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| METOOAU CUCTEMHOIO AHANI3Y

VJIK 517.9
DOI: 10.20535/SRIT.2308-8893.2018.4.01

AKICHI BJJACTUBOCTI TA CKIHHEHHOBUMIPHICTbH
3 TOYHICTIO 10 MAJIOI'O ITAPAMETPA CJIABKUX PO3B’SA3KIB
KJIIMATOJIOTTYHOI MOJIEJII BY IMKO-CEJLJIEPCA

M.3. 3I'YPOBCBKHIA, 11.0. KACBSIHOB, H.B. TOPEAHD, JI1.C. TAJIINYYK

AnoTtamisi. [IpoBesieHO sIKiCHUIT aHaJ3 MOBEIIHKH PO3B’A3KIB KJIIMATOJIOT YHOT MO-
neni eneprernuHoro 6anancy Byamko—Cemtepca, po3risiHyTol Ha piMaHoBoMy Oa-
ratoBuzi 0e3 kparo. Y CTaHOBJICHO I100aIbHe iCHYBaHH C1a0KOro po3B’s3Ky JOCTi-
JDKYBaHOI 3ajadi 3 JOBUIBHUMH IIOYaTKOBMMM [aHMMM 3 (pa3oBOro IMpoCTopy,
BHUBYEHO HOTO BIACTHBOCTI, PETYIAPHICTh. 3HaineHo ¢pyHkuito Jlsmynosa. [loBene-
HO TEOPEMH iCHYBaHHS TJI00aJIBHOTO Ta TPAEKTOPHOTO aTPaKTOpiB it OaraTozHad-
HOTO MIBIOTOKY, TOPOJUKEHOT0 BCiMa CIIa0KUMH PO3B’s3KaMH 3a/1adi. Busueno Bna-
CTHBOCTI aTPAaKTOPiB, YCTAHOBJICHO B3a€MO3B’ 130K MiXK HIMH Ta IIPOCTOPOM ITOBHUX
TpaekTopii 3axayi. JlocmipKeHo XapakTep NPUTSATHEHHs PO3B’sI3KiB 10 III00aNIbHOro
Ta TPAEKTOPHOTO aTpakTOpiB Ta iX CTPYKTypy. OTpHMaHO CKiHYEHHOBHMIpPHICTDH
3 TOYHICTIO JI0 MAJIOrO MapaMeTpa AUHaMIiKK pO3B’sI3KIB 3a1adi.

KurouoBi cioBa: xiimMarosoriuHa MoJeib €HEPreTUYHOro OajaHCy, rIo0anbHHUN
aTPaKTOP, TPAEKTOPHUH aTPaKTOpP, CKIHYEHHOBUMIPHICTB 3 TOYHICTIO 10 MAaJIOTO Ia-
pametpa, 6araTo3HaYHMH MiBIOTIK, CTA0OKUI PO3B’SA30K.

BCTYII

BuBuenns xiaimMaTy Ta JOCTIIKEHHS WOTO 3MiH HATENEp € OHIEI0 3 HAWOUIBII
aKTyaJlbHUX TMpoOJieM cydacHoi Haykd. 3Bakaloud Ha Iie, naefali Oimbiie
IHTeHCHU(IKYIOTBCSA PI3HOOIYHI TOCHIDKEHHS MAaTeMaTHIHUX MOJCIEH, 10
ONHUCYIOTh JHHAMIKy KIIMaTHYHHX MPOIECIB Yy JOBFOCTPOKOBOMY MEpiofi.
3HaYHUI MaTeMaTUYHUH IHTepEeC CTAHOBUTH JAOCIIIKEHHS KIIIMATOIOTIYHOT MOJIeIi
EHEepPreTHYHOro OaJaHCy, B sIKi HEBIJIOMOI BEIMYMHOIO € TeMIIepaTrypa 3eMHOT
noBepxHi. Mogeni Takoro TUMY JOEMOHCTPYIOTh €(EeKTUBHICTH 3BOPOTHOTO
3B’S3Ky TEPMIYHOTO PEXKUMY Ta alb0ed0 TOBEpXHi. YIepmie TaKy MOIENb
omyOumikyBaB y 1969 p. BumatHuii BueHui-kiaimatonor M.I. Bymuko [1]. V
tomy x pomi B.JI. Cemmepc [2] omyOnikyBaB IyXe CXOXY MOJENb
riaobanrpHOTO KiiMaTy. BimMiHHICTE Bim Momedni, 3amporonoBanoi M.I. bymwmko,
noysiraia B mapaMerpu3aiii MepHIiOHATBLHOIO MOTOKY Termia, sikuid M.I. Byauko
BHUBOJMB 3 IaHUX CIIOCTEPEKEHb 3a CHepreTHYHUM Oanancom, a B.JI. Cemtepc —
3 MipKyBaHb Makpoaudysii. IX mpaui 6ynm ofHUME 3 MEpIIUX i Maau KIOYOBMii
BIUIUB Ha PO3BHUTOK Ta CTAHOBJIEHHS MAaTeMaTHYHOTO MOJEIIOBAHHS
KIIIMaTOJNOTIUHUX Mojnenei. EHeproOajmaHcoBi Mojeni KiiMaTry Ha3HBaOTh

© M.3. 3zyposcokuil, 11.0. Kacvanos, H.B. I'opbany, JI.C. [aniiuyk, 2018
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M.3. 3eyposcokuil, 11.0. Kacvsanos, H.B. I'opbans, JI.C. Ianitiuyyx

Moxensimu bymuko—Cemepca. IlizHime mi Momeni BHBYAIO 0araTo HAyKOBIIIB.
3okpema y mpausx [3-5] posrnsganock MUTaHHS OPO PO3B’A3HICTH MOZENi
Byauko—Cennepca, BuBYanach ii 4YyT/IMBICTH 10 Manux 30ypeHb B OIHOMY
3 BU3HAYQJIbHUX MapaMeTpiB 3aaayi, a TaKoX JOCHIPKyBajacs BiIIOBiIHA
cramionapHa 3angada. JlominbHo 3ramaté mpani [6—10], mpucBsueHi SKiCHUM
JTOCITIKEHHSM CITA0OKHMX PO3B’SI3KIB 3a1adi.

Mera podoTM — JOCHIIUTH SKICHI BJIACTUBOCTI Ta BCTaHOBHUTH
CKiHYEHHOBUMIPHICTh 3 TOYHICTIO JI0 Malloro TapameTrpa AWHAMIKH pPO3B’S3KiB
kiiMaTosoriunoi Moaeni by muko—Cernepca, po3risiHyToi Ha 6araToBuIi 6e3 Kparo.

IOCTAHOBKA 3AJTIAUI

Hexat (M,g) — C%-KOMNAaKkTHHI 3B’S3HUN OPIEHTOBAHMI JBOBMMIipHHM

piMaHoBHUii OaraTtoBua Oe3 kparo (Hampurmam, M =S 2 opuHMuHa cthepa
B R? ). Posrisiremo 3amauy

Z—L;—Au-kRe(x,u)eQS(x)B(u), (x,t)e R, xM, @)
e Au=div,, (Vu); V,, po3ymierbcs B ceHcl MeTpuku Pimana g. 3azHaumnMo,

mo BrioueHHS (1) — 1me KIMaToNoridHa MOJENb €HEePreTUYHOTO OallaHCy.
Hesimoma ¢yskimist u(x,?) y BriroueHHi (1) penpe3eHTye CepeHIO TeMIIepaTypy

3eMHOI ToOBepxHi. Y mpami [l] eHepreTwyHWid OalaHC BUPAXKAETHCA 4Yepe3
Bapiallilo TeMIepaTypy, o CTaHOBUTb R, — R, + D, npuuomy R, = OS(x)B(u),
Je R, pemnpes3eHTye COHSYHY €Heprito, siKy noriuHae 3emis; O >0 — coHsuHa
KOHCTaHTa (CepeHe 3HAUCHHS 3a PiK 1 CepeIHe 10 3eMHIN MTOBEPXHI MOTIUHYTOTO

COHSYHOTO pajiallifHOro moToky); S(x) — dyHKUiA iHcomsAnii, 3amaHa
pPO3MOMIIOM COHSYHOTO BHUIPOMIHIOBAaHHS, IO TaJa€ Ha BEPXHI IMIapH
atmMoctheprn; B — QYHKIOiIS Ko-aap0eno, IO OIMCY€E CITiBBIIHOIICHHS MiX

MOTJIMHEHOI0 Ta BUIPOMIHIOBAHOIO COHSYHOIO EHEPri€l0 B TOYMI X 3EMHOI
noBepxHi. O4eBuaHo, mo P(u(x,?)) 3aNEKUTH Bill MPUPOAH 3€MHOI MOBEPXHi.
Hanpukmnan, Bizomo, 1m0 Ha Jb040BUKaX 3HaYeHHs B(#(x,?)) € 3HAUHO MEHIIHNM,

HDK Ha TIOBEPXHI OKeaHy, ajke OUTHI KOJip JhOIy BiIOMBAaE OiIBIIY KiTbKiCTH
BHUITPOMIHIOBAHOI COHSIYHOI €HEprii, TOMl SK OKeaH 3aBISKH CBOEMY TEMHOMY
KOJIBOPY Ta BHCOKIHM TEIUIOEMHOCTI TOTIIMHAE OUTBITY KUTHKICTh BHIPOMIHIOBAHOT
conssyHoi eHeprii. Tox mnpupomno, mo P(u(x,t)) Moxe OYTH PO3PHBHOIO.

Honanok R, Bupaxae eHEprilo, L0 BUIPOMIHIOETbCA 3emuiero. Sk mpaBuio,
BBaXKa€Thes, 0 R, — 3pocTaroya 3a u ¢yHkuUis. Joganok D Bupaxae audysito

Tewia. 3 METOK CIPOLICHHS MIpKyBaHb, HE OOMEXYIOYM 3arajibHOCTI,
IPUITYCKAETHCS, 10 BOHA CTaia. SIK mpaBmio, JOAaHOK R, OOMpAroTh 3rigHO i3

3akoHOM HbroToHa sk niHiliHY ¢yskuiro Big u, R,=Bu+C (tyr B, C —
Jiesiki onatHi koHctantu) [1], abo 3rimHo i3 3akoHoMm Credana—boibimana
R, = ou’ [2]. V wiit poOoTi posraspaemo R, = Bu , six 1y npaui [1].

Hexait mns dynkuii S:M — R Bukonyotscs ymosu: Sel”(M) ta
icHy1oTh Taki S(,S) >0, mo 0<S§,<S(x)<S|. IlpumycriMo Takox, mo B —

. 2 . .
OaraTo3HauHe BijoOpakeHHs B R”, mis sikoro icHyroTh Taki m, M € R, mo mns
Bcix s € R i zef(s).

8 ISSN 1681-6048 System Research & Information Technologies, 2018, Ne 4



AKicHi gn1acmugocmi ma CKiH4eHHOBUMIPHICTG 3 MOYHICIO 00 MATI020 NAPAMEMPA ...

m<z<M.
3ayBakuMoO, IO BUTIAZOK KpaioBoi 3amadi HeliMana B oOMeXeHIN MIISHITI
npoctopy R (ma imTepBam (—1,1)) mocmimxyBaBcs y nparx [7, 8]. BkirroueHHS
(1), 3agane Ha pimaHoBoMy OararoBumi 0e3 kpato (M,g), € OLIBII MPUPOTHUM

3 OISy Ha MpaKTH4HI 3actocyBanus [9, 10].

JOMIOMIKHI BITOMOCTI 3 TEOPIi PIMAHOBHUX BATATOBHU/IIB

Hasenemo nesiki Bimomi Qaxtu 3 Teopii pimaHoBuX OaratoBuuiB 6e3 kpato [11],
o Oy IyTh BUKOPHUCTAHI JIJI1 OTPUMAaHHS OCHOBHHX PE3yJIbTATIB.

Hexaif M, — 5OKaabHO KOMIAKTHUII Ta JIOKAJIbHO 3B’SA3HMH 0araToBUI
po3mipHocTi n. Hexait () — Bigkpura MHOXHHA; (¢ — ToMeoMopdizm ) Ha
BiaKpuTy MHOXHUHY 3 R” .

O3nauyennsi. JlotTnyHUM BekTOpoM Ha P € M, Ha3uBaeTbCs BiIOOpa)KEHHS
X:f > X(f)eR, BuzHaueHe Ha MHOXHHI audepeHUiiioBHUX (yHKIIN
B oKkoi P, me X 3amoBOJIBHSE TaKi YMOBH:

e skmo A, peR, 10 X(Af +1g) =AX(f)+pX(g);

e X(f)=0, sxkmo f € dQuer-¢pyHKIiEr0, TOOTO d(fo(p_l) € HyJeM
y o(P);

* X(fe)=/(P)X(g)+g(P)X(f).

Osuavennst. Jlotnanum mpocropom T, (M) y PeM, Ha3uBaeTbCs

MHOXXMHA JOTHYHAX BeKTopiB Ha P. Jlotwunmii mpoctrip T(M) — 1e
Uperp M)
Osuavennsi. C” piMaHOBUM 0aratoBHIOM HasuBaeThes mapa (M,,g), ne

M, — C” nudepenniiioBuuii Gararosun; g — C° piMaHoBa MeTpHUKA.

PimaHOBa MeTpHKa — Take ABIYi KOBapiaHTHE TEH30pHE 1ojie g (ToOTO MepeTHH

T"(M)®T (M), ne T (M)= ] Tp(M), Tp(M) — nyamsnmii mpoctip sio
PeM
Tp(M)), mo B KoxHiH Touni PeM gp — NOJAaTHO BU3HAueHa OuniHiiiHA

cumerpuuna ¢opma:  gp(X,Y)=gp(Y,X), gp(X,X)>0, saxmo X #0.
PimanoBuii GararoBua M, — 38’s3umit C* piMaHOBHMIA GaraTtoBKjI PO3MIipHOCTI 7.

O3nauennsi. Hexait (M,,g) — magkuii piMaHoBUH OaraToBUA
. . N . oo NV
po3mipHocTi 7 (rmamkuit B cenci C ). ns pilicHOT GyHKOii ¢, 110 HAJIEKHUTh
Cc¥M ), k>0 uine, Busnaunmo: |Vip[*=v*v* ---v‘*k@valvaz Vg, 0.

3okpema |V0(p =lol, |V1(p|2. Vk(p = V(p|2=VV(pVV(p ro3Hayvae Oyab-aKy k -Ty
KOBapiaHTHY MOXITHY .

PosrisiHemo Takmii  BektopHuii mpoctip Ef  C* dymkuii ¢, mo

|Viple L,(M,) nna Beix [, 0<I<k, e k i | — uini; p>1 — nifice.
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Ipocrip CoGonea H} (M,) e nomoBuenusm no Ef BinmosimHo mo HOpmu
k ~
||(p||Hp =ZHV1(pH . Hpocrip HP(M,) — s3amuxanns D(M,) y npocropi
k 1=0 p

HF(M,); D(M,) — npoctip C* dynKuiit 3 KoMnakTHuM Hociem y M, i
HE =L,.
Teopema KongpaxoBa. Hexait k>0 — mine, a o, p 1 ¢ — gilicHi

gyucna. Toxmi Iy KOMIAKTHUX DPIMaHOBHX OaraToBuIiB M, Ta KOMIIAKTHUX
pimaHOBHX Garatounis W, 3 C ! -rpaHUIICI0 KOMIIAKTHUMH € TaKi BKJIJCHHS:
o Hl(M,)cL,M,)iH{W,)cL,W,),sxmo 1>1/p>1/g—kin>0;

o HI(M,)cC*(M,)iH{W,) cC*"W,),sxmo k—o>nlg, 0<a<1.

OCHOBHI PE3YJIbTATH

Y nporieci qocTiKEHHS PO3TALAATUMEMO TaKi AIMCHI TUTHOEPTOBI MPOCTOPH

H:=I*(M), V={uel*(M)V,uecl?>(TM))

3 BIJMIOBIIHUMH HOpMaMu |||| 7 Ta CKIAIPHUMHU 100yTKaMu (-,) g, (4)y, A€

"V
TM — notnune po3mapyBaHHsi. DyHKIIOHATIBHI MPOCTOPU I? (M) i L*(TM)
BU3HAUYEHI CTaHAApPTHO (IuB., Hanpukian [11]). Hexait vt — QyalbHUH TpOCTip

o QyHKIIOHATBHOTO TIpocTopy V . 3ayBaxumo, mo V < H v, MPUYOMY BCi
BKJIQJICHHSI KOMIIAKTHI Ta MUTBHI (quB., Hanpukiaz [ 11, reopema 2.34]).

Hexaii —oo<1<T <+, OyHkmis u(:) € I* (t,T;V) € cnabkum po3s’sizkom
3amadi (1) Ha [1,7], sxmo icHye Taka BuMipHa dhyakmis d : M x(t,7) — R, mo

d(x,t) e OS(x)B(u(x,t)) misg m.B. (x,t)e M x(t1,T),

LT[W’% ~ U, AB) +(R, (1 1,u),8) ~(d, aﬂdt =0,

s Beix Ee Cy (M x(x,T)), ne <,> — CIaproBaHHs B PocTopi V.

Hexaii —oo<t<T <+4oco. Po3sringHeMo OUIBII 3arajbHe €BOJIOLINAHE
BKJIFOUEHHS:

u, — Au+0f, (x,u) — ofy (x,u) 30 B M x(1,T). (1)
[TpurycTiMO BUKOHAHHS TAKUX YMOB.
Ipunywienna pocmy. IcHyTb Taki ¢, € LNM), co(x)20 ngma M. B. xeM
Ta ¢ =0, mo |ul* |2Sco(x)+cl |u> mms M. B. xeM, i Beix ueR i
u; €of (xu), i=12.
Ipunywennsn 3naka. Icnye Take A <A, ie A; — Meplle BIACHE 3HAYCHHS

ormepatopa —A B H(l)(M), 1 icHye Take ¢, eLl(M), c(x)20 nam. B. xeM ,
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10 (ul* —u;)u > —¢y(x) mna M.B. xeM , o Beix ueR i ul* e of;(x,u),
i=12.

AHaJOTIYHO BH3HAUYAEThCA CIAOKUN pO3B’s30K  u(:) € r’ (t,T;V) 3anmadi (1)
Ha [1,7].

3ayBaxkenns 1. 3a BUKOHaHHS TIOCTAaBIICHUX BUINE MPHUIYIICHb JUIS
KOXXHOTO ciiabkoro po3B’s3ky u(-) 3amadi (1) Ha mpomixky [T,7] iCHYIOTH
Taki BUMIipHI QyHKUl d),d,:M x(1,7)—> R, mo d;(x,t)€df;(x,u(x,t)) msa
M.B. (x,t)eM x(t,T), i=12, ta d(x,t)=d;(x,t)—d,(x,t) ana M.B. (x,t)€
eM x(t,T) [9, 12].

3ayBa:keHHs 2. ICHYBaHHS NPUHAWMHI OJHOTO CJIA0OKOTO PO3B’SI3KY 3ajadi
Komi mns BrirroueHHs (1) 3 ZOBUTBHUMH TTOYAaTKOBHME YMOBaMH 3 TpocTopy H

32 BUKOHAHHS IIOCTaBJICHUX NPUIYLICHb JOBeAeHO B mpami [13, posminm 2].
3a3HaYMMO TaKOX, M0 KOXEH claOkuii po3B’si3ok 3amaui (1) ma [1,7] €

peeyasapuum, TOOTO mis ciabkoro po3p’ssky u(-) 3amaui (1) Ha [1,7])
CTpaBeUINBO, IO

u@ye C(t+e,T1V)N L (t+e,T;HA(M)YNV), u, () € L (t+¢,T;H),

quist koxkHoro €€ (0,7 —1) [14, Teopema 1]. KpiMm Toro, 3aBAsiku aBTOHOMHOCTI

3a/1adi KOKEH CIaO0KWi pO3B’S30K MOYKHA TPOJOBXKUTH 10 TII00aIBHOTO,
BH3HaueHOro Ha [0,+00) [13, c. 62].

[epeiinemo mo muTaHp icHyBauHs ¢yHKUIi JlsmyHoBa 1 rmobamnbHOrO Ta
TPAEKTOPHOTO AaTPaKTOpiB. 3ayBaKWMO, IO IIi THTAHHA OCIIKYBAIHCH
y mpausix [14-23]. PosrissHeMo ciM’l0 BeiX cinaOkux po3B’s3kiB 3amadi (1),
Bu3HaueHUX Ha [0,+o0), Ky mo3HauumMo depe3 K, . 3a3HauuMo, II0 BHACIiZOK

aBTOHOMHOCTI 3ajaui mnpoctip K, — mpancriayitino ineapianmuuii, TOOTO

u(-+h)eK, nna Bcix u()eK, ta h>0. Posrmsmemo 3amauy (1) Ha Beidd

gucnosiii oci. Hexait u e L”(R;H) — nosna mpackmopia 3anadi (1), To6TO
,u,()eK, nns Bcix heR, ne II, — omepaTop 3BYXEHHs Ha iHTEpBaJ
[0,40); u,(s)=u(s+h),s20. IlozHaummo dwepe3 K ciM’I0 BCIX NOBHHX

TpaekTopii 3amadi (1). 3rimHO i3 3ayBaKCHHSAM 2 Ta TEOPEMOIO 2 IS KOXKHOL
MOBHOI TpaekTopii #(-) 3amayi (1) BUKOHY€EThCS

IL, ;u() € Coe (LTLV) N L (0T HA (M) V), W qgu, () € L (v, T3 H)
mnst BCiX —oo<t<T <400, me Il ; — omneparop 3BYKeHHi Ha iHTEpBaI

[t,T] (muB. [24, c. 18]). binbur Toro, icHye Take C>0 , o st KosxHOro u(-) € K
BUKOHY€ETBCS OIlIHKA

||u(t)||12/ < 5(1 + ||u(t - 1)”2) s Beix t€R.

TakuM YHHOM, KOXKHA 0OMexeHa B H  TOBHA TPAeKTOpist € 0OMexeHow y V.
IToBHa Tpaektopis u() € K € cTaiioHapHO, SKIIO ICHYE TaKUil €JIeMEHT

zeH 2(M )NV, mo u(t)=z nmna Bcix te€R. Koxamid Takuii enemeHT z

Cucmemni docnioxcenna ma ingpopmayivini mexnonoeii, 2018, Ne 4 11



M.3. 3eyposcokuil, 11.0. Kacvsanos, H.B. I'opbans, JI.C. Ianitiuyyx

Ha3WBA€THCS TOYKOK CIOKOK. [[03HAYMMO MHOXHHY BCiX TOYOK CIIOKOIO
yepes Z .

Haragaemo [13], mo £ :V — R — dynkuis Jlsnysosa nist K, , Akmio:
a) E wenepepBHa Ha V ;

0) Em@)<Eu(s) npu uekK, it>2s>0;

B) sikiio E(u(-)) =const mns neskoro u € K , To u — cTainioHapHa.
IToxnanemo:

E(u)= % jM \Vu(x)|* dx+J,(u)—J5(u), ueV, ()
e J,.(u)=jMﬁ(x,u(x))dx, ueH,i=12.

I3 mpumnymieHHs pocTy BUIUIMBAE, IO ICHYIOTh TaKi ;3 € L (M), c5(x)=0
A M. B. xeM Ta ¢y 20, mo | f;(x,u)|<c3(x)+cy |u|2 UL M. B. xeM 1 mis
Bcix ue€R, i=1,2. Takum, uunoMm, J,(u) =IMﬁ(x,u(x))dx, ueH, i=12
BU3HAYCHI KOPEKTHO.

Teopema 1. 3a BUKOHAHHS TPUMYIICHb 3HAKA Ta POCTY BiJOOpaKCHHS
E:V — R BusHaueHe criBBigHOWEHHAM (2) € QyHKIico Tumy JlsmyHoBa 1uist
K, . binpm Toro, mms koxHoro ueK,, mmi Bcix Tt 1 I, 0<t1<T <o,

CTIPaB/IKYEThCSI eHEPreTHYHA PiBHICTb

E@u(T)) - E(u(v) = —LT Ju (S)||12q ds. 3)

Josenennsi. Oynkuiss £ HemepepBHa B V', OTXKEe yMOBa a) 3 O3HA4YEHHS
(dhyukii JIsmyHOBa BUKOHYETHCS.

JloBenemo yMoOByY 0) 3 o3HaueHHs (pyHKMi1 JIsmyHoBa. 3adikCyeMO TOBLTBHY

¢ynkuio u(-)e K, . Jlnd cnpoueHHs 3anKcy MO3HAYaTUMEMO 3BYXKECHHS u(-)

Ha [1,7] 3moBy dwepe3 u(-). 3ayBaxumo, 1mo u(-)e C([t,T];V)n
NPT, HA(MYNY) i w,()el*(t,T;H)  (ockimkn  t>0). Toxi
BiJOOpaXKEHHS ¢ ||u(z)||12/ = .[M | Vu(x,t) |2 dx abcomoTHO HemnepepBHE Ha [T,7]

i M. B. ¢t €(1,7) BUKOHYETBCS PiBHICTH [25, po3ain IV]:
d 2 ou(x,t)
ol ==2f,,

Hexait d:M x(1,T) >R — Qynkuis 31 cmiBBimHomens (2) i (3), a

Au(x,t)dx. (@)

g1,8> € I’ (t,T;H) — 13 3ayBaxeHHS 1.
I3 mpaui [26, nema 2.1] BumuBae, mo J;(u(-)) — aOCONOTHO HENepepBHIi
Ha [1,7] iIsI M. B. f € (r T) cnpaBerBa piBHICT

6u(x t)
J (@) = [, i (x.0) (5)
1 Beix Ay (-,t) € 0J; (s)|s wtys 1=1,2.
Otxe, Qyskiis E(u(-)) — abcomroTHO HemepepBHA Ha [T1,77] sK iiHiHA

KOMOiHaIliss adCOMOTHO HemepepBHUX Ha [T,7] ¢yHKIiH. 3rigHOo 3 PIBHOCTAMU

@ 1(5),
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d
P E@@) = Ol

it M. B. t €(t,7T) . 3Biacu otpumyeMo piBHICTE (5). 3okpeMa, E(u(t)) < E(u(s))
3a yMoBU T 2t2s521>0. Ockineku u(-)e K, 1 0<1<T <00 — NOBIIBHI, TO
myHKT ©) 3 o3HadyeHHa ¢yHKIOii JlsmyHoBa Ta eHepreTmdHa piBHICTH (3)
BUKOHYIOTbCA. [l 3aBepilicHHS  JOBEACHHS  3ayBaXUMO, IO  SIKIIO
E(u())=const msa neskoro u € K , To 3rigHO 3 piBHICTIO (3) u — cTamioHapHa.
Teopemy 10BENEHO.

Y mpangx [13, ¢. 56 i 14, c. 274] nokazano, mo sl Bcix T<7 Ta s
KOXKHOTO ci1a0koro po3B’s3ky u(-) 3amaui (1) Ha [t1,7] cOpaBIKYyeEThCS

HEpIiBHICTh

[u ), <) e 9 + L wr<s<i<T, ©)
€

ne € =) —ATa a=IMcz(x)dx.

Busznauumo Ha VN H 2(M ) eKBiBaJ€HTHY HOPMY v—)"Av” 5 [27, posmin

II]. Tlepen moBemeHHsIM pe3yNbTATiB 301KHOCTI ISl BCIX CIaOKUX PO3B’S3KIB
Yy HAWCWJIBHIIIUX TOMOJIOTIAX HEOOXiqHI JesKi TONATKOBI OIMHKHU Ui CIA0KUX
po3B’si3kiB (1).

Teopema 2. Hexaili BUKOHYIOTBCS YMOBH pocTy i1 3Haka. Toxmi icHye Take
C>0, mo mist Oynb-skoro T <7 1 ISt KOXKHOTO CIIA0KOTO po3B’ 3Ky u(-) 3amaui

(1) na [1,7T]

(D) + [ls- Ou(s),2 oy @5 SC(L [u|2, + (- Vie(nT].

JoBenennsi. JoBeneHus Teopemu 2 TMOAIOHE 0 JOBEACHHS TeopeMu 2
y mpaui [14] (auB. Takox [8, 7]), mpoTe 3a IHIIMX NPHUIYIIEHb HIOAO (QYHKIIT
B3a€EMOJIIi. 3ayBayKUMO, IO TOBEIACHHS ITHOTO TBEPHKEHHS HaBEIEHO B mparti [9].
st Oy ap-Koro u, € H noxmanemo

D r(u)=1u()e I’ (t,T;V) |u(-) — cnabkuii po3B’a30k 3amadi (1) 1 u(t) =u,}.

ChopmynroeMo OCHOBHI  pe3yibTaTd MIOAO 30DKHOCTI BCIiX claOKux
po3B’s3kiB 3a1adi (1) B HAMCHUIIBHIIINX TOMOJOTISIX.

Teopema 3. Hexaii BUKOHYIOTbCS YMOBM POCTY 1 3Haka, T<1, u,, —>u,
cmabko B H, u,()eD, r(u,,), n=1. Toal iCHye MOCIIIOBHICTb {7 };s 1

u()e D, r(u,) Taxi, mo

sup [, (1) u(t)” 0, 7)
te[t+¢,T] 4
T 2
[ RGNt )

Ko k — +oo, mis Beix €€ (0,7 —1).

HoBenennsi. 13 teopemu 2 [14, Teopema 3], Teopemmu banaxa—Amaoriy
JiaroHaAIbHUM MeTojoM KaHTopa OTpuMyeMo, IO iCHY€ MiAIOCIiJOBHICTh
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{ngtisr 1 u() € Dy 7 (uy) Taki, MO BUKOHYIOTBCS: &) 3BYIKEHHS U, () Ta u(-) Ha
[t+¢,T] nmanexats C([1:+8,T];V)mL2(1:+8,T;H2(M)mV) Ta unk’t(-),ut(-) €
ELz(T-i-S,T;H) 1
Uy, () > u() cmabko B L*(t+¢&,T;H>(M)NV),
uy, () >u() cnadbko B C([t+e,T];V),
unk’,(')—>ut(-) ci1abko B L2(1+8,T;H), )]

aKmo k — oo, g koxxHoro €€ (0,7 —1), 3BimKM BHILTHBAaE TBEpMKEHHS (7).
JoBenemo HepiBHICTE (6). I3 Teopemu 1 BUIITMBAIOTh €HEPTETUYHI HEPIBHOCTI:

[} el di = Bz +e)~ E@(r), (10)
I g s O = By (e e) - B, () (an
k>1, €€(0,T —1). I3 HenepepBHOCTI £ Ha V i cniBBigHOUIEeHHS (7) BUILTUBAE
E(unk (t+¢))— E(unk (7)) > E(u(t+¢))— E(u(T)), m — . (12)
OTtxe, i3 popmyn (10)—(12) maemo
I W T A )

ko k — oo, asa koxHoro €€ (0,7 —1). Ockinbku I’ (t+¢&T) — rinpbepriB
pocTip, To 3i chiBBigHOMIEHS (9) i (13) BumuBac (8).
Busnauumo nificauii 6anaxiB npoctip /' i HOpMy B HEOMY:

WMy, M) = {u() e CIMy, My L5V Ya, () € L (M1, M3 H)}

””(')”W(MI,MZ) - ||”(')||C([M1,M2];V) + ||”‘t(')”L2(M1 Mo;H)

e u()eW(M,M,), —oo<M; <M, <+ . 3ayBa)XuMo, 10 iCHyBaHHS (QyHKIIii
tuny JlsmyHOBa O3BOJISIE OTPUMATH PE3yJbTAT MIOJ0 30DKHOCTI B CHJIbHIN
tononorii mpocropy W (t+¢,T) s BCix cimaOkux po3B’s3kiB 3amaui (1) Ha

[t,T],me —c0<1<T <+00,

BusHaunmo Garato3Hause BinoOpaxenns G: R, x H — 27\ @ taxum anmOM:

G(t,ug) = u(®)|u() € K, ,u(0) =ug}.

Teopema 4. Hexail BUKOHYIOTBCS YMOBH pocCTy 1 3Haka. Toxmi Gararo3nadxe
BimoOpaxxeHHsT G € CTPOTHM 0araTo3HaYHUM ITiBIIOTOKOM.

JoBenenns. [loBeneHHs TOBTOpPIOE MIpKyBaHHS, HaBeleHe y mpami [13,
nema 2.7]. Hexait {T'(h)};>, — TpaHcisuiliHa miBrpymna, mo ai€ Ha K, T00TO

T(Wu()=u(-+h), h=20, u()eK,. Ha K, po3riasHeMO TONOJIOTIIO,
ingykoBany 3 mpoctopy ®peme Cp,.(R,;H). 3aysaxumo, mo f,(-)— f()
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Yy Cioe(R;H) Tomi 1 rtinbku tomi, xomn VM >0 1My, f, () > g, f()
B C([OLM;H).

Hactynna Teopema MicTUTB pe3yiabTaTH HpPO HOBI CTPYKTYpHI BIaCTHBOCTI
Ta PEryJSPHOCTI TIOOATBHOTO 1 TPAEKTOPHOTO aTPaKTOPIB YCiX CIaOKHX
po3B’s3kiB 3anauyi (1).

Teopema 5. Hexaii BUKOHYIOTBCSI YMOBHU pocTy i 3Haka. Toxi cnpaBeamnuse
TBEP)KEHHS:

e crporuii 6aratosHaunuii miBnotik G: R, x H — 27\ & mae iHBapiaHTHUH
rI00aIbHUIA aTPakTop A ;

e icHye TpaekTopHuii atpakrop U < K, y npocropi K, ;

® BHKOHYIOTHCS PIBHOCTI:

U=ILLK={u()ekK, |lu@®)eAVteR, }={u()e K, |u(0) e A};

e A — KOMIAKTHA IMIMHOXKWHA V
e s KOXHOT o0OMexeHoi B H  MHOXHHM B  BUKOHYETHCS

disty, (G(t,B),A) —>0, t > o;
e U — obOmexena migmmoxuna L°(R,:V) i My, U — xommakr
y W(0,M) mns koxuaoro M >0;
o s Oyab-s1koi oomexenoi B L° (R, ; H) mMHoxuuu B < K, i Gy1b-sKOro
M >0 BUKOHYEThCA
disty oy (Mo p T(0)B, M 3, U) > 0, ¢ —> +0;

e K — obmexena mimmuoxmsa L°(R;V) i M, U — xommaxr
y W(O,M) mna M >0;
® ISl KOKHOTO 1 € K TpaHWUYHI MHOXUHH

a(u)={zeV|u(t;) >z y V mmst nesKkoi HOCIIJOBHOCTI ¢; —> —oo}

ou)={zeV|u(t;) >z y V ans 1esxoi HOCIINOBHOCTI {; —> — +00}

€ 3B’SI3HUMH IIMHOXKHMHAMU Z , Ha Skux E — crama. SIkmo Z TOBHICTIO
HE3B’si3HA (30KpeMa, SKIIo Z — 3Ji4eHHa), TpaHuiiy V

z_= lim u(¢), z,= lim u(t)
t—>—o0 t—>+00

ICHYIOTb 1 z_, z, — TOYKHU CIIOKOIO; OUIbII TOTO, #(?) TpsIMye y V' 10 TOYKU
CIIOKOIO, SIKIIO { — +00 , 1JIsl KOXKHOTO U € K .

JoBenenns. JloBeJcHHS € MpIMUM HacligkoMm TteopeM 1, 2, 3, [7, Teopema
3.5]. Kpim Toro, ocTaHHe TBepKeHHs BUILINBae 3 Teopemu 1 i [28, Teopema 2.7].

Jisi 1oBeneHHS CKiHYEHHOBHUMIPHOCTI 3 TOYHICTIO IO Majoro Iapamerpa
PO3B’sI3KIB 3a/1a4i MOTPiOHI IBi JOITOMIXKHI JIEMHU.

Hexait X — 6anaxiB mpoctip; P(X) — ciM’s HEMOPOXKHIX MAMHOXHH X ;
C — oOmexena migMHOXkHHA X . Mipa KypaTtoBcbkoro HekommaktHocTi k(C)
MHO)kMHU C  BusHavaetbess Ak k(C)=1inf{6 > 0: C mMae ckiHUEHHE BiJKpHTE

TIOKPUTTS MHOKMH JiaMeTpoM < &}. Barartosnaunuii miBnotik G:R*xX —
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>2"\J e o -TPAaHMYHO KOMITAKTHUM, SKIIO JIJIS KOKHOT 00MEXKEHOT MHOKUHU
CcXx k(UmG(t,C)) -0, 1> ®.

Jlema 1. SIkmio Oararo3HauyHWil MBHOTIK Gy TOBHOMY METPHYHOMY
mpocTopi X — aCHUMITOTHYHO KOMITAKTHUH, TO BiH € ® -TPAHUYHO KOMITAKTHUM
[20, nema 2.4].

Jlema 2. Hexaii G — OaraTro3Ha4Hui MiBIOTIK y PiBHOMIPHO OIyKJIOMY
O6anaxoBoMy mpoctopi X . Skmio GaraTo3HauyHUi MiBNOTIK G — @ -TPAaHUYHO
KOMITAaKTHHM, TO BiH 3aJOBOJILHSE TaKy BIIACTHBICTB: JJIS KOXHOI OOMEKEHOI
MHOXkMHU Cc X Ta €>0 icHye MomeHT uacy fy(C,€) 1 CKIHUEHHOBUMIpPHUI

mignpoctip £ B mpoctopi X Takwid, O IS IEIKOTO OOMEXEHOTO MPOeKTopa

P:X — E MHOXHHaA P(U

t>t

OG(t, C)) oOMmeskeHa B pocTopi X i

(I-P) |JG(t,C)|c C,(0),

12t

ne I — ToToXkHE BimoOpakeHHs B mpoctopi X [20, nema 2.6].

3ayBaXKMMO, 1110 TBEPDKEHHS JIeMH 2 (PaKTHYHO O3HAYA€ CKIHUCHHOBUMIPHICTh
OaraTo3HayHOTO MBNOTOKY (G 3 TOYHICTIO 70 Majoro mapamerpa € . [lepefinemo
1o hopMyITFOBaHHS OCHOBHOI TEOpEMHU.

Teopema 6. 3a BUKOHaHHS TOCTaBJIEHWX YMOB Ha mapamerpu 3amadi (1)
OararozHauyHuii MmiBNOTIK (G, TOPOMKEHWH po3B’si3kamu  3amadi (1), €
CKIHYCHHOBHMIPHUM 3 TOYHICTIO JI0 JOBUILHOTO 3aJaHOr0 Iapamerpa €, TOOTO
st KoxHoi oOmexeHoi mHoxkuHM Cc H T1a £>0 icHytors Taki #)(C,€),

CKiHUeHHOBUMIipHUI mignpoctip £ B H T1a oOMmexenui npoekrop P:H — E,

OG(Z,C)j obmexxena B H Ta (]_P)(Umo G(Z,C))c

[0 MHO’XHMHA P(U o

c C.(0).

JoBenennsi. ['pyHTyIOUNCh Ha BIACTUBOCTSX CJIAOKOi Ta CHIILHOI 301KHOCTI
c1abKuMX  pO3B’s3KiB,  ACHMITOTHYHIM  KOMIAKTHOCTI  6araTo3HadyHOro
miBOTOKY G, 6epyun 10 yBard jemu 1, 2 Ta BpaxOBYIOUM cemapadelIbHICTh
ribOepTOBOTO MPOCTOPY H , OTPUMYEMO HEOOXiTHE TBEPIKCHHSL.

Hacainok. 3a BuKoHaHHS OCHOBHHUX NpPHUIYLICHb Ha mapameTpu 3agayi (1)
TBep/UKeHHS Teopem 1, 3, 4, 5, 6 cmpaBemmmBi I BCiX CITAO0KHUX PO3B’S3KIB
3amadi (1).

Otxe, nmns ximiMaronoriyHoi mogem bymauko—Cennepca eHepreTHYHOTro
OamaHcy, pO3INIAHYTOI Ha piMaHOBOMYy OararoBuii 0e3 Kpawo, BHPILIECHO
MOCTABJICHI 3aBJaHHsS, a caMe: YCTaHOBIICHO iICHYBaHHS PO3B’A3KYy HOCTAaBIEHOT
3a7a4i 3 JOBUILHUMH MMOYATKOBUMH JAHUMHU 3 ()a30BOTO MPOCTOPY, BUBYCHO HOTO
BJIACTUBOCTI, PETYJSPHICTh (3ayBakeHHs 2, TeopeMa 2); 3HAWIEHO (YHKIIIIO
JlsmyHnoBa (Teopema 1); yCTaHOBIIEHO XapaKTep 3aJeKHOCTI PO3B’S3KIB Bill
MOYATKOBUX JaHUX (TeopeMa 3); JoBeeHO iCHYBaHHS I100ansHOTro (Teopema 5) i
TPAaEKTOPHOTO (TeopeMa 5) aTpakTopiB, BHBYEHO iX BIACTHBOCTI (Teopema 5),
YCTaHOBJICHO B3a€MO3B’SI30K MK HHMH Ta IPOCTOPOM MOBHUX TPAEKTOPIH 3a1adi
(Teopema 5), TOCIIIKEHO XapaKTep MPUTATHEHHS PO3B’S3KIB J0 II00abHOTO Ta
TPAEKTOPHOTO aTPAKTOpiB (Teopema 5) i 3’scoBaHO iX CTPYKTypy (Teopema 5),
YCTaHOBJIEHO CKiIHYEHHOBUMIPHICTh PO3B’S3KIB 3 TOUHICTIO O MaJIOTO MapaMeTpa
(Teopema 6).
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AKicHi gn1acmugocmi ma CKiH4eHHOBUMIPHICTG 3 MOYHICIO 00 MATI020 NAPAMEMPA ...

BHUCHOBKHA

VY Xxoal AOCHIJ)KEHHS Ha OCHOBI 11el, METOMIB Ta HiAXOJIB HEIHIKHOro Ta
0araTo3HayHOTO aHami3y, Teopii HEMIHIMHMUX EBOJIOLIMHNX PIBHSIHB Ta BKIIIOYEHB,
Teopii rIo0aTPHUX 1 TPAEKTOPHUX aTPAKTOPIiB OaraToO3HAYHUX IiBIIOTOKIB JJIS
kiriMaTosoriunoi  momem byauko—Ceniepca  eHepreTHYHOro OajaHcy, IO
MICTUTh y cO0i HeJNiHIHE eBOJNIOUiMHE BKIIOUYEHHS MapalOoJiuHOrO THILY,
pO3TIIIHYTOI Ha piMaHOBOMY OaraToBmi 0e3 Kparo, OTPHUMAaHO TaKi Pe3yIbTaTH:
YCTaHOBJICHO ICHYBaHHS pO3B’SI3Ky IIOCTaBJIGHOT 3ajadyi 3  JIOBUIBHUMU
NOYAaTKOBUMHU JIaHUMH 3 (pa30BOro mpocTopy, BHUBYEHO MHOIO BIIACTUBOCTI,
PETYIIPHICTD; 3HaWmeHo (yHKIi0 JISIMyHOBa; BHBYEHO XapaKTep 3alie’KHOCTI
PO3B’S3KiB BiJ MOYAaTKOBUX JaHHUX; JOBEJCHO iCHYBaHHS TJ00albHOrO Ta
TPAEKTOPHOTO aTPAKTOPiB, YCTAHOBJICHO IX TOIOJIOTIYHI BIACTHBOCTI Ta
B3a€MO3B’ 130K MK HIMH Ta TIPOCTOPOM ITOBHUX TPAEKTOPiH 3a1adi, JOCIiIKEHO
XapaxkTep MPUTATHEHHS PO3B’SI3KiB JI0 TI00aJBHOTO Ta TPAEKTOPHOTO aTpPaKkTOPiB
1 3’5COBaHO iX CTPYKTYpYy; YCTAHOBJEHO CKiHUYCHHOBHMIPHICTH pPO3B’SI3KIB 3
TOYHICTIO O Majoro mapamerpa. OTpuMaHi pe3ynbTaTH OyIyTh KOPUCHHMH i
3MOXYTh 3HAUTH CBO€ 3aCTOCYBAaHHS B MOJAJBIIMX TEOPETUYHHUX Ta MPUKIATHUAX
TOCITIKEHHSX TPoOIIeM KITiMaTy.

Pesynprat  nmociikeHb YacTKOBO MiATpuMaHi rpantoMm [IpesumeHTa
VYxpaian GP/F75/127-2018.
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BUCOKOMNPOAOYKTUBHI KOMITIOTEPHI

MPOrPECUBHI IHOOPMALINHI TEXHOOCrTI,
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IMOCTPOEHUE JIBYXCTAJIUVMHBIX PACTIMCAHUM
OBPABOTKH U3EJINI HA OJJHON MAIIIMHE

I0.A. 3AK

AHHOTanusA. PaccMOTpeHB! pa3iaMyHble [TOCTAHOBKU, MaTeMaTH4YECKUE MOZEIH U
CBOMCTBA 3a/1a4 MOCTPOCHUSI ABYXCTaJMHHBIX PACIHCAHUN BBINOJIHEHUS paboT Ha
ofgHo} MammHe. Kpurepnyn onTUManbHOCTH — BBITMIOMHEHHE PACIHMCAHUN B KpaT-
Jaiilliie CPOKM M MHUHHMH3ALHUS CYMMAapHBIX MOTEPb, CBA3aHHBIX CO BPEMEHEM 3a-
BEpIICHNUS BRIMONHEHHS 3aganuil. [Ipemioxens! a3 dexTrBHbIE TPUOIMKEHHBIE Me-
TOJBI PEIICHHUS 33ad, KOTOPbIE IPOMITIOCTPHPOBAHBI HA YHCIIOBBIX MPUMEpax.

KuroueBbie cioBa: ,HByXCTaZ[PIfIHBIe pacnucaHus Ha OHOM MalinHe, BPEMS BBIIIOJI-
HCHUA, HOCTO6pa60TKa 3aIaHANA 1 nepeHajajka MallvuH, Ha4aJlbHOC U KOHCEYHOC
BPEMS BBIITIOJIHEHUA 3a}:[aHHfI, ONTUMAJIBHBIC ITOCJICA0BATCIIBHOCTH.

BBEJEHHE

ITocTanoBKka 3agaun

TexHOTOTHYECKUH TpoliecC MPEAyCMaTPUBAET M3TOTOBICHUE W3ICTUN Ha ABYX
MoCTIeI0OBaTEeNbHBIX cTaausax o0padboTku. Ha kaxmoit u3 3Tux craanii Bce M3AeIus
o0OpalaThIBalOTCA B OJHOM M TOM e MocienoBaTenbHOCTH. PaccmarpuBaroTcs
TPU MMOCTAHOBKH 33Ja4l MOCTPOCHUS PACTIMCAHUM, IIENIbI0 KOTOPBIX SBISETCS OIl-
pedelieHre ONTUMAIbHON MOCIIE0BATEIbHOCTH, BPEMEHH Hauyajga U BPEMEHH 3a-
BEpIIEHUS 00paOOTKU 7 W3/ICIIHIA.

3agauya 1. Ha kaxjo#i ctaauu npou3BOIUTCS 00pabOTKa M3ACTUIl Ha OJTHOM
MmammHe. [lociie M3roToBNEHNUS Ha MalluHEe Ha KaXKIOW CTaauu O0O0pabOTKH BBI-
MOJIHAETCS TTOCTOOPa0OTKAa KaXXJAOro H3ICNHS, MPEAyCMaTPUBAIONIas KOHTPOJIb,
UCTIBITAHUE, HEOOXOUMOE BpPEMsl MPOJICIKUBAHUS (HAPUMED, C OXJIAKICHUEM
WM HarpeBaHueMm), oopMIIeHHEe HEOOXOAMMOM TOKYMEHTAIH, TPaHCIOPTHHIE
MOTEPH BPEMEHH, UYTO HApAIy ¢ HEOOXOIWMBIM BPEMEHEM Ha U3TOTOBIIEHUE TaK-
ke TpebyeT 3arpaT BpeMeHHU. M3roToBIeHre N3IeTuil Ha KaKI0M U3 IBYX CTaJaui
BeZleTcs Oe3 mpepbiBaHuid. [locne M3roTOBICHHUS W3IENUs Ha TEPBOA CTaaAud U
MOCTOOPaOOTKH WM3MEINe MOCTYIIaeT Ha BTOPYIO cTamuio o0padboTku. Ha xaxmoit
cTtaguu 00pabOTKH MOXKET HAYaThCs M3TOTOBIICHUE CIICAYIOIIETO B TOCICIOBA-
TETBFHOCTH U3JIECTHUS HETIOCPEACTBEHHO MOCIE 3aBEPIICHUS MU3TOTOBICHUS MIPEIbI-
nymero m3genus. Ha aByx cragusx oOpaOOTKH HM3TOTOBIEHUE U3NENUN TPO-
W3BOIUTCS B OHHOW M TOH € MOCJIEIOBAaTEIbHOCTH. HeoOXoammo HaWTH

© FO.A. 3ax, 2018
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MOCTIEIOBATEILHOCTh HM3TOTOBIICHHS W3JICNINH, MUHUMH3UPYIONIYIO BPEMs BBI-
TIOJTHEHUSI PacIIMCaHus BHITIOJHEHHSI BCEX PadoT.

3agaua 2. B ycnoBusax oOpaOOTKH W3AENWi, aHAJOTUIHBIX OMHCAHHBIM B
3agade 1, mpemycMaTpuBaeTcs APYTroil BUA KPUTEPUS ONTHMAIBLHOCTH MOCTPOEH-
Horo pacrnucanus. OT BPEMEHHU 3aBEpIICHHs HA BTOPON CTaauU 00pabOTKU Kax-

Joro uzgenus (mocnie yTana noctodopadorku) 7; 3aBUCIT HEKOTOPbIE CTOMMOCT-

Hbl€ MOTEpU, KOTOpbIe 3aJaHbl JIUHEHHOU ¢yHKkuuedl moreps f; =a; +¢;71;,
i=1,..,n, r1e a; — HEKoTopas MOCTOSHHAas BeauuuHa noreps npu 7; > 0. He-

00X0JMMO TIOCTPOWTH pACIHCAaHWE BBITIOJHEHHS BCeX pabOT Ha ABYX CTaAHAX
00pabOTKH, MUHUMHU3HUPYIONIEE CYMMapHbBIE CTOMMOCTHBIC MOTEPH, CBSI3aHHBIC

n
C BpeMeHeM 3aBeplieHUuss 00pabOTKU BCeX H3MCIIHIA, F:Z(ai +¢,T;) . Hanee

i=1
Oyzer 1okas3aHo, 4TO 3HAUCHMs g; HE BJIUAIOT Ha IOCTPOEHUE ONTUMAIbHOM IO-
CJIEIOBATEIBLHOCTH BBIMIOJIHEHUS Pa0oT, a TOJIBKO MO3BOJISIOT BRIYUCIUTh (DAKTH-
YEeCKOE 3HAUCHUE KPUTEPHUS ONTUMAIIBHOCTH, KaK B ONTUMAIBHOM, TaK U B APYTHUX
peIIeHusX.

3apaua 3. M3BecTHO Bpemsi 00pabOTKH BCeX M3MEIH, a TaKKe BpeMsl Tiepe-

HAJIaJIOK MaIllMH [IPH MePeXoie OT 00pabOTKK OJHOTO M3 U3JCNIUN K APYroMy Ha
MaIIMHAX Ha KaxI0# u3 NByX craauii o0padotku. Ha kaxmoit u3 3Tux craauii Bce
uznenus o0padaTeIBarOTCSI B OJHOW M TOH ke mocnefoBarenbHOCcTH. [locme 3a-
BepmieHNsT 00pabOTKM HEKOTOPOTO W3JIENWs Ha TEpPBOM CTaIWH, €CIM MallliHa
BTOpO# craauu 00pabOTKH 3aBepiinia 00pabOTKy MPEabIIYIIEro, T.€. CTOSIIEro
nepe]; HUM B TMOCIIEOBATENIbHOCTH U3JIENHS, U 3aBEPIICHNUS COOTBETCTBYIOIIETO
BPEMEHH MEepeHaIaIKi OHA MOKET HauWHaTh 00paboTKy 3Toro m3aenus. Hauamo
00pabOTKH CJCIYIOIIEro M3CTUs Ha MEePBOWM CTaJUU TAKXKE JOJHKHO BKIIIOUATh
BpeMsl MepeHalafku 3Tol mamuHbl. HeoOXoauMo HalTH MOCIeI0BaTEIBHOCTD,
T.€. paclrCaHne BBHIMOJHEHUS paboT, oOecrieunBaloliee 3aBepuIeHne N3rOTOBIIE-
HUSI BCEX U3JIETIMI Ha BTOPOM CTaJuu B KpaTdyallline CpoKH.

CocTtosinue pa3padoTok

3amauaM TMOCTPOCHUS PACIIHCAHWN BBITOTHEHHS padO0T HA OMHON MammHe 0e3
ydeTa OrpaHHMuYCHHH Ha BpEeMs 3aBEpIICHHs] W YaCTUYHBIC TOCIIEAOBATEIHLHOCTH
YACNAJIOCH 3HAYUTEIbHOE BHUMAaHUE B MOHOTpapuix M MEPUOJUUECKON JInTepa-
Type (cM., Harpumep, [1-4, 6—15]). Haubonpmmii uHTEpEC MpenCTaBIsSIeT y4eT
BPEMEHHU TepeHaIaJJOK MAaIIWHEI TP MIEPEX0/Ie OT BBHITOJHEHHUS OJHOTO 3a/laHUs
K Ipyromy, a Takke BpeMEHH, He0OXO0AWMOIro Ha MOCTOOpabOTKy Mmocie 3aBep-
IIEHUs] U3TOTOBJICHHS M3/Iei Ha MamuHe. Hanbomnee 4acThIMU KpUTEPUSMU OTI-
TUMAJIBHOCTH SBIISTIOTCS TPEOOBAHWS BBIMTONHEHHSI BCETO KOMILIEKCa paboT
B KpaT4alIiie CpOKM ¥ MUHHMHU3AIMs CyMMbI IITPaOB 3a MPEBBIIICHUE TUPEK-
TUBHBIX CPOKOB 3aBEpIICHUS BBIMOJHEHUS paboT. [ng nuHedHbIX QyHKOMN MO-
Tephb B paboTax [2, 4, 6] MOIy4eHO ONTUMATILHOE pEIIeHUE 3ajadl MUHUMHU3AINH
CYMMBI IITpad)oB, €CIH MOCIECOBATENILHOCTh BBIMOJHEHHUS Pa0OT yHopsgodYeHa

10 yOBIBaHUIO BEJIHMYMH —. B ciydae ydera nepeHanagok M MoTepb BpeMEeHH Ha
1

nocToOpaboTKy 3aa4i MUHAMH3AIUN BPEMEHU BBITOJHEHUS! PACIMCaHUsI OTHO-

csTes K kinaccy NP-cnoxubIXx npoOneM. DQQeKTHBHBIE alropuTMbl TOYHOTO pe-
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HICHUs 33a[a4H, YUYUTHIBAIOIIEH MOTEPU BPEMEHH Ha MOCTOOPabOTKY ¢ OMOILIBIO
Schrage-algorithms u ero momuduKamnwy, BepBble OBUIN MPEIIOKEHBI B padboTe
J. Carlier (1982) [10], a B yc/IOBUSIX pa3IMYHOIO BUJa OrpaHUUEHU — B paboTax
[6-8] u [13—15]. B cnyuae yueTta noTepb BpeMEHH Ha MepeHaNaAKi MallluHbI, a-
e TIpY HaJIMYWHU OIPAaHMYCHUN Ha CPOKH BBIIIOJHEHUS PabOT, UCIIOIB3YIOTCS all-
TOPUTMBI, OCHOBAaHHBIE Ha METOJAaX BETBEH M TPaHUI] U AWHAMHYECKOTO IIPO-
rpammupoBanust [2—4, 6—12]. Otu anroputMsl Hamboliee YacTO MPHUMEHSIOTCS
B HACTOALIEEe BpeMsl Ui IOJyYEHHS TOYHBIX PELICHWH NPaKTUYEeCKUX 3amad
0O0NBIION Pa3MEPHOCTU B YCIOBHUSIX OTCYTCTBHUS JOIOJIHUTENIBHBIX ONpaHUYCHUH.
3a/jauaM [MOCTPOEHUS ABYXCTaIUHHBIX paCIUCAaHUN BHITIOJIHEHUS paboT Ha OAHOM
MallliHe, KOTOpble UMEIOT OOJNbLIOE MPAaKTUUECKOe 3HAYEHUE W SPKO BBIPAXKEH-
HYI0 CIIenn(pHUKy, HE YICISUIOCh JOCTATOYHOTO BHUMAHWMS B JIUTeparype. Iddek-
TUBHBIE METOJABI PELIEHHs 3TOr0 Kjacca 3afad HaWAyT LIMPOKOE NMpPUMEHEHHE
B TIOCTPOCHUH KaJIeHOApHBIX IUIaHOB PaOOTHI MPOM3BOJACTBEHHBIX KOMILIEKCOB U
B MapILUpyTH3auy NepeBo3oK. [IpakTuuecku BaskHbIE MOCTAHOBKU U ITyTH PELICHHS
3a71a9 TIOCTPOCHHSI MHOTOCTATUIHBIX PACIIMCAHUH pacCMaTPUBAIINCEH B padoTe [S].

