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CeMaHTHYECKHI aHau3 OT3BIBOB OpPraHU3aIMi MPeACTaBIseT co00H KII0oUeBOi
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1. BBEJIEHUE

O0pabotka ectecTBeHHOTO s13bika (NLP) siBiisieTcst 00:1acThI0, KOTOpAsi HCIONB3YET BbI-
YUCJIUTCIIBHBIC METO/IbI IJId aHaJIn3a U CUHTE3a €CTECTBCHHOIO SA3bIKa U PCUU. 3Ta JAUCIH-
IUIMHA TePECEKaeTCs ¢ JIMHTBUCTUKOM, U3ydasl CJIOBa U SI3BIKOBBIC KOHCTPYKIIMU, U TECHO
B3aMMOJICHCTBYET C KOMITBIOTEPHBIMH HAyKaAMH U HCKYCCTBEHHBIM HHTEIJICKTOM.

NLP He TONBKO UCCIEITyeT OCHOBHI SI3bIKA, HO M YCIICIIHO MPUMEHSCTCS I pa3HOO-
Opa3HBIX 3a/1a4, HAYWHAS OT TOAJICPKKH 00pa3oBaTeNbHOro Tporecca [1, 2] u 3akaH4umnBas
HCCIICIOBAaHUSAMU B OOJNACTH IICUXHUATPUH, TAKUX KaK W3yYCHHE MAIEHTOB ¢ MH30(pEeHNU-
eit [3]. UaTepecHo, uro NLP Takke HaXoAWT MPUMEHEHHE B HEOXXHIAHHBIX OONACTSX,
BKITIOYAsI aHATIN3 PEHTTEHOTPaMM JICTOYHOH TKaHH| [4].

Bnaromaps 06paboTke eCTeCTBEHHOTO SI3bIKa OTKPHIBAIOTCS yYHHUKAJIbHBIE BO3MOYKHO-
CTH B PEUICHUH PA3IMYHBIX 3a/1a4, BKIIIOUas aHaJIM3 HacTpoeHui [S]. OauH 13 OoaXo0B,
MIPENJIOKEHHBIN B paboTe [6], ucrmonb3yeT TIybokoe oO0ydeHre IS aHalnu3a COOOIICHMIA
B COIIMAJIBHBIX CETSIX C MOMOIIBI0 BEKTOPHBIX MpEACTaBICHU ciioB (Hanpumep, fastText,
word2vec u GloVe) u cBepTouHbIX HeHpoHHBIX ceTeld (CNN).

Hpyrue uccnenoparenu [7] pa3paboTaiy HOBYIO CHCTEMY PEKOMEHAAIMH HMPOLYKTOB,
OCHOBAaHHYI0 HAa WHHOBAI[MOHHOMW JIOTHIKE, KOTOpas MpeICcKa3blBacT HauOoiee 3HAYMMEIC
MIPOIYKTHI JUIsl OHJIAHH-TIOKYIIOK B PEaTbHOM BPEMCHU, YUUTHIBAs MPEATIOYTCHUS KIHCH-
TOB U OIEHKU HpoaykroB. Eme omHO mccienoBanue [8] mokasano, 4To, pa3meisis OT3bI-
BBl Ha § SMOLMOHAJBHEIX KaTErOpUH, MOXKHO MPOAHATM3UPOBATH MOBEICHUE KINCHTOB
1 YIYYIINTh UX YPOBCHD YIOBICTBOPEHHOCTH. TaKke MPOBOAMINCH UCCIICIOBAHMUS C TIPH-
MEHEHHEM CIIOXKHBIX apXUTEKTyp HeHpoHHBIX cerei, Takux kak BERT [9, 10].

B nmanHOi1 paboTe MBI CTpEeMHUMCS 3aIIOIHUTH MTPOOET B UCCIICTOBAHMAX CEMaHTUIECKO-
TO aHa/M3a TEKCTa Ha PYCCKOM SI3BIKE C HMCIIOJIH30BAaHHEM COBPEMEHHBIX HEHPOCETEBBIX
apXHUTEKTYp. MBI cocpeoTayMBaeMcsl Ha aHaJNU3€e TOHAIBHOCTH OT3BIBOB 00 OpraHU3aIi-
sx Ha Sunmexc Kaprax. Hama mens — pa3paboraTs MOeiib, aBTOMAaTHYSCKU KJIACCH(DHIIN-
PYIOUIyI0 OT3bIBbI KaK IMOJIOKUTEIBHBIC, OTPULATCIbHBIC UJIN HeﬁTpaHLHLIe, U OLICHUTH €€
3¢ GEKTUBHOCTh Ha PEATbHBIX JAaHHBIX. MBI TIOATOTABIHMBAEM KOPITYC TEKCTOB OT3BIBOB,
BKITIOYAIOIIHIA TIOJIOXKUTEIbHBIC, HEUTPATbHBIC U OTPUIATEIBHBIC OT3BIBBI, 3aT€M MOJCIh
00yJaeTcst Ha KOPITyCe C MCIOIB30BAHUEM PA3IMYHBIX aJITOPUTMOB, U B KOHIIC IPOUCXOTUT
CpaBHEHHE PE3yJIbTaTOB.
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2. BEKTOPHOE ITPEJICTABJIEHUE TEKCTA

Teopetnueckoit 6a30i A1 BEKTOPHOTO MPENCTABICHHS CJIOB CUUTAECTCS JIUCTPUOY-
TUBHas ceMaHTUKa. OHA M3y4aeT CEMAaHTHYCCKYIO OJM30CTh CJIOB HA OCHOBE MX pacmpe-
JICNICHNsI B TEKCTOBBIX Kopitycax [11]. DTo mo3BoseT mepeBecTd HHGOPMAIIUIO O CIIOBAX
B MHOTOMEpPHBIC BEKTOPHI C IIOMOIIBIO JIMHEHHON anreOpsl, 94To 00ecreynBaeT X KOM-
MAKTHOE TIPEICTaBIICHHE IS BBIYHCICHUH [12].

TF-IDF

TermFrequency-Inverse Document Frequency — 310 MeToj npeacTaBieHus C10B B BEK-
TOPHOM (OpMe, YUNTHIBAIONMIMH HE TOJIBKO YacTOTY BCTPEYAEMOCTH CJIOBA B JOKYMEHTE
(TF), HO 1 ero BaXKHOCTH B KOHTEKCTe Beero kopiryca (IDF) [13].

TF (YactoTa TepMIHA): OTpa)kaeT, HACKOIBKO YacTO CJIOBO BCTPEUAETCS B JTOKYMEHTE.
Beruncisiercst Kak OTHOIICHHE YNCIIa BXOXKICHUH CI0Ba K O0IIEMY YHCITY CIIOB B JOKYMEHTE.

if (t,d) =

Z"k

[Jie n,— 9UCIIO0 BXOXK/IEHUHU CJIOBA B JJOKYMEHT, an — o0IIee Ymucio 0B B JAaHHOM JOKY-
MEHTE. k

IDF (OGparHas 9acToTa JOKYMEHTA): ITOKa3bIBACT, HACKOJIBKO YHUKAIBHO CIIOBO B KOH-
TEKCTE BCEro Kopiyca. Beraucigercs kax iorapum oOpaTHOro OTHOIICHUS OOIIEro Yucia
JIOKYMEHTOB K YHCITy JOKYMEHTOB, COJEPIKALIUX CIIOBO.

D

iar (e.0)=tog— AL
| {d.eD|ted,}|

rae |D| — 4Kici0 TOKyMEHTOB B KOJUICKIHH;

|{dl. eDjted, }| — 4HCII0 JOKYMEHTOB U3 KoJleKIuu D, B KOTOpBIX BCTpedaThes t.

Word2vec

Mopnens word2vec Gazupyercss Ha TPEANIOIOKEHUN O TECHON CBSI3M MEXIY CIOBaMH
U 9acTsSAMU PEeYd B MX BEKTOPHBIX TpexactabineHusx [14]. E€ apxutekTypa, OCHOBaHHAs
Ha KOHTEKCTHOH OJIM30CTH CJIOB, OOBIYHO BKJIIOYAET CJIEMYIOUIME dTambl: 1) TOKEHU3aIHs
ciioBapsi; 2) MpeACTaBJICHUE KOpIlyca CJIOB B BEKTOpHOHM (opme uepe3 one-hotencoding;
3) BBOA IOJYYEHHBIX BEKTOPOB CIIOB B HEHPOHHYIO ceThb; 4) pacyeT OMIMOKH Yepe3 BbI-
YHCIIeHUue (YHKLUH TTOTePh; 5) KOPPEKLHS BECOB MOJEIH C UCIIONBE30BAaHUEM OOPaTHOTO
pactupocTpaHeHHUs OIMIHOKH.

Word2vec mpemnaraer aBe pasjindHble apXUTEKTypsl: SKip-gram (10 ClIOBY Mpeacka-
3bIBaeTcsl KoHTeKeT) 1 CBOW (10 KOHTEKCTY Ipencka3biBaeTcs ciioBo) [15].

Hns momenu Skip-gram ycioBHasi BEpOSATHOCTb T'€HEpaLUH JII0OOTO LEHTPAILHOIO
CJIOBA C YUETOM OKPYKAIOLIUX CJIOB KOHTEKCTa MOXKET OBITh CMOJICJIUPOBAHA 110 CIIEITYIO-

mie hopmyre: r—
exp (ul, v )
P(w, |w,)=

Zi evexp (ul.T g) ,
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r7ie W_— IIEHTPaIbHOE CJI0BO, W_— KOHTEKCT, V, M U, — BEKTOpa IIEHTPaIbHOIO CJI0BA M KOH-
TEKCTa COOTBETCTBEHHO, V — pa3Mep CI0Bapsl.

[Mapamerpamu Momenu skip-gram SBISIOTCS BEKTOP LEHTPAJBHOIO CJIOBA M BEKTOD
KOHTEKCTHOTO CJIOBa JUISi KaXKJIOTO CJIOBa B cioBape. B mporecce 00ydeHust MbI H3ydaeMm
9TH TapaMeTPhl, MAKCUMH3HUPYS (YHKIHIO TPAaBIONON00HS, YTO SKBUBAJICHTHO MUHUMHU-
3aiiK (PYHKIMH [TOTEPH:

£=Y S togp(mv),
1

t=1-c<j<c,j#0

rae T — 9310 oOlee KOIMYEeCTBO CIOB B KOPILYCe, ¢ — 3TO pa3Mep OKHa, W, - LIEHTPaJIbHOE
CIIOBO B MO3MLMH {, W, ; - — KOHTEKCTHOE CJIOBO B nosuumn ¢+ j,a p(w,,; | w,) - a10 Be-
POATHOCTB TOTO, YTO CIIOBO W, OyZleT BCTPEUaThCs B KOHTEKCTE CIIOBA W,.

YacTo sTa (GyHKIHS HPaBIONOAOOMS peayM3yeTcsi ¢ IMOMOIIbI0 OMHAPHOTO KpOcc--
SHTPOIUNHOIO Jocca:

T
L= %y, logp, +(1-y,;)log(l-p,,),

t=1-c<j<c,j#0

+J

IIe Yy, ,— 9TO LeIeBas BEPOSTHOCTh TOTO, YTO CIIOBO W, . Oy/ieT BCTpeuarhCsi B KOHTEKCTE
CJI0Ba W.

CBOW — merton oOy4eHHsT MOJCIM HAa OCHOBE TEKCTa, MPEICKA3BIBAIOIIMN CIIOBO
10 €ro KOHTEKCTY. DopMau3yeTcs CICAYIOMIUM 00pa3oM:

exp (uLT vy )
Zi evexp (ulT g) 7

[JIe W, — HEHTPAIIbHOE CIIOBO, W — KOHTEKCT, V, U U, — BEKTOPA IEHTPAIBHOTO CJI0BA U KOH-
TEKCTa COOTBETCTBEHHO, V — pa3Mep CJIoBapsl.

O6yueane CBOW ananmormuno oOyuenuto skip-gram. OreHKa MaKCHMaJIbHOTO TPaB-
nomonooust Mogenu CBOW skBHBaNeHTHA MHHUME3AIAA QYHKITUH ITOTEPb:

Pw, |w,)=

V
L==>"y,log p(w, | w,)=—log p(w,|w, )
i=1

e (W, [W,) — 3TO IIeNeBas BEPOATHOCTD.
Knaccuueckas mozens word2vec nMmeer mpoOieMbl ¢ PEAKHMH CIOBaMH, OCOOCHHO
B MOP(OJIOTHIECKH OOTaThIX A3bIKAX, TAKHX KaK (PaHIy3CKHH, HCTTAaHCKUH H PYCCKHUIL.

3. METO/JbI

B pabote npuMeHSFOTCS METOBI MAIIMHHOTO O0yYeHNs, TaKHe KaK JIOTHCTHYECKas pe-
rpeccusi, rpaguenTHbli OyctuHr (CatBoost), MeTos1 OrOpHBIX BeKTopoB (SVM), MylIsTHHO-
MHaJIbHBII HAWBHBIN Oaiiec, a TakKe METO/Ibl ITyOOKOTo 00y4eHus], BKIIIOUast peKyppeHTHbIC
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HEHpOHHBIE CETH JIOITOBPEMEHHOHN KparkocpouyHoit mamsta (LSTM), cBeprouHsle Hel-
ponsnsle cetu (CNN) u tpancdopmepst (Bert u GPT).

Jlocucmuueckas peepeccus

Jloructuueckast perpeccus MPUMEHAETCS Ul NMPOTHO3MPOBAHUSI BEPOSITHOCTH MpH-
HaJUIEXHOCTH OOBEKTa K ONpEIelIeHHOMY Kiaccy. B MHoroxiaccoBoil kiaccuguxanuu
ucnone3yerca meron «OauH mpoTuB ocTanbHBIX» (One-vs-Rest, OvR), rme co3maercs
K ounapHbIx knaccugukaropos (rae K — koaudecTBo Ki1accoB), KaXblil U3 KOTOPBIX OT-
JIMYAET OJIUH KJIACC OT BCEX OCTANIbHBIX:

e(ﬁuk +Bi X+ Bos Xyt By X,y )

P(Y=k)= ,
( ) ZK e(ﬂo/*ﬂl/Xl+ﬂ2/Xz+---+ﬂu,X”)
Jj=1

rae P(Y=k) — BeposiTHOCTb MPHUHAJIIE)KHOCTH K Kiaccy k,
K — obuiee konM4ecTBO KIaccoB,
By By -+ -» B, — K03 duienTs perpeccun A kiacca k,
Monens BeIOMpaeT Kiacc ¢ HauOoJIbLIeH MpecKa3aHHOH BEPOSTHOCTEHIO.

Memoo onopuwsix exmopos

Merton omopHBIX BekTopoB mwin SVM (Support Vector Machines) — nuHeiHbIH anro-
PUTM 7S KJIacCH(UKANU U perpeccur. lIpuMensercss mupoKo U s TUHEHHBIX, U IS
HeNMuHEeHHbBIX 3a71a4. SVM cTpout kiaccuduippyromyto ¢pyHkuuio F B Bue:

F(x) = sign({w, x} +b,

rae {-,"} — CKaJsipHOE MPOU3BEICHUE, W — HOPMAJIbHBIN BEKTOP K Pa3[essioiiel runep-
IUIOCKOCTH, b — CBOOOIHBIN YJIEH.
MBbl cTpeMHUMCs BEIOpaTh W U b Tak, 4ToObl MAKCHMU3UPOBATH PACCTOSHHE /10 KAXKIOTO

1
k1acca. MOXHO IIOJCUNTATh, YTO AHHOE PacCTOsSHUE paBHO — . [Ipobiema HaxoxxaeHUS
%

1
MaKCHMyMa — OKBHBAJICHTHA MTPpoOJIeMe HAXOKICHUS MUHAMyMa [w|2. 3ammiiem Bce 310
w

B BUJC 3aJa4U OIITUMH3AlINH:

. 2
arg min |W|

Vi (w,x,. +b)21,i=1,...,m.

OnTuMu3anMoHHas 3agada CBOAUTCS K MHUHUMH3AIMH CyMMBI KBAaJIpaTOB BECOB IS
Ka)X/I0T0 OMHApHOTO Kaccu(UKaTopa ¢ COOTBETCTBYIOIIMMHU OT'pPaHIYCHISIMH.

I'paouenmuwiii Bycmune (CatBoostClassifier)

CatBoostClassifier — anroputM MamMHHOTO OOy4YeHHUs Ha OCHOBE T'PAJHEHTHOrO Oy-
CTHHTA JIEPEBbEB pelieHN. DPHEKTUBHO cripaBiseTcs ¢ 3aJa4aMu KIaCCU(PUKALUK U pe-
rpeccun [16], cHIDKaeT mepeo0ydeHHe U UCTIONB3YeT BeCh Ha0Op JaHHBIX JUIl OOyYeHUS.
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Peanusyer ciryyaiiHylo iepecTaHOBKY AaHHBIX M BBIYHCIISIET CPEAHEe 3HAaUCHUE METOK JIIs
Ka)KJIOTO 3JIEMEHTa B COOTBETCTBHHM C NPEIIICCTBYIOIIMMH JJIEMEHTaMHU B IIEPECTaHOBKE.
Hpenmnonoxum, 4ro y Hac umeercst Habop Habmonenuit D = {(X, Y)} _, . tie X, = (x ..

X, ,.) IPENCTaBIAET COO0HM BEKTOP M3 M NMPHU3HAKOB, BKJIIOYAKOIIMX KaK YMCIIOBBIC, TAK
U KaTeropuajibHble, a Y, € R — o710 nenesas nepemennas. O003Ha4YMM NMEPECTAHOBKY Kak
6=(0,.. .., c,). Torna 3Ha4eHHE X | 3aMCHACTCS COOTBETCTBYOLIMM CPEIAHNM 3HAYCHHEM.

p-1
2 [Xijsc = Xopi ] ¥y + aP
p-1
Z,ZI [xéj,k = Xopx J ta

3/1eCh BBOAUTCS MpeABapUTENIbHOE 3HaueHue P u mapameTp a > 0, KOTOpBIN NpeacTaBisieT
co0oH Bec MpeaBapuTeIHHOTO 3HaueHu. Jl00aBIeHne TpeIBapuTEIFHOTO 3HAYCHUS — pac-
MIpOCTpaHeHHAs MPAKTHKA, CIOCOOCTBYIOIIAs CHIKEHHUIO IITyMa, BOHUKAIOIIETO U3-3a Ka-
TEroOpuil ¢ HU3KOM YaCTOTOM.

5

MynvmunomuansHuiil HausHwblll batiec

B MynsTHHOMHATBHOM MOZENN JOKYMEHT paccMaTpUBAETCS KaK MOCIIEI0BaTEILHOCTD
CIlyJalHBIX BBIOOPOB CIIOB M3 «MeIIKa cioB». [IpaBmomonodne MOKyMEHTa OLIEHMBACTCS
Yyepes BEPOSTHOCTH COBIA/ICHUS BEIOPAHHBIX CJIOB C TEMH, YTO BCTPEUAIOTCS B JOKYMEHTE.
HauBHOE npennonoxXeHue 3aKiro4aeTcst B TOM, YTO BEIOOP Ka)/I0r0 CJIOBa U3 MEIKa Mpo-
HCXOIUT HE3aBUCHMO OT BHIOOpA JPYTHX CIIOB.

B maremaruueckoit Mmogenu, tue V = {wt} 1:1“” MPEJICTABIACT COOO0H CIIOBAPh, KaXKIBIH
TMOKYMEHT d, IPEACTaBIAETCA B BHAE BEKTOPA JUIMHEI |d[, COCTOAMIETO M3 CIIOB, KaX0€
13 KOTOPBIX «BBIHYTOY» M3 CIIOBAPS C BEPOSTHOCTHIO p(wl|cj). [IpaBmomogo6ue mpuHAIIEK-
HOCTH JIoKyMeHTa d, Kiaccy C; OTIPE/ICIISICTCS CIIEYFOIIIM obpazom:

4 .
pldle,)=p(la Dl TT 57 (we)"

t= it

e Nil — KOJINYECTBO BXOXKIECHUN W, B dr

Jist 0GydeHns TaKoro KIaCCHPUKATOPa TOKE HYKHO 00yIHTH BEPOATHOCTH P(W, | c)
OnTuManbHBIE OIICHKH BEPOSTHOCTEH BCTpeqaeMocm CIIOBA W, B KJIacce C; MOTyT 61,m,
BBIYUCIICHBI, YYUTHIBasi HA00p JOKyMeHTOB D = {d, }, 1, yXKe pacnpez[eneHHHx 10 KJIaccaM
C,, BO3MOXXHO, J1a)X¢ BEPOATHOCTHO. Jlan cosapp V = wt‘ﬂ1 , M U3BECTHBI BXOXIEHHS N. .
OnTHMaNbHBIC OIIEHKU MOTYT OBITh BBIPAXKCHBI C YYETOM CIiIaxkuBaHus Jlamaca:

1YW p(ed,)
PO S S (o)

AHpI/IOprIC BEPOATHOCTHU KJIACCOB MOKHO NOCYNUTATh KaK:

Si00)

p(cf)zmi:l

12
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Torna knaccudukanus OyneT MPOXOJAUTh Kak:

|| /]

¢ =argmax | log D |Zp(c |a’) +Y'N, 10gp(wt|c/.)
J ;

t=1

Csepmounvle neuponnvie cemu (CNN)

Caeprounsle HeliponHble cetn (CNN) — kimace ceTel, pa3paboTaHHbBIX Uit 00paboTKN
CTPYKTYPUPOBAaHHBIX JAaHHBIX, B MIEPBYIO0 O4Yepenb N300pakeHUH, IIHNPOKO MPUMEHSIOTCS
B KOMIIBIOTepHOM 3peHuH [ 17]. OHU Takke MOTYT MCIIONB30BATECS I 00pabOTKH TEKCTO-
BBIX JAHHBIX, U3BJCKAs PU3HAKU U3 MOCIEA0BATEILHOCTU CIIOB HIIM CHMBOJIOB.

B TekctoBbix 3amauax CNN TEKCT MpencTaBiseTcsl MaTpUIled BCTpauBaHUs, TAE Ka-
KJI0€ CJIOBO MJIM CHMBOJI TIPEJCTaBIEHO BEKTOPOM. CBEPTOUHBIE CIION MPUMEHSIOTCS JIIS
W3BJICUYEHHMS JIOKAJIBHBIX MPU3HAKOB, UCIIONB3YS (HIBTPHI Pa3HBIX Pa3MEpoB OKHA. 3aTeM
BBINOJHACTCS onepanus oosenuHeHus (pooling), HarpuMep, MAaKCUMAJIBHOE WIIN CpeHee
oO0BeIMHEHNE, VI YMEHBIICHUS Pa3MEpHOCTH NMPH3HAKOB. [lomyueHHbIE TPHU3HAKK Tepe-
JIAIOTCSI B TIOJIHOCBS3HBIC CIIOM AJIS KJIACCU(UKAIIN WM APYTUX 3a1a4 00pabOTKH TEKCTa.

CNN BBIIEISIIOT JIOKANBHBIE MATTEPHBI U MOCJIEAOBATENLHOCTH CJIOB, YTO TIOMOTaeT
MOJIEJIH aHAIN3UPOBATh PA3IMYHBIC SI3BIKOBBIE CTPYKTYPBI, TAKHE KaK N-TPaMMbI U KOHTEK-
CTBI. DTO MOJIE3HO JUTS KIacCU(PUKAIIMK TEKCTa, aHAIN3a TOHAIBHOCTH, ONIPEACICHHS S3bI-
Ka ¥ IpyTUX 33a7a4 00pabOTKH.

Pexyppenmuvie neiiponunvie cemu (RNN)

Pexyppenthbie HeliponHble cet (RNN) — Mozgenu nrybokoro o0ydeHus, KOTOpble 00-
pabarhIBaIOT ITOCIIEIOBATENBHOCTH C HCIOJIb30BAaHUEM PEKYPPEHTHBIX CBsi3el, mepena-
IoMMX WHPOPMANUIO MEXTy BpeMeHHbIMU Imaramu. OHH pa3BepTHIBAIOTCS 110 BPEMEHH,
MIPUMEHSS OHU | TE K€ MapaMeTphl Ha KaKIOM IIare, B OTIMYNE OT CTAHAAPTHBIX CeTel,
KOTOpBIE IIepefatoT HHPOPMALIHIO CHHXPOHHO Ha KaXKIOM CII0€.

Cetp nonroBpemeHHO# kpatkocpounod mamstu LSTM (Long Short-Term Memory)
Obta co3laHa 4TOOBI HHBEIMPOBATh HEJOCTaTKM 0a30BOH peKyppeHTHOW HEWpOHHOU
CeTH, TaKhe KaK B3PbIB M 3aTyXaHHE I'PAJMEHTOB 1 MPOOJIEMBI ¢ amsIThio ceTH [18].

Paccmotpum siueiiky namsitu LSTM:

Memory cell
internal state d (@) (+) A C
c,, N !
-
Output
gate
Forget Input Inpul
gate gate node
e ' [[e Ifanhl I o |
Hidden state
H _ (
-1 \ I )
Input X,

FC layer with Elementwise C fo tenat
El activation function operator _L, opPy oncatenate
Puc. 1. Boiuucnenue sHympennezo cocmoanus aueixu namamu 6 mooeau LSTM
13
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LSTM Bruttouaer B cedst Tpu Buaa nuto3oB (Gate): BXOIHOM, 3a0bIBAHUS M BEIXOTHOM.
Beoixon ckpsitoro ciost LSTM cocTOUT U3 CKPBITOTO COCTOSTHUSL M BHYTPEHHETO COCTOSHUS
siueiiky namATH. TOIBKO CKPBITOE COCTOSIHHE MEpeNacTcs Ha BBIXOJHOM CIIOH, B TO BpeMs
KaK BHyTPEHHEE COCTOSHHE SYEHKH NaMTH OCTAeTCsl IOJTHOCTHIO0 BHYTPEHHUM.

Tpancghopmepot

Tpaunchopmep — MozeTb, UCIIOIB3YIONIAsT TOJIBKO MEXaHU3Mbl BHUMAaHUS 0€3 CBEPTOY-
HBIX WIN PEKyppeHTHBIX cioeB. [lomynspHa B pa3iMuHbIX 00acTsax nryOboKoro oO0y4YeHus,
BKJTIOYAs SI3BIKOBBIC 3a/1auH, 00pabOTKy M300paXkeHuit U 00yueHHe ¢ moakpericHueM [19].
PaccMOTpuUM apXUTEKTYpY:

Decoder

4 \
: Add & norm :
: l
I Positionwise :
Encoder : FFN :
1 1
| l
Pniuiuinints Iniiuinte \ : Add & norm 1
1 I . !
| 1
' | ' [ Muti-head I xn
1 q 1
| ! | attention \
: - '
| I j '
nx : ' 1| Add & norm i
1 1
I | |
[
! r ' 1 Masked ]
| Multi-head | : multi-head !
1 attention ! ' attention |
|
S A A w  a
___________ YR (SR ——
Positional Paositional
encoding G Wan encoding
Embedding Embedding
Sources Targets

Puc 2. Apxumexmypa mpancgopmepa

U onHMM M3 Ba)KHBIX MEXaHU3MOB Pa0OTHI TpaHc(opMepoB sBiseTcs MexaHu3m Self-
Attention, ero crout pa3zo0pars Oosnee noxpodHo. Mexanusm pabortsl self-attention cocro-
UT U3 TOTO, YTO Ha BXOJI NONAETCs BEKTOP CJIOB X , X,..X_ a Ha BBIXOJIC MbI MOJyJaeM BEKTOP
TPEJICTABNCHUA Z , Z,...7, . ’

Janst aToro ayist Kaxoro cijaoBa oOydaroT Tpu Bekropa k = key (kirod, Kyjga Mbl CMO-
TpuM), vV = value (3Ha4eHHe, YTO MBI BUANUM), q = query (3ampoc, OTKyla MbI CMOTPHM).
Takum 00pazoM, IJIs1 KaXKJOTO CJIoBa OYAET CUMTAThCS TPH BEKTOpa C MOMOIIBIO BEKTOpa

BECOB: (; = quj, kj :vay e vaj BaxHOCTB X, ClI0Ba JUIsl OOHOBJIEHHS X; CIIOBA MBI
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Gynem cunTath Onarozaps CKanspHOMy NMpousBeieHHIO q, Ha k. Jlanee Mbl pacCUUTBIBACM
Beca 1o opmyie:
(qj k)
Vd
n oy (q j.kp)
p=1 p \/E

Wij =

rae d- PasMEPHOCTL BEKTOPOB, N — YUCJIO CJIOB BXO[[HOﬁ IOCICA0BATCIILHOCTH.
Ilocae aToro HOBOE MpeaACTaBJICHUC Xj MbI CHUTAcM, KakK:

n
z i zij vp .
r=l1

Monundukamus self-attention — ato Multi-head attention (MHA) (puc. 3), rae mis kax-
JIOTO CIIOBAa MBI IEPECYMTHIBAEM €0 MPEACTABICHHE HECKOIBKO pa3 C pa3HbIMH BECaMHU.
MHA 1no3BoJsieT MOICTH COBMECTHO BOCIPUHUMATH HH(GOPMAIIUIO W3 Pa3HBIX MPEICTaB-
JICHUH MTOATPOCTPAHCTBA B Pa3HBIX MOIOKEHHUIX

— o]

| Attention | | Attention

t

[ Fc |[ Fc ][ Fc | [ Fc || Fc || Fc |

Queries Keys  Values

Puc. 3. MHA, 20e neckoibko 20106 00beOuHeHbl, 3amem JUHElHO npeodpaz08ansi.

JlaHHas apXUTEKTypa JISKUT B OCHOBE MOIYJISIPHBIX CeTeH, Takux Kak Bert (cocTosmmmii
TOJIBKO U3 OnokoB sHKozepa) U GPT (cocrosmuii ToNbKO M3 OJIOKOB JIeKoJiepa), KOTOPhIC
OBLIH NCIIOIB30BAHbI B HAIIIEM HCCIICIOBAHHH.

4. PE3YJIBTATBI 1 OBCYXIEHUSA

PaccmarpuBaem «Geo Reviews Dataset 2023» ot SInnekca — 6omee 500 000 oT351BOB
opranm3ammii B Poccun, cobpannbix 3a 2023 rox. LleHHBIH pecypc A HCCIENOBaHHMA
B 00JIaCTH aHaJIM3a TOHAJBHOCTH U OLIEHKU OpraHu3alni.

OcHoBHBIE arpuOyTHl BKJIIOYAIOT:

e Anpec opranmzammu (address)
e HaszpaHue opranuzanuu (name_ru)
e Cnucok pyopuk (rubrics)
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e Ouenka mosip3oBarens ot 0 1o 5 (rating)
e TekcT oT3bIBA (text)

[lpu aHanmu3e AaHHBIX OBUIO PEIICHO MEPEONPEICIUTh METKH KJIACCOB JJIS JOCTH-
XKeHus Oosee cOalaHCHPOBAHHOTO COCTOSTHMS. VcXomHbIe MATh Kareropui oneHok (ot 1
70 5) ObUTH OOBETUHEHBI C IIEJBI0 YIPOIICHHS 3aJayd aHalu3a TOHATHHOCTH OT3BHIBOB
1 00y4eHUs Moziee.

o HeeamusHnvie 0ms3vigol:
- Omnenka 1: CUIbHO HETaTUBHBIN OT3bIB;
- OrmeHka 2: HeraTUBHBIN OT3bIB.

o Helimpanvhvie om3vigul.
- OueHnka 3: HEHTpaIbHBIN OT3BIB.

o [lozumugnvie Om3vigol.

- Ormenka 4: o4eHb MMO3UTHBHBIN OT3HIB,

- OuneHka 5: CUIBHO MO3UTUBHBIN OT3BIB.

[TpuBenem yacTh JaHHBIX B BUAE TaOIUIIGI 1.

Ta6uuna 1
Janunbie u3 Ha6opa Geo Reviews Dataset
address name_ru| rating rubrics text
Tpo- Marasun 3ameyaTenbHast CETh
MockoBckast 00J1acThb, NPOIYKTOB;, | MarasuHOB B OOIIEM, XOPO-
0 DeKTPOCTasb, IPOCHEKT HEyKTH 5.0 IIponyxTbl LM aCCOPTUMEHT, LIEHbI
Jlenuna, 29 HII)/I 1\:1(())— TITyOOKOH NpUEMIIEMBIE, a TJIABHOE
3aMOpPO3KH; | KadecTBo Ha BbicoTe!!! ...
Kpacnonap, [Ipukybanckmuii He 3nato cmyTaT J11 KOrO-TO
500 BHYTPHTOPOJICKOI OKPYT, JTaHHbIE TIPaBUIIA, HO s OblIa
MHUKPOpPaiioH UMEHU LimeFit| 1.0 | ®urHec-kiay0 | yauBiIeHa: XO4ellb, YTOOBI
12 [Merpa MeranbHUKOBA, yiInIa TBOM IIKa() 3aMBIKAJICS —
Ilerpa MertanbHuKOBa, 26 KYITH 3aMOYEK.

CanusiHME OLICHOK B TPH KaTeropuu obecriedwsio Oosee rapMOHMYHOE paclpeiesieHne
MEXIy KJIacCaMH W TO03BOJMIIO YMEHBIIUTH HECOAIaHCHPOBAHHBIX KIIACCOB B JIaHHBIX.
B uroroBom garacere npezacrasieHo 117779 cTpok qaHHBIX.

KauectBo perrenns 3amaun xiraccuduKamiy oneHUBaioch ¢ nomoinsio F1 mepsr. ®op-
MyIna Jyis B3BetieHHo# F 1-mepst (F 1 ) B MHOTOKJIACCOBOM KJIacCH(UKAIIMN UMEET BUJL:

D wFl,

weighted —
Z i

weighted

Fl1

rae:
e Fl weighiea — B3BCIICHHAS F1 -Mepa,

e F1.—Fl-mepa mna knacea i,

® W, — BeC KJIacca i, paCCUNTaHHbIN Kak 1071 O0BEKTOB Kiacca i 0T OOIIETO YKCIa 0ObEKTOB.

KadecTBo pemenns 3a1a4n Tak ke OIEHUBAJIOCH C IIOMOIIBI0 MATPHIIBI OIITHOOK.
16



Platonov E.N., Martynova I.R.
Semantic Analysis of Reviews About Organizations Using Machine Learning Methods
Modelling and Data Analysis 2024. Vol. 14, no. 1.

Pacnpepenenune Knaccos
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g
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S
5]

Konuuecteo
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HeratvBHbin HeiiTpanbHbiit Mo3nTHBHBIHA
MeTtkm Knaccos

Puc. 4. Pacnpedenenue memok knaccog

Tabnuna 2
Matpuna ommdok
= a=0 a=1 a=
28] v Y, Y, Y,
E Sl y=1 Y, Y, Y,
y=2 Y,, Y,, Y,,
[Ipencka3anHblil Kiace

B tabnuiie 2 nepBblii HHACKC O3HAYAeT UCTUHHEIN KJ1acc, a BTOPOH MpeacKa3aHHbIH, Ta-
KHM 00pa30oM MPaBWIHHO MPECKa3aHHBIC KJIACCHI PACIONATAIOTCS 0 THATOHAIA MATPHIIBL.

Tpumenenue kraccuyeckux Memooo8 MauUHHO20 00yueHUs

[Ipu perreHnU MOCTaBICHHOW 3aJa4d oOpaTtuMcs cHavala K (yHIaMEHTAJIbHBIM aj-
TOpPUTMaM KJIacCU(HKAIIMH HCIIONb3YeM JIOTUCTHYECKylo perpeccuto, CatBoost, SVM
Y MYJBTHHOMHATBHBIN HauBHEIN Baiiec ans knaccugukarmu TekctoB. [IpuMensem metos
TF-IDF nns BekTOpU3aIiy JaHHBIX.

Jloeucmuueckas peepeccus

B xome Hamrero wmccnemoBanus ucnonb3oBayics GridSearchCV wu3 sklearn.model
selection s mogOopa nmapamerpoB. Haunydiue pe3ynnbTarsl JOCTUTHYTHI C TapamMeTpa-
mu: Ir_ C = 0.1, multi_class="ovr’, max_iter=500, class weight="balanced’. 1o npusemno
k Fl-mepe 0.78 u cienyrorei MaTpuiie OmmoOoK:
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Normalized confusion matrix

0.9

0.8

0.06 0.05

07
0.6

i
<1 0.46 033 0.22 .

2
= Fo.4
bos
21 0.04 0.04 [ o2
boa

0 1

predicted label

Puc. 5. Mampuya owubok 015 MoOenu 102UucmuiecKkoll pespeccuu

Memoo onopubix exmopos

B mozpenu mbl ucnonszoBanu Meroq TF-IDF u nononnurensHbie npusHaku. C momo-
upto GridSearchCV momoOpanu ontuManbHBIE THIIEpIapaMeTpbl: penalty = 12, class
weight = balanced, max_iter = 1000, multi_class="ovr’. 3to npusemno k Fl-mepe 0.77
U CIIEYIOIIEH MaTPHUIIE OIUOOK:

Normalized confusion matrix

14 0.44 0.35 0.21

True label

0.91 0.2

0 1 2
Predicted label

Puc 6. mampuya owubok ons mooenu SVM

I'paouenmuwii Bycmune (CatBoostClassifier)
Beutn ucnone3oBaHBl ClienyolIMe TunepnapaMerpsl Mozenu: learning rate = 0.1,

depth = 10, iterations = 1000, u 12_leaf reg = 5. 3to npuseno k Fl-mepe 0.76 u crenyio-
mieit MaTpuIe OnmMooK:
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Normalized confusion matrix

0.9

True label
=
=]
N
©
o
N
(vl

0 1
Predicted label

Puc. 7. Mampuya owubox ons mooenu CatBoostClassifier

Mynemunomuanvroiil HausHbll Batiec

Mopnenp MyTETHHOMHATIBHOTO HamBHOTO balieca Oblna 3amymieHa ¢ MCXOAHBIMHA Iapa-
metpamu: alpha = 0.1, fit prior = True. B pe3ynbrare 3THX HACTPOEK YOaloCh IOCTHYb
F1-mepsl B 0.75, a copmupoBana MaTpHia OIHOOK B CIIETYIOIIEM BHIE:

Normalized confusion matrix

0.09 0.05

True label

—

,

o
w
=]
o
)
w

ro.4

0.3

ro.2

ro.1i

0 1
Predicted label

Puc. 8. Mampuya owubok mooenu mynomuHomMuaibHo2o nauenozo baiieca

Ipumenenue memooog 2ny6oxko2o obyuenus

Csepmounvie netiponnvle cemu(CNN)

CNN obyuanacek ¢ momomrsio ontumm3aropa AdamW, Ir = 1e-4, batch_size = 512. Uc-
nosb3oBaiick Word2 Vece smbenaunry. 910 npuBenio kK TogHocty ¢ F1-mepoit 0.75 u coor-
BETCTBYIOIIEH MaTpHIle OMOOK:
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Normalized confusion matrix

0.14 0.05

1 0.37 1 0.18

True label

- 04

-03

-02

=01

0 1 2
Predicted label

Puc. 9 Mampuya owubox mooeau CNN
Pexyppenmuas netipounas cemo (LSTM)
LSTM o6buta ontumusupoBana ¢ AdamW, Ir = le-3. Jlocturnyra tounocts F1-mepsr

0.79, copmupoBana Marpuiia OmIKOOK st TOAPOOHOr0 0030pa Pe3yIbTaTOB MOICIIH:

Confusion matrix, without normalization

12000

10000

8000

6000

True label

4000

2000

0 1
Predicted label

Puc. 10. Mampuya owubox LSTM

Tpancgopmepol

HWcnonp3oBanu Tpu Bapuanta moaeau BERT: 6a3oBas Bepcus ot DeepPavlov ¢ 12 cio-
siMH, rubert-tiny2 ¢ TpeMs cIOSMH U OBIIa TPEAIIPUHATA MIOTBITKA COKPATUTh apXUTEKTY-
PY /10 OHOTO CJIOSL M TIPOBECTH OOydYeHHE Ha YMEHBIICHHOW Monenu. Bee apXuTekTypsl
o0yyanuce ¢ npuMmeHeHneM ontumusaropa AdamW, Ir = 5e-5. Baszoeas BERT mokasana

niepeoOyyenue ¢ Hu3Koi F1-mepoii 0.26, yka3siBast Ha HEOOXOIUMOCTH KOPPEKTHPOBOK JIJIS
Oozee yCTOIUMBBIX PE3yIbTaToOB!
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Normalized confusion matrix

True label

0 1 2
Predicted label

Puc. 11. Mampuya owubox BERT

Monens rubert-tiny2 mpomeMOHCTpHpOBaia BBIIAIOIIYIOCS TPON3BOAUTEIBLHOCTD, JO0-
cTurHyB 3HadeHus: F1-mepsl Ha ypoBHe 0.83. B pesynbrare 3TOro ycremHsoro oOy4eHus
Obl1a c(hopMHUpOBaHa MaTPHUIIA OIIHOOK:

Normalized confusion matrix

True label

0 1 2
Predicted label

Puc 12. Mampuya owubox rubert-tiny2 (ne usmenenmwiil)

Mopzens rubert-tiny2 ¢ OHUM CIOEM TPOSBHUIIA BICUATIISIONIYIO TPOU3BOUTEILHOCTD
¢ Fl-mepoii, nocrurmieii 3nadenus 0.81. Dtor pesynsrar nomdepkuBact 3GGEKTHBHOCTh
YMEHbBILICHHOU apXUTEKTYPhI B CpaBHEHHU ¢ Ooliee Irybokumu Moaensamu (cm. puc. 13).

JIjis OTIOTHUTEIBHOTO aHaJIK3a UCIoIb30Baach Mozaeab rTuGPT3small or Coepbanka
¢ aByms ciosmu U ontummzaropoM SophiaG [20], Ir = 8e-6. Jocturayra Fl-mepa 0.79,
chopMHUpOBaHa MaTPHIIA OIIHOOK:
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Normalized confusion matrix
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0.39 0.40 0.21

True label
-
f
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Predicted label

Puc. 14. Mampuya owubox rugpt3small ¢ 0yms crosmu

[pumennm anroput™m LIME nns uHTepnperanuu pe3ynbTaToB Moeidu rubert-tiny2
C HaMBBICHIEH TOYHOCTBIO. DTOT IIar MOMOXKET MOHATH BIMsHHE (DAKTOPOB Ha pEIICHHS
MOJIEJIM, [IOBBIILIAS UHTEPIIPETUPYEMOCTD PE3YJIbTATOB.

Prediction probabilities NOT HeraTHBHEIE HeraTHBHEIE NOT HeHTpansHEle HelTpansHbIe

HEraTHBHble _Es‘t
HeliTpansrsie
NO3NTUBHBIZ amxoraa

NOT no3uTHBHEIE MO3UTHBHEIE
e, Text with highlighted words
o 07 HHEKOTAA OOTBIIe He _ B 3T0 MeCTO
Gosmel
0.06]
npi d
fa

aT0|

o0.0:M

MecTo
0.04

ool
HHKOTAZ|
0.0 <

Puc. 15. Unmepnpemayus pezynomamog ¢ nomowvio LIME

Ha puc. 15 MOoxxHO YBUACTH 6nar0}1ap;1 BE€CaM KaKux CJIOB HaHHBIﬁ TEKCT OBbLII OTMEUEH
KaK HETaTUBHBIN.

22



Platonov E.N., Martynova I.R.
Semantic Analysis of Reviews About Organizations Using Machine Learning Methods
Modelling and Data Analysis 2024. Vol. 14, no. 1.

5. 3AKVIIOYEHUE

CpaBauM >(p(peKTHBHOCTH MOAEIeH TITyOOKOTO OOYYeHHs ¢ TPAAUIIMOHHBIMH METOAA-
MU IPH PEIICHUH 3aJa491 CEMaHTHYECKOTO aHAIN3a.

Ta0Onuma 3
Ha3spanue mogenn F1-mepa Bpems, B MuHyTaX

SVM+THidf 0.77 <1
Logis+Tfidf 0.78 <1
Catboost+Tfidf 0.76 3.5
NaiveBayes+Tfidf 0.75 <1
CNN+word2vec 0.75 22
LSTM 0.80 2

ruBert Base 0.26 300
rubert-tiny?2 0.83 60
rubert-tiny2 _one layer 0.81 10
ruGPT3small 0.79 4

Jlyuiive pe3ynaprarhl Cpeu KIACCHUYECKUX METO/IOB MOKa3alia JIOTUCTHYECKas perpec-
CHSl: BBICOKOE Ka9eCTBO MPOTHO3UPOBAHUS M OBICTpasi MPOU3BOAUTEIHHOCTb.

HccnenoBanue noareepkaaeT npeBocxoAcTBo Moaenu Ha ocHoBe BERT mno kauectBy
B CPaBHCHUH C JAPYTHMMH MeTonmamu oOydyenus. OmHako, 00ydeHHEe 3TOW Mojenu TpedyeT
BPEMEHH. YMEHBIICHHE YHCIIa CIIOEB YHKOJIEPa MOJKET YCKOPUTH paboTy 6e3 CyIecTBeH-
HOW TIOTEpH KavdecTBa.

B nanpHEHNIMX MCCICTOBAHUSX B 00JIACTA CEMAHTUYCCKOTO aHAIM3a TEKCTa PEKOMEH-
IyeTCsl YAeIUTh BHUMaHHUE MOJTYYCHUIO SMOCIIMHTOB C HCIOIB30BaHHEM TpaHC(hopmepa
BERT u ux nocneayoumemMy IpUMEHEHUIO B COYETaHUU C PEKYPPEHTHBIMH HEHPOHHBIMU
CETSIMHU, KOTOpPBIE MPOJEMOHCTPUPOBAIHN JOCTATOYHO BBHICOKOE KAYECTBO MO CPABHEHUIO
C IpyTMMH METOAAMH MAIIHHHOTO M IIIyOOKOTO 00y4YeHHS.
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1. BBEJEHUE

HayuHbie myOmuKaimy yKe TaBHO CTaJId OCHOBHBIM HCTOYHHKOM U CIIOCOOOM pacmpo-
CTpaHEeHHA HAyYHO-TEXHUYIECKUX OTKpbITHi. CormacHo otdety [1], ¢ 2018 roma exeronHoe
KOJIMYECTBO HAYYHBIX ITyONUKAIMKA, B TOM YHCIE OMPOCOB, TE3UCOB M 0030POB, BEIPOCIIO
Ha 22,4% wu 3a 2022 Tom TOCTHUIVIO 3HAYCHUS CBBINIE 5,4 MULTHOHOB. Takoi 00beM uHpOp-
MAITiH Ka9eCTBEHHO 3aTPyIHIET PYIHOH ITOMCK PEIeBAaHTHBIX CBEICHUHN M (DAKTOB JUI UX
JanpHeimei 00paboTKH.

Hay4no-TexHuueckre GpakThl MPEACTABISIOT 0COOBI HHTEPEC AJIS MOJIB30BATEIS U TIO]
STHM TEPMUHOB IIOHUMAETCSI COOBITHE, IOHATHE WIIH sBJIeHHUE. [[JI1 KOPpEKTHOTO BHIICIIE-
HUs (H)aKTOB M3 OTPACIECBOM JOKYMEHTAIUU UCIIONB3YIOTCS METOABI U3BJICUCHUS (DaKTOIO-
ruueckor uHpopmanuu (MDUN), cpean KOTOPHIX CeMaHTHKO-CUHTAKCHYECKH, (pa3eono-
THYECKUH M KOHIETITyaJ IbHBIN aHaJIN3 TeKCTOB. Beinenenne nHanmenoBanuit mousituii (HIT)
OCHOBBIBACTCSI Ha BEIYMCIICHUHM MEPHI CMBICIIOBOH 3HAYMMOCTH, 8 CMBICIIOBAsi CTPYKTYpa
TEKCTa MPEICTABICTCS B BHUIE NpeAUKaTHO-akTaHTHOH cTpykTyphl (ITAC), momyuaemoit
METO/IaMH CEMaHTHKO-CHHTAKCHYECKOTO M KOHIIENTYalIbHOTO aHAIH3A.

2. OCHOBHBIE TOJOKEHUSA ®PAZEOJIOI'MYECKOTI'O
KOHIEIITYAJIBHOI'O AHAJIU3A TEKCTOB

Opazeonornyeckuii KOHIENTYadbHBIH aHamu3 [2] WCHONb3yeTcs s yCTAaHOBJICHUS
€IMHHUI] CMBICIIA MTPEJTIOKEHHNS, KOTOPbIE ¥ (POPMUPYIOT CMBICIIOBOE COAEPIKaHUE TEKCTa.
OCHOBHBIE TIOJIO)KEHHS KOHIENIHHU (Ppa3eosorn4eckoro KOHIENTYaJbHOTO aHajIHu3a
TEKCTOB:
e CMBICIIOBOE COZIEPIKAHUE TEKCTOB BBIPAXKACTCS C MTOMOIIBIO €MHUI] CMBICTIA.
e JlonArue — camas ycTONYMBas €AMHUIIA CMBICIIA.
e  OOBEKTHI TIPEUTOKEHHS 00JIaJat0T OCOOBIMHU TIPI3HAKAMH, BEIPKAIOLITIMHUCS Yepes3 Tpe-
JMKaTHO-aKTaHTHYIO CTPYKTYpy (ITAC) 1 HabOpOM OTHOIIEHUI C APYTUMH OOBEKTaMH.
o Caepx(pa3oBbie AUMHCTBA GOPMUPYIOTCS U3 MPEUIOKCHUN U TPEACTABISIOTCS B BUIC
MTOCIIEIOBATEEHOCTEH PEIIOKEHIH (CBSI3HOTO TEKCTA).
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[IpennkarHo-akrantHas crpykrypa (ITAC) — mpexacTaBisieT NpEAIOKEHUS B BHIC
MOHATHH-TIPEANKATOB, YCTAHABINBAIOLINX CBA3M MEXIy OOBEKTaMH, U B BUJAE MOHSITHI-
aKTaHTOB, CoJlep KaIInX NMpHU3HaKu 00beKkToB. [IAC obecnieunBaeT aBTOMaTH4ecKuii epe-
BOJ] TEKCTOB C €CTECTBEHHBIX SI3bIKOB Ha ()OPMaIN30BAaHHBIE 1 HAOOOPOT.

3. OIPEJEJEHUE 3HAUYNMBIX
HAUMEHOBAHUWI MIOHATHUM B TEKCTE

3HauuMble HAMMEHOBaHUS MOHATUH [3,4] BBLAENSAIOTCS METOAaMU CTATHCTHYECKO-
r0, CHHTaKCHYECKOTO M KOHIICTITYaJIbHOTO aHajm3a TeKCTOB. CII0KHOCTB 3TOTO Ipolecca
3aKJro4aeTcsi B (PMKCUPOBAHMM T'PAaHMI] HAMMEHOBAHUM IOHATHH, HECYIIUX KIIOYEBYIO
CMBICIIOBYIO Harpy3Ky.

CeMaHTHYECKUE METOJBI MTO3BOJISIFOT C IIOMOIIBIO 3TATOHHBIX CIOBapel WACHTUDHUIIH-
pOBaTh 3HaYMMBIE CJIOBA M CIIOBOCOUETAHUSI ONPEAEICHHOM MPpeAMETHON 00IaCTH.

CrarucTryeckre MEeTOABI TO3BOJISIOT ONIPEASTUTh 3HAUNMBIE TIOHITHS ITyTeM IPUCBOE-
HUS 00BEKTaM TEKCTa BECOBBIX K03(D(DUITMEHTOB Ha OCHOBE YaCTOTHOTO aHaJM3a BCTpedae-
MOCTH B KOHKPETHOM JIOKYMEHTE M BO BCEM KOPITyCe IOKYMEHTOB.

CuHTaKCHYEeCKHE METO/BI TIO3BOJISIOT ONPEICTIHUTh, KAKyI0 CHHTAKCHIECKYIO POJIb UTpa-
0T 3HAYUMEBIE CJIOBA U CIIOBOCOUCTAHWUSI, ONIPEACIIASL X CHHTAKCHIECKYIO POIb B TIPEIIIOKE-
HHH, KaK CyObEeKT, PEANKAT WIIH OOBEKT.

CMBICTIOBast 3HAYMMOCTH CJIOB B KOHTEKCTE JOKYMEHTA OIEHHBAETCS] CTAaTHCTHYECKON
mepoii TFeIDF [5].

concept
Z klk

— YuCJio BXO)K[[GHPIFI HaMMCHOBaAHMUs ITOHATUA concept B IOKYMCHT;

TF (concept, T ext) = — YacToTa CJI0Ba B JOKYMEHTE,

roe [

concept

ZZ,( — oflee YMcI0 HaMMEHOBAaHUH MOHATHH B JAHHOM JJOKyMEHTE.
k
[M]
|{Textn € M | concept € Text, }|

IDF (concept,M) =log

IDF (concept,M )— oOpaTHas 94acToTa MOKYMEHTa, T.e. HHBEPCHS YaCTOTHI, C KOTOPOM
HaVMEHOBAHUE TOHATHUS BCTPEYAETCA B KOPILYCE TEKCTOB, KaXKIOMY CIOBO COOTBETCTBYET
onHo 3Hauenue IDF, rne |M | — YUCJIO TOKYMEHTOB B KOPIIyCE;
|{T ext, € M |concept € Text, }| — YHCII0 JOKYMEHTOB M3 MacCHBa JTOKYMEHTOB M , B KOTO-
PBIX BCTpeyaeTcs noustue concept (xorna L, #0).

OTa cTaTHCTUYECKas Mepa yBEIMYMBACT 3HAYCHUE CJIOBA IPOINOPHUOHAIBHO YacTo-
T€ €ro TOSIBJICHUS B TEKCTE, OJHAKO, YMEHBINAET 3TO XKe 3HAUCHHUE IIPHU MOSBICHUH CIOBa

B OOJIBIIIOM KOJIMYECTBE JAOKYMCHTOB.
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4. MOJEJIb BBISABJIEHUSA ®AKTOB B KOJUIEKIIUU TEKCTOB

dakr Fact COCTOMT M3 KOHTAKTHO PACIOJIOKEHHBIX MPEIOKEHUIH TEKCTa U COuep-
KHUTCA BO (pparmenTe Tekcta. Takum o0pazoM, (pakT MOXKHO MPEACTABUTH B BUJIE HEKOTO-
PO MOCIIeI0BATEIEHOCTH PEIOKESHHUH:

Fact = (Sentu , Sent ., Sent, ) .

u+lo"*

rae Sent,,Sent,,,,...,Sent, — NOCIEN0BATENLHOCTb NPEAIOKEHUH (aKTa;
u — TmepBoe MpeioxkeHne Gaxra;

t — nocJIeiHee NpeaIOKECHNE @aKTa.

[pemnoxenune dakta Sent MPeACTaBISET COOON KOPTEK dIEMEHTOB (hakra:

Sent =el,,el,,...,el,,

i

rae el, —aneMeHT (axra,
i — KOJIMYECTBO JIEMEHTOB (aKTa.
DJIeMEHTOM TeKCTa el SIBISIETCS CJIOBO HIIM 3HAK MPETTHHAHUSL:

GPSel = {w,pm} ,

e W — CJIOBO;
pm — 3HAK TIPETIMHAHUS.

Kaxxnprii smeMeHT Tekcta e/ o0nagaeT rpaMMaTHIeCKIMH U CHHTAKCHYSCKUMU TPH-
3HAaKaMU:

GSP(el) = (GP,SP),

rame GP — rpaMMaTn4ecKue Ipu3HaKy;
SP — CUHTaKCUYECKHUE MPU3HAKH.

TepMUHOM «IOHSATHE» OIPENENACTCS HEKOTOPBIA COMMAIBHO 3HAYMMBIA MBICITUTEIh-
HBII 00pa3, MPeACTaBISIeMbIi B BUAC OTACIBHOTO CIOBA WM B BUIC YCTOHYHUBOTO (pase-
OJIOTHYECKOTO cJoBocodeTaHus. [IoHATHE concept MOXHO MPENCTABUTH MaTeMaTHICCKH
B BUJIC OJTHOTO JIeMeHTa (haKTa MM B BUJC COBOKYITHOCTH HECKOJIEKUX JIIEMCHTOB (paKTa:

V- cyernoe

concept = z {elj }j:l

Kaxmoe monsTHe concept WMeeT YHU(PHUIMPOBAHHYIO W HOPMAITH30BAHHYIO (DOPMBEI,
nojtydaeMble GYHKIUAMYA YHUPHUKAIIMYA ¥ HOPMAJTU3AIIUH:

Unif : concept — concept™ — dyHkuus yHUpUKaIyy,

Norm : concept — concept” — hyHKIUS HOPMATH3ALNH,
rae concept” — yaudunupoBanHas Gopma IOHSTHS;

concept” — HopManM30BaHHAS (OPMA MOHATHS.

Cwmbicn mpemoxkenuss (pakra MF  BbIpaXkaeTcsi 4epe3 €ro NpeanKaTHO-aKTaHTHYIO
CTPYKTYpY (CHCTEMY 3IEMEHTAPHBIX CMBICTIOBBIX TPHAN):
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MF ={PSO,,PSO0,,...,PSO,} ,

TAC ¢ — KOJIMYCCTBO DJICMCHTAPHBIX CMBIC/IOBBIX TpHUad B IPECIJIOKECHNUU.
OneMeHTapHas CMBICTIOBas TpUaaa MPEACTABISIETCS B BUIE KOpTexka CyOpekTa S , mpe-
nukara P u oobekra O :

PSO=S,P,0,

rae P — CMBICIIOBas CBSI3b MEXK/Y CyObEeKTOM M 00bEKTOM (TIPEAMKar);

S — TITaBHOE CIIOBO WJIM CIIOBOCOYETAHUE DIEMEHTAPHOTO BBHICKA3BIBAHUS (CYOBEKT);

O — 3aBHCUMOE CJIOBO MJIM CJIOBOCOUYETAHHE 3JIEMEHTAPHOTO BEICKA3bIBAHHS (0OBEKT).
[Monnoe onwmcanme dakra [5] mpencraBnsieTcs B BHIE COBOKYITHOCTH HPEIUKATHO-

AKTaHTHBIX CTPYKTYp MpeAIoKeHuil akra:

V— cuetHOC

v=1

FullFact = z {ME} ,FullFact € Fact .

5. NPOLUHECC U3BJEYEHUA
HAYYHO-TEXHUYECKUX ®AKTOB HA OCHOBE
CUHTAKCUYECKOH MOJEJIA TEKCTA

Peanu3oBaHHass CHHTAaKCHUECKas MOJEIb TEKCTa HA OCHOBE CHUCTEMBI O0OOIIECHHBIX
CHHTAarM, KOTOpPBIE BBIPAXKAIOT ()OPMY E€IMHHUITBI CMBICTIA U COCTOST U3 COUETAHUS CHMBO-
JIOB 00OOIICHHBIX TPAMMAaTHYECKHUX KJIACCOB CJIOB, BXOISIINX B COCTAB CIIOBOCOUYCTAHUI
STaJOHHOTO CJIOBApSsl, MO3BOJISIET aHATU3UPOBATh €r0 CTPYKTYPY, U3BJIEKAaTh MOHSTUHHBIN
COCTaB W ONPEIENIATh CMBICIIOBbIE OTHOIIEHHUS. DTa MOAENbh TaKKe IMOMOTaeT M3BJICKaTh
KITIOUEBbIe CHHTAKCHYECKHE KOHCTPYKIMH TPEINIOKCHUS M KIACCH(PHUIUPOBATh UX dIIe-
MEHTHI. 3HAYMMbIC UMCHOBAHHEIC CYIITHOCTH PETUCTPUPYIOTCS U 00padaThIBalOTCS B COOT-
BETCTBHH C MX CHHTAKCHUECKOHN POJIbIO. 3aTeM 3TH JIEMEHTHI YHHU(PHIIUPYIOTCS B COOTBET-
CTBUU C TPEOOBAHUSIMHU CUCTEMBI.

AJTOPUTM aBTOMAaTHYECKOTO BEISIBICHHS U (pOpMaIH3annu (PakToOB B TEKCTAX:

[ar 1. Pa3genuTh UCXOMHBIA TEKCT HA TPEATIOKEHUS U BBITOTHUTH MOP(OIOTHIECKIHA
aHaJn3 MPEeIOKEHU.

Iar 2. OnpenenuTh UMEHHBIE U TJATOJbHBIE CIIOBOCOYETAHUS M YCTAaHOBUTH HX
CHUHTAaKCUYECKYIO pOJIb B TNPEIVIOKEHUU IMPH IOMOLIM YNPOIIEHHOIO CEMAHTUKO-
CHHTaKCHUYECKOTO aHAJIN3a.

Iar 3. CocTaBUTh YaCTOTHBINA CIOBaph CIOB U CIIOBOCOYETAHUH, ONpPEAETUTh KaKue
W3 3THUX CJIOB U CJIOBOCOUYETAHUN SIBJISIOTCS 3HAYMMBIMH JUISI JAHHOTO TEKCTA.

