU

B Tabn. 4 momani pe3ynpTaTH poOOTH PO3pOOIEHUX
cucrem 3rimHo Google Analytics 3a mepion yacy 2018—
2021 p. AmHami3 pe3yibTaTiB CYNPOBOAY TEKCTOBOTO
KOHTEHTY JI03BOJISIE BU3HAYUTH NPHYUH (HOPMYBAHHS
OUTBOBOI  ayauTopii 3a  HAa0OpPOM  XapaKTEPUCTHUK
¢dyukiionyBanus Web caiity. Perymioroun TemarHuHHU
Habip TEKCTOBOTO KOHTEHTY, HOro YHIKaJIbHICTB,
ONEpaTUBHICTH HWOTO (QOpMyBaHHA Ta  aaeKBaTHE
VIOpaBIiHHA HHUM 3TIHO  IHAWBIAyaJbHUX TOTpPeO
MOCTIHOTO KOPHCTyBaya, MOXKHAa MOJCTIOBATH MEXKI
LUILOBOT COIIa]IbHOT ayIUTOpil Ta KUTBKICTh YHIKaJIbHUX
BiJIBIIyBaiB 3 IMOITYKOBUX CHUCTEM.

Ha puc. 1-3 nonani pe3ynbraTti pod0TH po3poOIeHnx
cucTeM y BHIBAA TpadikiB, 3 SKAX BHUIDIMBAE, IO IIPH
HasiBHOCTI BCIX €TamiB JKUTTEBOTO IHMKIY KOHTEHTY
CYTTEBO 30UTBIIYETHCSA 0OCAT BiNIBiAyBaHb Ta YHIKAIBHUX

kopuctyBauiB. CrnamaHHs Ha puc. 1 o0OymoBiIeHO
BiTKITFOUEHHIM MOIYJIiB Ha pecypci.
Tabmuns 4 — Pesynerat poboTtr cucteM 3a riepiox acy 3 10.2018p. mo 03.2021 p

IokasHuk 1 2 3 4 5 6 7 8 9 10 11 12
NT 4865 5997052 1381 | 3654456 | 9606 20132 | 8724 25 7 3138 7583 1578
Ths 4:41 2:14 3:56 2:04 1:51 1:02 2:27 8:12 | 0:46 4:15 3:24 1:18
P,y 56,14 | 71,90 53,15 | 83,08 55,67 | 82,92 | 68,15 48,0 | 97,02 | 32,92 | 75,87 | 96,25
K 7,83 33 0,06 0,31 12,51 | 0,04 0,12 0,07 | 0,01 4,5 2,3 1,2
P N ,/100 3215 2501402 728 1501202 | 7105 16586 | 4996 734 | 562 1345 4824 | 548
N 22071 | 11588861 | 5464 | 769923 24908 | 31982 | 18892 | 81 12 18132 | 9387 | 2876

rp
K: 4,54 1,93 3,96 1,67 2,59 1,59 2,17 3,24 | 1,67 5,78 3,17 2,02
P 65,45 | 41,68 52,57 | 39,88 73,88 | 82,39 | 57,23 28,0 | 97,32 | 42,86 | 35,32 | 12,31
P -P 34,55 | 58,32 47,43 | 60,12 26,12 | 17,61 | 42,77 72,0 | 2,68 57,14 | 24,41 | 7,65
P 91,14 | 52,48 62,49 | 42,46 88,13 | 58,22 | 26,984 | 23 6,72 31,90 | 21,45 | 12,43
P 45,67 | 36,10 22,23 | 31,22 8,91 34,83 | 24,34 0 0,13 26,04 | 4,35 2,54
N /N, 2,14 11,20 7,53 26,12 2,35 5,34 48,73 77 93,12 | 27,88 | 2,31 1,25
w v

Piys 1,99 0,20 3,19 0 0,58 1,55 0,04 0 0,02 6,37 0,32 0,12

> 0,06 0,02 4,56 0 0,02 0,06 0,01 0 0,01 7,81 1,49 0,36
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Pucynox 1 — Anani3 ¢pynkuionyBanHs pecypcy fotoghalereja-vysocjkykh.com
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Pucynok 2 — Anani3 ¢pyHKIioHyBaHHA victana.lviv.ua
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Pucynok 3 — I'padik xopemnsiuii s victana.lviv.ua

ITixk 3pocranHs Ha puc. 2-3 TNpUNazae Ha MeEpPioj
I/IKJIFOUSHHS BIATIOBITHUX MOAYJIB B CTPYKTYPY Caury.
AmHanorigno Ha pecypci kursyvalyut.com Takox B eBHUI
MOMEHT OynM BIAKIIOYEHI po3poOJieHI MOXIymi, o
CIPHUSIIO IO CYTTEBOTO 3HIDKCHHA KiJIBKICTH BiJBiAyBaHb,
BIINOBITHO 3HAYHO 3HHU3WIO 3HAYCHHSA KoedimieHTa
KoHBepcii (puc. 4).
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Simple moving average, interval = 3 (Kendall's formulas)
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Exponential smoothing, alpha = 0.25
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Pucynok 4 — Anani3 ¢yskiionyBanus kursyvalyut.com

distance cityblock

Takox TOBUCHBCA Takwii Tpadik NepexonmiB s
HOBHX CeCiii 3 MOLIYKOBHX CHCTEM Jyisi victana.lviv.ua
(puc. 5) Ta 3HM3UBCA Tpadik s kursyvalyut.com (puc. 6).

s

Pucynok 5 — Anani3 Tpadiky mepexofiB victana.lviv.ua
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Pucynok 6 — Anani3 Tpa(biKy' nepexoz[iB'kursyvaIYut.com

Jns pecypcy tatjana.in.ua BiH BHpiC Ha IOYaTKax
3allyCKy Ta 3aJIMIIAETHCS HA IOCTIHOMY Maibke piBHI
(Momyni po3poOJieHI YacTKOBO 1 He BCi, HIKOJIM HE
Bigkmovanucs).  CyTTeBHX ~ 3pOCTaHb  IIIKIB  HE
crocrepiraeTbes (puc. 7), a OCh 3HW)KEHHS BiABITyBaHHS
CHCTEeMaTHYHO NPHIIA/Ia€ Ha BIAITYCKHU Ta CBATA.

CyTTeBUX 3pOCTaHb MIKiB HE CIIOCTEPIraeTbes
(puc. 7), a och 3HIDKEHHA BiABIAYBaHHSI CHCTEMAaTHYHO
NpHUNaJae Ha BIITyCKH Ta CBATA.

6 OBI'OBOPEHHSA
CepBiC BEICHHSA CTaTHCTUKU BinBimyBaHr Web
pecypcy TO3BOJISE OIIHUTH 30UTBIIICHHS 00CATIB IPOTAXKY
TEKCTOBOTO  KOHTEHTY BiA TpAMO  MPOMOPIIHHOI
3aNIeKHOCTI  30UTBIICHHS KUTBKOCTI BinBimyBanb Web
pecypcy, KiJIBKOCTI MOCTIMHUX KOpPHUCTYBaYiB,
MEePCIEKTUBHOCTI MAPKETHHIOBHUX 3aXO0/IiB (pHc 8).
HasBuicts Sy, =<M M., M ,,M

is>™mrs epo BIJIIIO-
BIIHUX ~ MOJIyNiB B  CHCTEMax  OIpalOBaHHS
iH(hOpMAIIHHUX PECYpCiB CIpUs€ 30UIBIICHHIO O0CSTIB
peadizanii TEKCTOBOT'O KOHTEHTY nocTifHOMY
KopucTyBady Ha 9%, aKTUBHOTO 3aJIy4eHHS yHIKaJIbHUX
BiJIBi/lyBaYiB, MOTEHLIIHNX KOpHUCTYBayiB Ta
PO3LIMPEHHS MEX LITHOBOI Ta PETIOHATIBHOI ayIUTOpil Ha

11%, mepernsHyTHx cTopiHOK Ha 12%, dacy

BiJBiyBaHHS iHPOPMAIHHUX pecypciB Ha 7%.
BUCHOBKH

Crartss  TpUCBSIYCHA  TEXHOJOTii  MPOCYBaHHS

InTepHeT-pecypciB  €IeKTpOHHOI KOoMepLii Ha OCHOBI
pe3ynbrariB  Web-aHaJiTUKH ~ KJIFOYOBUX  ITOKAa3HHUKIB
cropinok sk KPI Ta KSI uepe3 ¢popmyBanHs pesieBaHTHOT
MHOXXHMHHM KIouoBux ciiB gk feedback axTuBHOCTI
MmocTiiHOi  aymuTopii. B poboTi  po3pobiieHuit
aHAJTITUYHUHA MeToJ| mpocyBaHHS [HTepHeT-pecypciB Ha
OCHOBI aHajli3y KJIIOYOBHX ITOKAa3HUKIB €(QEeKTUBHOCTI
Web-caiity, skuifi OCHOBHMH Ha TpPhOX OCHOBHHX
ANTOPUTMAX SIK:

1. Anroput™M  BH3HAuYCHHSA  NPOOIEMHHX
CTPYKTYPH CalTy IS TTOJANIBIIOT ONTHMI3aIlii.

2. AnroputM onTHMI3amii 3axo[iB 3 MAapKETHHTY
mourykoBux cucrteM (SEM).

3. AJITOpHUTM IPOCYBAaHHS CAalTy Ta PO3PaXyHKY HOTO
e(eKTUBHOCTI.

MiCIIb
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Pucynok 7 — Anani3 Tpadiky mepexomiB tatjana.in.ua
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Pucynok 8 — PerpecuBHuii anai3 301IbIICHHS TPOIaXKIB
TEKCTOBOI'O KOHTEHTY

Po3pobinieHo 3aranbHi pekoMeHanii 3 MPOeKTyBaHHS
CHUCTEM  OMNpalfoBaHHA  iHQOpPMAIIHHUX  pecypcis,
BiIMiHHI BiJ] iCHyFOUMX HasBHICTIO JOJAaTKOBUX MOYIIB,
SIKI CYTTEBO BIUIMBAIOTh HA Pe3yJIbTaTH MpocyBaHHs Web-
caiity B mpoctopi [HTepHeT Jisi OAANBIIOTO TOCATHEHHS
YCHIMIHOCTI ~ KOHBepCii  eNeKTpoHHOI-koMepuii  abo
30iIbIICHHA 3HA4YeHb LMX MokasHUKiB. Cepex Hux
MOIynb IHTepHeT-Marasuny M, , MOJyNb MAapKETHHIY

M I MOJTyJIb-KOTTipaiTep Mcp (momomora  JyIs

HalMCAaHHSIM SIKICHOTO Ta e(EeKTUBHOTO YHIKaJIbHOTO
KOHTEHTY, TOOTO JIsl aBTOPIB, )KypHAJIICTIB, KOIipaiTepiB
koHTeHTHOro Web-caiity) Ta M ., MOIYIb s Web-

Maiictepa. Po3po0iieHO CTpyKTypH MOIYJiB CHCTEMH
OTIpAITfOBaHHA 1HPOPMALIHHIX pecypciB UId peaizamii
eTaIliB )KUTTEBOTO LUKy TEKCTOBOTO KOHTEHTY.

J1st koskHOro 3 HUX po3paxoByroTh BiacHuil KPI. Lle
JacTh  3MOTY  €(EKTMBHO HPOCTO  pEali3oByBaTH
OMNpALOBaHHs  IHQOpMAIIWHUX pecypciB  Ha  piBHI
pO3poOHUKa CHCTeM (3MEHILEHHSI pecypciB Ta 4acy Ha
PO3pOOJICHHS, TOKpPAILICHHS SKOCTI poOOTH CHCTEM
ompaifoBaHHs iH(GOpPMaIIHHUX pecypciB). Y caiita 3
MojayneM IHTepHeT-marasuHoMm, ¥MOBipHO, Oinblie
Bcboro KPI, i3 sikux MokHa 00paTH, Tak K OCHOBHY METY
(TIOKyIKYy) JOCTaTHBO TPOCTO OINHHUTH. | Mera caiity
(crioHyKaTH BiJBiAyBayiB JO0JaTH TOBAap B KOIIHK)
BU3HAUYCHa JIOCTaTHBO sicHo. B Google Analytics € minmii
po3in, SKUA TPUCBSIYCHWH 3BiTaM 3  EIEKTPOHHOI
komepuii. Ane Oimpmricte KPI kpame B3sTH i3 iHIIHX
monyiis. OKpiM KiIbKOCTI BiaBinysa4iB [N , B poGoTi

3anpononoBani joxarkoBi KPI mns monyns Iutepher-
Mmaraszuny. Jlns Bu3HaueHHs Halkpamoro Tpadiky
HEeOOXinHO aHanisyBatn koedimieHT Konsepcii K,

BUTpPaTH Ha KOMIaHito, oTpuMaHuii npudytok ta ROIL.
Tomy KPI gis  Moamyns-mapkerosiora  CyTTEBO
neperuHatotees 3 KPI ans Monynsa-meHnemkepa oH-nailH
Typu3Mmy. BaxnuBa BiMIHHICTH IOJSITa€ B TOMY, ILIO
MapKETOJIOTH 3BEPTAIOTh yBary HE JIMIIC Ha KOS(IIlieHT
KOHBEpCIi JJIs MOKYTIOK, aJie i Ha KOHBEPCIKO LITEH, TaK K
1Ie TOBOPHUTH PO MOOY/IOBY BiTHOIICHE 3 BiJBiAyBayaMH,
sIKl, AMOBIPHO, 3T0JIOM TTepeHIyTh 10 TIOKYIIKH.
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HesanexxHo Bix Oi3Hec-Mozeni caiTy, 30UIbIIEHHS
3aliKaBJIEHOCTI BiJIBIlyBa4yiB € KIIOUOBUM (HaKTOPOM
ycrixy. ToMy 0 KOHTEHTY 3aBXKIM LIYKalOTh CHOCOOM
BKJIIOUMTH B KOXKHY CTaTTIO YW CTOPIHKY JIOJaTKOBI TEMH,
mo0M 30UIBIINTH 1[I0 3al(iKaBJIEHICTh. BiamoBigHo, s
CaliTiB KUIBKICTh BIiJIBIIyBaHb 3a [ICHb, TIDKIACHb YH
Micsmp — ne BakmBuid KPI. BeG-MalicTpu BignoBigaroTh
3a eekTuBHY Ta OesmepepBHY poOOTy BeO-caiTy. Tomy
BOHM TIOBMHHI 3HaTH, sKe Oyae HaBaHTaXEHHS Ha
cepBepH, TOOTO Ky KUIBKICTh 3BEPHEHb BiJIBilyBadiB 0
cepBepa MOYKHA OYiKyBaTd. Takox HEOOXiTHO 3HATH, SIKi
Opay3epy Ta YCTAaHOBKM MOBH  4YACTille BCHOTO
BUKOPHCTOBYIOTh KOPUCTYBaYi.

B po6oTi po3pobieHo Ta AeTanbHO OMIICaHO HA OCHOBI
pe3yabTariB  mporiecy Web-aHaNliTHKH —MapaMeTpu Ta
KpUTepil OLIHIOBaHHS pIBHA  YCIHIIIHOCTI BEICHHS
eJleKTpoHHOTO Oi3Hecy. Takox po3po0sieHO TporpamHi
3aco0M CyNpoBOMy TEKCTOBOTO KOHTEHTY IHTepHeT-
peCypciB Ha OCHOBI aHaNi3y KIIOYOBUX [OKA3HHUKIB
epextuBHOCTI Web-caifty. [l amerambHOro aHamizy
(GYHKLIOHYBaHHS Ta MpPOCYBaHHSI [HTepHET-cHCTEM
eNeKTPOHHOT ~ KoMepuii Tumy IHTepHer-rasera Ta
[HTepHET-)KypHANT ~ pO3poONEHO  Ta  BIPOBAIKEHO
12 pi3HHX CHCTEM BIANOBIAHO 3 MIATPUMAHHAM IS
KOXKHOI 3 HUX Pi3HOO KUTBKICTIO €TaIliB KUTTEBOTO ITUKITY
KOHTEHTY. [IpoBeleHO KOMIT'IOTEpHUIl EKCIIEPUMEHT
aHai3y KIIOUOBHMX IIOKa3HMKIB edekruBHOCTI Web-
caiity. Po3poOiieHo Ta BIpPOBaHKEHO MOJIyNi IHTepHET-
MarasuHy, MapKeTHHTY, MOAylb-Komipaitep Ta Web-
Maiicrepa sl JOCSTHEHHs eeKTy Bin poOOTH Ha piBHI
BJIacHMKA (IiJBUILEHHS pPEHTA0EIbHOCTI, 3POCTaHHS
iHTepecy KOPUCTYBadiB) Ta KOPUCTyBada (3pO3yMIITICTh,
crpomieHHs  iHTepdeiicy, yHiQiKamis, po3MIHUpEHHS
BHOOpPY) CHCTEM OITpaIfoBaHHs iH()OPMAIIITHNX pecypciB.
Po3pobieHo MeTox CynpoBOIy TEKCTOBOTO KOHTEHTY Ha
OCHOBI aHaJli3y CTATHCTHKHM (PYHKIIOHYBaHHS CHCTEMH
ompaifoBaHHs iH(popMalidiHUX pecypciB st  3MiHU
3HaueHb MapaMeTpiB YNpaBIiHHS Ta BUMOT (OpMYBaHHS
TEKCTOBOT'O KOHTEHTY, IO Jaj0 3MOT'Yy 30UIbIIUTH 00CATH
peasizanii TEKCTOBOTO KOHTEHTY MOCTIHHOMY
KopHUCTyBauy Ha 9%. BrockoHaneHo CTpyKTypy CUCTEMHU
ompamioBaHHs 1H(QOPMAaIifHUX pecypciB Ha OCHOBI
aHaNli3y  TPOIECiB  OMpamfoBaHHA  iH(OPMAIIHHNX
pecypciB, BiIMIHHY Bif iCHYIOUHX HASBHICTIO IiJICHCTEM
[HTEepHET-MarasuHy, MapKeTHHTY, MOIYJIb-KOMipaiTep Ta
Web-maiicTepa, 1110 a0 MOXKJIMBICTh pealli3yBaTH eTanu
KHUTTEBOTO LMKy TEKCTOBOTO KOHTEHTY Ta PO3pPOOUTH
pekoMeHAalii 3 TPOEKTYBaHHS THUIIOBUX  CHCTEM.
Po3pobiieHo pexoMeHpnanii 3 NMPOEKTYBaHHS CTPYKTYpHU

CHCTEMU  OIpalfoBaHHsd 1H(GOpPMALIIHUX  pecypcis,
BIIMIHHOT BiJl ICHYIOYMX JCTali3alli€l0 CTamiB Ta
HasIBHICTIO TIJICHCTEM OINpALIOBaHHS iH(MOPMAIIHHIX

pecypciB, MmO AalOTh 3MOTY MIATPUMYBATH >KUTTEBHH
LIUKJI TEKCTOBOTO KOHTEHTY Ha PiBHI PO3pOOHMKA CHCTEM
(3MeHIIEHHS pecypciB Ta dYacy Ha pPO3pOOJICHHS,
TTOKPAIICHHS SKOCTI pOOOTH CHCTEM).

Po3pobiieHo Ta BIPOBaKEHO MPOTPaMHi 3acO0H IS
aHalli3 pe3yNbTaTiB MPOCYBaHHA IHTEpHET-pecypciB
eJIEKTPOHHOI KOMepIlii Ha OCHOBI pe3ynbTaTiB Web-
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aHAJITUKU KIIOUYOBHMX MOKa3HUKIB cTopiHok sik KPI Tta
KSI uepes QopmyBaHHS peIEBaHTHOI  MHOMHHU
kiarouoBux ciiB sk feedback akTuBHOCTI TOCTIHHOT
aymutopii. BusABICHO, MO0 HASBHICTH BIiAMIOBITHUX
MOJyJiB B CHCTEMax OIpAIIOBaHHS IH(pOPMAIIHHIX
pecypciB  crpusie  30UIBIICHHIO 00CATiB  peamizaril
TEKCTOBOTO KOHTEHTY NOCTIHHOMY KOpuCTyBaudy Ha 9%,
aKTUBHOTO  3allydeHHS  YHIKaJbHUX  BiJBiAyBadiB,
NOTCHUIHHNX KOPHCTYBa4iB Ta PO3IIHUPEHHS MEXK
IbOBOI  Ta  perioHanbHOi  ayautopii Ha  11%,
MEPETNIIHYTHX CTOpiHOK Ha 12%, wacy BiABigyBaHHSA

iHpopMamiiHNX pecypciB Ha 7%. Ortpumano Ta
IPOaHaIi30BaHO pe3ynbTaTu eKCIIePHMEHTATBHOT
anpo0arlii  3alpONOHOBAaHOT TEXHOJIOTI]  MPOCYBaHHS

InTepHeT-pecypciB  €JIeKTpOHHOI KOMepLii Ha OCHOBI
pesynbrariB Web-aHaTITUKH — KIIOYOBHUX  ITOKa3HHUKIB
CTOpiHOK. Bukopucrani BiJNOBiIHI MOAYJNIB CHpHsE
30UIBIICHHIO ~ AKTMBHOTO  3aJlyd4eHHS  HOTEHIIHHUX
KOPHCTYBAYiB Ta PO3LIMPEHHS MEX LIILOBOI ayJUTOPIi HA
11% nns  nokpameHHS (YHKIIOHYBAaHHS CHCTEMH
OmpaIfoBaHHA iHQOpPMAaIifHUX pecypciB Ha  piBHI
BIacHWKA (MiOBHINEHHA pPEHTAOENBbHOCTI, 3pOCTaHHS
iHTepecy KOpHCTYBadiB) Ta KOPUCTyBada (3pO3yMIiTICTb,
COpOINEHHS  iHTepdelicy, aBTOMATH3aIlisl  MPOIIECIB
OMpaliOBaHHs iHPOPMAIIHIX PEeCcypciB Ta PO3IIUPEHHS
BUOOPY (YHKIIIOHAJIBHUX MOXKIMBOCTEMH).

NOAAKHU

PoboTy BHKOHaHO B paMKax Jep:KOIO/DKETHOI TeMH
«Meroau Ta 3aco0u (QYHKIIOHYBAaHHS CHCTEM IiATPHMKH
MPUAHATTS pillieHh HAa OCHOBI oHToMoTrii» (ID:839 2017-
05-15 09:20:01 (2459-315)). JocnimKkeHHS TPOBaIUIOCH
B MeXaxX CIUIBHUX HAyKOBUX JOCHI[DKEHb Kadeapu
iHpopmamiitHnx cucreM Ta Mepexk HY  «JIbpBiBChKa
moJiTexHikay Ha Temy «JlocmimkeHHs, po3poOieHHS i
BIIPOBAIKCHHS IHTEJEKTYaIbHIX PO3IOIIIEHHUX
iHpOpMAIIHHUX TEXHOJIOTI Ta CHCTEM Ha OCHOBI
pecypciB 0a3 JaHUX, CXOBHIIL JaHUX, IPOCTOPIB IaHHUX Ta
3HaHb 3 METOI0 NPUCKOPEHHS TMpoleciB (GopMyBaHHS
cydyacHoro iHdopmaniiHOro cycmijgbcTBa». Haykosi
JTOCTIKCHHS MIPOBAAMIIMICA TAKOXK B paMKaxX iHII[IaTHBHOT
TeMatuku jgociimkeHs kadenpu ICM HY «JIbBiBChKa
MOJIITeXHIKa» Ha TeMy «Po3pOoONieHHS iHTEIeKTyallbHUX
PO3MOAIICHUX CUCTEM Ha OCHOBI OHTOJOTIYHOTO ITiIXOIy
3 METOIO iHTerpalii iHpOopMaIitHIX pecypciBy.
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YK 004.9
NHOPOPMAIIMOHHASA TEXHOJIOI'UA NPOABUKEHUA UHTEPHET-PECYPCOB B [IOUCKOBBIX CUCTEMAX HA
OCHOBE KOHTEHT-AHAJIM3A KJIFOUEBBIX CJ1I0B WEB-CTPAHMUI]

Bobicoukasi B. A. — kaHa. TexH. HayK, AOIEHT, JoueHT kadeapsl «HDOPMAIIMOHHBIE CUCTEMBI U CeTH», HallnoHAIBHbBIH YHUBEPCUTET
«JIpBOBCKast MOJMTEXHUKA», Y KpanHa.