MATEMATHYECKAS ®OPMYJINPOBKA 3AJJAY

Benem crnenyromue 0003HaYCHHS:

1 2 .
X; U X; — COOTBCTCTBCHHO BpEMs Hadajla 06pa6OTKI/I 1 -TO U3ACIHUsA Ha

NepBOi U BTOPOH cTaausix oOpaboTKy;

t} u tiz — COOTBETCTBEHHO BpeMsi 00paOOTKH i -ro M3JeIusl Ha MallllHE Ha

NepBOIi ¥ BTOPOIi CTaguiIX 00paboTKu;

I’}-l u 7}-2 — COOTBETCTBCHHO BPEMs HOCT06pa60TKI/I [ -r0 U3JeNus Ha nep-

BOIl M BTOpO#l cragusx oOpabOTKH (HEOOXOIMMOE BpEeMs IMPOJICKUBAHUS, KOH-
TPOJIb, UCIIBITAHUS, TPAHCIIOPTUPOBKA U T.1I) ;

1 2
a; M aj;

HUS Ha TEPBOM M BTOPOH CTaIusX 0OpaOOTKU TMpH MEpPexoj]ie MAIIMHBI OT 00pa-
0OTKM i -TO M3ACTUA K j-MYy, i, =1,...,n;

— COOTBETCTBEHHO TOTEPH BPEMEHHU Ha TIepeHasaIku 000pya0Ba-

1 2 .
0; u 6; — COOTBETCTBEHHO BpeMsl 3aBepIICHUs] O00pabOTKH i -T0 W3NS

Ha MaIllMHE Ha MEPBOIl U BTOPOi cTamusx o0paboTKH;

Tik = 9,{‘ +r,-k , k=1,2, — COOTBETCTBEHHO BpEeMs 3aBEpILICHHUS H3rOTOBIIE-
HUS [ -T'O U3JISNIUS Ha MIEPBOM U BTOPOU CTausX 00pabOTKy;

T', T? — COOTBETCTBEHHO BpEeMsl BBIONHEHHsS BCEX PAaGOT HA IEPBOIl U
BTOPOH CTaAMsIX 00pabOTKH;

T — BpeMs 3aBeplICHHS BBITOJHEHHS BCEX pabOT ABYXCTAIUIHOIO PacIiu-
CaHusl.
Torpa nns 3anay 1 u 2 cripaBeUIUBBI CIEAYIOLIUE COOTHOLLICHUS:

k _ _k k k _ nk k 7k _ k _ .
0; =x; +¢;, I; =0; +r; , T" =maxT; , k=12;

1<i<n

x> =0 +1; T =T? =maxT?. (1)

1<i<n
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[Tycts mocTpoeHa HEKOTOpas MOCIEJOBATEIBHOCTE OOpaOOTKHM H3IENui,
OJIMHAKOBAs JUIS ABYX CTamUi 00paOOTKU [ = {ij,is,...,lj_1,0jpeersiy} -

1 _ 1 _ 1 1 _pl . .2l 1,1.
xil—l, 9,.1—1+zl.1, xi2_9i1+1, xi1_9i1+’71+1’
22,2 02, 2.
Gil—x,-1+til,Til—6i1+ril,

1 _pl 1 _ .1 1.
x;, _e,.l_l +1, 61-] =x;, +1;

2 _ 1 1 a2 2_ 2,2 a2, .2
x;, —rnax(Gl.l +rl~l,9iH)+1, Gil =x; +1i, Ti, —Gil +1,

[=2,...,n.

KpI/ITepI/II/I OIITUMAJIbHOCTH 3aaa4 1 1 2 UMEIOT COOTBETCTBEHHO BUO:

T =minmax7; ; 2)
1<i<n
n

F=min) ¢7T; .

i=l1
B MIPUHATBIX 0003HaYCHUSIX JJIA 3a1a49u 3 CIIpaBCAJIMBbI COOTHOIIICHUA:

1 _ 1 _ 1 1 _qpl 1 . .2 _qpl p2 22,
xil—l,9i1—1+t,~1,xi2—9,~1+a[1,[2+1, xil—9,-1+1,T,~1—9[1—x,~1+t[1,
1
i-1

1 _nl 1

1 _ql 1 _ 1,1
Xy _eil—l ta +1, 9"1 =Xt Xy, =Y

x; =max[(0], +1),(07  +a;  +D)];

i =9i21 =xl% +t§ , [=2,..,n.

Kpurepwuit ontumansHOCTH 3a/1a4u 3 — BBIpaKeHHE (2).

[TocTpoenuto 3TOro BUAa paclUCAHU HAa OJHON MallllHE MOCBSIICHBl MHO-
rue nyOJIMKalKMK B MOHOTpaUIX U NMEPUOAUYCCKON JTUTepaType (CM., Harpumep,
[1-3]), rme npemioxkensl 3¢ (GEeKTUBHBIE METOABI IIOCTPOCHUS TOYHBIX U MPUOIH-
JKEHHBIX PEIICHUN Ja)Ke B yCIOBUSAX HAIMYUS OTPAHUUYCHUM HA CPOKHU 3aBeplie-
HUS BBITIONHEHHS OTIENBHBIX paboT. HwkHSS TpaHWIla BPEeMEHH BBITOIHEHUS
pacmucaHusl Ha OJHON MallliHE MOXeT OBITh BBIUYMCIICHA, €CIIi BCE pabOThI pac-
MOJIOKUTH B TMOCIEIOBATEIILHOCTH BO3pPAcCTaHUsl CPOKOB 3aBEPIICHUS BBIMOIHE-
HUS paboT

T =0 +¢f +rf, T ={i=1.n|T} <T} <.<Tf <. <7/}, k=12,

A0NyCTUTD IIPEPLIBAHUC BBINIOJIHCHUSA pa60T n B Ka)KIH:Iﬁ MOMCHT BPEMCHU Tk

OCYHICCTBJIATH CIIC HEBLIITOJIHCHHYIO k -10 pa60Ty n3 nocCJICA0BATCIIbHOCTHU Jk .

JUIs1 KOTOPOU BBITNOJIHSAOTCS YCIOBUS <o, ABTOpY He U3BECTHBI IIyOIHUKaUN
0 3ajjayax IMOCTPOEHHUS JIBYXCTaJIUUHBIX pPACHUCAHUNA B OINHUCAHHOW BBINIE MO-
CTaHOBKe.

i momy4eHnss 10CTaTOYHO rpy0Ol HMKHEW TPaHUIbl pacCMaTpUBAEMOTO
BBIIIE JBYXCTAaAUHHOTO pPACIHCaHUS BBITIOJHEHHUS Pa0OT MOXHO BOCIIONB30-
BaThCA CJICAYIONIUM AJITOPUTMOM BBIYHCIICHUH.

1. ITocTpoum nocnenoBaTenbHOCTH J "'u J? Ha kaxn0i crammn 00paboTKH.
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2. BribepeM Ha nepBoil craguu U3jenue ¢ MHIEKCOM i — IHEepBOe B IOCIeE-
JIOBATENBHOCTH J ' ¢ BpeMeHeM 3aBepIICHMs M3TOTOBICHHS €ro Ha JTOH CTaluu

T,-ll. OmpexenuM BpeMs 3aBEPIICHUs TOCIEAHETO HM3ACITUS B JTOH IOCIemoBa-

TensHOCTH J |, KOTOpOe 0003HAYMM Yepes3 Tl-i .

3. KoppektupyeM nomycTuMOe BpeMs Hadajia oOpaOOTKH U3JCIUi Ha BTO-
pO¥i cTamuu N3rOTOBJICHUS: 6,-2 = max (9,-2,T }1 +1), i=1..,n.

4. Tlocie MOCTPOCHHUS ITOCIIEIOBATEIHLHOCTH J? Ha BTOpOU cTaamm oOpa-

OOTKM B HOBBIX YCJOBHSAX BBIUYMCIHNM HIKHIOIO TPAHUIYy TIO TOMY K€ alTrOpUTMY,
YTO ¥ B ONMCAHHOM BBIIIIE CIIyYae MOCTPOCHUS pacHucaHus paboT Ha OJHOW Ma-

71
myHe. BpeMs BeIOIHEHUS 3TOro pacnucanus o0o3HauuM uepes 7' .
5. OmpenenuM MUHMMAJbHBIE 3aTpaThl BpEMEHH Ha W3rOTOBJIEHHE U MTOCTO0-

paboTKy Ha BTOpO# ctaguu o0paboTku d 2= min(z,-2 +riz) Y BBIUHCIIUM 3Hade-
1<i<n

nne T2 =Tii +1+d?.
6. Hwmxnelt rpaHHueﬁ ﬂBYXCTaHHﬁHOF O pacnrcaHus MOXET 6I:ITB 3HAYCHUC
E(T)=max(T',T?).

AJITOPUTM PEHIEHUSA 3ATAYH 1

O003HaYNM:
I ={i=1,...,n} — MHOXECTBO BCEX M3JCIUH, MO IeKAIINX 00pabOTKE;
I, I° — COOTBETCTBEHHO MOJIMHOXKECTBO H3ACIMM, JUIsi KOTOPBIX YXKE

B IIPOIIECCE BBIMOJIHECHUS aJrOpUTMa OIMPE/CIICHO M HE ONPEICICHO MECTO B II0-
CJIeIOBATEILHOCTH 00pabOTKH;

FIF2_F FlAT2 i
I'dr=1,1"Ni*=g;
s=1,...,S=n — mocienoBaTeibHbIC 3Tallbl BBHIOOpA H3IETHH, BKIFOYACMBIX
B 00pabOTKYy, T.€. WICHBI MOCIEIOBATEILHOCTH.
B Hayaie npoiiecca Mmoo uM 7! :IS1 =, 12 :IS2 =] ={i=1,...,n}.
AJTOpUTM NpeayCcMaTpUBAET BHITIOJTHEHHE CIEAYIONIIMX [I1aroB.

Hlar 1. Ha s -M 3Tamne BpI60pa A7 IOAMHOXKECTBA U3euil [ ? BBITIOJTHSIEM

BEIYHMCIIEHUS TIAPAMETPOB 9} " Ti1 ,iel SZ , B COOTBETCTBUHM C BbIpaskeHneM (1).

OnpenensieM:
x? =max(0! +1,x?), 02 =x? +17, T?=0>+r*, icl?,

02 =min0?. (3)
Is z'eINAZv !

Ecnu cymiecTByeT HEKOTOPOE MOAMHOXKECTBO M3enuid J ? , YJOBJETBOPS-
rolee cooTHouienuto (3), T.e. Js2 ={l|l e ISZ, Gi = Gi}, TO Cpely HHUX BBIOH-
paeM H3IeNue ¢ UHAEKCOM p, €J ﬁ, IUTE KOTOPOTO CIIPaBEeIJIMBO COOTHOIIIEHUE

2 2 .
0 > =m1r21Ti . Ecnmnm u Takux wu3menud CyHIECTBYET LEN0E IMOAMHOMXKECTBO
s ~
ieJy
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=2 F2 o2 . m2
Iy ={pslp,elJ;.T, = min T }, T0 U3 HAX BBHIOMPAEM H3IEIHE C HHICKCOM

s€Js

D eFi , YIOBIETBOPSIOIIEe COOTHOIICHHIO Ggs =min2 9}. Ecmu cymectByer
ieKg

HEKOTOPOE€ MOJMHOXKECTBO O, € Kf TaKUX M3JEIUH, TO Cpeiu HUX BBIOUpaeM u3-
JlleMe ¢ HAMMEHBIIUM HMHAEKCOM = 1{i| j, =min}. OG03HaUMM MHIEKC H3Jie-
ielzg
nus, BHIOPAHHOTO Ha 1-M mare, kKak j . BeiOupaeM M BKIIIOYaeM 3TO M3JENUE
B KQ4€CTBE § -I'0 WICHA II0CJIEA0BATEIbHOCTY U IEPEXOIUM K Hiary 2.
) F1O_TFly 3 T2 O_T2,3

Iar 2. Ompepmensem s=(s+1), I, ,=I,Uj,, I5,=1/j,. Ecim

1s2+1 zdu Isl+1 # [ , mepexoauM K mary 3, B IpOTUBHOM Cllydae — K 1ary 4.

IIar 3. BeimoaHsaeM BBIYUCIECHUS

x} = max (Og.s +1,x}), x7= max(ei +1,x7);
k _ nk k _ . 72
T =0; +r' , k=12,iel .

[Tepexomum k mary 1.

Hlar 4. OmpexaensieM NOCIENOBATENILHOCTh 00paOOTKHA W3AETUN P =
={j, € 7 |s=1,2,...,S =n} W BpeMs 3aBepIlicHHs PACIIUCAHUS BBITIOJHEHHUS BCETO
KOMILIEKca paboT

T =maxT?.
I<s<S S

AJropuTM 3aBeplIaeT CBOIO padoTy.
PaboTy anropuT™ma npoMILTIOCTPUPYEM Ha YHCIOBOM IPUMEpE.

HNanmocTpatuBHblii npumep 1

[TapameTpbl U3rOTOBJICHUS IIECTH M3ACIUI HA JBYX CTaIUAX 00paOOTKU MpPHUBE-
neHsl B Ta0. 1.

Taoauuma 1. Ilapamerpsl H3rOTOBJICHUS IISCTH H3IEITHI HA IBYX CTAIHSIX 00pa-
00TKH

TMoka- IToka3aTenu nepsBoro 3rana 3 ITokazaTen BTOPOro 3Tamna 3
saTem 00padoTKHU pPa3JIHYHBIX U3/AeHii 00padoTKHU pa3JIHYHBIX U3AeIHi
1 2 3 4 5 6 1 2 3 4 5 6

X; 1 4 2 7 10 8 14 6 9 12 | 15 | 10

t 6 5 3 7 2 4 8 7 5 4 8 6

7 2 3 4 1 5 8 5 3 1 2 3

Har 1. (s=1). Pacuer Hanboee paHHETO BPEMEHH 3aBEPINEHUS U3TOTOB-
JICHUS PA3IMYHBIX U3ICTUN IPUBEICH B Ta0II. 2.

Ilockonbky — min 07 =03 =15, Beibupaem m3aenue 3: x3 =2, 03 =5,
i=1,2,3,4,5,6

X3 =T +1=10, 063=15, T/ =18.
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Tadauma 2. Haubonee panaee BpeMsi 3aBEpIICHUS U3TOTOBJICHUS Pa3INIHBIX
171631 (117071

I IMoka3zaTe/iu mepBoro 3rana Iloka3atenu BTOpPOro 3Tana
Oxa- 00paldoTKN pa3TNYHBIX M3JeJHil 00paldoTKN pa3INYHbIX H3eTU

M T T T3 [ 4 [ 5 6 | 1] 21314756
X; 1 4 7 10 8 14 13 10 16 18 19

2
0; 7 9 5 14 12 12 | 22 | 20 | 15 | 20 | 26 | 25
T; 9 12 9 15 17 18 | 23 | 25 | 18 | 21 | 28 | 28

Hlar 2. (s=2). I'= {3}, 7%= {1,2,4,5,6} . 3HaueHHs OCHOBHBIX MapaMeT-
POB 00pabOTKH TOCIIEe YCTAHOBKH HA TIEPBOE MECTO B MOCIIEA0BATEIIHPHOCTH H31e-
nus 3 IpUBEIeHBI B Ta0II.3

Ta6amna 3. OCHOBHbIC TapaMeTpbl 00PaGOTKH OAMHOKECTBA H3JENHii 1 2

n MMapameTpsl o0padoTku ugeauii | Ilapamerpbl 00padOTKH U3/AeTUIH
apa- Ha MepBOM JTarme [ = Ha BTOPOM J3Tamne [ =
MeTpbI
1 2 4 5 6 1 2 4 5 6
X; 6 6 7 10 8 15 15 16 16 16
t; 6 5 7 2 4 8 7 4 8 6
7; 2 3 1 5 6 2 5 1 2 3
i 12 11 14 12 12 23 22 20 24 22
T 14 14 15 17 18 25 27 21 26 25

ITockosnbky min 61-2 = 63 =20, BbiOupaem uznenue 4: x}‘ =7, 61‘ =14,
i=1,2,4,5,6

T, =15;
xj =T, +1=16, 05 =20, T] =21.
Ilar 3. (s=3). I'= {3,4} , %= {1,2,5,6} . 3HaueHUsI OCHOBHBIX Tapa-
MeTpOB 00pabOTKH MOCIIe YCTAHOBKHU B 9THUX YCJIOBHUSIX IIPUBEACHEI B Ta0I. 4.

Tadaumua 4. OcHOBHBIE MapaMeTpbl OOpabOTKM MOAMHOMKECTBA H3IEIUI
1% ={,2,5,6}

IMapamerpsl 00padoTku u3nenuii| IMapamerpsl 00padoTkm u3meanii
I[MapameTpsbl HA MePBOM JTamne [ = HA BTOPOM 3Tamne I =

1 2 5 6 1 2 5 6
X; 15 15 15 15 24 24 23 26
t; 6 5 2 4 8 7 8 6
7 2 3 5 6 1 5 2 3
0; 21 20 17 19 32 31 31 32
T 23 23 22 25 33 36 33 35
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ITockonbky

xi=15, 05=17, T4 =22; x2 =T; +1=23, 0 =31, T¢ =33.

min 07 =02 =02 =31, a 0L <ol , BeIOMpaeM wuszjenue S:
i=1,2,4,5,6 " 270 52

Har 4. (s=4). I'= {3,4.5}, 7%= {1,2,6} . 3Ha4eHUs OCHOBHBIX Tapa-

METpPOB 00pabOTKH MOCTe YCTAaHOBKM M3 5 MpUBEIEHBI B Ta0I. 5.

Tadaumua 5. OcHoBHBIE mapaMeTpbl OOpabOTKM MOAMHOMKECTBA H3IEIUI

1% ={,2,6}
MMapameTpsl 00padoTku uzaeuii | [lapamerpsl 00padoTkH u3aeauii
IMapamerpbl Ha MepPBOM JTame [ = Ha BTOPOM 3Tamne [ =

1 2 6 1 2 6

t; 18 18 18 32 32 32

t 5 8 7 6

7; 6 1

0; 24 23 22 40 39 38

T; 26 26 28 41 44 41
IMockonbky min 07 =07 =38, BeiGupaeM m3zenne 6: xg = 0 =22,

T} =28; x}=

i=1,2,6

min (75 ,05) = min(28,32) =32, 02 =38, I} =41.

Hlar 5. (s=5). I'= {3,4,5,6} , %= {1,2} . 3HaueHns] OCHOBHBIX Iapa-

METPOB 00paOOTKH TOCIIE YCTAHOBKY M3ACNUs 6 TIpUBEICHEI B Ta0II. 6.

Tadaumuma 6. OcHOBHble MapaMeTpbl 0OpaOOTKH MOJMHOXKECTBA M3IENIUH
Ir={,2

IMapameTpsl o0padoTku usge- ([lapamerpnl 00padoTKM M3AeMIA

IMapameTpsl JIMii Ha BTOPOM 3Tamne [ = Ha BTOPOM J3Tane [ =
1 2 1 2

t; 23 23 39 39
t; 6 5 8 7
v 2 3 1 5

0; 29 28 47 46

T 31 31 48 53

[Tockonpky min 61-2 = 6% =46, BbIOMpaeM uzgenue 2: xé =23, 612 =28,
i=1,2

Ty =31; x3=(0; +1)=39, 03 =46, I} =53.
Hlar 6. s=6. BriOupaem wuzgenue 1:

Xt =(03+1)=47, 6} =55, I =56

xi =29, 0]=37, T=38;
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AJITOPUTM PELHIEHUSA 3AJAYH 2

Hcnonb3yem Bce 0003HaUEHHs alropuTMa pelIeHus 3ajJaud 1, U B Havajue Mpo-
71_71 T2_TF2_F _

necca nonoxuM [ =1, =, [ =1 =1 ={i=1,...,n}. Onpenenum MUHUMAIIb-

HbI€ 3HAYCHUS BPEMEHU 3aBEPLICHHs H3TOTOBICHHS U3MENUI Ha ABYX CTaIusIX

00pabOTKH ¢ YIETOM 3aTpaT BPEMEHH Ha ITOCTOOPabOTKY:

11 1 ml_l 1. 2 - oml N
0,=x;+t;, T; =0;+r;; xj =min(T; +1,x7);

07 =x?+17, T =07 +r; i=1,..n. (4)

B nHauane mporecca Ha KaXaoM § -M Iare BRIYUCICHUH, s =1,...,S, ymops-

2
T:
JIOYMM MHOXKECTBO BCEX M3/ICIHIA MO BO3PACTAHUIO 3HAYCHUN —— !
G
2 2
2 .. . . . Tl—l Tl —
Ji= U TR P | —<—,1=2,..,n.¢, s=L..,§,
€1 G

rne st s=1 n,=n, I]=J =@, I?=J2={i=1,.,n}.

Ha xaxmoM s-m mare ajnroputMa i  MHOXKECTBA  U3JEIUU
~9 .. . .
IS = {lp,lpﬂ,...,lu,...,zns}, rae ng =n—(s—1), BIUUCIAEM 3HAYECHUS CIIEIYIO-
IIMX TapaMETPOB:

xl

_ -1 pl 1 _ 1,1 5l_pal ,1,,1.
u _max(x“,ensfl +1), eu =X+, Tu _9u+ru”u’

2 2,4 =2 22,2 2_p2, .2 Ts
X, —max(Tu +1,x“), 6“ =X, +1, Tu —(9}l +ry, pel,.
CTpouM TMOCIEIOBATENBHOCTE J sz B COOTBETCTBUU C BBIpaxkeHUEM (4):
J2={i i i, }
s M2t g S

YcTanapiaMBaeM HM3OEIUE C MHIACKCOM I Ha 1nocCJIEAHEEC MECTO B IIOCIICOO-

Jy=JiUi o I3 =010,).

Mg

arensioctd  J). Tlomaraem 1) =T'U iy s

T2 _ (24 FI_T 72
JE=(J2/ iy,).Eemn I{ =1, I = nonpeneneHa mocne10BaTelbHOCTb U3I0-

o jz ). . . . -1 41
TOBJICHUS. BCEX MBACIUN J ¢ =1 J15 Joseees J1-15J 1505 ] s | —<—
C1 G

J=2,.,n,¢, TO

BBIYHCIIEIEM 3HAUCHUC KPUTCPUA ONTUMAJIBHOCTH — BCJIMYMUHBI CYMMAPHBIX IIO-

n
Tephb 10 opmyire F = z (a; + ¢;T;) . Hastom anroput™ 3aBepiaer padoTy.
I=1
B rmpotuBHOM ciyd4ae, €ciH IS1 1, 152 #(J, momaraeMm Isl+1 =IS1 ,

]Szﬂ = IS2 , $:=(s+1) 1 BHOBb BHITIOJHSCM CJICAYIOIINI IIIar arOpuTMa.

NamocTpaTuBHbIA NpuMep 2

[MapameTpsl U3rOTOBJICHUS MATH U3/ICTHN HA JBYX CTAAUAX 00paOOTKU MPUBEICHBI
B Tabi. 7.
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Tadaumua 7. Ilapamerpsl 00pabOTKM U3neNUi

n INoka3aTen nepBoro 3rana IToxa3aTen BTOPOro 3Tana
332;; 00padOTKH Pa3TNYHBIX M3eJHil 00paldoTKN Pa3INYHbIX U31eTU
1 2 3 4 5 1 2 3 4 5
X, 1 4 2 7 10 14 6 9 12 15
t; 6 5 3 7 2 8 7 5 4 8
7 2 3 4 1 5 1 5 3 1 2
o, - - - - - 0,5 1,0 1,2 0,5 1,0

Iar 1. (s =1). Beruncanm MUHUMAaIbHBIE 3HAUEHUS BPEMEHH 3aBEPILICHUS
M3TOTOBJICHUS M3JIEINH Ha ABYX CTaAHsIX 00pabOTKH C y4ETOM 3aTpaT BpeMEHHU
Ha MoCcTOOpaboOTKy, KOTOpPBIE CBEJeM B TaOII. 8.

Tadauuma 8. I'pannunbple 3HaAUESHUS BpeMeHH 00pa00TKU U3

I'paHuyHbIC 3HAYCHHS TAPAMETPOB
Ha KaXKI0M cTagnyn 06padoTKn T2
Hzpemns IepBas craaus Bropas craaus CL
S o 7|2 o ©] °
1 1 7 9 14 22 23 46
2 4 9 12 13 20 25 25
3 2 5 14 10 15 18 15
4 7 14 15 16 20 21 42
5 10 12 17 18 26 28 28

[TocnemoBaTenpbHOCTH BEITIONHEHUS 3amannid J = {3,2,5,4,1} .
C C3

[MockombKy min —-=—3 =15, BwIOMpaeM wm3zemHe 3: xé =2, 0.=5,
1<issT, T

T31 =9; x32 =10, 6% =15, T32 =18; (5 =33,6. Oro u3genue craBuM Ha 1-e Me-
cros J'; J' =03}, J*=1{1,2,4,5}.

Hlar 2. (s=2). I[locie ycraHoBKM u3Aenus 3 BBHIYMCICHHbBIC 3HAYSHUS I1a-
paMeTpoB MIPUBEICHBI B Ta0M. 9.

Tadaumuma 9. OcHOBHBIC MapaMeTpbl 00pa0OTKH MOJMHOXECTBA — HM3ACIUI
J?=1{1,2,4,5}.

I'pannynble 3HAYeHUS MapaMeTPOB HA KaKAO0H cTaquH 00padboTKH 2

Usnenus IlepBas cragus Bropas craaus i
x o [0 | 2 e [ 17|

1 6 12 14 16 24 25 50

2 6 11 14 16 23 28 28

4 7 14 15 16 20 21 42

5 10 12 17 18 26 28 28
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[TocnenoBaTenbHOCTh BBIMONHEHUS 3amanmii  J ={2,5,4,1}. Ilockoiabky
5 Ts S 1 _ 1_17. 2 _
min —=—-=28, BelOupaem mzgemue 5: x5 =10, 05 =12, 75 =17; x; =18,
1=1,2,4,5 C; Cs

02=26, T =28; Cs=28; J' ={3,5}, J* ={1,2,4} .

Hlar 3. (s =3). [locie ycTaHOBKH H3IEIUS 5 BHIYUCICHHBIC 3HAYEHUS Ta-
pameTpoB npuBeeHb! B Tabt. 10.

Taéaumma 10. OcHoBHbIE mapaMeTpbl 00pabOTKH TOJMHOXECTBA H3IEIUI
J?=1{1,2,4}

I'panuyHbIe 3HAYCHHUSI TADAMETPOB HA KAXK/A0il cTagnu o0padoTkn T2

HN3nenus ITepBas craust Bropas craaus Li
x; 0; T x} 07 T2 €

1 13 19 21 27 35 36 72

2 13 18 21 27 34 39 39

4 13 20 21 27 31 32 64

[MocnenoBatensHOCTh BbINONHEHHs 3amanuii  J ={2,4,1}. Ilockombky

min L 5 39, BbIOMpaeM uzgenue 2: xi =13, 612 =18, T21 =20; x% =27,
1=1,2,4 Cl- 02

02=34, T} =39; C, =39,
Hlar 4. (s =4 ). 3Ha4eHus apaMeTPOB JIS U3/IENHUs 2 IpUBeIeHbI B Ta0I. 11.

Tadaumuma 11. OcHoBHBIE mapamMeTpsl 00paOOTKM MOJMHOMKECTBA H3IENUN
JP=1{,4

I'panuyHbIe 3HAYEHUS] MAPpaMETPOB HA KAXKAO0H cTaquu 00padoTKH 2

WNsneausn ITepBas craus Bropas craaus i
xj U L x; 07 P

1 19 25 27 35 43 44 88

4 19 26 27 35 39 40 80

[MocnenoBaTEILHOCTE  BBIMTOJHEHUS 33 [aHUI J'= {4,1} . Tlockonbky
. T T
min—t=-%=80, BbIOMpaeM uznenue 4: x}‘ =19, GL =26, T41 =27; xf =35,
1=1,4 Cl- C4
631 =39, T32 =40; C, =20. 3HayeHus napaMeTpoB Ui OCTaBLIerocs uzaenus 1
MIpUBEACHBI B Ta0I. 12.

Taoauma 12. 3HaueHus mapaMeTpoOB Ha MOCIIETHEM IIare

I'pannynble 3HAYEHUS NapPAMETPOB HA KAXKI0# cTaauu 00paboTKH 2

Usnenus Ilepras cragus Bropas craaus I~
x; 0; 7! x? 0? T? ¢

1 27 33 35 40 48 49 24,5
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Hlar S. (s =5). Beibupaem usnenue 1: xll =27, 9} =33, Tl1 =35; x12 =40,
07 =48, ;' =49; C, =245.

ITocnenoBatensHOCTh BhINONHEHUS 3amanuid  J ={3,2,5,4,1} . CymmapHsle

5
3aTpaThl IPU STOM COCTABSIT ZC,- =245+39+33,6+20+28=145,1.

i=1

AJI'OPUTM PEHIEHUSA 3AJAYN 3

Haiinem mMuHHMManpHOe BpeMs MEpeHaNaJoK MallMH Ha KakKAoi craguu obpa-
OOTKH IpH TIepexoJie OT U3TOTOBJICHUS 1 -i IeTalu K J -i:

[3’-‘ = min a* k=12, i=1,...,n.

V' oi<i<n 17
4
OnpeeM HIDKHIOK IPAHMILY JUTHHBI PACICaHus. Bpems 3aBeplicHus u3-
TOTOBJICHHS BCEX M3JIENHil Ha KAXIOH CTaIii 06pabOTKH He MOXKET ObITh MEHb-
1lIe BEJINYMHBI

n
D" =Z(t,»k +BF)—max max a%, k=12.

= 1si<si<j<n

MuHuMansHOE BpeMsl Hauana paboThl MallIMHBI HA BTOPOH cTaguu oopaboT-
KI HE MOYeT ObITh MEHbLIE BEIHUNHB d' = min (tl»1 + B,l-) , a MAHAMAaJbHOE Bpe-
1<i<5
Ms pabOTHl Ha BTOpOH cTaawu oOpaboTku d 2 = min tiz. Ecmu D' > D?, 1o -
1<i<5
Ha pacluCaHus HE MOXET OBbITh MEHbIIe BetnuuHbl &(T 1) =D'+d?,as ciydae

D' < D?* — 3nauenns &T 2) =D?+d". CnenoBarensHo, HIKHSS rpaHula JIJu-
HBI IBYXCTaIUHHOTO pAaCIIUCAHUS HE MOKET OBITh MEHBIIIEC BEJINYNHBI

E(T) =max {E(T"),&(T%)}.

PaccMoTpumM anropuT™ mpHOIMIKEHHOTO PEIICHUS 3aa4d 3 — TOCTPOCHUE
ONTUMAJTILHOTO 10 BPEMEHH 3aBEPILICHUS BBIMOIHEHUS JBYXCTAAUHHOTO paciuca-
HUSI Ha onHOW MamwmHe. [lycTh omnpeneneHa HeKoTopas MocIe0BaTeIbHOCTh 00-

pabotku peranet I ={ij,iy,.....5j_1,0,0j15--»0p . IlyCTh IOCTpOEHA HEKOTOpAs
CBsI3aHHAs MOJIOCIeNoBaTeNbHOCTE [ ° </  mocienoBarensHocTd [, T.e.
I° =4,y iy} w17 = {i iy}, THE 5 <1, p>1. B Hauane BHYUCTCHUIT
nosnaraeM [ ° =(J . B npomuecce mocTpoeHust alropuTMa Ha KaxKI0M Iare HHAeKC
HOBOT'O BKJIIOYAEMOTO M3JIENUs yCTaHABIMBAaeTCs OO B Hadane, TMOO0 B KOHIE
cTposeiicss mocnenoBarenbHocTH. Ecam m3fenne ycraHaBiaMBaeTcs B Hadaie

9TOH MOIMOCIEAOBATEILHOCTH, TO MapaMeTpbl 0OpaOOTKH BBIYUCISIOTCS Clie-
JIYFOIIUM 00pa3oM:

| 1 1 2 1 2 2 2 2
X =1, 0 =1+, xiy =0, +1, 0 =x;_; +ti_y, T,.,=0_;. (5)
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HpOI/I3BO}_'[I/ITCSI MEPECUCT BCCX MapaMETPOB paHEC HOCTpOCHHOﬁ IO AIIOCIIC-
JOBATCIIBHOCTH !

1 _pl 1 1_ .1 1.
xl —61_1+al_1,l+1, el—xl+tl,
x; =max (6}, 6, + 012—1,1) +1;

07 =x7 +1f, T,=07, I=11+1,.,s. (6)

B CjIydac YCTAaHOBKU U3ACJIHA B KOHIIC 3TOM MOAIOCIEA0BATEIBHOCTH rnapa-

k

METpBl 00PabOTKH X, , 9]; , T, k=12, r=p,p+1,.,] ocraroTcsa 6e3 U3MeHe-

HU, a TapaMETPhbI BbI6paHHOI‘O U3ACIUSA BBIYUCIIAIOTCA CICAYOIINUM 06pa30M:

1 1,1 | 1 |
X =0 +ap g+l O =x i,
2 1 2. 2 2 2 2
Xipp =max(0;,, 07 +aj ) +1, Oy =X+,

2

T, =07, (7)

OnpeneniM MUHUMAJBHBIE SJIEMEHTHI CTPOK B MaTPHIAX BPEMEH IepeHaa-

JIOK Ha KakJIOH M3 JBYX CTyleHeil 00paboTKHM, a TakKe MATPHIbl CyMMapHOTO

BPEMEHH NepeHananok A4 = ‘c_lij‘ , Te c_zij = a}/- + aijzj i,j=12,.,n:

Bf = min aff, k=12; B, = min @;, i=12,..n.
1<j<n 1<j<n
J#i J#i

Bremmomaum MIPUBCIACHUEC 1 3THX Martpul nnepeHaIaioK, BBIYUCIINB 3HAYCHU A

k k  nk LT T Ak
bl] = alj _Bl N k :1,2 N bU = bU _Bl l,] —1,2,...,}'2 . (8)
. k .
st cTonO1I0B, Y KOTOPEIX min bl-]- >0 1 min bi]- > (0, BEIYHCIIMM 3HAUCHUS
1<i<n I<i<n
J#i J#i
8  =minbX, k=12; 8, =minb, ,i=12 9
j=minb;, k=12; 6;=minb; ,i=12,.,n, ©)
: 1<i<n ‘ 1<i<n -~
J#i J#i

U1 BBITIOJIHUM NIPUBCACHUEC 2 ABYX 3TUX MaTpull NepcHaIaJ0K:

Wl] _bl] _8], k—l,z, WU - Il’llIl by_aj l,]—1,2,...,l’l. (10)
1<i<n
J#i
B pesymnprare BHIMOMHEHHBIX NPEOOpa3OBaHU B MaTpHUIlE BPEMEHU CYM-
MapHBIX NEpeHanaaok W =‘Wl~j‘, i,j=12,...,n, B K&XIOH CTPOKE U B KaXKIOM
CTOJIOIE COMEPIKUTCSA, TI0 KpalHeW Mepe, o0 OJHOMY HyJII0. B mporecce BBIYFC-
JICHWI Ha KaXKIIOM § -M IIIare ainropuTMma marpuiia /W mpeoOpasyercs BIYEPKH-

Ha mra-

BaHWEM OJIHOM CTPOKH M OJJHOTO CTOJIONA M probperaer Bug W*° = ‘W;

re 1 amropurma, xorga B marpume W° ecTb Bce N CTPOK M 71 CTONOLOB,
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BBIYHCIIMM OLCHKH BCCX HYJICBBIX 3JICMCHTOB, 0003HaYUB IIOAMHOXECTBO 3THX

3JIEMEHTOB Ha KaxaoM |-M (s =1) mare anropurma peuienus 3auaun J, = Jé :

s _ s —s s—S =S _ K Ts

Ay =4 min w; + min w; [w; =0¢, X € Jg. (11)
1<v<n 1<p<n
V# ] p#i

OnpenenuM HyJEBOH 3JEMEHT C MaKCUMAaJlbHOU OLIEHKOM Xfp = max le
OTOT 37EMEHT OTIpesieNsieT BBIOOp Iepexo/ia mocie o0paboTKu u3nenus 1 Kk p -My.

Hlar 1. BemmonuuB npeoOpa3oBaHre MaTpPHIbI A'u BBrMHCTCHMA (&)—(11),
BBIOMpaeM mapy wuszenuit u nepexox (/, p), onpenenseMm MOANOCIENOBATEb-

HOCTD [ ={l, p}, B mMarpure wl BEIYEPKHBAEM [ -0 CTPOKY W p -H cTOJOeTI,
JJIEMEHT Ha MEPEeCeYCHUU p - CTPOKM M [-ro cTondlja mojaraeM paBHBIM

—1 117 2
Wy, = . BHOBb IIOJIy4eHHYIO MAaTPHILy 00o3HaunM uepe3 W - . Beruucnsem:

x}=1,0 =1+t , x} =0} +1, 07 =x7 +17, T,=07;

2

1 _ql, 1 1 _ 1,1 _ 22 gl )
x,=0+a,+1,0,=x,+t,, x, =max(8; +1,,,0,,)+1;

0 =x, +15, T,=07.

[Tepexoaum K § -My 1mary, § =2,...,(n—1).
Iar 2. Ecm s=(n—1) , 1o momaraem W *:=W* u nepexoaum x ma-
ry n. B npoTHBHOM cilyuae mepeoOpa3oBsiBaeM MaTpuiy W ° Tak, 4TO6BI B Kax-

JIOW CTPOKE M Ka)/JI0M CTOJOLe MaTpHIbl OBLIO, MO KpaiiHel Mepe, M0 OJHOMY

HyJIeBOMY dJieMeHTy. [IycTh B MOCIEN0BATENBHOCTH [ ° Ha TIEPBOM MECTE CTOMT
3JIEMEHT 7, a Ha TOocJenIHeM MecTe — dyeMeHT u . Cpeau HyJIeBBIX 3JEMEHTOB
U - CTPOKH M 7 -TO CTOJIOIIAa HAXOJUM 3JIEMEHTHI C MaKCHUMAIIbHOW OIEHKOM.

ITycTb 5T0 OyyT COOTBETCTBEHHO JIEMEHTBI Ay, H Ay, .

Ecmu 1, <Ay, , TO Ha mepBoe MecTo B /° yCTaHABIMBaEM W3/EHE C WH-
JIEKCOM, COOTBETCTBYIOIIUM g , T.€. TIOCJIE U3TOTOBIICHUS g -TO M3JEHS Ha IBYX
cTaausax oOpabOTKH M3TOTOBISIEM HM3ICIIAC C WHACKCOM 7, TIEPECUUTHIBAEM BCE
napaMeTpbl 00paObOTKH U3CIUI B COOTBETCTBUY ¢ BhIpaxeHusMu (5), (6).

Ecmu 1, >\, , TO Ha Mocye/iHee MecTo B /° yCTAaHaBIMBAEM H3JENHUE C
MHJIEKCOM, COOTBETCTBYIOIIUM ¢ , T.€. IIOCIIEC H3TOTOBICHUS U -TO H3JC/IUs H3TO0-

TaBJIMUBACM U3ACINEC C UHACKCOM ¢ , ICPECUUTBIBACM BCC IapaMETPhbI O6pa6OTKI/I

M3IETH B COOTBETCTBUH C BhIpakeHUs MU (7). [lonaraem s:=(s+1), [/ sth_Ts

¥ CHOBA BBIMOJIHsIEM 3TOT ke tmar wist (s +1).

Illar n. Ha stom mmare Marpuria /¥ ° BKIIOYAET TOJIBKO JBa CTOJOIA U JBE
CTPOKH (IIyCTh 3TO OyIyT CTPOKHU C MHAEKCaMU [/ U p ¥ CTONOUB g U ¢ ) H
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COACPIKUT TOJIBKO IBa HYJICBBLIX 3JICMCHTA. HYCTB 9TO 6y,[[yT OJICMCHTHI ng =0u

s A8 _A3s _ a8 s As _A3s
Npg =0, torma A, =X, =co,mmn Ay, =0 m A, =0, Torma Ay, =4, =oo.

B nepBoM ciydyae yCTaHaBIMBAaEM Ha MEPBOE MECTO B MOCIEN0OBATENBHOCTH [ °
W3JIeNe C MHIEKCOM g W MEePECUUTHIBAEM BCE IMapameTphl 00paboTKU M3Aenuit

~

o gopmynam (5), (6). Ha mocnenuee n-e Mecto B [ ° ycTaHaBiIMBaeM U3JEIIHE C
WH/IEKCOM ¢ W TIEPECUNTHIBAEM BCE MapameTpsl 00pabOTKH M3l o Gopmy-

nam (7). Bpems BBITIOTHEHHS BCETO KOMIUIEKca paboT Ha IBYX CTaIusax oOpabdoT-
ku papuo T =T, . Bo Bropom ciyuae ycTaHaBaMBaeM Ha [EPBOE MECTO B MOCIIE-

J0BaTeNbHOCTH [ ° W3JeNMe ¢ WHIAEKCOM ¢ W TPOM3BOAWM IEPECUET BCEX

napameTpoB 00paboTku u3aenuii no ¢popmynam (5), (6). Ha nocnennee n-e me-
CTO B IIOCJIEJIOBATEIbHOCTH YCTAHABIMBAECM H3JIEJIUE C UHICKCOM g U Mepecuu-

THIBaEM BCe TapaMeTpsl 00padoTku m3aenuit mo popmyinam (7). Bpemst BeimomHe-
HHSL BCETO KOMIUICKCa paboT Ha ABYX craausx obpaborkun T'=T,. Ha stom

ITOPUTM 3aBEPILAET CBOIO PaboTYy.

HnmocTpaTuBHbINA npumep 3

WcxonHbple TaHHBIE IS WILTIOCTPATUBHOTO TIpUMepa MpUBEACHBI B Ta0I. 13.

Tadaumma 13. OcHOBHBEIE TapaMeTPbl 00PaAOOTKU MU3IETHI

IMoka3aTenun nepBoro 3Tana IMoka3aTtenu BTOpPOro 3Tana
Mgexch 00pa0OTKH Pa3THYHBIX M3eJHii 00paldoTKHN Pa3INYHBIX H3/eTUI
mz;egnifl 06?5;?:}(14 Bpewms mepenananok a;j o 6Bp£g1(\)4:m Bpewms nepenananok a;
! 12 13]4]5 1 112345
1 10 o | 2 3 4 1 21 ©o| 5|63 |7
2 12 5 oo | 2 3 2 15 4 0| 7|3 |5
3 8 4 3 oo | 5 3 25 2 16 |0 | 4|6
4 15 3 2 1 |0 | 6 18 714 5|0 4
5 11 6 2 3 4 | © 27 216 |6 7]

PesynpTathl npruBeaeHUs MaTpUI] colepxkarcs B Tadm. 14.

Taoauua 14. IlpuBeneHHble MaTPULIbI IEPEHATATO0K

le/lBeZ[eHHble MaTpHulbl NEPeHAJTATI0OK le/lBeZ[eHHLle MaTpuubl MepeHaaal0K

i NMepBoro 3Tana 06padoTKu BTOPOro 3Tana o0padoTku
12 |3 4 s Bl 23 4 5| B
1 o0 1 2 2 0 |1+1| o 2 2 0 4 3
2 2 o0 0 0 0 2 1 0 3 0 2 3
3 0 0 o0 1 0 3 0 4 o0 2 4 | 2+1
4 1 1 0 00 5 |1+1| 3 0 0 0 0 4
5 3 0 1 1 0 2 0 4 3 5 o0 2
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Hmxass FpaHI/IL[a BPCMCHU BBITIOJIHCHUS PACIIUCAHUA:

g = Z(l +B})— max max a; + min ¢} =(56+9)—6+15=74;

i-1 1<i<51<j<n 1<i<5

&) = min (1 +B)+ZZ;(t + ;) max max a; =
=(10+1)+(106+14)—7=124;
E(T) =max (§(T"), E(T?) = max (74,124) =124

BrinmonHuB npenBapuTenbHbIE pacyeThl, HOTy4YuM Tadi. 15.

Tadéaumuma 15. Pe3ynpTaTsl npeaBapUTENbHBIX PacieTOB

CymMmapHoe BpeMsi lepeHaIaioK

- IlpuBenenHoe cyMmmapHoe Cymma
; ABYX cm‘ul“" 062‘”‘60"(" BpeMsi epeHATaT0K NPHUBO/S-
(ai]- + al-j) ABYX CTaAMil 00padoTKH 11015.¢
1 2 [ 3 ] 4 | s 1 | 2 | 3 | 4 | 5 |woucranr
1| o | 7 9 7 8§ | o |00 2 000 (0 7
21 9 [ o | 9] 6 | 7|3 o | 3 |00)]0@©] 6
306 | 9 o | 9] 9 0@ 3 o | 3 | 2 6
4110 6 | 6 | 0 | 10| 4 [00]00)] o | 3 6
s 8 8 [ 9 11 o] oo 1] 3 | 8+1

Breibupaem  mocnenoBatensHOCTE  ((3—1)): xé =1, 913 =1+8=9,

X =9+4+1=14; x3=9+1=10; 03=10+25=35; T3=35; x7=35+
+2+1=38.
Bri6upaem nocnegosarensHocTh ((4 — 3), 1.6 ((4 >3 > 1):

xy=1,0,=1+15=16, x3=16+1+1=18; 0} =18+8=26;
=26+4+1=31, 0] =31+10=41;
x;=16+1=17; 03 =17+18=35; T, =35
x; =35+5+1=41, 03 =41+25=61; T =61;
XX =61+2+1=64, 07 =64+10=74; T, =74.

Bribupaem mocnenoarensHoctd (5—4) u (1->2), —>4->3->
—>1-2):

xs=1,05=11+1=12; x; =12+4+1=17, 0}, =17+15=32;
X, =32+5+1=38, 0 =38+8=46; x| =46+2+1=49;
0l =49+10=59; x} =59+5+1=65, 05 =65+2=77;
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x2=12+1=13, 02 =13+27=40; T; = 40;
X =40+7+1=48, 05 =48+18=66; T, = 66;
X3 =66+5+1=72,05=72+8=80; T, =80;
X =80+2+1=83, 07 =83+21=104; T, =104

x3=104+6+1=111, 03 =111+15=126; T, =126

T=1’IlaX(T1,T2,T3,T4,T5) 2126 .

ITony4yeHHoe pelieHne AOCTATOYHO OJIM3KO K HMXKHEH I'paHMLE 3HAYEHUS
KpPUTEpHUS ONTUMAIBEHOCTH, paBHOTO 124.

BbBIYNCJIMTEJIBHBIE DKCIIEPUMEHTBI

D¢ heKTUBHOCTD MPEMITOKECHHBIX B pab0Te 3BPUCTUUSCKUX AITOPUTMOB ITOTyUe-
HUS IPUOJIMKCHHBIX PEIICHUH 3a7]a4 MOCTPOCHUS PACIIMCaHUI MPOBEPSIIACH MPO-
BEJICHUEM BBIUYMCIUTENbHBIX 3KcnepuMeHTOB. IIpoBeneno 70—120 pacuyeToB 1o
KaXI0H 3amade. Pemramich 3amaqn, npemxycmarpusatomme oopadbotky 10-50 usz-
nenuid. Bece mapamMeTphl MCXOIHBIX JaHHBIX 3a7a4 1—3 BapbHUPOBAIUCH B Ipe-

Jenax tl-k e[2-15], r,-k e[l-7], ¢;e[3-20], al»lj‘- € [1-5] ¢ BEIOOPOM COOTBET-

CTBYIOIUX 3HAUCHHUH KaXXJOrO W3 MapaMeTPOB COTJIACHO PAaBHOMEPHOMY 3aKOHY
pacnpeaciacHus ¢ MaTCMaTHYCCKUM OXUJIaHUEM U HHCHepCHeﬁ, PaBHBIMU CpPEI-
HEMY 3HAUCHHIO COOTBETCTBYIOIIUX MHTEPBAIOB. B OONBIIMHCTBE Clly4aeB MOy-
YCHHOC 3HAYCHUC KPUTCPUSA ONTHUMAJIBbHOCTH HE IMPEBOCXOAWIIO 3HAYCHUA €TO
HIDKHEH rpaHuiel Oomee yem Ha 5—10%, 9TO MO3BONSET caenaTh BBIBOI O BO3-
MOKHOCTH UCIIOJIb30BAHUS ITHX AJITOPUTMOB B MPAKTHYCCKUX MPUIIOKECHUAX.

3AK/IIOYEHHUE

PaccMmoTpens! Tpu pa3iaudHbIe MOCTAHOBKH, MAaTEMaTHYECKUE MOJENHU 3a/4ad Io-
CTPOCHHS JIBYXCTaJMWHBIX PACIUCAHUI MOCIEIOBATEILHOIO BBITIOJHEHHUS Pa0OT
Ha OAHOW MamuHe. /[Beé NOCTaHOBKM MpenycMaTpUBAIOT MOTEPU BPEMEHU
Ha MocTOoOpPabOTKY IMOCIIE 3aBEPIICHUS BBIMOJIHECHUS pabOT Ha KaXK0W MAaIlHHE.
B xayecTBe KpuUTEpUEB ONTUMAIBHOCTH NPUHSTHl BBINOJIHEHUE PACTIMCAHUN
B KpaTyaillline CpoKH, a TaKKE MUHUMU3AIHUS CYMMapHBIX MOTEPb, CBI3aHHBIX CO
BpEMEHEM 3aBEpIICHUSI BBIMOMHEHUS 3aMaHui. [IpenoKeHbl alropuTMbl OIpe-
JISJICHUS] HUKHEW TPaHULIl KPUTEPHS ONITUMAIBHOCTH M TIPUOJIMKEHHBIE METO B
peleHus KakIon u3 chopMyITMPOBaHHBIX 33724, KOTOPHIE TPOMLTFOCTPUPOBAHBI
Ha YHCJIOBBIX mpuMmepax. [IpoBeneHHbIE BEIYNCINUTENBHBIE 3KCIIEPUMEHTHI TTOKa-
3BIBAIOT, YTO TMOJIYYSHHOE 3HAUYCHUSI KPUTEPUS MPUOIMKEHHOTO PEUIeHHs He TIpe-
BOCXOJIUT 3HAYEHUS HIDKHEH rpaHuibl Oornee yeM Ha 5—10%.

Cucmemni docnioxcenna ma ingpopmayivini mexnonoeii, 2018, Ne 4 35



I0.A. 3ax

JIUTEPATYPA

1

2.

10.

11.

12.

13.

14.

15.

36

. Kongeii P.B. Teopus pacriucannii / P.B. Kongeit, B.JI. Makcsemn, JI.B. Mumep. —
M.: ®usmatrus, Hayxka, 1975. — 359 c.

Tanaes B.C. Beenenue B Teoputo pacnucanuii / B.C. Tanaes, B.B. Illkyp6a. — M.:
Ommarrus, Hayka, 1975. — 256 c.

. Tanaes B.C. Teopus pactmcanmii. Opnocrammitaele cuctemsl / B.C. Tanaes,

B.C. T'opnon, S.M. llladppanckuit. — M.: ®usmarrus, Hayka, 1984. — 382 c.

. Jlazapes A.A. Teopusa pacnucanuii. MUHMMU3aLKA CYMMapHOIO 3ana3iblBaHus st
omHoro mpubopa / A.A. Jlazapes, E.P. I'padoB. — M.: PAH Beraucnur. neHTp
uM. A.A. loponuuieiaa, 2004. — 150 c.

. Xobomos E.H. O HEKOTOPHIX MOIEISIX W METOAAX PEIICHUS 3ajad IUIaHUPOBAHHS
B OUCKpeTHBIX mpom3BoacTBax / E.H. Xo0otoB / ABToMaTHKa 1 TeJIeMEXaHUKA,
2007. — Ne 12. — C. 85-100.

. 3ax FO.A. TlpuknanHble 3aa4u TEOPUU PACIIUCAHUI M MApIIPyTU3AIMH [EPEBO30K /
10.A. 3ak. — M.: URSS, 2012. — 394 c.

. 3ax FO.A. CBoiicTBa IOMyCTUMBIX W ONTHMAJIBHBIX MOCIEIOBATEIFHOCTEH BHITIOIHE-
Hust pabot Ha oot Mamune / FO.A. 3ax // [Ipobnemsl ynpasnenus. — 2012. —
Ne 5. — C. 54-61.

. 3ax FO.A. TlocTpoeHune OOMyCTUMBIX M ONTUMAJIBHBIX PACIHUCAHUHA BBITOJIHEHHUS pa-
60t Ha oxHou MammHe / FO.A. 3ak // KubepHernka u cucTreMHsbiid aHamm3. — K.,
2012. — Ne 1. — C. 62-82.

. Domschke W. Produktionsplanung. Ablauforganisatorische Aspekte / W. Domschke,

A. Scholl, S. VoB3. — Berlin: Heidelberg: Springer Verlag, 2005. — 456 p.

Carlier J. The one-machine sequencing problem / J. Carlier // European Journal of
Operational Research. — 1982. — N 11. — P. 42-47.

Brucker P. Scheduling Algorithms / P. Brucker // Springer-Verlag. — Berlin,
Heidelberg und New York, 1998. — 377 p.

Lawler E.L. Sequencing and Scheduling: Algorithms and complexity / E.L. Lawler,
JK. Lenstra, Kann Rinnooy et al. // Logistic of Production and Inventory,
S.C. Graves et.al (Hrsg). — 1993. — Amsterdam—London. — P. 445-522.

Blazewicz J. Scheduling under resource constraints: deterministic models / J. Blaze-
wicz, W. Cellary, R. Slowinski // Annals of Operations Research. —1986. —
N 7. — Baltzer, Basel. — P. 329-341.

3eyposckuii M.3. IlpuHsaTHe pelleHHi B CETEBBIX CHCTEMaxX C OTPaHHYEHHBIMH pe-
cypcamu: MmoHOrp. / M.3. 3rypoBckmii, A.A. [Tapmo. — K.: Hayk. mymka, 2010.
— 573 c.

Ilasnoe A.A. HoBblil TOAXO K PEILICHUIO 3a1a4u « MUHUMHU3alKsS CyMMapHOIrO B3Be-
[IEHHOT'O OMO3/[AHUSI TIPH BBIMOJIHEHUH HE3aBUCUMBIX 33JJaHUIl C TUPEKTUBHBIMU
cpokamu omHuM npubopom / A.A. IlamoB, E.b. Mucrwpa // Cucremni
JIOCIIKEeHHS Ta iHpopManiiHi TexHoxorii. — K., 2002. — Ne 2. — C. 7-23.

IHocmynuna 11.09.2018

ISSN 1681-6048 System Research & Information Technologies, 2018, Ne 4



UDC 683.519
DOI: 10.20535/SRIT.2308-8893.2018.4.03

MEDICAL IMAGES OF BREAST TUMORS DIAGNOSTICS WITH
APPLICATION OF HYBRID CNN-FNN NETWORK

YU. ZAYCHENKO, G. HAMIDOV, I. VARGA

Abstract. The problem of classification of breast tumors on medical images is con-
sidered. For its solution the new class of convolutional neural networks-hybrid
CNN-FNN network is developed in which convolutional neural network VGG-16 is
used as the feature extractor while fuzzy neural network NEFClass is used as the
classifier. Training algorithms of FNN were implemented. The experimental inves-
tigations of the suggested hybrid network on the standard data set were carried out
and comparison with known results was performed. The problem of data dimension-
ality reduction is considered and application of PCM method is investigated.

Keywords: medical diagnostics, breast cancer classification, FNN, CNN, hybrid
network, dimensionality reduction, PCM.

INTRODUCTION. STATE-OF-ART PROBLEM ANALYSIS

Now cancer constitute the great problem for health defense all over the world.
Basing on the data of IARC (International Agency of Cancer Research) 8,2 mil-
lion death cases were registered in year 2012, 27 million new cases of illness are
expected till 2030 [1]. Among the different types of cancer breast cancer takes
the second place by its occurrence in women . Besides, mortality of it is very high
as compared with other cancer diseases [1].

Nowadays, in practice, at every stage of diagnostics information technolo-
gies are utilized. The main goal of medical automated systems are extension of
spheres of practical tasks which may be solved with computers aid, raise of level
intellectual decision support of doctors in particularly in process of express diag-
nostics based on processing and analysis of medical images of human tissue ob-
tained by different source ( MRT, CT etc).

In medical diagnostics problems substantial amount of problem constitute
the features extraction for further processing and the choice of features for classi-
fication method. With development and wide dissemination of decision-support
systems the demands to training algorithms are increasing. Reliability and sim-
plicity of application influence on speed and quality of decision- making which is
very important for express medical diagnostics. The advantages of medical diag-
nostics systems are speed, automation and stability of work which make them
very comfortable tools for express medical diagnostics. Despite of young age of
medical informatics which doesn’t exceed 30 years information technologies in a
whole are fast penetrating in various spheres of medicine and health defence
(family medicine, insurance medicine, building unified information space, inte-
gration in European medical space etc).

Despite of progress which was achieved by diagnostics technologies final
diagnosis of breast cancer including classification of tumours and diagnosis still is
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performed by pathologist-anatomists which use visual analysis of histological pat-
terns by microscope. The latest achievements in images processing technologies
and machine learning enable to construct systems of automatic detection and di-
agnostics that may help pathologist-anatomists to make true diagnosis and accel-
erate his work. Classification of images histopathology on different patterns
which corresponds to cancer and not-cancer states of tissue is often first rank goal
in images analysis systems for automatic cancer diagnostics.

Up to date several models and methods were developed for breast cancer
detection using various machine learning algorithms. Using such methods and
technologies of Al as neuron networks and SVM [2, 3] accuracy of diagnostics
from 76% to 94% was attained at data set with 92 images.