[ar 4. ITpucBONTH YHUKATHHBIE HACHTU(PUKATOPHI KAKIOMY CIIOBOCOYECTAHUIO COTIIAC-
HO CJIOBapl0 YHH(DUITMPOBAHHBIX (POPMATH30BAHHEIX MPEICTABICHU HAUMCHOBAHUH TI0-
usatuil (YOITHII) u conocTaBuTh MxX UcxoaHble GOpMBI ¢ YHUPHIUPOBAHHBEIMU (hOpMaMH
MpeNCTaBIeHIs, YKa3aB BCe UX MECTOIOJIOXKEHHSI B TeKCTE (HOMepa MPeIoKEeHU ).

[ar 5. Onpenenuts HOMepa MPEIIOKEHAN, COEPKAMUX 3HAYNMEBIE CII0BA H CIIOBOCO-
YeTaHUs, UCIONB3Ys CIOBaph yKazarenel cesseit mpemnoxenuit (Y CII).
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[lar 6. OnpeaenuTh CBA3M MEXIY NPEIUIOKSHNUSIMH, COACPKAIIMMH KITIOYEBbIE MOHSTHS,
U MX OKPY)XCHHEM. YCTAaHOBUTbH I'PaHMIIbI ONHCAHUs (DAKTOB B TEKCTE, UCIOJIB3YS pa3MeT-
Ky TEKCTa IO YKa3areJsiM CMBICIOBBIX CBsi3el M OOOOLIEHHBIM HAUMEHOBAHHSM IIOHSTHIL.

lar 7. TIpucBOUTH KaXJOMy TEKCTOBOMY OMHCaHHIO (PaKTOB HIICHTU(PHUKAIMOHHBIN
HOMEp, COAEPKALIUH ITOPSAKOBBIH HOMEP COOBITHS, KO U TUII JOKYMEHTA.

[Har 8. OnpenenuTs IIaBHBIE M BTOPOCTENEHHBIE WICHBI IIPEUIOKEHHS, TPAHUIIBI CII0-
BOCOYETaHHH, IOCTPOUTH JEPEBO 3aBIHCUMOCTEH Tpeaioxkenus, moctpouts [TAC u cdop-
MHPOBATh «CKEJIET» MPETIOKEHNUS, NCTIONb3Ys HH(POPMAIINIO, IOIyYSHHYIO Ha Imare 2.

ar 9. Onpenenuts 0000IIEHHYIO CHHTarMy W IOCTPOUTH (POPMAIM30BAHHOE NpeE.-
CTaBJICHUS JJIs1 KaXKJIOTO CIIOBOCOYETAaHNSI.

ar 10. CooTHecTH MOIy4YEeHHBIE METOAOM KOHIIENTYaJIbHOTO aHAJIN3a CIOBOCOYETa-
HUSI CO CJIOBOCOUYETAHHSIMH, MOTYUYSHHBIMH ITyTEM CHHTAKCHYECKOTO aHaJIH3a.

lar 11. ITpousBecTn HOPMATU3ALHIO.

lar 12. PacuiieHuTh ONMMcaHne KaxJa0ro pakra Ha COCTaBHBIE IEMEHTHI — popMau-
30BaHHOE IpescTapieHne aneMeHToB [TAC, «ckenery) npeanoKeHus ¢ ykazaHueM HOMEPOB
CJIOBOCOYETAHHI B 3TaJJOHHOM KOHIIeNTyalbHOM cioBape (DKC).

IIar 13. BeimonHUTh TeHEpanmuio (OpMaM30BaHHBIX TPEACTABICHUN MPEITOKESHUI
¢axra B 006001IeHHOE (hOpPMATN30BAHHOE MIPEACTABICHNE €T0 CMBICIIOBOI CTPYKTYPEI.

[ar 14. IIpomsBecTn npeodpa3zoBaHre 00OOIMIEHHOTO (POPMATH30BAHHOTO TIPENICTAB-
JICHUS B €r0 MalINHHYIO (GopMmy.

OCHOBHBIM OTJIMYHEM IIPEATaraéMoil MOJIEJIN OT CYIIECTBYIOUIMX 3aKIIIOYAETCsl B TOM,
YTO B paMKax 3TOH MOJICITH CMBICIIOBOE IIPEICTABIICHIE TEKCTA BBIpAXKaeTCs B BUJC Uepap-
XMW CHHTAKCUUECKMX KOHCTPYKLUH €IMHHI] CMBICIIA.

OmnucaHusi KOHKPETHBIX (PaKTOB B TEKCTE MOTYT OTOOpaXKaTbCsi €ro KOHTAKTHO pac-
TIOJIOKEHHOM ITOCIIEIOBATENbHOCTBIO MPEAJIOKEHUH, CBI3aHHBIX MEX()Pa3oBBIMH CBS3S-
MH [6]. PaccMoTpiM B KauecTBe TaKOro MpHMepa TEKCT, IPeACTaBIeHHBIN B Tabmure 1.

Tabonuma 1

@parMeHT TeKCTa

Cmpameeuyeckuii 6ombapouposwux “B -527 6onee nonyeéexa cmoum Ha 800pyIceHUU
BBC CLIA. B nacmosuee spems npooasica 3a npedenamu CILIA 6ounea “B-527 3anpewjena,
Max Kaxk e2o Jemuvle Xapakmepucmuku MHO2OKPAMHO NPesocxo0sim 3apybedichvle anaiocu.
Camonemvr bombapouposuuxu “b-52 oviiu eeedenvt 6 cmpoii ¢ 1955 200a. Bcezo 6vino
nocmpoeno 728 bombapouposujukos. Ilo npoexmy Kajxicowlli u3 dmMux camoiemos necem
Ha 6bopmy 00 51 edunuyvl boenpunacos.

Pa3z00beM MCXOAHBIN TEKCT Ha MPEATIOKEHUS U IPUCBOMM KaXKIOMY MIEHTH(HUKALIMOH-
HBII MHJEKC, COCTOSIIUIA U3 MOPSIIKOBOrO HoMepa COOBITHS, HOMEpa MpEIUIOKEHHS B HEM,
HCTOYHMKA MH(POPMALIUK U 1aThl IyOnuKkauuu (cMm. Tadm. 2).
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TabGuuua 2
IMepeHymepoBaHHbIE MPEIIOKEHHUS ¢ MACHTU(PUKANMOHHBIMH HHIEKCAMHU

1. Cmpameeuuecxuii 6ombapouposwux “B-52" 6onee nonysexa cmoum na soopyoicenuu BBC
CLIA. — 458496 1

2. B nacmosawee epems npodasca 3a npederamu CIIA 6ounea “B-527 3anpewena, max
KaK e2o Jemmuvie Xapakmepucmurku MHO2OKPAMHO NPEeGOCX00sm 3apyOedcHble AHAI02U. —
458496 _2

3. Camonemvr 6ombapouposwuxu “b-52" ovinu 6sedenvt ¢ cmpoii ¢ 1955 eooa. — 458496 _3

R

Bcezo bvino nocmpoerno 728 bombapouposujuxos. — 458496_4

5. Ilo npoexmy Kkadxcowili u3 3mux camonenmos Hecem Ha 6opmy 00 51 eounuyvl doenpuna-
coe. —458496_5

B npuBenenHom ¢parmenTe TekcTa Mex(pazoBasi CBI3b MEXAy npeaiokennem Ne 4
u mpemoxeHneM Ne 5 o0ycioBieHa MECTOMMEHHON aHa(opoil «ux Imuxy, CBSI3b MEXK-
ny npemnoxkeHustMa Ne 1, Ne 2 Ne 3 u Ne 4 00ycnoBiIeHa CHHOHIMHUYHBIMA KOHCTPYKIIH-
avMu «Cmpamezuueckuit 6omoapouposuwux — camonem oomoéapouposusuxy. Hamuune
Me>1<¢)pa3031>1x CBS3CH SABISACTCS HCOGXOI[I/IMI)IM YCJIOBUEM BBICIICHUS OINMMCAaHUA KOHKPCT-
Horo (akTa B Tekcte [7]. JloNONHUTENBHBIM yCIOBHEM, ITPEAOCTABICHHBIM B TabauLe 3,
SIBIISIETCSI CMBICIIOBAS! CBS3b (POJOBHUIOBBIC 1 CHHOHIMHUYHBIE OTHOIICHHS) MEXIy YacThIO
HaVMEHOBAaHUI TMOHATHH 3TOro ()parMeHTa, HaXOMAIIMMHCS B Pa3HBIX NPEAJIOKCHHAX
(B ckoOKax yKa3aHbI HOMEpa MPEIIOKEHNUI).

Tabnuna 3

CMbIC/I0Basi CBSI3b MEKAY YACTHI0 HAaMMEHOBaHUI
MOHATHIT ()parMeHTa, HAXOASAIIHUXCS B PA3HBIX MPeEII0KEHUAX

cmpamezuyeckuti 6omoapouposuux “B -527 (Ne 1) — camonemsr bombapouposwuxu “b-52"
(Ne 3) — bombapouposwuros (Ne 4)

cmpamezuyeckuti 6bombapouposwux “B -527 (Ne 1) — bounea “B-527 (Ne 2) — camonemvl
bombapouposwuxu “b-527 (N 3)

B pamkax pa3paboTaHHOW CHHTAKCHYECKOH MOIEIN BO3MOXKHO OCYIIECTBHTH aBTOMa-
THYECKOE TPeoOpa30BaHNE UCXOMHOTO TEKCTA B €0 (DOPMaIN30BAHHYIO CHHTAKCHIECKYIO
CTPYKTYpY, aHAJIOTHYHOE TPUBEICHHO BHIIIE CTPYyKType. B mporecce Takoro mpeobpaso-
BaHUs IS MOJYYCHUs YHH(PHUIMPOBAHHOTO MpencTaBieHus 3nemeHToB [TAC Heobxomu-
MO JIOTIOJTHUTEJIFHO BBITIOIHUTH HOPMAJIM3aLHUIo (OpM CIIOB HAMMEHOBaHUH MMOHATHH U UX
yauukanuio mo ciosapro YOITHII. Pesynbrar Takoii onepanuu npuseneH B Tabnuie 4.

Tabauna 4

Yuuduuuposannsie popmMbl MpeacTaBIeHUs] HANMEHOBAHUI MOHATHIH

HaumeHnoBaHue noHsITHS Yuuduuuposannas ¢popma npeacraBjieHus
CTpaTerndeckuii 6oMOapANPOBIINK camoJeT
OOUHT camoJieT
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HaumenoBaHue NOHSITHSA Yuuduuuposannas ¢popma npeacraBiieHust
BBC CIIIA BOMCKO
Ooenpumnacel opyxKHe
BOOPYKEHHE opyxue
CIIOA CTpaHa

B Tabnuie 5 ykaspiBaeTcs MACHTH(GHUKATOP (pakTa M MPUBOIAUTCS €r0 HUCXOMHAS TEK-
crtoBasi (hopma, ykasbiBaercsi coctaB [IAC (B MHEMOHHKE TPaMMaTHYECKUX KIIACCOB CIIOB),
YHU(DUIMPOBAHHBIA «CKeJIeT», HACHTH(MHUKATOP (haKkTa, HOMEpP NPEAIOKEHUS; IPUBOAUT-
cs1 popmammzoBanHoe npencrasienue [TAC npemioxxeHns B COKpalieHHoi hopme B BHIE
CHMBOJIOB O0OOIICHHBIX CHHTArM U B BUE YHU(UIIMPOBAHHBIX (opM I1aBHEIX cioB [TAC;
npuBonuTCes (popMann3zoBaHHOE MpezcTaBiaeHus «ckeneray (SkIRus) nmpennoxennit akra
(B COKpAILICHHOM BH/JI€ — TOJIBKO IVIaBHBIE CJIOBA, B TIOJTHOM BHJIE 3TH JIEMEHTHI IIpeJICTaBIIe-
HBI HOMepaMu deMeHToB cioBapst DKC); nmpuBoanTcs GpopMaIn3oBaHHOE IPECTaBICHUC
npeioxennii (SenRus) B BUJie OCIe10BaTENbHOCTH HOPMAIBHBIX CIIOB ITPEATIOKEHUs [7].

Tab6uuna 5

Pe3ynbTaThl CEMAaHTHKO-CHHTAKCHYECKOT0 M KOHIIENTYAJbHOT0 aHAJIU3A
npeaioxkeHuii onucanus ¢pakra, npuBeJeHHOro B tTadauue 1

Hcxoanoe npensoxenne Ne 1

Cmpamezuueckuti 6ombapouposuux “B -52" 6onee nonyeexa cmoum na eoopyscenuu BBC CLLA.

Dopmanuszosannoe onucanue imemenmos INAC npeonoscenus
PSO={V, N, N}={cmosamb,; bombapouposuux, soopydicerue;}
Dopmanuzosannoe npeocmasgnenue 3nemenmos INAC npeonosrcenuii

Predicate (P) 1A = cmosme #1A=cmosmo

Subject (S) FA = 6ombapouposwux #FA=60mbapouposuux
Object (0) EK = soopyacenue #EK=eoopysicenue
®Dopmanuszoeannoe npeocmasnenusn INAC npeonoscenuii (PSORus)

PSO=nAFAEK= cmoamv; 6ombapouposuux; eoopyaicenue # 1AFAEK

Dopmanuzosannoe npedcmasnenusn «ckenemay npeonoxycenuil (SkiRus)
N»N»NVEN=FAs»@A9IAn» YAnAvtAEKo Av A=6ombapouposwux  “B -52” nonyeex cmosmp
na soopyoicenue BBC CILIIA

Dopmanuzosannoe npedcmasnenus npeonodxcenuii (SenRus)
PiFAw»@A9IA»»cAYARAvAE Ko AvA=cmpameauyeckuii  Gombapouposwux ‘B -52”  6onee
nonysex cmosmu Ha eoopyscerue BBC CLLIA

Hcxoanoe npensnoxenne Ne 2

B nacmoawee epems npooasica 3a npedenamu CILLA 6ounca “B-52" 3anpewjena, max kax e2o
JlemHble XapaKmepucmuku MHO2OKPAMHO NPeOCX00Am 3apydexcHble AHANI02U.

Dopmanuzosannoe onucanue rnemenmos ILAC npeonoscenusn
PSO={N, N, V, N, V, N}={npooadica; boure, 3anpeujen,; Xxapaxmepucmura, npesocxooum, anaioe}

Dopmanuzoeannoe npeocmaenenue rnemenmos ILAC npeonoxncenuit

aA =3anpewen # aA =3anpewen

Predicate (P,
redicate (P) IOp =npeeocxooum # IOp = npesocxooum
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Subject (S) uB = npooasica #uB =npoodadica
vB = xapakxmepucmuxa # vB = xapaxmepucmuxa
FA = 6oune # FA =6oune
Object (O,
ject (0) FA = ananoe # FA =ananoe

Dopmanuzosannoe npeocmaenenusn IIAC npeonorycenuit (PSORus)
PSO_1=uBFAaA = npooadica; 6oune; 3anpewen # uBFAaA
PSO_2=vBIOpFA =xapaxmepucmuxa, npesocxooum, ananroc# vBIOpFA

Dopmanuzosannoe npedcmasnenusn «ckenemay npeonoxycenuil (SkiRus)
FNNFN»yN»K, NVN =iATmvHRWbTKxal,, ATexncA= 6 epems npooadica 3a npeden OOune
3anpeujen, Xapakmepucmuka npesocxo0ums aHai02

Dopmanuzoseannoe npedcmasnenus npeonodxcenuii (SenRus)
otAITiIHmuBvAACbAFA»»9AnnaA,, cAcAaAHTvBcARAHTFA= ¢_nacmosawuii_epems
_npooasica_3a_npedenam_CILIA boune »B-2» 3anpewjen, max Kax_e2o_JemHblll

_ XApakmepucmuka_mMHO20KPAmMHO_Nnpesocxoounms_3apy0excuulii_ananoe

Hcxoanoe npenioxenne Ne 3

Camonemut 6ombapouposwuxu “bB-52 6viau esedenvi 6 cmpoii ¢ 1955 2ooa.

Dopmanuzosannoe onucanue nemenmos ILAC npeonoxncenusn

PSO={V; N, N}={sseoen,; camonem,; cmpoii}

Dopmanuzosannoe npeocmaenenue remenmos ILAC npeonoxncenuit

Predicate (P) aAd = eseoden # aAd =eseden

Subject (S) AA = camonem # AA =camonem

Object (0) Dx = cmpoui #Dx=cmpoti

Dopmanuzosannoe npeocmaenenusn IIAC npeonorycenuii (PSORus)

PSO= aAAADx= gseden,; camonem; cmpou # aAAADx

Dopmanuzosannoe npedcmasienus «ckenema» npeonoxycenuii (SkiRus)
N»NyLKFNFN = eWwy@A9IA»» AAaAtADxuA9= camonem “b-52 ovin 66eden 6 cmpoti ¢ 1955 200
Dopmanuzosannoe npeocmasnenusn npeonoxcenuil (SenRus)

AAFA»9IAmn AAaAoiADxuiA9IAHA=camonem_oombapouposuux_“b-52" Ovin_eseden
6 _cmpotl_c_1955 200

Hcxoanoe npensoxenne Ne 4

Bcezo 6bi10 nocmpoeno 728 6omoapouposuyukos.

Dopmanuzogannoe onucanue nemenmog IIAC npeonoscenusn
PO={V, N}={nocmpoen, 6ombapouposujux;}

Dopmanuzosannoe npeocmasnenue 3nemenmos INAC npeonosrcenuii

Predicate (P) aA = nocmpoen #aA=nocmpoen
Subject (S) FA = bombapouposwux # FA =6ombapouposujux
Dopmanuzosannoe npeocmasnenun I1AC npeonoscenuit (PSORus)

PO=aAFA = nocmpoen; camonem # aAFA

Dopmanuzoeannoe npedcmasnenus «ckeinemay npeonoxycenuil (SkiRus)

LKN = 6b11_nocmpoen_6omoapouposujux

Dopmanuzoseannoe npedcmasnenus npeonodxcenuii (SenRus)

UMAAaAIAFA = 6ceco bvin_nocmpoen 728 6ombapouposuux

Hcxoonoe npeonoxcenue Ne 5

I1o npoexmy kaxcovlil u3 >Mux camonemos Hecem na Gopmy 0o 51 edunuyvl 6oenpunacos.
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Dopmanuzogannoe onucanue nemenmog IIAC npeonoscenusn

PSO={V, N, N}={necem, camonem, boenpunac)

Dopmanuszosannoe npeocmasnenue 3nemenmos INAC npeonoscenuii
Predicate (P) BY = necem # bY =necem

Subject (S) AA = camonem # AA =camonem

Object (0) AA = 6oenpunac # AA = 6oenpunac
Dopmanuzosannoe npeocmaenenusn IIAC npeonosncenuit (PSORus)

PSO = bYAAAA = necem, camonem; 6oenpunac #b¥YAAAA
Dopmanuzosannoe npedcmasnenusn «ckenemay npeonoxycenuil (SkiRus)
FN FN VFENFN=no_npoexm_u3 smom_Hecmu_Ha_6opm_00 51 edunuy
Dopmanuzosannoe npeocmasnenusn npeonoxcenuil (SenRus)
XAAAHTPADPAAADYotAHAPAIABBAA =no_npoexm_Kkaxicowiil_u3 dmom_camonem
_Hecem_Ha_6opm_0o_51 edunuya_6oenpunac

Pesynsrarom paboThl anropuTMa SBIsIETCS (HOPMATN30BAHHOE IPEACTABICHUE IPE-
JIOXKEHNH, 0000IIatoIee CMBICIIOBOE COAepKaHus (akToilornueckoid nHpopmanuu. s
TeHepanuu (OPMATN30BaHHOTO MPEACTABICHUS 0000IIEHHOTO CMBICIIOBOTO COACPIKAHUS
(akTa BHIICILUINCH YHU(PHUIMPOBAHHEIC TpencTaBieHus 3MeMeHToB [TAC mpemmoxeHu .
Pesynprarel Takoro mpeicTaBICHUS MPUBEACHEI B Ta0muIe 6 B BUIE (HOPMAaIH30BAaHHOTO
Y WHACKCHOTO npencTapieHus 31eMeHToB [TAC dakra. Kaxnmeiid anement I[TAC conposo-
JKJTACTCS €T0 BECOBBIM K03 (DUIIEHTOM, HHIEKCOM CHHTAKCHUSCKON POJIM, HOMEPOM CJIO-
Bocoueranus B ciioBape DKC U yHHKATBHBIM HICHTU()UKATOPOM (haKTa.

Tabnuna 6. @opmanu3oBaHHOE U HHICKCHOE mpencTaBieHue smeMeHToB [TAC dakra
texcta Ne 387473, B 9THX mpeACTaBICHUSIX HOMEP COOBITHS ObLII 3aMEHEH Ha €r0 YHUKAJb-
HbI uaeHTHGUKanHOHHBIH HoMep (ID=008154)

dopmauzoBaHHOe npeacTasiieHue dieMeHToB [TAC pakra

PSO={V; N, N}->

P={cmoamv_064_065785, 3anpewgen_ 049 087631, npesocxooum_ 057 075324,

6geden_047 087631, nocmpoen_049 098713, necem 058 075692},
S={6ombapouposwux_025 034758, npooasca_ 039 062584, xapakmepucmurxa_039 07234,
camonem_029 046273}, O={soopyscenue 038 086759, ananoz 020 015638,
cmpoii_029 063348}

HupexcHoe npeacrabienue 3a1emenToB ITAC daxra

crosatb_{064 065785 P 008154}, 3anpemien_ {049 087631 P 008154},
npeBocxomut {057 075324 P 008154}, seenen {047 087631 P 008154},
noctpoer_{049 098713 P 008154}, necer {058 075692 P 008154},
6ombapaupoinnk_ {025 034758 S 008154}, npomaxka {039 062584 S 008154},
xapakrepuctuka {039 07234 S 008154}, camoner {029 046273 S 008154},
Boopyxkernue {038 086759 O 008154}, ananor {020 015638 O 008154}, cTpoii
{029 063348 P_008154}
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Takum 00pa3oM, Kak BUIHO M3 TAOIUIIBI 5 U TaONUIBI 6, OCHOBHAS 33aa4a popmau3a-
WU CMBICJIOBOI'O MPEACTABICHUS ONMMCAHUA (baKTa 3aKJII04YaCTCs B r€HECpallii COBOKYITHO-
¢ty yHuQuIpoBaHHbIX mpeacTasieHuii [TAC. [TonydeHHas COBOKYITHOCTb (popMann3oBaH-
HeIx npenacrasienuit [IAC, «ckeneray U MPEIIOKEHHUS MO3BOJISIET HE TONBKO 00CCIIEUUTh
BO3MO)KHOCTH TTOHCKA TI0 JTFOOOMY 3JIEMEHTY UX (hOPMAaTM30BAHHOTO OMMCAHH, HO U 00e-
CTIEYMBAET BO3MOXKHOCTP ITOCIIEIOBATEFHOTO IEPEX0Ja OT KaKJOTO HIDKECTOAIIETO die-
MeHTa (OPMAaITH30BAHHOTO ONFCAHUS K BBIIIECTOSAIIEMY, a TaK)K€ BOZMOKHOCTH TIepexofia
B oOpaTtHOM mopsiake. Takoe IpencTaBlIeHHE CMBICHA MPEUIOKCHUI 00eCTIeunBaeT peau-
3aIMI0 BCETO CIICKTPa CEMAaHTUIECKUX OTIEPAIiil HaJl CMBICTIOBBIM COZIepKaHHueM (akra.

[MonyyerHoe GopMaNTH30BaHHOE MPENCTaBICHIE 0000IIEHHOTO CMBICIIOBOTO CONEpIKa-
HUs (haKTa MO3BOJSACT MPOU3BOJUTH MOUCK U COMOCTABICHHUC WICHTHYHBIX WM ONU3KHX
0 CMBICIIOBOMY COJICPIKaHUIO (PaKTOB, a TAKKE 00ECIIEYNBACT BO3MOKHOCTh UX KJIaCCH-
(uKaIMK M0 Pa3IMYHBIM OCHOBAHMSM: IO WX COACPIKAHUIO, TI0 UMCHAM CYOBEKTOB WIJIH
00bEKTOB (DaKTOB MJIM 10 TOHAJILHOCTH OTHOIICHUI MEXIy HUMH U JIp.

6. SAK/IIOYEHUE

B crarbe onmcaHo perieHue 3a1auu aBTOMaTHYECKOTO M3BIICYCHUs (JaKTOB U3 HAy4YHO-
TCXHOJIOTHYCCKUX AOOKYMCHTOB Ha OCHOBE METOAOB HUX CEMAHTUKO-CHMHTAKCHYCCKOI'O
1 KOHIICNTYaJIbHOTO aHAJIN3a.

[pencraBneHHas MOIENb alrOpUTMa aBTOMATHYECKOTO M3BICYEHHUsS (DaKTOB peraeT
mpobaeMy (opMaTU3aiy U YHU(PHUKAINK CMBICIIOBOTO coAepkaHus ¢akToB. Pesymbrara-
MH pabOTBI 3TOTO AJTOPUTMA SIBISETCS NPEICTABICHHE CMBICIOBOH CTPYKTYpHI (haKTOB,
MOJyYSHHBIX M3 UCXOIHBIX KOPIIYCOB TEKCTa, B BUJE COBOKYMHOCTH (HOPMATM30BaHHBIX
npeacrasnennii ITAC, obecnednBalomux BO3MOKHOCTD ITOMCKA MO JIIOOOMY 3JIEMEHTY HX
(hopMaM30BaHHOTO ONMCAHMS. TaKoe peCcTaBICHHE CMBICIIA ITPEATIOKEHNH o0ecrieunBa-
€T peaM3alHIo0 BCEro CIEKTPa CEMaHTHYECKHUX OIEPAllii Ha/l CMBICIOBBIM COZlEpKaHUEM
(axTa, B TOM 4ucie KIacCU(UKAIUK U COMOCTABICHHUS, YTO J1a€T BO3MOXXHOCTB BBIIIOJN-
HSTh IPOBEPKY KOPPEKTHOCTH M3BJICUEHHOH NMH(DOPMAIHH.
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B cratbe mpemnaraercs MeToj ynajeHus TeHeH Ha (ororpadusx INpH ITOMOILH
METO/IOB TIyOoKoro oOyueHus. IIpeisioKEeHHBI METOJ| COCTOMT W3 HECKOJIBKHX
9TaNoB: pa3feieHne H300paKeHWs Ha MNPSMOYTOJbHBIE (PAarMEeHThl pa3MepoM
32x32 nukcens, TOKaIu3auus TeHeH Ha KaKIoM (parMeHTe, BOCCTAHOBIICHUE IIBETA
3aTCHEHHBIX 00BEKTOB U 00paTHOE 0OBEIMHEHUE (PPArMEHTOB B 11€710€ H300paKeHHE.
Jlokanuzanus TeHel paccMaTpuBaeTCs KakK 3a/aya CEMaHTHYECKOH CerMeHTalluu,
JUISL ee peleHus pa3paboTaHa M 00yueHa HEHPOHHAS CETh APXUTEKTYPHI «IHKOJEp-
nekonep». s BoccTaHOBNICHHMsI 11BeTa OOBEKTOB HA BBISBICHHBIX 3aTCHEHHBIX
y4acTKax MCIIONB3YeTCs ellle 0/[HAa HeHpPOHHas ceTh Ha 0CHOBE apxuTekTypsl CDNet.
[IpuBoxsiTcss mpuMepsl 00pabOTKM HM300paKCHUH C I[OMOIIBIO pa3paboTaHHOrOo
METO/Ia, B TOM YHCIE H300paXeHHH ¢ OECIMIIOTHOTO JIETATEJIBHOrO arrapara,
MIPOJIEMOHCTPHUPOBAHO BEICOKOE KAU4eCTBO BOCCTAHOBIICHUS 3aTCHEHHBIX 001acTeil.

Knrwuesvie cnosa: wmammHHOE 3peHHe, TiayOokoe oOyueHue, o0paboTka
N300pakeHNH, CBEPTOUHBIE HEHPOHHBIE CETH, JIOKANN3alus TCHEH, ceMaHTHIecKas
CerMeHTaIus;.
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1. BBEJIEHUE

B coBpemeHHOM Mupe Bce 0ojee MMPOKOE PaclpOCTPaHEHHE MONyYaroT Pa3iIHIHbIC
OecnMIIOTHBIE JIeTaTelbHbIe annaparsl. [lodydyaemple ¢ HUX JaHHBIE MOTYT OBITH HCIIOJb-
30BaHBI JUIsl PELICHHs CAMBIX pa3HbIX 3aj1a4, OHAKO ITU JaHHbBIE ITOJBEPKEHBI OBICTPOMY
yCTap€BaHUIO NU3-3a UBMCHCHUSA YTJIa MAACHUA COJTHCYHBIX queﬁ 1 BapbUpPOBaHUA LIBETO-
BOM Temneparypsl. Eciii n3MeHeHne LIBETOBOM TeMIIepaTypbl HE SBJISETCS 3HAUUMOM Ipo-
611eMOH, Tak KaKk MOXET OBITh HMBEJINPOBAHO IPH IIOMOIIM CTaHAAPTHBIX METOIOB 00pa-
00TKM M300paXKeHUsI, TO U3MEHEHHUE yIIa TTaJICHUS CONMHEYHBIX JIy4el MOXKET CYIIECTBEHHO
MTOBITUSATH HAa Ka9eCTBO pelIeHus 3a1adu [4]. DTo cBA3aHO C TeM, YTO IPHU U3MEHEHHH OC-
BEIIEHNS TaKXKE MEHIETCS HACHIICHHOCTH U (popMa TeHEH, YTO CHIKAET TOUHOCTH PAOOTHI
MHOTHX JITOPUTMOB OOHapy>KeHHUs] 00BEKTOB, @ TAKXKE MPEISTCTBYET PaboTe HEKOTOPHIX
aITOPUTMOB BbIJICIICHUS TPAHUILL.

2. IOCTAHOBKA U METO/l PEIIEHUSA 3ATAYHN

B naHHOI1 cTaThe paccMOTpPEH aJITOPUTM YCTPAHEHUs TEHEH, UCIIONb3YIOUIUI B Kaye-
CTBE BXOJHBIX JaHHBIX H300paxeHus B opmare RGB, crtocoOHBIH T0KaIN30BaTh 3aTCHEH-
HBIE 00JIACTH M YCTPAaHUTh WIM MHHUMHU3UPOBATH 3P (EKT 3aTeHEHMSI.

AJTOPUTM MOXKHO pa30OWTh Ha JIBA OCHOBHBIX IIIara: JOKaJIU3alysl TeHel U yaajeHue
TeHell. YianeHne TeHel COCTOMT B BOCCTAHOBJICHHH HCXOMHOW ITBETOBOM HMH(MOpMAIHN
Ha 3aTe€HEeHHBIX yyacTkax. O0a 3T 1mara MOTyT OBITh BBIIIOJIHEHBI ITPH MTOMOIIN CBEPTOU-
HBIX HEHPOHHBIX CETeH.

U3z-3a Gonbiioro oO0béMa JaHHBIX, KOTOPBIE COAEPKAT HM300pa)kEHHs, MOTY4YCHHBIC
C COBPEMEHHBIX KaMep, U BBIUHCIUTEIBLHON CIIOKHOCTH CBEPTOYHBIX HEMPOHHBIX CETEM,
00paboTka M300pakeHHH BBICOKOTO pa3peIieHMs] B HCXOAHOM BHJE CTAHOBHTCS UPE3BBI-
YallHO pecypco3aTpaTHOH 3a/a4del, a Tak)Ke CyIIECTBEHHO OIPaHUYUBAET CIIUCOK CHUCTEM,
Ha KOTOPBIX BO3MO)KHO IIPUMEHEHHEe UTOroBoi Mozenu. CyInecTByeT Ba MOAX0/a pelie-
HUS TaHHOU TpOOIEeMBI: pa3NenuTh H300pakeHne Ha YacTH (IUTUTKH, KTAHIbDy) MEHBIIIETO
pa3mepa (IPUMEHHUTD TAWINHT) OO0 MPOW3BECTH MacIITabupoBaHue m3odpaxeHms. Ooa
MIOIX0/]a UMEIOT CBOM IUIIOCHI M MUHYCHI, KOTOPbIE HAaKJIa/(bIBAIOT OTPaHHYECHUS Ha CIIEKTP
3a4a4, B KOTOPBIX OHU ITPUMEHAIOTCA.

[Ipu npumMeHeHnN MacIITabUPOBaHUS COXPAHIETCS TeOMeTpHs 00BEKTOB Ha H300paske-
HUH, HO TIPU 3TOM TepsieTcsl yacTh MH(opMaru (MOTYT OBITh YTEPSHBI MEIIKHE ETaIH
1 MCKa)KEHBI MIEPEXO/THBIE [[BETA), YTO CHI)KAET TOYHOCTD JIOKAJM3ALUH TCHEH.

B cBoto ouepenp, IPUMEHEHUE TalIMHTA HE IPUBOAMT K IIOTEPE IPOCTPAHCTBEHHOM UH-
(opmanuy, HO HEYJauHBII BHIOOP pa3Mepa ITMTKH MOXKET IIPUBECTH K TOMY, UYTO KasKAbIH
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OT/IENBHBINA Taia He OyJeT colaepkarh J0CTAaTOYHOE KOJIMYECTBO NMPH3HAKOB JUIS BBISBIIC-
HUSI TPAHUIL] TEHEH, YTO MOXKET 3HAYMTEIIbHO IIOHU3UTh UTOTOBOE Ka4eCTBO pabOThI MOJIEIH,
HalleJIeHHOW Ha Kiaccugukaiuioo o0bekToB. [IpoliiemMa CIMIIKOM MaJIoro pa3mepa IUIUTKH
CTOHUT 0COOCHHO OCTPO MPH PabOTe C UCXOAHBIMHU N300PKEHUSIMU BHICOKOTO pa3pelleHus],
YTO aKTyaJIbHO JUI KaJpOB, MOIY4YEHHBIX C COBPEMEHHBIX OCCIMIOTHBIX JIETATEIbHBIX all-
mapatoB. Hammpumep, Ha puc. | moka3zaHo menoe u300pakeHHe 1 ero pparMeHt, He comeprka-
LU TEHEH, HO U HE CoAep KAl NPU3HAKOB, O3BOJIIIOIIMX OHO3HAYHO 3TO ONPEAEIUTD.

Puc. 1. Ilpumep uzobpasicenusn u 00Hou uz naumox 256 x 256 nuxcenet

[Nockonbky B JaHHOH paboTe MepBOOUEPETHYIO POIb UTPAET OOHAPYKEHHUE U YCTpaHe-
HUE TEHEH, YTO SIBISIETCS] MCKRKCHUSIMH 1[BETOBOTO XapakKTepa, ObUIO MPUHSTO pelIeHue
UCIIONB30BaTh TaimuHr. [ oOydeHus cereid Obut B3siT HaOop nanHbix ISTD DATASET,
MpencTaBiIeHHbIN B cTaTbe [1].

3. JOKAJIM3AIIAA TEHENR

3amaua JIOKaIU3aI[Mi TCHEW COCTOMT B OMHAPHOW KiIacCH(UKAIMKM KaXIOTO IMUKCE-
151 n3o0paxkenus (1 — «mnmkcens 3atenén»; 0 — «mmkcenb He 3aTeHEH»). Ha ocHoBe 3TOi
KJIaCCU(HKAIMU BBIYHUCIIAETCS Macka TeHH, KOTOpas sIBJSIETCS] OMHAPHBIM N300pakeHHEM,
TO €CTh COIepXKHUT Tonbko 3HaueHUs 0 u 1 (puc. 2). Takum o6pa3om, MOCTPOCHHUE MACKU
TEHH MO)KHO PacCMaTpHBAaTh KaK 3a7ady CEMaHTHIECKON CErMEHTaIHH.

Puc. 2. Hcxoonoe uzobpadicenue ¢ menvio (ciesa), macka menu (nocepeoure),
HAOJICEHUe MACKU HA U300padceHue (cnpaea)
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ApXHTEKTypa Tpe[ularaeMoil HEHpOHHON CeTH ISl JIOKaJM3alluu TeHel n300pake-
Ha Ha pucyHke 3. OHa npencrasiseT co0ol CBEPTOYHYIO HEHPOHHYIO CETh, COCTOSIIYIO
U3 IByX OCHOBHBIX OJIOKOB — 3HKOJIEpa U AEKOAepa.

DHKOJIEp COAEPKUT 6 CBEPTOUHBIX CIIOEB CBSI3aHHBIX QyHKIMEH akTuBaiun RelLU (x) =
max(0, x), a Taxke BcomorarenbHble cion BatchNorm2d m MaxPool2d, kotopsie Mu-
HUMHU3UPYIOT BHYTPEHHUH KOBApHAHTHBIA CABHT W BBIAEISIOT MAaKCHMAJIbHBIC 3HAYCHHS
B OKHE 33JJaHHOTO pa3Mepa JUTd KayKAO0To KaHaa.

Jexonep cocTouT U3 7 c0eB CBEPTKH C APOOHBIM IIAroM, KOTOPBIE TO3BOJISIOT YBe-
JIMYUTH pa3Mep KaXIOro OTASJBHOIO KaHala 3a CYeT YMEHBIIEHHsS KOJIMYecTBa KaHa-
JIOB, ¥ CJOEB HOpMaim3aiuu. Ha mocieaHeMm cioe mpuMeHsieTcsl (GpyHKIUS aKTUBALUH

o (x) = o YTO rapaHTHPYET MONaJaHue UTOTOBOTO 3HAaYeHNUs B quanasoH [0, 1].
e

Dconve Pconv7

convl

conve Dconvi

61024x4x4 51 2X7X7256x1 2x12

128x17x17

64x22x22
32x26x26

3x32x32  32x32x32 16x30x30 1x32x32
B - 2D convolutiona + activation

I - 2D transposed convolution + activation

Puc. 3. Ceéépmounas Hellponnas cemv, COCMOAWAs U3 IHKOOepa u dekooepa

B kadecTBe (yHKIMHM MOTEpb B 3TOW MOJAENH HCIOJB3YeTCs KaTeropualbHash Kpocc-
SHTPOIHUSA:

exo (s,

1(x,y) _——ZZW og———~ Z Vs

n=l1c=1 i lxnt

II€ X, — BBIXOJHBIE JAHHBIE MOCIEHETO CII0S MOJIENH ¢ CUTMOU/IHON (yHKIMEH aKTHBa-
1A (TEH30P BEPOATHOCTEMN TOTO, YTO i-i MUKCENb ABJISETCS 3aTCHEHHBIM), V, . — UCTHHHAs
pa3MeTka (peanbHble KIacChl IMKCeNIei), w, — Beca KJIacCOoB, II0 YMOJIYaHUIO HHULIUATIU3H-
poBaHHbIe equHUIIaMU, C — KOJIMYECTBO KIaccoB, N — pa3MepHOCTb MUHHU-TIAKETa.

[Tpn momomm ontummzaropa Adam c mapamerpoM ckopoctu oOyuenus /r = 0,0001
OBUTO BBIMOJHEHO 25 3mox o0yueHus momenu. Ha rpaduke Ha puc. 4 oTroOpakeHa 3BO-
oty GyHkiwn morepb U Metpuku DICE. DICE, u3BecTHBIN Takxke Kak k03(Q(UIHCHT
CépenceHa, mpeacTaBisieT co00il KpUTEpHi KadecTBa, MCIONb3YeMbIH B OOJIACTH KOM-
MIBIOTEPHOTO 3PEHUS VIS U3MEPEHHs CXOACTBA MEXIY IBYMs pPa3METKaMH M300paKeHUi.
OH 0CHOBaH Ha OIIMOKaX KIACCU(PHUKAIMY IEPBOTO M BTOPOT'O POJia K MOXKET ObITh pacCyu-
TaH 10 GopmyIe:
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2TP

DICE = —F———,
2TP+ FN + FP

rae TP — KONMN4ecTBO UCTHHHO HOJIOKUTEIIBHBIX Pe3yJIbTaToB (KIaccu(pUIMpOBaH Kaxk 1, sB-
nsiercs 1), FN — KOIMM9ecTBO JIOKHOOTPHIIATENIHHBIX PE3yIbTaToB (KiaccupuuupoBaH Kak 0,
sBisieTcst 1), FP — KOMMYEeCTBO JIOKHOIOJIOXKUTEIBHBIX PE3yJbTaToB (KIacCU(pUIMpPOBaH
Kak 1, aeisercs 0).

0.85

0.48 —— Train loss
—— Validation loss

0.46 0.80

0.75
0.44

0.70
0.42

0.65
0.40

0.60 = i
0:38 / DICE on train

—— DICE on validation

o] 2 4 6 8 0.0 0.5 1.0 15 2.0 25 3.0 35 4.0

Puc. 4. Deontoyus kpocc-sumponuu u kpumepusa DICE na mecmosotil u obyuyaroweli 6b160prax

Mo rpadukaM BHAHO, YTO MOJEINB SIBHO MCHBITHIBACT IepeoOydeHre, OTHAKO METPHKa
DICE Ha TecTOBO#1 BEIOOpPKE JOCTaTOYHO BhICOKA — OK0JI0 75%. Ha puc. 5 npusenen npu-
Mep paboThl MOJIENTN Ha JAaHHBIX U3 TECTOBOM BBHIOOPKH.

CreHepupoBaHHas Macka ITaNloHHas Macka McxopaHoe nsobpaxeHne Hanoxexve

Puc. 5. [Ipumep pabomvl modenu Ha mecmosvlx OAHHbIX

4. VIAJIEHUE TEHEW

[Iponiecc ynanenuss TeHeH mNpencTaBisieT coOOW BOCCTAHOBJICHHE OPHUIHMHAJIBHOTO
LBETa JeTaJieil 3aTeHEHHBIX yYacTKOB M300pakeHHs. J[J1s1 BOCCTaHOBICHMS IBETa WC-
nmonb3yetcst apxurekrypa CDNet, npemioxennas B padore [3]. JlaHHas ceThb COCTOUT
U3 KIACCHYECKUX CBEPTOUHBIX CIIOEB M CBEPTOUHBIX coeB ¢ ApoOHBIM marom. CDNet
obpa3zoBaHa IBYMS M YETHIPHMSI CKPBITBIMH CJIOSIMH COOTBETCTBEHHO (puc. 6). BxomHoit
cioit monyuaet odOpabarbiBaeMoe n3odpaxenue B hpopmare RGB, a BbIX0iHOI — reHepu-
pyet nzobpaxenne B popmare RGB T0if ke pazMepHOCTH, HO CO CKOPPEKTUPOBAHHBIMU
3HAUYEHHUSIMH [IBETOBBIX KaHAJIOB.

45



Azexceinyx A.C., Myxun 10./1.
[Tpumenenve cBEPTOUHBIX HEVIPOHHBIX CETeVI B 3a/iaue ycTpaHeHus TeHert ¢ poTorpadmit
Mopemmposanmue u ananms gaHabix. 2024, Tom 14. Ne 1.

D
c R E|R
0E clE
N L™ = ol L ¥
viu N U
v
192x192x3 k3f32s1 k3f64s1 k3f32s1 k3f6ds1 k3f32s1  kif3s1 192x192x3

Puc. 6. Hcxoonaa apxumexmypa CDNet

B kauecTBe QyHKIIMH OMIMOKH MCTIONB3YETCS PACCTOSIHIE MEKIY IBETAMHU STaJIOHHOTO
1 00pabOTaHHOTO U300PAKEHHUI, KOTOPOE MOKHO PacCcYuTaTh 1Mo hopmyie:

d= \/(Roﬁp - Rplo;)z + (Goﬁp - GPID()Z + (Boﬁp - BHD{)Z'

[Mocne 25 smox o0y4eHus1, BBIIOIHEHHBIX IPU MOMOIIX ontuMu3aropa Adam c napa-
MeTpoM ckopoctH oOydeHus /r = 0.0001, ObuTH NOTy4YeHB! CieayIomue 3HaueHUs QyHK-
uu omuoku (puc. 7).

0.40 { —— Train loss

| —— Validation loss
0.35
0.30
0.25
0.20
0.15
0.10

0.05

0 5 10 15 20 25

Puc. 7. Deontoyust hyHkyuu ouubKku Ha mecmogoii u obyuaroujell 6b100pKax

Ha TecToBoii n oOy4aromieil BBIOOpKax ObUIO JOCTUTHYTO ITOYTH MICHTUYHOE 3Haye-
HUe (QYHKIHMU OIIMOKH, YTO CBUACTEILCTBYET O HU3KOH CTENeHu mepeolydeHus, u Oe3
3HAYUTENIFHBIX APXUTEKTYPHBIX H3MEHEHHI TOOUTHCS 3aMETHOTO YIIYYIICHUS HEBO3MOK-
Ho. Ha puc. 8 nmpuBeneH npuMep BOCCTAHOBIICHUS 1BeTa B 3aTEHEHHON 00JIaCTH OIHOTO
Taina n3o0pakeHus. BUIHO MOYTH MOJIHOE COBIAJCHUE IIBETOB B 00pabOTaHHOI 1 JTa-
JIOHHOW 00JIACTAX.

NcxoaHoe nsobpaxkeHune

ObpaboTaHHoe usobpaxeHve STasloHHoe n3obpakeHune

16 Puc. 8. Ilpumep soccmanosnenus ysemos
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5. OFbEJJMHEHUE MOJIEJIEN

JLJ1s BBITTOJTHEHUS TTOCTABICHHOM 33a1a4 HEOOXOUMO OOBEIUHUTE PE3yABTaThl PaOOTHI
obenx Mojenel, a Takxke codpaTh pa3o0paHHOE HA TUIMTKUA H300pa)keHHEe 0OpaTHO B Iie-
moe. Takum oOpa3oM, A yAajeHHs TeHed HeoOXOAMMO BBIOIHHTH CIEHYIOIINE IIaru:
1 — pa3genuTh U300paXKCHUE HA TUIUTKHU, 2 — CTCHEPHPOBATh MACKY I KaXKJOU TUTUTKH
C MOMOIIBI0 HEHPOCETEBOI MOJAETN CEMaHTHUCCKONW CerMEHTAIMd, 3 — OObeIUHUTH Ka-
KIYIO IDITKY CO CBOEH Mackoi, 4 — BOCCTAaHOBHTH LIBET C IIOMOIIBIO HEMPOCETEBOH MO-
JICITA BOCCTAHOBIICHHS IIBETA, 5 — CKOMOMHHUPOBATh MCXOIHBIC TUTUTKHU C IDTUTKAMHU MOCIIEe
yAaJeHus TeHU, 6 — 00beIMHNUTH IUIUTKH B 11eJ10€ N300pakeHHe.

Jis mpuMeHeHusT MacKi ¥ 0ObEAMHEHHS HCXOAHOTO M BOCCTAHOBIIEHHOTO HM300paske-
HUH HCTIOJB30BaHBI CIICAYIOMNE (YHKIIHH:

R;,G;,B;,eciu M; = 1,
0,0,0,eciu M; = 0;

R;, G;,B;, ectu M; = 0,
R;, G, B;, ectu M; = 1,

apply_mask(R;,G;,B;,M;) = {
combine_images(R;,G;,B;,R;, G;, B;, M;) = {

rie R,,G,, B, — 3HadeHHs KaHAJNOB i-TO NMHUKCENS MCXOTHOTO H300paKeHMs, IA?,.,G[.,B
3HAYEHHs KaHAJIOB i-I'0 IIMKCEJISl BOCCTAHOBJIEHHOTO U300paykeHus, M, — 3HaueHHEe MaCKH
3TOrO MUKCEIA.

Ha puc. 9 npusesieHsl MpUMephbI paboThl ONMCAHHOTO AJITOPUTMAa, BKJIIOYAs IIPOMEXKY-
TOYHBIE MACKH TEHEM.

I/|306pa>KeHV|e_c TeHbio

5 v o i i o e
ﬂ'gﬂ.ﬂﬂlﬂ i

CFEHepMpOBaHHaﬂ MacKa TeHN 06pa60TaHHoe V|306pa>KeH|/|e

STasIoHHaA Macka TeHW

Puc. 9. Pe3ynvmam pabomvi aneopumma Ha OGHHBIX U3 MeCmooll 6bl00PKU

Ha puc. 10 nmpuBeneH npumep o0padoTku n300pakenus, nonyueHHoro ¢ BITJIA. Bunxo
BBICOKOE Ka4€CTBO BOCCTAHOBJICHUSI [IBETA HA 3aTEHCHHbBIX BHICOKUMU 3/IaHUSMH y4aCTKaX.
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Puc. 10. Pezynbmam pabomor areopumma Ha uzobpascenuu ¢ bBI1JIA

6. BbIBO/IbI

[IpemtoxkeH bl B JaHHOW paboTe anropuT™M M03BOJseT 3(pPeKTHBHO O0OHAPYKHUBATH
U yIansiTh TeHH ¢ n3o0pakeHni. [IpumeHeHne HelipoceTeBOro moXo/a Mo3BOJSIET HE Ha-
KJIaJ[bIBaTh JOMOIHHUTENLHBIC OTPAHUYESHHUS 110 YTy ChbEMKH U MEPCHEKTUBE Ha NCXOIHBIC
M300pakeHNs, 9TO AT BO3MOXKHOCTD UCIIONB30BaTh €r0 He TOJIBKO I 00pa0OTKH CHAM-
k0B ¢ BIIJIA u cnyTHHKOB, HO M C Ha3eMHBIX annaparoB. biarogaps UCHONB30BaHUIO OT-
HOCHUTEJIBHO JIETKOBECHBIX apXUTEKTYP JaHHBIN aJlfrOPUTM MOXKET OBbITh BBINIOJIHEH HA IIH-
POKOM CIIEKTpE YCTPOMCTB M, TEOPETHYECKH, MOXKET 3HAUUTEIHHO YITyUIIUTHh KauyeCTBO
paboTsl MHOTHX Mojeiel ITyOoKoro oOydeHUsl, TpeJHa3HAYCHHBIX ISl Pacro3HaBaHH
00pa3oB, KOTOPbIE, B TOM YHCJIE, HCIOIB3YIOTCS B aBTOIUIIOTAX.

OnHAaKO ¢ OTHOCHUTENFHOU MPOCTOTON HCITONB3YEMBIX MOZETICH CBS3aHBI U HEKOTOPHIE
mpoOsiemMbl anroputma. JleTekrtop TeHeil npH KiacCcH(UKaMU THKCENed OCHOBBIBACTCS
Ha OTHOCHUTENILHOH SIPKOCTU KOHKPETHOM 30HBI, M3-32 Y€ro MOT'YT BO3HHMKAaTh NCEBIO-Te-
HH, KOTOPbIE Ha CaMOM JIeJie SIBIIIOTCA MpocTo Oosee TeMHBIMK ydacTkamu. K cokane-
HUIO, TOJIHOCTBIO M30e)KaTh ATOW NMpOOIEeMBbl HE MPENCTABIACTCS BO3MOXKHBIM, TO3TOMY
JUISL YIIy4IICHHS Pe3yJIbTaTOB MOXKHO COBEPILEHCTBOBATH MOJIENb BOCCTAHOBJICHHS 1IBETA.
E€ mopaboTka MOKeT BKITFOUaTh paciInpeHue o0yJdaromieii BRIOOPKH, apXUTEKTYPHEIE YITyd-
LIEHUs ¥ 3aMeHy (YHKIMHU MOTeph HAa TaKylo, KOTOpas y4uThIBaja Obl HEPABHOMEPHOCTD
BKJIaJ]a B KOHEUHYIO SIPKOCTh TPEX 0a30BbIX LIBETOB.

B 3akirodeHne MOXKXHO OTMETHTH, YTO HEHPOCETEBBIE AJITOPUTMBI HUTPAIOT KIIFOUEBYIO
poIb B pa3paboTKe MHHOBAIMOHHBIX METOAOB 00pabOTKH M300paxeHuid. IPHeKTUBHOCTD
HEHPOCeTEeBOro MoAXo/a K yJaJeHUIO TeHeH MOAYEPKUBACTCS ero CocoOHOCThIO K aBTO-
MaTHYECKOMY M3BJICUECHHIO M aaNlTaliid K KOHTEKCTyaJIbHBIM OCOOCHHOCTSIM M300pake-
Hust. Takoii anropuT™ He TOJIBKO 3HAYUTENILHO MOBBIIIAET KAaYeCTBO KOHEUHOTO Pe3yJIbTara,
HO ¥ 00ecIeunBaeT YCTOWYMBYIO H TOUHYIO 00pPa0OTKY B HIMPOKOM CIIEKTPE YCIOBHIA.
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The article proposes a method for removing shadows from photographs using
deep learning methods. The proposed method consists of several stages: dividing
the image into rectangular fragments of 32x32 pixels, localizing shadows on each
fragment, restoring the color of shadowed objects, and combining the fragments back
into a whole image. Shadow localization is considered as a semantic segmentation
problem; to solve it, a neural network of encoder-decoder architecture has been
developed and trained. To restore the color of objects in identified shaded areas,
another neural network based on the CDNet architecture is used. Examples of image
processing using the developed method are given, including images from a drone,
and the high quality of restoration of shaded areas is demonstrated.
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KoppensunoHHbIH aHanmm3, KOTOPHIH aKTUBHO HCIOJIB3YETCS B MCHXOJIOTHYECKHX
HCCJICIOBAHUAX JUIsA BBISIBJICHUSA B3aMMOCB3HU MEXay TICUXOJIOTHYCCKUMH
rmapaMeTpamMy, TepseT CBOH CMBICT B CiIydae, KOTAA CpPaBHHBAaeMbIE BBIOOPKH
pasnu4HBL. BMmecte ¢ TeM H3ydeHHE BO3MOXHBIX CBS3€H ICHXOJOTHYECKHX
ToKa3aTenei Mex Iy BEIOOpKaMK MOXKET UMETh HEKOTOPBIH CMBICT B YACTHBIX CITydasiX.
Llens paGoOTHI: MOKa3aTh BOSMOXKHOCTH M INPEMJIOKUTH TEXHOJOTHIO MPUMEHEHHS
KOPPEISIIMOHHOTO aHalu3a Ul OIPEe/eNIeHUs] COINacoBaHHs TIoKazaTeneil Juis
IBYX pa3HBIX BBIOOPOK Ha TIPUMEpe JOJITOBPEMEHHOTO (PETPOCIICKTHBHOTO
Y COBPEMEHHOT0) MCCIIeJOBaHUS HHTEIUIEKTYaIbHBIX ¥ IMYHOCTHBIX XapaKTePUCTUK
Pa3BUTHS MIKOJIBHUKOB 2 Kilacca 00IIei mKombl ¢ pazHuueil B Bozpacte 10 mer. s
KOPPEJISIIMOHHOTO aHaJIM3a NCIIOIb30BAIHCH OL[EHKH HHTEIUICKTYalbHOTO Pa3BHTHS
[0 ypOBHIO paOOThl B METOAMKE «3BepH B IMpKe» Merona «KpeatmBHOoe mome»
(BorosiBenckas, 1971) u mnTemexkra mo Tecty «CTaHmapTHBIE NPOTPECCHUBHBIC
marpuubl» Jlx. PaBena. [lng ocymiecTBieHHsS BO3MOXHOCTH IIOJHOLIEHHOTO
KOPPEISIIMOHHOTO aHalu3a OOIIMX IMoKa3aTeNneill pasHbIX BBIOOPOK B pabore Obuia
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Application of Correlation Analysis to Determine the Discrepancy Between Indicators...
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Mpe/UTO’KeHa TEXHHWKa NpeIBAPUTEIBHON TPHBSA3KH MEXIy COOOH JIBYX pa3HBIX
BBIOOPOK OJIMHAKOBOTO pa3Mepa IMyTeM HX COIJIACOBAHUSI 10 OJHOW M3 0OIIMX
BBIOOPOYHBIX TIEPEMEHHBIX. OTy MNPHUBA3KY MOXHO OCYLIECTBIATH IO Pa3HBIM
MIEPEMEHHBIM C YUETOM X JJOCTATOUHO TIIABHOTO M3MEHEHHs OJIM3KOT0 K INHEITHOMY
B 0o0enx BbeIOOpKax. [Ipumep mpuMeHeHHs NaHHOW TEXHOJIOTHM AJISI NCCIETOBAHHS
OCHOBHBIX XapaKTEPUCTUK HHTEUIEKTYyalbHOTO W  JIMYHOCTHOTO  Pa3BHTHSA
COBPEMEHHBIX JeTeH MIIaJIIero MIKOJBHOTO BO3pacTa IIOKa3al, YTO TOJydIeHHBIE
HOBBIC PE3YJIBTAaTHl IO3BOJIIIOT YTOUHHTH OOIIME BBHIBOABI MPOBEICHHOTO paHee
JIOJITOBPEMEHHOTO HCCIIEJOBAHUS IO CPAaBHEHHIO (9THX )XKe) IoKaszaTeledl B IBYX
Pa3HBIX BEIOOPKaX OJMHAKOBOTO pa3Mepa.

Knrouegvle cnosa: xoppensiiMOHHBIA aHAIW3, U3MEHEHHME C TCUECHHEM BpPEMEHH,
PETPOCIIEKTUBHOE MCCIIE0BaHUE, COBPEMEHHOE HCCIIeJOBAaHUE, HHTEIUICKTYalbHOE
pa3BuUTHE, MU IIKOJIBHBIA BO3PACT.

Jlost nuTaThi:

Apmemenxos C.J1., ’Kykosa E.C., boeosenenckas JI.b. [IpumeHeHne KoppessuoOHHOTO aHaIn3a
JUIS OTIpe/IeTIeHHs] PACCOIIaCOBAHMS ITOKa3aTesei sl BYX pa3HbIX BEIOOPOK: COMOCTABICHNE
HMHTEJUIEKTYaIbHOTO U IMYHOCTHOTO Pa3BUTH AETeH MJIa IIIero IKOJIFHOTO Bo3pacTa, uccie-
nyembix ¢ uatepBagom B 10 ner / MogenupoBanue u ananu3 gaHabeix. 2024. Tom 14. Ne 1.
C. 52-66. DOI: https://doi.org/10.17759/mda.2024140104

*Apmemenkos Cepzeii JIb6o6uu, KaHmIuIaT TEeXHUIECKUX HaykK, mpodeccop, 3aBenyromuii kade-
JpO¥t PHKIIaJHOW HHPOPMATHKA U MYJIETHMEIHHHBIX TEXHOJOTHUI, PyKOBOJUTEb IIEHTpa nHpOp-
MAIMOHHBIX TEXHOJOTHH JUISl NCHXOJIOTMYECKUX MCCIelOBaHUN (akynbrera MHOOPMALMOHHBIX
texnosornii, ®I'BOY BO «MockoBcknii rocyaapCcTBEHHBIN MCHXOJIOTO-TIEAarOTHYECKUH YHUBEp-
curer» (PI'BOY BO MITIITY), Mocksa, Poccusi, ORCID: https://orcid.org/0000-0002-1619-2209,
e-mail: slart@inbox.ru

**)Kykoea Enena Cepzeeena, xanauiaT NCUXOJIOTHYECKUX HayK, DenepanbHbli HayUHBIA LEHTP
MICUXOJOTMYECKUX M MEXIUCHUIUIMHAPHBIX uccnenoBanuit» (PHL[ IIMU), Mocksa, Poccus,
ORCID: https://orcid.org/0000-0001-7546-908X, e-mail: JoukovaEC@yandex.ru

***bocosenenckaa /[uana bopucoena, TOKTOp TICUXOJOTHYECKUX HaykK, Mpodeccop, pyKOBOIU-
Tenb, LIeHTp MEeKAUCHUIUIMHAPHBIX UcclaeloBaHui TBopuecTBa U oxapeHHocTH, DI'BHY «llcuxo-
noruyeckuit ”HCTUTYT Poccuiickoit Akagemun oopasosanusi» (PI'BHY 11 PAO), mpodeccop, ka-
(enpa ncuxonorndeckoit anrpononorun, Mucruryt nercrsa, ®I'6OY BO «MockoBckmii megaroru-
YecKuii rocyapcTBernblii yausepcurer» (OI'BOY BO MIIT'Y), Mocksa, Poccusi, ORCID: https:/
orcid.org/0000-0002-6766-2047, e-mail: mpo-120@mail.ru

1. BBEJIEHUE

W3ydenne nzMeHeHN 0COOEHHOCTEH CTAaHOBIEHHS MICUXOJIOTUYECKUX XapaKTEPUCTHK
B pa3HbI€ BPEMCHHBIC 3II0XU ITpeAnoIaract HGO6XO}11/IMOCTI) HCIIOJIb30BaHUA Pa3HbIX Bbl60p0K
UCIIBITYeMbIX. B 9TOM citydae juist onpeziesieHust CBsized MeXIy ICUXO0JIOTHYECKUMU Xapak-
TEPUCTHKAMH Pa3HBIX BPEMEHHBIX CPE30B HE YIACTCs IIPHIMEHHUTE KOPPEIIIOHHBINA aHAIN3,
KOTOPBIi OOBIYHO aKTUBHO MCIIOJIB3YETCS B ICUXOIOTMIECKUX NCCIIEI0BAHMSAX [T BBISBICHUS
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ITpumeneHMe KOPPEISAIIVOHHOTO aHasIV3a [T OTIpeJIielIeHNIsI pacCcoryIacoBaHs ITOKa3aTeslern. ..
Mopemmposanmue u ananms gaHabix. 2024, Tom 14. Ne 1.

i Apmenmenxob C.J1., XKykoba E.C., boeosibaenckan I1.b.