AHHOTALIUA

AkTyanbHocTh. CBOGBPEMEHHBIH M KOPPEKTHBIA aHAIHM3 MpoIlecca MOCEHICHNH WHTEPHET-PECypCcOB, KOTOPbIE MPHUBEIH K YCHEITHOU
KOHBEPCHH 3JIEKTPOHHOTO OM3HEca, JOCTATOYHO BAXKHBIM M aKTyalbHBIA Uil ycremHoro ympaeieHuss Web-caiitom. COOTBETCTBYHOLIHI
KOPPEKTHBIN aHann3 Tpaduka, KOTOPbIH HE TOJHKO MPUHOCHT YCIEIIHbIE KOHBEPCHH, TaK M HE YCIICIIHBIE, JaCT BO3MOXXHOCTH BBISIBHTH
MPUYMHE HE BIMSHUS HA OKA3aTENU U KPUTEPUH KOHBEPCHU U MO3BOJIUT M3MEPHTh 3()(HEKTUBHOCT M3MEHEHHUH, KOTOPBIC OCYIIECTBIISIOT
Ha caiite Juis yBenMYeHHs KOHBepcuH Tpaduka. s perieHns NaHHBIX MPOOJIeM M JIOCTHXKEHHs COOTBETCTBYIOLIMX Lielel IeKTPOHHOH
KOMMEpPLUH HEOOXOIUMO HE TOJIBKO COOMpaTh MH(OpMANHWIO O AEATEIHLHOCTH MOJb30BaTeneil cucreMbl Ha Web-caiite, a u onpenenurts
KOHKpeTHBbIe noka3zarenu dddexruBnoctn Web-caiita, 4ToObl B JajbHEHIIEM BIHATH HA MX W3MEHEHHS B CTOPOHY YJIYYIICHHS CTPATETHU
BEJICHUS DJIEKTPOHHOrO Om3Heca. Takum o0pa3oM Hano pa3paboOTaTh M BHENPUTh AHAIUTUYECKUH METOJ CONPOBOXKACHUS TEKCTOBOTO
KOHTEHTAa HMHTEPHET-PECYPCOB 3JIEKTPOHHOW KOMMEpIIMM Ha OCHOBE aHaju3a KIIOYEBBIX Iokasarenel s¢d¢exruBHocTH Web-caiira,

© Bucomnpka B. A., 2021
DOI 10.15588/1607-3274-2021-3-12

149



e-ISSN 1607-3274 PapioenexrpoHika, inpopmaTuka, ynpasminas. 2021. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 3

0cOOCHHO 00paTHB BHIMAHHE Ha OIPE/EICHIE MHOKECTBA PEJICBAHTHBIX M aKTyalbHBIX KIIIOUEBBIX CIOB, 10 KOTOPBIM JIETAIOT IIEPEXOIbI C
TTOUCKOBBIX CHCTEM MOCTOSIHHBIE MOJIb30BATEIH, ISHCTBUSI KOTOPBIX IPHUBEIN K POCTY KOHBEPCHH JIEKTPOHHOTO OM3Heca.

Leaslo uccnenoBaHust sBISETCS pa3pabdOTKa TEXHOJOTHH MPOABWKEHUS MHTEPHET-PECYPCOB AJIEKTPOHHOW KOMMEPLHMH Ha OCHOBE
pe3ynbraroB Web-aHaUTHKH KITFOUYEBBIX Mokaszatenei crpanull kak KPI u KSI yepe3 ¢hopmupoBaHue pesieBaHTHOH MHOKECTBA KITFOUEBBIX
cnoB kak feedback akTHBHOCTH TTOCTOSIHHOM ay IUTOPUH.

Mertoa. PaspaboraH aHanmuTHYeCKHi MeETOJ IPOIBIKCHHUS IHTepHET-pecypcoB Ha OCHOBE AaHAlM3a KIIOYEBBIX IIOKa3aTeNel
a¢dexTrBHOCTH Web-caiiTa, KOTOPBI OCHOBHOWM Ha TPeX OCHOBHBIX aITOPHTMAaX alrOPUTME OINpPENEeNCHHs NPOOIEMHBIX MECT CTPYKTYPBI
caiiTa Uil JajbHEWIIed ONTHUMHU3ALMK, AJITOPUTME ONTHMM3ALMH MEPONPUATHH MO MAapKETHHIY IOHCKOBBIX CHCTEM, alrOpHTMe
MPOJBIKEHHUS caifTa U pacyera ero 3PEeKTUBHOCTH.

Pa3paGoTanbl o0mIMe PpEKOMEHJALMU 110 MNPOSKTUPOBAHUIO CHCTEM 00paboTkM HH(MOPMALMOHHBIX PECYpCOB, OTIMYHBIE OT
CYIIECTBYIOIMX HAJIMYHEM JONOJHHUTEIbHBIX MOAY, CYIIECTBEHHO BIHMSIOT Ha Pe3y/bTaThl NpojaBMKeHHs Web-caiita B mpocTpaHCTBE
WHTepHeT 11 AanbHeHIero JOCTHKEHHUs YCIeITHOCTH KOHBEPCUH JIEKTPOHHOW KOMMEPIIMM WM YBEJTHUEHHs 3HAYeHUI dTUX MOoKa3aTesei.
Cpean HHX Moxynb VIHTepHeT-mMarasuHa, MapKeTHHIa, MoIyib-konupaitep u Web-macrepa. s KaXaoro W3 HHUX pPacCUUTBHIBAIOT
cobcrBerHbIil KPU. D10 mo3BoauT 3 (h)eKTHBHO IIPOCTO peatnu30BhIBaTh 00pabOTKH HH()OPMAIMOHHBIX PECYPCOB Ha YPOBHE pa3paboT4UKa
cucteM (YMEHBILICHHE PECYPCOB M BPEMEHH Ha pa3paboTKy, yIy4lIeHHe KauecTBa paboThl CHCTEM 00pabOTKH HHPOPMAIIMOHHBIX PECYPCOB).

Pe3yabTathl. B paboTe pazpabotaHo u moapoOHO OMKCAaHO Ha OCHOBE pe3yJbTaToB mporecca Web-aHaIMTHKY TapaMeTpsl U KPUTEPHU
OLICHKH YPOBHS YCIIEIIHOCTH BEJICHUs dJIEKTPOHHOro OusHeca. Takke pazpaboTaHbl MPOrpaMMHBIE CPEICTBA COMPOBOMKICHHS TEKCTOBOIO
KOHTEHTa HMHTCPHET-PECYypCOB Ha OCHOBE aHAlIW3a KIIOYEBBIX MoKasareneil sddexrusHoctn Web-caiita. Js meranbHOTro aHammsa
(YHKIMOHMPOBAaHMSI M TPOJBIKEHUS VIHTEPHET-CHCTEM OJIEKTPOHHOM KOMMeEpLIMH THna VHTepHeT-razeTa W HMHTEpHET-XKypHAI
pa3paboTaHbl ¥ BHEIPEHbI 12 pa3iMYHBIX CHCTEM B COOTBETCTBHM C MOAAEPKAHMEM JUIS KOKAOW W3 HUX Pa3HbIM KOJIMYECTBOM ITAIOB
JKM3HEHHOI0 LMKJIAa KOHTeHTa. [IpoBesieH KOMIBIOTEPHBII DKCIIEPUMEHT aHallM3a KIIOYeBBbIX MNoka3aresnell a¢ddexruBHocTH Web-caiira.
CepBHuC BeJICHHS CTAaTHCTUKH TocemeHnit Web pecypca MO3BOISLET OLECHUTH yBEINUCHHE 00BEMOB MPOJaXK TEKCTOBOIO KOHTEHTA OT IPSMO
MPOTIOPLOHANILHON 3aBHCHMOCTH YBEJIMYEHHME KoluuecTBa mocermieHnii Web pecypca, KonuuecTBa IOCTOSHHBIX —IOJIb30BaTeNeil,
HEePCHEKTHBHOCTH MapKETHHIOBBIX MEPOIPUSITHH.

BbiBoabl. BbIsSBIICHO, UTO HaJIM4ue COOTBETCTBYIOIIMX MOXyiell B cucreMax oOpabOTKM MH(OPMALMOHHBIX PECYPCOB CIIOCOOCTBYET
YBEIIMYCHUIO OOBEMOB pealM3alliid TEKCTOBOTO KOHTEHTAa IIOCTOSHHOM IIOJB30BAaTeNI0 Ha 9%, aKTUBHOTO IIPUBIEYCHUS YHHKAIBHBIX
MOCETUTENEH, MOTEHIIANBHBIX MOJIb30BATENeH M pacHIMpeHHe T'PaHUI] LIENEeBOW U PErHOHANBbHOW ayauropuu Ha 11%, mpocMOTpeHHBIX
cTpaHuI] Ha 12%, BpeMeHH MoceleH s HH(POPMAIIMOHHBIX pecypcoB Ha 7%.

KJIFIOUYEBBIE CJIOBA: KOHTEHT, TEKCTOBBIII KOHTEHT, VHTepHeT-pecypc, OM3HEC-NpOIlecC, CHCTEMa YIPABICHHS KOHTEHTOM,
JKM3HEHHBIH LUK KOHTeHTa, VIHTepHeT-rasera, Web-caiit, mocerurenu, Web-cTpanuia, KoJIUUecTBO MOCEIEHNH, HHPOPMALIMOHHBIN ITOUCK,
MIPOLEHT NOCEILEHUH, KOHBEPCHS MOCELIeHNH, oka3aTens kouBepceuu, KPIL.

UDC 004.9
INFORMATION TECHNOLOGY FOR INTERNET RESOURCES PROMOTION IN SEARCH SYSTEMS BASED ON
CONTENT ANALYSIS OF WEB-PAGE KEYWORDS

Vysotska V. — PhD, Associate Professor of Information Systems and Networks Department, Lviv Polytechnic National University, Lviv,
Ukraine.

ABSTRACT

Context. Timely and correct analysis of the process of visiting Internet resources, which led to the overall conversion of e-business, is
fundamental and relevant for successfully managing the website. Appropriate, accurate traffic analysis, which brings both successful and
unsuccessful conversions, will identify the cause of the impact on conversion metrics and criteria and will measure the effectiveness of
changes made to the site to increase traffic conversions. It is necessary to collect information on the activities of system users on the website
and determine specific performance indicators of the website to improve e-business strategy further to solve these problems and achieve the
relevant goals of e-commerce. Thus, it is necessary to develop and implement an analytical method of text content support for e-commerce
Internet resources based on the analysis of key performance indicators of the website, paying particular attention to determining the set of
relevant and relevant keywords used by regular users and led to an increase in e-business conversions.

Objective of the study is to develop a technology for promoting Internet resources of e-commerce based on the results of Web-analytics
of critical indicators of pages as KPI and KSI through forming a relevant set of keywords as feedback activity of a regular audience.

Method. An analytical method for promoting Internet resources based on the analysis of key performance indicators of the website,
which is based on three main algorithms algorithm for identifying problem areas of the site structure for further optimization, algorithm for
optimizing search engine marketing activities (SEM), algorithm for site promotion and calculation of its efficiency.

General recommendations for the design of information resources processing systems have been developed, different from the existing
ones, by the presence of additional modules that significantly affect promoting the website on the Internet to further the success of e-
commerce or improve the values of these indicators. Among them is the module of online shopping, marketing, module-copywriter and
Web-master. For each of them, calculate their own KRI. It will allow you to effectively implement the processing of information resources at
the level of system developers (reducing resources and time for development, improving the quality of information processing systems).

Results. The paper develops and describes in detail, based on the results of Web-analytics, the parameters and criteria for assessing the
level of success of e-business. Software tools for monitoring the textual content of Internet resources based on the analysis of key
performance indicators of the website have also been developed. For a detailed analysis of the functioning and promotion of Internet e-
commerce systems such as Internet newspaper and Internet magazine, 12 different methods have been developed and implemented,
respectively, with support for each of them with a different number of stages of the content life cycle. A computer experiment of analysis of
key performance indicators of the website was conducted. The service of keeping statistics of visits to the Web resource allows you to
estimate the increase in sales of textual content in direct proportion to the rise in the number of visits to the Web resource, the number of
regular users, the prospects of marketing activities.

Conclusions. It was found that the presence of appropriate modules in the systems of information resources processing increases the
sales of textual content to the regular user by 9%, active involvement of unique visitors, potential users and expanding the target and regional
audience by 11%, viewed pages by 12%, resources by 7%.
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ABSTRACT

Context. The article proposes an approach for automated identification of the navigators motivational model in the control of
water transport. Algorithms for data extraction as a result of the man-machine interaction of navigator with the electronic control
systems of the vessel during performing navigation operations of increased complexity are proposed.

Obijective. The purpose of research is to apply formal and algorithmic approaches to extracting data on the motivational model of
navigator to prevent accidents in water transport.

Method. The identification of manifestation determination of navigators’ mental activity by means of the visual concept of the
geometric group theory is proposed. This approach delivered the visual systematic-logical combining of diagnostic methods aimed at
determining navigators motivational centers and the processes of professional activity like maneuver performing. The key indicator
of identification is said to be the parameter of the navigator’s activity as “rpm_port” having an impact on the vessel speed being a
marker of intensification of the navigator’s physiological activity. Such an approach is beneficial in time phase identification while
maneuvering indicating explicitly at the stepping up of the navigator’s physiological motivational state. It was proven to be correct
based on the results due to Ward’s dendrogram, several statistical methods and applied software. The obtained research results en-
courage the prediction of the navigator’ motivational states in critical situations.

Results. In order to confirm the proposed formal-algorithmic approach, an experiment was carried out using the navigation simu-
lator Navi Trainer 5000. Automated analysis of experimental ones made it possible to form a motivational map of the navigator and
determine the decision-making model affecting in the processes of control vessel in difficult situations.

Conclusions. The proposed research approaches made it possible to automate the processes of extracting data indicating the
principles of decision-making by navigator. The effectiveness of proposed approach was substantiated by the results of experimental
data automated processing and the constructed tree-like decision-making spaces.

KEYWORDS: motivation identification systems, automated data processing systems, modeling of decision making models,
computer simulators, analysis of the human factor, automated control systems.

ABBREVIATIONS NOMENCLATURE

ECDIS is an Electronic Chart Display and Information s is a motivational influencing factor;
System; S is a set of factors;

ARPA is an automatic radar plotting aid; y is a control actions;

AIS is an Automatic Identification System; Yis a set of control actions;

GPS is a Global Positioning System; X is a navigational situations;

NTPRO 5000 is a navigation simulator ‘“Navi X is a set of navigation situations;
Trainer 50007; wi ., is a navigator action utility function;

ANOVA is an Analysis of Variance;
MMS is mental motivational states;
LNE is a level of navigator expectations;

R is a navigation results space;
Yrav 1S anavigator behavior alternatives;

LPC is a level of personality claims; Wiwmax 1S @ maximum expected usefulness for the
LNEc is a level of the navigator’s expectations; navigator;
LAEc is a level of awareness of expected events; x,is a moment of making decisions;

LEAc is a level of expected attitude towards the par-
ticipants of interpersonal inter-action;

LERc is a level of expected results of activity;

SPSS is a Statistical Package for the Social Sciences;

rpm_port is a vessel speed.

Gv T is an expansion of feature space;

Gv is a narrowing of feature space;
Re is a peer review function;

K is a context of the navigation situation;
d is a structural diagnostics;

© Nosov P. S., Popovych L. S., Zinchenko S. M., Kobets V. M., Safonova A. F., Appazov E. S., 2021
DOI 10.15588/1607-3274-2021-3-13

152



e-ISSN 1607-3274 PapioenexrpoHika, inpopmaTuka, ynpasminas. 2021. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 3

d is a functional diagnostics;

e, is a stock of resources for decision making;

Fris a fragment to define MMS;

1 is an information structure of the MMS identification
task;

Bo (S ) is a prior distribution on the set of states;

q"7 is a structure transition function;

¢, is a safe vessel handling strategy;
ny is a decision making strategy;

1| is a strategy for choosing alternatives;
G; is an alternatives of states;

x' is a comparison x with MMS;
R%is a state space;

0, is a navigation risk criterion;

Ry is a binary relation;

I"(x,) is a preference function;
Q) is a set matrix;

s, is a complexity of the project;
u, is an utility function;

af'is an expectation level;
fis a subjective probability;

u is a selective probability;
X 1S an expenses;

v is a scaling factor;

Y is a reference level;

A(f) is a decision checkpoint function;
pP* (s » ) is a probability measure;

X,y 1is a better alternative;

~

3(x,,) are maximum values of the quality criterion

relative to the strategy x,,;

~ . .
3, 1s an optimal solution;

Qy is an area of agreement and compromise;

A is an importance of criteria;
By is a probability of the expected utility of a solu-

tion;
P is a probability of the decision being useful
(c,2v,) p y g

is greater than initially expected;
y, is an element of random behavior;

@, b, ¢® are words of the mathematical system;

G, G, are represent a group, for MMS;

G’ is a producing a new group;

e; is a starting point of the motivation identification
system report;

g1, g are points of the Cayley’s graph;

df are degrees of freedom;

Pr(>F) is a probability distribution;

Z is a decision-making task by the navigator;

Z"(f) is an inner emotional experience;

Z7(f) is an external reactions, behavior model;

E(f)<w is a shortage of time resources;

t.1s a discrete variable step;

Zpian1s @ how many tasks to be solved;

O is a future tense symbol;

Dzis a how many targets to be deleted;

Azis a lots of added goals;

K7is a bounded rationality ratio;

A, is a bifurcation period of the motivation model;

Fun is an input processing method;
M 5 1is anavigator motivation factor.
-

INTRODUCTION

Contemporary experimental data analysis systems has
the tendency of welcoming the structural submission of
human factor essence being predominantly characterized
as a multifactorial phenomenon [1-3], which is empiri-
cally studied in various ergatic systems [4-6]. Being
aware of having a diverse range of publications aimed at
building and shaping the structure of this phenomenon we
are to take into consideration possible uncertainties in the
system of concepts as well as in their conceptual connec-
tions. This negative experience seemed to allow the im-
plementation of the effective application of the spoken
above techniques to be undertaken in practice of vessel
control. However, the increasing number of navigation
devices of ECDIS, ARPA, AIS, GPS and information
brings new requirements to this problem [7-9]. It goes
without saying that this very issue would definitely be
considered advantageous enough in identifying the sea-
going navigator’s motivational mental state [10—12].

For example, when performing typical maneuvers of
entering the harbor of Istanbul, it was noted that naviga-
tors are guided by different motives in the same naviga-
tion situations (Fig. 1).

| Google Ny 4o S3021 S galmaper BEDTT CHER Arhve Lrt/ Capmrsbon L

Figure 1 — Control of electronic navigation when performing
navigation maneuvers

All this indicates the need to build mathematical and
automated systems for identifying the element of human
factor — the motivation of navigators in order to improve
the safety of navigation.

Thus, the object of research is the human-machine
interaction of the ergatic system subject for water trans-
port.
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The subject of research is the models and algorithms
for automated identification of navigator’s motivation
factor in the vessel electronic control systems.

The purpose of research is to apply formal and algo-
rithmic approaches to extracting data on the motivational
model of navigator to prevent accidents in water trans-
port.

The purpose of the article is chosen to be applying
special purpose solution method embracing of following
problems:

1. Analyze the existing formal approaches in order to
describe the principles of decision-making by navigators.
And also to determine the elements of motivational mod-
els of decision-making by navigators in human-machine
systems.

2. To propose the principle of extracting data on moti-
vation of navigator in process of vessel control based on
the geometric theory of groups in the form of
G' =G, °G,.

3. To form a 3D information model of the navigators
structural motivation of based on Cayley’s graph elements:
Cay<b|b2 =e> , Cay<a|a3 :e>, Cay<c|c6 =e>.

4. Based on the data electronic simulator, correlate the
characteristic spaces of MMS navigator motivation: LNE,
LPC, LNEc, LAEc, LEAc, LERc and the vessel control
parameters.

5. Conduct an experiment using the navigation simula-
tor Transas navigation simulator NTPRO 5000. Based on
the data obtained and Ward’s dendrogram and MMS mo-
tivation points, using a number of statistical ANOVA
methods in RStudio, build a motivation map of naviga-
tors.

6. On the basis of experimental data, determine the
correspondence of motivational decision-making models
F1-F7 regarding the navigators teams.

The obtained motivational models will make it possi-
ble to identify the class of decision-making by navigators
in difficult situations to ensure the safety of water trans-
port control.

1 PROBLEM STATEMENT
The formal statement of the problem is to identify the
motivation of the navigator by analyzing the tuple of in-

put variables, s€ S, yeY, xe X to |X| < |S| such that,
W ((YXSxX)—> R in terms of situational control

[13, 14].
An additional condition for identification is maximiza-

4 S
tion Whavmax

((x*,y*), € XxY within the framework

such that y' >y < w® 0 (0,5,5) > w8, (1,8,x).

Identification is terminal  factors

(% 195 e )
Vx, Re(x, |[K)=(x, >8,8|K)—>
Re(8)=e(Gv 1 (8))®, e( Fr(Gvi(3))).

limited by

in conditions:
1={8.8)(S).X,[X, c X,seS],Y,[Y,c¥,xeX],

A,q°(S|SxY),w; (Yx(SxX)),geA}.

nav

The output variable is a ¢>° (S |SxY ) 4, and depends
onMand Con(x,x'|K)=1l<x=x": X,cX,Y, Y.
The main criterion of the task is a 0, (§1" |y, Ty ) in

the space RS, which will determine the dependence
W,y on 0, within the MMS scale.
The resulting factor is the navigation safety strategy

(pn(nﬂr{’) —max, in the form of a scale:
3

87'(x),, =U{seS:3(s)=x} =S, xeX.

2 LITERATURE REVIEW

In a study aimed at modeling decision-making proc-
esses under the constraints of experiments [20], an ap-
proach based on use of R, is proposed. Moreover, ['(x,,),
determines the most preferable solutions from Q. This
study is of interest due to fact that, according the analogy
with vessel control processes and the experimenter oper-
ates with a set of observed factors and criteria, such as in
Fig. 2.

Figure 2 — Observed situation to vessel control

In the study [21], the processes of creating software
based on recursion of data in the form of decisions made
results are well considered. An important element is to
take into account the risks associated with both stochastic
uncertainty and s;. In this case, it is important to accu-
rately determine the factors determining u,,.

Also in the study [22], the solution to problem of deci-
sion-making synthesis models under conditions of fractal
dimension is deeply and in detail considered. This study
directs the scientific search for this article in field of logi-
cal-metric spaces, which allows us to consider the prob-
lem from a new angle. The paper considers methods for
constructing feature spaces, as well as the principles of
decision trees application in a practical aspect.

In turn, work [23] considers the aspect of taking into
account subjective expectations when making decisions,
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which is inapplicable in water transport management due
to the high risk of disasters.

However, it should be borne in mind that captains are
subject to decision-making based on the expected utility
factor, which also depends on the individual motivational

model. This is how the work introduces A(f) and

P* (s » ) , which in our case predetermines the dependence

on motivational factor:

U(rm)= 2, AL )Prlen)
* Z% )“(xex—A(f))u(xa)-

It follows from this that an automated analysis of the
captain’s motivational factor can have a decisive impact
on vessel control.