Zhang and others [4] suggested cascade classifiers approach. At the first cas-
cade level the classifiers reject easy cases (those which evidently don’t pass test)
and the others are transferred to the second level which uses more complex classi-
fication system and so on. This method was applied to data base of Israel techno-
logical Institute consisting of 361 images and accuracy results was 97%. The
most of last papers refers to field of breast cancer classification oriented on inte-
ger images [3-6]. But wide implementation of breast image classification (BIC)
and other forms of digital pathology faces with such disturbances as high cost of
implementation, insufficient productivity for huge amount of clinic procedures,
interior technologic problems, and opposition from pathologist-anatomists side.
Till now the most of works based on histology breast cancer analysis were per-
formed on not large datasets. Some improvement presents data set with 7909
breast images obtained from 82 patients [7]. In this research the authors estimated
various texture descriptors and various classifiers and carried out the experiments
with accuracy from 82% to 85%.

Based on results presented in [7] one can make the conclusion that texture
descriptors may propose good solution for images processing. But some re-
searchers believe that main weakness of modern machine learning methods oc-
curs just at this stage. This means that machine learning algorithms should be less
dependent on functional engineering and be able to extract and organize discrimi-
nating information directly from images, in other words be capable to learn pres-
entations.

The idea of learning presentations isn’t new one but it became implement-
able only now with appearance GPU( Graphic Processing Units) which are capa-
ble to provide high speed performance ( productivity) with relatively small cost
due to their parallel architecture [8].

The alternative to this approach is the application of CNN for medical im-
ages processing and diagnostics, which is considered and developed in the present
research. It was shown that CNN is able to overcome the conventional texture
descriptors [9, 10]. Besides traditional approach to detection of features based on
descriptors demands much efforts and high level knowledge of experts and usu-
ally is specific for every task that prevents its direct application for another simi-
lar tasks.

Therefore in our research we suggested and developed hybrid CNN-FNN
medical images classification system in which CNN is utilized to extract informa-
tive features of images and FNN NEFClass is applied for classification of de-
tected breast tumors on images in two classes: benign and malicious ones.

38 ISSN 1681-6048 System Research & Information Technologies, 2018, Ne 4



Medical images of breast tumors diagnostics with application of hybrid CNN-FNN network ...

The main goal of this work is development and investigation of algorithmic
and software tools for fast analysis of breast tissue images, detection of tumors
and their classification into two classes: benign or malignant one. This will enable
to provide express analysis of images and raise the quality medical diagnostics.

DATA SET DESCRIPTION

For our investigation we used data set BreaKHis specially created for estimation
efficiency of different approaches and tools for medical images of breast tumor
diagnostics.

Data set BreaKHis [7] contains microscope biopsies from benign and malign
tumors of breast. The images were obtained in clinic research since January 2014
till December 2014.

BreaKHis consists of 7909 clinically representative microscopic images of
breast tumors received from 82 patients with different scale augmentation (40x,
100x%, 200, 400x%).

All patients which during this period were investigated in R&D medical lab
with clinical conclusion of breast cancer were invited to take part in this investi-
gation. All data were anonymized. The patterns are generated of biopsy breast
slides colored with hematoxulin and eosin (HE). The patterns are collected by
surgery biopsy prepared for histologic research and marked by pathologist-
anatomists of R&D lab. The main goal is to preserve original structure of tissue
and molecular composition which allows to observe it with optical microscope.
For investigation all images were split into slides of size 3 mkm. The final con-
clusion of each case was made by experienced pathologist-anatomist which was
confirmed by additional investigation such as immune histology-chemistry (IHC).

The microscope system Olympus BX-50 with augmentation 3.3 connected
with digital camera Samsung SCC-131AN, is used for obtaining digitized images
of breast tissue. Images were obtained in 3-channels color space True color (24
bits value, 8 bits color channels RGB) with magnification coefficients 40x, 100x%,
200%, and 400x. In the fig. 1-4 four images are presented with four magnification
coefficients: (a) 40 x, (b) 100 %, (c) 200 x, (d) 400 x — obtained from one slide of
breast tumor which contains malignant tumor (breast cancer) Separated rectan-
gular ( added by hand for illustrative aims) — region of interest (ROI) which was
chosen by pathologist-anatomist will be described in the next section. In the fig. 5
the image of benign tumor is presented.

Up to date dataset BreakHis consists of 7909 images, divided into benign
and malignant tumors. Table 1 presents the distribution of images [7].

Tablel. Distribution of images by magnification coefficients and class

Magnification Benign Malignant Total

40x 625 1370 1995

100x 644 1437 2081

200x% 623 1390 2013

400x 588 1232 1820

Total 2480 5429 7909
Number of patients 24 58 82
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Fig. 3. Slide of malignant tumor with magnification 200x
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L4 .

Fig. 5. Slide of benign tumor with magnification 100x

CONVOLUTIONAL NEURAL NETWORKS: BRIEF DESCRIPTION

A CNN model is a state-of-the-art method that has been largely utilized for image
processing. A CNN model has the ability to extract global features in a hierarchi-
cal manner that ensures local connectivity as well as the weight-sharing property.
It consists of the following layers [9, 10].

Convolutional Layer: The Convolutional layer is considered as the main
working ingredient in a CNN model and plays a vital determining part of this
model. A kernel (filter), which is basically an nxn matrix successively goes
through all the pixels and extracts the information from them.

Stride and Padding: The number of pixels a kernel moves in a step is de-
termined by the stride size; conventionally, the size of the stride is set to 1. Let we
have an input data matrix of size 5x5, which is scanned with a 3x3 kernel. When
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we use a 3x3 kernel, and stride size 1, then the convolved output is a 3x3 matrix;
however, when we use stride size 2, the convolved output is 2x2. Interestingly, if
we use a 5x5 kernel on the above input matrix with stride 1, the output will be a
1x1 matrix. Thus, the size of the output image changes with both the size of the
stride and the size of the kernel. To overcome this drawback, we can utilize extra
rows and columns at the end of the matrices that contain 0 s. This adding of
rows and columns that contain only zero values is known as zero padding.

Nonlinear Performance: Each layer of the NN produces linear output, and
by definition adding two linear functions will also produce another linear output.
Due to the linear nature of the output, adding more NN layers will show the same
behavior as a single NN layer. To overcome this issue, a rectifier functions such as
Rectified Linear Unit (ReLU), Leaky ReLU, Tanh, Sigmoid, etc., are introduced
to make the output nonlinear.

Pooling Operation: A CNN model produces a large amount of feature in-
formation. To reduce the feature dimensionality, a down-sampling method named
a pooling operation has been performed. A few pooling operation methods are
well known such as [9,10]: Max Pooling, Average Pooling.

For our analysis, we have utilized the Max Pooling operation that selects the
maximum values within a particular patch.

Drop-Out: Due to the overtraining of the model, it shows very poor per-
formance on the test dataset, which is known as over-fitting. These over-fitting
issues have been controlled by removing some of the neurons from the network,
which is known as Drop-Out.

Decision Layer: For the classification decision, at the end of a CNN model,
a decision layer (usually MLP) is introduced. Normally, a Softmax layer or SVM
layer is introduced for this purpose. This layer contains a normalized exponential
function and calculates the loss function for the data classification.

CNN MODEL FOR IMAGECLASSIFICATION

In the next fig. 6 the architecture of VGG-16 is presented which was used in our
work as detector of informative features. It was trained by different algorithms:
stochastic gradient descent (SCD), differential evolution [14, 15] and basin hop-
ping [11].

As classifier of obtained features in our research it was suggested to use
FNN NEFClass. FNN NEFClass was firstly suggested by D. Nauck and W. Kruse
in [12]. It was modified and developed in [13, 14] (so-called FNN NEFClass M)
The learning algorithms for FNN NEFClass: stochastic gradient SG, conjugate
gradient descent (CGS) and genetic algorithm were developed and investigated in
[14] for the problem of optical images pattern recognition.

FNN NEFCLASS was successfully applied for analysis of medical images
of cervix tissue obtained with use of colposcope and diagnostics [16]. The main
advantages of FNN NEFClass as classifier are: possibility to work with incom-
plete and fuzzy input data; performing fuzzy classification of input patterns
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(images) using so-called membership functions; speed and high accuracy
[13, 14, 15].

2 x 2 xd 224 x 22 x6d

112112 % 128

141 x4096 1x1x 1000
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t[] max pooling

= fully connected+HReLAl
[ ”l softmax

Fig. 6. Convolutional neural network VGG-16

EXPERIMENTAL INVESTIGATIONS AND ANALYSIS

As it was already mentioned in our investigation pre-trained CNN VGG-16 was
used. Method of training transfer was applied for this purpose. There are two
main training scenarios:

Features extraction. In this case the last full-connected layer is deleted and
the rest part of CNN is used as extractor for new data sets.

Fine tuning. In this case new data set is used for fine training of previously
pre-trained neural network. In our research CNN VGG-16 was used for features
extraction in medical images of breast tumors. After that the found features were
fed as input data to FNN NEFClass. As algorithms of training FNN three algo-
rithms were used: basin hopping [11], stochastic gradient descent and differential
evolution [15].

EXPERIMENTS DESCRIPTION

The series of experiments were carried out and the results were compared with
works of predecessors. In the following tables 2, 3 the results of classification
with different parameters are presented. All sample was divided into training and
testing subsamples with ratio 80% / 20%.

In the first experiment we varied the number of linguistic variables (terms)
and rules that to determine the best parameters values (table 2).
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Table 2. Classification results of FNN NEFClass

Initial number of fuzzy sets
(linguistic terms) / 40x, % 100x%, % 200x%, % 400x%, %
number of rules
2/2 73 74 74,2 73,5
4/2 75,3 74,8 75,7 75,4
6/2 78,2 79 78,4 78
8/2 76 75,4 76,5 75,8
2/4 75 74 73,8 73
4/4 78,3 76,3 75,7 75,4
6/4 82 83 82,4 83,2
8/4 82,2 81,5 81,5 83,8
2/6 75,4 73,8 74,4 73,2
4/6 90 91 90,5 90
6/6 89 89,7 90,2 89,5
8/6 90,3 90,5 92 91,2
4/8 89,3 89,8 89,7 89,3
6/8 89,2 88 89,4 88,4
8/8 88 87,2 87,2 87

From this table one can readily see that beginning from 6 fuzzy sets per vari-
able and 6 rules the accuracy doesn’t increase but complexity of training raises.

As it follows from the table for two classes the best values of parameters for
FNN NEFClass are 4 fuzzy sets per variable and 6 rules. For comparison let’s
present the results of the previous work obtained with different classifiers for the
same problem [6] (see table 3).

Table 3. Comparison of different classifiers accuracy

Classifier/m_agnification 40x.% 100%, % 200%, % 400%, %
coefficient
Linear SVM 89 89 88 88
Polynomial SVM 88 90 &9 85
Random forest 89,18 88 87,74 80
NEFClass 90 91 90,5 90

As we can see from the table 3 FNN NEFClass shows better results than
previous classifiers: SVM machine and Random forest suggested in [6].

In our work for training of FNN NEFClass three algorithms were applied,
namely, basin hopping, stochastic gradient descent and differential evolution. Us-
ing algorithms basin hopping and stochastic gradient descent we obtained ap-
proximately equal results that may mean to be close to optimal results while the
training results of differential evolution appeared to be much worse.

It’s worth to note that in this problem the number of features extracted by
CNN VGG16 was very large — 4096 features. Therefore it was decided to cut the
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number of features and reduce dimensionality of classification problem. For this
aim principal components method (PCM) [17] was applied. In the table 4 the re-
sults of such reduction are presented.

Table 4. The dependence of total variance on number of components
and approximate training time

Nunlt:)i:;gr?err:?:lpal Variation Approxnggtﬁotl:?;;ung time
100 0,84058 ~2
200 0,89736 ~3
250 0,91232 ~4
500 0,95486 ~9

From the table 4 it follows that the results of reduction with 250 principal
components are most acceptable as the complexity of training increases approxi-
mately proportional to dimension of input data. Due to lack of time the next ex-
periments were performed using data with magnification factor 100x (2081 im-
ages). In the next table 5 the accuracy of classification is presented with various
NEFClass parameters.

Table 5. Classification accuracy with 250 features

Number of fuzzy sets / number of rules 100x, %
4/4 80,64
4/6 87,24
4/8 88,18

In the table 6 the dependence of classification accuracy versus number of
features is presented. One can see from this table that accuracy decreased only by
some percent due such features reduction. But by this reduction we substantially
have cut the training time.

Table 6. Classification accuracy with different number of features

cumber of ulesinumber of foaures | 19 250 4056
4/4 75,23% 80,64% 86,3%
4/6 83,34% 87,24% 91%
4/8 84,21% 88,18% 89,8%

From this table one can easily see that the accuracy drops with decrease of
features number but insignificant by 3—5% if compare results with 100 and 250
features. For comparison the classification with the full set of features 4096 was
performed and we detected that with decrease features number in 20 times the
accuracy falls only by 3-5%, in average. This conclusion confirms the efficiency
of PCM method application for reduction of dimensionality of medical images
classification problems.
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CONCLUSION

o The problem of analysis of breast tissue medical images and classification
of detected tumor in two classes: benign and malignant is considered and dis-
cussed.

e For pattern recognition of breast tumors new hybrid CNN- FNN network
is suggested in which CNN VGG 16 is used for informative features extraction
while FNN NEFClass is used for classification of detected tumors.

e For training FNN NEFClass algorithms basin hopping, stochastic gradient
descent and differential evolution were suggested and their efficiency investi-
gated.

e The experimental investigations of suggested hybrid CNN-FNN network
in the problem of classification real images of breast tumors using dataset
BreakHis were carried out.

e The comparison of classification accuracy of the suggested hybrid CNN-
FNN network with known work based on use of classification algorithms SVM
and Random forest was performed which confirmed the efficiency of the sug-
gested approach.

o The problem of reducing number of features in medical images classifi-
cation problem using PCM method was investigated and its efficiency explored.
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ESTIMATION AND ANALYSIS OF BUSINESS PROCESS
MODELS SIMILARITY IN ENTERPRISE CONTINUUM
REPOSITORY

A.M. KOPP, D.L. ORLOVSKYI

Abstract. This paper considers the problem of the store, share, and reuse of organ-
izational knowledge represented using business process models. Various studies re-
lated to managing large collections of business process models are reviewed. The
core concept of Business Process Model Repository was outlined as well as the ref-
erence architecture provided in related works. This research is focused on consider-
ing the Business Process Model Repository as part of the whole Architecture Re-
pository defined in the field of Enterprise Architecture. The knowledge-based model
used to store process models, as well as the similarity measure used to identify proc-
ess models in the repository that are similar to a given process model or a fragment
thereof are proposed. Besides that, the elaborated approach proposes the decision
tree model for business process models classification according to the Enterprise
Continuum concept of Enterprise Architecture, as well as the conceptual model of
the Business Process Model Repository. The software prototype developed to im-
plement the proposed approach was used to upload sample process models and esti-
mate their similarity according to the Enterprise Continuum categories. The accu-
racy of the proposed similarity measure is analyzed for the different Enterprise
Continuum categories of artifacts.

Keywords: business process model, similarity measure, organizational knowledge,
repository, enterprise continuum.

INTRODUCTION

At higher levels of BPM (Business Process Management) maturity, a lot of or-
ganizations tend to accumulate considerable amounts of business process models
[1]. Thus, business process model repositories might contain hundreds or even
thousands models represented using various modeling notations [2].

A Business Process Model Repository offers organizations a space for stor-
ing, maintaining, and changing process knowledge (business rules, relationships,
process elements, etc.) for future reuse. Also it enables business users to retrieve
process models for various purposes like understanding, updating, simulating, and
analyzing business process models [3]. The Business Process Model Repository
also might be considered as the software for storing, managing and sharing of
process models for future reuse [4].

Another area where the repository concept appears is EA (Enterprise Archi-
tecture). It is an important concept of an extremely popular architectural frame-
work TOGAF (The Open Group Architecture Framework). The Architecture Re-
pository can be used to store diverse types of architectural outputs, each at
varying levels of abstraction [5]. Whereas TOGAF supports four architectural
domains, business process models belong to the Business Architecture domain.

© A.M. Kopp, D.L. Orlovskyi, 2018
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Thus, to support an iterative cycle of business process models transformation
from reference models to organization-specific models and their further reuse as
building blocks, the Business Process Model Repository concept should be con-
sidered as part of the whole Architecture Repository.

Since business process modeling technique is used to describe knowledge
about organizational activities, the problem of store, share, and reuse of organiza-
tional knowledge, represented using business process models, becomes relevant.
Hence in this paper the similarity measure used to retrieve process models from
the repository in order to their further reuse in a business process continuous im-
provement cycle according to BPM concept is proposed.

RELATED WORK

In the study [6] authors noted that collections that contain hundreds or even thou-
sands of business process models become more common for organizations that
describe their operations in terms of business processes. They analyzed existing
business process model repositories, which provide specific functions for manag-
ing collections of process models, such as managing the consistency and extract-
ing knowledge from existing processes to better design new processes. As a re-
sult, they have proposed a framework for repositories that assists in managing
large collections of business process models.

Quite similar ideas of the Business Process Model Repository are shown in
papers [2, 3, 4]. Elias in [4] proposes the open and language-independent process
model repository, which allows any potential users to capture, share, and reuse of
process models. As the central function of the repository, author of [4] called sup-
porting reuse of process models among different stakeholders, across organiza-
tions and industries. Studies [3, 4] also provide requirements for the business
process models repository with considering its place and role in the BPM life-
cycle.

Authors of paper [2] proposed the reference architecture for the Business
Process Model Repository, which is based on analysis of existing solutions in this
field. This reference architecture includes four layers:

1. “Presentation Layer” provides user interface.

2. “Process Repository Management Layer” provides access management,
version control etc.

3. “Database Management Layer” provides basic functions of database man-
agement system.

4. “Storage Layer” provides storage of business process models.

As for EA, according to TOGAF the Architecture Repository concept is
tightly related to another architectural concept called Enterprise Continuum. This
concept explains how certain generic solutions can be customized and used as per
specific requirements of an organization. The Enterprise Continuum provides
a view of Architecture Repository that provides ways and techniques for classify-
ing architecture and other related artifacts as they transform from generic archi-
tecture to specific architectures that are suitable for specific needs of an organiza-
tion. This interaction allows stakeholders to use all architectural resources and
assets that are available in an organization-specific architecture. The Enterprise
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Continuum provides a very good context for understanding various architectural
models, the building blocks, and relationships between building blocks [5].
Scheme that represents the structure and relationships between the Architecture
Repository and Enterprise Continuum according to the TOGAF framework is
shown in Fig. 1 [7].

Architecture Repository Enterprise Continuum
Architecture Metamodel || Structure and Architecture Context and
classification Requirements
Reference
_ Library Architecture Continuum
Architecture (Generic to Specific)
Landscape
Standards
Resources to be Solutions Continuum
classified (Specific to Generic)
| Governance Log |
—l/
| Architecture Capability | | Deployed Solutions ‘

Fig. 1. Structure and relationships between the Architecture Repository and Enterprise
Continuum

The problem of retrieving similar business process models from the reposi-
tory has been earlier considered in studies [1, 8, 9], which propose label simi-
larity, structural similarity, and behavioral similarity measures based on labels
comparison of business process models nodes. Authors of these papers discussed
the foundations of detecting and measuring similarity between business process
models described in BPMN (Business Process Modeling and Notation) and EPC
(Event-driven Process Chain) notations. In the survey on business process
similarity measures [10], Becker and Laue concluded that there is not a single
“perfect” similarity measure. They also gave some recommendations for the se-
lection of an appropriate similarity measure for different use cases.

Another interesting paper [11] considers not only similarity measures of
business process models, but also provides an approach to similarity search in
large business process model repositories. Proposed indexing approach is based
on metric trees, a hierarchical search structure that saves comparison operations
during search with nothing but a distance function at hand. Dijkman et al. have
also mentioned the ideas of similarity search of process models, which are based
on computationally inexpensive metrics, comparison of models’ fragments, and
clustering techniques [12].

PROPOSED APPROACH

Earlier we have proposed using of the knowledge representation model called
RDF (Resource Description Framework) to describe business process models that
are used to represent organizational activities [13]. The RDF model is based on
“subject-predicate-object” statements, which are convenient for machine process-
ing [14]. A set of such statements might be represented as a marked directed
graph.
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Proposed RDF Schema used to describe a business process model as the
RDF graph includes classes and properties (Fig. 2), such as:

1. “FlowObject” is the class that describes process flow objects, such as
functions (“Function” class), processes (“Process” class), events (“Event” class),
and gateways (“Gateway” class) related to each other using “isPredecessorOf”
property. Classes “DataStore” and “ExternalEntity” derived from the class
“Process” are used to provide description for business processes in DFD (Data
Flow Diagram) notation.

2. “OrganizationalUnit” is the class that describes organizational units, such
as departments (“Department” class) and positions (‘“Position” class) related to
functions and processes using “isPerformedBy” property.

3. “ApplicationSystem” is the class that describes supporting IT-systems re-
lated to functions and processes using “isSupportedBy” property.

4. “BusinessObject” is the class that describes domain objects that might be
considered as inputs (“requires” property), outputs (“produces” property), and
regulations (“isRegulatedBy” property) of functions and processes.

isPredecessorOf AndGateway
; FlowObject <+—+ Gateway
label type <}—| OrGateway

getType()
7~

7
(IntermediateEvent|—> Event |——{5i0R1)
75
N AN
EndEvent isComposedOf

[DataStore

XorGateway

[ Department |

OrganizationalUnit isPerformedBy ] isSupportedBy ApplicationSystem
label Function label
getUrRI() Fequires  jsRegulatedBy produces getURI()
BusinessObject
label
getURI()

Fig. 2. Classes and properties of the proposed RDF Schema

Maintenance of the repository of business process models, represented as
RDF graphs, might allow various possibilities, such as store and retrieve knowl-
edge about organizational activities, and its further reuse to design new or im-
prove existing business processes. Improvement of an existing organizational
business process, according to BPM concept, assumes selection of its design vari-
ants and further transformation using obtained recommendations.

Therefore, business process models that are similar to an existing business
process model should be retrieved from the Business Process Model Repository.
Hence, the similarity measure of two business process models BPModel, and

BPModel, represented using RDF graphs is proposed:

1
_—+
1+ [Ny = |No |
1

10 A — +
|N1| + |N2| xeFlow| AnxeFlow, 1+ ‘mFlowl (X) - mFlow2 (x)‘

BPModelSim(BPModel,, BPModel,) = o,
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1
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|F1| + |F2| xeln axelny 1+ ‘mlnl (x) - mpy, (x)‘

+ 0l

1
J’_
x€Out) AxeOuty 1+ ‘mOutl (X) ~Mout, (x)‘
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where a;, i= 1,_6 are the weights of structure similarity by size, control flow, or-
ganizational units, supporting 1T-systems, regulation objects, input objects, and
output objects respectively, o, +o0,+03+0,+0s5+0g=1; N, is the set of
flow objects; Flow; is the multiset of tuples that contain in-degree and out-degree
values for each flow object (event, function, connector, etc.); Org;, App;, Reg;,
In;, and Out; are the multisets of degree values for each function (or process)

with considering only organizational units, IT-systems, regulation objects, input
objects, and output objects respectively; m 4(x) is the number of occurrences of
the element x in a certain multiset A4 .

For example, considered multisets for a given business process model
BPModelg,,,. shown in Fig. 3 will be the following:

Flow gmple = 1(0,1), (1D, (L), (1,1), (LD, (1,2), (1D, (1,1), (2,1), (1,0)3,
Orgsample = {1’1’1’1}, Appsample = {1919190}’

Regsample = Q, Insample = ®= Outsample =0.

Warehouse WM
|
Supply Dept.

‘ PRy Store
goods

Out of Place Order Receive Goods @

stock order placed goods received

i ! Verify
invoice

SRM

<

Accounting Dept.
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Whereas known similarity measures of business process models [1, 8, 9]
contain difficulties of syntactic, semantic, and contextual label comparisons, pro-
posed measure is based on process model graph structural characteristics. More-
over, proposed measure allows configuring similarity degree according to specific

features of business process modeling notations. The corresponding values of
weights o, i= 1,6 that depend on notations used to describe the compared busi-

ness process models are shown in table 1. Those weights that are missing for a
certain notation (e. g., column that corresponds to BPMN contains only o, and

o, weights) should be considered as zeros.

Table 1. Weights of the similarity measure components according to various
business process modeling notations

BPMN DFD eEPC IDEFO

O | Oy |0y |Og |0y |0y O30y Os| 0 | O3 | 04| Os | Og
BPMN | 0,505 1 0105/05]0 1] 01O 1 0 0 0 0
DFD 1,01(05/05(05| 01| 0] 0 05]05)| 0 0 105] 0
eEPC [0,5/05(05/05(0,2]0,2/0,2]0,20,2]0,25/0,25/0,25|0,25| 0
IDEFO | 1 0 (05]0,5(025f 0 ]0,25/0,25{0,25| 0,2 | 0,2 | 0,2 | 0,2 | 0,2

Notation

Proposed similarity measure of business process models is normalized
BPModelSim(x,y) €[0,1], symmetric BPModelSim(x,y)= BPModelSim(y,x),
and reflexive BPModelSim(x,x)=1, where x stands for an existing business
process model and y is a model retrieved from the business process model re-
pository.

Since the similarity measure of business process models is normalized, its
values might be evaluated using the Harrington’s desirability function and the
corresponding scale [15]. Mapping categories of Harrington’s scale to categories
of architectural artifacts provided by the TOGAF Enterprise Continuum allows
classifying business process models as they transform from generic models to or-
ganization-specific models in the following manner by applying the decision tree
model shown in Fig. 4.

similarity =0.2 | similarity > 0.2
similarity £0.37 | similarity > 0.37

unusable
(worst) foundati
oundation T P
=
(bad) similarity = 0.8 | similarity > 0.8
similarity = 0.63 | similarity > 0.63
organization-specific
) {excellent)
common-systems industry

(satisfied) (good)

Fig. 4. Decision tree model for business process models classification
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Proposed decision tree model was built using the machine learning algorithm
CTree which is implemented in the R programming language and serves as the
implementation of conditional inference trees method [16].

In the context of business process modeling, we assume artifacts as business
process models provided using various notations and languages and then trans-
lated into the corresponding RDF graphs according to the proposed RDF Schema
(Fig. 2). Therefore, proposed conceptual model of the Business Process Model
Repository is shown in Fig. 5.

- «interface»
«interface» ArchitectureRepository
EnterpriseContinuum find()
getStructure() add()
getClassification() (-———- “addAI."{')
I o i remove()
| ' removeAll(}
o ke 1 Py
«interface» «interface» .
Classification Structure “lntEI'I:CE»
Artifact
DecisionTreeModel | | [RDFSchemaf ------ - BusinessProcessModel |
T T /I“
| 1
. |
5 EPZCD"’!:?“’" BusinessProcessModelRepository
struct_ure[_ -1 .. cnema i collection : RDFCollection
classification : DecisionTreeModel

Fig. 5. Proposed conceptual model of the Business Process Model Repository

This model is based on the Repository Pattern that acts as a collection of ar-
tifacts [5]. As it is shown, the Business Process Model Repository might be con-
sidered as the concrete implementation of the Architecture Repository provided
by TOGAF. According to this model, proposed similarity measure might be used
to find process models in the repository that are similar to a given process model
or a fragment thereof. Classification of a found business process model according
to the Enterprise Continuum categories of artifacts (from foundation to organiza-
tion-specific assets) is provided by the decision tree model (Fig. 4).

RESULTS

Proposed conceptual model of the Business Process Model Repository was used
to implement the prototype of such tool using the Java-based open source library
Apache Jena [17]. This library was used as the RDF triples storage and the
framework to operate the set of business process models described using RDF
graphs according to the RDF Schema shown in Fig. 2.

Since the version control of the Business Process Model Repository content
is one of the basic requirements [3, 4], we used the distributed version control
system Git in order to satisfy this requirement and provide maintenance of several
versions of business process models [18]. The architecture of the Business Process
Model Repository implementation is shown in Fig. 6.
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Business Process Models £ Collection of Business & Business Process =

Description Tool Process Models Models Similarity Tool
‘ Presentation, Storage, and Search of Business Process Models 5‘
/" Version | [ Collaborative \ / Access |/ RDF  \ /[ Runtime
‘“_Contral / “_  Work / “_cControl / ‘_Framework / ‘_Environment /

. o o o .
Distributed Version Control System Git O Apache © Java Virtual ©
Jena Machine

Operating System (Windows, macQS, Linux) O‘

Fig. 6. Architecture of the Business Process Model Repository implementation

The software prototype developed to implement the Business Process Model
Repository was used to translate into RDF graphs and upload 73 business process
models provided by the business diagramming software vendors Conceptdraw,
EDraw, and MyDraw on their websites. Proposed similarity measure was used to
find similar business process models among the considered 73 models (including
20 eEPC models, 25 BPMN models, and 28 DFD models). The Rand index [19]
accuracy values were calculated in order to validate proposed similarity measure
by comparing it with the similarities based on business process model metrics:
size, density, and coefficient of network connectivity [20]. Moreover, the accu-
racy values were defined for each similarity threshold according to the proposed
classification (see Fig. 5). These results are outlined in Table 2.

Table 2. Accuracy and estimation of similar business process models

Avrtifacts categories Size Density Connectivity Similar models
Foundation 0,51 0,5 0,48 55,49%
Common Systems 0,82 0,78 0,77 24.26%
Industry 0,98 0,91 0,92 7,19%
Organization-Specific 0,98 0,92 0,93 4,79%

Obtained results demonstrate decrease of the number of similar pairs of
models and growth of accuracy during the transition from foundation to organiza-
tion-specific categories according to the TOGAF Enterprise Continuum. The val-
ues shown in Table 2 demonstrate correctness of the proposed similarity measure
since its accuracy grows according to the Enterprise Continuum categories — from
generic to specific artifacts.

CONCLUSIONS
In this paper we have proposed the similarity measure between business process

models. In contrast with already known measures based on labels comparison
[1, 8, 9], it uses graph structural characteristics to define similarity of business

Cucmemni docnioxcenna ma ingpopmayivini mexnonoeii, 2018, Ne 4 55



A.M. Kopp, D.L. Orlovskyi

process models described using various modeling notations and standards. Be-
sides, proposed measure allows considering similarity not only by the process
flow objects, but also by the organizational units, supporting IT-systems, and
business objects. Proposed measure could be used to identify process models in
the repository, which are similar to a given process model or a fragment thereof.

Proposed conceptual model of the Business Process Model Repository is
based on the TOGAF framework in order to provide interoperability with the
whole Architecture Repository and Enterprise Continuum. Being the concrete
implementation of the Architecture Repository, proposed conceptual model of the
Business Process Model Repository uses the RDF Schema (Fig. 2) and decision
tree model (Fig. 4) to provide structure and classification for stored business
process models according to the Enterprise Continuum concept.

Proposed similarity measure was used to estimate similarity of the sample
business process models in order to analyze accuracy of this measure while going
from the foundation to organization-specific categories of the stored artifacts ac-
cording to the TOGAF Enterprise Continuum.

Future work includes additional consideration of the business process models
similarity search technique that should be elaborated taking into account a large
collection of business process models stored in the repository in which pairwise
comparison of models is not feasible due to performance reasons.

REFERENCES

1. Dumas M. Similarity search of business process models / M. Dumas, L. Garcia-
Banuelos, R.M. Dijkman // Bulletin of the IEEE Computer Society Technical
Committee on Data Engineering. — 2009. — 32. — P. 23-28.

2. Yan Z. Business process model repositories — Framework and survey / Z. Yan,
R. Dijkman, P. Grefen // Information and software technology. — 2012. —
55. — P. 380-395.

3. Shahzad K. Requirements for a business process model repository: A stakeholders’
perspective / K. Shahzad, M. Elias, P. Johannesson // Business Information Sys-
tems. — 2010. — 47. — P. 158-170.

4. Elias M. Design of business process model repositories: requirements, semantic an-
notation model and relationship meta-model / M. Elias. — Department of Com-
puter and Systems Sciences, Stockholm University, 2015. — 252 p.

5. Pethuru R. Architectural Patterns / R. Pethuru, R. Anupama, H. Subramanian. —
Packt Publishing, 2017. — 458 p.

6. Yan Z. A Framework for Business Process Model Repositories / Z. Yan, P. Grefen //
International Conference on Business Process Management. — 2010. — 66. —
P. 559-570.

7. Architecture Repository. The TOGAF Standard, Version 9.2. — Available at:
http://pubs.opengroup.org/architecture/togaf9-doc/arch/

8. Dijkman R. Similarity of business process models: Metrics and evaluation /
R. Dijkman // Information Systems. — 2011. — 36. — P. 496-516.

9. Van Dongen B. Measuring similarity between business process models / B. Van
Dongen, R. Dijkman, J. Mendling // Seminal Contributions to Information Sys-
tems Engineering. — 2013. — P. 405-419.

10. Becker M. A comparative survey of business process similarity measures /
M. Becker, R. Laue // Computers in Industry. — 2012. — 63. — P. 148-167.

56 ISSN 1681-6048 System Research & Information Technologies, 2018, Ne 4



Estimation and analysis of business process models similarity in enterprise continuum repository

11. Kunze M. Metric Trees for Efficient Similarity Search in Large Process Model Re-
positories / M. Kunze, M. Weske // BPM 2010: Business Process Management
Workshops. — 2010. — 66. — P. 535-546.

12. Dijkman R. Managing large collections of business process models — Current tech-
niques and challenges / R. Dijkman, M. La Rosa, H. A. Reijers // Computers in
Industry. — 2012. — 63. — P. 91-97.

13. Kopp A. An approach to business process models repository development / A. Kopp,
D. Orlovskyi // Information Processing Systems. — 2018. — 153 (2). — P. 60-68.

14. Resource Description Framework (RDF). Semantic Web Standards. — Available at:
https://www.w3.org/RDF/

15. Kondruk N. Clustering method based on fuzzy binary relation / N. Kondruk // East-
ern-European Journal of Enterprise Technologies. — 2017. — 4 (2) — P. 10-16.

16. Hothorn T. ctree: Conditional Inference Trees / T. Hothorn, K. Hornik, A. Zeileis //
The Comprehensive R Archive Network. 2015. — Available at:
https://rdrr.io/rforge/partykit/f/inst/doc/ctree.pdf

17. Apache Jena. Semantic Web Standards. — Available at: https://www.w3.org/
2001/sw/wiki/Apache Jena

18. Chacon S. Pro git / S. Chacon, B. Straub. — Apress, 2014. — 456 p.

19. Sivogolovko E. Validating cluster structures in Data Mining tasks / E. Sivogolovko,
B. Novikov // Proceedings of the 2012 Joint EDBT/ICDT Workshops. — ACM,
2012. — P. 245-250.

20. Sanchez-Conzalez L. Quality assessment of business process models based on
thresholds / Sanchez-Gonzalez L. / OTM Confederated International Confer-
ences “On the Move to Meaningful Internet Systems”. — 2010. — P. 78-95.

Received 31.10.2018

From the Editorial Board: the article corresponds completely to submitted
manuscript.

Cucmemni docnioxcenna ma ingpopmayivini mexnonoeii, 2018, Ne 4 57



VJIK 004.021
DOI: 10.20535/SRIT.2308-8893.2018.4.05

A PARALLEL SEARCH ALGORITHM
FOR FORMAL GRAMMAR DATA TYPES

ANASTASIIA PRODAN

Abstract. In this paper, we developed a concurrent generic heuristic algorithm for
parallel parsing and searching in structured text datasets. The main objective of the
algorithm was to increase an efficiency of central processing unit dependent opera-
tions when parsing large-scale datasets by using a parallel approach. The developed
algorithm uses heuristics to find requested data without needing to process the whole
file and without syntax tree building. It can be applied to any data formats. An in-
crease in efficiency was discovered when input-output operations take significantly
less time than the process of searching, the file is loaded into random access memory
or when an efficient non-sequential access to file is possible. We also developed a
prototype implementation of the algorithm for use in performance comparisons. The
prototype supports searching in large-scale XML datasets using a subset of XPath
expressions to specify search request. Our experimental results show that the devel-
oped algorithm is faster than classical algorithms, when all the requirements are met
and the desired data is located closer to the beginning of the dataset. In worst cases,
our algorithm gives nearly the same results as the others, but consumes more memory.

Keywords: grammar, search, parallelism, concurrency, heuristics.

INTRODUCTION

Nowadays there are a lot of digital data representation formats, many of them are
broadly used in almost all fields of human’s interest. Recent achievements of the
information technology have changed the meaning of the information in business
and everyday life. The efficiency of the data storing methods and the speed of
data search have become a valuable advantage.

Most commonly used search methods are divided into three common parts:

1) parsing,

2) decoding,

3) searching.

Parsing refers to lexical and syntax analysis. Input for this stage is raw text
data, and abstract syntax tree is the output. For context-free LL(1) grammars,
lexical analysis can be done using the state machine. Tokenized text is then
processed by one of the forward recursive parsing algorithms.

Decoding refers to semantic analysis. Input for this stage is abstract syntax
tree, and the output depends on file format and decoding engine. For XML-based
data types document object model has to be built. For JSON and other data types
the output of decoding stage is not standardized and depends on the current appli-
cation. Data is represented in graph or tree structure.

Search stage can be started only after all the previous stages are completed.
On the search stage, we traverse the inner structure of the decoded data and return
part of the data, if it matches all the search criteria.

© Anastasiia Prodan, 2018
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To increase speed and efficiency of the search, indexing is used. Indexing al-
lows search algorithm to go directly to the searched data, skipping first two
stages. The problem is that full index is not always available. The process of in-
dexing requires much time, memory and storage space, so it is redundant when
we need to process the file only once, or when we do not have enough storage
space to store full index. Partial index can only speed up some simple queries, but
is useless for complex ones, so search system has to fall back to the first algo-
rithm, that is less efficient.

ALGORITHM

For the cases, where full indexing is not possible or not necessary, we developed
our concurrent heuristic search algorithm. The inputs for this algorithm are search
query and raw text data, and the output is the found data.

Classical way of increasing calculations speed is to run them in parallel.
Using high parallel approach, we can process large files faster than sequentially,
but we should be able to read file non-sequentially. The general algorithm scheme
is shown at fig. 1.

Main steps of the algorithm are listed below:

1. Split file into n fixed-size buffers.

2. Run k parser threads, where k& <n. Each parser thread process a buffer
sequentially, from the beginning.

3. When thread has completed the processing of the buffer, it consumes next
buffer from the remaining queue.

4. If all the search criteria are satisfied by one of the threads and all the
previous buffers, data is found. Return the data.

5. When the queue is empty, return failure.

The following data structures are required for this algorithm:

1. Currently used buffers.

2. Buffer queue.

3. Results list.

Currently used buffers store raw text data that is being processed by the
parser thread. Size of the buffer is fixed. To calculate optimal size of the buffer,
we have to consider limitations of maximum available memory and minimal
processing unit size in formal grammar representation.

Buffer queue stores pointers to data that is not yet available for reading, and
has to be loaded into one of the buffers yet.

Results list is a simple list that contains data structures of the special type -
result. Every time a worker thread finishes processing of a buffer, it has to put a
result into the results list, so decoded information will be available for all the
other threads. The structure of a result will be described above.

The main process of lexical and syntax analysis is executed in parser threads.
Each parser thread executes the following set of operations:

o lexical analysis;
structural analysis;
data search;
result updating.
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Parsing is based on a state machine, that reads input symbols one by one and
changing its state. We use simple pushdown automata for parsing, because it al-

lows passing the context from one buffer to the next one and allows speculative
parsing. Parsing process is shown at fig. 2.

Fig. 1. General search algorithm structure

There are two possible ways for a thread to start processing a buffer. If pre-
vious buffer was already processed or if it is the first buffer from the beginning of
the dataset, we can use the information from previous buffer to determine, what
was the previous state and at what state we are beginning.

If we do not know about previous buffer, we still can process the current
buffer. We create multiple state machines, one for every possible state. On each
step every state machine receives the next character as its input data. For each
state machine, if it receives incorrect data and enters error state, it is destroyed.
For simple context-free grammars, this process allows to distinguish only one or
two possible states without knowing about results of parsing previous buffers.
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Fig. 2. Parsing process

Search process is executed every time a token is parsed. All the non-terminal
character sequences are being tested against the search query. For the first token,
if it is not a terminal character, not complete match is also allowed, if it matches
the end of a search query. The same applies to the last token, if it matches the be-
ginning of a search query. Match shows that it is possible for this buffer to con-
tain searched data.

After all of the buffer content is processed, and after the result is pushed to
the result list, thread has to check if search was successfully completed. This step
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is only taken if a thread has a full match or an incomplete match at the beginning.
The thread has to wait for all the preceding buffers to be processed. If all the
search criteria are satisfied by the previous buffers, the thread stops all the other
parser threads and returns successful search result. A detailed scheme is
shown at fig. 3.
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Fig. 3. Full text search process

Result is a data structure, that is able to store all the state machines, that sur-
vived (have never entered the error state) during the parsing operation of a buffer.
Stack of every state machine for storing uncompleted non-terminal character se-

62 ISSN 1681-6048 System Research & Information Technologies, 2018, Ne 4



A parallel search algorithm for formal grammar data types

quences also should be stored inside result data structure, so it can be used when
the next buffer is being processed or after the next buffer has been processed. This
way of sharing the state between partitions, processed in parallel, allows us to
keep the hierarchy.

Also result data structure has to store the results of search query matching.
This information can be represented as a list of discriminated unions (with ele-
ment count equals to search criteria count) with four possible states:

e no match;

e full match;

e partial match (beginning);

e partial match (ending).

For partial match cases, part of the string that is matched should also be in-
cluded. For the ending match, we need to keep only index of the match string,
because the string itself is already stored in the stack of the state machine.

IMPLEMENTATION FOR XML

To make a research and get the experimental results, we developed an algorithm
implementation for the XML language. To define a minimal subset of XML,
which can be used for algorithm testing, we need to select element types that are
supported in our XML grammar subset [1]. Supported elements are shown in the
Table 1.

Table 1. Supported elements in XML implementation

N Element type Example

1 Node <node>

2 Text node Text node

3 Attribute attribute="value”
4 Closing node </node>

At first, we define a finite state machine for the XML grammar, considering
our imitations to keep it simple enough for testing purposes. Then, we define a
search query. In many applications, XPath query language [2] is used to define
the data to be found. To keep the example implementation simple, only one axis
and only one search method of XPath will be used — forward traverse with full
text search. The developed algorithm can only be efficient on forward axis, be-
cause it processes file in forward direction, from the beginning to the end.

In the example (shown in fig. 4) we use only one search query, a text node
with full text matching criteria. The following figure shows the process of search
for a text “Ola Nordmann” inside the sample XML dataset. The input dataset is a
regular XML document with typical hierarchical structure, where data is repre-
sented as text nodes. Text that satisfies the search criteria is located at the begin-
ning of the file, so the algorithm does not need to process the entire file to the end.

After the first processing stage, XML document is split into 15 buffers, con-
taining 30 characters each. It is still just raw XML document, but every buffer is
processed independently in parallel by some worker threads, beginning from the
first buffer.
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After the second execution stage, data is represented as “result” data struc-
tures. Each structure contains the stack for a state machine (upper text field) and
its state, described in lower text field. Also it contains a match flag. Full text
matching with text node started in the third buffer, and completed in the fourth

buffer, so there is no need to continue the search process.

<shiporder orderid="889923">
<orderperson=>John
Smith</orderperson>
<shipto>
<name>0la Nordmann</name>
<address>Langgt 23</address>
<city>4000 Stavanger</city>
<country>Norway</country>

<shipto> <name>0Ola N |

. order :
i Node closing tag name |

T
! Text node (match end) !

i person>
</shipto>
<item>

<address>Langg

Langg

|:> ordmann</name>
<title>Empire Burlesque<ititle> :

zgﬂ;ii%’fﬂ?;:f::ﬂ%‘:mme> 1: 23</address> <city>4000 Sta

<price>10.90</price>

<fitem>

<item>

<title>Hide your heart<ftitle>

<guantity>1</quantity>

<price>9.90</price>

<fitem> H
</shiporder=> T

Text node (matched)

Ola Nordmann
matched

Fig. 4. XML processing

Only four buffers were processed, ant it is enough to find the data. If we use
four threads, because four cores (physical or virtual) is a popular solution for
desktop processors, we can achieve the result of completed search in just one run.
It could be almost four times faster than if it is done sequentially. If we are using
classic non-parallel parsing algorithm, we need to process all the dataset, all 15
buffers, so developed algorithm can be almost 15 times faster in this particular
case in theory.

EXPERIMENTAL RESULTS

For the testing purposes, classical search algorithm from the default .NET platform
XML library will be used to compare efficiency of the algorithms on different
sizes of the dataset.

Result of the experiment can be seen in the Table 2. Graphically experimen-
tal results are shown at the fig. 5. As we can see, the developed parallel search
algorithm is faster on the larger datasets, because it works in parallel and it does
not need to read the entire file to the end, if the searched node is found.

If the dataset is growing linearly, time spend for the search process is growing
linearly as well for both algorithms.

Table 2. Results of the experiment

N File size, Mb Time for t_he developed | Time for_ the library
algorithm, ms algorithm, ms

1 100 137 108

2 500 242 319

3 1000 398 480

4 2000 514 827

5 5000 843 1746
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Fig. 5. Experimental results: / — library; 2 — developed

We generated a sample XML dataset that includes all of the supported ele-
ment types. Each name or value field length is between 2 and 20 characters. Ele-
ment that is being searched is always present in the dataset. Location of the ele-
ment is randomly generated on each test run.

Classical algorithm can achieve better results on small datasets, because it
uses multiple optimizations and more efficient parsing algorithms, than our sam-
ple implementation. Also, our algorithm requires a complex initialization stage,
with multiple data structures allocation and multiple threads initialization.

For growing datasets, developed algorithm requires less time to find matching
data, but there are several conditions that should be met. Also the speed of the
developed algorithm depends on searchable element’s position. In the worst case
possible for the algorithm, when the searched element is not present in the dataset
and the entire file should be processed, our algorithm still works faster because of
its highly parallel nature, but the difference is less significant.

RELATED WORK

Many methods of parallel text data processing have been presented. Many of
them are applicable only to XML processing, especially for XML parsing. Paral-
lel approach is well known in finite automata based parsing methods [3] specula-
tive parsing methods [4]. Most of parallel approaches can be used for context-
independent LL(1) formal grammars. XML grammar is a subset of LL(1) gram-
mar, but with some unique differences. Parallel XML processing includes parsing,
syntax tree building and XML graph tree building [5]. Modern XML processing
methods use special optimization techniques, applicable only to XML format [6].

Parallel depth-first search is widely used in highly efficient searching sys-
tems [7]. In this paper, we developed a search algorithm, based on parallel search
methods and concurrent formal grammars processing methods for efficient search
in any grammar that differ from the existing methods by using the combination of
parallel parsing and parallel search in one run.
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CONCLUSION

We presented a concurrent algorithm for search in text documents, represented
using formal context-independent grammars. The developed algorithm was tested
on subset of XML grammar using XPath as query language grammar. Experimen-
tal results show that good speeding up was achieved for large-scale datasets.

Speed up is only possible under some constraints. If the speed of read opera-
tions is limited by the speed of the disk, and parallel reading is not possible, there
is no reason of using highly parallel approach. The developed algorithm will only
slow down the process, because of thread management and context switching.
Also it is recommended limiting thread count to be less or equal to the physical
processing units, to make use of real parallel execution and reduce number of
CPU cache misses. Optimal buffer size depends on multiple factors, from CPU
cache size and random access memory available to the data representation format,
formal grammar and most common text node sizes. To get the best results from
using the developed algorithm, it is recommended to configure these parameters
manually for each application to meet its requirements.

In comparison to the commonly used search methods, this concurrent heuris-
tic search method demonstrates higher efficiency in terms of execution time, but
uses more memory and utilizes more system resources.

To improve the performance characteristics of the algorithm other parsing
methods can be used. Dynamic buffer sizes, used alongside with special data
splitting algorithm, capable of splitting the dataset by terminal characters, would
be great improvement to the developed search algorithm.
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3D FRAME MODELS SWITCHING ELEMENTS BY
BEREZOVSKY FOR SOFTWARE-CONFIGURABLE
SWITCHING STRUCTURES

S.A. BEREZOVSKY

Abstract. The frame 2D and 3D models of patented by Berezovsky switching ele-
ments are proposed in relation to the construction of topologies of switching struc-
tures admissible for reconfiguration. It has been revealed that the use of frame
models by Berezovsky switching elements allows to visualize the information about
the state of the structure of switching elements, to vary the number of independent
inputs and outputs, and provides additional possibilities in the simulation of topolo-
gies of modern structures with separated by planes data and control. The method of
formation of states of the switching structure topology elements has been proposed.

Keywords: switching elements by Berezovsky, model of switching elements by
Berezovsky, 3D switching structures on the elements by Berezovsky.

INTRODUCTION

The Fourth Industrial Revolution (4IR) is a new era in the development of man-
kind, characterized by the “blurring” the boundaries between the real world and
digital technologies.

The fundamental part of the 4IR architecture is the digital economy and the
integration of smart plants into industrial infrastructures.

One of the main tasks of the 4IR is the definition of common platforms of
“service-oriented design” with a single information language space in which ma-
chines of different corporations will freely communicate.

A completely new type of industrial production, based on the so-called Big
Data and their analysis, complete automation of production, augmented reality
technologies, the Internet of things is emerging.

This means a wave of discoveries caused by the development of the possibili-
ties of self-adjusting telecommunication architectures capable of adapting to new
realities (needs) in a completely autonomous mode without human participation.

Cloud technologies, the development of collecting and analyzing methods
for Big Data, secure and protected “smart network” technologies, intelligent
switching systems and structures in the field of data transmission have become
the key technologies of the new industrial revolution [1].

© S.A. Berezovsky, 2018
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NEW SOFTWARE-DEFINED SWITCHING ARCHITECTURE

Traditionally, the main infrastructures nodes of Software Defined Switching
Structures, Systems and Networks (SDSSSN) appear for customers in the form of
some “black boxes”: proprietary equipment, proprietary network operating sys-
tem, hardwired by manufacturer set of functions and a specific utility for manag-
ing this entire pack.

The company Cisco is leading among the developers in this field, offering a
platform that uses a unified switching matrix. However, the installation of newer
and newer hardware devices, which configuration varies for each customer, leads
to a multiple increase of the load i.e. the amount of service information sufficient
to slightly get confused in new and specific data related to the basic computer
control devices of the SDSSSN, not always clearly structured.

The construction components of the SDSSSN offered by the suppliers to the
suppliers are still 2D component file structures, which dominate in the technology
nowadays as well.

Topology was based on the use of the simplest integration mechanisms of
individual components and was limited to the level of technology development,
the implementation of elementary 2D models based on the interface of minimal
user interaction with ECM [2]. This determined in many ways the capabilities of
the SDSSSN designers.

In the new initiative SDSSSN construction two stages have been distin-
guished, in the first stage the existing monolithic approach is divided into hard-
ware and software parts, the second one assumes a completely modular approach
where all components can be isolated and replaced with suitable ones.

The new architecture framework

The new building element of the SDSSSN is a switching element (SE) without an
operating system, a kind of SE without embedded software, but with a software
boot environment providing the installation of compatible operating systems
based on an open operating system (OS). This allows consumers to replace the
operating system and avoid binding to the equipment supplier, and also fits into
the tendency of building the SDSSSN.

As a basic generating framework, it is proposed to use Berezovsky's fully
available 2D switching element (KEB-1), the graph of which is shown in Fig.1

KEB implements a set of states described by the characteristic equations [3].

The basic concept of such KEB-1 is its turn in fact into a common frame-
work under the control of an open OS, whereas all switching functions are im-
plemented by a special processor (“demon”), controlling the switching matrix, a
field with its own driver, as one more service. In some developments, it is pro-
posed to place the control processor on a separate daughter board, which will, in
the future, even select the architecture of the processor.

The new switching element of SDSSSN must meet the most stringent
requirements for continuity, flexibility and scalability, and in addition become
“smarter” and faster, as a kind of “conductor” for all types of data passing
through it.

2D frame models presentation of KEB-1. The need of developers and con-
sumers in the possession of operational information on the structure, composition,
state of KEB-1 predetermined the borrowing from psychology and philosophy the
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known concept of an abstract image, a model for representing a certain perception
stereotype.

A real need to use the physical development of SEs from different manufac-
turers and in the case where the physical properties of SE are not important, it is
preferable to use intelligent methods of knowledge representation to describe the
functions of the model as a single solution that is the frame model.

Framed models of knowledge representation are one of the most important
lines of research in the field of artificial intelligence, a component of the 4IR.

The integrated complex model should provide a study of the behavior of the
simulated SE in general and the influence of the constituent parts on each other,
herewith it should be easily modified and expanded.

It has been suggested to use a second-order geometric figure — an ellipse as
a formalized model for displaying the abstract image, in our case, the KEB frame
model [3].

Frame model of KEB-1 with the number of terminals points -input-output
n =4 is shown in Fig. 2.

o * o
' A]z
7 KEB
. ¥ o A A
(-} S . o AN

Fig. 1. Graph of commutation g 2 Frame model by Berezovsky
element by Berezovsky

Orientation of the KEB frame model is determined by the designer proceed-
ing from their practical convenience of representing the structure (Fig. 3).

Fig. 3. Orientation options, KEB codes and I / O points

In general case, the frame data structure can contain a wide range of infor-
mation, determined by the level of education, professional experience and per-
sonal maturity of both designers and consumers.

Authorial encodings of both the KEB themselves and the 1 / O points are
possible.

3D frame models for the presentation of KEB-2. The emergence of new
patent technologies of 3-DMS type, three-dimensional integration by means of
through-silicon holes (Through Silicon Vias, TSV) will solve some problems of
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3D modern electronics, which in turn will unable solving 3D SDSSSN design is-
sues for new communication technology, automated control systems, computer
systems, robotics, unmanned aerial vehicles [4].

The N-dimensional switching element by Berezovsky KEB-2 has been syn-
thesized [5].

The main advantage of the frame model of KEB-2 representation is that it re-
flects the conceptual basis by Berezovsky-2 switching element, as well as its
flexibility and visibility.

The singularity of this approach is the ability to synthesize 3D models of
KEB-2 for SDSSSN in a Cartesian coordinate system. The left and right variants
of the rectangular 3D frame model of the KEB-2 from two generating KEB-1 in
the 3-dimensional space have been proposed (Fig. 4, 5):

o 3D rectangular single frame model of KEB-2 presentation;

e 3D rectangular colored frame model of KEB-2 presentation;

¢ 3D rectangular frame model with KEB-2 switching state display;

e 3D rectangular colored frame model with KEB-2 switching state display.

The frame model of KEB-2 representation is offered in two varieties:

¢ rectangular 3D KEB-2 frame model, as a particular kind of model (Fig. 4-6);

Fig. 6. Isometric frame model of the KEB-2 representation from N =2 generating
KEB-1 (green, yellow) in 3 -dimensional space

The frame model of KEB can be characterized by its relatively high com-
plexity, which is manifested in a decrease in the speed of the output mechanism
and increasing the complexity of making changes to the generic hierarchy.
Therefore, when developing the KEB frame model, the special attention is paid
to visual ways of displaying and effective means of editing of KEB frame mod-
els and frame structures on its base.
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The frame model of 3D KEB-2 is formed on the ground of basic 2D KEB-1
in the affine space of N-planes (Fig. 7) [5].

Fig. 7. Isometric frame model of the KEB-2 representation from N =3 generating
KEB-1 (red, blue, green) in 3 -dimensional space

Framed 3D models allow designing 3D switching matrices that can facilitate
the development of options for parallel systems of collecting, processing and stor-
ing information. The KEB frame model provides an economical allocation of the
knowledge base in memory, and the value of any attribute, i.e. a slot, can be cal-
culated by appropriate procedures or found by heuristic methods.

[x‘lh’z)
A, An oy

X
Ay, W Ay W

W(x,h,-z)

Fig. 8. The frame model

SWITCHING STRUCTURES ON ELEMENTS BY BEREZOVSKY

The 2D “flat technology” is still dominating in the world (humanity is used to and
works with 2D, that is, in the plane (of a desktop) of information visualization: a
diagram as a flat drawing; a picture as a flat image; chip as a plate; motherboard
as a set of up to 51 layers.

Formation of the switching structure in 2D is performed according to the file
principle that is by cascading entering of switching element into a line and further
typing them into the page-field.

A field of 4 x 4 switching elements with 4 points (terminals) of inputs and
outputs is shown in Fig. 9.
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The implementation of frame KEB models opens new opportunities for de-
velopers in the topology and architecture of SDSSSN.

In SDSSSN on the basis of KEB-1, KEB-2, branched, unbranched, rectilinear,
curvilinear connections i.e. communication channels, transmitting information in
any given direction, are synthesized.

Branching communication channels allow information to be transmitted
from one terminal point, the SDSSSN input to several outputs.

In such SDSSSNs, it is possible to form intersecting communication channels
between inputs and outputs located in different parts thereof.

In some cases in flat homogeneous SDSSSN, limiting the transfer of informa-
tion from one part of the structure to another or even isolating one part from the
other, communication channels may be formed.

The implementation of KEB-1, KEB-2 in the synthesis of new SDSSSN al-
lows the more efficient and full use of the structure (Fig. 10, 11).

Fig. 10. 3D rectangular colored frame model KEB switching structure from N =2
generating of KEB-1 (green, red)
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Fig. 11. 3D Isometric colored frame model KEB switching structure from N =2 generating
KEB-1 (blue-black, red)

3D rectangular colored frame model switching structure on the KEB from
N =2 generating KEB-1 (green, red) and 6 input-outputs 4, ;,B,;,Cy;,Dy;,F;,E} ;.
The interaction of different types of models (KEB -1, KEB-2) as augmented
reality tools (contributs individual artificial elements to the perception of the real

world) or knowledge base rules, their reuse in the modeling infrastructure is pro-
vided on the basis of the problem-oriented integration method.