B3aMMOCBS3H MEXKIY IICUXOJIOrHYeCKUMHU epeMeHHbIMH [13, 14], mockonbKy Xxapakrep mo-
JIy4EHHBIX CBSI3ei MOXET OTPa)XaTh MHANBU/TyaIbHbIE 0COOCHHOCTH KOHKPETHOI BBIOOPKH.

Korna BbIOOpKH pa3muyHBI (JJaXke €CITH OHM PaBHBI IO YHUCIEHHOCTH HCIIBITYEMBIX ),
KOPPEJIAIHOHHBIN aHaJIN3 MEKIY OTMHAKOBBIMHU MOKA3aTENIMH 3THX JIBYX Pa3HBIX BEIOOPOK
HE UMEET CMBICIIA, TOCKOJIBKY 0€3 MPUBSI3KU K OJJHUM M TEM K€ UCIIBITYEMBIM PE3yJIbTHPY-
IOMINE KOppesy OyyT CaMbIMU pa3HBIMH M OY€Hb 9acTO OMM3KUMH K Hymo. OHU OyyT
CITy4aifHBIM 00pa30M 3aBHCETh OT MEPEMEIINBAHIS TOCIIEIOBATEIbHOCTH 3HAUCHNH ONHA-
KOBBIX TTOKa3aTesneil B pa3HbIX IpyIIIax.

BwMmecTe ¢ TeM B OT/IENBHBIX CIydasX MOXKHO MPEATIOKUTh BAPUAHT, KOT/Ia IIPH CPaBHEHUU
TIoKa3zaresiel pa3HbIX BEIOOPOK OIMHAKOBOTO pa3Mepa MOXKHO IIPHUMEHNTH KOPPEIISIIMOHHBIH
aanms. [IpemamaraeMerii cioco® BKIIIOYAaeT BRIOOP OMpeAeseHHOro mokasarens K B aByx
rpymmnax 1 u 2 (K1 u K2), koTopbIif MeeT TeHASHIMIO K TNIaBHOMY U ONHM3KOMY JIMHEHHOMY
M3MEHEHHIO (HapacTaHHIO WM yOBIBAHHUIO) B 00€HX rpymnnax. B aToM ciydae ncnbITyeMbIx
B 3TUX IPyNNax MOXHO BBICTPOUTH B MIPUMEPHO OJUHAKOBOM HOpsiike mo BenuurHam K1
n K2 u TeM caMbIM OCYIIECTBUTH NPHUBA3KY M COIIACOBAHHUE ABYX TPYII Mex Ly coOoit. ITpu
9TOM Mo Benu4uHaM nokasareneit rpymnn (K1 u K2) ycranaBnnBaroTcss OTHOIIECHHS YKBU-
BAJIEHTHOCTH MEXY JIIObMHU B pa3HbIX BHIOOPKAX OTHOCHUTEIHHO BEIWYMHBI MTOKA3aTEeIst
K. CoorsercrBenHo koppesiust mexxay K1 n K2 B aTom citydae nomkHa ObITh Onn3ka K 1.

YcraHOBICHNE IPETIOKEHHON BBIIIE TIPUBA3KH MOXKET JaJce€ IMETh 3HAUCHHUE IS BBI-
SBJICHUS U aHAJIM3a KOPPEJANI MEXIY IPYyTUMH MTOKA3aTeNAMH, H3MEPEHHBIMHU JUTSI 00enX
BBIOOpOK. B wacTHOCTH, 1711 TeX MOKazaresei, KOTopble MMEIOT CXOIHYO Tpupoy ¢ K MoxkHO
TIPOBEPUTH UX CXOACTBO JJISI PAa3HbIX BEIOOPOK, a TAKKE BBISIBUTH BOBMOMKHBIE paccoriiacoBa-
HUS B BO3MOYKHBIX 3aBUCHMOCTSIX JAPYTUX TTOKa3aTenel it 00enx BEIOOpok. Takum oOpazom,
B CIydJae mpeJiaracMoi B3auMHOI IPUBSI3KH IBYX BEIOOPOK, MaIbHEHIIHN KOPPEISINOHHBIH
aHaJIM3 MEXLy STUMH pa3HbIMU BEIOOPKAMHU MOXKET MOIYYUTh HEKOTOPBIH CMBICI IS TOTO,
YTOOBI BBISIBUTH M3MEHEHUSI APYTUX U3MEPEHHBIX XapaKTEPUCTHK BO BPEMEHHU.

Llenpto HacTosAIIEH paOOTHI SIBIAETCS MOKa3aTh BO3MOKHOCTD M TIPEATIOKHUTD TEXHOJIOTHIO
MIPUMEHEHHS KOPPEJIIIMOHHOTO aHalIN3a MPH HEOOXOIUMOCTH OMPEACTICHHS Paccoraaco-
BaHMs MOKa3aTelel JUIsl IByX pa3HbIX BHIOOPOK, B YACTHOCTH, JUISI CIIydasl HCCIICIOBAHHS
JUINTENIBHBIX U3MEHEHUI BO BPEMEHH MHTEIIEKTYaJIbHBIX U IMYHOCTHBIX XapaKTEPUCTHK
pa3BUTHS 1eTEN.

B kauecTBe nMpuMepoB, KOraa IpeasaraeMasi TeXHOJIOTHS MOTJIa OBITh Hy)KHA, MOXKHO
YIIOMSIHYTh MCCIIEJOBaHUSI 0COOCHHOCTEH Pa3BUTHsI COBPEMEHHBIX MJIA/IIINX HIKOJIEHHKOB
yepes CONOCTAaBIEHUE XapaKTEPUCTUK MX PAa3BUTHS, MOITYyUEHHBIX B PAMKaX JBYX BPEMEHHBIX
Cpe30B ¢ MpoMeKyTkoM Bo BpeMenu B 10 et [19] u 20 ner [9]. Bribop amst uccnenoBaHus
MHTEIUICKTYaJIBHBIX M JITYHOCTHBIX XapaKTePUCTUK PA3BUTHS ICTEH 2 KIacca MITa IS IIKOJIbI
ObLT 000CHOBAH OITPE/ICNICHHBIM YPOBHEM aJaNTaly peOeHKa K MIKOJILHOMY 00YYEHHIO MpH
COXPaHEHNH OTHOCUTEIILHOW HOBU3HEI €10 AeSTeNbHOCTH. CABUHYTHIE IO BPEMEHH H3MEPEHUS
OBbLIH IPOBEAEHBI B PAMKaX OIHOTO 00pa30BaTEIbHOTO YUPEKICHHUS T. MOCKBBI, 4TO 00ecIie-
YHMJIO OTHOCHUTENBHO WICHTUYHBIC YCIIOBHS MEIaroruueckoro 1 00pa3oBaTebHOro mpomecca
9THX rpymil. B onucanuu nanee HACTOSIIETO UCCIICAOBAHUS MBI OpaeMcsi Ha padoty [19].
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2. METOJAbI

HccnenoBanne 0COOCHHOCTEH MHTEIUICKTYAIbHOTO M JTMYHOCTHOTO PA3BHUTHUS JIETeH
TIPOBOAMIIOCH C ITOMOIIIBIO METOJIMKH «3BepH B IMpke» Metoza «Kpearusnoe nose» /1.b. bo-
rosiBJIeHCKOH [6, 7] u Tecta «CTaHaapTHBIE MpOrpeccuBHbIe MaTpuiby Jx. PaBena. JIny-
HOCTHOE Pa3BUTHE, B YaCTHOCTH, 0COOSHHOCTH MOTHBAIIMOHHO-TTOTPEOHOCTHON CepHl,
OLIEHMBAJIOCH B paMKax MeTona «KpearnBHoe 1mone». DTOT METOA MPEACTaBIsET COOOH
HOBBIW THII AESITEILHOCTH, KOTOPBIH XapaKTepU3yeTcs NPUCYTCTBHEM CKPBITOTO CJIOS,
00eCIeunBaroIero BO3MOKHOCTH I HCIIBITYEMOTO TPOBE/ICHHS IalbHEHIIero aHanmsa
HMMEIOIIErocs MaTepraia 0e3 OrpaHNYeHHH, 1 CAMOCTOATEIEHOTO BRIOOpa HEOOXOIUMOCTH
TIPOJIBIDKEHUS B JAbHEHIIIEM HCCIeJOBAaHUN. MeTo mpeAIoaaracT 3HaKOMCTBO ¢ HOBOH
JUIs1 peOCHKA eI TENIbHOCTBIO, YTO Pean3yeTcs B 00s13aTelIbHOM IIPOBEICHHN 00YYalOIIero
9KCIIEPUMEHTA. DTO MO3BOJISIET (PUKCUPOBATh Pa3Inyusl B IIPOLIECCE OBIAJICHUS eI TEIbHO-
CTBIO U OIICHUBATh WHTEIUIEKTyalbHBIE CIIOCOOHOCTH pebeHKa 1Mo ypOBHIO 00y4aeMOCTH.
B 0CHOBHOM »KCTIepHMEHTE OILCHMBAJICS YPOBEHb MHTEIUICKTA, BKIIOUAsl PETYIIITOPHBIA
KOMITOHEHT, U CITOCOOHOCTH K Pa3BUTHUIO JIEATEIBHOCTH MO0 COOCTBEHHOW MHHIIMATHBE.
B wacTHOCTH, C HCIIONIB30BAHUEM JIAaHHOTO METO/Ia paHee ObLIM IPOBeIeHbI paboThI 10 HC-
CJICIOBAaHHIO OJJAPEHHOCTH, KPEAaTHBHOCTH, HHTEIUIEKTYaIbHOTO W IMYHOCTHOTO Pa3BUTHS
mKkoJIbHKKOB [8, 12, 15, 18, 19].

C nomornsio Tecra «CTanapTHBIE IpOrpeccuBHBIE MaTpHLb J[k. PaBeHa onpenensics
HeBepOaIbHBII MHTEIJICKT IIKOJIBLHUKOB. VI3BECTHO, UTO 3TOT TECT OTIIMYAETCS YCTOHYHBO-
CTBIO K KYJIBTYPHBIM PA3IHIHsAM U BO MHOTOM 3aHHUMAeT LIEHTPAIbHOE MECTO B CPABHEHUN
Pa3IHYHBIX TeCTOB Ha HHTEIUICKT [ 16]. IlepBrle Tpu cepuu TecTa MPEeACTaBIIIOT COO00H psi
MIOCTENEHHO YCIOKHSIOMNXCSI 33/I1aHIH, KOTOPbIe HEOOXOMMO COMOCTaBHUThH C ITOMOIIBIO
aHaJIM3a MPeUIOKEHHO MaTpHIbl 1 BADUAHTOB PEILICHUSI.

3. UCIIBITYEMBIE

Brr6opka cocrasmna 100 genmosek: 50 yuammxces B 2013 roxy (Beidopka Ne 1) u 50 yua-
muxcst B 2022-2023 rogax (Beioopka Ne 2), KoTopble IpeaCcTaBisiiIn co00ii cTaHIapTHbIE
KJacchl 001eoOpa3oBaresibHOI 1Koubl. Cpeanuil BozpacT BeiOOpku Ne 1 cocrasui § e,
BBIOOpKH Ne 2—8,5 meT. O0Oe BBIOOPKH COCTOSIIN M3 28 IeBOYEK U 22 MaJBYUKOB, YTO CO-
craBisieT 56% npotus 44 %. Cpenuuii BO3pacT MaJbdMKOB st | BBIOOpKH — § nerT, [uis
2 Bb1OOpKH — 8 sieT 4 Mec. CpenHuii Bo3pacT aeBoveK [Uisi | BEIOOPKH — 8§ JIeT, AJIst BTOPOH
BBIOOpKHU — 8 51eT 6 MecsieB. BRIOOPKHU UCCIICIOBAIUCH B pAMKaX OIHOTO Y4EOHOTIO YUPEiK-
JICHUSI 1 OIMHAKOBBIX LIKOJIBHBIX ITPOTPAMM.

4. MIPOLUEAYPbI

B metonuke «3BepH B IUpKe» ObLIN BBIJEIICHBI CIIEAYONINE MoKa3aTean. K nHTemIeKTy-
JIBHBIM ITOKa3aTelsiM oTHOCHIHCh: «KonmnuecTBo Ommobok B OOy4aromem DKcrepuMeHTe
Kpeatusnoro ITomst (KO O62KII)», «Bpems Pemenust ocHoBHOIT 3a1aunt B OCHOBHOM DKCTIe-
pumente Kpearusroro [Toms (BP OcOKIT)». [Tokazarens «KO O63KI» mpencrasisit coboit

55



ITpumeneHMe KOPPEISAIIVOHHOTO aHasIV3a [T OTIpeJIielIeHNIsI pacCcoryIacoBaHs ITOKa3aTeslern. ..
Mopemmposanmue u ananms gaHabix. 2024, Tom 14. Ne 1.

i Apmenmenxob C.J1., XKykoba E.C., boeosibaenckan I1.b.

KOJIMYECTBO OLIMOOK, JIOMYIIEHHBIX UCITBITYEMBIM B IIPOIECCE OBJIAICHUS JIEITEIILHOCTHIO
B 3KCIepUMEHTe. JIydIum pe3yasTaToM CYUTAI0Ch OTCYTCTBUE OIIHOOK, XYM — MAaKCH-
MaJbHOE TI0 TpyTIe KonudecTBo ommook. [Tokazarens «BP OcOKID» orpaxan cobcTBeHHO
HMHTEIUIEKTYaJIbHbIN YPOBEHb peOeHKa, CTOCOOHOCTH NMPHHATH YCIOBUS 3a7a9M U HANTH ee
pemienue. JlyqmmmM pe3ynpraToM CYMTAIOCh PELICHHE OCHOBHOW 3a/1auMl 3a HalMEHbIIEe
BpEMsi, Xy/ALIUM PE3yIbTaTOM — OTCYTCTBHE PEIICHNUS.

B kauecTBe peryinaTOpHOTO IMOKa3aTelsl paccMaTpuBaiach «CEHCOMOTOPHAs KOOP/HHA-
LIUsT», JIETKO BBIIEJIsIEMasi B IETCKOM BapHaHTE METOAMKHM B paMkax merona «KpearusHoe
T10J1e». 3/1eCh OLEHUBAJICS XapaKTep JIMHUH, TOYHOCTh IIPOBEACHHS TPACKTOPUH YEPEe3 YIIIbI
KJIETOK DKCIIEPUMEHTAIIBHOTO TOJIS.

K nMYHOCTHBIM MOKa3aTelssiM OTHOCHIIACH CIIOCOOHOCTH K PAa3BUTHIO JICATEIBHOCTH
110 COOCTBEHHOW MHMIIMATHBE. 3/1€Ch OLICHUBAJICS HHTEPEC U IT03HaBaTEIbHAsi MOTUBALIHS,
KOTOpasi peaiM30BbIBANIACH B PA3BUTHH JICSTEILHOCTH MO COOCTBEHHOI MHUIIMATHBE.

Tect «CrannaprHble mporpeccuBHble MaTpuibD k. PaBena, kak Obu10 OTMEUEHO paHee,
OTIPEIEIIST YPOBEHb HHTEIJIEKTYa IbHOTO pa3BUTHs. OH ABIIAETCS HanboIee UCIOIb3yeMbIM
n uHpOpMaTHBHBIM HeBepOatbHbIM TecToM [ 10, 11]. C rpynmamu npoBoaunmck cepuu A, B, C.

Jist 06paboTKM MOTYYCHHBIX JaHHBIX B padote [19] mpuMeHsIINCh METOABI OHCATEIh-
HOH craructuku, U — kputepuid Bunkokcona — MaHHa-YUTHU U KOPPEISILMOHHBIN aHaIu3
Ka)kJJ0i 13 BEIOOPOK OTAENBHO. PacyeTs! MPOBOAMIINCE C CIIONB30BAHUEM SI3bIKA TPOTPAM-
MupoBaHus R. YcioBHbBIe 0003HAaUCHNS N3MEPEHHBIX TTOKa3aTelel mpuBeieHb! B Tadmie |
HIDKE C YIETOM JIOTIONTHUTEIBHBIX o0o3HadeHui RS, ES, TS, BS, S5.

Taonuna 1
YcaoBHbIe 0003HAYEHHS HCCIETYeMbIX MOKa3aTes e
Ioxa- KonunuectBo Cnoco0HocTh
Bpewms pemenust Cenco-
3arelb oIHOOK K Pa3sBUTHIO
3agauu B «Kpe- MOTOpPHAas
Bri6opka no tecty | B «Kpearus- NesITeJIbHOCTH
PaBena HOM ToJIe» ATHBHOM MO | 116 WHULUATHBE lcoopAMRATIA
(RS) (NE CFTE) (TS CFME) cyobexTa (IS) 5O
Ne'1
2013 1 R3 E3 T3 B3 S3
Ne 2 R4 E4 T4 B4 S4
2022-2023 rr. R5 ES T5 BS S5

5. PE3YJIBTATBI

Pe3ynbTarhl ONMCcaTeNbHON CTATUCTUKU AKCIEPUMEHTANBHBIX JaHHBIX, CTATHCTHYECKOTO
aHanusa ¢ npumeHenreMm U — kpurepus Bunkokcona — MaHHa-YUTHU U KOPPEISIIMOHHBIN
axanu3 o CrimpMeny T KaKI0i nX BEIOOPOK OTIENBHO TTpUBeaeHEI B padote [19]. Tlomy-
YEHHBIE PE3YIbTaThl IIOKA3aJIH, YTO Y COBPEMEHHBIX BTOPOKIACCHUKOB YPOBEHb HHTEIIICK-
TyaJTbHOTO Pa3BHUTHS CHIDKACTCS TI0 CPAaBHEHHIO C TOZOOHOM Bo3pacTHOM rpynmoit 10 mer
Hazazx. OBiajieHHE HOBOH JIeSITENbHOCTBIO B «KpeaTnBHOM Mose» M YpOBEHb MHTEIIICKTA
1o Tecty PaBeHa NMOKa3bIBAIOT CHIDKEHUE CPETHUX 3HAYEHHH 00y4aeMOCTH M MHTEJUICKTa
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Yy COBPEMCHHBIX IIKOJLHUKOB. ¥ COBPEMCHHON BBIOOPKH TaKKE YBEIUYUBACTCS BPEMsI
pelIeHus] OCHOBHOM 3aaa4un. BmecTe ¢ TeM YpOBEHb CEHCOMOTOPHOW KOOPIUHAIIMU B CO-
BPEMCHHOM BBIOOPKE OTIIMYACTCS MOJIOKUTECIFHON TCHIICHIIMEH. B TMYHOCTHOM pa3BUTHU
COBPEMCHHOM BHIOOPKH HAOIONATIOCh CHIKCHUE MPOSBICHUN CIIOCOOHOCTH K Pa3BUTHIO
JIeATEIBHOCTH 110 COOCTBEHHON MHUIMATUBE, U COBPEMEHHBIE JICTH Yallle JEMOHCTPUPOBAIIH
CTUMYIIbHO-TTPOIYYKTUBHYIO CTPATETUIO B JICATEILHOCTH.

[ockonbKy pa3mepbl BHIOOPOK OJHHAKOBBI, TO OPMAITLHO MOYKHO TPOBECTH KOPPEJIsi-
LUOHHBINA aHAIIM3 MEXKly BCEMH JIECSThIO H3MEPEHHBIMH MepeMeHHbIME. Kak moka3biBaer
Tabmuia 2 mamwke, koppersinnn nepemeHHslx RS, NE CFTE, TS CFME, IS, SC mexny BbI-
060pKaMH B 3TOM ClTydae OueHb Majbl M He3HaunMBbI Ha ypoBHE p = 0,05 u Hmke. [Tpu sTom
B CBSI3H C HAJIMYKMEM a0COIFOTHO PA3HBIX CIIy4aiiHO COCTABJICHHBIX BRIOOPOK PACCMOTPEHUE
Me)l(BbIﬁOpO‘-IHI)IX Koppenﬂum‘& HC UMCCT HUKAKOI'0O CMbICJIa JaXKe HpI/I yCHOBI/II/I, YTO KaKHue-To
W3 HUX ObUTH OBI JOCTAaTOYHO BEJIUKH.

Tab6uuna 2

Koppeasiuun Cnupmena MeKay BceMH NMOKa3aTeIsIMU
uccjaenoBanus 1 u 2 BIGopok 0e3 ocylecTBIeHHs NPUBA3KH BHIOOPOK

Tloka3aresun R4 E4 T4 B4 S4
R3 -0,09 0,06 0,19 -0,28 0,26
E3 0,03 0,13 -0,16 0,13 -0,20
T3 -0,05 0,09 -0,09 0,05 -0,07
B3 -0,09 -0,04 0,18 -0,14 0,00
S3 0,14 0,04 0,06 -0,06 -0,20

B cooTBeTcTBHU C 3asBICHHO IENbI0 OCYIIECTBUM Jajiee NPUBS3KY | 1 2 BBIOOPKH
10 OJJTHOMY M3 MOKa3zaresiei. {7t 3Toro cpeny maTH rmokasaresiei st KaxkJ0H 13 BEIOOPOK
ya00HO BBIOPATh TAKOM, KOTOPBIN XapakTepusyeTcst Hanbosee MiIaBHbIM U J0CTAaTOYHO
OONBIINM M3MEHEHHEM B BBIOOpKE. Bo3bMeM, B 4aCTHOCTH, TepeMeHHbIE HHTEIUIEKTa RS,
KOTOpBIE B UCCIIEIOBAHUHU OTBEYAIOT 3@ OTHENIBHBIA TeCT. [ OCYIIEeCTBICHHS IPUBI3KH
ToKasaresieil mepecopTupyeM MaTpPUIly 3HAUCHUU TOKa3aTesst BTopoil BeIOopku R4 Ta-
KHMM 00pa3oM, 4TOObI CONOCTABUTh B JIByX BBIOOpPKAaX JIIOAEH C OTHOCHUTEIBHO PaBHBIMU
rpajansiMi U3MEHEHMSI BeIMYUH WX WHTEIJICKTOB B IpeJieax KaKIOoro U3 JHAara30HOB
m3menenus R3 u R4. JIns ynobcrBa onucanus 0003HAYUM MOTYYSHHbBIE TOKA3aTeIH HOBOM
BTOpPO# BeIOOpKHU cuMBoniamu: RS, ES, TS, BS, S5. Heobxonumo OTMETHTh, YTO HOBBIEC YC-
JIOBHBIC 0003HAUCHHSI OTHIOIb HE SIBIISIFOTCSI HOBBIMU TiepeMeHHbIME U RS = R4; ES = E4;
T5 =T4; B5 = B4; S5 = S4. PazHpIMu 17151 HUX OY/IyT TOJIBKO KOPPEJSILIMU MEXITy BEIOOpKaMH,
T.€. B cpaBHeHHH co cootHomeHusamu ¢ R3, E3, T3, D3, S3. Koppensiuuu BHyTpH Kakgoi
13 BBIOOPOK HE 3aBUCST OT IPOBEJICHHON MEPEeCOPTUPOBKH U MpUBEIEHBI B padote [19].
Crnenyer, 0lHaKO, OTMETUTB, YTO, KAK MOXKHO YBHJETh HUKE B CETEBOM aHAJIN3€E, YACTHBIE
KOPPEJSLMN MEHSAIOT 3HAYEHUSI BCEX KOPPEILLUIL.

MoxHO BHIETH, YTO AMAarpaMMa paccesHus mokasareneit RS ot R3 momyumna mou-
TH JTUHEHHBIN XapakTep (CM. PHCYHOK 1), T.e. KOppensauus MeXIy 3TUMH MOKa3aTeIsIMU
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B pe3ynbrare OyAeT O4eHb ONMM3KOH K 1. Pe3ynbraTsl MOJHOrO KOPPEISIIMOHHOTO aHaIn3a
mexay nokazaressimu RS, NE CFTE, TS CFME, IS, SC asis AByX NpuBsi3aHHBIX BEIOOPOK
roKa3aHbl B Tadnuie 3 Huke. JleiictBuTenbHO. B Tabnuiie 3 BUAHO, YTO KOPPEJISLIUS MEXKILY
R3 u RS teneps pasua 0,98 (p = 0,001), B To BpeMs kak koppemnsanus Mmexxay R3 u R4 Obua
pasaa —0,09. Kpome ToTO, PSIIT APYTHX KOPPEIAIHIA MOKa3aTeneil MeXay pa3sHbIMHA BBIOOp-
KaMH CTaJIX XOTs ¥ HeOONBIINMH, HO 3HAUUMBIMH. B wacTHOCTH, RS Temeps ecTecTBeHHBIM
00pa3oM KOppeTupyeT CO BCEMH OCTaTBHBIMH ITOKA3aTeIISIMH ITEPBOI BEIOOPKH TIPUMEPHO
TaKKe Kak 3TO JeiaeT mokaszarens R3. MMeeTcs eme psa Apyrux XOTs U c1ado 3HAYMMBIX
MEKXBBIOOPOYHBIX KOPPEISIUL, KOTOPBIE TEIeph MOXKHO TBITATECS 00CYKIaTh. BRIOOpKH
Tenepb MOKHO CPAaBHHUBATh MEXy CO00i 1o mHTEIUIeKTy RS M [pyrum mapamerpam.

30

25
1
\

R5
L]

Puc. 1. [luaepamma paccesnus ons nokasameneii RS u R3

Tab6numa 3

Koppe.lmmm CrmpMeHa MEKAY MoKa3aTeJsIMu
ucciaegoBanus 1 u 2 BblﬁOpOK MmocCJje OCyleCTBJICHUA MPUBSA3ZKHU
BblﬁopOK M0 BEJIUYIUHE UHTECJIJICKTA UCITBITYEMbIX

Tloxa3aTesnn RS ES T5 BS S5
R3 0,98*** | -0,40** | -0,33* 0,24 -0,29*
E3 -0,66%** 0,13 0,19 -0,18 0,11
T3 -0,39%* -0,02 0,13 0,05 -0,11
B3 0,61%** -0,22 -0,02 0,12 -0,13
S3 -0,41%* 0,04 0,15 -0,28%* 0,09

Ipumeuanue: ***p=0,001, ** p=0,01, *p=0,05.
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CriocoOHOCTB K Pa3BUTHUIO JCATCIBHOCTH 1O cOOCTBeHHOM nHMnuaruee (B3 u B5) Britro-
YaeT UHTEJUICKTYa IbHbI 1 MOTHBAIIMOHHBIH KOMIOHEHTHI B UX enuHcTBe [S]. Conocraisis
JIBE pa3Hble BEIOOPKH, MbI MOYKEM TOBOPHUTH O CHY)KCHUU TIPOSIBICHUN PAa3BUTHS JCATEIb-
HOCTH 110 COOCTBEHHOW MHUITHATUBE BO 2 BEIOOPKE, UTO MOXKET OBITH PE3yabTaTOM KaK CHHU-
JKEHHE TT03HABATEIIbHON MOTHBALINHY, TaK U CHIDKCHUE MHTEIUIEKTA, a TAKXKE BIUsSHUE 000MX
KOMIIOHEHTOB. DTO MOATBEPKIaeTCs TeM, 9To R3 3Haummo koppenupyet ¢ B3 (r = 0,57%%*),
TOT/Ia Kak 3HauMMoi Koppemsnuu R4 u B4 (r = 0,20) ve Habmonaercs. [Ipuss3eBast R4 = RS
k R3, monmyvaem 3HaumMyro koppersmnuio RS u B3 (r= 0,6 1%**), B To BpeMs Kak KOppesiust
R3 u B5 = B4 ocraercs HezHaunmoii (r = 0,24).

Takum 0OpazoM, ImyTeM MPUBSI3KH BEIOOPOK 110 OJHOMY ITapaMeTpy MbI MOXKEM yCTaHO-
BUTH OCOOCHHOCTH CTaHOBJICHUS CHOCOOHOCTH K Pa3BUTHIO JEITEILHOCTH 10 MHUIINATHUBE
cyObekTa y JieTeld MIla/IlIero MIKOJIbHOIO BO3pacTa B paMKaxX COBPEMEHHOTO M PETPOCIIEK-
THBHOTO MCCIIE/IOBAHMS. AHAIOTHYHYIO MPUBSI3KY MOXKHO JIEJIaTh M 110 IPYTHM MOKa3aTesim,
€CJIM OHH JIOCTaTOYHO JTMHEHHO U OTHOCUTEIBHO MIaBHO H3MEHSIOTCS B COOTBETCTBYIOIINX
BBIOOpKaX, PaBHBIX 110 KOJMYECTBY UCHBITYeMbIX. [IpeioxeHHbIil criocod He 3aMeHsieT
JPYTUX METOJIOB CPaBHEHHsI BHIOOPOK U, Ha HAIII B3MJISII, MOXKET TIOMOYb B TIOIYYEHHH OOJTb-
1IeH TOJTHOTHI BBIBOAOB KOPPEISIIMOHHOTO aHATIN3a B CIy4ae PasHbIX MO COCTAaBY BHIOOPOK
C OMHAKOBBIMH THIIAMH U3MEPEHH.

ITocne BBIMONIHEHNS IPUBSI3KU MONTPOOYEM MPUMEHHUTH K TIEPEMEHHBIM HCCIICIOBAHMS
METOIbI TOCTPOCHUSI CETEH YACTHBIX MIEPEMEHHBIX [2, 3, 4], BOSHUKIINX B 00JIaCTH MAIIHH-
HOTO OOYyYeHHS W aHain3a CIOKHBEIX cucteM [1, 17]. Ha pucyHke 2 HIbke MoKa3aHa CeTh
YaCTHBIX KOppessiiuit glasso juts mokasareneii 1 1 2 BRIOOPKHM /10 OCYIIECTBICHHUS MTPUBSI3KH
BBIOOPOK I10 BEJIMYMHE UHTEIIEKTA UCTIBITYEMbIX.

O}

Puc. 2. Cemv yacmuvix xoppenayuii glasso ona noxasameneil
1 u 2 sv1b60pKu 00 OCywecmenenus: nPUBs3KU 8blOOPOK NO GEIUUUHE
unmeniexma ucnvimyemvix (cunepnapamemp y = 0,25)

MoykHO BHIIETh, UTO T'pyIMa 5-TH mokaszareneit mepeoit BeiOopku R3, B3, E3, T3, S3
MOJTHOCTBIO OTJIENIEHa OT ATHX K€ MoKasaresel BTopoil BeIOOpkH. [Ipu aTom 1uist nepBoii
BBIOOPKH UMEETCS I0CTATOYHO YETKUE OAHOPOIHBIE CBA3U MEK/LY UEThIPbMS ITOKA3aTEIIMU
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R3, B3, E3, T3, a mokazareinb S3 B CyIIECTBEHHON Mepe OT/IENICH U TIOXO CBS3aH C MEPBbIMU
YeTBIPHMS TTOKa3aTensIMu. [y BTopoit BEIOOPKH UMEET MECTO Jipyras cuTyarms. KoMnakTHyro
TpYTITy B3aNMOCBsI3eH cocTaBisroT mokazarenu B4, E4, T4, S4, a mokazarens R4 otnenen
1 HUKaK HE CBs3aH co cBOeH rpymmoil. [lamee abcomorHas cBsi3b Mmexay B4 n E4 sBHO
6ombie TakoBoi Juist B3 n E3 (koTopast mioxo BuaHa Ha pucyske 2). Mexny B3 u T3 cBsizb
BOOOIIE OTCYTCTBYET, B TO BpeMsl Kak OTpullaTeNlbHas CBsA3b MexXAy B4 u T4 umeercs. Dtu
0COOEHHOCTH B IIEJIOM OTYaCTH OTMEUCHHI B 00CYXIeHBI B padote [19].

Ha pucynke 3 mpencrasieHa ceTh YaCTHBIX Koppessiuii glasso i mokaszareseit | u
2 BBIOOPKH IOCTIE OCYILECTBICHUS ITPUBSI3KH BHIOOPOK IO BEJIMYNHE WHTEIJICKTA HCIIBITY-
eMbIX. B cuimy (oTMedeHHOTO paHee) OTCYTCTBHS CBSI3U MEXAYy R4 M ocTampHBIMU IIepe-
MEHHBIMH BTOPOI BBIOOPKH, B JAHHOM CITydae TAaKXKE MMEETCS] OTCYTCTBHE CBSI3€H MEXIY
RS 1 ocTanbHBIMK TTOKa3aTesIMA BTOPOI BEIOOPKH.

@
O

0 Zi
Puc. 3. Cemb uacmuvix koppensyuil glasso ona noxkazamenet

1 u 2 svibopxu noce ocywjecmeaienus npussa3Ku 6b100POK No GenuUUHe
unmennekma ucnvimyemvix (eunepnapamemp y = 0,45)

[Mockonbky Tenepsb Ha pucyHke 3 nokasarenu RS u R3 okaspiBaioTcs CHIIbHO 00bEANHEH-
HBIMH, TO CBSI3b MEX/ly HUMH BEJIMKA U T1apa ITHUX IT0Ka3aTesIe COOTHECEHA C TIOKa3aTeNsAMU
niepBoii BeIOOpku B3 m E3, a yepes Hux u ¢ T3 u S3 B miemoM TakuM ke 00pa3oM, Kak 3TO
6b110 NIOKa3aHo Ha pucyHke 2. [Ipu sTom BenmuuHa cBsizu Mexxay R3 u E3 ymensimiace,
4TO, NIO-BUANMOMY, ONIPEACIIACTCA BIMAHUEM Y3Jia RS. Tenepb B C€TU UMCIOTCS TAKKE IPYyruc
CBSI3H M CBSI3U MEXKAY rpynmamu Gaktopos | u 2 Beibopku. Ho BenmdmHa 3THX CBA3EH BecbMa
Masia. MOXXHO 3aMETUTB, YTO MOCJIE OCYIIECTBICHHS IPUBS3KN BTOPOIT BBIOOPKH KOJINYECTBO
CBSI3€H B CETH CTAJIO OOJIBILIE TIPU TOM, YTO BEJIMYMHA TUIIEpIIapaMeTpa y TakKe cTaja Oosblie
(a OosibIIast BETMYMHA Y CIIOCOOCTBYET YMEHBILIECHUIO KOJIMUECTBA BBISBICHHBIX PealIbHBIX
CBsI3eil B 0OIIel ceTr 9acTHRIX Koppelsiiui [3, 4]). MOKHO BHIIETh, UTO JaXKe MPUBS3Ka
BO BTOpOH BEIOOpKE MHTEIUIEKTAa 110 PaBeHy — R4 K 3TOMY e ITOKa3aTeso B IIepBOi BHIOOPKE
R3, rne R3 cBs3an ¢ nokasarensimu 1o merony «KpearuBHoe 1ojiey» He MPUBOAUT K TOMY,
4TO Teneph ob1as napa nokasaresneit R3-RS okaspiBaercst Kak-11u00 CBSI3aHHOU C JIpyTrUMHU
nokazarensmu ES, TS5, B5, S5.
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[TosryueHHBbIE B SKCTIEPUMEHTE PE3YNbTaThl MO3BOJSIOT MOATBEPAUTH BBIBOJBI O CPaB-
HEHHUH BBIOOPOK MexIy coboii [19]. B coBpemMeHHOI BBIOOPKE CIOXKHEE MPOUCXOIUT OB-
Jla/IeHNE HOBOW JIESITEIBHOCTHIO M HECKOJIBKO MEIJICHHEE MPOXOIUT PEIICHHE OCHOBHOM
3aJa4M B 9KcriepuMeHTe. Tect PaBeHa Takke MoKa3blBaeT CHMIKEHHE CPEIHUX 3HAYCHUH
HHTEJUIEKTA Y COBPEMEHHBIX IIKOJIBHUKOB. B CUITy CHMKEHUS M03HABATEIILHOW MOTHBALIUU
B COBPEMEHHOM BBIOOpKE HAOIIOMAETCS «OTPBIBY MOKA3aTelsd HHTEIUICKTa Mo TecTy PaBeHa
OT MHTEJUICKTYaJIbHBIX MTOKa3aTenel skcrepruMenTa «KpearuBHoe nosney, T.€. 3TH MoKa3aTenn
TriepecTaroT ObITh CBsI3aHHBIMU. [IpH 3TOM, ypoBEHb CEHCOMOTOPHO KoopanHarmu aereir SC
HE TOJIbKO CUJIBHO HE OTIMYaeTCs OT cBepcTHUKOB 10 et Ha3aj, HO AaXke CTAHOBUTCS UyTh
JIy4qI€ CBA3aHHBIM C APYTUMH ITOKA3aTCIIIMU, U3MCPEHHBIMU 110 METOLY «eraTI/IBHOG TIOJIC».

B 1 BeiOopke mapametp Bpems permennus 3agaun B «KpearuBaoM money» — T3 He BIus-
€T Ha NPOSIBJICHUE CIIOCOOHOCTH K Pa3BUTHIO AeATEIbHOCTH — B3, T. €. BHE 3aBUCUMOCTH
OT CKOPOCTH U JIETKOCTH PELIEHHUsI OCHOBHOM 3aj1auy O3HABATEIbHAS MOTUBAIIMS ITUX JeTeH
COXpaHAETCS Ha MPOTSHKEHUN BCETO IKCIIEpUMEHTa. Torgaa Kak B COBPEMEHHOI BBIOOpPKE
B CETH YaCTHBIX KOPPEIISIIUH HAOMIONAeTCs OTPUIATENbHAS CBSA3b TApaMETP BPEMEHH pellie-
Hust 33129 T4 — TS5 1 ciocoGHOCTH K pa3BUTHIO AesiTebHOCTH B4 — BS, uT0 TOBOPUT O TOM,
YTO JIeTH, OBICTPO PEIIMBIIKE 3a/1a4y, IPOSBIISIOT IO3HABATEIbHYIO MOTHBAIIMIO, TOT/IA KaK
JICTH, MEJJICHHO PEIaloie OCHOBHYIO 3a/1a4qy, pad0Tal0T B KCIIEPUMEHTE HA CTUMYJIBHO-
MIPOJYKTHBHOM yPOBHE, TO €CTh HE OTIIMYAIOTCS TIO3HABAaTEeIbHONW MoTHBarue. [Ipu sTom
Tocye MPUBS3KK aOCOIOTHAs BeanyrHa cBsi3u T5-B5 Gonbire, yvem T4-B4, t.e. ocymect-
BJIIGHHOE ITpe0o0pa30BaHKe IAaHHBIX JIeTIaeT HAINYME CBSI3U OOJIee BEIPAKEHHBIM, UTO TaKKe
BEPHO U IS Psiia APYTUX YACTHBIX KOPPEISILIMM.

Cremyer OTMETHTB, UTO OTPHLIATEIFHOE 3HAYECHHE CBA3EH MEX/y TIOKa3aTeIsIMH METOAA
«KpearuBHoro mossi» B JaHHOM ciydae 00OCHOBaHO MHBEpPCHEH MaHHBIX Mokaszarens IS
(uTO OOEcIeunBaCT €ro MOJOKUTEIBHYIO KOPPEJSIINIO ¢ nHTEIekToM RS) n npu mpose-
JICHUH CTaHJIAPTHOM MHTEPIPETAINH JOJDKHO OBITh 3aMEHEHO Ha MOJOXKHUTEIbHOE. DTO
3HAYUT, 9TO BO 2 BBIOOPKE MPOSBICHNE CIIOCOOHOCTH K Pa3BUTHIO ACATEIHHOCTH 10 CO0-
CTBEHHOM MHUIMATHBE IS OKa3pIBaeTcst OOIee TECHO CBSI3aHO C JISTKOCTHIO OBJIAJICHUS ATON
nesitenbHOCTHIO B iporiecce ooyueHus (NE CFTE) u ckopocThio pelnieHus IepBOii 3a1auu
(TS CFTE), T. e. Ha 3BPUCTUKH BBIXOAAT TOJBKO JETH, JIETKO U OBICTPO MPOIBUTAIOIIHECS
B 3amade. [Ipu sToMm B | BRIOOpKE, ¢ ee OObIeii MPEeACTaBICHHOCTHIO OTapCHHBIX JCTEH,
TIPOSIBJICHHE [TO3HABATEIBHON aKTUBHOCTH HAOIIOAAIOCH MIPH PA3HBIX 3HAYCHUSIX MHTEIICKTA
(ipu 00s13aTENIFHOM YCIIOBUY OBJIAJACHUS JICSITEILHOCTBIO) U TIPH Pa3HBIX CKOPOCTHBIX Xa-
paKTEepUCTHKAX MHTEIUIEKTa B yCiIoBUsx KpeaTuBHOTo mouist Kak MeTosia (PMKCHPYIOLIETo,
HO HEOTPaHMUYHMBAIOIIETO BPEMSI PEIICHUS.

WubiMu crioBami, 2 BRIOOPKa XapaKTEpH3yeTcsl CHIKCHUEM T03HABATEIIbHON MOTHBAIIHH,
YTO MOJKET M HE UIMETh CHI)KEHHSI MHTEJUIEKTa B KOHKPETHOM cirydae. [Ipu oTcyTcTBUM BBI-
COKHUX 3HAYCHMH 110 HUHTEJUICKTY ACTH, YCICIIHO OBJIaJICBIINE ACATCIbHOCTHIO BO 2 BBI60pKe,
HE TPOSIBIISIIOT MHTEPECa K €€ NHUIMATHBHOMY Pa3BUTHIO: BHITIOITHEHNE TPEOOBAHNI SIBIACTCSI
OCHOBHBIM MOTHBOM B3anMoieicTBHsA. OTUyXKICHUE HHTEIUIEKTA OT JIMYHOCTHBIX CMBICIIOB
MTO3HAHUST BO3MOYKHO SIBJISIETCSI PE3YJIbTaTOM MH()OPMAIIMOHHON HACBIIIEHHOCTH CPEJIbI,
€€ periIaMCHTAIlUN KaK BpeMeHHOIjI, TaK " CO}Iep)KaTeJ'IBHOﬁ Wi IpyrumMu coqruaibHbIMU
1 TiefarormaeckuMu gaxropamu [ 19].
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6. SAKJIFOYEHUE

JJist OCyIIECTBIICHUS] BO3MOYKHOCTH TIOJTHOIICHHOTO KOPPEJIAIMOHHOTO aHaIn3a O0IINX
MToKa3areyeil pa3HbIX BEIOOPOK B paboTe MpeIosKeHa TEXHOIOT U IIPUBSI3KHA MEKIY OO0t
JIBYX Pa3HbIX BEIOOPOK OJJMTHAKOBOI'O pazMepa MyTeM MX COINIACOBAHUSI MO OTHOM U3 00IINX
BBIOOPOYHBIX MTEPEMEHHBIX. DTy MPUBI3KY MOXKHO OCYIIECTBIIATH 110 Pa3HBIM MEPEMEHHBIM
C YYETOM HX JIOCTATOYHO IIABHOTO I'PAJallMOHHOTO H3MECHEHUS B 00CHX BBIOOPKAX.

[IpuBeneHHbIN TPUMEp MTPUMEHEHHsSI IJAHHOW TEXHOJOTUH ISl JaHHBIX MCCIIEOBAHHS
OCHOBHBIX XapaKTepI/ICTI/IK I/IHTeHﬂeKTyaﬂbHOFO U JIMYHOCTHOI'O paSBI/ITI/ISI COBpeMeHHLIX
JIeTeH MITQ/IIIETO MIKOJIBHOTO BO3PACTa IMOKa3aJl, YTO IMOTyICHHBIC HOBBIC PE3Y/IBTaThI II03BO-
JISIOT OTYACTH YTOYHHUTH OOIITHE BBIBOJIBI KOHKPETHOTO HccienoBanus [ 19], HampaBieHHOTO
Ha COMOCTABJICHUE WHTEUICKTYaJIbHOIO U JMYHOCTHOTO Pa3BUTHSI JeTel 2 Kiacca Myia et
IITKOJTBI ¢ pa3HuIleH B Bo3pacte 10 set. [IpemamoxkeHHast TEXHOIOTHS MPEICTABISIET HHTEPEC,
B YAaCTHOCTH, ISl KOPPEISIIMOHHOTO aHAJTH3a IOJITOBPEMEHHBIX N3MEHEHHUH, YTO BO3MOXKHO
c/ieJIaTh TOJBKO TPU aHATHM3E PE3YJBTaTOB Pa3HBIX BHIOOPOK.
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Correlation analysis, which is actively used in psychological research to identify the
relationship between psychological parameters, loses its meaning when the samples
being compared are different. At the same time, studying possible connections of
psychological indicators between samples may have some meaning in special cases.
Purpose of the work: to show the possibilities and propose a technology for using
correlation analysis to determine the agreement of indicators for two different samples
using the example of a long-term (retrospective and modern) study of the intellectual
and personal characteristics of the development of schoolchildren in the 2nd grade of
a general school with an age difference of 10 years. For correlation analysis, we used
assessments of intellectual development according to the level of work in the “Beasts
in the Circus” method of the “Creative Field” method (Bogoyavlenskaya, 1971)
and intelligence according to the “Standard Progressive Matrices” test by J. Raven.
To implement the possibility of a full correlation analysis of general indicators of
different samples, the work proposed a technique for preliminary linking two different
samples of the same size to each other by matching them on one of the common
sample variables. This binding can be carried out for different variables, taking into
account their fairly smooth change close to linear in both samples. An example of
the use of this technology to study the main characteristics of the intellectual and
personal development of modern children of primary school age showed that the new
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results obtained make it possible to clarify the general conclusions of a previously
conducted long-term study comparing (the same) indicators in two different samples
of the same size.

Keywords: correlation analysis, change over time, retrospective study, modern
research, intellectual development, primary school age.
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1. INTRODUCTION

Human beings often relate to onscreen media characters and form a one-sided relationship.
The terms “parasocial relationship” (PSR) and “parasocial interaction” (PSI) were coined in
the 1950s by Donald Horton and Richard Wohl to characterize this phenomenon. A striking
example of the PSR was described by Horton and Wohl (1956): in the 1950s, performance
of a radio persona resulted in thousands of love letters being sent to the radio studio. It was
characterized as “symptomatic of fundamental social needs in human beings that had been
brought to life by these new media” (Giles, 2010, p. 445).

PSR is defined as the “emotionally tinged, one-sided relationships individuals establish
with onscreen characters” (Horton & Wohl, 1956). PSI, in its turn, is defined as “the interac-
tion, characteristically, one-sided mediated form of social interaction between the audience
and media characters, non-dialectical, controlled by the performer, and not susceptible to
mutual development” (Horton & Wohl, 1956). The relationship is classified as PSR and
not PSI when the interaction of media persona happens repeatedly (Horton & Wohl, 1956).
PSR occurs over time which leads to a long-term relationship between the viewer and the
media character (Liebers & Schramm, 2019). There is no clear cut-off point in defining how
many interactions it takes to form a PSR. PSR entails a generalized emotional and cognitive
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involvement with the character that can take place outside the context of any particular
media exposure (Klimmt et al., 2006). PSI, on the contrary, restricts itself by only taking
place during media reception between the audience and media character. PSR transcends
this and can lead to long-term relationships between the media character and the audience
(Liebers & Schramm, 2019).

Most studies concerning parasocial phenomena do not draw a clear distinction between
the two concepts, using the terms PSI and PSR somewhat ambiguously and sometimes in-
terchangeably (Dibble, Hartmann & Rosaen, 2016). This conflation is not only conceptual
but also methodological, leading to some assessments of PSI/PSR evaluating the parasocial
phenomenon in general and not making a clear distinction between the two concepts (e.g.,
PSI-Scale in Rubin et al., 1985) and others addressing only a single facet of the parasocial
phenomenon (Hartmann & Goldhoorn, 2011). In the present article, we follow the distinction
initially made by Horton and Wahl and further researched in the above-mentioned studies.

PSR can be found of numerous contrasting types, from friendship and romantic relation-
ships to extreme worshiping or even negative relationships (Hartmann, 2017). Viewers who
are exposed to any media character can develop generalized emotions and can be cognitively
involved with that media character (Klimmt et al., 2006). PSR can create powerful emotional
responses (Levy, 1979). If the relationship is already built, viewers can experience emotions
similar to a real-life breakup (Eyal & Cohen, 2006). The most common way to assess PSR
is the use of a Parasocial Interaction Scale (Rubin et al., 1985), which provides an indicator
of viewers’ relationship with the on-screen character (Tukachinsky, 2010). The PSI scale
includes “theoretical constructs other than PSR, such as perceived realism, affinity, and
identification” (Tukachinsky, 2010, p. 76).

Studies conducted on PSI/PSR focus on self-report evaluations, determining attractive
features of media figures and classifications of PSI/PSR types. PSI is understood by many as
a process that leads to PSR emergence and progression, and this is why most of the studies in
this field focus initially on PSI. A number of studies on PSI have reported gender differences
(Gleason et al., 2017; Tolbert & Drogos, 2019) in the choice of the media figure, imagined
roles for those figures, and attractive traits. A certain role in PSI is played by social media
engagement with personae (Bond, 2016; Tolbert & Drogos, 2019; Vonderohe, 2016). Attempts
were made to determine the components of PSR, such as attachment, character personifica-
tion, social realism (Brunick et al., 2016), and humanlike needs (Richards & Calvert, 2016),
or explore possible mechanisms of PSR formation, such as relational maintenance through
the investment model of interpersonal relationships (Eyal & Dailey, 2012).

Although one of the defining characteristics of PSR is the lack of reciprocity, multiple
studies show that PSR affects various aspects of human life, such as media users’ voting
decisions (Centeno, 2010), political views (Wen & Cui, 2014), trust (Sherman-Morris, 2005)
and even donation behavior (Lee et al., 2010). It was found that PSI/PSR can have a negative
impact, including reduced self-esteem due to unrealistic body image (Eyal & Te’eni-Harari,
2013), media addiction (Grant et al., 1991), or unhealthy celebrity worship (McCutcheon
et al., 2003). However, positive effects of engaging in PSI/PSR have also been discov-
ered. Namely, PSI/PSR may yield or strengthen a sense of belonging (Derrick et al., 2009)
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and aid those who experience fear of rejection (Derrick et al., 2019) or loneliness (Green-
wood & Long, 2009).

Parents play an important role in PSR development of their children, and their perspec-
tive can be instrumental in understanding the phenomenon or, conversely, can illustrate
a difference between parents’ and children’s perceptions. One of the topics being investigated
from the perspective of the parent is PSR breakups. One study that included 2—8 y/o chil-
dren found that boys were more likely than girls to have a favorite character of the opposite
gender at a younger age. As boys and girls aged, they shifted towards favorite characters
with more masculine/feminine traits, respectively, and the most commonly cited reasons
for parasocial breakup were child maturation, the influence of other media characters, and
habituation to the character (Bond & Calvert, 2014b). A different study states that 51% of
children experienced PSR breakups (Aguiar et al., 2019) while also confirming the gender
stereotyping of favorite characters. Parents’ perspectives are also utilized in the creation
of models and measures of PSR, such as in the study by Bond and Calvert (ibd). Parents
of children (<8 y/0) completed an online questionnaire to measure their child’s PSR along
three dimensions: character personification, social realism, and attachment. The measure
was then utilized as the endogenous variable in a path model predicting parental perceptions.
The results suggest that parent encouragement (=.16, p<.05) and engagement with a replica
of the character (B=.65, p<.001) are directly related to the strength of parents’ perceptions
of PSR, while repeated media exposure is indirectly related to PSR through active inter-
actions with the character (such as talking to a character and mimicking their movements;
B=.21, p<.05; B=.2, p<.05 (Bond & Calvert, 2014a).

Because PSR and PSI can augment understanding of media content and enhance users’
engagement with it (Liebers & Schramm, 2019), the research into the outcomes of these
interactions presents pedagogical value. Studies of multimedia learning that focus on
university students found that the frontal bodily addressing style with eye contact leads to
stronger PSI, and the professional dress style can be beneficial for cognitive load reduction
and parasocial process enhancement (Beege et al., 2019). Although an instructor is advised
against using multiple social cues simultaneously if PSI is supplemented by visual learning
materials (Pi et al., 2021), gestures significantly affect retention performance, and deictic
gestures, in particular, enhance attention toward the lecturer (Beege et al., 2020).

Due to the oversaturation of technology, it is inevitable that children will learn via
social media and interactive programs. Previous case studies on digital learning showed
that emotions play an important role and specifically, confusion and attentiveness can
predict gains in device proficiency (Zhukova et al., 2020). Similar results were obtained
in a study by Khalaf and colleagues (2022) when they evaluated the effects of bouts of
mind-wandering as a child played various digital game-based learning applications (apps)
by examining the length of relevant affective and behavioral states, iPad manipulations,
and social interaction. Results demonstrated that negative emotions (boredom, distrac-
tion, confusion) if coupled with displays of attentiveness and persistence, led to positive
mind-wandering and positive learning outcomes, but coupled with frustration, same dis-
plays led to the opposite effect (Khalaf et al., 2022).
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PSR/PSI may also influence the learning process. Several studies report PSI/PSR leading
to an increase in performance on mathematical tasks. In one study, 21-month-old toddlers
learned the seriation sequencing task better from a video when a more socially meaningful
character demonstrated the task (Lauricella et al., 2011). In a similar study, personalized
interactive media characters were found to increase toddlers’ learning of seriation skills,
while toddlers with stronger PSR learn the most content from video demonstrations by the
characters (Howard Gola et al., 2013). Further research into this topic utilized personalized
interactive media characters and found that toddlers learned significantly more from the
personalized character. Children in the personalized condition also increased in parasocial,
nurturing behaviors directed at the character during play sessions, and these scores were
linked to better seriation performance (Calvert et al., 2014). One explanation of the above-
described increase in performance may be that familiarity with an onscreen character may
also decrease the working memory load, thereby enabling toddlers to focus on processing
the task being portrayed in the video (Lauricella et al., 2011).

Total daily entertainment screen use time in 8- to 12-year-olds went up from 4 hours
36 minutes in 2015 to 5 hours 33 minutes in 2021 (Rideout et al., 2022), which indicates
a strong likelihood that they will develop PSR with online personalities. While research high-
lights that children develop PSR while viewing media content, limited research was conducted
on the interaction between PSR and learning outcomes. Additionally, limited accounts that
are available to date utilize quasi-experimental correlational designs, leaving the question
regarding the impact of PSI and PSR on learning open. The current study aimed to address
this gap in the literature. By conducting a case study of a typically developing child, we
aimed to investigate the impact of PSI and PSR on learning outcomes by looking at concept
comprehension, memory retention, and ability to apply learned strategies. We hypothesized
that the child’s learning process and outcomes would be enhanced by developing a PSR with
an educator whose lessons are presented on a social media.

2. METHODS

Participant. The case subject, Ryan, is a typically developing 10-year-old Cauca-
sian male. He began his formal education in an English-speaking preschool at the age of
18 months; he also was the subject of two case studies at the age of 28 months (Khalaf
et al., 2022; Zhukova et al., 2020).

Study Design. As there is a dearth of literature on the subject of parasocial relationship
in learning, exploratory case-study approach was adapted for the present study to create
a blueprint of a comprehensive investigation of parasocial effect on learning and to be scaled
up to larger populations. TikTok was used as the study video platform. The choice was
guided by the popularity of the platform among adolescents (Xu et al., 2019). The platform
includes a wide variety of content presented in short videos (usually under 30 seconds long).
Studies have provided evidence that users may be motivated to use TikTok to make social
connections, communicate, and as an entertaining and informational medium (Omar & De-
quan, 2020). We believe these characteristics make TikTok a likely platform to be chosen
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for presenting educational content to school-aged children. Additionally, TikTok is used to
post both entertaining and educational videos by the same presenters. The use of TikTok
enabled us to present the participant with educational video content and entertaining, “per-
sonal” content created by the same educators to facilitate the formation of PSRs. Personal
videos that were presented in the parasocial condition were devoid of educational content.
In the control condition, the participant only watched educational videos. For example, one
of Mrs. Kelly’s personal videos showed a reenactment of a scene from the movie Toy Story.
It contained no educational content and simply showed her announcing “Andy’s coming”
to the students, followed by several scenes of students lying in random positions as the toys
in the movie did when Andy arrived.

Ryan viewed videos posted on TikTok by various educators. We did not contact the con-
tent creators as the content that was used for the study is openly available. Ryan was exposed
to personal and educational videos of two presenters in the parasocial condition to facilitate
the formation of PSR and to only educational videos of three other presenters in two control
conditions: control visible (presenter clearly visible in the material) and control non-visible
(presenter is anonymous). We selected accounts presenting science and math lessons as these
subject areas allowed us to test the learning component objectively by coding the child’s
answers as correct or incorrect. Additionally, our choice of specific creators was guided by
the availability of personal and educational videos in the accounts.

For the science portion, we used two presenters from the SciShow channel (SciShow,
n.d.): Savannah Geary (parasocial) and Alexis Dahl (control). Ryan watched 15 personal
videos by Savannah Geary prior to starting with the educational content. The math chan-
nels used for the study included three presenters, two of whom were visible on the screen:
(the mrskelly (n.d.), presented by Mrs. Kelly (parasocial), tabwesley (n.d.), presented by
Tabatha Wesley (control visible), and the third only included the teacher’s voice (mathologist
(n.d.), presented by an anonymous math teacher (control non-visible)) (Table 1). Most of
the content presented in the videos was slightly above Ryan’s grade level to ensure novelty.

After viewing the videos of the presenters in the parasocial condition, Ryan was shown
the educational videos for all five presenters and then tested on the material presented in
the videos to determine how well he had learned it. The difficulty level of the videos was
determined based on the grade level that matched the educational concepts; however, given
that the materials were not experimentally created but sourced from the videos posted on
TikTok, the investigators were limited by the available content. The presented educational
material was reviewed by at least two investigators to ensure comparable difficulty levels
across presenters. In case of disagreements, the consensus was reached through discussions
among the members of the research team. After the testing, Ryan was interviewed by a re-
searcher using questions intended to determine his subjective feelings toward the presenters.
We hypothesized that the formation of a PSR with a presenter would enhance Ryan’s ability
to learn from that presenter, and this would be evidenced by higher scores on tests that con-
tained the material those presenters had taught.

The study was approved by the Institutional Review Board of the University of Houston,
project identification code 16512—02 (Last renewal was received on February 8th, 2023,
protocol is valid through February 7th, 2024).
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Procedure. Over the course of three days, Ryan was shown a set of five personal videos
by Savannah Geary (science teacher) and Mrs. Kelly (math teacher). Two researchers were
virtually present during the viewing. Ryan was given the TikTok links to the videos by the
researchers and allowed to watch them without further instruction at his own pace. Next,
Ryan was invited to the lab for the experimental part of the study. Before presenting Ryan
with the educational TikTok videos, three standardized tests were administered to assess
his knowledge of math, science, and English (to ensure he was able to communicate in this
language) and his cognitive ability.

After this, Ryan was shown a set of five science videos per educator presented by a fa-
miliar educator (Savannah Geary) and a novel educator (Alexis Dahl). Ryan was instructed
to watch the videos and take notes about their content that he could later use during the test.
The order of videos was randomized between the familiar and unfamiliar educators. Topics
covered in the videos were the environment, nature, and animals. Although the topics pre-
sented by different educators were not identical, they were of a comparable difficulty level.
The exact match of topics was constrained by ecological validity of the study. The video
materials were produced and posted by professional educators, making the study reflective
of real-life experiences of someone who might create a parasocial bond with a TikTok edu-
cator. After viewing the videos, a test and interview were conducted.