In the study [24], for decision-making, alternatives are
considered that are decisive according to the introduced
criteria:

Xy = argmaxS(xex).

In this case, the optimality of decision taken is re-
duced to solving the chain of local goals, which forms the
current strategy:

(X).A]

=3( X, ) - X"E’gX (3

opt

However, in the case of performing navigation tasks
and vessel control tasks, this approach may not be effec-
tive enough. This is due to the fact that, guided by moti-
vational model, the captain can no longer change of strat-
egy and follows predetermined principles until the last
stage of the task.

In this work, the human factor is determined randomly
[25]. In this case, a distinction is indicated according to
the degree of random factors influence:

iR, =Ry )

then0 <y, < 1_(PUH _P(CﬂzUX‘.))

or if PUXI. < P(C.‘r,' ZUXi)

then |P,

However, in transport systems, random processes are
unlikely. Marine companies try to take into account ran-
dom factors in order to reduce the likelihood of unfore-
seen accidents and disasters.

Thus, the studies considered indicate the need for a
scientific search for approaches to formalize and algo-
rithmize the factors of motivating navigators when man-
aging water transport.

3 MATERIALS AND METHODS

During the work with navigational devices, the re-
cords of the navigators’ activity are saved on the server.
The information received indicates the nature and settings
of the vessel control model in the ergatic system.

Devices such as information navigation systems, radar
and warning systems are synchronized. Their use cannot
be simultaneous; therefore, it becomes possible to identify
the motivation of the navigators.

To meet the above mentioned targets, an unambiguous
approach is proposed to be implemented consisting of two
essential stages: the first one is defining the navigator’s
motivational centers and their significance within the
framework of the visual geometric concept and the second
one is an analysis of decision making by navigators to
determine their MMS.

Consider the stage of determining the navigator’s mo-
tivational centers. We will establish the order of identify-
ing extrema of the navigators’ motivation. We will as-
sume that these extrema were revealed in the course of
observation and a series of specialized tests [15-17]. In
order to measure their influence, it is necessary to analyze
a number of indexes of MMS selectively using the meth-
odology of social expectations of personality.

Application of psycho-diagnostic instruments for ex-
amining an individual’s motivation. We will consider two
methods as instruments for determining the influence of
extrema: “LNE”, modified and “LPC” that have correla-
tions investigated in the study, and therefore they must be
presented within the same metric space [18,19].

Having determined the extrema of MMS, we will
choose the outlined methods relative to them. Each of
them will — G| and — G,. Simultaneous participation of
the methods will be presented as a product of these
groups, producing a G' [26].

Since there are: a’, b* and ¢® in the group
G'=G, G, and each one is a geometric structure, we

have Cayley’s graphs for all of them (Fig. 3):

.\“\b \ [1 /o ¢

Figure 3 — The words: a*, b* and ¢° in the group
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Then group G’ =G, oG, :<a,b,c|a3 =p*=(* =e>,

meaning that Cayley’s graph of a free product implies
“agglutination” of two graphs G, and G,.

In order to create Cayley’s graph of the group G| we
proceed from the following logic: G| has two generatrixes,
i. e. The number of edges equals to a doubled product of
the generatrixes — 4, but as far as b* is a biangle and “agglu-
tinates” in one section, we have three edges — sections.
Therefore, we put one edge b* (in sum — three) from each
point of the apex (of the triangle) ¢’ and have Cayley’s
graph for G, (see Fig. 4 a, b).

Ij2

b
Figure 4 — The formation of Cayley’s graph for G;:
a— composition of generators for G;; b — fractal of Cayley’s graph
representation

The move to the stage of the formation of the group
G’ . In order to obtain a product, we multiply G| by G,,
represented by a hexahedron and we will determine the
number of edges of the graph. Proceeding from the fact
that there are three products, we will double and get 6, but
there will be 5 because of “agglutination” b>. Conse-
quently, the products G'=G, oG, will have Cayley’s
graph depicted in Fig. 5.

Each point e;, synchronizes with the point — extrema
of MMS and allows identifying their influence. The graph
G' allows examining each extremum of MMS in a com-
binative way. We can see that e, originates from the ap-
plication of the “motivational core” c°, then there is a
move to the method “LNE”, and the first step is to per-
form analysis of the index LNEc. Further, if the order of
the methods proves to be not efficient enough, then the
next round of the research starts from the point ¢, begin-

ning with “LNE”, without LNEc and further moves to the
“motivational core” ¢”, and then to LNEc. This group can
be represented in a 3D projection for visualization (see
Fig. 6).

Figure 5 — Cayley’s graph of the desired group G :
a— fractal space of G' = G G, ; b —representation
of extremum points on a Cayley’s graph space

Figure 6 — 3D view of the group G’

The next task is to identify the influence of the extrema
of motivation, determining the importance of the event
projected onto a newly created group of the manifestation
of MMS. The determination of the indexes relative to the
extrema of motivation by the chosen methods implies the

© Nosov P. S., Popovych L. S., Zinchenko S. M., Kobets V. M., Safonova A. F., Appazov E. S., 2021

DOI 10.15588/1607-3274-2021-3-13

156



e-ISSN 1607-3274 PapioenexrpoHika, inpopmaTuka, ynpasminas. 2021. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 3

use of a comprehensive approach [27-29]. Taking into
account that the methods number 10 indexes and they cor-
relate with each other to this or that extent that was proved
by the research, we can maintain that they are indissoluble.
Consequently, it is necessary to find the generalized value
of the extremum of motivation summarizing the data of all
the indexes. Therefore, we developed a program module
that allows synchronizing the data in one Cartesian coordi-
nate system C; (see Fig. 7). For instance, there is the above-
mentioned trajectory b’ab, followed by the strategy b '
“planning to move a rudder blade”, that is evident in the
pause in the vessel route and a radical change in the course.

T ———— ]

‘___ = -|' = o

Figure 7 — Determining the influence of the points C; of MMS

Having obtained the data of all the indexes we can use
this module to find the generalized index of the naviga-
tor’s motivation. Following the trajectory of examining
the points of MMS and determining the most effective
approach we select an individual algorithm of interaction
with each navigator within the framework of the research
of his motivation. The accurate values of the points of
MMS enable us to understand that the surface circumflex-
ing them cannot be flat and it results in the curvature of
the metric space of motivation. This curvature of the sur-
face is nothing but an individual and unique imprint of the
navigator’s perception of the situation in the light of his
motivation [30-32].

In this way a quasi-isometric formal surface with the
points of extremum is formed [33, 34]. The question
arises: what correlation is between them and can they play
the role of a connected graph? It is known that these lines
are geodesic, 1. e. the surface itself is not curvilinear. This
research stage requires the application of the method mak-
ing it possible to find these connections between the
points-extrema. The connection between the points by the
edge is only possible when the subsequent point emerges
from the preceding one when multiplied by one letter of
the set of the generatrixes. For instance, g, and g, are
connected by the edge if 3Jaed;g,=g-a or

g1 = &, -a in the set of generatrixes.

It is important to find the principle of transfer, con-
necting these points by the edges, something common and
essentially important within the framework of the meth-
odology of social expectations of an individual. Grouping
points-extrema of motivation is necessary to determine
MMS, and, consequently, to achieve the main purpose of
the research.

The analysis of the points-extrema gives us a reason to
think that these points are heterogeneous, each of them
having a number of parameters consisting of three catego-
ries: identifiers relative to Cayley’s graph; psychological
methods “LNE” and “LPC”; factors relative to sailing
through the Bosporus strait.

4 EXPERIMENTS

Taking into consideration the specificity of the subject
area and also the geometric orientation of the scientific
research, we suggest clustering the data. Cluster analysis
will allow dividing the points of motivation MMS into
groups and determining their relationships geometrically.

In order to do this, we used clustering in the form of a
dendrogram by Ward’s method for finding single connec-
tions of the points of MMS, by the principle of Euclidian
distance (see Fig. 8). Having analyzed these geometric con-
nections between the points of motivation of MMS, we are
enabled to construct the desired map of the navigator’s mo-
tivation (see Fig. 9).

The represented geometric relationships of MMS al-
low visualizing how the manifestations of the navigators’
motivation are ordered in the desired conditions. It is nec-
essary to mention that this order is characteristic only of a
certain individual and determined by a variety of factors,
affecting their motivation. It allows predicting navigators’
behavior in critical situations similar by the set of indexes
that will make it possible to prevent disastrous situations
on maritime transport. Hence, according to the involved
approach, the relationship, the personality structure of
some navigators’ motivation being actively engaged in
complex maneuver operations is highly likely to be ascer-
tained [35-37].

c_1
Cc_3

c_10
c7

c8 l_
c_4
c9

C_5

c_1
c2 |
cEf——

c_12

0 20 40 60 80 100 120 140 160
Figure 8 — The dendrogram by Ward’s method for the points of
motivation of MMS

It must be emphasised that the foremost phase of this
research is being able to figure out the method facing the
challenge of having clusters of navigation situations ac-
cording to the indications of navigators’ actions for corre-
lating them with their motivational mental states.
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Figure 9 — The map of the navigator’s motivation

It should be underlined separately that we propose the
concept; “he navigator’s mental motivational state” to be
applied as “the general functional level of mental activity
having direct impact on the conditions of his professional
activity and individual psychological characteristics”. In
the course of the research situational mental states con-
nected with the definite location in the water area and
navigation tasks at the corresponding time interval are put
forward to be taken into consideration.

Being on the point of getting a passing, especially
within the high intensity maritime transport areas, the
navigator of the vessel is striving to endeavor to accom-
plish the navigation task in the best possible light.
Therewith, the significant element of such kind of work is
noticed to be the skill of the navigator’s motivational
sphere management, knowledge of the structure and sys-
tem of meaningful characteristics of motivational mental
states. In addition, such properties as internality, external-
ity, activity, passivity, openness, closeness, etc. are being
able to facilitate this or that MMS discovery with suffi-
cient accuracy. Thus, having been spoken about ap-
proaches would definitely further encourage us to come
closer to the definition of characteristics welcoming the
direct effect on the result of professional activity as well
as to the relevant to the having been formed individual
behavior patterns to be taken on.

The sequential search performed among test methods at
the preliminary stage is noticed to have triggered off the
opportunities to determine the individual prerequisites for
the manifestation of motivational characteristics. Accord-
ingly, hese very issues indicate at MMS and an established
behavior model. Thus, the following possibilities to be de-
termined have turned out : an internal motive, a cognitive
motive, a avoidance motive, a competition motive, a mo-
tive for a change in activity, a self-esteem motive, signifi-
cance of results, complexity of the task, volitional effort,
assessment of the level of achieved results, assessment of
one’s potential, target level of mobilization of efforts, ex-
pected level of results, regularity of results and initiative.

In response to the mentioned above, the methods
based on coping tests [38, 39] let eight ways of difficul-
ties overcomings be lighted upon. These items probably

include the following to be worth mentioning: confronta-
tion, distancing, self-control, seeking social support, tak-
ing responsibility, avoidance, planning a solution to the
problem, positive revaluation. The fractal organization of
the above methods at key stages of the route trajectory
conduce to delineate the correlation of the dominant mo-
tives to the situations.

It must be emphasised that the foregoing happened to
have provided the possibility to significantly reduce the
time for MMS analysis being predominantly concentrated
on the likelihood of “bursts” of navigators’ motivational
activity. So, this approach is said to have hastened the
selection of the required methodology basing on three or
four stages of navigators’ actions in typical situations.

Taking into account the evidence of vivid manifesta-
tion of navigators’ mental activity boost getting used to
being accompanied by an increase in their motivation the
conclusion is that the nature of the actions precisely indi-
cates the navigators’ mental state.

Well, for instance, such a parameter as rpm_port at
moderate rates (3—5 knots) is unable to be affecting the
mental activity boost but, nevertheless, at high rates (8—12
knots) makes the navigators severely enhance their entire
capacity-building. It goes without saying that this item is
impossible to be looked at without motivation [40].

With an aim to analyze the influence of this parameter
on the MMS shaping we want a range diagram (Boxplot)
rpm_port (main rotor speed) to be introduced. For getting
analysis done an experiment was carried out with 11 dif-
ferent navigation teams being involved in facing the same
terms and conditions of the Bosphorus location. So, from
the analysis of the diagram the sample differences are
sure to be noticed. The medians are not noticed to be sig-
nificantly different only in the first, second and third sam-
ples (rpm_portl, rpm_port2, rpm_port3). Sample data
rpm_portl, rpm_port6, rpm_port7, rpm_port8, rpm_port9,
rpm_port10 skewed to the left; rpm_port10, rpm_portl1 —
skewed to the right; rpm_port5 — symmetric; rpm_port2,
rpm_port3 — very tight placement (Fig. 10).

Speed of the main screw

R

Tl

pm_gort

tee

Figure 10 — Boxplot plot of the rpm_port parameter

The interquartile range does not visually differ too
much in the samples rpm_port4, rpm_port6, rpm_port8,
rpm_port9, rpm _portl0. The samples rpm_port2,
rpm_port3, rpm_port7 have a lot of outliers.
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So, having been delivered results do indicate a clear
difference in the navigators’ behavior models. For exam-
ple, the rpm_port speed parameter and its change along
the trajectory of the routes are presenting significant dif-
ferences. In order to achieve the target of finding the
groups having alike patterns of behavior a confidence
interval diagram was decided to be navigator.

It would be highly appreciated due to reflecting the
presence of common points of intervals for the following
groups of samples: rpm_portl, rpm_port2, rpm_port7,

rpm_port8; rpm_portl, rpm_port3, rpm_port9;
rpm_port3, rpm_port6, rpm_port9; rpm_port4,
rpm _port5, rpm port6, rpm portl0, rpm portll;

rpm_portS, rpm_port6, rpm_port9, rpm_port10. Average
items closely spaced for the following groups of samples:

rpm_portl, rpm_port2; rpm_portl, rpm_port3;
rpm_port2, rpm_port7, rpm_port8; rpm_port4,
rpm_port5, rpm_port6, rpm_portl0, rpm portll;

rpm_port6, rpm_port9, rpm_port10 (Fig. 11).
Subsequently, to determine the homogeneity of vari-
ances, the Bartlett Test of Homogeneity of Variances and
Computes Levene’s test for homogeneity of variance
across groups centered on the median are considered to be
of great assistance.
Bartlett test of homogeneity of variances
data: rpm_port by type
Bartlett’s K-squared = 428.15, df = 10, p-value < 2.2¢-16
Levene’s Test for Homogeneity of Variance (center = median)
DfF value Pr(>F), group 10 39.493 <2.2e-16 ***
Signif. codes: 0 “***”0.001 “***0.01 “*>0.05°>0.1 " 1

pm_part
—

Figure 11 — Diagram of confidence intervals for the
rpm_port

Accordingly, based on the results of both completed
tests, we are definitely to discard the null hypothesis of
equality of variances (since with F10,2992 = 39.493 p-
value < .05). This issue indicates the evidence of vari-
ances to be different being admitted as solid proof that the
populations from which the data is selected are not to be
regarded as identical. Further, we are on the point of per-
forming ANOVA aiming to compare the average samples.
As a result, the number F10,2992=20.23, p<2e-16. was
obtained. The conclusion can be made, this issue means
that there are statistically significant differences between
the average samples of the rpm_port parameter. This item
is believed to be the ground to have the hypothesis of the
study of shaping navigator’s behavior models with indi-
vidual characteristics generally confirmed. Further, let's
do posteriori comparisons with an aim to identify differ-
ences between the samples. As the test for equality of
variances is noticed to have uncovered statistically sub-
stantial differences, the Games-Howell one being used for
pairwise comparison of normally distributed samples with
unequal variances is proposed to be introduced. The ob-
tained results are presented in Table 1.

It is vividly seen that after having carried out analysis
of the table five types of navigators’ behavior models are
highly likely to be identified.

Therefore, each of these issues represents the maxi-
mum number of samples between having no statistically
significant differences [41-43]. To be precisely, no dif-
ferences were able to have been observed in the middle of
each behavior model.

Moreover, at least one statistically significant differ-
ence between the behavior models do exist. Groupl in-
cludes: rpm_portl-8; group3: rpm_portl, rpm_port3—9;

group4: rpm_portd—6,  rpm_portl0-11; groups:
rpm_port5, rpm_porto6, rpm_port9, rpm_port10
(Fig. 12 a, b).

Hence, the analysis of the diagrams as well as the ap-
plication of subsequent techniques delivered a beneficial
opportunity for us to succeed in having the navigational
watches grouped. No. 1-11 (Fig. 12 b).

Table 1 — The difference is a statistically significant difference between the sample

rpm_ rpm_ rpm_ rpm_ rpm_ rpm_ rpm_ rpm_ rpm_ rpm_
portl port2 port3 port4 port5 port6 port7 port8 port9 portl0

rpm_port2 —

rpm_port3 - -

rpm_port4 differ differ differ

rpm_port5 differ differ differ -

rpm_port6 — differ — — —

rpm_port7 - - differ differ differ differ

rpm_port8 - - - differ differ differ —

rpm_port9 — differ — differ — — differ differ

rpm_port10 differ differ differ - - - differ differ -

rpm_portl1 differ differ differ — — — differ differ differ —
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Figure 12 — Diagram of the groups of statistically significant
difference between the behavior models: a — boxplot diagram of
the groups of samples of the rpm_port parameter between which
statistically significant differences were revealed; b — diagram of

confidence intervals for the groups of samples of the rpm_port

parameter between which statistically significant differences
were revealed

group

Besides, the having been developed questionnaires
contributed into process of getting empirical data obtained
for each formed group.

Data processing with RStudio and “SPSS” v. 23.0
turned out to be favorable enough to apply to Spearman’s
statistical correlation methods, the Promax component
rotation one and etc. So, to calculate the minimum,
maximum, arithmetic mean of the parameters and stan-
dard deviations became highly likely to be done.

5 RESULTS

The calculated results were a huge assistance of allow-
ing us to correlate the survey data and the navigators’
mental motivational states (Table 2).

Thus, the conclusion can be made that the having been
proposed approach assumes indirect navigators’ MMS
determination by means of the parameters of the vessel’s
movement. Then, with respect to the level of goal-setting,
we define the model of the motivational factor influence
on the water transport operation:

Z(t,+1)=Z(1,)\D, (1, +1)U 4, (1, +1) if 0<E(r)<oo,
vt Z(t)=2Z" (t)uZ(¢),

Dy (1, +1)& A, (1, +1) = arg opty Ky (1, +1),

Zpian (12 +0) = Zpyyy (1. +O) {Z ~tasky,,
T2(t.)=[Z(1.) > Chaos(t, +1-A_,A.) ], A, — min,

E(t+1) = Fun(E(),Z(1).{F (1)}, Mpg,_, (t)).

Moreover, despite being a success, this approach is to
be taken only at the initial stages of psychological diag-
nostics [44]. Much further analysis of likewise conclu-
sions is sure to presume the involvement of a highly
qualified specialist. This will allow the development of an
intelligent assessment of diagnostics of experimental data
in real time [45].

Table 2 — Mental motivational states of navigators

Commands

Mental motivational states of cadets

2,8,7

F3 “Motivation for obtaining” is considered to be a reflection of significant motivation levels to compete and motivation to
succeed without having positive reassessment of the real situation. The motivational mental state of this group of cadets is
having a lot to do with craving to achieve the desired result at any cost.

F6 “Affiliation motivation” is said to be characterized as the desire of the individual to be better than others. The subject is
being implicated into constant retrieval to perform complex tasks of professional activity seeking social support and encour-
agement in the environment sometimes in the eyes of beholder close friends.

1,3

F2 “Confrontational motivation” is the individual’s confrontational regulatory ability to do something by his own initiative,
to confront avoiding the search of other alternatives to cope with the problem as well as shirking the responsibility and posi-
tive reassessment of the situation.

F4 “Pragmatic motivation” is said to be planning for solving a problem with having it not accompanied by a positive reas-
sessment of the real situation. This motivational mental state needs to be defined mostly as the search for approval, a desire
to hold on to one’s point of view and beliefs.

9,6

F1 “Ego-motivation” is said to reflect the dependence of the individual components of the personality’s motivational struc-
ture, to be directly, internal and cognitive motive, volitional effort, assessment of one’s potential, the intended level of efforts
mobilization. The significant negative correlation with confrontation and self-control in the context of professional activity
performing is definitely to be taken into consideration. The effect of this factor seems to be characterized by internal and
cognitive activity in professional activity.

F7 “Motivation for responsibility” depicts the idea of getting all motivational mental states accompanied by the desire to
perform all assigned tasks from the simplest to the most difficult ones appropriately. Such a motivational mental state is
being thought about as inherited peculiarity for being prone towards order, and discipline in everything.

4,5,10,11

F5 “Motivation for avoidance” includes variables, the psychological content of which is aimed at mirroring the desire to
escape from responsibility, initiative and whatever. It seems to have a negatively evaluated significant relationship with the
assessment of the level of achieved results. Such individuals have a tendency to totally circumvent no way having to deal
with anything. They get used to being apt to “keep your head down”.
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Hence, the proposed approaches are believed to have
been implemented and tested in the course of an experi-
ment using the Navi Trainer 5000 navigation simulator.
They managed to have demonstrated the potential and the
effectiveness of the proposed above research hypotheses.
The experimental data, as well as the developed psycho-
logical methods for analyzing sea-going navigators’ men-
tal motivational states while performing complex maneu-
vers and navigation tasks, facilitate to find out important
dependencies and come up as a result of scientific re-
search.

As a result of the study, the expediency of the psycho-
logical and informational approaches used, as well as the
principles of the formation of models of behavior of navi-
gators in difficult conditions was confirmed.

Thereby, the psychological and formal-analytical ap-
proaches presented in the study, as well as the developed
software tools, are named to be worth being delivered to
apply the classification of the navigators’ mental motiva-
tional states in the form of a geometrically defined space
of states. Accordingly, the results of the study might be of
great interest and assistance for the sake of predicting and
preventing catastrophic consequences in maritime trans-
port due to the human factor.

CONCLUSIONS

We analyzed formal approaches to the practical as-
pects of the decision theory application in situations of
stochastic uncertainty and resource constraints. As a re-
sult, an approach was proposed that is closest to the prob-
lem of research based on the models formation of motiva-
tion when making decisions by navigators in human-
machine systems.

On the basis of the indicated approach, the principle of
vessel controlconverting information parameters from the
ECDIS server was determined. This made it possible to
structure the data on the motivation the navigator on the
basis of geometric product of groups G' =G, G, .

A 3D information model the structural motivation of
navigators was formed based on the Cayley’s graph ele-
ments: a’, b°, ¢®. This made it possible to identify the ex-
tremum points of motivation, to determine the degree of
importance in relation to MMS.

On the basis of electronic simulator data the periods of
extrema were synchronized with respect to the speed-
power parameters of the vessel’s control. This made it
possible to form the characteristic spaces of motivation
the MMS navigator: LNE, LPC, LNEc, LAEc, LEAc,
LERc.

To achieve the main goal of the study, an experiment
was carried out, as a result of which data were collected
on the motivational models of navigators when perform-
ing a maneuver of entering the harbor of Istanbul. The
data were obtained in the course of automated analysis of
NTPRO 5000 navigation simulator log files with subse-
quent processing by statistical ANOVA methods in RStu-
dio. As a result of calculations, a motivation map for

navigators was built based on Ward’s dendrogram and
MMS points.

On the basis of experimental data, motivational mod-
els of decision-making F1-F7 of navigators teams were
determined.

The obtained motivational models will make it possi-
ble to identify the class of decision-making by navigators
in difficult situations to ensure the safety of water trans-
port control.