The implementation of the method allows solving the problems of compati-
bility and interaction of models in the object-oriented modeling infrastructure in-
tended for the work of SDSSSN designers.

3D rectangular colored frame model switching structure on the KEB from
N =2 generating KEB-1 (green, red) and 8 input-outputs 4;, x;, u,, where

i=lLq, j=1,p, k=14, f=14.

The model description is extended by the semantic constructions of the do-
main are and the knowledge bases determining the work logic of the models [6].

Regardless of whether the model functions are implemented in a specialized
programming language or described in the form of rules, the user will operate
them in the same way.

When performing the modeling, each model implements the algorithms em-
bedded in it and interacts with other models through subscriptions to outputs from
other models. Subscriptions are implemented on the basis of the constructed in-
formation-graphic description.

FORMATION OF STATES OF COMMUTATION STRUCTURES
ON SWITCHING ELEMENTS BY BEREZOVSKY

These days, one of the topical tasks of designing in many technical branches is the
development of efficient switching provision for SDSSSN in various modes of
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their operation [7]. This task, first of all, refers to the switching of complex com-
puter systems and networks, to the management of monitoring systems and secu-
rity networks, to switching of channel television, broadcasting, telephony and
Internet networks, to maintaining the required state of optoelectronic communica-
tion networks, etc. [8]. Existing designing methods of appropriate patching facili-
ties for the listed SDSSSN have a number of known shortcomings [9] that reduce
the efficiency of multi-channel networks functioning, and therefore the proposed
approach, the main concept of discussed below, is of some interest.

So, suppose that for a given SDSSSN containing M channels y, (k =1,_M) ,
it is necessary to ensure their switching to N states S; (i = 1, N) on the basis of
commuting module (KEB). In its turn, the KEB is characterized by n commuting
variables x, (» =1,n) and m commutated poles (variables) z; (/ =l,_m). Further-
more, for the KEB there is also a certain number O of switching states (SS)

V; (=10) with respect to the set of variables z.

Then the task solution on switching the considered SDSSSN can be reduced
to the determination of a certain number of KEBs that, on the basis of a number
of states V' under the control of n commuting variables x, by means of the vari-
ables z, ensure the commutation of the channels y for given states S .

Concurrently, the solution of the problem can be obtained on the basis of dif-
ferent KEB.

One of the simple way of presenting information about a given i -th SS (.S))
is shown in Table 1.

Table 1. Switching state table Table 2. Modified table
J Y1 Y2 M J Y1 Y2 M
i 0 1 0 i 1 1 0
v |0 0 0 Vot 1 0 1

Because of the presence of symmetry, Table 1 can be simplified (Table 2).

On the basis of Table 1 and Table 2, it is convenient to introduce the follow-
ing notation, which in the presence of a connection between the p-th and g-th
channels can be represented in the form

Vp¥g =1, (1)
and in its absence it is written as follows
Yp¥e=0. (2)

Then, taking into consideration the notations (1) and (2), the i-th SS (S1) can
be represented in the form

Si :gl(i)+g2(i)+---+gai(i):ai,ﬂ (3)

where g (i) is the & -th connection of channels y,y, (1) to the i -th SS SDSSSN.

74 ISSN 1681-6048 System Research & Information Technologies, 2018, Ne 4



3D Frame models switching elements by Berezovsky for software-configurable switching structures

Based on the introduced representations (Table 1, 2, expressions (1)—(3)) as
a whole, the task for commutating of SDSSSN can be represented in the form of a
table (Table 3).
Table 3. Channel Link Combination Table

S g

&1 &2 84
S 1 0 0
S, 1 0 1
Sy 0 1 0

In the Table 3, in line g, all used in SS combinations of SDSSSN channels
of the type

81 =WMV2 82 =WNV3 5o 84 = VM-1VM >

are represented, except y, v, (k=LM).

The same information (Table 3) can easily be represented in the form of ex-
pressions (3)

S;=>g)=a;, i=,N. (4)
k=1
In particular, the simple inclusion of the SDSSSN, by virtue of relations (4),
is described as follows

4
Sl=zgk(l)=al, i=1,2,
k=1
where a, =0, S, =0.
In its turn, for the KEB it is also possible to create tables similar to those
considered above (Tables 1-3). Such tables for KEB are given below (Table 4, 5).

Table 4. Variable table Table 5. Variable table
z Z1 Z ...z Zm y w
Z 0 1 0 Wy Wy
Z5 0 0 1 Vi 1 0
: : : : : V, 1 1 0
Zm 0 0 0 : : : : :
Vo | 0 1 1

Description of the SS KEB by analogy with the expression (4) has the form
bj _
ijzwr(])zb], J:1,Qa (5)
z=1

where w,.(j) is the 7 -th connection of the variables z,z, (1) in the j-th SS.
For KEB it is necessary additionally to describe the state of control variables
x, (r=1,n) (control state (CS) X ;) for each S§ V; of commutated variables

z; (= I,_m) (Table 5). For this purpose it is convenient to use the following table
(Table 6).

Cucmemni docnioxcenna ma ingpopmayivini mexnonoeii, 2018, Ne 4 75



S.A. Berezovsky

Table 6. Control signal table

X1 0 0

X2 1 1 0 0

Xy 0 1 0 1

V 14 V) Vo Vo

In Table 6 the agreed notation is as: 1 — has a control signal and 0 — this
signal is not present that can be represented for the - th manipulated variable in
the following form

x,=1 wm x,=0, k=Ln. (6)

Then the description of the j-th CS (X ;) for the j-th SS (V;) has the form

X; =x_1x2x3...xn . @)
Taking into consideration the relations (6) and (7), and also the well-known
Boolean algebraic identities for the representation (5), we obtain
Vi=bX;=b;(xx,x3..x,), j=10.
Indeed, by virtue of Table 6 and the expressions (6), (7), for Vj we have
X, =myme =1,

It should be noted that, both for SS SDSSSN (S;), and SS KEB (V) the

simple and / or complex switching occurs. The first type of commutation is char-
acterized by the absence of repetition of indices in the description of g, (i) (4)
and w,(j) (5), i.e. each SDSSSN channel and each KEB pole has only one con-

nection. Complex switching allows the repetition of mentioned indices, which
indicates the presence of several connections for individual channels of the
SDSSSN and KEB poles. The noted features impose additional requirements on
the formation process of the complex SDSSSN set by SS, which determines the
development of individual methods for solving the set task.

So, the first procedure for the formation of complex SDSSSN assigned by SS
is called the method of direct substitution (MDS) and its essence is as follows.

Suppose that for SDSSSN with M channels y, (k :L_M) it is required to
form N SS S; (i =1,N) based on KEB with n commuting variables x, (r =1,n),
m commutated poles z; (I = I,_m) and O SS V; (j =@). In the above descrip-
tions (4) and (5) the representation of this problem has the form (0> N, m>M):

aj - b./'
e =a;, i=L,N; Y w,.(j)=b;, j=10, (8)
k=1 z=1
where
g @)=y, £O=1Y3 s ua1()=N1Vms

76 ISSN 1681-6048 System Research & Information Technologies, 2018, Ne 4



3D Frame models switching elements by Berezovsky for software-configurable switching structures

EnD =153, Cui1(D=22Vy 5 &am—3(0) =V2Vs

8= Ym-1Vm- (€))

For w,(j) the relations analogous to the equalities for g; (i) (8) are valid.

Obviously, for m >0, the individual values of g, (i) (9) are equal to zero by
definition (g, () =y, ¥4 =0 etc.).

MDS provides for the identification of all possible solutions to the formu-
lated above task. For this purpose, at each step of identifying connections between

the channels y, (k :I,_M) of SDSSSN and z; (/ :I,_m) KEB bands, these con-

nections are set in the following form based on some search algorithm or ran-
domly

Y =2Zg5 yZZZﬂa'-"a Ym = Z20- (10)

Subsequently the SS SDSSSN S; (i =1,_N) (8), (9) are rewritten taking into
account the selected combinations (10) in the form:

ai
Zwk(i)zai, i=LLN, (11)
k=1

and the following equalities are considered separately for each S; (i=1,N):
Vj -8 :bj —a, jZE;

Vi=Sy=b;—ay, j=10; (12)

The presence of non-coincident values of j for each SS §; (i = 1,N) indicates

the correctness of the selected compounds (10). Violation of this requirement de-
termines the inaccuracy of the relations (10). Herewith, description of the control

variables x, (r :I,_n) (7) X; corresponds to each value of j (V) entering into
the obtained solution.

In particular cases, to solve the set task, the tables of SS indices (S1, Table 7
and V;, Table 8) can be used.

Table 7. Index table Table 8. Index table
S g % d
81 82 84 wi Wy Wg
S] (08] & €y V1 €1 &) €
S Bi B2 Ba v, o 5, €5
SN Y1 Y2 Y4 VQ Vi Vo Vp

A simple search of lines in the Table 8, overlapping the lines in the Table
7, in the absence of their overlapping for different S; (i =1,N), also proves the
correctness of the selected connections (10).
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EXAMPLE OF APPLYING THE PROPOSED METHOD

To illustrate the proposed MDS, let’s consider the following simple example. For
a certain MCS having 4 channels y, (k=1,4), based on the given tables of the

type of Table 1-3,aSS (4) S; (i= 1,_2) are created:
S1=0Y3t 0204 =2 Sy =0py +y3p4 =2, (13)
In addition, there is a KEB with 6 poles z; (/ :1,_6) and 10 control vari-
ables x, (r :I,TO) . To provide the SS (11) in the CM, the following SS (V) (5)

can be used:
V] == Z]Z4 + 2223 + 2225 = 3,

Vz :ZIZS +ZzZ4 +Z3Z6 23, (14)
Vi =z123 + 2924 + 25245 = 3.

Taking into consideration the representation (9) of the SS description (14)
will take the form:

Vi =wi (1) +we (1) +ng(l) =3;
Vo =wy(2)+w;(2) +wpp(2)=3; (15)
V3=w,(3)+w;(3)+w5(3) =3.
The description of control variables (7) corresponds to each SS (14), (15)
X, =X X0, Xy =X XXy, X3 =X Xy Xy (16)
Next, the connections (10) are assigned
N=21, Ya=2Zy, V3=Z3, V4=14, (17)
and expressions (11), (13) are written down,
Si=w,(D+w,(D=2; S, =w;(2)+w((2)=2. (18)

The verification of conditions (12) on the basis of expressions (18) and (15)
gives the following relations:

1/1—5123; V2—Sl=2; V3—S1:1,

(19)
Vvl_S2:3; Vz_S2=3; V3_S2:3.

In the set V; =S; (J =1,_3) there is a solution (V5 —S§; =1), however there is

no such solution in the second set V; =S, (j :1,_3) which indicates the unsuc-

cessful selection of connections (17).
The same conclusion can be made as well for example with respect to the
following combinations:

N=21, Yo=23, V3=Z4, Ya=255 V1 =23, V2 =24,
V3 =Z5, Y4 =Z¢5 V1 =26, V2 =25, V3=24, V4 =23

and etc.
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The following relation is considered as successful:
N=Z21 Ya=2Z4 V3=Zs5, Y4=12), (20)
which determines a SS of the form (18):
Si=wyD+w, (D=2 8§ =w3(2)+ng(2)=2.
In this case, the verification of the requirements (12), (19) has the form:
=8 =3 V-=-S=L ih-5=2
N=-S,=L V,-8,=3; 15-5,=3.
The second relation (V, —§; =1) from the first set V, =S, (j = 1,_3) and the
first equality (7}, —S, =1) from the second set satisfies the requirements (12) and,

consequently, the connections (20) are the solution of the problem under
consideration. Fig. 12, a) shows the realization of S} (13), and in Fig. 12, b) there
is the realization of S, (13) by means of SS KEB, respectively, V, and V. The
control variables X, and X, are then fed to the control circuit (CC) KEB
respectively (16). In the first case (Fig. 12, a), there is a simple connection, and in
the second case (Fig. 12, b) there is a double connection for Z, .

The use of index tables (Table 7 and Table 8) gives a fairly clear idea of the
presence and absence of a solution.

Thus for the variant of combinations (17) we have the following tables of in-
dices (Table 9, 10).

Table 10. Index table for a variant
Table 9. Index table for a variant of combinations (17)
of combinations (17)

y

81 £ 12

3 6
S 2 [ 7] v, 4 7
S, 1 10 vy 2 1 7] 15

B()| Bl

Y /4 Be B
N4 f f/ JTt % WE— »iQ—W—%

L e iy s e e i |
/® ¢ 0,8 . 2@ ;0,0 2 78 70 , & 28 7

Fig. 12. Implementation of SDSSSN S (a) and S, (b)

These tables (Table 9, 10) obviously demonstrate the abovementioned
conclusions (19) on the absence of a solution.

For correct connections (20), there are the tables 11 and 12 take place, which
convincingly illustrate the existence of a solution to the problem.
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Table 12. Index table for correct
Table 11. Index table for correct connections (20)
connections (20)

y w
g g Wy Wy w3
81 &2 14 6

S, @ @ v, 4 7 120
S, e @ 15

In conclusion, we note that the proposed method has its advantages and dis-
advantages. Thus SDSSSN (8)—(12) allows to get all possible solutions, it is sim-
ply algorithmized and easily allows to take into account additional requirements
when selecting connections. These requirements include restrictions on currents,
voltages, power, speed, SDSSSN channels and their coordination with the KEB
capabilities.

Frame 2D, 3D models of switching elements by Berezovsky give the re-
searcher the opportunity to create their own multi-character material as an innova-
tive database of interactive graphic data (DB) for the formation of special knowl-
edge bases (KB).

Having a language system with which you can present the result and experi-
ence of developing a database, and also store and store knowledge bases directly
in the system in close connection with a specific sensory channel of cognitive
graphics [10].

Such a technology gives a researcher a highly efficient technical tool for di-
rect, purposeful influence on the processes of figurative thinking of a person / de-
veloper / operator, and in natural (rather than model or test) conditions for finding
a solution to a real scientific problem.

CONCLUSIONS

2D, 3D frame models by Berezovsky patented switching elements are proposed
for constructing topologies of software-configured switching structures, systems
and networks.

The proposed KEB-1 and KEB -2 can be in one of the specified states of Ni;
a priori set each state of the switching elements by Berezovsky, which form the
topology, is encoded by the logical statement Aj and can be represented as a
graphical 2D, 3D model of the image of the SDSSSN element.

Models allow to visualize 2D, 3D topology of the SDSSSN.

They reflect the vision in the design of the role and place of cognitive graph-
ics in the development of new SDSSSNs.

Reduction of various types of models (KEB -1, KEB-2) to single components
of the modeling environment allows the designer-designer to build universal
models of the SDSSSN, applying various options for the implementation of sub-
models.

A distinctive feature of the use of the KEB is the simplification of the proce-
dure for the mathematic‘al design of 2D, 3D models of the SDSSSN topology.
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The use of models KEB -1 KEB -2 allows visualizing the task of designing a

given topology of the RCSS parallel systems for collecting and processing,
storage of information.
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MEPEKEBI CTPYKTYPU TA CUCTEMMU:
I11. IEPAPXII TA MEPEXI

O.J1. TIOJIIIYK, M.C. SITTKAK

Amnoramisi. [IpoananizoBaHo OCHOBHI NPHHIMIK (OPMYBaHHS CHCTEMHHX i€papxii
Ta CKJIAJHUX CHCTEM 3 i€papXiuHO-MEPEKEBOIO CTPYKTYpOlo. Bu3HaueHO MOTOKOBY
MAaTpPULII0 CYyMDXKHOCTI CKJIaJHOI iepapXiuHO-MepemeBOi CUCTEMH, SIKa J03BOJISIE J0-
CIIHKyBaTH (PYHKIIOHATBHI OCOOMMBOCTI CHCTEMH, IOB’S3YIOUH iX 31 CKIaIOBUMH
CTPYKTYPH. YBEACHO MOHSTTS MOTOKOBOI CEpPLICBHHH, SIKA J]A€ MOXKJIMBICTh OyayBa-
TH CIPOIIEH] MOJIENi CHCTEMH MCHIIO! PO3MIPHOCTI, OJHOYACHO BiJICTE)XYIOUH KiJIb-
KicHy Mipy 30epeskeHHs ii ageKkBaTHOCTI. 3alpOIIOHOBAHO NPHHIMIH (HOPMYBaHHS
iHpopMaIliiHUX Mojenell Ta MoOJeJeH OIIHIOBAaHHS CKIAIHHUX Il€papXivyHo-
MEPEKEBUX CUCTEM 3 ypaxyBaHHSIM IPIOPHUTETHOCTI IX CKJIAJ0OBHUX Ta PIBHS HAIIOB-
HEHOCTI AaHMMHU. OCHOBHOIO II€PEBAror0 MoJesel OLiHIOBaHHS € Ha MOPSAKH MEH-
i obcsiru iHopMalLtil, Ki 3HAYHO JIeTIIe MiJaI0ThCs aHali3y Ta J03BOJIIOTH OIle-
PaTUBHO JIOKATi3yBaTH HAMOUIBII PH3UKOBAHI CKIAI0BI cucTeMu. [ ociimKeHHs
PI3HOPITHUX MIKCHCTEMHHX B3a€MOJIi YBEICHO MOHATTS acomialil, KOHIJIOMEpaTy
1 CHCTEMHOTO CEepellOBHIa, sIKi JAIOTh 3MOTY aHaJli3yBaTW XapakKTep Ta HACHIiIKH
MDKCHCTEMHHUX BIUIMBIB PI3HUX THIIIB.

Kawuosi cioBa: ckiajgHa mMepexa, MEpexeBa CUCTEMa, TOTIK, iepapXis, MOJENb,
OIIIHIOBAHHS, aCOIliallisl, KOHIJIOMEPAT, CHCTEMHE CEPEIOBHIIIC.

BCTYII

VY mparmsax [1, 2] 30cepemkeHO yBary Ha MEpPEXEBUX CTPYKTypax Ta CHCTEMax.
BBakaeThcsl, 0 MepeKeBUH MiAXiA A03BOJSE YACTKOBO IMOJNOJATH MPOOIieMy
CKJIAJTHOCTI TIPWHAHMHI Ha PiBHI BUBYCHHS CTPYKTypHu cuctemu [3]. OmHak He
MEHII BRXJIMBUMHU Ta MOLUIMPEHUMH SIK IMiJ[ Yac IOCITIJKEHHS (Di3MYHOTO CBITY,
TakK 1 B JIFOJICBKOMY CYCIILJIBCTBI € i€papXiuHi cTpykTypu [4, 5]. Y coriymi iepap-
Xisl 32CTOCOBYETBCS IJIsl ONITHMI3allii Mpollecy yIpasiiHHS Ta eeKTHBHOT OpraHi-
3awii poOOTH CTBOPEHMX JIIOAMHOIO CUCTEM PI3HOrO THUITy Ta NpU3HAuYCHHA (Iep-
JKaBHUX, €KOHOMIYHHUX, (DIHAHCOBMX, BIHCHKOBUX ToOIO) [6, 7]. lepapxizalis €
METO/IOM HAayKOBOTO Mi3HAaHHS, SIKUH CIPOILY€E AOCHIIKEHHS BENIUKUX CKIIaIHHX
cucreM [8, 9], Ta 3pyuyHHM CHIOCOOOM CTpyKTypH3auii 3HaHb [10], skuii Bopsia-
KOBy€e 30epiraHHs OTpUMaHUX JaHHUX Ta TOJETHIye TOIIyK HeoOXimHol iHpopma-
uii (0i0mioreku, apxiBu, (aiiioBa cucTeMa B KOMIT' FOTEpax TOIIO). 3arajioM iepa-
PXIYHHH MiIXi TAKOXK CIPSIMOBAHUN Ha TMOAOJIaHHS Tpobiemu ckiamHocTi [11].
BiH € icTopryHO MiATBEPHKEHUM CIIOCOO0M e(EKTHBHOTO YIPABIIHHS Ta HAYKO-
BOTO ITi3HAHHS.

3a3Buyuaii mig yac JOCTiHKEHHS MEPEKEBUX CTPYKTYp Y HUX HE BPaxOBY€ETh-
Cs1 HasBHICTh IIEBHOI'O BIIOPAOKYBAHHS YM MIANOPAAKYBaHHS CKJIQJOBHX, X04a
BOHO 0€3yMOBHO ICHY€ y TEpPEBaXKHIi OLIBIIOCTI MEPEKEBUX CHUCTEM. 3 IHIIIOTO
00Ky, iepapXiyHi CTPYKTYypH HE BPaxOBYIOTH 3B’SI3KiB MiX CKJIaJOBUMH OJHOTO
piBHS iepapxii. Y TOM e Jac HaBiTh y CTPOTO i€EpapXiyHUX CHCTEMax, HAIPUKIA
BIMICHKOBUX, € TaKi 3B’s3KH. TOOTO CTPYKTypa peasIbHUX IMTYYHUX Ta MPUPOTHUX
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CHCTEM HE BKJIANAETHCS y MOHATTA «YHCTOD» Mepexi abo iepapxii. lepapxiuHo-
MEpEKEB1 CTPYKTYPH, TOOTO CTPYKTYPH, KOJKHY CKJIaJ0BY TIEBHOTO PiBHS iepapxii
SKHX MO>KHA 300pa3uTH Y BUIIISA/I TiIMepeKi HUKYIOTO piBHS iepapxii abo mijamo-
pAAKYBaTH i TaKy HiaMepexy, OUIbII TOYHO Ta MPUPOTHO BimoOpaxkaroTh 0co0-
JMBOCTI B3a€MOJIIN Y CKIIaIHUX cucTemax [12].

VY mparsx [1, 2] po3rsiaanucs mpodieMu po3MipHOCTI Ta aIeKBaTHOCTI MO-
Jeneil MepexeBux cucteM. st iX BUpIIIEHHS 3aMiCTh YCi€i CHCTEMH MPOIOHY-
BaJIOCSI AOCIIAKYBATH ii MOTOKOBI CepleBHHU. Y LIl poOOTI Takuil MiAXiA BHUKO-
PHCTOBYETHCS JIsI 3MEHIICHHS PO3MIPHOCTI MOZENEH CKIAAHUX 1€papXidHO-
MepexkeBux cucteM (CIMC), a TakoX poO3MISIIAIOTHCS Pi3HI BUAH MOJIEICH CHC-
TEM, aHATI3YIOThbCA 1X MepeBard i HelOJIKU Ta MPOMOHYIOThCS CITOCOOU BUKOPHC-
TaHHA OMX MOJENeH A MOAONaHHS NpoOJeMH CKIaTHOCTI, IO MOPOMXKYETHCS
BEITMYC3HUMHU oOcsATaMu iHpOpMaIlii, sika OmUcye mporec GYHKIIOHYBaHHS JTOBi-
nsHO01 CIMC.

OnHi€ro 3 03HaK peajbHUX CKIaTHUX CHUCTEM € iX BIJKPUTICTb, TOOTO B3ae-
Mozis 3 iHmuUME cucteMamu [13]. Y mpai [2] po3rissHyTO OWH i3 BHIIB MikKCHC-
TEMHHUX B3a€MOJIH, a caMe CUCTEMH MYJbTHIUIEKCHOTO THITy. Y TaKUX yTBOPCH-
HSIX KOXKHUH €JIEMEHT MOKe OYTH CKIIQJIOBOIO 0araThOX CHCTEM Ta BUKOHYBATH Y
HUX pi3Hi (QyHKOii. [HIMHA BUA MIKCUCTEMHHUX B3a€MOAIN MOJSTa€ y CHiIIBHOMY
(yHKITIOHYBaHHI KiJTPKOX CHCTEM, CKJaJ CJIEMCHTIB SKHX HE IEPCTHHAETHCS.
YBoAMMO MOHSATTA acoljarlii, KOHTJOMepaTy Ta CHCTEMHOI'O CEepelOBHUINA SK
TPbOX PI3HUX THIIIB TAKOT'O BUIY B3a€MOIIii.

Meta po6oTH — BH3HAYMTH NPUHLMIIN (HOPMYBAHHS 1€papXidHO-MEPEKEBUX
CTPYKTYp Ta 3allpONOHYBaTH ¢(EKTUBHI MAXOIN IS aHATI3y Tpolecy QyHK-
IOHYBaHHS CKJIAJJHUX 1€papXiYHO-MEPEKEBUX CUCTEM.

IEPAPXITYHO-MEPEXEBI CTPYKTYPU TA CUCTEMHU

CucremHi iepapxii OyayrOThCs pi3HUMH criocoOamu. OMHUIIIEMO OCHOBHI TTPHHITH-
i GopMyBaHHS i€papXidHUX CTPYKTyp. [lepmmm i3 HUX € MPUHITUI BIOPSIAKY-
BaHHS, TOOTO PO3OHTTS IJIOTO Ha CKIIAJOBi 32 O3HAKAMHU OJHOPIAHOCTI abo pi3-
HopinHocTi. [lpukiaagoM BHOPAOKYBaHHS 3a O3HAKOIO OJHOPIAHOCTI € TOALI
3eMHOi MOBEPXHi Ha KpaiHu, KpaiH — Ha perioHu (IuTartu, 3emii, rpad)cTBa, OKpy-
T'H TOIIO), PETiOHIB — Ha HAceJIeHI MYHKTH i T. iH. [IpuKiagaMu BIOPSIKYBaHHS
32 03HAKOI0 DI3HOPIAHOCTI € TeMaTH4Hi Oi0NiOTeYHI KaTajorH, MpOrpaMH Ha-
BUAHHS VYHIB IIKIJ 1 CTYyJCHTIB YHIBEPCHTETIB 3a Pi3HUMH CHCI[IaIBHOCTIMHU Ta
MpeIMETaMHu, IO 3aKOHOIAaBCTBA HA KPUMiHAJIBHE, aMIHICTpaTHBHE, TPYIOBE,
MiXKHapOJIHE TIpaBo Ta iH. lepapXis, sika OyIyeThCs 3a MPUHIUIIOM BIOPSAKYBaH-
HSl, XapaKTepU3y€eThCA BKIIAACHICTIO MEHILOTO B Oinblle, TOOTO MEHIIE BXOAUTH
J0 ckiangy Oinpmioro. Tak, y kinacugikamii 0i0oriyHUX BUAIB (JIHHEIBCHKIH ie-
papxii) Oyab-siKuil OpraHi3M MOCTIIOBHO HAIEXKHUTH J0 BCIX CEMHU KaTeropiu (ap-
CTBa, THITY, KJacy, psAy, POAMHU, poay Ta Buay). CaMe TOMY NPHHIUIT BIIOPSII-
KyBaHHsS 1HKONIM Ha3WBalOTh NpHHOHIOM BkiIageHocTi [10]. OcobmuBicTio
Mojelel cucTeM, oOyA0BaHMX 3a TPUHIIMIIOM BKJIAICHOCTI, € MOXKJIMBICTH HE3a-
JISKHOTO JIOCII/PKEHHSI OKpeMUX piBHIB iepapxii. [lificHO, BUBYaIOUM pyX raiak-
THK, 30BCIM He 000B’S3KOBO OITyCKAaTHUCS A0 IJIAHETAPHOTO PiBHS, a JOCIIIKYIO-
Yd aBTOTPAHCIOPTHY MeEpeXy KpaiHM — A0 TPaHCHOPTHOI iH(PPaCTPYKTypu
OKpEMUX HACEJICHHX ITyHKTIB 1 T. iH.
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[HIMM npuHIUIOM QOpPMYBaHHS i€papXiuHUX CTPYKTYP € MiANOPSIKyBaH-
Hs. MoKHa BUOUINTH [Ba BUIY HiANOPSIKYBaHHS — MpsiMe Ta BIuinBose. [Ipsame
HiATOPSIKYBAaHHS O3HAYAE IMiUICTIICTh CKIAOBUX HHXKYOTO i€PApXidHOTO PiBHS
CKJIaJJOBUM BHLIOTO piBHi. BOHO mpuTamaHHe sIK KMBil pHpOSi (3rpasi TBapuH,
sIKa KEPYETHCSI BOKAKOM), TaK 1 JIFOJICBKOMY COLIiyMy (IepKaBHE YIIPaBIiHHS, ap-
Misl, CHCTEMH yIPAaBIIiHHA B €KOHOMIIIi, i€papXis y peMriiHuX KOH(ECisIX TOIIO).
lepapxis, sika OyAyeThCs 3a IPUHIUIIOM MPSIMOTO MiAMOPAAKYBaHH, XapaKTepu-
3Y€ThCS BIJOKPEMIICHICTIO HWKYUX PIBHIB BiJl BUIIHX. Y I[bOMY TOJSTA€ MPHH-
IIATIOBA BIAMIHHICTE MDK TPSAMOIO IIiAMOPSAKOBAHICTIO Ta BIIOPSAKOBAHICTIO.
BrmBoBe minnopsiIKyBaHHS OPOKYE iepapXiuHy CTPYKTYpY, siKa OyAyeThes 3a
03HAKOIO BIUTMBY a00 aBTOPUTETY (y KOKHOMY COI031 HE3aJIC)KHUX KpaiH € OibI
a00 MEHIN BIUTUBOBI, III0 BU3HAYAETHCS PIBHEM IX €KOHOMIYHOTO PO3BHUTKY a0o0
BiIiCHKOBOIO MOTYKHICTIO, Y KO)KHOMY KOJICKTHBI 3a3BUYall € OUTBII Ta MEHII aB-
TOPUTETHI OCOOM, II0 BH3HAYAa€ThCS piBHEM iX KBaigikarii, JOCBiZOM TOIIO).
VY Takux CTpyKTypax IMOBeIiHKAa OJHUX 00’ €KTiB (DOPMYETHCS Tif BILUTUBOM iH-
IIUX, TIPH IIbOMY BOHH 3a3BHUail epeOyBaroTh Ha OJHOMY PiBHI iepapxii. 3a mo-
OIOHUM TIPUHIUIIOM i€papXisi GopMyeThCsl y Teopii ckiamgHux mepex [14, 15].
Mipa BIITUBY OZHOTO By3J1a Ha iHIIN BH3HAYAETHCA HOTO CTYNEHEM ab0 BaXKJIHBiC-
TIO Y MEpEXi, Mipa BIUTUBY TPYIH BY3JiB — iX KiIJIBKICTIO a00 CTYTIEHEM KJIacTe-
pusaii. CaMme TOMY BBaXKa€ThCS, IO Xa0M MEPEKEBUX CTPYKTYpP SIBHO UM HESBHO
«YHPaBISIOTEY IHIIMMH BY3JaMU IIMX CTPYKTYP: Y COLIaJbHHX MepeaxX BOHHU
(hopMyIOTh TPOMAJIICBKYy OYMKY Cepell KOPHUCTYBadiB MPO KOHKPETHI comiaibHi
SIBUIIA, Y IPOMHUCIIOBOCTI Ta TOPTIBJIi BOHU € OCHOBHHUMH BUPOOHHKAMHU Ta PO3-
MOJITIOBaYaMH MOTOKIB MPOAYKLII i TOBapiB, sKi PO3MOBCIOMKYIOTHCS MEPEKEIO,
y OaHKIBCBKil cucTeMi — (iHaHCIB, y HayIli IPOBIIHI YHIBEPCUTETH € TEHEPATO-
paM¥ BIIKPHTTIB, SIKi TOITHPIOIOTHCS HAYKOBOIO CITITFHOTOO Ta CHPHSIOTH PO3-
BUTKY HAYKH 3arajioM.

I'6puani iepapxii MOXKYTh OETHYBATH y cOO01 Pi3HI BUIU BIOPSAKOBAHOCTI
Ta mignopsakoBaHocTi. KoxkHa 3rpas TBapyH Mae CBOTO BOXaKa, ajie «HaJBOXKa-
Ka» KIJIbKOX 3rpail Hemae. Pa3om 3 THM 1Ii 3rpai yTBOPIOIOTH apeall MPOXKUBaHHS
nIaHoro Buay. UnM Oinbilie 0COOWMH Halliuye 3rpasi, THM OifibIlle IaHCiB y Hei 3a-
XOIMUTH TpuBabnmBi TepuTopii xapuyBaHHsA. KoxHa peniriiiHa koH(ecis Mae
CBOIO 1€papXifo MAMOPSAKYBaHHS, KOXKHA KOMITaHisI — CBOIO CHCTEMY VIIPaBITiH-
HsI, ajie CIMJIBHOTO KEePiBHUIITBA BOHM HE MaroTh. BomHodac, UM OiIbIe MpoYaH
y nieBHOT KoH(ecii Ha maHiil Tepuropii, THM OUThIINI BIUIKMB Li€l KOH]ecii Ha Ha-
CeJICHHS, YUM TIOMYJISIpHIIIa MPOAYKIlisS KOMIIaHii y perioHi, THM OibIni oOcsry 1i
peamizamii. [1ig yac moxaiay 3eMHOT TOBEPXHI HAa KpaiHU, PETiOHU TOIIO TAKOX I10-
€IHYIOTHCS [IBa BUAM i€papXii: BOOPSAAKYBaHHS — Bif OUIBIIOr0 A0 MEHILIOTO 32
TEPUTOPiaJbHOI0 O03HAKOK0 Ta MiANOPSIKYBaHHS, LIO peali3ye€ThCsl CHCTEMaMu
aJMIHICTPAaTUBHOTO YTPaBIiHHSA TEPUTOpiaJbHUMH OJMHUIIMHU. HaBiTh y cormia-
JBHUX Mepekax MOopsii 3 HahOiIbIl aBTOPUTETHHUMHU KOPHCTYBadaMH iCHYIOTh
KOHTPOITIOF0Ui CKJIAJIOBI, SKi MOXKYTh 3a0JIOKyBaTH MOIIUPEHHS MEeBHOI iHpopMa-
mii. O4eBUAHO, IO ] Yac MOACIIOBAHHS CTPYKTYpH Ta Iporecy (yHKIIOHY-
BaHHA KoHKpeTHOI CIMC ciim BpaxoByBaTH OCOOJUBOCTI SIK MEPEKEBHX, TaK i
IepapXiyHUX B3a€MOJIIN MiX i CKJIaIOBUMH.

Posriasaemo CIMC 3 iepapxi€ro TpsIMOTO MiIMOPSIAKYBaHHS (PUCYHOK, ).
BinpmicTe cTBOpEHHUX JTIOJUHOIO CUCTEM TaKOTO THUIY MpU3HAUYEHI IJIs OpraHi-
3amii pyXy NEBHOTO BHUAY MOTOKIB (TPaHCIIOPTHUX, PECYpCHUX, QiHAHCOBHX,
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iHopmanilinux toro) [16]. Lli moToku 3a3Bu4aii KypCyroTh Y Mepexi HUKHBOTO
piBaA iepapxii CIMC. IloTokw, sIKi pyXarOThCS HA BUIIHUX i€EpapXidHUX PiBHIX, Ta
MDKpIBHEBI MOTOKH (YNPaBIiHCHKI Ta OpraHi3aliifHi pillleHHs, pearyBaHHs Ha ix
BUKOHAHHsI TOIIO) MOBUHHI 3a0e3nedyBatu edeKkTUBHE (YHKLIOHYBaHHS CHUCTE-
MH, 30KpeMa, OTlepaTHBHE pearyBaHHs SK Ha HETaTUBHI, TaK i Ha MO3UTUBHI 3Mi-
HH, aHaJIi3 Ta IMPOTHO3YBAaHHS IIUX 3MiH, CBO€YACHE MONEPEKEHHS PO3BUTKY 3a-
IpO3JIMBUX TEHACHLIH i T. iH.

DparMeHT iepapXidHO-MEPEKEBOI CTPYKTYpH

Hexait N — kinbkicts piBHiB iepapxii CIMC; S, — MHOXHHa BY31iB Me-

pexi n-ro piBHi iepapxii; K, — iX KiIbKiCTb, 7 =1,N . SIk 1 y BUnagky mepexe-
BHUX Ta MyJbTuIUiekc-cucteM [1, 2], mpouec ¢ynkuionyBanas CIMC moxHa

omucatd il TIOTOKOBOI MATPHICI0 CYMDKHOCTI Fz{Fk”},]Xn:l. bioku

F™ = nny K, : :
={/ij }ij= € HOTOKOBMMH MATPHLAMU CYMDKHOCTI CHCTEMHOTO IIApy /-0

piHs iepapxii. Bioku F™"*! = {fy’-“’”ﬂ}ili’i jli’l’“ i Frbn = {ﬁf'“’"}fi’i“‘/[i”l € 1o-
TOKOBUMH MATpPHUIIMH CYMDKHOCTI MIXPiBHEBHX B3a€MOAiN 3 n-ro Ha (n+1)-i
piBeHb iepapxii i HaBmaku. BoHM BimoOpakaloTh B3a€MO3B’SI3KM MK KepyBasb-
HAMH CKJIQJIOBUMH #1-TO PiBHSA i€papXii Ta KepyOUNMH CKIIATOBUMH IIiAIIOPSIKO-
BaHUX M MepexeBux mincucreM (n+1)-ro piBHA. ToOTO KOXKHUI €leMEHT IHX
MaTpUIb OPIBHIOE 00CATaM MOTOKIB, SKi MPOXOASITh MK BiAOBITHUMH CKJIAJ0-
Bumu CIMC 3a niepiog [0,7] [1, 2]. i CIMC i3 cTpororo iepapxi€ro, s SKUX
MDKpIBHEBI B3a€MOJIii MOKIIMBI JIMIIE MK CycigHIMH piBHsIMHU (n-M 1 (n+1)-M 1
(n-1)-m), orpumyemo, mo F™™' =0 i F"™" =0 gms i>1, n=L,N 1a

n,n+i<N, 10610 Matpuia F € 610K0BOI0 TpHmiaroHambHOK0. Matpuui F,

+ln +1 . :
F"" 1 F™"" ¢ HopMOBaHMMH 32 MAKCUMAJIbLHUM 3HAYEHHAM OOCATIB IOTOKIB,

SIKi PyXalOThCs MK BY3JIaMH 72-TO PiBHS Ta By3JaMH #1-T0 1 (n+1)-ro piBHIB, TOOTO
3Ha4YeHHA eleMeHTiB MaTpuili F HanexaTts npomikky [0, 1].

VBememo moHATTS A -cepueBnHn CIMC sk cykymHOCTi A -cepleBUH
ii iepapxiuHUX mapiB [2], MOB’sA3aHMX MIDKIIAPOBHUMHU IMOTOKAMH, OOCATH SKUX 32
nepioxn [0,7], ToOTO 3HaUYeHHs eneMeHTiB MaTpulli F , € He MEHITUMY 32 3HAYEH-

1 A €[0,1]. [TotokoBa marpuns cymixHocTi A -cepueBunu CIMC F, oueBua-

HUM YMHOM BU3HaudaeTbes 3 Marpulli F . 3posymino, mo A -cepleBuHH iepapxid-
Hux mapie CIMC mnoBuHHI OyTH MOCHiZOBHO KBa3imomiOHUMHU (PUCYHOK, 0),
TOOTO BY3JIM IOTOKOBOI A -cepueBUHH (7+1)-ro piBHS MOBHHHI MiANOPSAKOBYBa-
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THCA BYy3lMaM A-ceplieBHHH #n-TOo piBHA, n=1,N —1. IHakme kaxyuwm, A -
cepueBrHa CIMC Takox € CKJIAJIHOIO 1€papXiuHO-MEPEIKEBOO CUCTEMOIO. Po3Mi-
PHICTh MOZIEI A -CEpPIECBUHU 3aJISKHO BiJl 3HaUCHHS A MOXe OyTH 3HAYHO MCH-
II0Y0 32 PO3MIPHICTH MOJIENI BCi€i cucTeMu [2]. AJEKBaTHICTD i€l MOJIEi MOKHA
KIJIbKICHO BH3HAYMTHU 3a AonoMororw napamerpa 0, =V, /V, ne V' — cymapHi

o0csiru noTokKiB, ki npoxogsats CIMC; V; — cymapHi o0csra noTokiB, SKi Ipo-
xoaaTh i A -cepueBuHoro 3a nepiox [0,77]. 3nauenns V' i V, nerko Bu3Haya-

10Thcst 3 Matpunb F 1 F, BixmosigHo.

TH®OPMAIIMHI MOJIEJII CKJIAJTHUX IEPAPXITYHO-MEPEXKEBUX
CUCTEM

Haiue ysiBaeHHS mpo JOBKOJMINHIN CBIT ()OPMYETHCS Ha OCHOBI HAasIBHOI iHQOP-
Mauii mpo Hporo. JlaHi MOXKHA OTPUMATH 32 JOTIOMOTOI0 Bi3yalbHUX Ta CIIeIiab-
HUX 3aC00IB CITOCTEPEIKEHHS, EKCIIEPUMEHTAIBHIX Ta TCOPETHIHUX HOCITIIKECHD
Tomo. 3a pe3ynbraTamu International Data Corporation y 2017 p. obcar ctBope-

HUX JIIOJICTBOM JIaHUX CTAHOBUTH MPUOIM3HO 5,5 - 10° T'6aiir i 1o 2020 p. BiH me-

peBUIIUTE 4 - 10" T'Gaiir [17]. [Ipu mboMy 0OcsT KOpUCHOI iH(OpMAIlii 3a pi3HH-
MU OmiHKamu TiepedyBae y mexax 23-35%, a oOcsar nmaHuX, sKi BIA€ThCS
MpoaHalli3yBaTH Ta BUKOpUCTATH — Yy Mexkax 1-3% Bia 3araabHOi iX KUIBKOCTI
[18]. TobTo 3aranom 3acTocoByeThcs He Oinbiie Hix 13% kopucHoi iHpOpMaii,
a OCHOBHA Ipo0JieMa TOJISTae He CTIIbKU Y KIIBKOCTI TaHUX, CKIJIbKH y BIJICYT-
HOCTI e(eKTUBHUX METOMIB iAcHTH}iKaIii, 0OpOOIICHHS Ta aHATI3y caMe KOpPHC-
HOI iHpOpMaIii.

Hocnigxenns ta eekTuBHa opranizauis podotu peairsnoi CIMC notpebye
ITICHOTO Ta MOBHOTO ysBIeHHS npo Hei. Lle ysBiaeHHs popMyeThes 3a 10MOMO-
roro Bciei iHdopMmallii mpo icTopito, MOTOYHHUI CTaH Ta MOOYJ0BaHUH Ha X OCHOBI
NPOTHO3 MOBEAIHKN Takoi cucTeMu. ba3yrounch Ha bOMY, MOKHa cPopMyBaTH
inpopmariiiny Mmoaens CIMC — TOTOXHY CTPYKTypi CUCTEMHU JUHAMIYHY CTPYK-
Typy JaHHX, KO)KHa KOMITOHEHTA SIKO1 MICTHTH iH(OpMAIIito Ipo CTaH Ta IMPOIeC
(yHKUIOHYBaHHS BiAMOBIIHOI CKJIaOBOi CUCTEMH y MOTOYHHHA MOMEHT, MUHY-
JIOMYy Ta MaiilOyTHbOMY, TIOYHHAIOYH 3 HAaWHMKYOTO PIBHA i€papXii i 3aKiHUYHOUH
cucteMoro 3aranoM. [lomamo indopmariitay moaens CIMC y Burisi

K; J, N
D) =D, s (O 1
e Dn’j,k(t)z{Sn,j’k(t),Fn,j’k(t),ln’j’k(t)} — iHdopmaniiiHa MOJENIb OKpeMol
MS
ck1a10Boi 7n-ro iepapxiunoro pisust CIMC; S, () =1s, ; r w (D}, A
hopmartis npo cTaH CKJIAIOBOL SIK eJIeMEHTa CTPYKTYPH;

mE.

F, k@ =0 jkmO} 27 * _ indopmanis mpo nponec QyHKIIOHYBaHHS CKIa-
Ml

nosoi sk enementa cucremu; I, ; (6) =i, ;1 (O}, 2} *

B3a€MOJIIF0 CKIaMoBOi 3 iHmmUME 00’ektamu CIMC Ta HaBKONWIIHIM CepelloBH-

— iHdopmaris mpo
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. S F I . . .
weM; M), M, g, M, ;i — KUIBKICTb OXMHMLb iH(pOpMaLii, HaIpHKiIaz,

¢aiiniB, y BigmoBimHi# cxiamoBiii iHdopmamiiinoi momemi CIMC; ¢e<[0,T],
t, €[0,T] — nmorounmii MmomeHT uacy, t€[0,7,[ — nepenictopis, t€lt,,T] —
nepioJ JOCTOBIPHOTO MPOTHO3Y; j — HOMEp MiMepexi Ha #-My piBHI (HOMEp
cKI1anoBoi (72-1)-ro piBHSA, KW BU3HAYAETHCS Yepe3 HOMED IMiAMepexi Ta HOMED
CKJIaJIOBOI y Hii); kK — HOMEp CKIIaoBOi j-1 maMepeski 7 -Tro piBHIL.

OcHoBHa MeTa CTBOpPEeHHs iH(popManiiHOI MOJeNi — CIPSIMOBaHICTh Ha Bij-
noBigH1 piBHI ynpaBiiaas CIMC mius cupoIleHHS TpOIeCy MPUUHATTS pPIllleHb
I0/I0 TOAAJBIINX Jiif CTOCOBHO MiAMOPSAAKOBAHKUX iM CKIaJOBHX CHCTEMH. 3Bil-
CH BHUIUIMBAIOTH MPHUPOHI BUMOTH JI0 3MiCTy, (GOPMH TOJaHHSI, IKOCTi Ta 00CATY
JAaHUX, SKAMH 3alOBHIOETHCA 1H(GOpMAIiiiHa MOIENb: 00’ €KTUBHICTH, aKTyallhb-
HICTB, 3pPO3YMIJIICTh, JOCTOBIPHICTh, MiHIMAJbHAa JOCTATHICTh, MOBHOTA TOIIO
[19]. Hocnimxenns, npoeeneHi y 2014 p., moka3anu, mo KUTbKIiCTh aHTJIOMOBHUX
HAyKOBHX TIpamb, noctymHux depe3 Google Scholar, mepesumntye 100 mua [20].
VY Toli ke uac Ha 3anuT complex network Iei MOIIYKOBUK BHAA€ MOHAT 5 MIIH
pe3yabraTtiB. HaBiTh monpu MOmyJsIpHICTE TEMaTHKH CKIaIHUX MEpEeX, HaBpsa
YH KUIBKICTh HAYKOBHX Ipallb, IPUCBIYCHUX caMe iif, csarae 5%. 3HadHO HMOBip-
HIIIE, IO 1€ € CBIMYCHHSIM HAsSBHOCTI y pe3yibTaTaX IMONTYKY BEIMKOi KUTHKOCTI
IyOJIboBaHOI Ta MaJloi KUTBKOCTI BakimMBOl iHpopmanii. OgHak TepeBipuTH IIe,
YPaxoBYIOUH KUIBKICTh OTPUMaHUX AaHUX, Mai’Ke HEMOXKIIMBO. |HIINH BUCHOBOK,
AKUHA MO>KHA 3pOOUTH, MOJIATA€ B TOMY, IO 3HAYHA YaCTHHA MOTEHLIHHO KOpHUC-
HOI iH(OpMAIIIT 3aHIIAeThCs Mo3a yBarow. [1oi0Ha cuTyarlist cTocyeTbes iHpOp-
MaliiHOro ommcy mporecy (yHKOioHyBaHHs Oarateox peanpHux CIMC [21].
3Bijic OCHOBHE 3aBJaHHS, SIKE MOCTA€ Mia 4ac ¢popMyBaHHS iH(OPMAIITHOI MO-
JIeNIi CUCTEMH, — II¢ BIJCIFOBaHHS JyOJIbOBAaHMX, HEBAXKIUBUX 1 HEJIOCTOBIPHUX
JaHUX Ta CTPYKTypH3auis i 30epiranHs nume xopucHoi ingopmanii. ITix cTpyk-
TypHU3aLli€I0 y IIbOMY pa3i CIiI po3yMiTH BIOPSAKYBaHHA iH(oOpMAIlii 32 03HAKOIO
il HaJmeKHOCTI 0 onmucy KOHKpeTHOi ckiramoBoi CIMC 3 MeTor0 CIIpOIeHHs I10-
JAITBIIIOTO TIOUIYKY Ta aHali3y (IpU IOMY CaMi JaHI MOXYTb OYTH SIK CTPYKTY-
POBaHUMH, TaK i HECTPYKTYPOBaHHUMH).

Jiis BU3HAYEHHS MOPSAIKY 3alIOBHEHHS Ta PiBHS HAIOBHEHOCTI iH(GopMaIliii-
HOI MOJeil HEOOXIMHUMHU TaHUMH JOLIJIBHO BBOJIUTH IIEBHI 00’ €KTHUBHI KIIbKICHI
noka3Huku. [lopsimok 3amoBHeHHS iH(OpPMAIli€l0 PO CKIAMOBI CHCTEMH, iX JO-
CJII/PKEHHSI Ta MOJIEJIIOBaHHS BU3HAYaTUMEMO CTPYKTYPOIO MPIOPUTETHOCTI

K; J, N
RO=R, (O} 0
e Rn,j,k (t)= {Rf’j’k (?), Rij,k (), Ri,j,k (1)} — TOKa3HUKU TPIOPUTETHOCTI

S
M,k

OKpEMOi CKJIQIIOBOI 7 -TO iepapxiunoro piBHs CIMC; Rf, k=1 p;z Q)

— TMOKa3HHKH, SKi BU3HAYAIOTH IPIOPUTETHICTh CTaHy EIIEMEHTIB CKJIaJ0BOI;
MF
RE (t)={ F ()}, /** — mHokasHuKHW, SKi BH3HAYAIOTH MPIOPHTETHICTH
n,j.k - pn,j,k,m m=1 5 p1op

1
M,k

mey — TOKas3-

($yHKUIH, sKi peanizyloTbes CKIIQJ0BOIO; R,[l, k@)= {p,{’ ok
HUKH, S$KIi BH3HA4YalOTh MPIOPUTETHICTh B3a€EMOMAIM CKIQJOBOI 3 IHIIMMHU

n=LN,

no

00’extamu CIMC Ta HakonumHiM cepenosuiiem, k =1,K i J =1J
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t €[0,T]. 3a3Buyaii, ynM OibIIi 0OCATH MOTOKIB MPOXOJAThH Yepe3 OKpPEeMY CK1a-
JoBY (By301 abo pedpo) CIMC, TuM BUILOIO € 11 piOpUTETHICTH Y cucTeMi. Tomy
KUTBKICHY MIPY IPiOPUTETHOCTI Ii€l CKIa0BO1 MOIIBHO OOUYHCITIOBATH, BUKOPH-
CTOBYIOUM 3HAYCHHsI eJIeMeHTiB moTokoBoi MaTpuli cyMmixknocti CIMC F . Came
JaHl PO HAWOUTBIN MPIOPUTETHI 00’€KTH CHUCTEMH MAalOTh HacamIiepell BHOCH-
THCH B iHMOPMAIIITHY MOJENH 1 MIJIATaTH MepIIoYeproBoMy Aociimkennro. [1o-
TOKOBI XapaKTepUCTUKHU BY3IiB 1 pedep MepexeBux piBHIB CIMC naroTh MOXIIH-
BICTh JIOCTAaTHBO OOTPYHTOBAaHO BH3HAYaTH Ta JWHAMIYHO 3MIHIOBATH iX
NPIOPUTETHICTh Y CHCTEMI 3i 3MiHOW pexuMy ii ¢pyHKuionysanHs. [Ipioputer-
HICTH CKJIQJIOBHX MiAMEpEeXi NEBHOTO PiBHA i€papXii € IX JOKanbHOIO XapaKTepu-
CTHKOIO 1 HE BH3HAYA€E TMPIOPUTETHICTh CKIAZ0BOI BHUIOTO PiBHS i€papxii, sSKii
BOHU MiAnopsakoBaHi. ToOTO ckiagoBa Moke OyTH BUCOKONPIOPHTETHOIO Y TIiJI-
Mepexi, aje caMma MmiaMepexa MOXKe OYTH HU3BKOIPIOPUTETHOI Cepel 1HIINX
MiIMEPEK TAHOTO PiBHSA iepapxii. 3 iHIIOTO OOKY, IPIOPUTETHICTH CKJIAIOBOT Yac-
TO BH3HAYa€ MPiOPUTETHICTD MiAMOPAAKOBAaHUX il eneMeHTiB. JliicHO, Ha MiXKHa-
POMHUX 3ANI3HUYHUX JIiHIIX HEBAXKIUBO Yepe3 300i y poOoTi Kol craHMii (Benu-
KOT 4M MaJioi) MPHUIMHHUTLCS PyX MOTATIB. [Ipy 1[bOMY TpPiOPUTETHICTH Maioi
CTaHLil Ha MKHAPOIHIH JTiHIi MOXe OyTH BUILOIO, HK BEJIMKOI HA peTiOHAbHIH.

Jyis BU3HaUeHHs OBHOTH 1H(GopMartiiiHoi moaeni CIMC nouiabHO BBOIUTH
CTPYKTYpY JaHUX HAIIOBHEHOCTI

K, J, N
CO)={C,.; s O}y 2 nmr >

ne C,. j,k(t)z{cf, ix @, C, j,k(t),c,’% ;4 (D)} — TOKa3HMKM, 5IKi BU3HAUAIOTE Ha-

MOBHEHICTh JaHUMHU TIPO OKPEMY CKIQIOBYy #-ro iepapxiynoro piBas CIMC;
s
CS ()= 1cS Ak . .
n ik (D =1¢y jkm (@O}, 5" — MOKa3HUKY, SKI BU3HAYAIOTH HAIIOBHEHICTH JaHH-

F
MmE.
. . ~F _ . F n,j.k

MH IPO CTaH eleMeHTIB cknanoBoi; C, ; (1) ={c, ;. (1)},5;"" — mokasHukwy,

SIKI BU3HAYAIOTh HAITOBHEHICTh TAHUMU PO Mpoluec GyHKIIOHYBaHHS CKIIAJ0BOI;
/ / m!
_ n,j.k . .
Co i@ =1y jkm(®},2;"" — NOKasHUKH, SIKI BU3HAYAIOTh HAIIOBHEHICTH Ja-

HUMH PO B3aEMOJII0 CKJIanoBoi 3 iHmUMH 00’ekTamu CIMC Ta HaBKOIMIIHIM

CepeNIOBHIIEM; Kk = l,Kj , j=LJ,, n =1,_N, t€[0,T]. OCcHOBHUM KpHUTEpieEM

HAIOBHEHOCTI JaHUMH PO OKPEMY CKIIAZOBY € MOXIUBICTD MPUHHSATTS Ha ix
OCHOBI CBO€YACHOTO MPABHJIBHOTO PILICHHS IIOAO MOAAIBIINX Jiii BiTHOCHO ITi€l
CKJIaJI0BOT, TOOTO OJUHMIICIO BUMIPIOBAHHS MOKA3HUKIB HATIOBHEHOCTI JAHUMH €
BIJICOTKH, a 3HAUEHHS 111 MOKa3HUKU HaOyBaroTh Ha Biapi3ky [0, 100].

Crpykrypu R(¢) i C(t), t€[0,T] marorh 3MOry KUTbKiCHO BU3HA4YaTH Pi-
BEHb HAIOBHEHHs iH(POpMaiiHOI MOAeNi HEOOXiTHIMH JaHUMU 3 ypaxyBaHHSIM
npioputetHOCcTi ckiamoBux CIMC. Tak mapamerp

MS. s s MS . s
(Dn,j,k (t) = ngij’k pn,j,k,m(t)cn,j,k,m (t)/zmznljk pn,j,k,m (t) +
My F F My F
+ 2o Pk O ke O] 20 27 Pk () +
My ol 1 My ol
+Zm=ij’ pn,j,k,m(t)cn,j,k,m(t) Zmzij’ pn,j,k,m(t)
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BH3Ha4dae piBeHB HAIOBHEHOCTI JaHUMU IIPO OKPEMY CKIJIaAOBY, a MapaMeTp

W)= Zf:l(zjll (zl[cijl O, ji k (t)/Kj )/Jnj N

3aJa€ KUIBKICHY MIipy HamoBHEHOCTI naHuMu iH(opmarniinoi moxeni CIMC
3 ypaxyBaHHSM MPIOPUTETHOCTI i CKJIAJ0BUX Y CHCTEMI.

HagiTp, moTpuMyIOUMCh OMMCAHUX BHIIEC NPUHLMIIB (OpMyBaHHs, iHDOp-
MaIliiiHi MoJieni MOXYTh MICTUTH HETIOBHI JIaHi HaJ3BUYAHO BEIHKHX OOCSTIB,
SKI HepeaJbHO ONpAIfoBaTH BpPYYHY 32 NPUHHITHI MPOMiKKH 4Yacy. OgHHM
31 cnoco6iB BUpileHHA i€l pobiemMu € GopMyBaHHS Ha OCHOBI iH(pOpPMaLiHHOT
mozeii moxenen oninroBanaa CIMC.