Table 1
The overview of the educational and personal content included in the study
Brief description Subject Edu'catlonal Pe.rsonal N
videos videos
A female teacher explaining curious scien-
Savannah . . . .
Gea tific facts (e.g., animals, environment) with
Y the aid of pictures and video materials in the | Science n=>5 v 15
(Channel
SciShow) background. One of the presenters for the
educational channel SciShow.
A female presenter describing curious scien-
Alexis Dahl tific facts (e.g., space, animals, environment)
(Channel with the aid of animations and static images | Science n=>5
SciShow) on the screen. One of the presenters for the
educational channel SciShow.
Mrs. Kelly A female teacher demonstrating simple mul-
(Channel tiplication and fraction strategies on a white | Math n=3 v 15
the _mrskelly) |board with background music.
A female teacher writing mathematical
Tabatha Wesley | expressions (e.g., isolating variables, com- Math n=3
(wesleytabata) | puting percentages) on a whiteboard with
on-screen comments and background music.
Math teacher A dlsembgdled voice of a teacher expljcun'mg
mathematical strategies verbally (multiplica-
(Channel . . , Math n=3
. tion, percentages), while they’re demonstrat-
mathologist)
ed on a screen or a sheet of paper.
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After completing the science section of the study, the same procedure was repeated for
the math educators. In this section, Ryan viewed three videos on the same concept by famil-
iar (Mrs. Kelly) and non-familiar educators (Tabatha Wesley, Mathologist). The concepts
introduced in the videos included percentages, dividing fractions, and isolating the variable.
Each presenter demonstrated the same concept using slightly different strategies to solve
problems. While watching the videos, Ryan was encouraged to take notes. After watching
each video, he was given one replication question to control the level of understanding. After
watching all the videos (n=9), Ryan was administered a test containing application problems
for the learned concepts. After the testing, a final interview was conducted to evaluate the
parasocial component of interactions with the presenters.

Assessments. Standardized tests were used to measure Ryan’s cognitive ability as well
as his knowledge and skills in several academic subject areas.

Cognitive Processing Abilities

The Kaufman Assessment Battery for Children 2nd edition (KABC-II) — This test
is used to assess the cognitive ability of children between the ages of 3 and 18 and is designed
to give an accurate measurement regardless of the child’s language and culture of origin.
It determines whether the child is below, above, or of average ability for their age.

Academic Performance

The Kaufman Test of Educational Achievement 3rd edition (KTEA-3; Kaufman & Kauf-
man, 2014). This test assesses reading comprehension, oral and written language ability, and
fluency and skill in mathematics. This test gave us a baseline score for Ryan’s math ability and
an assurance that he could fully understand the oral and written materials used for the study.

The Woodcock-Johnson Tests of Achievement IV (WJ IV; Schrank et al., 2014) — Con-
sisting of subject subtests, this assessment gives a measure of knowledge within the subject
area tested. Ryan was tested in science, social studies, and humanities to give us a baseline
score for his skill in the subject matter covered during the science portion of the experiment.

The science and math tests were designed to determine the conceptual knowledge ac-
cumulated by the participant by watching the educational videos. The post-science and
math interviews sought to assess Ryan’s perception of the effectiveness of the educators
in explaining the material.

Science section

The science test consisted of 29 questions, including multiple choice and free response
questions, drawn from the content shown in the videos. Multiple choice answers with
4 answer options were graded on a binary scale of 0 (incorrect answer) — 1 (correct answer).
Free response questions were answered verbally; they were graded on a scale from 0 to 2
according to the coding rubric, which allowed for partial credit if the response was correct
but incomplete.

Math section

The math test consisted of 27 free-response application questions drawn from the content
shown in the videos. The answers to these questions were graded on a scale of 0 (incorrect
answer) — 1 (correct answer). The participant was allowed to use any method of his choice
to solve the problem.
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Follow-up Interview

An interview was conducted in which the participant was asked to report his interest,
prior knowledge, and understanding of the presented concepts. He was asked to rate educa-
tors and rank how helpful he found the strategies in each video and how much he liked the
presentation in each video.

The PSR interview was the final stage of the in-person testing and was used to assess
the participant’s attitudes toward the educators. In the interview, Ryan was asked 12 main
questions, some of which also contained one or more follow-up questions, such as ‘Why’ to
a yes/no question. The questions were of three different forms: (1) yes/no questions regarding
his experiences with the presenters, e.g., “Did you feel like any of the teachers talked directly
to you?”; (2) open-answer questions, e.g., “If you could describe Mrs. Kelly in a couple of
words, how would you be able to describe her?”’; and (3) rating scale questions of 0—10, with
10 being the highest, regarding specific characteristics of the presenters, e.g., “On a scale of
0-10, how interesting was [presenter|?”” The interview questionnaire was based on a study
that discovered several characteristics of PSIs that contribute to a child’s formation of a PSR
with a media personality (Bond & Calvert, 2014a).

3. RESULTS.
FORMAL ASSESSMENTS

Cognitive Processing Abilities

The Kaufman Assessment Battery for Children-2nd Edition (KABC-II) was utilized to
assess Ryan’s cognitive processing abilities. On the Mental Processing Index (MPI), which
provides an estimation of mental processing without a focus on language abilities and word
knowledge, Ryan obtained a standard score of 97, which falls within the Average range of
functioning.

Academic Performance

KTEA-3 assessment yielded the following results: on measures of spelling and decoding
ability, Ryan’s performance fell in the Below Average range of ability. On measures of math
problem-solving skills, sight word reading, and reading comprehension, Ryan performed
in the Average range. On measures of reading fluency, Ryan’s score fell within the High
Average range of functioning.

Subtests from the Woodcock-Johnson Tests of Achievement IV (WJ IV) were also ad-
ministered to assess Ryan’s knowledge in the content areas of science, social studies, and
humanities. His performance in these areas was equivalent to a child in the first grade, second
grade, and kindergarten, respectively.

Overall performance and effect of presenter type

The data was analyzed using fixed effects multiple linear regression model, including
multiple predictor variables such as subject, question category, presenter, and parasocial
scores. In regards to the subject, Ryan was significantly more successful in science questions
than in math questions, z = 2.653, p = 0.008.
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No significant differences were found between the control and parasocial conditions in
the science subject, with most correct answers being associated with the parasocial condition.
In the math subject, there were significant differences between the control non-visible and
parasocial conditions (z = 2.973, p = 0.003). Ryan’s performance on problems associated
with the parasocial condition was slightly lower than what was noted for the control visible
condition, but the difference was not statistically significant (z=-0.237, p = 0.8130).

When asked to rate presenters based on how “interesting,” “informational,” and “cool”
they are, Ryan considered the presenter for the control non-visible condition in math to
be the top presenter for that subject, according to the cumulative score across all three
evaluation categories. In science, the presenter with the highest cumulative score was in
the parasocial condition. His perception of presenters’ characteristics aligned with the
percentage of correct answers given to the questions for each condition: Ryan answered
71.11% of questions for control non-visible in math and 73.33% for the parasocial condition

in science correctly (Figure 1).

80%

70%

60%

50%

40%

30%

20%

10% I
0%

Math P Math CV Math CN Science P Science C

Figure 1. Percentage of correct answers per condition
(P — parasocial, C — control, CN — control non-visible CV — control visible)

Math performance

In math, subject categories were not significantly different in predicting the correctness of
the responses. However, Ryan was not able to answer any questions in Isolating the Variable.
His performance in Dividing Fractions and Percentages was comparable.

Most of the strategies offered in the videos were rated to be either “a bit helpful” or “very
helpful.” Ryan rated video presentations and strategies in the control visible condition the
lowest and also happened to perform low on the tasks that were based on these videos (30%
of correct answers). The presenter in the control non-visible condition got the highest scores
on helpfulness and engagement. Ryan answered corresponding questions better (71.11%
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of questions were answered correctly), which demonstrated an alignment between Ryan’s
performance and his appreciation for the videos.

Science performance

Among science questions, no significant differences were found in terms of the percentage
of correct answers across categories. Most of the correct answers were found in the Animals/
Environment category, then Evolution and Anatomy, with the lowest number of correct
answers found in the Space category.

During the parasocial interview, Ryan indicated that he knew nothing about the topics
covered in the videos for this subject. While Ryan rated both conditions (control and par-
asocial) equally on engagement and understanding criteria, the parasocial condition was
associated with a higher percentage of correct answers (73.33% in the parasocial condition
and 50% in the control condition), although the difference was not statistically significant
(z=-1.176, p=0.239).

4. DISCUSSION

The goal of the current study was to examine whether the existence of the PSR increases
a child’s ability to learn from educators and strengthens his performance on the corresponding
tests. Because PSRs can affect a person’s behavior (e.g., voting decisions; Centeno, 2010),
it was our hypothesis that a PSR formed by a child with an educator via an online medium
might facilitate a child’s ability to learn. A qualitative assay was conducted after the exper-
iment to evaluate Ryan’s attitude to educators and their content: how interesting, engaging,
and clear the information presented in the videos was for him.

While we hypothesized that the child’s learning process and outcomes would be enhanced
by developing a PSR with an educator, the results from the multiple regression model did not
align with this hypothesis. The current literature regarding PSRs developed between children
and on-screen presenters suggests that a child is more capable of learning and applying new
information from presenters with whom they have formed this type of attachment (Lauri-
cella et al., 2011; Howard Gola et al., 2013; Calvert et al., 2014). The findings of our case
study did not entirely support this. Ryan’s efficiency within subject arecas was not uniformly
slanted towards the parasocial condition: while being the condition with the correct answers
in science, in math, it was associated with the lowest score within the subject area. This may
be explained by the fact that it remains uncertain whether or not a PSR was formed with
a presenter, as there is not a clear cut-off point in defining how many PSIs it takes to form
a PSR. Even if a PSR was established, it might not have influenced the outcome. Instead,
other factors contributing to performance might have had a deciding influence on the outcome,
e.g., increased cognitive load from the presence of a social component to the presentation.

More specifically, toddlers tested on the association between math learning and PSRs
displayed increased learning in a condition where they were able to develop a PSR with
the math teacher. It was thought that such an association reduced cognitive load and al-
lowed the toddlers to focus on the academic material (Lauricella et al., 2011). In Ryan’s
case, he achieved the highest math score in the control non-visible condition, the condition
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in which Ryan had not been previously exposed to personal videos with the presenter, and
the teacher was not even visible on the screen, although Ryan could hear his voice. This may
be the condition that reduced cognitive load the most, allowing him to focus on the academic
material being presented.

As for science, Ryan received the highest score under the condition in which he was ex-
pected to develop a PSR with the presenter. The discrepancy between the science and math
results may be connected to Ryan’s knowledge of the subject domains prior to the experiment.
While Ryan achieved an average score on math problem-solving skills, he received a score
equivalent to the first-grade level in science content. Our testing with Ryan occurred in the
summer between his fourth and fifth-grade years of school, indicating that he was below
his grade level in his scientific knowledge. In this case, it may be that the PSR developed
with the science presenter is what allowed Ryan to engage with the science material and by
extension, to learn it well enough to achieve a higher score on the test.

The findings were unexpected and suggested that Ryan mostly succeeded on problems that
were explained by the presenters whose delivery he liked the most, regardless of whether or
not an opportunity to develop PSR was present. Ryan’s performance did not correlate with the
presenters he was exposed to the most, suggesting that PSRs might not be a deciding factor
for success in learning. This correlation does not imply causation as we cannot definitively
say whether most likable presenters did help him achieve higher scores or if Ryan’s assess-
ment of presenters was a reflection of his frustration caused by the corresponding questions.

The findings of this study have to be seen in light of some limitations that can be ad-
dressed in further research. The primary limitation to the generalization of these results is
that the volume of data and sample size are restricted due to the nature of the current study.
External validity can be strengthened by replicating the experiment across wider populations
and diversifying subject areas. The open-source materials on the topic that were available
did not allow for an equal number of control conditions for both subjects. If the volume
of suitable educational material keeps increasing, it will be possible to equalize the conditions
of the current study, adding a control non-visible condition for the science subject.

A limitation of utilizing TikTok is that the duration of the videos—approximately 30 sec-
onds per video— could have presented a confounding variable, as Ryan potentially did not
have enough time to form a concrete PSR or learn a new concept if the topic was novel to
him. As it was mentioned above, there is no general agreement on how many interactions it
takes to form a PSR. Consequently, Ryan’s PSR with a presenter could be weaker than if he
was exposed to more of their content over an extended period of time.

The tasks differed based on the subject, being mostly multiple-choice or open-end-
ed questions for science, but presented in the form of problems for the math subject do-
main. Misalignment of task presentation and effort required to solve between the two forms
of assessment might have affected Ryan’s performance.

The measures utilized in qualitative analysis can be improved to avoid converging var-
iables as a result of similar ratings for most of the presenters. The findings of the present
study may be used to inform future PSR experiments while standardizing a set of conditions,
measures, and video materials for both subjects, as well as collecting a larger volume of data
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and using videos of greater length to emphasize the effect of the PSR with the presenter. We
encourage building on the present study foundation to establish a large-scale investigation
of parasocial effects on learning. Developing a measure and a scale to evaluate PSI and PSR
formation would be an important milestone for the field, as it will allow us to more confidently
state the existence of PSR in any particular case. Future research into PSR in the context
of educational content is paramount due to the widespread adoption of online educational
techniques in recent years. PSR as a phenomenon is ever present, and its influence on learning
needs to be accounted for in educational program design.
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MOHCHWPOB&HVIC JIeATeIIbHOCTY SKUITaXXem Ipu MWJIOTUPOBaHMN BO3AYIITHBIX CYJI0B

}\ Opuuyenxo B.A., I'pewinuxoB V..
Mopemmposanmue u ananms gaHabix. 2024, Tom 14. Ne 1.

1. BBEJIEHUE

B nponecce npoekTipoBaHus KaOMHBI SKUITaXKa BO3AYIIHOTO CY/IHA OBBIIICHHOE BHU-
MaHHE YENseTcss KOMIIOHOBKE MH(OPMAMOHHO-yNpasisoniero mons kabuasl (MYII).
Pacnonoxxenne xommornenToB MYII kabunsl Bo3mymHoro cynHa (BC) u y1o0cTBO CUNTHI-
BaHMS C HUX WHPOPMALIMH MOTYT CHITPaTh KIIIOUYEBYIO POJIb IIPY MUIOTHPOBAHUH B KPUTH-
yecKkoll EéTHON cutyanuu. OHAKO, yUUTHIBAsI UMEIOLIMECS JaHHBIE O PEANIbHBIX MOJIETAaX,
HEBO3MO)KHO YYECTh BCE JIATEHTHBIE (DAKTOPBI, CHOCOOCTBYIOIINE KOPPEKTHOH JEsATelNb-
HOCTH NMUJIOTOB. VIMUTallMOHHOE MOJAETUPOBAHUE MOBEEHUS MUIOTOB BO BpeMsl MOJIETOB
SIBJISIETCS] OJHUM M3 yIOOHBIX M JJOCTYIHBIX CPEACTB ITOUCKA ONTUMAJIBHBIX PELICHHH, CBSI-
3aHHBIX ¢ nocTpoenuem UVYII.

[Ipu MoxenMpoBaHWU MOBECHHS MIJIOTOB IEIECO00pPa3HO PacCMaTPHBATH KOHKPET-
HBIE CHTYaIllH, Bo3HUKatomue Ha 0opty BC. DT nétHbe cuTyarmu MOTYT OBITh MHHUIIU-
MPOBaHBI HE3ABUCUMO JIPYT OT APYra, MHOXKECTBO HX SK3EMIUIAPOB (POPMHUPYET pE3yabTar
BBINOTHEHHS JaHHOTO TIOJIETA.

MozenupoBaHnue NEATENbHOCTH SKUMAXa AT BO3MOMKHOCTh BH3YaJIM3HPOBATH €rO
TIOBEJICHNE BO BpeMs IONETA, BKIIOYAs B3aMMOJCHCTBHE C OpraHamu ympasieHus. Ha-
IIpUMEp, NPU BBOJE ONPEAEIEHHBIX JAHHBIX, XapaKTEPH3YIOIIUX JIETHBIA COCTaB, MOXHO
B peXXHUME PEaJIbHOTO BPEMEHN HaOIIONaTh 3a TeM, KaK MHJIOT 33laHHOTO YPOBHS ITOATOTOB-
KU BBINOJNHSET HEOOXOqUMBble MHCTPYKIMH PykoBoncTB mo si€tHo# akcrutyaranun (PJID),
po()eCCHOHATIFHO OLICHMBAsI Ka4eCTBO BBIMONHAEMBIX ACHCTBHH, MX CBOEBPEMEHHOCTH
Y TIOCIIeIOBAaTENbHOCTh. Ha OCHOBaHUM IMONYYEHHBIX OIIEHOK MOTYT OBITh BBISIBJICHBI HEOO-
XO/IMMbIE M3MEHEHHsI B KOMIIOHOBKE OPT'aHOB yIIpaBJeHHsl 1 UHTep(deiicax MTaTHbIX CHCTEM.

Maremarudeckasi MOJENb IEATEIBHOCTH MUJIOTA COMIacHO mpeanucanusm PJID moxet
MPUMEHSTHCS TSI CO37IaHUS «BHPTYAIbHBIX» MUJIOTOB, 00CCIICUMBAIOIINX BBHIIIOJTHCHUC
npenanucanuii PJID BC, onenku 3¢ ()eKTHBHOCTH B3aUMOJICHCTBUS TUJIOTOB C Pa3IHYHBIMU
BapuaHTaMy MH()OPMAIIMOHHO-YIIPABIIAIONICTO MMOJIS KAOUHBI C IEIbI0 MPUHATHS HAMIyd-
[IMX TEXHHUYCCKUX PEIICHHH (BKIIIOUAs BAIHIAIUIO TEPCIICKTHBHBIX KAOMH M KOMILICKCOB
60pTOBOTO OOOPYHOBAHMS), @ TAKXKE A UMHTALUHN ACATEIBHOCTH IMHIOTOB/IKUIIAXKEH
C Pa3IUYHBIMH YPOBHSAMH MPOQGECCHOHATBFHON MOATOTOBKH M PAa3NWYHBIMH IICHXO(H3H-
OJIOTHYECKUMH COCTOSHHUSMHU C IIETHI0 BBIABICHUS HAWIYUIINX TEXHUUECKHAX PEIICHHH
o popmuposanuto UYII kabursr BC.

2. MATEMATHYECKAS MO/JEJIb
JAEATEJIBHOCTH ITHMJIOTA

JesatensHOCTs MUIIOTa coriacHO mpenanucanusM PJID mpencraBnsercss MapKOBCKH-
MU TIPOLIECCAMHU C TUCKPETHBIMH COCTOSIHUSMH M JAUCKPETHBIM BpeMeHeM (MapKOBCKUMH
nensMu). B mepByro ouepens, 3T0 00yCIOBIEHO CIOXKHOCTBIO IPEIMETHON 0OIacTH: pe-
aJbHBIN mporece mwiotuposanusd BC HaxoauTcst MO BIMSHUEM OONBIIOTO KOJIMYECTBA
BHEIITHUX W BHYTPCHHUX (PaKTOPOB, KOTOPBIE OIMPEACISAIOT MTOBEACHHE PAacCMaTpUBAaCMOM
CHCTEMBI. XapaKkTepHas 0COOEHHOCTh MapKOBCKUX IPOLIECCOB, 0OYCIOBICHHAS BIUSIHUEM
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TOJIBKO TEKYIIETO COCTOSHHSI CUCTEMBI Ha ee Oyyllee IMOoBEJCHHUE, MTO3BOJISIET YIIPOCTUTh
MoJienb 0e3 motepu ee 3pHekTUBHOCTH, H30eras XpaHeHUs] 3HAYUTEIBHOTO 00bhEMa J1aH-
HBIX 00 HCTOPUU IPOXOXKACHUS COCTOSTHUH.

YunTeiBast BLICOKAM TEMIT TTOSBICHUS COOBITHIA BHYTpPU KaOMHBI DKHUIIAXa BO BpEMs 110-
neta (0coOEHHO TPH BO3HHUKHOBEHUH BHEIITATHBIX CHTYAIMi) 1 HEOOXOANMOCTH OTIEPaTHB-
HOW peakIiy Ha HUX B peKUME PealbHOTO BPEMEHH, IPUMEHSIETCSl AUCKPETHAsT BpEeMEHHAs
mkana. [lonér BC pmemmtcs Ha STambl, KOTOPHIM COOTBETCTBYIOT Pa3ziIMYHbBIC CICHAPHU.
CreHapuu MPEACTaBISIOT COO0 IITaTHBIC W BHEINTATHBIC CHTYAIHH, TOBEICHHUE TIPH BO3-
HUKHOBCHHH KOTOPHIX periaMmeHTHpoBaHO PJID. [ockonbky Momemmpyercs Ipomeaypa
BBITIOJTHEHHS (MM HEBBIITOJIHEHHUS) TIMIIOTOM PENIaMEHTHBIX MHCTPYKIHH, KaXI0€e U3 BO3-
MOXXHBIX COCTOSIHMH MOJIEJM COOTBETCTBYET OIpENeNEHHOMY Iary MHCTpyKuuu u3 PJID.

OumOKY NP BBIIOTHEHUH MHCTPYKLUKA BBIIEISIOTCS B OTACIBHBIE COCTOSHUSI MOJIEIH.
[epeiing B cocrosiHne OMIMOKH, TMIIOT OOBIYHO UMEET BO3MOXKHOCTD HCIPABUTH €€, TOOTOMY
MEXIy COCTOSIHUSIMH, NPECTABISIOIMMH OIIMOKH, U TPACKTOPHEil KOPPEKTHOTO BBIIIOIHE-
HUSI HHCTPYKUUI MMEIOTCSI BO3MOXKHOCTH TepexooB. KoHeunsle ommoOKH, KOTOpbIe HE MOo-
3BOJISIFOT MOJIEIIH TOJIOXKUTENBHO 3aBEPIINTh CLIEHAPHH, BBIJICICHBI B OT/CIbHBIC COCTOSHUSL.

Hwmxe npencrasieHa obmiast CTpyKTypa MapKOBCKOH LIEITH, TPEACTaBISIIOMIAs IPOLETy-
Py BBIIIOIHEHHUS WHCTPYKIWH IPH BOSHUKHOBEHHH INTAaTHOW WIJIM BHEIUTATHOW CHUTYallld
(puc. 1).

300
SHo
OIoN©

S

Puc. 1. Mapkoeckas yenv 015 MOOeIUPOBAHUs. NOBEOEHUs NUTOMA
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JanHas Mojenb MpejcTaBieHa 1A cleHapus ¢ n maramu. CoctosHus o S, 10 S
MPEJCTABIISIOT MPEAYCMOTpeHHY 0 PJID nesTensHOCTh MHIIOTA.
Cocrosaue S
nt+1
PEKTHOMY 3aBEpPIICHUIO CIICHAPHS.

SABJACTCSL KOHCYHBIM COCTOSIHUEM MOACIN, COOTBETCTBYIOIIUM KOP-

CocTosHHS OT S—e1 o S-en MIPEICTABIISIOT OMNOOYHBIE ISHCTBUS TIIIOTA.

Cocrostnus ot S-ef, 10 S-ef MpencTaBIsAIOT KOHEYHbIE OMIMOOYHBIE COCTOSHHUS, KOTIa
CIICHapHU WM HE 3aBepIICH KOPPEKTHO U OBLIA JOITYIIIEHa KPUTHYECKAsl OIINOKA, WA Tie-
JIeBO€ ACUCTBHE He OBLIO BHIITOJHEHO B TEUEHHE MIPUEMIIEMOTO BPEMEHH.

BeposTHOCTHasT AMHAMHUKA MIEPEXOIOB MEXAY COCTOSTHUSMH MPEICTABISCTCS MaTpHI-
HBIM YpaBHCHUEM:

p(t+1)=S, p(?),

rne ¢t — muckpetHoe Bpemsi; 0 <t <T;f, T e N; T — KOHEUHbIi MOMEHT BpeMeHH; N —
MHOXECTBO HATYPaJbHBIX YHCEN; 71 — 00Iee KOTMIECTBO COCTOSIHUM 1ien MapkoBa; Bek-
TOp p(t) = ( Do (t) R (t))T — MPEJCTABISICT BEPOATHOCTH MPEOBIBAHUS B COCTOS-
HUAX LEMHM B MOMEHT BPEMEHH f; S, =5, , — CTOXacTUYeCcKas MaTpHLa BepOSTHOCTEH
IIEPEXO/I0B MKy COCTOSHMAMMU Lenn Mapkosa nopsiika m , B KOTOPOH s, , — BEpOSIT-
HOCTP TIepexofla U3 COCTOSHUS j B COCTOSHHME i [UIA TPYIIIBI MHJIOTOB, UMEIOIIEH ypo-
BEHB ITOATOTOBKH k.

Wnentuduxanys MaTpull BEPOATHOCTEH NEPEXON0B MEXKIY COCTOSHHUSAMU S, BBI-
TIOJTHSETCS TI0 SMITMPUUECKUM JaHHBIM TSl KOKIOW paccCMaTpuBaEeMON T'PYMIbl MHIOTOB
OTHenbHO. [y 3TOro mo pesynsraraM HaOMIOAEGHMH JUI1 MAaTpHLBI S, pPacCUMTHIBAIOTCA
BBIOOPOYHBIE OLECHKH €€ rpy0oro HavyajibHOrO MPUONMKEHHS S, , W MPEIENBHOIO CTa-
IIUOHAPHOTO pacIpe/IeNICHIsI BEPOATHOCTEH p*, ompenensieMoro pemeHueM CIICAYIOIIEro
YpaBHEHHUS:

i,k

p* =S, p*,

THOCJIe YEr0, HCTIONB3Ys OLEHKY IIPEeIeIbHOTO CTAI[HOHAPHOTO PaclpeneneHus p*, IpoBo-
JUTCS yTOYHEHHE HAYaIbHOTO IpuOmmkenns S,  [11].

KommonenTsI mponenypsl, GopMHpPYIONIEH MaTeMaTHIeCKOe MPEACTABICHIE AEATENb-
HOCTH ITHJIOTA corIacHo npexnucanuaM PJID, npencrasnens: Ha puc. 2.

Jns peanm3anuy pasIUYHBIX BAPUAHTOB MOBEAEHHUS IUIOTA, COOTBETCTBYIOMIUX Pa3-
JWYHBIM YPOBHAM NPO(eCCHOHANPHON TTOATOTOBKHU, Pa3paboTaH alrOPUTM OLECHKH OIIBIT-
HOCTH TIHJIOTa BO3MYLIHOTO CyAHA, C TIOMOIIBIO KOTOPOTO PACCUMTHIBAIOTCS 3IIEMEHTHI
MaTpPHULbI BEPOSITHOCTEN IIEPEXOI0B.

OTOT aNropuTM OCHOBAaH Ha HCHOIb30BAHUU MpPeNoOydeHHOro MepcenTpoHa (puc. 3),
KOTODBII MONyYaeT Ha BXOJ JJaHHbIE O MHJIOTE, BKJIIOYas €ro BO3pacT, oOluii HaeT B ya-
cax, HaJeT Ha JaHHOM BO3AyHIHOM cyjHe. Ha BbIxon HEHpOHHOM ceTH MOCTymaeT 3Haye-
HHe Ko3((UIMEHTa ONLITHOCTH NUIIOTa B Ananaszone ot 0 1o 1, rae 0 — cayyail HanmeHee
OIBITHOTO MHJIOTA (HAYMHAIONINH KazeT), 1 — cirydaii Hanbolee ONBITHOTO MHIOTA (MMEFo-
mero 6omee 10000 yacoB HajeTa).
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Komwsecreowaross [laHHbIe 0 NUnoTe KozthcbuumenT onemHocTi
MHCTPYKLIMH > nunoTa
1. BoapacT nunota BxoaHble
2. OBwmit Hanet — —>
3 HaJ:-:T Ha AanHom BC Hawmue o nanore AarHEle Mpepobyuertan HC
) A B MOOEMNb
N N
Otuer no Bcem Wroroean MaTpULa Enomxeu{a
nepexonan BEPOATHOCTER nonyyueleiica
P nepexoos MApKOBCKOI Lienk KonwuecTao waroe
— B MHCTp).JMuHM
-
o L 4
-
T
o CoagaHue Coananue
HaYansHoi HaYansHore
KE3APATHOM Maccuea
Buimon MaTpHLE! pacnpeaeneHusa
pesyneTatos Heobxomumoii HAXOKOEHUA B
pasMepHOCTH KIHOOM U3
(3'n+1) COCTORHMIA
WcxogHaR Matpuua VicKofIHLIM MaccHB
[NA OMTUMK3ALIMK pacnpeeneHun
Urepaumn [INA COCTORHI
M3pKOBCKON Lienu 4o 3apepwra
nonagaHuA 8 ogHo ua (&  Mexay
KOHEUHBIX COCTORHNIA WTEepaLMAMH
o )
Wroroean
Matpuua ¥
BEPOATHOCTER KoppekTuposka
Nepexonos Lenesoe Banaxca
pacpeAenexme HAXOMAEHHA B
ONTUMUIALMA [ANA COCTORHIA noauiﬁamm .
MCXOOHOIA “
MaTpHL! 40 HEraTUEHOM
Lenesoro COCTOAHUM MOTENM
pacnpefenaHia Ha ocHoBe
T ONBLITHOCTH MMNOTA
Komnuecteo
WTEepaUMi ANA
ONTHMM33LMK

Puc. 2. Komnonenmol npoyedypul, popmupyrowei mamemamuieckoe
npeocmasnenue 0eameabHoOCmu NUI0ma co2aacHo npeonucaruam PJID

[epcenTpon mmeet 3 cnos (OAMH — BXOAHOHN M3 64 HEHPOHOB, ONWH CKPBITHIN CIIOH
n3 32 HEeHpOHOB, OAMH BBIXOAHOMW ci1oif ¢ 1 HelipoHoM). JlaHHas ceTh oOy4aeTcs Ha orpa-
HUYCHHOM Habope JTaHHBIX.

Marpuipsl BEpOSITHOCTEH NEPEX0J0B MEXIy COCTOSIHUSIMH IPH Pa3IUYHBIX TICUXO(DU-
3MOJIOTMYECKUX COCTOSHHSAX JKHIaKa M YPOBHSAX €ro NpodeccHOoHaIbHOW IMOATOTOBKH
(OpMUPYIOTCSI, HCIIONB3Ysl MACCHBBI BPEMEH NPEObIBaHUS B COCTOSTHHUSIX MOZICIIH.

HcxomHblif MacCHB ¢ BpeMEHEM HAaXOXKICHUS IS KaKJIOTO COCTOSHUS pasiessiercs
Ha JIBE YaCTH: AT TIOJIOXKUTEIBHBIX U OTPUIATENBHBIX COCTOSHUN MOAENH (IO MOJO0KH-
TEJIbHBIMH TTOHUMAIOTCSI COCTOSIHHS, B KOTOPBIX KOPPEKTHO BBITIONIHSIOTCSI BCE MHCTPYK-
LY CLEHAPHS, IO/ OTPUIATEIBHBIMHI — COCTOSHHSI IIPOMEKYTOUHBIX M KOHEUHBIX OIIHOOK,
IIPELyCMOTPEHHBIE MOJIEIIBIO).
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Output

Puc. 3. Cmpyxmypa ceaseii meswcoy s1emeHmamu nepcenmpona
0711 nonyueHus KO3 duyueHma onvimHocmu nuioma

B 3aBucuMocTH OT KO3(()UIMEHTAa ONBITHOCTH ITHIOTA [IPOUCXOAUT BBIYHCIICHUE Iie-
JeBoro ko3 duIrMenTa mpomopIiH CyMMBI TIEPBOTO MacCHBa KO BTOPOMY (HAXOXKIACHUS
B OJIArONPHUATHBIX ¥ OTPULATENIBHBIX COCTOSHHSAX):

C=0.5+0.2x0,

rae Q — k03 (HUIMEHT ONBITHOCTH IMWIOTa, osrydeHHbId 13 Moxesnn HC, C — koadduuu-
€HT MPONOPLUH BPEMEHN HAXOXK/ICHUS B MOJIOKUTEIBHBIX COCTOSHUSIX.

[Nonyuennsiii kK03(h(PUINEHT OTHOLMIEHUS BPEMEH HAX0XK/ICHHS B TIOJIOXKUTEJILHBIX U OT-
PUILIATENIBHBIX COCTOSIHUAX MOXET NPUHUMATh 3HaueHue B auanasoHe [0.5, 0.7]. Cmeme-
HUE 3HA4YEHUsI 3TOr0 KO PHIMEHTa JaKe Ha OIHY COTYIO BHOCHUT CYIIECTBEHHBIH BKIJIa]
B ()OpMHPOBAHUE UTOTOBOH MaTPHIIBI BEPOSTHOCTEH MEPEXOIO0B.

[Mocite HAXOXKIACHUA CYMM JUIS KaXKIOTO U3 MOTYYSHHBIX MacCHBOB, COCPIKAIIMX HH-
(bopMaIHo 0 HAXOXKICHUH B ONAronpHATHBIX U HEONAronpHATHBIX COCTOSHHSAX MOJIEIH,
MAacCHBBl HOPMHpYIOTCA. Pesynerar mpencraBiseT co0oil pacnperneneHHe BHIOOPOYHBIX
OLICHOK BEPOSITHOCTEH HAXOXKACHHUS B KAXKJOM U3 COCTOSHUII MOZEIH, OIyYeHHOE Ha OC-
HOBe MH(pOPMAIIMK 00 OIBITE MUJIOTA.

[NonyueHHoe pacnpenesieHHe HCIONB3YeTCsl MPU ONTHMHU3AIUU MATPHIBI BEPOSTHO-
CTEH INepexoloB CIIeHAJIbHBIM aJrOPUTMOM, KOTOPBIH WTEPaliOHHO Npeodpasyer mep-
BOHAYaJIbHYI0 BBIOOPOYHYIO OIIEHKY MaTpHIBI BEPOSTHOCTEH MEpeXo/0B TaK, UYTOOBI
MIPUOIHM3NTH OTpeNeNsieMOe STOM MaTpHIIEH cTallMOHAPHOE paclpe/elieHne BEPOsITHOCTEH
MIpeObIBaHMS B COCTOSIHUSX K YKa3aHHOMY BBIIIIE BEIOOPOUHOMY pactipeaerneHuo [11].
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[Tocne momy4yeHust UTOTOBOH MaTpHUIbl BEPOSTHOCTEH MEPEXO0B MPOBOAUTCS 00X0A
MapKOBCKOW LETIH, TIPH KOTOPOM (DPUKCHPYIOTCS BCE MEPEXO/IBI 3a Kakayto urepanmio. Ilo-
JIydEeHHBIH pe3ydabTaT NMPEACTaBIACT OJHY WHHINAIN3AINI0 BBIOPAHHOTO CHECHAPUS I
MTUJIOTA OTIPEJICTICHHOTO YPOBHSI MOATOTOBKH. J|aHHBIE ClIeHAPHU MOTYT ObITh OObEANHEHBI
B IIPOLIECC LIEJIOr0 IOJIETa.

3. IPUMEP UMUTAIUOHHOI'O MOJAEJIUPOBAHUA
JJIs1 CHEHAPUS C OTKA30OM JIBUT'ATEJIA

B kauecTBe npuMepa NCIOIb30BaH CLIEHApUi ¢ OTKa30M OJHOIO U3 ABUraTeliel BO Bpe-
ms noneta camoiéra MC-21-300. ITunotupoBanue BC B cimydyae qaHHOTO CrieHapus pe-
cTaBieHo B popme OuzHec-miponecca B HoTauun BPMN 2.0 (puc. 4).

Pacnosnasanme Yaepomnenue

o 6opToBom cucTeMon GopTomoro
@
oTkasa aswratens sinana
Orkas gsuratern |
I
T
I
I
a =
2 Mepesoa
z OB HapyweHue MNepesoa PYAL (R) 8 nepexniouarens L (R)
= oTkasa asuratens nonoxenue IDLE RUN-OFF &
£
£ OFF

MpyKas AoNoxMTb 0 |
cuTyalu Ka GopTy |
i
1
!

Roknaa Ancnervepy
OB/ 0 BHew TaTHON
cuTyaunu

KoHTpone
BLINONHeHUs BCex
MHCT Y KUMA
cornacko P13

Bropa# nunot BC

Mpusemnesue

MpoAcrv«enve noneta

Mpursnie pewenna o
npoAoTKerM noneTa

Pewenne
npuzemnuTLCca
Pewenue
| Nonecesue NPOACMKMTEL NoneT
| pewenwa no

JE10p0r0 ot

i
r~l
1
| nonyuenme poxraa |,
npukasa anen ¥

Puc. 4. Cxema 6usnec-npoyecca ons cyenapusi
“Omra3z osueamensn’ 6 nomayuu BPMN 2.0.

Hauano
MOArOTOBUTENLHIX
ASWCTBMIA K Nocaake

MonaroToBka Kk
npoaomKeHuio noneTa ¢
oaHMM ABUrATENeM

JaHHblil ciieHapuii peanonaraeT codboi TpH LENeBbIX JEHCTBHUS OT MUIOTHPYIOIIETO
skunaxa: nepesox PY]l B monoxenue IDLE, nepeson nepexmouarenss RUN-OFF B cocto-
staue OFF, mpuHSTHS MPaBIIIBHOTO PELICHHS O MPOAOIDKEHHUH TTOJIETa.

Ha ocHOBaHMM JaHHBIX TpeX NEHUCTBUS IOCTPOEHA MOJEIIb MAPKOBCKOM LI€TIN [yl JaH-
HOTO clieHapust (puc. 5).
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M

Puc. 5. Mapkoeckas mooenw ons cyenapus “Omxaz osueamens”

):[J'Iﬂ JJAHHOT'O mporecca ObLIa NMOCTpPOCHA HadaJIbHAasA MaTpulia BepOHTHOCTeﬁ nepexo-
J0B, C KOTOpOfI 1 OPpOUCXOAAT ONTUMUH3ALIMOHHBIC UTCPALIUN (pI/IC. 6) ®DHONIETOBBIM IIBETOM
OTMCYCHBI HCXKCIIATCIIbHBIC KOHCYHbBIC COCTOAHUA MOJCIIN (KOTOpLIC O3Ha4YaroT 663}’01'[6111-
HOC 3aBCPIICHUEC CI_IeHapI/Iﬂ). KenaTeiM oTMEUCHO CIUHCTBCHHOC KOHCYHOEC COCTOSHUEC MO-
ACJIN, IEPEXO0 B KOTOPOC O3HAYACT yCIICIIHOC BBINIOJIHECHNE I/IHCprK].lI/Iﬁ OKHUIIaXXEM.

$1 s2 s3 sS4 S-e1 | S-e2 | S-e3 _
S1 0.1 0 0 o 0 0 [ 0 0 [
s2 0.6 0.1 0 0 0.5 o o 0 0 o
s3 o 0.6 0.1 0 0 0.5 0 o 0 o
sS4 o o 0.6 1 0 0 0.5 0 0 o
S-e1 0.3 0 0 0 0.1 o ° 0 0 o
S-e2 o 0.3 0 0 0 0.1 0 0 0 o
S-e3 o 0 0.3 0 0 0 0.1 0 0 o
0 0 0 0 04 0 o
o 0 ° 4 0 0.4 0
0 0 o o o o 04

Puc. 6. Hauanvnas mampuya eeposmuocmeli nepexo0os
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OmnpenenéHHble AIEMEHTHl MaTPUIBI BEPOSTHOCTEH IEPEXO0B MOTYT OBITh PaBHBI
HyNI0 WK enuHune. ONTUMHU3HPYIOTCS JIUMIIb T€ NEPEXOABI, Y KOTOPBIX BEPOSITHOCTH Jie-
kar B quanaszone (0, 1).

s mpoBepku 3¢ GEeKTHBHOCTH pabOTHI aJrOpUTMa TOMYYEHHS WTOTOBOM MaTpHIIBI Be-
POSITHOCTEN MEPEXOAOB C YUETOM OMNBITHOCTH MUJIOTA BO3AYIIIHOTO CY/THA BBIBEIEM B paMKax
paccMaTpuBaeMOro CLEHapHs U CPaBHUM MaTpPHULbI SIS THI0Ta-HOBUYKA U OMBITHOTO MHUJIOTA.

JU71st HEOTIBITHOTO ITHITOTa OYAET HCIIOIB30BaTh CIESAYIONIHE BXOJHEIC JaHHBIE (BO3PACT —
23 roma, obmuit Haiet — 200 vacos, HaneT Ha gaHHOM Ture BC — 0 gacoB). Heliponnas
CeTh BbIJAja pe3yabTaT, IPUOIMKEHHBII K Hym0. B TakoM ciydae moirydunach CIeIyro-
I1asi MaTpHIIa BEPOSITHOCTEH mepexooB (puc. 7):

0 1 | 2 | |2 | | | | | |
0 0,955404 0 0 0 0 o o ] 0 0
1 0,001308 0,900509 0 0 0,069663 1] 1] 1] 0 0
2 0 0,005116 0,793954 0 0 0,115702 o o 0 0
3 0 0 0,01353 1 0 0 0,159223 1] 0 0
4 0,043289 0 0 0 0,921441 0 0 0 0 0
5 0 0,094376 0 0 0 0,876018 o 1] 0 0
6 0 0 0,192476 0 0 0 0,785642 o 0 0
7 o o o 0 0,008836 o o 1 1] 1]
8 0 0 0 0 0 0,008281 o o 1 0
9 1] o o 0 0 0 0,055123 o 0 1

Puc. 7. Mampuya eepoammnocmeti nepexo006 0Jisl HeONbIMHO20 NUIOMA

Kak MOXHO 3aMeTHTh 110 MaTpulle — BEPOSITHOCTH NEPEXOJIOB B XKeJaTeIbHbIE COCTOS-
Hust (Hanpumep, 3 0 B 1 uim u3 1 B 2) 3HaUUTENBHO HIXKE, YEM B HEXXeJlaTeJIbHbIe (HanpH-
Mmep, 3 0 B 4 i u3 1 B 5).

Paccmorpum Tenepp mpumep ¢ HauOolee ONMBITHBIM IHJIOTOM. B KauecTBe BXOIHBIX
BO3bMEM CJICAYIONIHME JaHHble (Bo3pacT — 55 net, obmuii Haner — 15000 gyacoB, HayeT
Ha naHoM tune BC — 5000 yacos). HC Beigan pesynsrar — enuauna. B pesynbrare nomy-
YIIach cieayromas Marpuma (puc. 8):

0 1 2 |2 | | | |
0 0,9585922 o 1] 0 o 1] o 0 0 o
1 0,037567 0,913843 0 0 0,963966 0 o 0 0 o
2 0 0,082811 0,850683 0 0 0,984056 1] 0 0 1]
3 0 0 0,134827 1 o 0 0,805973 0 0 o
4 0,003511 o 0 0 0,036034 0 o 0 0 o
5 0 0,003346 0 0 0 0,015904 1] 0 0 1]
6 0 0 0,01449 0 o 0 0,034648 0 0 ]
7 0 o 0 0 7,83E-11 0 o 1 0 o
8 0 o 0 0 0 7,35e-11 1] 0 1 1]
9 1] o 0 0 o 0 0,159379 0 1] 1

Puc. 8. Boiuucnennas mampuya éeposmuocmetl nepexo0os 0.Jis ONblmHo2o NUI0ma
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B nanHOM cityyae MOJNy4YHIICS CYIIECTBEHHO JIpYyroil pe3ysbTar, YTO CBUAETEIbCTBYET
0 TOM, YTO pacy€Thbl BbIIIOJHCHBI KOPPCKTHO. OJIHaKO, YUUTbIBasd HeO6XO[[I/IMyIO TOYHOCTb
" YyYBCTBUTCIIbHOCTb nonyquHoﬁ CHUCTCMBI, HCOGXOZ[I/IMO IIPOBOJIAUTH HaﬂbHeﬁHIyIO KaJiu-
OpoBKY Bcex Koa(duuneHToB BHYTpH 110, 4T0OBI TOBBICHTH TOUHOCTH MOICIIH.

AJTOPUTM YCHEIIHO TECTHPOBANCS 0 CLEHAPHEB, BKIIIOUAIOMUX A0 33 mIaroB B MH-
CTpYKIMH (TIOyyaeTcs MaTpHIa BeposTHOCTEH mepexonoB pasMepa 100x100). C mpyroii
CTOPOHBI, €CITH aKIIEHTUPOBATh BHUMaHHE Ha BO3MOXHBIE crieHapuu u3 PJID, cpennee ko-
JINYECTBO IIAr0B OOBIYHO He mpeBbImaeT 15. B TakoM ciyvae Mexanu3m padbotaet addex-
THUBHO KaK [0 BPEMEHH, TaK U 110 Pe3yJIbTary.

Ha pucynkax 9-10 mist crieHapus ¢ OTKa30M JIBHUTATEIs MPEICTaBICHBI MapKOBCKHE
MIPOLIECCHI, WILTIOCTPUPYIOLINE TIEPEXOAbl MEXIY COCTOSHUSIMH B J€MOHCTPAIIMOHHBIX
BapuaHTax noseieHus. Uncia y CTPesoK IOKa3bIBAIOT MOCIEA0BATEILHOCTH MIEPEX0/I0B
MEXIY COCTOSIHUSIMM, BKIJIIOYasi EpEXobl U3 COCTOSIHMI B camux ceds. O4eBHaHO, 4TO
B Cllyyae MEHee OIBITHOTO IMHJIOTa COBEPIIAETCS 3HAYUTEIBHO OOJblIe OUIMOOK, U MPo-
Lecc 00xoa COCTOSIHUAHN BKITIOYAET 3HAUYUTEIBHO OOJIBILIEE YHCIIO HIAr0B.

S4

Puc. 9. Ilogedenue npu omkase ogueameris Puc. 10. Ilogedenue npu omxase ogueameis
6 Clyuae HeONbIMHO20 NULOMA: NPUMep 6 ClIyyae OnbIMHO20 NUAOMA: npumep
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4. 3AKJIIOYEHUE

1. PaspaGorana MareMaTHIeCcKas MOJEIb ACATEIBHOCTH HIIOTA COMIACHO HPEANHCAHHISIM
PJID u mporpaMMHBIe CpeAcTBa sl MOIENHPOBAHUS 3TOH AEATEIBHOCTH, IOCTPOCH-
HBIE Ha €€ OCHOBE.

2. Maremaruueckasi MOJIENb JIEATEIHHOCTH TUIIOTa COMIACHO mpeanucanusM PJID npu-
MeEHSIeTCs JJIs pPelIeHUs CIeIyIoIuX 3aad:

— CO3JaHHE «BUPTYAJIBHBIX» IMHJIOTOB, 00ECIIEUNBAIONINX BHITOIHEHUE MTPEAITUCAHUM
PJI3 BG;

— oueHKH 3(P(EeKTHBHOCTH B3aMMOJCHUCTBHS ITHWJIOTOB C PAa3IMYHBIMH BapHaHTaAMH
MHPOPMAIMOHHO-YTIPABIISIIONIETO TONI KaOWMHBI C HENBI0 MPUHATHS HAWITyYIINX
TEeXHUYECKHUX PEIICHUH (BKIIOYAsl BaJMALMIO MEPCIEKTHBHBIX KAOWH M KOMILICK-
coB OopTOBOTO 0OOPYIOBAHNA);

— HMHTANMA JSSITENbHOCTH IHUIOTOB/3KUIAXKEH C paslNuHBIMH YPOBHAMH Hpodeccro-
HaJIbHOHM MOATOTOBKH M PA3JIMYHBIMH IICUXO(U3NOIIOTHYECKIMHU COCTOSIHUSAMH C IIETBIO
BBISIBJICHHS HAMJIYYIINX TEXHUYECKUX PELICHH 0 (OPMHUPOBAHHIO HH)OPMAIIHOHHO-
YIPaBJISIFOLIETO MOJIsi KAOWHBI BO3/IYIIHOTO CYAHA.

3. Maremarnyeckas MOJIEb JESTEIbHOCTH TUIOTa COIacCHO npenucanusm PJID mpen-
CTaBISAETCSI KaK MapKOBCKHUH MPOLECC ¢ JUCKPETHBIMHU COCTOSHHUSIMU U TUCKPETHBIM
BpemeHeM. [lonér BC nenurcs Ha 3Tansl, UMEIONUE pa3INyHble CLIEHAPUH UX BBIIOJ-
HeHusl. CLeHapuu MPEeACTaBISIOT COOOH IITAaTHBIE M BHEINTATHBIE CUTYAllUH, OBEJIe-
HUE MPU BO3HUKHOBEHHUHU KOTOPBIX pernamMeHTupoBaHo B PJID. Kaxnoe U3 BO3MOMXKHBIX
COCTOSIHUI MapKOBCKOT'O IIPOLECCA COOTBETCTBYET ONPEACIEHHOMY IATY BBITOIHEHUS
uHCTpyKumit PJID.

4. OwuOKy Py BBIMONTHEHUH HHCTPYKIUH BBIICISIOTCS B OTACIBHBIC COCTOSHHS MOJIC-
mm. [lepeiing B cocTosiHUE OIMMOKH, MIJIOT, KaK MPaBHIIO, UMEET BOZMOKHOCTh HCIIpa-
BHTB €€, II03TOMY JOIyCKAIOTCS IEPEXOABI MEXKYy COCTOSHUSMH, IPEACTaBIAIOIUMH
OomMOKH, M TPACKTOpHEH KOPPEKTHOTO BHIMOMHEeHHS HHCTpykuuit PJID. Koneunsle
OIINOKH, HE TI03BOJISIOIINE TTOJIOKHUTEIHHO 3aBEPILIUTH CIICHAPUH, BBIICTICHBI B OTIENb-
HBIE COCTOSTHHUSL.

5. Maremarudeckasi MOAEIb JIEITENBHOCTH MHIIOTAa COMIACHO mpeamucanusm PJID obe-
CIeYMBaeT UMHTALMOHHOE MOJEIUPOBAHHUE MOBEACHUS MIJIOTOB BO BpeMs IOJIETOB
B TepMHUHAX npennucanuii PJIO.

6. PacCMOTpPECHHBINA MOOXOX MOXET MPUMEHATHCS MPH MOIETHPOBAHHUH JESITEIBHOCTH
MTAJIOTa KaK JUIS OTAETHHO B3STHIX ()ParMEHTOB MOJIETa, TaK M UL MOJETa B IEIIOM,
IIO3BOJISISL OLICHNBATH TIOBEJICHNE ITMIIOTOB C Pa3InYHBIM YPOBHEM ITPO(ECCHOHATHLHON
MTOJATOTOBKH U OMBITA B paMKaX OJAHOTO CILICHAPHS.
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PaccmartpuBaeTcsi 3ajja4a HAaXOXJEHMS YCTaJOCTHBIX XapaKTEPHCTUK MaTephana
0 pe3ysIbTaTaM HCIBITAaHHH KOMIO3HIMOHHOTO MaTepuana. MCXOIHBIMU JaHHBIMU
SBJIIOTCS CBOMCTBA MaTepuana, MapamMerTpbl Harpy3kd W TaOIUYHO 3aJaHHas
3aBUCUMOCTb MOJIYJIS YIPYIOCTH OT KOJIMYECTBA BBIIOJHEHHBIX HCIBITAHUMH.
CoopmupoBana muddepeHnranbHas MaTeMaTHdeckas MOJIelb, OIUCHIBAIONIast
U3MECHEHHEe MOJXYJs YHPYTOCTH C POCTOM 4YHCIa HChbITaHuil. Ee mapamerps
HAXOJATCS C MOMOUIBIO ANMPOKCUMAIMU CKOPOCTH M3MEHEHHsI MOJYJIS yIpPYrocTH
1o (hopMynaM 4UCICHHOro AU GepeHINPOBaHNs PA3IHIHOrO IOPSAKA H PEIICHHS
3a1auM napamerpuyeckoi naeHTudukannu. KosdhuueHTs Moenu onpeaenstorcs
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B pe3yJIbTaTe UCIOJIb30BAHUS METO/1a, UMUTHPYIOLIETO MMOBEICHUE CTal MOTBLJIBLKOB,
OTHOCAIIETOCS K OMOMHCIHPHPOBAHHBIM aJTOPHTMaM TIOOAIFHON ONTHMHU3AIHH.
[IpuBeneHo perieHre MOCTABICHHON 3aJaddl Ui KOHKPETHOTO KOMITO3MIIMOHHOTO
Marepuania.

Knrouegvie cnoga: KOMIIO3UIMOHHBIA MaTepHall, MOAENb JIeTPalalluil )KECTKOCTH,
OMOMHCTIMPUPOBAHHBIA  alTOPUTM, METOIBl YHCICHHOTO IU(QepeHINpPOBAHUSL
1 MHTETPUPOBAHMSI.
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Jerpagaiiy )KeCTKOCTH KOMITO3UIIMOHHOTO MaTtepraia / MoienupoBaHue 1 aHalli3 JaHHBIX.
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1. BBEJIEHUE

[Ipu 00paboTke pe3yNbTaTOB HCIBITAHWNA KOMITO3UTHBIX MaTepHajoB Ba)kKHO OIIpe-
JIEIUTh WX XapaKTepHBIE MapameTpbl C LETbI0 JaJIbHEUIIEro MpOrHO3UPOBAHUSI UX TO-
BEJICHUS TIOJ JCHCTBHEM OIpENeNeHHBIX Harpy3ok. OmHOW M3 BO3MOXKHBIX Mojeneit
JeTpaallii KECTKOCTH SBISIETCS T epeHInatbHas MOJelb, mpeaiokeHHas B [1]. Ona
MO3BOJISIET ONMKCATh TPYU OCHOBHBIX ATara Jerpajaliu 5KeCTKOCTH: MePBOHAYANIbHYIO0 TOTe-
PIO )KECTKOCTH, PAaCIIPOCTPAHEHHE TTOBPEKACHUH, TOCTHKEHNE KPUTUIECKOTO YPOBHS TO-
BPEKIAEMOCTH, IPUBOISAIIEE K pa3pyIlIeHUI0 MaTteprana. OCHOBHOH MPOOIEeMOit SBIIETCS
HaxOoXXJIEHUE MapamMeTpoB MOJEIH, XapaKTEPU3YIOIUX Ka)bIid U3 JTArlOB U MOBEACHHE
oOpasia Marepuaia B LEIOM. B crarbe MpeuIoyKeH ajJrOpuTM HaXOXKICHHUS IapaMeTpPOB
Ha OCHOBE YHCJICHHBIX METOMIOB aIlMPOKCUMAIINN CKOPOCTH JETPaIalii KEeCTKOCTH U Tia-
paMeTpuuecKoi onTUMHU3auu [2].
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2. POPMUPOBAHUE MATEMATHYECKOM MOJIEJIA
YCTAJIOCTHOM JIETPAJTAIINM )KECTKOCTH

ByneMm uconbp30BaTh CISAYIONINE OCHOBHBIE 0003HAYESHUS.

KonnuecTBO IUKIIOB [ 7 ], OMH IUKII: HCXOIHOE COCTOSHUE — HAIPSDKEHHOE COCTOS-
HUe (pacTsHKeHUe) — UCXOAHOe cocTostHne, 1 € {0,..., N}, tae N — oOImee 9rcio BIIOI-
HEHHBIX UCIIBITAaHHH.

Hanpsoxenne [ o, Mma] — ¢usndeckas BeIHYHHA, XapaKTEePU3yIOIas JAeHCTBHE BHY-
TPEHHHX CHJI YIPYTOCTH B e(hopMHpOBaHHOM TBepsoM Teie [Mmal.

IIpounocts Ha pacTskenue [ X, , Mna] — ¢usndeckast BennunHa, XapaKTepHu3yronas
HarpspKeHHUE, TIPH KOTOPOM TIPOMCXOANT paspylieHue oopasia [Mna].

Monyns ynpyroctu [ E, Mna] — xapakTepu3yeT CIIOCOOHOCTh MaTepraia COMPOTHB-
JATHCS IeopManuy oA AeHCTBUEM HaIlPsKEHHH.

[MoBpexxmaemocts [ D | — BenmuuKHa, XapaKTepH3yomas IaJeHie MOAYIS YIPYTOCTH
( £) oOpa3iia.

TexyIiee 3Ha4eHHE ITOBPEKIAEMOCTH CBSI3aHO C TEKYLIMM 3HAYCHHEM MOAYJIS YIpy-

T'OCTH:

. E@m)
D =1-=", (1)

0

rae E(n)— Texymuil MOIylb yNpyrocTH, XapaKTepH3yIOLIUi CIOCOOHOCTh MaTephaia
CONPOTHUBIISITHCS PACTSDKEHUIO/COKATUIO TTPU YIPYyroil Jedopmanuu nocie MUKInYecKon
Harpys3ku; E, — MCXOOHBII MOIYNb YIPYTOCTH — KOHCTAHTA, XapaKTePHU3YIOMIas CIIoco0-
HOCTb MarepHaja CONPOTHBIATHCS JehOpMalMy MO JSHCTBHEM HAIpsHKEHUH; 71— T10-
psiaKoBblii Homep 1ukia Harpyxenus (0—100.000). ITockoneky E(n) €[0, E,], TO noBpex-
nmaemocth D(n) €[0,1].

Ecin u3BecTHO 3Ha4YCHUE MOBPEKITACMOCTH, TO TEKYLIHH MOIYIb YIPYTOCTH HaXOIHUT-
cst o opmyste, cremyrorneit us (1):

E(n) = E,[1-D(n)]. (2)

Wupeke ycranocTHoro paspymeHus (2 ) — nepeMeHHast BeJIMYMHa — BeJIMYMHA, XapakK-
TEpU3YIOIIasl yCTaJIOCTHOE COCTOsIHNE 00pa3ma:

Sn)=—9 . 3)
[1-D(n)] X,

B [1] mpennoxxeHa quddepeHnnatbaas MOACTh BETHINHBI CKOPOCTH POCTa MOBPEXKIa-
eMocTH 00pa3sia:

dD(n) ¢,D(n)

()

¢ HadabpHEIM ycroBueM D(0) = 0.

=¢,X(n)exp| - +¢;D(n)Z* (n) [1+exp {05 [Z(n)-c, ]}J, “)
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C yuerom (3) ypaBHeHHe (4) MOXKHO Tepenucarh B opme

dD(n) _ o oxp| - ¢,D(n) veD (n){ o } .
[1-D(n)] X,

dn T-DIX, o

+c,D(n) {#} exp {cs {L —-c, }} R
[1-D(n)] X, [1-D(m)] X,

TaeC,,....,Cs — KOA(DOHUIMCHTEI, XapaKTePHU3YIOIIHe yCTATOCTHBIC XapaKTEPUCTHKN Mare-
puana. ) E(n)
Bgenem o6o3nauenus E(n) =——,
0
E(n)

D(n)=1-—-L=1-E(n), 10 Mz _dE(m)
E, dn dn
ypaBHEHHE, JKBHUBaJIeHTHOE (5), B popme

dkw_ 1|, exp| e (1= BB E) [+

X
S =—L. Tlockonbky u3 ypasuenus (1) cnemyer
o

. Torna monydaem nuddepenmanbHoe

dn. BE(n)
] ©6)
1-E
+C3¢ 1+exp CSI: Al —q} ,
BE(n) BE(n)
INockonbky E(0) = E,, , To HadalbHOE yCIOBUE 1JIs1 ypaBHEHHs (6) UMeeT BUJL
E©)=1 ™)

B [1] BblmeseHbl THUMOBBIE 3Tanbl W3MEHEHHS MOXYNS YIPYTOCTH B 3aBHCHMOCTH
OT YHCJIa BBITIOJHEHHBIX NCTIBITAHHH.
Iepeviti sman. THUMApOBaHUE TIOBPEX/CHUH (yMEHBIIICHHE OTHOCUTEIILHOTO MOJY-

EE(") a (2+5)%).

0
Bmopoti oman. PactipocTpaneHue MOBPEXIEHUN (JlaibHeIee YMEHbIIICHHE OTHOCH-

") eme Ha (1+5)%).

Tpemuir sman. I[ocmxce}meo KPUTHYECKOTO YPOBHS MOBPEKIACMOCTH, MPHUBOJISIICE
K pa3pylIcHUIO MaTepHaa.

Koadumuent ¢, xapakrepusyeT CKOPOCTb POCTa B PeXKUME HHUIUMPOBAHUS TIOBPEXK-
JICHUH (Ha MEepBOM 3Tarie), T.¢. pe3K0e HAYaJIbHOE CHIDKCHUC KPHBOM YMCHBIIICHUS MOMYJIS
ynpyroctd. Koadduiuenr ¢, nomkeH ObITh JOCTATOYHO OONBIIMM IO BEIMYHHE, YTOOBI
MIepBOE ClIaraeMoe Mo BEJIMYHNHE JJOCTATOYHO OBICTPO YOBIBAJIO C POCTOM ITOBPEIKIAEMOCTH.
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Koaduuuent ¢, xapakrepusyeT CKOPOCTb POCTa B PEXKUME PACIPOCTPAHEHUS OBPEK-
JICHUH, T.e. KOIJIa IPOUCXOIHUT MOCTENIEHHOEe YMEHbIIeHne Moaylsi ynpyroctu. Koadou-
[HEHTEI C,, C, XaPAKTEPU3YIOT 3TAIl B3PHIBHOTO POCTA TIOBPEKIAEMOCTH HA TPETHEM JTaIlE.

Tpebyercs HaliTH KO3)ULUEHTHI ¢, ....,C; YCTAIOCTHBIX XapaKTEPUCTHK MaTepuaaa
o rpaduky E(n) M3MEHEHHS KECTKOCTH KOMIIO3ULIMOHHOTO MaTepHasa.