Thus, this study made it possible to significantly ap-
proach the solution of the problems to identifying motiva-
tional models of water transport navigators to ensure
safety.
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AHOTAULIA

AKTyasIbHiCTB. Y CTaTTi 3aIIpOIIOHOBAHO MiIXiJ] aBTOMATH30BaHOI iieHTH]iKaIi{ MOTHBAIIHHOT MOJIETI HaBIraToOpiB NpH yIpaB-
JHHI MOPCHKHM TPAHCIIOPTOM. 3alpoIIOHOBAHO aJTOPUTMU BIUIYYEHHS JAHHUX B PE3yJIBTATi JIIOJMHO-MAIIMHHOTO B3a€MOJIi HaBira-
TOpa 3 eIEKTPOHHUMHU CHCTEMaMH YIIPaBIIiHHS CyJHOM IIPY BUKOHAHHI HaBirauiifHUX omeparii miBHIIeHOT CKJIaJHOCTI.

Meta. MeTor0 TOCTIIKECHHS € 3aCTOCYBaHHS (hOPMATBHOTO 1 aITOPUTMIYHOTO TiIXO/IB 0 BHIYUYCHHS JaHUX MOTHBAIITHOT MO-
nerti HaBiratopa Juist 3armo0iranHs aBapiii Ha BOXHOMY TPAHCIOPTI.

Merton. [IporonyeTtbes ineHTrdiKaiis AeTepMiHOBAHHUX MIPOSBIB PO3yMOBOI AisUIbHOCTI HaBIraToOpiB 3a JOMOMOTOI0 Bi3yalbHOL
KOHIIENIii reoMeTprudHoi Teopii rpyn. Takuii migxix 3a0e3nednB HAOUHE CUCTEMO-JIOTIUHE MOEAHAHHS AIarHOCTHYHUX METOMIB IO
CIpsSIMOBaHI Ha BU3HAYECHHS MOTHBALIHUX IIEHTPIB MITypMaHa i MPOIECciB MpoQeciitHol AisTbHOCTI, HAPUKIIAI IIPU BUKOHAHHI Ma-
HeBpiB. KiIl04OBHM TOKa3HHUKOM ifeHTH(IKalil BBaKAEThCS MapaMeTp aKTUBHOCTI IUTypMaHa «rpm_port», IO BIUIMBAE HA IIBH[-
KICTh CyJJHA 1 € MapKepOM TIOCWIICHHS Horo (i3ionoriuHol akTuBHOCTI. Takuil miaxin KopucHHMIT Ut ineHTHdIKamil THMYacoBUX (a3
IIPY MaHEBPYBaHHI, 110 SBHO BKa3yIOTh Ha 3MiHy MOTHBALiHHOTO cTaHy HaBiraropa. JlaHuii acnekt OyB HOBEAEHMI Ha MiACTaBi pe-
3yJIBTATIB JEHAPOTpaMMH Y 0pJia, KiTbKOX CTAaTUCTHYHUX METOIB i MIPUKJIAQJHOTO MpOrpaMHoro 3adesnedenus. OTpumani pesynbra-
TH JIOCJIIJUKEHb JO3BOJIAIOTH IPOrHO3YBaTH MOTHBALlIMHI CTAHH HaBiraTopa y KPUTHYHUX CUTYaLlisiX.

Pe3yabTat. 3 METOO MiATBEPHKEHHS 3alPOIIOHOBAHOTO (JOPMABHO-AITOPUTMIYHOTO MiIX0ay OyB MPOBEACHHUI SKCIIEPUMEHT 3
BHKOPUCTAaHHSIM HaBiramiitHoro cumyistopa Navi Trainer 5000. ABToMaTH30BaHHI aHAIi3 €KCIIEPUMEHTAIFHUX TaHUX TO3BOJIUB
chopMyBaTH MOTUBAIIMHY KapTy HaBiraropa i BU3HAYUTH MOJEINb MPUHHSTTS PIlICHb IO BIUIMBAIOTH HA MPOLECH YIPABIIHHS CYA-
HOM Y CKJIQHUX CHUTYAaIisX.

BucHOBOK. 3anponoHOBaHi MiIXOAH JIOCIHIKEHHS JO3BOJIMIN aBTOMATH3yBaTH IPOLECH BIIIyYEHHS JaHUX IO BKa3yIOTh Ha
NPUHIUNN OPUAHATTS pillieHb HaBiratopoM. Pe3ysbTaTHBHICTH 3alPOIOHOBAHOTO MiAXoqy Oyia OOIpyHTOBaHA 3a pe3yJbTaTaMH
ABTOMAaTH30BaHOI 00POOKH EeKCIIEPUMEHTAIBHUX JaHUX 1 HOOYJOBAaHUX 03HAKOBUX JEPEBOIONIOHMX MIPOCTOPIB MPUIHATTS PillICHb.

KJIFOYOBI CJIOBA: cucremu ineHTudikaiii MOTHBaLIi, CHCTEMH aBTOMaTH30BaHOI OOPOOKH JaHHMX, MOJICIIOBAHHS MOJICICH
MPUIHATTS pillieHb, KOMIT IOTEPHI CTUMYJISITOPH, aHAITI3 JIFOACHKOro (hakTopa, aBTOMAaTU30BaHi CHCTEMH YIIPaBIIiHHSI.
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AHHOTALUA

AKTYyaJIbHOCTB. B cTaThe mpeiokeH MOAX0J aBTOMATH3MPOBAHHON WICHTU(UKAIIMH MOTHUBAIIMOHHOW MOJICIH HABHTaTOPOB
MPU YIPABIEHUH MOPCKUM TpaHCIOpTOM. [IpeaioxeHbl anropuTMbl 3BJIEUYCHUS JAHHBIX B pe3yJIbTaTe 4eJI0BEKO-MAIIMHHOIO B3au-
MOJEHUCTBHS HABUIAaTOPa C JIEKTPOHHBIMH CHCTEMAaMH YMPABICHUS CyJHOM IIPU BBIIOJIHEHWM HABUTAIIMOHHBIX ONEPALi HOBBI-
LIEHHOW CII0’KHOCTH.

Heas. Llenpro uccaenqoBaHuA SBISETCS MPUMEHEHHE (OPMATBHOTO U alTOPUTMHYECKOTO MOAXO00B K U3BICYCHHUIO TaHHBIX MO-
THUBAIMOHHON MOJIEIN HABUTATOPA IJIS IPEJOTBPAILCHHS aBapHiA Ha BOIHOM TPAaHCIIOPTE.

Merton. [Ipennaraercs naeHTH(GUKAIMS ETEPMUHHHAPOBAHHBIX MPOSBICHIA MBICIHTEIFHON IEATEIFHOCTA HABUTATOPOB C TI0-
MOIIBI0 HANIAHOW KOHICTINH TeOMETPUUECKON Teopuu rpymi. Takoi moaxoa oOecreuns HarsIHOe CHCTEMAaTHKO-TIOTHIECKOEe
COYCTaHHE JUATHOCTHYCCKUX METOJIOB, HAMIPABJICHHBIX HA ONMPECIICHHE MOTHBAIMOHHBIX IICHTPOB IITYpMaHa U MPOIECCOB Mpodec-
CHOHAJILHOM JICSITEIEHOCTH, HAIPUMED MPU BBIMOJIHEHHH MaHEBPOB. KIT0UeBbIM MOKa3aTesieM HACHTH()UKAIIMKA CUATACTCS MapaMeTp
AKTUBHOCTH LITypMaHa «rpm_porty», BAUAIOUIMNA Ha CKOPOCTh CyIHA U SIBISIOIIUIICS MapKepOM YCHUJICHHUS €ro (hPM3MOJIOTHYECKON
akTHUBHOCTU. Takoi MoAxox moJe3eH sl uaeHTH(OUKALUKY BpeMeHHON (a3bl IPU MAaHEBPHUPOBAHUH, YTO SBHO yKa3bIBaeT HA H3Me-
HEHHE MOTHUBAIIMOHHOTO COCTOSHUS HaBHratopa. JlaHHbIH acieKT ObLI JOKa3aH Ha OCHOBAaHHWHU PE3YJIBTaTOB ACHAPOrpaMMEI Y opaa,
HECKOJIBKHX CTATUCTUYECKUX METOMOB W NMPHKIAJHOTO MPOrpaMMHOI0 obecneueHus. [lomydeHHbIE pe3yabTaThl HCCIEAOBAHUI 1M0-
3BOJISIIOT IIPOTHO3UPOBATh MOTUBALIMOHHBIE COCTOSIHUSI HABUTATOPA B KPUTUYECKUX CUTYaIHSIX.

PesyabTat. C 1eipr0 MOATBEPIKICHUS TPEATI0KEHHOTO (POPMATEHO-AITOPUTMUIECKOTO MOIX0/1a ObLT IPOBECH SKCIIEPHUMEHT C
WCIOJIb30BAaHUEM HaBUTAIMOHHOTO cumyiistopa Navi Trainer 5000. ABTOMaTH3MPOBAHHBIA aHAIN3 YKCIICPUMEHTAIBHBIX JAHHBIX
MO3BOJIMIT C(HOPMHUPOBATH MOTHBALIMOHHYIO KapTy HABUraTopa U ONMPEICIUTh MOJCIb NMPUHATHS PEIICHUN BIHSIONIMX HA MPOIIECCHI
YIOPaBJICHUS CYAHOM B CJIOKHBIX CUTYaLUAX.

BriBon. [IpennoxeHHble MOIX0ABI UCCIIEAOBAHUS TIO3BOJIMIN aBTOMAaTH3UPOBATh MPOLECCHl U3BJICUCHUS JaHHBIX YKa3bIBAIOIIUX
HA TMPUHIUIGI IPUHATHS PELICHHH HABUTaTOPOM. Pe3ylbTaTHBHOCTH MPEAJIOKEHHOTO MoaX0/a Oblia 000CHOBaHA MO Pe3ysbTaTaM
aBTOMAaTHU3MPOBAaHHOW 00pabOTKM 3KCIIEPUMEHTAIBHBIX JAHHBIX W MOCTPOSHHBIX MPH3HAKOBBIX APEBOBUIHBIX MPOCTPAHCTB HMPUHS-
TUS PEILICHUH.

KJIIOYEBBIE CJIOBA: cucreMs! nieHTH(GUKANINE MOTHBAINN, CHCTEMbI aBTOMAaTH3HPOBAHHOH 00pabOTKN NaHHBIX, MOJEIH-
poBaHHE MOjeJeH MPUHATHS PEUICHHU, KOMIBIOTEPHBIC CUMYJISITOPBI, aHAITU3 YEIOBEYECKOro (hakTopa, aBTOMATU3UPOBAHHBIC CHC-
TEMBbI YIIPaBJICHHUSI.
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ABSTRACT
Context. The article proposes a latent-semantic technology for extracting information from Internet resources, which allows
processing information in natural language, as well as a multi-agent search algorithm based on it. The relevance of this approach to
the search for subject-oriented information determined by the fact that currently a direct lexical comparison of queries with document
indexes does not fully satisfy the developer. The object of the study is a multi-agent latent-semantic algorithm for searching for

subject-oriented information.

Objective. The work is to increase the efficiency of forming a knowledge model that is adequate for this subject area.

Method. A latent semantic technology based on the weighted descriptor method developed by the authors is proposed. The main
difference from the existing methods is that the analysis of words occurring in the text both in frequency and taking into account
semantics carried out by selecting the appropriate descriptors, which improves the quality of the information found.

Results. The developed latent-semantic technology of information search tested in the task of constructing a knowledge model of
automated decision support systems for operational and dispatching control of urban engineering networks. The conducted modeling
of the search for subject-oriented information in this subject area showed the effectiveness of the developed approach.

Conclusions. Improving the efficiency of search and semantic content of subject-oriented information of the knowledge model of
this subject area achieved by using the weighted descriptor method based on Zipf’s laws in this technology. The prospects for further
research are to build evolutionary models of knowledge and improve the quality of updated information.

KEYWORDS: Internet resources, information search, Zipf’s laws, Grebner bases, intelligent agents, weighted descriptors, latent

semantic analysis, multi-agent automatic search procedure.

ABBREVIATIONS
DSS — decision support systems;
IRS — information retrieval systems;
LSA - latent semantic analysis;
UEN - urban engineering networks.

NOMENCLATURE

fi is a frequency of occurrence of the i-th linquistic
variable;

ki is a number of documents with the i-th linquistic
variable;

N is a significant set of documents;

N, is a total number of documents under
consideration;

fis a frequency of occurrences of words in texts;
k is a rank of a frequency;

wj; is a frequency significance coefficient;

0; is a semantic significance coefficient;

ajj is a frequency of appearance of the i-th descriptor
in the j-th documentj =1,...,m, j =1,..., Ng s

aj, is a partial private evaluation of the i-th
descriptor significance;

k is a number of expert;

Sqis g-th current situation;

X;is i-th linquistic variable (descriptor);
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M(xi) is a function of belonging of i-th descriptor;
Ty is a basis, which containing i-th descriptor of
g-th situation.

INTRODUCTION

With the development of Internet technologies, a new
giant source of information resources has appeared.
Thanks to the widespread development and application of
computer technology, we can get information in
electronic form in all areas of human activity, such as
science, production, commerce, literature, entertainment,
etc. [1]. The Internet is compatible with various electronic
networks and databases and allows easy access to almost
any kind of information. However, the development of the
Internet as an information repository took place without
taking into account the need to search for the documents.
As a result, on the Internet, in contrast to traditional IRS,
where the document storage system is focused on active
search [2-4], the Internet document storage system is not
a given a priori with respect to the task of information
retrieval, i.e. poorly structured. The Internet is a
decentralized document repository with no of the single
management and organization and of development. The
Internet is heterogeneous, as not only different platforms
uses, but also different standards of information
presentation. The Internet brings together both modern
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and legacy systems. Piece of information is stored in a
form other than text (multimedia)

It follows that the task of extracting information from
the Internet is complex since it is necessary to extract not
only the type of data scheme, but also the semantic
information associated with it. In addition, given the need
to search for the specific information of the selected
subject area, there is f need process a huge quantity of
documents. Thus, it is also important to automate the
search process for the effective selection of the most
informative content. The process of search in an IRS can
represented in the form of the scheme shown in Fig. 1 [4].

Forming |« Viewing
Search S h
—— earc
a Request Result
S ||
Request End of
Correction Search

Figure 1 — Diagram of the search process in Information
Retrieval Systems

The object of research is a multi-agent procedure for
searching the Internet for the necessary information,
taking into account its semantic value for a given subject
area.

The subject of research is the latent-semantic
method of weighted descriptors, which allows extracting
the most significant documents in terms of meaning and
meaning that are very close to this subject area.

The aim of the research is to form an effective query
and automated procedure for analyzing information
extracted from the Internet for a given subject area.

1 PROBLEM STATEMENT

Taking into account the above, we can say that the
main task of the development of IRS on the Internet is the
development of methods and tools for semantic analysis
of the text in a natural language using a multi-agent
approach to reduce the time of searching for the necessary
information and increase its semantic value [5].

The formalized task of searching for innovative
subject-oriented document can presented in the form of
matrix “descriptors-documents”

A={T,W,R,A} (1

Necessary:

1. Define a set of descriptors W={wi}, that reflect the
semantic content of the terms of reference and the current
situation Si at the time of innovative design of the
technical object

Sy = {MMSq(xi)(Té)/qukq =L.05i=1.,Nyx; € X.

2. Based on (1) and (2), determine the initial matrix
“descriptors -documents” A4 using the relevance criteria
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and expert assessments, where m is the number of
descriptors, N is the number of documents found.

3. Perform LSA k-approximation of matrix A in
order to determine the most informative documents, i.e.
find the matrix

A~USVT 2

2 REVIEW OF THE LITERATURE

Currently, in the sense of automation of the IRS,
actively working on the development of algorithms,
which automatically generate intermediary programs
(intelligent agents) in the search for information from the
Internet.

Achieving full automation in this matter is unlikely,
and we can only talk about the creation of automated
methods and systems for extracting information from the
Internet. Actual research in the field of work with poorly
structured information on the basis of “intelligent agents”
led to the emergence of a large quantity of alternative
tools for their creation [4, 8].

The main approaches to solving the problem of data
extraction from the Internet are borrowed from such areas
as data processing in a natural language, machine
learning, ontology, etc. In particular, the main task of
extracting data from the Web is to obtain certain pieces of
information (fields) from HTML documents [6, 7].

This task is close to the task of automatic clustering
and is to find the decomposition of HTML documents
into classes that contain documents with a similar
structure. The task of displaying applied objects in points
of multidimensional space is to determine the basis of
features that form a multidimensional space, and the
method of decomposition of the document on this basis,
that is, the calculation of the coordinates.

Different approaches were used to determine the
coordinates of the document in the space of basic features.
In particular, the authors of [7] propose to use the
approach popular in calculating the weights of terms in
the IRS, using a vector model of presentation of

documents. The coordinates of the document are
determined by the formula:
w, = f,/1og(N/k,). 3)

Often, an entropic measure uses to assess the quality
of clustering. However, this approach, which determines
the significance of the term only in frequency does not
guarantee the significance of the document in meaning.

To overcome this contradiction, the W3C Interest
Group Note consortium develops Web semantic [8, 9].
According to the idea of its creators, the implementation
of this paradigm on the Internet will allow information
systems to understand the content of information to some
extent and act as intellectual intermediaries capable of
manipulating it on the instructions of a person [10, 11].

In this sense, the use of George Zipf’s laws is relevant
[12]. Zipf found that if you multiply the probability of
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finding a word in the text by the rank of frequency, the
resulting value is approximately constant for all texts in
one language (for English texts Cxl, for Russian texts
C~0.06-0.07:

C =(fxk)/N = const , 4)

frequency of occurrence of the word in the text has the
form of a hyperbola (Fig. 2). The rank is permanent for
texts of the same language.

The Quantity of Words in the Text
| with this Frequency
1000

soof
600
00

Rank of the Frequency of
Occurrence of the Word
in the Text

z i 6 ]
Figure 2 — Zipf curve

The discovery of Zipf’s laws was the beginning of
infometrii, the science of measuring the quantitative
characteristics of information. Explanation of Zipf’s laws
based on correlation properties of additive Markov chains
with step memory function [13]. Zipf’s laws are universal.
They, in particular, meet the characteristics of the
popularity of Internet sites.

3 MATERIAL AND METHODS

As mentioned above, the semantic approach is
currently one of the main ways to improve the IRS, as
direct lexical comparison of requests with document
indexes does not fully satisfy the developer. This is due to
found documents have either polysemy (i.e, lot of extra
words) or synonymy (i.e, not all meaningful words
extracted). Therefore, within the framework of the
semantic approach, a latent-semantic method of weighted
descriptors, which allows extracting the most significant
in meaning and significance documents that are very close
to the subject area, is proposed.

The method based on the idea of Groebner basis [14],
which statistically constructed conceptual descriptors.
This method assumes that the conceptual descriptors in
the sentences have an underlying, “latent” meaning,
which obscured by the use of different words. “Ideal” in
determining the basis of Groebner consider the terms of
reference for the implementation of some innovative
project. To obtain meaningful conceptual descriptors, we
will use Zipf’s laws described above.

Zipf curve analysis (Fig. 2) shows that the most
significant words, and, consequently, the meaningful
conceptual descriptors constructed on them, lie in the
middle part of the Zipf curve. In the same time, in the
Russian language the most common prepositions,
pronouns, etc., and in English — service words and others.
They answer by the left part of the diagram. The right part
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of the Zipf curve corresponds to words that have no
decisive semantic meaning and are not of interest in the
formation of conceptual descriptors.

Therefore, the success of the IRS depends on how the
range of the most significant words and conceptual
descriptors constructed on their basis will be determined.
In many ways, the definition of the range large (Ny>>0)
depends on the correct compilation of the special
dictionaries — the thesaurus of a subject area and the
“stop-dictionary”. The thesaurus of a subject area gives
you the opportunity to correctly determine the set of
concept descriptors from the technical specifications and
the most important concepts in this subject area. Stop
dictionary cuts off “interference” in the form of “extra”
words, i.e. for the Russian language — it particles,
prepositions, pronouns, etc.

The choice of the quantity of descriptors determined
by the quantity of constructed Groebner basis, the totality
of which fully reflects the “ideal”, i.e. an innovative
project reflected in the terms of reference.

Let us initially construct and select n descriptors. Then
on their request to the Internet, we will get a rectangular

matrix  “descriptors-documents” 4 = {aij} with
dimension mxN 0-

Usually, the Internet search for the selected
descriptors the initial quantity of documents turns out to

be quitelaln In this case, the work with large-dimensional
matrices within the LSA is significantly complicated.
Therefore, in this paper proposed to determine the most
significant set of documents from the set in two stages.

At the first stage, we rank the set of N 0 found

documents by the frequency of using basic descriptors in
them and by their semantic significance. To do this, we
construct a criterion of the relevance of the following
form:

n
=

As a frequency significance coefficient can use the
generally accepted formula (3), in which we understand
the frequency of appearance of the descriptor in the
document.

The semantic coefficient of significance determined
by the method of expert evaluations according to the
following formula:

K m K
o =D o /YDy (6)

k=1 i=1k=1

Private estimates are determined by their ranking by a
natural quantity series, in this case, from 1 to m. A larger
quantity corresponds to a large assessment of the
significance of the descriptor.
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As a result, we form the set of J significant
documents and the initial matrix 4(m x n) for LSA,

where n=N << N,. As a rule, the sample set N depends on
the concrete problem and chosen empirically. In this case,
we accept a; =1 if the i-th descriptor is in the j-th

document, and a; = 0, otherwise.

At the second stage, we wuse singular value
decomposition of matrix A, which is described below.

The LSA method based on the principles of factor
analysis, in particular, the identification of latent
relationships of the studied phenomena or objects [15].
LSA can compared with a simple view of a neural
network consisting of three layers: the first layer contains
a set of words, the second — a set of documents, and the
third, the middle (hidden layer), is a set of nodes with
different weight coefficients connecting the first and
second layers.

The basic idea of k-approximation of the latent-
semantic approach to the matrix 4 is to replace a matrix
A containing only k& — the first linearly-independents
components of the matrix, and reflects the basic structure
of the various dependencies presented in the 4.

More formally, according to the singular
decomposition theorem [16], a rectangular real matrix can
have decomposed into a product of three matrices:

A=USV". @)

In this transformation U and V specially constructed
orthogonal matrices U and  and S is the diagonal matrix
whose diagonal values represent the singular values of the
A matrix. This decomposition has a remarkable feature. If
matrix S leave only k the largest singular values, in the
matrices U and V' leave only the columns corresponding
to these values, then the product of the resulting matrices
S, U and V will be the best approximation of the original
matrix 4 to the matrix (2) with a k rank [17].

The well-known MATCAD software package [18,19]
provides an svd (A) function that implements the singular
value decomposition of matrix A.

4 EXPERIMENTS
As an example of the use of LSA, the terms of
reference for the development of intelligent DSS software
for operational dispatching control of urban engineering
networks (UEN) are taken. The analysis of the semantic
content of the text of the technical task made 13

0426 -0046-6326x10°  —0535 -4818x10° —0372 -0011 -0625 -3862x10°
4892x10° —0022 —0653 6277x10°  —0585 1894x10° —0089 7407x 10°  —0471
—0028 0701 0037 —0064 -0l 0162 0671 —0086 —0088
0217 0244  —0148 0277 0115 0684 —0436 —0327 013
V=My=| 0692 -0325 0224 0489  -0123 -0031 0271 —-0016 ~0194
0273 -0336 0438 0293 —0134 0453 0115 0312 —0448
0031 —0298 —0141 017 —0444 015 0296 —0239 0705
0303 —0119 —0404 0391 0528 0122 0228 —0464 -0133
0354 0354 0354 0354 0354 0354 -0354 —0354 0
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descriptors (m = 13) as Groebner bases. They are the
following words and phrases which are most often found,
bearing the main semantic significance of the essence of
the technical task: intelligent DSS, UEN, dispatcher,
operational management, emergencies, fuzzy logic,
situational uncertainty, fuzzy situational network,
probabilistic transitions, multi-agent technology, decision-
making, etc. [20].