MOJIEJII ONIHIOBAHHSA CKJIAJJHUX IEPAPXIYHO-MEPEKEBUX
CUCTEM

[IpuunHoro 3001B 200 HeepeKTHBHOTO (PYHKIIIOHYBaHHS CHCTEMH 3a3BHYal € HE-
cBoevacHe ab0 TOMHIIKOBE OI[IHIOBAHHSI MOTOYHOTO CTaHy ab0 HeNpaBUIBHUHI
NPOTHO3 ii MOAANBLIIOro PO3BUTKY. Teopish OLiHIOBaHHS NO3BOJISE BH3HAYATH IIe-
PEIyMOBH, SIKi MOXKYTh TIPU3BECTH JI0 TaKWX HacliakiB y podoti CIMC, Ta BusB-
JIATH Ti CKJIQJ0BI CHCTEMH, SIKi TIOTPEOYIOTH TEPMIHOBOTO YIOCKOHAJIEHHS CTaHy
abo onrtuMmizanii nporecy ¢yHkiionyBanHs. KoxHil iHbopMarliiiHiii Momeni
CIMC MoKHa MOCTaBUTH y BiJMOBIIHICTH MOJIENb PETYISIPHOTO Ta/a0o iHTepak-
THBHOTO OIIHIOBaHHS cucTeMH [16]. Mogens peryIsspHOTo OIiHIOBaHHS OyAy€Th-
¢ Ha OCHOBI iH(opMaIllii, OTPUMAHOI MiJ Yac MEepPiOJUYHUX IUTAHOBUX JIOCIIi-
mwxeHb CIMC abo 3i0paHOi HpOTArOM MEBHOrO dacy i1 (QyHKIiOHYBaHHS, i
nepenodayae [22, 23]:

e JIOKaJbHE OIIHIOBAHHS CTaHy Ta SKOCTI (YHKIIOHYBaHHS €JIE€MEHTIB
(By3iiB Ta pebep) cUCTeMH Ha HIDKHBOMY piBHI iepapxii CIMC;

® arperoBaHe OIIHIOBAaHHS CKJIaJIOBHMX CHCTEMH Ha BCiX PIiBHAX i€papxii, 3a
SIKOTO y3araJIbHeHWH BHCHOBOK TIPO CTaH Ta SKIiCTh (DYHKITIOHYBAHHS IIiIIOPSI-
KOBaHOI meBHil cknanosii migmepexi CIMC e BU3HAYaIbHUM )i OI[iHFOBAaHHS
i€l CKJIaI0BOI;

® MPOrHOCTUYHE OLHIOBaHHS CTaHy Ta SKOCTI ()YHKLIOHYBaHHS CKJIaJOBUX
ycix piBHiB iepapxii CIMC.

MeToro peryispHOTO OLiHIOBaHHS € TTUOOKHH 1 peTeIbHUN aHalli3 CTaHy Ta
nporecy (GyHKIIOHYBaHHS yCiX CKIAOBUX CUCTeMH. [Ipn boMy KOXHi# 13 xapa-
KTEPUCTHK CKIAA0BOi, sIKi MicTAThCS B iH(popMamiiHiii moneni CIMC, craBuThcs
y BIMTOBITHICTH HAOIp OIIHOK ii MOBEIIHKH 3a IIEBHUM HAOOPOM KPHUTEPIiB Ta ma-
pametpiB [24]. CTpykTypa arperoBaHux OLIHOK € TOTOXKHOIO CTPYKTYpi OLiHIO-
Banoi CIMC, a TepMiH IpOTHO3y HE MOXe OyTH MEHIIUM 3a MOTPIOHUHN JJIS T10-
JOJaHHS TOTEHUIMHUX 3arpo3. Mopenb peryJsipHOrO OIHIOBaHHS MOXKHA
(dhopmanizyBaTi y BUIISII TUHAMIYHOT CTPYKTYPH JaHUX

K, J, N
E@)={E, ; @)}y 2 nr >

F I . .
ne E, . (t)= {Ef,j,k (@), E, k@), Ey ;4 (£;)} — MOIenb OLIHIOBAHHS OKPEMOT

s
. . . M,
CKIagoBoi n-ro iepapxiynoro pisHa CIMC; Ef /-,k(tl)z{eg, j,k,m(fz)}mﬁij’k —
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MHOXHHA ONpPalbOBAaHHUX BIJAMOBIMHUM YHHOM [22] XapaKTEPUCTUK CTaHY
CKJIaZIOBOi SK €JIEMEHTa CTPYKTypH Ta OINHOK IIhOTO CTaHY; Ef Gt =
wF
—{eF ()}, “F — MHOXHMHA XapakTepHCTHK Tpolecy (YHKI[IOHYBaHHS
=€, ke,m )5 =i paxTep pouecy QYHKIIOHY
CKIIAJIOBOi SIK €JIeMEHTa CHCTEMH Ta OIlIHOK IIhOTO IIPOIIECY; Ef, Gt =
I ,
_ n,j.k . .
={e, jk.m(@)}, 2" — MHOXHHA XapaKTCPHCTHK IIPO B3aEMOJII CKIIAJIOBOI

3 TOB’SI3aHUMHU CKJIAJOBHUMH CHCTEMH Ta HABKOJHUIITHIM CEPEIOBHINEM 1 OIIHOK

edextuBHOCTI i€l B3aemonii, k=1,K;, j=1,J,, n =1,_N , 4 =1,1=0,1,2,..,
— TEPMIHH PETYJSIPHUX OTJISAAIB a00 MiACYMOBYBaHHS pe3yibTaTiB (DYHKITIOHY-
BaHHsA cucremy, t; €[0,7]. Ctpykrypu C(¢) 1 R(¢) y Moaensax ouLiHIOBaHHS BH-

3HA4YalOTh PiBEHb MOKPUTTS ominkaMu ckianoBux CIMC ycix piBHIB iepapxii Ta
NPIOPUTETHICTh  aHaNi3y UMX OLIHOK BignosixHo. Ilapamerpu ®, ;. (%),

k =1,Kj , j=LJ,, n =1,_N, ta W(t), t; €[0,T], BU3HA4YalOTh PiBEHb MOKPUTTS

OLIIHKaMH OKpeMHX ckianoBux cucremu Ta CIMC 3aramom.
Mozenb iHTepaKTUBHOTO OLIHIOBaHHSA OyIy€ThCS HAa OCHOBI pe3yJbTaTiB He-
TIEPEePBHOTO MOHITOPHHTY TIporiecy (YHKITIOHYBaHHS CUCTEMH 1 Tiependadae [25]:

e JIOKaJIbHE OIIHIOBAHHS B3a€MO/IIi TTOTOKIB Ta €JIEMEHTIB CTPYKTYpH (BY3-
7B Ta pedep) Ha HIKHBOMY piBHI iepapxii CIMC;

® arperoBaHe OI[IHIOBAHHS B3a€MOJIil CKIAIOBHX CHUCTEMH Ha BCiX DIBHSX
iepapxii, 3a SKOTO y3araJlbHCHH BUCHOBOK TIPO SIKICTh B3a€EMOJII €JIEMEHTIB ij-
MOPSAAKOBAHOI MEeBHiH ckianoBiit migmepexi CIMC e BU3HaYaIbHUM IS OLIHIO-
BaHHS II1€1 CKJIaI0BOI;

® TIPOTHOCTUYHE OI[IHIOBAaHHS SKOCTI B3a€MOJIii CKIIQJIOBUX YCiX piBHIB i€-
papxii CIMC.

IHTEepakTHBHE OLIHIOBAHHS MPOBOANUTHCS HETIEPEPBHO y PEXXHUMI PEaTbHOTO
4acy i moJsira€ y moCTiHHOMY BiICTE:KyBaHHI B3a€EMOJIii MepeXeBUX Ta MiKpiBHE-
BHX ITOTOKIB 3 By3namu i peopamu CIMC. BucHoOBKH, OTpuMaHi y pe3yJibTaTi iH-
TEpaKTUBHOT'O OL[IHIOBaHHS, € OIIOCEPEIKOBAaHUMH, ajie BiJl TOrO HE MEHII BaXKJIH-
BUMH I KOHTPOJIO 33 CTAHOM Ta SKICTIO (PYHKITIOHYBaHHs CHCTEMH. Mozelb
IHTEPaKTUBHOTO OLIHIOBAaHHA (HOPMai3yeThCsl y BUTIISAL AMHAMIYHOI CTPYKTYpH

I
JaHUX ESAJ/[ ()= {e%{ km (t)}nﬂjjl’j | fKa MiCTHTh MHOXHHY XapaKTEPHCTHK He-
TIepepBHOI B3a€MOIii MOTOKIB, sKi pyxawTbes CIMC, 3 enemenTaMu i CTyKTypH

Ta OLIIHOK Iii€l B3aemonii, k = l,K]- , j=LJ,, n=LN, te[0,T]. V3aranbHeHi

BHCHOBKH, OTPHMaHI BHACIIIOK iIHTEPAKTUBHOTO OIIHIOBAHHS 3a IEPiOa MiX pe-
TYJSPHAMU JOCIIKCHHSIMH CUCTEMH, JOLIIBHO BKIIIOYATH Y MOJIENb PETYIISIPHO-
ro ouintoBands CIMC [16].

Pesynbraryu omiHIOBaHHS BUJI03MIHIOKOTH ITOCIIIOBHICTE JTOCIIPKEHHS CKJIa-
mosux CIMC. fxmo y Bumanky iHdopmariifHux Momeieii BoHa BH3HAYAETHCS
cTpykryporo R(?), To B MOZIENsAX OIIHIOBaHHS IS MTOCIIIOBHICTH MPUPOTHO TO-

YUHAETHCS 31 CKIAJOBUX, SKI OTpHMalId HAWTIpII OIIHKH, a OTXE MICTAThH
HaHOUIBIII 3arpo3u AJsl poOOTH NMPUHAKWMHI MOB’S3aHUX 3 HUMH CKJIaJOBUX CHC-
TeMH. 3arajoM, Ha BiAMiHY Bix iHGOpMAaIlifHUX MOIENeH, MOIEeNi OIIHIOBAHHS
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MICTSITh JIMIIE CTPYKTYPOBaHi JaHi. 3aCTOCyBaHHs TAaKUX MOJENEH i1CTOTHO 3MEH-
mrye oOcsiru iHoOpMarii, sIKy HEOOXiTHO MEepIIoYeproBO MPOaHATi3yBaTH, 1 THM
CaMHM € J1€BUM 3ac000M MOJOTIaHHS MPOOJIEMH CKIIaJHOCTI.

3acTocyBaHHSI METOJIB TEOPil OIIHIOBAHHS HE OOMEXKYETHCS BUKIIFOUHO TO-
IIYKOM HE33J0BUIbHO (PYHKIIOHYIOUHMX CKJIAJIOBUX CUCTeMH. BoHa € nieBuM iH-
CTPYMEHTOM JUIsi BU3HAUCHHS B3IPIIEBUX EJIEMEHTIB, SIKi MOXYThb CIIyTyBaTH
MPAKTUIHO JTOCSOKHUM KPHUTEPIEM SKOCTI [24], TIOMIYKY ONTHMAIBHUX PEKUMIB
(yHKUiOHYBaHHSI CHUCTeMH [26] Ta BHOOpY ONTHMAaJbHOI CHCTEMHM i3 3aJaHOTO
KJIacy eKBiBaJICHTHUX cucTeM [27]. Teopist OI[iHIOBaHHS MO€ YCIIIIHO BUKOPHC-
TOBYBATHUCS JIJIS TOMTyKy 00 €KTiB ab0 MpoIleciB, MOBEMIHKA SKUX BHXOIHUTH 3a
MeXI1 BIJIOMHX CTaHIapTiB abo0 ysBIcHb. HEBiMMOBIMHICT OTPUMAaHUX JAHUX Bi-
JIOMHUM 3aKOHaM 200 HECIIPOMOKHICTh MOSICHUTH iX 32 IOMIOMOTOK ICHYIOUHX Te-
opiii mpu3BOMUTH JO (HEHOMEHY, SKUH OTPHMAaB HA3By «BHSBICHHS HOBHU3HI
(novelty detection) [28]. Tak, 3aKOHM HBIOTOHIBCHKOI MEXaHIKH JTO3BOJIMIH 3a
noromMororo iHdopmarii mpo 30ypeHHst y TpaeKkTopii pyXy IUIaHEeTH YpaH BIIKpH-
ti iaHety Hentyn. Hactynni cioctepexenHs 3a HenTyHOM 3MyCHITH acTPOHO-
MiB 3amio3puTH icHyBaHHs [LiryToHa.

Yacto mpuunHM 3001B y (PYHKITIOHYBaHHI CHCTEMH a00 OKpeMuX ii CKIramo-
BUX JIe)KaTh 11032 HEIO: 3MiHU KJIiMaTy Ta HETaTHBHI SBUINA y JKUBIN MPHUPOIi Yac-
TO € HACTIIKOM BILUTUBY Ha HHX 1HIYCTpialbHOTO CyCIILIBCTBA, COIiabHI 30ypeH-
HS 3a3BHYail TOPODKYIOTHCS EKOHOMIYHUMH KpH3aMH, IUIaHYyBaHHS OOCATIB
BUPOOHUIITBA 200 MPOAaXKy TTOBUHHO BPaXOBYBATH HASIBHICTH KOHKYPEHTIB TOIIO.
VYpaxyBaHHS Ta aHali3 MIXCHCTEMHHUX B3A€EMOJi YacTO O3BOJISE BUSBHUTH IIi
NPUYHUHY Ta TIOTIEPETUTH X HACIIJIKH.

ACOIIAIII, KOHTJIOMEPATH TA CHCTEMHI CEPEIOBHIIA

VY mparii [2] po3rasSHYTO OJUH i3 BUAIB MDKCUCTEMHHUX B3a€MOJIIH, KU peani3y-
€TBCSI CUCTEMAaMH MYJIBTHIUICKCHOTO THITy. Y TaKHX CHCTEMaX €JIEMEHTH OJHi€l
MepeXi OIHOYACHO MOXXYTh OYTH CKIaJOBHMH 0araTbOX MEPEKEBUX CHCTEM i
BUKOHYBAaTW y HUX pi3Hi (pyHKIii. Po3rnsHemMo Kinbka iHIIUX BHUIIB HAJCUCTEM,
MHOXXHHH €JIEMEHTIB SKHUX, Ha BIAMIHY BiJl MyJIbTHIUICKCIB, HE MEPETHHAIOTHCS.
Taki HafICHCTEeMHU MOXKYTh YTBOPIOBATHCA y pe3ynbraTi B3aemoii okpemux CIMC
OJTHOTO THITY Ta MPHU3HAYCHHS, [UIS IKUX MeTa iCHyBaHHsI Ta criocodu ii pearnizarmii
€ ToTokHUMH. HasznBatuMemo Taki ¢dopmartii acorriamismu. PiHAHCOBI acortiartii
YTBOPIOIOTh OaHKIBCBKI Ta KPEIWTHI yCTAHOBH, TOPTOBENBHI acomialii € Mmoea-
HAHHSAM PI3HUX TOPrOBEJIBHUX Mepex, iHpopMamiiiHi acomiamii MOPOIKYIOTHCS
pPI3HUMU HOBWHHHMH areHIlisIMH, Y HAyKOBOMY CITIBTOBAPHCTBI iCHY€ YHMAalo
acorriariii, ki 00’€IHYIOTh HAYKOBIIB CYMDKHHUX AUCIHMIUTIH TOMIO. SIKmo 00-
JacTh Aii CUCTEM, SIKI BXOMSATH JIO CKIIAAY acolliallii, mepeTUHAIThCS, 1€ MOXE
BUKITUKATH IIE€BHY KOHKYPEHTHICTh 200 HaBiTh KOHQUIIKTHICTH iX B3aemoii. Skmio
KOHKYPEHTHICTh € TIO3UTHBHUM YHHHUKOM, STKHH TIBUIIY€E eeKTUBHICTh (PyHK-
iOHYBaHHS acomiamii 3arajoM (MOKpalleHHs KOM(OPTHOCTI Ta 3[EIIEBICHHS
MepeBe3eHp Y acolliallii aBTOMEPEeBi3HUKIB), TO KOHKYPEHTHICTh YacTO MPHU3BO-
JMTH JI0 3HHUIIEHHS OKPEMHX ii CKJIaJOBHUX (3HHKHEHHS OKPEMHX BHIIB y JKHBiH
npupoai). Mozenp acomianii moBHMHHA MepeadadaTH peaibHy ado0 MOTEHLiHHY
KOHQUTIKTHICTB ii CKJIaIOBHX.
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[Hmmii cnoci6 B3aeMofiil CKIIaAHUX CHCTEM IOJIATAE Y iX y4acTi y BUpIILIEHH]
BXIIMBHX JUTS CHIJBHOT XUTTEMISUIBHOCTI pobneM. Hampuknan, momonanHs Ha-
CIIKIB CTHXIWHUX NHX, MaHAEMiH, TEPOPUCTHIHHUX AKTiB, TEXHOTCHHHX KaTacT-
pod BUMarae B3aeMOJii PATYBAIBHHUX Ta TOXKEKHHUX CITYXO, TOJIIIi Ta OpraHiB
0e3meKu, apMiIMChbKUX Ta MEIUYHUX MiAPO3AUIIB 1 T. iH. [IpUpoaHOIO € B3aEMOJIis
3aTopiB Ta OaHKIBCBKMX YCTaHOB, fIKi 3a0e3MeuyroTh (PiHaHCOBI omepauii MiX HH-
Mmu. [IpoBeneHHsT MIKIUCIUIUTIHAPHAX JOCIHIHKEHb MOTPeOye CIiBIpaIli BYCHUX
pi3HUX HAyKOBHX crienianbHocTed. [lomiOHI B3aemMomii MiXk cCUCTEeMaMH PI3HOTO
THITY Ta TPU3HAYCHHS ICHYIOTh y TOJITHIl, CYCIUIBHOMY JKHTTI Ta MPHPOI.
JIronceKke TITO CKITama€eThes 3 0araTboX Pi3HOTHITHUX CHCTEM (CEepIIeBO-CYIUHHOI,
nimMQaTuaHOi, HEPBOBOI, OMTOPHO-PYXOBOI, TUXAHHS, TPABJICHHS TOIIO). Y3ToIKe-
HE CriibHe (DYHKIIIOHYBaHHS Ta B3a€EMO/IiS IUX CHCTEM BJIACHE 1 YTBOPIOE KUBUH
opraHizm. Hancucremu, siki yTBOPIOIOTBCSI YHACIHIZAOK B3a€MOJIiT KITBKOX Pi3HO-
TUITHUX CHCTEM JUIS peaii3allii meBHOI CIiIBHOT METH, HA3UBATUMEMO KOHTJIOME-
patamu. CKi1agoBi KOHTJIOMepaTiB 3a3BU4ail He KOHQIIKTYIOTh, aJke Mij yac mo-
JIOJIAHHS HACTIJKIB CTHXIMHHMX JIUX MEIUKaM HEMAaE€ CEHCY «KOHKYPYBaTH» 3
TIOJIITI€T0, a TMoMilii — 3 BorHeOopIsamMu Tomo. OUeBUIHO, MO acoIliallii Ta KOH-
TJIOMepaTH BiirparoTh HE MEHII BaXKJIUBY POJIb, HI)K MYJIbTHILICKCH.

CKkiraioBi KOHTIIOMEpaTy MOXKYTh OyTH IOETHAHHSIM KUTBKOX acOITialfiid.
CwMmucn, SIKAi BKIIQIAEThCS Y TIOHSTTS TUIY CUCTEMH, O3HAYa€ PO3MIIAIATH MEBHE
YTBOPEHHSI SIK acoliamito abo KoHrIoMepar. SKIo iIeThes Mpo eKOHOMIKY Kpai-
HH 3arajioM, TO MOEJHAHHS BCIX TPAHCHOPTHUX CHCTEM MOKHA PO3TIISAIATH SIK
acoriamnito, OCKUIbKH Y [bOMY BHIIAIKy OJHOTHITHICTh BU3HAYAETHCS METOIO (yH-
KI[IOHYBAaHHS TAKHUX CHUCTEM, SIKa TOJIATAE Y MEPEBE3CHHI MACAKUPIB Ta BAHTAXKIB.
VY Toii ke yac, TpaHCIOPTHA CHUCTEMa KpalHW € KOHTJIOMEPATOM TPAaHCIOPTHUX
CHCTEM PI3HUX THIIB (3aJII3HUYHOI, aBTOMOOLIBHOI, aBiaIlifHO1 TOMIO). Acorriartii
Yy TaKOMY KOHTJIOMEpATi yTBOPIOIOTH TPAHCIIOPTHI KOMIIAHIi, sSKi 3a0e31edyoTh
MIEPEBE3CHHS OJTHOTO THITY, HAIIPUKJIAJ, aBTOMOOLIbHI MacakUupCchKi a00 BaHTaX-
Hi. Takok 1HKOJIM BUHHKA€E moTpeda po3riisfaTH MEeBHE YTBOPEHHS SIK MYJIbTH-
TUIEKC YW KOHTJIOMEpAT. 3arajioM Lie 3aJIeXKHTh BiJ METH JOCHiIKeHHs. Mepexa
HACEJICHUX MYHKTIB Ta MUIAXiB Mi)K HUMH € OCHOBOIO JUIsl OpraHi3allii pyxy moTo-
KiB PI3HUX THUMIB. [3 IOro MOTIsIMY 11 MOXKHA PO3TIISAATH SIK MYJIbTHUIUICKC, KOX-
HUHW Tap SKOro 3a0e3ledye pyX MOTOKIB MEBHOTO THITY 1 KOXKHHM BY30JI TaKOTO
MYJBTHILIEKCY MOXKE IMITPUMYBATH PyX Bil OMHOTO O BCiX MOXKJIMBHX THIIIB
notokiB. OHaK B3a€MOJIisi TPAHCTIOPTHUX CHCTEM PI3HUX THIIB 3 METOIO TpaHC-
MOPTYBAaHHS MAcaXHpPIiB Ta/ab0 BaHTAXKIB MOXKHA PO3IIISAATH SIK KOHIIIOMEpAT.
OTxe, 3aJIe)HO BiJl METH JOCHIKCHHSI TPAaHCIOPTHY CUCTEMY KpaiHU MOKHA
pO3TIISAaTH SIK MYJIBTUIUICKC, KOHIJIOMEpaT a0o acolliallilfo B Mexax OilbIIoro,
HAMPHUKIIAI, TPOMHUCIOBOTO KOHTJIOMEpAaTy.

IcHy!OTE 1 OiBII CKJIAHI HAJCHCTEMHI YTBOPEHHS, SIKi HA3UBATUMEMO CHC-
TEeMHUMH cepenoBuiiamu. CHCTEMHE CepelOBHINE O3HAYa€ CIiabHE (QYHKITIOHY-
BaHHS KUIbKOX PI3HOTHUITHUX CHCTEM, KOKHA 3 SKHX Ma€ BIACHY METy iCHyBaHHS,
OJTHAaK CMiJIbHOT MeTH iX B3aemofii Hemae. [Ipu npoMy Wil iCHyBaHHS OKpEMHX
CHCTEM CEpeIOBHINA MOXYTh OyTH aHTaroHicTudHHMH. [IpukiagoMm € Giocdepa
3emti abo i KJIIMAT Ta CTBOPEHE JIFOJACTBOM IHAYCTpiadbHe CycHinbcTBO. [loe-
HaHHA TAKUX CHUCTEM-AaHTAroHICTIB € HaWCKIATHIIIMM 00’ €KTOM HOCIIIKEHHS,
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OJIHAK BOHO MOTPIOHE, OCKIJIBKU HEMOXIJIMBO MPOTHO3YBATH PO3BUTOK Oiocdepu
a0o 3MiHM KTiMaTy 0e3 BUBUEHHS BIUIMBY HA HUX 1HAYCTPIaJIbHOTO CYCITUTHCTBA.
HanexHicTh TOCHIIKYBaHOI CUCTEMH JIO OJJHOTO 3 ONMCAHUX BHIIE HAJCHCTEM-
HUX YTBOPEHb BU3HAYAE XapakTep il MiCHCTEMHHUX B3a€MOJIi (CHIiBIIpaLls, KOH-
KYPEHTHICTh, KOH(QIIKTHICTh, AHTarOHICTUYHICTH), IO OE3yMOBHO ITOBHHHO
BILTUBATH Ha BUJ MOJIENi CHCTEMH, 30KpeMa ii pearyBaHHS Ha 30BHIIIHI BILTUBH.

BUCHOBKH

VY po6oTi mpoaHanizoBaHO MPUHOUIH (OPMYBaHHSI CUCTEMHHUX 1€papXii Ta CKIaj-
HUX CHUCTEM 3 i€papXidyHO-MEPEKEBOIO CTPYKTYpOr0. BU3HAUEHO MOTOKOBY Mart-
puito cymikaocti CIMC, sika 103BoJIss€ MOCTIKYBaTH (QYyHKIIIOHAIBHI 0COOJH-
BOCTI CHUCTEMH, MOB’SA3YIOUM iX 31 CKIaJOBUMH CTPYKTYpU. YBEIEHO MOHATTS
notokoBoi ceprieBunu CIMC, sika mae 3Mory OynyBaTH CIOpOIIEHI MOJETi CUcTe-
MH MEHIIIOT PO3MIPHOCTI, OTHOYACHO BIIICTEXKYIOUH KITBKICHY Mipy 30€pe’KeHHS
ii amexkBaTHOCTI. 3ampoNOHOBaHO MPUHIUIHY (HOPMYBaHHS iHPOPMAIITHUX MOJe-
neit Ta monenei ouintoBanHsa CIMC i mpoaHanizoBaHO iX TepeBaru Ta HEIOJIKH.
OcHOBHOIO Ba/I0r0 iH(MOPMAIIITHIX MoJIeIel € BeInue3Hi 00CATH MaHuX, SKi Jac-
TO HE MiIJAI0THCS ONEPATHBHOMY aHaji3y, He O3BOJISIOTH (POPMYBATH CBOEYACHI
NPOTHO3M Ta BUPOOJATH MpaBWIBHI pilieHHs. Mojeni OWiHIOBaHHS y LOMY pO-
3YMiHHI € 3HaYHO THYYKIIIMMH{ Ta AWHAMIYHIIIAMH, OCKIIEKH BOHU € BOJHOYAC
BiTOOpakeHHAM 1HGOPMAIIMHUX MOJENIEH y YITKO CTPYKTYPOBaHY CYKYITHICTBH
OIIIHOK CTaHy Ta SKOCTi ()YHKI[IOHYyBaHHsSI, MOYMHAIOYM 31 CKIAJOBUX CHCTEMHU
HAWHIDKYIOTO PiBHS i€papXii 1 3aKiHUYOUN CHCTeMOI0 3araioM. OCHOBHOIO Tiepe-
Baror0 MOJICJICH OIIHIOBAHHS € Ha IMOPSAKH MEHII oO0csaTH iHopmMartii, ki 3Ha4-
HO JIEeTIIE MiAJar0ThCsl aHANi3y Ta JO3BOJIAIOTH ONEPATHBHO JIOKAII3yBaTH Haui-
OlmpIn 3arpo3nuBi  ckianoBi cuctemu. TortoxHicTh cTpykryp CIMC, ii
iHopmarriiinoi Moxemni Ta MOJENI OMIHIOBAHHS YMOXKIIMBITIOE TIEpEXij Bil He3a-
JIOBIJIBHOT OLIIHKM CKJIaJ0BOI /IO AaHUX, SIKi OMUCYIOTH ii cTaH Ta nmporec QyHKIIi-
OHYBaHHS, aHaNi3y wi€el iHpopMaLii 3 METOI NOCTIIKECHHS! MPUYMH BUSIBICHUX
HEJIONIKIB Ta YCYHEHHS X HEJOJIKiB Oe3MmocepeIHhO y CKIIaoBiid cuctemu. [lo-
CIDKYIOUH CKJIQJHI MEpPEeXeBl Ta i€papXidHO-MEPEKEBI CHUCTEMH, HEMOMITHBO
HEXTyBaTH BHYTPIIIHIMM Ta 30BHIIIHIMM BIUTMBAMHM Ha HUX. YBeaeHi B poOOTi
MOHATTS acouiallii, KOHTJIoOMepaTy Ta CHCTEMHOTO CEepeIOBHINA NAlTh 3MOTY
aHaTI3yBaTH XapaKTep ITNX BILUTHBIB Ta BPaXOBYBATH iX HACIIIIKH.

JITEPATYPA

1. Honiyyx O./]. Mepexesi ctpyktypu Ta cuctemu: l. [1oTOKOBI XapaKTepUCTHKH
cxiaamaux mepex / O.J1. Tomimyk, M.C. Smkak / CUCTeMHI DOCIIPKEHHS Ta
iHpopmauiiHi TexHonorii. — 2018. — Ne 2. — C. 42-54.

2. Honiyyx O.J]. Mepexesi crpykrypu Ta cucremu: II. CepueBHMHHM Mepex Ta
mynbrumiekcis / O.J1. Tlomimyk, M.C. fmkak / CucreMHi JOCTIJDKEHHS Ta
iHpopmaniiHi TexHonorii. — 2018. — Ne 3. — C. 38-51.

3. Barabasi A.-L. The Architecture of Complexity / A.-L. Barabasi // IEEE Control
Systems. — 2007. — Vol. 27 (4). — P. 33-42. DOI: https://doi.org/
10.1109/MCS.2007.384127.

4. Pattee H. Hierarchy Theory: The Challenge of Complex Systems / H. Pattee. —
New York: George Braziller, 1973. — 389 p.

Cucmemni docnioxcenna ma ingpopmayivini mexnonoeii, 2018, Ne 4 93



O. /. Honiwyx, M.C. Hooxcax

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

94

. Ahl V. Hierarchy Theory: A Vision, Vocabulary, and Epistemology / V. Ahl, T. Al-

len. — New York: Columbia University Press, 1996. — 206 p.

Rajan R.G. Financial systems, industrial structure, and growth / R.G. Rajan, L. Zin-
gales // Oxford review of economic Policy. — 2001. — Vol. 17 (4). — P. 467-
482. DOL: https://doi.org/ 10.1093/oxrep/17.4.467.

. Marsan G.A. Towards a mathematical theory of complex socio-economical systems

by functional subsystems representation / G.A. Marsan, N. Bellomo, M. Egidi //
Kinetic and Related Models. — 2008. — Vol. 1 (2). — P. 249-278.

Allen L. Nature insight: Complex systems / L. Allen // Nature. — 2001. — Vol. 410
(241). DOL: https://doi.org/10.1038/35065672.

Pavé A. Modeling of Living Systems: From Cell to Ecosystem / A. Pavé. — New
York: John Wiley & Sons, 2012. — 620 p.

Pumain D. Hierarchy in Natural and Social Sciences / D. Pumain. — Berlin: Spring-
er Science & Business Media, 2005. — 246 p.

Simon H. The architecture of complexity: Hierarchic systems / H. Simon // Proceed-
ings of the American Philosophical Society. — 1962. — Vol. 106. — P. 467-482.

Polishchuk D. Complex Evaluation of Hierarchically-Network Systems / D. Polish-
chuk, O. Polishchuk, M. Yadzhak // Automatic Control and Information Sciences.
—2014. — Vol. 2 (2). — P. 32-44. DOL: https://doi.org/10.12691/acis-2-2-1.

Scott W.R. Organizations and organizing: Rational, natural and open systems per-
spectives / W.R. Scott, G.F. Davis. — London: Routledge, 2015. — 464 p.

Fontoura Costa da L. The hierarchical backbone of complex networks / L. da Fon-
toura Costa // Physical review letters. — 2004. — Vol. 93 (9). — 098702. DOI:
https://doi.org/10.1103/PhysRev Lett.93.098702.

Ravasz E. Hierarchical organization in complex networks / E. Ravasz, A.-L. Barabasi
/" Physical Review E. — 2003. — Vol. 67 (2). — 026112. DOI:
https://doi.org/10.1103/Phys RevE.67. 026112.

Honiyyx /1.0O. KomiiekcHe AeTepMiHOBAaHE OLIHIOBAHHS CKIIQJHUX I€papXidyHoO-
Mmepexepux cucreM: I. Omuc meromuku / J1.0. IMomimyk, O.[. Ilominiyk,
M.C. Slmxak // Cucremni pociiJpkeHHS Ta iH(GOpMAIiiHI TexXHONOTIi. —
2015.— Ne 1. — C. 21-31.

Schwenk H. Teradata Universe: Regaining Focus / H. Schwenk. — 2017. — 5 p. —
Available at: http://www.idc. com/getdoc.jsp?containerld=EMEA42717517.

Hilbert M. How much information is there in the “information society”? / M. Hilbert
/I Significance. — 2012. — Vol. 9 (4). — P. 8-12. DOI: http://dx.doi.org/
10.1111/5.1740-9713.2012.00584 x.

Chessell M. Common Information Models for an Open, Analytical, and Agile World
/ M. Chessell, G. Sivakumar, D. Wolfson et al. — New York: IBM Press,
2015. — 240 p.

Khabsa M. The Number of Scholarly Documents on the Public Web / M. Khabsa,
C.L. Giles // PLoS ONE. — 2014. — Vol. 9 (5). — ¢93949. DOL
https://doi.org/10.1371/journal.pone.0093949.

Bawden D. The dark side of information: overload, anxiety and other paradoxes and
pathologies / D. Bawden, L. Robinson // Journal of information science. — 2008.
— Vol. 35 (2). — P. 180-191. DOI: https://doi.org/10.1177/0165551508095781.

Honiwyx /[.O. KomriekcHe AeTepMiHOBAaHE OIIIHIOBAaHHSA CKIAIHHUX I€papXidHO-
mepexkeBux cuctem: II.  JlokanpHe Ta NPOrHOCTMYHE OLIHIOBaHHS /
J.0. Momimyk, O.J. Homimyk, M.C. Smxak / CucTemHi AOCTIKEHHS Ta
indopmariiini TexHomorii. — 2015. — Ne 2. — C. 26-38.

Honiwyx /[.O. KommiiekcHe AeTepMiHOBAaHE OIIIHIOBaHHSA CKIATHHUX 1€papXidHO-
mepexeBux cuctem: III.  ArperoBame ouixtoBanus / J[.O.Ilomimyk,

ISSN 1681-6048 System Research & Information Technologies, 2018, Ne 4



Mepescesi cmpykmypu ma cucmemu: I11. lepapxii ma mepedici

O.A. Nomimyk, M.C. Smkax // CucremHi pociijpkeHHs Ta iH(opMmaniiini
texHouorii. — 2015. — Ne 4. — C. 20-31.

24. Polishchuk D. About Evaluation of Complex Dynamical Systems / D. Polishchuk,
O. Polishchuk // Journal of Complex Systems. — 2013. — Vol. 2013, Article ID
204304. — 6 p. — Available at: http://dx.doi.org/ 10.1155/2013/204304.

25. Honiyyx /[.O. KoMmiuiekcHe IeTepMiHOBaHE OLIHIOBAHHS CKJIaTHUX i€papXigHO-
MepexeBux cuctem: V. IartepaktmBre omintoBanas / [.0. Ilomimyk,
O.A. lMomimyk, M.C. Smkak // CucremHi pochijpkeHHs Ta iHdopmamiiini
texHouorii. — 2016. — Ne 1. — C. 7-16.

26. Ioniwyyx O.J]. Bubip ontumManbHUX pexUMiB (YHKIIOHYBaHHS CKJIQJHUX
quHamiuaux cucteMm / O.J1. TMomimyk // Mar. meroau i ¢i3.-mex. momis. —
2005. — Bumn. 48 (3). — C. 62-67.

27. Honiyyx O.J]. Tlpo Bubip onTtuMaibHOI AMHAMIYHOI CHCTEMH 3 Kiacy
exBiBaneHTHUX cucreM / O.J]. Tlomimyk // BinOip i o6pobka indopmarii. —
2004. — Bumn. 20 (96). — C. 23-28.

28. Markou M. Novelty detection: a review — part 1: Statistical approaches / M. Markou,
S. Singh // Signal Processing. — 2003. — Vol. 83 (12). — P. 2481-2497. DOLI:
https://doi.org/10.1016/j.sigpro. 2003.07.018/.

Haoiiwna 08.02.2018

Cucmemni docnioxcenna ma ingpopmayivini mexnonoeii, 2018, Ne 4 95



MATEMATWYHI METOOW, MOLOEI,

@I’T NMPOBJIEMW | TEXHONOTI AOCNIOXEHHSA
CKNAOHUX CUCTEM

V]IK 519.8, 629.7
DOI: 10.20535/SRIT.2308-8893.2018.4.08

CBSI3b TAPAMETPOB MHOKECTBA BO3MOKHbBIX
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CHUCTEMBI

H.{. TAHKPATOBA, A.B. LIOJIOXOB

AHHoOTanus. PaccMOTpeHO rapaHTHPOBAaHHOE IUIUIICOUANBHOE OL[EHMBAaHUE MHO-
JKECTBA BO3MOXHBIX COCTOSIHUN JIMHEMHOM CUCTEMBI, IPU KOTOPOM MHHHUMHU3UPYET-
Cs1 MHOTOMEPHBIH 00BEM 3IUTHIICONA, allIPOKCUMUPYIOLIETO MepecedeHne anpuop-
HOTO 3JUIMICOWAA, OTPAaHUYMBAIOLIETO MHOXKECTBO BO3MOXHBIX  COCTOSHHI
CUCTEMBbl, U MHOXXECTBa M3MEPEHUIl, NPeJICTaBISIOLIEr0 «TUIEPCIOW» B TOM XKe
npocrpancTBe coctostHuil. ChopMynupoBaHa U JI0Ka3aHa TEOpeMa O COOTHOIICHUU
[apaMeTpoB alPUOPHOrO 3JUIMIICOM[A, TapaMEeTPOB YPAaBHEHUS U3MEPEHHH U pas-
MEPHOCTH IIPOCTPAHCTBA COCTOSHUM, YIIyUIlIaIOIIeM OLEHKU COCTOSHUS CUCTEMBI 110
KPHUTEPHI0O MHHUMyMa MHOTOMEpHOro o0bEéMa amocTepropHOro sumncouzaa. Ha
OCHOBAaHUM TEOPEMbI IPEATI0KEHO YIPOLICHUE alrOpUTMa OLIEHHBAHUS, KOTOPOE
HCKJIIOYaeT 0coObIi Clrydail, — JeJieHre Ha HOJIb U NIPUHSTHE JOTOIHUTENBHBIX Mep
Ui 9Toro ciydas. IlpennokeHHoe ynpoleHue NPUBOAUT K HEKOTOPOMY YXyZlle-
HUIO DJUIMICOMJANBHON OLEHKM COINIACHO IPUHATOrO KPUTEpUs MHHUMM3ALUHU B
o01eM cirydae, a B IIPeAeIbHOM CiTydae CXOIUTCS K ONTHMAaJIBHOW OLleHKe. Pesyis-
TaThl POMJUIIOCTPUPOBAHBI IPUMEPOM OLEHUBAHMS CTaTHYECKOI'O COCTOSHHS CHUC-
TeMbl. CpaBHEHBI METOABL: ONTHUMAIIBHBIN, YIPOLIEHHBIN, IPEII0KEHHbIM B 3TOH pa-
0oTe, W METOJI HAaWMEHBIINX KBajpaToB. [IpuBeneHHI IONy4YEeHHBIE 3HAYCHUS:
TOUYECYHAsI OLICHKA U MHOXKECTBEHHAsI SJUIMIICOUAIbHAS OLIEHKA — BEIMYMHBI [10JTY-
0ceil aroCcTepHOPHBIX HILTUIICOUIOB.

KnrodeBble c10Ba: anropuTM rapaHTUPOBAHHOTO JUTUIICOMIATLHOTO OLIEHUBAHUS,
MHOKECTBO JOCTHXHMOCTH, (THIIEPCIIOi», ypaBHEHUE U3MEPEHHH COCTOSHHUS CHC-
TeMsl, (pa30Boe MPOCTPAHCTBO COCTOSHUN CHCTEMBI, BEPXHSS TPAHHIA OLEHKU COC-
TOSIHHSI CHCTEMBI, METOl HAUMEHBIINX KBaJPaToB.

BBEJEHHE

B nanHo#t pabote mpoaomKeHbl HCCIeI0OBaHMS aJlTOPUTMa TapaHTUPOBAHHO-
IO 3JUTUIICOUIAIBHOTO OLEHUBAHMSI COCTOSHUSA TUHEWHOW YIIPABIAEMONH CHCTEMBI
B (ha30BOM MIPOCTPAHCTBE COCTOsIHUM [1, 2], B KOTOpOIt U3MEpSIeTCSI TOJIBKO OJTHA
MIPOEKIUs BEKTOpa €€ cocTosiHM. Vi3MepeHre coaep KUT MOrpelHocTs. MHOXec-
TBO BO3MOJKHBIX COCTOSHHI CHCTEMbl MUHHUMM3HpYyeTcd 1Mo 00béMy. ['eomerpu-
YEeCKH pe3yJIbTaT pabOoThl aJrOpUTMa — JIIIMIICOUIANIbHAS AIIPOKCHUMALMS TIe-
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pecedeHus] aupuoPHOTO NLIMIICOUAA, KOTOPBIM AIIPOKCUMHPOBAHO MHOXKECTBO
JOCTHKMMOCTH JTMHEWHOW yNpaBiIsieMON cCHCTEMBI [3], U «THIepciosy, IpeacTa-
BJSIIOLLIETO COTJIACHO JAHHBIM H3MEPEHMsT MHOXKECTBO BO3MOXKHBIX COCTOSIHUH
YIpaBIsieMON CUCTEMBI, OIpPaHUUYEHHOE JBYMsI MapalljedbHbIMU THIIEPIUIOCKOC-
TsAMH. PaccMaTpuBarOTCSI M UCCIENYIOTCS COOTHOLICHHS MEXIY Pa3MEPHOCTBIO
MPOCTPAHCTBA COCTOSIHUM CHCTEMBI, MapamMeTpaMHu HU3MEPUTENBHOTO YCTpOiicTBa—
YpaBHEHUS U3MEPEHUH, BKIIOUAs MOTPELIHOCTh U3MEPEHHS, U MapaMeTpaMH 3I1-
JUIICOUAATIBHOIO MHOKECTBA BO3MOXKHBIX COCTOSIHMH cHCTeMBl. B pesynbrarte
MOXHO IOJYYHUTh BEPXHIOIO I'PAHHUIy OLICHKHM COCTOSIHUSI CHCTEMBI IIpH BBIOOpE
KOHKPETHOTO HM3MEPUTENBHOTO YCTPOMCTBA, MAaKCHUMAaJbHONH €ro MOTPEelIHOCTH
B U3BECTHBIX T'PAHUIAX BO3MYILAIOUIETO BO3ICHCTBH Ha cucteMmy. HeoOxonu-
MOCTb B 3TOM 4acTO BO3HHKAET B MPAKTHUUECKUX CITydyasiX, KOTAAa CTATUCTUYECKUE
XapaKTePUCTUKU BO3MYIUEHHMS M MOTPELIHOCTH H3MEPEHHs ONPEAEIUTh HEBO3-
MOYKHO, HEBBITOJHO M3 YKOHOMHUYECKHX COOOpaXCHWH WJIM HET BpPEMEHH Ha HX
OIIpeleNICHUE, OAHAKO I'PAaHUYHBIE UX 3HAYEHMs W3BECTHBI U3 (U3UUECKUX HIIU
KOHCTPYKTHBHBIX OCOOCHHOCTEH yNpaBisieMOro 0OBEKTa U U3MEPHUTEIIS.

[TapameTps! 3muIcona MUHIMAIBHOTO 00beMa, OIMCAHHOTO BOKPYT cde-
PHUYECKOTO CIIOS WIIM CerMEHTa, ObUTM HalaeHbl ajs nomychepsl [4] u ISt «Tu-
niepcios» [5]. B pabote [6] mpeaioskeH aqropuT™M JUTHIICOMIATBHON aIpoKCh-
MaIfi IO KPUTEPUI0O MUHHUMyMa O0BbEMa HJs OOILIero ciydas MepeceueHus
3JUTMIICOUAA U «THIIEPCIOs», a B [1] MOIydeHOo yClIoBUE HCIIONB30BAHUS H3MEpe-
HUS, COTTIACHO KOTOPOMY allPUOPHBIN IITUIICOUA U «THIEPCIIOi JHIIb KacaroTCs
Ipyr npyra. lansHelIme uccieaoBaHus NPoBeAEM ATl CiIydasi, KOTga «THIepc-
JIOW» TIepeceKaeT alpUOPHBINA AIITUIICOU.

MATEMATHYECKAS IIOCTAHOBKA 3AJAYN
ITycTh MCXOMHBIN SIUTUIICOUT 33/IaH B BHJIC
— . = \T -1 =~
x;eE={x;:(x;-x;) H; (x;-x;)<I}, @8
J€To, j=L..k (k<o) — muckperHoe Bpems; E; c X; =R" — Kxommakr-

HOE€ MHOXECTBO BO3MOXKHBIX 3HAUYCHHUH HCXOIHOTO COCTOAHMUA, )NCJ- )41

H /T =H ;>0 — 3ajaHHbIC 7-MEPHBI BEKTOp U (nX 1) -MaTpHUa COOTBETCT-

BEHHO. YpaBHEHUE U3MEPEHUS

T .
vy =hx 48 g)]<e =12, @)
rie y; € Rl; heR", ||h|| =1 — mnapameTp H3MEpPUTENBHOTO YCTPOICTBa;
€ j € R' — orpaHWYCHHAS TIOMeXa U3MepeHuit; ¢ > (0 — 3amaHHas KOHCTAaHTa B

R" onpenenser «runepeion»
(yj>x;)=8;={x;: (y; —h x;)" <c7}. 3

Ha ocnoBe Boipaxenuit (1) u (3) cTpoutcs rapaHTUPOBAHHAS SIIIHIICOU-
JlajibHast OLIEHKA

~ T yr—1 ~
EigoE;NS;, Epy={x;:(x =) Hig(xm—x)<L}, @)
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MEHbIIIasl UM paBHas 1o 00bemy npenbiayiieii (1). Maade octaBiseM MCXOAHBIN
SITUTICOU].

CortacHo pabote [1] momydnM anmmpoKCUMUPYIOMAN dututicons (4), mapa-
METPbI KOTOPOI'O 3aBUCAT OT CTCICHU MEPECEUCHUs alPUOPHOTO AJUTUIICOUAA U
THIEPCIION»:

~ o~ 1 .
Xj =X;+1,e; Hhio;; ®)
-2 T 2.

Hjy=(H; —te;"H;hh H;)yy s (©)

2 2 -1 2y,
vi=l+1;(x5(—-1;)" —0%); (7

_o-1 212
1, =(q; +ej) ey, 0<t; <l ®)
31ech: X; — LEHTP alpHOPHOIO SJUIMIICOM/A; X, — LEHTP allpoKCHMHUPYIO-
LIEro JJUIMICONAR; €; = h]TH ;hj — «Hepretnyeckas Hopma» [7] Marpubl
TN

H; snmmnconna E;; A;=y;—h;X; — paccrosHue OT LEHTPa aNpUOPHOTO

SJIHIICOHJa E/- A0 CEpCAUHBlI «TUICPCIIOA» S BOJIb HAIIPABJICHUA h]’

J

c;=A je;-l; T; — Liar aaropuTMa; q}l 2 ce; — MOJCTPOCYHBIN MMapamerp, I0-

J'Iy‘leHHLIﬁ n3 yCJIOBUA HUCIIOJIB30BaHNUA U3MEPCHUA (2) B ClIy4ae, Korjga «rurmepc-

JIOK» JIMIIb KacaeTcs HCXOJHOT'O 3JIJIMIICON A, Xj = ce] — HOPMHUPOBAHHAs I10-

JIYLIIUPUHA «TUIIEPCIIONY.
Ycnosue HHYOPMATHBHOCTA U3MEPEHHSI ) ; 3aIMChIBACTCS B BHAE [1]

(1—1:J.)(l+r(l,()(i(l—tj)"1 —Gi))" <I. )

Uem MeHbLIE N€Bast YACTh NPH IPUHATOM BBIPAKEHUU VIS T ;, TeM UHPOp-
maruBHee y ;. Tpebyercs HaliTH Takue COOTHOILUEHHs MEX/y MapameTpamu y; ,
G ;¥ Pa3MEPHOCTBIO MPOCTPAHCTBA COCTOSIHMA 71 B alropuT™e, 4TOOBI IpH
MMCIOLEMCsl y; JIeBasl 4acTh HepaseHcTBa (9) Obuia Obl MHUHMMAIBHOH, Bynem

MCKATh TAKKE 3HAYCHUS ) ; , O ;, [IPH KOTOPBIX (9) NpeBpaIlaeTcst B paBEHCTBO.

PEHIEHHE 3AJAYHN

[Ipoanddepennupyem neByro 4acTb HepaBeHCTBa (9), MpHUpaBHAEM MOTYUYEHHBIN
pe3yNbTaT K HyJIO U MIPOBEAEM BO3MOXKHBIE YIIPOIIEHHS:

(n+1)o3t5 + (x5 —(1=2n)05 =Dt +1+n(c; —35)=0. (10)

PemnB ypaBuenue (10) W B3sSB MOJOKUTEIHHBIA KOPEHb, MOJYYHUM ONTH-

MaJIbHOE® COOTHOLICHHE IS T ;.
[MooOHEIM 00pa30M pelieHue MOMyYeHO IS ¢ ; [10]. IloncraBus ero B BbI-

paxenue (8), momyunM Takoe ke pemerne (10). OmHaKo 3TO pEIICHWE HMEET
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3HaMeHaTeNlb (1 + 1)0%. Torna mpu o ; =0 BoO3HHKaeT O0COOCHHOCTDh — JICTICHHE
Ha HOJIb. Bo n30exanue 5TOro BBOAUTCS OTPAHUYCHHE G ; > 8, [e & — HEKOTO-
past Manasi KOHCTaHTa. B ciayyae 6; <8 HEoOX0AUMO MEPEHTH K APYroMy BbIpa-

KCHUIO IJId T j PCHICHUIO JIMHENHOT O YpaBHCHUA, IIOJTYYCHHOI'O U3 YPABHCHUSA

(10), ecrtit TIOJIOKUTH B HEM G? =0. YtoObI n30eKaTh 3TOTO IpeaIaraeTcs BEIOOp
BBIPAXKCHHUS U T; APYrHM myTéM. CHavasa HCCIelyeM NpeieibHbIN clydail —
paBeHCTBO B BbIpaxkeHHH (9), koropoe cnpasemso npu t; =0. Iloxcrasus B
ypasaenue (10) t; =0, moay4um 3Ha4eHUs y ;, ©;, IPA KOTOPEIX (9) mpespa-

a1aeTCda B paBEHCTBO:

xi —G?/ =n"" wm o =,Ix5 —n~", 6o xj =1In_1 +0§ . 1D

Takum 00pazomM, chopmynupyeM Teopemy:
Hycrs E; NS, #¢<J. Toraa, pist toro 4robsl usmepenue y; Obuio uHGOp-

MAaTHUBHEIM, T.€. BBITOJHSIIOCH ycioBue (9), HEOOXOIUMO W JTOCTATOYHO, YTOOBI

BBITIOJIHSIIOCh G ; < ,lx%- —n'.

Caencrue. Ecn 6; =0, T.e. cepefiHa «THIepenos» S; ¢ MOTyIINPUHOI
X j TPOXOIHUT 4epe3 LEHTP alnpUOPHOro SILIUICONAa E;, BBIPAKAIONIETo HEOol-
PeleNEHHOCTE COCTOSHUSA, C MaTpHlled H ;, TO 3aBUCHUMOCTh MeXay H ;, pas-
MEPHOCTBIO MPOCTPAHCTBA COCTOSIHUH 7, MONYLIMPHHOH % ; (MaKCHMAaIbHOH
BEJIMYMHON MOTPEIIHOCTH U3MEPEHUs C ) U MapaMeTpaMu U3MEpUTEIbHOIO yCT-

poticTBa mpuoOpeTaer BUA: ¢ < 1ln_lhTH i

Hanee chopmynupyem Jemmy o Bbidope mara t,. [lyete £, NS, #D.
Hponorapudpmupyem  Beipaxkenue (9): In(1-1;)+nln(l+7; (Xi 1- 1:‘/-)_1 -
~63))<0. Otcrona nIn(l+1;(x3(1-1;)" —c3))<-In(l-7;). Ipn 0<1; <1
Ha OCHOBAHWH M3BECTHOro HepaseHcTBa [8] mmeem In(l+7t;)<t;, V1,>-1,

oTKyaa T< ln%. [lepexomum BHauane k HepaBeHCTBY #In(l1+ 1t j(X?(l -1 j)_l
—1 AYS

2 2 -1 2 2 -1 2
—o;)<snt;(;(1-1;) —o7),asarem k nt;(x;(1-1,)" —07)<t1;, KOTOpOEC

CTPEMUTHCS K paBEHCTBY ObICTpee, ueM (9). Torna
1 =1-y¢5(1+ns*)" (12)

[TpupaBHusB HepaBeHCTBO (12) K HyIFO, TOTyduM BhIpaskeHus (11).

B paborte [6] nepeonpeaemnsroTcs mapaMeTpsl «TUIEPCIOs» — MONyIIUpUHA
X W PacCTOSHUE G; — JO €r0 CEPElMHBI B CIy4ae NEPECEYCHHs! JIUIUIICOUAA
«THUIIEPCIIOEM» TOJIBKO OJJHOM CBOEH TpaHMIEH: ‘c j‘ -, <1< ‘G j‘ +y ;. To ectp
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BBIIIOJIHACTCS ~ IE€peoIpeielIeHHe: ‘Gj,corr+Xj,corr=1' 3aech: O ooy =

=1+ ‘Gj‘ =A%) 25 Ajeor =1 —‘Gj‘ +%;)/2 — nepeonpenenéHHble Mapamer-

pot. Iloxcrasus y ; = ,ln_l + 6§ n3 paBeHctsa (11) B ‘0 J.corr
=(n-1)/(2n), otkyma ¥ ;jm=@+1)/2n). Tlpn o;=0 nu

+% jcor =1, HOMY-

YUM ‘Gi *

=(n—-1)/(2n) nmoxaxem Ha rpadukax (puc. 1) 3HaUEHHs JIEBOH YaCTH BBHI-

‘Gj,*
paxenust (9) — KpuTepysi HHPOPMATHBHOCTH M3MCHCHUH ) ; OT MAJIOro 3Hade-
HUSL JIO ) =1/\/n u Xjtim =(+1D/(2n), n=2.

[To ocu opaMHAT OTCUMTHIBaEM 3HauY€HUE KpPUTEpHs MH(POPMATUBHOCTH, IO
ocu abcrucc — MONMYLHPHHY «runepcnos». CIUIONIHON JTHMHUEH MmoKa3aH cyOor-
TAMAaILHBIA Tpaduk (Suboptimal), myHKTHpHONH — onTUManbHBEIN rpaduk (Opti-
mal). Ha puc. 1, a moka3zansl Tpaguku IpH NPOXOKAESHUH CEPEIUHBI «THITEPC-
Jos» depe3 IEHTp ampuopHoro 3uunconna: =0, a Ha puc. 1, 6 — Korma

=(n—-1)/(2n) oT UEHTpa aPUOPHO-

cepearHa «Tunepciios» Ha paCCTOAHUN ‘Gj,*

T'0 3JITMIIcouaa.

c=0 o=(n—1)/(2n)
1 T T T T T T 1 T T T T T T
I I I I I I I I I I I I I
I I I I I Vi I | I I I I I I
| | | | | o | | | | | | | |
R [ IR DU N AR <A I Lot _____.&, ]
0.9 | i | | | Al I 0.9 | | | | | |
I I I I /A I | I I I I 4 I
I I I I /A I | I I I I I I
I I I I /A I | I I I I | I
08F-=q-~--r-—~~——~7-~~ff~-7-""r-"7 08— A~
I I I I i | I | | I I Y I
| | | | ! | | | | | | i | |
I I I I I I 4 I I
[ A R e S B 7 A e e 1 4 S T e /e —
I I I Y/ I I | I I I f I I
I timal Y7 I I I I I A I I
! Subopti ha W/ ‘ | | Suboptimal | £ I I
06 ——d———L__ o N 1 L] b oL N L e
’ | | | i I | I ’ | | I i | I
I I I ! I I I | I I >4 I I I
| | | / | | | | | | 4 | | |
Y] L SO U /N A SO ) (N SN SO N SN S S
’ ! ! ! (Al Optimal ! ! ’ ! ! ! A Optimal !
I I L fi | I I | I I i I I I
I I [/ I I I | I [ I I I
I I L fE I I I I I oA I I I
[ e e B e e 1§ S e e e A e I e
I I A I I I I I I [ I I I
I I f I I I I I I y4 I I I I
I I {4 I I I I | I 4 I I I I
o ] /e 7 ] STy (i
| | i” | | | | | | fr | | | |
I AR I I I I | I I I I I I
| Y/ | | | I | | | | I I I
02 I LA | I I I | | | | I I I
*7777777\7’;77\777\7777\7777777\7777 0'27777777\7-77\7777777\7777777\7777
I 4 I I I I I | ) I I I I I
I 4 I I I I I | I I I I I
| 7ol | | | | | | | | | | | |
01F-—-d4-gf-+—-———1—-———+—-———1———4—-———t+—-—— 01} ——4-fF -t =~ =4 == = — —
A | | | | | | | | | | | |
I I I I I I | I I I I I I
I I I I I I I I I I I I I
0 1 1 1 1 1 1 1 0 L L L 1 1 1 1
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8
X X
Puc. 1

OLEHKA INOJIOKEHUS HEITOABUKHOI'O OBBEKTA
IO TPEM EI'O IIEJIEHT'AM, B3SITbIM M3 PA3HBIX TOUEK

st minmrocTparuy paboThHl alropuT™Ma BO3bMEM IpuMep u3 padbotsl [9] (puc. 2).
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Tpebyetcst orieHUTH MOJOXKEeHNEe (Xx,)) TOUKH A, Jexkaleld Ha ITOCKOCTH,

[0 U3MEPEHUSAM YIJIOB Z;

;» TIPOM3BOJMMBIM M3 HECKOJBKHX TOYeK B;

(i=12,...,k), xoTOpBIE PACIOIOKEHb]I HA TUHUU OoTcyéra OX Ha paccTOsHUU /;
oT Hayana koopauHat. C HonokeHueM To4ek 4 WM B; yrioBble M3MEPEHUS Z;

CBsI3aHbl HEJIMHEHHBIMHU YpaBHCHUSAMU:

z; = arctg +v;, (13)
X =i
rIe v; — ciydaiiHas omuOKa, JOIyIIeHHas IPH N3MEPEHUH yTiia Z; .
A
y
A

Bi Zj ~

0 >

I [ x

Puc. 2

HpCJIHOJ'IO)KI/IM, qTo |Zi| <c, TAne ¢ — U3BECTHAasA KOHCTAHTA. .HI/IHeapI/ByCM

BEIpakeHUe (13) B OKpECTHOCTH alPUOPHOH OICHKH TMOJIOKEHHS (X, V), KOTOPYIO

oGosHaummM Kak (X,y):dz=h[x,—X,y, - y|' +v;, dz=z;,—Z, h = (735041,

z; = arctg _y , ;= (%) , hy = % . llycts k=3 u 3aganbl nan-
x—1 ’ ox Jx=%, ’ oy )x=x,

y=y y=y
weie: [, =0, [,=1525m, [3=305m; 2z =30l1°, z,=450°, z3=73,6°;

R=E[vv;]=diag(r;): =001, ryp=0,01, r33=0,04, rae pasmepHocTh 7;

— epaaycz; HayalabHas TOYeYHas OleHKa X, =369m, y,=213,5M; marpuna

1,045 0,967}

rapaHTUPOBAHHOI'O JJUIMIICA HAYaJbHOIO cOCTOsHMS H, =9
partHp 0 [0,967 1,183

2
MaKCHMaJbHOE 3HA4EHUE IOTPEIIHOCTH u3MepeHHs v; =733 =0,04. Ilomydnm

OIICHKY MeToJloM HamMeHbImx kBanparoB (MHK) no tpém u3mepenusim, kak B
pabore [9], U METOJOM rapaHTUPOBAHHOTO OlCHUBaHUs. McCmonb3yeM BBIpaxe-
Hue Ut wara T; (12) u BelpaskeHne Uit MOACTPOSIHOrO Napamerpa g ; u3 pabo-

bl [6], moacTaBuB ero B BolpaxeHue (8) u monyuns T, Jmbo, 4TO TO ke camoe,
pewB ypaBHenue (10) 1 B3sIB ero MoJ0XUTENbHBINA KopeHb. [Ipouecc nomyuenus

oreHku (4) o ¢popmynam (5)—(8) u3odpaxeH Ha puc. 3.
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Hauﬂquaﬂ ouene & Jlunus BU3UPOBAHUS

Yy, M ~

nonodcenus A(X,y)
u3z mouxu B3
— -
P
r i \
pd N~ Jlunus
v \' . eusuposanus

213 / I " u3 mouxu B>

Jlunus
BU3UPOBAHUS
u3z mouku B,

357 360 363 X, M
Puc. 3
Pe3ynbrare! orieHHBaHUS IPYUBEASHBI B Ta0M. 1.