3. AJITOPUTM PELIEHUS 3AJJAYU
MOJABOPA KOD®®ULIMEHTOB MOJEJIHU
YCTAJIOCTHOM JETPAJALMH ) KECTKOCTH
KOMIIO3ULIMOHHOI'O MATEPHAJIA

ar 1. 3aBucumocts E__(n) 3amana tadmurei npu n € {0,..., N} .

exp
. E,, (n)
ar 2. MoxyunTs Tabmuny s E(n) = —

Llar 3. Tlo Tabmuue E (n) cocraBUTH TAOIHUILY . [IpumMeHUTH (HOPMYITBI YHCIICH-

dE(n)
dn
Horo JuddepeHurpoBanus (JIBYXTOUCUHBIH U TPEXTOUCUHBIH 111a010HbI) [2, 3].

3ameuanme. s Qysxkumu f(x), 3agaHHOil Ha orpe3ke [a,b], 3amaauM y3ibl
x;, €la,bl,i=0,1,..,n—1, onpenensemple maramm h,, =Xx,, —X,; 3Had4eHUd QYHKIUH
By3nax f;, = f(x,),i=0,1,...,n—1. B obmem ciydae h,, = var,T.e. IMEETCs HEPaBHOMED-
Has ceTka. B yacTHOM cirydae miar MojkeT ObITh IIOCTOSIHHBIM /1, = h = const (paBHOMeEp-
Has CeTKa).

Ha nByxrtoueunom mabnone @ ,; = (x;,X,,,;) QOPMyIIBI I BBIYUCICHHAS TIEPBOH MPO-
W3BOJIHOW UMEIOT OJMHAKOBBIN BUJ B JICBOI U IPABO TOYKAX IMa0IIOHA:

S =S
h

i+1

S =1 = (TepBbIi TOPSIOK TOYHOCTH).

Ha TpexTtoueunom mabnone & ., =(x,_,x;,x,,) (QOPMYJIbI I BEIYMCIEHHS TIEPBOH
MPOM3BOIHON UMEIOT BUJI:
— B JICBOM KpaiiHel ToYKe 1adioHa:

Sihe = ( 3f,_, +4f, — f..;) (BTOpOIl MOPSIIOK TOYHOCTH),

' 1 (1+ +)
fgfl,v :HHI [_(2+ t+1) i— 1+ 5 1

i i+1

5

i+l

fi—1

— B IICHTPaJILHOU TOUYKE MadIoHa

j{,-; — f;+1 f; 1

———~" (BTOpO# TOPSATAOK TOUHOCTH),
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1 s..-1 . f
=[5 f gy C e Il
Y HiH_] [ i+l1Ji-1 5 f; é\iH

i+l

/; 1;

— B TIpaBOH KpaiiHell Touke mrabioHa

1
Sine = ETs (fio, —4f, +3f,,) (BTOpOH NOPATOK TOYHOCTH),

fr _ 1 [ (1+5i+1)2f+2+5i+lf ]
ity = i WYinJian T i i1 1>
[_[iJr é‘i+l 5i+1
i+l hi+1
rme H" =h +h,,,6,, = o
[lar 4. Haiitu ko3 duIuesTs! ¢, ....,c; U3 yCIoBHUs

dE(my 1 g - 1-E(n)
+ ¢ exp|: c, (1 E(n)),/ﬂE(n)}cSTE(n) 1+exp

¢ #—C
weiomny | dn o BE(n) ’ BE(n) !

7 ettt ®)
MIPUMEHSST METa’BPUCTHYECKHE aJITOPUTMBI ONTUMH3AIUK (METO/, IMUTHPYIOIIMH MOBE-
neHue crau MoThLIbKOB (Moth—flame optimization, MFO) [4], meton Luus—Jaakola [5]).
Meton MFO oTHOCHTCS K KJIacCy OMOMHCIIMPHPOBAHHBIX aJITOPUTMOB II00AFHON ONTH-
MU3aIMH, XOPOIIO 3apPEKOMEH/IOBABIINX ce0sl MPH PEIICHUH pa3HOoOOpa3HBIX 3a/1a4 apa-
METPUYECKON ONTUMHU3ALINHN CIOKHBIX TEXHUYECKUX CHCTEM [6].

3ameyaHus.

1. Tlpu BbIMHUCIICHUM 3HAYEHUSI CyMMbI BO3MOYKHO TIPUMEHEHUE PA3INYHBIX BECOBBIX KO-
(DUIMEHTOB, OTPAXKAIOIIUX CPABHUTEIBHYIO BAXKHOCTh OOPaOOTKH pPE3yNIbTaTOB, TOJTY-
YEHHBIX Ha K&XKJOM M3 3TaroB. BecoBbie k0AQ(HUIMEHTH MOTYT 33/1aBaThCsl B COOTBET-
CTBHUH C PaHee BbIJICICHHBIMU TpeMsi dTaraMu. Takke BOZMOXKHO HUCIIOJIb30BAHUE JINHEH-
HBIX 3aKOHOB M3MCHCHUS BECOBBIX KOI((DHUIIMEHTOB B paMKaX Ka)KIOro M3 STAIlOB.

2. Hcxons n3 Ha3HAYEHHUS MTOCIETHETO ClIaraeMoro B MpaBoi 4acTtu quddepeHInaaILHOTo
ypaBHEHHsI MOYKHO C(HOPMHUPOBATH ANPHOPHBIE OIIEHKH MHOXKECTBA BO3MOXHBIX 3HAUe-
HUH ko3 duiuenra 7, :

<n, < !

4 = ~ 5

1
ﬂ ﬁEmin

rae E . —MuHHManbHOe 3HadeHHe £(71) M3 TaOMHIbI SKCIICPHMEHTAIBHBIX JaHHBIX.
llar 5. Haiitn uucnennoe pewenne E. (n) muddeperumnansuoro ypasenus (6)

C HAYaJILHBIM yCJIOBHEM (7) € 1ETIbI0 BEpUPHUKALMH TTOJIyYEHHBIX PE3yJIbTaTOB.
3ameuanue. /s nuddepennuaibHoro ypaBHeHus B hopme
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dy
- = f(xay)’y(xo) =Y
dx

MOYKHO IIPUMEHHUTH CIIeTyIoIue MeToas! [2, 3]:

— SBHBIM MeTOn Diinepa:

Vin =V +h f(x;, ;) (nepBbli HOPANIOK TOYHOCTH);
— Metoj Dinepa—Kommm:
Vi = Vi, +2hf; (BTOpOIl HOPSTOK TOUHOCTH),

e f, = f(x,,y,). Jua Hauama paboThl MeToma TpeOyIOTCS [BE Pa3TOHHBIC TOUKH
(%450, (x,,¥,), IepBast onpeenseTcs HadaabHbIM yYCIOBUEM, a BTOpasl IBHBIM METOIOM
Diinepa;

— Mertoasl Anamca—bamopra:

h
Ay, =y +E(3 f. — f,.;) (BTOpOIi MOPSIOK TOYHOCTH),
h
b. y., =y +E(23fl. —16f, , +5f,_,) (TpeTuii OpsiAOK TOYHOCTH),

B. y,

i+l

=y, +% (551, =59f,_, +37f_, —9f,_;) (deTBepTHIii MOPATOK TOTHOCTH).

Jnst Havanma paboTsl TpedyeTcst 3HaTh 2, 3, 4 pa3roOHHbIE TOYKH COOTBETCTBEHHO;
— JIByXIIarosas sIBHasi cxeMa Diiepa BTOPOTO TOpsiiKa Ha HEPETYISIPHOM [IadIoHe

Vi = Vi (l_é‘ii])-i_é‘iilyi—] +Hi[+15i+l.f(xi7yi) s
h

Oy = o hy =x,, —x, . Ilpu 5,
Oinepa—Komu; h

— 00oOIIeHHas Ha HepeTYISIpHbIi madioH cxema Anamca—bamidopra:

Wo(Hy' 1
yi+1=yi+71[i_?ﬂ](i _;f;—l >

i

tne H" =h +h

i+l

=1 cxema coBIIaJIaeT ¢ METOJAOM

tne I ™ =hh

"N+

H" =2h +h,, . Tpu &, =1 cxema coBmaaeT ¢ METOI0OM Anamca—
h
Bbamidopra Broporo nopsaka: y,,, =y, +E(3 fi—=f).
llar 6. HaiiTn oneHku GIM30CTH Pe3yIbTaTOB KCIIEPHMEHTA U PE3YILTaTOB MOJIEIH-

POBAaHUA SKCIICPUMCHTA:
Epy ()~ Em)|

A. A =
L 0. N} Ecxp(n)

A A 2
E,,(n)—E(n)
ne{0,...N} Ecxp (I’l)
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Hlar 7. Ananu3 pe3yasraroB. Eciu oneHkn OIM30CTH HE YIOBJIETBOPSIOT TPeOOBaHH-
SIM, TO:
—  YBEJIHYUTHh TOYHOCTH METO/A YHUCICHHOTO MU GEepeHIIMPOBAHUS B II. 3;
— YBCIIHUYHUTH Tpe6yeMy}o TOYHOCTH WJIM 3aMCHHUTH METO OIITUMU3AIIUU B II. 5,
— U3MCHHTH BECOBBIC KO (HUIMEHTH B KpUTEpHH (8), HCIIOIB3yEeMOM B II. 4.

B crenyromiem pasjelnie pacCMOTPEH MPUMEP pean3aliiy alropuTMa JUis 3a1aHHOro
KOMITO3UIIMOHHOTO Marepuara.

4. IPUMEP TIO/IBOPA KOO ®®UIIMEHTOB
MOJIEJIN YCTAJIOCTHOM JETPAJALIMM )KECTKOCTH
KOMITO3ULIMOHHOT'O MATEPHAJIA

1,2. 3amaHpl XapaKkTepHBIC CBOWCTBAa HCCIEAYEMOTO MaTepuayia: H3HadajJbHas
xecTkocTh E, = 37000 MlIla, HanpszkeHne paspymenus X, = 463 [MIla], neiictByromee
HanpsbkeHue nukna o = 273,17 [MIla] [7].

B Tabn. 1 nmpuBeneHbl pe3ynbTaThl UCIBITAHUH, OTpaKarollue M3MEHEHUE 3HaYCHUH
MO/l YIPYTOCTH (M OTHOCHTEIBHOTO MOAYIIS yNpPYrocTH). JlaHHbIe TIpUBEAEHBI C pa3-
JIMYHBIMU UHTEPBAJIaMU MEK/Y BBIITOJTHEHHBIMU 3KCIIEPUMEHTAMU.

Tabnuna 1
E(n) n E(n)
Jran 1
370000 0 1
32098.827903 500 0.867536
31250.670889 1000 0.844613
30696.495568 1500 0.829635
30271.219731 2000 0.818141
29919.902018 2500 0.808646
29617.032116 3000 0.80046
29348.549667 3500 0.793204
29105.829317 4000 0.786644
28883.174228 4500 0.780626
28676.612009 5000 0.775044
ram 2
27094.187153 10000 0.732275
25904.635581 15000 0.700125
24862.254787 20000 0.671953
23874.709336 25000 0.645262
22886.545431 30000 0.618555
21848.867572 35000 0.59051
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E(n) n E(n)

20700.577682 40000 0.559475
19337.878021 45000 0.522645
17515.574054 50000 0.473394
Iran 3
17042.850175 51000 0.460618
16507.020909 52000 0.446136
15882.707839 53000 0.429262
15124.627626 54000 0.408774
14137.958377 55000 0.382107
12654.423126 56000 0.342011
8461.092332 57000 0.228678

dE(n

n
ro n1udQepeHpoOBaHUs PA3HOTO IMOPs/IKAa TOYHOCTH, a JlaJiee MMPOBEJEM X CpaBHEHHE.
OCHOBHOI BBIYMCIUTENBLHON MTPOOIEMOIl SIBIISICTCS MCIONB30BAHUE PA3HOTO IIara Mex.Iy
MTOJTyYeHHOW WH(OpMaIe o pe3yiapraTax HCIBITAHMN Ha BCEX TPeX JTalax Ipolecca
paspyuienus. IIpoBesieH aHaIM3 UCIOIB30BaHMS POPMYIT YUCIeHHOTro AU depeHnnpoBa-
HUA Ha OCHOBE JABYXTOUCYHOI'O M TPEXTOYCHYHOTO IHaGJ'IOHOB C NMOCTOSAHHBIM U TNEPEMECH-
HBIM IIIaraMu MEX[y y371aMu. B Hadane mporecca Henonb3yrorest GopMysasl B I€BOH TOUKE
mabioHa, a B KOHIIE — B IIpaBOi. B 1ByX TOYKax, OTJEISIONIMX MEPBBIA Tall OT BTOPOTO
U BTOPO¥ OT TPETHET0, UCIIOJIL30BAHBI, KaK OJIHOCTOPOHHUE (POPMYITBI, TaK U (HOPMYJIBI IS
LEHTPAIBHON TOUKH IIa0JIOHA C MPHUMEHEHUEM JIMHEHHON MHTEPIOJSIINN HA MHOXKECTBE
C OOJIBIINM IIaroM.

Bapuanum 1. B tadn. 2 npuBeieHbl pe3ybTarhl IPUMEHEHUs (OPMYJIBI IEPBOTO MOPSI-
f;+1 f;

h
i+l
BapuaHm 2. B Tabm 2 MPUBCACHBI PE3YJIbTAaThl IMPUMCEHCHUA q)OpMyfII:I BTOpOTO

TOpsIIKa TOYHOCTH (B LEHTPAIBHOW TOUKE TPEXTOUEHHOrO MIalliOHA, HAa TPAHUIIE H3-

f;+l f; 1

MEHEeHHUs IIara — B JIeBOH KpaiiHe# Touke mabnowa): f' = , Ha TpaHHMIIC
2h

file = ( =3f._,+4f — f.,) . IIpu n =0 pacdeTs! BEIMOTHAIOTCS B JI€BOH TOUKE I1abmI0-

3. Anmpoxkcumanus MNPOU3BOJHON . Bocnonb3yemcss MerogamMu 4HMCIECHHO-

Ka TOYHOCTH (IBYXTOUEUHBIH mabnon): f, = f, =

Ha, l‘IpI/I n=157000 B npaBoii Touke 111a0I0HA.
Bapuanm 3. TlpumeHstoTcss GOpMyIsl BTOPOTO TOPsIKa TOYHOCTH (B IEHTPaIHHOM
TOYKE TPEXTOUSYHOTO MIA0JIOHA, Ha TPAHHIIE U3MEHEHHS I11ara — B IIpaBoil KpaitHel Touke
fz+l fz 1 ’ _ 1 _
o , Ha TpaHuue f, . —E(fH —4f,+3f.,). llpu n=0 pac-
YEThI BBITIOJIHSIOTCS B JIEBOM TOuKe madiona, npu # = 57000 B nmpaBoii Touke madioHa.

uabnoua): f;' =
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Bapuanm 4. B Tabn. 3 npuBeneHbl pe3ysbTaThl IPUMEHEHHs (OpMyJbl BTOPOro MO-
psiika TOYHOCTH (B IEHTPAJIBHOM TOUKE TPEXTOUEUHOTO MIA0I0HA, HA IPAHUIE U3MEHEHHS
mara — B IEHTPAJIBLHOM TOYKE C TIEPEMEHHBIM IIaroM):

2
fz+l fz 1 ' é‘Hl -1 fz"+1

’
1l = ,HaTpanuie f' =——[-3J,, fi+ S
i i+1 i

i+l

1.

[Ipn n =0 BbYMCICHUS TPOU3BOJSITCS B JIEBOM TOuke madiona, npu n = 57000 B npa-
BOI TOUKe I11a0JI0HA.

Bapuanm 5. B Tabn. 3 npuBeneHsl pe3ysbTaThl IPUMEHEHHsT (OpMyJIbl BTOPOTO MO-
psiZiKa TOYHOCTH (B LIEHTPAJILHOM TOUKE TPEXTOUSYHOTO MIa0JI0Ha, HA IPAHUIE U3MEHEHHS
miara ¢ JIMHEWHON MHTEPIOJISIMEH B CTOPOHY OOJIbILeH BeNWYMHbI 1mara, npu #n =0 B Jie-

Boif Touke mabdnoua, npu 7 = 57000 B mpaBoii Touke mabdnoHa): f;'. f’”2hf’ L.
} dE(n) Ta0Oauma 2
3HayeHHUs TIPOM3BOIHOM
dn
d E(n) . dE(n)
d— (BapuasrT 1) dn (BapuanT 2)
Jran 1
—0.000264928 0 —0.000397392
—4.58460000000001E-05 500 —0.000155387
—2.99559999999999E-05 1000 —3.7901E-05
—2.2988E-05 1500 —2.64719999999999E-05
—1.89900000000001E-05 2000 —2.0989E-05
—1.63720000000001E-05 2500 —1.76810000000001E-05
—1.45119999999999E-05 3000 —1.5442E-05
—1.312E-05 3500 —1.38159999999999E-05
—1.20359999999999E-05 4000 —1.2578E-05

—1.11640000000002E-05 4500 —1.16000000000001E-05
—8.55379999999999E-06 5000 —9.61569999999999E-06

Oran 2
—6.43E-06 10000 —7.4919E-06
—5.63439999999999E-06 | 15000 —6.0322E-06
—5.3382E-06 20000 —5.4863E-06
—5.34140000000001E-06 | 25000 | —5.33980000000001E-06
-5.609E-06 30000 —5.4752E-06
—6.20700000000001E-06 | 35000 —5.908E-06
—7.36599999999998E-06 40000 —6.7865E-06
—-9.85020000000001E-06 | 45000 -8.6081E-06

—1.2776E-05 50000 —1.1923E-05

112



Application of Bio-Inspired Global Optimization Algorithms in the Problem of Selecting...

E Panteleev A.V., Turbin N.V., Nadorov 1.S.
Modelling and Data Analysis 2024. Vol. 14, no. 1.

dE(m) (Bapuanr 1) n dE(n) (BapuaHT 2)
dn
Oran 3
—1.44820000000001E-05 51000 —1.3629E-05
—1.6874E-05 52000 —1.5678E-05
—2.0488E-05 53000 —1.8681E-05
—2.66670000000001E-05 54000 —2.35775E-05
—4.0096E-05 55000 —3.33815E-05
—0.000113333 56000 —7.67145E-05
—0.000113333 57000 —0.0001499515

Jns BapuanToB 1 U 2 rpadmky M3MEHEHUS 3HAUCHHWHA TPOMU3BOTHON

dE(n) (cuHnit)
R dn

Ha (one rpaduka E(n) (KpacHbIH) mpencTaBieHbl Ha puc. 1 u 2. 31eCh U manee moKa3aHbl
a0COITIOTHBIC 3HAYCHHUS TIPOU3BOAHON (3HAK MPOM3BOAHOM BE3/Ie OTPHUIIATEIICH), YMHOKEH-
ueie Ha 10000 . Ha ocu abcunce Be3ne OTIIOKEHBI 3HAUYCHHS IEPEMEHHON # Ha 3aJaHHOM

otpeske [0, 57000].

0.5] 0.5]

0| 0.8

08| 0]

05T 05]

04T 04|

03] 03[

02T 0z

01T 01T

' ' ' L ' ' ' L ' ' ' t t t t t + t t + t t
o '5000 10000 15000 20000 25000 30000 35000 40000 45000 50000 55000 o P R =

Puc. 1 Puc. 2

K HemocratkaMm BapuaHTa | clielyeT OTHECTH HEPaBHOMEPHBIM IEPEXoa OT HEPBOIo
9Tama KO BTOPOMY M OT BTOPOTO K TpeTbeMy. sl BapuaHTa 2 MpH Mepexone OT IepBo-
TO 3Tara Ko BTOPOMY 3aMETEH HEPaBHOMEPHBIN yJaCTOK, MPH MEPEX0/ie OT BTOPOTO 3Tara
K TPETheMy IUIaBHOCTH B LIeJIOM JocTuraercs. [Ipu peanusannu Bapuanta 3 mMeercst He-
IJIAJKUNA TIEPEXO OT BTOPOTO 3TAa K TPETHEMY.
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Ta6numa 3
M (BapuanT 4) n dE(m) (BapuasT 5)
dn dn
ran 1
-0,000397392 0 -0,000397392
-0,000155387 500 -0,000155387
-3,7901E-05 1000 -3,7901E-05
—2,64719999999999E-05 1500 —2,64719999999999E-05
—2,0989E-05 2000 —2,0989E-05
—1,76810000000001E-05 2500 —1,76810000000001E-05
—1,5442E-05 3000 —1,5442E-05
—1,38159999999999E-05 3500 —1,38159999999999E-05
—1,2578E-05 4000 —-1,2578E-05
—1,16000000000001E-05 4500 —1,16000000000001E-05
—1,09267090909091E-05 5000 -9,85890000000011E-06
Iram 2
—7,4919E-06 10000 -7,4919E-06
—6,0322E-06 15000 —6,0322E-06
—5,4863E-06 20000 -5,4863E-06
—5,33980000000001E-06 | 25000 | —5,33980000000001E-06
—5,4752E-06 30000 -5,4752E-06
—5,908E-06 35000 —5,908E-06
—6,7865E-06 40000 —6,7865E-06
—-8,6081E-06 45000 -8,6081E-06
—1,22883666666666E-05 | 50000 —1,13131E-05
Jran 3
—1,3629E-05 51000 —-1,3629E-05
—1,5678E-05 52000 —-1,5678E-05
—1,8681E-05 53000 —1,8681E-05
-2,35775E-05 54000 -2.,35775E-05
—-3,33815E-05 55000 —3,33815E-05
—~7,67145E-05 56000 —7,67145E-05
-0,0001499515 57000 -0,0001499515
y . dE(n) y
s BapuanTOB 4 M 5 rpadmky W3MEHEHUS 3HAUCHHWHA TPOMU3BOTHON (cuHnit)

Ha (done rpaduka E(n) (xpacHbIit) pencTaBieHs! Ha puc. 3 u 4. Kak cneuygr u3 puc. 3,
MIePEXO/IbI MEXKY dTalaMy MPAaKTHYCCKH HE BUAUMBIL, YTO CBHJCTEILCTBYET O MPUEMIIC-
MOCTH TMOJIy4eHHOro pesynbrata. Ha puc. 4 BHIHO, YTO MEPEXOAbI MEKAY dTalaMH He-
JIOCTAaTOYHO mIajgKkue. [IpuMeHenye JIMHEHHON MHTEPHOISAIUH B TOUYKAX IIepeXoaa MExXIy
STaraMy He JIaeT 3HAYUTEIILHOTO BBIUTPHIIIA B TOYHOCTH.
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N S
0 500010000 15000 20000 25000 30000 ‘35000 40000 45000 50000 55000 0 5000 o000 000 ooun 25000 0000 36000 120000 #5000 0000 155000

Puc. 3 Puc. 4

[IpuBenem pe3ynbrarsl CpaBHEHHUS TPA(QUKOB U3MEHEHHUS IPON3BOIHOM, BBIYUCICHHOM
1o (hopMyIIam IepBOro U BTOPOTO MOPSIIKOB TOYHOCTH

Ha puc. 5 n3o0paxeHsl pe3yibTarhl Bapuanta | (cuHuil) u Bapuanta 4 (3enEHBIN).
CpaBHeHHUe yKa3bIBaeT Ha IPEUMYILECTBO IPUMEHEHHs (POPMYIT BTOPOTO MOPS/IKA.

0 '5000 10000 '15000 20000 25000 30000 35000 40000 45000 50000 55000

Puc. 5.

4. HaxoxneHue KodhQUIHUEHTOB C,....,Cs U3 YCIOBUSI MHHUMyMa Kputepus (8).
JUis pemieHus 3ajadd MHUHHMH3AIMM HCIOJIB30BAJICS METOJ, UMHUTHUPYIOIIETO IOBee-
Hue ctan MOoTbUIbKOB (MFO) [5]. 3arem ¢ 1enbio yTOYHEHHS TONYyYEHHBIX pe3ylIbTaToB

115



ﬂpmnomem/re GWOWHCHVIPVIPOBaHHIﬂX aJIrOpMTMOB TI100aTEHOT OIITMMM3aIIUN...

i Ianmenee6 A.B., Typoun H.B., Hadopo6 11.C.
Mopemmposanmue u ananms gaHabix. 2024, Tom 14. Ne 1.

npumensuics Mmeto Luus—Jaakola [4]. Mertox Jlyyca Bcerna npumeHsuicst ¢ napameTpamu
R=100,y =0.8,7=0.9,P =100, ITER =100,¢, =107 ¢, =107, a B kKauecTBe HAYANBHOI
TOYKH BBIOMpaics pesynsTar Metona MFO. BeruncnurensHble SKCIEPUMEHTHI MTOKa3ally,
YTO TOYHOCTH alIIpOKCHUMAIIUN HpOH3BO]1HOﬁ BO BCCX PACCMOTPCHHBIX ClIydadX MaaacT
B LIEHTPAJIBbHOHN 30HE Tpaduka (BTOpOH 3Tal), BaXXHOW I MPOTHO3MPOBAHUS MOMEHTA
paspymenus. [lostomy npemnokeHa MoaudUKaus Kpurepus (8) ¢ y4eToM BBEACHHUS Be-
COBBIX KOA((HUIMEHTOB C IEIBI0 OTPAKCHUS POCTa TPEOOBAHNUI K TOYHOCTH alIIPOKCHMa-
LM HA BTOPOM U Havase TPEThEro ramnax:
2
1
BEm) C}H @

rne a, =1, n=1:4500, «, =100, »n=5000:30000, o, =1000, n=235000:55000,
a, =1, n=56000:57000. 3ameTHM, YTO BBEJCHNE JTMHEHHOTO 3aKOHA U3MEHECHUS BECOB
HE MPUBEJIO K YIIYUIICHUIO TOYHOCTHU MPHOIIMIKSHUS! TPOU3BOIHO.
HcxonHbie JaHHBIE COOTBETCTBYIOT BapUaHTy 4 (BTOPOH MOPSIIOK TOYHOCTH).
A. Tlapamerpsr MFO: Np =1000,s =1,7 =500000,7 =500, Bpems cueta 3 MHHYTHI,
¢, €[0,100], i=1,2,3,5; ¢, €[0,4] (puc. 6).
B. ITapamerpst metoga MFO: Np =2000,s =1,7 =500000,7 =300, Bpems cueta 6 Mu-
HyT, ¢, €[0,100], i=12,3,5; ¢, €[0,4] (puc. 7).

x dE(m) 1 g - 1-£(n)
Z a, + ¢ exp[ c, (1 E(n))\/ﬂE(n)}+c3 ﬂE(n) {Hexp{cs[

nel0,N} dn ﬂé(n)

11 1

0 10000 20000 30000 40000 50000 o 10000 20000 20000 40000 50000

. 2 B et v [ : oseeresece
Pry el 0,000687278433495918 HiHUmyH El 0,00068715695486881
2 15, 8401839745872 2 15,9440205542689
= 6506224275285 106 <3 4,06480985034128E-06
ct 2914706413856356.05 4 0.0947537434183067
Ounctue o5 0.974432727289877 OumcTuts s 0.542912630055267
. .

Puc. 6 Puc. 7
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AHanu3 NPHUBEICHHBIX PE3yNIbTaTOB CBUIETEILCTBYET 00 3 (PEKTHBHOCTH TPEIOKEH-
HOTO ITOX0/1a, TIOCKOJIBKY TOYHOCTB AIIPOKCHMALUH ITPOU3BOAHON MOXKHO CUHTATh MPHU-
eMJIEMOH.

5. PaccMoTpum mpo6ieMy TOTy9eHUs YUCIICHHOTO PETICHHS Eexp (n) maddepenmans-
HOTO ypaBHeHUsI (6) ¢ HauaJIbHBIM yciioBHeM (7). [l1st OIIEHKH MOTPEITHOCTH BBIYHUCIISETCS
CyMMa KBaJpaToB pa3HOCTEH HCXOAHOTO U MPUOIIKEHHOTO MOYIISl YIIPYTOCTH.

Jast k09 GHUIMEHTOB, OTYYEHHBIX B TaOJIUIIEe HA PUC. 7, HA pUC. 8 H300paXKEeH pe3yiib-
TaT IpUMEHEHUsI MeTosa Difnepa ¢ maroM A =1, BenmmunHa morpemrHocT: 0.0361. Pe-
3yJIbTaT NIPUMEHEeHUs1 MeToza Ditnepa—Komm nmokasan Ha puc. 9, BEIMUUHA MTOTPEITHOCTH
cocrasister 0.0283.

.
0 10000 20000 30000 40000 50000 0 “10000 20000 30000 40000 50000

Puc. 8 Puc. 9

Bennuunna norpemHocTy mpuMeHeHus Metoaa Anamca 2 nopsiaka cocrasnsget: 0.0506,
a metona Axamca 4 mopsiaka coctasisieT: 0.0356. Pemenns aHanorugHpl n300paKeHHBIM
Ha puc. 8u 9.

5. BAKVIIOYEHUE

B cratbe chopMymupoBaHbl TEXHHYCCKAs] K MATEMATHICCKasl [IOCTAHOBKHU 3aa4d IO/
60pa Kod(PPHUINEHTOB MOJEIN YCTaTIOCTHOW JETPaJaIliil KECTKOCTH KOMITO3HUIIHOHHOTO
Marepuana. [Ipemioxken axroputm mnombopa k03(G(UIMCHTOB MOIEIN YCTATOCTHOM Jie-
rpajialiii KEeCTKOCTH KOMIO3UIIMOHHOTO Marepraia Ha OCHOBE YMCICHHOTO HAXOXKIACHHS
MIPOU3BOTHON OTHOCHUTEIIFHOTO MOJAYJIS YIPYrOCTH U MapaMETPHUCCKON ammpoOKCUMAIIUU
MOJTy4EHHOM 3aBUCUMOCTH. J1J1s peleH st 3a/1a4H arpoKCUMAaIlUK IIPUMEHEHBI JIBa METad-
BPUCTUYCCKHUX AITOPUTMA TI00ATBHOW MUHUMH3AINN: METOJI, UMHUTUPYIOIINI TIOBEICHUC
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CTau MOTBUIBKOB, U MeTof Jlyyca. [lomyueHHbI pe3yabraT mpoBepeH NpHU MOMOIIH HETo-
CPEIICTBEHHOTO MHTErpupoBaHus Au((GepeHInaTIbHOI0 YpaBHEHNUS, OMUCHIBAIOIIETO MPO-
LECC yCTaJOCTHOM Aerpajalny )KEeCTKOCTH KOMIIO3MLIMOHHOrO Marepuana. Ilomyuennbie
pe3yabTarsl Uil TECTOBOIO KOMIIO3MLIMOHHOIO Marepualla IMOATBEPAWIN INPUMEHUMOCTb
1 JIOCTaTOYHYIO TOYHOCTD MPENT0KEHHON METOAUKH.
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VJIK 519.862.6
Penienne onTUMHU3aIMOHHOM 32124 OLiICHUBAHUS
Mo/1eJIeH MOJTHOCBS3HOM JIMHEeHHOM perpeccuu

bazunesckuit M.11.*

WpkyTckuii rocy1apcTBEHHBIN YHUBEPCUTET MyTECH COOOIICHNUS
(®I'bOY BO UpI'VIIC), r. UpkyTck, Poccuiickas Denepariist
ORCID: https://orcid.org/0000-0002-3253-5697

e-mail: mik2178@yandex.ru

CraTbs TOCBSIICHA MPOOJIEMe OICHUBAHHS MOJCINCH IMOJHOCBSI3HON IMHEHHOM
perpeccur MeTOIOM MaKCHMalbHOTO mpaBaonomodus. Panee anst 3Toro ObuI
pa3paboTaH CHCHUAIBHBIA YHCICHHBI METOJ, OCHOBAHHBIH Ha pCIICHHH
HEJIMHEWHOM CHCTEeMBbl METOZOM HPOCThIX UTepauuil. [Ipu 3TOM He HcciaenoBaluch
BOTIPOCHI  BBIOOpa HAYaJbHBIX NPUONMKEHUH W BBIIOJHEHHS JOCTaTOYHBIX
YCIOBUN CXOAMMOCTH. B MaHHOW cTaThe MPEUIOKEH HOBBIA CIMOCOO pelicHUs
ONTHUMM3ALMOHHON 3aJlauyd OLEHUBAHMSI IOJHOCBS3HBIX PErpeccHil, CXOXui
C METOIOM OIICHMBAaHUS OPTOTOHAIBHBIX perpeccuil. JlokazaHo, dYro mpH
paBHBIX  JHMCHOEPCHSX  OMIMOOK  B3aUMOCBSI3aHHBIX  TEPEMEHHBIX  OICHKH
b-mmapaMeTpoB TOJHOCBS3HOW PErpecCH pPaBHBI KOMIIOHEHTaM COOCTBEHHOTO
BEKTOpa, COOTBETCTBYIOILIETO HAaMMEHBIIEMY COOCTBEHHOMY 4YHCIy 0OpaTHOMN
KOBapHallMOHHON MaTpUIbl. A €CJIM OTHOILEHUS JAUCIIEPCUN OMIMOOK MEepPeMEHHBIX
PaBHBI OTHOIICHHSM IUCIICPCUII MEPEMEHHBIX, TO OICHKH b-TIapaMeTpOB pPaBHBI
KOMIIOHEHTaM  COOCTBEHHOTO  BEKTOpa, COOTBETCTBYIOIETO  HAMMEHBIIEMY
COOCTBEHHOMY 4YHCJIYy OOpaTHOM KOPPESIIUOHHONW MATPHIBI, YMHOXECHHBIM
Ha KOHKPETHbIE OTHOUICHHUS CPEIHEKBAJpPAaTUUYECKUX OTKJIOHEHHUH IepeMEHHBIX.
IIpoBeieH  YMCIEHHBIM  HKCHEPUMEHT,  IMOATBEPXKIAIOIIUH  KOPPEKTHOCTh
pa3paboOTaHHOTO MAaTEMAaTHYECKOro ammapara. [IpeiosKeHHBIH CHoco0 pelieHHs
ONTHUMM3ALMOHHON 3aJ]aud  OLIGHWBAHUSI IOJHOCBS3HBIX PErpeccuil  MOMKET
3¢ GEKTUBHO MPUMEHATHCS MPH PEUICHHH 3aJad TOCTPOSHHS MHOXKECTBEHHO-
TOJIHOCBSI3HBIX JIMHEHHBIX PErPecCHil.

Kniouesvie cnoea: Mopenb TOJNHOCBSI3HOW — JIMHEMHOM  perpeccuu, MeToj
MaKCHMAJIBHOT'O MPaBJIONO0A00Hs, YUCICHHBIH METO], ONTUMH3ALIMsI, OPTOTOHAIbHAS
perpeccusi, KOpPpPENAIMOHHAs MAaTpHIla, COOCTBEHHBIH BEKTOP, COOCTBEHHOE
3HAYEHUE.
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1. BBEJIEHUE

B perpeccuonnomM ananuse [1] mpocreidnieil NpUHATO CYUTATh MOAEIh MHOXKECTBEH-
HOM JIMHENHOH perpeccuu:

y,=a0+2ajx,.j+g[,i= /R 1

rae y,, i =1,n — 3HaueHHs 3aBHCUMOH (OOBACHAEMOMN) IEPEMEHHON y , COTEpIKaIIe OIKO-
Ka &, i=ln; x;, i=Ln, j=1,m — 3Ha4eHuss m HE3aBUCUMbIX (OOBACHSIOLINX) TIe-
PEMEHHBIX, He cofepiKalue omuboK; o,, &, ..., &, — HEU3BECTHbIEC MapaMeTpbl;, 1 —
00beM BBIOOPKH.

TexHoorMs OLEHNWBAHUS W MOCTPOCHUS JIMHEHHBIX perpeccuil (1) Ha ceromHsIHUMA
JICHb B BBICILICH CTENCHM Pa3BUTa W MOAPOOHO OINHMCaHAa B MHOTOYMCIIEHHOH JHTEparype
[1-3]. Ho 3HaueHns HE3aBUCHMBIX IIEPEMEHHBIX JIaXKe TPH UCIIOJIb30BAHUN COBPEMEHHBIX
TEXHUYECKHUX CPE/ICTB TAKXKE HacTO OKa3bIBAIOTCSI HE BIIOJIHE MPABHIbHO M3MEPEHHBIMH.
[TosToMy BO3HHMKaeT 3a7adya OLEHWBAHMS MOJEICH ¢ OMMOKaMH W B OOBSICHSIOMMUX IIe-
peMeHHbIX. B 3apyOexHOW JuTepaType Takue MOJENN M3BECTHBI KaK «errors-in-variables
models» (EIV-monmenn) nimm «measurement error modelsy». O030psI METOIOB UX OIICHHUBA-
HUSI MOXKHO HaiiTu B paboTtax [4, 5].

Cpenu EIV-Moneneit BpICOKOE MPUKIIATHOE 3HAYCHHE UMeeT perpeccus Jlemunra [6],
coziep KaIasl BCEro JBe NEPEMEHHBIX ¥ M X , KOTOpas B KIMHUYECKUX JIAOOPaTOPHSX CITy-
KHT MPEKPACHBIM MHCTPYMEHTOM JJIsl YUCICHHOTO COIMOCTABJICHUS! HOBBIX U3MEPHUTEIb-
HBIX METOJIOB C CYIIECTBYIOIIMMH (CM., HaripuMmep, [7,8]). Onmucanne MeToI0B OICHHBAHUS
EIV-Moneneii ¢ HECKOJIBKMMH MIEpEMEHHBIMH MOKHO Haiitu B padote [9]. Takue monenu
HMEIOT CIEAYIOIIYIO CIEIU(pUKAINIO:

— »

y,-—y,-+5i 5l_ 9n> (2)
X, =X, +¢& ] ,i=Ln, j=1,m, 3)

* * * * .7
Y, =ax, +a,x, +.+a,x, ,i=Ln, @

* * * . P )

tie y,, Xy, ..., X, , i=1,n — HEM3BECTHbIE UCTUHHBLIE 3HAYEHUS TEPEMEHHBIX; £,
gl.(x') y e gl.x"’) , 1=1,n — ciy4aiiHple OIIMOKU NIEPEMEHHBIX; &, , ..., d, — HEU3BECTHBIC

napameTpbl. Ecnu nucnepcuu ommOOK MEepeMEHHBIX OIMHAKOBEI, TO 3a[ada OICHHBAHUSI
Mozenu (2) — (4) COCTOUT B MUHHUMHU3ALUU CyMMBI KBaJ[paTOB PACCTOSIHUN OT TOYCK BbI-
6opku 1o mwiockocTh. Takas perpeccus Opl1a Ha3BaHa OpTOroHANBHOM [9]. EE€ oneHnBanme
OCYILECTBIIAETCS N0 CIAEAYIOLEMY alTOPUTMY.

Bce Habmonenns o0bemuHAIOTCS B OMHY MaTpuiy U . B Hell ocymiecTBiseTcs IeHTpH-
pOBaHUE BCEX CTONOIIOB.
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Jns marpunsl U U HaxoasTcs XapakTepuCTHUECKUE BEKTOPBI M YHCIIA.

BriOupaercss MUHUMaIbHOE XapaKTEPHUCTHUECKOE YMCIO U COOTBETCTBYIOLIMH MHHU-
MaJIbHBIHA XapaKTEPUCTUYECKUN BEKTOP.

Kak ormeueno B [10], nepBoii paboToii, B KOTOPO#i ObLIa PACCMOTPEHA OPTOrOHANbHAS
perpeccusi, 6buta padora K. ITupcona [11].

CymIecTByIOT U Jpyrue M3BECTHBIE MeToabl oneHuBaHus EIV-moneneit (2) — (4) npu
PaBHBIX AWCIIEPCHUSIX OIIMOOK MEPEMEHHBIX, HAPUMEP, METO HAUMEHBIINX TOJIHBIX KBa-
npatoB (Total Least Squares, TLS), npemnoxxernsrii B [12].

B pabotax [13, 14] aBropom ObLIa IpemIokeHa MOIETh TIOMHOCBI3HON JTMHEHHON pe-
rpeccun (MIJIP), o606maromas perpeccuro lemunra. B MITJIP Bce nctuHHBIE IEpeMeH-
HBIE CBSI3aHBI MEX/y CO00i JINHEHHBIMH (DYHKIIMOHAIEHBIMH 3aBUCHMOCTSIMU:

*

i=1,_n, jzlam_la (5)

im 2

.
x; =a; +b/.x

rne a;, b;, j=1,m—1 — HeU3BECTHBIC MAPAMETPBI.

CoBokynHOCTH ypaBHeHHH (3) u (5) npencrapnser codoit MITJIP.

Jus mpubmmxenHoro oneHuBanus MIJIP (3), (5) ¢ mOMOIIBI0 MHHAMHU3AINHA CYMM
KBaapaToB OmHUOOK B [14, 15] ObUT mpeayioKeH CHelHANbHBIA YUCICHHBI METOH, OCHO-
BaHHBI HA PEIICHUH CUCTEMBI HEJIIMHCHHBIX YPaBHEHHUH METOJOM IIPOCTHIX HTEPAILUil.
[Ipu 3TOM HE UCCIENOBATUCH MPOOIEMBI, CBSI3aHHBIC C BEIOOPOM HAYaIILHOTO MPHOIIKE-
HUS ¥ BBITIOTHEHUEM JOCTATOYHOTO MpU3HAKA CXOAUMOCTH MeToza. [103ToMy B HEKOTOPBIX
ClIydasx OH He 00ecleunBacT TpeOyeMyr0 TOYHOCTh, 8 MOXKET M BOBCE PACXOJUTHCS.

Lenbio ganHOM paboOTHI ABIsSETCS pa3paboTka HA ocHOBe MeTona [lupcona ans oprto-
roHaJbHOU perpeccuu (2) — (4) MeTona pelieHusi ONTUMU3AIMOHHON 3a7a9l OIICHUBAHUS
HensBecTHHIX mapameTpoB MILJIP (3), (5).

2. IOCTAHOBKA 3AJTAYA

X . .
ITycts B MITJIP (3), (5) gl.( ) - N(O, GZM ) ,i=Ln, j=1,m, 1.e. omuOKN UMEIOT HOP-
o
MaJIbHBIC 3aKOHBI pacnpeﬂeneHHﬂ C HyJ'IeBI)IMI/I MATEMATUYCCKUMHU OXKHUIAHUIAMU U ITIOCTO-

SSHHBIMH AucriepcusiMi. B [16] mokazaHo, uTo HaxoxaeHue orieHok MILJIP meromom mak-
CHMAJILHOTO TPaBAONOA00usT TpeOyeT pelieHHs CIACAYIOmEed ONTHMH3AIMOHHON 3a1a4u:

n_m-l1 n
£ \2 . \2 )

224 (% —a;=byx, ) + X, —x, ) > min, ©)
i=1 j=1 i=1
2
o)
2
S)

[IpumeHeHne HEOOXOMUMBIX YCIIOBHIA SKCTpeMyMa QYyHKINH (6) IPUBOIANUT K HENHHEH-
HO# cucteme [17]:

e A, = , j=1,m—1 — OTHOIIEHNS TUCTIEPCHI ONIMOOK MTEPEMEHHBIX.

bp~D*:K ., p=lm-1, @)

XpXm

123



» basuseBekuti M.IT.
Perrienvie onTMIMM3aIIVIOHHOV 3a/1a9V OIIeHVBaHIISI MOJIeIelT TTOJTHOCBSI3HOVI JIMTHETHOV Perpeccum
» Monenuposanme n aHaims JaHHbIX. 2024, Tom 14. No 1.

-2
m—1 m=2 m-1 m—1 m—1
212 2
rae, D. =D, +sz b;D, +2° > A, Ab b, K, . +zZ AbK, . |I1+ Z;,ljbj
Jj= Jj= Jj=

J=l =i+l

m-1 , 1 ma
prx;’ =|1+ zl A4;b; zl A4;b, Kxjxp + KWP , CHMBOJIOM D 0003Ha4€eHb! JUCIIEPCHN TIe-
PEMCHHBIX, Ij( *KOBapI/Ia;_II/II/I.

Jis HaxokaeHus pemieHus HenwmHelHoW cuctemsl (7), mpu kotopoMm ¢(yHkums (6)
JOCTHraeT I100anbHOro MUHUMYMa, B [15] ObLI NpENIOKEeH CrelHalbHbIA YHCICHHBIH
METOA. K COXXaJICHUIO, IPpHU PCIICHUN HCKOTOPBIX NPHUKIAIHBIX 3a1a4 3TOT MCTO/] HE 068-
CIIEYMBAJl CXOJAMMOCTb.

B [15] miist ontelku o61iero kadectpa anmpokcumaiiui MITJIP npemioskeH aa uTHBHbIMH

K03 (HUITUCHT TeTCPMUHALINY:

rie R} — kod(bUIMEHT TeTepMUHAIIMM JUT B3AUMOCBSI3aHHON TIepeMeHHOk xX;.
J

U B [15] noka3aHo, 4TO ONTUMHU3AIMOHHAS 3a7aua R.,, —> Max , 5KBHBAJIEHTHA 3ala-

4e (6) npH yCIOBUAX

o

/,L]':D: sj:lam_l' (8)

Pemenne 3amaun (6) npu ycnoBusix (8) mMmeeT BBICOKOE NMPHKJIAIHOE 3HAYCHHUE, I10-
CKOJIbKY Ha €€ OCHOBE CTPOSITCSI MHOXKECTBEHHO-IIOJHOCBSI3HbIE JIMHEWHbIEe perpeccuu [18].
[Toatomy ObLIa TOCTaBIICHA ClieAyomas 3adaua: ans onenusanus MILIP (3), (5) pa3pabo-
TaTh HA OCHOBE MeToxa [IupcoHa It OPTOTOHANIEHON PErPECCHH METO]] PEIICHHS ONITHMH-
3alMOHHOM 3ana4n (6) B ycmoBHAX (8).

3. PEHIEHUE 3AJIAYH

BBenem koBapHalMOHHYIO MaTpully V' ¥ KOPPEIALMOHHYIO MaTpuly R :

Dxl lexz ot lexm 1 }:clxz R rxlxm
V= X)X sz e lexm R = rxl)‘z 1 Xp Xy,
= , R, =
lexm szxm e D‘Xm rxlxm rxzxm e 1

BBeneM HOpMEpOBaHHbIE (CTaHIAPTH30BAHHEIC) IIEPEMEHHBIC, 3HAYCHUS KOTOPBIX Ha-
XomATCs 1Mo hopmymam:
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rae x,, ..., X, — CpCAHHC 3HAYCHUS IICPCMCHHBIX;
O'x1 5 eeey O-x,,, — CPEAHECKBAAPATUICCKNUE OTKIIOHEHUS IEPEMEHHBIX
xl' 5 enns X:n — CTaHAAPTU30BAHHBIC ITIEPEMEHHBIC, JI1 KOTOPBIX CPEAHEC 3HAYCHNUE PABHO 0,

a CpeIHeKBaPaTHYECKOe OTKIOHCHUE PABHO 1.
Teopema. Eciiu MILJIP (3), (5) onennBaercst mo kputepuio (6), TO BEKTOp ONTHMAb-

HBIX OLICHOK e€ mapametpos (b ... b, 1):
e npu 4, =1, j=1,m—1, paBeH COOCTBEHHOMY BEKTOPY (I;1 I;,H 1), COOTBET-
CTBYIOLIEMY HAMMEHbIIIEMY COOCTBEHHOMY YMCITy MaTpuisl V' ;
o) . O ~
e mpu ycrosusx (8), paseH Bektopy | 3 — B, —=~ 1|, tme (ﬂ]
c

X, X,

m

B l) — COOCTBEHHBIH BEKTOP, COOTBETCTBYIOUIMH HAaMMEHBIIEMY COOCTBEHHOMY
YUCILy MATPULIBI Rxx’1 .

m

Jloxazamenvcmeo.
B pabore [17] ycraHoBieHO, U3 HENMHEWHO!H cuCTeMBI (7) BHITEKAIOT COOTHOIICHHUS
A, -
/Ipz—b A ,pzl,m—l, (9)
p B

e A; — ONpeieIUTeNb, NONyYCHHBIH M3 ONPECTUTENs MATPULEL V  IyTeM 3aMeHBI
. . T

B HEM j-ro cTonéua na cronden (b, ... b, 1)
CoCTaBHM CHCTEMY C HEM3BECTHBIMH Z,, Z,, ..., Z

m*

Dx, Kx,xz te lexm zZ bl
Koo Do Ra )| o) (10)
b,

D z, 1

X1Xm X2 X X

Nycte z, = y-Ab, z,=x-A,b,, ..., z, , =y A, b, ,, z, = x,T0e ¥ — OTINYHOE
OT HYJIS HEU3BECTHOE YHUCIIO.
Torma cucrema (10) mpumer Bua:

Dx1 Kxle lexm 7-Ab, b,

K . D, .. K |
142 2 A2%m — 3 (11)
X'/Im—lbm—l bm_1

K D 4 1

X1%m X2 X Xm

3anmmem aist cucremst (11) dopmyssr Kpamepa:

A
Z/llbl :ﬁa

A A
5 /?./'ﬂ’m—lbmfl :ﬁﬂ X = |Vm| . (12)
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O6o3naunm moboe pewenue cucremsl (11) y =7, b, = I;j, j=Lm—1. Torna dop-
Myisl (12) mpuMyT BUA:

~.,115_ﬁ 51 b = _A
/1/ l_|V|""7 l m-1"m-1 — > I_|V| .

INonenus nepBoIe (m - l) YpaBHEHHH Ha NOCIEAHEE, TOyINM

A ~ A

ﬂlb~1 :A_l’ e ﬂ’mflbm—l = H

m m

T.€. Bce pemeHust cucteMsl (11) takxke sBnsrorcs pemerusmu cucteM (7) u (9). Jamee Oy-
JIeM HMCKaThb pemeHus cuctemst (11).
JlomuoxkuM Bhipaxkenue (11) Ha V™' cieBa, yuuThIBas, uTo |V| # 0. IToryuum

-1
D x K XXy ce Kx, Xy b] j’l b]
v Do K (13)
bmfl - z j’m—lbm—l .
XX, Kx X, tt Dx l 1

Bripaxenue (13) 03HayaeT, YTo MaTPULA TMHEHHOTO onepatopa V' mpeoOpasyeT Bek-

top (b, ... b,, 1) Beexrop z(4b ... A,b,., 1) .
Ecmn A4 =4, =..=4,, =1 (aucnepcun ommOOK OIMHAKOBHI), TO BhIpaxeHue (13)

IIPUHUMACT BU!

-1

D X lexz o Kx,x,,, bl bl
XX, X, XX, _ see . 14
bmfl Z bmfl ( )
XX, XX, ot Dx 1 1
U3 (14) crenyer, uto mpu 4 =4, =...= A4, =1 sextop (b ... b,, 1) - cob-

CTBEHHBII BEKTOp MaTpuIlbl V', a y — COOTBETCTBYyIONIEE MY COOCTBEHHOE 3HAYEHHUE.
Marpuna V™' MoxKeT UMETh 10 7 COGCTBEHHBIX 3HaYeHUH. ONpeseuM, Kakoe U3 HUX
obecrieurnBaeT o0aIbHBI MUHUMYM 3371a4u (6).
H3BecTHO, 4TO, C OHOW CTOPOHHI, Koatbcpnunenmm JeTePMUHAIINH B3aHMOCBSI3aHHBIX

(x;)
>
TepeMeHHbIX HAXOATCs 110 hopMyntam R, =1— l:lD

J
HO MPEJCTABUTH B BUIC %

, j =1,m . Torna 3agauy (6) MOX-

:21ij‘, (I_Rj, )+DX,,, (l—Rf", ) — min,

YTO PaBHOCHUJIbHO cne,uylomeﬁ IIOCTaHOBKEC:
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m—1
> A.D R + D, R} —max. (15)

Jj=1

C ,prl"Oﬁ CTOPOHBI, KOB(i)(l)I/IHI/IeHTI)I ACTEPMUHALINN B3aUMOCBA3aHHBIX IIEPEMCHHBIX MOXK-
2

*
XX

HO HaifTu 1o popmynam R’ = oD j =1,m , nnm, ¢ ucnionp3oanueM (7), o hopmyiaam
, b D. , D.
R =L i=lm-1, R, = —, 16
Ty J D, (16)

oncrasnss (16) B (15), momyunm:

m—1

D. 1+Zijbf —> max . (17)

Xm

V
B [17] ycranoBnero, uto D. =| 1+ z/l b2 |A_| . Torna 3apgava (17) npumer Bua

7]

— — max . Kak cienyer u3 (12), y =

A_m
A, ’ Wl

7 — max. (18)

mo3toMy 3anade (17) paBHOCHIBHA 3amada

Bripakenue (18) o3Hauaet, 4To B TOUKe MOOAIEHOI0 MUHUMYMa QyHKLIUH (6) BEITUUU-
Ha y JOJDKHA NPUHUMATh HauMeHbllee 3HaueHue. Ilostomy mpu A, =4, =..=4, , =
HY’KHO BBIOPATh TOT COOCTBEHHbIH BEKTOp MATpuibl V', KOTOPbI COOTBETCTBYET HaH-
MEHBILIEMY COOCTBEHHOMY 3HAYEHHIO J .

Bropas yacTs Teopemsl H0Ka3bIBaeTCs aHaioru4Ho. [nsg storo 3amumem MILIP (3),
(5) B crannaptuzoBanHOM BHze [19]

e e W) T
X =x; +gi’,z=,n,j=1, , (19)
ﬂ/ S si=Ln, j=lLm-1, (20)
e X, , ..., X, , i=1,n — HEeU3BECTHbIC UCTUHHBLIC 3HAYEHUS CTAHIAPTH3OBAHHBIX Tie-
peMeHHbIX; S, ..., ﬂm—l — CTaHJapTH30BaHHbBIE KOAPPUIHEHTH! (OeTa-KodPPUITHEHTHI);
X.' . PE . PR V3
gl.( i) ,i=1,n, j=1m — cinydaiiHple OINOKH ITePEeMEHHBIX.

Torma naxoxaenue orenok MITJIP (19), (20) MeTonoM MakcHMMaabHOTO TPaBAOMOIO0-
Oust TpeOyeT PelICHHs CICYIOIISH ONTHMU3AIMOHHON 3a/1a49H:

m=1

A; (xy - jxl.',: )2 +i(xl.'m -x )2 — min , 21
i=1

i=l j=
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2

&

e A; = PR j=1,m—1. IIlpuueM, NOCKOIBbKY 0'2(
() ‘

e

) :GZM /D, , j=1,m, To umeror

f

MECTO CJICAYIOINE COOTHOLICHUA:

2
A= i % Dy 2 l j=Lm (22)
P T T2 T a2 =4 > J =L
T T Do P
Juist 3amaun (21) cucrema (13) umeer Bua
-1
1 A . B 2B
rx|xz 1 te erx K e (23)
2 =z . _
lefl ﬂ’m—l m—1
X)X, rqu 1 1 1
W3 (23) cnenyer, wro pn A =5 =...= A" =1 sextop (B, ... B,, 1) - cob-

CTBEHHBIH BEKTOp MaTpUIlbl R.', a y — COOTBETCTBYIOLIEE €My COOCTBEHHOE 3HAYECHIE.
AmnanornyHo, niobanbHbli MUHUMYM GyHKIMK (21) obecriednBaeT HamMeHblIee COO-
CTBEHHOE 3HAaYCHHE.

W3 coorHomenmii (22) cienyer, 4To 3a7a4u MOKMCKa MI00ATbHBIX MHHUMYMOB (DyHK-
uu (21) gt MIDUIP (19), (20) npu A’ =4, =...=A |, =1 u dyukuuu (6) misx MIIJIP
(3), (5) mpu ycnoBusix (8) SKBHBaJICHTHEI.

Ouenku MIUIP (3), (5) cBszansl ¢ ouenkamu MILJIP (19), (20) cooTHOUmIEHUSIMU

o

X

b,=p ——, j=1,m—1. C nomoriupio 3Tux $HopmyI, 3Hasi COOCTBEHHBI! BEKTOpP MaTpH-
e

xm

ubl R, COOTBETCTBYIOIMIT HANMEHBIIEMY COOCTBEHHOMY 3HAYEHHIO, HAXOATCS OLEHKH
MIUIP (3), (5) B ycmoBusx (8).

Teopema doxazaua.
AJITOPUTMBI TIOUCKA COOCTBCHHBIX 3HAUYCHUI U COOCTBCHHBIX BEKTOPOB CHMMETPHY-
HBIX MaTPHIl IIIMPOKO U3BECTHHI (CM., Harpumep, [20]).

4. YUCJIEHHBINA DKCIIEPUMEHT

Jns neMOHCTpalyy CIpaBeUIMBOCTH JOKa3aHHOH TeopeMbl Ha IpaKTUKe Obuia B3sTa
3ama4a onjennBanus MIUJIP, pemmennas B padore [17] npu ycnousx (8). B xagecTse B3au-
MOCBS3aHHBIX EPEMEHHBIX BBICTYIIAIOT: X, — HACENIEHUE B TPYNOCTOCOOHOM Bo3pacTe (%),
X, — YUCIEHHOCTh PaOOUEH CHIIBI (THIC. YENOBEK), X , — YMCIEHHOCTh HEHCHOHEPOB (THIC. Ye-
noBek). KoBapuarimoHHast ¥ KOppensiiOHHAs MaTPHUIIBI IS 3TUX MEPEMEHHBIX IMEIOT BUI:
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9,096 121,234 93,284 1 0,8198 -0,9017
V=|121,234 2403,759 -1451,256 |, R_=| 0,8198 1 -0, 8629
93,284 -1451,256 1176,521 -0,9017 -0,8629 1

CHauana oNTUMH3aIMOHHAS 3a/1a4a (6) pelanach ¢ MOMOIIbIO IPEATIOKEHHOTO B pabo-
te [15] uncnennoro merona. s aToro ObiI pa3paboTaH CHEIUANBHBIN CKPUTIT HA S3bIKE
hansl sxoHOMeTpUueckoro nakera Gretl. B kauecTBe HayaIbHbIX IPUOIIDKEHUH UL TapaMe-
TpoB b, u b, MILJIP 6t 316l MHK-0O1I€HKM ITapHBIX PErpeccuif x; OT X; U X, OT X,:

b’ =-0,079288, b? =—1,233514.

TounocTh cxomumocTu 6buta ycranosiera 0,0000001.
B pesynbrare uncnensnoro ounenuBanus MIIJIP npu ycnosusax A, = A, =1 3a 7 urepa-
LU OBUTH MTOJTy4EHBI OLIEHKH

b, =—0,082087, b, =—1,508027 ,

a npu ycnosusx (8) A, =129,3403, 4, =0,4894 3a 31 urepauuto — OLEHKU

b, =—0,08653069 , b, =—1,38485469 .

3areM pelleHHe ONTHMH3AIMOHHON 3amadu (6) OCYIIECTBISUIOCH IMPEUIOKEHHBIM
B IaHHOM cTaThe MeTomoM. OOpaTHas MaTpuIla A7t MAaTPULBl ' UMeEeT BUA:

0,6105 -0,0061 0,0408
V= =]-0,0061 0,0016 0,0015
0,0408 0,0016 0,0060

Jlist 970t MaTpHIlbl OBLTH HAWJICHBI CIIEMYONINE COOCTBEHHBIE YHCIIA B COOTBETCTBYIO-
e UM CO6CTBeHHbIe BCKTOPBLI:
e musuncna y, =0,000296 Bektop (—0, 082087 —1,508027 I)T ;
e nuduucna y, =0,00465 BexTop (—0, 060655 0,66642 l)T ;
o juisumcna gy =0,61331 Bextop (14,875743 —0,14662 1)
Torga npu A, = A, =1 onTumansHble oLileHKH apaMeTpoB b, u b, MIIJIP paBHbI kKOM-
MMOHEHTaM COOCTBEHHOTO BEKTOPA, COOTBETCTBYIOIIET0 HAMMEHBIIIEMY COOCTBEHHOMY YHC-
ny y, =0,000296 marpuupr V', re. b =—-0,082087, b, = —1,508027 .
OOparHas MaTpula i MaTpulbl R MMeeT BUI

T

5,5533  —0,9073 4,2246
R =] -0,9073 4,0656 2,6903
4,2246  2,6903 17,1312
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Haiinennsle it 3ToW MaTpuIlbl COOCTBEHHBIE YHCIIAa M COOTBETCTBYIOIIHE UM COO-
CTBEHHBIEC BEKTOPHI OKa3aJIUCh CIICIYIOIINMHU:

e musuncna y, =0,367176 Bektop (—0, 984094 —0,968857 I)T;
e jusumcna y, =5,389291 Bexrop (—3,028804 4,108581 I)T;
e nmuduyucna g, =10,993702 Bekrop (0, 727665 0,293035 I)T.