In the formation of descriptors, the operation
stemming is used [21]. In addition, of the descriptors were
deleted stop characters, i.e. all conjunctions, particles,
prepositions, etc.

5 RESULTS
On the descriptors, a search of documents was carried
out on the Internet, the quantity of which after ranking
and truncation at the first stage was m=13. As a result, we
got matrix (m x n):

1 001010O0T10
0001 O0O0O0OT1O0
0001 O0O0O0OT1O
001010001
001 0100O01
1 00101010
A={1 0 0 0 0 0 0 1 O}
001010001
0100O0O0T1O0TO0
00100O0OT1O00O0
01 0001O0O0°O0
01 000O0T1O0TO0
001 010O0O0TO0

Next, we perform a singular value decomposition of
the resulting matrix in MATHCAD, i.e. we present A as
matrix  “descriptors-documents” with the diagonal
elements of the S matrix (singular values) ordered in
descending order:

M =svd2(A)
.1}
M =| {139}
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1 2 3 4 5 6 7 8 9
1 [-0.574 6.205 107 [-6.205107°[0.199 [0.13 [0.163 [0.157 0.251 |-0.539
2 |-0.34 4.148 107 [-0.066 —0.405|-0.423(-0.019|-0.096 -0.166|-0.402
3 1-0.34 4.148 107 [-0.066 —0.405]|-0.423(-0.096|—-0.096 —0.166/0.402
4 |-4.395107[-0.518 -0.067 0.065 [-0.077|-0.147(0.168 —-0.019]0.193
5 |4.395107|-0.518 -0.067 0.065 [-0.077|-0.147(0.168 —-0.019]0.039
6 [-0.574 —6.205 10°|-6.352107[0.199 [0.13 ]0.163 [0.157 0.251 10.539
7 1-0.308 3.728 107 [-0.05 —0.074]0.565 [-0.595|-0.292 -0.371|0
8 [4.39510°|-0.518 -0.067 0.065 [-0.077|-0.147(0.167 -0.019|-0.232
9 [-0.017 -0.034 0.605 —0.129(-0.045|-0.225|-2.822 107°[0.252 |-0.048
10|-5.15 107 |-0.225 0.312 -0.392|0.414 {0.562 |0.217 —-0.404|0
11]-0.122 —6.162 107°]0.381 0.622 [-0.298(0.119 |-0.207 -0.55 |0
121-0.017 -0.034 0.605 —0.129(-0.045|-0.225|-2.822 107[0.252 [0.048
13]-3.264 107|-0.375 -0.028 —0.023]0.085 {0.309 |-0.82 0.287 |0
3414 0 0 0 0 0 0 0 0
0 3.299 0 0 0 0 0 0 0
0 0 2.268 0 0 0 0 0 0
0 0 0 1.491 0 0 0 0 0
S:=diag(M;)=| 0 0 0 0 1195 0 0 0 0}
0 0 0 0 0 0.983 0 0 0
0 0 0 0 0 0 0.714 0 0
0 0 0 0 0 0 0 0.434 0
0 0 0 0 0 0 0 0 0
) ) [3.414 0 J
S§2 sin g = submatrix(S,1,2,1,2) = .
0 3.299

=3

-0426  -0.046 -6326x10 =

0535  —4818x 10 B

-0372 0011 0625 -3862x10
S2 sing = submatrix(Ma ,1,2,19) =

4892x10° —0,022 0653  6277x10°  —0585  1894x10° —-0089 7407x 10  -0471

1 2
1 1-0.574 6.205- 10"
2 -0.34 4.148 - 10
3 1-0.34 4.148 - 10
4 -4.395-10°]-0.518
5 [-4.395 - 10]-0.518
6 |-0.574 6.205 - 10
7 [-0.308 3.728- 10
8 [4.395-10°]-0.574
9 [-0.017 —0.034
10[-5.15- 10" [-0.225
11]-0.122 —6.162 10"
12|-0.017 —0.034

13]-3.264-10 " [-0.375

By according rules matrix multiplication, columns and rows corresponding to smaller singular values give the least
contribution to the final result. In our case, according to (6) a two-dimensional singular value decomposition (k = 2) is
conducted.

U2 sing:= submatrix(M2 ,1,13,1,2) =
6

T 2 3 7 5 7 8 9

1 0.835 0089  |-9.818-103[1.049 2.541-10(0.729  [0.02 1.225 ~2.084-10"

2 [0.495 0053  [-1.598-107 [0.621 2.541-10°]0.432  [0.012  |0.726 ~1.968-10"

3 0.495 0053  |-1.598-107 [0.621 25411020432 [0.012  |0.726 ~1.968-10°
4 [-1.968-102[0.039  [1.117 ~2.701 -10|1.001 2.343-102[0.152  |-3.28-10 |0.806
5 [-1.968102]0.039  [1.117 ~2.701-10" |1.001 2343-10°[0.152  |-3.28-10= |0.806

«|6 0835 0.089  [-9.818-101.049 2.541-10]0.729  [0.02 1.225 ~2.084-10"

7 [0.448 0048  |-1.382:107[0.563 213107 0391  [0.011  |0.658 ~1.73610°
8 [-1.96810]0.039  [1.117 ~2.701 -10]1.001 2.343-102[0.152  |-3.28-10" |0.806
9 [0.024 5.049-107(0.073 0.03 0.065 0021  |0.01 0.035 0.052
10[3.866-10 0.017  [0.485 4.754-107 [0.434 5.134-102[0.066  |5.502-107 0.35
11]0.178 0019  |0.016 0.223 0.014 0.155  |6.499-10[0.261 0.011
12[0.024 5.049-102[0.073 0.03 0.065 0021  |0.01 0.035 0.052
13[-1.308-10= [0.028  [0.809 ~1.809-10 [0.725 1.799-10[0.11 ~2.204-10[0.584
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Matrix X =4 (formula (6)). It is seen that it is a good
approximation of the original A matrix.

Now, on the descriptors plane (X, Y), we get the points
corresponding to the individual documents d;(x;y;), where
=1, 2, ..., 9 (Fig. 3). The coordinates of the documents
taken from the ¥, sign matrix sign for values {x; ,y;}(i=1,

2,...,9).

ds e
de!Aglﬁ

d.*

+1
Figure 3 — Placing documents on the descriptors
plane (X, Y)

From Fig. 3 it can be seen that the found documents
are several groups (in our case 3), which are united by a
group of similar keywords from separate descriptors. This
made it possible to narrow down the quantity of
documents to find specific information on the
introduction of innovative elements in the developed
software of intelligent DSS for operational dispatching
control of urban engineering networks.

6 DISCUSSION
In practice, obviously, the quantity of groups will be
much larger (even during the first stage), the phase space
will be multidimensional, but the idea of LSA remains the
same. In fact, this is a factor analysis that allows to
determine the degree of correlation of the found
documents with the constructed descriptors, and,

consequently, with the technical task.

Given the possibility of using a multi-agent approach
to reduce the time to search for the necessary information
and increase its semantic value, the process of searching
for Internet information in the IRS can represented by the
following scheme, shown in Fig. 4 [22].

As a result, the search strategy for the proposed latent-
semantic method of weighted descriptors can formulated
in the form of an algorithm as follows:

Step 1. To take as an “ideal” the text of the terms of
reference for the implementation of some innovative
project in a specific subject area.

Step 2. To remove superfluous words,
described above, by using “stop-dictionary”.

Step 3. To construct conceptual descriptors with the
help of the thesaurus of this subject area and the technical
task.

Step 4. To arrange the conceptual descriptors in
descending order of their frequency.

Step 5. To determine the frequency, range of the most
significant descriptors (usually 10-20 descriptors).

Step 6. To make a request and get a rectangular matrix
“descriptors-documents”.

Step 7. According to the formula (5), to arrange the
documents in descending order of relevance.

Step 8. To spend on the LSA k-approximation.

Step 9. To put the selected documents in the
knowledge model of the subject area.

Steps 6-9 are implemented by intelligent agents
automatically and periodically in the search engines
allocated to them.

Developed a method of extracting object-oriented
information from Internet on based weighted descriptors
with the use of Groebner basis. An automated multi-agent
procedure for extracting information from the Internet
with a semantic analysis of its semantic content
developed.

which

CONCLUSION
One of the key points of the search process is the
formation of an effective query and an automated
procedure for the analysis of information extracted from
the Internet for this subject area.

|

L]

Queryto the Search

Metasearch System 1 |

Engine Query !

. Conversion :
lnfohma:;ond Seletatr:gn ot ,| Metasearch Search :
ee > .
\ / Search Agent System 2 :

Search Sources :

System :

i

: :

Search -

Result e—— Ranking N Page system M :
Rules Analyser :

Figure 4 — Multi-agent Search Scheme in Internet Retrieval Systems
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The scientific novelty of the results is that for the first
time a latent-semantic method of weighted descriptors is
proposed, which allows extracting the most significant
documents in terms of meaning and meaning, very close
to the subject area. The latent-semantic method of
weighted descriptors proposed, which allows to extract
the most significant in meaning and significance
documents that are very close to the subject area. The
method based on the idea of Groebner basis, which
statistically constructed conceptual descriptors. The
choice of the number of descriptors determined by the
number of constructed Groebner basis. As the Internet
search by the selected of descriptors the initial number of
documents turns out to be quite large, used singular value
decomposition by k-approximation of latent-semantic
analyses.

The practical significance of the obtained results lies
in the fact that the use of the latent-semantic method of
weighted descriptors proposed in the work can
significantly reduce the search time for the necessary
information, taking into account its semantic value for
this subject area. To select the documents closest to this
subject area carried out on the k-approximation of latent
semantic analysis.

Prospects for further research proposed by the
authors in [23]. They consist in the construction of
evolutionary models of knowledge based on the logical
evaluation of data obtained from a neural network with
neurons having memory and integrated logic. At the same
time, the integrated logic is implemented on the basis of a
genetic algorithm that processes the updated knowledge
model and improves each next generation of “genes” by
weighing semantic data based on the superposition of the
reference reaction to the situation and the assessment of
the situation by the current generation of “genes”. It
should note that the information obtained in this way
serves as the basis for the correct choice of research
methods for the innovative development of organizational
and technical systems in this subject area [24].
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MYJIbBTUATEHTHA JATEHTHO-CEMAHTUYHA IHTEPHET-TEXHOJIOI'ISI ®OPMYBAHHS ITPEJMETHO-
OPIEHTOBAHOI MOJIEJII 3HAHB

Crenin O. A. — a-p TexH. HayK, mpodecop Kadenpu TexHIUYHOI KiOepHeTHKH KHUIBCHKOTO MOJIITEXHIYHOTO iHCTUTYTY. Irop
Cikopcekuii, Kuis, Ykpaina.

Iaceko B. II. — xanxa. TexH. HayK, JOLEHT Kadenpu TexHIUHOI KibepHeTHKHM KHiBCBKOTO mOMiTEeXHIYHOrO iHCTHTYTY. Irop
Cikopcrkuii, KuiB, Ykpaina.

CoamatoBa M. A. — kaHJ. TexXH. HayK, CTaplla BHKIajadka kadeapu TexHiuHOI kiOepHeTHkH KHIBCBKOTO MOJITEXHIYHOTO
iHcrutyty. Irop Cikopcerkuii, Kui, Ykpaina.

Jdposnosuy I. T'. — KkaHg. TexH. HayK, CTapIiMii HAyKOBHH CHIBPOOITHMK [HCTUTYTy TelnekoMyHiKauid i rio0aabHOTrO
indopmariiinoro npoctopy HAH Vkpainu.

AHOTANIA

AKTyaJIbHICTB. Y CTaTTi NPOIOHYETHCS JTATCHTHO-CEMAHTHYHA TEXHOJIOTiSl BIITydeHHs iH(popMamii 3 iHTepHeT-pecypciB, II0
J03BOJIIE OOpOOIIATH iH(GOPMAILiI0 IPHUPOJHOIO MOBOIO, a TaKOX 3aCHOBAaHMH Ha Hill MyJNbTHAreHTHHH alTOPUTM IIOLIYKY.
AKXTyaJbHICTh JaHOTO MHIiIXOLy 1O MOIIYKY IPeAMETHO-Opi€cHTOBaHO! iH(opMalil BU3HAYAETBCS THUM, L0 B JaHUH 4ac NpsMe
JIEKCUYHE TOPIBHSIHHS 3aIlUTiB 3 IHIEKCaMM JOKYMEHTIB HE MOBHOIO MipOIO 3aJ0BONBHsE po3poOHHMKA. OO’€KT INOCIIJDKEHHS —
MYJIbTHAr€HTHUH JTATCHTHO-CEMAHTUYHHI alIrOPUTM MOIIYKY HpeaMeTHO-opieHToBaHOi iHdopMauii. Mera poOOTH — MiABUILCHHS
edexTuBHOCTI HOpPMyBaHHS aJeKBaTHOI JaHOI peaMeTHOT 001acTi MOJei 3HaHb.

Metoa. 3anporoHOBaHA JIATEHTHO-CEMAaHTHYHA TEXHOJIOTIS, 3aCHOBAaHa Ha pPO3POOJICHOMY aBTOPaMH METOIl 3Ba)KEHUX
neckpunropiB. OCHOBHA BiIMiHHICTB BiJI iCHYIOUHX METOIIB TOJISITa€ B TOMY, IO aHAI3 CiB, IO 3yCTPIYalOTHCS B TEKCTI SK IO
YaCTOTHOCTI, TaK 1 3 ypaXyBaHHSIM CEMAHTHUKH, 3MIHCHIOEThCS ILIIXOM Hig0OpY BIIIOBITHUX DECKPUIITOPIB, IO MiJBHINYE SIKICTh
3HalieHol iHpopManii.

PesyabTaTn. Po3po6iieHa JlaTeHTHO-CeMaHTHYHA TEXHOJIOTIs mouryKy iHdopmaii anpoboBana B 3a1a4i o0y 10BH MOJIeNi 3HaHb
aBTomarusoBanoi CIIIIP anst onmepaTWBHO-AMCIETYEPCHKOrO yIpaBiiHHA Michkumu imkeHepHuMu mepexxamu (I'IC). Tlposenene
MOJICNIOBAHH TOLIYKY IPEIMETHO-OpieHTOBaHOI iH(popMamil naHoi npeaMeTHoi obiacTi mokasano e(eKTHBHICTb PO3pOOIEHOro
migxony.

BucHoBku. ITinBunieHHs epeKTHBHOCTI MOIIYKY i CEMAaHTHYHOIO HAIMIOBHEHHS NMPEAMETHO-OpieHTOBaHOI iH(opmarii mozeni
3HaHb JaHOI MPEIMETHOI 00JacTi JOCATAEThCA 32 PaXyHOK BHKOPHUCTAHHS B JaHIl TEXHOJIOTii METOLY 3BaXCHUX AECKPUITOPIB,
3aCHOBAaHOTO Ha 3akoHax 3imda. [lepcriekTHBH MOANBIINX JOCTIHKEHb MONATAIOTh y MOOYJOBI €BONIOLIHHUX MOJENCH 3HAHb i
IMIABHUIICHHS SIKOCTi OHOBITIOBaHO1 iH(opMallii.

KJIIOYOBI CJIOBA: inTepreT-pecypen, iHdopManiiiauii momyk, 3akonu 3inda, 6asucu ['pebHepa, iHTeNeKTyalbHI areHTH,
3Ba)KEHI JECKPHUIITOPH, JTATCHTHO-CEMaHTHYHHUI aHalli3, MyJIbTHAr€HTHA IIPOLeypa aBTOMAaTHYHOT'O MOIIYKY.

YK 004.91

MYJbTUATEHTHBIE JATEHTHOI'O CEMAHTUYECKOI'O MHHTEPHET-TEXHOJIOT'MS1 ®OPMHAPOBAHMSI
MNPEJMETHO-OPUEHTUPOBAHHASA MOJIEJIb 3HAHUHU

Crennn A. A. — 1-p TexH. HayK, podeccop Kadeapbl TeXHNIECKOH KHOepHeTHKN KHeBCKOro MOIMTEeXHUIECKOr0 HHCTHTYTA.
HUrops Cuxopckuit, Kues, Ykpauna.

IMaceko B. Il. — xaHA. TexXH. HayK, JOLUEHT Kadeapbl TEXHUUECKOH KMOepHeTMKH KHEBCKOro IOJMTEXHWYECKOr0 MHCTUTYTA.
HUrops Cuxopckuii, Kues, Ykpauna.

CoamatoBa M. A. — kaHA. TeXH. HayK, CTapIidii mpernojaBaTenb Kadeapbl TexHHYECKOH KubepHeTnkd KueBckoro
MOMUTEXHUIECKoro HHCTUTYyTa. Urops Cuxopckuii, Kues, YkpanHa.
Jpo3noBuuy M. I'. — kaHA. TeXH. HayK, CTapIIMii HAy4HBIH COTPYAHHUK MHCTHTyTa TENEKOMMYHHKAUWH W TII0OATBFHOTO

nHpopmarmonHoro npocrpancrsa HAH Ykpauna.

AHHOTANUSA

AKTyaJbHOCTB. B crartbe mpemiaraeTcsi JaTeHTHO-CEMaHTHYECKas TEXHOJOTWS H3BJICYEHMS HMH(POpMALMM W3 HHTEpHET-
pecypcoB, mo3BosisieT 00pabaThiBaTh WH(OPMAIMIO HA ©CTECTBEHHOM S3bIKE, a TAKKe OCHOBaHHBI Ha Hell MylbTHAreHTHBIN
JITOPUTM HOUCKA. AKTYaJbHOCTb JAHHOTO IOJXO0/1a K TIOUCKY IPEAMETHO-OPHEHTHPOBAHHOH HHAOPMAIMU ONPEAEIIsSeTCs TEM, YTO
B HACTOSIIEE BpPEMs MPSIMOE JIEKCHYECKOe CPaBHEHHE 3allpOCOB C MHAEKCAMH JOKYMEHTOB HE B IOIHOH Mepe yJOBIETBOPSET
pa3paboTunka. OOBEKT HCCIENOBAHHS — MYJIbTHATCHTHBIH JIATEHTHO-CEMAHTHYECKMH AaNTOPUTM TIOMCKa MPEIMETHO-
opueHTHpoBaHHON MH(popManuu. Llens paboTsl — moBbimIeHne dQdekTHBHOCTH (HOPMUPOBAHUS aJICKBATHOW NaHHOH NpEeIMETHOMH
o0JIacTH MOJIEIIN 3HAHUH.

Merton. [IpemnoxxeHHas JaTeHTHO-CEMaHTHYECKas TEXHOJIOTHs, OCHOBaHHAs Ha pa3pab0TaHHOM aBTOPAMH METOJIE B3BELICHHBIX
JeckpuntopoB. OCHOBHOE OTIIMYME OT CYLIECTBYIOLIMX METOJOB COCTOUT B TOM, YTO aHAJIU3 CJIOB, BCTPEUAIOIUXCS B TEKCTE KaK II0
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YaCTOTHOCTH, TaK U C YUETOM CEMAHTUKU, OCYILIECTBIIACTCA IIyTEM n0n60pa COOTBETCTBYIOIIUX AECKPUIITOPOB, MOBBIIIACT KAYECTBO

HalineHHOH HH(pOpManuy.

Pe3yabTartsl. PazpaboranHas JaTeHTHO-CEMaHTHIECKas TEXHOJIOTHS IOMCKa HHPOPMAIH alpoOnpoBaHa B 3a1a4e IOCTPOCHHUS
Mojeny 3HaHui aBToMarusupoBaHHOU CIIIIP nns onepaTHBHO-AMCIETYEPCKOrO YIPABICHUS I'OPOJCKHMMU UH)KEHEPHBIMU CETSIMU
(TUC). IIpoBeneHHOE MOETMPOBAHIE MOMCKA IPEMETHO-OPUEHTHPOBAHHOM NH(OPMAIINH JJTAaHHOI ITpeAMETHOI 001acTH 1MoKa3ao

3G PEKTUBHOCTH Pa3pabOTaHHOTO MOIXO0A.

BriBoasl. IloBbinienre 3(pGEeKTHBHOCTH MOUCKAa U CEMAaHTHYECKOIO HAIOJIHEHUS IPEeIMETHO-OPHEHTHPOBAHHON HH(pOpManuK
MOJIETIM 3HAHMIl JaHHOW NPEIMETHOH 00JaCTH JOCTUraeTcs 3a CHET MCIONB30BAHHMA B NAaHHOI TEXHOJOTMH METOJA B3BELICHHBIX
JIeCKPUIITOPOB, OCHOBAaHHOTO Ha 3akoHax 3unda. I[lepcrexTuBbl MajdbHEHIIMX HCCIIEOBAHUI 3aKIIOYAIOTCSd B IOCTPOCHUM
9BOJIFOLIMOHHBIX MOJiejIeil 3HaHMiT U MOBBILICHUS KayecTBa OOHOBIISIEMOH HHpOPMAaLHH.

KJIFOUYEBBIE CJIOBA: natepHeT-pecypchl, HHGOpMaNOHHBIH IMOHUCK, 3aKOHBI 3umida, 6a3ucel I’ pedHepa, HHTEIUIEKTy albHBIC
areHTHI, B3BEIICHHBIC JIECKPUIITOPEL, JIATEHTHO-CEMAaHTHUECKUI aHAJIN3, MyJIbTHATCHTHAs IIPOLIEAypa aBTOMaTHIECKOTO TIOUCKA.
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OINTUMIBALIA PO3KJIALY HABYUAHHS B YHIBEPCUTETI

Kocoaan A. L. — 1-p }i3.-maT. Hayk, mpodecop, 3aBiayBad KadeapH CIeliaTi3oBaHAX KOMI FOTEPHHUX CUCTEM YKpa-
THCBKOTO JIeP’KaBHOTO XIMIKO-TEXHOJIOTIYHOTO yHiBepcutety, JHinpo, Ykpaina.

Ay6oBux T. M. — crapmmii Bukianad kageapu cremiaai3oBaHuX KOMI IOTEPHUX CHCTEM Y KPalHCHKOTO Jep>KaBHO-
TO XIMiKO-TEXHOJIOTIYHOTO YHiBepcuTety, Himnpo, Ykpaina.

AHOTANIA

AxTyanbHicTe. B po0oTi po3mismaeThcs BioMa 3ajada CKJIQJAHHS pPO3KJIAAy HaBYaHb B yHiBepcureri. Taki 3amadi
PO3B’SI3YIOTECS IEKUIbKA pa3iB Ha pik B KO)KHOMY HaBYaJIbHOMY 3aKiani. He muBistamch Ha GaraTodmcieHHI TOCHTIIKEHHS B JaHIN
ranysi, mpobiema mo0y/10BH ONTUMAILHOTO PO3KIA/y 3aJIHUIIAEThCS BiIKPUTOO. Lle moB’sa3aH0 31 CKIAIHICTIO BiAMOBIIHOT ONTHMI-
3amiifHOl 3aj1a4i, 30KkpeMa 11 3HaYHOIO0 PO3MIPHICTIO, 10 3aTPY/HSE YHCENIbHE PO3B’s3yBaHHS TAakol 3a/adi iCHYIOUMMH METOJaMH
ontuMizauii. BrockoHanseHHs: HOTPeOyIOTh TaKOX ONTHMI3aliiiHi MO CKIaJaHHs po3KiaaiB. TakuM YHHOM, ONITHMI3alis PO3Kia-
NIy € CKJIaJIHOIO0 OOYHCITIOBAIBHOIO IIPOOIEMOIO i TOTpedye po3poOKH HOBUX METO/IB T po3B’sA3yBaHHSI.