Taoauma 1

ITapameTpsl
Meron A A KopHu 13 COOCTBEHHBIX YHCEI
3. M Y3.M MaTpuLpI (Ioyocy summica) Hy, M
MHK [9] 370,5 214.1 16 =39%: 1,451 0,392
r.0.(12) 368,7 213,2 3,999, 0,744
I.0.[6] 368,8 214,0 2,236 ; 0,726

[ToBepHyB wucxonmHbIN dmumuncoua Ha 90° TMPOTHB YacOBOM CTpenku (Ha
puc. 3 He TIOKa3aHo), CHOBA BEHITIONHUM BBIYHMCIICHUS, PE3YJIbTAThl KOTOPHIX MPH-
BEJICHEI B Ta0I. 2.

Taoauma 2

ITapameTtpsl
Meton A A KopHu n3 coOCTBEHHBIX YHCEN
3.M V3. M MaTpHIEI (II0JIyOCH dJuiuinca) 13
MHK [9] 354 227,44 lo =39%: 0,38; 1,443
r.0.(12) 368,7 213,66 0,777 ; 2,559
I'.0. [6] 368,34 214,0 1,007 ; 1,545
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BBIBO/IbI

HecmoTps Ha MeHBIIHME 3HAYEHUS CYMMBI KBaapaToOB IOMyOCeH SJUIMIICOUIOB,
nosy4eHHbIX ¢ nomornisio MHK 1o cpaBHEHUIO C 3IUIICOMAaMu, MONTYYCHHBIMU
C TIOMOIIIBI0 METOZa TapaHTUPOBAHHOTO OIEHUBaHHS coriacHo ¢opmyne (12) u
pabore [6], ortenka MHK cymecTBeHHO 3aBHCHT OT UCXOIHOTO MPEATIOI0KCHUS
0 HavyaJIbHOW TOYEYHOH olieHKe. ['apaHTUpOBaHHOE OLICHMBAHME TAKOW 3aBUCH-
MOCTH OLIEHKH OT UCXOJHBIX MPEIIOJIOKEHUHN He MOKa3aJI0, YTO CBUIACTEIbCTBYET
o Oonpmrel HanéxHOCTH MeToaa. [IpuMeHeHne PemIoKeHHOTO B paboTe BBIpa-
JKEHUS I CyOONTUMANBHOTO IIara B ajJTOPUTME JJUTHIICOMTATBHOTO OIICHHBA-
HUS HE BICYET 3aMETHOTO YXYJIICHHUS KadecTBa OLICHMBAHUS, HO OKa3bIBAETCA
0oJiee TPOCTHIM, YeM BBIpaXKEHHUE JIJISl ONTUMAIFHOTO II1ara.
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INOJABJIEHUE OT'PAHUYEHHbBIX BHYTPEHHUX
W BHEIITHUX BO3MYIIIEHU ITPUA YIIPABJEHUU
UMITYJIBCHBIMHU ITPONECCAMMU B KOTHUTUBHBIX
KAPTAX CJIO’KHBIX CUCTEM

B.I. POMAHEHKO, 10.J1. MWISIBCKHUI

AHHOTamus1. PaccMoTpeHa BO3MOXKHOCTB IOJIABJICHHSI OTPaHMYCHHBIX BHYTPEHHHX
U BHEIIHUX BO3MYILEHMH B CIOXKHBIX CHCTEMax pa3HOW mpupoasl. JnHamuka
CHCTEM TPEACTaBIEHa MaTeMaTHMYEeCKMMH MOJEISIMH HMMITYJIbCHBIX MPOLECCOB
B KOorHUTUBHBIX KapTax (KK). Monens nunamuku umnynbcHbIX mpoueccoB KK me-
KOMITIO3UPOBaHA HA JIBE B3aMMOCBSI3aHHBIE CHCTEMBI Pa3HOCTHBIX YPaBHEHHH COOT-
BETCTBEHHO C M3MEPSEMBIMH U HEM3MEPSIEMBIMU KOOPIHMHATaMM BepIH. M3meHe-
HHUA KoopAauHaT Hen3Mmepsiembix BepminH KK paccMoTpeHBl Kak orpaHudeHHbIE
BHEIIHHE BO3MYIIEHUs B epBoit cucteMe ypaBHeHHI Monaenu KK st umimymbcHbIX
MPOLECCOB C U3MEPSEMBIMH KOOpJIMHATaMU. B kauecTBe BHYTPEHHUX BO3MYILICHHI
paccMoTpeHB! KojebaHus KoOpIuHaT u3MepsieMblx BepiuuH KK, BbI3BaHHBIE M3Me-
HEeHUsAMHU BecoBbIX KoddduimenToB KK oTHOCHTENIBHO MX 3HAUYCHUMH, OLICHEHHBIX Ha
OCHOBE MpEIBAPUTENHHO MPOBEACHHON HAeHTU(GUKALMU. {1 MoAaBIeHUS yKa3aH-
HBIX BO3MYIIEHHH CHHTE3MpOBaHAa 3aMKHyTash CHCTEMa pPOOACTHOTO YMpPaBIEHHS
C IPUMEHEHUEM METO/1a MHBAPUAHTHBIX SJUTUIICOUIOB.

KnrodeBble cjl0Ba: KOTHUTHBHAS KapTa, JTHMHEHHBIE MAaTPUYHBIC HEPABEHCTBA, WH-
BapUAHTHBIN JUIUIICOU, PETYIISATOP COCTOSHNS, 3aMKHYTasl CHCTEMA yIIPaBICHUS.

BBEJEHHE

s viccnenoBaHYsI CIIOKHBIX CHCTEM OOJBIION pasMEPHOCTH ¢ MHOTOYUCIICHHBI-
MU TIEPEKPECTHBIMH CBSI3IMH B HACTOSIIIEE BPEMsI ITUPOKO MPUMEHSETCS KOTHH-
TUBHOE MOJICJIMPOBAHHE, B OCHOBE KOTOPOTO JIS)KUT MOHATHE KOTHUTHBHON Kap-
1ol (KK). K TakuM CIOXHBIM cHCTEeMaM MOXHO OTHECTH JSKOHOMHYECKHE,
conyanbHble, (HMHAHCOBBIE, TIOIUTHYECKIE, 00pa3oBaTeIbHbIe, IKOJIOTHIECKHNEe U
Ipyrue cucteMbl. KOrTHUTHBHAS KapTa MPeAcTaBiIsIeT cOO0M B3BEIICHHBIA OpUCH-
THPOBaHHBIA Tpad, BepmIMHBI (y37BI) KOTOPOTO — OTHICIHHBIE KOMITOHEHTHI
(KOHIIENITBI) CIIO’KHON CHCTEMBEI, a pedpa OMUCHIBAIOT B3aUMOCBS3H MEKIY STHMH
koMIroHeHTamMu. UMy bcHBIN mporiecc B KK mpencraBiser coboii mepexoHoi
MIPOIECC B CHCTEME B TUCKPETHOM BPEMEHH, KOTOPBI BOSHUKAET MEXIY BEPIIIH-
Hamu KK npu Bo3faeiicTBUM BHEIIHETO WJIM BHYTPEHHETO BO3MYIICHUS (MMITYJIb-
ca) Ha OJHY WJIM HECKOJBKO M3 3TUX BepUIMH. [IpaBuiio M3MeHeHUs] KOOpAMHAT
BepminH KK mpu mmmynscHOM mporiecce (hOpMyJIMpyIOT B BHJIE Pa3HOCTHOTO
ypaBHEHUS MEPBOTO MOPAIKA B pUpALIEHUSIX IepeMeHHbIX [1]:

Az, (k+1)= 3 o Az (k) (1)
=1
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rae Az;(k) =z;(k)—z;(k—1), o; — BecoBoi KOdPPUUMEHT TYTH B3BELICHHOIO
OpPHEHTHUPOBaHHOTO Tpada, KoTopas coeauusier j -t Bepumny KK ¢ i-ii; n —

konuuectBo BepiinH KK. B BekropHO-MaTpuuHO# dopme Boipaxenue (1) mpu-
HUMaeT BUJ

AZ(k+1)= AAZ (), )

rae A — TpaHCIOHMpPOBaHHas BecoBas marpuiia cmexknoctn KK, cocraBnenHas
U3 BECOBBIX KOX(pQUIMEHTOB ee pebep; AZ — BEKTOp NPHUPAILICHHI KOOP/IHU-
Hat z;. Pa3HocTHOe BbIpakeHHe (2) OMUCHIBAET CBOOOAHOE (HEYyIpaBIIEMOE)
JIBIDKEHHE CIIOKHON CUCTEMBbI MIPU UMITYJILCHOM ITpoIiecce.

AHAJIM3 ITPOBJIEMBI 1 TIOCTAHOBKA 3AJIAYHA

B paborax [2, 3] npuBeneHsl TeOpeTHYECKHE TOJIOKEHUS O TOAABICHUN TPOU3-
BOJIBHBIX OIPAaHMYEHHBIX BHEUTHUX BO3MYIIEHUN B TEPMHUHAX WHBAPHUAHTHBIX dJI-
JIMIICOUIIOB ITyTE€M CHHTE3a CTaTHYECKOW OOpaTHOM CBSI3U IIO COCTOSIHUIO, KOTO-
pas MUHUMH3UPYET pa3Mep HHBAPUAHTHOTO JIUIMIICOMAA JUHAMHYECKOU
cucteMsl. Peanusyercst po6acTHOE ynpaBieHHe, 3a/1a4ui aHalIn3a U CUHTe3a KOTO-
POro CBOZISTCS K SKBUBAJICHTHBIM YCIIOBHSAM B BUJE JTMHEHHBIX MATPUUHBIX HEpa-
BeHcTB (JIMH), pemaeMbIx 4nCIIEHHO Ha OCHOBE MOIYOIPEEeICHHOTO MPOTrpaM-
MHUPOBaHUS.

B pabote [4] pemiena 3aga4a nogaBaeHNUs OIPAaHUYEHHBIX BHEIIHUX BO3MY-
IIeHUH Ha OCHOBE WHCTPYMEHTapHUs HHBAPHUAHTHBIX JJUIUIICOMIOB [3] mpu
peasin3aliiy 3aMKHYTOH CHCTEMBl YNPAaBICHUS HMMIIYJIbCHBIMU IIPOLECCAaMHU
B KK cnoxsbix cuctem. OOmas Moaesnb JUHAMHKHA UMIYJIBCHBIX IPOLECCOB
B KK (2) nmexommosupyercss Ha JBE B3aWMOCBSI3aHHBIE CHUCTEMBl Pa3HOCTHBIX
ypaBHEHUI

AY (k +1) = 4AY (k) + DAX (k); (3)
AX (k +1) = CAX (k) + WAY (k), 4)
e ¥ — BEKTOp M3MepsieMbIX koopauHat BepmuH KK; X — BEKTOp HEHU3Me-

psembIx koopauHat. Matpuusl 4, C, D, ¥ coctaBnsioTcs u3 k03hHuuueHToB

MaTpuiel 4 ucxomaHol monenu (2) ummyibcHoro mporecca KK. Marpunsr D,
Y oTpakaloT B3aUMOCBS3HM MeX1y mepBoi (3) u BTOpoii (4) yacTsIMH HCXOAHOM

KK (2). U3smeHeHus Hen3MepseMbIx KoopauHaT AX (k) y4YUTHIBAIOTCS B KA4eCTBE

BHEIIHUX OTPAHWYEHHBIX BO3MYIIEHHUN C HEU3BECTHBIMH BEPOSTHOCTHBIMH Xa-
pakTepucTukaMu B TepBoil cucreme ypaBHeHuit (3) mozenu KK, cocraBnenHoit

JUTS. AIMITYJIBCHBIX ITPOLIECCOB € U3MEPAEMBIMH KOOpAWHATaMH Y .
Jnst mogaBneHns: OrpaHUueHHBIX Bo3MyIIeHni AX (k) mocpelncTBOM peanu-

3alMM CTaTHYECKOH OOpaTHOM CBSA3M MO COCTOSHUIO CHHTE3HPYETCSI BEKTOP
yIpaBJICHUS

Aii (k) =—K ,AY (k),
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KOTOPBIN BO3ACUCTBYET HEMOCPEICTBEHHO HA U3MEPSAEMbIE KOOPAUHATHI BEPILHH
TIEPBON CHCTEMBI YPaBHEHUH HMITYJIbCHBIX IIPOIIECCOB COTJIACHO YPaBHEHHUIO CO-
CTOSTHUS

AY (k +1) = 4AY (k) + BAu (k) + DAX (k).

YnpaBiieHre OCYIIECTBIAETCS 3a CUeT U3MEeHeHus pecypcoB BepmuH KK, Ha
KOTOpBIE Bo3AcHCTBYeT BekTop Au(k).

B pabote [5] uccnenoBana uaeHTUHUKALUS BECOBBIX KOI(D(UIMEHTOB MaT-
puubl cMexHoctd 4; KK mo skcnepumeHTanbHeIM JaHHBIM. PaccMoTpeHs! Tpu
MeTOoJla HMISHTU(UKAIIMH, KOTOPBHIC OTIMYAIOTCSA 00JaCTIMU MPUMEHUMOCTH U
Ka4yecTBOM ITOJIy4aeMbIX pe3ysibTaToB. [lepBeiil MeTos pa3paboTaH Ui AeTepMH-
HUPOBAHHOMU Cpelibl, Koraa Bce BepmuHbl KK Y (k) U3MEPSIOTCS TOYHO. BTopoit
METOJI TI03BOJISIET MOMYYUTh TapaHTUPOBAHHBIE MHTEPBAIEI OI[EHOK B CIy4ae Or-
PaHUYCHHBIX ITYMOB M3MepeHuid. OIHAKO OH MPUMEHUM TOJILKO MPH HEBBICOKUX
YPOBHSIX IIIyMa JIMOO MPU OYEHb XOPOIIO O0YCIOBIICHHOW MAaTPHIIC M3MEPEHHUIMA.
Tpernii MmeTo HanbosIee OOt 1 OCHOBBIBAETCS Ha METOJAC HAMMEHBIIMX KBa-
patoB. [IpoBeieHBI TEOPETHUSCKUE U MPAKTHYECKUE UCCIICOBAHMUS, KOTOPHIC BhI-
SIBHJTH 3aBHCHMOCTH TOYHOCTH MACHTHU(HUKAIIMN OT COOTHOIIEHHUS IIyMa K IMOJe3-
HOMY CHUTHAay, OT JJIMTSIILHOCTH WHTEpBaia HAONIOJEHUH, OT JIUTEILHOCTH
Mepro/ia MONaYH TECTUPYIOMNX BO30YKIAIOIINX BO3IAEHCTBUN M OT KOJHMYECTBA
BepimnH KK, Ha koTopble 3T BO3zeicTBUs NojaroTcs. [IpeioxkeHnbie B padoTe
MPOIEAYPHl PETyISpU3ali 00ECIeUYNBAIOT YCTOWYMBOCT IONYYaeMbIX pellle-
HUH U MOBBIIAIOT TOYHOCTh OLICHUBaHUA KO3()(DUIIMEHTOB MaTpULbl 4; B Ciydae,
KOTJIa M3BECTHA JIOTIOJIHUTENbHAS UH(POPMAIIHS O HYJIEBBIX CBA3SX MEXIY OIpe-
JeneHHpIMU BepmuHamu y; KK.

B mporiecce pyHKIIMOHNPOBAaHUS CIIOKHOM CHCTEMBI U3MEHSETCS BIIHSHEE
OTJICNBHBIX €€ KOOPAMHAT APYT Ha japyra. [loaTromy 3HaueHUs: BECOBBIX K03(Ddu-
LIMEHTOB MaTpPHUIl CMEKHOCTH A; B MOAeIH UMIyascHOro npouecca KK, ouenen-
HBbIE B TIpoIlecce WACHTU(HUKAIMHA Ha ONpPEIeICHHOM IPOMEXYTKe BpeMeHHu [5],
B JaJIbHEHIIIEM U3MECHSIFOTCSL.

B nannoii pabore m3aMeHeHHE BeCOBBIX Kod(pduuneHToB A4, (k) oTHOCH-

TEJIbHO 0a30BBIX 3HAUYEHUH A, OLIEHEHHBIX [IOCPEICTBOM IIPOBEIEHHON MAECHTH-

(ukanuy, npeangaraeTcs y4uThIBaTh B MOAEIM MMITyJscHOro mpouecca KK npu
(¢hopMHpOBaHNM BHYTPEHHUX HensMmepseMblx Bosmymiennid B KK. [lna storo uc-
XOJHYI0 Mozienb (3) mpeuiaraeTcsa paccMaTpUBaTh B BUE

AY (k +1) = 4,AY (k) + A4AY (k) + DAX (k), (5)

rne A, (k)= A4; — A4y, (k) — n3menenue marpuiel cmexxnoctd KK Ha npotsxe-
HHUHM Ilepuojia Auckperusanuu. [lpennonaraercs, 4To A; — MaTpHLia CMEXHOCTH,
NPEABAPUTENBLHO OLICHEHHAs Ha OCHOBe uaeHTH(ukauuu [5], a 4., (k) — pe-
aJIbHOE HEM3BECTHOE M3MEHSIEMOE 3HAUeHHEe MATPHIBI A, B mporecce (yHKIHO-
HUPOBAHUS CJIOKHOU CHCTEMBI.
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Henp padoTbl — ucciieJ0OBaHNE BO3MOKHOCTH MOAABIEHUS] OTpaHUYEHHBIX
BHEIIHWX M BHYTPEHHHUX BO3MYIIEHHH MMITYJIbCHBIX MporeccoB B KK crmoxHBIX
CHCTEM Ha OCHOBE ()OPMHUPOBAHHUS BEKTOpPa YIPABICHHS TIOCPEACTBOM PETYIISATO-
pa COCTOSIHUS, CHHTE3UPYEMOT'0 NP MTOMOIIM METOAAa UHBAPUAHTHBIX AJIIUIICOU-
TIOB.

®OPMHUPOBAHUE JUHEWHBIX MATPUUHBIX HEPABEHCTB

O06o3HaYNM TIpUpalieHre BHYTPEHHUX BO3MYIIeHUH B (5) AAlAf (k)=Aw(k).

Torna ypaBHeHHE HEyNpaBIIsieMOr0 HMITYJILCHOTO Tipomecca (5) mpuMeT BHJ
_ _ Aw(k)
AY(k+1)= 4AY (k)+(I, D) _ | (6)

AX (k)

B KOTOPOM BEKTOpa W MAaTpHUIBl HMCIOT CICAYIOIUE pPa3MEPHOCTH:
dimAY =n, dimAX = p, dimAw =n, A(nxn), D(nxp), I, — enuHuuHas
MaTpHIla pa3MEepHOCTH nxn. [Ipemnornaraercsi, 4TO BHYTPCHHUE W BHEIIHHE

BO3MYIICHUSA COBMCCTHO OTPaHUYCHBI 110 HOpME Loo , T.C.

_ _ 1/2
[i;igj =sup{(AWT(k) A)?T(k))(AW(k)J} <1. (7)

k=0 AX (k)
st ommcanusl XapaKTepUCTUKH BIHMSIHUS BO3MYIeHUH Tuma (7) Ha Tpaek-
TOPHUIO JIBYDKEHUS JUHAMHYECKOW IUCKpETHOW cucteMbl (6) B pabortax [2, 3]
MPEAI0KEHbl THBAPUAHTHBIE AILTUIICOUIBI IO IEPEMEHHBIM COCTOSHHUSL:

oo}

e 7 ={AY (k) eR":AYTPTIAY <1}, P>0, (®)

ecim u3 ycnosusas AY (0) ee,y cnemyer Bemonnenue ycnosus AY (k) eeg,y mna
BCEX JIMCKPETHBIX MOMEHTOB BpeMeHu k =1,2,3,.... Marpuiia P Ha3bIBaeTCS Mart-
pULIEH SITUNICOUIA €, -

JlokakeM yCIIOBHE WHBAPUAHTHOCTH dJumHIicona (8) mpu Bo3MyIieHusx (7).
Jus aroro mo meronuke [3] BBeAeM B pacCMOTpPEHHE KBaJpPaTHYHYIO (DYHKITUIO

JIsmyrosa V(AY (k))=AY (k)TQAY (k) mpu O >0, IOCTPOSHHYIO HA PEIICHUIX
cucremsl (6). Yrobsr Tpackropun AY (k) cuctemsl (6) He BBIXOMHIIM 33 TPAHHILY
IIITAIICOUIA

ea7 = 1AY (k) e R":V(AY (k) <1},
tpeGyercs Beimonnenue V(AY (k+1))<1 npu V(AY (k)) <1, T.e.
AY Tk +1)OAY (k +1) =
=AY (k) A" + (AWT (k) A)?T(k))(;lT HQl:AIAY(k) +(1 D)[i;gﬂ <l

[Ipu mepeMHOKEHNUH TTOTYIHM:
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AYT(k+DOAY (k+1) =

404 4 0(I, D)\ AV(k)
)

=AY (k) AW (k) AXT(k AW () |
b o sewl 1 S (i (3
AY (k)
[pumernm S-nipouenypy [3, 6]. Hycrs S =| [ Aw(k)) | Torma xsamparnu-
AX (k)

HbIe POPMBI MOXKHO 3aIcaTh TAKUM 00pa3oM:

fo(8)=8"M,S =

aTo4,  4Toli, D) {A?(k)}
[ax)) "

=AY (k) (AW () AXT(k Aw(k
bt v afw) (Z;TJQAI [Z;T ol )| | ax)
AY (k)
£(8)=S"™m,S :(AYT(k) (AWT(k) A)?T(k)))(Q1 Oj Aw(k) | |<1;
0 0 AX ()
o ~ 0 0 AY (k)
fz(S)zSTMzSz(AYT(k) (AWT(k) A)?T(k)))( j Aw(k)) <1,
20 AX (k)
rae I, — enuHHUYHas ManI/ILIa (n+ p)x(n+ p). CormacHo yTBEPKICHUIO

S-nporteypsi [3] umeem M, < Zr M; ,re.

Al 04, A4 Q(I1 D)

o (B (8 90 2)

afoa-wo 4ol D)
I I <0.
(DITJQAI (Dl jQ(ﬁ D)—Tzfz

C ucnons3oanuem hopmydsl Lllypa HepaBeHCTBO (9) mpUMeET BUA

1
A 04 -1,0 < 4] O(1 D)[(;ITJQ(G D)—TzlzJ (Z])IT)QAP

nJm

€)
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[Nocne BbIMONHEHMS 3JIeMEHTapHBIX MPeoOpa3oBaHU 3TO HEPABEHCTBO Mpe-
o0pazyercst K BULY

-1
10> 4 0-0(1, D)[{STJQ(]I D)—TzlzJ (;1TJQ 4.

Ilpu 1, =1-1; nonyuum

-1
10> 4| 0+0(1, D)[(l—rllz)—(;lTJQ(h D)} (ZI;TJQ 4. (10)

B cooTBeTcTBUH C TeMMOit 00 oOpariennn MaTpuIl [7] OyaemM UMeTh

0+ 01, D)[(l—rllz)—(;‘T}Q(h D)}_l(l’)g]g:
=(Q‘1—(1—n)‘1(11 D)[ZI;TBI-

Torna Beipaxenue (10) MOXHO 3amucaTh Tak:

-1
T1Q2A1T(Q_l—(1—ﬁ)_l(11 D)[ i D 4.

DT

BeinonHuM 35eMeHTapHoe peodpa3zoBaHue mpu P = Q_1 :

1
TlQZAF(P—(l—ﬁ)_I(Il D)(STJ] 4, =

_ {A[{P—(l - () D){;IT B(AF)I}

[Tocne obpartenys 1eBoi U MpaBoi YacTel moryyaeM

Lo AI{P—(l - (1 D)[ ZI;T B(AF )7

T

-1

T
VYMHOXHM clIeBa Ha Al , 4 IIOTOM CIIpaBa Ha Al n HepeO603Ha‘{I/IM TH=a.

Torna JIMHEHHOE MaTPUYHOE HEPABEHCTBO IIPUMET OKOHYATEIIbHBIN BUJL

T
Lypa—pr B¥PD (11)
a lI-a

Cucmemni docnioxcenna ma ingpopmayivini mexnonoeii, 2018, Ne 4 109



B.JI. Pomanenxo, FO.JI. Munssckuti

AJIT'OPUTM CHUHTE3A PETYJATOPA COCTOAHUA UMITYJIBCHOI'O
IPOIIECCA KOTHUTUBHOM KAPTBI

YpaBHEHHE COCTOSIHMS YIpaBiIsieMoro MMiyiscHoro npouecca KK (6) mpu mo-
MOJTHUTEIFHOM BHYTPEHHEM BO3MYIeHUH Aw(k) mpUHHUMAET BUJ

AW(k)}

12
AX (k) (12

AY (k +1) = A4 AY (k) + BAu (k) + (I, D)(

VYpaBHeHHE 3aMKHYTOH CHCTEMBI YNPABIEHUS HUMITYJIbCHBIM IIPOLECCOM
KK npu npuMeHeHHH peryasaTopa COCTOSIHUSA 3allMIIeTCs CIeayIomuUM olpa-
30M:

(13)

_ _ Aw(k)
AY (k+1) = (4 - BK ,)AY (k) + (1, D{ )

AX (k)
IIpeanonaraercs, uro napa (A4;,B) B momenu (12) sBnsercs ynpaBisieMOH.
Torma JIMH (11) anst 3aMKHYTOH CHCTEMBI IIproOpeTaeT Gopmy

I, +DD"
+ AT <

—_—<0. (14)

é(A1 ~BK,)P(4, - BK )" - P

B kauectBe kpuTepusi ONTUMAJIBHOCTU AJISl CHHTE3a peryisitopa (5) B AaH-
HOH paboTe paccMaTpyUBaeTCI MUHUMHU3ALMS CIIEAa MaTPHLIBI

tr P(a) > min, o <o <1, (15)
4TO ObecreurBacT MHHHAMHM3ALMIO pa3Mepa HHBAPMAHTHOTrO 3iamnconna (8)

AW (k)
C HaI/I6OJ'ILIHI/IM IIOJAaBJICHHUECM BO3My1.LIeHPII>i ( _ , KOTOPBIC OrPaHNYINBAOTCS
AX (k

TOJILKO MaKCHMAIBHBIM Juana3oHoM (7).
[Toce mepeMHOXKEHHS YICHOB B HepaBeHCTBE (14) momydanm

T
ﬂgo. (16)
-o

Lapar - BK ,PA] - APK,B" + BK ,PK B")- P+
o
HepaseHcTBo (16) sIBIsieTCs HETMHEHHBIM OTHOCUTENBHO P 1 K, , KOTOpBIC

HEOOXOAMMO ONTUMHU3UPOBaTh. B padore [3] mpennoxkeHa TUHEApU3aIUs IyTEM
3amMeHbl L =K pP Y BBEJICHUS OTOJIHUTEIBHOTO OTPAaHUYCHUS:

RoL 0 (17)
>0.
L' P
roe R = RT.
DTO HEPABEHCTBO SKBUBAJICHTHO R > LPIT =K »PK ; coriacHo (Gopmyire

ypa nmpu P> 0. Torna asns BeINOJIHEHUs HepaBeHCTBa (16) mocTaToqHO, YTOOBI

T
1, +DD" _

l(AlpAlT —~BLA' —AL"B" + BRB") - P+ 0. (18)
(04
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Munnmuzanus kputepust (15) npu orpannuenusix (17), (18) BoimonHseTcs
1o mepeMeHHbIM P, L, R MeTOJO0M IOJIyONpeIeIeHHOTO MPOrpaMMHPOBAHUS

A

nyrem ucnonbsosanus SeDuMi Toolbox Ha 6ase MatLab. Torxa marpuna K,

ONTUMAJIBHOTO PETYIISITOPa COCTOSHUSA (5) onpeensercs Kak
K,=LP" (19)
IPH OLICHEHHBIX 3HAYEHUAX O, P,L,R , 00eCreUnBarOINX MUHIUMHU3ALUIO KPHUTE-

pus (15) npu orpannyenusx (17), (18).

NCCIEJOBAHUE CUCTEMBI IIOJABJEHUSA OT'PAHUYEHHBIX
BHYTPEHHUX Y BHEIITHUX BO3MYIIIEHUM ITPA YIIPABJIEHUU
UMITYJbCHBIM NPOIIECCOM B KOTHUTUBHOM KAPTE IT KOMIIAHUU

B pabGote [4] BBIOJIHEHBI UCCIICIOBAHUS 110 TIOJIABJICHUIO BHEITHUX BO3MYIIICHUH
IpH yTripaBieHnu uMityibcHbIMU niporieccamMu B KK [T komnannu Ha ocHOBE Me-
TOJIa UHBAPUAHTHBIX JLTUICOUIOB (puc. 1).

Puc. 1. KoruutupHas kapta IT xoMmaHuu: n3MepsieMble BEPIIUHBI: / — JUIMTENbHOCTh
pa3paboTKu MPOeKTa; 2 — 3aTpaThl HA HHHOBAIUU, 3 — 3apIuiaTa, IPEeMHH, OOHYCHI;
4 — OI0O/KeT MpoeKTa; 5 — MpHObUIb; 6 — 3aTpaThl Ha (YHKIMOHUPOBAHUE T'PYIIIIBI
MEHE/KEpOB; 7 — 3aTpaThl HA MapKeTHHT; § — IpoJaka OJHOTUIIHBIX NPOEKTOB;
9 — 3aTpaThl Ha NpOBeJeHUe nepearrecTanny; /() — 3aTpaThl Ha IOBBIIIEHUE KBa-
TU(UKAIIT; Heu3MepsieMble BEPIIHHBL: [/ — TeXHUYECKUI KOHTPOIb; /2 — MHTEIIICK-
TyaJbHBIE aKTHBBI; /3 — KadecTBO NPOEKTa; /4 — KOHKYPEHTOCHOCOOHOCTB; 15 —
YAOBIIETBOPEHHOCTH paboTOM; /6 — 0OMEH ONMBITOM, WH(pOPMAIITMOHHOE B3aUMOMACH-
CTBHE
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ITocne nexomnosunyu mMatpuusl 4;,5,D B Moaenu npuoOpeTaroT BUA:

0 -04 -04 0 0 -02 0 0 0 O
0 0 0 0 02 03 0 0 0 O
0 0 0 02 02 O 0 0 0 O
0 03 1 02 0 0 0 0 01 02
42|05 0 0 -1 0 0 0 08 0 0|
=10 0 0 0 015 0 0O 0 0 o0/
0 0 0 0 02 O 0 0 0 O
0 0 0O 0 0 0 05 0 0 0
0 0 0 0 005 0 0 0 0 O
0 0 o o0 ol O 0 0 0 O
000O0O0UO0O 0 -03 0 0 -02 0
1 0000O00O0 0 03 0 0 O O
01 000O0O 0 0 0 0 0 O
001 00UO0O 0 0 o0 O 0 O
3|0 000000 jO 0 0 0 0 0
000100 0} 0 0 0 0 0 oOf
0000100 o 0 0 0 0 O
000O0O0UO0O 0 0 0506 0 0
0000O0T1D0 0 0 0 0 0 O
000 0O0TO0°1 o 0 0 0 0 O

st MopenupoBaHUS JUHAMUKH 3aMKHYTOW CHUCTEMBl YIPABICHUS HM-
MyJIbCHBIM MnpolieccoM 3Tot KK ¢ moMoIibso npeajio’eHHOro METo/la B KaueCTBE
BHEIIIHUX BO3MYIIICHUM PACCMOTPUM CTYIICHYATHIC BO3JCHCTBUS C aMILTUTYI0H 1,
JIEUCTBYIOIIME B HAYaAJIbHBII MOMEHT BPEMEHH Ha OJIHY U3MEPSIEMYIO U OJHY
HEM3MEePSEMYIO BEPIINHBI, 3 IMEHHO Ha BEpIINHBI 5 (TIpuObUTh) 1 12 (MHTEIIIEK-
TyaJIbHbIE aKTHBBI). BHyTpeHHHE BO3MYIIEHHS NPU MOJECIMPOBAHUU OIpPEIEIs-
I0TCSI CIIeIYIOIMM 00pa3oM: 3HaueHHs HEHYJEBbIX K03(ppumeHToB MaTpuLpl 4

BapbUPYIOTCSA HA KaXKAOM IEpUOJEC AMCKPETH3AUUH 10 Gopmyine A, (k) =
= A4,&(k), toe &(k) — HOpMaNbHO paclpeeseHHas CilydaiiHas BeJIMYrHa (rayc-
COBCKMH Oenblii mrym). [l ynpaBiieHHS HCHOJNB3YIOTCS TOJIBKO 3HaueHus 4,
B TO BpeMs, Kak A,,, OCTaeTcs Heu3BecTHOH. HauanpHble ypOBHU BCEX KOOPAM-

Hat BepumH KK npuHsITH U1 y00CTBa paBHBIMH HYIIIO.

I'paduku nepexonubix mporeccoB koopauHat BepiuH KK moka3ansl Ha
puc. 2, Ha KOTOPOM NIyHKTUPOM OO0O3HAUCHBI IMEPEXOIHBIE IPOIECCHl 0e3
YOPABIICHHUS, a CIUIOMIHBIMH JHHUSIMH — MPH YIOPaBJICHUU. MOXKHO BUJIETH,
yTo KoopauHaThl BepuminH KK npu ynpaBieHuU CyImecTBEHHO MEHBIIE OTKIIO-
HSIOTCS OT JKeNaeMbIX (HYJEBbIX B OOJNBIIMHCTBE CJyvac) 3HAUCHUU, ueM Oe3
yIpaBJiCHUSI.
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Puc. 2. Yrpasnsemslit umiynscHbIi mporece KK IT komnanun

BbIBO/IbI

B pabore mpemmokeH MeTOH CHHTE3a POOACTHOTO YTPABICHUS WMITYJTHCHBIM
npoueccoM KK B ciyudae, korga cucrema nojsepkeHa Kak BHEIIHUM, TaK U BHYT-
peHHUM BO3MyUIeHUsM. [lo BHEIIHUMU BO3MYLICHUSIMHU IOHUMAETCS BIIMSHHE
HensMmepseMbix BepiivH KK, a taxxke BHemHue no otHoueHno kK KK nMnysbchl.
Ilong BHYTpEeHHUMH BO3MYIUEHUSMU MOJPa3yMEBACTCs HEONPEAEIICHHOCTh B JU-
HaMHKe CHCTEMBI, BbI3BaHHas TeM, uTo Beca pebep KK m3menstorcs Bo BpemeHu
Y OTJIMYAIOTCS OT T€X, KOTOpbIe OBUIM TIOIYYEHBI B MpOLecce WACHTH(DUKAINN U
UCHOJIB3YIOTCS B 3aKOHE YTIPaBJICHUS.

[IpennoxxeHHoe ynpapieHrne ¢ OOPaTHOM CBSI3BIO IO COCTOSIHUIO OCHOBBIBA-
€TCSl Ha METOJIe€ MHBApPUAHTHBIX 3JUIMIICOMAOB. BHYTpEHHHE U BHEIIHHUE BO3MY-
IIEHUS TIOAABISIOTCS COBMECTHO IMPH YCJIOBHUU WX OTPAaHUYEHHUS MO HOopMme L .

BriBenena cucreMa JTUHEHHBIX MaTPUYHBIX HEPABEHCTB, O3BOJISIONIAS MUHIMH-
3UPOBATh pa3Mep MHBAPUAHTHOIO AJUIUIICOUAA JIJISl TPACKTOPUI CUCTEMBI U TAKUM
o0pa3zom obecrieunTh poOACTHYIO YCTOHYMBOCTD.

YucreHHOE MOAETMPOBAaHUE Pa3pabOTaHHOTO METOJIa YIPABIICHHUS ITPOBE/IE-
Ho Ha npumepe KK IT xomnanuu, B KOTOpOH UMEIOTCA Kak U3MEpsieMble, TaKk U
Heu3MepseMble BepiuHbl. YacTh M3MepsSEeMBIX BEPIIMH MOXKET BapbUPOBATHCS
JUIIOM, IPUHUMAONINM PEIIeHHUs, 10 3aKOHY YIPaBJICHUS, OMMUCAHHOMY B pado-
Te. MoennpoBaHre 1MoKasaso, 4TO Py ASHCTBUH TOTO YIIPAaBIECHUS KOOPIMHA-
Tbl BepiiuH KK CyIiecCTBEHHO MEHbIE OTKJIOHSIOTCS I0J] BO3JIEUCTBUEM BHYT-
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B.JI. Pomanenxo, FO.JI. Munssckuti

PEHHUX M BHEIHUX BO3MYIICHHI OT YCTOWYMBBIX MCXOJHBIX 3HaueHHH. Takum
00pa3oM, MPEUIOKEHHBIH MeTOJ| SBIsAeTCS d((GEKTUBHBIM M MOXET HCIOJIb30-
BaThCS MPH YNPABICHUU CIIOKHBIMU cucTeMaMmu, onuckiBaeMbiMu KK ¢ HemomHo-
CTBIO M3MEPSIEMBIMU BEPIIUHAMHU M M3MEHICMbIMU, HETOYHO OICHEHHBIMU BECO-
BBEIMH K03 durimeHTaMu pedep.
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MPOIHO3YBAHHS COHAYHOI AKTUBHOCTI
AJIBTEPHATUBHUMU METOJAMMUM

IL.I. BIIIOK, I.B. KAPAIO3, B.C. BAPABA, O.J1. KUPOB

AHoTamisi. Po3risiHyTO akTyalbHy 3a/jady MPOrHO3YBaHHs HECTalliOHApHHX IpOlLie-
CiB COHSYHOI aKTUBHOCTI AIbTEPHATUBHUMH METOJAMHM, SIKY PO3B’S3yIOTb IOCIiJ-
HHUKH OaraTboX KpaiH cBiTy. Jlocimi/kyBaHi mpoLecu Halexarh 10 Kilacy HeTiHIHHNX
Ta HECTal[lOHApHHX, IO MOTpeOye BHOOPY CHEUialbHUX METOMIB IS X MOJEINIO-
BaHHS 1 NMPOTHO3YBaHHs. 3alpPOIOHOBAHO WiAXiJ A0 MPOTHO3YBaHHS Ha OCHOBI
TpboX (GUIBTPIB: aganTuBHOrO (inbTpa Kanmana, ontumansaoro ¢inerpa Kanmvana
3 OLIHIOBAHHSM MapaMeTpiB 3a METOJOM MaKCHMAaJIbHOI MpaBIONOAIOHOCTI 1 HMOBI-
pHicHOTO rpaHyisipHoro ¢inprpa. Bubip mmx ¢inpTpiB 3yMOBIEHO THUM, IO BOHH
JIAIOTh 3MOT'Y BPaXOBYBAaTH y MOJICJi BUITAJKOBI 30BHINIHI 30ypEHHS 1 MOXUOKU BH-
MmiproBanb. OTpuUMaHi pe3ysibTaTé OOYHCIIOBAIBHUX EKCIIEPUMEHTIB CBIAYAThH IPO
MOJJIMBICTb 3aCTOCYBAaHHS 3alIPONOHOBAHOIO MiIXOAY JO PO3B’A3aHHS IOCTABICHOT
3amayi. binei To4YHI pe3ynpTaTH KOPOTKOCTPOKOBOTO IMPOTHO3YBAaHHS €KCIIOHEHIIIa-
JBHO 3TTIAJKCHUX JaHUX OTPHMAaHO 3a IOMOMOTOI0 aanTHBHOTO (imbTpa. AHami3
SIKOCTI pe3yJIbTaTiB BUKOHAHO 32 JOIOMOTOI0 BITOMUX CTaTUCTUYHHX XapaKTEepHC-
THK SKOCTI, 30KpeMa CepeHb0i a0COIIOTHOT IMOXUOKH Y BiJICOTKaX.

KonrouoBi cioBa: amantuBuuii ¢inerp Kanmana, ontumansuit ¢inetp Kanmana,
METOJI MaKCUMAJIbHOI MPaBIONOAIOHOCTI, IMOBIPHICHHI TpaHyJSIpHUNA (GiIbTp, CO-
HSIYHA aKTUBHICTh, KOPOTKOCTPOKOBE ITPOTHO3YBAHHSIL.

BCTYII

CoHflYHA AaKTHUBHICTP — CYKYIHICTh SBHI, SKi MEPIONUYHO BHHUKAIOTH
y coHstuHiM  arMocdepi. I[IposB COHSYHOI AKTUBHOCTI TICHO TOB'S3aHUN
3 MarHiTHUMU BJIaCTUBOCTSIMU COHSYHOI IUIa3MHU. BUHUKHEHHS aKTUBHOI OUISAHKH
MMOYMHAETHCS 3 IMMOCTYTIOBOTO 30UTBIIICHHST MarHiTHOTO ITOTOKY B JIEsKiit 30HI ¢o-
Toc(epH, YHACIIIOK YOTO Y BIATIOBIMHHUX MICISMX XpoMoc(epr CrocTepiraerbes
30inbIIeHHs SICKPaBOCTI. Yci pyxu B atmocdepi abo arMocdepHy HUPKYIAIIIO
3YMOBIIIOE Oe3TMepepBHUN MOTIK COHSYHOI pamiamii, a camy atmocdepy MokHa
YHOMIOHUTH 110 FraHTCHKOI TEMIOBOI MALIMHM. [i HATPIBHUKOM € TPOMIKH, a XO-
JOTWIBHUKOM — TOJISIpHI 00J1acTi. ATMOcdepa epeTBOPIOE SHEPTil0 BHIIPOMi-
HIOBaHHS, 110 HaAXoAuTh BiJ COHI, y KIHETUUHY €HEepriio pyxy HoBiTps (BITPY).
[i koedinieHT KOpUCHOT il MPAMO TPONMOPIIHHKIA PI3HUII TeMIepaTyp Mik Ha-
IPiBHUKOM (€KBaTOPOM) i XOJIOMMIBHUKOM (TIOJIOCaMH) i 00EpHEHO MPOIOPLIiii-
HUll TeMmeparypi HarpiBHUKa. [IporHO3yBaHHS OCOOIMBOCTE COHSYHOTO IMKITY
JIOTIOMAarae MpOTHO3YBATH MOSBY COHSYHUX IUISM i BAHUKHEHHSI COHSAYHOT Oypi, a
TaKOXK MiHIMi3yBaTH NMPOOJIEeMH, 10 BUHUKAIOTH YHACTIIOK IX BIUIMBY Ha HaIly
TUIAHETY.

IcHye Tako KOCMOTOHIYHHUI acHeKT MpoOjaeMH, 0 Ma€e Ba)JIUBE METOIO-
JIOT14HE 1 cBITOrIsAAHE 3HaueHHd. [1ig yac BceOIYHOrO O3HAMOMIIEHHS 3 BEIUKOIO
PI3HOMAHITHICTIO SIBUII, 110 BiAOyBatoThcst y COHSYHIN CHCTEMI B IJIOMY, CTBO-
PIOETHCS BPaKCHHSI, IO HUHINIHIA CTaH COHSYHOI aKTUBHOCTI (1 COHSIYHO-

© I1.1. biowk, I.B. Kapaios, B.C. Bapasa, O.JI. ’Kupos, 2018
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IUIAHETHUX 3B'S3KiB) € HE MIO iHIIE, SK MPOSB IOTOYHOIO €Tally €BOJIOLIT HAIIOl
TUIaHETHOI cucTeMH. [Hakie Kaxydu, B3aeMois B cucteMi CoHIle — MDKIUIAaHET-
HE CepeOBHINE — IUIAHETH MPU3BOIUTE 10 3MiH OpOiT, Pi3MYHUX XapaKTEPHUCTUK
TUIAHET i, MEHIIOoI Mipoto, camoro CoHil, To0To COHSIYHA CHCTEMa MPOJOBKYE
€BOJIIOLIIOHYBATH, X04a 1 JIOCATJIa MEBHOTO PiBHsI €BOJIOLIMHOT 3pIJI0CTI 1 CTiH-
KOCTI.

[Ipo 3HauymIicTh Ta HEOOXIAHICTH PO3B’sI3aHHS 3a]a4 MPOTHO3yBaHHS COHS-
YHOI aKTHUBHOCTI, 30KpeMa KiJIbKOCTI COHSYHHX IUISM, MiAKPECTIOEThCS Y Tpalli
[1]. i 3amadi € BaXXTUBAMH TSI HAYKOBUX 1 MPAKTUIHUX MUICH, OCKITBKA 3 HUMH
NOB’53aHO 0araTo MUTaHb MOJAJNBIIOTO PO3BUTKY HMPUPOIHHUX MPOILECIB Ta 3MiH
kIimMaty. OcoOIMBO BayKJIMBUM € MUTaHHS [IPO MOXJIMBUH BILTUB COHSYHOI aKTHU-
BHOCTI Ha Tiepiox o0epTaHHs 3eMIIi 1 TPoIiecH, 0 MepediraroTh y 3eMHUX TIHOH-
Hax. ImeTbesi mMpo HEpiBHOMIPHICTH 1000OBOTO OOepTaHHS 3eMili 1 3eMIIETpYCH.
[MuTanHs cTamocTi JOBXHHM JOOHM MOYajo LIKaBUTH BYCHUX IIE i3 CEpeIUHU
XVII ct. Ane nume B 40-X pokax MHHYJIOTO CTOJITTS OyJI0 OTPUMAHO IIEPEKOH-
JUBY BITIOBiAB: HOBXKWHA n0o0M MiHmuBa. Tak, 3a mepiox 1892—-1974 pp. cepen-
HBOpiYHE 3HAYEHHS AOBXHMHU J00M T CHCTEMaTH4YHO 3017bIIYyBajiocs, IPUIOMY

CepeHBbOPIUHI 3HAYCHHS 3MiHM 1 KomuBamucs B Mexax AT =(8—482)-10¢.
Bunstok cranoBwam nume 1896, 1927, 1935 i 1936 pp., koau cepeaHbOpiuHi
3HayeHHs AT Oyiu Bij’eMHUMH, a Takoxk 1928 p., komu AT =0. 1li nani Bkazy-
I0Th Ha CHCTEMaTH4HE («BIKOBE») YIOBUIBHEHHS oOepTaHHA 3eMili B CydacHy
eToxy.

3amgady mporHo3yBaHHS pamiodIrokciB Ha moBxuHI XxBmwii 10,7 cm (2,8 I'T,
CKOPOYEHO Fj( 7 ) 3 BUKOPHCTAHHAM Cy4aCHHX METOJIIB aHANi3y II0OATBHOTO CO-

HSYHOTO MAarHITHOTO TOJI PO3TJISHYTO y mparti [2]. s moOymoBH MpOTHO3HOI
MOJIENi 3arpoIOHOBAaHO JIOJIATKOBI 1HIIEKCH, OOYMCIIEHI HAa OCHOBI aOCOJFOTHHX
3HAYeHb COHSAYHOI'O MArHiTHOTO MOJs. B3sTa 3a OCHOBY MOE]bL NMEPEHECCHHS
MIOTOKY BUIIPOMIHIOBAHHS Jajla MOKJIMBICTh OIKCATH CIIOCTEPESIKEHHS 3HAYCHB
NOTOKY F( 7 3 BUCOKOIO a/IEKBATHICTIO.

VY npani [3] po3B’sa3yeThes 3a7jaua MPOTHO3YBAHHS COHAYHUX CIAJIaXiB, IO
BHHHKAIOTh YHACIIIOK BUBUIBHEHHS €HEPTii, sSKa HarpOMaKY€EThCS Y MarHiTHO-
MYy MOJIi aKTHBHUX perioHiB CoHI. ABTOPH 3alpONOHYBaId MOJIEINb, IO TPYHTY-
€ThCSI HA METOJI TMIMOOKOTO HaBYaHHA. JlaHi, HEOOXigHI /Ul HaBUAHHS 1 TECTY-
BaHHS MOJENi, CGOPMOBaHi 3 BUANMHUX MarHiTOrpaM COHSYHHUX perioHiB. [Iparrio
[4] mpucBsiueHO aHANI3y COHSYHOTO BHIIPOMIHIOBaHHS Ha JoBXWHI xBumi 10,7 cm
(Fo,7), 1aTEHCH}IKALIA SKOTO MPUBOAUTH 10 30LIBIICHHS KUIBKOCTI COHSYHHX
TUIsIM. ABTOPY BKa3yrOTb, IO JIJIsl BUMIPIOBaHHS COHSYHOI aKTUBHOCTI Y CBIiTi BH-
KOPUCTOBYIOTh MHOKHUHY PI3HUX BEJUYHH. Y TOCHIKEHHI ITOPIBHIOETHCS 1HTCH-
CUBHICTh MarHiTHOTO TOJIsl, BUMIPSHOTO JIJISl IOBHOTO COHSIYHOTO IUKIY 3 1HJEK-
coM edexTuBHUX HUKIIB 3a 1986-2015 pp. AHamizyloTbes (IPOTHO3YIOTHCS)
0o0OuBi BKa3aHI BETMYUHH OKPEMO, a TAKOXK X B3aEMOIIsl.

OCKIIBKH iHZ[CKC FiO 7 KOPECIIoE 3 0araTbMa COHSYHUMH IIOKa3HUKaMHu, TO

TenmiHnr oTpUMaB Take CITiBBITHOMIEHHS MK TOTOKOM Ha xBmiii 10,7 cM 1 KUTbKi-
CTIO COHSYHUX IAM: SN =1,147-Fjy 5 —73,21 [5]. IInoma corsynux mam: [e-

Huce (1948) BusiBuB 76%-By KOpesiilo MiXk MoTokoM Ha xBwii 10,7 cM 1 mio-
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meto coHstyHux M [6]. lowizamis E-mmapy: [ennce i Kynmy (1957) BusBuiun
CYTTEBY KOPEJIAIII0 MiXK iHIEKCOM ioHi3allii E-mapy 3emiti i moTokaMu Ha XBUTI
10,7 cm [7]. BusBieHo 3amexHICTh MK MOTOKOM Ha XBuii 10,7 ¢cM Ta JaHUMHU,
OTPUMaHMMHU 32 JOMOMOror IBOX OoproBux MarHiTorpagis: MDI ma SOHO
(Solar & Heliospheric Observatory), sika o0epTaeThcsi HABKOJIO TOUKH Jlarpamka
L1 (TyT cuia 3eMHOTO TSDKIHHS JOPIBHIOE CHJII COHSYHOTO TSDKIHHS) Ha BiACTaHI
npubnuzHo 1,5 mia kM Big 3emii, Ta HMI va SDO (Solar Dynamics Observatory),
sKa nepedyBae Ha TEOCHHXPOHHIN opOiTi 3emuti Ha BucoTi 36000 kM [8].

VY mpari [9] mocmimKyBanach 3aJIeXKHICTh MiXK COHSTYHIM BHITPOMiHIOBAaHHSIM
Ha IT’ATH pi3HUX moBxkuHax xBwm (30; 15; 10,7; 8 Ta 3,2 cm). Kommpomic mix
CKJIQJIHICTIO MOJIENI Ta KOPEIAIIEI0 BUSBUBCS 32 KOMOIHAIIIT IBOX IOBXKUH XBHIIb.
3a/10BUITBHUH pe3yNbTaT OTPUMAaHO 3 BUKOPUCTAHHSIM Ha XBHIIAX MOTOKIB 10,7 cm
1 30 cm. IToOyaoBaHO MEsKi aNTOPUTMHU MepeaOadeHHs COHIIHOI aKTUBHOCTI (I1s
ingexey £ ;) 3a 3o00paxentsmu CoHls. Asie BCi 1l Pe3yJIbTaTH OTPUMAHO JUIs

BEJIMUYE3HUX BUOIPOK, TOBXKUHOK HE MEHIIOK HiK OJuH COHsuHUi 1uka (11 po-
kiB) [9]. Ins Takux BUOIPOK 4aCTO BUKOPHCTOBYIOTH HE IIOJICHHI 3HAYEHHS aKTHU-
BHOCTI COHIIS, a CepeTHBROMICAYHI. Y TakuxX MacmTadax JIHCHO CIIOCTepiraeTbes
3aJIeKHICTh MK PI3HUMH COHSYHUMH MOKa3HUKaMHU. AJie 32 POTHO3YBaHHS CO-
HSYHOT aKTUBHOCTI Ha 1 JICHB I1i 3aJI)KHOCTI HEICTOTHI, 8 TOMY Y4acTO BHECCHHS X
JI0 MOJIeTi TMOTIPIIYIOTh PEe3yJbTaTH. 3araioM MPOIECH COHSIYHOI aKTUBHOCTI €
HETIHIMHUMH Ta HECTAI[IOHApPHUMH, M0 POOHTH 3amady iX MPOTHO3YBAaHHS IIIE
OiNIbIIIE I[IKaBOIO Ta CKJIAHOK. Y POOOTI pO3rIIAAaEThCs 3a1a4a KOPOTKOCTPOKO-
BOTO MPOTHO3YBAaHHS iHAEKCY Fj; 3 BUKOPHCTaHHAM LM(DPOBUX Ta ONTHMAIIb-

HuUX OinBpTpiB, 30Kpema, ¢inprpa Kammana i HWMOBIpHICHOTO 0aif€CiBCHKOTO
(particle) dimpTpa.

ITOCTAHOBKA 3ATAUI

"Ha ocHOBI cygacHUX METOIiB MG POBOI Ta ONTUMAILHOI aganTHBHOI (imbTparmil
JAHUX PO3POONTH €(PEKTUBHMI METOJ IPOTHO3YBaHHS 1HAEKCY F|j; (MOTIK BH-

npomiHtoBaHHs: COHIIA Ha TOBXHHI XBWIi 10,7 ¢cM) Ha OJTMH TEpioJ AUCKPETH3AILIT
nmannx (1 meHp) Hamepen. BukoHatn HeoOXimHI OOYHCIIOBaJIbHI €KCIIEPUMEHTH
3 METOI0 TTOOYZOBM MaTeMaTHIHUX Mojeseii, 00UnCIeHHS OIIHOK IPOTHO3IB Ta
MOPIBHSHHS PE3yJbTaTiB 1 MPOTHO3YBAaHHS HA OCHOBI HASBHUX CTATUCTUYHHX JIa-
HUX PO COHSYHY aKTUBHICTb.

®YHKIIOHAJIbHA CXEMA MTPOLEAYP ®LIbTPAIII
TA KOPOTKOCTPOKOBOI'O ITPOI'HO3YBAHHS

OyHKIIOHABHY cXeMy mpouenyp ¢inbTpamii Ta KOPOTKOCTPOKOBOTO MPOTHO3Y-
BaHHS JaHUX Y (OpMi 4acoOBOTO PsIy 3a TOMOMOTOI0 3alPOITOHOBAHOT KOMILICKC-
HOT Mojieni 300pakeHo Ha puc. 1. Jlani HaAXoAATh Ha BXiJ TpboX ¢inbTpis. [1ep-
mmii 3 HUX — ajnanTtuBHui QineTp Kanmana, skuii He moTpedye MOYaTKOBHUX
OIIIHOK ITapaMeTpiB, OCKIIBKH OIIHKH OOYHCIIOIOTHCS B MPOIIeCi 00poOIeHHS 1a-
Hux. llepen 3amyckoM mpyroro ¢iasTpa y poOOUMid pekMM BHU3HAYAIOTHCS BCI
MOYATKOBI TapaMeTPH 3a METOJOM MaKCHMAJIbHOT MPaBIONoAi0HOCTI, HEOOXiIHI
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s pobotu dinsrpa Kanmana. Tperiii ¢inbTp — 1e AMOBIpHICHHIN TpaHyIApHAN
dimeTp (particle filter) OaifeciBCbKOTO THITY, SIKMH 1€0JIOTIYHO TOTIOBHIOE IBa
MOTIePE IHI.