Haunmensmee cobcrBerHoe uncio y, =0,367176, mosToMy ONTHMaibHBIE OLEHKH
napamMeTpoB [, U [, paBHbI KOMIIOHEHTaM COOTBETCTBYIOLIETO COOCTBEHHOIO BEKTO-
pa marpuusl R, Te. ,Bl =-0,984094 , ,52 =-0,968857 . Torna onTuManbHbIe OLEHKU
napamerpoB b, u b, MIUIP mpu ycnosusix (8) A, =129,3403, A, =0,4894 naxomsaTcs
o hopmynam:

~ O,
b =, — =-0,08653,
o,
7~ > UX'»
b, =, == =—1,38485.
o

X3

Kak BumHO, pemreHus ontuMu3annoHHo 3agaun (6) onernBanus MILJIP (3), (5) pas-
paGOTaHHI)IM paHeC YUCJICHHBIM METOAOM M PCIICHHUA NPECIAJIOKECHHBIM B [laHHOﬁ CTaThbe
METOJIOM COBITAJIAfOT.

5. 3AKVIIOYEHUE

B pabote HaiineHO pelieHHe ONTUMU3AIMOHHON 3amaun onenuBanus MILJIP (3), (5)
no kputepuio (6). Jlokasaro, uro npu A, =1, j=1,m—1, oueHku napamerpos b, b,,
.., b, , PaBHBI KOMIIOHEHTAM COOCTBEHHOTO BEKTOpA, COOTBETCTBYIOIIETO HAMMEHBIIIE-
My COBCTBEHHOMY YMCIy MaTpuibl V', a mpu ycnoBusx (8) — KOMIOHEHTaM COOCTBEH-

HOTO BEKTOPA, COOTBETCTBYIOIIETO HAMMEHBIIIEMY COOCTBEHHOMY YHMCIy MaTpuubl R ',
o -
x . o
YMHOXXCHHBIM Ha uucia ——, j=1,m—1. KoppeKTHOCTh JOKa3aHHOIl T€OpeMbI Mpojie-

XIII

MOHCTpHpOBaHa Ha paHee pelleHHOM Mpumepe oneHuBanus MIIJIP metomom mpocThix
urepanuii. HoBeIM criocoOoM OBLTH ITONyYeHBI TE JK€ CaMble OEHKH. J[OCTOMHCTBO HO-
BOTO crtocoba pemeHus 3anadu oteHuBanuss MIIUJIP coctouT B TOM, 94TO HET HEOOXOIH-
MOCTU B BI>I60pe Ha4YaJIbHOT'O npm6n14)1<eﬂna 1 B MPOBEPKE BBIMOJHCHUA AOCTATOYHOTO
MIPU3HAKA CXOAUMOCTH YHCICHHOTO MeTona. K ToMy ke Ha CeromHsIIHuUI 1eHb CYIIECTBY-
10T 3()(heKTUBHBIC aTOPUTMEBI ITOMCKAa COOCTBEHHBIX 3HAUYCHUHA M COOCTBEHHBIX BEKTOPOB
CUMMECTPUYHBIX MaTpHUII. K HEAOCTATKy MOKHO OTHECTHU TO, YTO HOBBIN METO/[ CIIpaBCIJINB
TOJIBKO TOTZA, KOLJA ONpPEeAeNIUTeNId MaTpull V' U R OTIUYHBI OT HyJd, T.€. IIPU OTCYT-
CTBHH TOJTHOH KOJUIMHEAPHOCTH MEXKAY B3aNMOCBA3aHHBIMHU ITEPEMEHHBIMHU.
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This article is devoted to the problem of estimating fully connected linear regression
models using the maximum likelihood method. Previously, a special numerical
method was developed for this purpose, based on solving a nonlinear system
using the method of simple iterations. At the same time, the issues of choosing
initial approximations and fulfilling sufficient conditions for convergence were not
studied. This article proposes a new method for solving the optimization problem of
estimating fully connected regressions, similar to the method of estimating orthogonal
regressions. It has been proven that, with equal error variances of interconnected
variables, estimates of b-parameters of fully connected regression are equal to
the components of the eigenvector corresponding to the smallest eigenvalue of the
inverse covariance matrix. And if the ratios of the error variances of the variables are
equal to the ratios of the variances of the variables, then the b-parameter estimates
are equal to the components of the eigenvector corresponding to the smallest
eigenvalue of the inverse correlation matrix, multiplied by the specific ratios of
the standard deviations of the variables. A numerical experiment was carried out
to confirm the correctness of the developed mathematical apparatus. The proposed
method for solving the optimization problem of estimating fully connected
regressions can be effectively used when solving problems of constructing multiple
fully connected linear regressions.

Keywords: fully connected linear regression model, maximum likelihood estimation,
numerical method, optimization, orthogonal regression, correlation matrix,
eigenvector, eigenvalue.
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1. BBEAEHHE

Pemenue 3a1a4 oNnTUMAIBHOTO YIIPAaBJICHUS JeTEPMUHUPOBAHHBIMU CUCTEMAaMH, ITOBE-
JICHUE KOTOPBIX OMUCHIBACTCS OOBIKHOBEHHBIMH TU(PGEPEHIIMATBHBIMEA YPABHCHUSIMH, KaK
MIPaBUIIO, CBSI3aHO C HAXOXKICHWEM MPOTPAMMHOTO YIPABICHUS WIH YIPABIEHUS C TTOTHOM
00paTHOM CBSI3bIO 10 BEKTOPY COCTOSHUSA. MeTOabl MOMCKA MPOTPAMMHOTO YIPaBICHUS
CBSI3aHBI C TpUMeHeHneM npuHnuna Makcumyma JI.C. IIoHTpArinHa 1 YUCIEHHBIX METOJ0B
PpelIeHNUs ABYXTOUEYHBIX KPAaeBBIX 3a/1a4, IPIMEHEHHEM UTEPAIIMOHHBIX IPOIIEAYpP HAa OCHOBE
HCTIIOJH30BaHMUS MIEPBOH W BTOPOH Bapuaiu (GyHKINOHAJA, C HAXOXKICHHEM HAMTydIInX
MapaMeTPoB Pa3IOKEHUH MO JIeMEHTaM 0a3UCHBIX CHCTEM IIPH TOMOIIH METOIOB OITH-
Mm3anud [1-8]. [Torck onTHMAaNBEHOTO YIIPaBICHHS C MOJHOW 00paTHOM CBS3BIO CBSI3aH
C ompezeneHueM pemeHuid ypaBHeHus: bemnmana [9—-14]. OtaensHO cneayeTr BbIACIUTD
TPYIILy YUCJIEHHBIX METOJOB, OCHOBAHHBIX Ha MPUMEHEHUH MIPUHIIUIIA PACIIUPEHUS U J10-
CTaTOYHBIX YCIOBUI oNTUMaNbHOCTH [9—13]. MeTosb! pelenus 3aja4 CHHTE3a YIIpaBIeHUS
C HETIOJTHOM 00paTHOM CB3bI0, KOTa HH(OpMaIrs 000 BCeX KOOPAUHATAX BEKTOpPa COCTO-
SIHHSI HEJTOCTYITHA, e1Ie HEJOCTaTOuHO pa3BUThl. B [15] mpuBeneHs! J0CTaTOYHBIE YCIOBHS
ONTUMAJILHOCTH YIIPABIEHUS C HEMOJIHON 00paTHOM CBSI3bI0 M COOTHOIIIEHUS JIJISl €T0 OIpe-
neneHus. B maHHOM cTaThe MpeaiaraeTcsl YUCICHHBIA aJITOPUTM pelieHus, OCHOBAHHBIM
Ha MPUMEHEHUHU OPTOTOHAIBHBIX PA3NIOKEHUH [§], apHOPHBIX OIEHOK OJIM30CTH HAHIEHHOTO
aNTOpUTMA YIPABIECHUS K ONTUMAIBHOMY M MYIBTHATCHTHBIX aJTOPUTMOB IIT0OAIBHOM
orrrumm3anui. ChopMynHpoBaHBI U TOKAa3aHbI IOCTATOYHBIC YCIOBUS & -ONTHMATBHOCTH
HCKOMOTO YIIPaBJICHUS, ONTydeHa (popMyIa sl BEIYHCICHUS allpHOPHOI orleHKH. JlaHHas
pabota pa3BUBaET UCCIICNOBAHUS IPUMEHIMOCTH TaKUX OIICHOK, HadaThle B paboTax [9—12]
U IpoAoIKeHHbIE B [16, 17].

2. IOCTAHOBKA 3AJTAYHA

HYCTI) MOBCACHUEC MOJCIIN 00BeKTa YHpaBJI€HUA OMMCbIBACTCA OOBIKHOBEHHEIM ,umb(be-
PCHIMAJIBHBIM YPABHCHHUEM

dx
_=f(t9x(t)9u(t))9 x(t0)=x0, (1)
dt

rme x — Bektop cocrosHus cucremb, x=(x,x’) eR", x'=(x,..,x,),

2 T 1
X" =(x,,,-%,) , 0<m<n (IpeANONIOKUM, 9YTO O KOMIOHEHTaX BeKTopa X € R" us-

2 -
BECTHa TeKyIlas MH(POpPMAIKsA, a O KOMIIOHEHTaX BeKTopa x~ € R"™ OHa OTCYTCTBYeT);
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u — BekTop ynpasinenus, u € U < R?, U — HekoTopoe 3aJJaHHOe MHOXECTBO; ! — Bpe-
Mma, tel' = [to,t/.] =T U{tO}U{tf } , T' — IDpOMEXyTOK BpPeMeHH (DYHKIMOHHPOBAHHUS
CHCTEMbI, MOMEHTBI BDEMEHU £, U ¢, 3a1aubl, T = (t,,!,) ; BHEIIHUE BO3NCHCTBUS HA 00b-
eKT yIpaBlIeHUs OTCYTCTBYIOT, f(Z,x,u):T'xR" xU — R" — HenpepsIBHO AuddepeHIu-
pyemast GyHKITHSL.

OBosnaunm: B=R",B, =R",B, =R""; Q=(t,,t,)xR", Q' =[t,,t, |xR".

HauansHble ycnoBust x(t,) = x, 3aaHbl MHOXECTBOM () C R", pasMepHOCTb KOTOPOTO
paBHa m, T.e.

x(tO)EQ:{x|x2:yO(xl), xleR”’:BI}, (2)

ey, (x'), j=m+1,..,n,— 3anaHHBIE HEMpephIBHO Au(depeHnupyeMble (yHKIHM.
IIpu m =0 mHOXecTBO ) SBISETCS TOYKOM, a MPU M =H COBHAJAET C MHOXXECTBOM
R" . YcnoBus Ha BEKTOP COCTOSIHHSI HA TIPABOM KOHIIE TPOMEXyTKa BpeMeH! T’ He 3a/IaHEl.

[pearnosaraercs, 4To MPH yIPaBICHUH UCTIONb3YeTCsl MH(POPMAIIKS TOJIBKO O BpEMEHH
{ M 0 KOMIIOHEHTAX BEKTOpa X', T.e. ympapienue u(t), IPUMEHSIEMOE B KasKIblii MOMEHT
BpeMenu f € T', umeer BUA yrpasiaenus u(t) = u(t, x'(¢)) ¢ HEMONHOM OOPATHOMN CBA3BIO
10 BEKTOPY COCTOsTHUS (puc. 1).

l x(ty) = x, €Q

() = (x' (0, (1)’
o B a0 >
dt
x' (1) = (x,(1),..., x,, (1)
u(t. ) B 0<m<n
u(t) = u(t, x' (1)) - )
Puc. 1

MHOXeCTBO JOMYCTUMBIX ympaBieHuidl U, ¢ HemonaHol oOpaTHOH cBs3bI0 00pasy-
o1 ynkuun u(t,x'): T'xB —U takue, uto QyHKIMH St x, u(t, X)), i=1..,n,
ompeenieHbl Ha ', HENPepbIBHbI BMECTE C YaCTHBIMH IIPOU3BOIHBIME 110 X, KYCOYHO-
HeTpephIBHEL 110 £. [Ipu sToM ynpasnenue u(t) = u(t, x' (f)) KycO4HO-HENPEPHIBHO 110 7,
a B TOYKaxX pa3pbiBa 3HAYCHUE YIPABICHUS ONpeAesieTcs Kak Ipeaes CripaBa.

OmpezenuM MHOXXECTBO JOIYCTHMBIX 31eMEHTOB D(f,,X,) Kak MHOXECTBO IIap
d = (x(t),u(t)) , yIOBIETBOPSIIOMINX ypaBHEeHHIO (1) ¢ HauadbHBEIM ycioBHEeM (2) TOUYTH
Betony Ha T', tme VteT' x(¢)e R",u(t)eU, dyHkimn x(¢) HEIPEPHIBHBI H KyCOYHO-
muddepeHunpyemsl, a u(t) KycOUHO-HENPEPHIBHBI.

Ha muoxectBe D(f,,x,) onpenenuM (yHKIHOHAN Ka4ecTBa yIpaBICHUS

1(d)=[ £ x@,u@)dt+ F(x(t,)), 3)
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rae f°(t,x,u), F(x)— 3amaHHble HenpephlBHO AubdepeHnupyemMbie (yHKIHH.
Tpebyercs Haiiti Takyto dyukuuto u’ (¢, x') e U, , uto

m?>

I(d*)—derl%onxo)l(d) Vx, € Q, @

e d =" (), u (t)=u"(t,x" (1)) .

Oynkuus  u”(t,x') €U, HasbiBaeTcs ONTHMAIBHOW CHHTE3MPYIOIIEH (DyHKIMeH
Ha MHOXxecTBe (). I/ KaKAoro Ha4alabHOTO YCIIOBUS M3 MHOXECTBAa ) OHa MOPOXKIAET
ONTUMAJILHYIO TIapy, T.€. ONTMMAIbHYIO TPACKTOPHIO X (f) M ONTHMAIbHOE MPOrPaMMHOE
ynpasnenue u (¢). Ilpeanonaraercs, uto MuHEMYM B (4) 1 GyHKums u’ (¢, x') cylecTByioT.

IToguepkHeM, 4TO YHMCIIO HCTIOIB3YyEMBIX B YIPABICHUH KOOPIMHAT BEKTOPA COCTOSHUSA
COBIMAJIaeT C pa3MEPHOCTHI0 MHOXECTBA Ha4albHBIX cocTosiHUM Q . Ilpu m =0 mHOXe-
cTBO ) sBNsETCA TOUKOH X,, AJSI KOTOPOH HINETCS ONTUMAIbHOE IMPOrpaMMHOE yIpaB-
nenue u’ (t), apu m=n MHOXECTBO () COBNAAACT C A -MEPHBIM €BKIUAOBBIM IIPO-
CTPAHCTBOM U HIIETCS] ONTUMAIBHOE yNPABJICHHUE C ITOJHON 00pPaTHOMN CBSI3BIO MO BEKTOPY
cocrosmnst u (t,x).

PaccmoTpuM mpobrieMy HoncKa MpUOIMKEHHOTO pelIeHus 3a1a4du (4).

TpeGyeTcs HaiiTu Takyto dynkumio u° (¢,x') e U, , uto

<& Vx, €Q, %)

tne d = (O),u ()=u (t,x" (1)), d° =(x*(t), u" () = u’ (¢, X" (1)), I(d" )— mln I(a’)
£— Majoe ToJOKHUTENbHOE uncio. Dynkums u’(t,x') HaspiBaeTcss €— OHTI/IMaJIBHOI/I
CHHTE3HPYIOIeH (pyHKIIeH Ha MHOXKeCTBe () .

3. IOCTATOYHBIE YCJIOBHUSA E-OIITUMAJIBHOCTH

IToBenenue Tpaexropuil ypaBHeHus (1), ncxoaduux u3 MHOXxecTBa (2 , mpeaaraercs
OTIUCHIBATH C MOMOIIBIO BeKTOp-pyHKIuu Y(¢,x'):T'x B, — B,, YIOBIETBOPSAIOIIEH CH-
CTEME YpaBHEHUI:

8yt m ,1
Y ( x) Z ) £ x y(t, x ), u(t, x)) + £ xh, v xh), (s, xh), (6)

i=1

yj(to,xl):yoj(xl), (7

e j=m+l,..,n
YpaBHEHUSIMH XaPAKTCPUCTHK 3TOW CHUCTEMBI SIBIIIOTCS YPABHEHUS JJIi KOOPIAMHAT
BEKTOpa COCTOstHUsA, 0Opa3ytomiue (1):

%(t) = f,(t,x' (@), y(0), ut,x' 1)), i=1,...,m, x'(t)=x,€B,
PO = £, 0, y @O, ut,x (0), j=m+1,n, y(t)=y(x).
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Pemenne cucremsl (6),(7) ycranaBnuBaer cBssb: x° = y(t,x') V(t,x')eT'xB,.
[Ipennmonaraercs, 9YTO pa3MEpHOCTh MHOXKECTBA, OMHCHIBAEMOTO COOTHOIICHUEM
x> =y(t,x'), pasaa m VteT' . J{na nomydeHus TPaeKTOPHii, HCXOAAIINX U3 MHOXKe-
ctBa Q, Tpebyercs pemuts cuctemy (6),(7) npu u3BecTHOM ynpasienuu u(t,x'), a 3a-
TEeM CHUCTEMY

% ()= f,(t,x' (), y(t,x' @), ut,x' (), i=1,...,m, Vx'(t,)=x, €B,,

Eciu 3HaYeHHs KOOPIMHAT BEKTOpa X' () B MOMEHT ¢ € T’ M3BECTHBI, TO MOKHO Haii-
TH 3HAYCHHS KOOPAMHAT BEKTOPa COCTOSHUA X : X(f) = (x1 ), x> () = y(t, x" (t)))T .

IlycTs W3BecTHBI ympaBneHus u (f,x') u u’(t,x'), yIOBIETBOPAIONIHE YCIIOBH-
sim (4) u (5) coorBeTcTBeHHO. TorIa TSt MPOM3BOJIFHOTO 33JaHHOTO HAYaIIbHOTO COCTO-
AHAS X, € ) C MOMOIIBIO OMUCAHHOM Mpoueayph! (mpu 3amene u(f,x') Ha u'(t,x') m
u’ (t,x")) MOryT GBITH HaiiIeHbI TIAPHI

d =", u" @)=u (t,x" () e D(t,,x,),
d® =(x"(t),u’ (t)=u’ (t,x" (t)) € D(t,,x,) .
BeemeM B paccMoTpeHHe MHOKeCTBO GyHKIHA @(f,x):T'x B — R, HEOpepbIBHO

b hepeHInpyeMbIX BCIOMY, 33 HCKIIOUYCHHEM KOHEYHOTO dYucia cedeHuid T'x B mpu
(UKCUPOBaHHBIX ¢, U KOHCTpYKUuH [9—11]:

_ 5co(t,x)+z": 2 (t, x)
ot = Ox

i
G(t,,x)=o(t,,x)+F(x).
[puBenem cHavyana HOPMYIHUPOBKY HU3BECTHBIX TOCTATOYHBIX YCIOBHUI OMTUMAIBLHOCTH.
[penmnonoxum, 4To CyIecTByeT MHOKeCTBO @ (GyHKIuA @(, X), A7 KOTOPBIX KOH-
CTPYKIMH (8) TOCTUTAIOT IKCTPEMATBHBIX 3HAYCHU:

R(t,x,u) -f,.(t,x,u)—f0 (t,x,u), ®)

7(t) = max max R(t,x,u) V(t,x')eTxB,, 9)
XZEBZ ue
g =min G(z,, x) vx' € B, (10)
x“€B, ’

rae r(¢) — Kyco4HO-HenpepbIBHAs (GyHKIMS Ha MHOXecTBe 7.
[ycts umerorcs ynpasienue ' (t,x') e U, u cootseTcTByomee peutenne y* (f,x')
cuctemsl (6), (7).

Teopema 1 (1ocTaTouHble yCIOBUS ONTUMAIBHOCTH B 3amaue (4) [15]). Ecru cywe-
cmeyem makas yurxyusi @(t,x) € @, umo:
1) R(t,x',y"(t,x"),u"(t,x"))=r(t) noumu écrooy na T, Vx'eB,;
2) G(tf,x],y*(tf,x]))zg vx' € B,
mo ynpaenenue u'(t,x') seisemca onmumanvnoil cunmesupyiowetl gynkyueii Ha MHo-
orcecmee Q.

139



[TpubGIIVKeHHBIVI CMHTe3 ONTHMAaJTbHBIX [IeT€PMVHVPOBAHHBIX CVICTEM YIIPaBIIeHMIS. .
» Monenuposanme n aHaims JaHHbIX. 2024, Tom 14. No 1.

: » [lanmenee6 A.B., Kapans M.M.C.

Dyuxyuro r(t) u enuuuHy g MONCHO Oe3 02paHuieHUs OOUWHOCIU NOAOHCUND PAGHYI-
mu nymo. Toeoa munumanvroe snauenue GyHKYuoHana onpeoensiemcs Gopmynou
min I(d)=-¢(t,,x,) Vx,eQ. (11)
deD(ty,x)

Iycts umerotcst ynpasnenue u°(¢,x') e U, u cooTBeTcTByIoulee peienne y° (¢,x')
cucremsi (6), (7).

Teopema 2 (ocTaTOYHBIE YCIOBHS & -ONTHUMAIBLHOCTH B 3amade (5)). Eciu cywecmasy-
em maxas @ynxkyus @(t,x) € ©, manoe nonosxcumenvhoe yucio €, u PyHkuns & (¢), npu-
Humarowas 015 écex t € T manvie nonodcumenvuvle 3SHAYEHUs, YMo:

D |r@-REx y x")uf (x| <e(0)  V(tx')eTxB,;

2) |Gt .,y (1, ') -g|< e, VX' €8,

mo ynpasnenue u’(t,x') sergemca & -onmumanvHoli cunmesupyloujeli @ynxyuei
Iy

Ha MHOdcecmee () TIPU & = .[81 ®dt+e, .
lo

Ecin &(t)=0,¢, =0, ynpasnenne u’(f,x') sBIsSETCS ONTUMATBHON CHHTE3UPYIO-
mieii pyHknueit Ha MHOXKecTBe (2 .

JoxazarenbcTBo. [IpyMeHNM IPUHIUI PACIIMPEHUS C 3aJaHHEM MHOXeCTBa } U mo-
HCKOM YIaYHOTO JooTpeneneHus GpyHkiroHana / Ha 3ToM MHOXecTBe [9—11].

OmnpenennM MHOXecTBO V' map d = (x(¢),u(t)) , TAe dIEMEHTH Hap 1O CPaBHEHUIO
¢ Bxopsamumu B D(¢,, x,) HeoOs3aTenbHO cBA3aHbl 1uddepeHanbHbIM ypaBHeHueM (1);
x(t0 ) =X, € Q); JOIyCKalTCs pa3phIBbI EpBOro poaa GyHKuMiA x(¢) Ha MHOXecTBe T .
Taxum o6paszom, MHOXkecTBO D(t,,X,) C V' — pacHiupeHue IOCTPOEHO.

Hoompenenenne ¢pyHKImoHana / Ha MHOKECTBE ' TIPOM3BOAMTCS C MTOMOIIBIO 3312~
Hus QyHKIHH (2, X) .

Ha MHOXecTBe V' ompenennM QyHKIMOHAI

)
L(d)=G(t;,x(1,)) - I R(t, x(0),u(t)) dt — (1, X, ) -
Ha muoxectBe D(f,,x,) CV , rae mexnay ¢yHKuusaMu x(¢) 1 u(t) cyuiectyeT nud-

€pC€HIIMaJIbHas CBs3b , C YUECTOM " paBCHCTBaA X = X, CIIpaBCIJINBO
p D),cy 8)up I o cp

R(t, x(1), u(t)) = g 9"0 x(f)) Z 5400 x( )

S x(@),u(0) = [ (1, x(t), u(1)) =

d p(t, x(1))
dt

= [ (t, x(0), u(t))

_ 2 p(t.x(1) Zﬁ(pg 2O & (1= £, x(0), u(0)) =

0’7t i=l1

i

U TI03TOMY
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d (ﬂ(t X(t))

L(d) = p(t,, x(1,)) + F(x(z,)) = I =[Ot x(0),u(0) |dt = (ty, x,) =

=t x(t )+ F(x(t, ) =] 9t x(, ) = @ty x0) |+ [ 6 x(0),u(e) dt = p(ty, %,) = ().

Takum obpazom, Ha MEHOXecTBe V' ¢yHkimonansl [(d) u L(d) coBnanator. [ToBerne-
Hue ¢pyHknuoHana L(d) Ha MHOXecTBe V' \ D TONHOCTBIO ONpeessieTcsi BHIOOpOM (yHK-
uun @(t, x) .

[ycte umeercs Gynkums @(¢, x) € © . Haiinem Mmunumym Qyskiponana L(d) Ha MHO-
xectBe V . Ero Tperwii wieH mpu 3agaHHON GyHKIUH ¢(f,X) W U3BECTHOM Ha4aIbHOM CO-
CTOSIHUHU X, BBIYMCIIIETCS U B IJJaHE MMHUMU3AaLUU He paccMarpuBaercs. Onepaiyuy HaXox-
JICHUS SKCTpEMyMa B IEPBBIX JABYX CJIaraéMbIX MOTYT OBITh BBIITOJIHEHBI MO OTIEIBHOCTH
Gmarozapsi cBoiicTBaM QyHKIMH x(?),u(t), obpasyrommx mapsl d € V' . Tak kak juist QyHK-
i @(t,x) € ® Bomonsstores: paBeHcTBa (9),(10), oHM MOTYT OBITH HEpENHCaHbl B BHIC

r(t) = max max R(t,x,u), g= r){lei? G(t,,x),

xeB ueU

1
MOCKOJIbKY HX IIPAaBbIC YaCTHU HC 3aBUCAT OT X . Torz[a

min L(d) = g = | () dt =iy, x,).

fy

1
Tak kak ycnosus 1,2 TeopeMsl 1 BEIMOMHAIOTCS VX € B;, TO OHHU CIIPABEIUINBBI U IS
1
x" (1), re.

R, x" (), u" () =r@), teT; G(t,,x'(t,)=g.

W3 ycnosuil Teopembl 1 chemyer, uro Ha mape d  BBINOJNHSETCS PABEHCTBO
L(d") = mmL(d) re. L(d")<L(d) VdeV. Tak xak d°eD(,,x,)cV, T10
L(d") < L(d ) VdeD(t,x,). Ho Ha mHOXecTBe D(f,,X,) CIpaBEAIMBO PABCHCTBO
L(d)=1(d). Hlootomy I(d")<I(d) Vd e D(t,,x,), 4TO COOTBETCTBYET OLPEICICHUIO
MuHuMyMa Qynkunonana (3). Cnenosarensto, L(d”) = 3161;1 Ld)=1(d")= derggr’lxo) 1(d).

VYuursiBasd, yTo Ha MHOXKecTBe D(t,,X,) crnpaBe/uInBo paBeHCTBO L(d) = I(d), norydaem
(d*)=1(d") = L(d*) = L(d") = G(t,, x" (t,), y* (¢, 5" (t, ) —g +

+ J' [7(t)=R(t, X" (1), y* (t, X" (1)), u’ (1, X" (£)))]dt.

fy
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Tornma

=|G(t X (), ¥ (X () - g + J [(6) = R(e, X (), y* (2, 5 (1), " (¢, X (O))]dt| <

fo

|1(df)— 1(d")

<[G (e, 2 (1), 9 (2, 3 (8, 0) = |+ | [ [ = R, X' (0), 7 (6, %' (1)), w° (6,6 (1))t <

|G, %" (1), v 3 () = g+ [ [r(0) = ROt X' (0), 37 (8 %' (1)), w7 (6, 4 ()t

Ecin yenosue 1 TeopeMbl 2 BHIMOMHEHO 1St MOObIX (7,x') € T x B, , TO OHO BBINONHS-
erca u s x'°(¢) npu Beex ¢ e T . Ecnu ycnoBue 2 TeopeMsl 2 BBIIONHEHO IS TIOOBIX
x' € B,, 10 oHO BBIMONHsiETCs U WISt x'° (¢, ) . [losToMy

|1(df)—1(d*)| <e, +lj’ &()di=¢ .

JloKa3aTeNbCTBO TEOpPEeMBbl 2 CIEdyeT M3 NPOM3BOIBHOCTH HAyalbHOTO COCTOSHUS
X, €Q.

Ecmu cymectByer ¢ynkmms ¢(¢,x) € @, ymoeieTBopsmomas yciaoBusM 1,2 TeopeMsl
L c r(t)#0, g # 0, MOKHO MTOKa3aTh, YTO (PYHKITHIL

ot, x) = go(t,x)+j r(r)dr—g

TaKXe yAOBJIETBOPSIET ITUM YCIOBUAM NIPH 7 (t) =0, g =0. [lelicTBuTeNnbHO,

X2 eB, ueU

7(#) = max max {%—r(t)+i%fi(t, x,u)—fo(t,x,u)} =0 V(t,x')eTxB,
i=l1 Xl-

g=min{p(t,,.x)-g+F(x)}=0 Vx'eB,.
x“eB, ’

IIpu sToM r(1111;1 L(d) = 1}111;1 I(d)= . Igl(in )I(d) =—¢(t,,x,) Vx, € Q.IloatoMmy byHK-
€ € eD(1,xy
o #(f) W BENMYUHY g B Teopeme | MOXKHO 0e3 orpaHuueHusi OOIIHOCTH IOJIOXKHUTh
PaBHBIMH HYIIIO.
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4. COOTHOMIEHUA I HAXOXIEHUWSA
OIITUMAJIBHOI'O YIIPABJIEHUSA

Paccmorpum pemenue 3anaun (4). Bynem nckarb pyHkuo ¢(¢,x) B Buzae

o(t,x)=W(t,x")+ Zn: v, (t,x)x,, (12)

J=m+l1

e W(t, xl),t// ; ,x", j=m+1,...,n, — Hen3BecTHHIC (DYHKINH, TOAJICKAIINE OTIpe/IeITe-
HUIO.

Moncrapmnss (11) B (8), moxyyaem

oW (t,x') & v, (tx') oW (t,x")
R(t,x,u)=—"—+ — Y x, + )y ——=-fi(¢ +
(o)== 2 > o, e

n n @
+2x‘i-2¥ f(txu)+z v, (t,x") [ xu)— Ot xu) = (13)

Jj=m+1 i=1

J=m+l1
1 n a . t,x
=o”W(t,x)+ Z v, ( ).xj+H(t,x,u),
5t J=m+1 at

ot

G(tf,x):W(tf,xl)+ Zn: y/j(tf,xl)-xj + F(x).

Jj=m+l
3nech QyHKIUSA

n

txu i W(tx) ,,u)+z /i ) S, x,u)+

i=l1 i J=m+1 i=l1

+ Z v (t,x") fo(txu) = Ot x,u).

J=m+l

Omnpenensist MakcumyM B (9) ¢ yuerom ycioBust 1 reopemsr 1 u (13), Haxonum
H'(t,x',y"(t,x") = max H(t,x',y" (t,x"),u). (14)

[pennonoxum, uro ¢pyakuuu B (13) HenpepsiBHO auddepeHITnpyeMbl OTHOCUTEIBEHO
x*. T1o3TOMY MOKHO MPUMEHHTH HEOOXOIMMBIE YCIIOBHS 6€3yCIOBHOTO SKCTpeMyMa B (9),
(10) mo x* ¢ yuetoMm ycioBuii 1,2 Teopemsr 1:

AR(t,x',y" (t,x"),u (1,x"))
o"xj

=0, j=m+l,..,n
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2G(t,,x',y (t,,x")
é’xj

=0, j=m+l,..,n

Orciona ¢ yuerom (13) nmeem

Ay, (6.x)  OH'( .,y (1,x)

= , j=m+1l..,n, Y(x)eTxB,
Py ﬂxj J ( ) 1

OF(', y (t,,x"))
dx

J

, j=m+1,..,n, VxleBl.

l//j(t 9xl):_

[omoxwus B (9), (10) r (t) =0,g =0, cyderom (14) 1 mocIETHUX COOTHONICHHH MOTYYHM

OW(t,x') & GH'(t,x',y (t,x") .
max{ (’x)—Z tx,y (x ))yj(t,x])+H(t,x],y*(t,xl),u)}:0 V(t,x')eTxB,

uel ot ] ax;

n OF(,y (t,x")
wit,,x)="Y — !

Jj=m+l j

Vit x)=F(x',y"(t,,x')) Vx'€B,

rne H'(t,x',y"(t,x")) onpenensercs BoipaxkenueM (14), a gynkuus y*(z,x') ssasgercs
pemennem cuctemsl (6),(7) ¢ ympaeneHueM u’(f,x'), CTPYKTypa KOTOPOTO HAXOIUTCS
U3 YCIIOBHS

w(t,x")=u (t,x',y"(t,x")) = arg max H(t,x',y" (t,x"),u).

Takum 006pazom, 71T ONpeesIeHNs] ONTUMAIBHON CHHTE3UpyIomel (yHKIMNA Ha MHO-
xectBe Q B 3anade (4) Tpedyercs pemnTh cucrteMy U3 2(n—m)+1 ypaBHEHHH B YaCTHBIX
MIPOM3BOHBIX MEPBOTO mopsinka ¢ 2(n—m)+1 KpaeBbIMHU yCJIOBHSIMU Ha KOHIAX MpPOMe-
xytka T':

5%(”) x')

i’ LAy (2w () +f (xy (xu (x)).
ax,

i=1
Y (ty,x') =y, (x'),

1 n ! 1 * 1
o fames) & omax y et
ot J=m+1 Ox

J

uel

yj(t,x‘)+H(t,x1,y‘(t,x‘),u)}=0

dy, () OH'(,x,y (t.x)

= s 15
ot 5xj (15)
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OF(', y (t,,x")

l//j(t ’xl):_ é’x. >
OF ‘),
Wt x') = _Z G ayx(f ) Yt )= F@ Ly (. x)),

J

e j=m+1,...,n, H'{tx",y (t,x"))= maxH(tx,y(tx)u)
MI/IHI/IM&J‘IBHOC 3HAYCHHE (l)yHKuI/IOHana (3) MOYKHO BBIYHCIHTS 110 popmyite (11) ¢ yue-
ToM (12):

C 1
der})l(lr?ko)l(d)——W(tO,xo _,,-;H Wty %) Xy, VX, €Q. (16)

3ameuanue. CootHomenus (15) He SKBUBAJIEHTHBI JOCTATOYHBIM YCIOBHSIM ONTH-
ManpHOCTH (Teopema 1). Ho ctpyxrypa (12) He 3amaer mo xoHma ¢yHKnuio @(f,x) € @,
Ompezessis TONBKO YacTHbIE IPOU3BOHBIE NIEPBOIO MOpsaka Mo X, j=m+1,...,n. [los-
TOMY, €CJIH HalJIeHO pelieHe cucTeMsl (15), To OHO B 00IIIeM cliyyae sIBISETCS MOI03PH-
TEJIHHBIM Ha ONTHMAaJIHHOCTb.

B mpenensHBIX cinydasx HHQOPMHPOBAHHOCTH O BEKTOPE COCTOSHUS (MM COOTBETCTBY-
0T pa3NuYHbIe CIOCOOBI 3aJlaHusl MHOXKECTBAa HadaJIbHBIX cocTostHuid Q) cuctema (15)
mpeodpa3yeTcst K COOTHOIIECHISIM MTPUHITIITA MaKCUMyMa M ypaBHeHHIO beuMana.

5. CTPATEI'US IOUCKA OIITUMAJIBHOT'O
YIIPABJIEHUSA C HEITIOJTHOM OBPATHOM CBA3bIO
HA OCHOBE JJOCTATOYHBIX YCJIOBUM
E-OIITUMAJIBHOCTH

Ha ocHOBe omMCcaHHBIX JOCTATOYHBIX YCIOBUH ONTUMAIBHOCTH M COOTHOIIEHUH cop-
MHpPOBaHA CTPATETHs MOWCKA ONTHMAIBHOTO YIIPABICHHUS C HEMOJIHON 00OpaTHON CBS3BIO.
IIpennonaraercs, 4To:

— H3BECTHA OLIEHKAa MHOXKECTBA BO3MOYKHBIX COCTOSIHUH, KOTOpasl IPEACTaBIsAETCS Mpsi-

MBIM IIpou3BefeHueM B =[x, X, [x---x[x,,X, ] = B, x B,,TIe X,,X, — HIKHAA ¥ BEPXHIs
TPAHHILBI 110 KaXKI0i KOOPAMHATE COOTBETCTBEHHO, onpez[emeMLIe (PU3HMUYECKIM CMBIC-
oM pemaemoit 3anauu; B, =[x,,X, ]x---x[x,,%,1, B, =[x,.,,X,, 1x-x[x,,X,];

— W3BECTHA OIIEHKA MHO)KECTBA Z[OHyCTI/IMLIX 3HAYCHU I praBJ‘ICHI/IiI U , npencrasisie-
Masl napauiesienune oM U= la,, b ]>< x[a,,b,], Tak uro U < U (ecnu MHOXECTBO
U 3agaHo napannenenHHeLIOM 0o U=U )

— yemoBue H'(t,x',y (t,x')) = max H(t x' y *(t,x'),u) paspemuMO M OIHO3HAYHO
OIPEIEIISET CTPYKTYPY ynpaBneHHs{ u (t,x') ¢ HenmomHo¥ 06GpPaTHOI CBA3BIO.
Crparerus MoMcKa MPUOIMKEHHOTO PEIICHHS COACPIKUT J1Ba dTara:
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.

a) HaXOXJeHHe HYJIEBOTO MPUOIIKEHHS yIpaBIeHus u (¢,x');

0) mocienoBaTeNbHOE YIYYILICHUE HYJIEBOTO NPUOIVDKEHUS MyTEeM MUHHMH3ALWHN BEJIH-
YHHBI BEpXHEH OIIEHKH OJIM30CTH TEKYILETO YIPaBICHUS K ONTUMAIEHOMY.

Iepevwiii sman. HaxoxeHne HYJIEBOrO MPUOIMKEHHST HCKOMOTO 3aKOHA YITPaBICHHS.
1. 3amath cTpyKTypy ynpaBneHus u(f,x') B BHe PasIokKeHHMI 110 CHCTEME OPTOHOPMH-
POBaHHBIX 0a3UCHBIX (QYHKIIUIL:

Ly-1

w (t,x)=u, (t,x,...x, Zulo q(lo,t)zu,l pli,x)- Zu”’p(tm,x) j=leng, (17)

by =

rae ,ﬁ 0 , U HeusBecTHble  kod(duuuentsy;  {q(i,,1)},i, =0,1,....
{pG,x)},i =0,1 {p(zm,x )}.}.i, =0,1,...— opTOHOPMUPOBaHHbIE Oa3UCHBIE CHCTE-
MBI (DYHKIIHH.

2. 3amats mHOKecTBO ()= [x,%]1x...x[x,.X,]1c El BO3MOXKHBIX HadallbHBIX 3HAYEHUH

J.l j.m
, U

i
l

KOOPJIMHAT BEKTOpa COCTOSHHS, UCIIOJIb3YEMBIX B YIIPABJICHUH.
3. MuHIMH3UPOBATh BENUYNHY (QYyHKIIFOHAIA

1
J=——[1(x}, 3, (), d)elx; , (18)
mesQ g

XapaKTepPH3YIOUIYI0 cpeHee 3HaueHne (yHKIMOHaNA (3) HA MHOXECTBE HaYaJIbHBIX YCIIO-

Buit {x, =(x),y, ()", x; € Q} . Onpenenuts 3HaueHns K03bHIMEHTOB pastoxerws (17)

10 BBIOPaHHBIM 0A3UCHBIM CHCTEMaM OIHHM W3 MYJIBTHAreHTHBIX METO/IOB ONITHMI3AIH [§].
JUis HaXOXKICHHST PEIICHUS CHCTEMBI YPaBHEHUH

é’yj(tx)

i o f(fx,y(tX)u(IX))Jrf(lx,y(tX)u(IX)) (19)

i=1

Pty x") = 3y, (x), (20)

rae j =m+1,...,n, IPUMEHUTh METOJl XapaKTCPUCTUK. YPaBHEHHSIMH XapaKTEPUCTUK ITOH
CHCTEMBI SIBIISIIOTCS YPaBHEHHUS U KOOPIMHAT BEKTOpa COCTOsIHMS, oOpasyroniue (1):

X, (1) = f,(t, x! ), y(t), u(t, x! @), i=1..,m, x' )= x(l) IS Q,

1)
3,0 = £, O O, u X ), j=m L, ¥(t,) =y, ().

PellieHue CHCTEMBI YCTaHABIMBAET CBs3b: X~ = y(¢,x') V(t,x')eT'xB,.
Jus  npuOMMKEHHOTO TMojcyera BeluuuHbl (QyHkuuoHana (18) renepupoBarh
mo M TodeKk Ha KaXKAOM U3 OTPE3KOB [X,X,],.. [ng,x ] npu momom pazdue-

HHUS C IIIarom A/., j=L..,m, Te. pa3OUTb MHOXECTBO Q wa Mm 3JIEMEHTapHBIX
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Mm
TNOJIMHOKECTB @, , (= U @, . B KaxgoM seMeHTapHOM MHOXXECTBE BBIOpaTb cpe-
HIOK TOuKy: x,*, k= 1,A.j.l, Mm, a B HeH ONpeneNuTbh COOTBETCTBYIOLIME BEKTOPHI
x* = y,(x"),k=1,..,Mm. B pesynsrare MOTyYHTb BEKTOPbl HAYAIBLHBIX COCTOSHHUIA
xb =) k=1,..,Mm w3 muoxectBa Q. Ilpu 5TOM CNpaBeINBO PABEHCTBO
mes Q = Mm mes @, , Tak KaKk Mepbl MeS @), BCEX YIEMEHTApHBIX OAMHOKECTB PABHBI.
Torna 3nauenue ¢pyHkuronana (18) MOkKHO IPUOIMIKEHHO BEIYUCINTD 1O (hopMyIIe

Mm
J=>"1(x;,d)/ Mm. (22)
k=1

Pe3yssTaToM TIepBOTO JTana ABjfeTcs HyleBoe npuommkenue u(t,x').

Bmopoii sman. TlocnenosarenbHOE yaydIlICHHE HYJICBOTO PUOIMIKCHUS.

CornacHo Teopeme 2 Tpedyercs Hailitu QpyHKIHIO @(f, X) € O , yIOBIETBOPSIONIYIO YCIIO-
BusiM 1 u 2. OHa npecTaBisIeTcs B MapaMeTpUUecKkoi (hopMe ¢ UCIONB30BAHUEM PA3IIOKE-
HUM 10 6a3ucHBIM crcteMaM (yHKIwA. Jlanee peanusyercs UTepallioHHas MpoLeaypa mo-
1IaroBOro yjiay4umeHusd 3HAYCHUI napaMeTpoB C LCIbI0 MUHUMU3AIUU 3HAYCHUA OUCHKU & .
1. 3amars npencrapieHHe BCIOMOTaTeNbHBIX (GyHKIm W (2, x'), s @, x"), j=m+l,..,n,

obpasyromux dyrkmmo (1, x) =W (t,x' )+ Y v, (t,x')-x;

J=m+1

Ly-1 L,-1

L,-1
W(t,x") =W (t,%,...%, )= 2w qly,0) D W, p(iy, ) D W p(i,.x,),  (23)
iy=0 iy =0

’m =0

Lm 71

Ll L .
W3 =Y, (65, ) = WGl ) YW %) Y W pliy,x,) s J=mt ],
ir=0 i=0

i, =0

'm

0 1 0 1 j
e w, ,w , wl’" 7 ,(//4””’ — HeusBecTHbIE kodddurmentsy; L, L, ,..., L, —Macmra-

m
Obl yceueHHs 10 BPEMEHU 1 KOOPMHATAM BEKTOPA COCTOSHUS, HCIOIb3yeMbIM B yIIpaBJie-
uun. B xauectse 6asucubix Gyuxumit g (iy,1), p, (i, %, ), k =1,...,m , MoxHO, HapHMep,
B3Th OPTOHOPMHPOBAHHYIO HA OTPE3KE ﬁO; ¢, | cuCTEMY KOCHHYCOW WJIH CHCTEMbI MHO-

rouseHoB Jlexanpa, onpeaenaeHHble Ha oTpe3kax [x,, X, ],....[x,,, X, ]-

oW, x") oW(,x) v, (tx) Oy,
2. HaiiTm yacTHble TPOU3BOJIHBIE @x) , tx) ) v, ), Vi ),
ot o x, ot ox,

i=L..,mj=m+l1,..,n.
3. Petuth 337134y MUHUMH3ALUHE OLIEHKH OJIM30CTH K ONTUMAJIbHOMY PEIICHHIO:

min &

J .
Vo . we
Vini i Yioit i

C TIOMOIIBIO BEIOPaHHOTO MYJIBTHATEHTHOTO anroputMa. [Ipu 3ToM HCIonb30BaTh HYJIEBOE
1

NIpUOTIKEHNE 3aKOHA yIpaBieHus u(f,X ) ¥ COOTBETCTBYIOIIEE €My PEIICHHE CHCTEMBI

(19), (20).
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J1Jisl BBIYMCIICHHS OLICHKHU BBITIOJIHUTE CIICIYIOIIUE OTICPAIIHH.
3.1. IIponHTErpHPOBATH CUCTEMY YPaBHEHUH

5y(tx) i (tx)f(tx y(tx)u(tx))-lrf(fx Y, x"),u(,x")),

y;(t09xl)=y0j(xl): j=m+l,...,l’l

METOJIOM XapaKTEPUCTUK

x.() = £, X" @), (@), u(t,x' @), i=1,...m, x'(t,)=x; €Q,
7,0 = £, 5 @0, y(O),u(t, x' (0), j=m+1,.n, y(ty) =y (%)

Pelitenne cUCTEMBI yCTAHABIMBACT CBA3b: X~ = y(t,x') V(t,x')eT'xB,.

Huist aToro 3anark Ha oTpeske [f,,¢,] paBHOMEpHOE pasOUeHHE f;,1,,...,ty =1, U3 N
TOYEK C IIaroM /i .

IIpu ¢ =t¢, renepupoBaTb Mo M TOYEK Ha KaXIOM U3 OTPE3KOB [X,,X,],....[X,,,X,, ]
IIpH [OMOLIK pa3OueHus ¢ warom A, j=1,..

~m?
,...,m . B pe3ynbrare nony4urb Mm BEKTOPOB
1,k _ 2,k _ 1,k _
Xy k=1L, Mm,u x;" =y,(x," ), k=1.
ok Lk _2kNT 7 _
crosHuil x, = (x,",x,") ,k=1,.

5., Mm , OOpaA3YIOIUX BEKTOPHI HAYAIBHBIX CO-
»..., Mm w3 MHOXKecTBa (2 .

B nporecce 4ncieHHOro HHTErPUPOBAHNS TOIYYUTh 3HAYEHUA KOOPJHHAT BEKTOPOB

), k=1, Mm ;X)) =y () =y, X @), k=1,..., Mm ;
u' (t)=u(tx""(t)), k=1,..,Mm; i=0,1,..,N

3.2. Beruucnutb
i) = maxmaxR(t (@), % u), k=1, ;1=0,1,.
g" =min G(ty, X ), ), k=1,..., Mm;
xZEB2

rae

W (t,x') & v, (t,x") oW (t,x")
R(t,x,u)=—-""2+ —L " .x, t +
(bvu)=—27 ,;,H ot Z: ALY

t

p
3y, Z "" )f(txu)+z v, (2 f (xa) - £ (o)

Jj=m+l1 Jj=m+l

Gty x) =Wty x' )+ Sy (tyox')ox, + F(x).

j=m+l
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3.3. Beruncnuthb

R(t,, x @), P )= x> @), u(t, , X @), k=1,..,.Mm; i=0,1,..,N
G(ty, x" (ty), V' (ty, x" (), k=1,..., Mm

3.4. Beruuciauth

& ()= max | (1) = R(, 2" 1), 7 (1) = x> (0, u(t, 3 @), i=01,... N,

& = max [Gley X" (1), (0,3 (60D~

3.5. Beruncnutob

ty
- _[gl(t)dt+82 = {gl(z )+2281(t Y+ & (1, )}rgz. (24)
0}

B pesynprare pemeHus 3agadd MUHUMH3AIHANA OICHKH OJNM30CTH K ONTHMAIEHOMY
PEIICHUIO HAXOMATCS 3HAYEHUS KOd(PQHUINEHTOB t//,ﬁ i > W . » BEIMYMHA OLCHKH &
u 3HaueHus koddduumentos ), u/", ul™"

6. MOJAEJIBHBIU ITPUMEP
[ocranoBka 3amaun npuBeneHa B 1adm. 1 (m=1).
Tabonuma 1
ITocTanoBKa 3agaun
Cucrema X = u(r)
I depeHIaTbHbIX YpaBHEHUH %, =x,(t)
BpemenHoii nHTEpBa tel0;2]
MuoskecTBO 4
. x(t))eQ=3x|x,=—=x,,x, €R
Ha4YaJIbHBIX yCJ'lOBI/II/I 3
OrpaHn4eHys Ha yIpaBiIeHNE ueRr
Dyukuuonan (3) I(x,,d)= _[u (Hdt +— |:xl2 (2)+x3 (2):'

Tpebyercst HAWTH € — ONTHMAJIBHYIO CUHTE3UPYIOLIYI0 GYHKIHMIO u(f,X,) Ha MHOXe-

cTtBe Q.
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B kauecTBe 6a3uCHBIX (YHKIMI UCITOJIb30BAJIACh CUCTEMa HECTAMOHAPHBIX KOCHHY-
coup u noiauHoMbl Jlexxanapa. HanoxxeHbl orpaHuyYeHHs Ha 3HaYeHUsT KOA(PHHUIMEHTOB
B (17), (23): w,w, e[-L1], v .y, €[-0,50,5],u/" €[-1;0,5], u/" €[1;3]. 3anmano
MHOX)ecTBO Q2 =[x,X ]=[0,5;2,5] BO3MOXKHBIX HaualbHbIX 3HAUYCHUNH KOOPAMHATHI X,
BEKTOpa COCTOSIHHSI, WMCIOJB3yeMOH B YHpPaBICHHH, U E] =[x,x]=[0;3] — HKHAA
1 BEPXHAA T'PAaHULBI IO KOOPAWHATE X, .

BriOpans! ciemyromue nmapaMeTpsl THOPHIHOTO MYJIBTHAar€HTHOTO alTrOpUTMa HHTEp-
HOJILMOHHOro noucka [8]: NP=20, I =100, M, =1, M, =7, PRIVector=0,9,
nstep=5, b, =8.

Pemrena 3ajaya MUHUMH3aUK OLIEHKH OJIM30CTH K ONTUMAaJIbHOMY penieHuro. Haiine-
HO €-ONTUMAJbHOE YIIPaBICHUE C HEMOJIHOU 0OpaTHOH CBA3BIO u(f,X,) U BCIIOMOIaTellb-
uble GyHxkuuu W(t,x,), v,(t,x,) . JAud kaxnoi GyHKIMU ONpenelsuloch PalMoHAIbHOE
KoNMuecTBO Kodhduimentos B pasnoxenun L, L, L , L7 [ [ w 3uauenus ko>dpdu-
LIMEHTOB. Pe3ynbsTaThl YHCIEHHOTO pelleHHs 3aJadl MpuBeneHs! B Tabn. 2. Ha puc. 24
MIPUBENICHbl I'paKH MOPOXKAIAEMbIX 3aKOHOB YIpPaBJCHUs U Tpaekropuil cuctembl (1).
Ha puc. 5 u3o0paxen rpaduk U3MEHEHHUS OIICHKH & C pocTOM 4ucia urepanuii. CpaBHe-
HHUE TOYHOro petreHust u(t,x,) =x, /(¢t—3) [15] c nonmyueHHBIM NPUOIIKEHHBIM PELICHHU-
€M CBHUJIETENBCTBYET O MPHEMIIEMOM TOUHOCTH JOCTUTHYTOTO PE3yibTara.

Tabauma 2
Pe3yabTaThl penieHusi THOPUAHBIM MYJIbTHAT€HTHBIM
METOJA0M UHTECPNOJAINMOHHOIO NMMOUCKA

HckoMble pyHKIUM u(t,x) Wit x,) w,(t,x,)
MacmraGsl ycedeHus Ly=8,L =2 Ly =4,L" =4 Ly =1L =1
3HaueHus KOAPPUITCHTOB _0’79—;00’3263’;00’2031';—0(),1143;'0’24; 0,92; 0,38; 0,99; 0,91; 0.04: 0
B Pa3JIOKEHHUSIX ’ 2’ 6f | ’51 T 0,05;-0,02; 0,17; 0,37 7
OTpe3ku 3HaYeHU i ) )
KOOPAMHAT TIpH £, = 2 x,(2)e [0, 1062; 0,883 1] , x,(2) e [—0, 0148;0, 0064]
3HaucHHE ONeHKH & (24) 0,874092

i 10!

15

—

Puc. 2. I'pagpuru usmenenus koopounamor x,(t)
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&4

x,(7)

Puc. 3. I'padpuxu usmenenus Koopounamol x, (t)

u(r)

08 08

0.3

04

Puc. 4. I'paguxu noposcoaemozo ynpasnenus u(t) = u(t, x,(t))

0,8 4

0.6

0.4

0.2

5 k
101

Puc. 5. Hzmenenue senuuunsl Oyenku & ¢ pocmom Yucia umepayutl
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B crartee mpemtoxkeH M 00OCHOBaH aNTOPUTM CHHTE3a ONTHUMAIBHOTO YIPABICHHS
C HEIOIHOW 00paTHOW CBSA3bI0 Ha 3aJJaHHOM MHOTO00pa3uy HadyaJIbHBIX COCTOSHHH. [Ipu-
BeJIEH IIpUMep, WILTIOCTPUPYIONHi 3((HEeKTHBHOCTH MPEIOKEHHOTO aNTrOpUTMa, U Haiine-
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ObecrieyeHne COBPEMEHHOIO XPaHEHHs YIIeBOJOPOIOB HE SIBISIETCS TPHBUAIBHON
3agaueil.  CymecTByromue — TpeOOBaHMSA,  HajaraeMble  IPUPOLOOXPAHHBIM
U TPOTHBOIOKAPHBIM 3aKOHOAATEILCTBOM, a TAKXKE JKOHOMHKA ITPOU3BOJCTBA
00sI3bIBAIOT  COOCTBEHHHKOB PE3EpPBYapHBIX IAPKOB IMPEANPHHUMATH  MEpBI
10 y4eTy M COKpAIIEHWIO MOTeph HeQTenpomyKkToB. [l pemieHus STOH 3agaduu
copmMHpoBaHa TpyIa PacueTHBIX METOAMK, MO3BOJIIONIAs OIPEACIUTh 00beM
IIOTEPh YIJIEBOIOPOIOB B X0/1€ OOJIBIIMX U MAJIBIX ABIXaHUH B Pe3epPBYapHbIX IapKax.
Ilpx 5TOM MNpPOBEICHHE PACYETOB U IOJ0OP COOTBETCTBYIOLIEr0 00OPYHAOBaHUS
10 COKPAIIEHHWIO IOTePh JOBOJILHO 3aTPYAHEHO JUIl HHXKCHEPHO-TEXHUYECKOTO
nepconasia Heprebas. B cBsi3u ¢ 3TuM Ha ocHOBe MeTo0B pacuera B.U. UepHukuHa,
®.®. Adysosoii 1 H.H. KoncrantunoBa 0bu10 co3aaHO0 MporpaMMHOE obecriedeHne
110 pacyeTy MOTePh YIJICBOJOPOIOB B Pe3epByapax OT OOJBLINX M MaJbIX JbIXaHHI,
C BO3MOJKHOCTBIO XPaHEHMs JIaHHBIX B TEUEHHE Mecslla NOCYTOYHO U C Bhlgadeil
CHCTEMOH peKOMEHAUN OTHOCUTEIBHO IPUMEHEHUS CPEICTB COKPALICHUS OTEPh
yTI1€B0o10po0B. 1 HanucaHus MPOrpaMMHOro Koaa Ot ucrons3oBan C# B Visual
Studio 2022. JlemoBepcusi MporpaMMbl MO3BOJISIET PACCUUTHIBATE OOBEMBI MOTEPh
HEe(TEeNPOLYKTOB B BEPTHUKAJIBHBIX CTAJIBHBIX pe3epByapax pasIMYHOro obbema
U IIPU MCHSIOLIUXCS YCJIOBHAX BHELIHEH Cpelbl, a TaKKe Ha OCHOBE 3aJ0)KEHHOU
0a3bl JAaHHBIX PEKOMEHJOBATH HEOOXOJMMbIE CPEJICTBA COKPAIICHHSA IOTEPh
K YCTAaHOBKE Ha paccMaTpHBAcMBbIil pe3epByap.
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1. BBEAEHHME

B xoze (QyHKIHMOHHPOBaHUSI PE3EpPBYapoOB MO XPAHEHHIO YIJIEBOJOPOIOB BO3HUKAIOT
MOTEpH pas3aumyHOro poaa. Cpenu HUX MOXKHO BBIJICIATH JIBE OCHOBHBIC TPYIIIEL: TIOTEPH,
00yCIIOBJIEHHBIC HApYIICHHEM TMpaBHUJ SKCILTyaTallid Pe3epByapoB M TEXHOIOTHYECKHE
morepu. HapylieHue mpaBwil 3KCIUTyaTall MPEAIOJaracT BO3HUKHOBEHHUC IPOJIHBOB,
CMEIIMBAHUS, YTEUCK M HAXOAUTHCS 3a Mpe/eNaMH HACTOSLICH PabOThl, TEXHOIOTHYE-
CKHUE K€ TIOTepU OOYCIIaBIMBAIOTCS OOJBIIMMHU U MaJbIMU JBIXaHUSIMH, BO3HHKAFOIIMH
B XOJIC €CTECTBEHHOMN 3KCIUTyaTaly pe3epByapa [1]. bompumie apxaHus BO3HUKAIOT MPH
HATIOJIHCHUH pe3epByapa, KOTjJa IMOJHUMAIOIIHIACS CTONO He(TEIpOayKTa BBITCCHSCT Ia-
POBO3/YIIHYIO CMECh YIJICBOJOPOJOB Yepe3 CHCTeMy KJIallaHoB. Maible JbIXxaHusi 00y-
CJIOBJICHBI BXOJIOM BO3IyXa M BBIXOJIOM IAPOBO3IYIITHON CMECH U3 pe3epByapa Ipu U3Me-
HEHUU NapaMeTPOB OKpPYXKAIOIIEH cpelibl (TeMIeparypa, OCBELICHHOCTb, IaBICHHE).

VYuuteiBas pU3MYECKUC XapaKTCPUCTHKH (MaTEpPHal M €ro TEIUIONPOBOTHOCTh, HHTCH-
CHBHOCTb COJIHEYHOTO M3JTyueHHUsI, TEMIIEPATYPy OKPYKAIOIICH Cpe/ibl U JIaBlIeHHe, 00beM
He(TEPOAYKTa U pa3Mep pe3epByapa) U XUMHUUCCKUAC XapaKTCPUCTUKHU (BHJ HEPTEIPO-
JIYKTa, KOJIMYECTBO MPUMeCceil) — MOYKHO MPOU3BECTH pacyeT 00beMOB MOTeph Kak MPU Ma-
JIBIX, TAK ¥ TIPH OONBIINX JbIXaHusX [2]. CyMMUPYs 3TH TaHHBIC, BAPBUPYIOIIAECS B TEUC-
HUH OTPECICHHOr0 HHTEPBaJa BPEMEHH, MOXKHO YCTAHOBUTH CyMMAapHBI 00beM MOTEPb.
Hcxonst u3 momy4aeMoro CyMMapHOTO 00beMa — MOTYT OBITh TOOOPaHBI COOTBETCTBYIO-
IIHe CPEJICTBA COKPAIICHHSI TOTEPh YIIIeBOAOPOAOB. [lyisi HavYaa mpeacTaBuM aHaIUTHYe-
CKHE METOJBI pacyera OOJBINNX M MAJBIX JbIXaHWUHU, TOCIE Yero MepeiieM K pa3paboTke
COOTBETCTBYIOIETO MPOrPAMMHOTO 00ECIICYCHUS, TTO3BOISIIOIIEIO 3HAYUTEIBHO CHU3UThH
TPYIOEMKOCTh 3aJ1a4d, [UI WHKCHEPHOTO IEPCOHANa, MO YYETy MOTepPh YIIEBOIOPOIOB
B pe3epByapHOM MapKe, a TAKKe YIPOCTUTh pabOTy MPOEKTHPOBIIUKOB MPU BOSHUKHOBE-
HUU 3arpoca Ha MOJCpHU3AIHI0 HeTeOaskl.
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2. METOAUKHU PACYETA BOJIBHINX
JIBIXAHUM B BEPTUKAJIbHBIX CTAJIBHBIX PE3EPBYAPAX

[Ipu omoOpoXKHEHUH BEPTHKAIBLHOIO CTAJILHOTO pe3epByapa, B HETO HAUYMHAET ITOCTY-
nath aTMOC(EpHBI BO3YX, YTO MPUBOUT K CHIKCHUIO JABJICHUS TAPOB U HAYAITy HCIIa-
peHust He(hTEIPOaYKTa 10 TEX TOP, ITOKa ra30BOC MPOCTPAHCTBO He HachITHTCA [3]. Janee
[IPY HATMOJIHEHUU pe3epByapa — MapoBO3/YIIHAS CMECh C HAXOISIIMMUCS B BUJIC B3BECH
YINICBOIOPO/IAaMH BBITAIKUBACTCSl U3 Pe3epByapa M BO3HHMKAIOT MOTepH. Pa3mep mnorepb
OT «OOJIBIIMX JBIXaHUI» HAMPSIMYIO 3aBUCHT OT YaCTOTHI MPOIIECcCa CIIMBA U 3aIlOJHEHUs
pe3epByapa HEPTEIPOLYKTOM M MPOIOPIIHOHAICH 00beMy He(TEnpoayKTa, KOTOPBIi ObLT
MOMeILEH B pe3epyap [4].