Merta po6oTu. BrockoHaneHHs ONTHMI3aIlifHUX MOJeNel CKIaJaHHs PO3KIIA/IiB HAaBUAHHS B YHIBEPCUTETI Ta BUKOPHCTAHHS HO-
BHX €()EKTHUBHUX METOJIB IS iX PO3B’SI3yBaHHS.

MeToa. Mu BUKOPHCTOBYEMO METOJ] TOYHOI KBaJIPAaTUYHOI pPeryspu3aiii A1 po3B’s3yBaHHS ONTHMI3aliiHKX 3a4ad CKIIaJaH-
HSl YHIBEPCHTETCHKOIO PO3KJIamy HaBYaHHSA. TOYHA KBaJpaTHUYHA PETYISIpU3alis JO3BOJSE MEPETBOPUTH CKJIAJHI ONTHUMi3aIliiHI
Mozeni 3 OyJIeBUMH 3MIHHMMH JI0 337a4i MAaKCUMyMy HOPMH BEKTOpPY Ha OIyKJIill MHOXHHI. [lyist po3B’si3yBaHHs 1i€l 3a/1a4i MM BH-
KOPHCTOBYEMO e(EKTHUBHUH NMPSMO-IBOICTHH METOA BHYTPIIIHBOI TOYKM Ta MeToJ nuxoTomii. Ileif MeTon mokas3aB 3HaYyHO Kpamii
pe3yJIbTaTH NP PO3B’sA3yBaHHI 0araTboX CKJIAJHUX MYJIbTUMOAAIbHUX 3aiad. Lle minTBep/ukyeTbcs 6araTrbMa NOPIBHSUIBHUMH 00-
YUCITIOBaIbHUMH excriepuMeHTaMu. [lle Oinblny edeKkTHBHICTH METOA TOYHOI KBaJpaTHYHOI perysspusauii IEMOHCTPYe IpH
PO3B’s3yBaHHI 3a/1ay CKJIaJaHHs po3Kiiaay HaBuaHHA. L{eil MeTon onTHMi3alil BUKOPUCTOBYETHCS BIIEPIIE IS AaHOTO Kiacy 3ajad,
TOMY BiH OTpeOyBaB pO3pOOKH BiAMOBIIHOTO alTOPUTMIYHOTO 3a0€3eUCHHS.

Pe3yabsTarn. [ToOynoBana HoBa OLIBII IPOCTA ONTUMI3AIiHA MOJEb CKIANAaHHs PO3KIALy, sIKa JETKO peai3yeThcs IporpaM-
Ho B makeTi Excel npu HasBHOCTI HanOynoB OpenSolver, RiskSolver ta inmmx. IIpuBenenuii HeBenuKuii NpHUKiIan MoOYI0BH pO3-
KJIajy Ta OIMCaHa ITOLIaroBa iHCTPYKIisl OTPUMAHHS OITUMAJIEHOTO PO3B’SI3KY.

BucnoBku. Po3poOiiena HoBa edekTHBHA TEXHOJIOTIS CKIaaHHs PO3KJIagy HaBYaHb B YHIBEPCHTETI, SIKa BUALIIETHCS HMPOCTO-
TOO peaizaliii i He moTpedye po3poOKH CIEIiaIbHOTO MPOrPaMHOro 3ade3neucHHs. EQeKTHBHICTS 3a0e3Mmeuy€eThCsl BAKOPUCTAHHIM
HOBOT'O METOJy TOYHOT KBaIpaTHYIHOI peryJsisipH3aliii.

KJIFOYOBI CJIOBA: po3kia/ HaB4aHHS, ONTHUMI3allis, 3a1a4i 3 OyJieBUMH 3MIHHUMH, METO/ TOYHOI KBaJPaTU4HOI PEryJisipH-
3arii.

ABPEBIATYPU

VYAXTY — VkpaiHCbKUH  JepiKaBHUUN
TEXHOJIOTIYHUH YHIBEPCUTET;

Excel — odicHuit maker Microsoft;
OpenSolver — HanOynosa Excel;
RiskSolver — me onna mandynosa Excel;
EQR — TouHa KBagpaTHYHA PETYISAPU3aLlis;
Bi — i-ii BuKi1amau;
ITi — i-# mpeamer.

XIMIKO-

HOMEHKJIATYPA
ay — NeKliliHe HaBaHTaKEHHs B TOJMHAX 10 k-My Ky-
pCy Ta j-My IpeaMeTy;

© Kocoman A. 1., lyoosux T. M., 2021
DOI 10.15588/1607-3274-2021-3-15

by — 1abOpaTOpHE HABAHTAXXEHHS B FOJMHAX MO k-My
KypCy Ta j-My Ipe/IMETY;

Sy — MHOXKHHA TIPEIMETIB k-TO KYpCY;

Vi — MHOXHMHU 1HIEKCIB 3aHATH k-T'0 BUKJIaga4a;

R, — TXHEBA KiNBKICTh TOAWH HA k-My KypCi;

A, — MHOXWHA JIEKIil k-ro Kypcy;

B, — MHOXWHA 1ab0PaTOPHUX 3aHATH k-TO KypCy;

7 — KUTBKICTh KOMII FOTEPHUX KJIACIB;

K — KiNIBKICTh BUKJIAAYiB;

x; — OyneBa 3MiHHa, fKa JOPIBHIOE OAUHHUIL, SKIIO j-
TE 3aHATTS IPOBOJUTHLCS Ha i-i napi;

z — JIoTIOMDKHa 3MiHHa nepeTBopeHHs! EQR;

S — mapaMeTp TOYHOI KBaJpaTU4HOI peryJsipu3arii;
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d —3minHa merony EQR;

||x||* — kBampat EBKIIiI0BOT HOPMa BEKTOPY X;

I} — MHOXXHMHa HaBYaJbHUX Nap 10 YUCEIBbHUKY (I10-
YaTOK IHTEPBAIY CyMyBaHHS);

J| — MHOXMHA HaBYaJIGHUX T1ap 10 YUCEITbHUKY

(xiHelb iHTepBally CyMyBaHHS);

I, — MHO)XMHA HaBYaIbHHX Iap 1O 3HAMEHHUKY

(To4aTok iHTEepBay CYyMyBaHH);

J) — MHOXXMHA HaBYAJIBHHX Nap M0 3HAMEHHUKY

(xiHenp iHTepBaIy CyMyBaHHS);

i — 3MiHHA 1HIEKCIB CyM, TapaMeTPiB Ta 3MiHHUX;

j —3MiHHA HIEKCiB CyM, TapaMeTpiB Ta 3MiHHUX;

k — 3MiHHA 1HAEKCIB CyM, TIapaMeTpiB Ta 3MiHHHX;

/ — 3MiHHA 1HAEKCIB CyM, IapaMeTpiB Ta 3MiHHHX.

BCTYII

[TpoGnema cknmamaHHs po3Kiagy 3aHATh BUHHMKAE 4—8
pasiB Ha pik B KO)XKHOMY yHiBepcuTerTi. Lle nocurs ckian-
Ha KoMOiHaTtopHa mpoOiieMa, PO3B’S30K SKOI MOTpedye
nocuTh Oarato wacy. Tomy miff mpoOieMi HpPHUCBIYCHO
Oararo myOmikariii. Hemae equHOTO pO3YyMIHHS SIKHH PO3-
KJIaJl BBO)KaTH KpamuM. Sk mpaBmio, 3ajava CKJIaJaHHA
PO3KIIagy 3BOAWTHECS O ONTHMI3alliifHOI KOMOiHATOPHOI
3a/a4i BEJUKOI PO3MIPHOCTI 3 OyJICBUMH 3MIHHMMHU Ta 3
Oe3niyyro oOMexxeHb. Taka 3aada € CKJIaJHOI0 00UHCIIIO-
BaJIbHOIO NpoOsieMoro. ToMy iCHYIOYI IPOTpamMHi MakeTH
CKJIQJaHHA pPO3KJIaAy HE 3HAaXOAATh  ONTHUMAaJbHI
PO3B’SI3KM, a TUIBKM JONOMAraroTh JUCIIeTYepy 3HAHTH
JOIMYCTUMHH pPO3B’A30K. [leski IporpamHi IakeTH Mic-
TATH PO3B’SI3yBaHHSA ONTUMI3alliifHWX 3amad. s
PO3B’sI3yBaHHSA TaKHWX 3a]ad 4YacTillle BUKOPHCTOBYIOTHCS
METOIU PO3TalyXEHb Ta TPaHUIb, SKI MOTPEOYyIOTH HO-
cUTh OaraTo 4acy, ab0 TEHETHYHI Ta €BOJIOLINHI airo-
pUTMH, AKi TeX MOTpeOyroTh OaraTto yacy i He rapaHTy-
I0Th OTPUMAaHHSA ONTHUMAJBHHUX PO3B’S3KiB, a iHOII 1 JO-
ITyCTUMUX PO3B’sI3KiB. BUKOPHCTOBYIOTH TaKOX €BPHCTH-
YHI aJTOPUTMH, SKi YacTO 3HAXOMATh PO3B’S3KH NaJeKi
BiJl onTUMalbHUX. ToMy mpobieMa noOya0BH ONTUMAIIb-
HUX PpO3KJIaJIiB HaBYaHb 3aJMIIA€ThCs Biakpuroo [1].
B naniit po6oTi NporoHyeThCs HOBa IMPOCTa ONTHUMI3a-
IiifHa MOJenb CKJIQJAHHA PO3KJIaly HAaBYaHb Ta BIIEpIIE
JUISL TAaHOTO KJIAcy 3a/lad BUKOPUCTOBYETHCS €(heKTHBHHUN
METOJ TOYHOI KBaJpaTHYHOI perymsapw3amii i i
po3B’si3yBaHHS [2], skuil moTpeOyBaB pO3pOOKH HOBOTO
AITOPUTMIYHOTO 3a0e3MeUeHHS, BPaXOBYIOUN CHErHpiKy
JaHoi 3amadi.

O0’exTOM [IOCTiTKEHHS1 NaHOI poOOTH € TpoIecH
Mo0yZ0BY ONTHMAIBHHUX PO3KJIAMIB 3aHATH Ta X MaTeMa-
TUYHE MOJICITIOBAHHSI.

IIpenMeToM I0CTiTKeHHS € ONITUMI3aIliitHI KOMOiHa-
TOpHI 3a/a4i BEIMKOi po3MipHOCTI 3 OyJIeBUMH 3MiHHU-
MU, JI0 SKUX HaJeXaTh 3ajad4l CKJIaJaHHs PO3KJIaay Ha-
BUYAHHS.

MeToI0 JaHOTO0 JOCTIIKEHHNA € BIOCKOHAJIECHHS OIl-
TUMI3AIIHOT MOJEI U1 CKIaJaHHs PO3KIaay HaBYaAHHS
Ta po3poOKa MPoCToro Ta €(QEeKTHBHOTO AITOPUTMY 3Ha-
XOJPKEHHSI ONTUMAIBHOTO PO3KIIAIY.
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1 IIOCTAHOBKA 3AJJAYI

BigomumMu ganuMu Jist 3a1a4i CKIIaJaHHs PO3KIay €
Sy — MHOXKHMHA TPeAMETiB k-T0 Kypcy; K — KiNbKiCTh BHU-
KJaqaviB, mo 3a0e3nevyoTh HaBYAIbHUN TIpolec, X Ha-
BUallbHE HABAaHTAXXEHHsS aj; B TOAMHAX Ha TIXKAEHb MO
JIEKILiAM, JJAOOPATOPHUM Ta NPAKTUYHUM 3aAHATTAM by
KIJIBKICTh MOXJIMBHX I1ap 3aHATh KOXKHOTO JIHS THIKHS.
3ajaya CKJIaJaHHS PO3KJIANy IOJISITaE B BU3HAUCHHI JUIS
KOKHOTO BHUKJIaJaya 3MiHHOI Xj, AKa JOPIBHIOE OJUHUILI
SKIIO i-TE 3aHATTS NPOBOAMTHCS HA j-il mMapi TIKHS iHAaK-
e L 3MiHHA JIOPiBHIOE HyJ0. 3MiHHI X; YTBOPIOIOTh
MAaTPUI0, CTPOYKaM SIKOi BiIOBIZArOTh Mapu 3aHSIThH, a
CTOBMISIM — npeaMeTd. ONTHMaIbHUM PO3KIAJOM BBa-
JKAEMO TaKHWH, JJIS SIKOTO IUCTIEPCisl KiTbKOCTI 3aHATh
CTYICHTIB KOXXHOTO JIHS THXKHSA € MiHIMaibHOIO. Lle o3Ha-
Jae, 0 CyMa KBaJpaTiB CyM X; JUIsl KOKHOTO JHS THXKHS
KOXXHOI rpynu Oyje MiHiMayibHOK. MiHIMYM NOTpiOHO
3HAWTH NPHU BUKOHAHHI HACTYNMHHUX oOMexeHb. CTyaeHTH
OJIHI€T TPYIH MOXKYTh OyTH OHOYACHO NPUCYTHI TINBKU
Ha OJTHOMY 3aHSATTi (CyMH X; IO CTPOKaM He Oifblue ou-
HHII), KO)KEH BHKJaJgad OIHOYACHO IPOBOAWTH TLIBKU
OfIHE 3aHATTSA (CYMH X;; IO CTPOKaM MO KOKHOMY BHKJIA-
JladeBi He OLTBINE OMUHMIN), ICHYE OOMEKEHHS MO Kilb-
KOCT1 KOMIT FOTEPHHUX KJIaciB Ui NMPOBEACHHS J1aboparo-
pHEX pPOOIT, MO KITBKOCTI Map 3aHATH KOXXHOTO HHA, Y
CTYIEHTCHKUX 3aHATTSAX HE MOBHHHO OyTH BIKOH, 3aHATTS
MPOBOJISATHCA 3TiJJHO 3 HABYAJIbHOMY IUTaHy. [laHa mocra-
HOBKa 3aja4i CKJIaJaHHS PO3KIIaAy BIJIPI3HAETHCS BiX
ICHYIOUMX BHOOpOM KpHUTEpis ONTHMaJIBHOCTI Ta oOMe-
JKEeHHSIMH Ha BiICYTHICT BIKOH B 3aHSTTSIX CTYJICHTIB.

s toro, mo6 cKiIacTH po3KiIaj 3aHSATh Ha THXKIECHb
TUIBKM 10 OJHIN cHemiaJibHOCTI HEeOOXIQHO 3allOBHUTU
TaOJIMIIO HYSIMH Ta OJMHHILIMH, NI €JIEMEHTH TaOJUIi
BiJIMIOBIAIOTH MMapaM 3aHATh. B 1iit Tabmumi Oyne 50 psn-
KiB (KUTBKICTh MOKJIMBHX TIap 3aHATH MPOTATOM THXKHS), &
0 CTOBIIAM OyIyTh IPEAMETH UL KOXKHOTO Kypey (JIek-
Iii, mpakTH4HiI Ta JabopatopHi pobotH). B peampHOMY
pO3KIazi Taka TaONHIA AT KOXKHOI TPYIH 00’ €IHY€EThCS
B OJIMH CTOBIYMK 1 TOJI Ha Miclle OJMHUII 3aIHCYIOTh
Ha3By MpeAMeTy Ta BHKiIanada. [lopsn 3 HazBamu mpen-
METIB B Iiamili TaOJjuili HEOOXiMHO BKAa3aTH TMPI3BUIIEC
BUKIana4ya. Yuciao psakiB TabiuIl TOPIBHIOE YUCITY MOXK-
JMBUX 3aHATH ITIPOTSATOM THXKHS (KOXKEH JE€Hb MOJXKHA
NPOBOJMTH 3aHATTSA 3 HEpLIoi MO I'ATY mapy) 3 ypaxy-
BaHHSM YHCEJIbHUKA Ta 3HAMEHHUKA. TakuM 4YMHOM, SK-
0 Ha KO)KHOMY Kypci (BCBOTO IT’SITh KypCiB) HABUAETHCS
TIIBKM OJHA TpyHa i KUTBKICTH HpPEAMETiB B CEMECTpi,
HATIPUKJIAJ, JOPIBHIOE 6, TO OTPUMYEMO TAONHUITIO PO3Mi-
poM 50x60 (M0 KOKHOMY IIPEIMETy MAaeMO JIEKIHI0 Ta
npakTugHe abo aboparopHe 3aHATTS). Toxai B po3TIIAHy-
Till 3a7a4i KiJIBKICTh HEBiAOMHX OyneBUX 3MiHHHX Oyje
nopisatoBatr 3000. Ile mocuTh ckianHa 3amada Jyis Cy-
YaCHUX METOJIB ONTUMI3aLil.

Jlns moOy 0B ONTUMI3AIIHHOT MOJENI JaHOl 3amadi
Oynemo BpaxoByBaTH HacTymHe. KoxHuid neHp y rpymnu
CTY/ICHTIB IOBUHHO OYTH HEe MEHIIe 2-X Ta He Oinbiue 4-x
3aHATH (Tap). Sk mpaBwWilo, 3aHATTS CTYICHTIB MOXXYThH
NPOBOJHUTHCH SK II0 YHUCENBHHKY TaK i 10 3HAMCHHHUKY.
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Bynemo momyckaTH, IO KOXKEH JCHb 3aHATTS MOXYTh
IPOBOJATHCS 3 MEpIIoi Mo I'SATy mapy. SIKIo 3aHATTA
MPOBOJITHCS 110 YHCEIBHUKY Ta 3HAMCHHUKY, TO MOYKJIH-
Ba KUIBKICTh TIap KOXEH JeHb nopisHioe 10. [Ipu nedinu-
Ti ayAWTOpIH KUIBKICTh Map KOXKHOTO JHS MOXe OyTH
oumpmioro.  KpiMm Toro, KijbKICTh 3aHATh Ha HEIUTIO, SIK
MPaBHUJIO, BiJOME Ta IS KOXKHOTO KYPCY BHU3HAYAETHCS
HABYAJBHUM TUTAaHOM. B 1aHMit MOMEHT Yacy CTyICHTChKa
rpyma Moke OyTH IPUCYTHS TiTbKHA HA OJHOMY 3aHSTTI, a
BUKJIA/Ia4 TEK MOXKE IMPOBOAWUTH 3aHATTS TUIBKH MO O-
HOMy mpenmery. JlabopaTopui poboTH, SK TpaBHIIO,
MPOBOJATECS B KOMIT IOTEPHUX KJIacaX KUIBKICTh SIKUX
oOMekeHa, TOMY OJIHOYACHO TaKHX 3aHATh MOXE OyTH HE
OisIbIIIe HIXK KOMIT IOTepHUX KiaciB. KpiMm Toro, B po3kia-
Ji HE TMOBUHHO OyTH BIKOH JJIS CTYJCHTIB. 3 JBOX pO3-
KJIQ/IiB KpaliuM Oy/ie TaKUi B SIKOMY ITUCTIEPCis KUTBKOCTI
3aHATH KOKHOTO JIHS IMPOTSITOM THXHS Oyne MiHIMalb-
Hoto. Takuii po3kiaj] CTBOPIOE HalKpallli YMOBH JUIS SIKiC-
HOTO HaBYaHHS CTYJCHTIB. MOXKHA MOITyCTUTH OOMeEKEH-
Hs Ha Bi[CYTHICTb BIKOH i IJI1 BHUKJIaJadiB, ajle 3HAYHE
30UIBIICHAS OOMEXEeHb 3a7adi MO)Ke IPHBECTH IO TOTO,
10 AOIMYCTHMa MHOKHHA 33/1a4i CTaHE MyCTOO.

2 OI'JIA4 JITEPATYPU

[Mepi myOmikanii NPUCBIYEHI CKIIQJaHHIO PO3KJIAJIiB
3aHATH 3’SIBJIKCH 1€ B 60-TI POKM MHHYJOTO CTOJITTS.
AJe B Ti pOKM 3HaYHHX YCIIXiB B pO3B’sI3aHHI IIi€i mpo-
OmemMu MOCATHYTO He Oyno. He3Baxkarouu Ha BiJCYTHICTh
YCIIiXiB Ta BPaXxOBYIOUM aKTyaJIbHICTh IPOOJIEMH, JOCi-
JUKEHHS TOITYKY e(peKTHBHUX METOHiB 1i pO3B’SA3yBaHHSI
IHTCHCUBHO TPOJIOBXKYIOTHCS. 3’ SIBITIOTHCS TIEPIIi OTJISI-
JIOBi poOOTH TPUCBSYCHI PO3KIIaJy HaBYaHb B YHIBEpCH-
terax [1, 3, 4]. B mux pobotax mpuBOIuTHCA 6arato orm-
TUMIi3aIiitHIX MOJeNell Ta METOIB i pOOUTHCS BUCHOBOK,
mo moTpiOHO MpoBecTH mie OaraTo OOCTIHKEHb MI00
po3p’sizath  gaHy npoOnemy. B Ham yac Takox
3’SBJIAIOTBCS  OIJISIOBI  MyOuikauii MpUCBSYEHI JaHil
npobiiemi [5]. 3okpema orisi Mojelnei CKIIaJiaHHs Po3-
KJ1aJly pO3IJISTHYTHH B po0oTi [6], a B poboTax [7-9] npu-
BEACHHUI OISl Cy4acHHX METOJIB PO3B’SI3yBaHHS JaHOI
mpobrmemu. B mux myOmikarisx CTBEpIKYEThCS, IO Ha
CBOTOHI MpobJieMa CKJIANAHHS PO3KIany HaBYaHHS UL
YVHIBEpCHUTETY SIK 1 paHille 3aJIUIIA€ThCS BiAKPUTO. Po3-
pOOIAETRCS TAaKOXK MPOTpPaMHE 3a0e3MeUeHHs, SIKE JOIO-
Marae JUCTIETYEpy CKIafmaTdh po3KiIai. AJie ONTHMIi3arlis
TaKOTO PO3KJIaLy MOTpedye po3poOKH HOBUX METOMIB. SIK
CTBEPIKYEThCS B po0OoTi [5] cyyacHe mporpamue 3a0e3-
TICUYCHHSI OPIEHTOBAHO B MeEpIly 4epry Ha rpadidnuii iH-
Tepdeiic, a He Ha ePEKTUBHI ANTOPUTMHU ONTUMI3ALIi].

JetanpHuil aHai3 ICHYIOUYHMX TEXHOJIOTIH CKJIaJaHHS
PO3KJIAIiB pO3rIIsHYTO B pobdoTax [8, 9]. Bei mi mocimi-
JUKEHHS CBiYATh MPO Te, IO B JTAHHI Yac HE iCHYE c(eK-
TUBHUX METOJIB ONTUMI3allii CKIaJaHHS PO3KIaay B YHi-
BEpCHTETAX.