JHani

‘ !
MeToa MakCHMATEHOL
npaegononioHocTi

U

PimsTp Kanmaga T'pamynapuuit GimETp

AnanTHEHHH QiTETp
Kanmmaza

U U U

OUiHIBaHHA SKOCTi IPOTHO3IB

Peaynerar
3AMOBLTLHIET

Gmopncraﬂﬂn mp omosy)

Puc. 1. ®dynkuioHanbHa cxeMa npouecy (uIbTpalii Ta KOPOTKOCTPOKOBOTO IPOTHO3Y-
BaHHS Ha OCHOBI (DIIBTPIB TPHOX THUTIIB

AZ[eKBaTHa MOJACIb BU3HAYAETHCA 3a JOIMIOMOT'OK0 CTATUCTUYHHUX HapaMeTpiB

aJICKBaTHOCTI MOl (R2, DW ) i cymu kBajipatiB MOXuOOK, a Kpaliuii IpOTHO3
BUOMpPAETHCA 32 JOMOMOTOI0 cepeAHbol abCOMIOTHOI MOXMOKH Yy BincoTkax (abo
MAPE). 3anponioHoBaHa (yHKIIOHATbHA CXeMa 3a0e3euye OTPUMAHHS TOYKO-
BUX 1 UMOBIpHICHHMX OI[IHOK MPOTHO3IB, & TaK0X KOMOIHYBaHHS OI[IHOK IPOTHO-
3iB, OTPUMaHUX 3a JOTMOMOIOI0 TPbOX Mojenei. SIKIo oTpuMaHMii pe3yibTaT
NPOTHO3YBaHHS HE3aJI0BIbHUMN, TO BiJOYBA€ThCS TOBEPHEHHS HA MEPIIUIA eTamn
00YNCIIeHB, TOOTO OTPUMYIOTHCS TOJATKOBI TaHi, BAKOHYETHCS ITiATOTOBKA JaHUX
JI0 MOJIeNtoBaHHs (ToniepenHe 00poOeHHs) 1 BCi TpU QIIBTPH BUKOPHCTOBYIOTH-
Cs1 17151 IOBTOPHOTO OOYMCIIEHHS OI[IHOK IPOTHO3IB.

TEOPETUYHI OCHOBU METO/IB 3I'JIA’KYBAHHSA
I IMTPOTHO3YBAHHSA

3raapxkyBay Kaimana

3riamKyBaHHS NaHUX MOXE CYTTE€BO IIOJIETTIUTH MONANBIINN aHami3 JaHUX.
EdexkTuBHUM IUIS OTPUMAaHHS OCTATOYHOT'O PE3YJIbTaTy METOJOM 3TJIaKyBaHHS
naHux € 3rnamKyad Kanmana [10]. Hexaii moOymoBaHO MOJIENb MPOIECY Y MPOC-
TOpI CTaHiB:
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X :AXz + W, W, =N(0,0),

Y, =CX, +V,,V, = N(O,R).

Anroputym 3rimamkyBada Kanmana ckimaaeTbes 3 TAKUX KPOKIB:
1) peanizyerscs inbTpanis JaHUX A MOMEHTIB yacy ¢ =0...7 :

)%Hl\t = A£z|zs
Fe = AP”,AT +0,
K= P CT(CPLy €T + R,
fct+1|[+1 = fCt+1|t + K (Ve — Cfct+1|t)’
Pt+1\t+l = Pt+1|t _Kt+1CPt+1|t;

2) 3aIryCKaeThCs 3BOPOTHE MPOXOHKEHHS M1 BCiX MOMeHTiB yacy ¢ =0...7 :

L= Pt\tAT o

t+l1t>
X1 =Xy + L (X — X))

T
Pt|T =Ly +Lt(Pz+1\T _Pt+1|t)Lt :

Excrnonenuiiine 3riaxKyBaHnHs

ExcrnioHeHIiiiHe 3riakyBaHHS TAKOX € OJHUM 3 HAHOIIMPEHINIUX MPUHOMIB,
10 BUKOPUCTOBYIOTHCS JUIS 3TJIQDKYBAHHS YaCOBHUX PSJIIiB 1 KOPOTKOCTPOKOBOTO
NPOTHO3YBaHHA. B OCHOBY mponenypH 3riajKyBaHHs MOKJIAIEHO pPO3paxyHOK
EKCTIOHCHIIIHHUX KOB3HUX CEPEIHIX 3MIA/PKyBaHOTO DSy, TOOTO 1€ MPOCTUI
mudposuit GpinsTp. Hexait X ={X,,..., X} — 4vacoswuii psaxa. IIponenypa npoc-
TOT0 €KCIIOHESHIIIMHOTO 3IJ1a/PKyBaHHS 3MIIHCHIOEThCS 32 (OpMyIaMu:

Sl :Xo,
S;=aX, +(1-a)S,, D

ae X, — (akTH4YHe CIOCTEPEKEHHs B MOMEHT 4Yacy f; S, — 3HA4YEHHs eKCIIOHEH-
[IITHOTO CepeHbOT0 B MOMEHT 4Yacy f; oo — IapaMeTp 3TIIa/HKyBaHHS, o = const,
o e (0;1].

ExcrioHeHI1iliHe cepelHE B MOMEHT 4Yacy ¢ BUPaKEHO sIK 3Ba)KCHA Cyma IIo-
TOYHOTO CIIOCTEPEKEHHS 1 €KCIIOHCHIIIMHOTO CEPEIHBOT0 MHHYJIOIO CIOCTEpe-
JKEHHsI 3 Baramu o i 1 — o BignoBigHO. SIKIIO MOCHTITOBHO BUKOPUCTOBYBATH pPe-
KypeHTHe cHiBBigHOWIEHHS (1), To 3HaueHHs S, MOXHA BHPA3UTH uepe3

3HAQUYEHHSI YaCOBOTO pAIy X:

S,=o- Y (1-a)X,_,.
i=0
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TakuM 4MHOM, BEIMYMHA S, BUSBISETHCS 3BAKEHOIO CYMOIO BCIX YJICHIB
psany. [Ilppaomy 3HaYeHHS Bar 3MEHIIYIOTHCS €KCITOHEHITIHO 1 3aJIe)KaTh Bia Bif-

JIAJICHOCTI CIIOCTEPEIKEHHSI Bl MOMEHTY .
OnTumanbHuii axantusHmii pinsTp Kaamana

Jnst 3acTOCYBaHHS ONTUMAIBHOTO (IIbTPa CKOPUCTAEMOCH HMPOCTOI MOJIEILTIO
BUTIAJIKOBOTO KPOKY, SIKY TIOJIaMO y MPOCTOPI CTaHiB:

Xin =X+ W,
Zin =X; +V;,
ne X; — 3HaYeHHs 4aCOBOTO PSAY z; Y MOMEHT 4Yacy i; W; — BHIaAKOBHil IIPHU-

piCT piBHS Ha 1HTEpBaJI Yacy Bifl i 0 i+ 1 — Iie HEeKOpeJIbOBaHa IOCII0BHICTh

*

3HaYeHb 3 HeBimOMHMM cepemHiM E[W;]=q* 1 mucnepcieto E[(W; — q*)z] =
:(0:,,)2; V; — BunaznkoBa HOCHIJOBHICTh 3 HYJIbOBHM CEPEIHIM 1 HEBIZJOMOIO
TIACTIEPCIET0 (0*)2 . [locmmoBHICTH HEB’SA30K ITHOTO PLITHTPA MAE BUTIIST
Vfl) =Zi T I
PiBHSHHS BUMIPIOBaHb CEPEIHHOTO 3HAYCHHS ¢* 3aIUIIEMO SIK
v = H 4V, i>1,
ne H=1, V,=V,~V,_ +(W_, —¢"). OuiHKa cepeHbOro 3HAYCHHS ¢ 3a IpH-

MYIIEHHS PO HOro CTaJIiCTh Ha IHTEPBaJIl pO3paxoByeThCs 3a popmyoro [10]:

e 1 e
q(’) =CI([ D +_—(v,-(1) —q(’ 1)),1': 23,...
i+1

gV =0.
Hep’s3ku (l)iHLTpa, oOurcIeHi 3a TpbOMa CIIOCTCPCIKCHHAMUA, MAIOTh BUTJIA

2 1 1
2 I R L

! 2 2

Cepennl 3HaYEHHS HEB A30K:
p

v

* 2 3 * 3 % * 1 *
EvP1=q" B 1=2 6" 1 B0 =g =g =2 ()"
TakuMm 9rHOM, TIOCTiIOBHICTh 3HAYEHB AUCIIEPCii (G:V)2 BU3HAYAETHCS TAK:

_ N D G
S, =2-Kv§ A ](v,“l —q“)}, @)
a OILiHKa MOCTiiHOT aucnepcii (cf;V)2 PO3paxoByeThCs 3a hopMynaMu:

G = (@) 1 @, ~ G =34 G =05 ()

E[v® —¢)*1=2(6")? + (o).
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ToMy MOCITiIOBHICTh

62 = %[(V-(l) — 6}("))2 _ (6%]))2] (4)

1 1

MO’KHA PO3IJISIATH K TOCIIOBHICT BUMIpIOBaHb ucIepcii (6 )7, OliHKa KO
3a YMOBH MIPUITYLICHHS PO 11 CTANTICTh PO3PaxXOBYETHCS 38 BUPA30M:

(6)? ="y’ +—l._1 @ =@T),i=34.5 6 =0 )

A

[Iporuo3oBaHe 3Ha4eHHs PIBHS Py Ha OAUH KPOK X;,;; OOUHCIIOEThCA

BIZIITOBITHO 110 anropuTMy (inerpa Kaamana:
Xli’l,l:‘)zvl,l_'_é(l)’ i:3,4,...; (6)

me X;; =X, +K; (z; _Xi,i—l)’ Xyp=12;.
Koedoimient migcunenHs Gpiibrpa
. B .
Ki:/\ l’[,l\(l')za
Pii1 +(S7)

A A A ()2, A 5\ A n ~(3)2
€ Pj i1 =Pi-1,i-1 +(G(nl/) 3 P =(U=K)P; 15 Pap = (G( )) .

[IpumyctiMo TakoX, IO PIBEHD PSITY q* HE 3MIIIY€ETHCS, TOMY OIIHKY Cepe-
JTHBOTO 3HAYCHHS c}(i) nepeadauuMo piBHOK HYJH0. [IpOrHO3yBaHHS PiBHS psiy

BUKOHYETHCS BIATIOBIAHO 10 Gopmyd (2) — (6), sxmmo i >3 i q(i) =0.

AnantuBHuii pinbTp Kanmana 3 ouiHioBaHHAM napamMeTpiB
32 METOA0M MAKCHMMAJILHOI IPAaBIONOAIOHOCTI

ANTOpUTM OIIIHIOBaHHS ajanTuBHOro (GipTpa Takuii [10]:

1. IMoknamemMo MOYaTKOBY YMOBY 9(0), i=0.

2. 3a ponomoroto ¢inprpa Kammana o0uuciIOeMO BeTHYHHA }716(6(" i
S k‘k_l(G(i )) st k=1,2,...,N., a Takox (QyHKIIit0 TPaBIOMOAIOHOCTI.

3. OtpumaHy QyHKIiI0 MaKCUMI3yeMO 3a BEKTOpPOM mapameTpis (0).

4. V pe3ynbTrari OTpEMyEMO HOBUH BEKTOp TIapaMeTpiB U =i+,

5. Tlicns oGUMCIieHHS HOBOTO BEKTOPA IMapaMeTpiB MOBTOPIOEMO Kpoku 2—4
10 301KHOCTI aJropuTMy.

I'panynspunii giasTp

Merton rpanyisipHoi (particle) dinpTparii — 1e MeToa, 1o IPYHTY€EThCS HA 3a-
cTocyBaHHI Moan¢ikoBaHoro meroqy MonTe-Kapio ass po3B’si3aHHs 3a7a4i oLi-
HIOBaHHS CTaHy JAMHAMIYHOI cUcTeMH. ['paHynspHuUN (iNbTp TAKOX BiJOMUI SIK
oyrtctpen (bootstrap) ¢himsTp, aNnTOPUTM KOHACHCAII1, HAOTMHKCHHS B3aEMOIIHIX
YaCTHHOK Ta BW)KMBaHHS HanOunbpm npunatHux [11, 12]. KimodoBoro ifeero GinbT-
pa € mogaHHs HeoOXiqHOI PYHKIIT armocTepiopHOi MITHFHOCTI MHOKHUHOIO BHTIAJI-
KOBHX YAaCTHHOK (3HA4Y€Hb) 3 BIIMOBITHUMH BaraMu Ta OOYMCICHHS OIIIHOK Ha
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OCHOBI IIMX YaCTUHOK 1 BIAMOBITHUX BaroBux koedimieHTiB. Konu KijdbKicTh Yac-
THHOK CTa€ Jy’Ke BEIHKOIO, I XapakTepucTuka Metoxy MonTte-Kapio ctae exsi-
BAJICHTHUM MOJaHHAM (pyHKIIT anpiopHOi iMOBIpHOCTI 1 pO3B’si3aHHS HaOIMKa-
€ThCS 10 ONTUMAILHOT 0aleCiBCHKOT OLIIHKH.

I'panynspauii GineTp Ha OCHOBI MocHioBHOTO MeToxy MoHTe-Kapio — e
PEKYPCUBHHUHN aJITOPUTM JJII YUCIIOBOTO PO3B’SI3aHHA 3a/1ad OIHIOBAHHSA ((DiIbT-
partii, 3rjaaKyBaHHs), 0OCOOJUBO IS HEJIHINHUX Ta HErayCiBChbKUX BHITAJKIB., Y
LOMY TIOJISITA€ YHIBEPCAIBHICTH Takoi mpouenypH. [1opiBHSHO 3 pO3LIMPEHUMHU
¢dinpTpamu Kanmana rpanymisipHi GiTeTpy He 3aiiexarh BiJ METOMIB JTiHEapHu3allil
abo ampokcumartii. 3Buuaiiauii posmupernii GineTp Kaamana He3agoBUTEHO ¢y-
HKI[IOHY€ B iCTOTHO HENiHIHHMX IMpolecax, a TAKOXX MaJIONPUAATHUHN y BHUIIAAKY
IIyMiB CHCTEMH 1 BUMIPIOBaHb, IO Ty’K€ BiAPI3HAIOTHCS BiA rayciBCchkux. Bapto
3a3HAYUTH, 1110, Y CBOIO UepTy, TPaHyJIApHI QiIbTpH OUTBIIT BUMOTIIMBI 10 00UHC-
JIOBAJIHUX PECYPCIB.

I'panynspauii QpinbTp npU3HAYEHHUH AJsI OLIHIOBAHHS IOCIIIOBHOCTI MpHU-
XOBaHMX 3MIHHMX X, Ui n=12,... Ha MIJICTaBi CIOCTEPEXEHb J,, SKIIO
n=12,.... Bynemo BBaxxaTH, 1110 PO3IIIAAAETHCS JUHAMIYHA CUCTEMa, a X, Ta ),
— JiiiCHI BEKTOpH CTaHy 1 BUMipIOBaHb BiAMIOBITHO.

CroxacTUuHe piBHSIHHS CTaHy CUCTEMH Ma€ TaKHi 3arajlbHUI BUTIISA:

Xk = i (X1, Vi),
ae f; — (yHKUisS 3MiHU CTaHy CUCTEMH; V;, — BMIIQJKOBA BEJIIMUMHA — 30Yy-
JUKyBaJbHUN BIUTUB (30ypeHHs). PiBHSHHS BUMipIOBaHb:

Vi = Iy (g, W),
ae h, — dyHkuis (MaTpuis) BUMIpIOBaHb; W;— BHIAJKOBA BEIMYMHA, IIyM
BUMIpIOBaHb.

OyHkOii f}, 1 A, y 3araJpHOMY BUIIAJIKy HEJIiHIMHI, a CTATUCTHYHI XapakKTe-
PHUCTHKH IIyMy cucTeMH (V,) 1 BUMIipIOBaHb (W, ) BBa)KalOThCS BiIOMUMH. 3a-
BIAHHAM (IbTpaLlii € OTpUMaHHS OLIHKM X, HA MiJCTaBi BIZIOMHX 0 MOMEHTY
k pe3ynbpTaTiB BUMIPIOBaHb V.. PO3IJIAHEMO IUCKPETHUH MapKOBCHKHIl IpO-

necc {X,},>; 3 TAKUMHU PO3MOiIaMU HMOBIPHOCTEH:

Xy~ p(x) 12X, (X, =x,) ~ f(x, [ x,), (7)
ne p(x;) — MmiTbHICTh HMOBipHOCTI; (X, |X,_;) — YMOBHA LIUIbHICTH HMOBIp-
HOCTI.

[Toznauenuss X |Y ~ f(...) o3Hadae, mo X 3a yMOBH Y Mae pO3MOMALT

f(...). Peamizauii npouecy {X,} (upuxoBaHi 3MiHHI X, ) CHOCTEpIirarmThCs 3a
JIOTIOMOT'O0 1HILOTO BHUIAAKOBOro mpouecy {Y,},>; — INpolLecy BUMIipIOBaHb 3

MapTiHAJIEHOIO MIUTBHICTIO:
Y, (X, =x,) ~ 1y, | x,), 8)

ae h(y, |x,) — yMOBHa IIJbHICTb IMOBIPHOCTI, BUMIPIOBAaHHS BBaJKAOTHCS CTa-

TUCTUYHO HE3aJICKHUMHM. BuU3HaueHa TakUM YHHOM MOACIb CUCTEMHU i BI/IMip}O-
BaHb Bi,I[OMa SIK IPUXOBaHa MAapKOBCbKa MOJICJIb.
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PiBustans (7) Bu3Ha4ae anpiopHUit po3nodin s npouecy {X,} :

n
p(x,) =) [ [/ [xp)-
k=2
AmnarnoriuHo piBHsHHS (8) 3a1a€ QyHKIIIIO MTPABIONOAIOHOCTI:
n
p(xy,) = Hh(J/k | X )-
k=2

Hortauis x;.; mna k </ o3nauae, mo (x;,...,x;). OTxe, OalleciBCbKUN BH-
CHOBOK 11 {X,.,} 3a BiIOMHUX pealizalliif BuMipioBanb {Y|.,}, MO3HAaYEHHUX SK

{x1.,} 1@ {y.,,}, Oyle cnupaTucs Ha anoCTEPiOPHUM PO3MOALT

p(xlzn)p(yl:n | xl:n)
p(ylzn)

p(xlzn | yl:n) =

Aac p(ylzn) = J.p(xlzn)p(yl:n | xl:n)dxlzn'

Meton Moute-Kapio 103BoJisie OI[iHIOBATH BJIACTUBOCTI JOCHUTh CKJIQIHUX
po3moaiiiB HMOBipHOCTEH, HANIPUKIIa], OOUMCICHHSIM CEPEIHIiX 1 quciepcii y Bu-
TSl iHTerpana:

0 =[0(x)p(x)dx,

ne 6(x) — ¢yHKuis ans ouwiHOBaHHA. Hampukiian, anst cepeJHbOro MoKHa IMo-
knactu O(x)=x. Y pa3i HEMOXKJIMBOCTI aHATITUYHOTO 3HAXO/KEHHS PO3B’SI3KY
3aBJaHHS MOXKe OyTH PO3B’si3aHE YHCENHHO TeHEpYBaHHIM BHUIAIKOBHX BHOIPOK

31 WIABHICTIO P(X), TO3HAYUMO iX SIK xl(;)[ <N 1 OTPUMAHHAM CEPETHBOTO apud-

METHIHOTO T10 TOYKaxX BUOIPKU:

0~ 0(x™).

|M2

1
NS

VY Ginbln 3aransHOMY BHUTAIKY, KOJIM BHOIpKa 3 p YCKJIaJHEHA, 3aCTOCOBY-
€ThCS THIIUK PO3MOIT ¢, a JUId 30€pEKCHHST HE3MIIIEHOCTI OI[iIHKUA BBOJSATHCS
BaroBi KoeQillieHTU W; Ha OCHOBI BiHOLIEHHS r(x(i)) = p(x(i))/ q(x(i)):

r(x(l))
i N H
Z r( x(]))
=1
MICIISl YOTO 00PaXOBYETHCS 3BAKECHE CEPETHE:

0= I B(x)r(x)g(x)dx ~ %% wO(x D).

Xoda AOMOMIKHUN PO3MOJINT BUKOPHCTOBYETHCS 3AEOLIBIIOTO IS CIPO-
HIeHHS BHOIPKH 3 OCHOBHOI'O PO3MOJiNy P, YacTO 3aCTOCOBYETHCS MPOLEAYpa

BUOIpKH 1 MOBTOpHOI BUOiIpKH 3a 3HauywIicTio. Llg mponenypa ckiagaeTses 3 1BOX
€TalliB: BJJaCHE BUOIPKHU 3a 3HAYYLIICTIO 3 OOUMCICHHAM Bar W; 1 JOAATKOBOI BU-
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OipKM TOYOK, SIKi BpaxoBYIOTH Li Bard. [loBTopHa BuOipKa 0coOIMBO MOTpiOHA
JUTS TIOCTIAOBHUX (DUTBTPIB.

Metonu TpanyispHOi (QUTETparii i 3MIAKyBaHHS € HAWOUIBIN BiIOMUMH
NpUKJIaJaMHi aNrOpUTMIB MOCIiOBHOTO MeToay MoHTte-Kapio, Ha OCHOBI SKHX
OyIyIOThCs aNropuTMH OaifeciBcbKOro mporpamyBaHHs. [Ipore mociizoBHuUil Me-
toa MonTe-Kapio Birodae B cede OiIbIT MAPOKUI KiIac alTOPUTMIB, SIKI MOYKHA
3aCTOCOBYBATH JUIS ONUCY OLTBII CKIaTHUX HAONMKEHHX METOIB (imbrpamii i
3rMIaKyBaHHS.

Sxmo 3anmucaTty MIIBHICTD ¥ popMi

n( :l’l)
f(xl:n>=q’z—xl,

n
e @, X" > R? Binomo HOTOYKOBO; Z, = I(pn (x1.,)dx,,, — HOpMyIOUa, MOXK-

JMBO HEBIJJOMa, KOHCTaHTa, TO aJITOPUTM HOCIifoBHOro meroxy Monre-Kapio
Oyne 3HaXOIUTH HAONMMXKEHHA f(Xy.,) Ta owiHku Z, ana k=12,.... Hanpu-

KJaJ, JUisl BUMaAKy (inpTpawii MOXKHA TOKIACTH

(Pn(xlzn) = p(xlzn )p(ylzn |x1:n) i Zn = p(yl:n)a
3BIIKUA
p(xl:n)p(yl:n |xl:n)

fn(xl:n): :p(xl:n |y1:n)'
p(ylzn)

CxeMy MpequKTOp—KOPEKTOp MOKHA TTOIaTH Y BHTJISIII:
p(xl:n | yl:nfl) = p(xl:nfl | Vlin-1 )f(xn | xnfl) — IPCIUKTODP,
h(yn | xn)p(xl:n | yl:n—l)

p(xl:n | yl:n) = — KOpEKTOp.
p(yn | yl:nfl)

Muoxuuk p(y, | )/1:,1_1)_1 — HOpMYIOYa KOHCTaHTa, SIKOi He MoTpedye 3BU-

YalHUH aaTopuT™M HociigoBHOro MeToxy MonTte-Kapio. TodHICTh rpaHyIsspHOTO
(himbTpa 3aNeKUTh B KUTBKOCTI YaCTHHOK N ; OUTBIINIHA KiTBKOCTI YACTHHOK BijI-
MOBIJJa€ TOYHIIIA alTOCTEPiOpPHA MIITHHICTS.

AnTopuT™M QYHKITIOHYBaHHS TpaHyJIIPHOTO QiIbTpa:

1. Iniyianizayis. T'eHepylOThCS YaCTHHKU 3 IMOYATKOBOT (YHKIIT HIUTBHOCTI

i,(0)

n“MoBipHOCTI X ~ p(x(o)) ; YCTaHOBJIFOETHCS. HOMEP YaCOBOT'O KPOKy k =1.

2. Ilpoenozysanns. O0paxoByOTbCS N HOBHX YaCTHHOK 3 MOJEJI Iepexo-
i (k k) | (k-1
1y A ~p(x( ) |xl,( )).
3. Onosnenns. OOYMCTIOIOTBCS Bard 4YacTHHOK Ha OCHOBI  Mojeni
SCI N CIINICN

4. Hopmanizayis. Barm YaCTHMHOK HOpMali3ylOTbcsi — iX cyma Mae
nopiBHIOBaTH 1.

5. Ilosmopna eubipka. O6paxoBytoTbCs N HOBHX YaCTHHOK Ha OCHOBI
anocTepiopHoi (YHKIIT IILIEHOCTI HMOBIPHOCTI, OTPIMAaHO1 Ha Kpokax 2—4.

BUMIpPIOBaHHSI W
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6. Kineyv imepayii. OOpaxoBy€ThCsl OLIHIOBAHE 3HAUYCHHS BEKTOpA CTaHY
£® . 36inburyerses yacosmii kpok k =k +1, Tlepexin Ha Kpok 2.

3aranpHa nipobrieMa rpaHyssIpHOTO GiTbTpa — 1€ SBHIIE BUPOIKEHHS, KO-
JIY TTCTIS IEKUTBKOX KPOKIB, yCi, KpiM OAHIET YJaCTHHKH, MAaTUMYyTh HE3HAYHI Bard
[12]. Lle BupomKeHHs 03HAUa€, 10 3HAYHI OOYUCIIOBANBHI BUTPATH CIIPSIMOBAaHI
HA OHOBJICHHS YACTHHOK, BHECOK SIKMX Yy HaOMKeHHs (YHKIT anoctepiopHOl
MIUTBHOCTI Maibke mopiBHIOE Hyiro. [lfo mpobieMy MOXKHA TOIOJIATH IIITXOM
30UIBIIEHHS KiJIBKOCTI YacTHHOK. KpiM TOro, peKOMEHAYEThCS BUKOPUCTOBYBATH
METO/ HOBTOPHOT BHOIPKH, 11100 YHUKHYTH BUPOKECHHS YaCTUHOK.

[ToBTOpHAa BHOIpKa mependavae BiAOOpaKEHHA BHUIIAJKOBOI BEIHYHMHH
{x,(f),w,(j )} Y BHUITAJKOBY BEITHIUHY {x,(f N 71} 3 piBHOMipHUMH Baramu [12]. Lle
MOYKHAa BUKOHYBATH, SIKIIO KUTBKICTh €()eKTHBHUX YaCTHHOK 3 BEJIMKUMH BaraMu
3MEHIIIY€ETHCS HIDKYE BiJl IEBHOT'O MOPOTOBOTO YUCIa. SIK albTepHATUBY TOBTOP-
HY BHOIPKY TakoX MO>KHA 3aCTOCOBOBYBaTH HECUCTEMHO Ha KOKHOMY MOMEHTI

t; . PosrinsiHeMo n1Ba MeTOM reHepyBaHHS IIOBTOPHOT BUOIPKH.

MyJbTHHOPMATbHA IOBTOPHA BHOIpKa

MynbpTHHOpPMaIbHA TIOBTOPHA BHOIpKa, BiJloMa TaKOX SIK TPOCTa BUITAIKOBA I10-
BTOpHa BHOIpKa, Oyjia 3alipoOlOHOBaHA Pa3oM 3 MEPIIMM TPaHyJIIpHUM (BiTbTpoM
y mipari [12]. Bona ckmanaetscs 3 TeHepyBaHHsA N dHCeT 3 PIBHOMIPHOTO PO3IIO-
Iy
u' ~U[0,), i=1,..,N
Ta BUOOPY YACTHHKU X’ I KOMFOBAHHS TAKOI, 1[0
i < P . P
u E[ZW ,Zw ). )]
p=l p=l
TyT MOXKHa pO3pI3HATH AB1 peaizalii:
— COPTYBaHHS 3a 3pOCTaHHSM 3T€HEPOBAHUX YUCEN U IS OTPUMAHHS BIIO-

PSIKOBAHOTO HAOOPY U Ta MOPIBHSIHHS 3 MOCIIITOBHUMH JAialla30HaMU Bar;

— CTBOpPEHHS J0oAaTKoBOro Habopy uncen Q =[Q,...,0y ] Ha OCHOBI BUpa3y

j .
Q=2 w =0, +w,
p=l1

3 BUKOPHUCTaHHAM OiHAPHOTO MONIYKY Ta BUOIp JUIA KOIIOBAaHHA YaCTUHKH x’

TaKoi, mo u' €[Q;1,0)).

CrpatudikoBana moBTopHa BHOipKa

VY mpomy anroputmi nepeadadaeTbes, 0 BUKOHYETHCS TIOJUT Ha CTpaTH (IIapu).
YV K0)XKHOMY Iapi MOBTOpHA BHOIpKa MOKe BUKOHYBATHCS OxHOoYacHO. OHaK 1 B
[bOMY BUTIAJIKY 3'SIBHJIMCS Bapiallii METOy.

[Minxin, sikuii MOXHa JIETKO 3aCTOCYBaTH, nependadae, mo maianaszoxn [0,1)
NOJINsAETbCSA HAa N OJHAKOBUX YacTWH, 1 TeHEPYBaHHS BiIOYBAEThCS Y KOXKHOMY
TaKoMy Liapi:
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coli-1
U ~—,—
N N
Yactunku x/ BHOMpPAIOTHCA AU PEIUTIKALIT TAKMM YMHOM, 0O BUKOHYBAaB-
cs Bupas (9).
[HmmMit MeTox noATae B po3LICIUICHHI YaCTUHOK Ha 1, -CTPaTH; y j -i cTpa-
Ti € N; 4acTHHOK i3 3aranbHO0 Barowo W . Lle Olnbiu 3aranbHuil migxiz, mpore

CJIiJT 3a3HAYHTH, 10 SIKIIO YMOBa

W _V

N, N,
HC 3aJ0BOJIBHAETHCA JIA 6YI[B-$IKI/IX i Ta ] , Bard 4aCTHHOK icyst HOBTOpHOI BHU-

Oipku BigpizHsAOThCA. Lle o3Havae, 1m0 Ha Kpoli 3 HaBEJCHOTO aJrOpUTMY HOTpi-
OHO BpaxOBYBAaTH BarW 3 IONEPEIHBOI0 YacoBOro Kpoky. Lleit mMeTox BakimBO
BUOMPATH TOJI, KOJM MOXXHa BHKOHATH MapajenbHe oOuucieHHs. Po3monin Ha
1apu MOXxe OyTH BUKOHAHMH BiJIOBIIHO /10 KUIBKOCTI YaCTHHOK (OJHAK Y Tep-
HIOMY IIapi HMOBIPHO OMUHSTHCS YACTHHKH TUTHKHU 3 HYJILOBUMH a00 Maibke Hy-
JLOBUMHU Baramu) abo BiJITOBIAHO JIO BariB I1apiB Wj .

PE3YJIBTATHU OBYNCJ/IIOBAJIBHUX EKCIIEPUMEHTIB

Pe3ynpratn mporHO3yBaHHS COHSAYHOI aKTMBHOCTI 3a JOTIOMOTOI0 ONTHMAaJIbHOTO
(himpTpa 3a MPUITYIICHHS, 10 3MIMIEHHS PIBHSA PIAY q* HEeMae, 300pakeHo Ha
puc. 2. Jlns mporo mnporHoly MAPE =2,5447 1 xoedimieHT aerepMiHaIlii
R* =0,7261.

T T T T T T T T
150
140 —— J1aHi COHAYHOI aKTUBHOCTI
130
- - - IIPOTHO3
B 120
Q .
o —
E 110 1
S . —
g
100
<
90
| |
d
0 ¥
ﬁ —
T0 -
60 L L L I L I L L
0 50 100 150 200 250 300 350
JeHns poky

Puc. 2. KOpOTKOCTPOKOBHI MPOTHO3 COHSYHOI akTUBHOCTI, skimo ¢* =0: no oci
abciuc — KibKICTh JHIB; O OCi OPJMHAT — 3HAYEHHs iHAEKCY Fj( 4
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Pe3ynbTaTi 0THOKPOKOBOTO MPOTHO3YBaHHS COHSIYHOI aKTHBHOCTI 3a JAOMO-
MOTOI0 TpaHyJsipHOTO (bimbTpa rpadiuHo 300pakeHo Ha puc. 3. Buxopucranuit
TUI TIOBTOPHOI 3reHepoBaHOi BHOIpKM — mponopuiiiHuid. MiHiManabHE BiIHO-
nIeHHs eeKTUBHUX YaCTHHOK 0 BCiX 3reHepoBaHMX cTaHoswio 0,5. Buxopwuc-

TaHUH METOJ MMOBTOPHOI BUOIPKM — 3aJIMIIKOBHH; KITBKICTh 3T€HEPOBAHUX Yac-
truHOK — 1000.
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Puc. 3. KopoTKoCTpOKOBHIT MMPOTHO3 COHSYHOI aKTUBHOCTI: 10 OCi a0CIMC — KUTBKICTh
JTHIB; TI0 OCi OpIMHAT — 3HAYCHHS IHACKCY Foq

3uauenns MAPE Ta CTaTUCTHKH R’ JUTSL OI[IHOK TIPOTHO3IB COHSAYHOI aK-
THBHOCTI 3a JOITOMOTOI0 ONITUMAJILHOTO amanTuBHOTO (inbTpa KamMana Hasene-

LX) . . sk
HO B Tabm. 1, y AKii BKa3aHO MPUIYLICHHS PO 3MIIIEHHS a00 HEe3MIIEHHS ¢ , a

TaKOX THII 3TJIaJP)KYBaHHA JaHUX, SKIIO TaKuu €.

Tadaumusa 1. Pesymprard mporHo3yBaHHS 3a JOMOMOTOI0 ONTHMAaJIbHOTO
amantuBHoro (pimpTpa Kanmana

Homep JaHi excriepumeHTy MAPE R"2
eKCNePUMEHTY
1 q#0 2,5942 0,7215
2 q # 0, eKCrIoHeHIIifiHE 3TITa[KyBaHHS 0,987 0,9645
3 q # 0, KanMaHiBChKe 3IJ1aJKyBaHHS 1,9175 0,8499
4 q=0 2,5447 0,7261
5 q =0, ekcrioHeHIIHE 3rIa/KyBaHHS 0,9453 0,966
6 q =0, xanMaHiBCbKe 3IJ1aJKyBaHHS 1,8486 0,8538

Pe3ynbTaTé pOrHO3yBaHHSI COHSYHOI aKTHBHOCTI TpadivuHO 300paskeHO Ha
puc. 1. Jlns 3riapKkeHnX 3a JOMOMOTOK €KCITIOHCHIIIMHOTO 3TIIa/KyBaHHS JTaHUX
OTPUMaHO MiHiMaJbHe 3HaueHHd MAPE Ta MakcuMajbHE 3HAYEHHS CTaTUCTHKHU

2 ..
R . Maxkcumanbie 3HaueHHs1 MAPE Ta MiHIMaJdbHE 3HAYE€HHS CTATUCTUKU

R? OTPUMAHO JIJIS BUXIJHOTO PSTY.
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Homep excnepumenTy

Puc. 4. Pe3ynbTaTi MIpOTrHO3YBaHHS 32 JOTIOMOTOI0 ONTHMAIFHOTO aJalTUBHOTO (Pisb-
Tpa Kanmana: mo oci abcumic — HOMEp €KCIIEPUMEHTY; 0 OCSAX OpIAMHAT — 3HAYCHHS
CTaTUCTHK

Haiimenme 3HauenHs MAPE Ta HaiiGiliblue 3HAYeHHS CTATUCTUKA R°
OTPUMAaHO I aalTHBHOTO (UIbTpa 3a MPHUITYIICHHS HE3MIMIEHHS DPIiBHA psi-

* .. .. . ..
Iy ¢ . 3HauYCHHS CepeHbOI a0CONIIOTHOT BiZICOTKOBOI moxubku MAPE Ta cratu-

cruxu R’ pis MIPOTHO3IB COHSYHOI aKTUBHOCTI 3a JOIIOMOTOIO aganmTHBHOTO (i-
npTpa Kanmana HaBeneHo B Tabn. 2, y sKii BKa3aHO NOBXHHY BUOIpKH, SKa
BUKOPHUCTaHA y METOJI MAaKCUMAaJbHOT MPaBIOIOIOHOCTI /JIsl BU3HAYEHHS Mapa-
MeTpiB QimbTpa (2015 o3Hauae, mo I BU3HAYCHHS MapaMeTpiB (iIbTpa BHKO-
pucroByBanacs BuOipka 3a 2015 p.), i THIT 3r7aKyBaHHS JaHUX, SIKIIO TAKHH €.

Ta6auusa 2.Pe3ynsTatu NporHo3yBaHHs 3a JOIIOMOTOI0 aallTHBHOTO (iibTpa
KanmaHna 3 BUKOpHUCTaHHSM METOAY MaKcHMallbHOI npaBaonoaionocti (MMII)

ekci(]))l\;;l:ﬁHTy Jlani excnepumMeHTy MAPE RA2
1 Jomxuna BuGipku: 20 2,7281 0,7359
2 JowxunHa Bubipku: 100 2,3977 0,747
3 Jomxuna Bubipku: 200 2,406 0,7464
4 Vs Bubipka 2,5271 0,7445
5 20-2015 3,0988 0,7295
6 100-2015 2,5189 0,7454
7 2002015 3,7064 0,6961
8 Vs Bubipka—2015 3,2916 0,7176
8 20—eKCIIOHEHIIIfHE 3TITaPKyBaHHS 1,2465 0,9546
10 100—eKcrIOHEeHIIIHHE 311Ky BaHHSI 1,1065 0,9591
11 200—excnOHEHIIHE 3TTaKyBaHHI 1,1059 0,9589
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PesynbraTti 0THOKPOKOBOTO MPOTHO3YBaHHS COHSYHOI aKTUBHOCTI rpadiuHo
300paxkeHo Ha puc. 5. [ eKCIepUMEHTY, y SIKOMY HaBYaHHS BHKOHYBAJIOCh Ha
BCIli BUXIJHIA BHOIPII 3 BUKOPUCTAHHSIM EKCIIOHEHIIIHOIO 3MIa/PKyBaHHS Ja-
HUX, OTPUMaHO MiHIMallbHEe 3HaueHHS MAPE Ta MakcUMallbHE 3HAYCHHS CTaTH-

ctuku R? . MakcumanbHe 3HadeHHS MAPE Ta MiHiMATbHE 3HAYEHHS CTATHCTH-

Ki R’? OTpHMAaHO I CKCIIEPHMEHTY, y SKOMy HABUaHHS IPOBOIMIOCH HA
nepumx 200 3HaueHHsX psgy 3a 2015 p., 6e3 3ryiamKyBaHHS BHXIIHOTO PsAY.
Jnsi eKCIIOHEHUIMHO 3TMIaKeHOro psay OTPUMAaHO MaKCHMajlbHE 3HAYeHHS

.. 2
MAPE Ta MiHIMaJbHE 3HA4YEHHS CTATUCTUKA R° .
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Howmep exciepumenTy
Puc. 5. PesynbTaT MpOTHO3YBaHHS 3a JOMOMOIOK aaanThUBHOro ¢inerpa Kanmana 3

BukopuctanHsiM MMII: o oci abcuuc — HOMEp €KCHEPUMEHTY; 10 OCSIX OpAMHAT —
3HAYEHHS CTATHCTHK

3HaueHHs cepeHbO1 abCOMOTHOI BicoTKOBOT oxubku MAPE Ta cratuc-

tuku R? s MPOTHO31B COHSIYHOI aKTHBHOCTI 3a JJONIOMOTOI0 TPaHyJISIPHOTO
¢inbTpa HaBeaeHo B Tabi. 3. [nsa real, MAPE i R"2 nocmikeHHsT BUKOHYBaJIOCh
Ha BHUXITHIN BHOIpI, a g exXp_sm, MAPE, R"2 — Ha eKkCITOHEHITIHO 3Ti1amKe-
nux ganux; pas Kalman _sm, MAPE, R"2 — na srmamkenunx 3a Kaamanom na-
HUX. BusBUIOCH, IO THUII MOBTOPHOI BUOIPKK HECYTTEBO BIUIMBAE Ha SKIiCTh
MPOTHO3Y, & TOMY B TaOJIMIlI HABEJEHO JIUIIE PEe3yJIbTaTH MPOTHO3YBAHHS 3 HaMi-

GiTBIINM 3HAYEHHSIM CTATHCTHKM R>. Y Tabn. 3 BKAa3aHO TAaKOX MiHiMaJIbHE BIJI-
HOIEHHs €()EKTHBHUX YaCTHHOK JIO BCiX a00 MOBXKHWHY iHTEpBaly IS iHTEp-
BaJIbHOTO TUITY TIOBTOPHOI BUOIPKH Ta KiJBbKICTh YaCTHHOK.

Pe3ynbraTtu nporHo3yBaHHs €KCIIOHEHITIIHO 3TIa)KEHOT COHAYHOT aKTHBHO-
CTi 32 JOMOMOTOI0 TpaHyIsIpHOTO (ibTpa rpadivHo 300pakeHo HA puc. 6. Jus
eKCIIEpUMEHTIB, Y SKHUX HE pealli3oByBajlach ITOBTOPHA BHOiIpKa, OTPUMAHO Haii-
HIDKYY SIKiCTh IPOTHO31B (MakcuMmanbHe MAPE Ta MiHIManbHE 3HAYCHHS CTaTU-

cruxu R? ). MinimansHe 3HaueHHs MAPE Ta MakCUMaJIbHE 3HAYCHHS CTATHCTH-

ku R? OTPUMAHO JIJIS IHTePBAIBHOI MMOBTOPHOI BUOIPKH 3 TOBKHUHOIO iHTEpBaIy 1
ta 100000 yacTHHKaMH.
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Tadaumusa 3. PesynbraTé mporHo3yBaHHS 3a JOTIOMOT'OIO TPAHYJISIPHOTO (PinbTpa

Homep
eKcIie- real MAPE| R”2 | exp_sm |MAPE| R”2 |Kalman_sm MAPE| R*2
[pUMeHTY|
1 0,5100 | 3,358 [0,5667| 0,5100 |1,7942]| 0,8186 | 0,5 100 | 3,045 |0,6072
2 0,5 1000 | 3,083 |0,6057| 0,51000 |1,6985 | 0,8510 | 0,5 1000 |2,8106|0,6786
3 0,5 100000 4,1949 (0,3655 (0,5 100000| 1,5571 | 0,8949 (0,5 100000|2,6473| 0,718
4 1-100 |3,3659(0,5691| 1-100 |1,8134| 0,8159 1-100 3,101 |0,6157
5 1-1000 |4,1053(0,4098| 1-1000 |1,7057| 0,8498 | 1-1000 {2,8595|0,6696
6 1-100000 | 4,156 {0,3705| 1-100000 |1,5472| 0,8976 | 1-100000 | 2,677 |0,7135
7 30-100 [4,8714| 0,466 | 30-100 |3,3447|0,5853 | 30-100 |5,05050,4483
8 30-1000 | 4,631 |0,4262| 30-1000 | 2,82 | 0,6772 | 30-1000 | 4,011 |0,5683
9 30-100000|3,9897 | 0,5404 |30-100000| 2,2434 | 0,753 |30-100000|3,5777|0,5941
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Howmep excniepumenty

Puc. 6. PesynpraTi MpOrHo3yBaHHs €KCIOHEHLINHO 3IIIAIKEHHX JAHUX 33 JOMOMOTO0
rpaHyJsipHoro (inbTpa: Mo oci abCIKUC — HOMEp eKCIEPUMEHTY; 110 OCSIX OpAMHAT —
3HAYCHHA CTaTUCTHUK

PesynbraTté mporuo3yBaHHS 3raKeHol 32 KalMaHOM COHSIYHOT aKTHBHOCTI
3a IOTIOMOTOI0 TpaHyapHOro (inbTpa rpadidao 300paxkeHo Ha puc. 7. Jns exc-
HEPUMEHTIB, y SIKMX HE pealli3oByBajach NOBTOpHA BHOIpKa, OTPUMAHO HAWHMXK-
4y SKIiCTh MPOTHO3IB (MakcumansHe MAPE Ta MiHIMalbHE 3HAaYEHHS CTATUCTUKU

R? ). MinimManbHe 3HaueHHs MAPE Ta MakcHMallbHE 3HAYEHHS CTATUCTUKU R?
OTPUMAHO IS MPOMopIiHOi moBTOopHOI BHOipku 3 100000 wactuakamu. OTXeE,
NPUAHATHUN TporHO3 (MiHIManbHe 3HaueHHss MAPE Ta MakcHMaibHE 3HaYCHHS

CTaTUCTUKU Rz) OTPHMAaHO JUIsl ONTUMAJILHOTO ajantuBHoro Qinbrpa Kammana
. . * Y3
3a MPUILYLIEHHS PO HE3MIIIEHHA PIBHA PAAY ¢ Ta €KCIOHEHIINHO 318 KEHUX

JIaHNX.
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Howmep excniepumeHnTy
Puc. 7. Pesynprati mpOrHO3yBaHHSI €KCIIOHEHIIWHO 3IMIA/UKCHUX JAHUX 32 JOIOMOIO0
rpaHyJisipHOrO (QuIBTpa: Mo Oci abcuuc — HOMEp €KCHEPHMEHTY; 10 OCSIX OpIUHAT —
3HAYCHHS CTATUCTUK

JU1st BUXITHOTO psMy MPUAHATHUN MPOTHO3 (MiHIManbHe 3HaueHHS MAPE

Ta MaKCHMaJjbHE 3HAYEHHS CTATUCTUKHU Rz) OTPUMAHO /IS alalTUBHOTO (imbTpa
KanmaHa 3 BUKOpPHCTaHHSM METOAY MAaKCHMAJbHOI IPaBIOMOAIOHOCTI IS Ha-
BuaHHs Ha 100 mepmmx 3HaYeHHAX BHXiAHOI BUOipku. Jlns 3rmamkenoro 3a Kain-
MaHOM psxy MiHiMabHY MAPE OTpUMaHO IS ONTHMAJIBLHOTO aJallTHBHOTO

¢inpTpa Kanmana 3a mpumymeHHs Mpo HE3MIIIEHHs PiBHS PLy q*. Jna 3rna-

JokeHoro 3a KanmanoM psay MakcUMalibHE 3HaYEHHSI CTaTHCTUKU R? OTpUMAaHO
s ananTuBHOTO (pibTpa Kamvana 3 Bukopucrtanasm MMII mist HaBuaHHS Ha
100 nepimx 3HaYEHHIX BUXiAHOI BUOIPKU.

BUCHOBKH

VY Bcix Bumaakax Halikpammi (MiHiManbHe 3HaueHHs MAPE Ta MakcuMmaibHE

2 - .
3HAYCHHS CTATHCTHUKH R°) MPOrHO3 OTPUMAHO HA EKCIOHEHIIHHO 3rIaKeHiN
BHOIpIIi. JJis BUXigHOT BHOIPKM OTPUMAHO HAWHWKYY SIKICTh MPOTHO3Y (MaKCH-

MajibHe 3HaueHHS MAPE Ta MiHiManbHe 3HAUEHHS CTATHCTUKH R’ ). e mingxom
nepen0avyBaHi pe3ysbTaTH, aJKe 3TIIaJHKyBaHHs JaHUX Ma€ IMiBUIIYBATH SKICTh
MIPOTHO3Y. BusiBuiioch, 1mo ontuManbHuN amantuBHUi QineTp Kammana 3a

NPUITYIIEHHS PO HE3MIlGHHs PIBHS PAAy ¢ Ja€ ACIO KPall pesylbTaTH, Hik
(binbTp 3a MPUMYHIEHHS PO HOTO 3MILICHHSI.

st apantuBHOTO (imbTpa Kamvana 3 BukopuctanasM MMII kpami pe-
3yabTaTh (MiHIManbHe 3Ha4eHH MAPE Ta MakcUManbHe 3HAaYeHHS CTATHCTHUKU

R2) OTPUMAaHO y BHUIMAJKY, KON HaBuaHHs napamerpiB 3a MMII mpoBoauinock
Ha BUXIJHIN BHOIpIIi.

[Tix wac gocmimKeHHs TpaHySIpHOTO (BiIbTpa BUSABHIOCH, IO THII TOBTOP-
HOi BUOIPKM HECYTT€BO BIUIMBAE HA SIKICTb MPOTHO3Y LIS MPOLIECY COHSYHOI ak-
TUBHOCTI. 31 30UIBIICHHSAM KUILKOCTI YACTHHOK, 30UIBIITYBaBCS 4ac pOOOTH MpO-
rpamu. ToMy HEOOXiZHO 3HAXOAWUTH KOMIIPOMIC MK KUIBKICTIO YaCTHHOK Ta
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SIKICTIO TIPOTHO3Y Yy BHUIMAAKaX, KOJH 301TbIIEHHs KITBKOCTI YaCTHMHOK MOKpAILy€e
nporuo3. I'panynsapHuii GuUIBTp AaBaB HaWKpaIli Pe3yJIbTaTH Ul MPOMOPLIHHOT
MTOBTOPHOT BH6ipKH 3 gactototo 0,5 Ta Ay iHTEpPBAIBHOI MOBTOPHOI BHOIPKHU 3
AOBKHHOKO iHTepBany 1. Takox BHSBHIOCK, IO NPOBOJMTH MOBTOPHY BUOIPKY B
rpaHysIpHOMY (IIbTpi HIMCHO BaXKJIMBO, aJUKE SKIIO il HE TMPOBOJHUTH, SKICTH
IPOTHO3Y CYTTEBO 3HMUKYETHCS.

VY nopanbImx MOCTIHKEHHSIX JJIs MOJCIIOBAHHS 1 MPOrHO3YBaHHS HEiHIH-
HUX HECTALlIOHAPHHUX MPOLECIB, y TOMY YUCII IHIEKCY Fj( 7, JOULIBHO PO3MIMPH-

TH HOMEHKJIATYPY MOJIE/ICH K METOaMH KIaCHYHOI CTaTHCTHKH Ta perpeciiiHoro
aHan13y, TaK 1 CYYaCHHMH METOaMH 1HT€J‘ICKTyaIII>HOFO aHaJi3y AaHUX (6an€c1B-
CBKi Mepexi, zepesa pillieHb, HeI/IpOHe‘-IlTKl CTPYKTYpH). CTBopeHH;I crienianizo-
BAHOI CHUCTEMH anpHMaHH;I OPURAHSATTS plmeHL Ha OCHOBI TaKuUX MoOjeNed Ha-
JacTb MOJKIMBICTh JAajl HiABUINYBaTH SKICTb KOPOTKOCTPOKOBUX IIPOTHO3IB
COHSTYHOI AKTUBHOCTI.
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SIMPLE MODEL FOR SEQUENCE PREDICTION BASED
ON DENDRITIC SPATIOTEMPORAL INTEGRATION

V.M. OSAULENKO

Abstract. Recent experiments on dendritic spatiotemporal integration reveal the
much bigger computational potential of a single neuron. An individual dendritic
branch can work as a coincidence detector due to a dendritic spike initiated with lo-
cally spatially and temporally activated synapses. Here, we investigate a proposed
idea that dendrites can perform temporal integration on behavior timescale ~1s, thus
weakening simultaneous activation constraint. We construct the model of the recur-
rent neural network where each neuron activates not as a weighted summation of in-
puts, but due to their coincident activation both in space and time. We show that
with using sparse distributed representation and tracking activity of the network in a
certain time window it is possible to achieve a high capacity prediction system. We
perform the theoretical analysis and estimate the capacity for the different parame-
ters of the model where even the network with 100 neurons can store millions of se-
quences. Such a capacity results in a biologically unrealistic high number of syn-
apses, much more than 100x100. However, this mechanism of tracking space-time
coincidences in sparse activation can be realized in a limited biological neural net-
work but still with a good sequence transition memory.

Keywords: sequence prediction, dendritic nonlinearity, association memory

INTRODUCTION

Observing sequential activation of neurons in response to temporally structured
input lead to a recognition that temporal sequence learning is a fundamental com-
putation performed by a brain [1]. There were a lot of models that tried to imple-
ment this computation, however, there is still no single working system that could
do it as efficiently as the brain [2]. The main problem is that we do not fully un-
derstand all computational and biological details and how information should be
represented and linked together. On high-level reasoning, it is clear that neural
tissue somehow creates associations between events that are spread in time by
connecting neural populations. Later, if initial events reappear the network can
predict the next outcome and initiate suitable decisions. But, on the low detailed
level, many unresolved questions arise, like how the events are encoded or how
exactly associations in time are formed.

Here we investigate sequence prediction problem as one of the problems of
sequence learning [3]. We take inspiration from the recent findings on a dendritic
computation that each individual branch can work as a coincidence detector
[4—7]. This is a form of spatial integration where the correct combination of si-
multaneously active neurons can activate other neurons. Also, temporal integra-
tion by dendrites was shown in [8], and later it was hypothesized that the time of
integration can reach to behavioral time scale ~1s [9]. Thus, we weaken constrain
of simultaneous activation and construct the model of the recurrent neural net-
work where each neuron works like a multiple coincidences detector that learns

© V.M. Osaulenko, 2018
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both spatial and temporal activation patterns. Events of the sequence represented
as sparse binary vectors in discrete time steps. Each neuron learns a fingerprint of
a sequence on last T time steps by storing labels of a small number of active neu-
rons at different times into a dedicated dendritic branch or a cluster [10, 11]. If the
incoming pattern has all active neurons that are stored in any of the clusters the
neuron becomes active. From a single fingerprint, it is hard to deduce the whole
sequence but is very easy with distributed representation where multiple finger-
prints are stored across the population. This approach is similar to time delay neu-
ral networks, where the context for prediction is set by a recent sequence history
[26], with the distinction of a neural model in the core.

We perform a theoretical analysis of the proposed model and show that it has
a big capacity of sequence transitions thus it can reliably predict the next element.
By feeding prediction as an input it is possible to predict the whole sequence or to
generate the best guess. To make the model more biological plausible in sense of
a number of synapses per neuron we reduced the possible number of connections
for each cluster that serves as a fingerprint. For the network with size 1000 and
for 3 synapses per cluster, the total capacity is 10° transitions with 4000 synapses
per neuron. Notable, that the number of synapses is larger than the number of
neurons since two neurons can connect with multiple synapses that belong to
different clusters. Also, we discuss the future extension of the model to
incorporate probabilities of events and the capability of generalization that comes
from sparse distributed representation.

MODEL DESCRIPTION

Biological motivation

Beautiful experiment [8] showed that ordered input is spreading from the tip of a
dendrite toward the soma elicit more activation than in the opposite direction. The
authors showed that direction selectivity presents in the real neuron due to the
nonlinear activation of NMDA receptors and higher impedance with higher dis-
tance from the soma. Therefore, the sequential activation of dendrite that starts
further from the center depolarize the neuron larger. This experiment suggests
that neuron can perform more complicated computations than it was though be-
fore, namely encode spatiotemporal sequences. Furthermore, according to theo-
retical calculations [9], dendrites can detect and differentiate sequences on a be-
havioral time-scale ~1 second. This is in a good agreement with recent
discoveries of long eligibility traces found in a cortex [12]. Activation of a den-
dritic branch span prolonged time and serves as the basis for further temporal in-
tegration.

Further evidence toward extending the time of temporal integration by a
single neuron comes from recent experiment measured the receptive field of
neurons in auditory cortex of ferrets [13]. On Fig. 1, a presented an example of
one of the fields. Red dots represent excitatory and blue inhibitory weights. The
most important information from the picture is that receptive field is spread in
time, it is very localized to specific frequencies and it is sparse, that means that
only small portion of frequencies determines neuron output. The authors showed
that the similar receptive fields are formed in an artificial neural network
optimized to predict the next elements. We take these results into account
especially the sparseness of receptive field that spread in time.
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Formulation of the task

The task for sequence prediction can be formulated as follows [3]:

{xﬁl = f(x;,x; 15X, W),

w=g(X;,X;_1,X))-

Where x; =x(¢;), j=0:T is a state of the network at the time 7, that encodes

the input, and w are parameters of the model. We need to find the activation
function f'(:) and the learning rule g(-). In general, the next element can depend

on all previous elements. This is analogous to sequence completion task.

The model

To solve this task, we constructed a recurrent neural network with lateral and
feedforward connections. Feedforward determine the state of the network and en-
code at every discrete time step incoming input /(¢;,)=1/; into x(¢;) =x; that has

a active neurons. So, the state of the network is described as the binary vector of
size N, x;=E(I;) where E(-) is an encoding function. We use as encoding a

random projection E(z) =kWTA(X w;z;) where {w;} — random binary
i

weights and the function AWTA(-) returns a<<N the most active cells.

The resulting encoding is a sparse binary vector, for example,
x =[00000010000000000100000000000000000000000000100].  Recently, it

was shown that such encoding function is used in fruit fly and allows to preserve
similarity like in local sensitive hashing [14].