Mautbie JpIXaHus] BOSHUKAIOT B OCHOBHOM B XOJIC HATPEeBa pe3epByapa B JHCBHBIC YaCHI
U OXJIQXK/ICHUSI B HOUHbIC. /IHEBHOMN HArpeB MPHUBOJINT K YBEIMICHUIO CKOPOCTH UCTIAPEHHSI
YIJIEBOIOPO/IOB U MOBBIIICHUIO MX KOHIICHTPAIMK B MAPOBO3IYIIHOW CMECH, a, CIIe/I0Ba-
TENIbHO, YBEJIMUYCHHUIO aBlieHUs1 B pe3epByape [S]. s cHukeHust n30bITOYHOTO AaBICHHS
4acTh MAPOBO3AYIIHOW CMECH CTPABIMBACTCS CUCTEMOM KilanaHoB B arMochepy [6].

f+
'\7

r

b HedTemponyrTa ﬁ

Hedrenponyxr

Bonpmoe npxanne Manoe opIxaHue

Puc. 1. Bonvuue u manvie Ovixanus 6 6epmMuKaIbHbIX CMATLHBIX PE3ep8yapax

1 — crenka; 2 — nuuie; 3 — CTalMOHAPHAs KPbIIa; 4 — AbIXaTebHbIN Kiarnan; Hr, — BbI-
COTa ra3oBOro MPOCTPAHCTBA pe3epByapa Mepejl 3akadkod Herenpoaykros; Hr, — BbicoTa
ra30BOro MPOCTPAHCTBA PE3EPBYapa MOCJIE 3aKauKK HeTenpoykToB; HB3m, — BeIcOTa B31H-
Ba HE(TENPOIYKTOB; VB — CKOPOCTH BBIXO/IA TTAPOBO3/YIIHON CMECH Yepe3 AbIXaTeIbHBIN
KJanaH; VT — 00bEM Ta30BOTO IIPOCTPAHCTBA pe3epByapa Iepe 3aKadKkoi HeTenpoayKTa

Kak yxe oTMe4asnoch CymecTByeT HeCKOIBKO METOAMK MoicueTa 06beMa MoTeph yIie-
BOJIOPOJIOB BO BpeMsl OOJNBIIMX W MaJIbIX JIbIXaHUW. B citydae ¢ GONBIIUMHU JBIXaHUSMH
B paboTe MPHUHATO pelieHue paccMaTpuBarh Metoquku @.@. Ady3ooii u B.M. YUepHukuna
(xak Ooiee TOUHYIO) JUIst CBEPKH [7].

@.D. Aby30Ba I BBIYUCICHUS TIOTEPh OT «OONBIINX JBIXaHUI MPEATIOKIIIA CIIETy-
I0lIee ypaBHEHHE:

Gﬁﬂ=ﬁ*Fp*%*ﬂ3600,m (1
re: B — koadpuumeHT MaccooTaaun, Kr/M>*cek; Fp — miomajp «3epkaiay He(TH B pe3epBy-
ape, M*; C_ — KOHIIEHTpAIUs HACHIIIEHHBIX Napos, I1a; C — cpennss KoHUEHTpaus HedTH
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B ra3oBOM Ipoctpanctse, [1a; tB.J. UepHnKiH, ycOBEpIIEHCTBOBAB METOJ| pacuera «0oIb-
mmx» aeixanuii [1.B. BansiBckoro, npeaiokust cBoro (GopMyITy pacdyera motephb Jerkux (hpak-
it yresogopoaa. OTpasnum ee ¢ mepecyeToM MacChl Ha KMIOTPaMMBbI IIOTEPSHHOTO TOIIINBA:

p,2\] P,
CGon™ ([AV_VF' (PPl)] 5, -p}__) * 1000, xr @)

rae: AV — o0beM TTapoBO3MYIIHON CMECH, BBIIICAIICH TIPH 3aIOJHEHAH pe3epByapa, M>;
V. — 00bEM ra30BOro MpOCTPAaHCTBA pe3epByapa Iepesl 3aKadkod HedTenpoaykra, M*;
P, — abcomoTHOE JIaBenne ra3oBoOro NpOCTPaHCTBa B Havale 3akaduky, [1a; P, — aGcomror-
HOC JIaBIICHHE Ia30BOI0 IPOCTPAHCTBA B KOHLE 3akauky, ITa; P — cpennee pacuérHoe map-
[UAJIBHOE JaBJICHHE TAapOB HE(TEIPOAYKTA MPH 3aKavke, [1a; p, — TUIOTHOCTD ey, T/m°

Heo0xomuMo oTMeTHTB, uTO pacueTsl o ¢opmyre B.M. UeprukuHa eime 6omnee Tpymo-
eMKH, ueM 1o metouke O.D. AGy30Boif, 1 pUBECTH BCe (HOPMYJIBHBIC PACUCTHI IO KAXK IO
u3 meroauk (Oosee 40 dopmyrn) B paMKax HACTOSIICH CTarbd — HE IPEJCTABISIETCS BO3-
MOXHBIM B By o0beMa. B pesynbrare 1o pacdeTy OONBIINX AbIXaHWN MPUBOIATCS JHIIHh
WTOTOBBIE pacueTHBIC POPMyYINEL. B 11emoM 06e MEeTOIUKH pacdeToB TPEOYIOT OMpeAeIeHuUs
OOJIBITIOrO YHCIIA TTIOKA3aTeNeH, B CBA3M C YeM MX aBTOMATH3alus KpaifHe BocTpeOoBaHa.

s HanboIee MOTHOTO y4YeTa BCEX MOTEPh YITICBOIOPOIOB B pe3epByapax HEOOXOIH-
MO ¥ YCTaHOBUTH 00BEMBI BRIOPOCOB TPH MalbIX AbIXaHIsIX. Hambomnee momHoi, 000CHO-
BaHHOU W MPaKTUYCCKH MMOATBEP)KICHHON METOIMKON B 3TOM OTHOIICHHUH SIBISICTCS METO-
nuka H.H. KoncrtantuaoBa.

3. METOJIUKA PACYETA MAJIBIX IBIXAHUI
B BEPTUKAJIBHBIX CTAJIBHBIX PESEPBYAPAX

Ipu n3MeHeHnH TeMIeparypsl 1 aTMOC(EPHOTO 1aBJICHNs], ABJICHHUE B Ta30BOM IIPOCTPaH-
CTBE pe3epByapa yBEIMUYUBACTCS, YTO MOXKET IIPUBECTU K MaJIBIM JIBIXaHHAM pe3epByapa [7].

Hnst pacuera norepb oT «Manblx Aeixanuin» H.H. KoHcTaHTHHOB npeyuioxkun cienyto-
LIy METOJHUKY BBIUYMCIICHUS:

Gyy=0AV ,Kr 3)

I7Ie: G — CPEIHEE MAacCOBOE COAEPKAHME MapOB HEPTENPOIYKTa B APOBO3LYIIIHONH CMECH.
AV — BBITECHIEMBII 00BEM TapOBO3IYIIHON CMECH.

ITpwm 3TOM 17151 pacueTa CpeJHEro MacCOBOTO COZICP KAHMS TTAPOB HEPTEMPOYKTOB B I1a-
POBO3IYIIHOW CMECH pe3epByapa U BBITECHSEMOTro oObema TpeOyeTcsl JOINOIHUTEILHOE
omnpezeneHue psa nokasarenei [8]. Tak, HanmpuMep, cpejHEE MaCCOBOE COJIEPKAHUE TapOB
HeTENPOIYKTOB B TAPOBO3IYIIHONW CMECH pe3epByapa OyaeT pacCunThIBAaTHCS 110 (hopMyJIe:

Pryae TP
o= *m”‘—m ,Kr/M3 4)
Rn (Tnnax+Trrnin)
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rae: R — rasopas nocrosnnas napos 6ensuna, [ix/(Mons K) Tr . Tr = — MUHMManbHas

min’ max
1 MakcHUMaJjbHas TeMIlepaTypa razoBOro IpOCTPAaHCTBA PE3EpByapa B TEUEHUE CYTOK, K;
P P — MHHUManbHOE U MaKCHMAJIBHOE ITapIHaIbHOE JaBICHHAE HEPTEIPOMLYKTa B Ta-
min max
30BOM MPOCTPAHCTBE pPe3epByapa B TeUeHUE CyTOK, [a.
B cBoro odepenp, BEITECHIEMBII 00beM MTapOBO3IYIITHON CMECH (a, CIeI0BATENIFHO, M Mac-

Cca MOTEePSIHHOIO Heq)TerOI[yKTa, €CJIM U3BCCTHA €T0 HJ'IOTHOCTB) MOJKET OBITh OIIPE/ICJICH KaK:

-] -] .
AV=V,*In By Pra iy Toman | s (5)
(P a+P1c,q 'Pmax) * Timin

rae: Pa — atmocdeproe naBnenne, I1a; Pk.B — BakyyM B ra30BOM IPOCTPAHCTBE, COOTBET-
CTBYIOIIMI Harpy3Ke BaKyyMHOTO KiamaHa, [la; Pk.q — n30bpITOUHOE HaBICHHE B Ta30BOM
HpOCTPaHCTBE, COOTBETCTBYIOMIEE HArpy3Ke Kianana napienus, Ila; V, — o6bem razosoro
MIPOCTPAHCTBA, M; AV — BBITECHIEMBI 00bEM TAPOBO3AYIITHOW CMECH, M.
[IpencraBneHHBIC pacdeThl TPEOYIOT OOIBIIOTO KOIWYESCTBAa BPEMEHH OT ITepcoHala pe-
3epBYapHBIX MAPKOB IO y4eTy 00beMa MOTeph HE(QTEHPOAYKTOB MPU MPOBEICHUHU MPOBE-
POK U B OCOOCHHOCTH MPOBEPKH Ha COOTBETCTBHE HOPMaM €CTeCTBEHHON yosumm. [l om-
THMHU3AIIH JAHHOTO IpoIecca ObII0 MPUHATO PEIICHHE Ha OCHOBE M3JIOKCHHBIX METOIUK
CO3/1aTh JIEMOBEPCHIO CIICUATU3UPOBAHHON KOMIIBIOTEPHON MPOrPaMMBbI, KOTOpasi O03BO-
JISIET COKPATUTh M OOJIETYUTH MPOIEypy pacdeTa Ui IepCOHaa pe3epByapHbIX MapKOB.

4. CO3JAHUME ITPOI'PAMMHOI'O
OBECIHIEYEHUA JJISA PACUETA OBBEMA IIOTEPH
OT BOJIBIINX U MAJIBIX IBIXAHUM B PE3BEPBYAPAX

Pemenne 3agaq mo pacyéry MOTEph YIIEBOAOPOIOB MPH «OONBIINX» U «MAJBIX» Ibl-
XaHUSIX MOXKET OBITh YIPOIIEHO C IOMOIIBIO MPOIPAaMMHBIX CPE/ICTB aBTOMATHYECKOTO
pacueta. OngauM U3 HauOosiee 3(PHEKTUBHBIX CIIOCOOOB PEICHHS MPOOJICMbI SBISICTCS
HCIIONIb30BaHNE KOMIBIOTEPHOH MPOTPaMMBbl, KOTOpasi MO3BOJSAET M3MEHITh TEXHUUECKHUE
XapaKTEepUCTUKH NCXOIHOM 3a71aui M aBTOMAaTHYECKH PAacCYUTHIBATh 1otepu (Pucynok 2).

OCHOBHOI 3ajJja4ueii Takol MPOrpaMMBbI SIBISIETCSI pacyeT 3HauUeHUH TOTephb MpH «00JIb-
IIMX» U «MaJBIX» JBIXaHUAX HA OCHOBE BBEJCHHBIX IIOJIb30BATEIEM 3HAYECHUH Mapame-
TPOB, COXpaHEHHE PE3yJIFTaTOB pacuyeTa Ha MPOTSDKEHUH Meprojia HaOoeHn, 1 Ha oc-
HOBC C06paHHI)IX JaHHBIX MPCAOCTABJICHUC AHAJIUTHUKH — peKOMeHI[aLII/Iﬁ MO0 YCTAaHOBKC
CHCTEM COKpAIIeHHUs MOTeph U rpaduka, 0ToOpakaroIiero JUHAMHKY IIOTEPb 3a MEPHOJ
HaOmonieansi. B cooTBeTcTBHM C 3ajmadell mporpaMMbl — alJTOPUTM pacdera JIOKeH Obl-
CTPO U TOYHO MOJIyYaTh HEOOXOAMMBIC 3HAUCHHMS U BHIBOJUTH UX Ha dKpaH [9].

HeoOxonnmo pa3paboTarh aarOpuUTM TaKUM 0Opa3oM, YTOOBI pacyeThl 3HAYCHHUH I10-
Tepb HE OJIOKMPOBAJM IVIABHBIM MTOTOK IPOTPaMMBI, OTBEUAIOIINH 3a rpadMuecKuil MH-
tepdeiic. Takoro sddhexTa MOKHO TOOUTHCS, 3aMETUB, YTO PACUETHI B KKI0M U3 (hopMyIt
HE 3aBUCST APYT OT ApyTa, a 3HAYUT MOTYT BBIIOIHATCS MapaieasHo [10].
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Pa3paboTaHHbBIil aqrOPUTM MOJTYYaeT HA BXOJ JAHHBIC U3 MOJICH, 3aMOTHEHHBIX MOJIb-
30BaTelieM, 3aTeM 3allyCKaeT TPH MapajuielibHbIe 3aja4i — 110 OJJHOM Ha BBIYMCIICHUE KaXK-
JIOr0 3HAYEHUSI TIOTEPh. 3aryLIIeHHbIE 3a/]a41 110 3aBEPILECHHUIO, KaX/iasi 1 He3aBUCHMO, 00-
HOBJISICT CBOIO YaCTh DKPaHA PACCUYMTAHHBIM 3HAYCHHEM, ITOCIIC YEro ajrOPUTM 3aBepliia-
eTcst 1 OyZeT OKMAaTh HOBBIX BXOAHBIX NTaHHBIX [11].

Beon:
abcoaTHoro JABJICHHE BHAYMAIC B B KOHLUE 3JAKAKH Pl " P!-.
TEMICPATYPHI TAI0BOTO NPOCTPAHCTRA peepyapa B Teuenne o¥1or Ty 8 Tz,
BLICOTBI PesepByapa i, BHICOTBI Konyca kpoimn Hr,
HAMAIBHOI BBICOTHI BUIMBA 3aKAYKH H’Uln.

BHYTPEHHETO AHAMETPA pe'wpu}'apa d. KOHEUHOMH BLICOTHI BLIHBA JARAMKH,
Huvz,, spevienn npocton 7, kordduunenta maccoornaun 3,
EOHUCHTPAUHH HACLIEHBIX IEAPOB YEIEBOL0POI10E Csn
CPEANIOIN KONUEHTPAUNIO NAPOR B FA30BOM npocTpancree pesepsyapa C,
CPeIHers NAPUHAILHOTO Aasaenns nedrn Py,

AOTHOCTE HedyTH Py
MHHHMAIBHOEC B MAKCHMAIBHOC ||apu||=|;u,||on' JABJIeHHe Ht‘q) I'QII])UA,\'I\"I'H B razosom
NPOCTPANCTRE Pelepryapa B Tevenne cyrok P ow P

N 2
OO0

v v

1) Cpeanee 3HAMHIE MACCOBOTO
1) Pacuer cpeanero napusaisnoro 1anienus conepaannn  napos  medrenporykrta B [IBC:
uedrenpoayrra Py = o P, 5= (Prnaz + Prnin))
) Ser (Ra(Temin + Trmaz)
2) Beruncaenne oikema pelepsyapa . i .
d 2 2) Buitecusiemuiii 06beM mapoBOyIYIIHOI CMech:
T (=
V_.:—2H_r QV=V.'EH((PG_P“_Pmm)Tfm“
h — Hvzy + 3 (Pa = Puy = Praaz)Trmin
3) HMovepn wedrn 01 MAA0T0 ABIXAHNI
¥
1) Beiumeaenne niomanm «3epraians Brigoa:
. —_ 2 €« Torepn o1 Ma0T0 ABIXAHNAL
nedrn B pesepeyape F, = - (E)
Gy =0d-AV
| ¥
Brason: Brimon:

IloTepu o1 G010 ABIXAHIA

Tlovepn or HoabIIOTo ALIXANNS N0
no gopmyiae Abysosoii:

opyyae Yepunknna:

P—P . P, ¢, -C
Gaa = ((AV -V, - 221y 28 5 41000 B-By—g T
-P‘-’_Py Py Gﬁ.r=T

| I

Puc. 2. Fnok-cxema KomnblomepHou npocpammbl
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)Y

[NapasnensHoe BBINOMHEHHUE MTPOUCXOANT UMEHHO TOCPEACTBOM BBIYMCIICHUS 3HAYCHUM
Ha pa3HbIX IOTOKAX, TaK KaK IOTOKH UMEIOT OOIIYIO aMsITh, YTO TI03BOJISIET M30€XKaTh 3arpar
Ha KOTIMPOBAHKE JAHHBIX, KOTOPOE HEOOXOAMMO TPH 3aITyCKe MapajuieIbHBIX Tporeccos [12].

Ha sTane npoekTrpoBaHus OblIa coCTaBiIeHa OJIOK-CXeMa MPOrpaMMHOIo Koja, OTpa-
KaloIas B3aMMOCBA3b Ha4daJIbHBIX 3HAYEHHH, HEOOXOMMMBIX Ul pealn3aliy porpaMM-
HOro obecriedeH s U IIPOrpaMMHBIE JTAIlbl pacyeTa, NpeacTasieHHble Ha Pucynke 2. s
pacdera moTepb Mpu «OOJIBLINX» U «MaJbIX» IBIXaHUH OblUIa pa3paboTaHa KOMIBIOTEpHAs
mporpamMma Ha s3b1ke mporpammuposanus C# B Visual Studio 2022 [13]. [lamee Ha ocHOBE
MPUBEACHHOTO AJITOPUTMa OBLI CO3aH YAOOHBIH MOJIB30BATEIbCKIN IpadHUeCKUil HHTEep-
¢eiic (Pucynku 3, 4).

o BuiuMcagHNE TEXHONOHUECKMX NOTEPL HEQTH M HEQTENPOAYKTOB NPK XDaHEHNK B Pe3epsyapax - X
H r Pesynbrar
BoibepuTe Tun HedTexpaHunKWa
3aKauka HedTENPOAYKTOB B pesepsyap
O pec 1000 (O PBC 2000 O Caoboamsiii s80A
BbiCOTa 83183 GEH3MHA HaUaNbHAR, M
O PBCS000 O PBC 10000 O Tecrosbie sHauenva
XapaKTepucTakw pesepeyapa BbicoTa 83/18a GeH3Ha KOHEUHaS, M
TeomeTpueckuii 06bem pesepeyapa |:| MpoM3B0AMTENLHOCTS 3aKauKkM, M3/4 :
BHYTpEHHWI AMamMeTp pesepeyapa, M Bpems npocTos, 4
BuicoTa pesepsyapa, M MaotHocTs HegTenpoaykTa, r/cm3
A [ ] Tewncooryoa navans wanenna negrenpoayaa. K
KONMUECTEO AbIXaTENLHbIX KNANAHOB
AvameTp AbixaTeNbHBIX KAaNaHOB, M
BbinonHWUTb pacuéT notepnb
Horpysca asvarensssnavonfa ||
ABCONIOTHOE AaBNeHMe A0 3aKauKy, Ma
Harpy3ka BaKyyMHOTO ABIXaTENBHOTO KAaNana, Ma
CpeaHnan TeMnepaTypa BosAyxa, C

Puc. 3. Hnmepghetic komnvromeprotl npoepammol

OH MO3BOJSIET PEryaupoBaTh YCIOBHs pacueTa, Takhe KaK HauyajbHasi U KOHEYHas
BBICOTA B3JIMBA M MIPOU3BOJUTEIBHOCTH 3aKauky win rabaputsel PBC, a Takke M3MEHUTH
IUIOTHOCTh XPaHUMOT0 He(TEIPOAYKTa B pe3epByape. biaromaps aTomy, mporpamMMa Mo-
JKET PaCCUMTHIBATH MoTepu [yt paszaundHbix PBC. HauanpHbie 3HAYCHUST MOTYT OBITH YKa-
3aHbI B CBOOOJHOM BBO/IE, JTHOO C TIOMOIIIBIO aBTOMATHYECKOIO BHIOOPA THIIA pe3epByapa.

IIpu HAXKaTUM HA KHOTIKY «BBIMOJIHUTH PAcueT) MOJIb30BaTelb MOIydaeT Pe3yybTaT KO-
JINYECTBA MMOTEPh JIETKUX (HPAKIUI YIIIEBOLOPOAA PU «OOJBIIHX» ABIXAHHSX 110 IBYM ME-
Togam: Metony pacuera B.1. Uepaukuna u @.D. AGy30B0if, M «MaIBIX)» ABIXaHHUIX IIO ME-
tony pacuera H.H. Koncranrunosa.
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¥ BuiuMCAeH e TeXHONOMMUBCKUX NOTEPs HEHTU U (TOE MPY Xp B - X

H | Pesynerar|

O6bemsl NOTepb YINEBOA0POACE

BIuMCNEH e MOTEDS OT “BOMbLIMX AbXaHWiA" N0 MeToavke pacueta B ¢ 1327152 «r
BoiuvcneHne NoTeph 0T "60MbLUMX AbiXaHMii" NO MeToavke pacueta 0.0. A6y30s0i 1632,397 Kr
1
Buiuvcnerme NoTeps OT “Manbix AblxaHui™ 1476 | Kr3a T aere
2144,280 «r 33 Mecal
CoxpaHuTs AaHHEIE No
notepsm 3a cyTku & B} Copmuposate rpagur 1125552
868,647
PesynbTaTsl NPeAbIAYIVX PaCYETOB NOTEPL OT "GONBLIMX AbiXaHMA"
Motepn p npu xp B pesepByap 5465,632 KT 33 MECAL,
PekomeHAaLMH
Ana noteph

OKpaWWBaHWe pe3epsyapa COKDATAT NoTepH Ha 1093,126  kr 33 MecAl

YeTaHoBKa aMOMYHIEBOTO MOHTOHA COKPATHT MCNapeHua Ha 4919,068  Kr3a MecAl

Puc. 4. Pacuem nomepob npocpammubLym MemoooM U 661600
peKomeHoayuli no HeOPeHUI0 CPeOCma COKPAaleHUsl Nomepb

T.x. pacuer «maibIX» JIbIXaHUM 3aBUCHUT OT KOJIMUECTBA OIEpalldid 3aKauuBaHUS He-
¢drenpoayKkTa B pe3epByap M €ro BBIKAYKH 3a OJHU CYTKH, IMPOTrPaMMOU MPEAYCMOTPEHO
COXpaHCHHUE TPEABIIYINX Pe3yasraToB pacdera. B Omoke «lloTepu Hedrempomykra mpu
XpaHCHHU B pe3epByape» OTpaKaeTcs CyMMa 3HAUe€HHH MOTEPb OT «OONBIINX JbIXaHHI
mo metoxy B.U. YUepHHKHHA METOOM CIIOKECHUS TEKYIIMX M MPEIBIIYIINX PE3yIbTaToB,
a TaKKe MOTEPh MPH «MAJIBIX» JBIXaHUSIX, PACCUNTAHHBIX Ha Mecsil. Ha ocHOBe moyueH-
HBIX C IIOMOIIBIO TIPOTPAMMBI 3HAYCHHUH ITOTEPh YIIICBOAOPOIOB OT «OONBIIHXY H «MAJBIX)
IBIXaHUH TIPU XpaHEHUH B pe3epByapax HedTedas3sl, M CpaBHEHUS MOTYUYCHHBIX Pe3yiIbTa-
TOB C HOPMaMH TIOTEPh YITIEBOIOPOAOB (MMEIOUTNXCS B 0a3e TaHHBIX MPOTPaMMBI) JAIOTCS
PEKOMCHAANU 11O BHEAPCHNUIO COBPEMCHHBIX METOJA0B YMCHBIICHWA TOTEPH MPH IKCILTYya-
TalluyU Pe3epByapoB, HCXOM U3 00beMa pesepByapa (PucyHok 4).

[Ipu >TOM yduTHIBas BHUI CPEACTBA COKPAIICHUS TOTEPh M €r0 YCPeTHEHHYIO d(Pdek-
THBHOCTh, a TaKXe O0O0BEM YITIEBOJOPOAOB, TEPSEMBIX PE3EPBYyapOM, PACCUUTHIBACTCS
IIpe/IBapUTEIIbHBIH 00bEM COKpAILEHHs ITOTEPh 110 Pe3epByapy OT YCTAHOBKH TOTO HJIH
HWHOTO CPENICTBA. DTO MPOU3BOJUTHCS ITyTEM OOpAIICHUS IPOrPaMMBI K 0a3e TaHHBIX, B KO-
TOPO CONEPKUTCSI CTATUCTHKA TI0 COKPAIIICHUIO TTOTEPh YIIICBOAOPOIOB PA3ITUIHBIMHU TEX-
HUYeCKNMH perneHusmu (PucyHok 5).

baza naHHBIX porpaMmel Obl1a pa3padoTaHa ¢ y4eTOM CLICHAPUEB €€ UCIIONb30BaHus [ 14].
Cpemu Takux CIICHAPHEB — 3aIliCh TAaHHBIX O MOTEPsIX pe3epByapa B OMPEICICHHEIN JICHb,
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COIOCTABJICHUE CHCTEMON ONTHMAJbHOTO METOJAa COKpAIIECHUS MOTeph B KOHKPETHBIN
JIeHb HaOImoeHus1, 1 GOpMUPOBAHUE Psijia JAHHBIX JJISl aHAIMTHKU U BU3yanu3auuu [15].
CrnpoeKkTHpoBaHHAs M peaJIn30BaHHAs 0a3a COCTOMT M3 JBYX OCHOBHBIX TAOJHIl M OJHOU
cBszyrouieit [16].

Tabnuua «Pe3epByap» M0O3BOJSIET IIPOrpaMMe OTCIIEKHMBATH KOHKPETHBIE Pe3epByapsbl
yepe3 ux uaeHTHukarop. Tabmuma «MeTox COKpamieHus! MOTEPh» SIBISETCS CIPaBOY-
HUKOM, COZAEPIKAIMM HEOOXOANMYI0 MH(OPMAIMIO O JOCTYIMHBIX METOAAX COKPAIICHHS
motepb. Ces3Has Tabnmna «MeTox cokpaimmeHus motepb PesepByap» comepkut uH(Op-
Malyio O KOHKPETHBIX HAOMIONEHMAX TOTEPh pe3epByapa B ONpE/ENICHHBbINH JeHb. Takas
CTpyKTypa 0a3bl TaHHBIX COOTBETCTBYET TPEOOBAHMSAM HYETBEPTOH HOPMAIBbHOH (POPMBI
TaK KaKk HE COJEP)KUT MHOTO3HauHbIX 3aBucuMocTed [17]. Takas cTpykTypa MO3BOJSIET
JIETKO BBIIIOJIHUTH OCHOBHBIE 3aIPOCHI, KOTOPbIE HEOOXOAUMBI AJIsl PAOOThI MPOrPaMMBbl,
B YaCTHOCTH 3aITUCh JJAHHBIX POU3BOJMTCS 110 CPEACTBOM JJOOABICHHS CTPOKH B TaOIHILy
«Merox cokpaiienus norepb PesepByapy», a (hopMuUpOBaHHE AaHHBIX ISl BU3yalIn3alun
BBINOJTHSETCS 3aIIPOCOM BH/IA:

SELECT ‘Ilorepu ot 6ombioro apixanus Yepaukun’, ‘Ilorepn oT Mayioro JpIxaHus’
FROM ‘Merton cokpamenus noreps Pesepsyap’ INNER JOIN ‘Pezepsyap’ ON ‘Pesepsy-
ap’.” ID PesepByap’ == ‘Mertoz cokparmienus norepb_Peseppyap’.’ ID PesepByap” WHERE
> ID PesepByap’ = x.

B kauectBe CYB/] 6511 BeIOpan SQLite B crry HeOOIBIIOTo 00beMa XpaHUMBIX TaH-
HBIX ¥ HECIIOXKHOH CTPYKTypsl 0a3sl maHHbIX [18]. SQLite mo3BomseT paborars ¢ 6a3oit
JIAHHBIX B BUJIE JIOKAJIBHOTO (haiina, Graromapst S ToMy, MOJIb30BaTeN0 HET HeOOX0UMOCTH
ycranaBnuarh cepsep CYBJI miist paboTsl ¢ mporpammoii [19].

MeTop cokpalleHus [ [ Pesepeyap ’
notepb MeTop cokpatleHus notepb_Pesepyap
ID Pesepsya
ID meTopa peyap

HassaHue ID merona
Onvncanme )x ID Pesepsyap
OHeprosaTpaTHoCTb AeHb HabnioeHus
MoTepw ot Gonbworo AbixaHns YepHVKIH

Motepu oT Gonbluoro AbixaHus ABy3osa
MoTepw OT Marnoro AbixaHus

Puc. 5. Unghopmayuonno-nocuuecxas 6aza 0aHHbIX npocpammel

@duHanbHBIM OJIOKOM MIPOrpaMMBI SIBIIsieTCsl BKIaka nHporpaduka. B Heit otobpaxa-
I0TCSI B BHJIE THCTOTPAMMBI PE3yJbTaThl pacueTa MoTeph yIIIEBOJOPOJIOB 10 METOANKaM
®.®0. Adyzosoii, B.W. Uepaukunaa u H.H. KoncranturoBa (Pucynok 6). [IpencraBneHHas
pa3paboTka SBISETCS IO CBOCH CyTH 0a30BOM, MMJIOTHON BEepCHEH MPOTPaAMMHOTO 00ecTIe-
YEeHUs. YUUTHIBAsI €€ MPOCTYI0 MOAYIBbHYIO apXUTEKTYpy, OHa MOXKET ObITh 3(p(heKTHBHO
pacurupena u gomnonHaeHa [20].
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- - x
Hauanonwie napanerpy Pesynsrar [Anborsasnsa |

Ovews norepe yrreaoaoposos

Meton Yepnnknza Meton AGy3oBoit

250 250
7] OBue notepu [ Obuwe notepu

[I MoTepu oT Gonbwmx AiXaHHi [W MoTepy oT Gonbluux AbixaHMit

[0 MNoTepy oT Mansix AsixaHuii [ NoTepy oT Manbix AbIxaHUii

MoTepm (Kr B cyTKM)

Puc. 6. Cpasnenue pezynomamog noocuema o6vema
ediceonesHvix nomepv AU-92 (3a neoenro) 6 pezepsyape PBC-2000
memooamu B.U. Yepnukuna u @.D. A6y30601i ¢ yuemom manvlx ObIXaHull

[IpennoxxeHHast JeMOBEPCHUST 3HAUUTEIBHO YIPOLIAET MPOLEAYPhl BBIYUCICHHNA 00b-
€MOB MOTEeph IO pe3epByapy, COKpAIlaeT TPYAOBBIE 3aTPaThl MHKCHEPHO-TEXHUYECKOTO
TiepcoHalia U yMEHbIIAeT PUCK BO3HUKHOBEHHS CITy4aliHOM OIIMOKH.

S. BBIBO/IbI

B pesynbrate paboOThl MOIy4eHa JEMOBEPCHS MPOrPaMMBI, IO3BOJIAIOLIAS HCIIONb-
3yst s3Ik C# paccyuThIBaTH 00BEMBI OTEPH YIIEBOAOPOAOB B pe3epByapax PBC-1000,
PBC-2000, PBC-5000, PBC-10000 ot 00apmuX ¥ MajbIX AbIXaHWH Ha OCHOBE METOIMK
©.®0. Adyzosoii, B.W. Uepaukuraa n H.H. KoncrantinaOBa. ANTOPUTM IPOTPaMMBL M CO3-
JlaHHas 0a3a JaHHBIX [T03BOJIAIOT PACCUUTHIBATH SKEJHEBHBIE IOTEPH 110 Pe3epByapy, Gpop-
MHPOBAaTh MACCHB JIAaHHBIX 32 HECKOJIBKO JHEH (J10 Mecsa), BhIIaBaTh MPEIBAPUTEIIHHbIC
PEKOMEHIallNH 110 IOI00PY CPEIICTB COKPAIIEHUS OTEPh (B 3aBUCHMOCTH OT UX 00BbEMa).

Pa3paboranHas 71eMOBEPCHUsI MOXKET CIY>KUTb SIIPOM PACIIMPEHHOM mporpammsl. J{is
ee HaroJHEHHsT HeoOXOANMO YKpPyIHEHHE 0a3bl JaHHBIX MO XapaKTepPUCTHKaM pe3epBya-
POB Pa3IMYHBIX TUIOPAa3MEPOB, MO 3(P(HEKTUBHOCTH METOJOB COKpAILICHUs MoTephb. Bos-
MOKHO CO3/1aHH€ JIOMOJHUTEIbHBIX HAJCTPOEK II0Jl MOJEIMPOBAHUE PAa0OTHI KaXOro
U3 CPENCTB COKpAIEHHs TTOTEPh U OTOOpaKeHHsI pe3ylbTaToB Ha MHporpaduke, a TakKe
10 COOTHECCHUIO IOTYYCHHBIX PE3yJIbTaTOB ¢ TPEOOBAHUSAMHU HOPM €CTECTBEHHOW yObUIH
HedTenpoayKToB. Bo3MOXXHO Taroke paclIMpEeHHe NPOrPAMMHBIX BO3MOXXHOCTEH B YacTH
IIPOBENICHUS OAHOBPEMEHHOTO pacyeTa JJIsl HECKOJIBKHX PE3ePBYapoB.
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Ensuring modern storage of hydrocarbons is not a trivial task. The existing
requirements imposed by environmental and fire protection legislation, as well as
the economics of production, oblige the owners of tank farms to take measures for
calculation and reduction of petroleum products losses. For solvation of this problem,
a group of calculation methods has been formed. They are allow to determine the
volume of hydrocarbon losses during large and small breaths in tank farms. At the
same time, carrying out calculations and selecting the appropriate equipment to reduce
losses is quite difficult for the engineering and technical personnel of oil storages.
In this regard, based on the calculation methods of V.I. Chernikin, F.F. Abuzova and
N.N. Konstantinov the software for calculating hydrocarbon losses in reservoirs from
large and small respirations was developed. Software has the ability to store data
for a month daily and with a system of issuing recommendations regarding the use
of means to reduce hydrocarbon losses. To write the program code, C# was used
in Visual Studio 2022. The demo version of the program allows to calculate the
volume of losses of petroleum products in vertical steel tanks of various sizes and
under changing environmental conditions, and also, based on the embedded database,
recommend the necessary means of losses reduction for installation on the tank.

Keywords: hydrocarbon losses, reservoir, quality management, process control,
software development, calculation methods, C#.
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1. BBEJIEHHUE

OnHolt U3 3a7a4 TaHHOW CTaThU SBISIETCS 0OCY)KICHUE POJH SKCIIEPHMEHTa B IIPETIO-
JaBaHMU BBICIIEN MaTeMaTuKX. HauHEM CTaThIO C MPOCTPAaHHOM LIUTATHI U3 CTAThH U3BECT-
HOT'O OTEUECTBEHHOro MareMaruka Bragumupa Nropesuua ApHonsna [18].

«Maremarrka — 9acTb (pusuku. Ou3HKa — SKCIIEPHIMEHTAIbHAS, ECTECTBEHHAs! HAyKa, YacTh
€CTEeCTBO3HaHMsI. MareMaTnka — 3TO Ta 9acTb (PU3HUKH, B KOTOPOH SKCIIEPUMEHTHI JAEIIEBHI.

ToxaecTBo SIkoOu (BBIHY KAAIOIIEE BEICOTHI TPEYTOIBHIKA IIEPECEKATHCS B OMHON TOU-
K€) — TaKoH ke IKCIepHUMEHTAJIbHBIN (DaKT, KaKk To, 4TO 3eMiisl Kpyria (T.e. roMeoMopQHa
mrapy). Ho 0OHapy>KUTh €ro MOXKHO C MEHBIIIUMH 3aTpaTaMH.

B cepenune npajaToro Bexa ObLia MpeIpHHATa NOMNBITKA Pa3/IelINTh MaTeMaTHuKy U Qu-
3uky. IlocnencTsus okazanuch KaracTpohuueckuMu. Bripociy 1esbie TOKOJICHUs MaTeMaTu-
KOB, HE3HAKOMBIX C ITOJIOBUHOM CBOEH HAayKH U, €CTECTBEHHO, HE MMEIOIINX HUKAKOTO Mpe/-
CTaBJICHUSI HU O KaKUX JPYrux Haykax. OHH HadyaJld y4UTh CBOCH YpPOIUIMBOM CXOJacTHUeE-
CKOH TICeBIOMaTeMaTHKe CHavyajIa CTYJCHTOB, a OTOM U IIKOJIEHHUKOB (3a0BIB O MpeIyIpex-
JeHUN XapIiy, 4To TS YPOINBOM MaTeMaTHKH HET MOCTOSHHOTO MecTa 1o, ComHIeM)».

OOuwmii cmbicn no3unuu B.M. ApHonbaa, ¢ TOYKH 3peHHS aBTOPOB CTaTbH TaKOB.
Matemarrka n3ydaeT He OecconepkaTenbHble abCTpaKTHBIE CTPYKTYPHI, a 00pas3sl pe-
anpHOTO MUpa. B 9acTHOCTH, pedub HAET O TEOMETPHUYECKUX 00pa3ax, KOTOPBIE XapaKTe-
PHU3YIOT CTPOEHHUE OKPY’KAIOIIEro MUPA U B YEM-TO MOJOOHB! (PU3HUECKUM TeJIaM U CHU-
JIOBBIM TOJISIM, HO MOTYT M3ydaThbcs MaTeMaTHKaMH Oe3 MPUMEHEHUS] U3MEPUTEIbHOM
anmapatypsl ([1]). MeTtoasl MaTreMaTH4eCKOTO MO3HAHUS OCHOBBIBAIOTCS HAa JYXOBHOM
co3eplaHuy 00pa3oB, B M3BECTHOM CMBICIIE HAIOMUHAIOIIUX IJIATOHOBCKUE UJIEH, U UX
nmornyeckoM ananuse ([10]). Ecnu HyXHO oxapaKTepH30BaTh 3TH METOIBI OIHUM CJO-
BOM, TO CJIEJyeT HCIIOJIb30BaTh CIOBO «Pa3MbInienne».

OnHaxo 0OOILIEN3BECTHO TO OOCTOSTEIHCTBO, YTO MHOTHME MaTeMaTHYECKHE PEe3yibTa-
THI MOTYT OBITH TIOJIyYEHBI C TTIOMOIIBI0 BhIYHCAeHUH. [Ipr 3TOM MHOTAA pa3MBIILIEHHS
1 BBIYHCIICHHS IPOTUBOIOCTABIIIFOTCS IPYT APYTy Kak aHTaroHUCTHl. He BoaBasich B mon-
poOHOCTH, OTMETHM, YTO MaTeMaTuK, B OTIMYME OT WH)KEHEpa, JI0JDKEH caM pa3paboTaTh
IIPOLIEAYPY BBIYHMCIEHHS, BKIIOYas MOCTAaHOBKY 3aadd, KOTOpas MOXET OBITh pellcHa
BBIYHCIIUTENIEM, Pa3pa0dOTKy ajropuTMa M, HaKOHEI|, aHalli3 pe3yJbTaTOB BBIYMCICHUS.
Takum 00pa3oM, MONHOLEHHOE BBIYMCICHHWE OCHOBAHO HAa pa3MbllUIeHuH. [losBieHue
KOMIIBIOTEPHOM TEXHUKH, HECOMHEHHO, YIIPOCTHIIO BHIYUCIICHHUS C TEXHUYECKOH CTOPOHBI,
HO HE OTMEHUJIO UX CBA3b C PA3MBIIIICHUSIMH.

VYuebHast paboTa coO CTyJeHTaMH-MaTeMaTHKaMH, KPOME BCEro IpOYEro, BKIIIOYAET
B ce0s pa3BUTHE UX MHTEpEca K MaTeMaTHKe Kak TakoBoi. JloOMThCs nake MUHIMAIbHBIX
pe3yabTaToOB B 3TOM HAIpaBICHUH MOXKHO, TOJIBKO TIpejylarasi yJauiuMcsl 3a/laHus, UMe-
IOIIME XapakTep HaydyHOTo mccienoBaHus. ITomck Takux 3amad cBs3aH C ONpPEACIEHHBI-
MU TPYJHOCTSMH. [IeWCTBUTENBHO, C OJHOW CTOPOHBI 3a]a4a JOJDKHA OBITh MOCHIIBHOM,
a ¢ Ipyroi — MPEeACTaBIATh BO3MOXKHOCTH VIS IOy IEHUS] HOBBIX PE3YIbTaTOB.

ABTOpBI CTaTbH CUUTAIOT, YTO JJISL OTHX IIeJIeH KaK pa3 U MOXKHO MCIIOIb30BaTh 3a/1a4u
BBIYHCIUTENBHOTO XapakTepa. JlaHHas cTaTbs MOCBSICHA PACCMOTPEHHIO psifia IPUMEPOB
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TaKHUX BOIIPOCOB, CBA3aHHBLIX C Teopnef/i yucen. B [[aJ'II:HeﬁHIeM npeanojaracTcs TakKe
1 HaITMCaHHUEC CTaTeﬁ, KOTOPBIC KaCarOTCA BBIYHCJICHUN B 06H.Iel>i anre6pe, reomMeTpumn, Ma-
TEMAaTUYCCKOM aHaJIu3€ U T. 1.

2. BRIUACJINTEJIbHBII HTHCTPYMEHTAPUIA

IIpoBeneHue BBIUNCIECHUII B COBPEMEHHBIX YCIOBHUSAX MPEAINONAracT MCIONb30BaHHE
ANIEKTPOHHBIX BBIYMCIUTEIBHBIX YCTPOWCTB. JTO B BBICIIECH cTermeHH obnerdaer pado-
Ty Bbruucnutens. OQHaKo, KaKk U3BECTHO, IOBCEMECTHBIM OTKa3 OT PyYHBIX BBIYHCIECHUI
HMEET PsJ BaKHBIX HETaTHBHBIX nociencTsuil. [Ipexne Bcero, peds naér o0 yxXyAlleHUH
MBICTIHTEIBHBIX CIOCOOHOCTEH, B TOM YHCIIe U CTyAeHTOB. [1o 3Tol mpUyMHE *KeIaTeabHO
HCIIONB30BaTh BEIYUCIUTEIbHBIE 3aJaHN, IPU BBITOJIHEHHH KOTOPBIX CTYAEHT JOJDKEH HC-
10JIb30BaTh PyYHOU, a HOPOH Jake YCTHBIN CUET.

Takum 006pa3zom, KpoMe KOMITBIOTEPHBIX BBIUUCIICHHUII B IaHHOM cTarhe OyIyT paccMa-
TPUBATHCSI U BHIYHCIIEHUS yCTHEIE. KOHEYHO, BO3HUKAET BOIIPOC O TOM, MOXKHO JIU B COBpe-
MEHHBIX yCJIOBHSX 3aCTaBUTh CTYACHTA OTKa3aThCs Aake OT KalbKynsTopa? Cmenars 3TO
MOYKHO TOJIBKO, HAJIO)KMB OTPAHUYEHUS HA PE3YJbTAT BEIYNCICHUH.

[epeuncanm Tenepb Te TPU BUA BBIYUCICHUI, KOTOPBIE OyIyT MCIOJIB30BaHbI qajee
IIPY IPOBEIECHNH BBIYUCIUTEIBHBIX YKCIIEPHMEHTOB.

1. Pyd4Hble U yCTHBIC BEIYHUCICHUS.
2. BpluncieHus ¢ IOMOIIBIO ANEKTPOHHBIX Tabmui Excel.
3. BrruncneHus ¢ NOMOILBIO IPOrpaMM, HAMCAHHBIX Ha SI3bIKE NMPOTPaMMHPOBAHHUS

Small Basic.

[TpuBeném npuMepsl 3aJaHu, €CTeCTBEHHBIM 00pa30M peraeMbIX OAHUM U3 TIepeUrc-
JIEHHBIX BUJIOB BBIYHCICHUN.

3. PYUHBIE U YCTHBIE BBIYNCJIEHUA

OOcy:knenne BBIMHCJIHTEJIbHOro Meroaa. /(s wn3BnedeHWe KBaJAPAaTHOTO KOPHS
13 HEKOTOPOTO YHCIIAa PAacCMOTPUM H3BECTHYIO (DOPMYITYy COKPAMIEHHOTO YMHOXKEHHS
(a+b)2 =a’ +2ab+ b’ . Cuuras, uto b Mano0, MOXHO OTOPOCUTH b° W MOTYUMTH MPH-
ommkénnyio dopmyry (a+b)’ ~a®+2ab. Otciona cnemyer, uto a’ +2ab~a+b.
[TpearnonoXum, 9To HY’KHO BBIYHCINTD KOPEHb U3 urcia c. [Iycts a — npubmmxEHHOE 3Ha-
YeHHe KOpHA U3 ¢, TOTa MOXKHO MONOKUTh, uTo ¢ = a’ + 2ab . DTo M03BONAET BHIYHCITHTH
napamerp b. Ho, 3Has ero, MOXHO HOJyYUTh U NPHOMIDKEHHOE 3HAUCHHE KBaJPaTHOIO
KOpHSI, paBHOE @+ b .

3apanue 1. Berancnuts npuOmmkEHHOE 3HAUCHNE V5. [Tpun 3TOM TpeOyeTcst MoTyInThH
pe3ynbTar B BUIe OOBIKHOBEHHOW ApoOH 03 MCIIONB30BaHMs KAIBKYIATOPA.

Pemenne. Ilo ycnoButo ¢ = 5. Ha ponb a ecTecTBeHHO BBIOpATh 4UCIO 2 (TIOCKOIBKY
2

c—a
22 ~5). Berumcium napametp b. Iockonbky ¢ = a” +2ab , 10 b =——— . B Hammem KoH-

5-4 1 1 9 2
KpeTHOM ciyuae b =—— =— . Takum oOpasom, J5~24—=2.
4 4 4 4
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81 _

.. 9.,
[TpoBeném nposepky: (—)” =—=5.
4 16
3aganme 2. Kak mony4yuts 60Jiee TOUHOE 3HAYCHUEC KOPHS?
Pemenne. B kauecTBe a cienyeT B3SATh MONYYEHHOE paHee NMPUONIKEHHE KBa-
JpaTHOIrO KOpHS U3 5.

3aganue 3. BerunciauTs Oosiee TOUHOE 3HAYEHUE \/g .

Bo3moxxHOe pa3BuTHEe JaHHOW TEMbI, B TOM YHUCIIE U TEOPETUYECKOE, CBA3aHO C paspa-
OOTKOI aHATIOTMYHBIX METOJOB M3BIICUCHHUS KOPHEH JIIOOBIX CTEMIEHEH ¢ MOMOIIBIO yceue-
Hust OnHOMa HBIOTOHA 110 IBYX ClIaraeMBbIX.

4. BBIYMCJIEHUS C TIOMOIIBIO
IJIEKTPOHHbBIX TABJUI EXCEL

3ananue 4. BeraucinuTh, NCONB3Ys ONMUCAHHBIN BBIIIE CITOCO0, HECKOJIBKO MOCIIEI0Ba-
TEeJbHBIX TPUOIVMIKEHNH KBAJPaTHOTO KOPHS M3 KaKoro-JImoo yucia.

Pemenue. [71aBHast 3aja4a COCTOUT B pa3paboTKe BBHIYMCIUTENHEHON CXEMBI, KOTOpas
Oyner peanmzoBaHa B Excel. CTpykTypa cxeMbl nokazaHa Ha pucyHKe 1. B koHkpeTHOM
npuMepe OyZleT U3BJIeUEH KBagpaTHbIA KOPEeHb U3 ¢ = 7.

i Toro, 9TOOBI HauaTh BRIYHCIICHUE, HEOOXOANMO BBIOPATh HCXOJHOE MPHUOIIKEHIE
a JUTs KBaJPaTHOTO KOPHs. DTO AeNaeTcst BEIYUCIuTeNneM. 1pu 3ToM Ha poib a? crieayeT
BBIOpaTh OMIKAMIINIA K ¢ KBAApaT HATYpajJbHOTO uncia. B Hamem ciydae a’ = 9.

A B C D E F
1 c Ne mpu6a a b a’
2| 7 1 3 =($A$2-C2/2)/(2*C2) =C2"2
3 =B2+1 =C2+D2
4
5
6 ABTO3aII0THEHNE
7 \/ \ \ \/
ABTO3aII0JIHEHHE ABTO3a110JIHEHNE
Puc. 1

Pesynbrarsl BEIYMCIIEHUH TTOKa3aHbl HA PUCYHKE 2.

A B C D E F
1  Yuecnoc Homep npubnaumeHua MpubnumeHue a MNonpaekab KeappaT npubnumeHua
2 7 1 3 -0,333333333 9
3 2 2,6bbbb0667 -0,020833333 7,111111111
4 3 2,645833333  -8,2021E-05 7,000434028
5 4 2,645751312 -1,27137E-09 7,000000007
6 5 2,645751311 -1,6785E-16 7
7
Puc. 2
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5. BBIYUCJIEHUSA C TIOMOIIBIO
KOMIIBIOTEPHOM ITPOT'PAMMBI

3aganne 5. Hanucats nporpammy, KOTopast I03BOJISIET BEIYUCIUTD JOCTaTOUHO TOUHOE
3HAYEHHE KBAJPATHOTO KOPHS M3 KAKOTO-JIMOO YHCIa.

Pemenne. [IporpamMma cOOTBETCTBYET BBIYMCIUTENBHON CXeMe, KOTopast Oblia peasu-
3oBana B Excel.

Yucno

c=29

‘Cmenenv KopHs

n=2

‘Ucxoonoe npubnusicerue

a=>5

‘Yucno npubnudicenu

m=35

‘BoluuciumenvHulil YUK

Fori=1To5

al = Math.Power(a, n)

a2 = Math.Power(a, n— 1)
b=(c-al)/(n*a2)

a=a+b

Tlevams ouepeoHo020 npubIUK CEHU
GraphicsWindow.DrawText(50, 1*50, a)
EndFor

‘lIposepxa pe3ynomama
GraphicsWindow.DrawText(50, 1*50 + 50, Math.Power(a, n))

Pesynbrarbl paboThI IPOrpaMMBbl IPUBEEHBI HA PUCYHKE 3.

54

5,3851851851851851851851851852
5,3851648071730600132260866866
5,3851648071345003762538979412
5,3851648071345003762538979412

29

Puc.3
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BaxxHoil TeopeTrueckoil 3aauei B paMKax JaHHOW TeMaTHKH, KOTOPYIO MOXKHO Tpe/I-
JIOKUTH CTYIIEHTaM, SIBJISIETCSl CpaBHEHME MPENaraeéMoro crocoda H3BIeYEHHUS KOpHEH
C BBIYHCJICHUSMH, OCHOBAaHHBIMH Ha MCIIOJIb30BaHUH TU(PepeHIraa.

Hamu BeraucinTenbHbIe MMPUMEPBI MOKHO OTHECTHU HE CTOJIBKO K TCOPHUHU YHCEJI, CKOJIb-
KO K MeToziaM BeluucieHui. [lepeiiaém Teneps K YMCTO TEOPETUKO-YUCIOBBIM 3a/1a4aM.

5. AEJIMMOCTDB YUCEJ

Baxueiine 3agaun TEOpUM YUCEN CBS3aHBI C BONPOCAMHU JEIMMOCTH HATypalbHBIX
yucesn. [lo 3Toi mpHUYMHE HA TIEPBOE MECTO IIPU BBIYMCICHUAX JOJDKHBI BBINTH COOTBET-
CTBYIOIINE 3a1a4H.

3apanme 6. HammmcaTts nporpamMmy, KOTOpasi BBINOJNHSET JeJEHHE C OCTaTKOM OJZHOTO
HATypaJIbHOTO YHCIIa Ha APYToe.

Pemtenue. Ilycte B mporpamme TpeOyercs pa3OenuTh YHCIO # Ha 4uciao m. Jnsa
9TOr0 HYXKHO BBINIOJIHHTH JIEJICHHE B II0JI€ PAllIOHAIBHBIX YHCEN U OKPYIIUTH 4acTHOE,
70 OIMpKalIero HaTypajJbHOTO YHCIIa MEHBIIIETo, YeM yacTHoe. B s3pike Small Basic ais
TaKOTO OKPYIJICHHUs ucronb3yercs Gpyrkmus Math. Floor(«mepeMenHas»).

‘Henumoe

n=1097

GraphicsWindow.DrawText(100, 50, «/le1umoe paBHO « + n)
‘Henumenw

m=19

GraphicsWindow.DrawText(100, 70, «/leaurens paBeH « + m)
‘Oxpyanenue wacmuoeo

p = Math.Floor(n/m)

‘llonyuenue ocmamka

r=n-m*p

‘[leuams pezynomama

GraphicsWindow.DrawText(100, 90, «HacTHOE paBHO « + p)
GraphicsWindow.DrawText(100, 110, «OcTtaTok paBeH « + 1)
‘Ilposepxa

GraphicsWindow.DrawText(100, 130, p+“* “+m+“+“+r+“=“+ (p*m + 1))

3aganme 7. Hanucars mporpaMmy, KOTopas HaXOMUT HAHOONBIINK OOIIUI JeIUTENb
(HOM) nByx uucen.

Pemenue. ITycts B mporpamme HyxHO Haiitu HOJ] nByx uncen n u m . [ns HaXxox-
neans HOJl cienyeT Mcmomnb30BaTh alnropuT™M EBKITHAa, KOTOPHIA HMpeAcTaBiIseT coOoit
MHOTOKpaTHOe JieJieHne ¢ octarkoM. CHadana Gonblnee U3 ABYX YHCEI JEIST C OCTaTKOM
Ha MEHbIIIee Yncio. Jlanee, MeHbIee U3 NCXOTHBIX YUCEN ACIAT Ha ocTaTok. U nanee xax-
JIbI OuepeTHOM eNTeNbh CTAHOBHUTCS ICIUMBIM, 8 O4€pPEIHON OCTATOK JeNUTETIEeM. DTOT
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MPOIECC MPOMODKACTCS JI0 TE€X IMOp, MOKa He OyAeT MPOU3BEICHO JCJICHUE C HYJICBBIM
octarkoM. Torna uckomelit HOJI paBeH nocienneMy IEIUTEIO.

‘IlepBoe uucno

n=77

‘Bropoe uncno

m =209

If n <m Then

buf=n

n=m

m = buf

EndIf

y =30

r=n

While (r > 0)

‘OKpyTJiIeHHuEe YaCTHOTO

p = Math.Floor(n/m)

‘[TonydyeHune ocTaTtka

r=n-m*p

‘[leuars pe3ynbTara

GraphicsWindow.DrawText(100, y, «HactHO€E paBHO « + p)
y=y+30

GraphicsWindow.DrawText(100, y, «OcTaTok paBeH « + 1)
y=y+30

‘ITpoBepka

GraphicsWindow.DrawText(100, y,p+ “* “+m+“+“+r+“=“+ (p*m + 1))
n=m

m=r

y=y+30

EndWhile

GraphicsWindow.DrawText(100, y, “HO/] paBen “ + n)

3aganune 8. Hammcare mporpammy, KoTopas HaXOAWT HaWMEHBIIEH oOIiee KpaTHOe
(HOK) nByx uucen.

Pemrenue. lMes B cBOEM pacTiopsHKCHUN MPEABIAYIIYIO IIPOTPaMMY, JOCTAaTOYHO TPO-
CTO HammcaTh nporpamMmy ais HaxoxaeHnst HOK. Tem He MeHee, Toyie3HO peasiararh CTy-
JICHTaM W TIPOCTHIC 3a1aHUs, CBSI3aHHBIC C BHIYMCIICHUSIME. B YacTHOCTH, UX BBITIOJHEHUE
ITIOMOTAeT OCBOUTH paHee pa3pabOTaHHBIC BEIYHCIUTEIBHEIC ATOPUTMBL

3apanue 9. Hammcars nporpammy, KOTOpasi BEIYHCIISIET TEOPETUKO-YHCIOBYIO (DYyHK-
o Ditnepa.

Pemenne. Oynkius Ditiepa OT HATYpaJbHOTO YWCIa 7 0003HAYaeTCs depe3 (p(n)
Ilo onpenenenuto ¢)(1):1. Ipu n>1 ¢ynakous Disiepa paBHa KOJIMYECTBY B3aUMHO
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MIPOCTBIX C 7 HATYpaJbHBIX YMCEN U3 [TOCIeNoBareNibHOCTH 1, 2, ... n—1. Takum obpazom,
JUTsL BEIYHMCIIEHNS QyHKIMN Jifepa (B mporpaMme 3To 3HaueHHne oOo3HadeHo uepe3 funk)
OT HEKOTOPOTO apryMeHTa (B IporpaMMe OH 00O3HA4eH depes3 arg) Hy KHO IOICYUTATh KO-
JIMYECTBO B3aMMHO IMPOCTHIX C arg yucen k W3 mocnenoBarensHocTd 2, 3, ... arg — 1. Jlns
MOJCYETOB MCIOB3YEeTCs HOANPOrpaMMa, KOTopast BBIYHMCIISICT COOTBETCTBYIOLIHME HAUOOb-
mme obmme nenurenn. Ecmn HOJ k u arg pasen 1, To 3Hauenue funk yBemmanBaeMm Ha 1.

arg =95

funk =1

Fork =2 to arg-1
n=arg

m=k

NOD()

Ifn=1 Then

funk = funk + 1
EndIf

EndFor
GraphicsWindow.DrawText(100,100, funk)
Sub NOD

r=n

While (r > 0)

p = Math.Floor(n/m)
r=n-m*p

n=m

m=r

EndWhile

EndSub

OmHUM U3 CHOCOOOB OCMBICICHHUS! PE3YJAbTaTOB BBIYHMCICHHN SIBISIETCS MPEACTaBIIe-
HHUE 3TUX Pe3yJasTaToB B 00pa3HoOi popme, Hanpumep, B BUe Tpaduka. IlocTpous rpadux
¢GyHKIMK Dinepa, MOKHO YOEIUThCs, 4TO €€ 3HAYeHUs! IPYNIHUPYIOTCS BAOJbL MPSMBIX.
PasMebIlIIeHHs 0 IPUYMHAX 3TOTO (haKTa, KPOME BCEro MPOYero, NOoTpedyeT pacCMOTPEHUS
MYJIBTHIUTUKATHBHOCTH 3TOH QyHKIMHU. Takum 00pa3oM, pe3yssTaThl BEIYUCICHHH CTaHO-
BSITCSI TOBOZIOM JIJISl TEOPETHYECKHUX ITOCTPOCHHUH.

3apanue 10. Hanucars nporpaMmy, Kotopast mocTpouT rpaduk ¢pyHkimu Ditepa.
Pemenne. [Ipenpinymas mporpaMma sBISICTCS aITOPUTMHYCCKUAM CTEPIKHEM COOTBET-
CTBYyIOIIIEro mocTpoenusi. E€ pe3ynbTarsl moKa3aHbl HA pUCYHKE 4.