3 MATEPIAJIX I METOHN
[ToOymyemo onTuMizarliitHy MOJENb 3a7adi CKIagaHHs
pO3KIIany HaBYaHHS B YHIBEPCHUTETi. 3 HABUAIBHOTO ILIA-
Hy BIIOMO aj; — KiIBKICTb TOAWH JEKILiH j-ro MpeaMery
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KOXKHOTO TWXHS, by — TMPaKTMYHHX YU J1aOOPaTOPHUX
pobiT Ha k-My Kypcl mpoTsarom THXHA. Bigoma Takox
KUIBKICTh BHUKJIAJadiB, 0 3a0e3MCUyOTh HaBYAILHHIA
MpoIeC, a TAKOX V), — MHOXKHHU IHACKCIB 3aHATH k-TO
BUKIIaaa4a, Sy — MHOKHHA 3aHsTh k-rO Kypcy (Jekmii ta
nabopaTopHi YM TPaKTH4YHI 3aHATTS). BBenemo 3MiHHI
MOJIEN X;j, IKi MOPIBHIOIOTH OJMHHMII SKIIO i-T€ 3aHATTS
MIPOBOIUTHCA HA j-H TMapi TWXKHSA, iHAKIIE IS 3MiHHA JI0-
PIBHIOE HYITIO.
B skocTi ninpoBoi QyHKIIIT Bi3bMEMO HACTYITHY

2
55 10/

min(Y > > Y| 0

k=11=1\i=10(I-1)+1 jeS,

Lle cyma yaciB 3aHATH CTYJICHTIB KOXKHOTO JTHS B KBaJpaTi
JUTSE KO)KHOTO KypCy 1 BOHA IMOBHHHA OyTH MiHIMaJbHOIO.
Sxmo g cyma Oyae MiHIMaJIbHOIO, TO JTUCTIEPCist KiTBKO-
CTi map 3aHATH KOKHOTO TIDKHS TeX Oyae MiHIMAJIBHOIO.
Jlani BBeZieMO HACTYITHI OOMEKEHHS.

1. TwxHeBa KUIbKICTh HaBYaHb CTYACHTIB JOPIBHIOE

50
> injsz,kzl,...,S. Q)
i=l jeS;

2. KinpKicTh 3aHATh Ha KOXHHH JEHb 10 KOXXHOMY
Kypcy oOMexeHa

10/
2< le-j <4,1=1..5k=1..,5,
i=10(/-1)+1jeS, 3)
10/

2< Y

i=10(/-1)+2 jeS,

le] < 4,] = 1,...,5,k = 15""5'

10 O3HAYa€ MiHIMYM JIBi Tapu Ta MaKCHUMyM YOTHPH Ta-
pu Ha geHb. Tak SK 3aHATTA HPOBOAATHCA 110 YHCEIBHU-
KaM Ta 3HaMEHHHKaM, TO B IIEPIIOMY OOMEXEHHI 1H/IEKC i
npuiiMa€e TiTbKU HETapHi 3HAYCHHS, a B IPYTill HEPiBHOC-
Ti — TIIBKM MapHi 3HaueHHs. [Ipu 30UIbIIEHH] KiJIBKOCTI
oOMeXeHb 3a/1aui yMOBH (3) CTalOTh CyTTEBUMH.

3. KoxHe 3aHATTS IPOBOAUTHCS

50 50
Zx,-j:akj,jeAk,inj:bkj,jeBk,k:I,...,S. 4)
i=1 i=1

4. KimpkicTe OIHOYACHOTO INIPOBEIACHHA JabopaTop-
HUX POOIT HE MEePEBUIY€E KIIBKOCTI KOMIT IOTEPHUX Kila-
ciB

5
ox; <r,i=1,..50,B=]By. (5)
jeB k=1

5. OpaHa rpymna Moke OyTH MPUCYTHS OJHOYACHO TiJib-
KU Ha OJITHOMY 3aHSTTI
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zxij <1,i=1,.,50,k=1,..5.
JeSk

Q)

6. OnvH BUKJIaJ a4 T€X MOXE MPOBOIUTH OJHOYACHO
He OlJIbIlE OHOTO 3aHATTS

inj <1,i=1..50,k=1,.. K.
JjeVy

™)

7. B po3kiazii He TOBUHHO OYTH CTYJIEHTCHKHX BIKOH.
Le piBHOCHIIBHO HACTYITHUM OOMEKEHHSIM

10(-1)+j-1
> %otk <1,
k=10(I-1)+i+1

iely ={135131},j eJ; ={579,799},1 =12345,
100—1)+j-1 ®)

Xro-1y+k <L
k=10(1-1)+i+1

iel, ={246242),jeJ, ={681081010,,7 =1,2,345,

X o0-ty+i T X100+ —2

X1yt T X100+ —2

Je 1HAEKCH i, j MpUMAaroTh TUIBKH OAWHAKOBI Micus B
3aJaHuX MHOXUHAX [}, J; Ta b, J,.

Iepme obmexeHHs (8) BHUKIIIOYAE BiKHA IO YHCEIh-
HUKY, a Apyre — M0 3HaMEHHUKY. SIK MpaBmiio, oOMexeH-
HA (8) B ICHYIOUMX MOJENAX PO3KIaLy HE BPaXOBYETHCS.
Posrmsinemo oOmexxenns (8) OumbIn nmeTanbHO. Ko B
po3Kiazi € BikHa, TO B HbOMY OyIyTh HACTYIIHI ITOCIIIO-
BHOCTI HyJiB Ta ogunuis 101, 1001, 10001 omHOro AHS
0 YUCENBbHUKY a00 3HaMEeHHUKY. JIJIsl X MOCIiI0BHOC-
Teil cyMa KpaiHiX OJMHHUIL MIHYyC MOJBOEHA Cyma He
KpaifHix Hy;iB Oyne OUTbINE OAWHUIN, TOOTO OOMEKEHHS
(8) Oyne mopymryBatuch. Jns Beix iHIIMX IOCIiIOBHOC-
TeH BiANOBiHA cyma Oyne He Ourbire oxuHuIl. Hanpu-
Knmang, g mocmpoBHocrer 100, 110, 111, 1101, 11011
BimmoBigHO oTpumyemo 1 <1, -1<1,0<1,0<1,0<1.
B oOmexeHHsx (8) BpaxoBYHOTBCA MOCITITOBHOCTI 3
TPbOX, YOTHUPHOX Ta II'SATH YHCEN MiAPSI AN KOXKHOTO
JHSA 10 YHCEIbHUKY Ta 3HAMEHHHKY. B momepenHbomy
MPUKJIAAI MU CIIOCTEpIraeMo BiKHA JJISI TBOX OCTaHHIX
MOCTiTOBHOCTEH, AKi MicTaTe mociimoBHOcTi 101, Tomy
JUIsl HUX oOMexeHHs (8) OyayTb MmopylieHi 1 IOociiI0BHO-
cti 1101, 11011 OynyTh HEAOITYCTUMHUMH.

SIKIIO TOTTyCTHTH, 1110 Ha KOYKHOMY KypCi HaBYa€ThCS
JICKLTbKA TPYII, TOJI JIEKIIii 9aCTO MPOBOAITHCS OJHOYAC-
HO ay1st Beix rpym. s yMoBa 3amaeTscst npocTUMU oOMe-
KEHHAMM X; = Xy, i =1,...,50 (j-Ta Ta k-Ta Jekuis npopo-
JTUTBCS OJTHOYACHO). MokHa TOOABUTH TaKOX OOMEKEH-
HS Ha ayIuTOpHHUN (OH, aje I 6araTboX yHiBEpCHTE-
TiB gedinuT ayauTopHOro (GOHIAY HE € KPUTUIHUM. [HKO-
T j-i BUKJIaJad Ha i-i mapi He Moke OyTH HPUCYTHIM
(HampuKIaja, Mpamroe B el 9ac B APyroMy MicIi), TOAi
BiINOBiJHA 3MiHHA X; = 0.

3anpornoHoBaHa MOJIENb BIITHOCHTHCS JIO0 KJacy KBaj-
paTMYHUX 3 JIHIHHUMH OOMEXEHHSMH Ta OYJIeBUMH
3MiHHUMH. Bci oOMexeHHs € JIiHIHHUMH, a HiboBa (QyH-
KIS KBaZpaTH4YHA. PO3MISHYTY MOIENb MH MOXEMO
crpoctutd. Tak, oOMekeHHs (2) BU3HAYAETHCS HABYAIb-
HUM IUTaHOM, TOXK MOTO MO)KHa OMyCTHTH. Bci iHII 00-
ME)XCHHS € CYTTEBI.
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OTprMaHa MOJIETIb MA€ BEIMKY PO3MIPHICTh HE TUTBKU
10 3MiHHUM ajie i 10 OOMEXEHHSAM. SIKIO MPUIYCTUTH,
110 KUTBKICTh BHKJIA/IauiB JOPIBHIOE 15, Ha KO)KHOMY KYp-
cl HaBYaeThCs TUIBKM OJ(HA IpyMa i KiJIbKICTh 3aHSTH Ha
KO>KHOMY Kypci (B cemectpi) nopiBHioe 10, To oTpumye-
Mo 3amady 3 2500 OyneBumu 3MiHHMMH Ta 1400 oOme-
JKeHHSIMH. Po3B’s3aTH Taky 3ajady METOJIOM pO3raiy-
JKCHb Ta TPaHUIbF HEMOXJIMBO. SKII0 OyJeBi 3MiHHI 3aMi-
HUTH HeNlepepBHUMH Ha Bifpi3ky [0, 1], To 3amaua (1)—(8)
Oyzne po3B’si3aHa MPSIMO-ABOICTUM METOAOM BHYTPIIIHBOL
TOUYKH 3a 1—2 XBHJIMHHU. AJle OTPUMAHUN PO3B’SI30K Oyne
HEJOMYCTUMMMN.

YMmoBy OyneBocTi 3miHHEX B 3anadi (1)—(8)mMoxkHa 3a-
MIHHUTHA OOMEKECHHSIMHU

50 5

zz Z xl-j(l—xz-/-)S0,0stl, 9)

i=lk=1jeS,

aje i OOMEXCHHsI € HeomyKiInMy, a 3anada (1)—(9) crae
MYJbTUMOAAIBHOI0. [ 11 po3B’sA3yBaHHA MOXKHA BUKO-
pUCTaTH TEHETHYHI YW EBOIIOIINHI anroputMu. Ane i
AITOPUTMHU HE TapaHTYIOTh OTPHUMAHHS HABIThH JOMYCTH-
Moro po3B’s3Ky 3amadi (1)—~(9). €auHOIO aTbTepHATHBOIO
ICHYIOUNM aliTOPUTMaM € METOJl TOYHOI KBagpaTHIHOL
perymapusanii (EQR) [2]. B mpomy MeToni kBagpaTHdHA
perynsipu3aiis BHKOPHCTOBYETBCA [UIA IIEPETBOPEHHS
3anadi (1)—(9) mo HactynHOi

2

55 10/ )
+s+||x||°<d},

max{|x[P XD Y Y

k=11=1\i=10(/-1)+1 jeS,

(10)

(dopmymna (10) MicTuTh DOAATKOBE OOMEXEHHS) IPH 00-
MexxeHHSX (3)—(8), a oOmexeHHs (9) 3aMiHIOEMO HACTYTI-
HHUM

50 5 5 5
2 xIP-XY Y xi+ Y Yag+ Y Dby <d.

i=lk=1jeS, k=ljed,  k=ljeB,

)

Takum urHOM, MyJIbTUMOMAANbHA 3ana4a (1)—(9) 3Be-
Jack O MakcHMi3allii HOpMH BEKTOpPY Ha OIyKIJIiil MHO-
sxuHl. O6mexenHs (10) MICTUTb CKalApHUI mapamerp s,
SIKAH TTIOBUHEH 33/I0BOJIGHATH YMOBI

52 i 2 +i by —i[R—k}

k=ljed,  k=ljeB, = k=I\ O

(12)

npu sikik oomexenHs (10) Oyme akTHBHHM, a KBaapaT
HOPMH BEKTOPY MICTHUTB LI OAHY HEIepPEepBHY 3MiHHY Z

) 50 5 ) )
|| x| :zz z xjj+z°.

i=lk=1jeS,

Takum unHOM, 3a1a4a (1)—(9) TOYHOIO KBaAPaTHIHOIO
peryIApH3allielo MepeTBOpeHa 0 CKBIBAJICHTHOI 3aaadyi
(3)—(8), (10)—(11). Ilpu TakoMy MEpPETBOPECHHI PO3MIp-
HICTB 3a/aui 3pocia Bcboro Ha oauHumio. [ami Oymemo
PO3B’sI3yBaTH NEPETBOPEHY 3aJady pPO3B’SI30K SIKOi CIIB-
nazae 3 po3s’s3koM 3amadi (1)—(9).
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B 3amaui (3)—(8), (10)—(11) HEOOXiqHO 3HAWTH MiHi-
MaJlbHE 3HAUEHHs CKAISPHOI BEJIMYHMHU d, JJIsl SIKOT BUKO-
nyetbest ymoBa 2|[x||* — d = 0. TIpu (ikcoBaHUX 3HAYCHHAX
d 3amaga (3)—(8), (10)~«(11) po3B’sByeTbCS NPSIMO-
JIBOICTAM METOJIOM BHYTPIIIHBOI ToukH [10]. 3HaueHHs d
OyzmeMo 3HaXoauTH MeTojoM muxortomil. lle mpubnmsHO
20-30 po3B’s3yBaHb MaHOI 337adi Mpu (PIKCOBAaHUX 3HAa-
yeHHSX d. TakuM ymHOM, TeperBopeHa 3amada (3)—(8),
(10)«(11) moxe Oyne po3s’si3ana mporpamoro OpenSolver
3a 30 XBWIMH [T IPAKTUYHOI 33714491 CKJIAIaHHS PO3KIIAIY.

Mu mponoHyeMO HACTYNHHI alrOpUTM IS PO3B’s-
3yBaHHA 3a1a4i (3)—(8), (10)—(11).

Kpok 1. O6upaemo mo4aTKoBi JaHi Ans 3MiHHHX X; =
0, Vij, z =1 Ta BU3HaYaeMo mapameTp s 3a (OPMYJIO0
(12).

Kpok 2. Po3B’s3yemMo 3a1ady omyKIoi ontumMizarii

2
10/

mind 33 Y T

k=11=1\i=10(/-1)+1 j&5,

+s+ | x|?<dl,

3 obomexennsiMu (3)—(8), (11) mporpamoro OpenSolver,
0 peallizye MpsSMO-ABOICTUA aJrOpUTM BHYTPIIIHBOT
TOYKA Ta 3HAXOIUMO MiHIMAIbHO MOXINBE 3HAYCHHS
3MIiHHO] d.

Kpox 3. TocmigoBHO 30imbIIyeEMO 3HAUYCHHS 3MIHHOT d
Ha BETMUHMHY, 110 Tponopiiitna 3uavensio 2||x||> — d 1o
abcomoTHINM BenmmuuHi. 11 KOKHOTO Takoro (ikCcoBaHO-
ro 3HaueHHA d po3B’sa3yemo 3amady (3-8), (10-11) mpo-
rpamoro OpenSolver. Ilpu 30inblcHHI d 3HAYCHHS BEJIH-
anan 2||x||° — d Gyne crmagaté 10 HyJIS MO aGCOTIOTHIM
BCJIMYHHI.

Kpoxk 4. Sxmo 2||x||* — d = 0 3 3a5aH0k0 ToUHiCTIO, TO
3ajJla4ya CKJIaJjaHHs PO3KIaay po3B’s3aHa. [Hakmie nepexo-
JUMO J10 KpOKY 3.

4 EKCIIEPUMEHTHU

IMoOymyBatu po3kiag 3aHATH TSI OAHIET CIIeHiaTbHO-
CTi IO 3ampOIIOHOBaHIi MOJENI JAOCHTH JIETKO, BUKOPHUC-
ToBytouH TibKH makeT Excel ta HambymoBy OpenSolver
1ust poro nakery. Ha ymer Excel B oquH psnok BBOAUMO
Ha3BY TPEIMETIB Ta Mpi3BUILNA iX BHKJIaJa4yiB 3 MPOIyC-
KOM JIBOX CTOBIIIIIB MiX rpynamu (kypcamu). [To xoxHii
IpYII CIIOYaTKy BBOJISTHCS JIEKIIII, IIOTIM J1a00paTOpHI 4H
MIPaKTHYHI 3aHATTA. B psiok HMKYe BBOAUTHCS TOAWHHE
HaBaHT@KEHHS Ha TIKICHb MO KOKHOMY IIpEIMETY.
Hwxae s xoxxHOI rpynu BuAinsseMo 50 psiIkiB, 4acTHHA
3 IKUX OyJie 3allOBHEHA OJWHUIISIMHU MIPU ONTHMI3amii Ja-
Hoi Mozemi. Tox crovaTky Iii psIIKK 3aIIOBHUMO HYJISIMH.

e Becs indopmarist s po3paxyHKy poskianmy. [ami
HEOOXigHO BBeCTH (GOpMyNH I MiNboBOi (ByHKMII Ta
oOMexxeHb 3amaui. B mepmmid cTOBHmEIs MK TpyHamu
BBOJIIMO CYMY IO psiikaM KOKHOT rpymnu. O4eBuaHO, 10
Il CyMa HE MOBUHHA OyTH Oljbliie OMuHMIN (TPyMa MOXe
OyTH MPHUCYTHS OJHOYACHO TUILKM Ha OJHOMY 3aHATTI).
Hwxye B npoMy CTOBMIII BBOJMMO (POPMYJIH CYM LBOTO
CTOBIILS IO KOYKHOMY JIHIO TIKHS. Lli 3HaUueHHs He MOBH-
HHi OyTH MeHIIe 2-X i OinbIne 4-X OMUHHIB IS YUCEITh-
HHUKa Ta 3HaMeHHMKa. Lli GpopMynan BHKOPHCTOBYEMO Ta-
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KOX JJIsl BBEJCHHS (QopMyiM LiiboBoi ¢yHkuii. Bona
Oy/ie TOpPIBHIOBATH CyMi KBAJPaTiB 3HAYEHb, OOUHCIICHUX
My GopMynamMu. B nmpyruii croBneunp Mik Trpynamu
BBOJMMO (hopMynu, IO BHUKIIOYAIOTHh BIKHA MIX 3aHST-
TSAMH B Ipymi. B psSaok HWXYe BXiIHHX JaHUX BHOCHMO
(hopMyJIH CyM TIO CTOBIISIM YaCTUHH TAOJMIL, IO 3aI110B-
HEHa HYJISIMH (3 TIOHE[IKa 10 11 ATHHIII0), BOHHU IIOBUHHI
JOPIBHIOBATH HABAaHTAXXCHHIO B TOAMHAX MO KOXXHOMY
npeamery. CripaBa JaHO1 TaONUII BHOCUMO (GOPMYIH CyM
PSAKIB IO KOKHOMY BHKJIaadeBi mo Bcim rpynam. Kox-
Ha Taka cymMa He MOBHHHA OyTH OinbIne oquHMIN (BUKIIA-
Jlad OAHOYACHO MOKe OyTH MPHUCYTHIM He OUbIIe HIX Ha
onHiii mapi). Ha kiHeup, B OCTaHHIH CTOBIELL BBOJAUMO
CYMH CTOBIIIIB JIaDOpaTOpHUX POOIT MO BCIM TpyIam.
CyMa 4ucen KOXXHOTO psiika HE MOBHHHA OyTH OLIbIIE
KUTBKOCTI KOMIT FOTePHHX KiaciB. Jlayi BUKIMKaEMO Jia-
JIorOBe BIKHO HanOynoBH Solver Kyau BBOAMMO aipecy
KOMIPOK IIiJIbOBOi (DYHKIIiT, KOMIpOK, 10 3MIiHIOIOTBCS Ta
azpecw KOMIpOK 3 QopMmylnamMu A OOMEXEeHb 3a/adi.
MoykHa TakoX BKa3aTdh, IO 3MiHHI OymeBi. Aje
PO3B’si3aTH 110 3a/1a4y MporpaMoro Solver MU He 3MOKe-
MO, Tak SK BOHA JO3BOJIIE PO3B’A3yBaTH 3a/1adi 3 KiTbKic-
Ti0 3MiHHUX He Oinbiie 200. Tomy BuKIHKaeMo HaIOyHo-
By OpenSolver, sika MoXe PO3B’sI3aTH 110 3a/1a4y, aje IS
[LOr'O MOJKE 3Ha/I00IThCs Olnblie onHiel nodou. Mu s
PO3B’sI3yBaHHs 3a/avi CKJIaJaHHS PO3Kiaay OymemMo BH-
KOPUCTOBYBAaTH METOJI TOYHOI KBaJAPaTUYHOI PETYJIsSpH-
3arii, A sKkoro OyB poO3poOJICHWH NpUBEICHUI BHIIE
NTOPUTM 3 ypaxyBaHHSAM crieriuiku gaHoi 3amayi. s
IIBOTO HEOOXITHO T00aBUTH JEeKiNbKka (GopMyl, 30KpemMa
J00AaBUTH KOMIpPKY IJISi HEMEPEpPBHOI 3MIHHOI z, 3MIHHOT
d, BBectu ¢opmymm (10)—(11). Ampecn KOoMipok mHX
3MIHHHX Ta GOpMysT 0OMEXKeHb 100aBISIEMO B JialOroBe
BIKHO mporpamu Solver Ta BUnanseMo oOMexeHHs OyJe-
BUX 3MiHHHMX. Crodatky OyaeMo po3B’s3yBaTH 3ajady
MiHimi3allil 3MiHHOI d. 1le mocuTh mpocTa omykia 3aaaya,
aky nporpama OpenSolver po3s’si3ye 3a 1 xBuiuny. [lic-
JIs1 OTPUMAaHHS MIHIMaIbHOTO 3HAYCHHS d TEPEBIPSIEMO
ymoBy 2|lx||> — d = 0 (hopMyIy Ist LOTO BHpA3y Tex
HEOoOXiTHO 3aHECTH B KOMIpKY). 3BHU4YaiiHO OyJe BUKOHY-
Barucs HepiHicTb 2|[x||* — d < 0, ToMy B miaorose BikHO
nporpamu Solver 3aHecemo HacTymHi 3MiHH. L{impoBY
KOMIpKy 3aMiHHMO Ha KOMipky 3 Qopmynoro ||x|°, sKy
OynemMo MakCHMI3yBaTH, a 3 aJpec KOMIpPOK, IO 3MiHIO-
IOTBCS, BUAAIMMO a/Ipecy KOMIpKH 3MIiHHOI d. 3HaueHHS
Ii€7 KOMIpKH 30UTBITMMO Ta PO3B’SHDKEMO 3a7ady Mporpa-
Mmoro OpenSolver.

[Ticns po3B’s3yBaHHs 3a7a4i MOOAYUMO, 110 3HAYCHHS
2|Ix|[* — d 3menmmocs mo aGcomoTHIi Bemmunsi. [lai
3HOBY 30UIBIIMMO 3Ha4yeHHS d Ta PO3B’SDKEMO 3ajauy.
ITics1st KOKHOTO PO3B’sI3yBaHHs 3afadi 3Hauenns 2||x|* — d
Oyne HabmKaTUCh 10 HyJIS 10 aOCONIIOTHIN BennuuHI. B
3aJISKHOCTI BiJl KPOKY 3MIHU BEIWYHHU d, TIOTPIOHO Oyze
20-30 po3B’s3yBaHB 3agadi OO BHUKOHAHHSI YMOBH
2|Ix|I* = d = 0 3 3aanHoI0 TOUHICTIO. BHKOHAHHS 1i€i yMo-
BU O3HayaTMMe, L0 3HAWJIEHO ONTUMAJIbHUN pPO3KIAL
3aHATH 1 Bci 3MiHHI OyAyTh OyJeBi Ta Bci OOMeXeHHS 3a-
Jadi OyAyTh BUKOHYBATHUCS.
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s nemoHcTpanii eeKTHBHOCTI METOIy TOYHOI KBa-
JPaTUYHOI PEryJisIpu3alii, Uis 3HAXO/KCHHS ONTHMAllb-
HOTO PO3KIJIaay 3aHiTh, MM BHOEpEMO JEIIO CIPOIIEHHUIH
BapiaHT po3risiHyToi 3amayi. CkiIageMo po3Kiaj TiLTbKH
JUISL IBOX TPYII, B KOXKHIN I'PYIli BUKIAIa€ThCs IICTh Pi3-
HUX NpeAMeTiB (IICTh JIEKWid Ta IICTh J1a00paTOpHUX
poOiT). KimbKicTh BHKIIQZAa4iB JOPIBHIOE MIECTH. 3aHATTS
MIPOBOAATECS O€3 YMCeTbHUKA Ta 3HAMEHHHKA (1Ie O03BO-
7€ CKOPOTUTH KUTBKIiCTh psakiB Tabmmmi 3 50 go 25).
Taxka 3agauga O6yne matu 600 OyneBUX 3MiHHHUX, IO TAKOXK
€ CKJIIAHAM JUIS ICHYIOUMX METOMIB onTuMizamii. BximHi
JaHi 3ama4i npuBeneHi B Tabm. 1. s mepmoi rpymu, Bo-
HY CHIBIAAAI0Th 3 JAHUMH JJIsL APYTOl rpyIu.