Lateral connections are modulatory and in the absence of an input determine
a prediction of the next input. To model lateral activation and learning we used
ideas of dendritic spatiotemporal integration, so it is important how and where
neurons are connected to a dendritic tree. Lateral activation is defined as follows:

K =0|Y [T

m (i,k)eG),

Where 0(-) is a step function and G,{, m-th cluster of j neuron stores pairs of
indices (i,k) — #neuron, time of activation.

In this model, clusters are parameters instead of usual weights. For a specific
neuron to be active, it is necessary that all input neurons, that are stored in one of
the clusters are active. Thus, the neuron learns features in the input stream and
their sequential order. If a feature reappears, the neuron becomes active and pre-
dict the next state of the network. On Fig. 1, b presented a cartoon for a learning
lateral connections. Filled circles represent active neurons at a specific time, emp-
ty circles show the prediction. Note that connections can be made to the same
neurons, but track activation at a distinct time. For clarity, connections to only
two neurons are presented. It depicts the case with k=2 and 7 =3, that means
that history spans to three time steps and at each time step connection to two neu-
rons are created.

Cucmemni docnioxcenna ma ingpopmayivini mexnonoeii, 2018, Ne 4 135



V.M. Osaulenko

Prediction —

18 "= - ‘

[ ]
. - ] .
[ . .
F kHz . - ' - |
[ ]
- N
) _ ' e ., um .
- .
- - - .
. -’ .
- . - .
0,5 - - r-. - >
-200 ¢, msec 0 t
a b

Fig. 1. Spatiotemporal receptive fields of ferrets Al, where individual neuron is very
picky for specific frequencies and time («); illustration of an idea of connection through
time (b)

The presented model differs from the traditional that compute activation
based on a previous state of the network since we track activation from more dis-
tant moments of time explicitly. As well, it is different from the standard recurrent
neural network, since it uses binary neurons, non-differentiable activation func-
tion and unsupervised learning procedure of creating clusters. Furthermore, it is
more biologically plausible since uses local learning rule. Similar ideas were pre-
sented earlier in [15]; however, we use different activation function and learning
rule, that allowed us to gain much higher memory capacity.

RESULTS

Derivation of transition memory capacity

Here we present the theoretical calculation of a maximum number of predictions
the network can reliably make. The size of the network is N, the number of ac-
. . . a

tive neurons that encode an event is a, sparsity s = N << 1, the number of syn-
apses each neuron form for each event is &k, and the number of previous time
steps that influence activation of a neuron is 7 . This task is equivalent to forming

an association with network size N'= (lef,)T and activation a' = (Cf )", where

C[lf is a binomial coefficient. To define capacity we create virtual weights w with

size [N, N'] with learning as w' =x'f ()?) where f ()?) returns one randomly se-

lected cell among @' in the network N'. Weights load for a neuron i is a relation
'

: . w : .
of a number of nonzero weights to total size s,, :|T Each learning event in-

—.
. 1
creases load for active neurons as s, =s, +55, where s, ZV' After the

presentation of R events, the load is:

s, =1-(1-s59)%.
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The probability of false prediction is given by:

PR, =1]xh =0)=p=1-(1-s5,)"(1-s),

~l1

where ¥,, prediction for neuron i for time m. We can set the fidelity parameter
€=0,01 that determines how many mistakes can be tolerated so that less than 1%

of cells could be falsely active. From this fidelity constraint, we can calculate
R« - Taking the limit case 55 — 0 we can derive

3 €
T g1 -s)s' ’

’

a . . . . .
where s'= N From this theoretical analysis, we have important conclusion that

for the sparsely active network, detection of coincidence through time enlarges
the neural dimension where it is easier to separate patterns. The maximum num-
ber of sequence transitions depend inversely to the sparsity of a network activa-
tion. Increasing dimension leads to increasing sparsity thus to increasing R, -

The limit case of one active cell has the highest sparsity, but it uses the local code
so that the network can have only N possible states. Lower bound on sparsity set

the combinatorial term Cy > R, -

Investigating the capacity for different parameters

We investigated how the capacity of the model depends on parameters. On Fig 2
it is shown that the longer the history time 7 the neuron can access, the higher the
capacity. Also, the more neurons from one moment of time connected into a clus-
ter, the larger the capacity. This can be intuitively explained because the
coincidence of even two neurons is much rarer than activation of a single one.
Therefore, the coincident activation of several neurons serves as a fingerprint of
an activity pattern. Interestingly, for some combination of parameters, the neural

network can recognize and predict 10'® transitions. Such huge number requires
a huge number of synapses and is practically and biologically unrealistic.
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Fig. 2. The capacity of sequence transition memory for different parameters. Capacity
with k& =1, so that one synapse is created per event; capacity for larger networks reaches
millions of transitions (a); capacity with £ =2 . In this case, neuron much better recog-
nizes events, thus it can remember the much larger number of transitions (b)
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Model modifications

Proposed model presents a basic and straightforward way to track activation in
time. To make it more biologically realistic we propose two modifications.

The first one treats the problem of sequences confusion. The model assumes
that if two sequences are the same on interval 7' and differ at a current time step,
then the model cannot correctly predict the next element. For example ABCD and
ABCR with T =3, the system will confuse D and R. This can be fixed by
adding auto-associative connections to populations that encode D or R, that will
track the strength of frequency of an event. Thus, the strength of interconnections
of population encodes its probability p(x;). In this case, the task will be for-

mulated in terms of probabilities of predicting the correct event
(p(x; | x;_;,X;_5..x;_y)). The correct prediction is selected as follows:

x; =argmax(p(x; [x;_;,x;_5..x;_r)). There is no complete understanding how

XJ
the probabilities are represented in the biological neural network and experimen-
tation with different algorithms is a good direction for the future.

The second modification proposes to remove a large portion of connections.
It decreases the capacity of transitions, but because the connections are still
dispersed in space and time the system still has a good capacity. On Fig 3, b
presented the depiction of the idea, where each cell has a fixed number of
connections with other neurons. By linking events at different times, predictive

cells can represent different conditional probabilities, like p(xo|xgx;) or
p(x1g | x9 x5) . This allows reusing subpopulations to represent other sequences.
In case of limited connections, the enlarged dimension is the following
N'=C]/§C]’(}(T,1) with activation a'= CfCﬁT,D where k is the number of

connections to previous time step activation and m is the number of connections
to other 7' —2 steps of activation.
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Fig. 3. A maximum number of sequence transitions for different network sizes and time
windows, shown as an upper line (@); an illustration of an idea of fixed sparse number of
connections into past activity and resulted in different joint distributions for subpopula-
tions (b)

On the Fig. 3, a presented results for transition capacity for different network
sizes for different time windows with k=1, m =2, and a = 20 — mean number
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of active cells. On the right axis and with dotted curves presents the number of
synapses per neuron. The capacity almost does not depend on time window and
increases with network size. For N =100 there are 4000 synapses per neuron
which is biologically plausible, and the number of transitions is 100000. If to take
sequences as words with an average number of symbols 7, there are near 14000
possible words encoded into the network.

Still, these modifications are in the early stage of investigations. Results, on
real datasets and common benchmarks like TIMIT or Penn tree bank (PNB),
should be obtained in the further research. However, it is not expected that these
model will be able to compete with the state-of-the-art supervised systems since
the main purpose of the model to propose the possible way how sequence
prediction can be achieved in the brain and use unsupervised learning procedure.

DISCUSSION AND CONCLUSIONS
The importance of sparse distributed representation

Benefits of presented model rely on the sparse distributed representation of inputs
[16, 17]. The sparsity of neural activation gives a high capacity of memory, pos-
sibility to express probabilities and generalization. Theoretical formula (1) on a
maximum number of stored transition contains sparsity in the denominator, so the
high sparsity results in higher memory capacity.

As it was noted by Barlow, the brain should somehow encode the probabili-
ties of events [18], so that to be able to apply similar processing as a Bayesian
inference [19, 20]. With this, it is possible to make many predictions and to select
the most probable one to update current beliefs. Sparsity is crucial for represent-
ing probabilities since the dense representation has many active neurons and acti-
vation patterns have high overlap that blurs feature probabilities.

Another important topic is a generalization, that means an ability to make
predictions not only for previously experienced sequences but for the new ones as
well. With sparse activity, similar inputs are encoded with similar representation
and their intersection encodes shared features. These common neurons at the in-
tersection are activated more often and have higher chance to make connections
and participate in prediction. For example, if the words are elements of a se-
quence, then sentences with similar worlds will be encoded with similar represen-
tations. The new sentence will be encoded with a similar pattern to similar sen-
tences, and the network will try to make the correct prediction based on the
previously learned sentence, in the context of the new one. Generalization comes
from limited resources, otherwise, synapses could be connected not just to inter-
secting neurons, but to every pattern and population that encodes general features
would be less significant. This idea is promising on a high-level consideration but
needs to be implemented carefully with all the details elsewhere.

It worth to note that by assigning active neurons into clusters was made for
simplicity and theoretical investigation. The real biological process should in-
clude structural plasticity of placing the synapses at specific dendritic locations.
With this placement neuron stores, additional information and is able to recognize
just the right combination of incoming inputs.

Previous experiments showed that spiking neural network with Hebbian
plasticity rules, like STDP, is able to perform sequence prediction [21-23].
However, the achieved capacity relative to computational resources is too low for
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practical implementation. Also, a similar model was proposed by Numenta team
[24, 25]. They also use the neuron with many dendrites that act as a coincident
detector and rely on sparse distributed representation. The main distinction is that
presented model does not need the special columnar structure of the network and
prediction depends not only on the current state of the network but on many pre-
vious. Most importantly, in our model similar sequences are encoded similarly
that potentially enables to make basic unsupervised learning like clustering.

Overall conclusion

In this work, we presented a model of a recurrent neural network that makes se-
quence prediction. At learning phase neuron stores references to a small subset of
active neurons at previous times into a dendritic cluster, that server as a finger-
print of a sequence. Activation occurs in case of matching the learned fingerprint
with the incoming input. Importantly, a single cell does not store the full se-
quence, just some elements of it. This and sparse distributed representation of a
sequence across the whole population enables to achieve the high capacity of se-
quence transition memory. Relatively small neural network with 1000 neurons
can store millions of sequences and make a reliable prediction.

We captured only minimal biological details, namely multiple coincidence
detections through time, but other significant elements are missing, for example,
auto-associative connections that are thought to represent probabilities or realistic
structural plasticity rules. The next natural extension of the model should be an
adjusting for limited resources and encoding of probability distributions in the
inner connectivity.

The idea that the single neuron can learn multiple spatiotemporal sequences
on a behavioral time scale still needs more experimental verification. From our
theoretical analysis, we can see that this yet hypothetical idea leads to a much
greater computational power of a biological neuron and the network in general.

Overall, we showed that the model, inspired by recent experimental findings
from dendritic computation, provides a high capacity of sequence memory and
gives high accuracy for a sequence prediction.
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problems that are illustrated by numerical examples are proposed. Tables: 15. Refs: 15 titles.
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VIIK 683.519

JliarHocTHKAa MeIUYHHUX 300pakeHb MYXJHH 3 BUKOPHCTAHHAM TiOpPUIHUX HEYiTKHX
3ropTKOBUX HeliponHux mepex / 3aiiuenko FO.II., T'aminos I'., Bapra LIO. // Cucremni
JocIipKeHHs Ta iHdopmartiitai TexHonorii. — 2018. — Ne 4. — C. 37-47.

Po3rnsnyTo nmpoGieMy kiaacudikaiii MyXJIMH MOJOYHOI 3aJ03H 3a MEIUYHUMU 300pa-
sKeHHsMU. J{71 11 BUpIIIEHHS 3alpOINOHOBAHO HOBHMH KJIac 3rOPTKOBUX MEpeX — TriOpuaHy
HEUITKY 3rOPTKOBY HEHPOHHY MEpEeXy, B sKili 3ropTkoBa Mepexa VGG-16 BUKOPUCTOBYEThCS
AK eKCTPAaKTOp O3HaK 300pakeHHsA, a HedwiTka HeifpoHHa Mepexka NEFClass — sk
kinacudikarop. Po3pobiaeHO Ta HOCHIIXKEHO alropuTMM HaByaHHS TiOpUAHOI 3rOpTKOBOL
Mepexi. IIpoBesieHO eKCIepUMEHTaNbHI JOCTIIPKEHHS 3alPOIIOHOBAHOI riOpUAHOI 3ropTKOBOI
MepexXi Ha cTaHapTHiK 0a3i nqanux Breakhis Ta BUKOHAHO MOPIBHSIHHSA 3 BIIOMUMH pe3yJibTa-
TaMH, IO JO3BONMIIO OIIHUTH 1i edeKxTuBHICTh. PoO3rmaHyTO mpoOIEMy 3MEHIICHHS
BUMIPHOCTI 3aadi kinacudikauii 1 g ii BUPIIEHHS 3aIpONOHOBAHO Ta JOCHIIIXKEHO METOJ
TOJIOBHUX KOMITOHEHT. Puc.: 6. Tabn.: 6. biomiorp.: 17 Ha3s.

YK 683.519

JluarHocTuka MeAHLMHCKHUX H300pakeHHil omyxoseil ¢ NpUMeHeHHeM T'MOPHIHBIX
CBEPTOYHBIX HeYeTKHX HelipoHHbIX cereli / 3aiiuenko IO.IL., I'amunos I'., Bapra U.1O. //
CucremHi focipkeHHs Ta iHpopManiiHi TexHonorii. — 2018. — Ne 4. — C. 37-47.

Paccmorpena mpoGiieMa KIacCH(HKAIMN OITyXolel MOJIOYHOH Kele3bl 10 MEIHIUH-
CKUM H300paxceHUsIM. [l ee pelleHus MIPEAaoKeH HOBBIH KIacC CBEPTOUHBIX ceTell — ruo-
pUHas HedeTKas CBEpTOYHAas HEHPOHHAs CeTb, B KOTOPOM CBEpPTOYHAs HEMpOHHas CeThb
VGG-16 ucnosp3yeTcst Kak 3KCTPAKTOpP IMPHU3HAKOB M300paKEHWH, a HEdeTKas HEeHpOHHas
cetb NEFClass — xak knmaccuduxarop. Pa3paboTaHbl U HCCIIEIOBaHB! alTOPUTMBI OOyUCHUS
rubpunHoil HelipoHHo# ceTu. IIpoBeieHbl SKCIIEPUMEHTAIbHBIE UCCIEIOBAHUS IPELJIOKEHHOM
rUOpUIHOI CBEPTOYHON HEUSTKOM HEHPOHHON ceTu Ha cTaHgapTHOU Oa3ze naHHbIX Breakhis u
BBITIOTHEHO CPABHEHHE C W3BECTHBIMU PE3yIbTaTaMH, YTO TO3BOIHIO OIEHHTH ee d(pdexTus-
HOCTh. PaccMoTpeHa mpo6iaemMa yMeHbIICHHS Pa3sMEepPHOCTH 331aull KIacCH(PUKANK | I ee
pelleHys NPeUIOKEH U UCCIE0BaH METO [NIaBHBIX KOMIIOHEHT. Puc.: 6. Tabu.: 6. bubnuorp.:
17 nass.

YK 004.91

OuiHoBaHHS Ta aHaJi3 MoAiOHOCTI MojeJieill Oi3Hec-mpoueciB y peno3uTopii KOHTHHYYMY
nianpuemcrsa / Konn A.M., OpaoBebkuii JIJI. // CucremHi gociipkeHHs Ta iHpOpManiiHi
texHomoril. — 2018. — Ne 4. — C. 48-57.

Po3rnsnyTO mpoGiemy 30epiraHHs, oOMiHY Ta IIOBTOPHOTO BUKOPUCTaHHS OpraHi3awiii-
HUX 3HaHb, I0/IaHUX 32 JJONIOMOTOI0 Mojienel Oi3Hec-npoiieciB. BUKOHAHO Oriisiz AOCIiIKEHb,
MPUCBSYCHUX YIPABJIIHHIO BEJIMKUMH KOJICKLIAMH MoJieneil GizHec-nporieciB. OLiHEHO OCHO-
BU KOHIICTIIIIT pEMO3UTOPI0 MOIesel Gi3HeC-TIPOIIeCiB Ta €TAIOHHY apXiTEKTYpy, BU3HAUCHY Y
JOCIIDKSHHSX 32 UM HampsMoM. J{OCTiKEHHS IPYHTYEThCS Ha PO3IIISIII PEMO3UTOPI0 MO-
Jenell Gi3Hec-NPOLECiB K CKJIZA0BOI YACTUHH apXiTEKTYpHOTO PEHNO3UTOPil0, BU3HAYEHOTO B
raly3i apXiTeKTypHu HiANpHEMCTBA. 3alPOIOHOBAHO MOJENb NOAAHHS 3HAaHb, IPU3HAUCHY IS
30epiraHHs MOJeNiei MPoleciB, Ta Mipy MOMIOHOCTI i ifeHTU(IKAIIT MoJeNei mpoLeciB y
peno3uTopii, moAiOHUX /10 3a1aHoi Mojeli nporecy abo ii gpparmenrta. 3anpOMOHOBAHO TAKOXK
MOJIeJIb JiepeBa pillleHb i Kiacugikarii Mojenei Oi3Hec-1poleciB BiIMOBITHO 10 KOHLIEMIIIT
KOHTHHYYMY apXiTeKTypH HiJIPHEMCTBA Ta KOHIENTyalbHy MOJAENIb PENO3UTOPiI0 MOJENIeH
6i3Hec-mporieciB. Po3po0iieHid TPOTOTUIT MPOrpaMHOTo 3a0e3MeUeHHs, 0 peali3oBye Mpo-
MTOHOBaHHWH MiAXill, BUKOPHUCTOBYBAaBCA JUIA 3aBaHTAXEHHS NPHKIANiB Mojened OizHec-
IIPOLIECIB Ta OLIIHIOBAHHS IX MOAIOHOCTI 3rifHO 3 KaTEropisMH KOHTHHYYyMy MiAINPUEMCTBA.
IIpoananizoBaHO TOYHICTH 3alPOIIOHOBAHOI MipH MOAIOHOCTI IJIs Pi3HUX KaTeropiil apredax-
TiB KOHTHHYYMY mifnpueMcTsa. Puc.: 6. Ta6mn.: 2. biGmiorp.: 20 Ha3B.

YK 004.91
Onenka ¥ aHaJIM3 CXOACTBAa MoJeseil OHM3HeC-NPOLECCOB B PENO3MTOPUHM KOHTHHYYMAa
npeanpustus / Konn A.M., Opaoscbkuii JIJI. / CucteMHi focoipkeHHs Ta iHGOpMaLiiiui
TexHonorii. — 2018. — Ne 4. — C. 48-57.

Paccmotpena mpobiema xpaHeHHs, 0OMEHa W MOBTOPHOTO MCIIONB30BaHUS OpraHW3amH-
OHHBIX 3HaHUMH, IPEICTABIEHHBIX IPH IOMOILY MoJelel Ou3Hec-poLeccoB. BrinonHuen 0630p
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UCCIICIOBAHUH, TOCBSIICHHBIX YIPABICHUIO OOJBIIUMH KOJUIEKIUSAMH Mojesel OusHec-
nporeccoB. OIEHEHbI OCHOBB! KOHIICIIINH PEIO3UTOPHUS MOJENeH OH3HEeC-IpoIeccoB U 3Ta-
JIOHHAsl apXUTEKTypa, OIpeJelIeHHast B UCCIIEIOBAHUAX 110 JaHHOMY HampasieHuto. Vccneno-
BaHHE 0a3MPyeTCs HA PACCMOTPEHUH PEHNO3UTOpUS Mojeneil OM3Hec-IporeccoB Kak COCTaB-
HOH 4YaCTH AapXUTEKTYPHOTO PEHO3UTOPHs, OIPEJCICHHOIO B O00JacCTH apXUTEKTYpBI
npexnpusaTus. [Ipennoxena Moaenb IpeICTaBICHAS 3HAHNH, IpeHa3HAuCHHAS UT XPaHECHHS
MojieNnielt TIPOLeCCOB, U Mepa CXOACTBA IS MISHTU(HUKAIIME MOJENEeH MPOIECCOB B PEMO3HUTO-
PHH, CXOXKHX C 33IaHHOIT MOJENbI0 Ipolecca WK ee ¢pparMeHToM. [IpeuroxkeHsl Moens ae-
peBa perieHnit a1 knaccudukanun Moseneil Gu3Hec-MpoIeccCoB B COOTBETCTBUM C KOHIIEMIIU-
el KOHTHHyyMa apXUTEKTyphl MpPEANPHATHS M KOHIENTyalbHas MOJETb PEIO3HTOPHS
Mozenell buzHec-npoleccoB. Pa3paboTaHHBII NPOTOTUI NIPOrPAMMHOTO 00eCIeueH s, peal-
3YIOIIUH TIPEIIOKEHHBIH MOAXO0, UCIONB30BAJCs Ul 3arpy3KH IIPEMEpOB Mojeleii Ou3Hec-
IMPpOLECCOB U OLEHKU UX CXOACTBA B COOTBETCTBUU C KATCIOPUSAMH KOHTUHYYMa MPEAIIPUATHS.
Ipoananm3upoBaHa TOYHOCTH IIPEIOKEHHOH MEpHI CXOICTBA JUIS PA3NMYHBIX KaTEropHit
apTeakToB KOHTUHYyYMa npennpustus. Puc.: 6. Tabmn.: 2. bubauorp.: 20 Ha3B.

VJIK 004.021
AJNTOpUTM NAapalieIbHOTO MOIIYKY JJIsl JOKYMEHTIB, OMUCAHNX (JOPMATBLHOI0 TPAMATHKOI0
/ Iiponan A.O. // CucteMHi gochipkeHHS Ta iHpopMamiini TexHomorii. — 2018. — Ne 4,
— C. 58-66.

Po3pobneno mnapanenbHuil 3arajibHUM €BPUCTUYHHMN aQJIrOPUTM Ul IapajelbHOro
aHali3y 1 Mouryky B HabOpax CTPYKTYpPOBaHUX TEKCTOBHUX AaHHUX. OCHOBHA MeTa allrOPUTMY
— MiJBUILEHHS e()eKTUBHOCTI 3aJIe)KHUX BiJl LEHTPAIBHOTO IpoLiecopa oneparii s aHamizy
BeJIMKOMAacTabHUX HAaOOpiB JaHUX 3 BUKOPHCTAHHSIM HapajelbHOro miaxoxy. Po3podnenuit
ITOPUTM BHKOPUCTOBYE €BPUCTUKY ULl MOLITYKY JaHUX 3a 3aIUTOM 0e3 HeoOXiITHOCTi 00poo-
nsTH Bech (afim i 6e3 CTBOPEHHs CHHTAKCHCY. MIOro MOYKHA 3aCTOCOBYBATH 10 OYIb-SKHX
¢opmariB  nanHux. IligBuieHHs e(QEKTUBHOCTI BUSBIAETbCSA, KOJIM oOmepalii BBeACHHS-
BUBEJCHHS 3aliMalOTh 3HAYHO MEHIIE 4acy, HiK Ipolec MOIIyKy, a (ailin 3aBaHTaxyeThCs B
OlepaTUBHUN  3amaM’sTOByBadbHUII OpuUCTpid, a00 KoAM MOXUIUBUHA  edexkTUBHUI
HENOCHiNOBHUM JocTyn 1o ¢aiiny. Po3pobieHo Takok OpOTOTHIl peaialii aaroputMmy Ajs
3aCTOCYBaHHS y pa3i MOPIBHSIHHS HMPOXYKTHBHOCTI. I[IpOTOTHII MIATPUMY€E MOIIYK Y BEJIUKO-
MaciutaOHux Habopax manux XML 3 BHKOpHCTaHHSM MiIMHOXKHHM BupasiB XPath mis yka-
3aHHS 3alUTY Ha MOIIYK. EXcriepuMeHTanbHI pe3yabTaTh MOKa3yloTh, [0 PO3POOIEHHH anro-
PUTM MIBUALINK 32 KJIACHYHI 32 YMOBHM BHKOHAHHS BiIIOBiIHMX BUMOT PO3TAlIyBaHHS TaHHX
Oskde 10 movaTKy Habopy. Y riplioMy BHIAIKY alrOPHUTM MOKaXe MaikKe Taki pe3ysIbTaTH,
o # iHmi, ane norpebye 6inbie nam'sTi. Puc.: 5. Tabm.: 2. bibaiorp.: 7 Ha3B.

YK 004.021
AJrOpuTM NApaIeIBLHOTO MOMCKA ISl IOKYMEHTOB, ONUCAHHBIX (popMasibHON rpamma-
Tukoii / Ilpomgan A.O. // CucremHi mociipkeHHs Ta iH(opmauiitHi Texuonorii. — 2018, —

Ne 4. — C. 58-66.

Pa3pabotan nmapaienbHbIA OOLIMIA dBPUCTUYSCKHN aITOPUTM IS MapaiiebHOTO aHa-
JIM3a U IIOMUCKa B 1-1a60pax CTPYKTYPHUPOBAHHBIX TCKCTOBLIX NaHHBIX. OCHOBHaﬂ [eJIb aJIropuT-
Ma — TOBBIIEHHE dPPEKTHBHOCTH 3aBHCHUMBIX OT LEHTPAIBHOTO MIPOLECcCcopa ONepanui s
aHaNM3a KPYMHOMACIITAOHBIX HAOOPOB JaHHBIX C HUCIIOJIBH30BaHUEM HAPAJUIEIBHOTO ITOIXO0/A.
Pa3paboTaHHBIN aITOPUTM UCIONB3YET IBPUCTUKY JJIs MOUCKA 3alpalinBaceMbIX TAaHHBIX 0e3
HeoOXoauMocTH 00pabarTbiBaTh Bech (ailia u 0e3 co3maHus cuHTakcuca. Ero Mo)KHO mpume-
HATh K JIOOBIM (opmatam naHHbIX. [ToBbimieHHe 3()(GEKTUBHOCTH OOHApYKWUBAEeTCs, KOTIa
Ollepalyy BBOJA-BbIBOJA 3aHMMAIOT 3HAYMTENIFHO MEHbBIIE BPEMEHH, YeM MpoLecc TOKCKa, a
(haii 3arpyxaeTcs B ONEPAaTUBHOE 3aIIOMUHAIOIIEE YCTPOWCTBO, HIIA KOT/Ia BO3MOXEH 3 dek-
TUBHBIA HEMOCJIEIOBaTEeIbHBIA ocTyN K (aitmy. Pa3paboTaH Takxke MPOTOTHI peaU3aldu
aJlroputMa JJisd UCIoJIb30BaHUs MMPU CPAaBHCHUHN IIPOU3BOAUTCIIBHOCTH. HpOTOTI/IH noaACpIKu-
BaeT MOKUCK B KPYITHOMACIITaOHBIX Habopax AaHHBIX XML ¢ HCIoIbp30BaHNEM ITOJMHOXKECTBA
BeIpakeHnid XPath st ykazaHus 3ampoca Ha ITOMCK. DKCIepUMEHTaIbHbIE PEe3yJIbTaThl MOKa-
3BIBAIOT, YTO pa3pabOTaHHbBII alrOpUTM OBICTpee, YeM KIIACCUYECKHE MPU YCIOBHH BBIMOIHE-
HHUS COOTBETCTBEHHBIX TPEOOBaHMI M pACIONIOXKEHMs NaHHBIX OJIDKE K Hadaly Habopa.
B xynmewm ciydae pa3paOOTaHHBIN alrOPUTM IOKaXET IMOYTH TaKue Pe3ybTaThbl, 9TO U APY-
rue, Ho TpeOyet Oounbine mamsaty. Puc.: 5. Tadn.: 2. bubnuorp.: 7 Ha3B.
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MIMPOBJIEMHO I ®YHKIIOHAJIbHO OPIEHTOBAHI PROBLEM- AND FUNCTION-ORIENTED
KOMIT'IOTEPHI CUCTEMHU TA MEPEXKI COMPUTER SYSTEMS AND NETWORKS

YK 004.81: 681.3

3D ¢peiimoBi Mopesi komyTaniiiHux egeMeHTiB Bepe3oBcbkoro nporpaMuo koHgiryposa-
HHUX KoMmyTauiiiHux cTpyktyp / BepesoBcbkmii C.O. / Cuctemui nociipkeHHs ta iHpopma-
miiai Texaonorii. — 2018. — Ne 4, — C. 56-81.

3anponoHoBaHo (peiiMoBi 2D i 3D mMojeni 3anmaTeHTOBaHUX KOMYTAI[IfHUX €JIEMEHTIB
bepe3oBchkoro st MOOYAOBH TOMOJOTiH MPOrpaMHO PEKOH(IrypOoBaHUX KOMYTAIiIHHUX
cTpykTyp. IToka3aHo BHKOpHCTaHHS (pelMOBHMX Mojenell KoMyTaliiHmX eneMeHTiB bBepe-
30BCBHKOr0, fIKi JO3BOJSIOTH BidyalisyBaTd iH(oOpMalilo Ipo CTaH CKIAJAOBUX CTPYKTYpH
KOMYTAllifHUX €JIEeMEHTIB, BapiloBaTH KiIbKICTh HE3aJCKHUX BXOMAIB-BUXOAIB 1 HaJaloTh
JIOJJATKOBI MOJJIMBOCTI B 00pasHOMY MOJICJIIOBaHHI TOMOJOTiH CyYaCHHX CTPYKTYp
3 pPO3iEHUMH TUIOIIHHAMH JaHUX Ta KepyBaHHA. 3alPONOHOBAHO MeTOJ (JOPMyBaHHS CTaHIB
€JIEMEHTIB TOIOJIOril KoMyTaliiHOI cTpykTypH. Puc.: 12. Tabn.: 12. bibmiorp.: 10 Ha3B.

YK 004.81: 681.3

3D ¢peiiMoBBbIe MOAEJIN KOMMYTALIMOHHBIX 3JleMeHTOB bepe3oBckoro mporpaMMHO KOH-
(urypupyeMbIx KOMMYTAIMOHHBIX CTPYKTYP / Bepe3oBebkuii C.A. / CucteMHi JOCIIKEH-
Hs1 Ta iHopMariini TexHonorii. — 2018. — Ne 4. — C. 56-81.

[pennoxensr Gppeitmorsie 2D u 3D Mozenu 3anaTeHTOBAaHHBIX KOMMYTALIMOHHBIX 3JIe-
MEeHTOB Bepe3oBCKOro IUisi IOCTPOEHHsI TOIOJOTHI MPOTPaMMHO PEKOH(UTYPHPYEMBIX KOM-
MYyTalMOHHBIX CTPYKTYp. IlokazaHo ucronp3oBanue (GppeiiMOBBIX MOJENeii KOMMYTallHOHHBIX
2JIEMEHTOB bepe30oBCKOro, 4To MO3BOJISIOT BU3YAIM3UPOBaTh HH(GOPMALIMIO O COCTOSIHUU CO-
CTaBJIAIOIINX CTPYKTYPY KOMMYTALIMOHHBIX 3JIEMEHTOB, BapbUPOBATh KOJIMYECTBO HE3aBUCH-
MBIX BXOJIOB-BBIXOZOB U OTKPBHIBAIOT JOIOJHHUTEIbHBIE BO3MOKHOCTH B 0OPa3HOM MOJEIHPO-
BaHUM TOIIOJIOTHA COBPEMEHHBIX CTPYKTYp C pa3fejeHHbIMH IUIOCKOCTSMU JIaHHBIX H
ynpasnenus. [IpennoxeHn MeTon GOPMHUPOBAHMS COCTOSHHUIA 3JIEMEHTOB TOIOJIOTHH KOMMYTa-
IUOHHOM CTPYKTYphI. Puc.: 12. Tabn.: 12. bubnumorp.: 10 Ha3s.

YK 519.7
Ceresble cTpykTypbl U cucremsl: II1. Hepapxuu u cern / Hommmyk A ., Amxxaxk M.C. /
CucTeMHi TocipKeHHs Ta iHpopMariiiHi Texnomnorii. — 2018. — Ne 4, — C. 82-95.
ITpoaHanu3upoBaHbl OCHOBHBIE NPUHLUMBI ()OPMUPOBAHUS CUCTEMHBIX HEpapxuil u
CIIOKHBIX CHCTEM C HepapXH4YeCKH-CEeTeBOH CTpykTypoil. OmpeneneHa MOTOKOBas MaTpulla
CMEXHOCTH CJIOKHOH HepapXUuecKHU-CETeBOH CHUCTEMBI, MO3BOJIIONIAs MCCIEA0BaTh (YHK-
OHUOHAJIbHBIC OCO6CHHOCTI/I CHUCTCEMBI, CBA3bIBas UX C COCTABJIAIOIIUMHU CTPYKTYPBI. BBCZ[GHO
MIOHSTHE TIOTOKOBOW CEpALICBHHBI, TAIOIIEe BO3MOKHOCTD CTPOUTD YIPOIIEHHBIE MOJIENHU CHC-
TEMbI MEHbBLIEH Pa3MEPHOCTH, OJHOBPEMEHHO OTCJIEKHBasi KOIWYECTBEHHYIO MEpPYy COXpaHe-
Hus ee agexkBaTtHOCTH. [IpemoskeHpl npuHIUIBI GOPMUPOBAHUS WHPOPMALMOHHBIX MoJeneit
Y MOJIeNIei OLICHUBAHUSI CIIOKHBIX HEPAPXUUECKH-CETEBBIX CHCTEM C YI€TOM IPHOPHUTETHOCTH
HX COCTaBJIANOIIHNX U YPOBHS HAIIOJHCHHOCTHU JaHHBIMH. OCHOBHbIM NpeuMymeCcTBOM MOJIEC-
JIel OLEHWBaHUs SBJIAIOTCS HAa MOPSIKA MEHbIINE 00beMbl HH(POPMALMHU, KOTOPBIE CYIIECT-
BEHHO JIeT4e TOANAI0TCS aHAIN3Y M MO3BOJIIIOT OIEPATHBHO JIOKAJIH3UPOBATh Hanboiee puc-
KOBaHHBIE COCTaBJISIONIME CHUCTeMbl. [l wHccieoBaHMs Ppa3HOPOAHBIX MEXKCHUCTEMHBIX
B3aMOJICHCTBHI BBEIEHBI MOHTHS aCCOIMAIINH, KOHTIOMEpaTa M CHCTEMHOM Cpelbl, 03BO-
JSTFOLIME aHAIM3UPOBATH XapaKTep M IOCIEIACTBHUS MEKCHCTEMHBIX BO3ICHCTBHN Pa3INYHBIX
tunoB. Puc.: 1. bubnuorp.: 28 Ha3B.

UDC 519.7

Network structures and systems: III. Hierarchies and networks / Polishchuk O.D.,
Yadzhak M.S. // System Research and Information Technologies. — 2018. — Ne 4. —
P. 82-95.

The basic principles of the formation of system hierarchies and complex systems with a
hierarchical network structure are analyzed. The flow adjacency matrix for a complex hierar-
chical network system is determined, which allows us to investigate the functional features of
the system, linking them with the components of the structure. The notion of the flow core is
introduced, which allows us to construct simplified models of a system of a smaller dimension
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with simultaneous monitoring of the quantitative measure of maintaining their adequacy. The
principles of formation of information and evaluation models of complex hierarchical network
systems with consideration of the priority of their components and the level of fullness of data
are proposed. The main advantage of the evaluation models is the smaller amounts of informa-
tion that are much easier to analyze and allow us to timely locate the most threatening compo-
nents of the system. For the study of heterogeneous inter-system interactions, the notions of
association, conglomerate and system environment are introduced, which allow us to analyze
the nature and effects of inter-system influences of different types. Figs.: 1. Refs: 28 titles.

MATEMATHYHI METOJH, MOJEJII, TIPOBJIEMHA MATHEMATICAL METHODS, MODELS,
I TEXHOJIOTTi TOCTIIKEHHS CKJIATHUX PROBLEMS AND TECHNOLOGIES FOR
CUCTEM COMPLEX SYSTEMS RESEARCH

YK 519.8, 629.7

3B’5130K NMapaMeTPiB MHOKHHH MOK/IMBOIO CTAHY CIOCTePe:KYBAHOI CHCTEMH 3 Iapamer-
pamMu piBHAAHHS BUMIpPIOBaHb i po3MipHicTio npocTopy crany cuctemu / Ilankparosa H./L.,
MosoxoB O.B. // Cuctemui nocnimkeHHs Ta iHdpopmariiHi TexHosorii. — 2018, — No 4, —
C. 96-103.

Po3rnsiHyTO rapaHTOBaHE e€JiNCOifanbHE OLIHIOBAHHS MHOXHHU MOMJIMBHUX CTaHIB Jii-
HIHOT cHCTeMH, 3a SIKOTO MIiHIMI3Y€ThbCs OaraTOBUMIpHHN 00’€M eJincoina, 10 armpoKCHMYE
NEpETUH alpiOpHOro elincoina, skuil 00Mexye MHOKHHY MOMJIUBUX CTaHIB CUCTEMH, 1 MHO-
JKMHY BUMIpiB, IO fBJIA€ cOOOI0 «Trimepiiap» y ToOMy Xk mpocTopi cTaHiB. CHopMyIbOBaHO i
JIOBEZICHO TEOpEeMy IO CIIiBBIIHOIICHHS MapaMeTpiB alpiOpHOTo eJirncoina, mapameTpis pis-
HSIHHSL BUMIPIOBaHb 1 PO3MIPHOCTI POCTOPY CTaHIB, IO MOJIIMIIY€E OI[IHIOBAHHS CTaHy CUCTE-
MH 33 KpUTepieM MiHIMyMy 0araToBHUMIpHOIro 00’eMy amocTepiopHoro enincoiga. Ha mincrasi
TEOPEMH 3aIPOIIOHOBAHO CIIPOLIEHHS aJITOPUTMY OLIHIOBAHHS, K€ YHEMOMJIUBIIIOE 0COOIU-
BUI BHNAJIOK, — IOJUICHHS Ha HYJb 1 BKMBAaHHS JOAATKOBUX 3aXOJiB JUIS LHOTO BHIAJKY.
3anponoHOBaHE CIPOIIEHHS MPU3BOJUTH O AEAKOrO MOTIPIIEHHS EiNcoifanbHOI OLIHKH
3riHO 13 3aCTOCOBYBaHUM KpUTEpieM MiHiMi3alii B 3arajJbHOMY BHUNAJAKY, @ B TPaHUYHOMY
BUMAAKY CXOOWTHCA 1O OINTHMAIbHOI OIIHKH. Pe3yslbTaTH NpOUTIOCTPOBAHO IPUKIATOM
OLIIHIOBAHHS CTAaTUYHOTO CTaHy cUcTeMd. [IOpiBHSHO METOIM: ONTHUMAIbHHMN, CIPOIICHHH,
3aIllpOIIOHOBAHMH B LIl poOoOTi, 1 MeTOA HallMeHINUX KBajapariB. HaBeneHO oTpuMaHi 3Ha4YEH-
HSI: TOYKOBA OI[iHKA 1 MHOXKHMHHA eJINCOifaabHa OI[iHKAa — BEJIMYMHU MIBOCEH anocTepiopHuX
emincoinis. Puc.: 3. Ta6un.: 2. Bibmiorp.: 9 Ha3B.

UDC 519.8, 629.7

Link between parameters of an observable system’s possible states set, measurement
equation parameters and state space system dimension / Pankratova N.D., Sholokhov O.V.
// System Research and Information Technologies. — 2018. — Ne 4. — P. 96-103.

The paper considers guaranteed ellipsoidal estimation of a set of possible states of the
linear system, using which a multidimensional volume of the ellipsoid approximating intersec-
tion of the a priori ellipsoid limiting a set of possible states of the system, and a set of dimen-
sions representing a “hyperlayer” in the same state space is minimized. A theorem on the rela-
tionship between the parameters of the a priori ellipsoid, parameters of the measurement
equation and dimension of the state space that provides improved estimation of the system
state by a minimum criterion of the multidimensional volume of the a posteriori ellipsoid is
formulated and proved. On the basis of the theorem, simplification of the estimation algorithm,
which excludes a special case — division by zero and taking additional measures for this case,
has been proposed. The proposed simplification leads to some deterioration of ellipsoidal esti-
mation according to the accepted minimization criterion in general, but in the limiting case it
converges to the optimum estimate. The results are illustrated by an example of estimation of
the static system state. The optimum, simplified methods, the method proposed in this paper
and the least squares method are compared. The following obtained values are presented: a
point estimate and a multiple ellipsoidal estimate — which are the values of semi-axes of the a
posteriori ellipsoids. Figs.: 3. Tables: 2. Refs: 9 titles.

VIIK 62.50

IIpurayumeHnss ooMe:keHUX BHYTPIIIHIX i 30BHIIIHIX 30ypeHb 32 KepyBaHHsI iMIyJIbCHUMH
npouecaMi B KOTHITHBHHMX KapTax ckJjagHux cucreM / Pomanenxo B./l., MinsiBcbkuii
10.J1. // Cuctemui nocnimkeHns Ta iHdopmariiiHi texHosoril. — 2018. — Ne 4, — C. 104-114.
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Po3rIiHyTO MOXKJIMBICTD MPUTTYIICHHS OOMEXEHHUX BHYTPIIIHIX 1 30BHILIHIX 30ypeHb Yy
CKJIAJHUX CHCTeMax pi3Hoi mpupoxu. JJMHAMIKy CHCTeM MOJAaHO MaTeMaTHYHHMH MOJETSAMH
iMImynbCcHUX npoueciB y korHiTuBHUX Kaprax (KK). Mozaens nuHaMiKM iMITyJIbCHUX HPOLECIB
KK mopmineHo Ha [BI B3a€MOIIOB’s3aHi CHCTEMH PI3HHMIIEBUX pPIBHSHb BIAMOBIAHO JI0
BUMIPIOBAHUX 1 HEBUMIPIOBAaHUX KOOPJAMHAT BEpUIMH. 3MiHM KOOPAMHAT HEBUMIiPIOBAaHHX
BepirH KK po3riisHyTo sik 00MexeHi 30BHILIHI 30ypeHHs y TeplIii cucTeMi piBHSIHb MOJEINI
KK ms iMIOyJapCHHX HPOLECIB 3 BHMIPIOBAaHUMH KoOpAMHaTamMu. KoJIMBaHHS KOOpIAMHAT
BumiptoBanux BepinuH KK, cipuunneni 3sminamu Barosux koedimientie KK BigHOCHO iX 3Ha-
YeHb, OLIIHEHUX Ha OCHOBI IONEPEeHbO NPOBEAEHOI ineHTUBiKalii, PO3IISHYTO SIK BHYTPilIHi
30ypeHHs. [l IpUIIyIeHHs BKa3aHUX 30ypeHb CHHTE30BaHO 3aMKHEHY CHCTEMY POOACTHOTO
KepyBaHHs 13 3aCTOCYBaHHAM METOJy iHBapiaHTHUX enincoinis. Puc.: 2. bibmiorp.: 7 Ha3B.

UDC 62.50

Suppressing constrained internal and external disturbances for impulse processes control
in cognitive maps of complex systems / Romanenko V.D., Milyavsky Y.L. // System Research
and Information Technologies. — 2018. — Ne 4. — P. 104-114.

The possibility of suppressing constrained internal and external disturbances in complex
systems of different nature is considered. Systems dynamics is described by mathematical
models of impulse processes in cognitive maps (CM). Dynamic model of CM impulse process
is split into two interrelated systems of difference equations with measurable and unmeasur-
able nodes coordinates, respectively. Changes in coordinates of unmeasurable CM nodes are
considered as constrained external disturbances in the first equations system of the CM model
for impulse processes with measurable coordinates. Oscillations of the measurable CM nodes
coordinates, caused by changes in CM weights relative to their values, estimated based on pre-
vious identification, are considered as internal disturbances. To suppress these disturbances, a
closed-loop robust control system is synthesized using the invariant ellipsoid method. Figs.: 2.
Refs: 7 titles.

YK 007:681.3.06

IIporno3upoBanue COJTHEUHOI AKTHBHOCTH ajJbTepHATHBHbIMU MeTonamu / bumok I1.H.,
Kapaios U.B., Bapasa B.C., ’Kupos A.JL. // CucteMH1 JociipkeHHs Ta iHpOpMaLiiiHi TexHo-
norii. — 2018. — Ne 4. — C. 115-132.

PaccmoTpeHa akTyalbHasl 3a7ada MPOTHO3UPOBAHMS HECTAIMOHAPHBIX MPOLECCOB COJI-
HEYHON aKTHBHOCTH AalbTEPHATUBHBIMH METOJAMH, KOTOpas pEIIAeTCs] HCCIeIOBATEIIIMH
MHOTHX CTpaH MHpa. Mccienyemble Mpouecchl OTHOCATCS K KJIAcCy HENMHEHHBIX U HECTallHo-
HapHbIX, 4YTO TpCGyeT BbI60pa CIICHUAJIbHBIX METOAOB Ul UX MOACIUPOBAHUSA U IIPOTHO3UPO-
BaHus. [IpemsiokeH MOAXO0A K MPOTHO3MPOBAHMIO HAa OCHOBE TpeX (HIBTPOB: aAalTHBHOTO
¢unprpa Kammana, ontumansHoro ¢uiprpa KanmaHa ¢ oleHKOH mapaMeTpoB METOJOM Mak-
CUMAJIbHOTO MPaBIONOI00US U BEPOSITHOCTHOTO TPaHyJIIPHOTO QuiibTpa. Bri6op 3THX GQHIIBT-
POB OOYCIIOBJIEH T€M, YTO OHH JAI0T BO3MOXXHOCTb YUUTHIBATh B MOJIEIIH CIIydaifHbIe BHELTHNE
BO3MYUICHUS U MTOTPCITHOCTH 1/13Mepel-u/1171. HOJ’Iy‘{eHHbIC PE3yIbTaThl BBIYUCIUTEIIBHBIX 9KCIIC-
PHMEHTOB CBHJCTEIBCTBYIOT O BO3MOXKHOCTH IIPUMEHEHHS IPEIOKEHHOT0 MOAX0/a K pelre-
HUIO TIOCTaBJIICHHOW 3ajmadyu. bomee TouHBIE pe3ynbTaThl KPaTKOCPOYHOT'O IPOTHO3HPOBAHUS
9KCIIOHEHINAIBHO CTIIA)KEHHBIX JAHHBIX TOJIyYEHBI C IOMOIIBIO aTaNTHBHOTO GUIbTpa. AHa-
JIN3 Ka4deCTBa PE3YJIbTAaTOB BBINIOJHEH C IMOMOMIBIKO M3BECTHBIX CTATUCTHYCCKUX XapaKTCpU-
CTHK KaueCTBa, B YACTHOCTH CpEIHEH a0COIFOTHON MOTPEIIHOCTH B MpoleHTax. Puc.: 7. Tabmn.:
3. bubnuorp.: 14 Hass.

UDC 007:681.3.06

Forecasting of solar activity by alternative methods / Bidyuk P.I., Karayuz 1.V., Varava V.V,

Jirov O.L. // System Research and Information Technologies. —2018. — N 4. — P. 115-132.
The study is focused on the problem of forecasting nonstationary processes of solar ac-

tivity using alternative procedures. The problem is urgent and it is considered by groups of

researchers in many countries of the world. The processes under study belong to the class of

nonlinear and nonstationary which requires selecting special methods for their modeling and
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forecasting. The study proposes an approach to forecasting based on three filters: the adaptive
Kalman filter, optimal Kalman filter with parameter estimation using the maximum likelihood
procedure and probabilistic particle filter. Selection of the filters is substantiated by the fact
that they provide a possibility for taking into consideration stochastic external disturbances and
measurement errors. The results of computational experiments showed the support for the idea
that the methods selected are suitable for solving the problem stated. The best results of short-
term forecasting of exponentially smoothed data were achieved using an adaptive filter. The
analysis of results was performed by employing the known statistical quality characteristics
including the mean absolute percentage error. Figs.: 7. Tables: 3. Refs: 14 titles.

VIIK 004.942

IIpocra mopenb mnepeadayeHHs] TOCJTIIOBHOCTel HA OCHOBi JIGHAPHTHOI MPOCTOPOBO-
4yacoBoi inrerpauii / Ocaysienko B.M. // CucremHi gociipKeHHS Ta iHGOpMAIiiHI TEXHOJIOTII.
—2018. — Ne 4. — C. 133-141.

HemonaBHi eKCepUMEHTH 3 ICHAPUTHOI IPOCTOPOBO-4aCOBOI iHTerpalii mokasaiu 3Ha-
YHO OUIBIINA OOYHCITIOBAIBHUN MOTEHIIA OJJHOTO HeiipoHa. OKpeMHl IEHTPUTHUN CErMEHT
MOX€ INPALIOBATU AK AETEKTOp 30iriB 3aBIsKH ACHIPUTHOMY CIAlKy, SKUH BUHHMKAE depes3
CHHAIICH, 110 aKTUBYIOTCS JIOKAIBHO B IPOCTOpi Ta yaci. B poOOTI JOCIiAXKEHO 3aIPOIOHO-
BaHy paHillie i/1e10, 10 JACHAPUTH 37aTHI BUKOHYBATH YacOBY IHTETpAIlil0 Ha IOBEIiHKOBOMY
Macmrabi uyacy ~lc, mocnabmioroud yMoBY ofHouacHoi aktuBauii. IToOynoBaHo Mozenb
PEKYpeHTHOI HEHpOHHOI Mepexi, e HEHpOH aKTHBYETbCS HE SK 3BaKEHa CyMa BXiJHHX
CUTHANIB, a SIK IX IPOCTOpoBO-uacoBuil 30ir. IlokaszaHo, 1110, BUKOPUCTOBYIOUH PO3PiLKEHO-
PO3MOINIeHI perpe3eHTalii Ta BiJCHiAKOBYBaHHS AaKTHBHOCTI B TIEBHOMY YacOBOMY BiKHI,
MOJKHA JIOCATTH BHCOKOi €MHOCTI nam’sTi nepeabadeHHs mociigoBHocTeld. HaBeneno teope-
TUYHUI aHAaJi3 Ta OLIHKY €MHOCTI MaM’STi 3aJIeXKHO BijJ mapamMeTpiB MOJEIi; MOKa3aHo, 110
HaBiTb Mepexa KinbkicTio 100 HelipoHiB Moxke 30epiratu MinbioHU HociimoBHOCTeH. Taka
€MHICTH HE BiANOBigae 010JOTIYHMM JAaHUM 1 MICTUTH KIJIBKICTh CHHAIICIB, 1[0 3HAYHO OibIIe
Hix 100%100. IIpore MexaHi3M BIJCHIIKOBYBaHHS IPOCTOPOBO-4acoOBUX 30iriB B
pO3pi/DKEHHI akTUBalii Moxke OyTH pealizoBaHHil B OOMEKeHii OloJoriuHii HeHpOHHIN
Mepeki 31 30epekeHHSAM JJOCUTh BUCOKOI €MHOCTI IIaM’4Ti nocaigoBHoctell. Puc.: 3. bibmiorp.:
26 Ha3B.

V]IK 004.942

ITpocTas Moze/b npeacKa3aHus 10C/Ie10BaTEILHOCTEH Ha OCHOBE JICHIPHTHOM NPOCTPaH-
CTBeHHO-BpeMeHHO# uHTerpanuu / Ocaynenko B.H. // CucremHi nociimpkenHs ta iHpopMa-
wiHi TexHouorii. — 2018. — Ne 4. — C. 133-141.

HenapHue sKCHEpUMEHTBI IO ACHAPUTHON MPOCTPAHCTBEHHO-BPEMEHHOW HHTErpaluu
MOKa3aJIi 3HAYUTEIbHO OOJIBIINK BHIYUCIUTEIBHBIA MOTEHIMAT OJHOTO HelipoHa. OTAebHbIH
JEHAPUTHBIA CETMEHT MOXET paboTaTh Kak JETEKTOp COBHAAEHUH Onarogaps AEHIPUTHOM
CNaiiKy, KOTOPBI BO3HUKAET YePEe3 CUHAIICH], YTO AKTUBUPYIOTCS JIOKAJIBHO B IPOCTPAHCTBE
BpeMeHU. B paboTe uccienoBaHo paHee IPEUIOKEHHYIO UIEH0, YTO AEHAPUTHI CIIOCOOHBI Bbl-
TOJTHATh BPEMEHHYIO MHTETPalliio Ha MOBEJCHYECKOM MacmTabe BpeMeHH ~ lc, ocrmabuss
yCI0BUE OJHOBpEMEHHON akTuBaluu. ITocTpoeHO MoJenb pekyppeHTHON HeHpOHHOH cerw,
I7le HeIPOH aKTUBUPYETCs HE KaK B3BEIIEHHAS CyMMa BXOJHBIX CUIHAJIOB, @ KAK UX IPOCTPaH-
CTBEHHO-BPEMEHHOE coBHajeHue. Ioka3aHOo, 4TO MCHONB3Yys pa3peKeHHO-paclpe/eIcHHbIE
PENpEe3eHTAlMU 1 OTCIIEKUBAHNSA AKTUBHOCTH B OIIPEIECIEHHOM BPEMEHHOM OKHE, MOKHO JI0C-
THYb BBICOKOM E€MKOCTU IaMATH MpeAcKazaHUs IHoclenoBaTenbHocTel. IIpuBeneHo Teoperu-
YECKUHl aHaJIu3 U OLIEHKY €MKOCTH IaMATH 3aBUCHMO OT IIaPaMETPOB MOJEJIHM; MOKA3aHO, YTO
Jaxe ceTh konuuecTBOM 100 HEHPOHOB MOXET XPaHUTb MMJUIMOHBI IOCIEI0BAaTEIbHOCTEH.
Takast eMKOCTb HE COOTBETCTBYET OMOIOTHIECKHM JAHHBIM H COJIECPIKHT KOJMYECTBO CHHAII-
COB, 4TO 3HauuTeNbHO Oosbuie yeM 100x100. OnxHaKO MEXaHU3M OTCIEXKHMBAaHUS IIPOCTPAHCT-
BEHHO-BPEMEHHBIX COBMAICHHI B Pa3peKeHHON aKTUBAI[MM MOXKET OBITH peann30BaH B Orpa-
HUYCHHOU OHOJIOrMYecKOid HEHPOHHOH ceTH IpU COXPaHEHUU JOCTATOYHO BBICOKOH €MKOCTH
namsITH nociiefoBarenbHocTel. Puc.: 3. bubnuorp.: 26 Ha3s.
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Ilpasuna ogpopmnenns cmameii

IMPABUJIA O®OPMJIEHHSI CTATEHA
IJIS1 JKYpPHAJLY

«CUCTEMHI JOCJIIKEHHSI TA IHOOPMA LI HI
TEXHOJIOI'Ti»

1. Crarrs 3 aHOTalisIMHU Ta 1HIIOIO 1H(QOPMAILI€I0 MOJAETHCS 3 BUKOPHUCTAHHIM
BeO-caiity xypHany (http://journal.iasa.kpi.ua).

HasBa cratti, mpi3Buine Ta iHiliagau aBTopa (aBTOPiB), a TAaKOXK aHOTAIlig (Bifg
700 no 1000 cuMBOJIIB) MOAAOTHCS YKPATHCHKOIO, POCIFICHKOIO Ta aHTIIIHCHKOI0 MOBa-
MH.

2. Tekcr craTti HabUpaeTbes B pegaktopi Microsoft Word 2003 mpudrom Times
New Roman i3 BupiBHIOBaHHSM T10 ITUPHHI.

3. Ha novarky crarti Bkasyetbes inaeke Y/JIK, Ha3Ba crarTi, iHII[iaTH Ta MPi3BUIIE
aBTOpa (aBTOPIB).

4. Cnucok JiTepaTypH IOJAETHCS B IMOPSAKY HMOCHJIAHHS IICIS TEKCTy CTaTTi.
SIKIII0 € MOXJIUBICTB, y CHUCKY BKa3yeTbess DOI K0)XHOTO OCHITaHHS.

5. HaGip ¢opmyn 3xilicHioeTbest B peaakropi popmyn «Equations». J{ist 3MiHHEX
3 iHIeKcaMu Ta 0€3 1HIEKCIB 3aCTOCOBYIOThCS IyXKKH KJIaBiaTypHOTO HAOOpy, HAPHKIIA

/. 75)-

6. CumBonu y (opmynax (KpiM OCOOJMBHX BHUIIQJIKIB) HAOUPAIOTHCA KYPCHBOM.
JlomrycKaroThCs PsIMi CUMBOITH, ajie X Tpeba po3MIiTHTH a00 BKIFOYHUTH IO CITUCKY CIie-
iaJbHUX CUMBOJIIB.

7. HywmepyBatn HEOOXigHO TiNBKK Ti GOpPMYIH (BHHECEHI Ha CEpeIUHY PAIKIB),
Ha sIKi € IOCUJIAHHSI B TEKCTI.

8. Tabyuui Ta PUCYHKHM BHKOHYIOTHCS B OJHOMY CTWIJI, IM HaJa€Thcsi HOMEp, Ha3Ba
1 PO3TAIIOBYFOTHCS MICIISI TIOCHIIAH y TeKCTi. He citig moBTOpIOBAaTH B CTATTI MiAIMCH 10
PHUCYHKIB Ta TaOIHIIb.

9. Crartst pa3oM i3 TabIULSAMH, PUCYHKaMHU i CIIMCKOM JIiTepaTypu Mae OyTH He
outbie 15 cropinok. OrIsIOBI CTATTI 00CATOM A0 25 CTOPIHOK NPUAMAIOTHCS 32 JJOMOB-
JICHICTIO i3 PEIKOJIETIETO.

10. [lo pykommcy A0Aal0THCS BiIOMOCTI PO KOKHOTO aBTOpa: KpaiHa, MiCTO, MicIie
poboTH, cityk0oBa 1mocaja, BUSHUH CTYIIHb Ta 3BaHHs, cepa HAYKOBHX JOCIIIKEHb,
KOHTaKTHI TesiehoHH, ajpeca Ta e-mail.
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