Sub NOD

r=n

While (r > 0)

p = Math.Floor(n/m)
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r=n-m*p
n=m
m=r
EndWhile
EndSub

GraphicsWindow. Width = 800
GraphicsWindow.Height = 750
GraphicsWindow.PenColor = “blue”
GraphicsWindow.DrawLine(10,0,10,750)
GraphicsWindow.DrawLine(0,740,800,740)
GraphicsWindow.BrushColor = “black”
arg=1

funk =1

x =10+ arg*4

y = 740 — funk*4
GraphicsWindow.FillEllipse(x-2, y-2,4,4)
For arg =2 to 190

funk =1

For k=2 to arg-1

n=arg

m=k

NOD()

Ifn=1 Then

funk = funk + 1

EndIf

EndFor

x =10 + arg*4

y =740 — funk*4
GraphicsWindow.FillEllipse(x-2, y-2,4,4)
EndFor

Puc. 4

6. TIPOCTBIE YNCJIA

ITpocThIM YHCIOM Ha3bIBAETCS HATYPAIBbHOE YHCIIO, OObIIEE, YEM €IMHHUIA, KOTOPOE
JETIUTCS TOJBKO Ha ce0sl M Ha eAMHMIY. DTO B YACTHOCTH 03HAYAET, YTO HATYPaIbHOE YHC-
JIO p SIBISIETCS TIPOCTHIM TOTAA M TOJBKO TOTAA, Korna (GyHKuus Jifnepa (p( p) =p-1.
Takum oOpazoM, mporpamMma K3 3alaHusl 8 MOXKET OBITh MCIOJIB30BAaHA AJISI OIIPEACIICHHS
IIPOCTOTHI HaTypajIbHOTO 4nciia. OHAKO BEIYHUCIEHHS, TpeOyeMble I 3TOH eI MOXKHO
YCKOpHTH. JleJIo B TOM, YTO NPH ONpPEETICHUH MPOCTOTHI YHCJIA p HET HEOOXOANMOCTH
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MOJICYUTHIBATH KOJMYESCTBO B3aUMHO MIPOCTHIX C p 4uces B uHTepBaie ot 2 1o p—1. Jlo-
CTAaTOYHO MOKA3aTh, YTO JACIUTENCH YUCIa p B 3TOM MOCIIEA0BATEIBHOCTH HET. [Ipu 3TOM
€CITH YUCII0 p Pa3iaraeTcsi Ha MHOXHUTEIH 7 U m (p=nem), TO OJHO U3 ITUX UYH-
CeJl MEHBIIIE UITH PABHO KOPHIO KBAaapaTHOMY U3 p . 3 3TOr0 ClienyeT, YTo Ui MPOBEPKH
MPOCTOTHI YKCIO p JOCTATOYHO JICTUTH TOJBKO HA YJIEHBI MOCIEA0BATEILHOCTH OT JIBYX
JIO LIeOi YacTH KOPHS KBaJPaTHOTO U3 p .

3aganmne 11. Bpyunyto onpeaenurs, siBisieTcs 11 yiciao 131 npocTsim.

Pemenue. ITockonbky 11° =121, a 12* =144, nenas yacTh KOpHs KBajpaTHOro u3 131
pasHa 11. Takum 0Opa3om, Hy>KHO ITPOBEPHUTH JETMMOCTh yrcia 131 Ha uncna u3 nHTepBa-
J1a OT JIBYX JI0 oMHHaAUarTH. [Ipu aToM OyeM ucrosbp30Barh MpU3HAKK AeIUMocTH. Yncio
131 HeuétHOE, 3HAYUT, OTOpackiBaeM jaeiurtenu 2, 4, 6, 8, 10. Uucno 131 He genutcs Ha 3
u 9, Tak KaKk cymma ero 1udp Ha 3Th yncna He genurcs. Yucno 131 ne nenurces Ha S. Ocra-
ércs pa3nenuth ¢ octarkom 131 Ha 7 m 11:

131=140-144+5=2007-207+5=18e7+5,
131=121+10=11211+10.

OcTaTku OT JieJieHWs1 He paBHBI HYNIIO, 3HauuT, 131 He genuTcs HU Ha 7, HU Ha 11.
B urore yoexnaemcsi, 4to 131 sIBIsIeTCS] IPOCTHIM YHCIIOM.

3aganne 12. Pa3paboTaTh BEIUUCIUTEIBHYIO CXEMY JUIS OMPEACIICHHS TIPOCTOTHI YHCIa
¢ nomoinpio Excel.

Pemenue. [IpenBapuTenbHO HYKHO BBIYUCIUTH LETYHO YaCTh KOPHS U3 MPOBEPSIEMOIO
YHUCia, YTOObl YCTAaHOBUTH KOMMYECTBO NeiuTeneil. JleneHue mponu3BOIUTCS ¢ OCTATKOM.
Eciu XoTst OBI OMH OCTATOK PaBEH HYIIO, TO YUCIIO HE SIBISCTCS IPOCTHIM. BhIuncinTes-
Hasl cCXeMa I0oKa3aHa Ha PUCYHKE 5.

A B L& D
1 Uucno JenuTem UacTHoe OcTaTok
2 193 2 =IETOE($A$2B2) =$A82 -B2*C2
3 Kopens =B2+1
4 = [EJIOE LROPE_E_IB(.—\Z) )
5
E \\ { ABTO3aNOTHEHHE - .
8 |
9 I
10 \
11 \
12 \\
13 = 13
14
15 =ECTILDIE = 0: "Yncno caokaoe”: "Uueno npocroe’ ) = MHH(D2:D13)
16 | I

Puc. 5
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3aganue 13. Hamucars nmporpaMmy, KoTopast IpoBEPsIET HATypaIbHOE YUCIIO Ha TIPOCTOTY.
Pewenne. B nporpamme nposepsieTca Ha IPOCTOTY HATYpaJIbHOE YUCIO 7 .

n=1093

m=1

prz=0

q = Math.Floor(Math.SquareRoot(n))

Fork=2Toq

s=n/k

s1 = Math.Floor(s)

If s =sl Then

prz=1

EndIf

EndFor

If prz =0 Then

GraphicsWindow.DrawText(100, 100, n + ““ mpocTtoe uncio’)
Else

GraphicsWindow.DrawText(100, 100, n + “ cioxnoe uncmno”
EndIf

[IpocThie uncaa 00pa3yloT MOCIIENOBATENBHOCTh, KOTOpast Ha MEPBbIA B3MJISL JTOBOJIb-
HO XaOTHYHA, NOCKOJIBKY B HEl HaOIoaeTcsl 3HaUYUTeNbHass HepaBHOMEPHOCTb. [1o 3Toi
MIPUYMHE Ba)KHOW 9aCThIO TEOPUU YUCEI SIBIISIETCS H3yYEHHUE PACIIPENEIIEHHS YUCEN B 9TON
MTOCIIE/IOBATENbHOCTH.

[Ipexne Bcero, He HalijeHa poOCTast aHATUTHYECKas popMylia 3aBUCUMOCTH TIPOCTOTO
yycaa oT ero HoMepa. 1o 3Toi mpu4MHE U3y4eHUE MPOCTHIX YUCEN CBSI3aHO C BBIUUCIIE-
HUAMU. MU 3aHUMAIOTCS CIEMUAIMCTHI BbIcodaiero ypoBHs. I1o 3Toil npuynHe HEBO3-
MOXHO TIPEB3OMTH yXKe MOJIydeHHBbIE pe3yibTaThl. TeM He MeHee, CaMOCTOSTENbHOE BbI-
TIOJTHEHWE BBIYMCIICHHUH, CBA3aHHBIX C TEOPETHKO-YMCIOBOW MPOOJIEMATHKON MOXET OKa-
3aThCsl OUEHb MOJIE3HBIM.

OnHolt U3 meneit mpyu 3TOM MOXKET CTaTh «JIMYHOE 3HAKOMCTBO» C HATYPaJIbHBIMH YHC-
JIaMH W, B TOM 4Huciie, ¢ mpocTeiMU. [IpuBeném no atomy noBoay uurary u3 kauru I. Xap-
1 [19] o unauiickom Matemaruke Pamanymkane: «JIMTIBya ckazani, 4To Kaxaoe MoJ0Ku-
TEJIFHOE YHCIIO OBUIO OIHUM M3 JIMYHBIX Apy3eil PamaHymkaHa. 51 MOMHIO, Kak OXHaK/IbI
coOmpaJcs HaBeCTUTH €ro, KOTa OH Jiexal 0opHOI B ITyTHE. S exan Ha TakcH ¢ HOMEPOM
1729 n YHOOMSAHYJI, YTO 3TO YUCJIO KaXXETCA MHE JJOBOJIBHO TYIIBIM W YTO S HAJICKOCh, YTO
OHO HE OKa)XeTCsI HeOJIaronpusITHBIM TIpe3HaMeHoBaHueM. «Her» — oTBeTni oH, — «3TO
O4YEHb HHTEPECHOE YUCIIO, 3TO HAMMEHBIIIEE YHCII0, KOTOPOE BBIPAXKAETCs KaK CyMMa JBYX
KyOOB IByMS pa3iIMYHBIMHU CIIOCOOaMM.

Io 3T0ii NpUYMHE MTPOAOILKUM pabOTy HaJl 33IAHHUSIMH, CBSI3aHHBIMH C TEOPETHKO-UHCIIOBOM
MpOOJIEMaTHKOM, HO c/ieslaeM HEOOIBIIOE OTCTYIUIEHHE OT PabOTHI C IPOCTHIMH YHCIIAMH.
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3aganne 14. Haiitu ynoMsHyThIe B IUTaTe pa3ioxkeHus uucna 1729.

Pemenne. 3Bneuém u3 yucna 1729 xyOudeckuii KOpeHb W HaAEM €ro IEy0 YacTb.
Cnenaem 310 Tak. Kopens kyomueckuii u3 teicstau paBeH 10. Bynem Bo3BoanTh B Ky0 4mc-
na 11, 12 u Tak ganee moka He MOTYYHM HYXHBIH pesynbrat: 113 = 1331, 123 = 1728. fcHo,
YTO LIeJIasi 9acTh KOpHA KyOondeckoro u3 1729 paBHa 12. 3a0aH0 MoxydeHO IepBOe pasio-
xerue: 13+ 123 =1729.

Hanee Oynem Bblumtath 3 1729 kyOwr 11, 10 u Tak nanee u mpoBepsTh, OyAeT JH
B OCTaTKe MOJydYeH emé omuH Ky0. 1729—11° = 1729-1331 = 398 — ue ky6. 1729-10° =
729 = 93, HaiineHo u BTopoe pasjiokenue: 9° + 103 = 1729.

BepHéMcs Kk MPOCTHIM YnCIaM.

3ananme 15. Hanucarp mporpaMmy, KOTopasi TOCTPOUT rpaduK MOCIEA0BATEILHOCTH
3aHYMEPOBAHHBIX 10 TOPSIKY MPOCTHIX YUCEIL.
Pemenue. ['paduk mokaszan Ha pucyHKe 6.

GraphicsWindow.Width = 300
GraphicsWindow.Height = 700
kol=0
min =2

-

For n = min To max
prz=0

q = Math.Floor(Math.SquareRoot(n))
Fork=2Toq
s=n/k

s1 = Math.Floor(s)
If s = s1 Then
prz=1

EndIf

EndFor

If prz=0 Then

x =kol + 50

y =650 —-n/2

GraphicsWindow.FillEllipse(x - 2, y — 2, 4, 4)

kol=kol +1
EndIf
EndFor

/
/
max = 1200 /
‘_l
[
g

/

;
4
/
!
/
/

~
-\.“

Puc. 6

3aganne 16. Hancars nporpamMmy, KOTopas IpoBepsieT Ha MPOCTOTY YHUCIIA U3 HEKOTO-
pOTo MHTEpBaja U MOACYUTHIBAET KOIHMUECTBO MPOCTHIX YACEN B TOM UHTEpBAIE.

Pemenue. [IpnBonumast HIKE IporpaMMa IPOBEPSET YMCIa HHTEpBaia HaTypalbHBIX
YHCEJ OT Min O Mmax Ha IPOCTOTY U MOACUUTHIBAET MX KOJIHIECTBO kol .
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kol=0

min = 1000

max = 1100

m=1

For n = min To max

prz=0

q = Math.Floor(Math.SquareRoot(n))
Fork=2Toq

s=n/k

s1 = Math.Floor(s)

If s=s1 Then

prz=1

EndIf

EndFor

If prz =0 Then
GraphicsWindow.DrawText(100, m*12, n + * npoctoe uncno”)
m=m+ 1

kol =kol + 1

EndIf

EndFor
GraphicsWindow.DrawText(100, m*12 + 12, kol + “ mpocThix B nHTepBae”)

Baxnocts IMMPOCTBIX YUCCII CBA3aHa C TCM, YTO € MUX MOMOLIBIO MPHU MEPEMHOKCHUN
BO3HHUKAIOT BCE HATypaJIbHBIC YKCJIa, B TOM YHCJIE COCTaBHBIC. O,HHa 13 TIEPBBIX TECOPEM
TCOPUU YUCEIT COCTOUT B TOM, YTO moboe HaTypaJbHOC YHUCIIO OoJbIIIe CAWHHUIBI MOXXHO
Pas3JIOKUTh HA TPOCTBIE MHOXHUTEITHN.

3apanme 17. Mcnons3ys pe3ynbraT 3aaanus 13, ¢ MOMOUIbIO YCTHBIX BBIUMCICHUN pa3-
JIOXKUTB 4ncio 1729 Ha mpocThie MHOXKUTEIH.

Pemenue. [TockosbKy YMCIIO, IPECTABICHHOE B BUAE @’ +b° , nenutcs Ha a+b , unc-
1o 1729 nenutcs Ha 13 u 19. CHauana paznenum ero Ha 13. J{ns aToro mpenctaBuM €ro
B Buze 1300 + 429 = 1300 + 390 + 39 = 133 e 13. YtoOs! pa3menuts gucio 133 Ha 19,
npenacrasiseM ero B Buae 133 =20 e¢7—-7 =(20 — 1) e¢7 =19 7. B utore noiayueHo
HCKOMOE pasyiokeHue: 1729 =7 e13e19.

3ananue 18. Hammcars mporpammy, KoTopast pasiaraeT HaTypaJbHOE YHCIIO Ha Ipo-
CTBIC MHOXHTEIH.

Pemenne. [IporpamMmMa nemut paznaraeMoe Ha MHOXKHTENN YHCIO 7 Ha YUCIIA MOCIe-
JIOBaTEIIFHOCTH HATypaJIbHBIX YHCEll, HaunHas ¢ ABYX. [Ipu 3TOM eneHre Ha OHO U TO Ke
YHCIIO U3 3TOM MOCIEN0BAaTENbHOCTH POU3BOAUTCS MHOTOKPAaTHO A0 TEX MOP, MOKa Jele-
HUE HaIeJI0 CTAaHOBUTCS HEBO3MOXHBIM. [locie 3Toro mpou3BoANTCS yBEIUYCHUE AETHUTe-
751 Ha eAMHULY. Bee nenuTen, I KOTOPBIX MPOIIO /ieseHne 0e3 ocTaTka, GUKCHPYIOTCS
Kak JIeNUTEIN Yucia 7.
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MosxeT BO3HUKHYTh CleAyIOMHUiA Bonpoc. ONucaHHbBIN alropuT™M IpeArnonaraeT aese-
HHUE U Ha COCTaBHbIEC 4ucia, HanpuMep, Ha 4. OJHAKO IpeIBapUTENBHO HPOBOISTCS BCE
JeneHus Ha yucno 2. Tem caMbIM B JabHEHIEM AeeHHe Ha Bce YETHBIC Yncia J1aéT He-
HYJEBBIE OCTAaTKH.

Yucno n B mporpaMme 3aJaHo Kak MPOU3BEACHHUE YUCEN, YTO MO3BONIAET yOCIUThCS
B IIPaBUJIBHOCTH pabOTHI IPOTPaAMMBI.

GraphicsWindow. Width = 200
GraphicsWindow.Height = 700
GraphicsWindow.BrushColor = “red”

n= 11*¥17%19*25*27
GraphicsWindow.DrawText(50,60, n)

k=1
d=n
m=2

GraphicsWindow.BrushColor = “green”
While (d > 1)

p = Math.Floor(d/m)

r=d-m#*p

Ifr=0 Then
GraphicsWindow.DrawText(50, k*30 + 100, m)
k=k+1

d=p

Else

m=m+1

EndIf

EndWhile

7. MAKCHUMAUJIBHO IIVIOTHBIE
BJIOKH ITPOCTBIX YUCEJI

[ocmenoBareNbHOCTD MPOCTHIX YUCEN 00JIaaeT CBOMCTBOM BIICUATISIONICH HEPABHO-
MepHocTH. C OHOM CTOPOHBI, B 3TOW MOCIIEAOBATEIILHOCTH CYIIECTBYIOT CKOJb YTOTHO
OoupIre MPOOeITbl, He COIEpIKAIIUe MPOCTHIX YHCEN, TO €CTh CYIIECTBYIOT IEMOYKH JIFO-
00l JUTMHBI U3 CIEAYIOMIMX JPYT 3a APYroM cocTaBHBIX guceln [20]. C npyroil CTOPOHEI,
CYIIIECTBYIOT MPOCTHIE YUCIA, PA3HOCTh MEXIYy KOTOPBIMH paBHa JABYM. Takue MpOCThIC
Yiclia Ha3bIBalOT OJIM3HemaMH. Bompoc o cymecTBOBaHMHM OECKOHEYHOTO KOJIHUYECTBA
OnM3HENoB He peméH [21].
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BBIYMCIICHUS OJIM3HEIIOB MOYKHO TTOJIOKHTD IPOTpaMMy W3 3amanus 16.

184

Onnaxo TeopeMa bpyHa yTBepKAaeT, 4To psiJi, COCTaBJICHHBII U3 BEINYNH, 0OpaTHBIX
MIPOCTHIM-OJIN3HELIaM, CXOANUTCS, XOTS Psil, COCTABICHHBIA U3 BEJIMUMH, OOpaTHBIX IIOCIIe-
JIOBaTEJIbHBIM MPOCTHIM YHCIAM, pacxomautTcs [22]. DTo o3Ha4aeT, yTo OMU3HEIBI CPEeaU
MPOCTBIX YHCEIl BCTPEYAIOTCS JOBOJIBHO PEAKO.
Bce GnuzHensl, kpome mapsl 3 u 5, uMeroT Bua 6n—1 um 6n+1, Tak Kak 4ucna ¢ apy-
TUMH BBIYE€TaMH IO MOIYIIO 6 memsarcs Ha 2 win Ha 3 [23]. B ocHOBY camMOCTOSTETHHOTO

3apanue 19. Hanucare nporpaMmy, KOTopasi HAXOJUT YKCJIa-ONU3HENbl B 33JaHHOM
MHTEPBaJIe HaTypaJIbHBIX YUCEIL.
Pemenue. I[Iporpamma BeraucisieT Onu3Hens! u3 nHTepBana ot 3 1o 1001. Pesynasrar
[10Ka3aH Ha PUCYHKeE 7.

GraphicsWindow.Width = 250
GraphicsWindow.Height = 700

m=1

For min =3 to 1001 step 2

kol=0

Blizn()

EndFor

Sub Blizn

For n = min To min + 2 Step 2

prz=0

q = Math.Floor(Math.SquareRoot(n))
Fork=2Toq

s=n/k

s1 = Math.Floor(s)

If s=s1 Then

prz=1

EndIf

EndFor

If prz=0 Then

kol =kol + 1

EndIf

EndFor

If kol =2 Then
GraphicsWindow.DrawText(50, m*12, “Gnu3Hersr”)
GraphicsWindow.DrawText(150, m*12, min)
GraphicsWindow.DrawText(200, m*12, min + 2)
m=m+1

EndIf

EndSub

bnuzHeym 3 5
bnuzHel b 5 7
6nu3HeLbl 11 13
OnuzHelbl 17 19
bnuzHelbl 29 31
bnuznelm 41 43
bnuzHel 59 61
6nu3Helbl 71 73
bnuzHeL bl 101 103
bnuzHelbl 107 109
bnuzneym 137 139
bnuzHelb 149 151
bnuzHelbl 179 181
bnuzHelbl 191 193
bnuzHelbl 197 199
bnuzneym 227 229
bnuzHey b 239 241
bnuzHel bl 269 271
bnuzHelbl 281 283
bnuznelbl 311 313
bnuzneym 347 349
bnuzHelb 419 421
bnuzHelbl 431 433
bnuznelbl 461 463
bnuzHelbl 521 523
bnuznHel b 569 571
bnuzHel b 599 601
OnuzHelbl 617 619
bnuzHelbl 641 643
bnuzHelbl 659 661
bnuzneym 809 811
bnuzHelb 821 823
bnuzHeL bl 827 829
bnuzHelbl 857 859
bnuzHelb! 881 883
Puc. 7
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Kpome Oni3He0oB MOXKHO paccMarpHBarh M Jpyrye IUIOTHBIE OJIOKH TpocThIX umcen. [Ipe-
KJIE BCETO, Peub UAET 0 YHCIAX-TpUILIeTax. ComacHo [23], TpUIIIET — 3T0 «TpOoHKa pa3IuUHbIX
MIPOCTBIX YHCE, PA3HOCTb MEX Ty HaHOOMBIINM 1 HAMMEHBIINM 13 KOTOPbIX MUHUMAaIbHA. Han-
MEHBIIMMH TTPOCTBIMU YMCIIAMH, OTBEYAIOIIIMMH 331aHHOMY YCJIOBHIO, SIBIISIFOTCS — (2, 3, S) 1
(3,5, 7). OmHako nanee BO BCEX OCTATBHBIX TPOUKAX Pa3HOCTH MEXTy HAUOOIBIIIM U HANMEHB-
LIMM 4YICHOM paBHa LIECTH M HE MOXeET ObITh MeHbIle. To ecTh, eciii 0000IIHTh, TPUIIETOM
Ha3bIBaeTCs TPOHKA MPOCTHIX umcen (2, 3, 5), (3, 5, 7), (p,p +2,p+ 6) WIN (p,p +4,p+ 6) .

YeTBepkaMu NPOCTHIX YMCeI-0U3HENOB (KBAAPYIJIeTaMM) Ha3bIBarOTCS 4 TIpo-
CTBIX YHCJIa B MpeJeiiaX OJHOTO AecsTka, Hanpumep, 101, 103, 107, 109. B obmem Buzae
KBaJpyILIeThI 3a1a101¢st popmynamu (p,p+2,p+6,p+38).

Oxa3bIBaeTcsl, 4YT0 BCE TaKHe YETBEPKH COMAEPIKATCs B apU(PMETHYECKOW MpPOrpeccHn
BHJA (1 1+300k,13+300k,17+300k,19+30e k) . CymiecTBYIOT 4eTBEpPKH, y KOTOPBIX
3HaYeHus1 k orau4arorcs Ha 1. Takue yeTBepKH HA30BEM YEeTBEPKaMU-OIN3HELIAMH.

3ananue 20. Hanmicats mporpammy, KOTopasi HaXOIUT IIEPBBIE IBE YETBEPKH OJTM3HEIIOB.

Pemienne. IlepBoe wumcno ueTBépkM TpH k+1 MOXKHO 3ammcarb B BHIC
11+30®(k+1)=41+30°k . IlonoGHOe mNpeobpasoBaHHE MOKHO MPOAENATH U JUIs
OCTaJbHBIX TpPEX uucen. B pesynprare mnoigydaem, 4YTO BCE BOCEMb IMPOCTHIX YH-
cell W3 YETBEPKH OJNM3HENOB SBISIOTCS WIEHAMH apH(METHYECKOH Mporpeccun
(11+300k, 13+300k,17+300k,194+300k, 41+30ek, 43+300k,47+30£,49+30 Ok).
[Iporpamma fomKHa IPOBEPATH HA MPOCTOTY UMEHHO TH YHCIA.

Onnako mpsiMasi IPOBEPKa MOXKET BBI3BATH 3aTPYIHEHHS, B TOM UHCIIE W TICHXOJIOTHYE-
CKOro0 Xapakrepa. J[erno B ToM, 4TO HepBbIe JIBE YETBEPKHU OJIM3HELOB, CKOpEe BCEro, MOSIBATCS
mpu GombImX 3Ha4eHHsAX k . [To 3Toi mpuumHE mporie UCKaTh YeTBEPKU B JOCTATOYHO KO-
POTKUX MHTEPBAJIAX U MBITATHCA HalTH JABC lIeTBépKI/I C IIOCJICA0OBATCIIbHBIMU 3HAYCHUSAMHA k .

[Iporpamma, nmpuBoauMasl Janiee, MO3BOJISIET NPOBOANUTH BBIYHCICHHS U ITPOBEPKOH
BOoChMEPOK (mepemenHas diam = 8), u mpoBepKoii ueTBEPoK (mepemernas diam = 4). [Ipo-
BepsieMble HHTepBaibl umetoT aauHy 2000. Ilo aToi npuuuHe nepeMeHHoi min Bpy4HYIO
npugarotcs 3HadeHus 1, 2001, 4001, ...

c[1]=11

c[2]=13
c[3]=17
c[4]=19
c[5] =41
c[6] =43
c[7]=47
c[8] =49

GraphicsWindow.Width = 300
GraphicsWindow.Height = 700
diam =8
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min = 32001
m=1

For k = min to min + 2000

kol=0
Blizn()
EndFor

Sub Blizn
Fori=1 To diam
n=30%k + c[i]
prz=0

q = Math.Floor(Math.SquareRoot(n))

Forkl =2Toq
s=n/kl

s1 = Math.Floor(s)
If s=s1 Then
prz=1

EndIf

EndFor

If prz =0 Then
kol =kol + 1
EndIf

EndFor

If kol = diam Then

uerBéprm-bnusneus: npn k
30246
uerBépku-bnusneus: npn k
31002
ueTBépku-bnusneunt npu k
31268
ueTBEpKM-6nusnens: npu k
31555
ueTBépkn-6nusnebl npu k
31832
ueTBépru-6nuanens npu k
31951
uerBéprm-bnusneus: npn k
31982

yerBépku-6nmsHelbl npu k =

32543

yerBépku-6nmnsHeul npu k =

32602

yerBépku-6nmnsHelpl npu k =

32781

ueTBépku-6nmsHeunt npu k =

33411

ueTBépKku-6nmsHeunt npu k =

33445

ueTBépku-6nmsHeunt npu k =
3543

ueTBEépku-6nmsHeunt npu k =

33544

ueTBEpKkM-6nmsHeunt npu k =

33628

ueTBépKku-6nmsHeun! npu k =
33845

Puc. 8

GraphicsWindow.DrawText(50, m*12, “geTBépku-6nu3Hens! npu k ="

GraphicsWindow.DrawText(50, m*12 + 12, k)

m=m-+2
EndIf
EndSub

Pesynerarsr paborsl nporpammsl ipu diam = 4 u min = 30001, a 3arem npu min =
32001 noka3aHbl Ha pUCYHKE 8.

TakuM o00pa3zom, TMepBble aBE UYETBEPKU-ONM3HENA JOCTUTAIOTCS Tpu k = 33543.
CrnenoBatenbHo, peub UAET 0 mpocthix yuciaax 1006301, 1006303, 1006307, 1006309,
1006331, 1006333, 1006337, 1006339. IToHATHO, YTO YETBEPKH-OIM3HCIBI BCTPEYAIOT-
csl IOBOJIBHO penko. Tem HE MeHee BIIOJHE BO3MOXKHO, YTO MHOKECTBO TaKHX YETBEPOK-
Oonmu3HenoB OeckoHeuHO. KoHeuHo 3TOo Topaszmo Oosiee CHIBLHOE TMPEANONIOKEHUE, YeM
MIPE/ITIONIOKCHHE 0 OSCKOHEUYHOCTH YUCEI-OTM3HEIIOB, T.€. Map MPOCTBIX YKCEN, Pa3HOCTh

MECKAY KOTOPbIMU paBHA ABYM. O‘{CBI/IHHO, 4YTO U3 OECKOHEUHOCTH MHOXKECTBA YCTBCPOK-

ONMM3HENOB Oy/leT ClIeIoBaTh OCCKOHEYHOCTh MHOXKECTBA ONM3HEIOB, MOCKONBKY KaXKmas
mmapa 4eTBepOK — ONM3HEIIOB COCTOHMT W3 YETHIpeX map Onm3HenoB. Tak B IMPUBEIECHHOM
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npumMepe napy derBepok (1006301, 1006303, 1006307, 1006309) u (1006331, 1006333,
1006337, 1006339) MOXHO TpPEACTaBUTh B BHIC OOBCAMHCHHS YETHIPEX OIM3HEIIOB:
(1006301, 1006303), (1006307, 1006309), (1006331, 1006333) u (1006337, 1006339).

Haxkoner, ymomsHeM 0 ceKeTymaeTax (IIecTépKax) MPOCTHIX YUCEN. DTO MIECTEPKH
IIPOCTBIX YUCEN BUAA (p,p +4,p+6,p+10,p+12,p+ 16) . B xauecTBe npumepoB npuse-
ném nse mectépku (7, 11, 13,17, 19, 23) u (97, 101, 103, 107, 109, 113).

8. MPOCTBIE YUCJIA U MHOTI'OYJIEHbI

MeTton ApeBHEHILEro J0Ka3aTelIbCTBA OECKOHEYHOCTH MIPOCTHIX YHCES OCHOBAH Ha cJie-
JyIoleM paccykaeHud. [lycTh MHOXXECTBO MPOCTHIX YKCeNl KOHEYHO. Toraa cyuiecTByeT
MaKCHMaJbHOE IpocToe unciio p . Paccmorpum uncno p+1. OHO He AenHTCs HA Ha OTHO
IIPOCTOE YHCII0, MEHbIee éée dddi I d p . 3HaYuT, OHO JIMOO SIBISIETCS] IPOCTHIM, JIHOO Jie-
JIMTCSI HA HEKOTOPOE MPOCTOE YUCII0, KOTOPOE OOIBIIIe YHCIa p .

[punympiBasi MHOTOYIEH, AAOIIMKA MHOTO MPOCTBIX 3HAYEHHI MOXXKHO MCHOJIB30BATH
BUJIOW3MEHEHHYIO M OCNA0ICHHYIO (10 YHCIy COMHOXHUTENei) GpopMynny: MHOrowIeH pa-
BEH [IPOM3BEICHHIO MTOCIIE0BATEIBHBIX YHUCEI IUTIOC IPOCTOE YUCIIO.

Hanpumep, MHorousien Diinepa 3aaéres Gopmyinoit x e (x+1)+41.

3aganue 21. Hanmcars mporpaMmy, KOTOpast BRIYHCIISIET 3HAUYSHISI MHOTOWICHA Diijie-
pa 1 mpoBepsieT X Ha IPOCTOTY.

Pemenue. MuorouieH Ditnepa 1a€t npocThlie 3HaueHus1 B uaTepBasie ot 0 10 39, uTo u nox-
TBeprKAaeTcs paboToii cemyromieii mporpaMMel. Pe3ynsrar e€ paboThI MoKa3aH Ha PUCYHKE 9.

GraphicsWindow.Width = 300

GraphicsWindow.Height = 720

k=1

Forx=1To 39

n=x*x+x+41

Prst()

GraphicsWindow.DrawText(50, k*18, n + txt + “ mpu x = “ + x)
k=k+1

EndFor

Sub Prst
prz=0
g = Math.Floor(Math.SquareRoot(n))
Forz=2Toq
s=n/z
s1 = Math.Floor(s)
If s =s1 Then
prz=1
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EndIf

EndFor

If prz =0 Then

txt = “ mpocToe yucimo

Else

tXt = « CIHOXKHOE YUCIIO «

EndIf

EndSub
43 npocroe uvcno npux = 1 251 npocroe uucno npux = 14 797 npocroe uucno npu x = 27
47 npocroe uvcno npux = 2 281 npocroe uucno npux = 15 853 npocroe uncno npu x = 28
53 npocToe uucno npux =3 313 npocroe uucno npux = 16 911 npocroe yncno npu x = 29
61 npocroe uncno npux = 4 347 npocroe uncno npux = 17 971 npocroe uncno npu x = 30
71 npoctoe uncno Npux =5 383 npocroe uucno npux = 18 1033 npocroe uncno npu x = 31
83 npocroe uvcno npux = 6 421 npocroe uucno npux = 19 1097 npocroe yncno npu x = 32
97 npocroe uvcno npux =7 461 npocroe uucno npu x = 20 1163 npocroe uucno npu x = 33
113 npocroe uucno Nnpux =38 503 npocroe uucno npux = 21 1231 npocroe uacno npv x = 34
131 npocroe uncno Npux =19 547 npocroe uMcno npux = 22 1301 npocroe unoio npu x = 35
151 npocroe uucno npu x = 10 593 npocroe uucno npux = 23 1373 npocroe uncno npu x = 36
173 npocroe uucno npu x = 11 641 npocroe uucno npu x = 24 1447 npocrtoe uncno npux = 37
197 npocroe uvcno npu x = 12 691 npocroe umcno npu x = 25 1523 npocroe uucno npu x = 38
223 npocroe uucno npux = 13 743 npocroe uucno npu x = 26 1601 npocroe uncno npu x = 39

Puc. 9

3ananue 22. [Ipugymars MHOTOWICH ISl TEHEPAIIMH TPOCTHIX YHCEI U IIPOBECTH MTPO-
BEPKY €ro 3Ha4YeHUH Ha MPOCTOTY.

Pemenne. [Insg MHOrowIeHa-reHeparopa BelOepeM, HapuUMep, cieayoouy ¢op-
MYy (x - 1) exe (x + 1) +23. B nporpamme U3 NpeapIAyLIEro 3aJaHusl 3aMEHUM TOJIb-
KO MATYI0 CTPOKY:

n=x*x*x—-1)+23

TyT, KOHEUHO, MPOCTHIE YKCIIa TEHEPUPYIOTCA Ky/ia pexe, yeM y Dinepa.

9. IPPAIIMUOHAJIBHBIE YNCJIA

[pu paccMoTpeHUH JaHHOM TeMbI MbI He Oy/ieM HCIIONB30BaTh BEIYMCIICHHUS! B TPAUIIHOH-
HOM cMblcie. OHM OyTyT 3aMEeHEHBI IPOCTHIMU MaHUITYJISILMSMU C IU(pamMu 1 Oriokamu 1dp,
YTO B IIUPOKOM CMBICIIE COOTBETCTBYET BBIYHUCICHHSIM.

dakT HATMYUs UPPALIMOHANBHBIX YHCEN B KQ4eCTBE M3y4yaeMoro o0bekTa co3naér psin
CJIIOKHOCTEH Meaarorndeckoro xapakrepa. C oJJHOM CTOPOHBI, 0¢3 HPPAITHOHATBEHBIX YHCEI
HEBO3MOXKHO CTPOTO€ MOCTPOCHUE BaXKHEHIINX pa3aenoB mMaremaruku. C apyroii — uppa-
LUOHAJIbHBIE YHCIIA YCKOJIB3AI0T OT HEMOCPEACTBEHHOIO NX UCIOJb30BaHus. VX Hen30ex-
HO OKpYyIIAIOT. [ly11 MHOTHX Jtofieil uncio © — 31o Bcé-Taku 3,14.

IMo Bce#t BUAMMOCTH, CYIIECTBYET HEOOXOJMMOCTh 00JIEe TECHOIO COMPHKOCHOBEHHS
CTYICHTOB C HPPALUOHAJIbHBIMU 4HciamMu. [Ipu 3TOoM Hamboiee OcCs3aeMbIM SIBIISETCS

188



Computational Experiment in Teaching Higher Mathematics by the Example of Number Theory

} Kulanin Y.D., Stepanov M.E.
Modelling and Data Analysis 2024. Vol. 14, no. 1.

ompeseneHle UPPAMOHATIBHOTO YUCIa, KaK OECKOHEUHOH Hemepuoaudeckoil apodu. 1o
OIIpeJIeJIEHNE OTKPHIBAET MyTh K MOCTAHOBKE 3aJaHMi, HAIpaBJIEHHBIX HA KOHCTPYUPOBa-
HUE UPPALOHATIBHBIX YHCEIL.

HyXHO OTMETHTB, YTO MHOTHE CTYIEHTHI HE BIIOJHE ITOHMMAIOT, B YEM COCTOUT CyTh
creytomero 3aganus: «CKOHCTPYHPOBaTh HPPALMOHAIBHOE YHCJI0». B 0TBET Ha Hero
OHU Ha3bIBAIOT OJTHO U3 U3BECTHBIX UM UPPALUOHAIBHBIX YHCEJI, HATIPUMEP, TO JKE CaMOoe .

3aganne 23. CKOHCTPYHPOBaTh UPPALMOHAIBLHOE YUCIIO.

Pemenne. EcrecTBeHHO, pelieHHi 3TOW 3ala4yd MOXET OBITh OECKOHEYHO MHOTO.
Ho mo60e u3 pemnieHuii COCTOUT B OCMBICIICHUH TTOHITHS HETIEPHOANIECKON OeCKOHETHOI
npo6u. Ilepnoandeckast qpoOb ¢ HEKOTOPOr0 MOMEHTa OOpeTaeT NepHoll, TO €CTh MOBTO-
PSIOILYIOCS TTOCIIEOBATEILHOCTD IU(P MOCTOSHHOM AnMHBL. TakiuM 00pa3oM, Hy)KHa KOH-
CTPYKIMS UCKITIOYAIOLIAsi IEPHOJ KOHEYHOH JITHHBL.

Takum 00pa3om, IpyU KOHCTPYHPOBAHWU MPPALMOHAIBHOTO YMCIAa MOXKHO HCIOJIB30-

0,10100100010000100000...

o

Uncno Bynel 3 4 5

BaTb OJHOPOAHBIEC HU(POBHIE OJOKH, pacTyliel JIHMHBL. JTH OJIOKH JIOJDKHBI Pa3iesiThCs
OTIMYAIONINMCS OT UX COACPKHUMOTO pazaenuteneMm. HanpumMep, B kadecTBe pasaenuTenei
MOKHO B35Th €IMHHIIBI, & B KAIECTBE PABHOMEPHO PACTYIIUX OJIOKOB HAOOPHI Hysel. B pe-

3yabTare OyAeT MOIYyYeHO CIIEAYIONIee HppaluoHaIbHOE yuciio (pucyHok 10).
Puc. 10

Wnes pacTymux 06J0KOB MOXET ObITh peasii30BaHa B BUIe OECKOHEYHOTO YHCIIa BapH-
aHTOB, HAaIPHUMEP, /1Ba BUAA PACTYLINX OJOKOB M3 Pa3HBIX LUQP, SABIAIOMINXCS IPYyT UL
Jpyra pa3faeauTesIMU:

0,122111222211111222222...

3ananme 24. 3anano HatypanbHOE Yucho 7 . CKOHCTPYHPOBATh HPPAITMOHATHEHOE YHUC-
JIO U3 1 PA3IHYHBIX PACTYIINX OJIOKOB.

Pemenne. Vcnonp30BaTh UQPPHI N-UIHOH CUCTEMBI CYACIICHUS.

Pemras 3ananue 23, cryaent rpynmnst 22U T-MO(6/0)CB/I-1 ¢axynsrera nHhopmMaoH-
HbIx TexHonoruit MITIITY Anexcelt Benuuko npemioxun ciemyromui Mmeton. Pacemorpum
MOCIIE/IOBATENIbHBIE KBAIPAThl HATYpAIbHBIX uncel: 1 = 12,4 =22 9 =32 16 =42 25 =52,
36=6%49="7% 64 =82... Ilociie HyJIA ¥ J€CATHYHOM 3aIISATOMN BHIMUILIEM MTOCIIEI0BATEb-
HBIC III(PBI, 00pa3yIOIHe 3aNHCh ITUX KBAaIPATOB B JECITUIHON CUCTEME CUUCIICHUS:

0,1491625364964...
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3aganme 25. Jloka3arh, 4TO MOJIyYeHa JECSTUYHAS 3alIUCh HPPAIMOHAIBFHOIO YUCIIA.

Pemrenne. B mocnenoBaTrenbHOCTh KBaJpaTOB HATYPAJIBHBIX YHCET BXOAAT PAcTyIIHe
crenenu uncna 10. DTo obecrieunBaeT NPUCYTCTBUE B 3aIIUCH JECITUYHON APOOU OJIOKOB
pacTyuieil AJIMHbI, COCTOSALIUX U3 HYJIEH.

[TpuBenénnoe noKa3aTeabCTBO FAPAHTHPYET, YTO BHIIMCHIBAHUE U MOCIEIOBATENb-
HBIX HaTypaJIbHbIX YUCEJI, & TAKXKe JIFOOBIX MX CTeleHel NPUBOAUT K MOTY4YEHHIO Hppalu-
OHAJIBHBIX YHCEI.

OmnucaHHBIN METOA MO3BOJISIET C(HOPMYITHPOBATH 3a/1ady AOCTATOUYHO OOIIETO XapakKTe-
pa, KOTOPYIO MBI Ha30BEM 3aaaueil Anekcest Bemuuxko.

®opmynupoBka 3agaum. [laHa OeckoHeYHasl BO3pacTaloOlIas MOCIEAO0BATEIBHOCTH
HaTypaJbHBIX YUCCII. TTocae HYJISL 1 HCCS[TI/I'—IHOﬁ 3anITONM BBIITUIIIEM IIOCJICAOBATCIIBHBIC
uugpbl, 00pa3yIoIIne 3aMUCH YICEI STOH IOCIeI0BAaTEIbHOCTH. YCTAHOBUTD, SIBISICTCS JIN
roJTyueHHasi OeCKOHEeUHast AeCATHYHAs IpOoOb 3aMiChi0 HPPALIMOHATBHOTO YHCIIA.

Kaxxnas KoHKpeTHas MOCIe0BaTeNbHOCTh MPUBOAUT K 0co0oii 3amaue. [Ipu sToM Ta-
KHe 3a/1a4d MOTYT OBITH HECPAaBHEHHO OoJiee CIOKHBIMHU, YEM B CIIy4ae CTEIeHeH mocie-
JIOBaTeNbHBIX HaTypalbHbIX uncel. [IpuBeném Tpu mpumepa.

IIpumep 1. 32 ocHOBY B3sTa reoOMeTpHUYECKas IPOrpeccus

1,2,4=2%,8=2%16=2%25=25...
IIpumep 2. 3a ocHOBY B3ATH unciia OuOOHATYH:
1,1,2=1+1,3=1+2,5=2+3...

IIpumep 3. 3a 0CHOBY B3ATHI IIepHO/IBI OOPATHBIX JUISl HATYPAIBHBIX YHCEI BEJIMUYNH, TO €CTh

. 1
I[pO6eI/I BHUIa {— .B JaHHOM CJIy4a€ HapyHIiacTCs yCJI0BUE MOHOTOHHOI'O pOCTa YJICHOB HC-
n

XOITHOH TOCIIEIOBaTeNIbHOCTH, HO COXpaHseT OOIIHii XapaKTep HapacTaHUsI JUIMHBI OJIOKOB.

Haxownen, ans ysCHEHUs XapakTepa Tex CHOCO00B, KOTOPBIMH MOXHO 3a7aBaTh Hppa-
LMOHAJBHBIE YHCJIa PACCMOTPUM €IIE OfHY KOHCTPYKIHIO (OPMHPOBAHMS AECATHIHOH
ApOGH Ha OCHOBE TOCIEI0BATEIHOCTH {4, | .

O06o3HauMM yepe3 a, IOCIEeI0BATENbHOCT AECATUYHBIX YHCEN [U(P, KOTOPast OIUCHIBAET
4ucio a, . Hair ncXoqHeli METOI COCTOSIT B ITOCIIENOBATEIEHOM HOCTPOCHUH @CKOH@IZ_ ne-
caTuuHol 1podu. Ilocne n-ro mara Oyner noay4eHa AecsaTHdHast Apoos 0, @, a, ... a, ,a, .

Bropast KOHCTpYKIIMSI OCYIIECTBIISIET B M3BECTHOM CMBICIIE 00paTHOE OCTPOCHUE, TIPH
KOTOPOM HOBbIE€ IM(PbI BIMCHIBAIOTCS Cpasy I0OCIe 3ansaTod. B sToM ciyyae mocne n-ro
miara OyzeT Ioy4eHa JecaThuyHas apoos 0, a, a, a, a, .

CpaBHUM 00e KOHCTpYKIMU. M Tam, 1 TaM pe3ynbTaT J0CTUTAeTCsl TONBKO mocie Oec-
KOHEYHOTO 4HcIa nraro. Ha KakaoM mary CTpOosITCS IECSITUYHBIE APOOH PaBHOW JUTHHBI.
Bompoc cocrout B TOM, IpUBEAET JIM BTOPasi KOHCTPYKIUS K BO3SHUKHOBEHHIO HUPPAIHO-

HanbHOTrO yncia? Ecnu ke He MpUBeaET, TO MO0 Kakoil npuuuHe?
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OTBeT Ha NepBbIil Bonpoc oTpuliaredbHblid. [[puunHa sxe 3Toro Takosa. B nepBoii koH-
CTPYKIIMH KaXKIBIH [Iar MPUBOAUT K MOCIIEIOBATEIIFHOMY YTOYHEHHUIO 3HAYCHUS KOHCTPYH-
pyemoro umcia. TakuM 06pazom, 3TO YHCIO BEIYUCINMO. Bo BTOpOi KOHCTPYKIINHU BBIYHC-
JIUMOCTh OTCYTCTBYeT. ClieioBaTeNbHO, UPPAlMOHATIBHOE YUCIIO €10 He 3a/1aéTCs.

3T10 00CYXKIEHNE MTOKA3BIBACT, YTO BHIYHCICHUS B MAaTEMAaTHKE HMEIOT CBS3b C ITOCTPO-
€HHEM FCXOTHBIX TIOHATHIA, TAKUX, HAPIMED, Kak JeiicTBUTeNbHBIE yncia. Hageemcs, aro
3TO OOCTOSATEIBCTBO SABJSICTCS JIOMOJHUTEIBHBIM apTyYMEHTOM, 000CHOBBIBAIOIIUM IMOJIC3-
HOCTPH JaHHOW CTaThH.

TeMBbI 17181 CAMOCTOATEIBHOH PAaGOTHI CTYIEHTOB, CBAI3AHHBIE C TeOpUEH YHCcell.
1. OcBouTth ompe/eNeHIe TeOPETUKO-IuCIoBol (hyHKIMN Mébmyca. [locTpouts Tabmuiry
3HAYCHUH 3TON (DYHKITMHM HA 33JJaHHOM WHTEpBaJle.
Kaxnoe HatypasibHOE 4MciIO n Oosbliee, 4eM 1, pasnaraercs Ha MPOCThIE TPOU3BeE-
JICHUE TIPOCTHIX MHO)KHTeneﬁm {P;}’ HEKOTOPBIE M3 KOTOPBIX MOTYT OBITh PAaBHBI MEXITY

coboii. Takum oOpazom, n = l_[p}‘i . Paccmotpeth (yHKITHIO, KOTOpas paBHA YUCITY pa3iny-

v i=1
HBIX HPOCTHIX JenuTeneil HalypaabHOIO Yucia, T ecTh m . II0CTpOMTh TAabNuIly 3Hade-
HUH 3TON (YHKIMK Ha 3a1aHHOM HHTepBaie. [locTpouts e€ rpaduk.
PaccmoTtpets QyHKIHIO, KOTOpas paBHA O0IEMY YHCITY MPOCTHIX JACIUTEICH HATYPallhb-
m

HOTO 4YHCJIa, TO €CTh k.. ITocTpouTh TaOMHUIy 3HAYECHUI DTOH (DYHKIIMKA HA 3aJTaHHOM
1

HHTEpBAJE. HOCTponTﬁ:éé rpaduxk.

2. TomyunTs TaOnuiry yncen-OIU3HEIOB C yKa3aHHEM ITOPSAKOBBIX HOMEPOB COCTABIISIO-

IIMX UX MPOCTHIX YUCEI.

[MomyuuTs TabNMUILy TPUILIETOB.

[omyunts Tabnuiry 9eTBEPOK.

5. TMomyuuth TabIMILy CEKCTYILIETOB.

[TycTs BBIOpaHO HaTypajbpHOE YUCIO 7. MOXKHO paccMOTPETh OIOKH MPOCTHIX YHCEN
JUIMHOM 7 . 3ajada MCCIIEOBAaHMUSA TaKUX OJOKOB COCTOWT B PEIICHHM BOIIPOCA O CyIIe-
CTBOBaHUM 0CcO0O TUIOTHBIX OJIOKOB, aHAIIOTHYHBIX paHee YIOMSHYTBHIM OJM3HElaM, TPH-
mieraM U T. A. B 4acTHOCTH, MOKHO pPEIIUTh BOIPOC O TOM, HYKHO JIU PacCMaTpUBaTh
MIPONYIICHHBIC B IPUBEIEHHOHN KIIACCH(DHUKALINH TIATEPKH.

CKOHCTPYHPOBATh U UCCIIEIOBATH MHOTOYJICHBI-TEHEPATOPHI IPOCTHIX YUCEIL.

6. CoBepIIEHHBIM YHCIOM HAa3bIBAETCS YUCIIO, KOTOPOE PaBHO CyMME CBOUX JEIUTENEH,
Kpome camoro urcina [24]. Knaccuaecknm npuMepoM sBiseTcs mectépka: 6 =1 + 2 + 3.
Hanwucars mporpamMMy ImpoBepKHM HaTypaJbHOTO 4HCia Ha coBepiuieHCTBO. IIpoecTtn
TIOVCK COBEPILIEHHBIX YHCEIl M COCTABHUTH TAOIHILY.

7. JlBa 4umciia Ha3bIBAOTCA JIPY>KECTBCHHBIMH YHCIIAMH, €CIIM CyMMa JIETIUTENeH MEpPBOTO YHC-
JIa paBHA BTOPOMY YHUCIYy M Ha00OpOT, CyMMa JeNIUTeINIeH BTOPOro Yyciia paBHA MEPBOMY
yuciy. [IpumepoM py>kecTBEHHBIX umcen sBisttorest uncia 220 u 284. ITpoeputs 310 00-
crosiTenbeTBO. Hanmcars mporpaMmy HMpOBEpKH HAIMYWS Y JaHHOTO HATYPaJIBHOTO YHCIA
JIPY’KECTBEHHOTO yKcia. [IpoBecTH MOMCK PY>KECTBEHHBIX YHCEN H COCTABUTD TaOJIHILY.

8. BrIOparh Kakyo-HHOY/Ib YHCIIOBYIO TOCIIEIOBATEIBHOCTh W Ul He€ PEIIUTh 3a1ady
Anekcest Bennaxo.

B w
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This paper serves as a foundational exploration into predicting the yields of important
cereal crops in Ethiopia. We use a visual analytic approach to identify patterns in
annual temperature, precipitation, area harvested, production, and yield data from
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these Agricultural variables, we hope to build links between shifting climatic
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1. INTRODUCTION

Ethiopia’s economy is based primarily on agriculture. According to the US Agency
for International Development (USAID), agriculture continues to be a major driver of the
economy, accounting for 40% of GDP, 80% of exports, and employing over 75% of the
labor force. Predicting yields for staple cereal crops such as teff, wheat, barley, maize, sor-
ghum, finger millet, and oats is not just a scientific endeavor but also a pragmatic necessity.

*Banchigize Bazezew Mekecha, Student, Department of Computer-Aided Engineering and
Design, Federal State Autonomous Educational Institution of Higher Education “National
Research Technological University “MISIS” (MISIS), Moscow, Russia. ORCID: http://orcid.
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By examining the complex interactions between climatic factors and agricultural practices,
this paper This paper serves as a foundational exploration into predicting the yields of
important cereal crops in Ethiopia. We use a visual analytic approach to identify patterns
in annual temperature, precipitation, area harvested, production, and yield data from 1995
to 2021 by integrating climate factors and agricultural practices. By examining these Agri-
cultural variables, we hope to build links between shifting climatic conditions, agricultural
decisions, and crop production, providing indispensable insights for stakeholders, farmers,
and policymakers.

2. DATA AND METHODOLOGY

The Central Statistics Agency of Ethiopia (CSA) provided information on the area har-
vested, production, and yield of cereal crops at the national level in Ethiopia during the
“Meher,” or main rainy season. The data covered the years 1994/95 to 2020/21. The Food
and Agriculture Organization (FAO) and the World Bank provide meteorological and pes-
ticide usage statistics, which we have combined into our dataset.

This dataset contains important factors related to cereal crop yields, including Teff,
Maize, Sorghum, Millet, and Oats/Aja. A record of the data’s annual temperature (in °C),
precipitation (in mm), pesticide usage (in tons), Area harvested(ha), production (t) and crop
yields (100 g/ha) are all included. A26-year dataset of cereal harvest data was subjected to
time series analysis using Jupiter Notebook. We use a multi-step approach in our method-
ology that includes data cleaning and preprocessing, statistical analysis, and the application
of advanced data visualization techniques.

These visualization tools help us to understand the complex dynamics that affect cereal
crop yields, paving the way for the development of accurate and insightful machine learn-
ing models. Table 1 shows the total annual cereal crops data and climate data in Ethiopia
between 1995 and 2021.

Table 1

Crop and Climate Data: Ethiopia (1995-2021)

Year Precipitation(mm) Tempratue("C) Crop Type TOTAL AREA(ha) Production (t} 100g/ha Pesticides (t)

0 1885 74128 231 Teff 1843760 1.2088389e+06 70400 2420
1 1985 74128 231 Barley 879,170.00 8.476830e+05 96400 2420
2 1995 74128 231 Wheat 769,340.00 1.023914e+06 13310.0 2420
3 1885 74128 231 Maize 1,104,700.00 1.673202e+06 151500 2420
4 1995 741.28 231 Sorghum 886,010.00 1.121913e+06 12660.0 2420
169 2021 92357 23.41 Wheat 1,897,405.05 5780131e+06 30460.0 41281
170 2021 923,57 2341 Maize 2,526,212.36  1.055709e+07 417900 41281
171 2021 92357 23.41 Sorghum 1,679,277.06 4517350e+06 26900.0 41281
172 2021 923 57 2341 Finger millet 480,34325 1.203016e+06 250400 41281
173 2021 923,57 2341 oats/Aja 15,502.18 3.054034e+04 19700.0 41281
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3. VISUAL ANALYSIS

Visual 1: Temporal Trends in Precipitation, Temperature and pesticides

A detailed examination of the temperature and precipitation patterns from 1994 to 2021
is shown in Figure 1. Essential insights into the climatic factors influencing Ethiopia’s
yields of Teff, Maize, Sorghum, Millet, and Oats/Aja are shown by this graphic.
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Pesticides Trend Over Years

4000

3500 4

3000 4

Pesticides(t)
N
&
[=]
IS]
!

N
1=}
=3
=

1500

1000

500 A

T T T T T T
1995 2000 2005 2010 2015 2020
Year

¢) Ppesticides trend over years

Fig. 1. Temporal Trends in Precipitation, Temperature and pesticides

The study examines temporal trends in precipitation, temperature, and pesticides over
the years. Precipitation levels show some variation, with a notable spike in 2019 reaching
1008.31 mm. The average temperature remains within the range of 23-24 degrees Celsius,
with minor fluctuations. The year 2019 corresponds to the highest precipitation and slightly
elevated temperature of 23.42 degrees Celsius. The consistent temperature range suggests
stability in climatic conditions, while variations in precipitation may impact agricultural
practices and water availability.

Pesticide application remained relatively stable from 1995 to 2002, with a gradual in-
crease. A significant spike in 2003 nearly doubled pesticide use from the previous year.
The application reached its peak in 2007 at 2593.9 tones. A sudden drop in 2008 brought
pesticide use back to 2002 levels. From 2010 onwards, there was a remarkable rise in pes-
ticide application, reaching a plateau at 4128.1 tons from 2011 to 2021.

The trend analysis highlights key shifts in pesticide usage over the years, with early
years showing stability, followed by a significant surge, a subsequent decline, and a steady
increase in later years. Further investigation into these factors would provide a more com-
prehensive understanding of the observed trend.

Visual 2: Longitudinal Crop Yield Analysis

Figure 2 shows the actual yields of selected cereal crops over the years, making it pos-
sible to see trends and possible relationships with the climate.

The temporal trends in cereal crop yield from 1995 to 2021 reveal variations among
different crop types. Teff, a staple cereal in the region, shows a steady increase in yield
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Temporal Trends in Crop Yields (1995-2021)
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Fig. 2. Temporal trends in cereal crops yield (1995-2021)

from 1995 to 2021, with a peak around 2021. Barley, another important crop, shows fluc-
tuations in yield, reaching higher values in recent years. Wheat exhibits a general upward
trend, with sporadic fluctuations, while Maize demonstrates a steady rise in yield over the
years. Sorghum and Finger Millet show fluctuations in yield, with some years experiencing
a significant increase. Oats/Aja demonstrates a mixed pattern with alternating peaks and
troughs. Understanding these temporal trends is crucial for developing sustainable agricul-
tural strategies and ensuring food security in the region. Teff yield increased significantly
from 1995 to 2008, with a peak in 2019. Barley showed a consistent upward trend, reach-
ing its highest yield in 2021. Wheat displayed fluctuations, with occasional declines in
yield. Finger Millet and Oats/Aja showed positive trends, with relatively stable or increas-
ing yields over the years.

Comparative Analysis: Production vs. Area Cultivated
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Fig. 3. A scatter plot comparing the area cultivated and productivity of the main cereal crops
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A scatter plot shows the relationship between the amount of land harvested and the total
amount of agricultural production (in tons). Some of the observations include that each
crop shows a different pattern; some show a positive relationship between increased area
and production, while others show fluctuations and outliers.

Visual 3: Correlation Between Precipitation, Temperature, and Crop Yields

Figure 3 illustrates the correlation between temperature, precipitation, area cultivated,
number of pesticides and crop yields. The heatmap in the figure showing correlation matrix
helps to understand how these variables relate to each other and affect cereal crops yield.

Correlation Matrix
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Fig. 4. A heatmap which shows the correlation matrix between all variables

The correlation matrix in our agricultural dataset shows a strong positive correlation
between crop yield and production (0.76), indicating that higher yields lead to increased
overall production. Pesticide use also shows a significant positive correlation with both
crop yield (0.69) and production (0.44), highlighting its influence on agricultural outcomes.
Precipitation has a moderate positive correlation with crop yield (0.55) and pesticides
(0.57), suggesting that adequate rainfall positively affects both crop yield and the need for
pesticides. Temperature has a weaker positive correlation with crop yield (0.36) and pesti-
cides (0.63). Total area harvested has a modest positive correlation with crop yield (0.21)
and a stronger positive correlation with production (0.8)., suggesting that the size of the

201



Maxeua b.B.
Anasms KJIMMara v CeJIbCKOXO34VCTBEHHBIX (haKTOPOB J1JIsl IIPOTHO3MPOBAHMS yPOXKATHOCTA. .
Mopemmposanmue u ananms gaHabix. 2024, Tom 14. Ne 1.

cultivated area significantly contributes to overall production. The matrix also reveals pat-
terns in the relationships between key variables, with crop yield showing a strong positive
correlation with itself (r = 1).

Visual 4: Distribution of each variable
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Fig. 5. Histograms for various agricultural variables distribution over the years

Figure 5 shows the temporal evolution of key agricultural variables from 1995 to 2021,
revealing significant trends. Key trends include a significant concentration of yield be-
tween 15,000 and 20,000 100g/ha, precipitation peaks at 850 mm and around 920 mm,
temperature at 23.4 degrees Celsius, and pesticide usage peaks at 4,000 tons. Total area
harvested shows a peak at lower values, suggesting agricultural activity in smaller areas.
The production histogram shows a substantial peak at the beginning of the timeline, reflect-
ing higher production levels in earlier years. This graphical representation provides a clear
overview of distributional shifts and frequency in these variables, providing insights for
further analysis and decision-making in crop management. The findings can inform further
analysis and decision-making in the realm of crop management.

4. CONCLUSION

This study explores the dynamics of staple crops in Ethiopian agriculture, focusing on
key crops like Teff, Maize, Sorghum, Millet, and Oats/Aja. The dataset, collected from
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Ethiopian Statistical Agency yearly reports from 1995 to 2021, provides insights into
historical trends and predictive models, contributing to the resilience and sustainability
of Ethiopian agriculture. Visual graphs reveal temporal trends in precipitation, tempera-
ture, and pesticide usage, while longitudinal analysis reveals evolving dynamics. The
scatter plot highlights patterns in the relationship between area harvested and production,
while the correlation matrix heatmap explains how various factors interact to influence
crop yields. Distribution histograms visually represent frequency and patterns within the
dataset, facilitating clear interpretation. This research is a crucial step in understanding and
predicting cereal crop yields in Ethiopia, providing a foundation for informed decision-
making in agricultural management and holds transformative potential for the future
of Ethiopian agriculture. The visualizations enhance the clarity and applicability of the
findings, setting the stage for further research and practical implementations to optimize
staple crop production in the region.

5. FUTURE DIRECTIONS

This research aims to develop machine learning models that can accurately predict ce-
real crop yields in Ethiopia based on historical and environmental factors. Future studies
should expand the dataset to include soil health and socioeconomic factors, enriching pre-
dictive capabilities and providing a holistic understanding of crop production. Collabora-
tion with local agricultural stakeholders and policymakers is crucial for integrating these
predictive insights into real-world decision-making processes. This research opens ave-
nues for implementing precision agriculture practices, optimizing resource allocation, and
enhancing productivity in Ethiopian agriculture. The ongoing synergy between academia,
agriculture, and policy will play a pivotal role in shaping a more resilient and sustainable
future for Ethiopia’s agricultural landscape.
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