CriouaTKy 3amava po3B’s3yBajiach 0e3 OOMEXCHb Ha
BIZICyTHICTh BIKOH 1 OYyJIO OTPMMAaHO PO3KJaj, Jie Maixke
KOXXeH JieHb Oynu BikHa. [lami Oynu 3agaHi 0OMEeXeHHs
Ha BiJICYTHICTHh BikoH. Ilpm BimcyTHOCTI oOMeXeHHs Ha
KIJIBKICTh KOMIT FOTEpHHX KJIaciB OyJI0O OTpUMaHO HACTYI-
HUH po3B’s30K (TadI. 2).

SIkmo BUKIIaZay B A€kl OHI a00 4JacH 3alHATHN Ha
JOpyTiik poOOTi, TO AOCTATHBO MPHUCBOITH BiIMOBITHIM
3MIiHHUM JIaHOTO BHWKJajJada Ha JaHid mapi 3HadeHHS
HyJb. SIK TMOKa3anyu eKCIepUMEHTH NPH Takii yMOBi rpa-
(ik poOOTH BCIX BUKJIA/Ia4iB MOXKE CYTTEBO 3MIHIOBATHCH.

SIKIIO TMPHUIYCTHUTH, MO I[i [BI TPYIMH MAIOTh TiIBKU
OJIMH KOMII'IOTEpHHUH KJIac AJIsl MPOBEICHHS JadopaTop-
HUX POOIT TO PO3MOJIN 3aHATH MO JHSAM THXKHS i€ IO
3MiHIOETBCS (Tabn. 3). 3HayeHHS HLTBOBOI (QYHKUIT mpu
OMY 30UTBINIMIOCH HA JIBi OJTUHHIII.

Yac po3s’s3yBaHHS AaHOi 3ajadi Ha KoM foTepi In-
tel(R) Core(TM) 15-8300H CPU 2.30 GHz cknaB 10 5
xBumH vacy. Merox EQR He cuimpHO 9yTimBHit 10 3poc-
TaHHSA po3MipHOCcTi 3ama4i. CTymiHb 3pOCTaHHS dYacy
po3B’s3yBaHHS 3amaui  OyJde BH3HAYATHUCH  IIPSIMO-
JBOICTUM METOIIOM BHYTPIIIHBOI TOYKH. SIK Bimomo,
OCTaHHIA METOJ € TOMiHOMiaJbHUM. TOMY maHuUil ajiro-
PUTM MO’KHA BUKOPHUCTOBYBATH JJIsl PO3B’3yBaHHS 3a/1a4
CKJIQIaHHS PO3KJIaAy BEIHMKOI PO3MIPHOCTI.

HaBenemo orpumaHuii 3anpornoHOBaHUM aJTOPUTMOM
ONTUMAJILHUNA PO3KJIa Ui JaHoi 3az1adi (Tadu. 4). B mii
TaOIMIIl OAWHUISAMH MTO3HAYEHI 3aHATTA, IO MPOBOASATH-
cs. 3 miel Tabmumi 6aunMo, IO BiKHA B PO3KIIAML 3aHATH
JUIA CTYICHTIB KOXXHOI Ipymu BincyTHi. KinmbkicTh map
3aHATH JUIA HEpIIOi TPYNH MO THSIM THJKHSA BiJIIOBIIHO
nopiBHIOE 2, 3, 4, 4, 3, a ms npyroi rpynu mMaemo 4, 3, 3,
3, 3. Koimm po3p’s3yBanach 3ajgada 0e3 OOMEXEHHS Ha
KIJIBKICTh KOMIT'IOTEPHUX KJIaciB, TO BIAIMOBIJAHI AaHI J10-
PIBHIOBaJIM TEOPETUYHO MiHiIMaNIbHIN mucnepcii (3, 3 , 4,
3,3)Ta (3, 3, 3, 3, 4). JlonaTkoBi 0OMEXEHHSI HE3HAYHO
3MEHIIMIN 3Ha4eHHs aucrepcii. 3 Tabn. 4 BuAHO, MO
BUKJIaZia4yl MaloTh BiKHA B CBOIX 3aHATTAX. Lle Tomy, mio
BIJINOBiTHI OOMEXKEHHS B MOJENIi HE BPaXOBYBAIUC.
BHeceHHs Takux OOMEXEeHb NpHU3BEAE OO0 3MEHIICHHS
niTh0BO1 (DYHKIIT 3a7a9i i BiIMOBIMHO 3MEHIIUTH SKICTh
HaBYaHHSA. ABTOPH CIOYATKY PO3IIISAAIHA B SKOCTI KpH-
TEpil0 3afadi MaKCHUMyM IWCHeEpCii 3aHATh BHKIIAJAdiB,
ale Takuil KpUTEpid HEe BIAMOBiZa€ BHCOKIH SIKOCTI Ha-
BYaHHA CTYICHTIB.
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5 PE3YJIbTATH

PesynbraTi po3B’si3yBaHHS 3a/a4i CKJIQJIaHHS PO3KJIa-
JIy 3alpolOHOBAaHMM ajrOPUTMOM HaBeleHi B Tadn. 4.
OTpuMaHHil PO3B’SI30K 3aJIOBOJIBHSE BCIM OOMEKCHHSIM
3aja4i Ta MICTUTh PIBHOMipHE HABaHTAXKCHHS 3aHATH Ha
KOXKHUH JIeHb TIDKHA. 3ajada po3B’si3yBanach B jao0pe
BimoMomy odicHomy maketi Excel 10 3 BukopucTaHHIM ii
HanOymoBu OpenSolver. Tlponenypa po3B’s3yBaHHS eJie-
MEHTapHa Ta He MOTpedye CHenialbHuX 3HaHb. B TOl ke
Yyac CydJacHi METOIM ONTHMIi3allii CTUKAIOTHCS 31 3HAYHU-
MH OOYHCIIOBAIBHUMHU IpoOJIeMaMu IPH pO3B’sSI3yBaHHI
3a/1a4 ONTUMAJIFHOTO CKJIaJaHHS PO3KJIay HaBYAHb.

6 OBTOBOPEHHS

3ajadi ckiamaHHs pPO3KJIaay HaBYaHb BUHHKAIOTH 10
JICKUIbKa pa3iB Ha piK B KOXXHOMY YHiBepcureri. KokeHn
YHIBEpCUTET Ma€ CBOIO clenudiKy, siKa 3aKIagacTbCs y
BIMOBITHY Mojenb. Ha *anp He iCHye CTaHIapTHHUX MO-
JleTiel Ha IKUX MO)KHa OyIto O TTOpiBHIOBATH Pi3HI alropu-
TMH PO3B’S3Ky. B nesikiif Mipi CTaHIApTHOIO MOYKHA BBa-
’KaTH 3aIPOIIOHOBAHY MOJENb, TaK SIK BOHA MICTUTbH TUIBKU
MpUpPOIHI 0OMEXEHHS Ta HITbOBY (YHKIIIO, sIKa 3abe3re-
yye sKicTh HaB4yaHHA. lllomo icHyroumx MeTomiB
PO3B’s13yBaHHS 33724y ONTHUMI3allii 3 OyJIeBUMH 3MIHHHUMU,
TO TPONOHYIOTHCS TEPEBAKHO TIIBKH METOAW pO3raiy-
JKCHb Ta TPAHUIIb 1 CBONIOLIIHI AJITOPUTMH, 10 BUKOPHC-
TOBYIOTh BHITQJIKOBHH momyk. Lli meromm mnotpeOyroTh
3aHaATO OaraTo yacy HaBiTh IPH pO3B’SI3yBaHHI 3a/1ay He-
BEJIMKOT PO3MiIpHOCTI. 31 3pOoCTaHHSIM pO3MIpHOCTI 3aj1adi
4yac pPO3B’SA3yBaHHS CEKCIOHEHLIHHO 3poctae. Tomy mpu
PO3B’A3yBaHHI MPAaKTHYHUX 337a4 CKIaJaHHs PO3KIangy Iii
MeTonu OyAyTh BIMaraTH JCKiTbKa JHIB UM TIDKHIB HeTle-
pepBHOI poboTH KOMIT'I0TEepa, abo 3aBepiryBaTé poOOTy
paHiIe 3 OTPUMaHHIM PO3B’S3KY JAIEKOTO BiJ ONTHMAb-
HOro Ta 4yacto Hejomycrumoro. Ha naHuii yac BUKOpHC-
TaHHs Metoay EQR Ta 3ampomoHOBaHOTO anropuTMy Jyis
CKJIQJIaHHsI pO3KJaJy He Mae anbrepHaTtuB. lle miaTBep-
JUKYETBCS TaKOX 3HAYHUM OOCSATOM TMOPIBHSUTBHUX OOYHC-
JFOBAILHUX €KCHEPUMEHTIB JUISl TECTOBUX MYJIBTHMO/IAITb-
Hux 3amad [11]. Kpim Toro, maHuii METO/ JIETKO peaiizy-
etbcss B makeri Excel 3a momomororo HamOymoBH
OpenSolver mpakTUIHO A5 JOBLUTEHOT PO3MIPHOCTI.

Juis minTBeprkeHHS e(peKTUBHOCTI 3aIpOIIOHOBAHOTO
anroputMy OynmM TIpoBeIeHI OOYHMCIIOBANBHI EKCIepH-
MEHTH. BpaxoByroum Te, IO 3ampoIIOHOBaHA MOJENb
CKJIaZiaHHsI PO3KIALy € HOBOIO, TIOPIBHIOBAINCH PE3yiIb-
TaTH PO3B’s3yBaHHs NaHOI MOAETl PO3pOOJIIEHHM airo-
PUTMOM Ta ICHYIOUMMH Mporpamamu. st oGuucIroBab-
HOTO eKCHEepHMEHTy Oylla CKOpOYeHa MAaTpHIlsl HEBiNo-
MHUX OYJIEBMX 3MIHHHX PO3IJISIHYTOTO TPHKJIALy IO PO3-
Mipy 15x8. B sKOCTi anbTepHaTHBU PO3pOOIEHOMY ajro-
PUTMY BHKOPHUCTOBYBAJIOCH ICHYIOYE IIpOrpamHe 3ade3-
neyeHHs, e HanoOynosu Solver ta OpenSolver makery
Excel 10 B sxux pearnizoBaHi aTOPUTMH €BOIIOIINHHI Ta 3
Oynesumu 3MiHHUMH. CIIOYaTKy PO3B’s3yBasach 3ajadya
(1)—~(8) 3 OyneBuMHu 3MiHHUMH Iporpamamu Solver Ta
OpenSolver B sIKMX peaji3oBaHi alrOPUTMU METOIY PO3-
rajly>keHb Ta rpaHullb. KoxHa 3 nux nporpam npotarom 5
TOIWH HE 3MOIJIa 3aBepIMTH poboTy. 3ayBakuMo, IO
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SKIIO BIIKWHYTH YMOBY OyJieBOCTi 3MiHHHUX, TO fgaHa 3a-  (10)—(11) 3anmporoHOBaHMM alrOPUTMOM NOTPEOYBaAIOCH
Jada OyJe po3B’si3aHa 3a J0JIi CeKyH/IH. MEHIIIe O/IHI€T XBUJIMHU MalIMHHOTO Yacy. TakuM YMHOM,
Hani Juia gaHoro HpHKIagy po3B’sA3yBajach 3aJada  3allpOIIOHOBAHUII allTOPUTM UL JIAHOTO KJlacy 3ajad, sK
(1)~(9) eBomroniiHUM monTyKoM. AJie ajist IbOro nmpukiaa-  MiHiMyM B 300 pasiB eeKTHUBHINIE ICHYIOUMX ajrOpHT-
Jly JaHWI MONIyK HE 3MIr 3HaWTH JOITyCTUMUI PO3B’SI30K  MiB, IPHUYOMY 31 3pOCTaHHSIM PO3MIPHOCTI 33/1a4i 15l ede-
3ama4i. B To# e yac, 1y po3B’s3yBaHHA 3ana4i (3)—(8), KTHUBHICTb TakoX Oyze 3pocTarty.
Tabmuus 1 — lani 4715t CKIIafaHHs PO3KIaLy

3anarTs Jlexmii JlaGopaTopHi poboTu
Buknanaui Bl B2 B3 B4 | BS Bl B6 | B2 | B3 | B4 | B6 | B6
Ipeamern I11 M2 | mn3 |mn4 |mns |Ime | Il |12 |03 | 114 | IS | 106
Coguan 1 1 1 1 1 1 2 2 1 2 2 1

Tabmuis 2 — Po3noin 3aHATh 10 JHIM THKHS
Tloneninox BisTopoxk Cepena YetBep I’ aTHMS

I'pl | 0] 1 1 110]0]|1 1 10|01 1 1 1 (0] 1 1 1101011 1 1|10
I'p2 | 0|1 1 110]0|1 1 10|01 1 10|01 1 1101 1 1 110
Tabsuns 3 — Po3mosist 3aHATh 10 JHAM THOXKHS (3 ypaxyBaHHsSI KOMII'IOTEPHUX KJIAcCiB)
Tlouexninok BieTopok Cepena Yetsep Il sarHuIs
I'p.1 0|0 1 1 0 1 1 1 0|00 1 1 1 1 0 1 1 1 1 010 1 1 1
I'p.2 1 1 1 1 0]0]0 1 1 1 0 1 1 1 01001 1 1 1 1 1 0]0
Tabmuns 4 — OnTUMaNTEHUA PO3KIIa]

I'pyna 1 I'pyna 2
1|12(3|4|5|1|6|2|3|4|6|6|1[2|3(4|5|1|6|2|3|4|6]|6
r{r|j1r{r|j1f{r|1rf(2|2(1r{2(2|1|(1|1|1|1r|1f|1|2(2|1(2]|2|1
Jlexmii JlaGopaTtopHi Jlexmii JlaGopaTtopHi
1
n 1
1 1
1 1
1
1
B 1 1
1
1
C 1 1
1 1
1 1
1
1
b 1 1
1 1
1 1
1
I 1
1 1
1 1
1
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ONITUMU3ALUS PACIIMCAHUSA OBYUYEHNS B YHUBEPCUTETE
Koconan A. 1. — 1-p ¢us.-mar. Hayk, npodeccop, 3aBeAyONIUi KaQeaporo CeIUaTH3NPOBAHHBIX KOMIIBIOTEPHBIX CHCTEM YK-
PauHCKOro rocy1apcTBEHHOI0 XMMHUKO-TEXHOJIOTHUECKOT0 YHUBepcuTeTa, Jluemnp, YkpauHa.

Hy6oBux T.M. — crapmmii npernogaBaTens Kadeapsl CeHaIn3HPOBaHHBIX KOMITBIOTEPHBIX CUCTEM Y KPaWHCKOT'O TOCYAApCT-
BEHHOI'0 XMMUKO-TEXHOJIOTHYECKOI0 YHUBepcUTeTa, /lHenp, YkpauHa.

AHHOTAIUS

AKTyalnbHOCTB. B 3T0if paboTe paccmaTpuBaeTcsi W3BECTHAS 3a7jadya COCTABIECHMs paclucaHust oOyueHus B yHuBepcurere. Ta-
KH€ 3a/1a9¥ PEIIaroTCsl HECKONBKO pa3 B TOJ B KaXJ0M ydeOHOM 3aBeneHnH. HecMOTpsl Ha MHOTOUYHCIIEHHBIE UCCIIEA0BAHNS B TaH-
HOHM obnacty, mpobiaemMa HOCTPOEHHS ONTUMAIBHOTO PACIIMCAHHS OCTAETCSI OTKPBITOH. DTO CBSI3aHO CO CIOKHOCTBIO COOTBETCTBY-
IOIIeH ONTUMHU3aIMOHHON 3a/1auyl, B YACTHOCTH €€ 3HAUUTENHFHOH pa3MepHOCTBIO, YTO 3aTPyJHSCT YHCICHHOE PEIIeHUe TaKoil 3a1a-
YH CYIIECTBYIOIMMHU METOaMU ONTUMHU3AINH. B COBEpIICHCTBOBAaHNY HYKTAIOTCS TAK)KE ONTHMHU3AIMOHHBIC MOJETIH COCTABIICHUS
pacnucanuii. TakuM 00pa3oM, ONTHUMHU3ALMS PACTIUCAHMS SIBISIETCS CJIOKHOM BBIYHCIHTENILHON po0ieMoil u Tpedyer pa3paboTku
HOBBIX METOJIOB €€ PEIICHHSI.

Ieas padorsl. CoBepleHCTBOBaHNE ONTHMH3AIMOHHBIX MOJIEJIeH COCTaBJICHHs paciicaHuii o0ydeHHs B YHHBEPCUTETE U HC-
T0JIL30BAHMS HOBBIX 3G ()EKTUBHBIX METO/IOB JUIS UX PEILICHHUS.

MeTtoa. Mbl ucronb3yeM METOZ TOYHOM KBAaJAPATUYHOH PErynspU3aluy IJsl pelIeHHs ONTHMM3AIMOHHBIX 3a/a4 COCTaBICHHS
YHHBEPCHTETCKOTO pacnucaHus. TodHas KBaApaTW4HAs PETyJSIPU3aLis MO3BOJSET MPeoOpa3oBaTh CIIOXKHBIC ONTHMH3AIMOHHEIE
Mozen ¢ OyJIeBBIMU IIEPEMEHHBIMH K 337a4eé MaKCHMyMa HOPMBI BEKTOPA Ha BBIMYKJIOH MHOXeCTBE. [IIsl perIeHns 3ToH 3aJadn MbI
uctonb3yeM 3(pHeKTUBHBINA IPSIMO-ABOMCTBEHHBIN METO/ BHYTPEHHEH TOUKH U METOJ AUXOTOMHH. DTOT METOA MOKa3all 3HAYNTENb-
HO JTy4IIIFe Pe3yIbTaThl IPH PEHICHHH MHOTUX CJIOXKHBIX MYJIETHMOJANBHBIX 3a/{ad. JTO HOATBEPKIAETCS MHOTUMHU CPABHUTEIIBHBI-
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MH BBIYHCIIMTEIBHBIME 3KCHepHMeHTaMH. Eme Gonbmryio 3QQeKkTHBHOCTE METOJ| TOYHON KBaJApPATHYHOH PETyJsIpU3alUH JEeMOH-
CTpUpYET NPU PELICHUU 3a1a4 COCTaBJICHUS PAaCIUCaHUs 00y4eHHsL. DTOT METOA ONTUMHU3ALMU UCIIOIb3YETCsl BIIEPBbIE, Ul JaHHOTO
KJ1acca 3aJad4, II03TOMY OH IIOTpeOoBas pa3paboTKU COOTBETCTBYIOLIETO aITOPUTMHYECKOT0 00eCIeYeHHSI.

PesyabTatsl. [locTpoena HoBas 6oJiee MPOCTas ONTUMHU3ALMOHHASA MOJIENIb COCTABICHHUS PaCIIUCaHuUs, KOTOPas JETKO peaausye-
TCs porpamMmHo B makere Excel npu namuauu Hagcrpoek OpenSolver, RiskSolver u apyrux. IlpuBesen HeOosbLION TpUMEp MOCT-
pOEHUSI pacliCaHHs 1 ONHCAHA MOMIArOBO HHCTPYKIIHS TOTYyYEHHS ONITHMAIBHOTO PEIICHHS.

BoiBoasl. Pazpaborana HoBas 3)(heKTHBHAS TEXHOJIOTHS COCTABICHUS PACIIICAHNs OOYUCHHUS B YHUBEPCUTETE, KOTOpask OTJINYA-
eTcsl MPOCTOTOH peann3anuy U He TpedyeT pa3pabdoTKu CHEeUaNbHOTO IPorpaMMHOro obecnedeHus. D(GeKTUBHOCT 0OecreunBa-
€Tcs UCIIOIb30BaHHEM HOBOI'O METOJa TOYHOM KBaJpaTUYHON PEryJIsIpU3alum.

KJIFOYUEBBIE CJIOBA: yHUBEpCHTETCKOEC pacluCaHUe, ONTUMH3ALKS, 3a1a4d 10 OyJIeBBIMU TIEPEMEHHBIMH, METOJl TOYHOM
KBaJpaTUYHOH peryisapu3aLum.

UDC 519.85
OPTIMIZATION OF TIMETABLE AT THE UNIVERSITY
Kosolap A. I. — Dr. Sc., Professor, head of the Department of Specialized Computer Systems of the Ukrainian State University
of Chemical Technology, Dnipro, Ukraine.
Dubovik T. M. — Senior Lecturer of the Department of Specialized Computer Systems of the Ukrainian State Chemical-
Technological University, Dnipro, Ukraine.

ABSTRACT

Context. In this paper, we consider a well-known university scheduling problem. Such tasks are solved several times a year in
every educational institution. The problem of constructing an optimal schedule remains open despite numerous studies in this area.
This is due to the complexity of the corresponding optimization problem, in particular, its significant dimension. This complicates its
numerical solution with existing optimization methods. Scheduling models also need improvement. Thus, schedule optimization is a
complex computational problem and requires the development of new methods for solving it.

Objective. Improvement of optimization models for timetabling at the university and the use of new effective methods to solve
them.

Method. We use the exact quadratic regularization method to solve timetabling optimization problems. Exact quadratic
regularization allows transforming complex optimization models with Boolean variables into the problem of maximizing the vector
norm on a convex set. We use the efficient direct dual interior point method and dichotomy method to solve this problem. This
method has shown significantly better results in solving many complex multimodal problems. This is confirmed by many
comparative computational experiments. The exact quadratic regularization method is even more effective in solving timetabling
problems. This optimization method is used for the first time for this class of problems, so it required the development of adequate
algorithmic support.

Results. We propose a new, simpler timetabling optimization model that can be easily implemented software in Excel with the
OpenSolver, RoskSolver, and others. We give a small example of building a schedule and describe step-by-step instructions for
obtaining the optimal solution.

Conclusions. An efficient new technology developed for university timetable, which is simple to implement and does not require
the development of special software. The efficiency of the technology is ensured by the use of a new method of exact quadratic
regularization.

KEYWORDS: university timetabling, optimization, problems with boolean variables, exact quadratic regularization method.
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3y0

Komr’rorepHe MoJienitoBaHHS Ta BEPCTaHHS C.B.
C. O. Cy606ortin

PenaxTop aHTIICEKHUX TEKCTIB

OpuriHan-mMakeT MiArOTOBJICHO Y pefakiiifHo-BuraBHrYoMy Bitini HY «3amopi3bka nomitexHika

CBIIOLTBO NPO JIEpIKaBHY PEECTpALIiI0
KB Ne 24220-14060 ITP Bix 19.11.2019.

Iionucano oo opyky 26.08.2021. @opmam 60X84/8.
Ianip ogpc. Pizoep. opyk. ¥Ym. opyk. apk. 21,39.
Tupaoic 300 npum. 3am. Ne 679.

69063, m. 3anopisxcaca, HY «3anopizeka nonimexuikay, opykapus, eyi. Kykosecvkozo, 64

CBigonTBO Cy0’€KTa BUIABHUYOI CIIPaBU
JIK Ne 6952 Bin 22.10.2019.





